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INTRODUCTION

1.1 PROBLEM FORMULATION

Mountainous regions, in general, are at serious disadvantage when compared to
flatter areas because of higher development costs. One of the major physical
constraints for development activities is the slope steepness, which may induce
serious erosion hazard. The effect of erosion in steep sloping mountainous areas on
the degradation of the environment is widely known. The impact is particularly
evident in the Himalayan region, where about 150 million people mainly belonging
to the low income generating countries live in a fragile balance with their
environment (ICIMOD, 1990). Nepal belongs to one of these poor developing
countries.

The problem is not only the loss of fertile topsoil which decreases the production
capacity, but also more alarming losses of property, livestock and human lives.
Land degradation issues have direct effect on the rural population. When living
conditions deteriorate in the mountainous areas, people migrate to the urban areas
or lower-lying areas. This causes a shortage of labour supply in rural areas,
especially during periods of field preparation and harvesting, and unemployment in
urban areas. The migration of the mountain people to the plains has also
accelerated the destruction of lowland forests, as settlers clear land for farming as
well as for timber and fuelwood collection. The results are poverty, unemployment,
declining agricultural productivity, food and energy shortage, environmental
deterioration, etc.

The problem is not limited to the areas where erosion takes place (on-site effect).
Downstream, the sediments carried by the rivers cause damage to the
infrastructures, silting up of the reservoirs and finally sediment deposition in the
agricultural fields under irrigation. One of the consequences of applying sediment-
loaded water to agricultural fields is the decline of crop production, because the
mineral composition of the sediments has negative influence on soil fertility. In
Nepal, several irrigation schemes have been developed in the low-lying areas of the
southern plains, which constitute less than 20 % of the total land surface of the
country. In many of these projects, sedimentation is a crucial problem, which
declines the productive capacity of the soils and reduces the life span of the project
itself. In the Chitwan valley, for instance, the siltation of agricultural fields has
decreased the agricultural productivity and destroyed the physical soil conditions,
making the farming practices difficult.
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1.2 RESEARCH QUESTIONS

The sedimentation issue in the Chitwan valley raises a number of questions. Where
do the sediments come from? Do they come from the High Himal or High
Mountain region or from the Middle Mountains? Which erosion processes are
dominant in which region, and which processes are responsible for the sediment
delivery to the river system?

To answer these questions related to the erosion-sedimentation issue, detailed
studies need to be carried out before any preventive measures can be taken. The
research questions to understand the highland-lowland relations on the erosion-
sedimentation issue are as follows:

(1) What is the impact of sedimentation in the lowland agricultural areas?
(2) How much sediment is deposited by irrigation water in the agricultural

fields?
(3) Where do the sediments come from?
(4) Which processes are involved in sediment production?
(5) What are the factors influencing such processes?
(6) To what extent human activities play a role in land degradation processes

in general?

1.3 RESEARCH OBJECTIVES

The main objective of this research is to analyse the land degradation processes in
different altitudinal climatic zones in the mountainous regions and their associated
effect on the low-lying areas of Nepal. The study aims to contribute to land use
planning in the mountainous areas, to the prevention of further degradation of land,
and to improving the well being of the people.

The study attempts to identify the erosion processes acting in various altitudinal
zones of the Nepalese Himalaya. The main factors influencing land degradation in
the mountainous areas will be analysed. By integration of remotely sensed,
topographic, climatic, soil and other data (including data generated by fieldwork,
etc.), an evaluation of the degradation problem will be made.

More specific objectives can be summarised as follows:

• Analysis of the main processes involved in sediment production in the High
Himal and the High Mountain regions;

• Assessment of soil erosion in the Middle Mountains where agriculture is the
dominant human practice;
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• Analysis of the influence of land use practices on surficial mass movements.
This is especially important in the Middle Mountains, where population density
is the highest of all mountainous regions in Nepal;

• Analysis of the siltation problem in the irrigated lowland areas of Nepal, in
order to study the effect of sedimentation on agricultural land and soil
characteristics;

• Analysis of watershed system, its dynamics, onsite-offsite relationships and
evolution.

1.4 ORGANISATION OF THE CHAPTERS

A study has been carried out at several locations in three different altitudinal
climatic zones, all belonging to the Narayani river system. A general description of
the study locations is given in chapter 2. In chapter 3, the conceptual framework
and research reviews on aspects related to land degradation are given. In chapter 4,
research methods and techniques are presented. The dominant geomorphic
processes involved in sediment production in the High Himal and High Mountain
region are analysed in chapter 5. Land degradation in the Middle Mountains,
including soil erosion and mass-movements, are assessed in chapters 6 and 7,
respectively. In chapter 8, the siltation problem in the lowlands is analysed. Finally,
in chapter 9, an analysis of watershed system relating the uplands to the lowlands,
is discussed.
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GENERAL DESCRIPTION OF THE STUDY AREA

The study is carried out in Nepal, a landlocked country between China and India, in
South Asia (figure 2.1). Nepal is a mountainous country which occupies the central
part of the Himalayan mountain chain, consisting of parallel to subparallel ranges
in southeast-northwest direction, giving a clear impression of having been
squeezed between the Indian subcontinent and the Eurasian plate. About 80 per
cent of the land is mountainous with rugged topography, where elevation varies
from 170 to 8848 m asl and where eight of the ten world's highest peaks are
located. Slope gradient varies from steep to very steep, often exceeding 100 per
cent. The southern lowlands, including intermountain valleys, constitute the
remaining 20 per cent of the area. Elevation increases from south to north, which
has a direct influence on climatic variations resulting in changes in vegetation and
land uses. In addition, the slope aspects have an effect on local climate and
eventually on hydrology and land uses. Thus, the prevailing degradation processes
vary depending on the physiographic regions. If glacier lake outburst is the main
reason of flooding and landslides in the High Himal, accelerated deforestation and
intensive land use on unstable slopes may be the main reasons in the Middle
Mountains. In the lowlying areas, sedimentation in irrigated fields is the main
issue.

2.1 THE MAJOR PHYSIOGRAPHIC REGIONS

A general overview of the whole country is beneficial to understand the area of
interest. Broadly speaking, Nepal can be divided into six main regions: (1) High
Himal, (2) High Mountains, (3) Middle Mountains, (4) Siwalik Ranges, (5) Dun
Valleys and (6) Gangetic Plain (the Terai). Main physiograhic regions are shown in
plate 2.1.

2.1.1 High Himal

The High Himal includes the northern axis of the Himalayan chain, with snow and
ice capped peaks and ridges. The word “Himal” in Nepali literally means “snow
mountain” and this is the main criterion for separating the High Himal region from
the High Mountain region. The peaks having more than 8000 m elevation, from
west to east, are: Dhaulagiri (8167 m), Annapurna (8091 m), Manaslu (8163 m),
Choyu (8201 m), Sagarmatha (8848 m), Lhotse (8516 m),  Makalu (8463 m), and
Kanchanjunga (8586 m). The peaks tend to occur in clusters: Dhaulagiri-
Annapurna-Manaslu, Ganesh-Langtang, Khumbu-Makalu, and Kanchanjunga.
Elevations in the High Himal region vary from about 3000 m to 8848 m asl.
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Figure 2. 1: Nepal, a landlocked country in South Asia
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Glaciers, U-shaped valleys, moraines, hanging valleys and avalanche slopes are
typical landscape features.

The great heights of the mighty Himal are accentuated by glacier lakes and deep
valleys. The upper Gandaki river flows between the Dhaulagiri and Annapurna
ranges at only 1200 m elevation and the Arun river in the eastern part of the
country cuts across the High Himal in a valley whose bottom lies at 1700 m
elevation. Physical weathering processes are prevalent and glacial erosion through
ablation is common.

Vegetation includes pine forest (up to 4000 m asl) and short shrubs and herbs.
Above 5000 m asl vegetation is virtually absent. Due to the cold climate and
extremely steep slopes, most of the High Himal region is not suitable for
agriculture except in a few isolated areas.  Some pockets of arable land exist due to
a unique combination of aspect, availability of water for irrigation and shelter from
the wind. Some areas are suitable for grazing. The High Himal is sparsely
populated.

2.1.2 High Mountains

The High Mountains occupy the southern flank of the High Himal. Maximum
elevations are in the order of 3500 to 6000 m asl. The High Mountains are
accentuated by the incision of deep V-shaped valleys where major rivers such as
Arun, Gandaki, Trisuli and Karnali, cut across the ranges at elevations varying
between 1200 and 2100 m asl. Lithology is dominated by crystalline rocks and
vegetation is characterised by pine forests. Above 4000 m asl, the trees cease to
exist. Agriculture is mainly rainfed. Wheat barley and potato are the main crops.
Yaks, sheep and goats are the domisticated animals. Population density is much
lower than that of the Middle Mountain region.

2.1.3 Middle Mountains

The Middle Mountains can be clearly distinguished from the southern region, the
Siwalik formations, because of elevation differences. The main boundary thrust
fault, which is also the main active fault zone in Nepal, separates the Middle
Mountains from the Siwalik ranges in the south. Elevations vary from 1000 m in
the south to 3000 m in the north. The Middle Mountains are characterised by the
presence of gorges, fluvio-glacial terraces and valleys. Agriculture, both rainfed
and irrigated, is practised in the narrow valleys and on the terraces. At lower
elevations, forest is dominated by sal trees. At higher elevations, pine and broad
leaf trees constitute the forest cover. Due to population pressure in the recent past,
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cultivation on the marginal lands has increased, especially on the steep side-slopes
of the valleys, after clearing the forest for fire wood collection which enhances soil
erosion. Landsliding is frequent in the rainy season (June-September), when the
water level of the rivers increases and, with increased velocity, undercuts the steep
valley slopes. Conditions favourable  to landslides occur also on mountain slopes
saturated with water, along well lubricated shear planes. The Middle Mountains are
the most vulnerable areas in Nepal both in terms of natural and man-induced
erosion, causing severe damages to properties and people.

2.1.4 Siwalik Ranges

The Siwaliks extend virtually along the entire front of the Himalayas and are
considered to have formed as erosional debris foot-slopes during the formation of
the Himalayas. The deposition started in the mid-Miocene and continued into the
lower Pleistocene (Sharma, 1990). It consists of clastic sediments of lacustrine to
fluvial and terrestrial origin. Elevation ranges from 800 to 1000 m asl. The Siwalik
Ranges are characterised by a series of parallel or subparallel ridges. Forest cover
is mainly by sal trees. Erosion due to deforestation and landsliding is common.
Landslides occur if rainfall is prolonged and excessive.

2.1.5 Dun Valleys

A series of elongated intermontane valleys, extending east-west, exist along strike
zones near the Main Boundary Fault. They are called “Dun” valleys and considered
to be of tectonic origin. The Dun valleys are situated between the Middle
Mountains and the Siwalik formations and consist of fluvio-lacustrine sediments in
the middle parts. Along the valley margins, coarser materials of alluvial-colluvial
origin exist. The elevations vary from 170 m in the centre and eastern part of Nepal
to 650 m asl in the western Dun Valleys. The Dun Valleys are the main agricultural
areas in Nepal, where several irrigation projects are undertaken. The main issue
here is the off-site effects of upstream erosion, causing siltation in the agricultural
lowlands.

2.1.6 Gangetic Plain (the Terai)

The northern limit of the Indo-Gangetic alluvial plain is the Piedmont formation,
characterised by a series of alluvial fans and glacis extending to the alluvial plain in
the south. It is flanked by the Siwalik formations in the north. Like the Dun valleys,
this is also one of the main agricultural areas in Nepal. The region is similar to the
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Dun valleys in many ways. Off-site effects of the upstream erosion are also severe
here.

In summary, the main degradation processes are soil erosion and landslides and
their associated effects both on the site as well as off the site. The causative factors
can be any one or a combination of the following factors: glacial lake outburst,
earthquake, deforestation, overgrazing, cultivation of marginal lands, improper
farming systems, undercutting of steeper slopes by monsoon rivers, etc. The on-site
and off-site effects are the displacement of soil material, soil fertility depletion, soil
surface deformation, flooding, silting up of reservoirs, silting up of irrigation
systems and undesirable mineral soil material deposition in agricultural fields,
which lower crop production.

2.2 RESEARCH SAMPLE AREAS

Three sample areas were selected to study on-site erosion and off-site effects: one
in the High Himal and High Mountains regions, one in the Middle Mountains and
one in the lowlands (figure 2.2). All the sample areas fall within the Trisuli river
system, which is joined by the Marsyangdi river. In the lowlands of the Chitwan
valley, the river is called Narayani.

Figure 2. 2: Location of study areas
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2.2.1 Study of on-site processes

(1) High Himal and High Mountain regions

In the High Himal and High Mountain regions (study area 1 in figure 2.2, and
figure 2.3) the processes involved in the sediment production were studied. The
area is located in the catchment formed by Langtang Khola, which extends
approximately between 28o09' and 28o13' N and between 85o26' and 85o42' E. The
watershed occupies about 570 km2. The altitude varies from 1800 to 7227 m asl,
which has great influence on bioclimatic variations. Climate varies from warm and
cold temperate in the valleys to alpine in the high mountains and arctic in the High
Himal. The average summer temperature is 7o C, with a maximum of 15o C in July,
and the average winter temperature is -3o C in Kyangjing, which is located at 3920
m asl in the Langtang valley. The winter temperature can go as low as -16o C. The
mean annual precipitation is 610 mm, most of it falling during May-September.
Meteorological  data are lacking for many areas within the watershed. Based on
data from the existing meteorological stations, the mean temperature decreases by
0.4-0.7o C per 100 m increase of elevation. Precipitation increases until certain
height. So, elevation controls  climatic variations.

Langtang valley
Figure 2. 3: Image fragment of a Landsat TM band 4 scene (21.12.1990), showing the
High Himal and High Mountain regions (approx. scale 1:300,000)
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(2) Middle Mountain region

Studies related to erosion and landslide hazards were carried out in the Middle
Mountain, in the catchment of the river Likhu Khola (study area 2 in figure 2.2,
and figure 2.4). The area lies approximately between 27o48' and 27o54' N and
between 85o13' and 85o28' E, occupying about 160 km2. The altitude varies from
780 m to 2600 m asl. The climate varies from subtropical in the valleys to warm
and cold temperate in the mountains. In the lowlands, the average summer
temperature is 26o C from April to September and the average winter temperature
is 15o C. The annual precipitation is about 1900 mm, most of it falling from May to
September (Dept. of Meteorology, 1992).

Likhu Khola valley
Figure 2. 4: Image fragment of a Landsat TM band 4 scene (12.10.1988), showing
the Middle Mountain region (approx. scale 1:165,000)
2.2.2 Study of off-site effects

The off-site effects caused by upland erosion were studied in the Chitwan valley,
located in southern Nepal between 27o36' and 27o43' N and 84o19' and 84o28' E,
with elevation varying from 180 to 220 m asl (study area 3 in figure 2.2, and figure
2.5). The main river crossing the valley is Narayani, with an average annual
discharge of 1570 m3/sec (Sharma, 1990). The river is dammed for irrigation
purposes (11,100 hectares). The study area is within an irrigation scheme.

The climate is subtropical, with cool winters and hot and wet summers. The
average winter temperature is 17o C and the average summer temperature is 28o C.
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The minimum temperature can be as low as 3o C in December and the maximum
temperature can be as high as 40o C in June. The annual precipitation is about 2300
mm, which falls mainly from April to September.

R iver Narayani

C hitw an  valley
Figure 2. 5: Image fragment of a Landsat TM scene (07.05.1992), showing the Narayani
river in the Chitwan valley (approx, scale 1:210,000)
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CONCEPTUAL FRAMEWORK AND RESEARCH
REVIEW

Soil degradation is a process, which lowers the current and/or future capacity of the
soil to support life. It has direct impact on the environment and seriously affects the
land use. Soil erosion, a degradation process, is widespread in Nepal.
Deforestation, overgrazing and intensive agriculture, due to population pressure,
have led to accelerated erosion in the Middle Mountains in the recent past. On the
other hand, natural phenomena inducing erosion are also common, such as
prolonged and intensive rain and earthquakes resulting in mass movements. In the
High Himal region, snow and ice avalanches, debris slides, and glacial activities
play an important role. The sediments delivered to the river system upstream have
also caused damage downstream in the agricultural fields where irrigation is
practised.

In order to understand the various processes active in the different regions, it is
useful to review the formation of the Himalayas. Although several theories exist,
the universally accepted theory on the formation of the Himalayas is provided by
the plate tectonic concept, which is continental drift and intercontinental collision
(Gansser, 1964; Lefort, 1975; Powell and Conaghan, 1975; Gansser, 1980; Kenting
Earth Science Ltd., 1985). The so-called Gondwana land, now India, separated
about 100 million years ago and drifted north-northeast at a fairly uniform rate of
10-11 centimetres per year. About 50 million years ago, in the early Eocene,
collision between the Indian and the Eurasian plates is believed to have taken
place. As a result, marine shelf strata were folded, faulted and tightly squeezed.
The continuing pressure from the Indian plate during the mid-Miocene resulted in
the formation of an intensely fractured zone, with imbricate thrust sheets called the
Main Central Thrust (MCT). The MCT is up to 10 km thick and dipping north at
30 to 40 degrees (Kenting Earth Sciences Ltd., 1985). Several hot springs exist
along the MCT zone. Farther south, a zone of underthrusting developed in early
Pleistocene or towards the end of Pliocene, which extends along the full length of
the Himalayan belt, accounting for the subduction of the Indian plate. It is steeply
dipping north to south and is called the Main Boundary Thrust (MBT). It is
believed to be most active in the Himalayas as shown by a number of evidences:
seismic activities along this fault line, the vertical uplifts shown by the geodetic
surveys across the MCT and the MBT (Kizaki, 1995), and the shifting of river
course due to tilting of structural blocks (Sharma, 1990). The vertical uplift is
believed to continue at present time at the rate of 2 cm per year. At the southern
edge of the Himalayan formation, after the Siwalik outcrops, lies the Main Frontal
Thrust (MFT). It separates the tilted, uplifted and folded Siwalik formation from
the low-lying Gangetic plain.
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3.1 DEGRADATION FACTORS AND PROCESSES

Nepal lies in the middle Himalayan belt and is characterised by having mountains
with various altitudinal climatic regions. The great heights of the mountain ridges
are accentuated by deep valleys. Slope steepness makes them susceptible to
degradation processes. On the other hand, geomorphic processes vary in
accordance with different regions due to the influence of local climatic conditions.
A process, dominant in one region, may only play a minor role or may even be
completely absent in another region. The causal factors are also not necessarily
similar. It is thus necessary to study the major processes involved in different
altitudinal zones.

3.1.1 In the High Himal and High Mountain regions

In the High Himal region, physical processes dominate, including avalanches
(snow, ice and rock) and rock falls. Avalanches occur as a result of snow
accumulation on mountain slopes. When the pack of snow and ice is heavy, it tends
to fall down the slope. Snow avalanche can be of either loose or slab type. Loose
snow avalanche starts as a formless mass and grows in size by collecting snow as it
slides down the slope. Slab avalanche is characterised by internal cohesion of the
snow, which results in sliding of a large area of snow. Slab avalanches are a major
winter hazard in the mountains (USDA, 1968). They also play a role in physical
disintegration of rocks by their impact on the way. Slab avalanches are subdivided
into soft and hard slabs. Further subdivision is wet or dry avalanche, depending on
the amount of water in the snow. Wet-snow avalanches occasionally fall after
heavy and prolonged rainfall on very large amounts of snow on mountain slopes
(Bjornsson, 1980). Yafeng and Wenying (1980) report that avalanches frequently
occur as a result of abundant precipitation in the Hunza Karakoram, Pakistan.

Avalanches occur as the slope becomes steeper, but the probability gets smaller as
the slope angle approaches 90o. Although avalanches have been observed on
moderate slopes of about 15o, various sources have set the arbitrary value of 22o as
the critical angle above which slides are apt to occur (USDA, 1968). In Scotland,
most of the avalanches recorded are on slope gradients greater than 30o (Ward,
1980). Stethem and Perla (1980) report that snow slab instability initiates with
highest frequency on 40o slopes. The freezing and thawing action, which is
prevalent in the high altitude areas with fluctuating air temperatures at freezing
point, helps in making the snow slab unstable. The process also helps in the
disintegration of underlying rocks along the cracks and lines of bedding plane.
When the pack of snow and ice, above this disintegrated rock surface, is heavy and
unstable, avalanche initiates, which may also carry with it a mass of disintegrated
rocks down the slope. The south-facing slopes in the high altitude or high latitude
areas, in the Northern Hemisphere, are favourable positions for freezing and
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thawing action since they capture the incoming solar radiation. As the south-facing
slopes receive solar radiation, snow melting occurs in spring and the south-facing
slopes become the sites of instability and wet snow avalanche. In the Batura glacier
in Pakistan, it is reported that avalanches occur frequently on the southern side
(Yafeng and Wenying, 1980). Apart from these factors, wind speed and wind
direction play a role. Windward slopes are in general much less exposed to
avalanche, for they receive less snow deposition (USDA, 1968). The slopes, which
lie to the lee sides of prevailing winds, are thus very likely to have avalanche since
they receive high snow deposition.

In the High Himal region there are several active glaciers, whose contribution to
sediment delivery cannot be ignored. The high quantities of rock falls and
avalanche debris produce large concentration of supraglacial debris on most
glaciers within the High Himal and Karakoram Mountains (Owen and England,
1998). The most effective mechanism of sediment transport is a debris-covered
glacier (Barsch and Jakob, 1998). Glacial activity makes the debris material finer
by grinding action. Glacial erosion also contributes to sediment production.
Melting of glacier ice brings sediments to the river system when air temperature
goes above the freezing point at the glacier margins. Land degradation due to
flooding following glacial lake outbursts also takes place, although not on a yearly
basis.

Other processes active on the steeper slopes of the High Himal and High Mountain
regions are rock falls and debris slides. Rock falls are considered to be the origin of
debris, as a result of frequent freeze-thaw activity, on the glacial cones in the
Langtang valley (Watanabe et al., 1998). It is sometimes difficult to separate
between a rock fall and a debris slide since the latter may develop after the rock
falls. The causal factors are high elevation, steep slope, high precipitation, solar
radiation and air temperature variations. Intense and prolonged precipitation and
seismic activity enhance the process.

3.1.2 In the Middle Mountains

In the Middle Mountains both natural and human-induced phenomena take place.
Fluvio-glacial terraces are frequently located tens of meters higher than the present
valleys bottoms (Kalvoda, 1992). Incision by the rivers may be due to the lowering
of the base level caused by the ongoing uplift. It may also be because of the fact
that, after the last ice age, the increased volume of melting ice may have increased
the eroding power of the river system to such an extent that in short time such
incision was possible. Or, it may be due to glacial lake outburst flooding which
took place in the past.
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Mass movements such as rock falls, debris slides and slumping, occur frequently.
While rock falls and debris slides are merely a function of slope gradient, slope
aspect, lithology, degree of weathering, soil, climatic condition and undercutting
effect by stream or river, land degradation due to slumping and soil erosion is very
much influenced by human activities. Although human intervention is not reported
to cause significant increase in mass movement, deforestation of excessively steep
slopes, marginal for agriculture or grazing, seems to initiate the process (Marston et
al., 1998).  In figure 3.1, the possible degradation types, causes and processes
which occur in the Middle Mountains are given. The factors are rainfall,
topography, soil and human interventions, which are reflected in land use/land
cover types. Excessive and prolonged rain and earthquakes give the triggering
effect.

Figure 3. 1: Land degradation types and causal factors in the Middle Mountains

Land degradation types Degradation processes Causes in association 
with rainfall

earthquakes

deforestation

road construction

down-cutting by rivers

unstable slopes

cultivation in marginal 
lands

improper landuse 
practices

socio-economic factors

land slides including 
other mass 
movements

terrain deformation

water erosion
- sheet erosion
- rill erosion
- gully erosion

loss of top soil

flooding
- river bed filling
- siltation of basin lands
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(1) Rainfall

Land degradation in mountainous areas is closely related to rainfall due to the
detaching power of raindrops and through its contribution to overland and stream
flow. Apart from rainfall amount, the intensity is generally considered to be the
most important rainfall characteristic. But how much intensity of rainfall induces
significant erosion is still debatable and various researchers have given different
values (e.g. 25, 10, 6 mm/h), applicable to different areas in the world (Morgan,
1974; Bollinne, 1977; Richter and Nagendank, 1977; Morgan, 1980). The erosivity
of a rainstorm depends on the rainfall intensity and duration as well as the mass,
diameter and velocity of the falling raindrops. Wischmeier and Smith (1958) found
that soil detachment, overland flow and rill erosion are related to the maximum 30-
minute intensity and its kinetic energy. The 30-minute intensity is calculated only
for storms which have 12.5 mm or more rain. For calculating rainfall erosivity, it
needs data over a long period of time since rainfall pattern may change on a year-
to-year basis and using data from only one year period may not be representative.

(2) Topography

Topography is perhaps the most important and obvious cause of land degradation
in  mountainous areas. As slope gradient increases, erosion is also expected to
increase. Soil loss may outnumber soil formation if the slope is very steep. The
problem can be considered severe in Nepal since cultivation is practised even on
extremely steep slopes. Slope length is equally important since it contributes to
increase the overland flow volume and its velocity.

Slope aspect also plays an important role. The south-facing slopes in the Middle
Mountains are dominantly covered by agricultural fields due to favourable
exposition to sunlight. Since they receive higher solar radiation, the south-facing
slopes are relatively drier than the north-facing ones. The north-facing slopes have
comparatively higher forest cover. Mass movements such as debris slides seem to
occur more on the south-facing slopes. It may be because of improper land use
practices or differential weathering of the soil parent material resulting from
climatic variation, as compared to the north-facing slopes.

Since elevation differences in hundreds of meters are common between the
summits and valleys, significant climatic variations take place on a mountain slope,
which have influence on land covers/uses and finally on land degradation
processes.
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(3) Soils

Certain soil properties strongly control erosion hazard. Soil properties such as
particle size distribution, permeability, structure, organic matter content, among
others, influence soil susceptibility/resistance to erosion. Evans (1980) reports that
soils with less than 2 percent organic carbon can be considered erodible.
Wischmeier and Smith (1978) developed a nomograph for computing the K value
of soil erodibility as a function of percent silt and very fine sand, percent sand,
percent organic matter, soil structure, and permeability. Bergsma and Valenzuela
(1981) used the drop-test method to assess soil erodibility. For quick appraisal of
soil erosion hazard, soil surface micro-topography can also be used (Bergsma,
1997, 1989). Similarly, soil erodibility can be assessed from direct measurement of
soil cohesion at saturation using a torvane (Rauws and Govers, 1988).

Clay content gives an indication of soil erodibility, while the proportion of water-
dispersible clay to total clay is an indicator of structural stability. Emerson (1967)
shows how stability can be measured by dispersion tests. Physical properties of soil
such as particle size distribution, water-holding capacity, consistency and shear
strength, indicate whether soil-induced mass movements may take place on a given
slope. Consistency limits indicate the form of soil mass movement.

(4) Deforestation

In the world map on the status of human-induced soil degradation (UNEP/ISRIC,
1990), deforestation and removal of natural vegetation and overgrazing are reported
to be the main reasons in the mountainous regions of Nepal for loss of topsoil and
terrain deformation due to soil erosion. Deforestation in the Middle Mountains of
Nepal is, however, not a recent phenomenon. Clearing of forests started not only for
timber or firewood collection but also because of the government land use policy to
maximise agricultural surpluses and land taxes (Mahat et al., 1986). Deforestation
continues for subsistence agriculture, which has negative impact on land. Soil
degradation as a result of converting forestland into agriculture in the Chitwan
district of Nepal is reported by Burton et al. (1989). During recent decades, however,
there is no significant reduction in forest area in the Middle Mountains of Nepal
(Gilmour, 1991). This is probably due to the fact that the farmers are well aware of
the impact of deforestation. It has also been reported that in some villages the
farmers, through community management, have begun to develop their own method
for resolving the problem and, despite population growth, the condition of the forests
seems to improve in some areas (Fox, 1993).

Although the number of trees is reported to have increased in agricultural lands over
the recent past, forest cover has significantly decreased in the mountainous areas of
Nepal due to population pressure. Cultivation of marginal lands on steep slopes
certainly increases erosion hazard due to the shallow rooting system of the field crops
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and because of lower vegetation cover during the period when the intensity and the
amount of rainfall are high. Overgrazing is also a crucial problem in the Middle
Mountains where the majority of population lives. In the terraced fields, however,
erosion seems to be minimal. Thus, it is necessary to know the magnitude of
deforestation.

(5) Land use practices

Apart from natural erosion, land degradation processes are very much influenced
by human activities, which are reflected in the land use/land cover types. Land
use/land cover has direct influence on land degradation. Cultivation in the
mountainous areas of Nepal is through terracing. Two types of terraces are made:
sloping terraces for rainfed agriculture and level terraces for growing rice. Sheet
erosion is the crucial problem in sloping terraces, while slumping and tunnelling
are common in the rice fields. It is thus essential to study the nature and magnitude
of erosion in all existing land use types so that their impact on land degradation can
be assessed.

Socio-economic factors also play a significant role in aggravating the problem. It is
necessary to study the existing land use practices and the effect of terraced farming
on mountain slopes in order to assess the land degradation issue.

(6) Exceptional rainfalls or earthquakes

Although landslides are in many cases caused by incision and undercutting by
river, over-steepening of slopes by glacial activities in the High Himalayas and
road construction, among others, they are often triggered by excessive and
prolonged rainfalls and/or earthquakes. In the rainy season, unstable slopes are
generally affected by landslides. So, unstable slope zonation plays an important
role in mapping landslide hazard areas. Not only slope gradient but also parent
material, orientation of the strata, saturation and land use practices play an
important role in slope stability. Excessive rains and earthquakes are the triggering
factors.

3.1.3 In the lowlands

The effect of erosional processes on environmental degradation in the mountainous
area has been well documented (Burton et al., 1989; Arocene-Francisco, 1991;
Maskey and Joshi, 1991; Ries, 1991; Upadhaya et al., 1991). But the problem is
not limited to on-site effects; the sediments carried by the rivers have also impacted
the lowlands damaging the infrastructure, promoting the siltation of reservoirs and
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causing unwanted sediment deposition in irrigated agricultural fields
(Christiansson, 1981; Rothwell, 1985; Dhital et al., 1993). The amount of
sedimentation varies according to seasons and is about two times higher in the
monsoon than in the dry season (Ross and Gilbert, 1999). The life span of
reservoirs in central Nepal is significantly reduced by high annual sedimentation
(Sthapit, 1995). As environmental hazards are particularly severe in the
mountainous areas, land degradation in the lowlands has been given little attention
so far. Off-site effects of erosion have also been omitted in the majority of the
economic analyses due to limited knowledge of the downstream situations (Enters,
1998).

Land degradation in the mountainous areas has direct impact on the low-lying areas
where destruction of property and silting up of the agricultural lands occur. In the
irrigated areas, it is necessary to study the magnitude of siltation and the type of
material being deposited to assess the impact on agriculture.

3.2 ASSESSMENT OF LAND DEGRADATION

Land degradation is controlled by biophysical parameters. Although excessive rains
and earthquakes may trigger mass movements, both endogenic and exogenic
factors are responsible for causing the problem. Scheidegger (1998) shows that the
endogenic factors are of fundamental importance in all mass movements. Mass
movements are directly controlled by the present-day local tectonic stress. Socio-
economic factors also play a significant role in aggravating the problem. Therefore,
the biophysical and socio-economic parameters were analysed in some sample
catchment areas to assess their influence on land degradation. A scenario was
outlined to prevent the spread of further degradation in the region as a whole.

3.2.1 Remote sensing techniques

One of the main difficulties in studying mountainous areas is poor accessibility, for
which remote sensing techniques proved to be very useful. In Nepal where
elevation differences cause considerable relief displacements on aerial
photographs, satellite images provide a better alternative because they are less
distorted by topography.

Soil reflectance measurements have been used to study the relationship between
spectral reflectance characteristics and soil properties (Stoner and Baumgardner,
1980; Maher, 1990; Epema, 1992). It is however difficult to conclude that a certain
soil will have a certain reflectance curve since soil surface reflectance is dependent
on many factors such as soil colour, particle size distribution, organic matter
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content, soil moisture condition, iron oxide content, clay mineralogy, surface
roughness, etc. Slope gradient and  orientation also modify the surface reflectance
in mountainous areas. In addition to this, the surface cover often hinders soil
visibility. In spite of these limitations, satellite remote sensing is commonly used in
classification of surface covers, one of the factors involved in land degradation
assessment. In the High Himal and High Mountain regions, the area covered by
snow and ice determines the amount of runoff to the river system. In the Middle
Mountains, land cover and land use types can be mapped from the satellite images
as indicators of land degradation processes.

Because of the multispectral nature of the data, several data analysis techniques
including multispectral classification can be applied to extract information. Various
algorithms are available for land cover classification, each having its own
limitations and applicability in different environments. Apart from conventional
classification algorithms, fractals, neural networks and linear unmixing techniques
have been applied (Mulder and Spreeuwers, 1991; De Jong, 1994; Kressler et al.,
1999). But in areas with high topographic variations, results obtained by running a
classification are not satisfactory for mapping land cover and land use. The main
reasons are elevation differences, illumination variations, the effect of topographic
shadow and the small parcel size. Variations in topography have an effect on
microclimate, which may influence land cover and land use patterns. Spectral
classification alone may not be sufficient for extracting land cover/use data. Even
in areas without topographic distortions, the accuracy of land cover mapping can
be increased by integrated processing of remote sensing and ancillary data in a GIS
environment (Molenaar and Janssen, 1991). Conese et al. (1993) proposed
principal component analysis to overcome the topographic effect. But the
component one is not free from intensity variation, it causes in fact an intensity
enhancement. Lees and Ritman (1991) used decision-tree rules to map vegetation
in hilly areas. Shrestha and Zinck (1999) have shown the usefulness of the intensity
normalisation technique for using multispectral data in mountainous areas.

In conventional classification of multispectral data, the maximum likelihood
classifier is considered to provide the best results. To downgrade the effect of any
outlying training sample, which may influence the class mean and variance-
covariance matrix, the Mahalanobis distance function can be implemented
(Campbell, 1980). The technique of principal component transform can be applied
to reduce the number of spectral bands (Mulder, 1975; Donker and Mulder, 1976),
since the maximum likelihood algorithm takes considerable processing time if
several spectral bands are used.

With the possibility of remote sensing data integration in a geographic information
system, various ancillary data can be incorporated in the assessment of soil
degradation (Bocco and Valenzuela, 1988; Shrestha, 1989; Rao, et al., 1991;
Abdel-Hamid and Shrestha, 1992; Shrestha, 1993).
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3.2.2  Models to assess soil erosion

In a fragile environment like in Nepal, slope instability plays a vital role. Unstable
slopes are vulnerable to landsliding and other mass movements during the
monsoon season (June-September). They are also triggered by earthquakes. For
assessing the hazard severity, the application of a digital terrain model can be a
useful tool for identifying and mapping existing and potential slope instability sites
(Niemann and Howes, 1991). The quantitative capabilities of geographic
information systems to model and predict slope stability are receiving increasing
attention, since they allow the application of a variety of statistical techniques
which are useful to classify terrain units according to their degree of stability
(Rowbotham and Dydycha, 1998).

Various empirical and physical based models exist to assess soil erosion. Some
models are applicable to a particular area and may not perform well in other areas,
since they are designed with specific application in mind. The Universal Soil Loss
Equation, USLE in short (Wischmeier and Smith, 1965), is a well-known model for
assessing soil losses in agricultural fields. The model has been modified several
times to make it suitable for different conditions. The modified versions of USLE for
sediment yield estimation are MUSLE (Williams and Berndt, 1977), MUSLE87
(Hensel and Bork, 1987) and RUSLE (Renard et al., 1991, 1997). SLEMSA, the Soil
Loss Estimation Equation for Southern Africa (Stocking, 1981), developed in
Zimbabwe, is similar to USLE. In DUSLE, the Differentiated Universal Soil Loss
Equation (Flacke et al., 1990), a digital elevation model is incorporated to compute
the slope length/slope gradient factors (LS), for application on complex slopes.
WEPP, the Water Erosion Prediction Project  (Nearing et al., 1989; Laflen et al.,
1991), is a process-based erosion model, designed to replace the Universal Soil
Loss Equation.  Mainam (1999) has used an event-based model to quantify interrill
erosion. Recently, EUROSEM, the European Soil Erosion Model (Morgan et al.,
1999), is being developed as a combined effort involving scientists from Europe
and the USA. The model uses physical parameters to describe the process of rill
and inter-rill erosion. Although it claims to be fully dynamic, it simulates erosion
on an event basis only.

To compute soil erosion within a watershed, models such as ANSWERS, Areal
Non-point Source Watershed Environment Response Simulation (Beasley and
Huggins, 1980), and AGNPS, Agricultural Non-Point Source Pollution Model
(Young et al., 1987), are available. These models are based on grid cells and were
developed to estimate runoff quality, with primary emphasis on sediment and
nutrient transport. Since they can be linked to a geographic information system
(GIS), their application in a watershed environment is appropriate for data
integration. De Roo (1993) gives an example of the application of ANSWERS
linked to a GIS to simulate surface runoff and soil erosion in South Limburg, the
Netherlands, and in Devon, United Kingdom. Gully erosion is also modelled using
GIS (Bocco et al., 1990). Selection of a model should be thus based on what is
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applicable in mountainous areas. It is also necessary to check the complexity of the
model and the data demand. Modelling results may be often impressive but
difficult to interpret (Meyer and Flanagan, 1992) and to validate because of model
complexity.

3.2.3 Hazard assessment

In mountainous areas where precipitation is in the form of snow, avalanche hazard
mapping is an important task for area development and disaster prevention (Freer and
Schaerer, 1980; Frutiger, 1980; Hackett and Santeford, 1980; Ives and Plam, 1980).
It is also important from the point of view of tourism since this is an important source
of income for the mountain people. Various factors are involved in the initiation of
an avalanche, including topography (slope gradient, slope aspect, slope surface or
ground condition), snow (amount, type, depth, density, precipitation intensity, etc.),
vegetation cover, wind and temperature. The presence of trees on a slope has an
important influence on wind currents and the deposition of snow, whereas smooth
grassy slopes favour avalanche formation and sliding surface. Avalanche hazard
mapping thus requires a lot of data including data on observed avalanches. Judson et
al. (1980) use temperature, precipitation, wind speed and direction, incoming solar
radiation and frequency of observed avalanches for assessing the danger in the Rocky
Mountains.

Assessment of land degradation hazard is useful not only for making good land use
plans, but also for their implementation. Landslide hazard zonation maps are of great
help to planners and field engineers for selecting suitable locations to implement
development schemes and for adopting appropriate mitigation measures in unstable
hazard-prone areas (Anbalagan, 1992). But land degradation and especially mass
movements are complex phenomena and straightforward deterministic modelling of
such chaotic processes is not possible (Zinck et al., 1999). A GIS-assisted approach
to exploratory and predictive modelling becomes relevant in such a case. Within a
geographic information system, several thematic maps can be combined to analyse
the mass movement cause-effect relationships in order to map mass movement
hazards (Lopez and Zinck, 1991). A simplified approach for assessing land
degradation is by means of using decision trees (Shrestha, 1989; Shrestha and Zinck,
1999). Geomorphic hazard mapping has also been carried out according to the type
and combination of processes involved (Kienholz et al., 1983; Kienholz et al., 1984;
Fort, 1987). Geomorphology, remote sensing, digital elevation models and GIS
technologies together are revolutionising the study of mass movements (Shroder and
Bishop, 1998). The introduction of computerised databases and GIS has made the
analysis of natural resources easier by making it possible to update and incorporate
data in various analysis procedures for degradation assessment (Shrestha, 1989,
1990). Information on surface cover, one of the important indicator/factor of land
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degradation, can be derived from remote sensing data, which can be easily integrated
in raster-based GIS (Shrestha, 1994).

Since all altitudinal climatic zones belong to the same river system, which plays a
major role in the overall process and also acts as sediment carrier, it is
indispensable to compare and contrast the different processes operating along the
system, from upstream to downstream. This is especially important in view of the
sediment delivery to the river system, in particular to identify the main sources of
sediment production.
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CONCEPTUAL FRAMEWORK AND RESEARCH 
REVIEW 
 
 
Soil degradation is a process, which lowers the current and/or future capacity of the 
soil to support life. It has direct impact on the environment and seriously affects the 
land use. Soil erosion, a degradation process, is widespread in Nepal. 
Deforestation, overgrazing and intensive agriculture, due to population pressure, 
have led to accelerated erosion in the Middle Mountains in the recent past. On the 
other hand, natural phenomena inducing erosion are also common, such as 
prolonged and intensive rain and earthquakes resulting in mass movements. In the 
High Himal region, snow and ice avalanches, debris slides, and glacial activities 
play an important role. The sediments delivered to the river system upstream have 
also caused damage downstream in the agricultural fields where irrigation is 
practised.  
 
In order to understand the various processes active in the different regions, it is 
useful to review the formation of the Himalayas. Although several theories exist, 
the universally accepted theory on the formation of the Himalayas is provided by 
the plate tectonic concept, which is continental drift and intercontinental collision 
(Gansser, 1964; Lefort, 1975; Powell and Conaghan, 1975; Gansser, 1980; Kenting 
Earth Science Ltd., 1985). The so-called Gondwana land, now India, separated 
about 100 million years ago and drifted north-northeast at a fairly uniform rate of 
10-11 centimetres per year. About 50 million years ago, in the early Eocene, 
collision between the Indian and the Eurasian plates is believed to have taken 
place. As a result, marine shelf strata were folded, faulted and tightly squeezed. 
The continuing pressure from the Indian plate during the mid-Miocene resulted in 
the formation of an intensely fractured zone, with imbricate thrust sheets called the 
Main Central Thrust (MCT). The MCT is up to 10 km thick and dipping north at 
30 to 40 degrees (Kenting Earth Sciences Ltd., 1985). Several hot springs exist 
along the MCT zone. Farther south, a zone of underthrusting developed in early 
Pleistocene or towards the end of Pliocene, which extends along the full length of 
the Himalayan belt, accounting for the subduction of the Indian plate. It is steeply 
dipping north to south and is called the Main Boundary Thrust (MBT). It is 
believed to be most active in the Himalayas as shown by a number of evidences: 
seismic activities along this fault line, the vertical uplifts shown by the geodetic 
surveys across the MCT and the MBT (Kizaki, 1995), and the shifting of river 
course due to tilting of structural blocks (Sharma, 1990). The vertical uplift is 
believed to continue at present time at the rate of 2 cm per year. At the southern 
edge of the Himalayan formation, after the Siwalik outcrops, lies the Main Frontal 
Thrust (MFT). It separates the tilted, uplifted and folded Siwalik formation from 
the low-lying Gangetic plain. 
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3.1 DEGRADATION FACTORS AND PROCESSES  
 
Nepal lies in the middle Himalayan belt and is characterised by having mountains 
with various altitudinal climatic regions. The great heights of the mountain ridges 
are accentuated by deep valleys. Slope steepness makes them susceptible to 
degradation processes. On the other hand, geomorphic processes vary in 
accordance with different regions due to the influence of local climatic conditions. 
A process, dominant in one region, may only play a minor role or may even be 
completely absent in another region. The causal factors are also not necessarily 
similar. It is thus necessary to study the major processes involved in different 
altitudinal zones. 
 
 

3.1.1 In the High Himal and High Mountain regions  
 
In the High Himal region, physical processes dominate, including avalanches 
(snow, ice and rock) and rock falls. Avalanches occur as a result of snow 
accumulation on mountain slopes. When the pack of snow and ice is heavy, it tends 
to fall down the slope. Snow avalanche can be of either loose or slab type. Loose 
snow avalanche starts as a formless mass and grows in size by collecting snow as it 
slides down the slope. Slab avalanche is characterised by internal cohesion of the 
snow, which results in sliding of a large area of snow. Slab avalanches are a major 
winter hazard in the mountains (USDA, 1968). They also play a role in physical 
disintegration of rocks by their impact on the way. Slab avalanches are subdivided 
into soft and hard slabs. Further subdivision is wet or dry avalanche, depending on 
the amount of water in the snow. Wet-snow avalanches occasionally fall after 
heavy and prolonged rainfall on very large amounts of snow on mountain slopes 
(Bjornsson, 1980). Yafeng and Wenying (1980) report that avalanches frequently 
occur as a result of abundant precipitation in the Hunza Karakoram, Pakistan.  
 
Avalanches occur as the slope becomes steeper, but the probability gets smaller as 
the slope angle approaches 90o. Although avalanches have been observed on 
moderate slopes of about 15o, various sources have set the arbitrary value of 22o as 
the critical angle above which slides are apt to occur (USDA, 1968). In Scotland, 
most of the avalanches recorded are on slope gradients greater than 30o (Ward, 
1980). Stethem and Perla (1980) report that snow slab instability initiates with 
highest frequency on 40o slopes. The freezing and thawing action, which is 
prevalent in the high altitude areas with fluctuating air temperatures at freezing 
point, helps in making the snow slab unstable. The process also helps in the 
disintegration of underlying rocks along the cracks and lines of bedding plane. 
When the pack of snow and ice, above this disintegrated rock surface, is heavy and 
unstable, avalanche initiates, which may also carry with it a mass of disintegrated 
rocks down the slope. The south-facing slopes in the high altitude or high latitude 
areas, in the Northern Hemisphere, are favourable positions for freezing and 
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thawing action since they capture the incoming solar radiation. As the south-facing 
slopes receive solar radiation, snow melting occurs in spring and the south-facing 
slopes become the sites of instability and wet snow avalanche. In the Batura glacier 
in Pakistan, it is reported that avalanches occur frequently on the southern side 
(Yafeng and Wenying, 1980). Apart from these factors, wind speed and wind 
direction play a role. Windward slopes are in general much less exposed to 
avalanche, for they receive less snow deposition (USDA, 1968). The slopes, which 
lie to the lee sides of prevailing winds, are thus very likely to have avalanche since 
they receive high snow deposition.  
 
In the High Himal region there are several active glaciers, whose contribution to 
sediment delivery cannot be ignored. The high quantities of rock falls and 
avalanche debris produce large concentration of supraglacial debris on most 
glaciers within the High Himal and Karakoram Mountains (Owen and England, 
1998). The most effective mechanism of sediment transport is a debris-covered 
glacier (Barsch and Jakob, 1998). Glacial activity makes the debris material finer 
by grinding action. Glacial erosion also contributes to sediment production. 
Melting of glacier ice brings sediments to the river system when air temperature 
goes above the freezing point at the glacier margins. Land degradation due to 
flooding following glacial lake outbursts also takes place, although not on a yearly 
basis.  
 
Other processes active on the steeper slopes of the High Himal and High Mountain 
regions are rock falls and debris slides. Rock falls are considered to be the origin of 
debris, as a result of frequent freeze-thaw activity, on the glacial cones in the 
Langtang valley (Watanabe et al., 1998). It is sometimes difficult to separate 
between a rock fall and a debris slide since the latter may develop after the rock 
falls. The causal factors are high elevation, steep slope, high precipitation, solar 
radiation and air temperature variations. Intense and prolonged precipitation and 
seismic activity enhance the process. 
 
 

3.1.2 In the Middle Mountains  
 
In the Middle Mountains both natural and human-induced phenomena take place. 
Fluvio-glacial terraces are frequently located tens of meters higher than the present 
valleys bottoms (Kalvoda, 1992). Incision by the rivers may be due to the lowering 
of the base level caused by the ongoing uplift. It may also be because of the fact 
that, after the last ice age, the increased volume of melting ice may have increased 
the eroding power of the river system to such an extent that in short time such 
incision was possible. Or, it may be due to glacial lake outburst flooding which 
took place in the past. 
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Mass movements such as rock falls, debris slides and slumping, occur frequently. 
While rock falls and debris slides are merely a function of slope gradient, slope 
aspect, lithology, degree of weathering, soil, climatic condition and undercutting 
effect by stream or river, land degradation due to slumping and soil erosion is very 
much influenced by human activities. Although human intervention is not reported 
to cause significant increase in mass movement, deforestation of excessively steep 
slopes, marginal for agriculture or grazing, seems to initiate the process (Marston et 
al., 1998).  In figure 3.1, the possible degradation types, causes and processes 
which occur in the Middle Mountains are given. The factors are rainfall, 
topography, soil and human interventions, which are reflected in land use/land 
cover types. Excessive and prolonged rain and earthquakes give the triggering 
effect. 
 
 

 

Figure 3. 1: Land degradation types and causal factors in the Middle 
Mountains 

Land degradation types Degradation processes Causes in association 
with rainfall

earthquakes

deforestation

road construction

down-cutting by rivers

unstable slopes

cultivation in marginal 
lands

improper landuse 
practices

socio-economic factors

land slides including 
other mass 
movements

terrain deformation

water erosion
- sheet erosion
- rill erosion
- gully erosion

loss of top soil

flooding
- river bed filling
- siltation of basin lands
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(1)  Rainfall 

 
Land degradation in mountainous areas is closely related to rainfall due to the 
detaching power of raindrops and through its contribution to overland and stream 
flow. Apart from rainfall amount, the intensity is generally considered to be the 
most important rainfall characteristic. But how much intensity of rainfall induces 
significant erosion is still debatable and various researchers have given different 
values (e.g. 25, 10, 6 mm/h), applicable to different areas in the world (Morgan, 
1974; Bollinne, 1977; Richter and Nagendank, 1977; Morgan, 1980). The erosivity 
of a rainstorm depends on the rainfall intensity and duration as well as the mass, 
diameter and velocity of the falling raindrops. Wischmeier and Smith (1958) found 
that soil detachment, overland flow and rill erosion are related to the maximum 30-
minute intensity and its kinetic energy. The 30-minute intensity is calculated only 
for storms which have 12.5 mm or more rain. For calculating rainfall erosivity, it 
needs data over a long period of time since rainfall pattern may change on a year-
to-year basis and using data from only one year period may not be representative. 
 
 
(2)  Topography 
 
Topography is perhaps the most important and obvious cause of land degradation 
in  mountainous areas. As slope gradient increases, erosion is also expected to 
increase. Soil loss may outnumber soil formation if the slope is very steep. The 
problem can be considered severe in Nepal since cultivation is practised even on 
extremely steep slopes. Slope length is equally important since it contributes to 
increase the overland flow volume and its velocity. 
 
Slope aspect also plays an important role. The south-facing slopes in the Middle 
Mountains are dominantly covered by agricultural fields due to favourable 
exposition to sunlight. Since they receive higher solar radiation, the south-facing 
slopes are relatively drier than the north-facing ones. The north-facing slopes have 
comparatively higher forest cover. Mass movements such as debris slides seem to 
occur more on the south-facing slopes. It may be because of improper land use 
practices or differential weathering of the soil parent material resulting from 
climatic variation, as compared to the north-facing slopes.  
 
Since elevation differences in hundreds of meters are common between the 
summits and valleys, significant climatic variations take place on a mountain slope, 
which have influence on land covers/uses and finally on land degradation 
processes.   
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(3)  Soils 
 
Certain soil properties strongly control erosion hazard. Soil properties such as 
particle size distribution, permeability, structure, organic matter content, among 
others, influence soil susceptibility/resistance to erosion. Evans (1980) reports that 
soils with less than 2 percent organic carbon can be considered erodible. 
Wischmeier and Smith (1978) developed a nomograph for computing the K value 
of soil erodibility as a function of percent silt and very fine sand, percent sand, 
percent organic matter, soil structure, and permeability. Bergsma and Valenzuela 
(1981) used the drop-test method to assess soil erodibility. For quick appraisal of 
soil erosion hazard, soil surface micro-topography can also be used (Bergsma, 
1997, 1989). Similarly, soil erodibility can be assessed from direct measurement of 
soil cohesion at saturation using a torvane (Rauws and Govers, 1988). 
 
Clay content gives an indication of soil erodibility, while the proportion of water-
dispersible clay to total clay is an indicator of structural stability. Emerson (1967) 
shows how stability can be measured by dispersion tests. Physical properties of soil 
such as particle size distribution, water-holding capacity, consistency and shear 
strength, indicate whether soil-induced mass movements may take place on a given 
slope. Consistency limits indicate the form of soil mass movement. 
 
 
(4) Deforestation 
 
In the world map on the status of human-induced soil degradation (UNEP/ISRIC, 
1990), deforestation and removal of natural vegetation and overgrazing are reported 
to be the main reasons in the mountainous regions of Nepal for loss of topsoil and 
terrain deformation due to soil erosion. Deforestation in the Middle Mountains of 
Nepal is, however, not a recent phenomenon. Clearing of forests started not only for 
timber or firewood collection but also because of the government land use policy to 
maximise agricultural surpluses and land taxes (Mahat et al., 1986). Deforestation 
continues for subsistence agriculture, which has negative impact on land. Soil 
degradation as a result of converting forestland into agriculture in the Chitwan 
district of Nepal is reported by Burton et al. (1989). During recent decades, however, 
there is no significant reduction in forest area in the Middle Mountains of Nepal 
(Gilmour, 1991). This is probably due to the fact that the farmers are well aware of 
the impact of deforestation. It has also been reported that in some villages the 
farmers, through community management, have begun to develop their own method 
for resolving the problem and, despite population growth, the condition of the forests 
seems to improve in some areas (Fox, 1993).  
 
Although the number of trees is reported to have increased in agricultural lands over 
the recent past, forest cover has significantly decreased in the mountainous areas of 
Nepal due to population pressure. Cultivation of marginal lands on steep slopes 
certainly increases erosion hazard due to the shallow rooting system of the field crops 
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and because of lower vegetation cover during the period when the intensity and the 
amount of rainfall are high. Overgrazing is also a crucial problem in the Middle 
Mountains where the majority of population lives. In the terraced fields, however, 
erosion seems to be minimal. Thus, it is necessary to know the magnitude of 
deforestation. 
 
 
(5) Land use practices  
 
Apart from natural erosion, land degradation processes are very much influenced 
by human activities, which are reflected in the land use/land cover types. Land 
use/land cover has direct influence on land degradation. Cultivation in the 
mountainous areas of Nepal is through terracing. Two types of terraces are made: 
sloping terraces for rainfed agriculture and level terraces for growing rice. Sheet 
erosion is the crucial problem in sloping terraces, while slumping and tunnelling 
are common in the rice fields. It is thus essential to study the nature and magnitude 
of erosion in all existing land use types so that their impact on land degradation can 
be assessed. 
 
Socio-economic factors also play a significant role in aggravating the problem. It is 
necessary to study the existing land use practices and the effect of terraced farming 
on mountain slopes in order to assess the land degradation issue. 
 
 
(6) Exceptional rainfalls or earthquakes 
 
Although landslides are in many cases caused by incision and undercutting by 
river, over-steepening of slopes by glacial activities in the High Himalayas and 
road construction, among others, they are often triggered by excessive and 
prolonged rainfalls and/or earthquakes. In the rainy season, unstable slopes are 
generally affected by landslides. So, unstable slope zonation plays an important 
role in mapping landslide hazard areas. Not only slope gradient but also parent 
material, orientation of the strata, saturation and land use practices play an 
important role in slope stability. Excessive rains and earthquakes are the triggering 
factors. 
 
 

3.1.3 In the lowlands 
 
The effect of erosional processes on environmental degradation in the mountainous 
area has been well documented (Burton et al., 1989; Arocene-Francisco, 1991; 
Maskey and Joshi, 1991; Ries, 1991; Upadhaya et al., 1991). But the problem is 
not limited to on-site effects; the sediments carried by the rivers have also impacted 
the lowlands damaging the infrastructure, promoting the siltation of reservoirs and 
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causing unwanted sediment deposition in irrigated agricultural fields 
(Christiansson, 1981; Rothwell, 1985; Dhital et al., 1993). The amount of 
sedimentation varies according to seasons and is about two times higher in the 
monsoon than in the dry season (Ross and Gilbert, 1999). The life span of 
reservoirs in central Nepal is significantly reduced by high annual sedimentation 
(Sthapit, 1995). As environmental hazards are particularly severe in the 
mountainous areas, land degradation in the lowlands has been given little attention 
so far. Off-site effects of erosion have also been omitted in the majority of the 
economic analyses due to limited knowledge of the downstream situations (Enters, 
1998).  
 
Land degradation in the mountainous areas has direct impact on the low-lying areas 
where destruction of property and silting up of the agricultural lands occur. In the 
irrigated areas, it is necessary to study the magnitude of siltation and the type of 
material being deposited to assess the impact on agriculture.  
 
 

3.2  ASSESSMENT OF LAND DEGRADATION 
 
Land degradation is controlled by biophysical parameters. Although excessive rains 
and earthquakes may trigger mass movements, both endogenic and exogenic 
factors are responsible for causing the problem. Scheidegger (1998) shows that the 
endogenic factors are of fundamental importance in all mass movements. Mass 
movements are directly controlled by the present-day local tectonic stress. Socio-
economic factors also play a significant role in aggravating the problem. Therefore, 
the biophysical and socio-economic parameters were analysed in some sample 
catchment areas to assess their influence on land degradation. A scenario was 
outlined to prevent the spread of further degradation in the region as a whole.  
 
 

3.2.1 Remote sensing techniques 
 
One of the main difficulties in studying mountainous areas is poor accessibility, for 
which remote sensing techniques proved to be very useful. In Nepal where 
elevation differences cause considerable relief displacements on aerial 
photographs, satellite images provide a better alternative because they are less 
distorted by topography. 
 
Soil reflectance measurements have been used to study the relationship between 
spectral reflectance characteristics and soil properties (Stoner and Baumgardner, 
1980; Maher, 1990; Epema, 1992). It is however difficult to conclude that a certain 
soil will have a certain reflectance curve since soil surface reflectance is dependent 
on many factors such as soil colour, particle size distribution, organic matter 
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content, soil moisture condition, iron oxide content, clay mineralogy, surface 
roughness, etc. Slope gradient and  orientation also modify the surface reflectance 
in mountainous areas. In addition to this, the surface cover often hinders soil 
visibility. In spite of these limitations, satellite remote sensing is commonly used in 
classification of surface covers, one of the factors involved in land degradation 
assessment. In the High Himal and High Mountain regions, the area covered by 
snow and ice determines the amount of runoff to the river system. In the Middle 
Mountains, land cover and land use types can be mapped from the satellite images 
as indicators of land degradation processes.  
 
Because of the multispectral nature of the data, several data analysis techniques 
including multispectral classification can be applied to extract information. Various 
algorithms are available for land cover classification, each having its own 
limitations and applicability in different environments. Apart from conventional 
classification algorithms, fractals, neural networks and linear unmixing techniques 
have been applied (Mulder and Spreeuwers, 1991; De Jong, 1994; Kressler et al., 
1999). But in areas with high topographic variations, results obtained by running a 
classification are not satisfactory for mapping land cover and land use. The main 
reasons are elevation differences, illumination variations, the effect of topographic 
shadow and the small parcel size. Variations in topography have an effect on 
microclimate, which may influence land cover and land use patterns. Spectral 
classification alone may not be sufficient for extracting land cover/use data. Even 
in areas without topographic distortions, the accuracy of land cover mapping can 
be increased by integrated processing of remote sensing and ancillary data in a GIS 
environment (Molenaar and Janssen, 1991). Conese et al. (1993) proposed 
principal component analysis to overcome the topographic effect. But the 
component one is not free from intensity variation, it causes in fact an intensity 
enhancement. Lees and Ritman (1991) used decision-tree rules to map vegetation 
in hilly areas. Shrestha and Zinck (1999) have shown the usefulness of the intensity 
normalisation technique for using multispectral data in mountainous areas. 
 
In conventional classification of multispectral data, the maximum likelihood 
classifier is considered to provide the best results. To downgrade the effect of any 
outlying training sample, which may influence the class mean and variance-
covariance matrix, the Mahalanobis distance function can be implemented 
(Campbell, 1980). The technique of principal component transform can be applied 
to reduce the number of spectral bands (Mulder, 1975; Donker and Mulder, 1976), 
since the maximum likelihood algorithm takes considerable processing time if 
several spectral bands are used.  
 
With the possibility of remote sensing data integration in a geographic information 
system, various ancillary data can be incorporated in the assessment of soil 
degradation (Bocco and Valenzuela, 1988; Shrestha, 1989; Rao, et al., 1991; 
Abdel-Hamid and Shrestha, 1992; Shrestha, 1993). 
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3.2.2  Models to assess soil erosion 
 
In a fragile environment like in Nepal, slope instability plays a vital role. Unstable 
slopes are vulnerable to landsliding and other mass movements during the 
monsoon season (June-September). They are also triggered by earthquakes. For 
assessing the hazard severity, the application of a digital terrain model can be a 
useful tool for identifying and mapping existing and potential slope instability sites 
(Niemann and Howes, 1991). The quantitative capabilities of geographic 
information systems to model and predict slope stability are receiving increasing 
attention, since they allow the application of a variety of statistical techniques 
which are useful to classify terrain units according to their degree of stability 
(Rowbotham and Dydycha, 1998).   
 
Various empirical and physical based models exist to assess soil erosion. Some 
models are applicable to a particular area and may not perform well in other areas, 
since they are designed with specific application in mind. The Universal Soil Loss 
Equation, USLE in short (Wischmeier and Smith, 1965), is a well-known model for 
assessing soil losses in agricultural fields. The model has been modified several 
times to make it suitable for different conditions. The modified versions of USLE for 
sediment yield estimation are MUSLE (Williams and Berndt, 1977), MUSLE87 
(Hensel and Bork, 1987) and RUSLE (Renard et al., 1991, 1997). SLEMSA, the Soil 
Loss Estimation Equation for Southern Africa (Stocking, 1981), developed in 
Zimbabwe, is similar to USLE. In DUSLE, the Differentiated Universal Soil Loss 
Equation (Flacke et al., 1990), a digital elevation model is incorporated to compute 
the slope length/slope gradient factors (LS), for application on complex slopes. 
WEPP, the Water Erosion Prediction Project  (Nearing et al., 1989; Laflen et al., 
1991), is a process-based erosion model, designed to replace the Universal Soil 
Loss Equation.  Mainam (1999) has used an event-based model to quantify interrill 
erosion. Recently, EUROSEM, the European Soil Erosion Model (Morgan et al., 
1999), is being developed as a combined effort involving scientists from Europe 
and the USA. The model uses physical parameters to describe the process of rill 
and inter-rill erosion. Although it claims to be fully dynamic, it simulates erosion 
on an event basis only. 
 
To compute soil erosion within a watershed, models such as ANSWERS, Areal 
Non-point Source Watershed Environment Response Simulation (Beasley and 
Huggins, 1980), and AGNPS, Agricultural Non-Point Source Pollution Model 
(Young et al., 1987), are available. These models are based on grid cells and were 
developed to estimate runoff quality, with primary emphasis on sediment and 
nutrient transport. Since they can be linked to a geographic information system 
(GIS), their application in a watershed environment is appropriate for data 
integration. De Roo (1993) gives an example of the application of ANSWERS 
linked to a GIS to simulate surface runoff and soil erosion in South Limburg, the 
Netherlands, and in Devon, United Kingdom. Gully erosion is also modelled using 
GIS (Bocco et al., 1990). Selection of a model should be thus based on what is 
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applicable in mountainous areas. It is also necessary to check the complexity of the 
model and the data demand. Modelling results may be often impressive but 
difficult to interpret (Meyer and Flanagan, 1992) and to validate because of model 
complexity. 
 
 

3.2.3 Hazard assessment 
 
In mountainous areas where precipitation is in the form of snow, avalanche hazard 
mapping is an important task for area development and disaster prevention (Freer and 
Schaerer, 1980; Frutiger, 1980; Hackett and Santeford, 1980; Ives and Plam, 1980). 
It is also important from the point of view of tourism since this is an important source 
of income for the mountain people. Various factors are involved in the initiation of 
an avalanche, including topography (slope gradient, slope aspect, slope surface or 
ground condition), snow (amount, type, depth, density, precipitation intensity, etc.), 
vegetation cover, wind and temperature. The presence of trees on a slope has an 
important influence on wind currents and the deposition of snow, whereas smooth 
grassy slopes favour avalanche formation and sliding surface. Avalanche hazard 
mapping thus requires a lot of data including data on observed avalanches. Judson et 
al. (1980) use temperature, precipitation, wind speed and direction, incoming solar 
radiation and frequency of observed avalanches for assessing the danger in the Rocky 
Mountains.  
 
Assessment of land degradation hazard is useful not only for making good land use 
plans, but also for their implementation. Landslide hazard zonation maps are of great 
help to planners and field engineers for selecting suitable locations to implement 
development schemes and for adopting appropriate mitigation measures in unstable 
hazard-prone areas (Anbalagan, 1992). But land degradation and especially mass 
movements are complex phenomena and straightforward deterministic modelling of 
such chaotic processes is not possible (Zinck et al., 1999). A GIS-assisted approach 
to exploratory and predictive modelling becomes relevant in such a case. Within a 
geographic information system, several thematic maps can be combined to analyse 
the mass movement cause-effect relationships in order to map mass movement 
hazards (Lopez and Zinck, 1991). A simplified approach for assessing land 
degradation is by means of using decision trees (Shrestha, 1989; Shrestha and Zinck, 
1999). Geomorphic hazard mapping has also been carried out according to the type 
and combination of processes involved (Kienholz et al., 1983; Kienholz et al., 1984; 
Fort, 1987). Geomorphology, remote sensing, digital elevation models and GIS 
technologies together are revolutionising the study of mass movements (Shroder and 
Bishop, 1998). The introduction of computerised databases and GIS has made the 
analysis of natural resources easier by making it possible to update and incorporate 
data in various analysis procedures for degradation assessment (Shrestha, 1989, 
1990). Information on surface cover, one of the important indicator/factor of land 
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degradation, can be derived from remote sensing data, which can be easily integrated 
in raster-based GIS (Shrestha, 1994).  
 
Since all altitudinal climatic zones belong to the same river system, which plays a 
major role in the overall process and also acts as sediment carrier, it is 
indispensable to compare and contrast the different processes operating along the 
system, from upstream to downstream. This is especially important in view of the 
sediment delivery to the river system, in particular to identify the main sources of 
sediment production.  
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RESEARCH METHODS AND TECHNIQUES

The research focusses on the study of erosion and sedimentation issues in three-
watersheds: the High Himal and High Mountain region, the Middle Mountain region
and the lowlands, all belonging to the Narayani river system. Land degradation
processes in mountainous areas include both natural and man-induced phenomena. In
the High Himal and High Mountain region, natural phenomena play a dominant role.
In the Middle Mountain region, human intervention is reflected in land cover and land
use practices. In the lowlands, siltation in the agricultural fields is a crucial problem,
which is due to high sediment load in the irrigation water. Research methods include
collection of available and new field work data, data analysis using various tools and
techniques, land degradation assessment according to elevation zones, and
establishment of a morphogenetic model encompassing highland-lowland relation.

4.1 DATA COLLECTION

The research needed data on climate, hydrology, topography, soil, land cover and land
use. In addition to these, data were collected to assess indicators of land degradation
processes in various altitudinal regions. Data gathering included field surveys,
laboratory analyses and secondary data collection  from various organisations and
individuals. Topographic data were derived from map sheets at scales 1:5,000,
1:25,000 and 1:50,000. Data on climate and hydrology were obtained from the
Department of Irrigation, Hydrology and Meteorology in Kathmandu, Nepal. Detailed
rainfall data of the Likhu Khola watershed were made available through the courtesy
of the Division of Soil Science, National Agriculture Research Council, Nepal. Data
on soils were collected directly from the field, whereas land cover/land use data were
derived from a combination of field work and satellite image classification.

Soil inventory was based on the interpretation of aerial photos and satellite images of
the watersheds following the geopedologic approach (Zinck, 1988). Soil observations
were carried out using full profiles of size of 2 x 2 x 1 m, mini profiles of size 1.5 x 1
x 0.75 m and auger holes. Soil descriptions were according to the FAO guidelines for
soil profile description (1990). Soil classification is based on the USDA system (1996).
To study the spatial variation of selected soil properties, such as thickness of sediment
deposition, calcareousness of topsoil, etc., observations were taken at fixed intervals
along grid transects.

Soil samples were collected for laboratory analyses, including particle size distribution,
water dispersible clay content, moisture retention capacity, bulk density, Atterberg
limits, pH, electrical conductivity, organic carbon content, exchangeable cations and
CEC (table 4.1). For some samples, mineralogical determination of the silt fraction was
carried out. Since the type of land degradation varies according to watershed, the soil
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analyses required to study specific degradation problems were selected according to
local conditions.

Table 4. 1: Soil analysis techniques

4.2 IDENTIFICATION OF BIO-CLIMATIC ELEVATION
ZONES

Variations in elevation have an effect on climate and eventually on land cover and land
use. In the High Himal and High Mountain region, trees cease to exist above 4000 m
asl and freezing and thawing conditions occur in certain elevation zones, both of which
are important parameters for understanding the physical processes. In the Middle
Mountains, land cover and land use change according to variations in elevation.

Information on elevation, slope and aspect was extracted from a digital terrain model
(DTM), generated by interpolation of contours digitised from topographic maps at scale
1:50,000. Interpolation of elevation values was calculated by following an inverse
distance weighing technique. Air temperature variations were correlated with

Soil property Unit Analysis technique Remark

Particle size distribution wt% Pipette method
Moisture retention

capacity
vol% Silt/kaolin bath;

High-pressure pan
Bulk density kg/dm3 Core sample, oven-dry

Atterberg limits % Casagrande’s apparatus for
liquid limit and manual

rolling method for plastic
limit

pH (H2O) pH Potentiometrically 1:2.5 soil to
water

pH ((KCl) pH Potentiometrically 1:2.5 soil to
1M KCl

Electrical conductivity dS/m 1:2.5 soil to
water

Organic carbon Wt% Walkley-Black
Nitrogen Wt% Kjeldahl digestion

Exchangeable Ca and
Mg

cmol(+) kg-1 soil Ammonium acetate pH7

Exchangeable Na and K cmol(+) kg-1 soil Ammonium acetate pH7
Cation exchange

capacity
cmol(+) kg-1 soil Ammonium acetate pH7

Silt mineralogy X-ray diffraction of
powdered sample
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differences in elevation using data from meteorological stations. Similarly, rainfall
variations were analysed with respect to differences in elevation. Topo-climatic regions
were determined from the combination of climatic data and topography. Pronounced
changes of land cover and land use are dependent on topo-climatic conditions. Using
data on land cover and land use, bio-climatic elevation zones were generated, which
help assess land degradation as influenced by topography, climate and land uses. Steps
followed for the generation of bio-climatic elevation zones are given in figure 4.1.

4.3 LAND COVER AND LAND USE MAPPING

Land cover and land use mapping is essential for land degradation assessment. In the
High Himal and High Mountain region, it helps delineate snow cover and bare land in
support to assessing avalanche hazards. In the Middle Mountains, it reflects human
intervention and the effect of land use practices on degradation  processes. In figure
4.2, a flow chart is given which indicates the influence of land cover and land use in
hazard assessment. For this purpose, aerial photo-interpretation was carried out in the
subwatersheds and verified in the field. In addition, ancillary data, which help improve
spectral classification, were collected in the field. The procedure followed for land
cover and land use mapping is explained hereafter.

Figure 4. 1: Flow chart of steps to generate bio-climatic elevation zones

Topographic data Meteorological data API & RS techniques

DTM generation
- altitude
- slope
- aspect

Data analysis
- temperature
- rainfall

Land cover/
land use mapping

Generation of 
topo-climatic regions

Generation of 
bio-climatic elevation zones
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4.3.1 Preprocessing

Classification of multi-spectral data in mountainous areas is not a straightforward
procedure since topography plays an important role in such an environment. The errors
due to the effect of topography on reflectance need to be corrected before the data are
used for classification. Pre-processing procedure should thus include correction of the
effect of relief, in addition to conventional procedures. The steps of the procedure are
described below.

Aerial photo 
interpretation Field work RS data

Identification of erosion 
features

Identification of main 
land covers/uses

Image processing
- vegetation indices
- classifcation, etc.

Mapping land cover/use

Assessment of land 
degradation due to land 

use practices
Figure 4. 2: Flow chart of steps to assess land degradation due to land use
practices
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(1) Radiometric and geometric correction

The errors associated with the orbital geometry of the satellite, such as panoramic
distortion and distortions caused by the velocity and the stability of the spacecraft, are
normally corrected at the data receiving station. Haze correction, needed in some
images, was done by shifting the histogram towards the origin by a constant value
equal to the haze estimate. For geo-referencing by means of ground control points,
fragments of topographic map sheets of the area at scale 1:25,000 were scanned.
Geographic co-ordinates (UTM) were added to the resulting raster images of the
topographic sheets. Making use of the scanned map sheets, sufficient ground control
points, clearly visible on both the topographic map and the satellite image, were taken.
To check the accuracy of the ground control points, the differences (also called
residuals) between calculated row-and-column values and the actual row-and-column
values in pixels were calculated. The control points having high differences (more than
2) were deleted and new points were taken. Similarly, the standard deviation of the
residuals (called sigma value in ILWIS) was checked. A large sigma value means error
in taking ground control points or incorrect entry of co-ordinates. Iteration continued
until the standard deviation of the residuals was less than 1. Geometric transformation
involved resampling of the new pixel values. For this purpose, a bi-cubic interpolation
technique was followed, which is based on 16 input pixel values closest to a new
output pixel. This type of interpolation tends to give a more natural looking image, as
it does not have some of the features offset inherent to the nearest neighbour algorithm,
nor does it have the over-smoothing effect of bilinear interpolation.

Low illumination
High illumination

High illuminationShadow

Multi-spectral Sensor

Sun
Figure 4. 3: Effect of topography on the amount of sun illumination
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(2) Correcting the effects of relief on reflectance

In areas with high topographic variations, results obtained by simply running a
classification algorithm are not satisfactory for mapping land cover and land use. The
main reasons are elevation differences, illumination variations, effect of topographic
shadow and parcel size. Variations in topography have an effect on microclimate,
which may influence land cover and land use patterns. Spectral classification alone may
not be sufficient for extracting land cover/use data.

The amount of reflected sun radiation received by sensors aboard satellites depends not
only on the type of earth surface features but also on sun elevation and topography
(figure 4.3). Sun-facing slopes receive more illumination. Thus, slope gradient and
aspect influence surface reflectance. Full topographic shadow results in the absence of
data.

Considering the very short time required to obtain data for a full satellite scene (e.g.
28.7 seconds for a Landsat scene of 185 km by 185 km), the sun angle can be
considered constant within a scene. If the surface cover type is the same, any variation
in reflected energy received by the sensor can be attributed to variations in topography,
resulting in illumination differences due to slope gradient and aspect. Assuming all
other factors being constant, the amount of energy received by the sensor depends on
slope gradient and exposition with respect to sun elevation. This results in elongated
clusters of the training samples (figure 4.4).

Figure 4. 4: Elongated clusters due to light intensity variation
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Among many conventional classification algorithms, the maximum likelihood
classification method is considered to give the best results since it takes into account
not only the spatial variability within a class but also the shape, size and orientation of
clusters. The classification assumes that the training samples are normally distributed.
Such an ideal situation may not occur in mountainous areas. Within a given cover type,
variations in reflected energy might be considerable due to variations in illumination,
resulting in non-normal distribution of the training samples (figure 4.5). The
distribution of the training samples may be biased towards either fully illuminated or
shaded slopes. Thus, the procedure of the conventional classification cannot be directly
applied in mountainous regions. Since both the watersheds of Langtang Khola and
Likhu Khola have rugged topography, with steep slopes and different slope aspects,
intensity variation in the images was a major constraint. This resulted in elongated
clustering of samples in the feature space and caused classification errors.

Figure 4. 5: Bimodal distribution of training samples in mountainous terrain

To minimise the effect of illumination differences on the surface reflectance, spectral
bands were normalised by the total intensity as follows:

NBi  = SBi/ΣSBI (1)
Where: NBi = intensity-normalised bands

SBi  = original spectral bandI
i   = 1 to n
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The resulting bands are free of intensity and have the property that the sum of any pixel
values is 1. The normalised bands can be multiplied by a factor, 255, to fit the data in
a byte format (ranging from 0 to 255). After normalisation of the bands, the elongation
effect disappears and the training samples can be assumed to be approximately
normally distributed.

4.3.2 Multi-spectral classification

Assigning pixel values to a class label is called classification. Multi-spectral
classification using expert knowledge is known as supervised classification. It is based
on prior knowledge of the subject of interest from a given area. For each class, sample
pixels called training samples are taken on a colour composite or a black-and-white
image. Thus an image (colour or black-and-white), having maximum detail and high
contrast of features, needs to be generated to select training samples, which is explained
below.

(1) False colour composite

To generate a colour composite, it is first required to select the best combination of
three bands. The band combination having the highest Optimal Index Factor (OIF) can
be used to select the bands, which have maximum dissimilarity between them. The
Optimal Index Factor can be calculated as follows:

OIF = Σ Sdi/ΣCCj ,  i,j = 1 to 3 (2)
where Sdi is the standard deviation of a given
spectral band and CCj is the covariance.

Once the optimal bands are selected, spatial features are enhanced.  The origin-minus-
Laplace filter can be applied to all individual bands for enhancing linear features such
as land use boundaries, infrastructure, irrigation network, mountain ridges, etc. The
Laplace filter is a second derivative-based filter. The filter kernel is given below. The
value of the centre element in the filter is increased from 9 to 12 to reduce noise in the
resulting image. The filter enhances linear features in all directions.

-1    -1    -1 (3)
-1    12    -1
-1    -1    -1
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For contrast enhancement, stretching was carried out using the histogram equalisation
method, which emphasises the pixel values having high frequencies. Colours were then
assigned as follows: red to TM band 4, green to TM band 5 and blue to TM band 3.
The resulting image has both spatial and contrast enhancement.

(2) Taking training samples

The false-colour composite was used as background image for taking samples. All six
bands of the Landsat TM except the thermal band were used. Enough samples were
taken for every class. The samples form the representative data set (cluster) for a given
class. The mean of the cluster forms the pattern (pattern vector) for a given class, which
also indicates the location of the class in the feature space. The shape and size or
compactness of the cluster are given by the standard deviation, and the orientation of
the cluster is defined by the covariance. During sampling, enough care was taken to
avoid overlap between classes. The overlapping classes were merged.

(3) Running the classification

For multi-spectral classification, the maximum likelihood algorithm was selected,
which is based on the assumption that the spectral values of the training pixels are
statistically distributed according to a 'multivariate normal probability density function'.
The probability that an unknown pixel is a member of a class is given by the
multivariate normal density. It makes use of the class mean, the sample variance-
covariance matrix for each class and a threshold distance. The threshold distance is a
function of the Mahalanobis distance, which depends on the distances towards class
means and the variance-covariance matrix of each class. It is used to identify
deviant/outlying members of the sample. For each set of spectral input values, the
distance towards each of the classes is calculated using the Mahalanobis distance. The
class name is assigned to a pixel having the shortest distance and being smaller than
the user-defined threshold value. Else, the pixel is assigned the value “unknown”. The
formula used reads:

Di(X) =  ln |Vi| + (X-Mi)TVi
-1(X-Mi) (4)

In which:
Di(X) : distance between pixel vector X and a class mean

  based on probabilities
X : pixel vector X
Mi : mean vector of the class considered
Vi : the variance-covariance matrix of the class considered
Vi

-1 : the inverse of Vi
|Vi|  : determinant of  the variance-covariance matrix Vi
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(X- Mi): the distance towards a class mean
(X-Mi)T: the transposed of (X- Mi)

During classification, the shortest distance to a class mean is found and the pixel is
class-labelled if the distance is smaller than the threshold value.

4.3.3 Improving the multi-spectral classification results

Results obtained from the multi-spectral classification may not be satisfactory,
especially in mountainous regions where topography and to some extent land use
practices have major influence. It is thus necessary to improve the classification results.

(1) Use of elevation data

Elevation data help segregate land cover classes, such as permanent snow cover, tree
line in the High Mountains, and certain vegetation types which may occur in different
elevation zones but have similar reflectance pattern, thus giving problems in image
classification. The absence of data in the shadow part of a mountain slope hinders
classification. If there is a good correlation between a certain elevation zone and a
given type of land cover, information on elevation can be used to map the land cover
of the area under topographic shadow.

(2) Normalised difference vegetation index

The normalised green vegetation index (NDVI) provides information on the density of
the green vegetation cover. Classification of the NDVI helps segregate the density or
the state of the forest canopy cover, which is important in land degradation assessment.
The normalised difference vegetation index (NDVI) was computed by applying the
following formula:

NDVI = ((TM4 - TM3)/(TM4+TM3))*127 + 127 (5)
where, TM3 and TM4 are Landsat TM bands

The difference between TM4 and TM3 is divided by the sum of these two bands in
order to remove the effect of intensity variation. For scaling it is multiplied by 127 and
the value of 127 is added to exclude possible negative values. The resulting image
shows the density of the vegetation cover in the area: higher pixel values indicate high
vegetation cover and lower pixel values indicate low vegetation cover. From the
resulting image three vegetation density classes, based on sample pixels, were
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generated: low density (less than 40 % canopy), moderate density (40 - 70 % canopy)
and high density (more than 70 % canopy). Using the vegetation indices, it was
possible to divide the forest types into various subclasses, by using conditional (IF
THEN ELSE) and logical (AND) statements. The resulting forest classes are: degraded
sal forest, moderately dense sal forest and dense sal forest. Similarly, the high altitude
forest type was further divided into degraded high altitude forest, moderately dense
high altitude forest and dense high altitude forest (Table 4.2)

Table 4. 2: Classification improvement of the forest cover

NDVI class 1
(up to 40% canopy)

NDVI class 2
(40-70% canopy)

NDVI class 3
(more than 70%
canopy)

Low altitude forest
(sal forest)

Degraded sal forest Moderately dense sal
forest

Dense sal forest

High altitude forest
(association of pine,
quercus and
chilaune)

Degraded high altitude
mixed forest

Moderately dense high
altitude mixed forest

Dense high altitude
mixed forest

4.3.4 Classification accuracy assessment

After classification has been carried out, the results were assessed for accuracy. The
accuracy of the classification results is given by assessing how far the classified results
reflect the real conditions. This is done by finding the percentage of truly classified
pixels in relation to the total number of pixels in a given class, using randomly selected
test samples or based on homogenous areas. Randomly selected samples avoid
biasness. The number of test samples controls the estimated accuracy: the lower the
number of test samples, the lower the estimated mean accuracy, and vice verse. It has
been found that over 250 test pixels are necessary to estimate the mean accuracy within
+/- 5 percent. The usual way of estimating the degree of accuracy is by means of a two-
dimensional table, which is called contingency table as well as confusion or error
matrix. Classification classes are shown along one axis, while the true classes are
shown along the other. The values along the diagonal represent the percentage of
correctly classified pixels for each class and the values along a given row or column
show the misclassified pixels spread over other classes. The average accuracy is
computed by adding all the diagonal elements and dividing them by the number of
classes, while the overall accuracy is the average accuracy of the classification results
taking into account the proportion of the test samples for each class. So, the overall
accuracy can be considered as a weighted average accuracy.
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4.3.5 Smoothing the classification results

Once the classification is complete, it is useful to smooth the classification results,
which helps remove noise. Smoothing the classification results was carried out by using
a majority filter It selects the predominant (most frequently occurring) class name of
each input pixel and its 8 neighbours as output value for each central pixel within the
filter size of 3 rows and 3 columns.

4.4 ASSESSMENT OF SOIL LOSS

Sheet wash and gully incision are the main types of water erosion in the Middle
Mountains. In the cultivated areas, sheet erosion is the main issue. Rills are not
common due to the effect of terracing. Cultivation in the mountainous areas in Nepal
is mainly by means of terracing. Gully may develop towards the lower reaches of the
side stream because of high volume of runoff.

Assessment of soil loss was carried out at the sub-watershed level using an erosion
model, which helps understand the problem in larger watersheds. Apart from studying
the effect of rainfall, slope gradient, soil and land cover/land use, the effect of slope
exposition was also considered important in soil loss estimation. Two subwatersheds
were thus selected: one facing south and other facing north, both belonging to the
watershed of Likhu Khola.

Soil erosion assessment followed the methods explained by Morgan et al. (1984). The
model tries to encompass some of the recent advances in understanding erosion as the
result of soil particle detachment by raindrop impact and the transport of those particles
by overland flow. Parameters used are rainfall, topography, soil, land cover and land
use data. The model separates the soil erosion process into a water phase and a
sediment phase. In the water phase, the annual precipitation is used to determine the
rainfall energy available for splash detachment and the volume of runoff. The rainfall
energy is computed from the hourly rainfall intensity for erosive rain, based on the
relationship established by Wischmeier and Kirkby (1976), which assumes runoff to
occur whenever the daily rainfall exceeds a critical value corresponding to the storage
capacity of the surface layer.

The half-hour rain intensity, averaged from the available 3-year rainfall data from the
five stations in the Likhu Khola watershed, was taken as input value. The overland flow
was computed as a function of annual rain and soil moisture storage capacity under
actual vegetation and mean rain per rainy day. The mean rain per rainy day was
calculated by dividing the annual rain by the number of rainy days. Soil moisture
storage capacity was computed considering the soil moisture content at field capacity,
bulk density, rooting depth and the ratio of actual to potential evapo-transpiration. Soil
loss results were verified and updated, with data from experimental plots as well as
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qualitative assessment of erosion hazard by microtopographic assessment of surface
soil features.

Knowledge obtained from detail study in the two sub-watersheds helped to make
decision rules for assessing erosion hazard in the whole watershed of Likhu Khola. The
model is applied in a raster-based GIS environment, which allows to directly generate
soil loss maps of the sub-watersheds as well as erosion hazard map of the Likhu Khola
watershed. Detail description of the applied erosion model is explained in chapter 6.

Soil loss due to mass movements also takes place in the Middle Mountains. Debris
slides and slumps occur frequently. Although natural causes determine mass movement
processes, soil parameters and land cover/use also play an important role. Digital
terrain modelling helped to define slope classes which are useful in hazard assessment.
Indicators of mass movement processes, e.g. debris slides and slumps, were analysed
as a basis for hazard assessment. Human intervention is reflected in land use and
cultivation practices, which influence land degradation.

4.5 SPATIAL VARIABILITY STUDY

Spatial variability study helps to understand the spatial distribution pattern of selected
variables. It was applied to the sediments cover laid down by irrigation water in the
Chitwan area. Spatial dependency was analysed using the theory of regionalized
variables (Matheron, 1965) and measured through semi-variance, which is given by:

γ(h) = 1/2m Σ {z(xi) - z(xi + h)}2 (6)
where, 

z(xi) = property value at a given location (xi)
h = lag (both distance and direction)
m = pairs of observation points, separated by h
γ(h) = semi-variance at lag h

The theory of regionalized variables is based on two assumptions:
(1) The expected value of the variable is constant and does not depend on the position
x. When this holds, the regionalized variable is said to be stationary in the mean:

E[z(x)] = µ (7)

(2) The expected square difference between values at locations separated by the lag is
finite and depends only on h and not on x:

E[{z(x) - z(x + h)}2] = =2γ(h), (8)
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The quantity γ(h) in the equation is the expectation of the semi-variance at lag h. The
calculation can be repeated for any sampling interval to obtain the semi-variances for
given lag intervals. The plotting of the semi-variance against various lags is called
sample variogram.

The semi-variogram can be fitted by linear, spherical, exponential or Gaussian models.
Fitting the semi-variogram by a linear model is given by:

γ(h) = Co + wh for h>0 (9)
γ(0) = Co

where, Co = nugget variance, semi-variance at 0 lag
w = coefficient
h = lag

The spherical model is derived from the volume of intersection of two spheres
(Webster and Oliver, 1990). The formula follows:

γ(h) = Co + c{3h/2a -1/2(h/a)3} for h<=a (10)
γ(h) = Co + c for h>a
γ(0) = Co for h=0

where, Co + c = sill variance, the semi-variance from where the curve levels
out

a = range, the distance where the sill variance is reached.

The exponential model is given by:
γ(h) = Co + c{1 - exp(-h/r)} for h>=0 (11)
γ(0) = Co for h=0

where, r is a distance parameter controlling the spatial extent of the function.

Here γ(h) approaches the sill asymptotically, and so there is no strict finite range. The
semi-variance ceases to increase beyond some point and a commonly used effective
range of a' = 3r is taken for practical purpose.

Fitting the variogram in a Gaussian model is given by:

γ(h) = Co + c{1 - exp(-3h2/a2)} for h>=0 (12)
γ(0) = Co for h=0

In the Gaussian model, the parameter a is defined as the practical range or distance at
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which the variogram value is 95% of the sill (Isaaks and Srivastava, 1989).

Interpolation is necessary if spatial variation needs to be mapped. The simplest method
of estimation is done by the weighted average of the property values at the surrounding
locations, which is called point kriging (Krige, 1966). The weights are derived from the
sample variogram. Local estimation of a property value at an unvisited location, Z(X),
is done as follows:

Z(X’) = ΣλIZ(XI) (13)
where,  λI = weights which add to 1, and

Z(Xi)  = property value at a location, Xi
 i = 1 to n sampling points

4.6 ASSESSING LAND DEGRADATION

Land degradation hazard was assessed by means of decision rules, with the advantage
that the indicators can be categorised according to their importance and decisions can
be made at an earlier stage. For instance, if the area is flat, it can be assumed that given
mass movement processes may not take place. Similarly, if there is no rainfall, water
erosion can be considered nil. Decision rules can be built up in a decision tree. The
parameters used are derived from expert knowledge, field data and measurements (e.g.
soil loss estimation data).

In the Likhu Khola watershed, the results obtained from the assessment of soil loss in
the sample sub-watersheds were extrapolated, by making decision rules, for hazard
assessment of the whole watershed. Similarly, by combining with data on topography,
climate, lithology, soil (particle size distribution, soil shear strength, Atterberg limits,
etc.), land cover/land use and proximity to streams, a soil-induced mass movement
hazard assessment was carried out (figure 4.6). Detail description of the procedure
followed is explained in chapter 7.

In the High Himal and High Mountain region, air temperature difference, especially in
the freeze-thaw areas, is an important factor for physical disintegration of bedrocks.
Overburden of snow and ice, in combination with steep slopes, accelerates the process.
Snow and ice avalanches also occur frequently. Glacial erosion also contributes to
sediment delivery to the river system. All the geomorphic activities in the High Himal
and High Mountain region are beyond the influence of human beings and occur on a
year to year basis. Detail description of the methods used to map the susceptible areas
is given in chapter 5.
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Figure 4. 6:  Flow chart indicating steps in mass movement hazard assessment

To understand the whole watershed system for correlating upstream erosion and
downstream deposition, the analysis was focussed on the interaction of the processes
in various altitudinal regions, e.g. the High Himal and High Mountain region, and the
Middle Mountain region, where the effect of climate, topography, river gradient and
land uses play an important role. In the Middle Mountains, soil losses from the
cultivated fields occur in the rainy season, their magnitude depending on the type of
land use and land cover. Melting of snow and ice in the summer months increases the
river discharge in the High Himal and High Mountain region, whereas rainfall
determines the river volume in the Middle Mountains. The river gradient defines
whether it can carry the sediments, which allows to compare and contrast the river
system in the High Himal and High Mountain region with that of the Middle Mountain
region. An equally important factor is the land use practices, which show directly the
human intervention factor. The flow chart in figure 4.7 gives an overview of the
method followed.
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Figure 4. 7:Approach to the assessment of land degradation
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ANALYSIS OF THE GEOMORPHIC PROCESSES IN
THE HIGH HIMAL AND HIGH MOUNTAINS

5.1 INTRODUCTION

In the High Himal and High Mountain region, human-induced land degradation is
minimal as population is very scarce. Erosion is caused by naturally occurring
geomorphic processes, common in high mountains, and controlled by factors such
as earthquakes, exceptional and prolonged rains, low temperatures and ice
formation. The High Mountain and High Himal region is essentially an area of
sediment production and delivery to the streams, part of which transits through the
Middle Mountains (e.g. Likhu Khola area) and deposits in the lowlands (e.g.
Chitwan area).

Aerial photographs (23 photos from three runs) at an approximate scale of 1:60,000
(1992) were available. Topographic maps at the scale of 1:50,000 with 40 m
contour intervals were also available, from which a topographic base map of the
Langtang Khola watershed was prepared. In addition, Landsat TM data, from three
adjoining scenes, were obtained through the courtesy of the Department of Forest
Resources, Kathmandu, Nepal. A land cover classification was carried out from the
Landsat data. Meteorological and hydrological data were obtained from the
Ministry of Water Resources, Kathmandu, Nepal.

5.2 THE WATERSHED OF THE LANGTANG KHOLA

5.2.1 Physical setting

The Langtang Khola watershed includes both High Himal and High Mountain
regions. Langtang Khola, flowing from northeast to southwest, is the main river,
which is joined by many tributaries. As it originates from the snow-capped
mountain peaks and glaciers  (plate 5.1), the river is perennial. The Langtang Khola
belongs to the Trisuli river system.

The watershed covers 566 square km, out of which the High Himal region occupies
484 square km, comprising 86 % of the watershed area. The elevation varies from
3000 m asl to more than 7000 m asl. The highest peak in the watershed is Langtang
Lirun (7227 m asl) (figure 5.1). The High Himal region has snow-covered
mountain ridges, glaciers and U-shaped valleys (figure 5.2), indicating the
influence of the glacial activity in the area. The High Mountain region occupies 82
square km, comprising 14 % of the watershed area. It is characterised by mountain
ridges having very sharp crests and steeply dissected slopes. The elevation varies
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from 1500 m asl at the valley bottom to 3500 m asl in the mountain ridges. The
valley is narrow and V-shaped, indicating intense river incision (figure 5.3).

Figure 5. 1: Watershed of the Langtang Khola

5.2.2 Lithology

The area consists of geological formations belonging to the Himal Groups of Pre-
Cambrian and Devonian ages (Department of Mines and Geology, 1980). The
collision of the Indian plate with the Asian plate resulted in a series of parallel
tectonometamorphic units along the length of the Himalayan chain, one of which is
the High Himalayan Crystalline Sequence (Gansser, 1964). It is a high-grade
polymetamorphic unit comprising rocks of Precambrian, Palaeozoic and early
Mesozoic ages, metamorphosed during the period from late Eocene to early
Miocene. The Main Central Thrust (MCT), the fault contact between the Greater
and the Lesser Himalayan sequences, is the major structure which is exposed near
the village of Syabru Bensi, at the confluence of the Langtang Khola and the Bhote
Kosi (Macfarlane et al., 1992; Jnawali et al., 1994). Two hot springs are located
along the MCT nearby Syabru Bensi. In the Langtang valley, the High Himalayan
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Crystalline Sequence can further be divided into four major lithological units: the
Syabru, the Kyangjin, the Langshisa and the Langtang Lirun units (Reddy et al.,
1991) (figure 5.4).
Figure 5. 2: Topographic cross-section through the U-shaped valley of the Langtang
Khola in the High Himal region (location of cross section in figure 5.1)
The Syabru Unit is the lowest in the High Himal Crystalline Sequence. It is
approximately 12 km thick and contains metapelites and quartz-rich beds. Pelitic
areas of the lower Syabru Unit are locally migmatized, contain kyanite and garnet,
and have a well developed foliation defined by quartz-rich and mica-rich domains
that dips at about 40o to the northeast (Reddy et al., 1991).

Above the Syabru Unit, lies the Kyangjin Unit which has augen-orthogneiss. The
augen-gneiss can be further divided into two subunits: the lower subunit contains
feldspar augen of about 2-3 cm in diameter, while the upper subunit has feldspar
augen up to 20 cm in diameter.

Above the augen-gneisses of the Kyangjin Unit, lies the thick (up to 2 km)
psammitic, metasedimentary Langshisa Unit, which contains quartz, biotite,
plagioclase and K-feldspar. The rock is fine-grained (about 0.2 mm). A large-scale
Quaternary landslide occurred near Kyanjin Gompa. The localised formation of
mylonites and microbreccias is related to this mega-landslide (Heuberger et al.,
1984; Weidinger and Schramm, 1995).
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Figure 5. 3: Topographic cross-section through the V-shaped valley of the Langtang
Khola in the High Mountain region (location of cross section in figure 5.1)
Figure 5. 4: Geological map of the Langtang Khola watershed (adapted from
Reddy et al., 1991)
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The fourth unit (Langtang Lirun Unit) lies immediately above the Langshisa Unit
and differs from it by the volume of granitic material. The Langtang Lirun Unit
contains about 50 % by volume leucogranite, while the Langshisa Unit contains
only about 10 %.

5.2.3 Climate

The climate varies according to elevation. In the low-lying areas (<2000 m asl), the
climate is warm temperate. It gets colder at higher elevations. From 2000 up to
4000 m asl, the climate is cold temperate. Above 4000 m asl, an arctic type of
climate occurs. At lower elevations (e.g. 1700 m asl), the average temperature is
22o C in summer and 11o C in winter. In Kyangjin (3920 m asl), the average
temperature is 7o C in summer and –3o C in winter. December, January and
February are the coldest months. The mean annual precipitation is 610 mm. Most
of the rain falls from June to September. The mean monthly temperature at
Kyangjing station (28o13’N, 85o35’E, 3920 m asl) is given in figure 5.5 and the
precipitation pattern in figure 5.6 for the period 1988 to 1993. Meteorological data
of the period 1958 - 1970 from the nearest station, at Timure (28o15’N, 85o22’E,
1760 m asl, about 11 km from Syabru Bensi), were used to infer climatic
information for lower elevations (tables 5.1 and 5.2, and in figure 5.7)

To estimate the degree of relation between the two data sets, the correlation
coefficient was calculated between the mean monthly air temperatures at Timure
and Kyangjin stations. The result shows high positive correlation (r2= 0.87). The
differences of the monthly air temperatures between the two stations were
computed. The mean difference, due primarily to elevation difference, is 14.8o C.
The elevation difference between the two stations is 2160 m. From these figures,
the mean temperature is estimated to decrease at the rate of 0.69o C for every 100
m increase of elevation.
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Figure 5. 5: Mean monthly temperatures in Kyangjin, Langtang Khola watershed

Figure 5. 6: Precipitation in Kyangjing, Langtang Khola watershed
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Table 5.1: Climatic data of Kyangjing and Timure stations

Kyangjin station Timure station
Temperature o C Temperature o

C
Monthly

mean
Monthly

mean max.
Monthly

mean min.

Mean monthly
precipitation

mm Monthly mean

Mean monthly
precipitation

mm

January -2 2.6 -9.5 14 9 28
February -4 1.8 -9.8 23 11 27
March -2.2 1.9 -6.4 30 15 52
April 1.2 5.2 -3.2 28 19 31
May 4 7.4 0.4 67 21 29
June 6.8 9.3 4.1 67 22 121
July 8 9.4 6.4 112 22 262

August 7.7 9.2 6 169 22 267
September 6.4 8.2 3.1 89 21 138

October 2.2 5.9 -2 4 17 45
November -1.4 2.9 -5.1 3 13 4
December -3.2 2.3 -8.4 6 10 5

Annual mean 1.9 5.5 -2.0 612 17 1009

Table 5.2: Comparison of mean air temperature between
Timure and Kyangjin stations

Mean air temperature o C

Timure station
(1760 m asl)

Kyangjin station
(3920 m asl)

Difference

January 9 -2 11
February 11 -4 15
March 15 -2 17
April 19 1 18
May 21 4 17
June 22 7 15
July 22 8 14

August 22 8 14
September 21 6 15

October 17 2 15
November 13 -1 14
December 10 -3 13

Mean difference 14.8
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Figure 5. 7: Mean monthly air temperature at two stations

5.2.4 Vegetation and land use

At lower elevations, the forest is dominated by chir pine (Pinus roxburghii) in
association with rhododendrons (Rhododendron arboreum) and oaks (Quercus sp.).
At higher elevations (up to 4000 m asl), blue pine ( Pinus wallichiana) and silver
fir (Abies spectabilis) dominate the mountain slopes. Silver fir occurs above 3000
m asl on the north-facing slopes. Blue pine is found in association with juniper and
birch scrub, while it overlaps with chir pine at lower elevations. In the damp
valleys, around 2500 m elevation, brown oak (Quercus semecarpifolia, local name
khasru) occurs in association with parasitic plants (climbers). In the moist valleys
below 2000 m asl, the tree species consist mainly of utis (Alnus nepalensis), tooni
(Toona ciliata), rato siris (Albizia julibrissin) and, locally, bamboo
(Dendrocalamus strictus, locally called bans). Above 4000 m asl, trees cease to
exist (tree line) and the vegetation type consists of hardy and bushy shrubs (local
names: langma and vairungpati) and grasses.

Although the watershed of the Langtang Khola is a national park, the people living
there are allowed by the government to cultivate the land and use the forest for
domestic purposes. Land use at the higher elevations consists mainly of grazing
yaks, goats and sheep. There is also a cheese factory in Kyangjing. Crop cultivation
is practised up to 3500 m elevation on the south-facing slopes. Main crops are
buckwheat, barley, potato and some vegetables (radish, carrot, cabbage,
cauliflower, etc.). Depending on elevation and slope aspect, up to two crops are
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harvested per year. Contour terracing is practised on alluvial fans, colluvial slopes
and debris materials (plate 5.2).

5.3 PREVAILING GEOMORPHIC PROCESSES

Snow avalanches, gelifraction and the formation of periglacial talus, solifluction
and glacier activity are the dominant processes in the High Himal region. An
avalanche consists of a rapid mass-wasting of snow and/or ice with debris
downslope. The source may be deep, unstable snow or ice caps on a slope. It may
be also initiated by freezing and thawing action. When the air temperature
increases, rainwater or snow/ice melt water may enter joints or bedding surfaces or
cracks in the bedrock. The joints and cracks enlarge when the water gets frozen.
This process, when continued or repeated, breaks the rocks down. With increased
weight of the overlying snow or ice layers, the mass becomes unstable and rapid
mass-wasting can take place. Linear avalanches erode a narrow path down the
slope, which is called chute.

Periglacial talus correspond to conical or apron-shaped deposits at the foot of steep
slopes and scarps, laid down by rapid mass-wasting processes (debris, rock falls,
etc.). Fragmentation of the transported material is controlled by frost weathering,
common in the high elevation zones, especially above the tree line. Figure 5.8
shows a talus apron on the way from Kyangjin to the Khyimjung glacier.

Solifluction slopes are subjected to surficial movement of debris charged with
water supplied by melting snow and/or rain. Movements can be facilitated by
seasonal or perennial ground ice (permafrost).

Glaciers are large masses of ice moving downhill by ice deformation and shearing
(Bennett and Glasser, 1996). Plate 5.3 gives a view of the Khyimjung glacier. The
shape of glaciers is governed by the depth of the ice, rate of advance and
underlying terrain. The size depends on the area of ice accumulation and that of ice
melting. A glacier can form whenever a body of snow accumulates, compacts and
turns into ice, and where the input of snow exceeds the rate at which it melts. The
balance between accumulation and ablation of a glacier is primarily a function of
climate. In the summer months, ablation normally dominates.
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Figure 5. 8: Periglacial talus apron, Langtang Khola watershed

A glacier flows because the ice within it deforms in response to gravity (Bennett
and Glasser, 1996). The force per unit area set up within a mass of ice by gravity,
which causes it to deform, is known as the shear stress. Shear stress at any point
within an ice mass is dependent upon the overlying weight of ice, gravity and the
surface slope of the glacier. Ice can flow in response to shear stress through three
different mechanisms: internal deformation, basal sliding and subglacial bed
deformation. The internal deformation results in ice creep and folding and faulting.
Ice deformation due to basal sliding occurs when the glacier bed contains
irregularities due to bedrock outcrops, etc. The subglacial bed deformation occurs
when the glacier flows over unfrozen sediments. A moraine is a glacier-deposited,
mixed and unsorted debris. Moraines can be formed by the effect of ice pushing or
due to debris flows or rockfalls on the ice margin. They can be subdivided into
lateral, central, terminal and ground moraines, depending on their location.

Geomorphic activity in the High Mountains is mainly due to rock falls or rock and
debris slides. Rock slides occur when the slope gradient is higher than 100 %.
Debris slides normally occur at lower slope gradients. Often the rock falls turn into
debris slides down the slope.  The mode of sliding, whether rotational or
translational, depends on the homogeneity of the material and the orientation of
faults, joints or bedding surfaces.
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5.4 GEOMORPHIC FACTORS AND MECHANISMS

In the High Himal region, elevation differences, slope steepness, aspect, extreme
climatic conditions and glacial activity play a major role, although earthquakes and
excessive and/or prolonged precipitations also influence morphodynamics. The
action of snow and ice is important. The influence of human activity is nil since the
population density is very low (20 inhabitants per km2 according to the Central
Bureau of Statistics, 1991). The Langtang Khola watershed is a national park,
which is protected in the sense that migration to this area and any expansion of
existing cultivation areas are forbidden. The scenic views of the high mountain
landscapes attract tourism, but so far without detrimental effects. Energy
consumption by tourism is low, since solar heaters are getting popular in the area.
Thus, human-induced land degradation can be considered negligible.

5.4.1 Topography

Elevation differences cause air temperature variations, which control snow
accumulation and melting. The climatic data of the Timure and Kyangjin stations
show that the mean air temperature decreases by 0.69 oC for every 100 m rise in
elevation. At the altitude of 5220 m, the estimated mean air temperature will be at
freezing point throughout the year (table 5.3). Thus, this elevation can be
considered the demarcating line of perennial snow cover, above which snow
accumulates. Due to the yearly accumulation of snow and ice, it can be assumed
that snow and ice avalanches may take place. The slope gradient determines the
susceptibility to mass-wasting and glaciation. Additionally, it can be expected that
snow melting will be more frequent on south-facing slopes due to exposition to
solar radiation.

Table 5.3: Estimated air temperature at 5220 m elevation

Month Mean monthly
temperature oC

Mean min.
temperature oC

Mean max.
temperature oC

January -11 -18 -6
February -13 -19 -7
March -11 -15 -7
April -8 -12 -4
May -5 -9 -2
June -2 -5 0
July -1 -3 0

August -1 -3 0
September -3 -6 -1

October -7 -11 -3
November -10 -14 -6
December -12 -17 -7
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Since topography is very important in analysing geomorphic processes in the High
Himal region, a digital elevation model was generated. Contour lines from the
topographic map sheets of the area at scale 1:50,000 were masked and digitised
(figure 5.9). Interpolation between the contour lines was performed. A raster map
of the elevation values at a spatial resolution of 30 m was generated, from which
the height differences in X- and Y-directions were computed and a slope gradient
map was made. From the digital elevation data, a climatic elevation map was also
generated, using the climatic data of the area (figure 5.10). In the high elevation
areas, the effect of climate on the physical disintegration and weathering of the
rocks is very important.

Figure 5. 9: Contour lines to generate a digital elevation model of the Langtang Khola
watershed

5.4.2 Freezing and thawing

Below the snowline, physical weathering is enhanced by the effect of freezing and
thawing due to temperature fluctuations. Significant parts of the glacier margins are
exposed to this temperature regime. It has dramatic effect on physical
disintegration of bedrocks along joint lines and bedding planes. The abundance of
angular rock fragments in the cold high elevations is evidence of freeze-thaw
weathering (Thorn, 1992).
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Areas, where avalanches occur on a yearly basis, can be clearly seen near
Kyangjing Gompa (figure 5.11). Avalanches are caused by the effect of freezing
and thawing and the overburden by snow and ice. The elevation of the ridges varies
from 4700 to 4900 m asl. Since local diurnal air temperature data are not available,
the data of the Kyangjing station are used to understand the climatic conditions.
Assuming that air temperature decreases at the rate of 0.69 oC for every 100 m rise
in elevation, the mean air temperature at any elevation can be estimated. At the
altitude of 4820 m, in the ridge where freezing and thawing are assumed to occur,
at about 900 m above the Kyangjin station, air temperature fluctuates around the
freezing point during the period from May to September, which coincides with the
rainy season (table 5.4). During this period, rain water enters the joints, cracks and
lines along the bedding planes. When the temperature drops below zero, the water
freezes and forms ice, contributing to the disintegration of the rocks. This process
is more pronounced on the south-facing slopes than on north-facing ones, due to
the exposition to sun radiation. Even when the air temperature remains below 0oC,
the rock surface may undergo a freeze-thaw regime due to the absorption of
radiation by the rock. The rapidly falling debris mass tends to deposit finer
particles close to the source, while larger particles (boulders, etc.) are carried
further down.

Figure 5. 10: Climatic elevation zones, Langtang Khola watershed
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Figure 5. 11:Stereotriplet of the Langtang Khola watershed
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Table 5.4: Fluctuations of air temperature around the freezing point during
the rainy season (May to September) at 4820 m elevation

Month Mean monthly
temperature

oC

Mean min.
temperature

oC

Mean max.
temperature oC

Differences
between

max. and min.
January -8 -16 -4 12

February -10 -16 -4 12
March -8 -13 -4 8
April -5 -9 -1 8
May -2 -6 1 7
June 1 -2 3 5
July 2 0 3 3

August 1 0 3 3
September 0 -3 2 5

October -4 -8 0 8
November -8 -11 -3 8
December -9 -15 -4 11

5.4.3 Glacial activity

Glacial activity causes physical weathering. In the accumulation area, snow, ice
and rock avalanches bring lots of debris, causing sometimes rock glaciers to form.
As the glacier moves down the slope, it detaches, picks up and transports rocks and
sediments, producing glacial erosion (plate 5.4). Glacial erosion includes the
gradual down-wearing of the glacial bed by ice and debris, the removal of rocks
and sediments, and the scouring of the glacial base by melting water. Factors
affecting glacier erosion are slope, depth and density of ice, glacial flow velocity,
runoff of glacial melt water and, to some degree, the chemical composition of the
melt water. Some of these factors are inter-related. In the Langtang Khola
watershed, the mean annual glacial flow is estimated to be 14 m at 20-30 % surface
slope (Ageta et al., 1984).

Moraines, being loose debris, can also be subjected to intense erosion. Picking up
the sediments from the lateral moraines or by the effect of undercutting the talus
slopes, the debris are mixed with ice when the glacier flows.
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Figure 5. 12: Ice mixed with debris at the glacier margin and deposition of
debris on the foreground in the Langtang Khola watershed
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Glaciers also trap wind-blown fine particles, annually deposited during the dry
period from the post-monsoon season to the following pre-monsoon season (Ageta
et al., 1984). These particles originate from the physical weathering of rocks and
debris in the surrounding areas. Part of the dust is believed to be carried in from the
Tibetan plateau (Watanabe, 1984). The dust particles are granular and their size
varies from 0.2 to 3.0 mm. Particles consist of inorganic and also organic materials.
At the Kyangjing station (3920 m asl) in the Langtang valley, a mean daily wind
speed of 3 m s-1 is reported to blow throughout the year, which can be considered
responsible for the deposition of dust layers in the dry season. Dust layers are
subsequently covered by snow and ice, mainly during the monsoon. When the
glacier flows, the debris and the dust get mixed up. In the ablation area, near the
glacier margins, the ice gets completely mixed with the debris and dust and
becomes dark (figures 5.12 and 5.13).

Figure 5. 13: Glacier ice mixed with debris in the Langtang Khola watershed

5.5 MAPPING LAND COVER AND LANDSCAPE UNITS

5.5.1 Land cover

Since snow and ice play an important role in the High Himal region, the extent of
snow and ice cover was mapped. The interaction of snow and ice with the bedrock
was also considered. Multi-spectral satellite data were useful to discriminate rocks,
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ice/snow, bare land and vegetation. Landsat TM data of the area, acquired on 21
December 1990, were available. Since a full Landsat scene did not cover the
Langtang Khola watershed, three quarter-scenes from two rows (path 141 and rows
40 and 41) had to be used. Because of this, some pre-processing was necessary,
especially for digital mosaicing. It was carried out using sufficient ground control
points, identified on the adjoining image fragments. The real world co-ordinates of
the control points were taken from the topographic sheets of the area, after they
were scanned and geo-referenced. The image fragments, in total twenty-one
fragments from the three quarter-scenes, were geometrically corrected for proper
north-orientation by applying affine transformation. Resampling of the pixels was
done using bi-linear interpolation. Since the data were obtained the same day,
radiometric correction of the adjoining image fragments was not necessary.

Sufficient samples were taken for all the relevant land cover classes in the area,
including snow and ice, snow mixed with debris, bare rock, bare land, forest and
rangeland. Since the area has a rugged topography, with steep slopes and different
slope aspects, intensity variation in the image was a major constraint, which
resulted in elongated clustering of the samples in the feature space and caused
classification errors (plate 5.5). To remove the effect of intensity variation, data
were normalised by the total intensity, a procedure which removes the elongation
of the sample clusters (plate 5.6).

Classification was carried out using 6 bands (TM 1, 2, 3, 4, 5 and 7) with a
maximum likelihood algorithm. TM band 6, being not reflective in nature, was not
used. Classification accuracy was checked by means of test samples. The result
shows that most of the cover types, except for rangeland, have high classification
accuracy. The average accuracy is 90 % and the overall accuracy is 88 %. The
classes having the highest classification reliability are snow and forest. The
assessment of the classification accuracy is shown in table 5.5.

Since there are strong elevation variations between the mountain summits and the
valley bottoms, some of the north-facing slopes were not clearly visible. The
elevation range covered by snow and ice was computed by means of a map overlay
procedure and by calculating the frequency distribution of the elevation values of
the snow-covered areas. The elevation of the areas covered by snow and ice varies
from 2500 to 7227 m, with a mean value of 5600 m. The frequency of pixels is
very small at lower elevations (less than 10) and the histogram has a long tail
towards the left side. If the 2 % of the lower cumulative frequency was ignored,
then the elevation of the snow line would be at 5028 m. Furthermore, the extent of
the snow cover varies seasonally, depending on snow precipitation. Taking into
account the estimated rate of temperature decrease with increasing elevation (0.69o

C/100 m), the elevation at which the mean monthly temperature remains below 0o

C all the year round is 5220 m (table 5.3). This value was used to demarcate the
lower limit and estimate the potential perennial snow cover (188 km2,
corresponding to one-third of the total watershed). Additionally, the elevation of
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4000 m was taken as the upper limit for tree growth in the area. Taking into
account all these estimates, a land cover map was generated (plate 5.7).

Table 5.5: Contingency table of the classification results

Snow and
ice

Ice mixed
with debris

Bare rock Bare land Forest Range-
land

No. of test
pixels

Snow and ice 334
(100 %)

0 0 0 0 0 334

Ice mixed with
debris

0 387
(98 %)

3 0 3 393

Bare rock 0 0 424
(83 %)

0 0 86 510

Bare land 0 51 0 269
(84 %)

0 0 320

Forest 0 0 0 0 668
(100 %)

0 668

Rangeland 0 0 157 43 3 531
(72 %)

734

Reliability of
classification

100 % 88 % 73 % 85 % 99 % 86 %

5.5.2 Geoforms and soils

Photo-interpretation was carried out to delineate geomorphic units (plate 5.8). The
High Himal region was identified by the presence of U-shaped valleys, which were
further subdivided into complexes of coalescing alluvial fans and talus slopes,
colluvial/alluvial terraces, and floodplains. Glaciers were subdivided into
accumulation and ablation areas. No subdivisions were made for the moraines.
Scarps were delineated as lines to indicate their location. In the High Mountain
region, V-shaped valleys include colluvial slopes from both sides. No further
delineation was possible due to steep and rather dissected straight slopes with sharp
crests.

At the photo scale of 1:60,000 it was not possible to map individually some
geomorphic units such as rock and debris falls, debris slides, periglacial talus
slopes, avalanche chutes, etc. These features are also not visible on the north-facing
slopes due to the effect of topographic shadow.

As the available aerial photographs do not cover the whole watershed, satellite
imagery was used to complement. The synoptic view of the area through satellite
imagery gives an additional value. Since the data are obtained from high elevation,
the distortions inherent to aerial photography are minimised. The geomorphic map
of the area was obtained by combining airphoto and satellite image interpretation,
and by delineating the snowline as calculated from the climatic and elevation data.



Chapter 5: Analysis of the geomorphic processes in the High Himal
_________________________________________________________________________
80

Soil data were collected from the description of 27 pits. Due to limited accessibility
of the area, the field observations concentrate along the trekking route. Most of the
area, both in the High Himal and High Mountain regions, is covered by bare rock
or snow and ice. Low temperature and slope steepness do not allow for intensive
rock weathering and deep profile development. Soil development is also limited
because of the disrupting effects of the last glaciation (Kenting Earth Sciences Ltd.,
1986). Soil formation at higher elevations is mainly the result of physical
disintegration of parent rocks and unconsolidated materials including fractured
boulders and rubble. Soils are somewhat deeper on glacial tills, colluvial materials
and valley floor alluvium.

On periglacial talus aprons and cones, shallow and fragmental loamy soils occur as
Lithic associations of Cryumbrepts and Cryorthents. The soils in the morainal
areas, coalescing fans and talus slopes are associations of Typic and Entic
Cryumbrepts and Cryorthents, with coarse fragmental content of over 50 %.
Texture varies from loam to sandy loam in the surface horizons and tends to be
coarser in the subsurface horizons. The pH of the surface horizon is about 4.5 and
increases slightly (5.0) in the subsurface horizons.

In the floodplain of the Langtang Khola near Kyangjin (U-shaped valley), soils are
also coarse-textured, but more developed than those formed on slope positions.
Texture in the topsoil varies from loam to sandy loam. The subsoil consists of
stratified sandy horizons. The pH in the topsoil varies from 4 to 4.5 and goes up to
6 in the subsoil.

In the High Mountain region, more than 95 % of the area corresponds to steep and
very steep slopes. Intense down-cutting by the rivers has resulted in the formation
of V-shaped valleys without floodplain and has created a high relief amplitude
between valley bottoms and mountain ridge tops. The best developed soils occur
on debris talus where contour terracing is practised. Associations of Ustorthents
and Haplumbrepts are common. The soils are coarse-textured (loam to sandy
loam). The pH varies from 4.5 in the surface horizon to 5 in the subsoil. The soils
contain up to 80 % angular fragments.

5.6 ASSESSMENT OF GEOMORPHIC HAZARDS

Parameters such as climate (air temperature, wind, precipitation), topography
(elevation, slope steepness, aspect and slope surface condition), lithology and
orientation of rock bedding planes, vegetation cover and actual glacial activity are
important to assess the areas susceptible to snow and ice avalanche, freezing and
thawing action, and glacial erosion. Since all the necessary data were not available,
assessment was made based on elevation, slope gradient, slope exposure, presence
or absence of trees and influence of season.
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5.6.1 Snow avalanches

Assessment of snow avalanche hazard was carried out for the areas above the tree
line, thus above 4000 m asl. Delayed snow and ice avalanches may occur below the
tree line, but not on a yearly basis since it depends very much on extreme climatic
conditions. Moreover, considerable amount of snow must accumulate before an
avalanche starts in areas covered by trees. The areas above the tree line were
separated into two elevation zones: 4000 to 5200 m asl and above 5200 m asl. At
the elevation range of 4000 to 5200 m, it was assumed that avalanches initiate
mainly due to the effect of solar radiation and are of wet snow type. Above 5200 m
elevation, avalanches initiate due to overburden of snow and are of dry snow and
delayed type. Below slope gradient of 20o, avalanche hazard is assumed minimal.
The most dangerous slope gradient is in the range 30-60o, while snow
accumulation is unlikely on very steep slopes. The south-facing slopes have high
hazard since they receive higher solar radiation. The area receives most of the
precipitation in the rainy season and hazard occurs also during that period. For
hazard assessment, selected factors were included in a decision tree (figure 5.14)
and data processing was carried out in a GIS environment. Results are shown in
plate 5.9.

In the High Himal region, three-fourth of the area is constituted by steep to
extremely steep slopes, with 30 % covered by perennial snow (figure 5.1).
Avalanche hazard assessment results show that 34 % of the total watershed area is
affected. The area with very high hazard occupies 45 km2, corresponding to 8 % of
the total area. Areas with high hazard occupy 11 %, moderate hazard 8 % and
slight hazard 7 %, while 66 % of the watershed is not affected (table 5.6). The area
susceptible to dry snow avalanche hazard is more or less the same size as the area
exposed to wet snow avalanche hazard.

5.6.2 Rock and debris slides

Due to freeze-thaw action, rock and debris slide hazard occurs in the high elevation
zones, from the tree line at 4000 m asl up to the perennial snow- and ice-covered
area at 5220 m asl (table 5.3). Slides occur mainly during the summer months from
May to September, with air temperature fluctuating around the freezing point and
in association with precipitation. A significant part of the periglacial areas and the
perennial snow cover margins (30 % of the total area) are exposed to the effect of
freezing and thawing, which produces large amounts of coarse fragments through
physical weathering.
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Table 5.6: Avalanche hazard assessment
Avalanche hazard

classes
Area affected Dry snow avalanche Wet snow avalanche

km2 % km2 % km2 %
Very high 45.0 8.0 18.9 3.3 26.1 4.6
High 61.0 10.8 30.3 5.3 30.8 5.4
Moderate 46.8 8.3 24.5 4.3 22.3 3.9
Slight 37.2 6.6 21.8 3.9 15.4 2.7

Total area 190.0 33.7 95.5 16.8 94.6 16.6
Area not affected 375.8 66.4

Watershed area 565.8 100

Figure 5. 14: Decision tree for the assessment of avalanche hazard
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Rock slides occur at slope gradients higher than 45o. South-facing slopes are more
susceptible than north-facing ones. For debris slides, rating was applied according
to slope gradients as follows: high hazard at slope range 30-45o, moderate hazard at
slope range 15-30o, and slight hazard at slope range 7-15o. For slopes facing south,
southeast or southwest, the assessment rating is increased by one step. For north,
northeast or northwest facing slopes, the assessment rating is decreased by one
step. Decision tree for assessing rock and debris slides is shown in figure 5.15 and
the results are shown in plate 5.9.

Areas susceptible to rock slides amount to 22 km2, out of which 10 km2 are on
south facing slopes with high hazard. The remaining amount to 4 km2 on east or
west facing slopes with high hazard and 8 km2 on north-facing slopes with
moderate hazard. Debris slides can be initiated as a result of snow and ice
avalanches or by rock slides. Susceptibility assessment for debris slides shows that
a surface area of 181 km2 is potentially exposed (table 5.7).

Table 5.7: Hazard assessment for rock slides and debris slides

Rock slides Debris slides
Hazard classes km2 km2

Very high 10.5 50.6
High 3.9 38.1
Moderate 7.8 77.3
Slight - 15.0

Total 22.2 181.0

5.6.3 Glacial activity

Glaciers contain not only ice. Ice and rock avalanches as well as other mass
movements, bring lots of debris to the accumulation area of the glaciers. In the
ablation area, factors responsible for glacier erosion are slope, depth and density of
ice, amount of debris, glacial flow velocity, radiation, runoff and chemical
composition of melt water. Glacial erosion processes are difficult to study since
they occur beneath the glacier and cannot be easily observed or monitored from
above (Bennett and Glasser, 1996). Modelling glacier erosion is thus very
complicated. Data on all the above mentioned factors would be essential  and long-
term data would be required for validating the results. However, mapping the
extent of the glaciers was considered important since they are the main source of
water and sediments in the river system in the High Himal region. Glaciers were
mapped by visual photo and image interpretation, separating accumulation and
ablation areas (plate 5.8).
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The area under the influence of glacial activity is 91 km2, corresponding to 16 % of
the Langtang Khola watershed. The most important glaciers in the area are the
Langtang and Lanshisa glaciers, which occupy 31 and 26 km2, respectively. One-
third of the total area covered by glaciers is exposed to ablation (31 km2)  (table
5.8).

Table 5.8: Estimated areas under glaciers

Glaciers km2 % coverage

Accumulation area 60 11
Ablation area 31 5

Total area 91 16

In the ablation areas, ice starts melting when the air temperature goes above the
freezing point. The energy required for snow melt comes from the solar radiation,
sensible heat of the air, sensible heat of the precipitation, latent heat and heat from
the rocks or soil surfaces. Factors influencing ice melting are humidity, radiation,
slope aspect, wind speed and the amount of debris in the ice. Although the surface
temperature of the ice may be below the freezing point, the presence of debris

Figure 5. 15: Decision tree for the assessment of rock and debris slides
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within the ice, which absorb heat, can cause ice to melt. However, ice melting
depends essentially on the season and the time of the day due to the effect of solar
radiation. The melting of ice in the glacier ablation area starts in April and
continues until September.

Glacier areas covered with debris in the Langtang Khola watershed vary from 12 to
38 %. When the glacier ice melts during summer months (May - September),
debris are deposited on the glacier margins, especially along the frontal fringes, and
a large part is carried to the river system. The amount of sediments suspended in
the melt water is 1.3 to 1.4 g l-1, with seasonal variations.

5.7 CONCLUSION

Natural geomorphic processes dominate in the High Himal and High Mountain
regions. In the High Himal region, the influence of elevation and climatic
conditions are very important. Main geomorphic hazards are due to snow
avalanches, rock and debris slides, and glacial activity, which occur on a yearly
basis. The largest debris slide, located north of the village of Thulosyabru, is
regularly activated during the rainy season. Causal factors include high elevation,
slope steepness, exceptional and prolonged precipitations, tectonism, among others.
The amount of precipitation, sun radiation, slope gradient and slope aspect, in
combination with freezing and thawing, are responsible for physical disintegration
of parent rocks. Ice and rock avalanches and debris slides in combination with
glacier erosion determine how much sediment is brought to the river system. A
major source of sediments is related to the melting of glacier ice.
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ANALYSIS OF THE GEOMORPHIC PROCESSES IN 
THE HIGH HIMAL AND HIGH MOUNTAINS  
 
 
5.1 INTRODUCTION 
 
In the High Himal and High Mountain region, human-induced land degradation is 
minimal as population is very scarce. Erosion is caused by naturally occurring 
geomorphic processes, common in high mountains, and controlled by factors such 
as earthquakes, exceptional and prolonged rains, low temperatures and ice 
formation. The High Mountain and High Himal region is essentially an area of 
sediment production and delivery to the streams, part of which transits through the 
Middle Mountains (e.g. Likhu Khola area) and deposits in the lowlands (e.g. 
Chitwan area).  
 
Aerial photographs (23 photos from three runs) at an approximate scale of 1:60,000 
(1992) were available. Topographic maps at the scale of 1:50,000 with 40 m 
contour intervals were also available, from which a topographic base map of the 
Langtang Khola watershed was prepared. In addition, Landsat TM data, from three 
adjoining scenes, were obtained through the courtesy of the Department of Forest 
Resources, Kathmandu, Nepal. A land cover classification was carried out from the 
Landsat data. Meteorological and hydrological data were obtained from the 
Ministry of Water Resources, Kathmandu, Nepal. 
 
 
5.2 THE WATERSHED OF THE LANGTANG KHOLA 
 
5.2.1 Physical setting 
 
The Langtang Khola watershed includes both High Himal and High Mountain 
regions. Langtang Khola, flowing from northeast to southwest, is the main river, 
which is joined by many tributaries. As it originates from the snow-capped 
mountain peaks and glaciers  (plate 5.1), the river is perennial. The Langtang Khola 
belongs to the Trisuli river system.  
 
The watershed covers 566 square km, out of which the High Himal region occupies 
484 square km, comprising 86 % of the watershed area. The elevation varies from 
3000 m asl to more than 7000 m asl. The highest peak in the watershed is Langtang 
Lirun (7227 m asl) (figure 5.1). The High Himal region has snow-covered 
mountain ridges, glaciers and U-shaped valleys (figure 5.2), indicating the 
influence of the glacial activity in the area. The High Mountain region occupies 82 
square km, comprising 14 % of the watershed area. It is characterised by mountain 
ridges having very sharp crests and steeply dissected slopes. The elevation varies 
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from 1500 m asl at the valley bottom to 3500 m asl in the mountain ridges. The 
valley is narrow and V-shaped, indicating intense river incision (figure 5.3). 
 
 

 

Figure 5. 1: Watershed of the Langtang Khola 

 
5.2.2 Lithology 
 
The area consists of geological formations belonging to the Himal Groups of Pre-
Cambrian and Devonian ages (Department of Mines and Geology, 1980). The 
collision of the Indian plate with the Asian plate resulted in a series of parallel 
tectonometamorphic units along the length of the Himalayan chain, one of which is 
the High Himalayan Crystalline Sequence (Gansser, 1964). It is a high-grade 
polymetamorphic unit comprising rocks of Precambrian, Palaeozoic and early 
Mesozoic ages, metamorphosed during the period from late Eocene to early 
Miocene. The Main Central Thrust (MCT), the fault contact between the Greater 
and the Lesser Himalayan sequences, is the major structure which is exposed near 
the village of Syabru Bensi, at the confluence of the Langtang Khola and the Bhote 
Kosi (Macfarlane et al., 1992; Jnawali et al., 1994). Two hot springs are located 
along the MCT nearby Syabru Bensi. In the Langtang valley, the High Himalayan 
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Crystalline Sequence can further be divided into four major lithological units: the 
Syabru, the Kyangjin, the Langshisa and the Langtang Lirun units (Reddy et al., 
1991) (figure 5.4). 
 

 

 
The Syabru Unit is the lowest in the High Himal Crystalline Sequence. It is 
approximately 12 km thick and contains metapelites and quartz-rich beds. Pelitic 
areas of the lower Syabru Unit are locally migmatized, contain kyanite and garnet, 
and have a well developed foliation defined by quartz-rich and mica-rich domains 
that dips at about 40o to the northeast (Reddy et al., 1991).  
 
Above the Syabru Unit, lies the Kyangjin Unit which has augen-orthogneiss. The 
augen-gneiss can be further divided into two subunits: the lower subunit contains 
feldspar augen of about 2-3 cm in diameter, while the upper subunit has feldspar 
augen up to 20 cm in diameter.  
 
Above the augen-gneisses of the Kyangjin Unit, lies the thick (up to 2 km) 
psammitic, metasedimentary Langshisa Unit, which contains quartz, biotite, 
plagioclase and K-feldspar. The rock is fine-grained (about 0.2 mm). A large-scale 
Quaternary landslide occurred near Kyanjin Gompa. The localised formation of 
mylonites and microbreccias is related to this mega-landslide (Heuberger et al., 
1984; Weidinger and Schramm, 1995). 

Figure 5. 2: Topographic cross-section through the U-shaped valley of the Langtang 
Khola in the High Himal region (location of cross section in figure 5.1) 
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Figure 5. 4: Geological map of the Langtang Khola watershed (adapted from 
Reddy et al., 1991) 

Figure 5. 3: Topographic cross-section through the V-shaped valley of the Langtang 
Khola in the High Mountain region (location of cross section in figure 5.1) 
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The fourth unit (Langtang Lirun Unit) lies immediately above the Langshisa Unit 
and differs from it by the volume of granitic material. The Langtang Lirun Unit 
contains about 50 % by volume leucogranite, while the Langshisa Unit contains 
only about 10 %. 
 

 
5.2.3 Climate 
 
The climate varies according to elevation. In the low-lying areas (<2000 m asl), the 
climate is warm temperate. It gets colder at higher elevations. From 2000 up to 
4000 m asl, the climate is cold temperate. Above 4000 m asl, an arctic type of 
climate occurs. At lower elevations (e.g. 1700 m asl), the average temperature is 
22o C in summer and 11o C in winter. In Kyangjin (3920 m asl), the average 
temperature is 7o C in summer and –3o C in winter. December, January and 
February are the coldest months. The mean annual precipitation is 610 mm. Most 
of the rain falls from June to September. The mean monthly temperature at 
Kyangjing station (28o13’N, 85o35’E, 3920 m asl) is given in figure 5.5 and the 
precipitation pattern in figure 5.6 for the period 1988 to 1993. Meteorological data 
of the period 1958 - 1970 from the nearest station, at Timure (28o15’N, 85o22’E, 
1760 m asl, about 11 km from Syabru Bensi), were used to infer climatic 
information for lower elevations (tables 5.1 and 5.2, and in figure 5.7)  
 
To estimate the degree of relation between the two data sets, the correlation 
coefficient was calculated between the mean monthly air temperatures at Timure 
and Kyangjin stations. The result shows high positive correlation (r2= 0.87). The 
differences of the monthly air temperatures between the two stations were 
computed. The mean difference, due primarily to elevation difference, is 14.8o C. 
The elevation difference between the two stations is 2160 m. From these figures, 
the mean temperature is estimated to decrease at the rate of 0.69o C for every 100 
m increase of elevation.  
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Figure 5. 5: Mean monthly temperatures in Kyangjin, Langtang Khola watershed 

 

Figure 5. 6: Precipitation in Kyangjing, Langtang Khola watershed 
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Table 5.1: Climatic data of Kyangjing and Timure stations 

 Kyangjin station Timure station 
Temperature o C Mean monthly 

precipitation 
mm 

Temperature o 

C 
Mean monthly 
precipitation 

mm Monthly 
mean 

Monthly 
mean max. 

Monthly 
mean min. 

Monthly mean 

January -2 2.6 -9.5 14 9 28 
February -4 1.8 -9.8 23 11 27 
March -2.2 1.9 -6.4 30 15 52 
April 1.2 5.2 -3.2 28 19 31 
May 4 7.4 0.4 67 21 29 
June 6.8 9.3 4.1 67 22 121 
July 8 9.4 6.4 112 22 262 

August 7.7 9.2 6 169 22 267 
September 6.4 8.2 3.1 89 21 138 

October 2.2 5.9 -2 4 17 45 
November -1.4 2.9 -5.1 3 13 4 
December -3.2 2.3 -8.4 6 10 5 

Annual mean 1.9 5.5 -2.0 612 17 1009 
 
 

Table 5.2: Comparison of mean air temperature between Timure and 
Kyangjin stations  

 Mean air temperature o C 

Timure station 
(1760 m asl) 

Kyangjin station 
(3920 m asl) 

Difference 

January 9 -2 11 
February 11 -4 15 
March 15 -2 17 
April 19 1 18 
May 21 4 17 
June 22 7 15 
July 22 8 14 

August 22 8 14 
September 21 6 15 

October 17 2 15 
November 13 -1 14 
December 10 -3 13 

Mean difference 14.8 
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Figure 5. 7: Mean monthly air temperature at two stations 

 
 
5.2.4 Vegetation and land use 
 
At lower elevations, the forest is dominated by chir pine (Pinus roxburghii) in 
association with rhododendrons (Rhododendron arboreum) and oaks (Quercus sp.). 
At higher elevations (up to 4000 m asl), blue pine ( Pinus wallichiana) and silver 
fir (Abies spectabilis) dominate the mountain slopes. Silver fir occurs above 3000 
m asl on the north-facing slopes. Blue pine is found in association with juniper and 
birch scrub, while it overlaps with chir pine at lower elevations. In the damp 
valleys, around 2500 m elevation, brown oak (Quercus semecarpifolia, local name 
khasru) occurs in association with parasitic plants (climbers). In the moist valleys 
below 2000 m asl, the tree species consist mainly of utis (Alnus nepalensis), tooni 
(Toona ciliata), rato siris (Albizia julibrissin) and, locally, bamboo 
(Dendrocalamus strictus, locally called bans). Above 4000 m asl, trees cease to 
exist (tree line) and the vegetation type consists of hardy and bushy shrubs (local 
names: langma and vairungpati) and grasses.  
 
Although the watershed of the Langtang Khola is a national park, the people living 
there are allowed by the government to cultivate the land and use the forest for 
domestic purposes. Land use at the higher elevations consists mainly of grazing 
yaks, goats and sheep. There is also a cheese factory in Kyangjing. Crop cultivation 
is practised up to 3500 m elevation on the south-facing slopes. Main crops are 
buckwheat, barley, potato and some vegetables (radish, carrot, cabbage, 
cauliflower, etc.). Depending on elevation and slope aspect, up to two crops are 
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harvested per year. Contour terracing is practised on alluvial fans, colluvial slopes 
and debris materials (plate 5.2). 
 
 
5.3 PREVAILING GEOMORPHIC PROCESSES 
 
Snow avalanches, gelifraction and the formation of periglacial talus, solifluction 
and glacier activity are the dominant processes in the High Himal region. An 
avalanche consists of a rapid mass-wasting of snow and/or ice with debris 
downslope. The source may be deep, unstable snow or ice caps on a slope. It may 
be also initiated by freezing and thawing action. When the air temperature 
increases, rainwater or snow/ice melt water may enter joints or bedding surfaces or 
cracks in the bedrock. The joints and cracks enlarge when the water gets frozen. 
This process, when continued or repeated, breaks the rocks down. With increased 
weight of the overlying snow or ice layers, the mass becomes unstable and rapid 
mass-wasting can take place. Linear avalanches erode a narrow path down the 
slope, which is called chute.  
 
Periglacial talus correspond to conical or apron-shaped deposits at the foot of steep 
slopes and scarps, laid down by rapid mass-wasting processes (debris, rock falls, 
etc.). Fragmentation of the transported material is controlled by frost weathering, 
common in the high elevation zones, especially above the tree line. Figure 5.8 
shows a talus apron on the way from Kyangjin to the Khyimjung glacier.   
 
Solifluction slopes are subjected to surficial movement of debris charged with 
water supplied by melting snow and/or rain. Movements can be facilitated by 
seasonal or perennial ground ice (permafrost).  
 
Glaciers are large masses of ice moving downhill by ice deformation and shearing 
(Bennett and Glasser, 1996). Plate 5.3 gives a view of the Khyimjung glacier. The 
shape of glaciers is governed by the depth of the ice, rate of advance and 
underlying terrain. The size depends on the area of ice accumulation and that of ice 
melting. A glacier can form whenever a body of snow accumulates, compacts and 
turns into ice, and where the input of snow exceeds the rate at which it melts. The 
balance between accumulation and ablation of a glacier is primarily a function of 
climate. In the summer months, ablation normally dominates.  
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Figure 5. 8: Periglacial talus apron, Langtang Khola watershed  

 
A glacier flows because the ice within it deforms in response to gravity (Bennett 
and Glasser, 1996). The force per unit area set up within a mass of ice by gravity, 
which causes it to deform, is known as the shear stress. Shear stress at any point 
within an ice mass is dependent upon the overlying weight of ice, gravity and the 
surface slope of the glacier. Ice can flow in response to shear stress through three 
different mechanisms: internal deformation, basal sliding and subglacial bed 
deformation. The internal deformation results in ice creep and folding and faulting. 
Ice deformation due to basal sliding occurs when the glacier bed contains 
irregularities due to bedrock outcrops, etc. The subglacial bed deformation occurs 
when the glacier flows over unfrozen sediments. A moraine is a glacier-deposited, 
mixed and unsorted debris. Moraines can be formed by the effect of ice pushing or 
due to debris flows or rockfalls on the ice margin. They can be subdivided into 
lateral, central, terminal and ground moraines, depending on their location. 
 
Geomorphic activity in the High Mountains is mainly due to rock falls or rock and 
debris slides. Rock slides occur when the slope gradient is higher than 100 %. 
Debris slides normally occur at lower slope gradients. Often the rock falls turn into 
debris slides down the slope.  The mode of sliding, whether rotational or 
translational, depends on the homogeneity of the material and the orientation of 
faults, joints or bedding surfaces. 
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5.4 GEOMORPHIC FACTORS AND MECHANISMS  
 
In the High Himal region, elevation differences, slope steepness, aspect, extreme 
climatic conditions and glacial activity play a major role, although earthquakes and 
excessive and/or prolonged precipitations also influence morphodynamics. The 
action of snow and ice is important. The influence of human activity is nil since the 
population density is very low (20 inhabitants per km2 according to the Central 
Bureau of Statistics, 1991). The Langtang Khola watershed is a national park, 
which is protected in the sense that migration to this area and any expansion of 
existing cultivation areas are forbidden. The scenic views of the high mountain 
landscapes attract tourism, but so far without detrimental effects. Energy 
consumption by tourism is low, since solar heaters are getting popular in the area. 
Thus, human-induced land degradation can be considered negligible.  
 
 
5.4.1 Topography 
 
Elevation differences cause air temperature variations, which control snow 
accumulation and melting. The climatic data of the Timure and Kyangjin stations 
show that the mean air temperature decreases by 0.69 oC for every 100 m rise in 
elevation. At the altitude of 5220 m, the estimated mean air temperature will be at 
freezing point throughout the year (table 5.3). Thus, this elevation can be 
considered the demarcating line of perennial snow cover, above which snow 
accumulates. Due to the yearly accumulation of snow and ice, it can be assumed 
that snow and ice avalanches may take place. The slope gradient determines the 
susceptibility to mass-wasting and glaciation. Additionally, it can be expected that 
snow melting will be more frequent on south-facing slopes due to exposition to 
solar radiation.  
 

Table 5.3: Estimated air temperature at 5220 m elevation 
Month Mean monthly 

temperature oC 
Mean min. 

temperature oC 
Mean max. 

temperature oC 
January -11 -18 -6 

February -13 -19 -7 
March -11 -15 -7 
April -8 -12 -4 
May -5 -9 -2 
June -2 -5 0 
July -1 -3 0 

August -1 -3 0 
September -3 -6 -1 

October -7 -11 -3 
November -10 -14 -6 
December -12 -17 -7 
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Since topography is very important in analysing geomorphic processes in the High 
Himal region, a digital elevation model was generated. Contour lines from the 
topographic map sheets of the area at scale 1:50,000 were masked and digitised 
(figure 5.9). Interpolation between the contour lines was performed. A raster map 
of the elevation values at a spatial resolution of 30 m was generated, from which 
the height differences in X- and Y-directions were computed and a slope gradient 
map was made. From the digital elevation data, a climatic elevation map was also 
generated, using the climatic data of the area (figure 5.10). In the high elevation 
areas, the effect of climate on the physical disintegration and weathering of the 
rocks is very important.  

Figure 5. 9: Contour lines to generate a digital elevation model of the Langtang Khola 
watershed 

 
5.4.2 Freezing and thawing   
 
Below the snowline, physical weathering is enhanced by the effect of freezing and 
thawing due to temperature fluctuations. Significant parts of the glacier margins are 
exposed to this temperature regime. It has dramatic effect on physical 
disintegration of bedrocks along joint lines and bedding planes. The abundance of 
angular rock fragments in the cold high elevations is evidence of freeze-thaw 
weathering (Thorn, 1992).  
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Areas, where avalanches occur on a yearly basis, can be clearly seen near 
Kyangjing Gompa (figure 5.11). Avalanches are caused by the effect of freezing 
and thawing and the overburden by snow and ice. The elevation of the ridges varies 
from 4700 to 4900 m asl. Since local diurnal air temperature data are not available, 
the data of the Kyangjing station are used to understand the climatic conditions. 
Assuming that air temperature decreases at the rate of 0.69 oC for every 100 m rise 
in elevation, the mean air temperature at any elevation can be estimated. At the 
altitude of 4820 m, in the ridge where freezing and thawing are assumed to occur, 
at about 900 m above the Kyangjin station, air temperature fluctuates around the 
freezing point during the period from May to September, which coincides with the 
rainy season (table 5.4). During this period, rain water enters the joints, cracks and 
lines along the bedding planes. When the temperature drops below zero, the water 
freezes and forms ice, contributing to the disintegration of the rocks. This process 
is more pronounced on the south-facing slopes than on north-facing ones, due to 
the exposition to sun radiation. Even when the air temperature remains below 0oC, 
the rock surface may undergo a freeze-thaw regime due to the absorption of 
radiation by the rock. The rapidly falling debris mass tends to deposit finer 
particles close to the source, while larger particles (boulders, etc.) are carried 
further down.  
 

 
Figure 5. 10: Climatic elevation zones, Langtang Khola watershed 
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Figure 5. 11:Stereotriplet of the Langtang Khola watershed 
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Table 5.4: Fluctuations of air temperature around the freezing point during 
the rainy season (May to September) at 4820 m elevation 

Month Mean monthly 
temperature 

oC 

Mean min. 
temperature 

oC 

Mean max. 
temperature oC 

Differences 
between 

max. and min. 
January -8 -16 -4 12 

February -10 -16 -4 12 
March -8 -13 -4 8 
April -5 -9 -1 8 
May -2 -6 1 7 
June 1 -2 3 5 
July 2 0 3 3 

August 1 0 3 3 
September 0 -3 2 5 

October -4 -8 0 8 
November -8 -11 -3 8 
December -9 -15 -4 11 

 
  
 
5.4.3 Glacial activity 
 
Glacial activity causes physical weathering. In the accumulation area, snow, ice 
and rock avalanches bring lots of debris, causing sometimes rock glaciers to form. 
As the glacier moves down the slope, it detaches, picks up and transports rocks and 
sediments, producing glacial erosion (plate 5.4). Glacial erosion includes the 
gradual down-wearing of the glacial bed by ice and debris, the removal of rocks 
and sediments, and the scouring of the glacial base by melting water. Factors 
affecting glacier erosion are slope, depth and density of ice, glacial flow velocity, 
runoff of glacial melt water and, to some degree, the chemical composition of the 
melt water. Some of these factors are inter-related. In the Langtang Khola 
watershed, the mean annual glacial flow is estimated to be 14 m at 20-30 % surface 
slope (Ageta et al., 1984). 
 
Moraines, being loose debris, can also be subjected to intense erosion. Picking up 
the sediments from the lateral moraines or by the effect of undercutting the talus 
slopes, the debris are mixed with ice when the glacier flows.  
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Figure 5. 12: Ice mixed with debris at the glacier margin and deposition of 
debris on the foreground in the Langtang Khola watershed 
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Glaciers also trap wind-blown fine particles, annually deposited during the dry 
period from the post-monsoon season to the following pre-monsoon season (Ageta 
et al., 1984). These particles originate from the physical weathering of rocks and 
debris in the surrounding areas. Part of the dust is believed to be carried in from the 
Tibetan plateau (Watanabe, 1984). The dust particles are granular and their size 
varies from 0.2 to 3.0 mm. Particles consist of inorganic and also organic materials. 
At the Kyangjing station (3920 m asl) in the Langtang valley, a mean daily wind 
speed of 3 m s-1 is reported to blow throughout the year, which can be considered 
responsible for the deposition of dust layers in the dry season. Dust layers are 
subsequently covered by snow and ice, mainly during the monsoon. When the 
glacier flows, the debris and the dust get mixed up. In the ablation area, near the 
glacier margins, the ice gets completely mixed with the debris and dust and 
becomes dark (figures 5.12 and 5.13).  
 

 

Figure 5. 13: Glacier ice mixed with debris in the Langtang Khola watershed 

 
 
5.5 MAPPING LAND COVER AND LANDSCAPE UNITS 
 
5.5.1 Land cover  
 
Since snow and ice play an important role in the High Himal region, the extent of 
snow and ice cover was mapped. The interaction of snow and ice with the bedrock 
was also considered. Multi-spectral satellite data were useful to discriminate rocks, 
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ice/snow, bare land and vegetation. Landsat TM data of the area, acquired on 21 
December 1990, were available. Since a full Landsat scene did not cover the 
Langtang Khola watershed, three quarter-scenes from two rows (path 141 and rows 
40 and 41) had to be used. Because of this, some pre-processing was necessary, 
especially for digital mosaicing. It was carried out using sufficient ground control 
points, identified on the adjoining image fragments. The real world co-ordinates of 
the control points were taken from the topographic sheets of the area, after they 
were scanned and geo-referenced. The image fragments, in total twenty-one 
fragments from the three quarter-scenes, were geometrically corrected for proper 
north-orientation by applying affine transformation. Resampling of the pixels was 
done using bi-linear interpolation. Since the data were obtained the same day, 
radiometric correction of the adjoining image fragments was not necessary.  
 
Sufficient samples were taken for all the relevant land cover classes in the area, 
including snow and ice, snow mixed with debris, bare rock, bare land, forest and 
rangeland. Since the area has a rugged topography, with steep slopes and different 
slope aspects, intensity variation in the image was a major constraint, which 
resulted in elongated clustering of the samples in the feature space and caused 
classification errors (plate 5.5). To remove the effect of intensity variation, data 
were normalised by the total intensity, a procedure which removes the elongation 
of the sample clusters (plate 5.6). 
 
Classification was carried out using 6 bands (TM 1, 2, 3, 4, 5 and 7) with a 
maximum likelihood algorithm. TM band 6, being not reflective in nature, was not 
used. Classification accuracy was checked by means of test samples. The result 
shows that most of the cover types, except for rangeland, have high classification 
accuracy. The average accuracy is 90 % and the overall accuracy is 88 %. The 
classes having the highest classification reliability are snow and forest. The 
assessment of the classification accuracy is shown in table 5.5.  
 
Since there are strong elevation variations between the mountain summits and the 
valley bottoms, some of the north-facing slopes were not clearly visible. The 
elevation range covered by snow and ice was computed by means of a map overlay 
procedure and by calculating the frequency distribution of the elevation values of 
the snow-covered areas. The elevation of the areas covered by snow and ice varies 
from 2500 to 7227 m, with a mean value of 5600 m. The frequency of pixels is 
very small at lower elevations (less than 10) and the histogram has a long tail 
towards the left side. If the 2 % of the lower cumulative frequency was ignored, 
then the elevation of the snow line would be at 5028 m. Furthermore, the extent of 
the snow cover varies seasonally, depending on snow precipitation. Taking into 
account the estimated rate of temperature decrease with increasing elevation (0.69o 

C/100 m), the elevation at which the mean monthly temperature remains below 0o 
C all the year round is 5220 m (table 5.3). This value was used to demarcate the 
lower limit and estimate the potential perennial snow cover (188 km2, 
corresponding to one-third of the total watershed). Additionally, the elevation of 
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4000 m was taken as the upper limit for tree growth in the area. Taking into 
account all these estimates, a land cover map was generated (plate 5.7).  
 

Table 5.5: Contingency table of the classification results 
 Snow and 

ice 
Ice mixed 

with debris 
Bare rock Bare land Forest Range- 

land 
No. of test 

pixels 
Snow and ice 
 

334 
(100 %) 

0 0 0 0 0 334 

Ice mixed with 
debris 

0 387 
(98 %) 

 3 
 

0 3 393 

Bare rock 
 

0 0 424 
(83 %) 

0 0 86 510 

Bare land 
 

0 51 0 269 
(84 %) 

0 0 320 

Forest 
 

0 0 0 0 668 
(100 %) 

0 668 

Rangeland 
 

0 0 157 43 3 531 
(72 %) 

734 

Reliability of 
classification 

100 % 88 % 73 % 85 % 99 % 86 %  

 

 
5.5.2 Geoforms and soils 
 
Photo-interpretation was carried out to delineate geomorphic units (plate 5.8). The 
High Himal region was identified by the presence of U-shaped valleys, which were 
further subdivided into complexes of coalescing alluvial fans and talus slopes, 
colluvial/alluvial terraces, and floodplains. Glaciers were subdivided into 
accumulation and ablation areas. No subdivisions were made for the moraines. 
Scarps were delineated as lines to indicate their location. In the High Mountain 
region, V-shaped valleys include colluvial slopes from both sides. No further 
delineation was possible due to steep and rather dissected straight slopes with sharp 
crests.    
 
At the photo scale of 1:60,000 it was not possible to map individually some 
geomorphic units such as rock and debris falls, debris slides, periglacial talus 
slopes, avalanche chutes, etc. These features are also not visible on the north-facing 
slopes due to the effect of topographic shadow.  
 
As the available aerial photographs do not cover the whole watershed, satellite 
imagery was used to complement. The synoptic view of the area through satellite 
imagery gives an additional value. Since the data are obtained from high elevation, 
the distortions inherent to aerial photography are minimised. The geomorphic map 
of the area was obtained by combining airphoto and satellite image interpretation, 
and by delineating the snowline as calculated from the climatic and elevation data. 
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Soil data were collected from the description of 27 pits. Due to limited accessibility 
of the area, the field observations concentrate along the trekking route. Most of the 
area, both in the High Himal and High Mountain regions, is covered by bare rock 
or snow and ice. Low temperature and slope steepness do not allow for intensive 
rock weathering and deep profile development. Soil development is also limited 
because of the disrupting effects of the last glaciation (Kenting Earth Sciences Ltd., 
1986). Soil formation at higher elevations is mainly the result of physical 
disintegration of parent rocks and unconsolidated materials including fractured 
boulders and rubble. Soils are somewhat deeper on glacial tills, colluvial materials 
and valley floor alluvium.   
 
On periglacial talus aprons and cones, shallow and fragmental loamy soils occur as 
Lithic associations of Cryumbrepts and Cryorthents. The soils in the morainal 
areas, coalescing fans and talus slopes are associations of Typic and Entic 
Cryumbrepts and Cryorthents, with coarse fragmental content of over 50 %. 
Texture varies from loam to sandy loam in the surface horizons and tends to be 
coarser in the subsurface horizons. The pH of the surface horizon is about 4.5 and 
increases slightly (5.0) in the subsurface horizons.   
 
In the floodplain of the Langtang Khola near Kyangjin (U-shaped valley), soils are 
also coarse-textured, but more developed than those formed on slope positions. 
Texture in the topsoil varies from loam to sandy loam. The subsoil consists of 
stratified sandy horizons. The pH in the topsoil varies from 4 to 4.5 and goes up to 
6 in the subsoil.  
 
In the High Mountain region, more than 95 % of the area corresponds to steep and 
very steep slopes. Intense down-cutting by the rivers has resulted in the formation 
of V-shaped valleys without floodplain and has created a high relief amplitude 
between valley bottoms and mountain ridge tops. The best developed soils occur 
on debris talus where contour terracing is practised. Associations of Ustorthents 
and Haplumbrepts are common. The soils are coarse-textured (loam to sandy 
loam). The pH varies from 4.5 in the surface horizon to 5 in the subsoil. The soils 
contain up to 80 % angular fragments. 
 
 
5.6 ASSESSMENT OF GEOMORPHIC HAZARDS  
 
Parameters such as climate (air temperature, wind, precipitation), topography 
(elevation, slope steepness, aspect and slope surface condition), lithology and 
orientation of rock bedding planes, vegetation cover and actual glacial activity are 
important to assess the areas susceptible to snow and ice avalanche, freezing and 
thawing action, and glacial erosion. Since all the necessary data were not available, 
assessment was made based on elevation, slope gradient, slope exposure, presence 
or absence of trees and influence of season.  
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5.6.1 Snow avalanches 
 
Assessment of snow avalanche hazard was carried out for the areas above the tree 
line, thus above 4000 m asl. Delayed snow and ice avalanches may occur below the 
tree line, but not on a yearly basis since it depends very much on extreme climatic 
conditions. Moreover, considerable amount of snow must accumulate before an 
avalanche starts in areas covered by trees. The areas above the tree line were 
separated into two elevation zones: 4000 to 5200 m asl and above 5200 m asl. At 
the elevation range of 4000 to 5200 m, it was assumed that avalanches initiate 
mainly due to the effect of solar radiation and are of wet snow type. Above 5200 m 
elevation, avalanches initiate due to overburden of snow and are of dry snow and 
delayed type. Below slope gradient of 20o, avalanche hazard is assumed minimal. 
The most dangerous slope gradient is in the range 30-60o, while snow 
accumulation is unlikely on very steep slopes. The south-facing slopes have high 
hazard since they receive higher solar radiation. The area receives most of the 
precipitation in the rainy season and hazard occurs also during that period. For 
hazard assessment, selected factors were included in a decision tree (figure 5.14) 
and data processing was carried out in a GIS environment. Results are shown in 
plate 5.9. 
 
In the High Himal region, three-fourth of the area is constituted by steep to 
extremely steep slopes, with 30 % covered by perennial snow (figure 5.1). 
Avalanche hazard assessment results show that 34 % of the total watershed area is 
affected. The area with very high hazard occupies 45 km2, corresponding to 8 % of 
the total area. Areas with high hazard occupy 11 %, moderate hazard 8 % and 
slight hazard 7 %, while 66 % of the watershed is not affected (table 5.6). The area 
susceptible to dry snow avalanche hazard is more or less the same size as the area 
exposed to wet snow avalanche hazard. 
 
 
5.6.2 Rock and debris slides 
 
Due to freeze-thaw action, rock and debris slide hazard occurs in the high elevation 
zones, from the tree line at 4000 m asl up to the perennial snow- and ice-covered 
area at 5220 m asl (table 5.3). Slides occur mainly during the summer months from 
May to September, with air temperature fluctuating around the freezing point and 
in association with precipitation. A significant part of the periglacial areas and the 
perennial snow cover margins (30 % of the total area) are exposed to the effect of 
freezing and thawing, which produces large amounts of coarse fragments through 
physical weathering. 
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Table 5.6: Avalanche hazard assessment 

Avalanche hazard 
classes 

Area affected 
 

Dry snow avalanche 
 

Wet snow avalanche 
 

 km2 % km2 % km2 % 
Very high 45.0 8.0 18.9 3.3 26.1 4.6 
High 61.0 10.8 30.3 5.3 30.8 5.4 
Moderate 46.8 8.3 24.5 4.3 22.3 3.9 
Slight 37.2 6.6 21.8 3.9 15.4 2.7 

Total area 190.0 33.7 95.5 16.8 94.6 16.6 
Area not affected 375.8 66.4     

Watershed area 565.8 100     
 

Figure 5. 14: Decision tree for the assessment of avalanche hazard 
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Rock slides occur at slope gradients higher than 45o. South-facing slopes are more 
susceptible than north-facing ones. For debris slides, rating was applied according 
to slope gradients as follows: high hazard at slope range 30-45o, moderate hazard at 
slope range 15-30o, and slight hazard at slope range 7-15o. For slopes facing south, 
southeast or southwest, the assessment rating is increased by one step. For north, 
northeast or northwest facing slopes, the assessment rating is decreased by one 
step. Decision tree for assessing rock and debris slides is shown in figure 5.15 and 
the results are shown in plate 5.9. 
 
Areas susceptible to rock slides amount to 22 km2, out of which 10 km2 are on 
south facing slopes with high hazard. The remaining amount to 4 km2 on east or 
west facing slopes with high hazard and 8 km2 on north-facing slopes with 
moderate hazard. Debris slides can be initiated as a result of snow and ice 
avalanches or by rock slides. Susceptibility assessment for debris slides shows that 
a surface area of 181 km2 is potentially exposed (table 5.7). 
 

Table 5.7: Hazard assessment for rock slides and debris slides 

 
Hazard classes 

Rock slides Debris slides 
km2 km2 

Very high 10.5 50.6 
High 3.9 38.1 
Moderate 7.8 77.3 
Slight - 15.0 

Total 22.2 181.0 

 
 
5.6.3 Glacial activity 
 
Glaciers contain not only ice. Ice and rock avalanches as well as other mass 
movements, bring lots of debris to the accumulation area of the glaciers. In the 
ablation area, factors responsible for glacier erosion are slope, depth and density of 
ice, amount of debris, glacial flow velocity, radiation, runoff and chemical 
composition of melt water. Glacial erosion processes are difficult to study since 
they occur beneath the glacier and cannot be easily observed or monitored from 
above (Bennett and Glasser, 1996). Modelling glacier erosion is thus very 
complicated. Data on all the above mentioned factors would be essential  and long-
term data would be required for validating the results. However, mapping the 
extent of the glaciers was considered important since they are the main source of 
water and sediments in the river system in the High Himal region. Glaciers were 
mapped by visual photo and image interpretation, separating accumulation and 
ablation areas (plate 5.8). 
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The area under the influence of glacial activity is 91 km2, corresponding to 16 % of 
the Langtang Khola watershed. The most important glaciers in the area are the 
Langtang and Lanshisa glaciers, which occupy 31 and 26 km2, respectively. One-
third of the total area covered by glaciers is exposed to ablation (31 km2)  (table 
5.8).  
 

Table 5.8: Estimated areas under glaciers  
Glaciers 
 

km2 % coverage 

Accumulation area       60 11 
Ablation area           31 5 

Total area   91 16 
 
 
In the ablation areas, ice starts melting when the air temperature goes above the 
freezing point. The energy required for snow melt comes from the solar radiation, 
sensible heat of the air, sensible heat of the precipitation, latent heat and heat from 
the rocks or soil surfaces. Factors influencing ice melting are humidity, radiation, 
slope aspect, wind speed and the amount of debris in the ice. Although the surface 
temperature of the ice may be below the freezing point, the presence of debris 

Figure 5. 15: Decision tree for the assessment of rock and debris slides 
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within the ice, which absorb heat, can cause ice to melt. However, ice melting 
depends essentially on the season and the time of the day due to the effect of solar 
radiation. The melting of ice in the glacier ablation area starts in April and 
continues until September.  
 
Glacier areas covered with debris in the Langtang Khola watershed vary from 12 to 
38 %. When the glacier ice melts during summer months (May - September), 
debris are deposited on the glacier margins, especially along the frontal fringes, and 
a large part is carried to the river system. The amount of sediments suspended in 
the melt water is 1.3 to 1.4 g l-1, with seasonal variations.  
 
 
5.7 CONCLUSION 
 
Natural geomorphic processes dominate in the High Himal and High Mountain 
regions. In the High Himal region, the influence of elevation and climatic 
conditions are very important. Main geomorphic hazards are due to snow 
avalanches, rock and debris slides, and glacial activity, which occur on a yearly 
basis. The largest debris slide, located north of the village of Thulosyabru, is 
regularly activated during the rainy season. Causal factors include high elevation, 
slope steepness, exceptional and prolonged precipitations, tectonism, among others. 
The amount of precipitation, sun radiation, slope gradient and slope aspect, in 
combination with freezing and thawing, are responsible for physical disintegration 
of parent rocks. Ice and rock avalanches and debris slides in combination with 
glacier erosion determine how much sediment is brought to the river system. A 
major source of sediments is related to the melting of glacier ice.  
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ASSESSMENT OF SOIL EROSION IN THE MIDDLE
MOUNTAINS♣♣♣♣

The study aims to evaluate the magnitude of soil erosion in the Middle Mountain
region of Nepal. In spite of previous research (Shah and Schreier, 1991; Tamrakar,
1993; Kunwar, 1995; Likhu Khola Project, 1995) little attention has been given to
erosion modelling, however essential considering the inaccessibility of the
mountainous  areas. The study attempts to assess the applicability of an erosion
model in mountainous terrain. In addition, it aims to analyse the effect of land use,
slope facet and terrace farming on soil erosion.

6.1 DESCRIPTION OF THE STUDY AREA

6.1.1 Physical setting

The area is within the Middle Mountain region of Nepal, in the watershed of  the
river Likhu Khola (figure 6.1). The area was chosen because of the bioclimatic
diversity caused by elevation differences from valley floor to mountain summits,
and the related land use changes having influence on soil erosion.

                                                     
♣ This chapter is based on:
Shrestha, D. P. , 1997, Assessment of soil erosion in the Nepalese Himalaya: a case study in
Likhu Khola valley, Middle Mountain Region. Land Husbandry, 2(1):59-80

N

Figure 6. 1: Study area in the Likhu Khola watershed. A Landsat TM band 5 image
is draped on a three-dimensional view generated from a digital elevation model
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The area is characterised by mountain ridges, having very sharp crests, on
Precambrian augen and banded gneiss of various grades of metamorphism and
mixtures of micaschist, phyllite and gneiss, mainly east-west oriented. Likhu Khola
is the main drainage system, fed by many tributaries entering the Likhu Khola from
both sides. The valley is narrow and elongated, but widens downstream where rice
cultivation prevails. The river joins Tadi Khola before draining into Trisuli Ganga,
which finally joins the river Narayani.

Because of the effect of elevation on bioclimatic variations and the presence of old
erosion surfaces due to vertical displacements caused by crustal movements (Iwate
et al., 1983), the study area can be divided as follows: mountains with very high
ridges and narrow valleys (1000-2600 m asl); mountains with high ridges and
narrow valleys (850-2200 m asl); mountains with middle ridges and narrow valleys
(550-1200 m asl); mountains with low ridges, hills and alluvial fans (550-900 m
asl); the main valley (530-950 m asl); and tributary valleys (630-1000 m asl)
(figures 6.2 and 6.3).
Figure 6. 2: Physiographic setting in the Likhu Khola watershed
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Figure 6. 3: Topographic cross-sections (AB, CD; location indicated in figure 6.2)
through the Likhu Khola valley. The arrows indicate the assumed presence of old
erosion surfaces. Notice the narrow valley bottom (cross-section AB), indicating river
incision. The wider valley floor (cross-section CD)  is used for rice cultivation.
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6.1.2 Study locations

Two sample subwatersheds, namely the south-facing subwatershed of Mahadev
Khola and the north-facing subwatershed of Jogi and Bhandare Khola, were chosen
to analyse the relation between slope exposition and soil erosion. Both
subwatersheds belong to the Likhu Khola system. The subwatershed of Jogi and
Bhandare Khola covers a surface area of 256 ha and the elevation varies from 600
to 1225 m. The subwatershed includes mountains, with middle ridges and narrow
valleys, and low ridges, hills and colluvial/alluvial fans. The subwatershed of
Mahadev Khola covers a surface area of 346 ha and the elevation varies from 655
to 1510 m. It includes mountains with high and middle ridges, escarpments, hills
and colluvial/alluvial fans.

6.1.3 Climate

The climate varies according to elevation changes. It varies from subtropical in the
main valley and footslopes through warm temperate at mid-elevations to cold
temperate in the higher mountains. In the lowlands, average summer temperature is
26o C with hotter months from April to September and average winter temperature
is 15o C (Trisuli station). At higher elevations, average summer temperature is 19o

C and average winter temperature is 11o C with extreme values of -4o C in
December (Kakani station). Annual precipitation also varies according to elevation
changes, from 1000 mm in the lowlands (Chhahare, 780 m asl) to 2800 mm at
higher elevations (Kakani, 2064 m asl). Most of the rain falls during the months of
May to September. In table 6.1 climatic data of Kakani and Nuwakot sites are
given.
Table 6. 1: climatic data of Kakani and Nuwakot sites, based on data
collected during the period 1976-1990)
Station: Kakani (2064m asl)  

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Rainfall (mm) 16 23 48 62 203 455 683 776 457 85 6 24 2838

Max. mean temperature (oC) 13 16 20 25 23 22 22 23 21 20 20 17 25

Min. mean temperature (oC) 1 5 7 13 14 15 14 12 14 10 6 3 1

Mean temperature (oC) 7 10 14 19 18 19 18 17 18 15 13 10 15

Eto (mm) 81 98 116 147 151 156 150 141 136 118 98 82 1474

 

Station: Nuwakot (1003m asl)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Rainfall (mm) 9 26 36 47 112 350 442 461 251 122 11 5 1872

Max. mean temperature (oC) 20 22 27 29 30 29 29 29 28 27 24 20 30

Min. mean temperature (oC) 8 9 13 17 18 19 19 19 18 15 11 7 7

Mean temperature (oC) 14 15 20 23 24 24 24 24 23 21 17 14 20

ETo (mm) 103 116 139 162 173 182 177 167 155 141 117 101 1733
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6.1.4 Vegetation and land cover

At lower elevation, the vegetation type is sal forest (Shorea robusta) and the crops
include irrigated rice and rainfed maize and millet. The sal forest ceases to exist at
elevations higher than 1150 m asl.  At higher elevations, the forest consists of chir
pine (Pinus roxburghii) and broad leaf trees (Schima wallichii, locally known as
chilaune). Rainfed maize and millets are cultivated. At even higher elevations
(above 2200 m asl), land cover is mainly forest dominated by Quercus species
(Quercus semicarpifolia).

6.2 SOIL EROSION MODELLING

6.2.1 The selected erosion model

Although USLE has been widely used through various modified versions, its
application in mountainous terrain is still questionable due to steep slopes. Some
models, such as AGNPS or ANSWERS, may not be suitable in the Nepalese
context because of very high data demand. AGNPS  in particular is not well
adapted to the Nepalese Middle Mountain conditions (Kettner, 1966).  In the
present study, the model developed by Morgan, Morgan and Finney (Morgan et al.,
1984) was used to assess soil loss from hillslopes in the Middle Mountains of
Nepal. It was selected  because of its simplicity, flexibility and strong physical
base. It separates the soil erosion process into a water phase and a sediment phase.

(1) Water phase

In the water phase, the annual precipitation is used to determine the rainfall energy
available for splash detachment and the volume of runoff. The rainfall energy is
computed from the total annual rainfall and the hourly rainfall intensity for erosive
rain, based on the relationship established by Wischmeier and Smith (1978). The
annual volume of overland flow is predicted using the model by Kirkby (1976). In
this model, runoff is assumed to occur whenever the daily rainfall exceeds a critical
value corresponding to the storage capacity of the surface soil layer. Equations
used are given below:

For calculating the rainfall energy:

E  =  R ( 11.87 + 8.73 log10I)            (1)
where:
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E = kinetic energy of rainfall (J m-2 )
R = annual rainfall (mm)
I = rainfall intensity (mm/hr)

For computing the overland flow:

Q = R * exp(-Rc/Ro)                                      (2)
where:

Q = volume of overland flow (mm)
R = annual rain (mm)
Rc = Soil moisture storage capacity under actual vegetation (mm)
Ro = mean rain per day (mm)

Soil moisture storage capacity is computed considering the soil moisture content at
field capacity (MS), bulk density (BD), rooting depth (RD) and the ratio of actual
to potential evapotranspiration (Et/Eo), as follows:

Rc = 1000 MS.BD.RD (Et/Eo)0.5                                      (3)

Mean rain per rainy day (Ro) is calculated by dividing the average annual rain by
the number of rainy days in a year.

(2) Sediment phase

In the sediment phase, splash detachment is modelled as a function of rainfall
energy, soil detachability and rainfall interception effect by crops. The transport
capacity of the overland flow is determined using the volume of overland flow,
slope steepness and the effect of vegetation or crop cover management (Kirkby,
1976). The equations used are as follows:

For computing splash detachment:

F = K (E exp -aP)b.10-3                                      (4)
where:
F = rate of splash detachment (kg/m2)
K = soil detachability index (g J-1), defined as the weight of soil
detached from the soil mass per unit of rainfall energy
P = percentage rainfall intercepted by crops
values of exponents: a = 0.05, b = 1.0

For computing the transport capacity of the overland flow:
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G = C* Q 2 * sin S* 10 -3                                      (5)
where:
G = transport capacity of the overland flow (kg/m2)
C = crop cover management factor
Q = overland flow
sin S = sine of the slope gradient

6.2.2 Materials and softwares used

Use was made of aerial photographs at the scale of 1:40,000, November 1992,
covering the whole watershed of Likhu Khola and of aerial photographs at the
scale of 1:20,000, February 1991, for the subwatersheds of Jogi, Bhandare and
Mahadev Khola. Topographic base maps, at scale 1:5000 and  contour intervals of
5 metres, prepared by the Topographical Survey Branch, Dept. of  Survey,  Nepal,
were used. The erosion model was run in ILWIS, a raster-based GIS software
capable of combining conventional GIS procedures with image processing and
using a relational database (Valenzuela, 1988). For processing the rainfall data,
Quatro-Pro was used.

6.2.3 Data collection, structure and input for running the model

For running the erosion model, soil data (detachability, moisture content at field
capacity of the surface soil layer, bulk density, rooting depth), rainfall data (annual
rainfall, rain intensity and number of rainy days), land cover data (types of crop,
forest, pasture land, and the management practices) and topographic data (slope
gradient) are required.

(1) Soil data

Soil data were collected from mini-pit and auger hole observations (total 85) along
transects in the Likhu Khola valley. The mountains with very high ridges and
narrow valleys have steep to very steep slopes. Soils are mainly shallow (Lithic and
Typic subgroups of Ustorthents, Ustochrepts, Dystrochrepts, Haplumbrepts, etc.).
The mountains with high ridges and narrow valleys have steep to very steep slopes.
Soils are shallow to moderately deep (Lithic Ustorthents, Typic Ustochrepts, Typic
Ustipsamments, etc.). The mountains with middle ridges and narrow valleys have
moderately steep to steep slopes. Soils are moderately deep to deep (Typic
Ustochrepts, Typic Kanhaplustalfs, etc.). In the mountains with low ridges, hills
and fans, the slope varies from slightly steep to steep. The soils are moderately
deep to deep (Typic Ustochrepts, Typic Kanhaplustalfs, (Alfic) Ustarents, etc.). In
the main valley of Likhu Khola and in the tributary valleys, the soils are generally
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deep (Anthraquic subgroup of Ustifluvents and Ustochrepts, Fluventic Ustochrepts,
etc.)

In addition to the transect studies, soil observations were concentrated in the two
sample subwatersheds of Jogi, Bhandare and Mahadev Khola. Soil data generated
by a detailed soil survey carried out by the Soil Science Division, Nepal
Agriculture Research Council (Soil Science Division, 1992), were also used. The
combination of aerial photo-interpretation of the subwatersheds, based on
geopedologic analysis (Zinck, 1988), soil survey data and field studies resulted in a
soil map legend as shown in tables 6.2 and 6.3, and a soil-geoform map as shown
in plates 6.1 and 6.2. Full profile description and laboratory analysis results of
some major soils are given in appendix 1.

Table 6.2 Geopedologic legend of Mahadev Khola subwatershed .

Landscape Relief
type

Lithology
/facies

Landform Map unit
symbol

General
slope
(%)

Dominant soil
types

Area
(ha)

Mountains High
elevation
ridges

Gneiss Summit-
shoulder
complex

Mo111 5-30 Typic
Ustochrepts
Lithic
Ustorthents
Typic
Kanhaplustalfs

 10

Slope facet
complex

Mo112 30-60 Typic
Ustochrepts
Lithic
Ustochrepts
Dystric
Ustochrepts
Typic
Ustipsamments

 84

Strongly
dissected
slopes

Mo113 >60 Typic
Ustorthents
Lithic
Ustorthents
Typic
Ustochrepts

 54

Middle
elevation
ridges

Gneiss Summit-
shoulder
complex

Mo211 5-15 Typic
Ustipsamments
Typic
Ustochrepts

 12

Slope facet
complex

Mo212 20-80 Typic
Ustipsamments
Dystric
Ustochrepts

 23

                                                     
.Note:  The table is continued in next page
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Gneiss
/micaschist

Summit-
shoulder
complex

M0221 5-20 Typic
Kanhaplustalfs
Typic
Ustochrepts
Typic
Ustipsamments

  9

Backslopes Mo222 20-70 Typic
Ustochrepts
Typic
Kanhaplustalfs

 78

Footslopes Mo223 10-30 Typic
Ustochrepts
Typic
Ustorthents

 25

Low
elevation
ridges

Gneiss/
micaschist

Summit-
shoulder
complex

M0321 10-15 Typic
Kanhaplustalfs
Typic
Ustochrepts
Typic
Ustipsamments

 10

Slope facet
complex

Mo322 30-70 Typic
Ustochrepts
Typic
Kanhaplustalfs

 14

Micaschist Summit-
shoulder
complex

Mo331 8-15 Typic
Ustochrepts

  1

Backslopes Mo332 15-60 Typic
Kanhaplustalfs
Typic
Kanhaplustults
Dystric
Ustochrepts

 13

Footslopes Mo333 10-40 Dystric
Ustochrepts
Typic
Kanhaplustalfs

  6

Vales Colluvial/
alluvial

River bed/
alluvial
land

Mo541 5-10    ---------   8
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Table 6.3 Geopedologic  legend of Jogi and Bhandare Khola subwatershed

Landscape Relief
type

Lithology/
facies

Landform Map unit
symbol

General
slope
(%)

Dominant soil
types

Area
(ha)

Mountains Middle
elevation
ridges

Gneiss
/micaschist

Summit-
shoulder
complex

Mo221 5-20 Typic
Ustochrepts
Typic
Kanhaplustalfs

 8

Backslopes Mo222 20-70 Oxyaquic
Ustochrepts
Typic
Kanhaplustalfs

51

Footslopes,
vales,
incisions

Mo223 10-20 Anthraquic
Ustochrepts
Typic
Ustochrepts

11

Low
elevation
ridges

Micaschist Summits Mo331 8-15 Typic
Ustochrepts
Typic
Kanhaplustalfs

10

Summit-
shoulder
complex

Mo332 15-30 Typic
Ustochrepts
Oxyaquic
Ustochrepts

38

Backslopes Mo333 10-30 Typic
Kanhaplustalfs
Typic
Kandiustalfs
Anthraquic
Ustochrepts
(Alfic)
Ustarents

99

Footslopes,
swales,
incisions

Mo334 5-20 Typic
Kanhaplustalfs
Anthraquic
Ustochrepts
Oxyaquic
Ustorthents

28

Escarpm
ent

Quartzite
/micaschist

Scarp, talus
complex

Mo441 >60 Typic
Ustochrepts

11
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(2) Land use and cover information

In the Nepalese mountains, agriculture uses terracing. Terraces conserve moisture
and protect the land from erosion. Depending on water availability, terraces are
either level or sloping. The sloping terraces, with slopes up to 20%, are for growing
rainfed crops such as maize, millet and wheat. The level terraces are used for rice
cultivation. In general, two  crops of rice are grown, but at lower elevations where
temperature is favourable, up to three crops of rice are harvested.

In the mountains with very high ridges and narrow valleys, land cover is mainly
forest with chir pine (Pinus roxburghii) and broad leaf trees (Schima wallichii,
local name Chilaune). There are some cultivated areas with maize and millet. In the
mountains with high ridges and narrow valleys, the forest type is pine (Pinus
roxburghii) in association with broad leaf trees (Schima wallichii) at higher
elevations and sal forest (Shorea robusta) at lower elevations. Crops grown are
rainfed maize, millet and rice. In the mountains with middle ridges and narrow
valleys, the sal forest dominates, together with rainfed maize and millet. Some
areas are occupied by rice cultivation. In the mountains with low ridges, hills and
fans, the forest type consists mainly of sal trees and cultivation of rice dominates.
In the main valley and the tributary valleys, irrigated rice is the main crop.

In the Morgan, Morgan and Finney model, the soil parameters used are soil
moisture content at field capacity (MS), bulk density of the topsoil (BD), rooting
depth (RD), and the soil detachability index (K), defined as the amount of soil
detached from the soil mass per unit of rainfall energy per unit area. For the two
study areas, the soil parameters used are based on the average values of the
laboratory data from the soil samples collected in the Likhu Khola valley. The soil
detachability index is based on the value suggested in Morgan et al. (1986). The
selected soil parameters are given in table 6. 4.

Landuse maps were generated for the subwatersheds of Jogi and Bhandare Khola
and Mahadev Khola, using interpretation of aerial photographs at 1:20,000 scale
and ground control. The following land cover/landuse classes were established:
dense forest, degraded forest, rangeland, rainfed agriculture and irrigated rice
cultivation. The natural forests are degraded by the gathering of fodder and
firewood, resulting in low canopy and litter covers. Rice fields were easily
separated because level contour terraces give a special pattern on aerial
photographs. The landuse interpretations were checked in the field and updated.
The final map was digitized, rasterised and georeferenced to fit the base map, with
a grid size of 4 m (figure 6.4).
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 Table: 6.4  Soil parameters used in the model

Surface texture Soil
moisture
content (%)

Bulk
density
(g/cm3)

Soil
detachability
index

Coarse texture (less than 15% clay:
sandy loam, loam)

30 1.1 0.3

Medium texture (less than 35% clay:
loam, sandy clay loam, silty clay
loam)

34 1.27 0.4

Fine texture (more than 35% clay:
silty clay, sandy clay)

37 1.3 0.4

 Note: The soil moisture content and bulk density values are based on  laboratory  data. Soil
 detachability values are taken from the typical values adapted by Morgan et al. (1982).

The percentage of rainfall contributing to permanent interception (P), the ratio of
actual to potential evapotranspiration (Et/Eo) and the crop cover management
factor (C) were used as plant parameters (table 6.5).

Figure 6. 4: Landuse of the Mahadev Khola and Jogi Bhandare Khola watersheds
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 Table: 6.5   Plant parameters used in the model

Landuse P (%) Et/Eo C

Rangeland 35 0.80 0.01

Dense forest 35 1.00 0.001

Degraded forest 35 0.90 0.01

Rainfed crops 25 0.67 0.07

Rice cultivation 43 1.35 0.01

Note: The C values for rainfed crops and rice are adjusted by multiplying by 0.15 because of  conservation
measure  through terracing (Morgan, 1986)

(3) Digital elevation model and slope gradient map

Since slope gradient is an important factor in erosion assessment, a digital
elevation model was generated by digitizing contour lines at 5 m intervals from a
topographic base at scale 1:5000 (figures 6.5 and 6.6). Using the height values of
the contours as attributes, an  interpolation procedure was followed to generate a
digital elevation map with spatial resolution of 4 m. Grid size of 4 m was selected
as a compromise between the maximum spatial detail which can be obtained and
the possibility to fit the resulting image on a screen with resolution of 1024
columns and 768 lines.

Differential filters (in X and Y directions) were applied to the elevation map, to
generate height differences in X and Y directions. Finally, a slope gradient map
was computed using the height difference maps. Because of the construction of
terraces for cultivation on slopes, the original slope topographic gradient is now
altered. Thus, the slope gradient map, generated from the digital terrain model,
does not reflect the real situation. For example, for growing rice the terraces are
made level, irrespective of the original topography, to have standing water. In
contrast, the gradient of the sloping terraces varies according to the steepness of the
initial topography: the steeper the topographic slope, the steeper the sloping
terraces, but up to a certain limit. In order to incorporate these considerations, the
areas covered by rice and rainfed crops were masked out. The final slope map was
generated using the map_calculation procedure in ILWIS, as follows:
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IF landuse = rice
THEN fin_slope = 1
    ELSE IF landuse = rainfed_crops and topo_slope <= 30
    THEN fin_slope = slope/3
        ELSE IF landuse = rainfed_crops and topo_slope>30 and <=35
        THEN fin_slope = 10 + (slope-30)/4
           ELSE IF landuse = rainfed_crops and topo_slope>35 and <=40
           THEN fin_slope = 11.25 + (slope-35)/5
               ELSE IF landuse = rainfed_crops and topo_slope>40
               THEN fin_slope = 12.25 + (slope-40)/10

      ELSE  fin_slope = topo_slope

(4) Rainfall data

Rainfall data, recorded during a three-year period (1992 to 1994) by automated rain
loggers, were available through the courtesy of the Division of Soil Science, Nepal
Agriculture Research Council. The rain loggers were located in various places of
the Likhu Khola valley, within the framework of a research project of the Division
of Soil Science in cooperation with the British Overseas Development Agency.
Because of incomplete yearly data at the rain stations, available data from the 3-
year period were pooled to create a set of rain data for a simulated year. In
addition, average rainfall data from a period of ten years in Kakani (2064 m asl)
and Nuwakot (1003m asl), both located in the vicinity of the study area, were used.
The annual rainfall data, available from the 7 stations  (table 6.6), were correlated
with elevation. A positive correlation (r = 0.84) was obtained, indicating that an
elevation increase of 100 m increases the amount of annual rainfall by 104 mm.
The rainfall maps were then generated for Jogi and Bhandare Khola and Mahadev
Khola subwatersheds, using the digital elevation model.

For assessing soil erosion, rainfall intensity is very important since splash
detachment is a function of rainfall energy, soil detachability and rainfall
interception  by crops. The rainfall energy is directly related to rain intensity
(Wischmeier and Smith, 1978). However, not all rainfall events are erosive. Rain
showers of less than 12.5mm are assumed too small to have practical significance
and are not considered erosive (Wischmeier and Smith, 1978). Thus, for estimating
the intensity of erosive rains in the study area, rainfall was first recorded at 5, 10,
15, 30, 45, 60, 120, 180, 360, 720 and 1440 minutes after the first rain on a given
rainy day. If the total rain was less than 12.5 mm in a given day, it was not
considered in the calculation of rain intensity. The rain intensities (mm/hour) at
various time intervals were then calculated for rain showers with more than 12.5
mm. For estimating the rainfall energy, the intensity of 30 minutes was used (table
6.7).



Chapter 6: Assessment of soil erosion
_________________________________________________________________________

101

Figure 6. 5: Subwatershed of the Mahadev Khola; contour lines at 5 m  interval
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Figure 6. 6: Subwatershed of Jogi and Bhandare Khola; contour
lines at 5 m interval

     

Since detailed rainfall data are only available from a 3-year period from five
stations, it is not possible to compute the rain intensities as a function of elevation.
Thus, the 30-minute rain intensity, averaged from all five stations, was taken as
input value (9.86mm/hour rain) to calculate the rainfall energy. Similarly, the
number of rainy days, a necessary parameter for the erosion model, was averaged
from the five stations. The average number of rainy days resulted in 137, which
was used to compute the mean daily rainfall amount.
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Table 6.6  Annual rainfall at various locations of the Likhu Khola valley

Rainfall station Elevation
(m asl)

Annual rain
(mm)

RL7 780 998

RL1 810 1671

 RL4 840 2000

RL2 890 1895

Nuwakot 1003 1872

RL10 1200 1894

Kakani 2064 2839

Table 6.7 Rainfall intensity at various stations

Station Elevation
(m asl)

Total rain Erosive rain

Rainy days Amount rain
(mm)

Total rain
(mm)

Average rain
intensity
(mm/hr)

RL1 810 104 1671 1460 11.7

RL2 890 159 1895 1426 7.8

RL4 840 159 2000 1305 11.7

RL7 782 107 998 831 12

RL10 1201 157 1894 1496 6.1

6.2.4 Running the model

After generating all the attribute maps indicating rain (annual rain, rainfall energy
and mean daily rain), topography (slope gradient), soil (soil moisture content at
field capacity, bulk density and soil detachment index) and plant parameters
(percentage rainfall contributing to permanent interception, ratio of actual to
potential evapotranspiration, and crop management factor), the model was applied
in a GIS environment using map calculation procedures. Two results were
obtained: the predictions of detachment by rainsplash and the transport capacity of
the runoff (tables 6.8 and 6.9). The prediction of the detachment is compared with
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the transport capacity of the runoff and the lower of the two values is assigned as
the annual rate of soil loss, denoting whether the detachment or the transport is the
limiting factor. The resulting annual soil loss rates for the subwatersheds of
Mahadev Khola and Jogi and Bhandare Khola are shown in table 6.10. The maps
of soil losses,  calculated by the model, are given in figures 6.7 and 6.8.

Table 6.8 Soil detachment and transport capacity in Mahadev Khola subwatershed

Landuse Area
(ha)

Detachment
(tonnes/ha)

Transport capacity
(tonnes/ha)

Average St.dev. Average St.dev.

Rainfed crops
(maize, millet)

56 38.1 6.9 57.8 36.8

Rangeland 96 22.8 3.3 8.1 4.4

Dense forest 13 21.3 0.5 0.3 0.1

Degraded forest 91 23.3 3.3 2.5 2.1

Rice 84 14.7 2.7 0.3 0.2

Table 6.9 Soil detachment and transport capacity in Jogi and Bhandare Khola
subwatershed

Landuse Area
(ha)

Detachment
(tonnes/ha)

Transport capacity
(tonnes/ha)

Average St.dev. Average St.dev.

Rainfed crops
(maize, millet)

60 35.2 5.6 19.0 11.7

Rangeland 9 20.4 3.5 0.8 0.7

Degraded forest 46 20.1 3.3 0.5 0.6

Rice 141 13.7 2.2 0.2 0.1
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Table 6.10  Soil loss prediction in the two subwatersheds

Landuse Mahadev Khola
(south-facing)

Jogi & Bhadare Khola
(North-facing)

Soil loss (tonnes/ha) Soil loss (tonnes/ha)

Area
(ha)

Range Average St.dev
.

Area
(ha)

Range Average St.dev
.

Rainfed crops
(maize,
millets)

56 6.1-56.2 32.0 11.0  60 2.9-34.6 17.7 8.7

Rangeland 96 1.6-19.8 8.1 4.3    9 0.1-4.4 0.8 0.7

Dense forest 13 0.1-0.4 0.3 0.1    -    -  -

Degraded
forest

91 0.1-8.6 2.5 2.1  46 0.1-3.4 0.5 0.6

 Rice 84 0.1-0.8 0.3 0.2 141 0.1-0.5 0.2 0.1

Figure 6. 7: Soil loss estimation in the subwatershed of Mahadev Khola
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Figure 6. 8: Soil loss estimation in the subwatershed of Jogi and Bhandare
Khola
6.3 RESULTS AND DISCUSSIONS

Soil losses are lower (less than 10 tonnes/ha/yr) under forest, rangeland and rice
cultivation than under other landuse types. Annual soil loss rates are maximum
(up to 56 tonnes/ha/yr) under rainfed cultivation. The lowest soil losses (less than
1 tonne/ha/yr) are recorded in the rice fields and under dense forest. In degraded
forest areas, soil losses vary from 1 to 9 tonnes/ha/yr, while soil loss is about 8
tonnes/ha/yr on rangeland. The extreme values range from 1 to 20 tonnes/ha/yr.

The modelled soil losses confirm the data obtained by the Soil Science Division,
Nepal Agriculture Research Council in cooperation with the British Overseas
Development (Likhu Khola Project, 1995), using other methods on field plots in
the Likhu Khola valley. Soil erosion was monitored on field plots under different
land uses and management types, including rainfed agriculture, dense forest and
degraded forest, on different slope aspects and gradients. Altogether 24 plots
were monitored during the pre-monsoon and monsoon rains in 1992 and 1993.
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Results highlight that runoff can be generated under all land uses by rainfall of
low magnitude and intensity. Forest canopy has a positive effect on controlling
excess runoff. It is reported that less than 5 g/m2 is recorded under grassland and
slightly degraded secondary forest. Soil loss on non-cultivated land is estimated
at 11 tonnes/ha/year. Under rainfed cultivation, soil losses range from 2.7 to 8.2
tonnes/ha for the period of May to September 1993. The highly degraded forest
shows intermediate levels of soil loss. Under dense forest and grassland cover,
soil is lost at a long-term rate.

If a soil loss of up to 25 tonnes/ha/yr is considered tolerable in mountainous areas
where the natural rate of soil loss is high (Morgan, 1986), both study watersheds
have moderate soil losses. This is confirmed by the results of a study on the
suspended sediment delivery from a small catchment area having different
landuses (Ries, 1995), where soil erosion rates are observed to be low. In heavy
monsoon, the situation might be different since a single rainstorm can generate a
soil loss as high as 300g/m2, as shown by the result obtained on the erosion plot
under rainfed agriculture in the Likhu Khola valley (Likhu Khola Project, 1995).

Similar soil losses were also reported in other locations in the Middle Mountain
region of Nepal. Soil losses under farmer's conventional tillage were reported as
follows: 14.39 tonnes/ha/year in Kavrepalanchok district (Maskey and Joshy,
1991); 3.10 tonnes/ha/yr in Kulekhani watershed (Upadhyaya et al., 1991); and
36.67 tonnes/ha/yr in the eastern part of Nepal (Sherchan et al., 1991). In the
Jhikhu Khola watershed soil loss in the open degraded areas ranges from 25 to 40
tonnes/ha/yr and in sloping terraces it varies from 3 to 25 tonnes/ha/yr (ICIMOD,
1998). The great variations are attributed to site conditions such as soil texture,
rainfall intensity and timing of crop plantation. Carson (1992) indicates a soil loss
of 20 tonnes/ha/yr from rainfed marginal lands in the Middle Mountains of
Nepal.

6.3.1 Effect of sloping terraces

The high soil loss rates under rainfed agriculture are directly related to the
sloping nature of the terraces. Making sloping terraces is cheaper than making
level terraces. The cost involved in level terraces is not justified by simply
growing rainfed crops. Farmers are willing to invest more for growing a cash
crop like rice, if water supply and temperature conditions are favourable. Rainfed
crops are usually grown in the relatively drier environment, thus in soils with
lower organic matter content and reduced structural stability. In forested areas,
the soil aggregates are more stable probably due to relatively higher organic
matter content and the soil is protected by the litter cover.

It is also interesting to notice that only a few rills are observed on sloping
terraces. Rills disappear through cultivation practices, as labour input in the
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Nepalese agriculture is quite considerable. But it is also worth considering the
way sloping terraces are made. The slope of the terraces varies from 10 to 15%.
The width of the terrace is determined by the topography. The steeper the
topography, the higher the slope gradient of the terrace and the narrower the
width of the terrace. There is no bund on the outer edge of the sloping terraces. In
the Likhu Khola valley, the width of the sloping terraces varies from 2 to 3 m. A
ditch at the foot of the terrace riser diverts the runoff. In this way, surface runoff
cannot concentrate, as the effective slope length is too short (2 to 3 m). However,
a gully may develop towards the lower reaches of the side stream because of the
high volume of runoff collected from the ditches. This shows that sheet erosion is
dominant.

The high erosion rates under rainfed cultivation on sloping terraces is
corroborated by the analysis of micro-topographic features and the application of
simple field tests in the Likhu Khola valley (Kunwar, 1995). The field tests
carried out were the crumb test, pin-hole test and rainfall acceptance test
(Bergsma, 1990). The crumb test measures the structural stability of a dry soil
against wetting, which reflects sensitivity to sealing after wetting. The pin-hole
test shows the effect of water flow on a fully saturated soil mass. The rainfall
acceptance test is used to calculate the amount of water that infiltrates in a given
time period. On the other hand, the micro-topographic surface features show the
effect of rain on different soil types, as influenced by various cultivation systems.
The development or change of the micro-topographic features, after each rainfall
event, indicates the effect of a cultivation system on a given soil type. Micro-
topographic features were recorded every 25 cm along a transect of 12.5 m
length, the total number of observations being 50 in any of the 12 selected sites.
Measurements were recorded at each site after a rain shower. The study showed
that features change rapidly in sloping terraces, whereas changes are gradual in
the forest areas (dense or degraded sal forest). As more rainfall events take place,
the number of eroding clods and depressions decrease while surface flow
increases. This result confirms high erosion hazard in the sloping terraces.

6.3.2 Role of level terraces

Rice cultivation dominates in the lower ridges, hills, coalescing alluvial fans and
the valley floors because of water availability. Rice is cultivated with rain or
irrigation water. Excess water is evacuated from the field by means of a small
opening on the terrace bund. The water is then allowed to flow to terraces at
lower elevations. In this way, the water passes a number of  terraces  before
pouring into a stream or main river. On average, 15 to 20 terraces may exist on a
hillslope, but in the main valley a sequence may include no more than 10
terrraces because of the large size of the rice fields. Because of this way of water
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management, most of the sediments brought from upslope are trapped. At the
bottom of the Likhu Khola valley, rice fields are harvested before the rainy
season and used for trapping sediments. Shat et al. (1991) also reported that the
net beneficiaries of the soil losses are the owner of the lower elevation rice fields
which receives considerable nutrient benefits from the eroded soil accumulated
via irrigation water.

6.3.3 Influence of particle size distribution

According to the soil erodibility factor (K) of USLE, the combination of sand and
silt with low clay content and low organic matter content indicates moderately to
highly erodible conditions. Study of the particle size distribution of  topsoils
taken from 48 locations in the two subwatersheds shows  high sand content,
followed by silt and clay contents (table 6.11), creating a textural class likely to
promote soil erodibility. On the other hand, the presence of water-dispersible clay
indicates not only structural instability but also the availability of material for
erosion. The relative amount of water-dispersible clay is higher in soils derived
from gneiss than in soils developed on micaschist. This is probably due to
differences in the type of clay minerals. In contrast, the index of structural
instability estimated from the ratio of dispersible clay to total clay of the topsoil
seems not to vary so much among the soils, whether developed on gneiss or on
micaschist. This shows that the external factors, namely climate and human
activities, play an important role.

Table 6.11 Particle sizes distribution of the topsoils in Mahadev, Jogi and Bhandare
Khola

Mahadev Khola Jogi and Bhandare khola

Particle size
class

Average
content
(%)

St.dev. No. of
obs.

Average
content
(%)

St.dev. No. of obs.

Sand 56 8.2 23 51 11.9 25

Silt 32 5.9 32 8.6

Clay 12 6.6 16 8.1
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6.3.4 Effect of slope exposition

Erosion rates are relatively higher on the south-facing subwatershed than on the
north-facing one (table 6.10). This is confirmed by the shallowness of the soils on
the south-facing slopes. Analysis of  the effect of slope exposition on the depth to
the B and C horizons was carried out on 71 soil profile descriptions of the area:
36 profiles from the subwatershed of Jogi and Bhandare and 35 profiles from  the
subwatershed of Mahadev Khola, many of them obtained from a semi-detailed
soil survey  of the area (Soil Science Division, 1992).  The average depths to the
B and C horizons are 19 cm and 95 cm, respectively, in the soils developed from
gneiss on the north-facing Jogi and Bhandare subwatershed, while they are 20 cm
and 122 cm in soils developed on micaschist. Comparatively, on the south-facing
slope of the Mahadev Khola subwatershed, the average depths to the B and C
horizons are 16 cm and 49 cm, respectively, in soils developed from gneiss, while
they are 17 and 78 cm in soils developed on micaschist (table 6.12). The south-
facing slopes are drier because of more sun radiation and higher
evapotranspiration, which decrease weathering and retard soil development. But,
a drier environment also has a scarcer vegetation cover and promotes erosion.
Although the rock type is the main factor controlling the weathering rate, slope
aspect effects not only weathering but also soil erosion.

Table 6.12: Depth to the B and C horizons in soils developed on various rock types in
the subwatersheds of Jogi and Bhandare Khola and Mahadev Khola

     Subwatershed Lithology Average depth to
B horizon

(depth range)

Average depth to C
horizon

(depth range)

Jogi and Bhandare Khola Gneiss 19 cm
(10-34 cm)

95 cm
(50-117 cm)

Jogi and Bhandare Khola Micaschist 20 cm
(11-36 cm)

122 cm
(64-187 cm)

Mahadev Khola Gneiss 16 cm
(9-31 cm)

49 cm
(8-147 cm)

Mahadev Khola Micaschist 17 cm
(11-35 cm)

78 cm
(24-217 cm)
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6.3.5 Erosion hazard assessment

Data analysis and the results obtained by running the erosion model in the two
subwatersheds help make decision rules on the important factors involved in
assessing areas susceptible to erosion. This is especially useful in extrapolating
the results from the subwatersheds in the larger  watershed belonging to Likhu
Khola. Factors used were land cover/land use, slope gradient, slope exposure, soil
parent material and distance to streams. Rainfall amount and intensity was
considered uniform. Each of the factors were ranked from high to low and
decision rules were formulated with regards to erosion hazard. The ranked factors
in descending order are land use/land cover,  slope gradient, slope exposure, soil
parent material and distance to streams. Erosion hazard assessment was carried
out using decision rules in the watershed of Likhu Khola  and the assessment
result is shown in plate 6.3. The result shows that 46 % of the surface area has
potential hazard for sheet erosion at various degrees. A little more than one-
fourth (28 %) of the area has high hazard (table 6.13).

Table 6.13: Hazard rating for sheet erosion in the Likhu Khola watershed

Hazard rating Area affected (ha) Percent cover

Very high 4603 28

High 1668 10

Moderate 1233 8

Low 8651 54

Total 16155 100

6.4 CONCLUSIONS

The study shows that the erosion issue is pronounced on sloping terraces under
rainfed agriculture in the Middle Mountain region. Soil losses are minimal in
dense forest and rice fields, the latter  trapping the sediments brought from upper
slopes.  The study also demonstrates that soil erosion can be modelled in
mountainous areas.

Under normal climatic conditions, soil losses can be considered low. In heavy
monsoon, the situation might be different since a single rainstorm can generate
heavy soil losses. If an exceptionally high rainfall event with rain amount higher
than 400 mm in a day, like the one of 20 July 1993 ( Dhital et al., 1993), takes
place, enormous soil losses can be expected, in addition to heavy damages to
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infrastructure, human lives and property. The recurrence of such a rainfall event
(of more than 400 mm) is estimated at 60 years, and that of 100 mm rain is about
1.5 years (Kakani station).

The erosion issue in Nepal seems to be more related to nature than to human
influence. Bruijzeel and Bremmer (1989) reached a similar conclusion when
stating that the impact of land rehabilitation programmes will be mainly felt "on-
site" and the effects will be negligible or minor even at the scale of relatively
small catchment areas.
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LANDSLIDE HAZARD MODELLING IN THE 
MIDDLE MOUNTAINS♣ 
 
 
 
7.1 INTRODUCTION 
 
Land degradation in the Himalayan region is mainly caused by landslides, 
mudslides, collapse of terraces and soil loss from steep slopes (ICIMOD, 1994). 
Gullies, badlands and landslides account for more than 90 percent of the actual 
losses of cultivated lands (Kienholz et al., 1983). 
 
Control and mitigation of mass movement hazards require previous inventory of 
the areas already affected or unstable. By identifying and analysing the causes, 
areas of potential danger can be mapped. Hazard zonation can be done at various 
map scales depending on different purposes. Van Westen (1993) describes a 
procedure for three levels of hazard zonation, at regional, medium and large scales. 
The influence of soil in mass movement cannot be underestimated. Soil plays a 
dual role: it is a by-product of the mass movement process and, at the same time, it 
is an of the important causal factors. Thus, soil properties can be efficiently used 
in hazard modelling (Lopez and Zinck, 1991) 
 
The governing factors influencing mass movements are topography (slope 
gradient, slope length, slope shape and slope exposure), parent rock, soil 
(horizonation, properties), bio-climatic elevation zones and human activities 
(deforestation, land use practices, etc.). Analysis of the governing factors reveals 
which factors are determining the presence and dominance of certain types of mass 
movement.  
 
The triggering factors are exceptional rains, prolonged rains and earthquakes. 
Slope gradient not only influences soil formation but also landslide vulnerability. 
It is important to know the critical slope gradient and the effect of slope exposition 
for landslide occurrence.  
 
The mode of sliding, whether rotational or translational, depends on the 
homogeneity of the material and the orientation of faults, joints or bedding 
surfaces. In the Likhu Khola area, the dominance of the type of sliding (rotational 
or translational) indicates whether the mass movement effects are shallow or deep. 
This has an implication on hazard mitigation. 

♣ This chapter is published in: 
Shrestha, D. P. , J. A. Zinck, E. Van Ranst 2004, Modelling land degradation in the 
Nepalese Himalaya. Catena, 57(2004):135-156 
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In the Himalayan area, which is very much controlled by natural processes, it is 
important to assess the influence of the human activities. The majority of the 
population of Nepal lives in the middle mountain region and its livelihood depends 
on the cultivation of steep slopes. Thus, human activities might play a role in 
enhancing or, on the contrary, mitigating the problem.  
 
The study area is in the Likhu Khola watershed. Two subwatersheds, namely the 
south-facing subwatershed of Mahadev Khola (346 ha) and the north-facing 
subwatershed belonging to Jogi and Bhandare Khola (256 ha), were chosen to 
analyse the relation between slope exposition and mass movements. The 
biophysical description of the Likhu Khola valley and its two subwatersheds is 
given in chapter 6 (under “Assessment of soil erosion in the Middle Mountains”). 
 
 
Aerial photographs at the scale of 1:20,000 (Feb. 1991) and topographic base maps 
at the scale of 1:5,000 with 5m contour intervals were used for the subwatersheds 
of Jogi, Bhandare and Mahadev Khola. For the whole watershed of Likhu Khola, 
aerial photographs at the scale of 1:40,000 (Nov. 1992) and satellite data (Landsat 
TM data of 12 Oct. 1988 and Landsat MSS data of 28 Oct. 1976) were available. 
In addition, digital elevation data of the Likhu Khola watershed at spatial 
resolution of 20 m were used. A raster-based GIS software package (ILWIS 
Department, 1997), having capability to integrate remote sensing data, was used 
for analysing the data. 
 
 
7.2 BIOCLIMATIC ELEVATION ZONES 
 
Altitude variation has an effect on climate and causes differences in vegetation 
types. It also influences soil development and land use and has an effect on mass 
movement processes. According to rainfall data recorded by automated rain 
loggers during a three-year period at 7 stations (1992 to 1994) and rainfall data 
from a ten-year period at Kakani (2064 m asl) and Nuwakot (1003 m asl), the 
amount of annual rainfall increases by 104 mm for each 100 m elevation. From 
this relationship a rainfall map was generated, making use of a digital elevation 
model (figure 7.1). Combining vegetation cover and climate, three bioclimatic 
zones can be identified as follows: cold temperate zone, warm temperate zone and 
subtropical zone, each presenting specific conditions which influence the 
weathering of the parent rocks and mass movement activities (figure 7.2 and table 
7.1).  
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Figure 7.1: Rainfall map of the Likhu Khola watershed 

 

 
Figure 7. 2:  Climatic elevation zones, Likhu Khola watershed 
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7.3 PREVAILING MASS MOVEMENT TYPES 
 
Aerial photo-interpretation and field observations were carried out to recognise the 
slope processes operating in both subwatersheds. The terms defined by Cruden and 
Varnes (1996) were used to describe the mass movement processes. The term 
landslide is used to denote “the movement of a mass of rock, debris or earth down 
a slope”. Landslides can be classified by considering the type of material and the 
type of movement. The type of material can be either rock or soil. Soil is further 
divided into earth, which is characterised by having dominantly (80% or more) 
fine particles of size smaller that 2mm, and debris, which is characterised by 
having dominantly (20-80%) coarse material of size larger than 2 mm. The types 
of movement can be characterised as fall, topple, slide, spread and flow. Slide is 
further classified into rotational and translational, depending on the concavity and 
the shallowness of the slide body. The translational slides are generally shallow 
and the material moves over the original slope, along a planar surface of rupture. 
The rotational slides, occurring generally in homogeneous materials, are concave 
in profile, with steeper slope on the main scarp and relatively gentler slope of the 
main body. The ratio between the depth to the surface of rupture and the length of 
the rupture is generally higher in rotational slides than in translational slides. 
 
Mass movements generally occur either on the original position of the parent rocks 
or on transported/displaced rock or soil material. Rock falls and rock slides take 
place only at the higher elevations, in the cool temperate zone. At lower elevations, 
in the warm temperate and subtropical zones, the landslides dominate and develop 
in weathered parent rocks, either lying in-situ or displaced along the slopes. The 
main mass movement types include rotational debris slide, translational debris 
slide, slump and wedge slide (figures 7.3 and 7.4). A slump is a rotational earth 
slide. A wedge slide develops when the surface of rupture is formed by two 
discontinuities, that cause the contained rock mass to displace down the line of 
intersection of the discontinuities. Distinct rockslides are not frequent as they soon 
transform into debris slides, due to the breaking up of the transported rocks upon 
impact, down the slope. Landslides in the area vary from a few square meters (e.g. 
10 m2) to tens of thousands of square meters (e.g. 45,000 m2). Field measurement 
of 20 landslides in the Mahadev Khola shows that the depth of landslides can vary 
from 0.5 m to 15 m (average 6 m), the width from 3.5 m to 300 m (average 45 m) 
and the length from 6 m to 150 m (Overeem, 1996). An example of debris slide is 
given in figure 7.5. In the subwatershed of Mahadev Khola, rotational debris slides 
occupy 33 percent of the area, slumps 9 percent and planar slides 2 percent (table 
7.2). In contrast, slumps dominate in the subwatershed of Jogi and Bhandare Khola 
with 29 percent of the total area, while planar slides occupy only 4 percent. An 
example of slumping in rice fields is given in figure 7.6. 
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Figure 7. 3:  Inventory of landslides in the subwatershed of Mahadev Khola 

 
Few gullies exist in the area. In the cultivated fields, they are virtually absent 
because of mountain farming practices using contour terracing. The terrace width 
varies from 2 to 3 m and, since there is a ditch at the foot of the terrace riser, in the 
case of sloping terraces, the runoff is diverted and gullies have no chance to 
develop. However, gullies may develop towards the lower reaches of the side 
streams, because of the high volume of runoff.  At photo scale of 1:20,000, 
mapping of gullies is not possible.  Similarly, other complex slope processes such 
as tunnelling and piping are not possible to map.  
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Figure 7. 4:  Inventory of landslides in the subwatershed of Jogi and 
Bhandare Khola 

 
7.4 CAUSAL AND CONDITIONING FACTORS 
 
There are differences in the frequency of occurrence of the landslide types in both 
subwatersheds. To understand the reasons causing these differences, it is important 
to study the causal factors. The factors considered most important in the study area 
are topography (slope gradient and slope exposition), lithology types, soil 
properties, distance to water source or drainage system, and human activities 
including deforestation, terrace farming and land use practices. The results of the 
map crossing between the landslide inventory map and various attributes are given 
in table 7.3 for the subwatershed of Mahadev Khola and in table 7.4 for the 
subwatershed of Jogi and Bhandare Khola. 
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Table 7.2:  Inventory of landslides in the subwatersheds 
Subwatershed of Mahadev Khola (346 ha) 
 
Landslide type No. of units Area (ha) Area (%) 
rotational debris slide (active) 3 11.3 3 
rotational debris slide 12 104.4 30 
translational debris slide 6 8.0 2 
wedge slide 1 2.7 1 
slump 17 29.8 9 
area not affected  190.1 55 
Subwatershed of Jogi and Bhandare Khola (256 ha) 
 
Landslide type No. of units Area (ha) Area (%) 
translational debris slide 10 10.6 4 
slump 53 74.7 29 
wedge slide 3 1.6 1 
area not affected  169.7 66 

Figure 7. 5: Debris slide in the subwatershed of Mahadev 
Khola (photo source: Overeem, 1996)  
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Figure 7. 6: Slumping in rice fields, subwatershed of Jogi and Bhandare Khola 

 
 
7.4.1 Topography 
 
Topography is an important parameter for assessing land degradation in the 
mountainous region. Slope gradient is the primary factor, which determines 
whether the detached soil particles can be transported. Slope gradient in 
combination with slope length determines the susceptibility to soil detachment due 
to runoff which is dependent upon the cohesion of soil at saturation and the 
overland flow velocity. Slope gradient is also important for assessing mass 
movement hazard. But it is not so easy to characterise the most susceptible slope 
classes for landslides since slope gradient of the original relief (before landslide 
took place) is not the same as the gradient resulting from after landslide has 
occurred. In a given mass movement type (slump or debris slide), the slope of the 
upper part of the landslide body (the detachment scar/main scarp) may be steep to 
very steep whereas the lower part where the displaced body is located may be 
represented by comparatively gentler slopes. Because of the displacement bulge 
the slope gradient may be less than the original slope. On the other hand, the slope 
gradient of the detachment scar will be higher than the original slope. 
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(1)  Slope gradient 
 
Although there is seemingly a good correlation between slope gradient and mass 
movement processes, it is not easy to assess the most vulnerable slope classes for 
landslides, since the slope gradient of the original relief (before landslide took 
place) is not the same as the slope gradient after the landslide has occurred. In a 
given mass movement type (slump or debris slide), the slope of the upper part of 
the landslide body (the detachment scar or main scarp) may be steep to very steep, 
whereas the lower part where the displaced body is located may have represented 
by comparatively gentler slopes. Along the displacement bulge, the slope gradient 
may be lower than on the original relief. In contrast, the slope gradient of the 
detachment scar will be higher than that of the original relief. Field measurements 
show that the average slope gradient of the detachment scars is at least 10 degrees 
more that the topographic slope. The study of landslides in the Mahadev Khola by 
Overeem (1996) shows that the average slope is 53o for debris slides while it is 68o 
for rockslides. Debris slides occur already at 40o slope and rockslides at 45o. To 
identify slope thresholds, digital elevation models of the two subwatersheds were 
generated by digitising contour lines at 5 m intervals from topographic base map at 
scale of 1:5,000. Digital elevation maps of the two subwatersheds with spatial 
resolution of 4 m were obtained. Finally, slope classes were computed, using 
height differences in X and Y directions.  
 
In general, the slope is less steep in the subwatershed of Jogi and Bhandare Khola 
than in Mahadev Khola. This is also highlighted by the study of the river profiles, 
which shows that rivers are more incised is more in Mahadev Khola than in Jogi 
and Bhandare Khola (Overeem, 1996).  
 
The crossing of the landslide inventory map and the slope map shows that mass 
movement phenomena dominate (about 50 percent) on steep slopes. Only 30 
percent of the mass movements occur on very steep to extremely steep slopes. 
About 20 percent of the mapped landslides occur in sloping to strongly sloping 
areas.  
 
 
(2)  Slope aspect 
 
Debris slides are dominant on the south-facing slopes probably because of a drier 
environment and steeper slope gradients. Physical weathering is perhaps more 
important than chemical at higher elevations. Thus, the transported material is 
coarser. On north-facing slopes, debris slides are virtually absent. In contrast, slope 
aspect does not seem to affect slumping, tunnelling or piping processes. 
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7.4.2 Lithology 
 
Geologically, the area consists of formations belonging to the Himal and 
Kathmandu Groups of Pre-Cambrian and Devonian ages (Dept. of Mines and 
Geology, 1980). The main rock types are augengneiss, banded gneiss, banded 
gneiss with micaschist layers (gneiss/micaschist complex), micaschist, phyllite, 
quartzite and an intrusion of migmatite (only observed in Jogi and Bhandare 
Khola). The augengneiss is coarse-grained and includes phenocrystal of feldspars 
and garnets. The banded gneiss consists of alternating layers of quartz and 
plagioclase and dark layers of biotite. The micaschist consists of quartz, muscovite 
and some biotite. Most of the landslides, especially the ones in the cultivated areas, 
occur in weathered material (Gerard, 1994). Peters and Mool (1983) indicated that 
there is a close relationship between rock type and structure, degree of weathering, 
and susceptibility to landsliding. The study shows that gneiss is the most resistant 
rocktype in the area, followed by gneiss/micaschist combinations, micaschist and 
finally sandstone. From analysis of the friction angles in four lithologic groups in 
the Kolpu Khola watershed (table 7.5), close to the Likhu Khola watershed, 
phyllite is reported to be the weakest material and augengneiss to be the strongest 
(Caine and Mool, 1982). The critical angles indicate that, after saturation, almost 
all rock types, when weathered, are subjected to slope failure. The values of the 
brittleness index, calculated as the ratio of the difference in compressive strengths 
of the undisturbed and the failed materials to the compressive strengths of the 
undisturbed material for the four lithology types (table 7.6), also show that phyllite 
is the most susceptible to potential slope failure on displaced materials. 
Augengneiss seems to be more resistant than biotite gneiss. Micaschist can also be 
considered a weaker rock type, although it is a bit stronger than phyllites. 
 
Table 7.5: Critical slope angles of rock types in the Kolpu Khola 
watershed,in the vicinity of Likhu Khola (Caine and Mool, 1982) 

Lithology Critical slope angles (degrees) 
 (drained) (saturated) 
Phyllite 32.8 18.5 
Biotite gneiss 41.5 20.8 
Granite 42.8 21.8 
Augen gneiss 44.2 24.4 

 
 
The crossing of the landslide inventory map and the lithology map shows that 
slumping is more common in the soils developed on micaschist, followed by the 
soils derived from gneiss/micaschist complex. On the other hand, rock slides and 
debris slides seem to occur more in gneissic areas than in the gneiss/micaschist 
complex. This is probably due to the fact that gneiss is more porous and the soils 
developed on it are coarse-textured and thus comparatively drier than the soils 
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developed on micaschist. Soils developed on micaschist are relatively finer, hold 
more moisture and are thus suitable for rice cultivation. 
 
 
Table 7.6: Brittleness index of weathered material in the Kolpu Khola watershed, in 
the vicinity of Likhu Khola (Caine and Mool, 1982) 

Bedrock Brittleness index Standard deviation No. of obs 
Augen gneiss 0.343 0.279 6 
Granite 0.531 0.214 5 
Biotite gneiss 0.673 0.274 10 
Phyllite 0.46 0.294 15 

 
 
7.4.3 Tectonics 
 
Several faults and joints occur in the area (figure 7.7) and most of the streams are 
along these lines. The Likhu Khola itself is along a fault line. Based on the 
distribution of micro-seismic events, Nepal can be divided into four seismic zones 
(Pandey, 1983). The micro-seismic events cluster mostly in the vicinity of the 
Main Central Thrust (MCT). The epicentres follow a NWW trend and are located 
within a belt of 15-20 Km width immediately south of the MCT and in the tectonic 
bridge of Gosai Kunda. The Likhu Khola valley belongs to the Central Nepal 
Seismic zone.  
 

Figure 7. 7: Lineament analysis in the Likhu Khola watershed 

 
 
Based on the available data, the number of shocks above the magnitude 4.0 in the 
Richter scale is estimated to be 467 in 100 years and the mean magnitude of the 
shocks is estimated to be 4.5. The return period for an earthquake with a 
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magnitude of 7.3 in the Richter scale is estimated at 100 years. The last big 
earthquake of magnitude 7.0 in the Richter scale occurred in 1869, with epicentre 
located in Trisuli (28 degrees N and 85.3 degrees E ), about 5km west of the Likhu 
Khola valley, which resulted in massive destruction of properties. A large 
landslide in the Likhu Khola valley is also believed to have originated after that 
earthquake. 
 
 
7.4.4 Soil properties  
 
The soil differences in the Likhu Khola watershed are controlled by the parent 
rock types, variations in elevation and resulting changes in climate, topography 
(slope gradient and aspect) and to some extent land uses, especially in terrace 
farming in the mountains. Soil variations influence mass movements, especially 
because of differences in physical soil properties. Lopez and Zinck (1991) have 
illustrated how physical soil properties can be used in understanding and/or 
predicting mass movement hazards in a given area. 
 
 
(1) Soil pattern in terraced land 
 
To study the spatial variability of soils in the terraced land, a grid survey of 35 pits 
in 4 transects, with spacing of 20m between the transects and 5 to 20m between the 
observation points, was carried out in the subwatershed of Jogi and Bhandare 
Khola. The study area was selected from an extensive terraced land, both irrigated 
and rainfed, where rice is grown in rotation with wheat. The elevation varies from 
750 to 800 m asl. General slope gradient varies from 10 to 60 percent. The width 
of the terraces varies from 0.9 to 4.75 m (average is 2.6 m), depending on the slope 
gradient of the original land surface. Slope gradient of the terrace riser (terrace 
wall) varies from 40 to 70 degrees, while the average height of the terrace wall is 
1.5 m.   
 
The soil pits were described to a depth of 70 cm to identify the diagnostic 
horizons, followed by augering to a depth of 200 cm or the bedrock, whichever 
was shallower. The depth to B and C horizons was noted. For each horizon, soil 
colour, structure, consistence and texture were determined. The pits were clustered 
into three classes based on their location in a given terrace, namely the inner, the 
middle and the outer part of the terrace. Soils in the inner part of the terrace are 
Lithic and Typic Ustochrepts, Typic Kanhaplustalfs and Typic Kanhaplustults. In 
the central part of the terrace, the main soils are Typic Ustochrepts, Typic 
Kanhaplustalfs and Typic Kanhaplustults. The soils of the outer edge of the terrace 
are Typic Ustochrepts and (Alfic) Ustarents. In the inner part of the terraces, the 
depth to the B horizon varies from 10 to 17 cm (average depth 14 cm), while the 
depth to the C horizon varies from 25 to more than 200 cm (average of 117 cm). If 
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the slope is very steep (more than 50%), the soil is deeply truncated and the B 
horizon might be absent or very thin (table 7.7). In the middle part of the terrace, 
with no cut and no fill, the depth to the B horizon varies from 10 to 46 cm, with an 
average depth of 34 cm, while the C horizon was encountered at an average depth 
of 133 cm. On the outer edge of the terraces, the average depth to the B horizon 
was 55 cm due to filling of soil material. The depth to the C horizon in this case 
depended on the slope gradient of the original land surface and the width of the 
terrace, with an average depth of 165 cm. Spatial statistical analysis of the grid 
survey data confirms that the soil properties, especially the depth to the B horizon, 
have high spatial variations due to the cutting and filling operations during the 
making of the terraces (figure 7.8). In contrast, the spatial variability of the depth 
to the C horizon is low, varying slightly in the direction perpendicular to the 
maximum slope gradient of the terrain (figure 7.9). The depth to the C horizon is 
spatially dependent. 
 

 
Figure 7. 8: Variogram of depth to the B horizon in the level terraces 
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Table 7.7: Depth to B and C horizons in various positions on level terraces (in cm) 

Location on terrace Depth to B horizon 
(depth range) 

Depth to C horizon 
(depth range) 

No. of obs. 

inner side 14 
(10-17) 

117 
(25 to more than 200) 

9 

middle side 34 
(10-46) 

113 
(70 to more than 200) 

12 

outer side 55 
(31-90) 

165 
(120 to more than 200) 

13 

 
 

Figure 7. 9: Variogram of depth to the C horizon in the level terraces 

 

 
(2) General soil properties 
 
In general, the soils are coarse-textured, low in pH and poor in fertility (table 7.8). 
The clay mineralogical analyses using X-ray diffraction of some selected soil 
samples indicate that kaolinite is the dominant clay mineral, followed by illite. The 
content of vermiculite and chloride is very low. The cation exchange capacity of 
the soils is low. In figure 7.10, 7.11 and 7.12, moisture retention curves (pF-graph) 
of some main soils are given. The pF graph of a Typic Ustochrept (figure 7.10) 
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shows that the soil reaches the saturation point at moisture content of  37 to 43 %. 
The saturation point of the topsoil is higher due to higher organic matter content. 
The mean value of the plastic limit is 25% and the mean value of the liquid limit is 
35%, which is close to the saturation point. When there is excessive rain, it can be 
estimated that liquid solifluction will be the dominating mass movement type for 
the Typic Ustochrepts. This explains why there is tunnelling in the rice fields on 
coarse-textured soils. For Typic Kanhaplustults (figure 7.12), the saturation point 
is reached at moisture content of 50%, which shows that it can hold more 
moisture. This is also higher than the average liquid limit value of 36%. In this 
case, slumping can be assumed to occur more frequently than other processes. This 
can be also postulated for the Typic Kanhaplustalfs. Slumping is common in the 
rice fields due to the special land management practices involved in constructing 
and maintaining the terraces.  
 
The stability of the soil structure can be estimated from the ratio of dispersible 
clay to total clay. In Likhu Khola, the amount of water-dispersible clay is about 
one-third of the total clay content, indicating weak stability of the soil structure 
(table 7.9). The relative amount of dispersible clay is higher in soils derived from 
gneiss than in soils developed on micaschist, making the former more susceptible 
to piping and tunnelling than the later. 
 
The average clay content in the area is 16 percent (table 7.9). It is slightly higher in 
the soils developed on micaschist (22% clay). The average silt and sand contents 
are 23 and 60 percent, respectively. The average silt and fine sand content together 
make 60 percent, while the medium and coarse sand content is 24 percent. The 
coarse sand content is higher in the soils developed on gneissic parent rocks. In 
very sandy soils (Typic Ustipsamments), liquefaction is probably the dominating 
mass movement process. In the finer textured soils, slumps are more common. As 
soils get coarser, slumping and tunnelling are the processes. Although the debris 
material, in general, contains dominantly coarse particles (more than 2 mm), the 
locations where debris slides occur have medium to coarse-textured soils. 
 
 
(3) Shear strength 
 
Slope becomes unstable due to lower strength of the earth or rock material (Cruden 
and Varnes, 1996). Earth materials contain 80% or more of the particles are 
smaller than 2 mm. Materials may become weak as a result of saturation with 
water or it may be weakened by discontinuities such as faults, bedding surfaces, 
foliation, joints, or sheared zones. 
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The resistance to shear can be expressed by the Coulomb equation as cohesion 
plus frictional resistance as follows:  s = c + σ.tan φ, where s = shear strength, c= 
cohesion,  σ = normal stress on rupture surface and φ = angle of internal friction. If 
the soil is saturated with water, the shear strength decreases because of the pore 
water pressure which is assumed to have an upthrust effect (Shelby, 1985). The 
effective stress as proposed by Terzaghi (1936) is then σ − µ. In a cohesionless 
well drained soil, the shear strength can be estimated by s = σ.tan φ. Τo study the 
shearing resistance of different soil types, the shear strength was measured in the 
field by means of a shearvan at fixed depth intervals of 0-25, 25-50, 50-75, 75-100, 
100-125, 125-150, 150-175, 175-200, 200-225 and 225-250 cm (Pokhrel, 1996).  
 
Observations were taken only from the main soils. The results show that there is 
no significant variation with respect to shear strength (table 7.10), which is 
probably due to high moisture content in the soil profiles. In Typic Kanhaplustalfs, 
the shearvan readings tend to increase in deeper horizons, corresponding to the 
weathering zone of the parent rocks. Towards the end of the rainy season, when 
the soil is fully saturated especially in the level terraces, the shear strength is 
drastically reduced, making the slope very unstable. 
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Figure 7. 10: Moisture retention curve of  a Typic Ustochrept 

 

Figure 7. 11: Moisture retention curves of a Typic Kanhaplustalf 
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Figure 7. 12: Moisture retention curve of a Typic Kanhaplustult 

 
 
7.4.5 Proximity to streams or water sources 
 
Although many conditions control the initiation of mass movement, incorporation 
of water seems to be essential. Streams can promote mass movements by under-
cutting the base of the slopes. The streams also act as transport medium for the 
debris mass. This is perhaps the reason why mass movements are very much 
influenced by the proximity to drainage lines, especially for debris slides and they 
are active during the rainy reason. Similarly, slumping is more common in areas 
close to water sources. If the fields are close to water sources, there is more chance 
of irrigating the fields. Thus, distances to water sources were computed and classes 
were generated as follows: 0-50 m, 50-100 m, 100-200 m, 200-300 m and more 
than 300 m. The crossing of the landslide map and the-distance-to-water-source 
map shows that 70 percent of the area affected by slumping is within 50 m of a 
water source and about 20 percent of the area affected by slumping is at 50-100 m 
distance (tables 7.3 and 7.4). If water is available, the farmers grow rice more than 
once a year, which means that the soil gets saturated for longer period, making the 
land susceptible to slumping. Debris slides also occur close to streams. 
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Table 7.9: Structural stability of soil 
Typic Ustochrepts 

A horizon B horizon C horizon 
Total clay 

% 
Dispersible 

clay% 
Stability 

index 
Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

Average 16 8 50 16 8 50 18 7 51 
St.dev 5.8 2.4 12.9 4.7 3.4 14.8 11 3.1 24.1 
No. of 
obs. 

7 7 7 12 12 12 12 12 12 

 
Typic Kanhaplustalfs 

A horizon B horizon  
Total clay 

% 
Dispersible 

clay% 
Stability 

index 
Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

   

Average 12 6 48 17 7 59    
St.dev    5.6 3.4 5.3    
No. of 
obs. 

1 1 1 4 4 4    

 
Typic Kanhaplustults 

A horizon B horizon C horizon 
Total clay 

% 
Dispersible 

clay% 
Stability 

index 
Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

Average 21 10 52 24 2 90 13 2 81 
St.dev 5.9 1.4 7.1 5.2 1.3 5.4 5.3 0.6 2.8 
No. of 
obs. 

2 2 2 5 5 5 2 2 2 

 

 
7.4.6 Human activities 
 
In general, mass movements are controlled by nature, but some landslide types are 
also very much influenced by human activities. The most important human 
activities in the area include deforestation, contour terracing and landuse practices 
on mountain slopes.  
 
 
(1)  Deforestation 
 
Deforestation is not a new phenomenon. Forest was cleared not only for timber or 
firewood collection, but also to maximise agricultural surpluses and land taxes 
according to government policy (Mahat et al., 1986). In the recent past, however, 
forest clearing is reported to decrease (Glimmer, 1991). But fodder and firewood 
collection continues and, together with overgrazing, results in forest degradation. 
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Degraded forests have low density canopy, growth of secondary trees and shrubs, 
and presence of open space. Degraded forest and grazing land seem to be 
vulnerable to mass movements. In densely forested areas, the frequency of mass 
movement is very low. Only one percent of the total slumping area in the Mahadev 
Khola subwatershed is in dense forest, whereas 37 percent of the areas affected by 
debris slides occurs in degraded forest and 27 percent of the areas affected by 
debris slides occurs in grazing land (table 7.3). It can be argued that densely 
forested areas may be more prone to mass movements than deforested areas, due to 
the extra weight of the trees. But any indication of it, for example trees with 
bending trunks, is not present in the area. In the subwatershed of Jogi and 
Bhandare Khola, the areas affected by mass movements are more in degraded 
forest than in grazing land.  
 

 
(2)  Terracing 
 
Terracing is practised in Nepal from ancient times to make cultivation possible on 
very steep slopes. It is especially necessary if cultivation has to be done on coarse-
textured soils with higher rainfall erosivity. Terracing not only conserves soil but 
also moisture, which promotes weathering. Terraces are made by cutting the upper 
part and subsequently filling the lower part, while retaining the central part of the 
slope.  
 
Although a slope of 50 percent is considered the upper limit for making terraces 
(Green, 1978), in Nepal terraces are made on slopes exceeding this limit and 
cultivation is practised even on 100 percent slope by means of contour terracing. 
There is a relationship between the width of a terrace and the vertical interval, or 
riser of the terrace, with respect to the slope gradient. The higher the topographic 
slope gradient, the narrower is the width of the terrace and the higher is the terrace 
riser. Figure 7.13 shows the places of cutting and filling for making terraces and 
the effect of slope steepness on the width of the terrace and the height of the 
terrace riser. No stones or rocks are used to protect the retaining wall. However, a 
ditch at the foot of the terrace riser is often used to divert the surface runoff, 
especially on the sloping terraces (figure 7.14). On sloping terraces, the terrace 
tread is made sloping (a slope gradient of 10-15 percent). No bund is made on the 
outer edge of the terrace. On level terraces, in contrast, a small bund about 10-15 
cm high is made on the outer edge to store water for rice cultivation (figure 7.14). 
Because of cutting and filling during construction, the outer edge of the terrace is 
made up of only filling material, making the terrace riser very weak and 
susceptible to movement. As explained above, if the topographic slope gradient is 
steep, the vertical distance will be large and the depth of the filled up material will 
be high, making the terrace wall even more susceptible to movements. 
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Table 7.10:  Shear strength readings in the Likhu Khola watershed 

Typic Ustipsamments Shear vane reading (kg/cm2) 
 Texture class Lowest value Highest value Average No.of obs 

0-25 LS,SL 1.1 7.0 4.5 16 
25-50 LS 2.6 12.4 5.3 16 
50-75 LS,S 2.2 10.8 6.3 11 
75-100 LS,S 5.2 10.6 8.6 8 
100-125 LS,S 6.7 15.0 8.3 5 
125-150 LS 8.8 15.0 10.4 4 
150-175 LS 7.2 7.4 7.3 3 
175-200 LS 6.2 7.1 6.8 3 
200-225 LS 7.0 7.0 7.0 2 

Typic Ustochrepts Shear vane reading (kg/cm2) 
 Texture class Lowest value Highest value Average No.of obs 

0-25 SL,L,SiL, 2.7 7.6 5.8 10 
25-50 SL,SiL,SCL 2.7 8.2 6.1 10 
50-75 SL,SiL, 3.2 10.2 6.3 9 
75-100 L,SL,SCL 2.5 10.0 6.2 8 
100-125 SiL,SL,CL 3.0 9.6 5.8 8 
125-150 LS,SL,SiL, 2.8 8.0 5.4 6 
150-175 SL,LS 5.2 5.9 5.6 4 
175-200 SL,LS 5.5 9.2 7.5 3 
200-225 LS   8.4 1 

Typic Kanhaplustalfs Shear vane reading (kg/cm2) 
 Texture class Lowest value Highest value Average No.of obs 

0-25 L,SL,SiL,SCL,CL 4.8 10.5 7.8 9 
25-50 SL,SC, SCL,CL 4.0 16.4 7.4 9 
50-75 SL,L,SiL,SCL,CL 4.7 11.4 7.6 8 
75-100 SL,L,SiL,SCL,CL 5.8 13.1 7.8 8 
100-125 SL,SCL,CL 3.0 12.0 6.9 8 
125-150 SL,SiL 2.1 7.0 5.0 6 
150-175 SL,SiL,SCL 6.4 8.8 8.1 4 
175-200 SL 11.0 11.8 11.4 2 
200-225 LS   12.3 1 
225-250 LS   13.2 1 
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Although the making of level terraces costs more, it is compensated by the 
possibility of growing rice which is cash crop in Nepal. If water is available, 
farmers prefer to make level terraces. For the cultivation of maize and millet, 
sloping terraces are made, which are comparatively cheaper to construct.  
 
During the construction of terraces, the effect of cutting on one side and filling on 
the other results in truncated soils on the inner side and buried soils on outer side 
of the terrace. This is evident especially on level terraces. The central part is 
theoretically a place of no cut and no fill. However, during the maintenance of the 
terraces, especially in rice fields, the terrace risers are cleaned of weeds by 
scraping the soil, which is evenly redistributed over the whole terrace bench. By 
doing so, even the central part is filled with soil material on a yearly basis and the 
overall height of the terrace increases, making the terraced land unstable.  
 

Filling part

Cutting part
Original slope (S)

Zone of no cut Vertical interval (VI)

Riser slope (slope ratio, R)

Width of terrace
       (WB)

Terrace riser

Vertical interval
VI = (S*WB)/(100-S*R)

Width of bench terrace
WB = (VI*100)/S - S*R

Depth of filled up material
DF = (tanS*WB)/2

 
Figure 7. 13: Making terraces (adapted from Green, 1978) 
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(3)  Land use 
 
The main land use types in the middle mountain region of Nepal are forests 
(protection forest, community forest), grazing land, rainfed and irrigated 
agriculture. For growing rainfed crops, such as maize, millet and wheat, the 
sloping terraces are used. Maize is grown during March-June, followed by millet 
during July-September.  In winter, the land is generally kept fallow or wheat is 
grown in some cases. The level terraces are for growing rice. Depending on the 
availability of water and the location, up to two crops of rice are grown (March-
June and July-October). In winter, the land is kept fallow or wheat is grown in 
some fields. At lower elevations where temperature is favourable, up to three crops 
of rice are harvested. The landslide type mostly influenced by land use is 
slumping. It is particularly dominant on rice fields, probably because of excess 
water from irrigated rice. Rice, being both a staple and a cash crop, is cultivated 
more than one time a year if temperature is favourable and water is available from 
the streams. This increases the overall weight of level terraces, while increasing 
the soil saturation front. In the middle of the rainy season already (August), 

Terrace bund

Terrace riser

Terrace riser

Terrace tread

Drainage channel

Level terrace

Sloping terrace

Original terrain slope

  

Terrace tread

Original terrain slope

 
Figure 7. 14: Level and sloping terraces 
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shallow slope failures are reported by farmers. The ground water level is reported 
to increase with accumulated rainfall in the rice fields (Wu and Thornes, 1995). 
Most of the slope failures, especially in the cultivated areas, take place towards the 
end of the rainy season (end of August/September), when the soil is fully saturated 
and with high ground water table. The level terraces, with increased weight and 
saturation, become more susceptible to slumping.  
 
Land cover and land use maps were generated for the two sample subwatersheds 
by means of aerial photo-interpretation and field verification. For the whole 
watershed of Likhu Khola, the land use map was generated from multi-spectral 
classification of Landsat TM and MSS data. The classification result was 
improved by making use of field knowledge and digital elevation data.  The land 
use map is shown in plate 7.1. 
 
 
7.5 LANDSLIDE HAZARD ASSESSMENT 
 
Slumping in the rice fields is a problem of yearly recurrence. Slope failures 
increase towards the end of the rainy season (August/September), when the soil is 
fully saturated. Slumping also occurs during prolonged and heavy rains. The 
dynamics of debris and rock slides is different. Rock slides at the higher elevations 
and the large rotational debris slides are continuously active, but to start a new one 
triggering factors such as an exceptional rainfall or seismic activity are important. 
There are also yearly variations in landslide numbers (Likhu Khola Project, 1995), 
depending on yearly variations of rainfall. 
 
To assess the landslide hazards, decision rules were formulated taking into account 
the causal factors previously analysed, in particular the slope gradient and aspect, 
soil data inferred from the parent rock types, land cover/use, distance to the water 
sources, and the human activities especially in the case of level terracing.  
 
The factors considered were rated for the vulnerability to debris sliding and 
slumping in four classes: low, moderate, high and very high. The rating for debris 
slide is given in table 7.11 and the rating for slumping in table 7.12. Since the soils 
developed on gneiss are coarse-textured and those developed on micaschist are 
fine-textured, parent rock types were used for assessing the susceptibility. It was 
assumed that rock fall or rock slide are the dominant mass movement processes at 
slope gradients higher than 100 %. Thus, the susceptibility was rated low at slope 
gradients lower than 100 %. The potential for debris slides depends on many 
factors and it is difficult to say which factor is the most important for the initiation 
of the process. Debris slides can initiate from rock falls or rock slides, but also 
from exceptional rains or earthquakes. Since exceptional rainfalls and earthquakes 
are difficult to predict, they were not included in the rating. For assessing the 
potential for slumping, slope aspect was not used because it is not relevant.   
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Table 7.11: Susceptibility rating for debris slides 
Slope gradient Slope aspect 

% Susceptibility class Type Susceptibility class 
0 – 10 low north low 

10 – 15 moderate northeast low 
15 – 30 high east moderate 
30 – 60 very high southeast high 

60 – 100 very high south very high 
> 100 low southwest high 

 
 
 

Land cover 

west moderate 
northwest low 

 
Parent rock 

Type Susceptibility class Rock type Susceptibility class 
dense forest low gneiss very high 

degraded forest very high gneiss/micaschist high 
range land very high micaschist moderate 

rainfed crops moderate  
irrigated crops moderate 

 
Distance to stream 

Distance class Susceptibility class 
0 – 200 m high 
> 200 m high 

 
 
 
Table 7.12: Susceptibility rating for slumping  

Slope gradient Land cover 
% Susceptibility class Type Susceptibility class 

0 – 10 low dense forest low 
10 – 15 moderate degraded forest low 
15 – 30 high range land low 
30 – 60 very high rainfed crops moderate 

60 – 100 very high irrigated crops very high 
> 100 very high   

 
Parent rock 

 
Distance to stream 

Rock type Susceptibility class Distance class Susceptibility class 
gneiss high 0 – 200 m very high 

gneiss/micaschist high > 200 m moderate 
micaschist very high   

 
 



Chapter 7: Landslide hazard modelling in the Middle Mountains 
_________________________________________________________________________ 
142 

The susceptibility assessment was carried out using decision rules and taking into 
account the most critical factors. For an example, slope gradient is very important 
for any mass movement process. If the terrain is nearly level to gently sloping, the 
susceptibility class was rated low for debris slide as well as for slumping. At 
higher slope gradients (>10% slope) the susceptibility for mass movement 
increases. Although the slope gradient is a decisive factor, other factors such as 
slope aspect, parent rock type, land cover/use and distance to streams were also 
included in the rating procedure to predict the final susceptibility level. Decision 
rules can be combined into a decision tree. In figures 7.15, 7.16 and 7.17, decision 
trees for assessing the susceptibility to debris slides at various slope gradients are 
given. In figure 7.18, a decision tree for assessing the susceptibility to slumping is 
provided. The hazard assessment was performed in a GIS environment, using map 
overlay procedures. Hazard zonation was carried out for debris slides and slumps, 
which are the main issues in the Likhu Khola watershed. In plate 7.2, debris slide 
hazard zonation and, in plate 7.3, slump hazard zonation are shown.  
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7.6 RESULTS, DISCUSSION AND CONCLUSION 
 
The study shows that one-fourth (26%) of the area has a potential hazard for debris 
slides at various degrees. The south-facing slopes are more vulnerable than the 
north-facing ones. The debris slides occur more in degraded forest and grazing 
land than on cultivated areas, and are very few in dense forest. Slumping is the 
most common mass movement type within half of the area (51%) (table 7.13).  
 
 
Table 7.13: Hazard ratings for debris slides and slumping in the Likhu Khola 
watershed 

Hazard rating Debris slide (ha) Debris slide (%) Slumping (ha) Slumping (%) 
very high 2143 13 3338 21 

high 1593 10 3464 21 
moderate 422 3 1444 9 

low 11999 74 7909 49 
Total 16155 100 16155 100 

 
 
For slumping, the slope aspect does not seem to play a direct role. High to very 
high slumping hazard rating occurs at lower elevations, where climate is 
favourable for rice cultivation and more than one crop of rice can be grown due to 
the proximity of the area to water sources. At higher elevations, the hazard rating 
is low to moderate. 
 
In the Likhu Khola watershed, some large rotational debris slides exist which are 
continuously active. New ones do not start every year under average climatic 
conditions. If there is an exceptional rain or if seismic activity takes place, then 
debris slides of high magnitude can be postulated in the area. Slumping, on the 
other hand, is a yearly threat under average climatic conditions. It takes place 
towards the end of the rainy season, when the soil is fully saturated, mostly in rice 
fields. Because of cutting and filling during the making of the level terraces, the 
outer part of the terraces is structurally weak and vulnerable to slope failure and 
tunnel erosion if the soil is coarse-textured.  
 
Based on the distribution of micro seismic events, Nepal is divided into four 
seismic zones (Pandey, 1983). The Likhu Khola watershed belongs to the Central 
Nepal Seismic belt. The mean shock magnitude is estimated to be 4.5 in the 
Richter scale. The return period of an earthquake with a magnitude of 7.3 in the 
Richter scale is estimated to be 100 years. The last big earthquake of magnitude 
7.0 was reported in 1869, with epicentre located in Trisuli (28o N and 85.3oE). 
Based on the rainfall data of the Kakani station, a rainfall event of up to 70 mm in 
a 24 hour period can occur almost every year. The return period of a 100 mm rain 
is estimated at 1.5 years and that of more than 400 mm is estimated at 60 years. 
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Considering the return periods of exceptional rains and earthquakes of high 
magnitude, a large landslide can be postulated every 60 years due to an 
extraordinary rain and every 100 years due to an earthquake of high magnitude. To 
start slumping in a fully saturated soil, seismic activity of lower magnitude will be 
sufficient. Based on the available data, the number of shocks above magnitude 4.0 
in the  Richter scale is estimated to be 467 in 100 years, which shows that 
slumping can take place every year.  
 
Human activity plays quite an important role, apart from other causal factors, in 
conditioning mass movements in the middle mountain region. It is especially clear 
in the rice fields. The question on how much damage landslides cause to the 
environment and particularly in destroying cultivable lands is however debatable. 
Agriculture in the middle mountains of Nepal is highly labour intensive, with more 
than 90 percent of the population actively involved in it (the average density of 
population in the mountain region is 87 people per square km). Although slumping 
is a severe problem, it is considered a normal phenomenon and the farmers repair 
the land after the rainy season. The amount of sediments deposited in the river 
system from the rice fields can also be considered minimal, since the runoff water 
needs to pass a number of terraces before finally entering the river system. Thus, 
sediments are trapped in the rice fields. 
 
Apart from deforestation and land use practices, other human activities such as the 
construction of mountain roads should not be neglected in assessing the effect on 
slope failures. In many places in the middle mountains of Nepal, landsliding is a 
continuous problem along the mountain roads (road from Kathmandu to Pokhara, 
from Trisuli to Dhunchhe, just to name a few). Apart from the road which 
connects the Chhahare bazaar to Trisuli in the Likhu Khola watershed, there are at 
the moment no other motorable roads in the area. A road under construction will 
connect Chhahare bazaar to Kathmandu.  
 
Human activity, being one of the most important causal factors, cannot be ignored 
in landslide hazard mapping of the middle mountain region. If the yearly repair 
works, carried out so far by the people, were discontinued for any reason, 
landslides could be devastating. 
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LANDSLIDE HAZARD MODELLING IN THE 
MIDDLE MOUNTAINS♣ 
 
 
 
7.1 INTRODUCTION 
 
Land degradation in the Himalayan region is mainly caused by landslides, 
mudslides, collapse of terraces and soil loss from steep slopes (ICIMOD, 1994). 
Gullies, badlands and landslides account for more than 90 percent of the actual 
losses of cultivated lands (Kienholz et al., 1983). 
 
Control and mitigation of mass movement hazards require previous inventory of 
the areas already affected or unstable. By identifying and analysing the causes, 
areas of potential danger can be mapped. Hazard zonation can be done at various 
map scales depending on different purposes. Van Westen (1993) describes a 
procedure for three levels of hazard zonation, at regional, medium and large scales. 
The influence of soil in mass movement cannot be underestimated. Soil plays a 
dual role: it is a by-product of the mass movement process and, at the same time, it 
is an of the important causal factors. Thus, soil properties can be efficiently used 
in hazard modelling (Lopez and Zinck, 1991) 
 
The governing factors influencing mass movements are topography (slope 
gradient, slope length, slope shape and slope exposure), parent rock, soil 
(horizonation, properties), bio-climatic elevation zones and human activities 
(deforestation, land use practices, etc.). Analysis of the governing factors reveals 
which factors are determining the presence and dominance of certain types of mass 
movement.  
 
The triggering factors are exceptional rains, prolonged rains and earthquakes. 
Slope gradient not only influences soil formation but also landslide vulnerability. 
It is important to know the critical slope gradient and the effect of slope exposition 
for landslide occurrence.  
 
The mode of sliding, whether rotational or translational, depends on the 
homogeneity of the material and the orientation of faults, joints or bedding 
surfaces. In the Likhu Khola area, the dominance of the type of sliding (rotational 
or translational) indicates whether the mass movement effects are shallow or deep. 
This has an implication on hazard mitigation. 

♣ This chapter is published in: 
Shrestha, D. P. , J. A. Zinck, E. Van Ranst 2004, Modelling land degradation in the 
Nepalese Himalaya. Catena, 57(2004):135-156 
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In the Himalayan area, which is very much controlled by natural processes, it is 
important to assess the influence of the human activities. The majority of the 
population of Nepal lives in the middle mountain region and its livelihood depends 
on the cultivation of steep slopes. Thus, human activities might play a role in 
enhancing or, on the contrary, mitigating the problem.  
 
The study area is in the Likhu Khola watershed. Two subwatersheds, namely the 
south-facing subwatershed of Mahadev Khola (346 ha) and the north-facing 
subwatershed belonging to Jogi and Bhandare Khola (256 ha), were chosen to 
analyse the relation between slope exposition and mass movements. The 
biophysical description of the Likhu Khola valley and its two subwatersheds is 
given in chapter 6 (under “Assessment of soil erosion in the Middle Mountains”). 
 
 
Aerial photographs at the scale of 1:20,000 (Feb. 1991) and topographic base maps 
at the scale of 1:5,000 with 5m contour intervals were used for the subwatersheds 
of Jogi, Bhandare and Mahadev Khola. For the whole watershed of Likhu Khola, 
aerial photographs at the scale of 1:40,000 (Nov. 1992) and satellite data (Landsat 
TM data of 12 Oct. 1988 and Landsat MSS data of 28 Oct. 1976) were available. 
In addition, digital elevation data of the Likhu Khola watershed at spatial 
resolution of 20 m were used. A raster-based GIS software package (ILWIS 
Department, 1997), having capability to integrate remote sensing data, was used 
for analysing the data. 
 
 
7.2 BIOCLIMATIC ELEVATION ZONES 
 
Altitude variation has an effect on climate and causes differences in vegetation 
types. It also influences soil development and land use and has an effect on mass 
movement processes. According to rainfall data recorded by automated rain 
loggers during a three-year period at 7 stations (1992 to 1994) and rainfall data 
from a ten-year period at Kakani (2064 m asl) and Nuwakot (1003 m asl), the 
amount of annual rainfall increases by 104 mm for each 100 m elevation. From 
this relationship a rainfall map was generated, making use of a digital elevation 
model (figure 7.1). Combining vegetation cover and climate, three bioclimatic 
zones can be identified as follows: cold temperate zone, warm temperate zone and 
subtropical zone, each presenting specific conditions which influence the 
weathering of the parent rocks and mass movement activities (figure 7.2 and table 
7.1).  
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Figure 7.1: Rainfall map of the Likhu Khola watershed 

 

 
Figure 7. 2:  Climatic elevation zones, Likhu Khola watershed 
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7.3 PREVAILING MASS MOVEMENT TYPES 
 
Aerial photo-interpretation and field observations were carried out to recognise the 
slope processes operating in both subwatersheds. The terms defined by Cruden and 
Varnes (1996) were used to describe the mass movement processes. The term 
landslide is used to denote “the movement of a mass of rock, debris or earth down 
a slope”. Landslides can be classified by considering the type of material and the 
type of movement. The type of material can be either rock or soil. Soil is further 
divided into earth, which is characterised by having dominantly (80% or more) 
fine particles of size smaller that 2mm, and debris, which is characterised by 
having dominantly (20-80%) coarse material of size larger than 2 mm. The types 
of movement can be characterised as fall, topple, slide, spread and flow. Slide is 
further classified into rotational and translational, depending on the concavity and 
the shallowness of the slide body. The translational slides are generally shallow 
and the material moves over the original slope, along a planar surface of rupture. 
The rotational slides, occurring generally in homogeneous materials, are concave 
in profile, with steeper slope on the main scarp and relatively gentler slope of the 
main body. The ratio between the depth to the surface of rupture and the length of 
the rupture is generally higher in rotational slides than in translational slides. 
 
Mass movements generally occur either on the original position of the parent rocks 
or on transported/displaced rock or soil material. Rock falls and rock slides take 
place only at the higher elevations, in the cool temperate zone. At lower elevations, 
in the warm temperate and subtropical zones, the landslides dominate and develop 
in weathered parent rocks, either lying in-situ or displaced along the slopes. The 
main mass movement types include rotational debris slide, translational debris 
slide, slump and wedge slide (figures 7.3 and 7.4). A slump is a rotational earth 
slide. A wedge slide develops when the surface of rupture is formed by two 
discontinuities, that cause the contained rock mass to displace down the line of 
intersection of the discontinuities. Distinct rockslides are not frequent as they soon 
transform into debris slides, due to the breaking up of the transported rocks upon 
impact, down the slope. Landslides in the area vary from a few square meters (e.g. 
10 m2) to tens of thousands of square meters (e.g. 45,000 m2). Field measurement 
of 20 landslides in the Mahadev Khola shows that the depth of landslides can vary 
from 0.5 m to 15 m (average 6 m), the width from 3.5 m to 300 m (average 45 m) 
and the length from 6 m to 150 m (Overeem, 1996). An example of debris slide is 
given in figure 7.5. In the subwatershed of Mahadev Khola, rotational debris slides 
occupy 33 percent of the area, slumps 9 percent and planar slides 2 percent (table 
7.2). In contrast, slumps dominate in the subwatershed of Jogi and Bhandare Khola 
with 29 percent of the total area, while planar slides occupy only 4 percent. An 
example of slumping in rice fields is given in figure 7.6. 
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Figure 7. 3:  Inventory of landslides in the subwatershed of Mahadev Khola 

 
Few gullies exist in the area. In the cultivated fields, they are virtually absent 
because of mountain farming practices using contour terracing. The terrace width 
varies from 2 to 3 m and, since there is a ditch at the foot of the terrace riser, in the 
case of sloping terraces, the runoff is diverted and gullies have no chance to 
develop. However, gullies may develop towards the lower reaches of the side 
streams, because of the high volume of runoff.  At photo scale of 1:20,000, 
mapping of gullies is not possible.  Similarly, other complex slope processes such 
as tunnelling and piping are not possible to map.  
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Figure 7. 4:  Inventory of landslides in the subwatershed of Jogi and 
Bhandare Khola 

 
7.4 CAUSAL AND CONDITIONING FACTORS 
 
There are differences in the frequency of occurrence of the landslide types in both 
subwatersheds. To understand the reasons causing these differences, it is important 
to study the causal factors. The factors considered most important in the study area 
are topography (slope gradient and slope exposition), lithology types, soil 
properties, distance to water source or drainage system, and human activities 
including deforestation, terrace farming and land use practices. The results of the 
map crossing between the landslide inventory map and various attributes are given 
in table 7.3 for the subwatershed of Mahadev Khola and in table 7.4 for the 
subwatershed of Jogi and Bhandare Khola. 
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Table 7.2:  Inventory of landslides in the subwatersheds 
Subwatershed of Mahadev Khola (346 ha) 
 
Landslide type No. of units Area (ha) Area (%) 
rotational debris slide (active) 3 11.3 3 
rotational debris slide 12 104.4 30 
translational debris slide 6 8.0 2 
wedge slide 1 2.7 1 
slump 17 29.8 9 
area not affected  190.1 55 
Subwatershed of Jogi and Bhandare Khola (256 ha) 
 
Landslide type No. of units Area (ha) Area (%) 
translational debris slide 10 10.6 4 
slump 53 74.7 29 
wedge slide 3 1.6 1 
area not affected  169.7 66 

Figure 7. 5: Debris slide in the subwatershed of Mahadev 
Khola (photo source: Overeem, 1996)  
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Figure 7. 6: Slumping in rice fields, subwatershed of Jogi and Bhandare Khola 

 
 
7.4.1 Topography 
 
Topography is an important parameter for assessing land degradation in the 
mountainous region. Slope gradient is the primary factor, which determines 
whether the detached soil particles can be transported. Slope gradient in 
combination with slope length determines the susceptibility to soil detachment due 
to runoff which is dependent upon the cohesion of soil at saturation and the 
overland flow velocity. Slope gradient is also important for assessing mass 
movement hazard. But it is not so easy to characterise the most susceptible slope 
classes for landslides since slope gradient of the original relief (before landslide 
took place) is not the same as the gradient resulting from after landslide has 
occurred. In a given mass movement type (slump or debris slide), the slope of the 
upper part of the landslide body (the detachment scar/main scarp) may be steep to 
very steep whereas the lower part where the displaced body is located may be 
represented by comparatively gentler slopes. Because of the displacement bulge 
the slope gradient may be less than the original slope. On the other hand, the slope 
gradient of the detachment scar will be higher than the original slope. 
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(1)  Slope gradient 
 
Although there is seemingly a good correlation between slope gradient and mass 
movement processes, it is not easy to assess the most vulnerable slope classes for 
landslides, since the slope gradient of the original relief (before landslide took 
place) is not the same as the slope gradient after the landslide has occurred. In a 
given mass movement type (slump or debris slide), the slope of the upper part of 
the landslide body (the detachment scar or main scarp) may be steep to very steep, 
whereas the lower part where the displaced body is located may have represented 
by comparatively gentler slopes. Along the displacement bulge, the slope gradient 
may be lower than on the original relief. In contrast, the slope gradient of the 
detachment scar will be higher than that of the original relief. Field measurements 
show that the average slope gradient of the detachment scars is at least 10 degrees 
more that the topographic slope. The study of landslides in the Mahadev Khola by 
Overeem (1996) shows that the average slope is 53o for debris slides while it is 68o 
for rockslides. Debris slides occur already at 40o slope and rockslides at 45o. To 
identify slope thresholds, digital elevation models of the two subwatersheds were 
generated by digitising contour lines at 5 m intervals from topographic base map at 
scale of 1:5,000. Digital elevation maps of the two subwatersheds with spatial 
resolution of 4 m were obtained. Finally, slope classes were computed, using 
height differences in X and Y directions.  
 
In general, the slope is less steep in the subwatershed of Jogi and Bhandare Khola 
than in Mahadev Khola. This is also highlighted by the study of the river profiles, 
which shows that rivers are more incised is more in Mahadev Khola than in Jogi 
and Bhandare Khola (Overeem, 1996).  
 
The crossing of the landslide inventory map and the slope map shows that mass 
movement phenomena dominate (about 50 percent) on steep slopes. Only 30 
percent of the mass movements occur on very steep to extremely steep slopes. 
About 20 percent of the mapped landslides occur in sloping to strongly sloping 
areas.  
 
 
(2)  Slope aspect 
 
Debris slides are dominant on the south-facing slopes probably because of a drier 
environment and steeper slope gradients. Physical weathering is perhaps more 
important than chemical at higher elevations. Thus, the transported material is 
coarser. On north-facing slopes, debris slides are virtually absent. In contrast, slope 
aspect does not seem to affect slumping, tunnelling or piping processes. 
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7.4.2 Lithology 
 
Geologically, the area consists of formations belonging to the Himal and 
Kathmandu Groups of Pre-Cambrian and Devonian ages (Dept. of Mines and 
Geology, 1980). The main rock types are augengneiss, banded gneiss, banded 
gneiss with micaschist layers (gneiss/micaschist complex), micaschist, phyllite, 
quartzite and an intrusion of migmatite (only observed in Jogi and Bhandare 
Khola). The augengneiss is coarse-grained and includes phenocrystal of feldspars 
and garnets. The banded gneiss consists of alternating layers of quartz and 
plagioclase and dark layers of biotite. The micaschist consists of quartz, muscovite 
and some biotite. Most of the landslides, especially the ones in the cultivated areas, 
occur in weathered material (Gerard, 1994). Peters and Mool (1983) indicated that 
there is a close relationship between rock type and structure, degree of weathering, 
and susceptibility to landsliding. The study shows that gneiss is the most resistant 
rocktype in the area, followed by gneiss/micaschist combinations, micaschist and 
finally sandstone. From analysis of the friction angles in four lithologic groups in 
the Kolpu Khola watershed (table 7.5), close to the Likhu Khola watershed, 
phyllite is reported to be the weakest material and augengneiss to be the strongest 
(Caine and Mool, 1982). The critical angles indicate that, after saturation, almost 
all rock types, when weathered, are subjected to slope failure. The values of the 
brittleness index, calculated as the ratio of the difference in compressive strengths 
of the undisturbed and the failed materials to the compressive strengths of the 
undisturbed material for the four lithology types (table 7.6), also show that phyllite 
is the most susceptible to potential slope failure on displaced materials. 
Augengneiss seems to be more resistant than biotite gneiss. Micaschist can also be 
considered a weaker rock type, although it is a bit stronger than phyllites. 
 
Table 7.5: Critical slope angles of rock types in the Kolpu Khola 
watershed,in the vicinity of Likhu Khola (Caine and Mool, 1982) 

Lithology Critical slope angles (degrees) 
 (drained) (saturated) 
Phyllite 32.8 18.5 
Biotite gneiss 41.5 20.8 
Granite 42.8 21.8 
Augen gneiss 44.2 24.4 

 
 
The crossing of the landslide inventory map and the lithology map shows that 
slumping is more common in the soils developed on micaschist, followed by the 
soils derived from gneiss/micaschist complex. On the other hand, rock slides and 
debris slides seem to occur more in gneissic areas than in the gneiss/micaschist 
complex. This is probably due to the fact that gneiss is more porous and the soils 
developed on it are coarse-textured and thus comparatively drier than the soils 
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developed on micaschist. Soils developed on micaschist are relatively finer, hold 
more moisture and are thus suitable for rice cultivation. 
 
 
Table 7.6: Brittleness index of weathered material in the Kolpu Khola watershed, in 
the vicinity of Likhu Khola (Caine and Mool, 1982) 

Bedrock Brittleness index Standard deviation No. of obs 
Augen gneiss 0.343 0.279 6 
Granite 0.531 0.214 5 
Biotite gneiss 0.673 0.274 10 
Phyllite 0.46 0.294 15 

 
 
7.4.3 Tectonics 
 
Several faults and joints occur in the area (figure 7.7) and most of the streams are 
along these lines. The Likhu Khola itself is along a fault line. Based on the 
distribution of micro-seismic events, Nepal can be divided into four seismic zones 
(Pandey, 1983). The micro-seismic events cluster mostly in the vicinity of the 
Main Central Thrust (MCT). The epicentres follow a NWW trend and are located 
within a belt of 15-20 Km width immediately south of the MCT and in the tectonic 
bridge of Gosai Kunda. The Likhu Khola valley belongs to the Central Nepal 
Seismic zone.  
 

Figure 7. 7: Lineament analysis in the Likhu Khola watershed 

 
 
Based on the available data, the number of shocks above the magnitude 4.0 in the 
Richter scale is estimated to be 467 in 100 years and the mean magnitude of the 
shocks is estimated to be 4.5. The return period for an earthquake with a 
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magnitude of 7.3 in the Richter scale is estimated at 100 years. The last big 
earthquake of magnitude 7.0 in the Richter scale occurred in 1869, with epicentre 
located in Trisuli (28 degrees N and 85.3 degrees E ), about 5km west of the Likhu 
Khola valley, which resulted in massive destruction of properties. A large 
landslide in the Likhu Khola valley is also believed to have originated after that 
earthquake. 
 
 
7.4.4 Soil properties  
 
The soil differences in the Likhu Khola watershed are controlled by the parent 
rock types, variations in elevation and resulting changes in climate, topography 
(slope gradient and aspect) and to some extent land uses, especially in terrace 
farming in the mountains. Soil variations influence mass movements, especially 
because of differences in physical soil properties. Lopez and Zinck (1991) have 
illustrated how physical soil properties can be used in understanding and/or 
predicting mass movement hazards in a given area. 
 
 
(1) Soil pattern in terraced land 
 
To study the spatial variability of soils in the terraced land, a grid survey of 35 pits 
in 4 transects, with spacing of 20m between the transects and 5 to 20m between the 
observation points, was carried out in the subwatershed of Jogi and Bhandare 
Khola. The study area was selected from an extensive terraced land, both irrigated 
and rainfed, where rice is grown in rotation with wheat. The elevation varies from 
750 to 800 m asl. General slope gradient varies from 10 to 60 percent. The width 
of the terraces varies from 0.9 to 4.75 m (average is 2.6 m), depending on the slope 
gradient of the original land surface. Slope gradient of the terrace riser (terrace 
wall) varies from 40 to 70 degrees, while the average height of the terrace wall is 
1.5 m.   
 
The soil pits were described to a depth of 70 cm to identify the diagnostic 
horizons, followed by augering to a depth of 200 cm or the bedrock, whichever 
was shallower. The depth to B and C horizons was noted. For each horizon, soil 
colour, structure, consistence and texture were determined. The pits were clustered 
into three classes based on their location in a given terrace, namely the inner, the 
middle and the outer part of the terrace. Soils in the inner part of the terrace are 
Lithic and Typic Ustochrepts, Typic Kanhaplustalfs and Typic Kanhaplustults. In 
the central part of the terrace, the main soils are Typic Ustochrepts, Typic 
Kanhaplustalfs and Typic Kanhaplustults. The soils of the outer edge of the terrace 
are Typic Ustochrepts and (Alfic) Ustarents. In the inner part of the terraces, the 
depth to the B horizon varies from 10 to 17 cm (average depth 14 cm), while the 
depth to the C horizon varies from 25 to more than 200 cm (average of 117 cm). If 
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the slope is very steep (more than 50%), the soil is deeply truncated and the B 
horizon might be absent or very thin (table 7.7). In the middle part of the terrace, 
with no cut and no fill, the depth to the B horizon varies from 10 to 46 cm, with an 
average depth of 34 cm, while the C horizon was encountered at an average depth 
of 133 cm. On the outer edge of the terraces, the average depth to the B horizon 
was 55 cm due to filling of soil material. The depth to the C horizon in this case 
depended on the slope gradient of the original land surface and the width of the 
terrace, with an average depth of 165 cm. Spatial statistical analysis of the grid 
survey data confirms that the soil properties, especially the depth to the B horizon, 
have high spatial variations due to the cutting and filling operations during the 
making of the terraces (figure 7.8). In contrast, the spatial variability of the depth 
to the C horizon is low, varying slightly in the direction perpendicular to the 
maximum slope gradient of the terrain (figure 7.9). The depth to the C horizon is 
spatially dependent. 
 

 
Figure 7. 8: Variogram of depth to the B horizon in the level terraces 

800

600

400

200

0

*

**

* *

*

****

*

Distance (m)

Parameters

Pairs  339
Direction      0
Tolerance    90

Depth to B horizon limits

Minimum    10 cm
Maximum    90 cm

Mean    36.28
Variance  415.92

0            10           20         30           40           50           60       

V
ar

io
gr

am

Variogram for depth to the B horizon .
Likhu Khola valley, Nepal

.

.



Chapter 7: Landslide hazard modelling in the Middle Mountains 
_________________________________________________________________________ 

129 

Table 7.7: Depth to B and C horizons in various positions on level terraces (in 
cm) 

Location on terrace Depth to B horizon 
(depth range) 

Depth to C horizon 
(depth range) 

No. of obs. 

inner side 14 
(10-17) 

117 
(25 to more than 200) 

9 

middle side 34 
(10-46) 

113 
(70 to more than 200) 

12 

outer side 55 
(31-90) 

165 
(120 to more than 200) 

13 

 
 

Figure 7. 9: Variogram of depth to the C horizon in the level terraces 
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The clay mineralogical analyses using X-ray diffraction of some selected soil 
samples indicate that kaolinite is the dominant clay mineral, followed by illite. The 
content of vermiculite and chloride is very low. The cation exchange capacity of 
the soils is low. In figure 7.10, 7.11 and 7.12, moisture retention curves (pF-graph) 
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of some main soils are given. The pF graph of a Typic Ustochrept (figure 7.10) 
shows that the soil reaches the saturation point at moisture content of  37 to 43 %. 
The saturation point of the topsoil is higher due to higher organic matter content. 
The mean value of the plastic limit is 25% and the mean value of the liquid limit is 
35%, which is close to the saturation point. When there is excessive rain, it can be 
estimated that liquid solifluction will be the dominating mass movement type for 
the Typic Ustochrepts. This explains why there is tunnelling in the rice fields on 
coarse-textured soils. For Typic Kanhaplustults (figure 7.12), the saturation point 
is reached at moisture content of 50%, which shows that it can hold more 
moisture. This is also higher than the average liquid limit value of 36%. In this 
case, slumping can be assumed to occur more frequently than other processes. This 
can be also postulated for the Typic Kanhaplustalfs. Slumping is common in the 
rice fields due to the special land management practices involved in constructing 
and maintaining the terraces.  
 
The stability of the soil structure can be estimated from the ratio of dispersible 
clay to total clay. In Likhu Khola, the amount of water-dispersible clay is about 
one-third of the total clay content, indicating weak stability of the soil structure 
(table 7.9). The relative amount of dispersible clay is higher in soils derived from 
gneiss than in soils developed on micaschist, making the former more susceptible 
to piping and tunnelling than the later. 
 
The average clay content in the area is 16 percent (table 7.9). It is slightly higher in 
the soils developed on micaschist (22% clay). The average silt and sand contents 
are 23 and 60 percent, respectively. The average silt and fine sand content together 
make 60 percent, while the medium and coarse sand content is 24 percent. The 
coarse sand content is higher in the soils developed on gneissic parent rocks. In 
very sandy soils (Typic Ustipsamments), liquefaction is probably the dominating 
mass movement process. In the finer textured soils, slumps are more common. As 
soils get coarser, slumping and tunnelling are the processes. Although the debris 
material, in general, contains dominantly coarse particles (more than 2 mm), the 
locations where debris slides occur have medium to coarse-textured soils. 
 
 
(3) Shear strength 
 
Slope becomes unstable due to lower strength of the earth or rock material (Cruden 
and Varnes, 1996). Earth materials contain 80% or more of the particles are 
smaller than 2 mm. Materials may become weak as a result of saturation with 
water or it may be weakened by discontinuities such as faults, bedding surfaces, 
foliation, joints, or sheared zones. 
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The resistance to shear can be expressed by the Coulomb equation as cohesion 
plus frictional resistance as follows:  s = c + σ.tan φ, where s = shear strength, c= 
cohesion,  σ = normal stress on rupture surface and φ = angle of internal friction. If 
the soil is saturated with water, the shear strength decreases because of the pore 
water pressure which is assumed to have an upthrust effect (Shelby, 1985). The 
effective stress as proposed by Terzaghi (1936) is then σ − µ. In a cohesionless 
well drained soil, the shear strength can be estimated by s = σ.tan φ. Τo study the 
shearing resistance of different soil types, the shear strength was measured in the 
field by means of a shearvan at fixed depth intervals of 0-25, 25-50, 50-75, 75-100, 
100-125, 125-150, 150-175, 175-200, 200-225 and 225-250 cm (Pokhrel, 1996).  
 
Observations were taken only from the main soils. The results show that there is 
no significant variation with respect to shear strength (table 7.10), which is 
probably due to high moisture content in the soil profiles. In Typic Kanhaplustalfs, 
the shearvan readings tend to increase in deeper horizons, corresponding to the 
weathering zone of the parent rocks. Towards the end of the rainy season, when 
the soil is fully saturated especially in the level terraces, the shear strength is 
drastically reduced, making the slope very unstable. 
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Figure 7. 10: Moisture retention curve of  a Typic Ustochrept 

 

Figure 7. 11: Moisture retention curves of a Typic Kanhaplustalf 
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Figure 7. 12: Moisture retention curve of a Typic Kanhaplustult 

 
 
7.4.5 Proximity to streams or water sources 
 
Although many conditions control the initiation of mass movement, incorporation 
of water seems to be essential. Streams can promote mass movements by under-
cutting the base of the slopes. The streams also act as transport medium for the 
debris mass. This is perhaps the reason why mass movements are very much 
influenced by the proximity to drainage lines, especially for debris slides and they 
are active during the rainy reason. Similarly, slumping is more common in areas 
close to water sources. If the fields are close to water sources, there is more chance 
of irrigating the fields. Thus, distances to water sources were computed and classes 
were generated as follows: 0-50 m, 50-100 m, 100-200 m, 200-300 m and more 
than 300 m. The crossing of the landslide map and the-distance-to-water-source 
map shows that 70 percent of the area affected by slumping is within 50 m of a 
water source and about 20 percent of the area affected by slumping is at 50-100 m 
distance (tables 7.3 and 7.4). If water is available, the farmers grow rice more than 
once a year, which means that the soil gets saturated for longer period, making the 
land susceptible to slumping. Debris slides also occur close to streams. 
 



Chapter 7: Landslide hazard modelling in the Middle Mountains 
_________________________________________________________________________ 

135 

Table 7.9: Structural stability of soil 
Typic Ustochrepts 

A horizon B horizon C horizon 
Total clay 

% 
Dispersible 

clay% 
Stability 

index 
Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

Average 16 8 50 16 8 50 18 7 51 
St.dev 5.8 2.4 12.9 4.7 3.4 14.8 11 3.1 24.1 
No. of 
obs. 

7 7 7 12 12 12 12 12 12 

 
Typic Kanhaplustalfs 

A horizon B horizon  
Total clay 

% 
Dispersible 

clay% 
Stability 

index 
Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

   

Average 12 6 48 17 7 59    
St.dev    5.6 3.4 5.3    
No. of 
obs. 

1 1 1 4 4 4    

 
Typic Kanhaplustults 

A horizon B horizon C horizon 
Total clay 

% 
Dispersible 

clay% 
Stability 

index 
Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

Total 
clay 
% 

Dispersible 
clay% 

Stability 
index 

Average 21 10 52 24 2 90 13 2 81 
St.dev 5.9 1.4 7.1 5.2 1.3 5.4 5.3 0.6 2.8 
No. of 
obs. 

2 2 2 5 5 5 2 2 2 

 

 
7.4.6 Human activities 
 
In general, mass movements are controlled by nature, but some landslide types are 
also very much influenced by human activities. The most important human 
activities in the area include deforestation, contour terracing and landuse practices 
on mountain slopes.  
 
 
(1)  Deforestation 
 
Deforestation is not a new phenomenon. Forest was cleared not only for timber or 
firewood collection, but also to maximise agricultural surpluses and land taxes 
according to government policy (Mahat et al., 1986). In the recent past, however, 
forest clearing is reported to decrease (Glimmer, 1991). But fodder and firewood 
collection continues and, together with overgrazing, results in forest degradation. 
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Degraded forests have low density canopy, growth of secondary trees and shrubs, 
and presence of open space. Degraded forest and grazing land seem to be 
vulnerable to mass movements. In densely forested areas, the frequency of mass 
movement is very low. Only one percent of the total slumping area in the Mahadev 
Khola subwatershed is in dense forest, whereas 37 percent of the areas affected by 
debris slides occurs in degraded forest and 27 percent of the areas affected by 
debris slides occurs in grazing land (table 7.3). It can be argued that densely 
forested areas may be more prone to mass movements than deforested areas, due to 
the extra weight of the trees. But any indication of it, for example trees with 
bending trunks, is not present in the area. In the subwatershed of Jogi and 
Bhandare Khola, the areas affected by mass movements are more in degraded 
forest than in grazing land.  
 

 
(2)  Terracing 
 
Terracing is practised in Nepal from ancient times to make cultivation possible on 
very steep slopes. It is especially necessary if cultivation has to be done on coarse-
textured soils with higher rainfall erosivity. Terracing not only conserves soil but 
also moisture, which promotes weathering. Terraces are made by cutting the upper 
part and subsequently filling the lower part, while retaining the central part of the 
slope.  
 
Although a slope of 50 percent is considered the upper limit for making terraces 
(Green, 1978), in Nepal terraces are made on slopes exceeding this limit and 
cultivation is practised even on 100 percent slope by means of contour terracing. 
There is a relationship between the width of a terrace and the vertical interval, or 
riser of the terrace, with respect to the slope gradient. The higher the topographic 
slope gradient, the narrower is the width of the terrace and the higher is the terrace 
riser. Figure 7.13 shows the places of cutting and filling for making terraces and 
the effect of slope steepness on the width of the terrace and the height of the 
terrace riser. No stones or rocks are used to protect the retaining wall. However, a 
ditch at the foot of the terrace riser is often used to divert the surface runoff, 
especially on the sloping terraces (figure 7.14). On sloping terraces, the terrace 
tread is made sloping (a slope gradient of 10-15 percent). No bund is made on the 
outer edge of the terrace. On level terraces, in contrast, a small bund about 10-15 
cm high is made on the outer edge to store water for rice cultivation (figure 7.14). 
Because of cutting and filling during construction, the outer edge of the terrace is 
made up of only filling material, making the terrace riser very weak and 
susceptible to movement. As explained above, if the topographic slope gradient is 
steep, the vertical distance will be large and the depth of the filled up material will 
be high, making the terrace wall even more susceptible to movements. 
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Table 7.10:  Shear strength readings in the Likhu Khola watershed 
Typic Ustipsamments Shear vane reading (kg/cm2) 

 Texture class Lowest value Highest value Average No.of obs 
0-25 LS,SL 1.1 7.0 4.5 16 
25-50 LS 2.6 12.4 5.3 16 
50-75 LS,S 2.2 10.8 6.3 11 
75-100 LS,S 5.2 10.6 8.6 8 
100-125 LS,S 6.7 15.0 8.3 5 
125-150 LS 8.8 15.0 10.4 4 
150-175 LS 7.2 7.4 7.3 3 
175-200 LS 6.2 7.1 6.8 3 
200-225 LS 7.0 7.0 7.0 2 

Typic Ustochrepts Shear vane reading (kg/cm2) 
 Texture class Lowest value Highest value Average No.of obs 

0-25 SL,L,SiL, 2.7 7.6 5.8 10 
25-50 SL,SiL,SCL 2.7 8.2 6.1 10 
50-75 SL,SiL, 3.2 10.2 6.3 9 
75-100 L,SL,SCL 2.5 10.0 6.2 8 
100-125 SiL,SL,CL 3.0 9.6 5.8 8 
125-150 LS,SL,SiL, 2.8 8.0 5.4 6 
150-175 SL,LS 5.2 5.9 5.6 4 
175-200 SL,LS 5.5 9.2 7.5 3 
200-225 LS   8.4 1 

Typic Kanhaplustalfs Shear vane reading (kg/cm2) 
 Texture class Lowest value Highest value Average No.of obs 

0-25 L,SL,SiL,SCL,CL 4.8 10.5 7.8 9 
25-50 SL,SC, SCL,CL 4.0 16.4 7.4 9 
50-75 SL,L,SiL,SCL,CL 4.7 11.4 7.6 8 
75-100 SL,L,SiL,SCL,CL 5.8 13.1 7.8 8 
100-125 SL,SCL,CL 3.0 12.0 6.9 8 
125-150 SL,SiL 2.1 7.0 5.0 6 
150-175 SL,SiL,SCL 6.4 8.8 8.1 4 
175-200 SL 11.0 11.8 11.4 2 
200-225 LS   12.3 1 
225-250 LS   13.2 1 
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Although the making of level terraces costs more, it is compensated by the 
possibility of growing rice which is cash crop in Nepal. If water is available, 
farmers prefer to make level terraces. For the cultivation of maize and millet, 
sloping terraces are made, which are comparatively cheaper to construct.  
 
During the construction of terraces, the effect of cutting on one side and filling on 
the other results in truncated soils on the inner side and buried soils on outer side 
of the terrace. This is evident especially on level terraces. The central part is 
theoretically a place of no cut and no fill. However, during the maintenance of the 
terraces, especially in rice fields, the terrace risers are cleaned of weeds by 
scraping the soil, which is evenly redistributed over the whole terrace bench. By 
doing so, even the central part is filled with soil material on a yearly basis and the 
overall height of the terrace increases, making the terraced land unstable.  
 

Filling part

Cutting part
Original slope (S)

Zone of no cut Vertical interval (VI)

Riser slope (slope ratio, R)

Width of terrace
       (WB)

Terrace riser

Vertical interval
VI = (S*WB)/(100-S*R)

Width of bench terrace
WB = (VI*100)/S - S*R

Depth of filled up material
DF = (tanS*WB)/2

 
Figure 7. 13: Making terraces (adapted from Green, 1978) 
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(3)  Land use 
 
The main land use types in the middle mountain region of Nepal are forests 
(protection forest, community forest), grazing land, rainfed and irrigated 
agriculture. For growing rainfed crops, such as maize, millet and wheat, the 
sloping terraces are used. Maize is grown during March-June, followed by millet 
during July-September.  In winter, the land is generally kept fallow or wheat is 
grown in some cases. The level terraces are for growing rice. Depending on the 
availability of water and the location, up to two crops of rice are grown (March-
June and July-October). In winter, the land is kept fallow or wheat is grown in 
some fields. At lower elevations where temperature is favourable, up to three crops 
of rice are harvested. The landslide type mostly influenced by land use is 
slumping. It is particularly dominant on rice fields, probably because of excess 
water from irrigated rice. Rice, being both a staple and a cash crop, is cultivated 
more than one time a year if temperature is favourable and water is available from 
the streams. This increases the overall weight of level terraces, while increasing 
the soil saturation front. In the middle of the rainy season already (August), 

Terrace bund

Terrace riser

Terrace riser

Terrace tread

Drainage channel

Level terrace

Sloping terrace

Original terrain slope

  

Terrace tread

Original terrain slope

 
Figure 7. 14: Level and sloping terraces 
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shallow slope failures are reported by farmers. The ground water level is reported 
to increase with accumulated rainfall in the rice fields (Wu and Thornes, 1995). 
Most of the slope failures, especially in the cultivated areas, take place towards the 
end of the rainy season (end of August/September), when the soil is fully saturated 
and with high ground water table. The level terraces, with increased weight and 
saturation, become more susceptible to slumping.  
 
Land cover and land use maps were generated for the two sample subwatersheds 
by means of aerial photo-interpretation and field verification. For the whole 
watershed of Likhu Khola, the land use map was generated from multi-spectral 
classification of Landsat TM and MSS data. The classification result was 
improved by making use of field knowledge and digital elevation data.  The land 
use map is shown in plate 7.1. 
 
 
7.5 LANDSLIDE HAZARD ASSESSMENT 
 
Slumping in the rice fields is a problem of yearly recurrence. Slope failures 
increase towards the end of the rainy season (August/September), when the soil is 
fully saturated. Slumping also occurs during prolonged and heavy rains. The 
dynamics of debris and rock slides is different. Rock slides at the higher elevations 
and the large rotational debris slides are continuously active, but to start a new one 
triggering factors such as an exceptional rainfall or seismic activity are important. 
There are also yearly variations in landslide numbers (Likhu Khola Project, 1995), 
depending on yearly variations of rainfall. 
 
To assess the landslide hazards, decision rules were formulated taking into account 
the causal factors previously analysed, in particular the slope gradient and aspect, 
soil data inferred from the parent rock types, land cover/use, distance to the water 
sources, and the human activities especially in the case of level terracing.  
 
The factors considered were rated for the vulnerability to debris sliding and 
slumping in four classes: low, moderate, high and very high. The rating for debris 
slide is given in table 7.11 and the rating for slumping in table 7.12. Since the soils 
developed on gneiss are coarse-textured and those developed on micaschist are 
fine-textured, parent rock types were used for assessing the susceptibility. It was 
assumed that rock fall or rock slide are the dominant mass movement processes at 
slope gradients higher than 100 %. Thus, the susceptibility was rated low at slope 
gradients lower than 100 %. The potential for debris slides depends on many 
factors and it is difficult to say which factor is the most important for the initiation 
of the process. Debris slides can initiate from rock falls or rock slides, but also 
from exceptional rains or earthquakes. Since exceptional rainfalls and earthquakes 
are difficult to predict, they were not included in the rating. For assessing the 
potential for slumping, slope aspect was not used because it is not relevant.   
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Table 7.11: Susceptibility rating for debris slides 
Slope gradient Slope aspect 

% Susceptibility class Type Susceptibility class 
0 – 10 low north low 

10 – 15 moderate northeast low 
15 – 30 high east moderate 
30 – 60 very high southeast high 

60 – 100 very high south very high 
> 100 low southwest high 

 
 
 

Land cover 

west moderate 
northwest low 

 
Parent rock 

Type Susceptibility class Rock type Susceptibility class 
dense forest low gneiss very high 

degraded forest very high gneiss/micaschist high 
range land very high micaschist moderate 

rainfed crops moderate  
irrigated crops moderate 

 
Distance to stream 

Distance class Susceptibility class 
0 – 200 m high 
> 200 m high 

 
 

 

Table 7.12: Susceptibility rating for slumping  

Slope gradient Land cover 
% Susceptibility class Type Susceptibility class 

0 – 10 low dense forest low 
10 – 15 moderate degraded forest low 
15 – 30 high range land low 
30 – 60 very high rainfed crops moderate 

60 – 100 very high irrigated crops very high 
> 100 very high   

 
Parent rock 

 
Distance to stream 

Rock type Susceptibility class Distance class Susceptibility class 
gneiss high 0 – 200 m very high 

gneiss/micaschist high > 200 m moderate 
micaschist very high   
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The susceptibility assessment was carried out using decision rules and taking into 
account the most critical factors. For an example, slope gradient is very important 
for any mass movement process. If the terrain is nearly level to gently sloping, the 
susceptibility class was rated low for debris slide as well as for slumping. At 
higher slope gradients (>10% slope) the susceptibility for mass movement 
increases. Although the slope gradient is a decisive factor, other factors such as 
slope aspect, parent rock type, land cover/use and distance to streams were also 
included in the rating procedure to predict the final susceptibility level. Decision 
rules can be combined into a decision tree. In figures 7.15, 7.16 and 7.17, decision 
trees for assessing the susceptibility to debris slides at various slope gradients are 
given. In figure 7.18, a decision tree for assessing the susceptibility to slumping is 
provided. The hazard assessment was performed in a GIS environment, using map 
overlay procedures. Hazard zonation was carried out for debris slides and slumps, 
which are the main issues in the Likhu Khola watershed. In plate 7.2, debris slide 
hazard zonation and, in plate 7.3, slump hazard zonation are shown.  
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7.6 RESULTS, DISCUSSION AND CONCLUSION 
 
The study shows that one-fourth (26%) of the area has a potential hazard for debris 
slides at various degrees. The south-facing slopes are more vulnerable than the 
north-facing ones. The debris slides occur more in degraded forest and grazing 
land than on cultivated areas, and are very few in dense forest. Slumping is the 
most common mass movement type within half of the area (51%) (table 7.13).  
 
 

Table 7.13: Hazard ratings for debris slides and slumping in the Likhu Khola 
watershed 

Hazard rating Debris slide (ha) Debris slide (%) Slumping (ha) Slumping (%) 
very high 2143 13 3338 21 

high 1593 10 3464 21 
moderate 422 3 1444 9 

low 11999 74 7909 49 
Total 16155 100 16155 100 

 
 
For slumping, the slope aspect does not seem to play a direct role. High to very 
high slumping hazard rating occurs at lower elevations, where climate is 
favourable for rice cultivation and more than one crop of rice can be grown due to 
the proximity of the area to water sources. At higher elevations, the hazard rating 
is low to moderate. 
 
In the Likhu Khola watershed, some large rotational debris slides exist which are 
continuously active. New ones do not start every year under average climatic 
conditions. If there is an exceptional rain or if seismic activity takes place, then 
debris slides of high magnitude can be postulated in the area. Slumping, on the 
other hand, is a yearly threat under average climatic conditions. It takes place 
towards the end of the rainy season, when the soil is fully saturated, mostly in rice 
fields. Because of cutting and filling during the making of the level terraces, the 
outer part of the terraces is structurally weak and vulnerable to slope failure and 
tunnel erosion if the soil is coarse-textured.  
 
Based on the distribution of micro seismic events, Nepal is divided into four 
seismic zones (Pandey, 1983). The Likhu Khola watershed belongs to the Central 
Nepal Seismic belt. The mean shock magnitude is estimated to be 4.5 in the 
Richter scale. The return period of an earthquake with a magnitude of 7.3 in the 
Richter scale is estimated to be 100 years. The last big earthquake of magnitude 
7.0 was reported in 1869, with epicentre located in Trisuli (28o N and 85.3oE). 
Based on the rainfall data of the Kakani station, a rainfall event of up to 70 mm in 
a 24 hour period can occur almost every year. The return period of a 100 mm rain 
is estimated at 1.5 years and that of more than 400 mm is estimated at 60 years. 
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Considering the return periods of exceptional rains and earthquakes of high 
magnitude, a large landslide can be postulated every 60 years due to an 
extraordinary rain and every 100 years due to an earthquake of high magnitude. To 
start slumping in a fully saturated soil, seismic activity of lower magnitude will be 
sufficient. Based on the available data, the number of shocks above magnitude 4.0 
in the  Richter scale is estimated to be 467 in 100 years, which shows that 
slumping can take place every year.  
 
Human activity plays quite an important role, apart from other causal factors, in 
conditioning mass movements in the middle mountain region. It is especially clear 
in the rice fields. The question on how much damage landslides cause to the 
environment and particularly in destroying cultivable lands is however debatable. 
Agriculture in the middle mountains of Nepal is highly labour intensive, with more 
than 90 percent of the population actively involved in it (the average density of 
population in the mountain region is 87 people per square km). Although slumping 
is a severe problem, it is considered a normal phenomenon and the farmers repair 
the land after the rainy season. The amount of sediments deposited in the river 
system from the rice fields can also be considered minimal, since the runoff water 
needs to pass a number of terraces before finally entering the river system. Thus, 
sediments are trapped in the rice fields. 
 
Apart from deforestation and land use practices, other human activities such as the 
construction of mountain roads should not be neglected in assessing the effect on 
slope failures. In many places in the middle mountains of Nepal, landsliding is a 
continuous problem along the mountain roads (road from Kathmandu to Pokhara, 
from Trisuli to Dhunchhe, just to name a few). Apart from the road which 
connects the Chhahare bazaar to Trisuli in the Likhu Khola watershed, there are at 
the moment no other motorable roads in the area. A road under construction will 
connect Chhahare bazaar to Kathmandu.  
 
Human activity, being one of the most important causal factors, cannot be ignored 
in landslide hazard mapping of the middle mountain region. If the yearly repair 
works, carried out so far by the people, were discontinued for any reason, 
landslides could be devastating. 
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ANALYSIS OF THE EFFECT OF SEDIMENTATION 
IN THE LOWLYING AREAS♣ 
 
 
 

8.1 INTRODUCTION 
 
In the lowlands of Nepal, sedimentation is one of the main issues in irrigation 
projects. Degradation of agricultural fields in the low-lying areas due to 
sedimentation brought by irrigation water raises two main questions. What is the 
extent of the areas exposed to siltation and how does the latter affect soil 
condition? If the issue is fully understood, preventive measures can be taken or 
alternative solutions can be applied. 
  
The command area controlling the Narayani Irrigation Scheme in Chitwan valley 
was selected to study the sedimentation problem associated with irrigation water. 
Irrigation is based on direct pumping of water from the Narayani river, one of the 
main rivers in Nepal. The Narayani has a large basin which includes the 
watersheds belonging to Langtang Khola in the High Mountain and High Himal 
regions and to Likhu Khola in the Middle Mountain region. 
 
 

8.2 DESCRIPTION OF THE STUDY AREA 
 

8.2.1  Location 
 
The study area lies in the Chitwan valley, within the Siwalik region of Nepal. This 
region includes predominantly north-dipping, semiconsolidated, interbedded 
Tertiary conglomerate, sandstone, siltstone and shale units. The region is bordered 
to the south by the Terai piedmont and to the north by the Main Boundary Fault, 
which separates the Tertiary sediments of the Siwalik from the older bedrocks of 
the Middle Mountains.  
 
Chitwan valley is one of the Dun valleys, which are east-west elongated structural 
basins, believed to have formed due to rapid uplift of the Siwalik range in the 

♣ This chapter is published in: 
Shrestha, D. P. , 2005, Image transformation and geo-statistical techniques to assess 
sedimentation in southern Nepal. Asian Journal of Geoinformatics, Vol 5, No. 3 (2005):24-
31 
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south with blockage of the outlets. Although the original sedimentation of the 
valley is lacustrine, the present alluvial system of the Narayani river has strongly 
influenced the area. Except for the old lacustrine terraces, most of the area is 
covered by recent alluvial deposits.  
 

 

The investigated area (figure 8.1) lies between the coordinates 27o36’05” and 
27o43’23” N and 84o19’27” and 84o27’56” E, covering 19,175 hectares. The 
elevation ranges from 180 to 220 m asl.  
 

 
Figure 8. 1: The study area 
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Until recently, the Dun valleys were inhabited only by indigenous people, the 
Tharus. After the eradication of malaria and the construction of roads connecting 
the valley with other parts of the country, the hill people migrated to lowlands in 
search of land for cultivation. The Chitwan valley is now inhabited by mixed 
ethnic groups. The 1967 census reports a population of 180,000 in the Chitwan 
District. Narayangarh and Bharatpur are the main commercial, administration and 
marketing centres. The average farm size is 1.7 hectares, thus much larger than the 
farm size in the hilly region. 

8.2.2 Climate 
 
Chitwan valley has a subtropical climate, with hot/moist summers and cool/dry 
winters. The average annual temperature is 24o C. The mean summer temperature 
is 29 o C and the hottest months are May and June (figure 8.2), with absolute 
maximum recorded temperature of 43o C in June. The mean winter temperature is 
16 o C and the coldest months are December and January, with absolute minimum 
temperature of  3o C in January. The annual precipitation varies from 1584 mm to 
2287 mm, with an annual average of 1830 mm, calculated from a 10-year period. 
More than  80% of the rain falls in the rainy season, during the period June - 
September. The winter months (November - March) are dry and, in some years, 
these months do not receive any precipitation at all. 
 
In figure 8.3, mean monthly precipitation is plotted versus monthly estimates of 
potential evapotranspiration. The empirical formula of Blaney and Criddle was 
used to estimate the potential evapotranspiration such as U = kf, where U is the 
monthly consumptive use of the crop, k is the empirical crop coefficient and f is 
the climatic factor.  The latter is the product of the mean monthly air temperature, 
t, and the monthly percentage, p, of daylight hours in relation to the annual total of 
daylight hours, such as f = p(0.46 t + 8.13). The calculated annual potential 
evapotranspiration is 1954 mm, which exceeds the average annual precipitation of 
1830 mm. The moisture deficit during the winter months (October - May) is 679 
mm. According to Thornthwaite’s climatic classification scheme (Thornthwaite, 
1948), the area has a moist subhumid high-grass-prairie climate, with a large 
winter water deficit and a megathermal temperature efficiency regime.  
 
 

8.2.3 Vegetation and agriculture 
 
Main vegetation types in the lowlands are acacia (Acacia catechu) and  sisal trees 
(Dalbergia sp.), shrubs and coarse grasses. Crop rotation is rice-wheat/maize. Rice 
is the main crop grown during the monsoon period (June-October). If water is 
available, two rice crops are harvested in a year. Wheat is grown in winter months 
(December-April). In the uplands, sal forest (Shorea robusta) dominates and the 
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crop sequence is maize-mustard/wheat-fallow. With the introduction of irrigation 
water, rice fields have considerably increased in the area. 

Temperature in Chitwan valley

0

5

10

15

20

25

30

35

40

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Months

Te
m

pe
ra

tu
re

 (o
C

)

Mean max. temp. Mean temp. Mean min. temp.

 
Figure 8. 2: Temperature at Rampur station (Dept. of Irrigation, Hydrology and 
Meteorology, HMG, Nepal) 
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Figure 8. 3: Average precipitation based on 1975-1990 data (Dept. of Irrigation, 
Hydrology and Meteorology, HMG, Nepal) versus potential evapotranspiration in 
Chitwan valley.  

8.2.4 Soils of the Chitwan valley 
 
A soil study was carried out in the Chitwan valley using full profile, mini-pit and 
auger hole descriptions. Altogether 31 profiles were described. In addition, 
available soil data from 13 locations in the Chitwan valley (LRMP, 1986) were 
used. A reconnaissance soil map was prepared based on the interpretation of 26 
aerial photos from 1989 at scale 1:25,000 (plate 8.1 and table 8.1). After field 
verification, the interpretation lines were transferred onto a base map prepared 
from toposheets of the area at scale 1:25,000 (map sheets 278406A, 278406B, 
278406C and 278406D).  
 
The soils in the Chitwan valley are mainly alluvial. The differences in soil types 
are related to various stages of deposition by the Narayani river, except for the 
southern part of the valley which is under the influence of the Rapti river. The  
area has a floodplain and various terrace levels. The difference in elevation 
between the present floodplain of the Narayani river and the highest terrace is 
about 30 m. The elevation of the Narayani river is 180 m asl at Narayanghat. 
 
In the floodplain (Va12), the soils are deep, acidic (pH 5.0) over calcareous 
(calcareousness increasing with depth), fine loamy to sandy Typic Ustifluvents, 
Typic and Aquic Ustochrepts, and Typic Haplustolls. Sand and silt particles are 
abundant (more than 70%) throughout the profile. In the lower terrace (Va21), the 
soils are deep, slightly acidic (pH 6.0) over calcareous (pH 8.0), coarse loamy 
Typic, Fluventic and Anthraquic Ustochrepts and Typic Ustipsamments. Sand and 
silt sized fractions dominate the particle size distribution throughout the profile. In 
the middle terrace (lower part, Va31; and higher part, Va32), the soils are deep, 
slightly acidic (pH 6.0), coarse loamy Typic and Oxyaquic Haplustolls and Typic 
Ustochrepts.  
 
The high terrace has somewhat poorly drained as well as well drained areas. In the 
somewhat poorly drained areas (Va41), the soils are deep, slightly acidic (pH 6.0), 
coarse loamy Oxyaquic and Typic Haplumbrepts and Typic and Anthraquic 
Ustochrepts. In the well drained areas of the high terrace (Va42), the soils are 
deep, slightly acidic (pH 6.0), fine to coarse loamy Typic Ustochrepts, Typic 
Haplumbrepts and Typic Haplustolls. Close to the irrigation canals, sand and silt 
fractions are predominant (more than 80%) in the topsoil. Calcium carbonate 
content is also higher (about 10%) in the topsoil than the subsoil, which is shown 
by slightly alkaline soil reaction (pH more than 7). Base saturation of the topsoil is 
about 100%, which is dominated by calcium. Cation exchange capacity is low (less 
than 10 cmol(+) kg-1 soil). In the very high terrace (local name: tar), soils are very 



Chapter 8: Analysis of the effect of sedimentation 
_________________________________________________________________________ 
154 

deep, reddish brown, acidic (pH varies from 4.5 to 5.0), fine to coarse loamy Typic 
Kandiustalfs and Typic Rhodustults. There is no influence of recent sedimentation 
in these soils. In the swales and old river course, soil types are Fluvaquentic 
Epiaquolls, Fluventic Ustochrepts and Typic Ustochrepts. In the alluvial fans, 
Typic Dystrochrepts and Typic Ustochrepts are the main soils, whereas Lithic and 
Typic subgroups of Ustochrepts and Dystrochrepts dominate in the mountains. 
 

Table 8. 1: Legend to geopedologic map of Chitwan valley 
 
Landscape 

Relief type Lithology 
/facies 

Landform 
/phase 

Map 
unit 

symbol 

General 
slope 
(%) 

Dominant soil types Area 
(ha) 

Mountain low 
elevation 

ridges 

gneiss summit- 
shoulder 
complex 

Mo 10-60 Lithic, Typic subgroups 
of Ustochrepts and 
Dystrochrepts 

 
1735 

Piedmont alluvial fan colluvio-
alluvium 

- Pi11  Typic Dystrochrepts 
Typic Ustochrepts 

145 

 Incisions alluvium - Pi12          n/a 20 

 floodplain alluvium river 
bed/alluvial 

land 

Va11 0-1         n/a 585 

   levee-
backswamp 

complex 

Va12 0-1 Typic Ustifluvents 
Typic  Ustochrepts 
Aquic Ustochrepts 
Typic Haplustoll 

600 

 lower 
terrace 

alluvium tread/riser 
complex 

Va21 1-2 Typic,  Fluventic and 
Anthraquic Ustochrepts 
Typic Ustipsamments 

1800 

 middle 
terrace 

alluvium lower part Va31 1-2 Typic and Oxyaquic 
Haplustolls 
Typic Ustochrepts 

1460 

Valley   higher part Va32 1-2 Typic Ustochrepts 
Typic Haplustolls 
 

1400 

 high 
terrace 

alluvium poorly drained Va41 2-3 Oxyaquic and 
Anthraquic 
Haplumbrepts  
Typic Haplustolls 
Typic Ustochrepts 

680 

   well drained Va42 2-3 Typic Ustochrepts 
Typic Haplumbrepts 
Typic Haplustolls 
 
 

6400 

   terrace riser Va43           n/a 35 

 very high 
terrace 
(tar) 

alluvium tread Va51 2-3 Typic Kandiustalfs 
Typic Rhodustults 
 
 

2860 

 swales and 
old river 
course 

alluvium - Va61 1-3 Fluvaquentic Epiaquolls 
Typic and Fluventic 
Ustochrepts 

935 
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8.2.5 The Narayani irrigation project 
 
The Narayani irrigation project was initiated in 1972, with the purpose of having 
year-round irrigation possibilities, and completed in 1989 at the cost of NRs. 
470,000,000 financed by the Asian Development Bank. The irrigation scheme was 
designed to irrigate 8600 hectares in west Chitwan, including 3900 hectares by the 
Khageri irrigation scheme. The area directly under the Narayani irrigation scheme 
is 4700 hectares. Water is directly pumped from a reservoir built along the 
Narayani river. The pumping capacity was determined according to the gross water 
requirement, assuming 16 hours of operation per day (Schmidt and Frantz, 1972).  
Lifting of water is done in two stages by two sets of pumps. In the first stage, five 
pumps lift 11 m3/s to about 18 m height onto a link canal (canal A). Water is 
diverted from this canal to the canal B system at a capacity of 7.8 m3/s. In a second 
stage, water is lifted at a capacity of 3.2 m3/s from canal A to canal C at a height of 
20 m. The areas under canal B and canal C are 2400 and 2300 hectares, 
respectively. The system B supplements the Khageri irrigation scheme with a 
capacity of 4.3 m3/s.  
 
The original plan of the project was to provide water on a year-round basis but, 
due to heavy sedimentation in the canals, irrigation is provided only during July-
September for the cultivation of rice, the staple crop of the local population. 
During off season, the sediments deposited in the canals are removed and the 
general maintenance of the pumps is done.  
 
 

8.3 ASSESSING THE MAGNITUDE OF SILTATION 
 
Siltation material in the irrigation canals and the fields includes a high proportion 
of silt. In the irrigated fields, the silt fraction in the topsoil varies from 25 to 85 %, 
depending on the location. Fields closer to an irrigation canal have higher silt 
content and deeper sediment deposition than fields farther away. On average, the 
sediments accumulated in the irrigation canal have 5% coarse sand (250-2000:), 41 
% fine and very fine sand (50-250:), 48  % silt (both coarse and fine), and only 6 
% clay. The mineralogy of the silt fraction is dominated by quartz, mica and 
feldspar. Mica is mainly biotite. Feldspars are plagioclase and microcline. The 
sediment has an appreciable amount of calcium carbonate (up to 14 %). The 
exchange complex is also dominated by calcium. Organic matter content is very 
low (<0.3 %).  
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8.3.1 Thin sections 
 
Soil porosity and water movement can be assessed by studying the micro-structure 
of the sediments laid down by the irrigation water. For this purpose undisturbed 
samples of the topsoil were taken for thin sections at different distances from the 
irrigation canal. The prepared thin sections were scanned at 300 dpi resolution and 
the resulting image was separated into 3 bands corresponding to red, green and 
blue. The individual bands were then filtered by a directional (in Y-axis) original-
minus-Laplacian filter to enhance the linear features related to the sediment 
stratification. After filtering, colour composites were prepared and stretching of 
the individual bands were carried out using a linear technique. 
 
In plate 8.2, the thin section of a deposit close to the irrigation canal is shown 
(only the upper layer close to the surface is shown). Total depth of the 
sedimentation is 17 cm. The stratification shows four major layers. The first 10 
mm consist of finely stratified material overlying 25 mm of coarser material less 
stratified. Below, layers of fine and coarse material alternate until a depth of about 
53 mm. Further down, the stratified layers become darker, probably indicating the 
presence of organic matter. The finely stratified layers consist of fine silt and the 
coarse layers consist dominantly of coarse silt and fine sand. On average, the 
sediments have 45 % fine silt (2-20:), 40 % coarse silt (20-50:) and 8 % fine sand 
(50-250:). The colour of the particles reflects their mineralogical composition 
without weathering. Minerals in the silt fraction are mainly quartz and feldspar, 
followed by mica. There is no aggregation of particles and no pores exist.  
 
The second thin section (plate 8.3) was taken about 50 m from the irrigation canal. 
Depth of sedimentation is about 48 mm. Sedimentation consists of finer particles 
as compared to previous thin section. Here also, the fine-and coarse-stratified 
layers alternate. Colour of the sediment is light gray. No aggregation is recognised. 
The underlying material, below 45 mm depth, is not stratified because of plowing 
which mixes the sediment with top soil. Colour is also different (brown) as 
compared to the recently deposited material. Some pores and cracks are visible. 
The new sediments are stratified and have no porosity.   
 
The third thin section (plate 8.4) was taken about 100 m from the irrigation canal. 
Two distinct layers can be recognised: 20-25 mm of finely stratified material 
overlying 50 mm of coarser material. Since this is far from the irrgation canal, the 
deposited material is finer and consists of fine and course silt sized particles, with 
finer sized particles dominating the matrix. The finely stratified top material is a 
recent fine silty deposit. Stratification is not clear in the underlying material 
because of mixing by plowing and the presence of plant residues. The underlying 
material, below 25 mm depth, has pores and channels created by plant residues.  
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The last thin section (plate 8.5) was taken about 300 m from the irrigation canal. It 
shows very finely stratified sediments of fine silt and clay (0-10 mm), overlying a 
plowed horizon. Sediments consist of  fine silt sized particles and clay. Because of 
this, stratification is also very fine. Below 10 mm, pore density increases as 
compared to previous thin sections.  
 

 

8.3.2 Effect of sedimentation 

 
The siltation sediments are fresh material without organic matter and without 
particle aggregation. Siltation severely hampers ploughing and field preparation, 
and causes poor crop growth (figure 8.4) and reduced harvest. High calcium 
carbonate content in the sediments promotes surface crusting with the irrigation 
water. Irrigation water causes the soil reaction to change from strongly (pH 5.0) 
and moderately acid (pH 6.5) to neutral (pH 7.0) and mildly alkaline (pH 8.0). This 
effect is maximum close to the canals and decreases rapidly further away. The 
fresh sediments are strongly calcareous. 
 
 

 
Figure 8. 4: Poor crop performance due to siltation 

 
Sediment depth and calcareousness were measured at fixed intervals of 12.5 m 
along a 750 m transect (figures 8.5 and 8.6). At 12.5 m from the canal B, the 
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thickness of the depositional cover layer is 26 cm, including 17 cm of fresh 
sediments in the surface layer (profile Ch-DP6). At 62.5 m from the irrigation 
canal, along the same transact, the sediment depth is 16 cm, mixed with topsoil 
due to plowing (profile Ch-DP7). Sedimentation is absent at 150 m from the 
irrigation canal. At 250 m along the same transect, sediment depth measured is 
about 45 cm corresponding to the location of a side canal. Another side canal is 
encountered at distance 725 m. Sediment depth is closely related to the 
calcareousness of soil (Figure 8.6)   
  
In the area irrigated by canal C, siltation is less severe because of less water intake 
and lower irrigation frequency. Two profiles, one close to the canal (profile Ch-
DP9) and the second one at 175 m (profile Ch-DP2), show that the irrigation water 
increases the base saturation and the pH of the soil. This also affects the soil 
classification, since the umbric epipedon can easily change into mollic (profile Ch-
DP2, Ch-DP9). 
 

 
Figure 8. 5: Variations in the depth of sediments laid down by irrigation water along a 
750 m transect in the canal B area. 

8.3.3 Spatial variability of siltation 

(1)  Semi-variance estimation 
 
Spatial variability study helps in understanding the spatial deposition pattern of the 
sediments laid down by irrigation water. For this purpose soil properties such as 
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the depth of fresh sediments brought by irrigation water and the calcareousness of 
the topsoil, were analysed for spatial dependency, using the theory of regionalized 
variables (Matheron, 1965). Soil calcareousness was found to be an important 
property to study the effect of siltation since it is strongly related to the area where 
sedimentation takes place, either from irrigation water or as a result of flooding 
from the Narayani river.  
 
 

 
Figure 8. 6: Variations in the calcareousness of the topsoil along a 750m transect in 
the canal B area. 

 
 
Data collection was carried out along transects. The distance between the transects 
was kept at 50 and 100 m. Observations were located at fixed intervals of 12.5m. 
Some observations were also done at 25 m or 50 m intervals. Altogether 170 
locations were studied. Field properties measured were the depth of the sediments 
laid down by the irrigation water and the calcareousness of the topsoil. Five 
calcareous classes were established: 0 = not calcareous, no visible or audible 
effervescence; 1= slightly calcareous, audible effervescence but not visible; 2= 
moderately calcareous, visible effervescence; 3= strongly calcareous, strong 
visible effervescence with formation of bubbles; 4= extremely calcareous, 
extremely strong reaction with quick formation of thick foam. Soil samples were 
collected for particle size distribution and some chemical analyses.  
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Semi-variances were calculated at different lags (multiples of the sampling interval 
of 12.5 m). In figure 8.7, the sample variogram for the sediment depth is given. 
The Y axis indicates the semi-variances and the lag distances are shown on the X 
axis. The semi-variogram is fitted by a spherical model, which is derived from the 
volume of intersection of two spheres (Webster and Oliver, 1990). The range of 
the sediment depth is 90 m, with sill variance of 115 and nugget effect of 5. Spatial 
anisotropy was not taken into account, because it is known from field 
investigations that the maximum variation is perpendicular to the irrigation canals 
and that the effect of irrigation water on sediment deposition reaches about 100 m 
from the irrigation canals. The distance between irrigation canals varies from 200 
m to 730 m with an average of 400 m, which means that half of the irrigated area 
has problems related to siltation.  
 
In figure 8.8, the sample variogram of the silt content (20 - 50  :m) in the  topsoil is 
given, which is also fitted by a spherical model. The sill variance was reached at 
18, with a nugget variance of 6. The range was found at 50 m. For fine silt (2-20 
:m) sediments, no spatial dependency was found. In figure 8.9, the variogram for 
calcareousness of the topsoil is given.  
 
 

Figure 8. 7: Variogram for sediment depth 
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Figure 8.8: Variogram for silt content  (20-50µ) of the topsoil 

Figure 8.9: Variogram for calcareousness of the topsoil 
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Figure 8. 10: Variogram for pH of the topsoil 

 
 
The sample variogram of calcareousness of the topsoil shows that there is no 
spatial dependency beyond 90 m lag. Sill variance is reached at 2.2, with nugget 
effect of 0.3. Similarly, the pH of the topsoil has a range of 80 m (figure 8.10).  
 

(2)  Local estimation 
 
The point kriging method was used to map the spatial variation of sediment depth 
and calcareousness of the topsoil (Krige, 1966). The estimation is done by the 
weighted average of the property values at the surrounding locations. The local 
estimation of the spatial variation of the sediment depth and the calcareousness of 
the topsoil was carried out in a 400 by 690 m area. The interpolation map of 
sediment depth shows a concentration of lines close to the irrigation canal and 
close to the water outlet point, indicating maximum variation over short distances 
(figure 8.11). The contour lines of calcareosness of the topsoil are given in figure 
8.12. The study shows that the sediment brought by irrigation water is highly 
calcareous, which changes the soil reaction. 
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Figure 8.11: Kriging of sediment depth 
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Figure 8.12: Kriging of the calcareousness of the topsoil 
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8.4 MAPPING SILTATION AREAS 
 

8.4.1 Multispectral classification 
 
The sediments deposited by the irrigation water consist of fresh light grey material, 
devoid of any organic matter or sesquioxide coatings. Particle sizes are fine (2- 
20 ) and coarse silt (20-50 ), and fine sand (50-250 ). Because of the ligh  
colour of the sediments, the areas affected by siltation reflect high amount of 
energy in all spectral bands. Therefore, satellite remote sensing data were used to 
discriminate the siltation areas. A Landsat TM quarter scene of 7 May 1992 (path 
142, row 41), with spatial resolution of 30 m and seven spectral bands, was 
acquired.  
 
 
(1)  False colour composite 
 
For contrast enhancement, stretching was carried out using the histogram 
equalization method, which emphasises the pixel values having high frequency. 
Colours were then assigned as follows: red to TM band 4, green to TM band 5 and 
blue to TM band 3. The resulting image has both spatial and contrast enhancement. 
 
 
(2)  Training samples and supervised classification  
 
The false-colour composite was used as background image for taking samples. All 
six bands of the Landsat TM except the thermal band were used. Enough samples 
were taken for every class. The samples form the representative data set (cluster) 
for a given class. The mean of the cluster forms the pattern (pattern vector) for a 
given class. This also shows the location of the class in the feature space. The 
shape and size or compactness of the cluster are given by the standard deviation, 
and the orientation of the cluster is defined by the co-variance. In table 8.2, the 
class mean values and the standard deviations are given. In figures 8.13 and 8.14, 
curves of various class patterns are shown. During sampling, enough care was 
taken to avoid overlap between the classes. The overlapping classes were merged. 
After completing the sampling procedure, classification was carried out by 
selecting the maximum likelihood algorithm. 
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Table 8. 2: Class means for bare soil, bare and fallow land, sediment 
deposit and river bed (Digital numbers)  

 Bare soil Bare fallow Fine sand/silt 
deposit 

River bed River 

TM bands Mean St.Dev. Mean St.Dev. Mean St.Dev. Mean St.Dev. Mean St.Dev. 
TM1 24.2 2.4 44.3 4.5 39.4 2.3 78.8 3.3 22.6 3.4 
TM2 23.6 1.7 42.7 3.7 37.6 1.6 56.5 2.1 21 2 
TM3 38.9 3.3 75.1 8 66 2.8 87 3 23.1 3.2 
TM4 45.4 3.5 77.4 5.1 65.8 1.8 63 1.7 8.5 3 
TM5 142.7 8 186.6 9.4 179.3 5.2 126.4 3.7 3.1 6.8 
TM7 92.9 6.7 112.1 7.9 111.6 5.1 86.6 2.8 1.5 4.1 

 

Figure 8.13: Spectral signatures of vegetation patterns in Chitwan valley, Nepal  

 

8.4.2 Improving the classification result 
 
Since spectral classification is based on only reflectance values, it does not take 
into account spatial features. Thus, smoothing the classification result alone was 
not sufficient. It was considered necessary to improve the classification by 
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applying the knowledge acquired in the field. It is known that there is no orchard 
in the sal forest areas. Bare/fallow land was also confused with fine sand and silt 
deposits by the irrigation water. From the figure 8.14 it is clear that the spectral 
reflectance pattern of fine sand/silt deposit and that of bare/fallow land are close, 
which is also indicated by the shortest spectral distance of 17.9 between these two 
classes (table 8.3). Maximum spectral distance is found between bare soil and 
bare/fallow land. For this purpose masking of the airfield, the urban area and the 
sal forest was done by means of screen digitising. The digitised polygons were 
rasterized with the same pixel size of Landsat TM. The classification was then 
improved by applying the following conditional statements: 

 
IF spectral_classification_result = “Orchard” AND mask_area = “Sal 

forest” 
THEN classification = “Sal forest” 

ELSE IF mask_area = “Airfield”  
THEN classification = “Airfield”  

ELSE IF mask_area = “Urban area”  
THEN classification = “Urban area” 

ELSE classification = 
spectral_clasification_result 

 

Figure 8.14: Spectral signatures of surface features in Chitwan valley, Nepal 
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Table 8. 3: Spectral distances between various classes 

 Bare soil Bare/fallow 
Land 

Fine sand/ 
Silt deposit 

River bed 

Bare soil 0 68.05 55.10 24.80 
Bare/fallow land 68.05 0 17.91 65.38 

Fine sand/silt deposit 55.10 17.91 0 25 
River bed 24.80 24.80 25 0 

 
 
Another problem was the classification of dense and degraded sal forest. In 
degraded sal forest, the pixels are either pure sal forest, bare soil, leaf litter cover 
or the pixels are mixed. This resulted in many wrongly classified pixels. To solve 
this, the normalised difference vegetation index (NDVI) was used. The final 
classification result (plate 8.6) shows considerable improvement over the spectral 
classification. For accuracy estimation, a new set of test pixels was selected for all 
the classes to remove bias.  The test pixels were checked for the assessment of 
classification accuracy. The result shows that the average accuracy is improved 
from 79% to 98% and the overall accuracy is also improved from 76% to 99%. 
The numbers of test pixels, rightly or wrongly classified, are given in a tabular 
form called contingency table (table 8.4). Every row in the table corresponds to a 
class in the classification test map. The last column in the row gives the number of 
test pixels. Every column corresponds to a class in the classification. The diagonal 
values show the numbers of pixels that were classified correctly.  
 
In total, 3084 hectares are affected by the sedimentation from the Narayani 
irrigation water, out of which 2518 hectares fall within the Narayani irrigation 
scheme. Thus, more than half of the area has siltation problems (figure 8.15). In 
the Khageri irrigation scheme, siltation is not a hazard since the water from the 
Khageri river which originates in the middle mountains has no suspended 
sediments. Occasional sedimentation can occur in the command area of the 
Khageri irrigation scheme because water from Narayani irrigation scheme is 
diverted to supplement the water shortage in the Khageri canal.  
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Figure 8. 15: Area affected by sedimentation, Narayani irrigation scheme, 
Chitwan valley, Nepal 
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Table 8. 4: Contingency table of the final classification  
 Dense 

sal 
forest 

Degraded 
sal forest 

Sisal 
forest 

Mixed 
forest 

Orchard Crops Bare 
fallow 

Bare 
soil 

Fine sand 
/silt 

deposit 

River 
bed 

Test 
pixel

s 
Dense sal 

forest 
249 

(96%) 
11 

(4%) 
        260 

Degraded 
sal forest 

63 
(8%) 

687 
(92%) 

        750 

Sisal 
forest 

  266 
(100%) 

       266 

Mixed 
forest 

   174 
(91%) 

 15 
(8%) 

 2 
(1%) 

  191 

Orchard    13 
(13%) 

85 
(87%) 

     98 

Crops      227 
(95%) 

 13 
(5%) 

  240 

Bare 
fallow 

      134 
(99%) 

1 
(1%) 

  135 

Bare soil        243 
(100%) 

  243 

Fine 
sand/silt 
deposit 

        205 
(100%) 

 205 

River bed          260 
(100%) 

260 

 

 

8.5 ASSESSING LAND DEGRADATION   
 
Based on suspended sediment concentration measurements and river discharge 
records taken during the period 1976-80, the sediment concentration passing the 
intake of the Narayani irrigation scheme was estimated on a monthly basis by 
Rothwell (1985). During the period June – September, the mean monthly sediment 
concentration is above 1000 mg/l, with maximum mean concentration of 6016 
mg/l in August (figure 8.16).  
 
Siltation causes the deterioration of the physical soil properties. This is clearly 
seen in the micro-structure of the sediments, which are stratified unweathered 
minerals composed of quartz, feldspar and mica. The sediments do not show any 
aggregation of particles. Porosity is absent, which hinders water movement down 
the soil profile. Since the sediments are loose particles, it also impairs farming 
practices. The result is poor crop growth and low yields. The volume of sediment 
laid down depends on the distance from the irrigation canals. Spatial variability 
study shows that variation is perpendicular to the irrigation canals and variation 
within short distances is maximum close by the irrigation canals. Since the 
sediments are light coloured, they reflect high amount of energy in all the spectral 
bands. This makes it possible to map the siltation area by multispectral 
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classification. It is also possible to map the present status of land degradation in 
the irrigated fields, using the knowledge obtained from the sedimentation studies 
in the Chitwan valley. For this purpose distances were calculated from the 
irrigation canals. Classification of the distances was carried out which resulted in 5 
classes of distance from the irrigation canals: within 50 m, 50-100 m, 100-200 m, 
200-300 m, and more than 300 m.  The distance class map was overlayed with the 
siltation area map to assess the present stage of land degradation. The class “Very 
highly degraded” means siltation area within 50 m from the canals and the class 
“Highly degraded” means siltation area between 50 and 100 m from the canals, 
and so forth. The degradation map is shown in plate 8.7.  
 

Figure 8.16: Average sediment concentration in the Narayani river 

 
 

8.6 CONCLUSION 
 
The study shows that the irrigation water from the Narayani river brings a lot of 
sediments to the agricultural fields. Although the irrigation water increases the 
base saturation of the soil, which balances the leaching of the plant nutrients, the 
magnitude of siltation may outnumber any benefit obtained from irrigation. If 12 
hours of pumping per day is carried out as per the original plan of the irrigation 
project, the average annual intake of sediments can be estimated at about 8000 
tonnes or 57,000 m3, 90% of which enters between May and September. About 75 
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% of the sediments is retained in the canal. The rest (about 2000 tonnes) 
contributes to the siltation of the agricultural fields. The original plan of the 
project to provide water on a year-round basis, including water for irrigating wheat 
fields during the winter months (November-January), was never materialised 
because of maintenance activities and repair of the pumps. The maintenance cost 
involved was too high to justify the provision of irrigation water for the second 
crop in winter. The irrigation scheme did not operate in 1994 because the financial 
means to repair the water pumps and clean the irrigation canals (figure 8.17) could 
not be afforded. The volume of sediments removed from the canal was 64,122 m3 

in 1994/95 and 50,855 m3 in 1995/96 (verbal communications from project 
engineer, Chitwan Irrigation Project). 
 
Considering the amount of sediment load of the irrigation water, it can be 
postulated that the degraded area can only increase in future. The project seems to 
be a hopeless case. Although some farmers took the initiative of removing the 
sediments on a yearly basis, the project is not sustainable in the long run. One 
alternative is to use the water in the winter months only, when the suspended load 
of the river is minimal. This would imply changing the cropping system and land 
use for which additional studies would have to be carried out with respect to 
farmer’s preferences and marketing possibilities.  
 

 

Figure 8.17: Cleaning of irrigation canal 
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ANALYSIS OF THE EFFECT OF SEDIMENTATION 
IN THE LOWLYING AREAS♣ 
 
 
 

8.1 INTRODUCTION 
 
In the lowlands of Nepal, sedimentation is one of the main issues in irrigation 
projects. Degradation of agricultural fields in the low-lying areas due to 
sedimentation brought by irrigation water raises two main questions. What is the 
extent of the areas exposed to siltation and how does the latter affect soil 
condition? If the issue is fully understood, preventive measures can be taken or 
alternative solutions can be applied. 
  
The command area controlling the Narayani Irrigation Scheme in Chitwan valley 
was selected to study the sedimentation problem associated with irrigation water. 
Irrigation is based on direct pumping of water from the Narayani river, one of the 
main rivers in Nepal. The Narayani has a large basin which includes the 
watersheds belonging to Langtang Khola in the High Mountain and High Himal 
regions and to Likhu Khola in the Middle Mountain region. 
 
 

8.2 DESCRIPTION OF THE STUDY AREA 
 

8.2.1  Location 
 
The study area lies in the Chitwan valley, within the Siwalik region of Nepal. This 
region includes predominantly north-dipping, semiconsolidated, interbedded 
Tertiary conglomerate, sandstone, siltstone and shale units. The region is bordered 
to the south by the Terai piedmont and to the north by the Main Boundary Fault, 
which separates the Tertiary sediments of the Siwalik from the older bedrocks of 
the Middle Mountains.  
 
Chitwan valley is one of the Dun valleys, which are east-west elongated structural 
basins, believed to have formed due to rapid uplift of the Siwalik range in the 

♣ This chapter is published in: 
Shrestha, D. P. , 2005, Image transformation and geo-statistical techniques to assess 
sedimentation in southern Nepal. Asian Journal of Geoinformatics, Vol 5, No. 3 (2005):24-
31 
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south with blockage of the outlets. Although the original sedimentation of the 
valley is lacustrine, the present alluvial system of the Narayani river has strongly 
influenced the area. Except for the old lacustrine terraces, most of the area is 
covered by recent alluvial deposits.  
 

 

The investigated area (figure 8.1) lies between the coordinates 27o36’05” and 
27o43’23” N and 84o19’27” and 84o27’56” E, covering 19,175 hectares. The 
elevation ranges from 180 to 220 m asl.  
 

 
Figure 8. 1: The study area 

 



Chapter 8: Analysis of the effect of sedimentation 
_________________________________________________________________________ 

151 

Until recently, the Dun valleys were inhabited only by indigenous people, the 
Tharus. After the eradication of malaria and the construction of roads connecting 
the valley with other parts of the country, the hill people migrated to lowlands in 
search of land for cultivation. The Chitwan valley is now inhabited by mixed 
ethnic groups. The 1967 census reports a population of 180,000 in the Chitwan 
District. Narayangarh and Bharatpur are the main commercial, administration and 
marketing centres. The average farm size is 1.7 hectares, thus much larger than the 
farm size in the hilly region. 

8.2.2 Climate 
 
Chitwan valley has a subtropical climate, with hot/moist summers and cool/dry 
winters. The average annual temperature is 24o C. The mean summer temperature 
is 29 o C and the hottest months are May and June (figure 8.2), with absolute 
maximum recorded temperature of 43o C in June. The mean winter temperature is 
16 o C and the coldest months are December and January, with absolute minimum 
temperature of  3o C in January. The annual precipitation varies from 1584 mm to 
2287 mm, with an annual average of 1830 mm, calculated from a 10-year period. 
More than  80% of the rain falls in the rainy season, during the period June - 
September. The winter months (November - March) are dry and, in some years, 
these months do not receive any precipitation at all. 
 
In figure 8.3, mean monthly precipitation is plotted versus monthly estimates of 
potential evapotranspiration. The empirical formula of Blaney and Criddle was 
used to estimate the potential evapotranspiration such as U = kf, where U is the 
monthly consumptive use of the crop, k is the empirical crop coefficient and f is 
the climatic factor.  The latter is the product of the mean monthly air temperature, 
t, and the monthly percentage, p, of daylight hours in relation to the annual total of 
daylight hours, such as f = p(0.46 t + 8.13). The calculated annual potential 
evapotranspiration is 1954 mm, which exceeds the average annual precipitation of 
1830 mm. The moisture deficit during the winter months (October - May) is 679 
mm. According to Thornthwaite’s climatic classification scheme (Thornthwaite, 
1948), the area has a moist subhumid high-grass-prairie climate, with a large 
winter water deficit and a megathermal temperature efficiency regime.  
 
 

8.2.3 Vegetation and agriculture 
 
Main vegetation types in the lowlands are acacia (Acacia catechu) and  sisal trees 
(Dalbergia sp.), shrubs and coarse grasses. Crop rotation is rice-wheat/maize. Rice 
is the main crop grown during the monsoon period (June-October). If water is 
available, two rice crops are harvested in a year. Wheat is grown in winter months 
(December-April). In the uplands, sal forest (Shorea robusta) dominates and the 
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crop sequence is maize-mustard/wheat-fallow. With the introduction of irrigation 
water, rice fields have considerably increased in the area. 
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Figure 8. 2: Temperature at Rampur station (Dept. of Irrigation, Hydrology and 
Meteorology, HMG, Nepal) 
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Figure 8. 3: Average precipitation based on 1975-1990 data (Dept. of Irrigation, 
Hydrology and Meteorology, HMG, Nepal) versus potential evapotranspiration in 
Chitwan valley.  

8.2.4 Soils of the Chitwan valley 
 
A soil study was carried out in the Chitwan valley using full profile, mini-pit and 
auger hole descriptions. Altogether 31 profiles were described. In addition, 
available soil data from 13 locations in the Chitwan valley (LRMP, 1986) were 
used. A reconnaissance soil map was prepared based on the interpretation of 26 
aerial photos from 1989 at scale 1:25,000 (plate 8.1 and table 8.1). After field 
verification, the interpretation lines were transferred onto a base map prepared 
from toposheets of the area at scale 1:25,000 (map sheets 278406A, 278406B, 
278406C and 278406D).  
 
The soils in the Chitwan valley are mainly alluvial. The differences in soil types 
are related to various stages of deposition by the Narayani river, except for the 
southern part of the valley which is under the influence of the Rapti river. The  
area has a floodplain and various terrace levels. The difference in elevation 
between the present floodplain of the Narayani river and the highest terrace is 
about 30 m. The elevation of the Narayani river is 180 m asl at Narayanghat. 
 
In the floodplain (Va12), the soils are deep, acidic (pH 5.0) over calcareous 
(calcareousness increasing with depth), fine loamy to sandy Typic Ustifluvents, 
Typic and Aquic Ustochrepts, and Typic Haplustolls. Sand and silt particles are 
abundant (more than 70%) throughout the profile. In the lower terrace (Va21), the 
soils are deep, slightly acidic (pH 6.0) over calcareous (pH 8.0), coarse loamy 
Typic, Fluventic and Anthraquic Ustochrepts and Typic Ustipsamments. Sand and 
silt sized fractions dominate the particle size distribution throughout the profile. In 
the middle terrace (lower part, Va31; and higher part, Va32), the soils are deep, 
slightly acidic (pH 6.0), coarse loamy Typic and Oxyaquic Haplustolls and Typic 
Ustochrepts.  
 
The high terrace has somewhat poorly drained as well as well drained areas. In the 
somewhat poorly drained areas (Va41), the soils are deep, slightly acidic (pH 6.0), 
coarse loamy Oxyaquic and Typic Haplumbrepts and Typic and Anthraquic 
Ustochrepts. In the well drained areas of the high terrace (Va42), the soils are 
deep, slightly acidic (pH 6.0), fine to coarse loamy Typic Ustochrepts, Typic 
Haplumbrepts and Typic Haplustolls. Close to the irrigation canals, sand and silt 
fractions are predominant (more than 80%) in the topsoil. Calcium carbonate 
content is also higher (about 10%) in the topsoil than the subsoil, which is shown 
by slightly alkaline soil reaction (pH more than 7). Base saturation of the topsoil is 
about 100%, which is dominated by calcium. Cation exchange capacity is low (less 
than 10 cmol(+) kg-1 soil). In the very high terrace (local name: tar), soils are very 
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deep, reddish brown, acidic (pH varies from 4.5 to 5.0), fine to coarse loamy Typic 
Kandiustalfs and Typic Rhodustults. There is no influence of recent sedimentation 
in these soils. In the swales and old river course, soil types are Fluvaquentic 
Epiaquolls, Fluventic Ustochrepts and Typic Ustochrepts. In the alluvial fans, 
Typic Dystrochrepts and Typic Ustochrepts are the main soils, whereas Lithic and 
Typic subgroups of Ustochrepts and Dystrochrepts dominate in the mountains. 
 

Table 8. 1: Legend to geopedologic map of Chitwan valley 
 
Landscape 

Relief type Lithology 
/facies 

Landform 
/phase 

Map 
unit 

symbol 

General 
slope 
(%) 

Dominant soil types Area 
(ha) 

Mountain low 
elevation 

ridges 

gneiss summit- 
shoulder 
complex 

Mo 10-60 Lithic, Typic subgroups 
of Ustochrepts and 
Dystrochrepts 

 
1735 

Piedmont alluvial fan colluvio-
alluvium 

- Pi11  Typic Dystrochrepts 
Typic Ustochrepts 

145 

 Incisions alluvium - Pi12          n/a 20 

 floodplain alluvium river 
bed/alluvial 

land 

Va11 0-1         n/a 585 

   levee-
backswamp 

complex 

Va12 0-1 Typic Ustifluvents 
Typic  Ustochrepts 
Aquic Ustochrepts 
Typic Haplustoll 

600 

 lower 
terrace 

alluvium tread/riser 
complex 

Va21 1-2 Typic,  Fluventic and 
Anthraquic Ustochrepts 
Typic Ustipsamments 

1800 

 middle 
terrace 

alluvium lower part Va31 1-2 Typic and Oxyaquic 
Haplustolls 
Typic Ustochrepts 

1460 

Valley   higher part Va32 1-2 Typic Ustochrepts 
Typic Haplustolls 
 

1400 

 high 
terrace 

alluvium poorly drained Va41 2-3 Oxyaquic and 
Anthraquic 
Haplumbrepts  
Typic Haplustolls 
Typic Ustochrepts 

680 

   well drained Va42 2-3 Typic Ustochrepts 
Typic Haplumbrepts 
Typic Haplustolls 
 
 

6400 

   terrace riser Va43           n/a 35 

 very high 
terrace 
(tar) 

alluvium tread Va51 2-3 Typic Kandiustalfs 
Typic Rhodustults 
 
 

2860 

 swales and 
old river 
course 

alluvium - Va61 1-3 Fluvaquentic Epiaquolls 
Typic and Fluventic 
Ustochrepts 

935 
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8.2.5 The Narayani irrigation project 
 
The Narayani irrigation project was initiated in 1972, with the purpose of having 
year-round irrigation possibilities, and completed in 1989 at the cost of NRs. 
470,000,000 financed by the Asian Development Bank. The irrigation scheme was 
designed to irrigate 8600 hectares in west Chitwan, including 3900 hectares by the 
Khageri irrigation scheme. The area directly under the Narayani irrigation scheme 
is 4700 hectares. Water is directly pumped from a reservoir built along the 
Narayani river. The pumping capacity was determined according to the gross water 
requirement, assuming 16 hours of operation per day (Schmidt and Frantz, 1972).  
Lifting of water is done in two stages by two sets of pumps. In the first stage, five 
pumps lift 11 m3/s to about 18 m height onto a link canal (canal A). Water is 
diverted from this canal to the canal B system at a capacity of 7.8 m3/s. In a second 
stage, water is lifted at a capacity of 3.2 m3/s from canal A to canal C at a height of 
20 m. The areas under canal B and canal C are 2400 and 2300 hectares, 
respectively. The system B supplements the Khageri irrigation scheme with a 
capacity of 4.3 m3/s.  
 
The original plan of the project was to provide water on a year-round basis but, 
due to heavy sedimentation in the canals, irrigation is provided only during July-
September for the cultivation of rice, the staple crop of the local population. 
During off season, the sediments deposited in the canals are removed and the 
general maintenance of the pumps is done.  
 
 

8.3 ASSESSING THE MAGNITUDE OF SILTATION 
 
Siltation material in the irrigation canals and the fields includes a high proportion 
of silt. In the irrigated fields, the silt fraction in the topsoil varies from 25 to 85 %, 
depending on the location. Fields closer to an irrigation canal have higher silt 
content and deeper sediment deposition than fields farther away. On average, the 
sediments accumulated in the irrigation canal have 5% coarse sand (250-2000:), 41 
% fine and very fine sand (50-250:), 48  % silt (both coarse and fine), and only 6 
% clay. The mineralogy of the silt fraction is dominated by quartz, mica and 
feldspar. Mica is mainly biotite. Feldspars are plagioclase and microcline. The 
sediment has an appreciable amount of calcium carbonate (up to 14 %). The 
exchange complex is also dominated by calcium. Organic matter content is very 
low (<0.3 %).  
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8.3.1 Thin sections 
 
Soil porosity and water movement can be assessed by studying the micro-structure 
of the sediments laid down by the irrigation water. For this purpose undisturbed 
samples of the topsoil were taken for thin sections at different distances from the 
irrigation canal. The prepared thin sections were scanned at 300 dpi resolution and 
the resulting image was separated into 3 bands corresponding to red, green and 
blue. The individual bands were then filtered by a directional (in Y-axis) original-
minus-Laplacian filter to enhance the linear features related to the sediment 
stratification. After filtering, colour composites were prepared and stretching of 
the individual bands were carried out using a linear technique. 
 
In plate 8.2, the thin section of a deposit close to the irrigation canal is shown 
(only the upper layer close to the surface is shown). Total depth of the 
sedimentation is 17 cm. The stratification shows four major layers. The first 10 
mm consist of finely stratified material overlying 25 mm of coarser material less 
stratified. Below, layers of fine and coarse material alternate until a depth of about 
53 mm. Further down, the stratified layers become darker, probably indicating the 
presence of organic matter. The finely stratified layers consist of fine silt and the 
coarse layers consist dominantly of coarse silt and fine sand. On average, the 
sediments have 45 % fine silt (2-20:), 40 % coarse silt (20-50:) and 8 % fine sand 
(50-250:). The colour of the particles reflects their mineralogical composition 
without weathering. Minerals in the silt fraction are mainly quartz and feldspar, 
followed by mica. There is no aggregation of particles and no pores exist.  
 
The second thin section (plate 8.3) was taken about 50 m from the irrigation canal. 
Depth of sedimentation is about 48 mm. Sedimentation consists of finer particles 
as compared to previous thin section. Here also, the fine-and coarse-stratified 
layers alternate. Colour of the sediment is light gray. No aggregation is recognised. 
The underlying material, below 45 mm depth, is not stratified because of plowing 
which mixes the sediment with top soil. Colour is also different (brown) as 
compared to the recently deposited material. Some pores and cracks are visible. 
The new sediments are stratified and have no porosity.   
 
The third thin section (plate 8.4) was taken about 100 m from the irrigation canal. 
Two distinct layers can be recognised: 20-25 mm of finely stratified material 
overlying 50 mm of coarser material. Since this is far from the irrgation canal, the 
deposited material is finer and consists of fine and course silt sized particles, with 
finer sized particles dominating the matrix. The finely stratified top material is a 
recent fine silty deposit. Stratification is not clear in the underlying material 
because of mixing by plowing and the presence of plant residues. The underlying 
material, below 25 mm depth, has pores and channels created by plant residues.  
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The last thin section (plate 8.5) was taken about 300 m from the irrigation canal. It 
shows very finely stratified sediments of fine silt and clay (0-10 mm), overlying a 
plowed horizon. Sediments consist of  fine silt sized particles and clay. Because of 
this, stratification is also very fine. Below 10 mm, pore density increases as 
compared to previous thin sections.  
 
 

8.3.2 Effect of sedimentation 
 
The siltation sediments are fresh material without organic matter and without 
particle aggregation. Siltation severely hampers ploughing and field preparation, 
and causes poor crop growth (figure 8.4) and reduced harvest. High calcium 
carbonate content in the sediments promotes surface crusting with the irrigation 
water. Irrigation water causes the soil reaction to change from strongly (pH 5.0) 
and moderately acid (pH 6.5) to neutral (pH 7.0) and mildly alkaline (pH 8.0). This 
effect is maximum close to the canals and decreases rapidly further away. The 
fresh sediments are strongly calcareous. 
 
 

 
Figure 8. 4: Poor crop performance due to siltation 

 
Sediment depth and calcareousness were measured at fixed intervals of 12.5 m 
along a 750 m transect (figures 8.5 and 8.6). At 12.5 m from the canal B, the 
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thickness of the depositional cover layer is 26 cm, including 17 cm of fresh 
sediments in the surface layer (profile Ch-DP6). At 62.5 m from the irrigation 
canal, along the same transact, the sediment depth is 16 cm, mixed with topsoil 
due to plowing (profile Ch-DP7). Sedimentation is absent at 150 m from the 
irrigation canal. At 250 m along the same transect, sediment depth measured is 
about 45 cm corresponding to the location of a side canal. Another side canal is 
encountered at distance 725 m. Sediment depth is closely related to the 
calcareousness of soil (Figure 8.6)   
  
In the area irrigated by canal C, siltation is less severe because of less water intake 
and lower irrigation frequency. Two profiles, one close to the canal (profile Ch-
DP9) and the second one at 175 m (profile Ch-DP2), show that the irrigation water 
increases the base saturation and the pH of the soil. This also affects the soil 
classification, since the umbric epipedon can easily change into mollic (profile Ch-
DP2, Ch-DP9). 
 

 
Figure 8. 5: Variations in the depth of sediments laid down by irrigation water along a 
750 m transect in the canal B area. 

8.3.3 Spatial variability of siltation 

(1)  Semi-variance estimation 
 
Spatial variability study helps in understanding the spatial deposition pattern of the 
sediments laid down by irrigation water. For this purpose soil properties such as 
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the depth of fresh sediments brought by irrigation water and the calcareousness of 
the topsoil, were analysed for spatial dependency, using the theory of regionalized 
variables (Matheron, 1965). Soil calcareousness was found to be an important 
property to study the effect of siltation since it is strongly related to the area where 
sedimentation takes place, either from irrigation water or as a result of flooding 
from the Narayani river.  
 
 

 
Figure 8. 6: Variations in the calcareousness of the topsoil along a 750m transect in 
the canal B area. 

 
 
Data collection was carried out along transects. The distance between the transects 
was kept at 50 and 100 m. Observations were located at fixed intervals of 12.5m. 
Some observations were also done at 25 m or 50 m intervals. Altogether 170 
locations were studied. Field properties measured were the depth of the sediments 
laid down by the irrigation water and the calcareousness of the topsoil. Five 
calcareous classes were established: 0 = not calcareous, no visible or audible 
effervescence; 1= slightly calcareous, audible effervescence but not visible; 2= 
moderately calcareous, visible effervescence; 3= strongly calcareous, strong 
visible effervescence with formation of bubbles; 4= extremely calcareous, 
extremely strong reaction with quick formation of thick foam. Soil samples were 
collected for particle size distribution and some chemical analyses.  
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Semi-variances were calculated at different lags (multiples of the sampling interval 
of 12.5 m). In figure 8.7, the sample variogram for the sediment depth is given. 
The Y axis indicates the semi-variances and the lag distances are shown on the X 
axis. The semi-variogram is fitted by a spherical model, which is derived from the 
volume of intersection of two spheres (Webster and Oliver, 1990). The range of 
the sediment depth is 90 m, with sill variance of 115 and nugget effect of 5. Spatial 
anisotropy was not taken into account, because it is known from field 
investigations that the maximum variation is perpendicular to the irrigation canals 
and that the effect of irrigation water on sediment deposition reaches about 100 m 
from the irrigation canals. The distance between irrigation canals varies from 200 
m to 730 m with an average of 400 m, which means that half of the irrigated area 
has problems related to siltation.  
 
In figure 8.8, the sample variogram of the silt content (20 - 50  :m) in the  topsoil is 
given, which is also fitted by a spherical model. The sill variance was reached at 
18, with a nugget variance of 6. The range was found at 50 m. For fine silt (2-20 
:m) sediments, no spatial dependency was found. In figure 8.9, the variogram for 
calcareousness of the topsoil is given.  
 
 

Figure 8. 7: Variogram for sediment depth 
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Figure 8.8: Variogram for silt content  (20-50µ) of the topsoil 

Figure 8.9: Variogram for calcareousness of the topsoil 
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Figure 8. 10: Variogram for pH of the topsoil 

 
 
The sample variogram of calcareousness of the topsoil shows that there is no 
spatial dependency beyond 90 m lag. Sill variance is reached at 2.2, with nugget 
effect of 0.3. Similarly, the pH of the topsoil has a range of 80 m (figure 8.10).  
 
(2)  Local estimation 
 
The point kriging method was used to map the spatial variation of sediment depth 
and calcareousness of the topsoil (Krige, 1966). The estimation is done by the 
weighted average of the property values at the surrounding locations. The local 
estimation of the spatial variation of the sediment depth and the calcareousness of 
the topsoil was carried out in a 400 by 690 m area. The interpolation map of 
sediment depth shows a concentration of lines close to the irrigation canal and 
close to the water outlet point, indicating maximum variation over short distances 
(figure 8.11). The contour lines of calcareosness of the topsoil are given in figure 
8.12. The study shows that the sediment brought by irrigation water is highly 
calcareous, which changes the soil reaction. 
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Figure 8.11: Kriging of sediment depth 
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Figure 8.12: Kriging of the calcareousness of the topsoil 
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8.4 MAPPING SILTATION AREAS 
 

8.4.1 Multispectral classification 
 
The sediments deposited by the irrigation water consist of fresh light grey material, 
devoid of any organic matter or sesquioxide coatings. Particle sizes are fine (2- 
20 ) and coarse silt (20-50 ), and fine sand (50-250 ). Because of the ligh  
colour of the sediments, the areas affected by siltation reflect high amount of 
energy in all spectral bands. Therefore, satellite remote sensing data were used to 
discriminate the siltation areas. A Landsat TM quarter scene of 7 May 1992 (path 
142, row 41), with spatial resolution of 30 m and seven spectral bands, was 
acquired.  
 
 
(1)  False colour composite 
 
For contrast enhancement, stretching was carried out using the histogram 
equalization method, which emphasises the pixel values having high frequency. 
Colours were then assigned as follows: red to TM band 4, green to TM band 5 and 
blue to TM band 3. The resulting image has both spatial and contrast enhancement. 
 
 
(2)  Training samples and supervised classification  
 
The false-colour composite was used as background image for taking samples. All 
six bands of the Landsat TM except the thermal band were used. Enough samples 
were taken for every class. The samples form the representative data set (cluster) 
for a given class. The mean of the cluster forms the pattern (pattern vector) for a 
given class. This also shows the location of the class in the feature space. The 
shape and size or compactness of the cluster are given by the standard deviation, 
and the orientation of the cluster is defined by the co-variance. In table 8.2, the 
class mean values and the standard deviations are given. In figures 8.13 and 8.14, 
curves of various class patterns are shown. During sampling, enough care was 
taken to avoid overlap between the classes. The overlapping classes were merged. 
After completing the sampling procedure, classification was carried out by 
selecting the maximum likelihood algorithm. 
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Table 8. 2: Class means for bare soil, bare and fallow land, sediment deposit 
and river bed (Digital numbers)  

 Bare soil Bare fallow Fine sand/silt 
deposit 

River bed River 

TM bands Mean St.Dev. Mean St.Dev. Mean St.Dev. Mean St.Dev. Mean St.Dev. 
TM1 24.2 2.4 44.3 4.5 39.4 2.3 78.8 3.3 22.6 3.4 
TM2 23.6 1.7 42.7 3.7 37.6 1.6 56.5 2.1 21 2 
TM3 38.9 3.3 75.1 8 66 2.8 87 3 23.1 3.2 
TM4 45.4 3.5 77.4 5.1 65.8 1.8 63 1.7 8.5 3 
TM5 142.7 8 186.6 9.4 179.3 5.2 126.4 3.7 3.1 6.8 
TM7 92.9 6.7 112.1 7.9 111.6 5.1 86.6 2.8 1.5 4.1 

 

Figure 8.13: Spectral signatures of vegetation patterns in Chitwan valley, Nepal  

 

8.4.2 Improving the classification result 
 
Since spectral classification is based on only reflectance values, it does not take 
into account spatial features. Thus, smoothing the classification result alone was 
not sufficient. It was considered necessary to improve the classification by 
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applying the knowledge acquired in the field. It is known that there is no orchard 
in the sal forest areas. Bare/fallow land was also confused with fine sand and silt 
deposits by the irrigation water. From the figure 8.14 it is clear that the spectral 
reflectance pattern of fine sand/silt deposit and that of bare/fallow land are close, 
which is also indicated by the shortest spectral distance of 17.9 between these two 
classes (table 8.3). Maximum spectral distance is found between bare soil and 
bare/fallow land. For this purpose masking of the airfield, the urban area and the 
sal forest was done by means of screen digitising. The digitised polygons were 
rasterized with the same pixel size of Landsat TM. The classification was then 
improved by applying the following conditional statements: 

 
IF spectral_classification_result = “Orchard” AND mask_area = “Sal 

forest” 
THEN classification = “Sal forest” 

ELSE IF mask_area = “Airfield”  
THEN classification = “Airfield”  

ELSE IF mask_area = “Urban area”  
THEN classification = “Urban area” 

ELSE classification = spectral_clasification_result 
 

Figure 8.14: Spectral signatures of surface features in Chitwan valley, Nepal 

Table 8. 3: Spectral distances between various classes 
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 Bare soil Bare/fallow 
Land 

Fine sand/ 
Silt deposit 

River bed 

Bare soil 0 68.05 55.10 24.80 
Bare/fallow land 68.05 0 17.91 65.38 

Fine sand/silt deposit 55.10 17.91 0 25 
River bed 24.80 24.80 25 0 

 
 
Another problem was the classification of dense and degraded sal forest. In 
degraded sal forest, the pixels are either pure sal forest, bare soil, leaf litter cover 
or the pixels are mixed. This resulted in many wrongly classified pixels. To solve 
this, the normalised difference vegetation index (NDVI) was used. The final 
classification result (plate 8.6) shows considerable improvement over the spectral 
classification. For accuracy estimation, a new set of test pixels was selected for all 
the classes to remove bias.  The test pixels were checked for the assessment of 
classification accuracy. The result shows that the average accuracy is improved 
from 79% to 98% and the overall accuracy is also improved from 76% to 99%. 
The numbers of test pixels, rightly or wrongly classified, are given in a tabular 
form called contingency table (table 8.4). Every row in the table corresponds to a 
class in the classification test map. The last column in the row gives the number of 
test pixels. Every column corresponds to a class in the classification. The diagonal 
values show the numbers of pixels that were classified correctly.  
 
In total, 3084 hectares are affected by the sedimentation from the Narayani 
irrigation water, out of which 2518 hectares fall within the Narayani irrigation 
scheme. Thus, more than half of the area has siltation problems (figure 8.15). In 
the Khageri irrigation scheme, siltation is not a hazard since the water from the 
Khageri river which originates in the middle mountains has no suspended 
sediments. Occasional sedimentation can occur in the command area of the 
Khageri irrigation scheme because water from Narayani irrigation scheme is 
diverted to supplement the water shortage in the Khageri canal.  
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Figure 8. 15: Area affected by sedimentation, Narayani irrigation scheme, 
Chitwan valley, Nepal 
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Table 8. 4: Contingency table of the final classification  
 Dense 

sal 
forest 

Degraded 
sal forest 

Sisal 
forest 

Mixed 
forest 

Orchard Crops Bare 
fallow 

Bare 
soil 

Fine sand 
/silt 

deposit 

River 
bed 

Test 
pixel

s 
Dense sal 

forest 
249 

(96%) 
11 

(4%) 
        260 

Degraded 
sal forest 

63 
(8%) 

687 
(92%) 

        750 

Sisal 
forest 

  266 
(100%) 

       266 

Mixed 
forest 

   174 
(91%) 

 15 
(8%) 

 2 
(1%) 

  191 

Orchard    13 
(13%) 

85 
(87%) 

     98 

Crops      227 
(95%) 

 13 
(5%) 

  240 

Bare 
fallow 

      134 
(99%) 

1 
(1%) 

  135 

Bare soil        243 
(100%) 

  243 

Fine 
sand/silt 
deposit 

        205 
(100%) 

 205 

River bed          260 
(100%) 

260 

 

 

8.5 ASSESSING LAND DEGRADATION   
 
Based on suspended sediment concentration measurements and river discharge 
records taken during the period 1976-80, the sediment concentration passing the 
intake of the Narayani irrigation scheme was estimated on a monthly basis by 
Rothwell (1985). During the period June – September, the mean monthly sediment 
concentration is above 1000 mg/l, with maximum mean concentration of 6016 
mg/l in August (figure 8.16).  
 
Siltation causes the deterioration of the physical soil properties. This is clearly 
seen in the micro-structure of the sediments, which are stratified unweathered 
minerals composed of quartz, feldspar and mica. The sediments do not show any 
aggregation of particles. Porosity is absent, which hinders water movement down 
the soil profile. Since the sediments are loose particles, it also impairs farming 
practices. The result is poor crop growth and low yields. The volume of sediment 
laid down depends on the distance from the irrigation canals. Spatial variability 
study shows that variation is perpendicular to the irrigation canals and variation 
within short distances is maximum close by the irrigation canals. Since the 
sediments are light coloured, they reflect high amount of energy in all the spectral 
bands. This makes it possible to map the siltation area by multispectral 
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classification. It is also possible to map the present status of land degradation in 
the irrigated fields, using the knowledge obtained from the sedimentation studies 
in the Chitwan valley. For this purpose distances were calculated from the 
irrigation canals. Classification of the distances was carried out which resulted in 5 
classes of distance from the irrigation canals: within 50 m, 50-100 m, 100-200 m, 
200-300 m, and more than 300 m.  The distance class map was overlayed with the 
siltation area map to assess the present stage of land degradation. The class “Very 
highly degraded” means siltation area within 50 m from the canals and the class 
“Highly degraded” means siltation area between 50 and 100 m from the canals, 
and so forth. The degradation map is shown in plate 8.7.  
 

Figure 8.16: Average sediment concentration in the Narayani river 

 
 

8.6 CONCLUSION 
 
The study shows that the irrigation water from the Narayani river brings a lot of 
sediments to the agricultural fields. Although the irrigation water increases the 
base saturation of the soil, which balances the leaching of the plant nutrients, the 
magnitude of siltation may outnumber any benefit obtained from irrigation. If 12 
hours of pumping per day is carried out as per the original plan of the irrigation 
project, the average annual intake of sediments can be estimated at about 8000 
tonnes or 57,000 m3, 90% of which enters between May and September. About 75 
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% of the sediments is retained in the canal. The rest (about 2000 tonnes) 
contributes to the siltation of the agricultural fields. The original plan of the 
project to provide water on a year-round basis, including water for irrigating wheat 
fields during the winter months (November-January), was never materialised 
because of maintenance activities and repair of the pumps. The maintenance cost 
involved was too high to justify the provision of irrigation water for the second 
crop in winter. The irrigation scheme did not operate in 1994 because the financial 
means to repair the water pumps and clean the irrigation canals (figure 8.17) could 
not be afforded. The volume of sediments removed from the canal was 64,122 m3 

in 1994/95 and 50,855 m3 in 1995/96 (verbal communications from project 
engineer, Chitwan Irrigation Project). 
 
Considering the amount of sediment load of the irrigation water, it can be 
postulated that the degraded area can only increase in future. The project seems to 
be a hopeless case. Although some farmers took the initiative of removing the 
sediments on a yearly basis, the project is not sustainable in the long run. One 
alternative is to use the water in the winter months only, when the suspended load 
of the river is minimal. This would imply changing the cropping system and land 
use for which additional studies would have to be carried out with respect to 
farmer’s preferences and marketing possibilities.  
 

 

Figure 8.17: Cleaning of irrigation canal 
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THE WATERSHED SYSTEM: DYNAMICS, ONSITE -
OFFSITE RELATIONSHIPS AND EVOLUTION

9.1 INTRODUCTION

Assessment of land degradation at watershed level is necessary to understand the
erosion-sedimentation issue. A watershed is a geomorphic unit that gathers water
and sediments from various processes acting in the area through the influence of
precipitation and snowmelt. Water and sediments are delivered to a lake or river.
Understanding watershed processes helps make land use planning more effective.
Land use planning within a watershed implies optimum use of land and water
resources with minimum damage to the environment. Main geomorphic processes
in a mountainous watershed are mass movements and water erosion.

Various simulation models have been developed for a wide range of processes.
Erosion models help quantify soil loss and understand land degradation in
mountainous areas. Field- or plot-scale erosion modelling allows continuous
simulation over long periods, taking into consideration the effect of climate
change, often lacking in the catchment-based models (Jetten et al., 1999). Only
detailed process-based models can assess the influence of climate and land use
changes on erosion, but they require detailed and high-resolution input data (De
Roo and Jetten, 1999). In many cases, however, the necessary  input variables are
lacking to run such models. Mitra et al. (1998) claim that fuzzy logic may be useful
to predict soil erosion in larger watersheds.

With increasing computing power and GIS capabilities, spatially distributed
catchment models have been developed to simulate the runoff and erosion
dynamics in large and complex catchments. Watershed-based models help in the
design of soil conservation measures to minimise runoff and sediment yield from
the watersheds and for making proper land use plans; this approach is better than
extrapolating from small plot experiments (De Jong et al., 1999). Moreover,
regional-scale assessment allows the use of remote sensing imagery and digital
elevation model.

In the Nepalese Himalaya, watersheds develop in various altitudinal zones, each
defined by having its own characteristics in terms of climate, land use and physical
processes. Although some of the processes may occur in all the watersheds, others
are area-specific. Mass movement types vary depending on altitudinal zones
through the effect of climate change. In the basin of the Narayani river, several
watersheds in the High Himal, High Mountain and Middle Mountain regions are
responsible for delivering sediments (plate 9.1). To answer the question “which
region contributes more to the sedimentation in the agricultural fields of the
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Chitwan valley”, it is important to review the main processes involved at various
elevation zones, the behaviour of the river systems and the evolution of the fluvial
landscape.

9.2 ALTITUDINAL REGIONS

In chapter 5, it is shown that snow and ice avalanches, rock falls, debris slides and
glacier activity occur on a yearly basis in the High Himal region. While snow and
ice avalanches, rock falls and debris slides are the sources of sediments from the
slopes, the glaciers deliver the sediments to the streams, in addition to eroding the
valleys and collecting dust during the dry season.

In the High Mountain region, extreme elevation differences between ridges and
valleys, with very steep slopes, occur. In many places, the bedrock is exposed or
very close to the surface. The Main Central Thrust forms a natural division
between the High Mountain region and the Middle Mountain region (plate 9.1). In
the High Mountains, the upper reaches of the valleys and mountain slopes were
glaciated during the Pleistocene. Rock falls and debris slides are frequent. Soil
formation results from the physical breakdown of debris materials derived mainly
from gneiss and schists. Locally, rainfed cultivation on steep slopes is possible
through terracing. Since population density is low, human-induced soil erosion can
be considered negligible.

The Middle Mountain region was not glaciated during the Pleistocene. The valleys
are V-shaped in the upper reaches as a result of intense river down cutting. They
enlarge in the lower parts, which are used for rice cultivation. Mass movement
hazard is high on steep slopes. As explained in chapters 6 and 7, agricultural
activity aggravates soil erosion, but also provides conservation by means of
terracing.

At the beginning of the rainy season, soil losses can be considered high since
vegetation cover is low. As the rainy season advances, vegetative cover increases
and the soil is protected, lowering the soil losses. During exceptional and/or
prolonged rainfall events, large-scale soil losses can occur, including local debris
slides and slumps in the rice fields. Soils become saturated after prolonged rains or
towards the end of the rainy season, making slopes unstable and susceptible to
mass movements. In such situations, exceptional rains or earthquakes trigger the
process. In contrast, cultivation practices through terracing on mountain slopes trap
the sediments, since overland flow is diverted from side streams to let it flow from
one terrace to the next down the slope (figure 9.1).
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Figure 9. 1: Runoff water is diverted from terrace to terrace for cultivating rice.
This type of irrigation traps the sediments in the fields.
9.3 RIVER SYSTEM

Along its flow path, a river can act as erosional, depositional or transportation
medium which is controlled by its system. A river system refers to the interaction
between water (its velocity and volume) and sediments in the river. The capacity of
the river to transport sediments is determined by bankfull discharge, which is
related to depth, width and slope of river channel down the river system (Leopold
and Maddock, 1953). If there is an imbalance between sediment supply and
transport capacity, the river will change its characteristics into erosional or
depositional. In Nepal, rivers can be classified according to their origin and main
characteristics as follows: rivers originating in the High Himal and High Mountain
regions, rivers originating in the Middle Mountains and the trunk rivers which flow
in north-south direction, connecting the High Himal to the lowlands in the south.

9.3.1 Rivers originating in the High Himal and High Mountain regions

In the High Himal region, the source of water in the river system is mainly melting
of ice. During summer months, melting increases the water level. Water discharge
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also increases due to higher precipitation during the monsoon period. Daily water
level data of Langtang Khola at Kyangjin station were available (Dept. of
Hydrology and Meteorology, 1993; 1995). Water level and discharge show high
positive correlation (figure 9.2), which allows to compute monthly average
discharge rates of the river for the period 1987-1993 (figure 9.3). The volume of
melt water depends not only on the season but also on the time of the day, due to
solar radiation and other factors responsible for melting ice. Figure 9.3 shows that
the river discharge at Kyangjin increases from 3 m3/s in April up to a peak
discharge of 14 m3 /s in August, after which it decreases.

In most of the area the bedrock is near the surface. The valley topography is
characterised by colluvial, alluvial and morainic depositional surfaces, with large
fractured boulders and gravels. The glacier ice in the ablation area contains lots of
debris. When the ice melts, the debris are deposited on the glacier margins, from
large boulders to fine gravels. A large part of the fine sediments (less than 2 mm) is
in suspended form and is carried to the river system. The amount of suspended
sediments in the glacial melt water in the Langtang valley is 1.3 to 1.4 gm/l, with
seasonal variations.
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Figure 9. 2: Correlation of water height and discharge of Langtang Khola
at Kyangjin (data source: Dept. of Hydrology and Meteorology, 1995)
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Although the river discharge may vary within a day in the High Himal region, the
discharge pattern does not change so much on a daily basis (figure 9.4), since it is
mainly a function of ice and snowmelt. During fieldwork it was observed that the
river discharge was low during the morning hours, while water was clear and did
not contain sediments. Suspended sediments in the water increased as daylight
increased and water became very turbid at about noontime. Turbidity again
decreased in the evenings when air temperature decreased. This process continued
on a daily basis for the duration (May-September) ice was melting around the
glacier margins.

The riverbed profile of the Langtang Khola has a gradient of about 4 % in the High
Himal region above Kyangjin (3700 m asl) (figure 9.5). The gradient increases
towards the glacier front. The valley is generally U-shaped. After Kyangjin, the
river gradient increases to about 11 % downstream. The riverbed includes boulders,
gravels and sand (figure 9.6).

In the High Mountain region, active river cutting for centuries, enhanced by high
river gradients (figure 9.5), has resulted in very deep canyons and V-shaped
valleys. Several streams, coming from both sides, join the river. Due to high river
gradients and increased water delivery, the discharge rate gets higher and the river
is normally erosional and transportational in nature.

Mean River Discharge (1987-1993)
Langtang Khola at Kyangjin, Langtang Valley
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Figure 9 .3: River discharge of Langtang Khola
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Figure 9. 4: Water level in the Langtang Khola at Kyangjin in July 1993
(source: Dept. of Hydrology and Meteorology, 1995)
.3.2 Rivers originating in the Middle Mountains

n the Middle Mountains, river flow originates from seepage and overland flow.
he discharge is mainly a function of rainfall. Although the water level in general

ncreases during the monsoon, it varies very much with the rainfall pattern. River
ischarge also fluctuates within a rainy day.

ikewise the river discharge, the amount of sediments carried by the river varies
ignificantly depending on the rainfall pattern. Measurements carried out in the
iver Tadi, to which Likhu Khola joins, show fluctuating water levels in July
figure 9.7). Figure 9.8 shows the average daily water levels for the same period.
he water level varies considerably in a day, depending on the amount of rainfall

n the watershed. It was observed during fieldwork that river water was very clear
nd did not contain sediments during a clear day without rain. Even during a rainy
ay with low rainfall intensity, water was not turbid. As discussed in chapter 6, soil
osses can be considered moderate if 25 tonnes/ha/yr is considered tolerable in
ountainous areas. Only during exceptional and prolonged rainfall events, soil

osses can be very high (soil loss of more than 100 tonnes/ha/yr).
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Figure 9. 5: River profile of Langtang Khola
Figure 9. 6: Riverbed of Langtang Khola which consists of a wide range of
sediments from boulders to sand
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Compared to Langtang Khola, Likhu Khola has a lower gradient profile (about 2 to
3 %) (figure 9.9). The river is erosional in its upper reaches, while it is depositional
in its lower parts. Since flash floods are frequent, the river channel shifts laterally,
resulting in a wider riverbed and braided channels. Consequently, it deposits large
portions of sediments. In many cases, farmers try to trap the fine sediments to build
up land for cultivation (figure 9.10).
Figure 9. 7: Fluctuations of the water level (cm) in the Tadi river below the bridge
near Pipaltar on the road to Trisuli from Kathmandu
9.3.3 Trunk rivers

Rivers originating in the High Himal region are mostly perennial, while those
coming from the Middle Mountains have a seasonal regime. They join together to
form trunk rivers, which have general north-south flow direction. The flow path of
the trunk rivers is normally straight and riverbeds include a wide range of
sediments from big boulders to sand. River discharge is high and variable. For
example, the discharge rate of the Trisuli river at Betrawati varies from 30 to 665
m3/s  (Sharma, 1990). Trisuli is the trunk river of Langtang Khola and Likhu
Khola. Active flood plains exist only in few locations. However, extensive terrace
systems have developed during the Quaternary in some enlarged sectors of the
trunk river valleys. Present rivers are mainly erosional and transportational in
nature and do not have extensive flood plains. Thus the sediments are carried
further down to the lowlands of the Gangetic plain in the south. The main rivers
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flowing in north-south direction and belonging to the Narayani river basin are
Trisuli, Kali Gandaki, Marsyandi and Budhi Gandaki (plate 9.1).
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Figure 9. 8: Average water level in July 1993 in Tadi Khola
Figure 9 .9: River profile, Likhu Khola
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Figure 9. 10: Riverbed of Likhu Khola; rice fields in the riverbed, where farmers
build up land by trapping fine sediments.
9.4 RIVERBED SEDIMENTS

To relate sedimentation with sediment sources, samples were collected from
glaciers (5 samples), riverbeds (3 from Langtang Khola and 3 from Likhu Khola),
and main irrigation canals (3 samples). Sample collection, especially from the
glaciers and the riverbeds, was selective: only the fine matrix (<2 mm) of the
sediments was sampled since the study focused on the sedimentation issue in the
Chitwan valley, where irrigation water deposits sand and silt particles in
agricultural fields. Particles larger than sand were not considered in the analysis,
although the glacier margins and river beds consist of a wide range of sediment
sizes from clay to gravels, stones and large fractured boulders.

Particle size distribution (<2 mm), pH in H2O and CaCO3 content were determined.
Organic carbon content was not determined, since the sediments deposited in the
agricultural fields of the Chitwan valley have very low organic carbon content
(<1%). The silt mineralogy of the sediments laid down by irrigation water was
analysed. These sediments contain dominantly silt particles (25 to 85%, depending
on the location), consisting of both fine (2-20 µm) and coarse silt (20-50 µm).
Particle size analysis results are shown in table 9.1.
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The glacier sediments contain very low clay (<1 to 3%). Silt content varies from 10
to 31 % and fine to coarse sand content (50-1000 µm) varies from 65 to 90 %. In
figure 9.11, curves showing cumulative percentages of particle size distribution are
given, which indicate the well-sorted nature of the fine sediments (S-shaped curve).

The fine matrix of the riverbed sediments of Langtang Khola does not contain clay;
average silt content is 13 %, with a range from 4 to 25 %; the rest is sand.
Cumulative distribution curves given in figure 9.12 are similar to the cumulative
curves of the glacier sediments. The fine matrix of the riverbed sediments of Likhu
Khola contains 1-6 % clay and up to 55 % silt, the rest being fine sand. Cumulative
distribution curves (figure 9.13) are significantly different from those of Langtang
Khola. Sediment samples 1 and 2 follow a parabolic pattern, reflecting a fine
sediment trapping effect. Sample 3 shows a logarithmic trend, reflecting poor
sorting of the fine sediments in braided channels.

Irrigation canal sediments have on average 2 % clay, 41 % fine and coarse silt, and
57 % very fine to medium sand (50 - 500 µm). Thus canal sediments consist
dominantly of silt and sand. Cumulative distribution curves are given in figure
9.14. Visual comparison indicates that the canal sediments are more similar to the
fine sediments of the glaciers and the Langtang Khola than to those of the Likhu
Khola. Model curves resulting from averaging the data of each of the four sediment
types are shown in figure 9.15.
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Figure 9.14: Cumulative percentage curves of irrigation canal sediments
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In order to find out which river sediments are more related to (and are possible
source of) the irrigation canal sediments, Euclidean distances were calculated
between the mean values of the particle size classes of the irrigation canal
sediments and those of the source sediments, coming from the glaciers, Langtang
Khola and Likhu Khola, as follows:

Di = √Σ(Cj – Sij)
2

where,
Di = Euclidean distancei

Cj = mean value of sand, silt and clay fractions of canal sediments
Sij = mean value of sand, silt and clay fractions of riverbed
sediments

The Euclidean distances show that the canal sediments are closer to the glacier and
Langtang Khola sediments (Euclidean distances of 24.4 and 24.8), but less related
to Likhu Khola sediments (Euclidean value of 33.4). From this, it can be concluded
that the irrigation canal sediments are more similar to the glacier and Langtang
Khola sediments than to the Likhu Khola sediments. Likhu Khola sediments have
more clay content and thus can be considered dissimilar.
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Silt mineralogy (2-50 µm) shows that mica is medium to high in all sediments
(table 9.2). K-feldspar is high in glacier and Langtang Khola sediments, whereas it
is low in Likhu Khola and irrigation canal sediments. Plagioclase content is
medium in canal sediments, whereas it is high in the glacier and Langtang Khola
sediments. Irrigation canal sediments contain high to very high calcite, which is
absent in the sediments of the glaciers, Langtang Khola and Likhu Khola. Riverbed
sediments of the Trisuli river at Syabrubensi, however, contain appreciable amount
of calcite, indicating that calcite deposited in the irrigated fields of the Chitwan
valley comes neither from the Langtang Khola watershed nor from the Likhu
Khola watershed. Quartz content is very high in all sediments.

Table 9.2: Mineralogy of the silt fraction (2-50 µµµµm))))

Sediment
source

Mica/Illite K-feldspar Plagioclase Calcite Dolomite Quartz

Glaciers medium
 to very high

high high nil nil very high

Langtang
Khola

medium high high nil nil very high

Likhu Khola medium
to high

low medium nil nil very high

Trisuli river, at
Syabrubensi

high very low low high nil very high

Irrigation
canal

high low medium high to
very high

nil very high

9.5 EVOLUTION OF THE FLUVIAL LANDSCAPE

As mentioned above, fluvial terraces do not occur frequently along the river
courses. Only at few locations pronounced river terraces exist, such as the ones in
Syabrubensi and Trisuli. At the confluence of the Trisuli river, the trunk river of
the Langtang Khola, with the Tadi Khola which is the trunk river of the Likhu
Khola, there is an impressive flight of terraces, the highest of which is situated
around 100 m above the current river channel. Some of the terraces include highly
torrential deposits, reflecting catastrophic events. Both Trisuli and Tadi rivers seem
to have contributed sediments to them. At present, the river gradient is high and the
north-south flowing rivers are incising and not depositing. Thus, the terrace
deposits in the Trisuli valley were formed in climatic conditions different from the
present ones. Similar terraces can be seen elsewhere in Nepal, where they are
located tens of meters above than the present river levels and are considered to be
formed during the Pleistocene and Holocene (Iwata et al., 1984; Kalvoda, 1992).
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The terraces around Pokhara and along the Kali Gandaki and Marsyandi rivers are
reported to be formed during the late Quaternary (Yamanaka et al., 1982;
Yamanaka and Iwata, 1982).

In Trusuli, four river terraces can be clearly distinguished at different elevations
(figure 9.16): a very high terrace at 600 m asl, a high terrace at 580 m asl, a middle
terrace at 540 m asl, and a low terrace at about 500 m asl. The flood plain is located
at about 1 m above the river level, which is at 498 m asl. The terraces are separated
by deep scarps.

1 = Very high terrace, at about 600 m asl         2 = High terrace, at about 580 m asl
3 = Middle terrace, at about 540 m asl    4 = Low terrace, at about 500 m asl
Figure 9.16: Schematic cross-section of the terraces in the Trisuli valley.
Location of cross-section is indicated in plate 9.2.
Soil investigation was carried out in the Trisuli valley at an exploratory level by
means of aerial photo interpretation, followed by full profile and auger hole
descriptions. The photo interpretation map of the terrace system is given in plate
9.2.

(1) The very high terrace (Va11) is located about 100 m above the river channel.
Slope is nearly level (1-2%). It has well developed and very deep soils and
saprolites (about 10 m), characterised by dark reddish brown (5 YR 3/4 moist)
Rhodic Paleustalfs (profile Tr-DP5). Texture varies from clay loam in the
surface layer to clay throughout the profile. Clay cutans are present as from 20
cm from the surface, indicating pronounced clay illuviation.

(2) The high terrace (Va21) and the upper fringes of the middle terrace (Va31)
have dominantly Typic Rhodustalfs (profile Tr-DP4), with dark reddish brown
(5YR3/4) sandy clay loam overlying a dark red (2.5YR 3/6) clay loam to clay
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subsoil. The profile is very deep (more than 2 m) and clay cutans in the subsoil
indicate that the soil is well developed. The pH in H2O is 4.5 in the surface
layer and gradually increases to 5.5 down the profile, which indicates leaching
of basic cations.

(3) Soils in the middle terrace are Typic Plinthustalfs and Typic Rhodustalfs.
Plinthustalfs have dark yellowish brown (10YR 4/4) clay loam, overlying
brown (7.5 YR4/3) and reddish brown (5YR4/4) clay, with distinct clay cutans
and soft iron-manganese nodules (profile Tr-DP3). The pH varies from 4.5 in
the surface horizon to 5.5 in the subsoil.

(4) The low terrace (Va41) has an association of Typic and Dystric Ustochrepts
(profile Tr-DP1) and Aquic Haplustalfs (profile Tr-DP2), characterised by
having dark greyish brown (10YR4/2) sandy loam overlying a yellowish
brown sandy loam subsoil. The subsoil also includes angular and subrounded
gravels, indicating that the source of the coarse fragments is not very far, and
these are considered to be deposited by a local alluvial-colluvial process.

To form the thick terrace deposits, the river must have carried lots of sediments,
probably under catastrophic events such as floods caused by glacier lake outbursts,
or the damming of rivers by lateral debris slides, or under different climatic
conditions. The terraces were developed during the Pleistocene, when the glaciers
were retreating and the river discharge was much higher than now. The deep
scarps, with pronounced height differences between terraces, reveal alternating
behaviour of the river system. At one time the river was depositing, while at other
time it was incising. River incision can be related to tectonic uplift. According to a
historical seismological study around the Kathmandu valley, Trisuli (at location
85oE, 28oN) is one of the epicentres where earthquakes of magnitude 7 in the
Richter scale were reported in 1833 and 1869 (Dept. of Mines and Geology, 1983).
The recurrence period of earthquakes of such magnitude is one in hundred years.
Earthquakes of lower magnitude (less than scale 5) occur almost every year. The
epicentres are located immediately south of the Main Central Thrust, which also
forms the demarcating line between the High Mountains and the Middle Mountains
(plate 9.1). The Kalphu Khola fault, located east of the Trisuli terraces and dated
late Quaternary, is still active (Nakata et al., 1984). A study based on summit levels
and drainage patterns in central Nepal suggests that the mountain ranges continue
to be uplifted. The uplift rate of central Himalaya was 1 to 3 mm/yr during the
Miocene and accelerated to more than 12 mm/yr in the middle Pleistocene (Arita et
al., 1995).

The terrace system in Trisuli seems to result from the interaction of vertical uplifts
and climate changes, which took place during the Pleistocene and continued until
the Holocene. When uplift is the dominating process, rivers tend to incise. When
climate changes and glaciers retreat, the melting of ice results in increased
discharge and more sediments in the rivers, which cause flooding and building up
of terraces. The very high and high terraces were probably formed during the
middle Pleistocene, the middle terrace during the late Pleistocene and the low
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terrace in the Holocene. The soil mantle includes angular and sub-rounded gravels,
indicating a short travelling distance of the sediments.

9.6 CONCLUSION

Geomorphic processes operating in the different watersheds vary according to
elevation, topography, climate and land use. Some of the processes are
continuously active, while others are periodically activated by triggering factors
such as exceptional and prolonged rainfalls, and seismic activity. Processes
operating continuously include glacier erosion and reworking of debris by glacier
ice in the High Himal region.

Rivers are classified according to their origin and whether they are erosional,
depositional or transportational. River gradient in the High Himal region is about 4
%, with U-shaped valleys indicating strong influence of the glaciers. In the High
Mountain region, the river gradient increases to about 11 %, which causes intense
river cutting, resulting in V-shaped valleys. River activity is erosional and
transportational. The riverbeds consist of boulders, gravels and sand. In the Middle
Mountains, river discharge varies according to the rainfall pattern. The riverbeds
have lower gradient (2 to 3 %) and are wider. Flash floods occur frequently. The
north-south flowing trunk rivers, to which several rivers join, do not have extensive
floodplains. They act mainly as medium for sediment transportation. The sediments
deposited in the irrigation canals of the Chitwan valley are more comparable to the
glacier and Langtang Khola sediments than to the Likhu Khola sediments.
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THE WATERSHED SYSTEM: DYNAMICS, ONSITE - 
OFFSITE RELATIONSHIPS AND EVOLUTION 
 
 

9.1 INTRODUCTION 
 
Assessment of land degradation at watershed level is necessary to understand the 
erosion-sedimentation issue. A watershed is a geomorphic unit that gathers water 
and sediments from various processes acting in the area through the influence of 
precipitation and snowmelt. Water and sediments are delivered to a lake or river. 
Understanding watershed processes helps make land use planning more effective. 
Land use planning within a watershed implies optimum use of land and water 
resources with minimum damage to the environment. Main geomorphic processes 
in a mountainous watershed are mass movements and water erosion.  
 
Various simulation models have been developed for a wide range of processes. 
Erosion models help quantify soil loss and understand land degradation in 
mountainous areas. Field- or plot-scale erosion modelling allows continuous 
simulation over long periods, taking into consideration the effect of climate 
change, often lacking in the catchment-based models (Jetten et al., 1999). Only 
detailed process-based models can assess the influence of climate and land use 
changes on erosion, but they require detailed and high-resolution input data (De 
Roo and Jetten, 1999). In many cases, however, the necessary  input variables are 
lacking to run such models. Mitra et al. (1998) claim that fuzzy logic may be useful 
to predict soil erosion in larger watersheds. 
 
With increasing computing power and GIS capabilities, spatially distributed 
catchment models have been developed to simulate the runoff and erosion 
dynamics in large and complex catchments. Watershed-based models help in the 
design of soil conservation measures to minimise runoff and sediment yield from 
the watersheds and for making proper land use plans; this approach is better than 
extrapolating from small plot experiments (De Jong et al., 1999). Moreover, 
regional-scale assessment allows the use of remote sensing imagery and digital 
elevation model. 
 
In the Nepalese Himalaya, watersheds develop in various altitudinal zones, each 
defined by having its own characteristics in terms of climate, land use and physical 
processes. Although some of the processes may occur in all the watersheds, others 
are area-specific. Mass movement types vary depending on altitudinal zones 
through the effect of climate change. In the basin of the Narayani river, several 
watersheds in the High Himal, High Mountain and Middle Mountain regions are 
responsible for delivering sediments (plate 9.1). To answer the question “which 
region contributes more to the sedimentation in the agricultural fields of the 
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Chitwan valley”, it is important to review the main processes involved at various 
elevation zones, the behaviour of the river systems and the evolution of the fluvial 
landscape. 
 
 

9.2 ALTITUDINAL REGIONS 
 
In chapter 5, it is shown that snow and ice avalanches, rock falls, debris slides and 
glacier activity occur on a yearly basis in the High Himal region. While snow and 
ice avalanches, rock falls and debris slides are the sources of sediments from the 
slopes, the glaciers deliver the sediments to the streams, in addition to eroding the 
valleys and collecting dust during the dry season. 
 
In the High Mountain region, extreme elevation differences between ridges and 
valleys, with very steep slopes, occur. In many places, the bedrock is exposed or 
very close to the surface. The Main Central Thrust forms a natural division 
between the High Mountain region and the Middle Mountain region (plate 9.1). In 
the High Mountains, the upper reaches of the valleys and mountain slopes were 
glaciated during the Pleistocene. Rock falls and debris slides are frequent. Soil 
formation results from the physical breakdown of debris materials derived mainly 
from gneiss and schists. Locally, rainfed cultivation on steep slopes is possible 
through terracing. Since population density is low, human-induced soil erosion can 
be considered negligible.  
 
The Middle Mountain region was not glaciated during the Pleistocene. The valleys 
are V-shaped in the upper reaches as a result of intense river down cutting. They 
enlarge in the lower parts, which are used for rice cultivation. Mass movement 
hazard is high on steep slopes. As explained in chapters 6 and 7, agricultural 
activity aggravates soil erosion, but also provides conservation by means of 
terracing.  
 
At the beginning of the rainy season, soil losses can be considered high since 
vegetation cover is low. As the rainy season advances, vegetative cover increases 
and the soil is protected, lowering the soil losses. During exceptional and/or 
prolonged rainfall events, large-scale soil losses can occur, including local debris 
slides and slumps in the rice fields. Soils become saturated after prolonged rains or 
towards the end of the rainy season, making slopes unstable and susceptible to 
mass movements. In such situations, exceptional rains or earthquakes trigger the 
process. In contrast, cultivation practices through terracing on mountain slopes trap 
the sediments, since overland flow is diverted from side streams to let it flow from 
one terrace to the next down the slope (figure 9.1).  
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9.3 RIVER SYSTEM 
 
Along its flow path, a river can act as erosional, depositional or transportation 
medium which is controlled by its system. A river system refers to the interaction 
between water (its velocity and volume) and sediments in the river. The capacity of 
the river to transport sediments is determined by bankfull discharge, which is 
related to depth, width and slope of river channel down the river system (Leopold 
and Maddock, 1953). If there is an imbalance between sediment supply and 
transport capacity, the river will change its characteristics into erosional or 
depositional. In Nepal, rivers can be classified according to their origin and main 
characteristics as follows: rivers originating in the High Himal and High Mountain 
regions, rivers originating in the Middle Mountains and the trunk rivers which flow 
in north-south direction, connecting the High Himal to the lowlands in the south.  
 
 

9.3.1 Rivers originating in the High Himal and High Mountain regions 
 
In the High Himal region, the source of water in the river system is mainly melting 
of ice. During summer months, melting increases the water level. Water discharge 
also increases due to higher precipitation during the monsoon period. Daily water 
level data of Langtang Khola at Kyangjin station were available (Dept. of 

Figure 9. 1: Runoff water is diverted from terrace to terrace for cultivating rice. 
This type of irrigation traps the sediments in the fields. 
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Hydrology and Meteorology, 1993; 1995). Water level and discharge show high 
positive correlation (figure 9.2), which allows to compute monthly average 
discharge rates of the river for the period 1987-1993 (figure 9.3). The volume of 
melt water depends not only on the season but also on the time of the day, due to 
solar radiation and other factors responsible for melting ice. Figure 9.3 shows that 
the river discharge at Kyangjin increases from 3 m3/s in April up to a peak 
discharge of 14 m3 /s in August, after which it decreases.  
 

 
 
 
 
 
In most of the area the bedrock is near the surface. The valley topography is 
characterised by colluvial, alluvial and morainic depositional surfaces, with large 
fractured boulders and gravels. The glacier ice in the ablation area contains lots of 
debris. When the ice melts, the debris are deposited on the glacier margins, from 
large boulders to fine gravels. A large part of the fine sediments (less than 2 mm) is 
in suspended form and is carried to the river system. The amount of suspended 
sediments in the glacial melt water in the Langtang valley is 1.3 to 1.4 gm/l, with 
seasonal variations.  
 
  

Mean River Discharge (1987-1993)
Langtang Khola at Kyangjin, Langtang Valley
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Figure 9. 2: Correlation of water height and discharge of Langtang Khola 
at Kyangjin (data source: Dept. of Hydrology and Meteorology, 1995) 
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Figure 9 .3: River discharge of Langtang Khola 
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Although the river discharge may vary within a day in the High Himal region, the 
discharge pattern does not change so much on a daily basis (figure 9.4), since it is 
mainly a function of ice and snowmelt. During fieldwork it was observed that the 
river discharge was low during the morning hours, while water was clear and did 
not contain sediments. Suspended sediments in the water increased as daylight 
increased and water became very turbid at about noontime. Turbidity again 
decreased in the evenings when air temperature decreased. This process continued 
on a daily basis for the duration (May-September) ice was melting around the 
glacier margins.  
 
The riverbed profile of the Langtang Khola has a gradient of about 4 % in the High 
Himal region above Kyangjin (3700 m asl) (figure 9.5). The gradient increases 
towards the glacier front. The valley is generally U-shaped. After Kyangjin, the 
river gradient increases to about 11 % downstream. The riverbed includes boulders, 
gravels and sand (figure 9.6).  
 
In the High Mountain region, active river cutting for centuries, enhanced by high 
river gradients (figure 9.5), has resulted in very deep canyons and V-shaped 
valleys. Several streams, coming from both sides, join the river. Due to high river 
gradients and increased water delivery, the discharge rate gets higher and the river 
is normally erosional and transportational in nature. 
 
 
 
 

Figure 9. 4: Water level in the Langtang Khola at Kyangjin in July 1993 
(source: Dept. of Hydrology and Meteorology, 1995) 
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9.3.2 Rivers originating in the Middle Mountains 
 
In the Middle Mountains, river flow originates from seepage and overland flow. 
The discharge is mainly a function of rainfall. Although the water level in general 
increases during the monsoon, it varies very much with the rainfall pattern. River 
discharge also fluctuates within a rainy day.  
 
Likewise the river discharge, the amount of sediments carried by the river varies 
significantly depending on the rainfall pattern. Measurements carried out in the 
river Tadi, to which Likhu Khola joins, show fluctuating water levels in July 
(figure 9.7). Figure 9.8 shows the average daily water levels for the same period. 
The water level varies considerably in a day, depending on the amount of rainfall 
in the watershed. It was observed during fieldwork that river water was very clear 
and did not contain sediments during a clear day without rain. Even during a rainy 
day with low rainfall intensity, water was not turbid. As discussed in chapter 6, soil 
losses can be considered moderate if 25 tonnes/ha/yr is considered tolerable in 
mountainous areas. Only during exceptional and prolonged rainfall events, soil 
losses can be very high (soil loss of more than 100 tonnes/ha/yr). 
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Figure 9. 6: Riverbed of Langtang Khola which consists of a wide range of 
sediments from boulders to sand 

Figure 9. 5: River profile of Langtang Khola 
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Compared to Langtang Khola, Likhu Khola has a lower gradient profile (about 2 to 
3 %) (figure 9.9). The river is erosional in its upper reaches, while it is depositional 
in its lower parts. Since flash floods are frequent, the river channel shifts laterally, 
resulting in a wider riverbed and braided channels. Consequently, it deposits large 
portions of sediments. In many cases, farmers try to trap the fine sediments to build 
up land for cultivation (figure 9.10). 

 
 
 
 

9.3.3 Trunk rivers  
 
Rivers originating in the High Himal region are mostly perennial, while those 
coming from the Middle Mountains have a seasonal regime. They join together to 
form trunk rivers, which have general north-south flow direction. The flow path of 
the trunk rivers is normally straight and riverbeds include a wide range of 
sediments from big boulders to sand. River discharge is high and variable. For 
example, the discharge rate of the Trisuli river at Betrawati varies from 30 to 665 
m3/s  (Sharma, 1990). Trisuli is the trunk river of Langtang Khola and Likhu 
Khola. Active flood plains exist only in few locations. However, extensive terrace 
systems have developed during the Quaternary in some enlarged sectors of the 
trunk river valleys. Present rivers are mainly erosional and transportational in 
nature and do not have extensive flood plains. Thus the sediments are carried 
further down to the lowlands of the Gangetic plain in the south. The main rivers 

Figure 9. 7: Fluctuations of the water level (cm) in the Tadi river below the bridge 
near Pipaltar on the road to Trisuli from Kathmandu 
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flowing in north-south direction and belonging to the Narayani river basin are 
Trisuli, Kali Gandaki, Marsyandi and Budhi Gandaki (plate 9.1). 
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Figure 9. 8: Average water level in July 1993 in Tadi Khola  

Figure 9 .9: River profile, Likhu Khola 
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9.4 RIVERBED SEDIMENTS 
 
To relate sedimentation with sediment sources, samples were collected from 
glaciers (5 samples), riverbeds (3 from Langtang Khola and 3 from Likhu Khola), 
and main irrigation canals (3 samples). Sample collection, especially from the 
glaciers and the riverbeds, was selective: only the fine matrix (<2 mm) of the 
sediments was sampled since the study focused on the sedimentation issue in the 
Chitwan valley, where irrigation water deposits sand and silt particles in 
agricultural fields. Particles larger than sand were not considered in the analysis, 
although the glacier margins and river beds consist of a wide range of sediment 
sizes from clay to gravels, stones and large fractured boulders. 
 
Particle size distribution (<2 mm), pH in H2O and CaCO3 content were 
determined. Organic carbon content was not determined, since the sediments 
deposited in the agricultural fields of the Chitwan valley have very low organic 
carbon content (<1%). The silt mineralogy of the sediments laid down by irrigation 
water was analysed. These sediments contain dominantly silt particles (25 to 85%, 
depending on the location), consisting of both fine (2-20 µm) and coarse silt (20-50 
µm). Particle size analysis results are shown in table 9.1.  

Figure 9. 10: Riverbed of Likhu Khola; rice fields in the riverbed, where farmers 
build up land by trapping fine sediments. 
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The glacier sediments contain very low clay (<1 to 3%). Silt content varies from 10 
to 31 % and fine to coarse sand content (50-1000 µm) varies from 65 to 90 %. In 
figure 9.11, curves showing cumulative percentages of particle size distribution are 
given, which indicate the well-sorted nature of the fine sediments (S-shaped curve).  
 
The fine matrix of the riverbed sediments of Langtang Khola does not contain clay; 
average silt content is 13 %, with a range from 4 to 25 %; the rest is sand. 
Cumulative distribution curves given in figure 9.12 are similar to the cumulative 
curves of the glacier sediments. The fine matrix of the riverbed sediments of Likhu 
Khola contains 1-6 % clay and up to 55 % silt, the rest being fine sand. Cumulative 
distribution curves (figure 9.13) are significantly different from those of Langtang 
Khola. Sediment samples 1 and 2 follow a parabolic pattern, reflecting a fine 
sediment trapping effect. Sample 3 shows a logarithmic trend, reflecting poor 
sorting of the fine sediments in braided channels.   
 
Irrigation canal sediments have on average 2 % clay, 41 % fine and coarse silt, and 
57 % very fine to medium sand (50 - 500 µm). Thus canal sediments consist 
dominantly of silt and sand. Cumulative distribution curves are given in figure 
9.14. Visual comparison indicates that the canal sediments are more similar to the 
fine sediments of the glaciers and the Langtang Khola than to those of the Likhu 
Khola. Model curves resulting from averaging the data of each of the four sediment 
types are shown in figure 9.15. 
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Figure 9.11: Cumulative percentage curves of the fine matrix (<2 mm) of 
glacier sediments 

Figure 9.12: Cumulative percentage curves of the fine matrix (<2 mm) of the 
Langtang Khola fluvial sediments 
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Figure 9.13: Cumulative percentage curves of the fine matrix (< 2 mm) of the 
Likhu Khola fluvial sediments 

Figure 9.14: Cumulative percentage curves of irrigation canal sediments 
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In order to find out which river sediments are more related to (and are possible 
source of) the irrigation canal sediments, Euclidean distances were calculated 
between the mean values of the particle size classes of the irrigation canal 
sediments and those of the source sediments, coming from the glaciers, Langtang 
Khola and Likhu Khola, as follows: 
 
 
  Di = √Σ(Cj – Sij)2 

 
where,  
Di = Euclidean distancei 
Cj = mean value of sand, silt and clay fractions of canal sediments  
Sij = mean value of sand, silt and clay fractions of riverbed 
sediments 

  
The Euclidean distances show that the canal sediments are closer to the glacier and 
Langtang Khola sediments (Euclidean distances of 24.4 and 24.8), but less related 
to Likhu Khola sediments (Euclidean value of 33.4). From this, it can be concluded 
that the irrigation canal sediments are more similar to the glacier and Langtang 
Khola sediments than to the Likhu Khola sediments. Likhu Khola sediments have 
more clay content and thus can be considered dissimilar.  

100 101 102 1032 3 4 5 6 7 2 3 4 5 6 7 2 3 4 5 6 7 2 3 4

Particle size (µm)

0

20

40

60

80

100

C
um

ul
at

iv
e 

pe
rc

en
ta

ge
s

1
1

1

1

1

1

1 1

2
2

2

2

2

2
2 2

3
3

3
3

3

3

3 3

4

4

4

4

4
4 4 4

1 Glacier sediment
2 Langtang Khola sediment
3 Likhu Khola sediment
4 Canal sediment

Figure 9.15: Model curves resulting from averaging the data of each of the 
four sediment types 
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Silt mineralogy (2-50 µm) shows that mica is medium to high in all sediments 
(table 9.2). K-feldspar is high in glacier and Langtang Khola sediments, whereas it 
is low in Likhu Khola and irrigation canal sediments. Plagioclase content is 
medium in canal sediments, whereas it is high in the glacier and Langtang Khola 
sediments. Irrigation canal sediments contain high to very high calcite, which is 
absent in the sediments of the glaciers, Langtang Khola and Likhu Khola. Riverbed 
sediments of the Trisuli river at Syabrubensi, however, contain appreciable amount 
of calcite, indicating that calcite deposited in the irrigated fields of the Chitwan 
valley comes neither from the Langtang Khola watershed nor from the Likhu 
Khola watershed. Quartz content is very high in all sediments. 
 

Table 9.2: Mineralogy of the silt fraction (2-50 µm) 

Sediment 
source 

Mica/Illite K-feldspar Plagioclase Calcite Dolomite Quartz 

Glaciers medium 
 to very high 

high high nil nil very high 

Langtang 
Khola 
 

medium high high nil nil very high 

Likhu Khola 
 

medium  
to high 

low medium nil nil very high 

Trisuli river, at 
Syabrubensi 

high very low low high nil very high 

Irrigation 
canal 
 

high low medium high to  
very high 

nil very high 

 

 

9.5 EVOLUTION OF THE FLUVIAL LANDSCAPE 
 
As mentioned above, fluvial terraces do not occur frequently along the river 
courses. Only at few locations pronounced river terraces exist, such as the ones in 
Syabrubensi and Trisuli. At the confluence of the Trisuli river, the trunk river of 
the Langtang Khola, with the Tadi Khola which is the trunk river of the Likhu 
Khola, there is an impressive flight of terraces, the highest of which is situated 
around 100 m above the current river channel. Some of the terraces include highly 
torrential deposits, reflecting catastrophic events. Both Trisuli and Tadi rivers seem 
to have contributed sediments to them. At present, the river gradient is high and the 
north-south flowing rivers are incising and not depositing. Thus, the terrace 
deposits in the Trisuli valley were formed in climatic conditions different from the 
present ones. Similar terraces can be seen elsewhere in Nepal, where they are 
located tens of meters above than the present river levels and are considered to be 
formed during the Pleistocene and Holocene (Iwata et al., 1984; Kalvoda, 1992). 
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The terraces around Pokhara and along the Kali Gandaki and Marsyandi rivers are 
reported to be formed during the late Quaternary (Yamanaka et al., 1982; 
Yamanaka and Iwata, 1982).  
 
In Trusuli, four river terraces can be clearly distinguished at different elevations 
(figure 9.16): a very high terrace at 600 m asl, a high terrace at 580 m asl, a middle 
terrace at 540 m asl, and a low terrace at about 500 m asl. The flood plain is located 
at about 1 m above the river level, which is at 498 m asl. The terraces are separated 
by deep scarps.  

 
 
 
 
Soil investigation was carried out in the Trisuli valley at an exploratory level by 
means of aerial photo interpretation, followed by full profile and auger hole 
descriptions. The photo interpretation map of the terrace system is given in plate 
9.2.  
 
(1) The very high terrace (Va11) is located about 100 m above the river channel. 

Slope is nearly level (1-2%). It has well developed and very deep soils and 
saprolites (about 10 m), characterised by dark reddish brown (5 YR 3/4 moist) 
Rhodic Paleustalfs (profile Tr-DP5). Texture varies from clay loam in the 
surface layer to clay throughout the profile. Clay cutans are present as from 20 
cm from the surface, indicating pronounced clay illuviation.  

(2) The high terrace (Va21) and the upper fringes of the middle terrace (Va31) 
have dominantly Typic Rhodustalfs (profile Tr-DP4), with dark reddish brown 
(5YR3/4) sandy clay loam overlying a dark red (2.5YR 3/6) clay loam to clay 

Figure 9.16: Schematic cross-section of the terraces in the Trisuli valley. 
Location of cross-section is indicated in plate 9.2. 
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subsoil. The profile is very deep (more than 2 m) and clay cutans in the subsoil 
indicate that the soil is well developed. The pH in H2O is 4.5 in the surface 
layer and gradually increases to 5.5 down the profile, which indicates leaching 
of basic cations.  

(3) Soils in the middle terrace are Typic Plinthustalfs and Typic Rhodustalfs. 
Plinthustalfs have dark yellowish brown (10YR 4/4) clay loam, overlying 
brown (7.5 YR4/3) and reddish brown (5YR4/4) clay, with distinct clay cutans 
and soft iron-manganese nodules (profile Tr-DP3). The pH varies from 4.5 in 
the surface horizon to 5.5 in the subsoil.  

(4) The low terrace (Va41) has an association of Typic and Dystric Ustochrepts 
(profile Tr-DP1) and Aquic Haplustalfs (profile Tr-DP2), characterised by 
having dark greyish brown (10YR4/2) sandy loam overlying a yellowish 
brown sandy loam subsoil. The subsoil also includes angular and subrounded 
gravels, indicating that the source of the coarse fragments is not very far, and 
these are considered to be deposited by a local alluvial-colluvial process.    

 
To form the thick terrace deposits, the river must have carried lots of sediments, 
probably under catastrophic events such as floods caused by glacier lake outbursts, 
or the damming of rivers by lateral debris slides, or under different climatic 
conditions. The terraces were developed during the Pleistocene, when the glaciers 
were retreating and the river discharge was much higher than now. The deep 
scarps, with pronounced height differences between terraces, reveal alternating 
behaviour of the river system. At one time the river was depositing, while at other 
time it was incising. River incision can be related to tectonic uplift. According to a 
historical seismological study around the Kathmandu valley, Trisuli (at location 
85oE, 28oN) is one of the epicentres where earthquakes of magnitude 7 in the 
Richter scale were reported in 1833 and 1869 (Dept. of Mines and Geology, 1983). 
The recurrence period of earthquakes of such magnitude is one in hundred years. 
Earthquakes of lower magnitude (less than scale 5) occur almost every year. The 
epicentres are located immediately south of the Main Central Thrust, which also 
forms the demarcating line between the High Mountains and the Middle Mountains 
(plate 9.1). The Kalphu Khola fault, located east of the Trisuli terraces and dated 
late Quaternary, is still active (Nakata et al., 1984). A study based on summit levels 
and drainage patterns in central Nepal suggests that the mountain ranges continue 
to be uplifted. The uplift rate of central Himalaya was 1 to 3 mm/yr during the 
Miocene and accelerated to more than 12 mm/yr in the middle Pleistocene (Arita et 
al., 1995).  
 
The terrace system in Trisuli seems to result from the interaction of vertical uplifts 
and climate changes, which took place during the Pleistocene and continued until 
the Holocene. When uplift is the dominating process, rivers tend to incise. When 
climate changes and glaciers retreat, the melting of ice results in increased 
discharge and more sediments in the rivers, which cause flooding and building up 
of terraces. The very high and high terraces were probably formed during the 
middle Pleistocene, the middle terrace during the late Pleistocene and the low 
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terrace in the Holocene. The soil mantle includes angular and sub-rounded gravels, 
indicating a short travelling distance of the sediments.  
 
 

9.6 CONCLUSION 
 
Geomorphic processes operating in the different watersheds vary according to 
elevation, topography, climate and land use. Some of the processes are 
continuously active, while others are periodically activated by triggering factors 
such as exceptional and prolonged rainfalls, and seismic activity. Processes 
operating continuously include glacier erosion and reworking of debris by glacier 
ice in the High Himal region.  
 
Rivers are classified according to their origin and whether they are erosional, 
depositional or transportational. River gradient in the High Himal region is about 4 
%, with U-shaped valleys indicating strong influence of the glaciers. In the High 
Mountain region, the river gradient increases to about 11 %, which causes intense 
river cutting, resulting in V-shaped valleys. River activity is erosional and 
transportational. The riverbeds consist of boulders, gravels and sand. In the Middle 
Mountains, river discharge varies according to the rainfall pattern. The riverbeds 
have lower gradient (2 to 3 %) and are wider. Flash floods occur frequently. The 
north-south flowing trunk rivers, to which several rivers join, do not have extensive 
floodplains. They act mainly as medium for sediment transportation. The sediments 
deposited in the irrigation canals of the Chitwan valley are more comparable to the 
glacier and Langtang Khola sediments than to the Likhu Khola sediments.  
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CONCLUSIONS AND RECOMMENDATIONS

Erosion and sedimentation make the sustainable development of land difficult.
While the erosion issue in the mountains has drawn the attention of many, the
negative impact of sedimentation in the low-lying areas is not well known and the
problem has not been adequately addressed. The sedimentation problem is directly
related to the erosion processes active in the uplands. Various processes are
responsible for sediment production and delivery to the river system. Since these
processes are region-specific and mainly governed by altitudinal differences, the
controlling factors also vary accordingly.

10.1 HIGH HIMAL REGION

In the High Himal region, the main processes are snow avalanches, rock and debris
slides and glacier activity. Steep slopes and south-facing slopes are more affected.
Climate plays an important role in the disintegration of rocks, not only through
freezing and thawing but also by the effect of accumulated snow packs on rock and
debris slides. Glaciers contain debris and ice, and the grinding effect of moving
blocks makes the debris finer in size. In addition, the glacier ice collects dust
particles in the dry season. When air temperature increases, the glacier ice begins
to melt. Although snow and ice melting is caused by solar radiation, it varies
according to humidity, slope aspect, wind speed and the amount of debris in the
ice. Melting of ice in the glacier margins starts in April and continues until
September. It brings lots of sand and silt particles (suspended sediments varying
from 1.3 to 1.4 g/l) on a daily basis to the river system. The fine matrices of the
glacier sediments and the Langtang Khola fluvial sediments have S-shaped particle
size curves, reflecting a selective depositional process, which is mainly related to
the melting of glacier ice during the period April-September. The river does not
require high energy for transporting the suspended sediments, although the high
gradient of the riverbed increases the transport capacity. In the Langtang Khola
watershed, the glaciers occupy about 91 km2, covering 19 % of the High Himal
region. Thus, the action of glaciers in sediment delivery to the river system is
important.

The processes active in the High Himal region are beyond human intervention.
Man can only try to decrease the flooding hazard in the case of glacial lake
outburst. Ways to mitigate this hazard are proposed in a study covering the Nepal
Himalaya (WECS, 1987) which include: (1) reducing the volume of water in the
lake, (2) protecting the infrastructures against floods following lake outburst, and
(3) establishing a monitoring system.
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10.2 HIGH MOUNTAIN REGION

The main geomorphic processes in the High Mountain region are rock and debris
slides, which are activated by heavy snowfalls, prolonged and/or excessive
rainfalls, seismic activity, or combination of these. Debris slides may temporarily
dam the river, causing a flooding hazard downstream. The mean river gradient in
the High Mountain region increases to about 11 %, which causes intense river
cutting, resulting in V-shaped valleys. In most of the area, the bedrock is close to
the surface. Land cultivation is localised and only possible by contour terracing.
Human occupation is scarce (20 persons/km2 in Rasuwa district). Soil loss from
cultivated fields is considered low.

10.3 MIDDLE MOUNTAIN REGION

In the Middle Mountains, population density is high (181 persons/km2 in Nuwakot
district) and the majority of people (more than 90 %) is involved in agriculture.
Cultivation is carried out on steep slopes (up to 100 %) by making terraces of two
types. Level terraces are constructed to grow rice, while sloping terraces are built
for rainfed crops. Depending on the availability of irrigation water, up to two crops
of rice are harvested in a year. Land degradation occurs through debris slides,
slumps and water erosion. Debris slides dominate on south-facing slopes on gneiss
and gneiss-micaschist; they are also frequent in degraded forest and grazing land.
Slumps occur mainly in rice fields, regardless of slope aspect.  Slumping hazard is
especially high at lower elevations, where climate is favourable and water is
available for growing up to two rice crops a year. Triggering factors are prolonged
and excessive rainfalls or seismic activity.

Soil loss assessment in the Likhu Khola watershed shows that rainfed cultivation
on sloping terraces causes high erosion rates with soil loss estimates varying from
3 to 56 tonnes/ha/yr. In degraded forest and rangeland, soil loss varies from 1 to 20
tonnes/ha/yr. In dense forest and rice fields, soil loss is minimal (less than 1
tonne/ha/yr). Similar results have been reported in studies carried out in different
watersheds in the Middle Mountains of Nepal (Maskey and Joshy, 1991; Sherchan
et al., 1991; Upadhyaya et al., 1991; Carson, 1992; Likhu Khola Project, 1995;
Ries, 1995; ICIMOD, 1998).

Several factors play a role in soil erosion of which the effect of slope aspect can be
considered as important as that of slope gradient. The south-facing slopes are more
susceptible to soil loss than the north-facing slopes, since they are comparatively
drier resulting in less vegetation cover. If a soil loss of up to 25 tonnes/ha/yr is
considered tolerable in mountainous areas where the natural soil loss rate is high
(Morgan, 1986), soil erosion in the Middle Mountains can be considered moderate.
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Only during exceptional and prolonged rainfall events, like the one of 20 July 1993
with more than 400 mm rain in one day (Dhital et al., 1993), very high soil losses
can be expected. The recurrence of such rainfall events is one in 60 years.

The irrigation practice of cultivating rice in level terraces of the Middle Mountains
seems to be an effective way of trapping sediments coming from the upper slopes.
Farmers try to grow rice even on riverbeds by trapping fine sediments. Slumps
occur frequently in rice fields, but farmers maintain the terraces continuously so
that the watershed in the Middle Mountains behaves like a close system where
most of the sediments produced or in transit are retained. Moreover, the community
forestry programme initiated by the Nepalese government is reported to be very
successful in the Middle Mountains. There is no evidence of further reduction of
the forest area despite population increase (Gilmour, 1991). Soil loss from rainfed
agriculture could be minimised by replacing cereals with fruit trees in highly
hazardous areas. Similarly, slumping hazard can be minimised if rice is replaced by
cereals or fruit trees in highly hazardous areas. In general, agriculture in the Middle
Mountains seems to be sustainable in the present context where the majority of the
rural population is continuously involved in soil conservation activities. However,
if farmer’s behaviour changes towards less intensive land care, the whole system
may collapse and become no longer sustainable.

Fluvial terraces occur only in a few locations along the north-south flowing rivers,
such as in Syabrubensi and Trisuli. The height of the terraces is tens of meters
above the current river channel. These terraces result from a combination of
climatic oscillations and seismic activity during the Quaternary. Global warming
could cause an increased river discharge and sediment yield, with deposition of
sediments along the north-south river paths. Presently, the trunk rivers act mainly
as a medium for sediment transport.

10.4 CHITWAN VALLEY

Irrigation water from the Narayani river brings a lot of sediments to the agricultural
fields. During the period June-September, the estimated mean sediment
concentration in the water is above 1000 mg/l, with maximum mean concentration
of more than 6000 mg/l in August. About 75 % of the sediments are retained in the
irrigation canals; the rest is deposited on the agricultural fields. The sediments
include a high proportion of silt (2-50 µm) and fine sand (50-250 µm). Quartz,
mica and feldspar dominate the mineralogy of the silt fraction. The sediments have
an appreciable amount of calcium carbonate (up to 14 %), which indicates the
multiple origin of the sediments. Organic matter content is very low (<0.3 %).
Siltation causes the deterioration of physical soil properties, lowering porosity and
impairing farming practices. The area affected by siltation depends on the location
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of the fields with respect to the irrigation canal. Areas close to a canal are more
affected. Strongly degraded areas are within 100 m from the irrigation canals.

To stop further degradation of irrigated land, proper management of the irrigation
system is required. Instead of directly pumping water from the river channel, it is
recommended to build large decantation reservoirs to trap the sediments before
irrigating the fields. Since the sediment load in the river water is very high,
reservoirs may also be filled up very soon. Thus reservoir design must include the
possibility of flushing out the sediments. An alternative solution could be digging
wells along the riverbanks to provide irrigation water. This would decrease the
overall costs of maintaining the pumps, cleaning the canals and flushing the
reservoirs, but would require extra infrastructure demanding large-scale funding.
The water would be at least free from unwanted sediments, cutting drastically the
maintenance costs of the irrigation scheme.

The study shows that the sediments deposited in the Chitwan valley result from the
geomorphic activity in the mountains. Sediments seem to come mainly from the
High Himal region, where the dominant processes responsible for sediment
production are snow and ice avalanches, debris slides, reworking of debris material
by glacier ice and glacier erosion. None of these processes are within the reach of
human control.

With these study results, one can draw the following conclusion: the poor farmers
living in the mountains cannot be made responsible for aggravating the erosion
problem. They rather contribute to minimising it by continuously carrying out
necessary conservation activities, either in maintaining the terraces or in managing
community forests, both of which are the source of their livelihood and
sustainability of the mountain land.
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SUMMARY

Nepal is a mountainous country, except for the nearly level lowlands in the south,
representing less than 20 % of the total territory. Several irrigation schemes operate
in the southern lowlands, increasing not only the extent of cultivated land, but also
the production of rice, the staple and cash crop of the rural population. But the
condition of the irrigated fields in the Terai and the Dun valley regions (e.g.
Chitwan valley) is deteriorating because of the use of sediment-loaded irrigation
water. Irrigation is carried out through diverting river water, which flows from the
mountains and brings lots of suspended sediments. Yearly deposition of sediments
in the agricultural fields gradually lowers the fertility status of the soils,
deteriorates soil physical properties and eventually results in lower yields. The
sedimentation issue in the Chitwan valley raises three main research questions: (1)
Where do the sediments come from? (2) Which processes are involved in sediment
production? (3) To what extent human activities play a role?

In order to investigate these questions and search for answers, three study areas
were selected: (1) the watershed of Langtang Khola in the High Himal and High
Mountain regions, (2) the watershed of Likhu Khola in the Middle Mountain
region, and (3) the Chitwan valley in the lowlands (Dun Valleys). In the High
Himal and High Mountain regions, climate plays an important role. Freezing and
thawing, ice and snow avalanches and debris slides contribute to the physical
disintegration of bedrocks and bring debris down the steep slopes. Glaciers help in
further disintegration of rocks by their grinding effect. They also collect dust
during dry season. Melting water from the glacier ice during summer months
brings lots of suspended sediments (< 2 mm) to the river system. Since river
gradient is high, the suspended sediments are easily transported. Sediment
production in the upper watershed areas by mass movements and glacier activity is
essentially controlled by natural processes, without human intervention.

In the Middle Mountains, population density is high (181 persons/km2 in Nuwakot
district) and the majority of the rural population is involved in agriculture.
Cultivation is carried out on steep slopes by making terraces. Two types of terraces
exist: sloping terraces for growing rainfed crops and level terraces for growing rice.
Land degradation occurs through debris slides, slumps and water erosion. Debris
slides dominate on south-facing slopes, while slumps occur mainly in rice fields.
Rainfed cultivation on sloping terraces causes high erosion rates (up to 56
tonnes/ha/yr). In degraded forest and rangeland, soil loss varies from 1 to 20
tonnes/ha/yr. In contrast, erosion is minimal in dense forest and rice fields. The rice
irrigation practice of allowing the water to flow from higher to lower terraces
contributes to trapping the sediments coming from upper slopes. Farmers also carry
out conservation measures on a yearly basis, especially after the rainy season.



Summary
_________________________________________________________________________

198

Thus, the watersheds in the Middle Mountains behave as close systems, retaining
in-situ a large proportion of the sediments produced. Moreover, deforestation in the
mountainous areas of Nepal is controlled thanks to a community forestry
programme. In general, agriculture in the Middle Mountains seems to be
sustainable in the present context.

Along the north-south flowing trunk rivers, which drain most of the watersheds,
active flood plains do not exist in present-day climatic conditions. In some
locations, impressive terrace systems have been built during the Quaternary as a
consequence of climatic changes and tectonic uplift. The trunk rivers act mainly as
medium for transportation of the sediments.

In the Chitwan valley, sedimentation on the agricultural fields causes the
deterioration of the physical soil properties, lowering porosity and impairing
farming practices. Areas affected by sedimentation depend on the location of the
fields with respect to the irrigation canals. Strongly degraded areas are within 100
m from the irrigation canals. The sediments include a high proportion of silt and
fine sand (50-250 µm). Quartz, mica and feldspar dominate the mineralogy of the
silt fraction. Organic matter content is very low. Sediments causing siltation in the
Chitwan irrigation scheme are more related to the sediments coming from the High
Himal and High Mountain regions than to those delivered by the Middle
Mountains.

The study shows that the erosion issue in Nepal seems to be more related to natural
processes than to human intervention. In the High Himal and High Mountain
regions, human influence is negligible since population is scarce. Although
population density is high in the Middle Mountains, human activity does not
aggravate the erosion problem. Farmers rather contribute to conserving the soil by
building and maintaining terraces and by taking part in community forestry. To
solve the sedimentation problem in the Chitwan valley requires changing the mode
of water delivery to the irrigation scheme, allowing to trap the sediment load before
entering the pumping facilities. In general, there seems to be good balance between
natural processes and human activities in conserving the land in the Middle
Mountains. However, if farmer’s behaviour changes, for some reason, towards less
intensive land care, the whole system may collapse and become no longer
sustainable.
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SAMENVATTING

Nepal is bergachtig met uitzondering van het bijna vlakke laagland in het zuiden,
dat minder dan 20% van het gehele oppervlak beslaat. In het zuidelijke laagland
bestaan een aantal irrigatiewerken, die het oppervlak van het beschikbare
landbouwland vergroten en daarmee de productie verhogen van rijst, dat het
dagelijks voedsel is van de plattelandsbevolking en ook hun bron van inkomsten.
Echter is de toestand van de geïrrigeerde velden in het gebied van de Terai en de
Dun vallei (bijvoorbeeld het dal van de Chitwan) achteruit gegaan door het gebruik
van irrigatiewater vol met sediment. Het water voor de irrigatie komt van
kunstmatige aftakkingen van rivieren die uit de bergen komen en grote ladingen
sediment meebrengen. De jaarlijkse afzetting van sediment verlaagt het
vruchtbaarheidsniveau van de gronden, verslechtert de fysische
bodemeigenschappen en leidt tenslotte tot lagere opbrengsten.

De schade die veroorzaakt wordt door de sedimentatie in het dal van de Chitwan
leidt tot drie vragen voor onderzoek:  (1) Wat zijn de brongebieden van het
sediment? (2) Welke processen leiden tot de sedimentproductie? (3) In welke mate
speelt menselijke activiteit een rol bij de sedimentproductie?

Om deze vragen te beantwoorden en te zoeken naar oplossingen, zijn drie
studiegebieden uitgezocht: (1) het watervanggebied van de Langtang Khola in de
Hoge Himal en het Hooggebergte, (2) het watervanggebied van de Likhu Khola in
het Middelgebergte, en (3) het dal van de Chitwan in het laagland (de Dun
valleien). In de Hoge Himal en het Hooggebergte speelt het klimaat een belangrijke
rol. Het vriezen en dooien, ijs en sneeuwlawines en puinafglijdingen dragen er bij
aan het fysische opbreken van de rotsbodem en brengen puin langs steile hellingen
naar beneden. Gletschers veroorzaken door hun slijpende werking verder
uiteenvallen van het rotsmateriaal. Op hun oppervlak hoopt zich stof op in het
droge seizoen. Het smeltwater van het gletscherijs vervoert in de zomer een grote
massa fijn materiaal in suspensie naar het riviersysteem toe. Omdat het verval van
de rivieren er hoog is, wordt het gesuspendeerde materiaal gemakkelijk vervoerd.
De sedimentproductie in de bovenste delen van de watervanggebieden door
massabewegingen en werking van de gletschers wordt hoofdzakelijk bepaald door
natuurlijke processen, buiten invloed van de mens.

In het Middelgebergte is de bevolkingsdichtheid hoog (181 personen/km² in het
Nuwakot district) en is het merendeel van de landelijke bevolking betrokken bij
landbouw. Verbouw van gewassen vindt plaats op steile hellingen met behulp van
terrasjes. Er zijn twee soorten terras, hellende terrassen voor regenafhankelijke
gewassen en vlakke terrassen voor de verbouw van rijst. Land degradatie vindt
plaats door puinafglijdingen, hellingverglijding en water erosie. Puinafglijdingen
overheersen op de naar het zuiden gerichte hellingen, hellingverglijdingen komen
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het meest voor waar rijstvelden zijn. De regenafhankelijke verbouw op hellende
terrassen geeft een hoge erosie intensiteit (tot wel 56 tonnes/ha/jr). In gedegradeerd
bos en op weiland komt erosie voor met een intensiteit van 1 tot 20 tonnes/ha/jr.
Daarentegen is erosie erg laag onder dicht bos en in rijstvelden. Het gebruikelijke
systeem om het irrigatiewater van de hogere naar de lagere velden te laten lopen
leidt tot het opvangen van het sediment, dat van de hogere hellingen afkomstig is.
Ook passen boeren jaarlijks bodembeschermingsmaatregelen toe, speciaal na het
regenseizoen. In deze omstandigheden werken de watervanggebieden van het
Middelgebergte als een gesloten systeem, doordat ze een groot gedeelte van de
geproduceerde sedimenten vasthouden. Bovendien is ontbossing in de bergstreken
van Nepal onderworpen aan de regels van een gemeenschaps-bosbouw-
programma. Over het algemeen lijkt dan ook de landbouw in het Middelgebergte
onder de huidige omstandigheden duurzaam te zijn.

Langs de noord-zuid stromende hoofdtakken van het riviersysteem, die de afvoer
van de meeste watervanggebieden verzorgen, komen geen actieve
overstromingsvlakten voor onder de klimatologische omstandigheden van
tegenwoordig. Op enkele plaatsen zijn indrukwekkende systemen van
rivierterrassen gevormd gedurende het Kwartair als gevolg van
klimaatsveranderingen en tektonische opheffing. Deze hoofdtakken fungeren nu
hoofdzakelijk als afvoerweg voor het sediment.

In het dal van de Chitwan in het laagland veroorzaakt sedimentatie op de
landbouwvelden een verslechtering van de fysische eigenschappen van de bodem
door het verlagen van de porositeit en het hinderen van de bedrijfsvoering. De
invloed van de sedimentatie op de velden hangt af van de afstand tot de
irrigatiekanalen. Sterk gedegradeerde velden liggen minder dan 100 meter ver van
de irrigatiekanalen vandaan. De afzettingen bevatten een hoog gehalte aan silt en
fijn zand (50-250 µm). Kwarts, mica en veldspaat overheersen in de mineralogie
van de silt fractie. Het gehalte aan organische stof is erg laag. De afzettingen die
verstopping van het irrigatiesysteem van de Chitwan veroorzaken zijn meer gelijk
aan het sediment dat afkomstig is uit de Hoge Himal en het Hooggebergte dan aan
dat wat afkomstig is uit het Middelgebergte.

De studie laat zien dat het erosievraagstuk in Nepal meer in verband staat met
natuurlijke processen dan met menselijk ingrijpen in de natuur. In de Hoge Himal
en het Hooggebergte is de menselijke invloed verwaarloosbaar omdat de bevolking
er schaars is. In het Middelgebergte is de bevolkingsdichtheid weliswaar hoog,
toch verergeren de menselijke activiteiten het probleem van erosie niet.
Integendeel, de boeren dragen bij aan het behoud van de bodem door het bouwen
en onderhouden van  terrasjes en door hun deelname aan gemeenschapsbosbouw.
Om de overlast van de sedimentatie in het dal van de Chitwan te beëindigen is een
andere aanvoer van water naar het irrigatiesysteem nodig, waarbij het meegevoerde
slib kan bezinken voordat het de pompinstallatie bereikt. In het algemeen blijkt er
in het Middelgebergte een goede balans te bestaan tussen de natuurlijke processen
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en de menselijke activiteiten voor het behoud van het land. Wanneer echter om de
een of andere reden de boeren hun bedrijfsvoering zouden veranderen in een
systeem met minder zorg voor het land, dan zou het gehele systeem in elkaar
kunnen storten en niet langer duurzaam zijn.



203
_________________________________________________________________________

REFERENCES

Abdel-Hamid, M. A., 1990. The use of remote sensing techniques in combination
with a geographic information system for soil studies with emphasis on
quantification of salinity and alkalinity in the northern part of the Nile Delta,
Egypt. Unpublished MSc. thesis, Enschede, ITC.

Abdel-Hamid, M. A. and D. P. Shrestha, 1992. Soil salinity mapping in the Nile
Delta, Egypt using remote sensing techniques. International Archives of
Photogrammetry and Remote Sensing, vol. XXIX , part B7, pp. 783-787.

Ageta, Y., H. Iida and O Watanabe, 1984. Glaciological studies on Yala Glacier in
Langtang Himal. in K. Higuchi (eds) Report of the glacier boring project
1981-82 in the Nepal Himalaya.

Anbalagan, R., 1992. Landslide hazard evaluation and zonation mapping in
mountainous terrain. Engineering Geology 32: 269-277.

Arita, K., Y. Ganzawa and Y. Ohta, 1995, Accelerating uplift since the Miocene
and tectonism of the Nepal Himalaya. 10th Himalaya-Karakoram-Tibet
Workshop

Arocena-Francisco, H., 1991. The on-site and downstream costs of soil erosion. In P.
B. Shah, H. Schreier, S. J. Brown and K. W. Riley (eds) workshop
proceedings: Soil fertility and erosion issues in the Middle Mountains of
Nepal, Jhikhu Khola Watershed, pp. 128-134.

Barsch, D. and M. Jakob, 1998. Mass transport by active rockglaciers in the Khumbu
Himalaya. Geomorphology 26:215-222.

Beasley, D. B., et. al., 1981. ANSWERS, Areal Nonpoint Source Watershed
Environment Response Simulation. Purdue University, West Lafayette,
Indiana, USA.

Beasley, D. B., L. F. Higgins and E. J. Monke, 1980. ANSWERS, Areal Nonpoint
Source Watershed Environment Response Simulation: a model for watershed
planning. Transactions of the ASAE 23(4):938-944.

Bergsma, E., 1989. Features of soil surface microtopography for erosion hazard
evaluation. In H. Hurni and K. Tato (eds). Erosion, conservation and small-
scale farming, pp. 15-26.

Bergsma, E., 1990. Approximation of soil erodibility using simple tests. ITC
lecture notes



References
_________________________________________________________________________

204

Bergsma, E., 1997. Erosion hazard evaluation from soil micro-topographic
features- an application of soil loss plots, Northern Thailand. Land
Husbandry 2(1): 45-58.

Bergsma, E and C. R. Valenzuela, 1981. Drop testing aggregate stability of some
soils near Merida, Spain. Earth surface processes and landforms 6: 306-318

Bjornsson, H. 1980. Avalanche activity in Iceland, climatic conditions, and terrain
features. Journal of Glaciology 26(94):13-23.

Bocco, G. and C. R. Valenzuela, 1988. Integration of GIS and image processing in
soil erosion studies using ILWIS, ITC Journal (4): 309-319.

Bocco, G., J. Palacio and C. R. Valenzuela, 1990. Gully erosion modelling using GIS
and geomorphic knowledge, ITC Journal (3): 253-261.

Bollinne, A., 1977. La vitesse de l’erosion sous culture en region limoneuse.
Pedologie 27: 191-206.

Bregman, L., 1993. Comparison of the erosion control potential of agroforestry
systems in the Himalayan region. Agroforestry Systems 21: 101-116

Bruijnzeel, L. A. and C. N. Bremmer, 1989. Highland-lowland interactions in the
Ganges Brahmaputra river basin: A review of published literature. ICIMOD
occasional paper no. 11, Kathmandu, Nepal.

Burton, S., P. B. Shah and H. Schreir, 1989. Soil degradation from converting forest
land into agriculture in the Chitwan district of Nepal. Mountain Research and
Development 9(4): 393-404.

Caine, N.  and  P. K. Mool, 1982. Landslides in the Kolpu Khola drainage, Middle
Mountains, Nepal. Mountain Research and Development 2(2): 157-173.

Carson, B. 1992. The land, the farmer, and the future: A soil fertility management
strategy for Nepal. ICIMOD Occasional paper No. 21. Kathmandu, Nepal.

Carter, E. J., 1992. Tree cultivation on private land in the middle hills of Nepal;
lessons from some villagers of Dolakha district. Mountain research and
development, 12 (3): 241-255.

Campbell, N. A., 1980. Robust procedure in multivariate analysis, robust
covariance estimation. Applied Statistics, 29: 231-237.



References
_________________________________________________________________________

205

Carter, E. J., 1992. Tree cultivation on private land in the middle hills of Nepal;
lessons from some villagers of Dolakha district. Mountain research and
development 12(3): 241-255.

Central Bureau of Statistics, 1991. Statistical year book of Nepal. His Majesty’s
government, National Planning Commission Secretariate, Kathmandu,
Nepal.

Christiansson, C., 1981. Soil erosion and sedimentation in semi-arid Tanzania,
studies of environmental change and ecological imbalance. Scandinavian
Institute of African Studies, Uppsala and Department of Physical Geography,
University of Stockholm, Sweden

Conese, C., G. Maracchi and F. Maselli, 1993. Improvement in maximum
likelihood classification performance on highly rugged terrain using
principal component analysis. International Journal of Remote Sensing
14(7): 1371-1382.

Cruden, D. M. and D. J. Varnes, 1996. Landslide types and processes: in A. Turner
and R. L. Schuster (eds). Landslides, investigation and mitigation,  pp. 36-
75.

De Jong, S. M., 1994. Applications of reflective remote sensing for land degradation
studies in a mediterranean environment. PhD thesis, Utrecht University, 256 p.

De Jong, S. M., M. L. Paracchini, F. Bertolo, S. Folving, J. Megier and A. P. J. De
Roo, 1999. Regional assessment of soil erosion using the distributed model
SEMMED and remotely sensed data. Catena 37, 291-308.

De Roo, A.  P. J. and V. G. Jetten, 1999. Calibrating and validating the LISEM
model for two data sets from The Netherlands and South Africa. Catena 37,
477-493.

Department of Hydrology and Meteorology, 1990. Precipitation records of Nepal,
1987-1990. Ministry of Water Resources, Kathmandu, Nepal, p. 253.

Department of Hygrology and Meteorology, 1993. Snow and glacier hydrology
yearbook 1987-1992, Ministry of Water Resources, Kathmandu, Nepal, 167
p.

Department.of Hydrology and Meteorology, 1995. Snow and glacier hydrology
yearbook 1993, Ministry of Water Resources, Kathmandu, Nepal, 55 p.

Departmane of Meteorology, Nepal, 1984. Climatological Records of Nepal, 1971-
1982, vol. 1, HMG, Kathmandu, Nepal.



References
_________________________________________________________________________

206

Department of Mines and Geology, 1980. Geological map of central Nepal, scale
1:250000. HMG, Nepal

De Roo, A. P. J., 1993. Modelling surface runoff and soil erosion in catchments
using Geographic Information Systems. Netherlands Geographical Studies
157, University of Utrecht, Utrecht, The Netherlands.

Dhital, M. R, N Khanal and K. B. Thapa, 1993. The role of extreme weather
events, mass movements and land use changes in increasing natural hazards.
A report of the preliminary field assessment and workshop on cause of the
recent damage incurred in south-central Nepal (July 19-20, 1993), ICIMOD

Donker, N. H. W. and N. J. Mulder, 1977. Analysis of MSS digital imagery with
the aid of principal component transform. ITC Journal (3): 434-465.

Emerson, W. W., 1967. A classification of soil aggregates based on their coherence
in water. Australian Journal of Soil Research 5(1): 47-57.

Enters, T., 1998. Mothods for the economic assessment of the on- and off-site
impacts of soil erosion. Issues in sustainable land management no. 2,
IBSRAM.

Epema, G. F., 1992. Spectral reflectance in the Tunisian desert. Ph.D. thesis,
Wageningen Agricultural University, 150 p.

FAO, 1990. Guidelines for soil profile description. Land and Water Development
Division, Rome, 53 p.

Freer, G. L. and P. A. Schaerer, 1980. Snow-avalanche hazard zoning in British
Columbia, Canada. Journal of Glaciology 26(94): 345-354.

Fort, M., 1987. Geomorphic and hazards mapping in the dry, continental Himalaya:
1:50,000 maps of Mustang District, Nepal. Mountain Research and
Development 7(3): 222-238.

Fox, J, 1993. Forest resources in a Nepali village in 1980 and 1990: the positive
influence of population growth. Mountain Research and Development,
13(1): 89-98.

Frutiger, H, 1980. History and actual state of legalization of avalanche zoning in
Switzerland. Journal of Glaciology 26(94): 313-324.

Gansser, A., 1964. Geology of the Himalayas. Wiley, Chichester, 289 p.



References
_________________________________________________________________________

207

Gansser, A., 1980. The significance of the Himalayan Suture zone. Tectonophysics
62: 37-52.

Gerrard, J. 1994. The landslide hazard in the Himalayas: geological control and
human action. Geomorphology 10: 221-230.

Gill, G. J., 1991. Indigenous erosion control systems in the Jhikhu Khola Watershed.
In P. B. Shah, H. Schreier, S. J. Brown and K. W. Riley (eds) workshop
proceedings: Soil fertility and erosion issues in the Middle Mountains of
Nepal, Jhikhu Khola Watershed, pp. 152-164.

Gilmour, D. A., 1991. Trends in forest resources and management in the Middle
Mountains of Nepal. In P. B. Shah, H. Schreier, S. J. Brown and K. W. Riley
(eds) workshop proceedings: Soil fertility and erosion issues in the Middle
Mountains of Nepal, Jhikhu Khola Watershed, pp. 33-46.

GLASOD, 1988. Guidelines for general assessment of the status of human-induced
soil degradation, working paper no.88/4, UNEP/ISRIC.

Glimmer, D. A., 1991. Trends in forest resources and management in the middle
mountains of Nepal; workshop proceedings: Soil fertility and erosion issues
in the middle mountains of Nepal, topographic Survey Branch, HMG, Nepal.

Green, R. 1978. The construction and management of bench terracing system in the
hill areas of Nepal. Ministry of Forest, Department of soil and Water
Conservation. His Majesty's Government of Nepal, Integrated Watershed
Management Torrent Control and Land Use Development Project, 69 p.

Hackett, S. W. and H. S. Santeford, 1980. Avalanche zoning in Alaska, USA. Journal
of Glaciology 26(94): 377-392.

Heuberger, H., L. Masch, E. Preuss and A Schrocker, 1984. Quaternary landslides
and rock fusion in Central Nepal and in the Tyrolean Alps. Mountain
Research and Development,  4(4): 345-362.

ICIMOD, 1990. ICIMOD towards 2000: An indicative strategic plan. International
Centre for Integrated Mountain Development, Kathmandu, Nepal.

ICIMOD, 1994. Constraints and opportunities. Proceedings of the International
Symposium on Mountain Environment and Development, International
Centre for Integrated Mountain Development, Kathmandu, Nepal.

ICIMOD, 1998. Research findings. People and resource dynamics: Jhikhu Khola
watershed. ICIMOD Newsletter, no 32.



References
_________________________________________________________________________

208

ILWIS Dept., 1996. ILWIS 2.0 for Windows, The Integrated Land and Water
Information System, Step by Step. ILWIS Department, International Institute
for Aerospace Survey and Earth Sciences, Enschede, The Netherlands.

Isaaks, E. H. and R. Mohan Srivastava, 1989. An introduction to applied
geostatistics. Oxford University Press, Inc., 561 p.

Ives, J. D. and M. Plam, 1980. Avalanche-hazard mapping and zoning problems in
the Rocky Mountains, with examples from Colorado USA. Journal of
Glaciology 26(94): 363-375.

Iwata, S, T. Sharma and H. Yamanaka, 1984. A preliminary report on
geomorphology of Central Nepal and Himalayan Uplift. Journal of Nepal
Geological Society, 4(Special Issue): 141-149.

Jetten, V., A De Roo, D. Favis-Mortlock, 1999. Evaluation of field-scale and
catchment-scale soil erosion models. Catena 37, 521-541.

Judson, A., C. F. Leaf and G. E. Brink, 1980. A process-oriented model for
simulating avalanche danger. Journal of Glaciology 26(94): 53-63.

Jnawali, B. M., K. M. Amatya and N. D. Maske, 1994. Field excursion guide,
Langtang area,  9th Himalaya-Karakorum-Tibet Workshop, Kathmandu,
Nepal.

Kalvoda, J., 1992. Geomorphological record of the Quaternary Orogeny in the
Himalaya and the Karakoram. Elsevier Science Publishers, The Netherlands,
315 p.

Kenting Earth Sciences Ltd., 1985. Land Resources Mapping Project, Geology
report, Kathmandu, Nepal, 230 p.

Kettner, A., 1996. Simulated man-induced erosion in the Middle Mountains of
Nepal, a case study on the relation between land use, land tenure and erosion
with the use of the AGNPS-model in the Mahadev Khola watershed. Msc.
thesis (unpublished), Dept. Of Soil and Water conservation and Irrigation,
Agricultural University, Wageningen.

Kienholz, H., H. Hafner, G. Schneider and R. Tamrakar, 1983. Mountain hazards
mapping in Nepal's Middle Mountains. Maps of landuse and geomorphic
damages (Kathmandu-Kakani area). Mountain Research and Development
3(3): 195-220.



References
_________________________________________________________________________

209

Kienholz, H., G. Schneider, M. Bichsel, M. Grunder and P. Mool, 1984. Mapping of
mountain hazards and slope stability. Mountain Research and Development
4(3): 247-266.

Kirkby, M. J. , 1976. Hydrological slope models; the influence of climate. In
Derbyshire, E. (ed.), Geomorphology and climate. pp 247-267.

Kizaki, K., 1995. Recent tectonics in the Nepal Himalayas: a synthesis. Journal of
Nepal Geological Society 11: 131-140.

Kressler, F. P. and K. T. Steinnocher, 1999. Detecting land cover changes from
NOAA-AVHRR data by using spectral mixture analysis. International Journal
of Applied Earth Observation and Geoinformation 1(1): 21-26.

Krige, D. G., 1966. Two-dimensional weighted moving average trend surfaces for
ore-evaluation. Journal of the South African Institute of Mining and
Metallurgy 66: 13-38.

Kunwar, L. B., 1995. Study of the relationship between land use and soil erosion
hazard using simple erosion field test, surface microtopographic features and
remote sensing data. MSc. thesis (unpublished), Soils Division, ITC.

Laflen, J. M., L. J. Lane and G. R. Forter, 1991. WEPP a new generation of erosion
prediction technology. Journal of Soil and Water Conservation 46:34-38.

Lees, B. G. and K. Ritman, 1991. Decision-tree and rule-induced approach to
integration of remotely sensed and GIS data in mapping vegetation in
disturbed or hilly environments. Environmental Management 15(6): 823-
831.

Lefort, P., 1975. Himalayas: The collided range. Present knowledge of the
continental Arc. American Journal of Science 275: 1-44.

Leopold, L. B. and T. Maddock, 1953. The hydrologic geometry of stream
channels and some physiographic implications. USGS paper No. 252,
Washington D. C.

Likhu Khola Project, 1995. Landuse, soil conservation and water resource
management in the Nepalese Middle Hills. Institute of Hydrology, Nepal
Agriculture Research Council and Royal Geographic Society United
Kingdom.

Lopez, H. J. and J. A. Zinck, 1991. GIS-assisted modelling of soil-induced mass
movement hazards: A case study of the upper Coello river basin, Tolima,
Colombia. ITC Journal (4): 202-220.



References
_________________________________________________________________________

210

Macfarlane, A. M., K. V. Hodges and D. Lux, 1992. A structural analysis of the
Main Central Thrust zone, Langtang National Park, central Nepal Himalaya,
Geological Society of America Bulletin, 104: 1389-1402

Mahat T. B. S., D. M. Griffin, and K. P. Shepherd, 1986. Human impact on some
forests of the middle hills of Nepal: Forestry in the context of the traditional
resources of the state. Mountain Research and Development 6(3): 223-232.

Mainam, F., 1999. Modelling soil erodibility in the semiarid zone of Cameroon:
Assessment of interrill erodibility parameters for mapping soil erosion hazard
by means of GIS techniques in the Gawar area. PhD thesis, University of
Ghent, Belgium, 387 p.

Maskey, R. B. and D. Joshy, 1991. Soil and nutrient losses under different soil
management practices in the Middle Mountains of central Nepal. In P. B.
Shah, H. Schreier, S. J. Brown and K. W. Riley (eds) workshop proceedings:
Soil fertility and erosion issues in the Middle Mountains of Nepal, Jhikhu
Khola Watershed, pp. 105-120.

Matheron, G., 1971. The theory of regionalized variables and its applications.
Cahiers du Centre de Morphologie Mathe’matique de fountainebleau no. 5.

Meyer, C. R. and D. C. Flanagan, 1992. Application of case-based reasoning
concepts to the WEPP soil erosion model. AI Applications 6(3): 1992.

Mitra, B., H. D. Scott, J. C. Dixon and J. M. McKimmey, 1998. Application of
fuzzy logic to the prediction of soil erosion in a large watershed. Geoderma
86(3-4): 183-209.

Molenaar, M. and L. L. F. Janssens, 1991. Integrated processing of remotely sensed
and geographic data for land inventory purposes. ACSM-ASPRS Annual
Convention 1991: the integration of remote sensing and GIS systems, pp. 75-
89.

Morgan, R. P. C., 1974. Estimating regional variations in soil erosion hazard in
Peninsular Malaysia. Malaysian Nature Journal 28: 94-106.

Morgan, R. P. C., 1980. Soil erosion and conservation in Britain. Progress in physical
geography 4: 24-27.

Morgan, R. P. C., 1986.  Soil erosion and conservation. in D. A. Davidson (ed.).
Longman Scientific and Technical, Longman Group UK Limited. 298 p.

Morgan,  R. P. C., D. D. V. Morgan and H. J. Finney, 1984. A predictive model for
the assessment of soil erosion risk. J. Agric. Engng. Res., 30: 245-253.



References
_________________________________________________________________________

211

Morgan, R. P. C., J. N. Quinton, R. E. Smith, G. Govers, J. W. A. Poesen, K.
Auerswald, G. Chisci, D. Torri, M. E. Styczen and A. J. V. Folly, 1998. The
European Soil Erosion Model (EUROSEM): Documentation and user guide,
version 3.6. Silsoe College, Cranfield University, 89 p.

Mulder, N. J., 1975. How to escape from 4-Dimensional space or statistics versus
knowledge. ITC Journal (3): 352-359.

Mulder, N. J. and L. Spreeuwers, 1991. Neural networks applied to the classification
of remotely sensed data. In J. Putkonen (ed). Remote Sensing: global
monitoring for earth management. 11th Annual International Geoscience and
Remote Sensing Symposium Proceedings 4: 2211-2213.

Nakarmi, G., A. Pathak and H. Schreir, 1991. The hydrometric, sediment and erosion
monitoring. In P. B. Shah, H. Schreier, S. J. Brown and K. W. Riley (eds)
workshop proceedings: Soil fertility and erosion issues in the Middle
Mountains of Nepal, Jhikhu Khola Watershed, pp. 208-212.

Nakata, T., S. Iwata, H. Yamanaka, H. Yagi and H. Maemoku, 1984. Tectonic
landforms of several active faults in the western Nepal Himalayas. Jounjal of
Nepal Geological Society, 4 (Special Issue): 177-200

Niemann, K. O. and D. E. Howes, 1991. Applicability of digital terrain models for
slope stability assessment. ITC Journal (3): 127-137.

Nearing M. A., G. R. Foster, L. J. Lane, S. C. Finkner, 1989. A process-based soil
erosion model for USDA-Water Erosion Prediction Project technology.
Transactions of the American Society of Agricultural Engineers 32: 1587-
93.

Overeem, I. 1996. Natural hazard mapping in the Nepalese Himalayas. A case
study of the relation geology and erosion processes in Likhu Khola
watershed. MSc. Thesis Geology, Agriculture University, Wageningen/ITC,
Enschede, The Netherlands.

Owen, L. A. and J. England, 1998. Observations on rock glaciers in the Himalayas
and Karakoram mountains of northern Pakistan and India. Geomorphology
26: 199-213.

Pandey, M. R. 1983. Seismicity of Nepal, a preliminary study. Seismological
Laboratory, Department of Mines and Geology, HMG, Nepal, 26 p.

Pandey, M. R., 1982. Report on seismicity of Nepal for the period Jan. 1978-Dec.
1981. Department of Mines and Geology, Seismological Lab, HMG, Nepal,
19 p.



References
_________________________________________________________________________

212

Peters, T. J. and P. K. Mool, 1983. Geological and petrographic base studies for the
mountain hazards mapping project in the Kathmandu-Kakani area, Nepal.
Mountain Research and Development 3(3): 221-226.

Pokhrel, D. M. 1996. Assessment of mass movement hazard using selected soil
properties. Unpublished MSc thesis, Soil Science Division, ITC,  Enschede,
The Netherlands.

Powell, C. Mc. A. and P. J. Concghan, 1975. Plate tectonics and the Himalayas.
Earth and Planetary Science Letters 20: 1-12.

Rauws, G and G. Govers, 1988. Hydraulic and soil mechanical aspects of rill
generation on agricultural soils. Journal of Soil Science 39: 111-124.

Reddy, S. M., M. P. Searle and J. A. Massey. Structural evolution of the High
Himalayan Gneiss sequence, Langtang Valley, Nepal. In Treloar, P. J. and
Searle. M. P. (eds). Himalayan Tectonics. Geological Society Special
Publication No. 74, pp. 375-389.

Renard, K. G., G. R. Foster, G. A. Weesies, and J. P. Porter, 1991. RUSLE:
Revised universal soil loss equation. Journal of Soil and Water Conservation
46: 30-33.

Renard, K. G., G. R. Foster, G. A. Weesies, D. K. McCool, and D. C. Yoder, 1997.
Predicting soil erosion by water: A guide to conservation planning with the
Revised Universal Soil Loss Equation (RUSLE). Agriculture Handbook No.
703, USDA,

Richter, G. and J. F. W. Negendank, 1977. Soil erosion processes and their
measurement in the German area of the Moselle river. Earth Surface
Processes 2: 261-278.

Ries, J., 1991. Man made soil erosion in the High Mountain region: a case study of
Bamti/Bhandar. In P. B. Shah, H. Schreier, S. J. Brown and K. W. Riley (eds)
workshop proceedings: Soil fertility and erosion issues in the Middle
Mountains of Nepal, Jhikhu Khola Watershed, pp. 121-127.

Ries, J. B., 1995. Soil erosion in the high mountain region of the eastern Nepalese
Himalayas. Z. Geomorph.N.F. Suppl.-Bd.99, pp. 41-52

Ross, J. and R. Gilbert, 1999. Lacustrine sedimentation in a monsoon environment:
the record from Phewa Tal, Middle Mountain Region of Nepal.
Geomorphology 27 (3-4): 307-323.



References
_________________________________________________________________________

213

Rothwell, G. H., 1985. Report of the sedimentation problems at the Narayani pump
irrigation scheme, Chitwan Valley Development Project and proposals for
remedial works. Consultant’s report, Chitwan Valley Development Project,
Chitwan, Nepal.

Rowbotham, D. N. and D. Dydycha, 1998. GIS modelling of slope stability in
Phewa Tal watershed, Nepal. Geomorphology 26: 151-170.

Scheidegger, A. E., 1998. Tectonic predesign of mass movements, with examples
from the Chinese Himalaya. Geomorphology 26: 37-46.

Schmidt, H. and H. R. Frantz, 1972. Chitwan valley development project, Nepal.
Consultant’s report, Agrar- Und Hydrotechnik GMBH, Essen, Germany.

Severinghans, J. and B. R. Adhikary, 1991. A study on Leucaena Leucocephala
and cereal crop biomass production in Majhigaun village of Sindhupalchowk
district, Nepal; workshop proceedings: Soil fertility and erosion issues in the
middle mounts of Nepal, Topographical Survey Branch, HMG, Nepal.

Shah, P. B. and H. Schreier, 1991. Soil fertility and erosion issues in the Middle
Mountains of Nepal. Workshop proceedings Jhikhu Khola watershed,
Integrated Survey Section, Topographical Survey Branch, Kathmandu,
Nepal.

Shah P. B., H. Schreier, G. Kennedy, S. J. Brown and S. Wymann, 1991.
Discussion of major issues, research priorities and implementation of
research results. In Shah P. B., H. Schreier, S. J. Brown and K. W. Riley
(eds): Soil fertility and erosion issues in the Middle Mountains of Nepal,
Workshop Proceedings Jhikhu Khola Watershed, pp. 276-284.

Sharma, C. K., 1983. Water and energy resources of the Himalayan Block, pp.477,
Kathmandu, Nepal.

Sharma, C. K., 1990. Geology of Nepal Himalaya and adjacent countries.
Kathmandu, Nepal, 479 p.

Shelby, M. J. 1985. Earth’s changing surface. An introduction to geomorphology.
Clarendon Press, Oxford.

Sherchan, D. P., G. B. Gurung and S. P. Chand, 1991. A review of current soil
related research activities at Pakhribas agricultural centre. In Shah P. B., H.
Schreier, S. J. Brown and K. W. Riley (eds): Soil fertility and erosion issues
in the Middle Mountains of Nepal, Workshop Proceedings Jhikhu Khola
Watershed, pp. 83-104.



References
_________________________________________________________________________

214

Shrestha, D. P., 1989. Technical report on soil degradation mapping, Southeast
Asia region, Global Assessment of Soil Degradation (GLASOD). ITC,
Enschede, The Netherlands, 33 p.

Shrestha, D. P., 1989. Soil degradation; recognition of their processes and mapping
by remote sensing techniques. In the report of the 14th UN/FAO training
course on Remote Sensing Applications to Land Resources, pp. 155-165.

Shrestha, D. P., 1990. Soil degradation assessment in Thailand using a geographic
information system. Transactions of the 14th International Congress of Soil
Science, vol. IV, pp. 390-391.

Shrestha, D. P., 1994. Land degradation assessment in a GIS and evaluation of
remote sensing data integration. Transactions of the 15th Congress of ISSS,
vol. 6b, pp. 343-344.

Shrestha, D. P., 1997. Assessment of soil erosion in the Nepalese Himalaya: A case
study in Likhu Khola valley, Middle Mountain Region. Land Husbandry, 2
(1): 59-80

Shrestha, D. P. and J. A. Zinck, 1999. Land degradation assessment using
geographic information system: a case study in the Middle Mountain region
of the Nepalese Himalaya. Trends in Geoinformatics Technology and
Applications, Post Conference Proceedings Volume,  “Geoinformatics
beyond 2000”, pp. 391-409.

Shrestha, D. P. and J. A. Zinck, 1999. Land use classification in a mountainous
area of Nepal: Integration of image processing, digital elevation data and
field knowledge. Paper presented at the International symposium “RS and
GIS for monitoring soils and geomorphic processes to assist integrated
development of mountainous land”,  Kathmandu, Nepal.

Shroder Jr, J. F. and M. P. Bishop, 1998. Mass movement in the Himalaya: new
insights and research directions. Geomorphology  26: 13-35.

Soil Science Division, 1992. Soils of Bore, Mahadev, Dee, Khahare and Jogi &
Bhandare Khola subwatersheds. Landuse, soil conservation and water
resource management project, Likhu Khola watershed area, Nuwakot
District, Nepal.

Sthapit, K. M., 1995. Sedimentation of lakes and reservoirs with special reference to
the Kulekhani reservoir. In Schreier et al. (eds.) Challenges in Mountain
Resource Management in Nepal, processes, trends, and dynamics in Middle
Mountain Watersheds, ICIMOD/IDRC/UBC, pp. 5-12.



References
_________________________________________________________________________

215

Stethem, C. and R. Perla, 1980. Snow-slab studies at Whistler Mountain, British
Columbia, Canada. Journal of Glaciology 26(94): 85-91.

Stocking, M., 1981. A working model for the estimation of soil loss suitable for
underdeveloped areas. Development studies, occasional paper No. 15,
University of East Anglia, Norwich (UK).

Stoner, E. R. and M. F. Baumgardner, 1980. Physico-chemical, site and bidirectional
reflectance factor characteristics of uniformly moist soil. LARS technical
report no. 111679, West Lafayette, Indiana, Purdue University, USA.

SWCS, 1993. User's guide. Revised Universal Soil Loss Equation, version 1.03.
Soil and Water Conservation Society, Iowa, USA.

Tamrakar, R., 1993. A comparative study of land use change in the Shivapuri
integrated watershed development area between 1981-1993. Dept. Of Soil
Conservation and Watershed Management, Min. of Forest and Soil
conservation, Nepal.

Terzaghi, K. 1936. The shearing resistance of saturate soils  and the angle between
planes of shear. Proceedings of the First International Conference on Soil
Mechanics and foundation Engineering, Cambridge, Harvard University
Press, vol. 1, pp. 54-56.

Thorn, C. E. 1992. Periglacial geomorphology: what, where and when? In Dixon,
J. C. and A. D Abrahams (eds) Periglacial Geomorphology. John Wiley and
Sons Ltd. 354 p.

Thornthwaite, C. W., 1948. An approach towards a rational classification of climate.
Geogr. Rev. 38: 55-94.

Dept of Irrigation, Hydrology and Meteorology, 1982. Climatological records of
Nepal, 1976 - 1980, Ministry of Water Resources, HMG, Nepal.

UNEP/ISRIC, 1990. World map on status of human induced soil degradation; scale
1:10,000,000. UNEP, Nairobi, Kenya.

Upadhyaya, G. P., M. Sthapit and K. N. Shrestha, 1991. Runoff and soil loss studies
in the Kulakhani watershed: results 1985-1990. In P. B. Shah, H. Schreier, S.
J. Brown and K. W. Riley (eds) workshop proceedings: Soil fertility and
erosion issues in the Middle Mountains of Nepal, Jhikhu Khola Watershed, pp.
25-32.

USDA, 1968. Snow avalanches, a handbook of forecasting and control measures.
Agriculture handbook No. 194, Forest Service, Washington, D. C., 84 p.



References
_________________________________________________________________________

216

USDA, 1998. Keys to soil taxonomy, Eighth edition. United States Department of
Agriculture, Natural Resources Conservation Service, Washington D.C., 326
p.

Valenzuela, C.R., 1988. ILWIS overview. ITC Journal (1): 4-14

Van Westen, C. J. 1993. Training package for Geographic Information Systems in
slope instability zonation. ITC publication number 15, ITC, Enschede, The
Netherlands.

Ward, R. G. W., 1980. Avalanche hazard in the Cairngorm mountains, Scotland.
Journal of Glaciology 26(94): 31–41.

Watanabe, T., L. Dali and T. Shiraiwa, 1998. Slope denudation and the supply of
debris to cones in Langtang Himal, Central Nepal Himalaya.
Geomorphology 26: 185-197.

Webster R. and M. A. Oliver, 1990.  Statistical methods in soil and land resource
survey. Oxford University Press, New York, 316 p.

WECS, 1987. Preliminary study of glacier lake outburst floods in the Nepal
Himalaya: phase 1 Interim report. Rep. No. 4/1/200587/1/1 Seq. 252; Water
and Energy Commission Secretariat, Kathmandu, Nepal.

Weidinger J. T. and J. M. Schramm, 1995. A short note on the Tsergo Ri
Landslide, Langtang Himal, Nepal. Journal of Nepal Geological Society, 11
(special issue): 281-287.

Williams, J. R. and H. D. Brendt, 1977. Sediment Yield prediction based on
watershed hydrology. Transactions of the ASAE vol. 20, pp. 1100-1104.

Wischmeier, W. H., C. B. Johnson and B. V. Cross, 1971. A soil erodibility
nomograph for farmland and construction sites. Journal of Soil and Water
Conservation 26: 189-93.

Wischmeier W. H. and D. D. Smith, 1965. Predicting rainfall erosion losses from
cropland. A guide for selection of practices for soil and water conservation.
USDA Agriculture Handbook No. 282, Washington DC., USA.

Wischmeier W. H. and D. D. Smith, 1978. Predicting rainfall erosion losses - a guide
to conservation planning. USDA Agriculture Handbook No. 537, Washington
D.C., USA, 58 p.



References
_________________________________________________________________________

217

Wu, K. and J. B. Thornes, 1995. Terrace irrigation of mountain hill slopes in the
middle hills of Nepal: Stability or Instability. In  Chapman and Thompson
(eds). Water and the quest for sustainable development in the Ganges valley

Yafeng, S. and W. Wenying. 1980. Research on snow cover in China and the
avalanche phenomena of Batura glacier in Pakistan. Journal of Glaciology
26(94): 25-30.

Yamada, T. 1998. Glacier lake and its outburst flood in the Nepal Himalaya.
Monograph No. 1, Data Center for Glacier Research, Japanese Society of
Snow and Ice, Tokyo, Japan. 96 p.

Yamanaka, H., M. Yoshida and K. Arita, 1982. Terrace landform and Quaternary
deposit around Pokhara valley, central Nepal. Journal of Nepal Geological
Society, 2 (Special Issue): 113-142.

Yamanaka, H. and S. Iwata, 1982. River terraces along the middle Kali Gandaki
and Marsyandi Khola, central Nepal. Journal of Nepal Geological Society, 2
(Special issue): 95-111.

Young R. A. et. al., 1987. AGNPS, Agricultural Non-Point-Source Pollution
Model, Agricultural Research Service, Conservation Research Report 35,
USDA, USA.

Young, R. A., C. A. Onstad, D. D. Bosch and W. P. Anderson, 1989. AGNPS, A
Nonpoint-Source Pollution Model for evaluating agricultural watersheds.
Journal of Soil and Water Conservation 44(2): 168-173.

Zinck, J. A., 1988. Physiography and soils. Lecture notes on soil survey course,
subject matter: K6, ITC

Zinck, J. A., H. J. Lopez, G. I. Metternicht, D. P. Shrestha and L. Vazquez-Selem,
1999. Mapping and modelling mass movements and gullies in mountainous
areas using remote sensing and techniques. Paper presented at the
International symposium “RS and GIS for monitoring soils and geomorphic
processes to assist integrated development of mountainous land”,
Kathmandu, Nepal.



References
_________________________________________________________________________

218



219
_________________________________________________________________________

ANNEX A

SOIL PROFILE DESCRIPTIONS



Annex A
_________________________________________________________________________

220



Annex A
________________________________________________________________________

221

Location          : Chitwan valley, 175 m from the irrigation canal, C
Profile No.        : Ch-DP2
Photo No.          : 8905-36
API map unit     : Va41
Parent material   : Alluvium
Drainage class    : Imperfectly drained
Elevation         : 120 m asl
Slope             : 1-2%
Landscape         : Valley
Relief-form       : High terrace
Landform          : Tread
Landuse           : Rice-maize/wheat
Soil classification (USDA): Coarse loamy, mixed, acidic, hyper thermic, Oxyaquic

Haplumbrepts

Horizon Depth Description
(cm)

Ap         0-28 Dark brown (10YR 3/3) moist, few fine and medium distinct
dark yellowish brown mottles, loam; moderate medium
subangular blocky; friable moist, slightly sticky, slightly plastic
wet; common fine tubular pores and interstitial pores; common
fine roots; pH 5.0; clear and smooth boundary to

Btg       28-54 Dark yellowish brown (10YR4/4) moist, many medium faint
yellowish brown mottles, sandy loam; weak fine and medium
subangular blocky; friable moist, non sticky, non plastic wet;
common fine and medium tubular pores; few fine roots; patchy
thin clay skins; pH 5.0; clear and smooth boundary to

Bw1       54-91 Yellowish brown (10YR 5/6) moist, sandy loam; weak medium
subangular blocky; friable moist, non sticky, non plastic wet;
few fine and medium interstitial pores; few fine roots; pH 5.0;
clear and smooth boundary to

Bw2       91-110 Yellowish brown ( 10YR 5/8) moist; sandy loam; weak fine
subangular blocky; friable moist, slightly sticky, non plastic
wet; common fine and medium tubular and interstitial pores;
very few fine roots;  pH 6.5; abrupt and wavy boundary to

2C    110-140+ Light olive brown (2.5Y 5/4) moist; loamy sand; single grain;
very friable moist, non sticky, non plastic wet; very frequent
(more than 40%) rounded medium and coarse gravels; pH 5.5
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Location         : Chitwan valley, 12.5 m. from the irrigation canal B
Profile No.        : Ch-DP6
Photo No.          : 8905-68
API map unit     : Va42
Parent material   : Alluvium
Drainage class    : Well drained
Elevation         : 125 m asl
Slope             : 2-3%
Landscape         : Valley
Relief-form       : High terrace
Landform          : Tread
Landuse           : Rice-wheat/mustard
Soil Classification (USDA): Coarse loamy, mixed, nonacid over acid,

hyperthermic, deep, Typic Ustochrepts

Horizon  Depth Description
               (cm)
Ap1         0-17 Light gray (2.5Y7/1) dry and dark grayish brown (2.5Y4/2)

moist, silty loam; weak fine platy; loose dry and moist, slightly
sticky, slightly plastic wet; few fine roots; extremely
calcareous; pH 8.0; clear and smooth boundary to

Ap2        17-26 Olive gray (5Y5/2) moist, clay loam; weak fine and medium
angular blocky; friable moist, slightly sticky, slightly plastic
wet; few fine and medium tubular pores; few fine roots;
extremely calcareous; pH 8.0; abrupt and smooth boundary to

Ab         26-38 Very dark grayish brown (10YR3/2) moist, sandy loam;
moderate medium subangular blocky; friable moist, slightly
sticky, slightly plastic wet; few fine tubular pores; very few fine
roots; pH 7.0; clear and smooth boundary to

Bw1          38-66 Dark yellowish brown ( 10YR 4/4) moist; sandy loam; weak
fine subangular blocky; friable  moist, slightly sticky, non
plastic wet; many fine tubular and interstitial pores; very few
fine roots; pH 6.5; diffuse and smooth boundary to

Bw2      66-200+ Yellowish brown (10YR5/6) moist, sandy loam; weak fine
subangular blocky; loose moist, slightly sticky, non plastic wet;
many fine tubular and interstitial pores; very few fine roots; pH
6.0

Remark: Depth to groundwater table is at 50 m.
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Location          : Chitwan valley, 62.5 m from the irrigation canal
Profile No.        : Ch-DP7
Photo No.          : 8905-68
API map unit     : Va42
Parent material   : Alluvium
Drainage class    : Well drained
Elevation         : 125 m asl
Slope             : 2-3%
Landscape         : Valley
Relief-form       : High terrace
Landform          : Tread
Landuse           : Maize-wheat/mustard
Soil Classification (USDA): Coarse loamy, mixed, nonacid over acid,

 hyperthermic, deep, Typic Ustochrepts

Horizon  Depth Description
             (cm)

Ap1           0-2 Light gray (10YR 7/1) moist, fine silt, single grain; friable
moist, non sticky, non plastic wet; strongly calcareous; pH 7.5;
abrupt and smooth boundary to

Ap2         2-16 Light gray (10YR3/3) moist, loam; weak fine subangular
blocky; friable moist, slightly sticky, slightly plastic wet;
common fine and medium tubular pores; few fine roots;
strongly calcareous; pH 7.5; clear and smooth boundary to

Bw1       16-35 Dark yellowish brown (10YR4/4) moist, sandy loam; weak fine
and medium angular blocky; friable moist, non sticky, non
plastic wet; common fine and medium tubular and interstitial
pores; very few fine roots; pH 7.0; clear and smooth boundary
to

Bw2           35-74 Yellowish brown ( 10YR 5/6) moist; sandy loam; weak fine and
medium angular blocky; friable  moist, non sticky, non plastic
wet; few fine interstitial pores; very few fine roots; pH 6.5;
diffuse and smooth boundary to

C1        74-157 Yellowish brown (10YR5/8) moist, sandy loam; massive; loose
moist, non sticky, non plastic wet; few fine interstitial pores; pH
5.5;

C2                   157+ Yellowish brown (10YR5/8) moist, sandy loam; frequent fine
and medium rounded gravels; few iron-manganese concretions;
pH 5.5

Remark: Auger-hole observation after 157 cm depth
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Location          : Chitwan valley, 12.5 m from the irrigation canal C
Profile No.        : Ch-DP9
Photo No.          : 8905-36
API map unit     : Va41
Parent material   : Alluvium
Drainage class    : Imperfectly drained
Elevation         : 120 m asl
Slope             : 1-2%
Landscape         : Valley
Relief-form       : High terrace
Landform          : Tread
Landuse           : Rice-maize/wheat
Soil classification (USDA): Coarse loamy, mixed, acid, hyperthermic, deep, Typic

Haplustolls

Horizon Depth Description
            (cm)

Ap            0-23 Greyish brown (2.5Y 5/2) dry, very dark greyish brown (2.5Y
3/2) moist, loam; weak fine subangular blocky; friable moist,
slightly sticky, slightly plastic wet; some tubular pores; pH 8.0;
clear and smooth boundary to

Bw1         23-34 Dark greyish brown (10YR4/2) moist, sandy loam; weak
medium subangular blocky; friable moist, slightly sticky,
slightly plastic wet; common fine and medium tubular pores;
few fine roots; pH 7.0; clear and smooth boundary to

Bw2         34-65 Light olive brown (2.5Y 5/6) moist, sandy loam; weak medium
subangular blocky; friable moist, slightly sticky, non plastic
wet; few fine and medium interstitial pores; few fine roots; pH
5.5; clear and smooth boundary to

C                  65-85+ Olive yellow ( 2.5Y 6/6) moist; gravely sandy loam; weak fine
subangular blocky; friable moist, non sticky, non plastic wet;
very few fine roots;  pH 5.0



Annex A
________________________________________________________________________

225

Location          : Kotthowk, Likhu Khola Watershed
Profile No.        : Li-DP-8
Photo No.          : 38-19
API Map. Unit     : Mo211
Parent Material   : Deeply weathered gneiss/schist
Drainage class    : Well drained
Elevation         : 1150 m asl
Slope : 20 %
Aspect : Southeast
Landscape         : Mountain
Relief-form       : Steep slope
Landform          : Slope facet complex
Landuse           : Maize-millet-mustard/fallow
Soil classification (USDA): Coarse loamy skeletal, mixed, thermic, Typic

Ustochrepts

Horizon Depth Description
   (cm)

Ap           0-12 Light brownish grey (10 YR 6/2) dry; dark greyish brown (10
YR 4/2) moist; sandy loam; weak fine subangular and granular;
soft dry, very friable moist, non sticky non plastic wet; common
fine tubular pores; few angular and flat gravels of gneiss and
schist; few fine roots; pH 4.5; clear and wavy boundary to

Bw1        12-37 Dark brown (10 YR 3/3) moist; sandy loam; weak fine
subangular blocky; soft very friable, non sticky, non plastic wet;
common medium tubular pores; few angular and flat gravels of
gneiss and schist; very few fine roots; pH 4.5; clear and wavy
boundary to

Bw2        37-56 Dark yellowish brown (10 YR 4/6) moist; very gravelly sandy
clay loam; weak fine subangular blocky; soft dry, very friable
moist, slightly sticky, non plastic wet; common medium tubular
pores; frequent angular and flat gravels of gneiss and schist; pH
5.5; clear and wavy boundary to

C            56-86+ Dark yellowish brown (10 YR 3/4) moist; gravelly sandy loam;
single grain; soft dry, friable moist, non sticky, non plastic wet;
common medium tubular pores; frequent angular and flat
gravels; pH 5.0.
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Location          : Geragaon, Likhu Khola Watershed
Profile No.        : Li-DP-10
Photo No.          : 38-18
API Map. Unit     : Mo311
Parent Material   : Deeply weathered gneiss/mica-schist
Drainage class    : Well drained
Elevation         : 800 m asl
Slope : 10 %
Aspect : North
Landscape         : Mountain
Relief-form       : Dissected foot slope
Landform          : Slope facet complex
Landuse           : Maize-millet/mustard
Soil classification (USDA): Fine loamy, mixed, acidic, thermic, Typic

Kanhaplustults

Horizon Depth Description
  (cm)

Ap          0-12 Very pale brown (10 YR 7/3) dry, dark yellowish brown (10
YR 4/4) moist; sandy loam; moderate medium granular; friable
moist, non sticky, non plastic wet; common fine to medium
roots; pH 4.5; clear and wavy boundary to

Bt1        12-35 Dark yellowish brown (10 YR 4/4) moist; sandy loam; weak
medium subangular blocky; friable moist, slightly sticky, plastic
wet; thin patchy clay skins; few fine to medium roots; pH 4.5;
gradual and smooth boundary to

Bt2        35-65 Dark yellowish brown (10 YR 4/4) moist; sandy clay loam;
very weak medium subangular blocky; very friable moist,
sticky, plastic wet; very thin patchy clay skins; pH 5.0; clear
and wavy boundary to

Bt3      65-134 Dark yellowish brown (10 YR 4/4) moist; clay loam; weak to
moderate subangular blocky; very friable moist, very sticky,
plastic wet; thin patchy clay cutans; pH 5.0; abrupt and wavy
boundary to

C      134-234+ Yellowish brown (10 YR 5/4) moist; silty clay loam; pH 5.0.
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Location          : Budhisera Pakho, Likhu Khola Watershed
Profile No.        : Li-DP-12
Photo No.          : 38-19
API Map. Unit     : Mo311
Parent Material   : Mica-schist
Drainage class    : Well drained
Elevation         : 790 m asl
Slope : 35 %
Aspect            : Northwest
Landscape         : Mountain
Relief-form       : Dissected foot slope
Landform          : Slope facet complex
Landuse           : Dense sal forest
Soil classification (USDA): Coarse loamy, mixed, acidic, thermic,

Typic Kanhaplustults

Horizon Depth Description
  (cm)

A           0-10 Yellowish brown (10 YR 5/4) dry, dark yellowish brown (10
YR 4/4) moist; loam; strong fine granular; friable moist, non
sticky, slightly plastic wet; pH 4.5; clear and wavy boundary to

Bt1        10-42 Yellowish red (5 YR 5/6) moist; sandy loam; moderate medium
subangular blocky; friable moist, slightly sticky, slightly plastic
wet; thick patchy clay skins; few medium roots; pH 5.0; clear
and smooth boundary to

Bt2        42-60 Strong brown (7.5 YR 5/6) moist; sandy loam; weak medium
subangular blocky; friable moist, slightly sticky, slightly plastic
wet; pH 4.5; abrupt and wavy boundary to

C        60-100 Brown (7.5 YR 5/4) moist; sandy loam; massive; very friable,
slightly sticky, slightly plastic wet; pH 4.5; abrupt and wavy
boundary to

Cr           100+ Weathered rock fragments.
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Location : Trisuli valley
Profile no. : Tr-DP1
Photo no. : 9102-175
API Map Unit : Va4
Parent Material : Alluvium/Colluvium
Drainage class : Well drained
Elevation : 507 m asl
Slope : Gently sloping (4%)
Aspect : West
Landscape : Valley (River terrace)
Relief-form : Lower river terrace
Landform : Tread
Surface stones : Few coarse gravels and stones of size upto 9 cm
Landuse : Maize/cowpea-paddy-wheat
Human influence : bunded terracing
Soil moisture regime : Ustic
Soil temperature regime: Thermic
Soil classification (USDA): Coarse loamy, mixed, acid, thermic, deep, Dystric

Ustochrept

Horizon Depth Description
               (cm)
Ap        0 - 12 Dark greyish brown (10YR4/2) moist; sandy loam; few fine

subrounded gravels; moderate medium sub-angular blocky;
friable moist, slightly sticky, slightly plastic wet; very few, very
fine interstitial pores; very few, very fine roots; pH 4.5; clear
and smooth boundary to

Bw     12 - 35 Brown (10YR4/3) moist; sandy loam; few fine subrounded
gravels; weak coarse sub-angular blocky; friable moist, slightly
sticky, slightly plastic wet;  very few, very fine interstitial
pores; very few, very fine roots; pH 5.0; abrupt and wavy
boundary to

2C       35 - 90+ Dark yellowish brown (10YR4/4) moist; sandy loam; frequent
coarse angular gravels of gneiss and sandstone; massive; loose
moist, slightly sticky, nonplastic wet; few fine vesicular pores;
very few fine roots; pH 5.0.
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Location : Trisuli valley
Profile no. : Tr-DP2
Photo no. : 9102-175
API Map Unit : Va4
Parent Material : Alluvium/Colluvium
Drainage class : Imperfectly drained
Elevation : 505 m asl
Slope : Nearly level (1%)
Landscape : Valley
Relief-form : Lower river terrace
Landform : Swale
Surface stones : Few coarse gravels and stones of size upto 10 cm
Landuse : Paddy
Human influence : Bunded rice field
Soil moisture regime : Ustic
Soil temperature regime : Thermic
Soil classification (USDA): Fine loamy, mixed, nonacid, thermic, deep, Aquic

Haplustalf

Horizon  Depth Description
                (cm)
Ap1        0-11 Dark greyish brown (2.5Y4/2) moist; sandy loam; weak fine

sub-angular blocky; friable moist, slightly sticky, slightly
plactic wet; very few, fine vesicular and interstitial pores with
medium porosity; few fine roots; pH 4.5; clear and smooth
boundary to

Ap2       11-21 Dark greyish brown (2.5Y4/2) moist; abundant, medium,
distinct clear yellowish red (5YR5/8) mottles; sandy loam;
weak medium sub-angular blocky; friable moist, sticky and
slightly plactic wet; very few, fine vesicular and interstitial
pores with medium porosity; very few fine roots; pH 5.5; clear
and smooth boundary to

Btg         21-45 Yellowish brown (10YR5/4) moist; common, very fine, faint
yellowish red (5YR5/8) mottles; clay loam; few (10% by
volume) medium and  coarse subrounded gravels; weak coarse
sub-angular blocky; friable moist, very sticky and very plastic
wet; common, distinct, clay skins on vertical pedfaces; few,
fine, vesicular pores with medium porosity; no roots; pH 5.5;
abrupt and smooth boundary to

2C        45-107+ Yellowish brown (10YR5/3) moist; sandy loam; frequent (30%
by volume) angular and subrounded coarse gravels and stones;
massive; friable moist, slightly sticky and slightly plastic wet;
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very few medium vesicular pores with medium porosity; no
roots, pH 6.0 with low porosity; no roots; ph 5.5
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Location : Trisuli valley
Profile no. : Tr-DP3
Photo no. : 9102-175
API Map Unit : Va31
Parent Material : Alluvium
Drainage class : Imperfectly to Well drained
Elevation : 540 m asl
Slope : Nearly level (1-2%)
Aspect : Southwest
Landscape : Valley
Relief-form : Middle river terrace
Landform : Tread
Surface stones : None
Landuse : Paddy - fallow
Human influence : Bunded rice field
Soil moisture regime : Ustic
Soil temperature regime: Thermic
Soil classification (USDA): Clayey, mixed, acid over nonacid, thermic, deep,

Plinthustalf

Horizon Depth Description
               (cm)
Ap          0-15 Dark yellowish brown (10YR4/4) moist; clay loam; weak

coarse subangular blocky to massive; firm moist, sticky and
plastic wet; very few, very fine interstitial pores with very low
porosity; few fine roots; pH 4.5; clear and smooth boundary to

Btg       15-38 Dark yellowish brown (10YR3/4) moist; many fine faint
yellowish brown (10YR5/6) mottles; clay loam; weak coarse
blocky to massive ; firm moist, very sticky and very plastic wet;
few, faint, clay skins on pedfaces; very few, very fine interstitial
pores with vely low porosity; few, irregular, medium, soft iron-
manganese segregations; very few fine roots; pH 4.5; abrupt
and smooth boundary to

2Btg    38-66 Brown (7.5YR4/3) moist; many, medium, prominent yellowish
red (5YR4/6) mottles; clay; moderate to strong, fine and
medium subangular blocky; firm moist, very sticky and very
plastic wet; common, distinct, clay skins on pedfaces; common,
fine interstitial and vesicular pores with medium porosity;
abundant, irregular, medium, soft iron-manganese segregations;
no roots; pH 5.5; abrupt and smooth boundary to

2Bt  66-113 Reddish brown (5YR4/4) moist; clay; weak, medium angular
blocky; friable moist, very sticky and very plastic wet;
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common, distinct, clay skins on pedfaces; common, fine
interstitial and vesicular pores with high porosity; few, very
fine, irregular soft iron-manganese segregations; no roots; pH
5.5; clear and smooth boundary to

2Bw 113-213+ Red (2.5YR4/6) moist; clay loam; friable moist, sticky and
plastic wet
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Location : Trisuli valley
Profile no. : Tr-DP4
Photo no. : 9102-175
API Map Unit : Va31
Parent Material : Alluvium
Drainage class : Well drained
Elevation : 550 m asl
Slope : Nearly level (1%)
Aspect : South
Landscape : Valley
Relief-form : Middle river terrace
Landform : Tread
Surface stones : None
Landuse : Maize-millet/beans
Human influence : Bari land (rainfed agriculture)
Soil moisture regime : Ustic
Soil temperature regime: Thermic
Soil classification (USDA): Clayey, mixed, nonacid, thermic, deep, Typic

Rhodustalf

Horizon   Depth Description
                 (cm)
Ap           0-22 Dark reddish brown (5YR3/4) moist; sandy clay loam; strong

medium coarse granular ; friable moist, sticky and plastic wet;
common medium vesicular pores and high porosity; very few
fine roots; pH 4.5; clear and wavy boundary to

Bt1         22-58 Reddish brown (2.5 YR/4/3) dry, dark reddish brown (2.5
YR3/3) moist; clay loam; moderate medium and coarse
subangular blocky; hard dry, friable moist, sticky and plastic
wet; few faint clay skins on pedfaces and voids; common
medium vesicular pores and medium porosity; very few fine
and medium roots; pH 5.0; clear and smooth boundary to

Bt2         58-90 Dark reddish brown (2.5 YR3/4) moist; clay; moderate medium
and coarse subangular and angular blocky; hard dry, friable
moist, sticky and plastic wet; common distinct clay skins on
pedfaces and voids; very few fine vesicular and interstitial pores
with medium porosity; very few very fine roots; pH 5.0; clear
and wavy boundary to

Bt3       90-160 Dark reddish brown (2.5 YR3/4) moist; clay loam; moderate
fine and medium subangular blocky; hard dry, friable moist,
sticky and plastic wet; common distinct clay skins on pedfaces
and voids; very few fine vesicular and interstitial pores with
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medium porosity; very few very fine roots; pH 5.5; gradual and
smooth boundary to

Bt4      160-210 Dark red (2.5YR3/6) moist; clay loam; moderate fine and
medium subangular blocky; friable moist, sticky and plastic
wet; common distinct clay skins on pedfaces and voids; very
few very fine interstitial pores with medium porosity; no roots;
pH 5.5; abrupt and wavy boundary to

Bw         210+ Red (2.5YR4/5) moist; clay loam; many (>15 %) rounded
gneiss stones of size up to 13 cm; weak fine to coarse
subangular blocky; friable moist, sticky and plastic wet; very
few, very fine interstitial pores
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Location : Trisuli valley
Profile no. : Tr-DP5
Photo no. : 9102-175
API Map Unit : Va11
Parent Material : Alluvium
Drainage class : Well drained
Elevation : 600 m asl
Slope : Nearly level (1-2%)
Aspect : Northwest
Landscape : Valley
Relief-form : Very high river terrace
Landform : Tread
Surface stones : None
Landuse : Maize-millet/groundnut
Human influence : Bari land (rainfed agriculture)
Soil moisture regime : Ustic
Soil temperature regime: Thermic
Soil classification (USDA): Clayey, mixed, nonacid, thermic, deep,

Rhodic Paleustalf

Horizon    Depth Description
                  (cm)
Ap            0-20 Dark reddish brown (5YR3/4) moist; clay loam; moderate to

strong, medium, granular; very friable moist; sticky and plastic
wet; common, fine vesicular pores with high porosity; common,
fine roots; pH 5.0; clear and wavy boundary to

Bt1          20-48 Dark reddish brown (2.5YR3/4) moist; clay; strong, medium
and coarse, sub-angular blocky ; hard dry, friable moist, sticky
and slightly plastic wet; common, faint, clay skins on pedfaces
and voids; few, fine and medium, interstitial and vesicular pores
with high porosity; few, fine roots; pH 5.5; diffuse and smooth
boundary to

Bt2         48-85 Dark reddish brown (2.5YR3/4) moist; clay; strong, fine and
medium, sub-angular blocky ; hard dry, friable moist, sticky
and slightly plastic wet; common, faint, clay skins on pedfaces
and voids; common, fine and medium, interstitial and vesicular
pores with high porosity; very few, fine roots; pH 5.5; clear and
smooth boundary to

Bt3     85-213+ Dark reddish brown (2.5YR3/4) moist; clay; strong, medium
and coarse, sub-angular blocky ; friable moist, sticky and
slightly plastic wet; many, distinct, clay skins on pedfaces and
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voids; common, fine, interstitial pores with high porosity; very
few, fine roots; pH 5.5
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ANNEX B

LABORATORY ANALYSIS RESULTS OF SELECTED
SOIL PROFILES
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ANNEX A 
 
Soil profile descriptions 
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Location            : Chitwan valley, 175 m from the irrigation canal, C 
Profile No.          : Ch-DP2 
Photo No.           : 8905-36 
API map unit      : Va41 
Parent material    : Alluvium 
Drainage class     : Imperfectly drained 
Elevation           : 120 m asl 
Slope               : 1-2% 
Landscape           : Valley 
Relief-form         : High terrace 
Landform            : Tread 
Landuse             : Rice-maize/wheat 
Soil classification (USDA): Coarse loamy, mixed, acidic, hyper thermic, Oxyaquic 

Haplumbrepts 
 
Horizon Depth  Description 

(cm)        

Ap         0-28 Dark brown (10YR 3/3) moist, few fine and medium distinct 
dark yellowish brown mottles, loam; moderate medium 
subangular blocky; friable moist, slightly sticky, slightly plastic 
wet; common fine tubular pores and interstitial pores; common 
fine roots; pH 5.0; clear and smooth boundary to 

 
Btg       28-54 Dark yellowish brown (10YR4/4) moist, many medium faint 

yellowish brown mottles, sandy loam; weak fine and medium 
subangular blocky; friable moist, non sticky, non plastic wet; 
common fine and medium tubular pores; few fine roots; patchy 
thin clay skins; pH 5.0; clear and smooth boundary to 

 
Bw1       54-91 Yellowish brown (10YR 5/6) moist, sandy loam; weak medium 

subangular blocky; friable moist, non sticky, non plastic wet; 
few fine and medium interstitial pores; few fine roots; pH 5.0; 
clear and smooth boundary to 

  
Bw2       91-110 Yellowish brown ( 10YR 5/8) moist; sandy loam; weak fine 

subangular blocky; friable moist, slightly sticky, non plastic 
wet; common fine and medium tubular and interstitial pores; 
very few fine roots;  pH 6.5; abrupt and wavy boundary to 

 
2C    110-140+ Light olive brown (2.5Y 5/4) moist; loamy sand; single grain; 

very friable moist, non sticky, non plastic wet; very frequent 
(more than 40%) rounded medium and coarse gravels; pH 5.5 
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Location           : Chitwan valley, 12.5 m. from the irrigation canal B 
Profile No.          : Ch-DP6 
Photo No.           : 8905-68 
API map unit      : Va42 
Parent material    : Alluvium 
Drainage class     : Well drained 
Elevation           : 125 m asl 
Slope               : 2-3% 
Landscape           : Valley 
Relief-form         : High terrace 
Landform            : Tread 
Landuse             : Rice-wheat/mustard 
Soil Classification (USDA): Coarse loamy, mixed, nonacid over acid, 

hyperthermic, deep, Typic Ustochrepts                      
 
Horizon  Depth   Description        
               (cm) 
Ap1         0-17 Light gray (2.5Y7/1) dry and dark grayish brown (2.5Y4/2) 

moist, silty loam; weak fine platy; loose dry and moist, slightly 
sticky, slightly plastic wet; few fine roots; extremely 
calcareous; pH 8.0; clear and smooth boundary to 

 
Ap2        17-26 Olive gray (5Y5/2) moist, clay loam; weak fine and medium 

angular blocky; friable moist, slightly sticky, slightly plastic 
wet; few fine and medium tubular pores; few fine roots; 
extremely calcareous; pH 8.0; abrupt and smooth boundary to 

 
Ab         26-38 Very dark grayish brown (10YR3/2) moist, sandy loam; 

moderate medium subangular blocky; friable moist, slightly 
sticky, slightly plastic wet; few fine tubular pores; very few fine 
roots; pH 7.0; clear and smooth boundary to 

  
Bw1          38-66 Dark yellowish brown ( 10YR 4/4) moist; sandy loam; weak 

fine subangular blocky; friable  moist, slightly sticky, non 
plastic wet; many fine tubular and interstitial pores; very few 
fine roots; pH 6.5; diffuse and smooth boundary to 

 
Bw2      66-200+ Yellowish brown (10YR5/6) moist, sandy loam; weak fine 

subangular blocky; loose moist, slightly sticky, non plastic wet; 
many fine tubular and interstitial pores; very few fine roots; pH 
6.0 

 
Remark: Depth to groundwater table is at 50 m.   
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Location            : Chitwan valley, 62.5 m from the irrigation canal 
Profile No.          : Ch-DP7 
Photo No.           : 8905-68 
API map unit      : Va42 
Parent material    : Alluvium 
Drainage class     : Well drained 
Elevation           : 125 m asl 
Slope               : 2-3% 
Landscape           : Valley 
Relief-form         : High terrace 
Landform            : Tread 
Landuse             : Maize-wheat/mustard 
Soil Classification (USDA): Coarse loamy, mixed, nonacid over acid, 

 hyperthermic, deep, Typic Ustochrepts  
 
Horizon  Depth   Description 

             (cm)        

Ap1           0-2 Light gray (10YR 7/1) moist, fine silt, single grain; friable 
moist, non sticky, non plastic wet; strongly calcareous; pH 7.5; 
abrupt and smooth boundary to 

 
Ap2         2-16 Light gray (10YR3/3) moist, loam; weak fine subangular 

blocky; friable moist, slightly sticky, slightly plastic wet; 
common fine and medium tubular pores; few fine roots; 
strongly calcareous; pH 7.5; clear and smooth boundary to 

 
Bw1       16-35 Dark yellowish brown (10YR4/4) moist, sandy loam; weak fine 

and medium angular blocky; friable moist, non sticky, non 
plastic wet; common fine and medium tubular and interstitial 
pores; very few fine roots; pH 7.0; clear and smooth boundary 
to 

  
Bw2           35-74 Yellowish brown ( 10YR 5/6) moist; sandy loam; weak fine and 

medium angular blocky; friable  moist, non sticky, non plastic 
wet; few fine interstitial pores; very few fine roots; pH 6.5; 
diffuse and smooth boundary to 

 
C1        74-157 Yellowish brown (10YR5/8) moist, sandy loam; massive; loose 

moist, non sticky, non plastic wet; few fine interstitial pores; pH 
5.5;  

 
C2                   157+ Yellowish brown (10YR5/8) moist, sandy loam; frequent fine 

and medium rounded gravels; few iron-manganese concretions; 
pH 5.5 

Remark: Auger-hole observation after 157 cm depth 
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Location             : Chitwan valley, 12.5 m from the irrigation canal C 
Profile No.          : Ch-DP9 
Photo No.           : 8905-36 
API map unit      : Va41 
Parent material    : Alluvium 
Drainage class     : Imperfectly drained 
Elevation           : 120 m asl 
Slope               : 1-2% 
Landscape           : Valley 
Relief-form         : High terrace 
Landform            : Tread 
Landuse             : Rice-maize/wheat 
Soil classification (USDA): Coarse loamy, mixed, acid, hyperthermic, deep, Typic 

Haplustolls                       
 
Horizon Depth   Description 

            (cm)        

Ap            0-23 Greyish brown (2.5Y 5/2) dry, very dark greyish brown (2.5Y 
3/2) moist, loam; weak fine subangular blocky; friable moist, 
slightly sticky, slightly plastic wet; some tubular pores; pH 8.0; 
clear and smooth boundary to 

 
Bw1         23-34 Dark greyish brown (10YR4/2) moist, sandy loam; weak 

medium subangular blocky; friable moist, slightly sticky, 
slightly plastic wet; common fine and medium tubular pores; 
few fine roots; pH 7.0; clear and smooth boundary to 

 
Bw2         34-65 Light olive brown (2.5Y 5/6) moist, sandy loam; weak medium 

subangular blocky; friable moist, slightly sticky, non plastic 
wet; few fine and medium interstitial pores; few fine roots; pH 
5.5; clear and smooth boundary to 

  
C                  65-85+ Olive yellow ( 2.5Y 6/6) moist; gravely sandy loam; weak fine 

subangular blocky; friable moist, non sticky, non plastic wet; 
very few fine roots;  pH 5.0  
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Location            : Kotthowk, Likhu Khola Watershed 
Profile No.         : Li-DP-8 
Photo No.           : 38-19 
API Map. Unit      : Mo211  
Parent Material    : Deeply weathered gneiss/schist    
Drainage class     : Well drained 
Elevation          : 1150 m asl 
Slope : 20 %  
Aspect : Southeast 
Landscape          : Mountain 
Relief-form        : Steep slope 
Landform           : Slope facet complex  
Landuse            : Maize-millet-mustard/fallow 
Soil classification (USDA): Coarse loamy skeletal, mixed, thermic, Typic 

Ustochrepts         
 
Horizon Depth Description 

   (cm)      
Ap           0-12  Light brownish grey (10 YR 6/2) dry; dark greyish brown (10 

YR 4/2) moist; sandy loam; weak fine subangular and granular; 
soft dry, very friable moist, non sticky non plastic wet; common 
fine tubular pores; few angular and flat gravels of gneiss and 
schist; few fine roots; pH 4.5; clear and wavy boundary to 

                              
Bw1        12-37  Dark brown (10 YR 3/3) moist; sandy loam; weak fine 

subangular blocky; soft very friable, non sticky, non plastic wet; 
common medium tubular pores; few angular and flat gravels of 
gneiss and schist; very few fine roots; pH 4.5; clear and wavy 
boundary to  

 
Bw2        37-56 Dark yellowish brown (10 YR 4/6) moist; very gravelly sandy 

clay loam; weak fine subangular blocky; soft dry, very friable 
moist, slightly sticky, non plastic wet; common medium tubular 
pores; frequent angular and flat gravels of gneiss and schist; pH 
5.5; clear and wavy boundary to  

 
C            56-86+ Dark yellowish brown (10 YR 3/4) moist; gravelly sandy loam; 

single grain; soft dry, friable moist, non sticky, non plastic wet; 
common medium tubular pores; frequent angular and flat 
gravels; pH 5.0. 
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Location           : Geragaon, Likhu Khola Watershed 
Profile No.         : Li-DP-10 
Photo No.           : 38-18  
API Map. Unit      : Mo311  
Parent Material    : Deeply weathered gneiss/mica-schist  
Drainage class     : Well drained 
Elevation          : 800 m asl 
Slope : 10 %  
Aspect : North  
Landscape          : Mountain  
Relief-form        : Dissected foot slope  
Landform           : Slope facet complex   
Landuse            : Maize-millet/mustard  
Soil classification (USDA): Fine loamy, mixed, acidic, thermic, Typic 

Kanhaplustults 
 
Horizon Depth Description 

  (cm)      
Ap          0-12  Very pale brown (10 YR 7/3) dry, dark yellowish brown (10 

YR 4/4) moist; sandy loam; moderate medium granular; friable 
moist, non sticky, non plastic wet; common fine to medium 
roots; pH 4.5; clear and wavy boundary to 

 
Bt1        12-35  Dark yellowish brown (10 YR 4/4) moist; sandy loam; weak 

medium subangular blocky; friable moist, slightly sticky, plastic 
wet; thin patchy clay skins; few fine to medium roots; pH 4.5; 
gradual and smooth boundary to 

 
Bt2        35-65  Dark yellowish brown (10 YR 4/4) moist; sandy clay loam; 

very weak medium subangular blocky; very friable moist, 
sticky, plastic wet; very thin patchy clay skins; pH 5.0; clear 
and wavy boundary to 

 
Bt3      65-134 Dark yellowish brown (10 YR 4/4) moist; clay loam; weak to 

moderate subangular blocky; very friable moist, very sticky, 
plastic wet; thin patchy clay cutans; pH 5.0; abrupt and wavy 
boundary to 

 
C      134-234+  Yellowish brown (10 YR 5/4) moist; silty clay loam; pH 5.0. 
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Location           : Budhisera Pakho, Likhu Khola Watershed 
Profile No.         : Li-DP-12 
Photo No.           : 38-19 
API Map. Unit      : Mo311  
Parent Material    : Mica-schist  
Drainage class     : Well drained 
Elevation          : 790 m asl 
Slope : 35 %   
Aspect             : Northwest 
Landscape          : Mountain  
Relief-form        : Dissected foot slope   
Landform           : Slope facet complex   
Landuse            : Dense sal forest  
Soil classification (USDA): Coarse loamy, mixed, acidic, thermic,  
 Typic Kanhaplustults    
 
Horizon Depth Description 

  (cm)  
A           0-10 Yellowish brown (10 YR 5/4) dry, dark yellowish brown (10 

YR 4/4) moist; loam; strong fine granular; friable moist, non 
sticky, slightly plastic wet; pH 4.5; clear and wavy boundary to 

 
Bt1        10-42  Yellowish red (5 YR 5/6) moist; sandy loam; moderate medium 

subangular blocky; friable moist, slightly sticky, slightly plastic 
wet; thick patchy clay skins; few medium roots; pH 5.0; clear 
and smooth boundary to 

 
Bt2        42-60  Strong brown (7.5 YR 5/6) moist; sandy loam; weak medium 

subangular blocky; friable moist, slightly sticky, slightly plastic 
wet; pH 4.5; abrupt and wavy boundary to 

 
C        60-100 Brown (7.5 YR 5/4) moist; sandy loam; massive; very friable, 

slightly sticky, slightly plastic wet; pH 4.5; abrupt and wavy 
boundary to 

 
Cr           100+ Weathered rock fragments. 
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Location : Trisuli valley 
Profile no. : Tr-DP1 
Photo no. : 9102-175 
API Map Unit : Va4 
Parent Material : Alluvium/Colluvium 
Drainage class : Well drained 
Elevation : 507 m asl 
Slope : Gently sloping (4%) 
Aspect : West 
Landscape : Valley (River terrace) 
Relief-form : Lower river terrace 
Landform : Tread 
Surface stones : Few coarse gravels and stones of size upto 9 cm 
Landuse : Maize/cowpea-paddy-wheat 
Human influence : bunded terracing 
Soil moisture regime : Ustic 
Soil temperature regime: Thermic 
Soil classification (USDA): Coarse loamy, mixed, acid, thermic, deep, Dystric 

Ustochrept 
 
Horizon Depth   Description 
               (cm) 
Ap        0 - 12 Dark greyish brown (10YR4/2) moist; sandy loam; few fine 

subrounded gravels; moderate medium sub-angular blocky; 
friable moist, slightly sticky, slightly plastic wet; very few, very 
fine interstitial pores; very few, very fine roots; pH 4.5; clear 
and smooth boundary to 

 
Bw     12 - 35 Brown (10YR4/3) moist; sandy loam; few fine subrounded 

gravels; weak coarse sub-angular blocky; friable moist, slightly 
sticky, slightly plastic wet;  very few, very fine interstitial 
pores; very few, very fine roots; pH 5.0; abrupt and wavy 
boundary to 

 
2C       35 - 90+ Dark yellowish brown (10YR4/4) moist; sandy loam; frequent 

coarse angular gravels of gneiss and sandstone; massive; loose 
moist, slightly sticky, nonplastic wet; few fine vesicular pores; 
very few fine roots; pH 5.0. 
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Location  : Trisuli valley 
Profile no.  : Tr-DP2 
Photo no.  : 9102-175 
API Map Unit  : Va4 
Parent Material  : Alluvium/Colluvium 
Drainage class  : Imperfectly drained 
Elevation  : 505 m asl 
Slope  : Nearly level (1%) 
Landscape  : Valley  
Relief-form  : Lower river terrace 
Landform  : Swale 
Surface stones   : Few coarse gravels and stones of size upto 10 cm 
Landuse  : Paddy 
Human influence  : Bunded rice field 
Soil moisture regime  : Ustic 
Soil temperature regime : Thermic 
Soil classification (USDA): Fine loamy, mixed, nonacid, thermic, deep, Aquic 

Haplustalf 
 
Horizon  Depth  Description 
                (cm) 
Ap1        0-11 Dark greyish brown (2.5Y4/2) moist; sandy loam; weak fine 

sub-angular blocky; friable moist, slightly sticky, slightly 
plactic wet; very few, fine vesicular and interstitial pores with 
medium porosity; few fine roots; pH 4.5; clear and smooth 
boundary to 

 
Ap2       11-21 Dark greyish brown (2.5Y4/2) moist; abundant, medium, 

distinct clear yellowish red (5YR5/8) mottles; sandy loam; 
weak medium sub-angular blocky; friable moist, sticky and 
slightly plactic wet; very few, fine vesicular and interstitial 
pores with medium porosity; very few fine roots; pH 5.5; clear 
and smooth boundary to 

 
Btg         21-45 Yellowish brown (10YR5/4) moist; common, very fine, faint 

yellowish red (5YR5/8) mottles; clay loam; few (10% by 
volume) medium and  coarse subrounded gravels; weak coarse 
sub-angular blocky; friable moist, very sticky and very plastic 
wet; common, distinct, clay skins on vertical pedfaces; few, 
fine, vesicular pores with medium porosity; no roots; pH 5.5; 
abrupt and smooth boundary to 

 
2C        45-107+ Yellowish brown (10YR5/3) moist; sandy loam; frequent (30% 

by volume) angular and subrounded coarse gravels and stones; 
massive; friable moist, slightly sticky and slightly plastic wet; 
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very few medium vesicular pores with medium porosity; no 
roots, pH 6.0 with low porosity; no roots; ph 5.5 
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Location  : Trisuli valley 
Profile no.  : Tr-DP3 
Photo no.  : 9102-175 
API Map Unit  : Va31 
Parent Material  : Alluvium 
Drainage class  : Imperfectly to Well drained 
Elevation  : 540 m asl 
Slope  : Nearly level (1-2%) 
Aspect  : Southwest 
Landscape  : Valley  
Relief-form  : Middle river terrace 
Landform  : Tread 
Surface stones  : None  
Landuse  : Paddy - fallow 
Human influence  : Bunded rice field 
Soil moisture regime  : Ustic 
Soil temperature regime: Thermic 
Soil classification (USDA): Clayey, mixed, acid over nonacid, thermic, deep, 

Plinthustalf 
 
Horizon Depth Description 
               (cm) 
Ap          0-15 Dark yellowish brown (10YR4/4) moist; clay loam; weak 

coarse subangular blocky to massive; firm moist, sticky and 
plastic wet; very few, very fine interstitial pores with very low 
porosity; few fine roots; pH 4.5; clear and smooth boundary to 

 
Btg       15-38 Dark yellowish brown (10YR3/4) moist; many fine faint 

yellowish brown (10YR5/6) mottles; clay loam; weak coarse 
blocky to massive ; firm moist, very sticky and very plastic wet; 
few, faint, clay skins on pedfaces; very few, very fine interstitial 
pores with vely low porosity; few, irregular, medium, soft iron-
manganese segregations; very few fine roots; pH 4.5; abrupt 
and smooth boundary to 

 
2Btg    38-66 Brown (7.5YR4/3) moist; many, medium, prominent yellowish 

red (5YR4/6) mottles; clay; moderate to strong, fine and 
medium subangular blocky; firm moist, very sticky and very 
plastic wet; common, distinct, clay skins on pedfaces; common, 
fine interstitial and vesicular pores with medium porosity; 
abundant, irregular, medium, soft iron-manganese segregations; 
no roots; pH 5.5; abrupt and smooth boundary to 

 
2Bt  66-113 Reddish brown (5YR4/4) moist; clay; weak, medium angular 

blocky; friable moist, very sticky and very plastic wet; 
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common, distinct, clay skins on pedfaces; common, fine 
interstitial and vesicular pores with high porosity; few, very 
fine, irregular soft iron-manganese segregations; no roots; pH 
5.5; clear and smooth boundary to 

 
2Bw 113-213+  Red (2.5YR4/6) moist; clay loam; friable moist, sticky and 

plastic wet 
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Location  : Trisuli valley 
Profile no.  : Tr-DP4 
Photo no.  : 9102-175 
API Map Unit  : Va31 
Parent Material  : Alluvium 
Drainage class  : Well drained 
Elevation  : 550 m asl 
Slope  : Nearly level (1%) 
Aspect  : South 
Landscape  : Valley  
Relief-form  : Middle river terrace 
Landform  : Tread 
Surface stones   : None 
Landuse  : Maize-millet/beans 
Human influence  : Bari land (rainfed agriculture) 
Soil moisture regime  : Ustic 
Soil temperature regime: Thermic 
Soil classification (USDA): Clayey, mixed, nonacid, thermic, deep, Typic 

Rhodustalf 
 
Horizon   Depth  Description 
                 (cm) 
Ap           0-22 Dark reddish brown (5YR3/4) moist; sandy clay loam; strong 

medium coarse granular ; friable moist, sticky and plastic wet; 
common medium vesicular pores and high porosity; very few 
fine roots; pH 4.5; clear and wavy boundary to 

 
Bt1         22-58 Reddish brown (2.5 YR/4/3) dry, dark reddish brown (2.5 

YR3/3) moist; clay loam; moderate medium and coarse 
subangular blocky; hard dry, friable moist, sticky and plastic 
wet; few faint clay skins on pedfaces and voids; common 
medium vesicular pores and medium porosity; very few fine 
and medium roots; pH 5.0; clear and smooth boundary to 

 
Bt2         58-90 Dark reddish brown (2.5 YR3/4) moist; clay; moderate medium 

and coarse subangular and angular blocky; hard dry, friable 
moist, sticky and plastic wet; common distinct clay skins on 
pedfaces and voids; very few fine vesicular and interstitial pores 
with medium porosity; very few very fine roots; pH 5.0; clear 
and wavy boundary to 

 
Bt3       90-160 Dark reddish brown (2.5 YR3/4) moist; clay loam; moderate 

fine and medium subangular blocky; hard dry, friable moist, 
sticky and plastic wet; common distinct clay skins on pedfaces 
and voids; very few fine vesicular and interstitial pores with 
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medium porosity; very few very fine roots; pH 5.5; gradual and 
smooth boundary to 

 
Bt4      160-210 Dark red (2.5YR3/6) moist; clay loam; moderate fine and 

medium subangular blocky; friable moist, sticky and plastic 
wet; common distinct clay skins on pedfaces and voids; very 
few very fine interstitial pores with medium porosity; no roots; 
pH 5.5; abrupt and wavy boundary to 

 
Bw         210+ Red (2.5YR4/5) moist; clay loam; many (>15 %) rounded 

gneiss stones of size up to 13 cm; weak fine to coarse 
subangular blocky; friable moist, sticky and plastic wet; very 
few, very fine interstitial pores  
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Location  : Trisuli valley 
Profile no. : Tr-DP5 
Photo no. : 9102-175 
API Map Unit : Va11 
Parent Material : Alluvium 
Drainage class : Well drained 
Elevation : 600 m asl 
Slope : Nearly level (1-2%) 
Aspect : Northwest 
Landscape : Valley  
Relief-form : Very high river terrace 
Landform : Tread 
Surface stones : None   
Landuse : Maize-millet/groundnut 
Human influence : Bari land (rainfed agriculture) 
Soil moisture regime : Ustic 
Soil temperature regime: Thermic 
Soil classification (USDA): Clayey, mixed, nonacid, thermic, deep,  
 Rhodic Paleustalf 
 
 
Horizon    Depth  Description 
                  (cm) 
Ap            0-20 Dark reddish brown (5YR3/4) moist; clay loam; moderate to 

strong, medium, granular; very friable moist; sticky and plastic 
wet; common, fine vesicular pores with high porosity; common, 
fine roots; pH 5.0; clear and wavy boundary to 

 
Bt1          20-48  Dark reddish brown (2.5YR3/4) moist; clay; strong, medium 

and coarse, sub-angular blocky ; hard dry, friable moist, sticky 
and slightly plastic wet; common, faint, clay skins on pedfaces 
and voids; few, fine and medium, interstitial and vesicular pores 
with high porosity; few, fine roots; pH 5.5; diffuse and smooth 
boundary to 

 
Bt2         48-85 Dark reddish brown (2.5YR3/4) moist; clay; strong, fine and 

medium, sub-angular blocky ; hard dry, friable moist, sticky 
and slightly plastic wet; common, faint, clay skins on pedfaces 
and voids; common, fine and medium, interstitial and vesicular 
pores with high porosity; very few, fine roots; pH 5.5; clear and 
smooth boundary to 

 
Bt3     85-213+ Dark reddish brown (2.5YR3/4) moist; clay; strong, medium 

and coarse, sub-angular blocky ; friable moist, sticky and 
slightly plastic wet; many, distinct, clay skins on pedfaces and 
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voids; common, fine, interstitial pores with high porosity; very 
few, fine roots; pH 5.5 
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ANNEX B 
 
Laboratory analysis results of selected Soil 
profiles  
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Plate  5. 1: High Himal region in the Langtang Khola watershed. A Landsat TM FCC
image is draped on a three-dimensional view generated from a DTM (see page 61 for
more information)
Plate  5. 2: Cultivation in the high mountains is possible only by contour terracing (see
page 69 for more information)
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Plate 5.3: Khyimjung glacier, Langtang
Khola watershed (see page 69 for more
information;  photography by Yamada,
1998)
Plate 5.4: Glacier picking up boulders and debris in the Langtang Khola
watershed (see page 75 for more explanation)
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Plate 5.5: Elongated clusters due to light intensity variation (see page 78 for more
information)



Plates
_________________________________________________________________________

253

Plate 5.6: Sample clusters after normalisation of the light intensity variation (see page
78 for explanation)
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Plate 5.7: Land cover map of the Langtang Khola watershed (see page 79 for
more information)

Plate 5.8: Geomorphic units of the Langtang Khola watershed (see pages 79
and 83 for more information)
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Plate 5.9: Geomorphic hazard zonation in the High Himal region (see pages 81
for more information)
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Plate 6.1: Geopedologic map; subwatershed of Mahadev Khola (see page 94
for more information)
Plate 6.2: Geopedologic map: subwatershed of Jogi and Bhandari Khola (see
page 94 for more information)
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Plate 6.3: Hazard zonation for sheet erosion in the Likhu Khola watershed (see page
111 for detail explanation)
Plate  7. 1: Land cover and land use map of the Likhu Khola watershed (see page 140
for detail explanation)



Plates
___________________________________________________________________
258

Plate 7. 2: Hazard assessment for debris slides in the Likhu Khola watershed (see page
142 for more information)

Plate 7. 3: Hazard zonation for  slumping in the Likhu Khola watershed (see page 142
for more information)
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Plate 9. 1: Narayani river basin (see pages 173 and 174 for
explanation)
Plate 9. 2: Pleistocene and Holocene terraces in the Trisuli valley
(see page 189 for more information)
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