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Impacts of land use changes and climate variability on

transboundary Hirmand River using SWAT

Mohammadreza Hajihosseini, Hamidreza Hajihosseini ,

Saeed Morid , Majid Delavar and Martijn J. Booij
ABSTRACT
Many river basins are facing a reduction of flows which might be attributed to changes in climate and

human activities. This issue is very important in transboundary river basins, where already existing

conflicts about shared water resources between riparian countries can easily escalate. The decrease of

streamflow in the transboundary Hirmand (Helmand) River is one of the main challenges for water

resources management in Iran and Afghanistan. This research aims to quantify the causes of this

problem which has a direct impact on the dryness of the Hamoun wetlands being an international

Ramsar site. To achieve this, the land use changes in the Middle Helmand Basin (MHB) in Afghanistan

were evaluated for three time periods between 1990 and 2011 using remote sensing data and the Soil

and Water Assessment Tool (SWAT) Model for understanding watershed response to environmental

changes. It was concluded that the total irrigated area in the region has increased from 103,000 ha in

1990 to 122,000 ha in 2001 and 167,000 ha in 2011 (62% increase). According to the results, the

average annual discharge when adapting the land use during the simulations was 4,787 million cubic

meters (MCM)/year and while employing the land use of 1990 from the beginning of the simulations,

the average annual discharge was 5,133 MCM/year. Therefore, the agricultural developments in the

Helmand basin decreased the discharge with about 346 MCM/year accompanying an increase of

64,000 ha in an irrigated area in MHB after 1990. Notably, the impact of land use change increases

significantly for more recent periods and causes a reduction of 810 MCM in annual streamflow for the

MHB. The amount of water depletion (i.e. actual evapotranspiration) per hectare has increased from

5,690 in 1985 to 7,320 m3 in 2012. The applied methodology of this study is useful to cope with such a

data scarcity region. It can help quantify the impact of land use change on the region and formulates

strategies that can improve the situation between Iran and Afghanistan.
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INTRODUCTION
Many river basins are facing a reduction in flows which

might be attributed to climate change and human activities.

The distinction between these two factors has received wide-

spread attention, particularly in recent literature (Zhi et al.

; Yang et al. ; Marhaento et al. a, b; Yin

et al. ). The importance of such analyses relates to
their role in effective planning, management and sustainable

development of water resources (Shi et al. ; Khoi &

Suetsugi ). This issue is very important in transboundary

river basins, where already existing conflicts about shared

water resources between riparian countries can easily esca-

late (Stefano et al. ).
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The Hirmand (Helmand) River basin in Iran and

Afghanistan is an example of a transboundary river basin

facing a decline in streamflow in recent decades. The river

is the most important water resource shared between Iran

and Afghanistan and plays an important role in the society

and economy of this region. However, fast agricultural devel-

opments (UNODC ) and changes in climatic variables

(Vining & Vecchia ; Vuyovich & Jacobs ) in the

basin are threatening the region’s ecological stability.

Reduction of Hirmand River flows (Hajihoseini et al. ),

as input to the Hamoun wetlands being an international

Ramsar site (UNEP ), is serious evidence in this

regard. There are several methods to understand and dis-

tinguish the contributions of climate change and human

activities to the long-term change in streamflow (Mango

et al. ; Khoi & Suetsugi ; Wang ; Li et al. ).

They can be categorized as (a) application of climate elasticity

that expresses the rate of streamflow change with respect to

precipitation and potential evapotranspiration changes (Zhi

et al. ; Dong et al. ), (b) application of data-driven

models like Artificial Neural Networks (Huo et al. )

and (c) application of conceptual models (Ye et al. ;

Yin et al. ). Among these methods, application of concep-

tual (Tomer & Schilling ; Wang ; Marhaento et al.

b) and physically based models gives more realistic

insight into the changes (Wang ), since these enable simu-

lations of the basin under historical and recent land use

distributions as well as under historic and detrended climate

data to analyze the respective impacts (Tomer & Schilling

; Wang ; Marhaento et al. b).

Conceptual models have also been applied to trans-

boundary basins. The research of Hongming et al. ()

(for the Elbe basin, a transboundary basin flowing from

the Czech Republic through Germany into the North Sea),

Mango et al. () (for the transboundary Mara River

basin that is shared between Kenya and Tanzania) and

Griensven et al. () (in the upper Nile basin) are some

examples. Among the applied models, the Soil and Water

Assessment Tool (SWAT) has shown promising results for

understanding watershed response to environmental

changes (Mango et al. ; Griensven et al. ; Marhaento

et al. b). On the other hand, SWAT and similar models

need long-term time series of climate and hydrological

data, while data collection and exchange are usually a
om http://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
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serious obstacle in many transboundary basins due to

political issues (Bitew & Gebremichael ). Moreover,

Afghanistan has remained largely undeveloped due to the

unstable situation in recent decades. Thus, its infrastructure

is still poor and the available data are also very limited (Haji-

hoseini et al. ). For such a situation, the application of

global climate databases and remote sensing data to create

land use maps and produce the required inputs of the hydro-

logical models can be a useful solution (Mango et al. ).

The global database of the Climate Research Unit (CRU)

has been often considered in this regard, as it has the advan-

tage of using a considerable number of ground observing

stations (Harris et al. ) and has a long record length.

Notably, the combination of SWAT and CRU has been

applied for a number of hydrological modeling studies in

large basins (e.g. Abbaspour et al. ; Xu et al. ; Khoi

& Hang ). Therefore, it can be a relevant option for the

present study. This paper aims to study the impacts of climate

variability and land use changes on streamflow of the

Hirmand River during the period 1985 till 2012. Such

evaluations are essential to identify the necessary bilateral

policies between Iran and Afghanistan to manage the basin

more cooperatively and especially, for the restoration of the

international Hamoun wetlands (Ramsar site). Moreover,

this period is a distinctive period in Afghanistan including

many political events that have affected its development and

consequently its water demand. One of the novelties of this

paper is the development of a methodology to respond to

the research questions of a transboundary river basin in a

data-scarce region, while using data-intensive models like

SWAT. Moreover, the results of this research provide infor-

mation that decision-makers need in order to manage the

basin and especially, save the Hamoun international wetlands.
MATERIAL AND METHODS

Study area

The transboundary Helmand basin is shared between Iran

and Afghanistan. It includes a few principal tributaries orig-

inating from the south and westerly slopes of the Hindu

Kush Mountains near Kabul and flows approximately

1,100 km from its source to the international Hamoun
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wetlands at the Afghan–Iranian border. Lake Hamoun is a

seasonal lake and water is generally only present during

the spring melt season (Mojtahed-Zadeh ; USGS

2016: https://earthshots.usgs.gov/earthshots/node/59). The

average annual precipitation in the Helmand basin varies

from 100 to 400 mm (NCDC ).

The focus of this study is on the Transboundary Hir-

mand River (the main tributary) with a total surface area

of 90,000 km2. The main agricultural activities can be

found in the Middle Helmand Basin (MHB) and the main

source of streamflow can be found in the Upper Helmand

Basin (UHB). The Kajakai dam is located at the end of

UHB. It is the only constructed dam in the Helmand River

basin. This embankment dam is 90 m high with an uncon-

trolled open channel spillway and was constructed in the

early 1950s to provide river control and irrigation benefits

(Louis Berger Group Inc. ).

There is another tributary, the Arghandab River that joins

the main stream at Qala-Bust in MHB. However, its impor-

tance for the total inflow to MHB is small due to irrigation

consumption before reaching the Hirmand River (Helmand

River Delta Commission ; Williams-Sether ). Figure 1

shows the discretization of the basin in this study.

Data used

For hydrological modeling of the Helmand basin, different

data were needed including (1) observed hydrological data,

(2) global climate databases, (3) land use and land cover

information (4) operation rules of the Kajakai dam, (5) a

Digital Elevation Model (DEM) and (6) a soil map and

soil properties (e.g. particle size distribution, bulk density,

organic carbon content and available water capacity).

Table 1 shows the data used in this study and related refer-

ences. Part of the required information needed some pre-

preprocessing that is explained in the next sections.

CRU database

The CRU data were used in this study. The applied version is

TS v3.21 (2013) (http://www.cru.uea.ac.uk/), which con-

tains several climate variables. The monthly CRU data

were converted to a daily time step – necessary for SWAT

input – using the daily weather generator algorithm ‘dGen’
://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
(Geng et al. ). This algorithm has been applied in similar

studies as well (e.g. Schuol & Abbaspour ; Schuol et al.

). The CRU precipitation data were evaluated using the

observed data. For this, the mean annual precipitation map

of the entire basin (for the period 1961–1976) was produced

using the CRU dataset and the available recorded data of

meteorological stations. Over 250 CRU grid cells and 15

stations in Afghanistan, 2 in Iran and 1 in Pakistan were

used to construct the maps using the Kriging interpolation

method that performed better than other spatial interp-

olation methods. None of the meteorological stations is

located in MHB.

Land use and land cover information

Land use information is required to build the model input

for SWAT. Three land use maps were constructed for this

study using Landsat TM and ETMþ satellite imagery (30

meter resolution) dated 29 May 1990, 05 March 2001 and

05 July 2011, along with images in April and September

that were obtained from websites of the United States Geo-

logical Survey (USGS), United States space agency (NASA),

Global Land Cover Facility and Landsat website archive

(see Table 1). To aid the analysis of images, complimentary

information was collected including (1) the type of land use

and land cover from the Afghanistan Information Manage-

ment System (AIMS) in 1990 and 2000 at a scale of

1:250,000 (Favre & Kamal ), (2) a land cover map of

the World Food Organization (FAO ), (3) a map of the

early warning and environmental monitoring program of

the USGS and (4) Google Earth images of May 2011, Octo-

ber 2013 and April 2002.

Methodology

Climate variability

To evaluate climate variability, the non-parametric Mann–

Kendall (MK) and Mann–Whitney (MW) tests were

selected, which are widely applied to detect monotonic

trends and important changes (Partal & Kahya ;

Kendall , Mann ). Additionally, the non-parametric

Pettitt’s test method was used to detect a significant

change in the mean of a time series (Zhang et al. ).

http://www.cru.uea.ac.uk/
http://www.cru.uea.ac.uk/


Figure 1 | Location of the Transboundary Hirmand (Helmand) River.

Table 1 | Information and data used in SWAT model

MHB data References Period

(1) Observed climatological data – NOAA Central Library (http://docs.lib.noaa.gov)

Prior to 1979
– Afghanistan Peace Project (http://cmit.tamu.edu)
– World Meteorological Organization (http://www.wmo.int)

Hydrological data USGS Afghanistan Project (Williams-Sether ):
– Dehraout discharge station

Monthly time series
1953–1979

– Qala-i-Bust station located on the Drain of Arghandab River 1953–1979
– Char-Burjak discharge station as the outlet of the Helmand
River

1969–1985

(2) Global Climate Databases – Climate Research Unit (CRU) (http://www.cru.uea.ac.uk/) 1948–2012

(3) Land use/land cover
information

– Landsat TM and ETMþ satellite imagery 1973, 1985, 1990, 1993, 1998,
2001, 2009, 2011a, 2013

(4) Operation of Kajakai dam – inflows and outflows of the Kajakai dam (Vining & Vecchia
; Williams-Sether )

Monthly time series
1957–1979

– simulated time series Dehraout station (Hajihoseini et al. ) 1979–2016

(5) Digital elevation model (DEM) – NASA Shuttle Radar Topographic Mission (SRTM) 2000

(6) Soil map and soil properties – Map of the Food and Agriculture Organization of the United
Nations

1995

aTwo images for 2001 (28 February and 03 May) and four images for 2011 (15 January, 16 February, 7 May and 8 June).
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Land use classification

Using the Landsat remote sensing data, the respective

images were classified using a number of methods includ-

ing maximum-likelihood classification (MLC), decision

trees (DT) and support vector machine (SVM) algorithms

(Otukei & Blaschke ). MLC is a well-known para-

metric supervised classification approach that has been

widely used in remote sensing applications with promising

reports about its performance (Manandhar et al. ). DT is

a non-parametric classifier with good results in the literature

(e.g. Mahesh & Mather ). SVM is also a data-driven

approach based on machine learning theory (Vapnik )

to separate complex classes (Huang et al. ). In addition,

Knorn et al. () suggested that SVM is relevant for land

cover classification for large areas with minimal requirements

for image pre-processing and training data. For the purpose of

this study, a total of six land cover classes were considered.

They are: (a) irrigated agricultural lands, (b) rainfed agricul-

tural lands, (c) dense pasture lands, (d) poor pasture lands

(barren and rocky), (e) water and (f) water straw lands (e.g.

marshes and wetland).

Furthermore, an accuracy assessment was performed

on the resulting classified imageries. This process involves

generating a set of points in the classified imagery and

comparing them with actual points on the ground through

fieldwork. For this, 55 points for all land cover classes

were collected from Google Earth and other sources. The

land cover classification assigned to each pixel was then

compared with the same location on the reference sources

to see if the classification result was accurate. Although no

real standard for accuracy has been established by the

remote sensing community, 80% accuracy is considered

acceptable (Congalton & Green ). General accuracy

of these algorithms was assessed with the Kappa coefficient,

user accuracy and producer accuracy which were generated

from an error matrix (Congalton ).

SWAT model

SWAT is a semi-distributed hydrological model that can be

applied at the river basin scale to simulate the impact of

land management practices on water, sediment and agro-

chemical yields in river basins with varying soil types, land
://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
use and agricultural conditions over extended periods of

time (Arnold et al. ). The model makes it possible to

simulate ungauged basins and more importantly simulate

the impact of alternative input data, such as changes in

land use, land management practices and climate (Arnold

et al. ; Neitsch et al. ), which is crucial for the objec-

tives of this study. The simulation of the hydrologic cycle in

the model is based on the water balance equation. In SWAT,

a basin is divided into sub-basins, which are then further

subdivided into hydrologic response units (HRUs) which

consist of units with homogeneous topographical, land use

and soil characteristics. Further technical details about the

model are given by Neitsch et al. ().

After preparing the required climate and spatial data as

well as creating the land use maps, the next step was to dis-

cretize the Helmand basin into sub-basins and to determine

the number of HRUs. Combination of the soil, land use and

slope/topography maps resulted in 7 sub-basins and 73

HRUs for MHB.

Furthermore, sensitivity analysis of parameters, cali-

bration, validation and uncertainty analysis of the model was

done using the SWAT-CUP tool (Abbaspour ). The tool

includes a number of methods for calibration and the Sequen-

tial Uncertainty Fitting Algorithm was applied here. In the

sensitivity analysis, 23 parameters which relate to various

hydrological components (e.g. soil, reach, groundwater, sur-

face runoff and snow) were evaluated. The results showed

that IRR_MX [amount of irrigation water applied each time

auto irrigation is triggered (mm)], IRR_ASQ (surface runoff

ratio) and SOL_AWC [available water capacity of first soil

layer (mm/mm)] were the most sensitive parameters.

For irrigation and fertilization management, we selected

the default option because of the difficulty in obtaining the

respective data for this region. This has been done in a simi-

lar way for many other studies dealing with large-scale and

transboundary basins (e.g. Liu et al. ; Zhi et al. ;

Yong et al. ).

Figure 2 illustrates the aforementioned data sources and

tools and their interrelationships to address the objectives of

this research work. The figure consists of four main com-

ponents: (1) processing of the global climate data (the

monthly CRU data were converted to a daily time step with

the daily weather generator algorithm ‘dGen’ and the CRU

precipitation data were evaluated using observed data), (2)



Figure 2 | Flow chart of the modeling process, input and outputs.
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creation of land use maps (MLC, DT and SVM algorithms), (3)

simulation of dam operation (the K Nearest Neighbor model

(KNN) was applied for the estimation of the Kajakai Dam

Operation Program) and (4) application of the SWAT model.

These components are explained in detail in the ‘CRU data-

base’, ‘Land use classification’, ‘Simulation of Kajakai dam

operation’ and ‘SWAT model’ sections, respectively.
RESULT AND DISCUSSION

Climate data analysis

The resulting maps of annual precipitation are shown in

Figure 3 and reveal a reasonable performance of the CRU

dataset. For the entire Helmand basin, the observed

annual mean precipitation is 225 mm using meteorological

stations and 197 mm using the CRU dataset. These amounts

are 190 and 228 mm for MHB, respectively. The monthly

mean precipitation for the MHB basin using these two

sources of data shows very consistent results (Figure 4).
om http://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
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For the temperature, due to the limited number of avail-

able records and also less spatial variation compared with

precipitation, the assessment was solely done for Panjab

station, which is located in UHB (Figure 1). It is also

reported that CRU temperatures usually fit better with obser-

vations than other datasets (Döll et al. ). Figure 5 shows

the average mean, maximum and minimum monthly

observed and CRU temperature.

Simulation of Kajakai dam operation

As shown in Figure 1, the main inflow toMHB is the release of

flow from Kajakai dam. The only available records for the

dam’s inflow (i.e. Dehraout station) and outflow are for

the period 1957–1979. This information was used to extract

the dam operation rules. For this, the K Nearest Neighbor

model (KNN) (Karlsson & Yakowitz ) was applied, 75%

of the records were randomly considered for training and

25% for validation of the model. To find the best neighbor-

hoods in the KNN model, a Euclidean function is the most

common one to use. The Euclidean function is defined



Figure 3 | Map of annual mean precipitation in the Helmand basin using (a) CRU dataset and (b) meteorological stations for the period 1961–1976.

Figure 4 | Monthly mean precipitation in the Middle Helmand basin using the CRU dataset and meteorological stations for the period 1961–1976.
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based on the distance between two points in the Euclidean

space. Considering a variety of neighborhoods, a neighbor

number of 5 and Euclidean distance was chosen. Finally, the

selected inputs of the KNN model were the current discharge

Qin(t) and the discharges in the previous three months [Qin(t�
1), Qin(t� 2) and Qin(t� 3)] at Dehraout station (Figure 6).

This resulted in the best performance to simulate the

releases of the dam [Qout(t)] with a correlation coefficient

of 72%. Using the KNN model and simulated time series

at Dehraout station from 1979 to 2012 based on the pre-

vious work of the authors (Hajihoseini et al. ), the

Kajakai dam outflows were simulated for this period as
://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
shown in Figure 7. The figure shows that high inflows are

stored in the reservoir during the wet season and low inflows

are supplemented by additional releases of the reservoir.

Simulation of streamflow

SWAT model calibration and validation

The model calibration was performed using the available

observed discharge data at Char-Burjak station and different

global datasets. The land use of 1990 was applied for the cali-

bration period, because it could be assumed that due to the



Figure 5 | Monthly average mean, maximum and minimum temperature in the Helmand basin using the CRU dataset and meteorological station Panjab for the period 1965–1977.

Figure 6 | Process for estimation of the Kajakai Dam Operation Program using the KNN model.
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civil war and no state situation in Afghanistan before 2001, no

significant development has occurred between 1990 and 2001.

In order to calibrate and validate parameters for MHB,

monthly available streamflow records from the period 1968

to 1978 were split into two segments. The first four years

were used to calibrate and the rest to validate. The results

were satisfactory with R2 and NS values of 0.67 and 0.67

for the calibration and 0.65 and 0.63 for the validation,

respectively. Figure 8 shows the observed and simulated

streamflow for this period at Char-Burjak station.
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Hydrological responses to climate variability and land use
changes

In this section, it is aimed to separately evaluate impacts of

climate variability and land use changes on the Hirmand

streamflow. However, since the most significant changes

in the climate variables and land use have occurred since

1985, the evaluation was only carried out for this period. To

calculate the relative influence of climate variability versus

land use change on streamflow in the SWAT model, we chan-

ged one factor at a time while holding the others constant



Figure 7 | Simulated time series of inflows to Kajakai reservoir and outflows of Kajakai reservoir simulated using the KNN model.

Figure 8 | Comparison of observed and simulated stream flow at Char-Burjak station during the calibration and validation periods.
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(Zhang et al. ; Khoi & Suetsugi ; Li et al. ). We ran

the following four scenarios and compared their outputs.

Scenario1:Climatedataduring thebaselineperiod (for the

1985–2012 period with the detrended temperature) and land

use data during the baseline period (land use in 1990): baseline.

Scenario 2: Climate data during the study period (for

the 1985–2012 period) and land use data during the baseline

period (land use in 1990): climate variability.
://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
Scenario 3: Climate data during the baseline period (for

the 1985–2012 period with the detrended temperature) and

land use data during the study period (land use in 1990,

2001 and 2011): land use change.

Scenario 4: Climate data during the study period (for

the 1985–2012 period) and land use data during the study

period (land use in 1990, 2001, 2011): climate variability

and land use change.
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The difference in outputs between scenarios S2 (S3) and

S1 indicates the impact of climate variability (land use

change) on streamflow in SWAT. The formula for determin-

ing the impact is as follows:

ΔRClimate ¼ RS2 � RS1

ΔRLanduse ¼ RS3 � RS1

ΔRTotal ¼ ΔRClimate þ ΔRLanduse

where RS1, RS2 and RS3 are the average runoff from scenarios
Table 2 | Mann–Kendall statistical values for the annual minimum temperature

CRU grid code N Period Z-statistical Significance level

a254 72 1941 2012 6.87 a

a279 72 1941 2012 6.93 a

a280 72 1941 2012 6.97 a

a301 72 1941 2012 6.01 a

a302 72 1941 2012 6.42 a

a303 72 1941 2012 6.71 a

a324 72 1941 2012 4.94 a

a326 72 1941 2012 5.90 a

a327 72 1941 2012 6.32 a

a348 72 1941 2012 4.38 a

a373 72 1941 2012 4.28 a

a396 72 1941 2012 2.95 b

aα¼ 0.001, b:α¼ 0.01.

Figure 9 | Comparison of the minimum temperature of the CRU grid (baseline period vs. detr

om http://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
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S1, S2 and S3, respectively; ΔRClimate (ΔRLanduse) is the differ-

ence in SWAT output between scenarios S2 (S3) and S1.

Scenario 2: Response to climate variability

In order to study changes in discharge time series due to

climate variability, possible trends in the climate data

were evaluated using the Mann–Kendall test. The results

showed that there is no significant trend in climate variables

except for the minimum temperature (Table 2).

Furthermore, the Pettitt test was applied and detected

meaningful changes in 1976. The time series of minimum

temperature is detrended using the method suggested by

Hamlet & Lettenmaier () and the SWAT input files

were modified accordingly. While the recorded average

annual minimum temperature was 1.5 �C (1941–2012), its

detrended value reduces to 0.9 �C. In Figure 9, we compare

the minimum temperature of the CRU grid at one of the

CRU grid (a 254).

Applying the detrended time series of monthly minimum

temperature, the calibrated SWAT model was used to simu-

late discharges at Char-Burjak station. The discharge time

series based on detrended climate data and the discharge

time series based on observed climate data (without detrend-

ing) are shown in Figure 10. It can be seen that the differences

are not very significant. For instance, the annual mean dis-

charges are 4,733 MCM and 4,787 MCM, respectively.

Scenario 3: Response to land use change

The results in the accuracy assessment of the land use classi-

fication showed a Kappa coefficient value between 72% and

93%, while the overall classification accuracy was between
ended temperature).



Figure 10 | Comparison of simulated annual discharge of Hirmand River at Char-Burjak station using the original time series of minimum temperature and the detrended time series.
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82% and 90%. Congalton & Green () suggest that the

values above 80% are acceptable. Using the processed

images, the changes in land use from 1990 to 2011 were

determined and the results can be found in Table 3.

To describe the changes, three main agricultural regions

in MHB are discussed below.

Nawa Barakzai area (West Lashgargah city)

As Figure 11 indicates, the majority of marshland (swamp

and wetland), located at the downstream end of the Boughra

Creek, has dried up after 1990 and converted into irrigated

lands of which their total area has increased from

11,909 ha in 1990 to 24,454 ha in 2011.

Nowzad area

Comparing the results in Table 3, it can be seen that the

rainfed area has severely increased from 1990 to 2011,
Table 3 | Area of different land cover classes for the three studied classification methods (in

Land use classes

Selected methods

1990 2001

Marshland (permanently inundated/seasonal) SVM SVM

Irrigated cultivated SVM. DT MLC

Rainfed crops SVM. DT

Water bodies SVM. DT.

Rangeland (grassland/forbs/low shrubs) SVM. DT.

Rock outcrop/bare soil SVM. DT.

Total

://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
mostly in Musa Qala and Nowzad highlands. In this region,

a sharp increase in the cultivated area is observed (Figure 12).

Nad Ali area (West Boughra Creek)

Increasing cultivation area (irrigated and rainfed) has also

occurred in the upstream part of Boughra Creek. Ground-

water (qanats and wells) is a source of water supply for

the increased agricultural lands (Favre & Kamal )

(see Figure 13).

Due to the above-mentioned changes, the total area of

agricultural lands (irrigated and rainfed) was estimated to

be 200,000 ha in 2011. Comparing the results of 1990 with

2001 shows that dense land had changed to bare land. Com-

paring the results of the classification of different periods

(Table 3), it can be seen that the irrigated area has increased

from 103,000 ha in 1990 to 122,000 ha in 2001 and then to

167,000 ha in 2011.
1,000 ha) for three different years

Area used in SWAT (1,000 ha)

Comparison 2011–1990
2011 1990 2001 2011 Changes (%)

SVM 89.9 50.2 4.3 �95.2%

SVM. DT 103.1 122.2 167.0 62.1%

0.0 0.0 32.0 100%

MLC 14.4 5.6 9.2 �36.5%

MLC 962.9 312.3 286.0 �70.3%

MLC 995.9 1,675.9 1,667.7 62.2%

2,166.2



Figure 11 | Change in land use in the Nawa Barakzai region from 1990 to 2011.

Figure 12 | Change in land use in the Nowzad region from 1990 to 2011.
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The land use changes represent the impact of human

activities in the basin. Similarly as in the previous section,

the calibrated model was run with the three created land

use distributions and the real recorded data (Figure 14).

According to the results, the average annual discharge

when changing the land use during the simulations was

4,787 MCM/year, while employing the land use of 1990

from the beginning of the simulations, the average

annual discharge was 5,133 MCM/year. Therefore, the
om http://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
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agricultural developments in the Helmand plain

decreased the discharge with about 346 MCM/year. The

increase of 64,000 ha (Table 4) in an irrigated area in

MHB after 1990 and the 346 MCM decrease in discharge

correspond to 5,400 m3/ha of evapotranspiration. This

amount is similar to amounts reported by FAO for the agri-

cultural water consumption in the Hirmand River basin

using satellite images and a water accounting method

(FAO ).



Figure 13 | Change in land use in the Nad Ali region from 1990 to 2011.

Figure 14 | Simulated annual discharge at Char-Burjak station using different land use distributions.

Table 4 | Relative impacts of climate variability and land use change on annual streamflow in the SWAT model

Periods

Simulation streamflow at Char-Burjak station (MCM)

Relative proportion (%)SI S2 S3 S4 ΔRTotal

Baseline Climate variability Land use changes Climate and land use changes ΔRclimateþΔLand use Climate Land use

1985–1994 6,303 6,258 6,258 6,212 91 45 50% 45 50%

1995–2004 4,252 4,216 3,977 3,942 310 35 11% 275 89%

2005–2012 4,772 4,684 3,962 3,874 898 88 10% 810 90%

Average 5,133 5,079 4,787 4,733 400 54 14% 346 86%
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Scenario 4: Response to combined climate variability and

land use changes

For evaluation of the combined impacts of climate variability

and land use changes, the calibrated model was run using the

1990, 2001 and 2011 land uses, global climate data and land

use update option of the SWAT model to simulate the entire

period from 1968 to 2012. Figure 15 shows the simulated

streamflow time series at Char-Burjak station. The reduction

of streamflow is considerable in recent years and is discussed

in the following section.

Table 4 shows that the relative impact of land use

changes during the first period (1985–1994) was only

45 MCM. The climate variability has the same, small

impact. Notably, the impact of land use change increases

significantly for more recent periods and causes a reduction

of 810 MCM in annual streamflow for the MHB (i.e. outflow

from Char-Burjak station).

Figure 16 focuses on the changes in actual evapotranspira-

tion and streamflow in MHB. It can be seen that the actual

evapotranspiration increased from 5,690 m3/ha for the first

period to 7,320 m3/ha in the second period. This means that

the amount of actual evapotranspiration has increased by

about 28%. The reason for this drastic change can be

explained by the research work of Zarezadeh et al. ().

They applied monthly remotely sensed data for the entire Hel-

mand basin and reported that the area of double cropping in

Helmand has increased about 103% from 1990 to 2013.
Figure 15 | Streamflow simulated by the SWAT model at Char-Burjak station (1968–2012).
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CONCLUSIONS

This study aimed to investigate the impacts of land use

changes and climate variability on hydrological character-

istics of the transboundary Helmand River. Data

availability is a general problem for river basins in Afghani-

stan and this also applies for the MHB, as the study area of

this research work, where considerable agricultural activi-

ties are going on. The following conclusions can be drawn

for this study:

1. The combination of the global CRU dataset, Landsat

images and the SWAT model provided a useful frame-

work to overcome the serious data and information

scarcity and inaccessibility in the study area.

2. The created land use distributions for MHB showed that

the irrigated agricultural area has increased from 103,000

to 167,000 ha between 1990 and 2011. The main develop-

ments have occurred over Nawa Barakzai, Nowzad and

Nad Ali (West Boughra Creek) areas. The changes are

generally due to the conversion of rainfed land and wet-

lands to irrigated land after 2000.

3. Comparison of the simulations of the SWAT model with

and without detrended climatic time series showed that

the changes in streamflow are not very significant.

According to the results, the average annual discharge

with adapting the land use during the simulations was



Figure 16 | Changes in water consumption and cropped area in MHB during the period 1985 to 2012.
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4,787 MCM/year, while employing the land use of 1990

from the beginning of the simulations, the average

annual discharge was 5,133 MCM/year. Therefore, the

agricultural developments in MHB decreased the dis-

charge with about 346 MCM/year. The increase of

64,000 ha in an irrigated area in MHB after 1990 and

the 346 MCM decrease in discharge resulted in

5,400 m3/ha of evapotranspiration, which is very close

to the reports of FAO for the study area (FAO ).

4. In order to study changes in discharge time series due to

climate variability, possible trends in the climate data

were evaluated using the Mann–Kendall test. The results

showed that there is no significant trend in climate

variables except for the minimum temperature. Further-

more, the Pettitt test was also applied and detected

meaningful changes in 1976. While the recorded average

annual minimum temperature was 1.5 �C (1941 to 2012),

its detrended value reduced to 0.9 �C.

5. The results showed that the relative impact of land use

changes during the first period (1985–1994) was only

45 MCM. The climate variability has the same, small

impact. Notably, the impact of land use change increased

significantly for more recent periods and caused a

reduction of 810 MCM in annual streamflow for the

MHB (i.e. outflow from Char-Burjak station).

6. The amount of actual evapotranspiration per hectare has

increased from 5,690 to 7,320 m3 in the period of 1985 to

2012. The reason for this drastic change can be attributed

to the increase of the double cropping area in the basin.
://iwaponline.com/jwcc/article-pdf/11/4/1695/830342/jwc0111695.pdf
7. The methodology can be applied for long-term hydrologi-

cal assessments of other transboundary river basins in

data-scarce regions.
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