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A B S T R A C T

Soil freeze-thaw is typically not fully considered in quantifying the hydrology of seasonally frozen catchments
located, for instance, on the Third Pole. We investigate the role of soil water content and freeze-thaw state on the
runoff dynamics of the headwaters of the Yellow and Yangtze rivers, both situated on the eastern Tibetan
Plateau. A version of augmented Noah land surface model (LSM) allowing reliable simulation of key hydro-
meteorological processes over the Tibetan Plateau is employed and further validated using measured monthly
discharge records. From measurements supported by the Noah LSM simulations for more than thirty years
(1979–2010), we deduce an annual hysteresis loop, viz. a time lag between measured/simulated runoff and
precipitation for both catchments. Our simulation results with the augmented Noah LSM further demonstrate
that annual anticlockwise (or clockwise) hysteresis loops are also observed for the liquid soil water (or soil ice).
We infer from the LSM simulations that the amount of water stored in the soil is the factor driving the hysteresis
between runoff and precipitation, whereby the state of the stored water plays a crucial role in the seasonality of
the runoff regime. Further analyses illustrate that inclusion of soil freeze-thaw model physics effectively in-
creases the thermal inertia of the soil column that dampens large variations of soil temperature and turbulent
heat fluxes. These findings highlight the importance of soil freeze-thaw for the hydrology and runoff regime
across the High Asia’s rivers as well as the need for a thorough understanding of this process to generate reliable
projections.

1. Introduction

For the High Asia’s rivers (e.g. Yellow, Yangtze and Mekong rivers)
originating from the Third Pole centered on the Tibetan Plateau and the
Himalayas, a large variability among runoff projection exists
(Immerzeel et al., 2010; Lutz et al., 2014; Su et al., 2016), demon-
strating the absence of a consensus on the understanding of the present-
day hydrological processes. Almost half of the world’s population de-
pend on water supply from these river basins (Bookhagen, 2012), it is
thus vital to quantify how climate change will affect the individual
hydrologic components as well as available water resources. Yet this
task can only be accomplished once the present-day hydrological pro-
cesses are better understood.

The runoff regime and water budget across the High Asia’s river

basins were generally investigated via utilizing hydrological models
(e.g. Zhang et al., 2003; Bookhagen and Burbank, 2010; Andermann
et al., 2012; Zhou et al., 2014), whereby precipitation, snow- and gla-
cier-melt are thought to control the runoff regimes of these rivers.
Bookhagen (2012) suggested that precipitation and melt-water can be
further delayed by transient water stored in the soil and groundwater
reservoirs before traveling into rivers, adding immense complexity to
the hydrological regime. Andermann et al. (2012) reported an annual
anticlockwise hysteresis loop between discharge and precipitation for
the central Himalayan rivers and hypothesized that the main me-
chanism accounting for this hysteresis effect is linked with the existence
of a transient groundwater storage.

The hydrological models adopted by the above studies do not con-
sider the soil freeze-thaw process that may affect the surface energy and
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water budgets across the Tibetan Plateau as substantial parts are subject
to frozen ground (Guo and Wang, 2013). The coexistence of unfrozen
water and ice in the frozen soil dramatically alters the thermal and
hydraulic characteristics of the soil (Zhao et al., 1997; Zhang et al.,
2010; Decharme et al., 2016) that influence the exchange of water and
energy between land and atmosphere (Viterbo et al., 1999; Stevens
et al., 2007). Additionally, the seasonal freeze-thaw cycle also changes
the magnitude and temporal patterns of runoff through modifying the
soil permeability (Wang et al., 2009; Koren and Smith, 2014; Wang
et al., 2017). The omission of the soil freeze-thaw process forms thus a
crucial source of uncertainty in the above modeling studies.

Land surface models (LSMs), on the other hand, have been widely
used to quantify the runoff regime across domains with frozen ground
(e.g. Cherkauer and Lettenmaier, 1999; Slater et al., 2007; Finney et al.,
2012) using rigorous characterization of freeze-thaw mechanisms (Ek
et al., 2003; Dankers et al., 2011; Oleson et al., 2013). LSMs have been
employed by Xue et al. (2013) and Zhang et al. (2013) to quantify the
runoff dynamic on the Tibetan Plateau, but these studies have ignored
key findings on the governing hydrometeorological processes observed
over the Plateau. For instance, the diurnally varying thermal roughness
length (z0h) and vertical soil heterogeneity related to organic matter
have been widely recognized as a necessity for reliably simulating
water and energy exchanges between land and atmosphere (van der
Velde et al., 2009; Yang et al., 2009, 2014; Su et al., 2013). Moreover,
the hydrologic dynamics associated with the seasonal freeze-thaw cycle
on the Tibetan Plateau have hardly been investigated (Cuo et al., 2015;
Qin et al., 2016). Recently, the above key findings have been in-
corporated into the structure of the Noah LSM (Zheng et al., 2016),
which indicated that complete descriptions of physical processes asso-
ciated with both warm and cold seasons are necessary for correctly
representing the runoff regime in the seasonally frozen Yellow River
source area. Further, Zheng et al. (2017a) have investigated the per-
formance of various runoff parameterizations currently adopted by
Noah, Noah-MP (Niu et al., 2011), CLM (Oleson et al., 2013) and CLM-
VIC (Li et al., 2011) and confirmed the suitability of default Noah runoff
parameterization for representing the Yellow River source area within
the period 2001–2010.

In this study, we investigate the role of soil water content and the
effect of soil freeze-thaw state on the seasonal runoff pattern of the
headwaters of both Yangtze and Yellow rivers. The version of the
augmented Noah LSM allowing reliable simulation of key hydro-
meteorological processes over the Tibetan Plateau (Zheng et al., 2016)
and its default runoff parameterization (Zheng et al., 2017a) is em-
ployed to simulate the soil water and ice contents as well as the runoff
for the period 1979–2010, which are assessed using the measured
monthly discharge records.

The structure of this paper is as follows: Section 2 provides the
description of the study area and discharge measurements. The default
model physics and augmentations of the Noah LSM, as well as the
model setup is provided in Section 3. Section 4 presents the combined
analysis of measurements and Noah simulations. Finally, the findings of
this study are summarized in Section 5.

2. Study area

Both source regions of the Yellow (SRYR) and Yangtze (SRYZ) rivers
are located in the northeastern part of the Tibetan Plateau (Fig. 1),
which is a transition area from continuous/discontinuous permafrost to
seasonally frozen soil (Jin et al., 2009). The SRYR covers an area of
122,000 km2 above the Tangnag discharge station constituting of
16.2% of the total area of the Yellow River watershed and contributing
to about 35% of the river flow (Zheng et al., 2007). The annual average
daily temperature ranges from −4 °C to 2 °C decreasing from east to
west, and the temperature generally remains below 0 °C from October
to April. The mean annual precipitation varies from 800mm in the
southeast to 200mm in the northeast, with more than 75% falls

between June and September, while the snowfall accounts for less than
10% of the annual precipitation according to measurements collected
from 15 weather stations managed by China Meteorological Adminis-
tration (CMA) (Hu et al., 2011). Alpine grassland and loamy soil
dominate the land cover and soil types, both of which cover more than
85% of the SRYR basin size, and the coverages of glaciers and lakes are
about 1.01% (Zhang et al., 2013).

The SRYZ consists of an area of 137,700 km2 above the Zhimenda
discharge station comprising 7.6% of the total area of the Yangtze River
basin, while contributing to about 1.33% of the total streamflow (Zhang
et al., 2013). The annual average daily temperature varies between
−2 °C and −5 °C from east to west, and the mean annual precipitation
ranges from 520mm to 290mm, whereby the snowfall accounts for
about 10% of the annual precipitation according to measurements
taken from 9 CMA managed weather stations (Du et al., 2017). The
dominant land cover is alpine grassland and shrubland, both of which
cover more than 90% of the SRYZ basin area, and the coverages of
glaciers and lakes are about 0.95%. Loamy soil covers more than 90%
of the region as well (Zhang et al., 2013). For this study, the monthly
discharge measurements collected at the Chinese Ministry of Water
Resources managed Zhimenda and Tangnag stations are available for
the periods of 1984–2009 and 1984–2005, respectively.

3. Methods

3.1. Noah land surface model and augmentations

The Noah LSM has a long history of development (Chen et al., 1996;
Schaake et al., 1996; Koren et al., 1999; Ek et al., 2003) and has been
largely adopted by the land surface modeling community to quantify
water and energy exchanges between land and atmosphere and gen-
erate global products (Xia et al., 2014, 2015). The model structure re-
presents the entire land surface system as a single water/energy source,
for which the surface water and energy cycles are calculated. The
evapotranspiration is computed with an atmospheric stability-depen-
dent Penman method associated with a simple canopy parameterization
that quantifies the transpiration (Chen et al., 1996), and the runoff is
simulated using the water balance method (Schaake et al., 1996). The
model implements a 2m column with four-layer (i.e., 0–0.1, 0.1–0.4,
0.4–1.0, 1.0–2.0m) soil scheme to simulate water and heat flows, and
gravitational free drainage is assumed as bottom boundary condition.
Koren et al. (1999) further included the cold season physics like freeze-
thaw and snow processes in the model structure.

The Noah LSM has recently been thoroughly investigated and en-
hanced to better represent the water and energy exchange processes for
an eastern Tibetan ecosystem (Zheng et al., 2014, 2015a,b, 2016). A
scheme of diurnally varying thermal roughness length for heat transfer
has been implemented to ameliorate soil temperature and turbulent
heat flux simulations. The vertical soil heterogeneity associated with
the root system and organic matter has been incorporated into the
model to improve the simulations of soil heat and water transport
(Zheng et al., 2015a,b). The parameterization of frozen ground per-
meability has been updated to increase water flow (e.g. infiltration and
drainage) in case soil ice exists. Zheng et al. (2016) thoroughly in-
vestigated the above augmentations and demonstrated the model’s skill
in simulating runoff at catchment scale. Hence, the augmented Noah
LSM is adopted for this study, and Appendix A provides a detailed
description of the model physics associated with the freeze-thaw and
snow processes. Readers are referred to existing literature (e.g., Ek
et al., 2003; Zheng et al., 2015a,b, 2016, 2017b) for additional in-
formation.

3.2. Experimental design and model implementation

The meteorological inputs for driving the Noah LSM are produced
by the Institute of Tibetan Plateau Research, Chinese Academy of
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Sciences (hereafter ITPCAS, Chen et al., 2011), of which the spatial and
temporal resolutions are 0.1° and 3 h, respectively. This data set in-
cludes precipitation (P), 2 m air temperature (Ta), 10m wind speed, air
pressure, specific humidity, and downward shortwave and longwave
radiations, which was produced by merging a variety of data sources.
For example, the precipitation product was produced by merging both
Tropical Rainfall Measuring Mission (TRMM) 3B42 precipitation pro-
duct (Huffman et al., 2007) and Global Land Data Assimilation Systems
(GLDAS) forcing data set (Rodell et al., 2004) with gauge measurements
from 740 CMA managed weather stations across the whole China (Chen
et al., 2011). Additional information on the ITPCAS forcing data set and
access can be found at http://dam.itpcas.ac.cn/rs/?q=data. The relia-
bility of this data set has been confirmed for the Tibetan Plateau (Guo
and Wang, 2013; Xue et al., 2013; Yang et al., 2017), and Zheng et al.
(2016) reported a coefficient of determination (R2) of 0.96 and a root
mean squared error (RMSE) of 10.58mmmonth−1 for the precipitation
product for its application to the SRYR, confirming the suitability of the
ITPCAS forcing data set for this study.

The vegetation parameter data sets needed for running the Noah
LSM are taken from the Weather Research and Forecasting System
(WRF) geographic input data set (http://www2.mmm.ucar.edu/wrf/
users/download/get_sources_wps_geog.html), which include vegetation
types, vegetation cover and leaf area index that are derived from the
Moderate Resolution Imaging Spectroradiometer (MODIS) satellite ob-
servations. Information on soil texture and organic matter for the soil
thermal and hydraulic parameterizations (see Appendix A) is obtained
from the China Soil Database (Shangguan et al., 2013) available at
http://globalchange.bnu.edu.cn/research/soil2.

We presently employ the augmented Noah LSM (Section 3.1) con-
figured within the High-Resolution Land Data Assimilation System
(HRLDAS) (Chen et al., 2007; Zheng et al., 2016). The model is run for
the period 1979–2010 with temporal and spatial resolutions of 30min
and 10 km, respectively, and the 3 h and 0.1° ITPCAS atmospheric
forcing are interpolated to the spatial domain and time step of the Noah
LSM using the HRLDAS preprocessing program. A one-year recurrent
spin-up from 1 July 1979 to 30 June 1980 is adopted for the model

initialization. After achieving the equilibrium states, the model runs
from 1 July 1980 up to 31 December 2010. The impact of model spin-
up is further minimized by analyzing only 27 years of model outputs
(e.g. 1 January 1984 to 31 December 2010) as in Xia et al. (2012). The
adopted soil and vegetation parameterizations, as well as the details on
the data processing, model initialization and spin-up can be found in
Zheng et al. (2016). It should be noted that the model parameters are
obtained from the default parameter values for global applications or
other readily available data sources (e.g. literature values) specifically
developed for the studied areas, and are not calibrated in any manner
(Zheng et al., 2016).

In order to further assist in quantifying how the soil freeze-thaw
dynamics affect the runoff production as well as surface water and
energy budgets, an additional Noah model run is carried out whereby
the model physics related to the soil freeze-thaw process is not invoked,
i.e., Noah LSM simulations without the soil freeze-thaw mechanism
(hereafter “Noah-wo-FT”). Specifically, the source/sink term (see Eq.
(A1)) integrated with the thermal diffusion equation to represent the
phase change of soil water during freeze-thaw transition is omitted, and
the impact of soil ice on the parameterizations of soil hydraulic (see
Eqs. (A4)–(A6)) and thermal parameters as well as the surface runoff
(see Eqs. (A7)–(A10)) and base flow (see Eq. (A11)) are turned off.
Other settings are identical to the augmented Noah LSM simulations
(hereafter “Noah”) as given in above paragraphs of this section.

4. Results and discussion

4.1. Model assessment

The monthly streamflow (m3) measurements from the Tangnag and
Zhimenda discharge stations are converted for the model validation to
the area-averaged total runoff (R, mm) by dividing the measurements
by the basin surface areas of the SRYZ and SRYR (km2), respectively.
The surface runoff (Rs, mm) and base flow (Rb, mm) simulated with the
Noah LSM with/without the soil freeze-thaw mechanism are accumu-
lated over the individual model grids of the SRYR and SRYZ and

Fig. 1. Location of the source regions of the Yellow (SRYR) and Yangtze (SRYZ) rivers shown on the top of the Shuttle Radar Topography Mission-90 digital elevation
model.
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accumulated monthly to produce area-averaged R for each month by
dividing by the model grid numbers for comparison with the mea-
surements. Since the time lag between the instantaneous modelled
runoff and the measured streamflow at the catchment outlet can be
largely eliminated via averaging at monthly scale (Cai et al., 2014), the
Noah runoff simulations presented in this study do not include overland
and river routing. Moreover, we justify the omission of the glacier and
lake contributions to the R productions because their spatial coverage
(see Section 2) and the direct contributions to the runoff are relatively
small for both catchments (Zhang et al., 2013).

Fig. 2a and b show the area-averaged monthly accumulated R
measured and simulated with the augmented Noah LSM for the SRYR
(1984–2009) and SRYZ (1984–2005), respectively. Table 1 provides the
statistical errors estimated between the simulations and measurements,
i.e. Nash-Sutcliffe efficiency (NSE), RMSE, mean error (ME) and R2. The
statistical errors support the agreement between the simulations and
measurements, e.g. RMSE of 3.61 and 3.85mmmonth−1, and NSE of
0.87 and 0.77 for the SRYR and SRYZ, respectively, confirms the re-
liability of the runoff simulation with the augmented Noah LSM.

Although none of the model parameters are calibrated (see Section 3.2),
the statistical errors provided by the augmented Noah LSM are com-
parable to these reported for the calibrated VIC LSM for its application
to the same river basins (Zhang et al., 2013). Further calibration of the
model parameters (e.g., the soil hydraulic parameters showed in Eqs.
(A4)–(A6)) may improve the runoff simulations, which is however be-
yond the scope of this paper.

The simulated R produced by the additional Noah model run ex-
cluding the soil freeze-thaw effect (Noah-wo-FT) is also shown in Fig. 2
for the two catchments, and the corresponding statistical errors are
listed in Table 1 as well. Comparing the resulting statistical errors with
those of the run with the augmented Noah LSM reveals that the per-
formance in simulating R is much worse when the freeze-thaw process
is not considered. Notably, the RMSE increases by 64% and the NSE
decreases by about 36% on average for both catchments. It can also be
noted that the simulated R without the consideration of soil freeze-thaw
mechanism generally overestimates the measurements during winters
(December-February). Therefore, it’s vital to consider the soil freeze-
thaw process for quantifying the runoff dynamics of the two Tibetan
rivers, and similar findings have recently been reported by Zhang et al.
(2017) and Wang et al. (2018). Based on hydrological measurements
(e.g., SMST, evapotranspiration, precipitation and runoff) conducted in
a permafrost watershed located in the SRYZ, Wang et al. (2009, 2017)
have also concluded that the soil freeze-thaw processes appear to be the
major factor controlling the hydrological processes in the permafrost
region of the Tibetan Plateau.

4.2. Seasonal runoff patterns

Fig. 3a and b show the mean monthly measured and simulated R, Rs,
and Rb produced with the augmented Noah LSM including and ex-
cluding the soil freeze-thaw process for the SRYR (1984–2009) and
SRYZ (1984–2005), respectively. The error bars shown in the plots

Fig. 2. Comparisons of the monthly accumulated area-averaged measured (R_obs) and simulated total runoff produced by the Noah LSM with (R_Noah) and without
(R_Noah-wo-FT) the soil freeze-thaw mechanism for the (a) SRYR (1984–2009) and (b) SRYZ (1984–2005).

Table 1
Coefficient of determination (R2), mean error (ME), root mean square error
(RMSE) and Nash-Sutcliffe efficiency (NSE) computed between the measured
and simulated total runoff produced by the Noah LSM with (Noah) and without
(Noah-wo-FT) the soil freeze–thaw mechanism for the SRYR (1984–2009) and
SRYZ (1984–2005).

Experiments SRYR (1984–2009) SRYZ (1984–2005)

R2 ME (mm) RMSE
(mm)

NSE R2 ME (mm) RMSE
(mm)

NSE

Noah 0.87 0.27 3.61 0.87 0.77 0.15 3.85 0.77
Noah-wo-FT 0.63 0.42 6.36 0.60 0.47 0.02 5.85 0.46
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indicate the interannual variabilities of the measured and simulated R
represented by the standard errors (i.e. standard deviations of the
mean). In addition, the mean monthly total precipitations derived from
the ITPCAS forcing are also shown. The measured runoff of the SRYR
and SRYZ are both governed by the precipitation seasonality generally
peaking in July and August. Up to 72% and 82% of the annual pre-
cipitation falls during the Asian Summer Monsoon (ASM) from June to
September leading to 59% and 72% of the annual runoff produced in
the SRYR and SRYZ, respectively. Much larger spreads, viz. larger error
bars, can be also noted for the ASM in the interannual variabilities of
both measured and simulated R in comparison to other seasons.

The R produced by the Noah model runs without considering the
soil freeze-thaw mechanism (Noah-wo-FT) generally increases onwards
from the pre-ASM season (March-May) reaching peaks in September/
October and decreases in the post-ASM season (October-November)
with minima around April/May for both catchments. The decrease of R
between January and April/May is caused by the decline in soil water
storage leading to less Rb (see Section 4.3). A two- to three-month delay
can be noted between the measured and simulated peaks, and the
measured R is largely overestimated during winters (e.g. there is no
overlap between the measured and simulated R between December and
February), leading to the wrong shapes of simulated hydrographs. After
implementing the soil freeze-thaw model physics, the aforementioned
delay is removed and the R overestimation during winters is largely
resolved, whereby the runoff peaks earlier and the measured

hydrographs are much better captured. It can also be found that both
catchments have base flow-dominated runoff regimes according to the
Noah simulations regardless of whether the soil freeze-thaw mechanism
is included or not as shown in Zheng et al. (2016). The presence of
organic matter in the Tibetan top soils increases the soil infiltration and
retention capacity that leads to Rb-dominated runoff regime drawing its
water from the deep soil layers (see Eq. (A11)) as indicated by Zheng
et al. (2017a).

Fig. 4a and b show plots of the mean monthly total precipitation
versus the total runoff measured and simulated by the augmented Noah
LSM with and without freeze-thaw process for the SRYR (1984–2009)
and SRYZ (1984–2005), respectively. A well-defined annual cycle of the
measured as well as simulated runoff is observed for both SRYR and
SRYZ. The total runoff increases from the pre-ASM season (March-May)
to the ASM season as a result of increasing precipitation, and decreases
from the ASM season to the post-ASM season (October-November) with
the decreasing precipitation. It can also be found that the runoff during
the post-ASM season is systematically higher than that during the pre-
ASM season for a given amount of precipitation, resulting in the annual
anticlockwise hysteresis loop shown in Fig. 4. The annual anticlockwise
hysteresis loop is a seasonal process that Andermann et al. (2012)
previously reported for central Himalayan river basins through the
analysis of the daily precipitation and discharge measurements.

The relationship between precipitation and the simulated R for the
model run without considering the soil freeze-thaw process (Noah-wo-

Fig. 3. Monthly averaged precipitation, measured runoff (R_obs), simulated total runoff (R), surface runoff (Rs), and base flow (Rb) produced by the Noah LSM with
(Noah) and without (Noah-wo-FT) the soil freeze–thaw mechanism for the (a) SRYR (1984–2009) and (b) SRYZ (1984–2005). The error bars corresponding to the
interannual variabilities of the measured and simulated R are also shown.
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FT) is included in Fig. 4 as well. Fig. 4 illustrates that the annual an-
ticlockwise hysteresis loop also exists within the model results when the
soil freeze-thaw process is excluded; the size of the loop is even larger
than both the augmented Noah LSM simulations including the freeze-
thaw process and measurements. This is due to the fact that the model
underestimates the measured R during the ASM season and over-
estimates it during winters (Fig. 3) for both catchments when the soil
freeze-thaw process is not considered.

4.3. Link between soil Freeze-Thaw dynamics and seasonal runoff patterns

The annual anticlockwise hysteresis loop indicates that the pre-
cipitation is temporarily stored within the catchment during the pre-
ASM and ASM seasons, which is then drained out during the ASM and
post-ASM seasons in accordance with the findings of Andermann et al.
(2012). The water can be temporarily stored in the soils, groundwater,
snow and glaciers with different residence times. Andermann et al.
(2012) identified transient groundwater storage as the main mechanism
driving this hysteresis effect using simulations with a conceptual hy-
drological model, and deemed evapotranspiration, glacier- and snow-
melt to have minor effects. Notwithstanding, Andermann et al. (2012)
somewhat ignored the impact of soil water storage and the employed
conceptual hydrological model does not include the soil freeze-thaw
process that may be particularly important for the Tibetan Plateau due
to the widespread frozen ground.

To investigate the role of soil water storage and the effect of the soil
freeze-thaw process on the seasonal runoff patterns, Fig. 5a and b show
plots of the mean monthly total precipitations versus the simulated li-
quid water (Wliq) and ice (Wice) amounts in the soil column produced by
the augmented Noah LSM with the soil freeze–thaw mechanism for the
SRYR (1984–2009) and SRYZ (1984–2005), respectively. It should be
noted that the dynamics of groundwater storage are ignored by the
Noah LSM. Fig. 6 presents further the mean monthly simulated liquid

water and ice as well as total water amount (Wt, Wt=Wliq+Wice) in
the soil column, and the total water amount of the deepest soil layer
(Wt4) is also shown. The ITPCAS air temperature is shown in Fig. 6 as
well. Clearly, the annual cycle of simulated soil liquid water and ice
contents in the soil column is noted in Fig. 5 for both the SRYR and
SRYZ. The simulated soil ice starts thawing in the pre-ASM season in-
creasing the liquid soil water due to the warming as indicated by the air
temperature (Fig. 6). During the ASM season, the soil ice gradually
thaws out and the liquid soil water content reaches its peak around
September. A time lag between the annual cycles of air temperature and
the soil liquid water and ice contents exists due to the dampening effect
of soil heat conduction. Soil liquid water starts freezing in the post-ASM
season (October-November) and the soil ice content reaches its peak
during the winter season (December-February). It can also be found
that soil liquid water (or soil ice) during the post-ASM season is sys-
tematically higher (or lower) than that during the pre-ASM season re-
sulting in the annual anticlockwise (or clockwise) hysteresis loop for
soil liquid water (or soil ice, Fig. 5).

Since a higher soil water content is more favorable for runoff pro-
duction, especially via drainage (or base flow, see Eq. (A11)), we argue
that these seasonal soil liquid water and ice dynamics (i.e. freeze-thaw
state and water storage) play a crucial role in the larger amount of
runoff produced during the post-ASM season than during the pre-ASM
season (Fig. 4). This link between the state of the water stored in the
soil column and the seasonality of the runoff can be explained as fol-
lows. The soil ice gradually thaws from the pre-ASM season leading
together with a larger rainfall amount (Fig. 3) to an increase in the
liquid as well as total soil water contents (Fig. 6) that results in a runoff
increase, especially the increase of Rb (Fig. 3) due to the increase ofWt4.
Both the liquid and total soil water contents decrease from the ASM
season towards the winter due to a combination of reduced precipita-
tion and soil freezing, causing a decrease in Wt4 that leads to a runoff
decrease and low flows during the winter season.

For further analyses, the corresponding total water amount of the

Fig. 4. Annual precipitation-runoff hysteresis loops plotted from monthly mean
measured and simulated runoff produced by the Noah LSM with (Noah) and
without (Noah-wo-FT) the soil freeze–thaw mechanism for the (a) SRYR
(1984–2009) and (b) SRYZ (1984–2005).

Fig. 5. Similar as Fig. 4 but only for simulated liquid water (Wliq) and ice (Wice)
contents in the soil column produced by the Noah LSM with the soil freeze-thaw
mechanism.
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deepest soil layer as well as the complete soil column simulated by the
Noah LSM without the soil freeze-thaw mechanism (Noah-wo-FT) are
shown in Fig. 6 as well. It can be found that the monthly simulated R
dynamics generally follow the Wt and Wt4 variations (compare Figs. 3
and 6). Both R and Wt as well as Wt4 produced by the Noah model run
without the soil freeze-thaw process increase onwards from the pre-
ASM season reaching peaks in September/October and decrease on-
wards from the post-ASM season with minima around April/May. A
two- to three-month delay is noted between the measured and simu-
lated peaks (Fig. 3), which is resolved after implementing the soil
freeze-thaw model physics as also shown in Section 4.2. The reason for
this is that the presence of ice reduces the soil permeability that leads to
the decrease of Wt4 (Fig. 6) and thus the Rb (Fig. 3) in winter season,
and the thawing of ice advances the timing of the increase inWt4 and Rb

in warm season. The two effects combined enhance the simulations of
seasonal runoff patterns and dampens the hysteresis loop (Fig. 4). These
findings highlight the importance of an adequate characterization of the
soil freeze-thaw process for a reliable reproduction of the monthly
runoff of the SRYR and SRYZ as well as dampening effect soil freeze-
thaw has on the annual precipitation-runoff hysteresis loop.

4.4. Spatial variations

Figs. 7 and 8 provide maps for the SRYR and SRYZ, respectively, of
the mean monthly soil ice fraction (SIF, SIF=Wice/Wt) and monthly
accumulated R produced by the augmented Noah LSM including the
soil freeze-thaw process for the months June, September and December
as being transition, thawed and frozen months for the liquid water
within the soil, respectively. The bottom panels of both figures re-
present maps of the monthly accumulated R simulated using the aug-
mented Noah LSM without implementing the soil freeze-thaw physics.
In addition, the maps of corresponding ITPCAS precipitation are shown
in the top panels.

The maps confirm that the thawing of ice, at the lower altitudes
within the two catchments (Fig. 1), causes in combination with pre-
cipitation a runoff increase in June. Larger amounts of precipitation fall
on the southwestern part of the SRYZ leads to also the increase of R.
Smaller runoff volumes are simulated when soil freeze-thaw physics is
excluded from model structure as the precipitation tends to infiltrate
and resupply the soil storage without the presence of frozen ground. In
September, most of the soil ice has thawed across both catchments and

Fig. 6. Monthly mean air temperature, simulated liquid water (Wliq), ice (Wice) and total water (Wt) amounts in the soil column as well as total water amounts of the
deepest soil layer (Wliq4) produced by the Noah LSM with (Noah) and without (Noah-wo-FT) the soil freeze-thaw mechanism for the (a) SRYR (1984–2009) and (b)
SRYZ (1984–2005).
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the two model version produce similar runoff volumes and distribu-
tions. The largest soil ice fraction is obviously found for December
during which almost no R is simulated using the augmented Noah LSM
including the freeze-thaw process. Yet when the soil freeze-thaw pro-
cess is not invoked still some R is produced due to drainage from the
soil column leading to underestimations in the pre-ASM.

4.5. Surface heat flux and soil temperature simulations

Fig. 9a and b show the area-averaged mean monthly simulated
sensible (H), latent (LE) and ground (G) heat fluxes produced with the
augmented Noah LSM including and excluding the soil freeze–thaw
process for the SRYR (1984–2009) and SRYZ (1984–2005), respec-
tively. No matter whether the soil freeze-thaw mechanism is con-
sidered, the phases of the seasonal cycle of LE and H of both model
simulations are comparable for the SRYR and SRYZ; with maxima oc-
curring around April/May and July for the H and LE, respectively. Si-
milar findings were previously reported by Yang et al. (2011) for the
eastern region of Tibetan Plateau. The G simulations, however, show a
phase difference of about 1month. Energy is generally released from
the soil column into the atmosphere (i.e. negative G) between October
and February, and the Noah simulations with the soil freeze-thaw me-
chanism produce lower G and consequently higher LE and H due to
inclusion of latent heat release caused by phase change and the impact
of ice on the thermal heat conductivity (Luo et al., 2003). In contrast,
heat is conducted from the surface to the soil column (i.e. positive G)
from March to September, and higher G and consequently lower LE and
H are produced by the simulations considering the soil freeze–thaw
process.

Fig. 9c and d present further the area-averaged mean monthly

simulated temperature of surface (Tsfc), top (0–10 cm with mid-point at
5 cm, Ts5) and bottom (100–200 cm with mid-point at 150 cm, Ts150)
soil layers produced by both Noah simulations. The phases of the sea-
sonal cycle of soil temperature at the upper layers (e.g. Tsfc and Ts5) are
comparable among both model simulations regardless of the soil freeze-
thaw mechanism, while the simulations of soil temperature at the
deeper layers (e.g. Ts150) hold about 1month phase difference. The
Noah simulations with the soil freeze-thaw process produce warmer soil
columns from November to March and colder soil columns from April to
October. The reason for this is that the inclusion of soil freeze-thaw
mechanism effectively increases the thermal inertia of the soil column
that dampens large temperature variations from the surface down to the
deep soil (Luo et al., 2003).

5. Conclusion

Annual anticlockwise hysteresis loops between the precipitation and
runoff are found for the headwaters of the Yellow and Yangtze river
within 30 years of monthly streamflow measurements as well as runoff
simulations produced by an augmented Noah LSM. Andermann et al.
(2012) previously reported similar hysteresis loops for central Hima-
layan rivers and attributed this to the existence of a transient ground-
water storage following simulations with a conceptual hydrological
model that neglects freeze-thaw process. This omission is particularly
important for eastern Tibetan rivers with widespread frozen soil. Our
simulation results with the augmented Noah LSM demonstrate that
annual anticlockwise (or clockwise) hysteresis loops are also observed
for the liquid soil water (or soil ice). From further analyses we infer that
the amount of water stored in the soil is the factor driving the hysteresis
and that the state of the stored water plays a crucial role in the
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Fig. 7. Maps of monthly mean total precipitation, simulated soil ice fraction (SIF) and total runoff (R) produced by the Noah LSM with and without the soil freeze-
thaw (FT) mechanism over the SRYR (1984–2009) for June, September and December.

D. Zheng et al. Journal of Hydrology 563 (2018) 382–394

389



seasonality of the runoff regime. The inclusion of soil freeze-thaw me-
chanism in the model structure effectively increases the thermal inertia
of soil column that dampens large temperature variations from the
surface down to the deep soil as well as variations of turbulent heat
flux.

Many previous studies (Immerzeel et al., 2010; Immerzeel et al.,
2013; Lutz et al., 2014) adopted hydrological models that traditionally
include an oversimplified conceptualization of the freeze-thaw process
for the quantification of the runoff regime and development of runoff
projections for catchments on the Tibetan Plateau. We conclude based
on the analyses of both measurements and LSM simulations for the
headwaters of the Yellow and Yangtze rivers that the soil freeze-thaw
process needs to be included into model structures used for assessment
of the runoff regime of seasonally frozen (Tibetan) river basins. Ig-
noring this leads to unnecessary uncertainties and possibly unrealistic
interpretations of the climate change impact on the hydrology and
runoff regime governing eastern Tibetan river basins.

However, it should be noted that the augmented Noah LSM adopted
by this study cannot simulate the dynamics of groundwater storage.
Although Zheng et al. (2017a) recently incorporated a simple one-di-
mensional (1-D) unconfined aquifer module that is widely adopted by
the state-of-the-art LSMs (e.g., Noah-MP (Niu et al., 2011) and CLM
(Oleson et al., 2013)) into the augmented Noah LSM structure, it is
shown that the 1-D unconfined aquifer module cannot represent well
the complex groundwater system residing on the Tibetan Plateau and
its interaction with surface water and unsaturated zone (Cheng and Jin,

2013). A three-dimensional (3-D) groundwater flow model as described
by Ge et al. (2008, 2011) is further recommended to be included in the
LSM structure. Therefore, additional work is needed to develop such a
coupled model system to further address the main driver of hysteresis
between runoff and precipitation reported in this study for the eastern
Tibetan river basins or by Andermann et al. (2012) for the central Hi-
malayan rivers.
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Appendix A

Noah model physics

A1. Soil heat flow
A source/sink term representing the phase transitions of soil water is integrated with the thermal diffusion equation to describe the transport of

heat within the frozen soil (Koren et al., 1999):
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where Cs is the thermal heat capacity (J m−3 K−1), θ is the total water content in the soil (m3m−3, θ= θliq+ θice), κh is the thermal heat conductivity
(Wm−1 K−1), T is the soil temperature (K), θice is the ice content in the soil (m3m−3), t is the time (s), z is the soil depth (m), Lf is the latent heat of
fusion (J kg−1 or m2 s−2), and ρice is the density of ice (kg m−3). Both κh and Cs rely on the soil constituents (e.g. θ and θice) as described in Peters-
Lidard et al. (1998), and Zheng et al. (2015b) recently considered the impact of organic matter content as typically existed in the Tibetan soil. For the
Noah LSM simulations without the soil freeze-thaw mechanism, the dependence of κh and Cs on the θice is turned off. The source/sink term in Eq. (A1)
is solved utilizing the water potential-freezing point depression equation in combination with the availability of heat (Koren et al., 1999). The
potential/equilibrium ice content is estimated as a function of both soil temperature and soil moisture content:
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where θs is the porosity (m3m−3), ψs is the soil water potential at air-entry (m), b is an empirical parameter (−) related to the pore-size distribution
of the soil matrix, ck is an empirical parameter that accounts for the effect of increase in specific surface of soil particles and ice-liquid water, g is the
acceleration of gravity (m s−2), and Tf is the freezing point temperature.

A2. Soil water flow

Assuming the transport of unfrozen water in the frozen ground is similar to that within the unfrozen ground, the diffusivity form of Richards’
equation can be adopted to simulate the transport of unfrozen water (Koren et al., 1999):
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where K is the soil hydraulic conductivity (m s−1), θliq is the unfrozen water content (m3m−3), D is the soil water diffusivity (m2 s−1), and S
represents the term of sinks and sources (i.e., evapotranspiration and infiltration, m s−1).

Fig. 9. Monthly mean (a and b) latent (LE), sensible (H) and ground (G) heat fluxes, and (c and d) surface (Tsfc) and soil temperature at 5 (Ts5) and 150 cm (Ts150)
produced by the Noah LSM with (Noah) and without (Noah-wo-FT) the soil freeze-thaw mechanism for the (a and c) SRYR (1984–2009) and (b and d) SRYZ
(1984–2005).
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To allow more transfer of liquid water under frozen condition, Zheng et al. (2016) recently have updated the default soil hydraulic scheme as:

= − +K f K θ θ(1 ) ( )frz s s
b2 3

(A4)

= − +D f D θ θ(1 ) ( )frz s s
b 2

(A5)

= − − − −f a θ θ aexp[ (1 / )] exp( )frz ice s (A6)

where the subscript ‘s’ represent respectively the quantity under saturated conditions, a is an scale-dependent adjustable parameter specified as 4.0,
and ffrz is the impermeable fraction. The soil hydraulic parameters (e.g. θs, ψs, Ks, b) are derived based on the soil types from the class pedotransfer
function (PTF) proposed by Cosby et al. (1984), and Zheng et al. (2015a) recently included the consideration of organic matter effect.

A3. Surface runoff and base flow

The surface runoff (Rs, in mm) produced within a Noah grid cell includes the infiltration-excess runoff from the unfrozen area and the direct
runoff from the impermeable frozen part (fimp, −) (Schaake et al., 1996; Koren et al., 1999):

= + −
+ − −

R f P f
P

P W K t
(1 )

[1 exp( Δ )]s imp x imp
x

x d dt

2

(A7)

whereWd is the total water deficit of the soil profile (mm), Px is the precipitation reaching the ground (mm), Δt is the model time step (s), Kdt is an
empirical parameter specified as 3.0 day−1, and the impermeable frozen area fraction is as implemented by Zheng et al. (2016) using a gamma
distribution of soil ice (Wice, m) within the root zones:

∑=
− +

−

=

−
f e v

α iΓ( 1)imp
v

i

α α i

1 (A8)

=v α W
W

cr

ice (A9)

∑=
=

W θ z·Δice i

nroot
ice i i1 , (A10)

where Δz is the depth of each specific soil layer (m), nroot is the number of soil layers within the root zones (−), Wcr is the critical ice content above
which the frozen ground is impermeable and is specified as 0.15m, and α is a shape parameter of the gamma distribution (−) and is specified as 3.

Gravitational free drainage (i.e., base flow Rb, in mm) from the deepest soil layer is assumed:

=R slope K θ t· ( )·Δb 4 (A11)

where θ4 is the total soil water content of the deepest layer (m3m−3), K(θ4) is the hydraulic conductivity of the deepest soil layer (m s−1) that is
computed by Eq. (A4), and slope is a slope index between 0 and 1 that depends on the grid slope derived from the digital elevation model.

A4. Snow process

The mass and energy balance of the snowpack is given by:

= − −dW
dt

P M Esnow
s s snow (A12)

= − − − − −M
L

R LE H G F F1 ( )s
f

n 1 2
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where Wsnow is the snow water equivalent, Ps is precipitation in the form of snow,Ms is the snowmelt rate, Esnow is the snow evaporation, Rn is the net
radiation, LE is the latent heat flux, H is the sensible heat flux, G is the ground heat flux, F1 is the heat flux from newly accumulating precipitation,
and F2 is the freezing rain latent heat flux. Detailed description of the snow process can be found in Koren et al. (1999).
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