
Ecological Indicators 145 (2022) 109609

Available online 31 October 2022
1470-160X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Variations in hydrological variables using distributed hydrological model in 
permafrost environment 

Naveed Ahmed a,b,*, Genxu Wang c,*, Martijn J. Booij d, Hero Marhaento e, Foyez 
Ahmed Pordhan f, Shahid Ali h, Sarfraz Munir i, Muhammad Zia-ur-Rehman Hashmi g 

a Key Laboratory of Mountain Surface Process and Ecological Regulations, Institute of Mountain Hazards and Environment, Chinese Academy of Sciences, Chengdu 
610041, China 
b University of Chinese Academy of Sciences, Beijing 100049, China 
c State Key Laboratory of Hydraulics and Mountain River Engineering, College of Water Resource and Hydropower, Sichuan University, Chengdu 610065, China 
d Water Engineering and Management Group, Faculty of Engineering Technology, University of Twente, 7522 Enschede, the Netherlands 
e Faculty of Forestry, Universitas Gadjah Mada, Yogyakarta 55281, Indonesia 
f Department of Agricultural Extension and Rural Development, Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur 1706, Bangladesh 
g Department of Civil Engineering, National University of Computer and Emerging Sciences, Foundation for Advancement of Science and Technology, Lahore 54000, 
Pakistan 
h School of Science and Engineering, University of Kurdistan Hewler, 30 Meter Avenue, Erbil, Kurdistan 44001, Iraq 
i Water Resources and Glaciology Section, Global Change Impact Studies Centre (GCISC), 6th Floor Emigration Tower, G-8/1, Islamabad 44000, Pakistan   

A R T I C L E  I N F O   

Keywords: 
Permafrost hydrology 
SWAT model 
Qinghai Tibet 
Third Polar Region 
Yangtze River 
China 

A B S T R A C T   

The Yangtze River Source Region (YaRSR) is located in the third polar region, the most threatened zone by global 
warming after the Arctic. Permafrost covers eighty percent of the total area of YaRSR, while the rest is seasonally 
frozen ground. Due to a significant rise in air temperature, degradation of the permafrost could occur. Permafrost 
coverage in a river basin greatly controls its hydrology. This study focuses on hydrological modeling in this 
permafrost environment using the Soil and Water Assessment Tool (SWAT). The SWAT model was calibrated 
(1985–2000) and validated (2001–2015) on a daily time step. The results were also compared on a monthly time 
scale. An impermeable layer was introduced within the SWAT model to represent the permafrost conditions. The 
streamflow is strongly dependent on the seasonal variation of precipitation and temperature, and the rising limb 
of the hydrograph shows the melting of snow, the contribution of soil water, and thawing of permafrost during 
the spring-summer season. The permafrost layer well restricted the deep percolation of water. During the spring 
season, streamflow mainly consists of surface runoff because of the frozen soils. Permafrost and frozen ground 
thawing lead to an increase in the contribution of groundwater flow to streamflow. Ultimately, the frozen ground 
depletes as the temperature gets close to the freezing point. This study also describes the SWAT model appli
cation to better analyze and understand the hydrology of the permafrost/frozen ground with limited data 
availability.   

1. Introduction 

Permafrost catchments in the Arctic and the Qinghai Tibetan Plateau 
(QTP) have been widely studied in recent decades. Numerous research 
works have been conducted in this direction, highlighting the changes in 

hydrological processes due to changes in climate and landcover/ use (e. 
g., human interventions and urbanization) (Bring et al., 2017; Fabre 
et al., 2017; Hülsmann et al., 2015; Song et al., 2020; Walvoord and 
Kurylyk, 2016). The QTP region is more significantly influenced by 
global climate change, outside the arctic pole (Serreze and Barry, 2011; 

* Corresponding authors at: Key Laboratory of Mountain Surface Process and Ecological Regulations, Institute of Mountain Hazards and Environment, Chinese 
Academy of Sciences, Chengdu 610041, China (Naveed Ahmed); State Key Laboratory of Hydraulics and Mountain River Engineering, College of Water Resource and 
Hydropower, Sichuan University, Chengdu 610065, China (Genxu Wang). 

E-mail addresses: naveedahmed@imde.ac.cn (N. Ahmed), wanggx@scu.edu.cn (G. Wang), m.j.booij@utwente.nl (M.J. Booij), marhaento@ugm.ac.id 
(H. Marhaento), foyez@bsmrau.edu.bd (F.A. Pordhan), shahid.ali@nu.edu.pk (S. Ali), s.munir@ukh.edu.krd (S. Munir), mhas074@aucklanduni.ac.nz 
(M.Z.-u.-R. Hashmi).  

Contents lists available at ScienceDirect 

Ecological Indicators 

journal homepage: www.elsevier.com/locate/ecolind 

https://doi.org/10.1016/j.ecolind.2022.109609 
Received 14 February 2022; Received in revised form 28 June 2022; Accepted 26 October 2022   

mailto:naveedahmed@imde.ac.cn
mailto:wanggx@scu.edu.cn
mailto:m.j.booij@utwente.nl
mailto:marhaento@ugm.ac.id
mailto:foyez@bsmrau.edu.bd
mailto:shahid.ali@nu.edu.pk
mailto:s.munir@ukh.edu.krd
mailto:mhas074@aucklanduni.ac.nz
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2022.109609
https://doi.org/10.1016/j.ecolind.2022.109609
https://doi.org/10.1016/j.ecolind.2022.109609
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2022.109609&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ecological Indicators 145 (2022) 109609

2

Zhao and Wu, 2019). Permafrost hydrology has not been investigated as 
much as the hydrology of catchments in lower to middle latitudes 
(Briggs et al., 2017; Woo et al., 2008). Detailed field investigations are 
required to understand the interaction between permafrost and hy
drology. Data scarcity due to extreme weather conditions is one of the 
main obstacles to increase this understanding in arctic and sub-arctic 
regions (Romanovsky et al., 2010). 

The research on permafrost hydrology was introduced in the early 
1980 s and differed from hydrology in non-permafrost regions (Woo, 
2012a, 2012b). Permafrost can affect interactions between surface and 
sub-surface water, soil–water heat exchange, and various hydrological 
processes in arctic and sub-arctic regions (Frampton and Destouni, 2015; 
Schramm et al., 2007; Walvoord et al., 2012). Permafrost accelerates 
surface runoff generation and shortens the runoff response to precipi
tation (McNamara et al., 1998; Woo, 2012b). The thermal soil regime, 
water storage dynamics, and evapotranspiration are also influenced by 
the presence of permafrost (Boike et al., 1998; Bowling et al., 2003; 
Hinzman et al., 2006; Hinzman et al., 1996). The active layer thickness 
plays a vital role in altering hydrological processes in permafrost regions 
(Woo, 2012a). 

The Qinghai Tibetan Plateau (QTP) is also known as the Third Polar 
Region (TPR) due to its extreme climatic conditions. The runoff of river 
basins originating from QTP decreases in recent decades, and more than 
1.4 billion people are dependent on these rivers (Immerzeel et al., 2010; 
Mao et al., 2016). Several studies were conducted to assess permafrost 
coverage and active layer thickness variations in the QTP (Zhao and Wu, 
2019). Only a few modeling studies were done in this region due to the 
unavailability of long-term data. However, borehole data for very short 
time periods are available at some points, providing minimal soil 
freeze–thaw information (Cheng and Wu, 2007; Jin et al., 2007; Wu 
et al., 2010). Most of the models used to study permafrost distribution 
are conceptual and empirical models (e.g., temperature at the top of 
permafrost (TTOP) model, Stefan model, and Kudryavtsev model) 
(Kudryavtsev et al., 1974; Kudryavtsev et al., 1977; Smith and Rise
borough, 1996). They are coupled with General Circulation Models 
(GCM) to predict future permafrost distribution and the threatened 
areas (Jiang et al., 2012; Qin et al., 2017; Zhang et al., 2013; Zhang and 
Wu, 2012). Zhou et al. (2013) investigated tundra and snowpack im
pacts on the active layer thickness using the Cold Regions Hydrological 
Model (CRHM) in western China. They found that there is delay in 
depletion of active layer thickness in the presence of soil organic matter 
and play barrier role under climate warming conditions. The main 
objective of this research was to understand the hydrological processes 
in a permafrost-affected catchment and to evaluate the influence of 
permafrost on the movement of surface runoff, lateral flow, and 
groundwater using distributed hydrological modeling approach, keep
ing in view the least data constraints and more flexibility. Moreover, 
there is neither any sensor installed for measuring the soil temperatures 
at various depths, nor the dynamic variations in active layer thickness 
recorded in the study area under-consideration in this article. Therefore, 
this is first step-forward to carry-out the understandings of the hydro
logical regime changes in the permafrost environment with data scarce 
regions. 

2. Selection of hydrological model 

Various models were applied to understand hydrological processes in 
cold regions (Bui et al., 2020). The Topoflow model is a process-based 
spatially distributed model used by (Schramm et al., 2007) and can 
simulate hydrological processes in permafrost regions. Topoflow model 
can simulate variations in Active Layer Thickness (ALT), snowmelt, the 
surface energy balance and infiltration (Bui et al., 2020). However, this 
model is not user-friendly and cannot be used for large catchments 
partially covered by continuous permafrost (Bui et al., 2020; Schramm 
et al., 2007). Moreover, the Topoflow model does not consider soil 
thermal properties at various depths (Fabre et al., 2017). 

HBV is a conceptual semi-distributed hydrological model that was 
firstly applied in 1972 (Bergström, 1976; 1991). The HBV model has 
been numerously applied to estimate floods, climate change impacts on 
water resources, inflows to reservoirs and dams, etc. It can also deal with 
snowmelt, the surface energy balance, infiltration, and soil moisture 
(Bøggild et al., 1999; Osuch et al., 2019; Wawrzyniak et al., 2017). The 
HBV is also able to simulate the ALT (Bruland and Killingtveit, 2002). 
Nevertheless, the HBV shows limits in its calibration (Bergstrom, 2006). 
The model deals with the Thiessen polygon method to distribute daily 
temperature and precipitation, which give poor results (Bui et al., 2020). 

The Cold Regions Hydrological Model (CRHM) is a modular-based 
physically-based, flexible hydrological model to simulate hydrological 
processes in small to medium cold watersheds from lumped to semi- 
distributed scales (Pomeroy et al., 2007). The model was applied in 
arctic to sub-arctic regions (Fang et al., 2013; Fang et al., 2010; Just, 
2020; Pomeroy et al., 2012; Zhou et al., 2013). The CRHM uses Stefan’s 
heat equation to simulate the ALT dynamics (Krogh et al., 2017). The 
CRHM simulates snow coverage excellently (Zhou et al. 2013). How
ever, there is no calibration procedure to qualify the simulations, which 
makes it unreliable with high uncertainty (Bui et al., 2020). 

The GEOtop model is also a physically-based, semi-distributed model 
with a coupled water and energy balance (Rigon et al., 2006). It is 
suitable to simulate surface temperature, glacier mass balances, thaw 
depth, groundwater table, soil water contents, and evapotranspiration 
(Bertoldi et al., 2006; Endrizzi and Marsh, 2010; Endrizzi et al., 2011; 
Gebremichael et al., 2009). The GEOtop model requires detailed input 
data (e.g., model parameters, field surveys, and experiments) and 
complex computation. 

The WaSiM (water balance simulation model) is a fully distributed 
hydrological model developed by (Schulla, 1997). This model can be 
used on small to larger catchments (>105 km2) from hourly to daily time 
steps. The WaSiM model can simulate the dynamics of the ALT, soil heat, 
and thawing depth. The WaSiM Model is highly sensitive to spatial and 
temporal resolutions. Due to its fully spatially distributed features, it 
needs a lot of input data and model parameters at a grid scale (Schulla 
and Jasper, 2007). In addition, it is not easy-to-use, especially for larger 
catchments having scarce input data. 

The Soil and Water Assessment Tool (SWAT) is a physically-based 
semi-distributed hydrological model (Arnold et al., 1998). The SWAT 
model has been used in a vast range of areas from cold regions to 
tropical/ sub-tropical river basins (Ahmed et al., 2022b; Chiphang et al., 
2020; Du et al., 2020; Duan et al., 2018; Marhaento et al., 2018; Nasab 
and Chu, 2020). The SWAT model can simulate from a sub-daily time 
step to an annual scale (Ahmed et al., 2022a; Arnold and Fohrer, 2005; 
Nasab and Chu, 2020). Moreover, complex hydrological systems can be 
modeled using SWAT (Fabre et al., 2017; Hülsmann et al., 2015; Melaku 
et al., 2020). The SWAT model can easily deal with watersheds of 
thousands of square kilometers (Nie et al., 2020). The SWAT model can 
simulate permafrost hydrology, snowmelt, surface energy balance, soil 
moisture, lateral flows, groundwater flow, and surface runoff in 
permafrost-covered areas (Fabre et al., 2017; Hülsmann et al., 2015). 
Moreover, the ALT can be modeled within the SWAT model but only 
using averaged values (Fabre et al., 2017; Hu et al., 2021; Hülsmann 
et al., 2015). The Fabre et al. (2017) simulated permafrost conditions 
using the SWAT model in a large Arctic watershed (2.54 × 106 km2). 
Hülsmann et al. (2015) also successfully applied the SWAT model in the 
sub-arctic permafrost region of the Khara River basin in Northern 
Mongolia. This study focuses on a catchment of 140,000 km2, situated in 
the Yangtze River Source Region (YaRSR) and uses the SWAT model. 
The SWAT model has proven its capability to simulate the permafrost 
conditions in cold regions in recent years (Fabre et al., 2017; Hülsmann 
et al., 2015), especially in data scarce regions with certain assumptions. 
This article also emphasize to explore the undersurface variations in the 
hydrological regimes in YaRSR to strengthen the understandings of 
hydrological processes in permafrost underlying areas of YaRSR. 
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3. Material and methods 

3.1. Study area 

The Yangtze River Source Region (YaRSR) is situated (90◦ 43′–96◦

45′ E, 32◦ 30′–35◦ 35′ N) in the center of the Third Polar Region (TPR), 
located in the southwestern part of Qinghai Province (Fig. 1). The total 
drainage area of YaRSR at the Zhimenda hydrological gauging station is 
140,000 km2. There are 753 glaciers located in the YaRSR, which 
contribute to the streamflow (Guo et al., 2015). They deliver around 20 
% of the total volume of water of the whole Yangtze River basin. The 
main channel originates from the glaciated areas of Tanggula mountain 
range (Fig. 1). Temperature has increased in the area since 1989 (Ahmed 
et al. (2020a), which might have consequences for the hydrology of the 
region. Precipitation in the YaRSR has also increased with a rate of 1.3 
mm/year (Ahmed et al., 2020b) during 1961–2015. 

The dominant land cover types in the watershed are grasslands, bare 
land, natural forests, glaciers, wetlands, natural lakes, and glaciers 
(Dong et al., 2002; Fujita and Ageta, 2000; Wang and Cheng, 2001; 
Wang et al., 2007; Yang et al., 2002), see Fig. 2. The Fig. 2 also shows the 
soil map, where most of the soils are Gleysols, Arenosols, Leptosols, and 
Cambisols. According to Zhao and Wu (2019), 80 % of the total area of 
the YaRSR is covered by permafrost, whereas the seasonally frozen 
ground covers about 20 % of the area (Fig. 2). 

3.2. Data sources 

The Digital Elevation Model (DEM) was obtained from the China 

Archive (https://www.igsnrr.ac.cn) with a scale of 1:250,000. The land 
cover/ land use raster files for the year 2015 were obtained from the 
Data Center for Resources and Environmental Sciences, Chinese Acad
emy of Sciences (https://www.igsnrr.ac.cn) with a scale of 1:100,000. 
Raster files for soil data (1:1,000,000) were collected from the Harmo
nized World Soil Database V 1.2 (HWSD; FAO et al., 2009), which is a 30 
arc-second database (http://webarchive.iiasa.ac.at/Research/LUC/ 
External-World-soil-database). The daily streamflow data of one hy
drological gauging station (Zhimenda station) from 1982 to 2015 was 
acquired from the Yangtze River Authority. The daily climatological 
variables (precipitation, maximum temperature, minimum temperature, 
mean temperature, wind speed, solar radiation, and relative humidity) 
from 1982 to 2015 were collected from the China Meteorological 
Administration (http://data.cma.cn). The latest permafrost distribution 
map was extracted from Zhao and Wu (2019). 

3.3. Permafrost approach using soil and water Assessment Tool 

The Soil and Water Assessment Tool (SWAT) version 2012 with 
ArcGIS 10.5 was used in this study. The elevation map, soil map and 
landcover map were used to create Hydrologic Response Units (HRUs). 
The HRUs are homogeneous units having similar soil, slope, and land
cover properties (Arnold et al., 1998). Therefore, the whole area was 
divided into 8 sub-basins with 1737 HRUs. The daily climatic data from 
1982 to 2015 was used to develop the SWAT model. The permafrost 
conditions were incorporated in the SWAT model using the approach 
developed by Hülsmann et al. (2015) for Northern Mongolia. The 
impervious layer was implemented in the SWAT model to depict the 

Fig. 1. The Yangtze River Source Region (YaRSR) with hydrological and meteorological stations.  
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bottom of the ALT within the permafrost soils. This layer prevents deep 
percolation of water from the active layer and surface soils (Woo, 
2012a). Ultimately, permafrost acts as a barrier to prevent recharge of 
groundwater and hence restricts groundwater flow and discharge to 
unfrozen areas. Therefore, the bottom of the ALT was obtained from 
Zhao and Wu (2019) and provided in the SWAT model to simulate the 
behavior of permafrost as a barrier for groundwater recharge. An 
averaged depth of 2.1 m was provided in the SWAT model. However, 
this model setting neglects the temporal development and gradual 
thawing and freezing of the active layer. 

4. Model calibration and validation 

The SWAT model was simulated for daily discharge from January 
1985 to December 2015. The calibration period was selected from 1985 
to 2000, and the validation period from 2001 to 2015. The period from 
1982 to 1984 was selected as the model spin-up/warm-up period. The 
Sequential Uncertainty Fitting version 2 (SUFI-2) provided in SWAT- 
CUP version 2019 was used for calibration (Abbaspour et al., 2004; 
Abbaspour et al., 2015). The calibration with the SUFI-2 algorithm in 
SWAT-CUP was done in 5 iterations within each iteration 500 simula
tions to achieve the best fitted sensitive parameters. The simulated daily 
streamflow was compared with the observed streamflow. The Kling 
Gupta Efficiency (KGE) was selected as objective function to evaluate 
the model in the calibration and validation (Gupta et al., 2009; Mag
nusson et al., 2015; Nicolle et al., 2014).. 

Four criteria were selected to compare observed and simulated 
streamflow in the calibration and validation: the Kling Gupta Efficiency, 
the Nash-Sutcliffe Efficiency (NSE), the coefficient of determination 
(R2), and the Percentage of Bias (PBIAS). A detailed description of these 

evaluation criteria is provided below: 

KGE = 1 −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(R − 1)2
+ (β − 1)2

+ (α − 1)2
√

β =
μsim

μobs  

α =
CVsim

CVobs
(1)  

NSE = 1 −
∑N

i=1

[
Qobs,i − Qsim,i

]2

∑N
i=1

[

Qobs,i − Qobs

]2 (2)  

R2 =

[∑N
i=1

(
Qobs,i − Qmean,i

)(
Qsim,i − Qmean,i

) ]2

∑N
i=1

(
Qobs,i − Qmean,i

)2∑N
i=1

(
Qsim,i − Qmean,i

) (3)  

PBIAS =

∑N
i=1

(
Qsim,i − Qobs,i

)

∑N
i=1Qobs,i

× 100 (4) 

WhereQobs,i,Qmean,i, and Qsim,i are observed, mean observed, and 
simulated flows, respectively. The NSE ranges between -∞ and 1 and 
defines the fit between observed and simulated values with an optimal 
value of 1 (Nash and Sutcliffe, 1970). Negative and positive values for 
the percentage bias (PBIAS) represent underestimation and over
estimation of the model, whereas a value of zero is the ideal condition 
(Moriasi et al., 2007). KGE incorporates the correlation coefficient (R), 
the bias and the similarity of observed and simulated standard deviation. 
Symbol μ is the average, CV the coefficient of variation, β is the bias and 
α is the ratio of simulated and observed standard variation (Dick et al., 

Fig. 2. The soil, land cover and permafrost distribution in the Yangtze River Source Region.  
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2015). A KGE value equal to 1 shows that simulated flows are identical 
to observed flows. The flowchart of SWAT model with permafrost set
tings is illustrated in Fig. 3. 

5. Results and discussion 

5.1. Simulated daily streamflow regimes 

The list of best-fit sensitive parameters along with optimal values can 
be found in Annexure-I. The objective function KGE was 0.81 for daily 
simulation in the calibration period (1985–2000) in Fig. 4 and 0.71 in 
the validation period (2001–2015) as shown in Fig. 5. The YaRSR 
streamflow is dominated by peak flows in the summer season due to 

snow melting in May and June and heavy precipitation in July and 
August. In winter, the streamflow is mainly determined by the decrease 
of base flow. The calibrated model strongly underestimated streamflow 
in 1990 (PBIAS = 19.71), while it overestimated streamflow in 1997 
(PBIAS = -59.96). The highest value of KGE (0.89) was found in 1989, 
where the model was underestimating medium flows (~1500–2000 m3/ 
s (Fig. 4). During the validation period (2001–2015), the overall model 
performance was good (KGE = 0.71 and PBIAS = -1.39). The model 
overestimated streamflow in 2002, 2008, and 2010–2014. The highest 
value of KGE (0.88) was found in 2007. The NSE and R2 values for the 
calibration and validation period are also in an acceptable range as 
defined by Moriasi et al. (2007). The statistics of the evaluation criteria 
for the entire calibration and validation periods are presented in Figs. 4 

Fig. 3. Flowchart of SWAT Model with permafrost settings.  

Fig. 4. Daily observed and simulated streamflow at Zhimenda hydrological station during the calibration period (1985–2000) in figure (a), Low flows and high flows 
are also given in sub-figure (b) and (c). 
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and 5 as well. The daily low flows are well captured by sensitive pa
rameters selected by SWAT-CUP during calibration and validation 
period; however, the selected parameters over/under-estimated the high 
flows. The surface flow is also accelerated due to increase in precipita
tion as well as melting of the snow simultaneously. Moreover, the high 
flows contributed to surface runoff while low flows mainly accelerated 
the groundwater and lateral flows due to introducing of impermeable 

layer at 2.1 m depth. 

5.2. Comparison between daily and monthly simulations 

Figs. 6 and 7 compares monthly observed and simulated hydro
graphs with daily observed and simulated hydrographs in the calibration 
period (1985–2000). The objective function KGE for monthly 

Fig. 5. Daily observed and simulated streamflow at Zhimenda hydrological station during the validation period (2001–2015) in figure (a), Low flows and high flows 
are also given in sub-figure (b) and (c). 

Fig. 6. Monthly observed and simulated streamflow at Zhimenda hydrological station during calibration period (1985–2000) in figure (a), low flows and high flows 
are also given in sub-figure (b) and (c). 
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simulations is 0.85, and PBIAS is 0.89 (Fig. 6). It shows that there is a 
small difference between observed and simulated monthly streamflow. 
NSE and R2 values are 0.80 and 0.84, respectively, for the entire cali
bration period (Fig. 6). The model well captured the low and peak flows 
throughout the calibration period, whereas some peaks were over
estimated (PBIAS negative), especially in 1997, where PBIAS was 
− 58.55. The highest KGE value (0.95) was found in 1992, followed by 
0.92 in 1989. The annual values of KGE and PBIAS are also presented in 

Fig. 5 for the calibration and validation period. Similar to Figs. 4 and 5, 
the monthly flows simulations were well captured for low flows as 
compared to high flows. 

Fig. 7 showed the validation period (2001–2015), the KGE value is 
0.71, with a minor overestimation of the model (PBIAS = -1.51). The 
values of NSE and R2 were also good, being 0.72 and 0.84, respectively. 
On annual basis, the highest overestimation was found in 2002 (PBIAS 
= -42.14), and the highest KGE value (0.92) was found in 2007 during 

Fig. 7. Monthly observed and simulated streamflow at Zhimenda hydrological station during validation period (2001–2015) in figure (a), low flows and high flows 
are also given in sub-figure (b) and (c). 

Fig. 8. The modeled daily water balance components including Surface Runoff (mm), Lateral flow (mm), and Groundwater flow (mm) for entire period (1985–2015) 
in YaRSR considering permafrost conditions. 
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the validation period. It can also be observed from Figs. 6 and 7 that the 
monthly simulations show overestimations and underestimations in the 
same years as the daily simulations, however, the values of PBIAS and 
KGE varied between daily and monthly simulations. This also shows the 
robustness of the SWAT model to well capture the hydrological 
modeling of cold regions. 

5.3. Water balance under permafrost conditions 

The SWAT model simulations from 1985 to 2015 were also carried 
out to estimate the water balance components under permafrost con
ditions. Fig. 8 shows the average daily (1985–2015) simulations of 
streamflow (QSIM), surface runoff (QSUR), groundwater flow (QGW), 
lateral flow (QLAT), average temperature, and precipitation for the entire 
YaRSR catchment. Fig. 5 is divided into five different parts based on the 
snowfall temperature (0.8℃) and the snowmelt temperature (4.88 ℃), 
two parameters of the SWAT model (see Appendix-I). The temperature is 
negative from the start of the year to 16th of April, leading to QSUR, QGW 
and QLAT values around zero. After this date, the temperature increases, 
resulting in the rise of QSUR while snowmelt starts to contribute to QSUR 
from 11th of May as the modeled snowmelt temperature is above 4.88 
℃. From May to September, snowmelt and precipitation contribute 
simultaneously to the streamflow. The QSUR is decreasing as the tem
perature starts to decrease (24th September) and becomes zero again on 
the 11th October. However, QLAT is higher in June and July due to 
permafrost thawing, while QGW is found higher in September and 
October. QSUR reaches its maximum contribution in the mid of July, 
while QLAT starts decreasing at the end of July. During this period, QSUR 
is still dominant as permafrost is not completely thawed. Though, QLAT 
and QGW are very limited due to the impervious layer (permafrost) 
settings in the SWAT model. After the 24th September, QLAT becomes 
zero due to the freezing of permafrost whereas there is very little amount 
of QGW. The latter also becomes zero as the soil freezes again. Mean
while, QSIM is also decreasing. Fig. 8 also illustrates that the permafrost 
behavior is well modeled in SWAT. The temperature is a key component 
driving the variations of the hydrological components with snowmelt 
and snowfall in permafrost environments. 

5.4. Discussion 

The permafrost hydrological modeling approach conducted in this 
study resulted in a very good representation of the water components in 
the YaRSR region. The simulated hydrographs are close to observations 
on a daily time step as well as on a monthly scale (Figs. 4 – 7). The daily 
simulated hydrograph shows that the streamflow is strongly dependent 
on the seasonal variation of precipitation and temperature (Ahmed 
et al., 2020b). The increasing limb of the hydrograph shows the melting 
of snow, the contribution of soil water, and permafrost thawing during 
the spring-summer season (Hülsmann et al., 2015; Woo et al., 2000). 
The permafrost layer well restricted the deep percolation of water, as 
Hülsmann et al. (2015) stated for the Khara River basin in Mongolia as 
well. The results of this study are consistent with the findings of Fabre 
et al. (2017) for an Arctic watershed using a similar approach in SWAT 
model. Fabre et al. (2017) also introduced an impermeable layer in the 
arctic watershed which shows the permafrost bottom and achieve the 
permafrost phenomenon in SWAT model settings. The snowmelt water 
does not simultaneously contribute to streamflow in permafrost envi
ronments. However, it contributed to surface runoff (Woo, 2012a). 

In SWAT, the soils are frozen, and there is no further penetration of 
frost into the ground, which ultimately results in the decrease of hy
draulic conductivity of soils. Consequently, the permafrost layer acts as 
an impermeable layer to limit the lateral and groundwater movement 
(Williams, 1970; Woo and Winter, 1993). The permafrost representation 
in the SWAT model was obtained by introducing an impermeable layer 
(i.e., the bottom of the permafrost layer) at 2.1 m, a value defined based 
on Zhao and Wu (2019). The SWAT model does not deal with the soil- 

heat transfer mechanism. Therefore, it is not possible to simulate the 
temporal and spatial variations of the permafrost active layer thickness. 

Moreover, SWAT has well proved to be applicable for an average 
permafrost layer to be modeled (Fabre et al., 2017; Hülsmann et al., 
2015). It is also clear from this study that the distribution of permafrost 
controls the hydrology of a river basin and the surface–subsurface water 
movement (Walvoord et al., 2012; Woo et al., 2008). This study is a new 
way forward and contribution to permafrost hydrological modeling 
studies. In this study, we have shown the behavior of water balance 
components on a daily time scale in this region, and we have provided 
detailed information on hydrological features. However, the SWAT 
model results can be compared to any other suitable model with mini
mum input data requirement. Moreover, the SWAT model can be 
upgraded to simulate the dynamic freezing/thawing of active layer 
thickness. 

6. Conclusion 

This study aimed to model the variations in water balance compo
nents in a river basin with permafrost coverage. model. The permeable 
layer was introduced into the SWAT model settings at a depth of 2.1 m 
which limits the sub-surface water movement. The snowfall and snow
melt temperatures of 0.8 ℃ and 4.88 ℃ were obtained from model 
simulations, respectively.. The conclusions are summarized as:  

▪ Surface Runoff (QSUR), Groundwater flow (QGW), and Lateral 
flow (QLAT) were zero until the snowmelt starts (11th of May).  

▪ The snowmelt contributes to the hydrological components from 
May to September simultaneously with precipitation.  

▪ The QSUR is dominant during the peak flow period. 
▪ Simulated discharge and QSUR start to decrease as the temper

ature decreases (24th of September).  
▪ Finally, QSUR becomes zero as the snow is stored on the land 

again (11th of October). 

This was the first effort in the Yangtze River Source Region (YaRSR) 
in the Third Polar Region to simulate the permafrost hydrology using the 
SWAT The above findings also depicts that the temperature is a key 
component driving the variations in hydrological components due to 
snowmelt and snowfall in permafrost environments. 

7. Limitations and uncertainties 

The major contingency of the method used in this study is the 
assumption that in-tractions among various factors were neglected. 
However, climate change and land-cover change can change the 
regional hydrology. Additionally, the choice of hydrological models, 
length of the data sets available, and hydro-meteorological data quality 
may also affect the results (Ahmed et al., 2022b). The SWAT model used 
in this study deals with the surface water hydrological interactions 
whereas the dynamic variations (thawing/freezing) of permafrost active 
layer thickness is not possible (Bui et al., 2020; Hu et al., 2021; Melaku 
et al., 2020). Therefore, we introduced the fixed layer of permafrost and 
this is the limitation of this study. However, this is a first step forward to 
simulate the SWAT model in this study area in context of permafrost 
which indeed will be a way-forward to further modified the SWAT 
model as well as subsurface hydrology of this region. 
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