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Abstract: Streamflow impacts water supply and flood protection. Snowmelt floods occur frequently,
especially in mountainous areas, and they pose serious threats to natural and socioeconomic sys-
tems. The current forecasting method relies on basic snowmelt accumulation and has geographic
limitations that restrict the accuracy and timeliness of flood simulation and prediction. In this study,
we clarified the precipitation types in two selected catchments by verifying accumulated and maxi-
mum temperatures’ influences on snow melting using a separation algorithm of rain and snow that
incorporates with the temperatures. The new snow-melting process utilizing the algorithm in the
soil and water assessment tool model (SWAT) was also developed by considering the temperatures.
The SWAT model was used to simulate flooding and snowmelt in the catchments. We found that
the contributions of snowmelt to the river flow were approximately 6% and 7% higher, according to
our model compared to the original model, for catchments A and B, respectively. After the model
improvement, the flood peaks increased by 49.42% and 43.87% in A and B, respectively. The contribu-
tions of snowmelt to stream flow increased by 24.26% and 31% for A and B, respectively. Generally,
the modifications improved the model accuracy, the accuracy of snowmelt’s contributions to runoff,
the accuracy of predicting flood peaks, the time precision, and the flood frequency simulations.

Keywords: Issyk-Kul; SWAT; accumulated temperature; snowmelt

1. Introduction

Water resources are essential for society’s long-term development, economic growth,
and ecological environment [1-4]. Large amounts of water are stored as snow and
glaciers [5,6], and this water can be discharged into catchments [7-9]. Approximately
one-sixth of the world’s population lives near rivers that originate from snowmelt [10],
which can occur in mountainous areas, even in otherwise arid regions. The melt water
is used for agricultural, industrial, and municipal purposes [11]; however, its availability
may alternate the water levels of lakes and cause floods that can pose serious threats to
natural and socioeconomic systems. According to recent statistics, mountain torrents were
responsible for approximately 70% of flood-related deaths [12,13], and associated disaster
losses accounted for more than 50% of the total deaths [14,15]. Frequent floods may pose
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a significant threat to certain populations, especially those in high-altitude areas, such as
Kyrgyzstan. Indeed, Kyrgyzstan is among the countries affected by such floods.

Kyrgyzstan is a Central Asian country with abundant underground and surface water
resources. Changes in the runoff and distribution of its sources, mainly rainfall, snowmelt
water, glaciers, and other tributaries, affect the water in Issyk-Kul, Kyrgyzstan’s large
endorheic lake [16]. The Issyk-Kul basin contains a number of streams. About 123 of them
are used for irrigation [17,18]. Water supply and flood protection are both impacted by
streamflow [19,20]. Furthermore, Issyk-Kul is fed by rivers, the majority of whose water
comes from snow and glaciers, which cover about 509 km? of the drainage basin and are
located at elevations of 3000 m a.s.l. and higher [21-23]. Precipitation increases from May to
August, corresponding with a seasonal increase in agricultural water demand [16]. During
the summer (June to September), rivers primarily fed by glacial meltwater experience
significant increases in runoff, resulting in floods during the “flood season” [5]. There are
four types of rivers. The majority of glacial-snow-type rivers flow into Issyk-Kul [24]. River
runoff’s shifting properties have long been focuses of hydrological and water resource
research [25]. Since Issyk-Kul’s rivers affect its water level, it is important to focus on the
sources of the rivers, especially the snowmelt.

Snowmelt runoff is a significant source of water and a substantial driving force for
catastrophic flooding in inland desert regions during the spring flood season, so it must
be carefully analyzed. To mitigate or minimize the tragedies and losses caused by floods,
it is vital to analyze the complete snow melting and flood process [26]. Many models
have been developed, including empirical models, conceptual models, physical models,
and distributed hydrological models with snowmelt modules [27-33]. Water balance is
calculated by analyzing evaporation during strong winds, low relative humidity, and low
temperatures [34]. More advanced models [35,36] were shown to be flawed when simulat-
ing runoff in snowmelt watersheds [37]. The soil water assessment tool (SWAT) [38—40] is
a distributed watershed hydrological model developed by the US Department of Agricul-
ture and relies on the Simulator for Water Resources in Rural Basins (SWRRB) model [41-44].
It has good precision when dealing with plains with abundant precipitation and flat terrain,
but it has relatively lower accuracy when dealing with mountainous areas with complex
terrains [37,45]. The model uses few parameters and little input data. For snow watersheds,
the model is used to evaluate dispersed snowmelt and runoff formation [46]. The degree-
day factor approach is used in the SWAT model to calculate snowmelt [35,47,48]. In this
approach, snowmelt is considered to occur when the average temperature on a given day
exceeds the snow-melting temperature threshold. However, the condition for snowmelt
is only the daily average temperature, thereby ignoring the influence of cumulative tem-
perature on energy accumulation [49]. Previous researchers, such as Meng et al., Yu et al.,
and Luo et al., attempted to use the SWAT model with the snowmelt module, but there
was confusion about how to distinguish precipitation types. Other studies failed to ac-
count for the conditions of mountainous regions, expended immense amounts of effort,
or relied on the standard degree-day factor system (which provides limited simulation
accuracy) [36,37,50]. Improvements to precipitation type recognition have been ignored
in related attempts to enhance snow-related models which omit the standard degree-day
factor technique. Therefore, based on recent analysis, the determination of precipitation
type was used in this study, and the classic degree-day factor approach was updated.
The goal of this research was to differentiate rain from snow in total precipitation by
adding accumulated temperature to the temperature condition. Thereby, the accuracy
of the original model was improved to raise its ability to determine precipitation type.
The temperature condition of the traditional degree-day factor method was improved by
adding an accumulated temperature judgment condition and modifying the parameter set.
This improved the simulation accuracy of the model [9,37] and improved the calculations
of snowmelt capacity and snowmelt’s contributions to runoff in the selected catchments
around Issyk-Kul.
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2. Study Area and Materials
2.1. Study Area

The Issyk-Kul basin is located on the northern slopes of the Tian-Shan Mountains in
Kyrgyzstan, which is part of arid Central Asia, between 42°250 N and 77°150 E (Figure 1), at
an altitude of 1606 m above sea level (a.s.l.) [51]. Issyk-Kul is the continent’s fourth-deepest
reservoir. It is an endogenous mountain lake (one of the world’s highest saline lakes). It is
Central Asia’s largest high-altitude lake [52]. It is surrounded by high mountains, such as
Teskey Ala-Too, a mountain range to the south with peaks exceeding 4808 m, and Kungey
Ala-Too, a mountain range to the north with peaks exceeding 4648 m. Its watershed covers
an area of 22,080 km?, and all major branches of Issyk-Kul originate from 834 glaciers with
a volume of 48 km? and a total glacial area of 650 km? [53,54].

T7°E 78°E 79°E

42°N
KYRGY%%I’AN
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Figure 1. Locations of the selected catchments around the Issyk-Kul basin and digital elevation levels.

One of Kyrgyzstan’s most densely populated areas is around Issyk-Kul. With an average
annual growth rate of 1.84%, the population of its Oblast increased from 177,300 in 1940
to 448,000 in 2012 [55]. The moderately warm climate of the Issyk-Kul basin is ideal for
cereals, crops, and gardening [16,56]. The average temperature in the basin is 19-20 °C
in July and 2-3 °C in January, and precipitation ranges from 12.3-35 mm per year [16].
Intensive agriculture has developed throughout the lake basin due to the basin’s unusually
mild climate [57-59]. Therefore, we selected two catchments in the Issyk-Kul basin, one in
the northwest (A) and the other in the south (B), with areas of 2153.46 km? and 2254.32 km?,
respectively. The aim of this study was to improve the modelling processes of the selected
catchments by incorporating accumulated temperature, allowing for better differentiation
of rain and snow in overall precipitation.

2.2. Data and Source

The hydrological model (SWAT) was built with the help of digital elevation models
(DEMs), land cover, soil classification, meteorological data, and precipitation type event
statistics. A DEM with a resolution of 30 m was downloaded from the Shuttle Radar
Topography Mission (SRTM); (http:/ /srtm.csi.cgiar.org/ (accessed on 22 January 2020)).
The visual interpretation of the Landsat 8 with 30-meter resolution remote sensing imagery
extracted from (https://www.usgs.gov/products/data-and-tools/real-time-data/remote-
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land-sensing-and-landsat (accessed on 30 December 2019)) provided land use data. The
Food and Agriculture Organization (FAO) and the International Institute for Applied Sys-
tems Analysis (IIASA) provided the soil data, which included a 1:100,000 soil type map and
information on related soil properties. Local Meteorological stations provided precipitation
type event statistics. The stations Balykchy and Tossor also provided daily maximum and
minimum temperature data (MAX.T and MIN.T, respectively), along with average daily
temperatures and precipitation data. The altitude, solar radiation, relative humidity, wind
speed, and wind direction data of catchments A and B were collected from the Meteorolog-
ical Service of Canada (MSC) https:/ /www.canada.ca/en/environment-climate-change/
services/climate-change/canadian-centre-climate-services/display-download.html (ac-
cessed on 3 February 2020). Model input data (snow cover) were provided by the MODIS
snow product MODA10A2.006, with data for 500 m, 8-day, and from 2015 to 2016. We
used the data to determine the corresponding temperature thresholds. The Kyrgyzstan
hydrological bureau provided daily discharge data from 2015 to 2016, which were used to
validate the model.

3. Methods

The daily accumulated temperature was calculated using the temperature integral
method. The accumulated temperature inflection points of the precipitation type and snow
melting were validated by remote sensing snow data. The traditional degree-day factor,
precipitation type determination, and accumulated and maximum temperatures for snow
melting were used in this study.

3.1. SWAT Model Definition

The SWAT model is a hydrological, physically-based, and distributed model [60,61]. It
uses the runoff curve number approach from the soil conservation service (SCS) to quantify
surface runoff and the degree-day factor method to measure snowmelt runoff. The model
simulates snowmelt runoff, surface runoff [39,62,63]. The average runoff for the whole

watershed is calculated using the hydrological model [37,64]. The water balance equation
for the SWAT model is the following;:

swi = swo + 2 _; (Nday — Qsurf — Ea — Rseep — Qgw) 1)

The final soil water content is denoted by sw; (mm H,O), swy is the soil water content
on day i (mm H;O), tis the time (days), Nday is the amount of precipitation on day n (mm
H,0O), Qsurf is the amount of surface runoff on day n (mm H,O), the initial soil water
content is swy, Ea is the quantity of evapotranspiration on day n (mm H;O), Rseep is the
amount of water from the soil profile that enters the vadose region on day n (mm H,0),
and Qgw is the groundwater recharge (water that is not consumed by evapotranspiration)
on day n (mm H,O).

3.2. Snow Cover in the SWAT Model

The mean daily air temperature is used in the SWAT model to classify precipitation as
rain or freezing rain/snow. The boundary temperature, ks_,, is set by the user and is used
to classify precipitation as rain or snow. The mass balance of the snow pack is as follows:

SNO; = SNO; 1 + Rday,- - Esub,- - SNOmlt,- (2)

where SNO; and SNO;_; are the water content of the snow pack on the current day (i)
and previous day (i — 1), respectively (mm Hy0), R4, is the amount of precipitation on

a given day (added only if kyy < k (mm Hy0)), Egyp, is the amount of sublimation on
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a given day (mm H,O), and SNO,,;;;, is the amount of snowmelt on a given day (mm HO).
The equation for the areal depletion curve is

SNOuyp = SNO ( SNO

+ exp | covi — cov ﬂ o 3)
SNO1g0 \ SNO1qo P ! 2" SNOigo

where SNOyy is the fraction of the HRU area covered by snow, SNO is the water content
of the snow pack on the current day (mm H,O), SNO;(y is the threshold depth of snow
at 100% coverage (mm H,O), and cov; and cov; are coefficients that define the shape of
the curve.

3.3. The Original Degree-Day Factor Algorithm

The snowmelt in the SWAT model is important, as is the source of water during the
alpine spring [65,66]. The snowmelt runoff temperature threshold is obtained from the
snow cover state and the temperature threshold of the snowmelt runoff [67]. The melting
snow equation is given below.

Ksnow + Kmx

SNOy1t = ¥, - SNOcov >

— Kot 4

The total snowmelt on a given day (mm H,O) is represented by SNO,,;. y,,,;; stands for
the day’s melt factor (mm H,O/°C day~!). The fraction of the HRU region is represented
by Snocov. Ksnow represents the temperature of the snow pack. Ky is the highest air
temperature on a given day (°C), and K,,;;; is the base temperature threshold (°C) for snow
being able to melt. On a daily basis, the classical degree-day model links ice or snowmelt
(mm) to air temperature [68]:

M — { - (Kav - Kgmlt), when Kay > Kot 5)

0, otherwise

where M is the melt rate, r (mm day’1 °C) is the degree-day factor for snowmelt, K,y (°C) is
the average air temperature of a given day, and Kgp; is the snowmelt base temperature in
°C. The degree-day factor for snowmelt is calculated in the SWAT model with a sinusoidal
function to simulate the seasonal shift pattern [69]. The temperature of the snow pack is:

I<snowp = Ksnowp,l : (1 - (Xsno) + Kav + %sno (6)

Ksnowp is the temperature (°C) of the snow pack on a given day. aspo is the snow
temperature (°C), which takes into account the previous day’s snow pack temperature.
Kav is the average air temperature (°C) on the current day. xno is used to represent the
influence of linkages among factors affecting snow pack temperature. vy, ;, is the melt
factor, which incorporates the seasonal alterations in maximum and minimum temperature
values that happen during dry and wet periods, respectively. The snow /ice melt factor is
calculated using sinusoidal interpolation in some snow /ice melt-runoff models [70]. The
degree-day factor for snowmelt is expressed as follows:

_ Yutte T Ymiri2 | Ymite ~ Ymiriz (270

wherey, ;o (mm H,O day_1 °C~1) is the melt factor for 21 June, Y12 (mm HyO day~! °c 1
is the melt factor for 21 December, and p denotes the number of days in a year. The model
divides any sub-basin into several elevation zones [71].
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3.4. Model Modifications: Accumulated Temperature and Differentiation of Snowfall and Rainfall

Previous studies, such as [66—69], revealed that the accumulated temperature can only
affect the form of precipitation and the determination of snow melting when the minimum
air temperature is above 0 °C. The melt factor is calculated using the following equation:

T= (Tmax - Tmin) sint+T,,,,0<t<n 8)

T denotes the temperature at any given time of day; T,y and T,,;, are the highest
and lowest temperatures ever recorded in a single day, respectively; and t is the value of
the arc in a single moment. The equation used to calculate the accumulated temperature
when the maximum daily air temperature is greater than 0 °C and the minimum daily air
temperature is less than 0 °C is as follows:

fon (Trmax — Tonin) sint+Tpindu, u € (0, 71)

min Timax—Tin Toax—Tmin

-1 ~ “min
m—sin™ (g, ) . . B . T, 9
) e min T e sinudu, u € (sm 1(7T’”1” )),77— sin 1(71””’ ) ©)

)

min

max — Lmin

The sin ™! (%) and 7t — sin~! ({%) represent Radian values when the
temperature is 0 °C. The determination of precipitation type and snowmelt calculations are
primarily based on the maximum temperature on a given day, the average temperature on
that same day, and the set threshold value, while neglecting the accumulated temperature as
an important factor affecting both the precipitation type and the snowmelt process [72,73].

Our modified method of snow melting is mentioned in segments (for the original
model, see Figure 2). The modifications were added to distinguish between snow and
rain. The modified model requires spatial and weather data, and the types of precipitation
are determined by applying accumulated and maximum temperatures to HRUs. If the
temperature requirement for rainfall is reached, the precipitation is classed as rainfall, and
the contribution of rainfall to river flow is estimated using processes from the original
model. Snow can melt when accumulated and maximum temperatures fulfill the prescribed
conditions at the same time. The snow pack is formed when there is no release of snowfall
and snowfall accumulates. If the type of precipitation is found to be snowfall, snowfall
is added to the snow pack. When snow-melting conditions are satisfied, the amount of
snow melting and its contribution to river runoff are both measured at the same time;
otherwise, there is no snowmelt. In other words, the degree-day factor has been corrected,
as snowmelt conditions are calculated by adding accumulated and maximum temperatures,
and the model was also improved by making it ignore non-melt periods.

3.5. Comparison of Snow Pack Area and Temperature for the Selected Catchments

Analysis of the temperatures (maximum/accumulated) and remotely sensed snow
packing of A and B catchments in 2015 was conducted (Figure 3). The eight-day range was
the time taken for the snow pack measurements. The two arrows in Figure 3 indicate how
the snow area’s turning points change throughout the year. For catchments A and B, the
snow pack areas at the turning points from left to right were 1853.68 and 1200 km? and
2053.68 and 2164.76 km?, respectively. For A, the first arrow was between May and June.
The snow pack areas of both catchments began to decrease then. The snow-melting process
started at this point denoted by the red arrow while the inflection point, which is the
second turning point, started in early November. As the time between the first arrow (on
the left) and the second arrow (on the right) contained temperatures that fit the conditions
for rainfall, the snow pack obviously decreased, and the precipitation took the form of
rain. When there was precipitation on a given day, the measured temperature conditions
were compared to the values we were given. The daily average values of temperatures
(maximum/accumulated) were used to determine the temperature conditions for snowfall
during this time. Since the snow pack area increased as time approached the right arrow,
for both catchments, snowfall clearly occurred (A and B).
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Figure 3. Relationship between snow pack and temperatures (accumulated and maximum) for
catchments A (A) and B (B) in 2015. The red arrows on catchment A and B represent the 2 inflection
points of the snow area change during the year.

3.6. Calibration and Validation

To improve the model’s simulation accuracy, the optimal parameter set was deter-
mined using parameter calibration. The study period was divided into three sections:
warm-up period (2013-2014), calibration period (2015), and validation period (2016). The
objective function was used to calibrate the simulated daily streamflow based on observa-
tions made at the Balykchy and Tossor stations, depending on the catchment’s location.
The simulated results were evaluated using three statistical coefficients indices: the Nash-
Sutcliffe efficiency (NSE) [74], goodness of fit (R?), and percent bias (PBIAS) [75]. The NSE
is a metric that indicates how well the simulated and measured values match. The result
is acceptable if the NSE value is between 0 and 1. The model’s performance is defined as
“very good”, “good”, “satisfactory”, or “unsatisfactory” [75]. The NSE is calculated using
the following formula:

Z?:l (Qobs,i - Qsim,i)2

NSE =1 — il
Y1 (Qobs,i — Qsim,i)

;—c0 < NSE < 1 (10)

The correlation between the simulated and measured values is expressed as R?. It is
calculated using the following formula:

R? — 1 [ (Qsim,i — Qsim,i) (Qobs,i — Qows,i) | ?
\/ 1 (Qsimi — Qsim,i)zz?zl (Qobs,i — Qobs,i)z

The PBIAS value measures the average tendency of the simulated results to be higher
or lower than the observations. The PBIAS is calculated using the following equation:

Yt Qsimyi — Limq Qobs,i)
Z?:l Qobs,i

(11)

(12)

PBIAS = (

where Qg ; is the measured discharge on the ith day (m3-s71); Qsim,i is the simulated
discharge on the ith day (m3.s71); Qsim,i and Qs ; are the average simulated and measured
discharges during the simulation period (m3-s~!), respectively; and n is the total number
of daily flow observations.
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4. Results
4.1. Rain and Snow Temperature Differences

Due to the sizes of the watersheds, temperature data from two corresponding sta-
tions could represent the temperature situation of the entire catchment (2153.46 km? and
2254.32 km?). The temperature conditions in relation to rainfall and snowfall for the years
2015-2016 have been measured (Table 1). It is clear that rainfall occurs when ACCT reaches
40.59 or 31.97 °C with a MAXT of 16.18 or 13.095 °C for A and B, respectively. Snowfall
occurs when ACCT is lower than 31.97 or 26.80 °C with a MAXT of 16.93 or 13.1 °C for A
and B, respectively. During snowfall events on catchment A, the ACCT and MAXT cannot
exceed 31.9 and 16.93 °C, respectively, and on catchment B, the ACCT and MAXT cannot
exceed 26.805 and 13.1 °C, respectively. The two catchments experience differences in
temperature conditions. The temperatures were higher in the northern catchment (A) than
in the southern catchment (B). Catchments A and B are located in high mountains, Kungey
Ala-Too and Teskey Ala-Too, at 3798 and 4762 m, respectively [76]. The temperatures
of snowfall in high mountains are lower than those in low mountains [39,77]. From the
Balykchy and Tossor stations, the different precipitation events were corrected. Using prob-
ability statistics for different precipitation type events at the two stations was considered
to indicate the conditions of temperature linked to the precipitation events. Measured
temperature conditions, all precipitation types, and simulated temperature conditions were
compared. For the correct precipitation type, the temperature conditions needed to be
the same. The proportion of the precipitation events that met that condition was used
to show the accuracy. The accuracies were 79.45% and 84% for both catchments, given
measurements from Balykchy and Tossor stations, respectively.

Table 1. The temperature (°C) conditions of rain and snow in the study area. ACC.T means accumulated temperature and
MAX.T means maximum temperature. Balykchy: 42.46 lat, 76.19 long; Tossor: 42.17 lat, 77.44 long.

Location A B
Average Temperature for Rainfall Temperature for Snowfall Temperature for Rainfall Temperature for Snowfall
ACC.T MAX.T ACC.T MAX.T ACC.T MAX.T ACC.T MAX.T
2015 39.12 16.42 28.51 14.84 2791 11.94 29.4 125
2016 42.06 15.94 35.43 19.02 36.12 14.25 2421 13.7
Average 40.59 16.18 31.97 16.93 32.01 13.09 26.80 13.1
Sensitivity Analysis

The parameter sensitivity analysis for the original and updated SWAT models in SWAT-
CUP, a SWAT model extension, is summarized in Table 2. SNO_SUB represents initial snow
water content (mm H,0O), SNOCOVMX stands for minimum snow water content equal to
100% snow cover (mm), SOL_AWC is the soil evaporation compensation factor, SMFMX
means melt factor for snow on June 21 (mm H,O/°C-day), and ESCO stands for the soil
evaporation compensation factor. When comparing the performance of the model before
and after adjustment, the model was found to be less effective before adjustment. The
original model’s p-values for catchments A and B were 0.03-0.85 and 0.81-0.08, respectively.
The updated model’s p-values were 0.57-0.95 and 0.51-0.96, respectively.

Table 2. Parameter sensitivity analysis of the model for the chosen catchments.

A B
Before Modification After Modification Before Modification After Modification
No Parameter T-Test  p-Value Parameter T-Test  p-Value Parameter T-Test  p-Value Parameter T-Test  p-Value
1 SMTMP 0.05 0.85 SMTMP 0.04 0.95 SNO_SUB 0.24 0.81 SMTMP_accu 0.04 0.96
2 SNO_SUB —0.08 0.81 TLAPS 0.04 0.94 SMTMP —0.68 0.79 TLAPS 0.04 0.94
3 TLAPS -0.32 0.75 SMTMP_accu —0.1 0.90 SFTMP —0.33 0.71 SFTMP _accu -0.1 0.92
4 SNOCOVMX —0.34 0.69 SFTMP _accu 0.14 0.89 SMFMX —0.44 0.69 SNO_SUB —0.15 0.87
5 SFTMP -0.37 0.61 SFTMP 0.20 0.85 TLAPS —0.47 0.61 PLAPS 0.20 0.86
6 SMEMX 0.50 0.59 SNO_SUB 0.24 0.80 SOL_AWC 0.48 0.58 SFTMP 0.24 0.81
7 PLAPS —0.49 0.57 PLAPS 0.33 0.75 PLAPS —0.58 0.57 SMTMP 0.33 0.79
8 SOL_AWC 0.83 0.41 SNOCOVMX 0.60 0.63 SNOCOVMX 0.61 0.40 SNOCOVMX 0. 0.71
9 ESCO 2.78 0.39 SMEFMX 0.68 0.60 SMEMX 1.58 0.29 SMFMX 0.75 0.69
10 SMFMN —0.79 0.03 SMFMN 0.77 0.57 SMFMN —0.80 0.08 SMFMN 0.80 0.51
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4.2. Best Parameter Set

The parameters adjusted in the snow-melting route were analyzed (Table 3). The
ACCT thresholds for rainfall during model calibration (in 2015) were 39.12 and 27.91 °C
for A and B, respectively. The ACCT thresholds for snowmelt were 28.51 and 29.4 °C for
A and B, respectively. The parameters were set to different values during the calibration
process. Some parameters, such as groundwater and soil, were omitted because they
played a minor role in model calibration. The temperature of snow melting was one of the
most important parameters.

Table 3. List of important parameters adjusted during calibration.

CB CA

Parameter Description Unit CV(A) CV(B) Cv(A) CV(B)
Snowfall temperature (SFTMP) °C 3.67 45 3.89 4.68
Snowfall (SFTMP_accu) °C 31.97 25.6 31.8 255
Snowmelt base temperature (SMTMP) °C 242 3.8 2.69 3.89
Snowmelt base (SMTMP_accu) °C 28.51 294 28.39 28.9
Melt factor for snow on 21 June (SMFMX) mmH,0/°C-day 6.87 293 6.81 2.83
Melt factor for snow on 21 December (SMFMN) mmH,0/°C-day 9.76 5.62 9.77 5.61
Temperature lapse rate (TPLAS) °C.km™! —7.46 2.32 —7.44 2.33

Precipitation lapse rate (PLAPS) mm.km~! 24 21 25 22

CB: Calibration before modification, CA: Calibration after modification CV (A): Calibrated values (A), CV (B): Calibrated values (B).

4.3. SWAT Model Performance

The statistical coefficients (NSE, R?, and PBIAS) were determined and used to indicate
the accuracy of the model (during calibration and validation) by comparing the observed
and simulated daily streamflow of the catchments before and after modifying the model
(Tables 4 and 5). The simulation period was from 2013 to 2016; the warmup period was from
2013 to 2014; and the calibration and validation periods were 2015 and 2016, respectively.
The periods were chosen based on observation discharge data.

Table 4. Statistical coefficients calculated to verify the model’s accuracy for the catchment A.

Before Modification After Modification
NSE R? PBIAS (%) NSE R? PBIAS (%)
Calibration 0.72 0.73 2.56 0.80 0.84 1.51
Validation 0.67 0.69 1.24 0.79 0.79 —2.2
Overall 0.64 0.72 5.75 0.75 0.87 4.31

After model modification, there was improvement of the statistical values, which
were used to verify the accuracy of the model for the catchments (Tables 4 and 5). Overall,
differentiation of snowfall and rainfall, along with the modified degree-day factor, may
cause PBIAS to increase or decrease [37]. The statistical values improved significantly after
the model was updated. As a result, it should be stated that modifications made to the
SWAT model improved its performance. In general, the SWAT model was upgraded due
to the enhancement of the snowmelt module.

Table 5. Statistical coefficients calculated to verify the model’s accuracy for the catchment B.

Before Modification After Modification
NSE R? PBIAS (%) NSE R? PBIAS (%)
Calibration 0.69 0.74 4.71 0.75 0.75 3.79
Validation 0.73 0.73 1.02 0.79 0.81 0.94

Overall 0.61 0.75 6.5 0.69 0.86 497
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4.3.1. Stream Flow in the Catchments

For both catchments (A and B), a comparison of observed and simulated discharges
before and after model adjustment was conducted (Figure 4). During the winter months
(October to March), the mean observed daily discharges for catchments A and B were
2.2 and 1.91 m3-s~ 1, respectively. The simulated discharges before model modification
were 1.89 and 2.4 m3-s~! for catchments A and B, respectively; and after model modifi-
cation, they were 4.3 and 3.9 m3-s~ L. Before, the model underestimated the peaks. After
model modifications, some peaks were overestimated, and others remained unchanged,
especially during the snowmelt periods (April to September) during the calibration and
validation periods. The mean observed daily discharges for catchments A and B were 12.3
and 11.34 m3-s~!, respectively, and the mean simulated discharges before and after model
modification were 10.23 and 14.13 m3-s~! for catchment A and 11.67 and 13.43 m3-s~! for
catchment B during these seasons. In general, the model’s simulated discharge was closer
to the observed discharge before modification. After modification, the model estimated
more flood peaks compared to the peaks estimated before modification (Figure 4), which
could indicate the likelihood of flood occurrence due to snow in high mountains causing
flooding. The shifting time of peak appearing time (S.T) and error of peak flood (E.F: be-
tween observed and simulated discharges during calibration and validation periods) were
calculated. The maximum value of the peak flood appeared in July for both catchments.
The S.T values were 2.14 and 0.95-1 days for A and B, respectively; E.F accounted for —2.12
and —0.39% for A and B, respectively. This is consistent with the findings of [37,78], who
also stated that, occasionally, there is a “one peak, one day” flood phenomenon, which
helps peak selection analysis. During calibration and validation, the arrangement of the
16 high peaks for each catchment was analyzed. The average peak flows after model
modification in catchments A and B were 12 and 10% higher than the average of peak flows
before model modification. It is indicated by the peaks provided in different colors for
the simulated, observed, and modified discharge (Figure 4). This made the peaks become
closer to their corresponding observation discharges. This suggests that upgrading the
snowmelt module can result in more accurate model simulations, which is indicated by
statistical values (Tables 4 and 5).

4.3.2. Accumulation Temperature and Snowmelt

The degree-day factor method engaged in SWAT is an important approach for calcu-
lating snow and ice melt [79,80]. A comparison of daily snowmelt before and after model
modification was conducted (Figure 5). This snowmelt stream flow simulation approach
matches the characteristics of the snowmelt floods in the watersheds surrounding the
Issyk-Kul Lake. The daily average snowmelt amounts for catchments A and B were 43.01
and 46.14 mm, respectively, and after model modification, they were 37.36 and 45.20 mm
reductions of 13.12 and 2.03%. However, prior to model modification, the amount of
snowmelt by considering flood peaks were 122.45 and 134.27 mm for A and B, respectively.
After model improvement, the snowmelt amounts for A and B were 129.8 and 143.67 mm,
respectively. After modifying the model, the increases were about 6 and 7% for A and B,
respectively. These results revealed that the simulated snowmelts were significantly higher
in the spring and summer when using the modified model (high frequency in spring).
Snowmelt is obviously more pronounced in high mountains with snow and ice, causing
floods; similar findings have been found by [16] and in neighboring regions [37]. Some
exceptions, such as snowmelt obtained using the original model, were neglected. Before
the modifications, runoff contributed 45.3 and 40.67% to catchments A and B, respectively,
which then became 56.29 and 53.26% for A and B.

The relationship between the amount of eight-day snowmelt and the snow cover
during melting periods was investigated. The model’s rationality before and after mod-
ification and snowmelt calculations were revealed too (Figure 6). For all catchments in
August, the volume of snowmelt calculated after modification showed an increasing trend
that tended towards strong matching of the peaks, whereas before modification, there
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was a decreasing trend. In general, the snow cover decreased in summer, owing to the
high temperatures. As indicated by the peaks that form a circle for a few days, the snow
cover can increase for a short period of time, which corresponds to a rapid decrease and
then increase in temperature. According to the findings, the model’s performance after
modification was better. This is also indicated by how the modified model’s trend was an
increasing one, whereas the original model’s trend decreased in Figure 6, more especially
in August. Sudden changes in a short period of time, according to [81], can result in intense
runoff, which can cause flooding. The modified model revealed the characteristics of floods
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Figure 5. Amounts of snowmelt calculated by the model before and after modification during
calibration (2015) and validation (2016). Catchment A (A) and catchment B (B).
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Figure 6. Amount of eight-day snowmelt during the snowmelt season calculated by the modi-
fied model, compared with the snow cover area from the original model. Catchment A (A) and

catchment B (B).

The relationships between ACCT and MAXT and monthly snow melting during the
calibration (2015) and verification periods (2016) are presented in Figure 7. When the
accumulated temperature in the selected catchments reaches 10 °C, the snow melts. The
crosses denote non-melting months; normally, there is no snowmelt from November to
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February. Prior to the introduction of the degree-day though, the model indicated some
amount of snowmelt in the non-melting months; however, after modification, there was
no snowmelt found in those months, making snowmelt more accurate and reasonable.
The cumulative temperature threshold of snow melting was reached between January and
March in 2016 and November and December of the same year.
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Figure 7. Comparison of accumulated temperature (ACCT), monthly snowmelt before and after
modification, and maximum temperature (MAXT) during calibration (2015) and verification (2016)
periods. Catchment A (A) and catchment B (B). The crosses denote non-melting months. The red
dummy line represents the amount of accumulated temperature at which snow melt will start.

4.4. Land Surface and Air Temperatures
Simulation of Snow Cover Area

To validate the modeled snow cover, simulated results of snow cover area and data
of MODIS (Figure 8) were compared during the calibration and verification periods, 2015
and 2016, respectively. During the calibration period, the snow cover area reached a lower
value in summer and the MODIS data overestimated the value in later and earlier spring
for catchments A and B, respectively. In general, in spring and summer during calibration
and validation, the snow cover area tended to decrease, and in non-melting periods, the
area increased.
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Figure 8. Comparison between (A) eight-day simulated snow cover area and MODIS data during model calibration and
(B) validation periods for catchments.

The results of a linear regression analysis of the relationship between snowmelt and
ACCT are presented in Figure 9. Snow is sensitive to temperature, and snow accumulation
in the area is concentrated in the high-altitude regions [82]. On the surface of snow cover,
the temperature drives the melting process. The modified model performed better with
R? = 0.762 and 0.757 for A and B, respectively. However, after the model was modified, the
correction was relatively low, with R? = 0.506 and 0.515 for A and B, respectively. Based on
our results, it can be concluded that modifying the SWAT model, particularly using the
degree-day factor method, is highly effective for snowmelt analysis and prediction.

The average monthly land surface temperatures (LST) of MODIS were calculated and
compared to air temperatures of the SWAT model from 2015 to 2016. To validate the air
temperatures used in the model, the land surface temperatures within elevation bands
of the whole catchments were calculated and were compared with the air temperatures.
The R? values were 0.85 and 0.83 for A and B catchments, respectively, (Figure 10). These
statistical values indicate that the used air temperature in the model was sufficient for the
simulations. Furthermore, a comparison between discharge and accumulated temperature
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has been undertaken to better understand the relationship between the two (Figure 11).
The findings demonstrated that as the accumulated temperature rises in the spring and
summer, so does the overall discharge.
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Figure 9. Correlations between monthly snow melting and accumulation temperature before and after model modification
for catchments A and B. Catchment A (A) and catchment B (B).
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5. Discussion

This study proposed a method for estimating the snowmelt degree-day factor based
on MODIS snow cover data. In the selected catchments, the spatial distribution of
the degree-day factor method was estimated and attributed to the interactions of cli-
mate conditions, topography, and vegetation. The estimated degree-day factor values
were 4.7 and 4.3 mmH,/°C for A and B, respectively, which are within the ranges of
3.1-5.9 mmH,/°C [43] and 4.3-5 mmH,/°C [83]. These values are also close to the range
of 5.0-11.6 mmH,/°C found by studies in the Himalayas [3,4]. The simulations using
the modified degree-day factor method on runoff in terms of discharge and volume of
snowmelt are more plausible than the original model, pre-modification. They were influ-
enced by a variety of hydrological processes, along with the interactions of the hydrological
model parameters [84]. The SWAT model ignores the possibility of snowfall and calcu-
lates precipitation as rain [85]. This may reduce snowmelt runoff and increase rainfall.
The modeling scale can have a significant influence on the simulations, considering the
spatial resolution of MODIS data for precipitation and temperature [86]. The temperature
threshold values determine the occurrence of snowmelt in mountain basins. This is in line
with the study by [87], who stated that the accumulation temperature is the driving force
for triggering the snowmelt. The results revealed that the temperature threshold of the
catchment located in the northwest of Issyk-Kul was 4.89% higher than the threshold of
the catchment located in the south of the lake, due to elevation differences, topography,
and water vapor conditions; this is consistent with [37]. The lower the elevation, the
more accurate the rain and snow estimations [88]. Changes in climate conditions in high
mountains affect the correctness. In the SWAT model, the daily maximum and minimum
temperatures are used, but there is a difference between land surface temperature and air
temperature [89]. Temperature variations in a single day can be classified into three main
parts: the maximum daily temperature is below 0 °C; the maximum daily temperature
is above 0 °C, but the minimum daily temperature is less than 0 °C; and the minimum
daily temperature is greater than 0 °C [90]. It is preferable to use land surface temper-
ature to calculate snowmelt [91,92]. In this context, for this study, the differences in air
and ground temperatures were taken into account [37]. When observations of precipi-
tation are corrected from meteorological stations, the precipitation types are always the
same [93], except that the temperature threshold is set to determine the precipitation type
when passing observation values into the SWAT model [94,95]. The catchment’s area is
enough for their components to be verified. The accumulated and maximum temperatures
were improved, and then the snow and rain accuracies were verified, as part of a model
modification process, to improve its performance. Furthermore, the optimal accumulated
and maximum temperatures were achieved, and the accuracies of precipitation type and
snowmelt measurements were modified. The use of average temperature as a criterion for
snowmelt has an impact on snowmelt volume computation [37,96]. The process of surface
temperature accumulation can then be well represented, improving calculation accuracy, by
using both the accumulated and maximum temperatures in the snow-melting calculation.

5.1. Model Performance

The statistical coefficients before and after model modification were calculated
(Tables 4 and 5). For all catchments, the simulation results obtained after modification
were better than before. The PBIAS values from verification using the modified model
were better than that of the model before (Tables 4 and 5). The temperatures in Issyk-Kul’s
northern and southern catchments begin to rise in early April, snow begins to melt into
stream flow, and the water levels in the catchments begin to rise rapidly [25], eventually
leading to floods [97-99]. Our results showed that the participation of snowmelt from
October to March was limited to the modified degree-day method, which increased from
April to September. In fact, the method brought the observed discharge closer to the
simulated values (Figure 2). During simulations, the differentiation between rain and snow
in terms of precipitation for all catchments increased snowmelt and decreased rainfall in
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proportion to runoff, which matches our findings from a simulation conducted in the Xin-
jlang region’s Kunlun Mountains [40]. Rainfall in the catchments is scarce, and the increase
in the runoff from April to September is due to snowmelt, as described by [16,48]. Flooding
was predicted by the modified model to occur during the spring. The temperature, which
causes snow to melt, increases in summer [100]. To evaluate the discharge, the shifting
time of peak appearing time and the error of peak flood were considered. Most of the high
peaks occurred during spring and winter.

The modified model performed better than the original model; the peaks of flood
flow increased, bringing the discharge closer to the measured values. The northwestern
catchment of Issyk-Kul indicated lower discharge compared to the southern catchment for
the study period, probably due to differences in location, elevation, and catchment area.
For catchment A, the average daily flow in 2015 was 25.72 m3-s~1, which was lower than
35.12m3-s~ ! in 2016. In 2015, the average daily flow into catchment B was 39.04 m3-s~!,
which was lower than 41.83 m3-s~! in 2016. These differences could be due to both climate
change and human activities [16]. Furthermore, variations in runoff in catchments are
primarily caused by changes in climate [76]. The contributions of snowmelt to the water
flow were approximately 6 and 7% greater for catchments A and B, respectively, according
to the modified model compared to the original model. The Sequential Uncertainty Fitting
(SUFI-2) algorithm [101] considers uncertainties in observation data, parameters, model
structure, and input data. After consideration, the algorithm determines the impacts
of the parameters and puts them in ranges. The sensitivity parameters were ranked
before and after modification for both models. To improve the model’s performance, the
parameters related to snowmelt were modified. In the traditional and modified models,
the parameters of snowmelt base temperature SMTMP for catchment A, initial snow water
content (mm H,O) (SNO_SUB) for catchment B, (SMTMP_accu) for catchment A, and
snowmelt base temperature (SMTMP_accu) for catchment B showed strong sensitivity.
Before and after model modification, the parameter of melt factor for snow on December 21
(SMFMN) showed a low sensitivity for both catchments. Because of differences in input
data, the snowmelt module in the modified model of catchment A performed better than
the modified model for catchment B. Generally, the entire snowmelt module in both selected
catchments’ original models indicated a low response during the calibration process. Thus,
model modification for the snowmelt module improved the model’s results by increasing
accuracy and reliability.

5.2. Accumulation Temperature and Snowmelt

The precipitation within the HRU is labeled as snow if the mean daily air temperature
falls below the boundary temperature and the snow equivalent is applied to the snow pack.
When snowfall accumulates on the ground surface, it forms a snow pack. The amount of
water contained in the snow pack is measured in snow water equivalents. Additionally,
snowfall will increase the snow pack, whereas snowmelt or sublimation will reduce it.
During simulation, the traditional degree-day factor method only uses average temperature
in calculations [99], but after adding accumulation temperature, the model performed better
in melt seasons simulations. The temperatures were higher in the northern catchment (A)
than in the southern catchment (B). This is due to altitude differences and the wet air from
Issyk-Kul. The increase in elevation causes air pressure to decrease; hence, air molecules
are further apart, causing the temperature decreases [1-3]. The snow melts when certain
accumulated and maximum temperatures are reached, which can happen in a single day.
The modified model simulated more flood peaks in the simultaneous snowmelt floods
and rainfall floods that occur during melting seasons. The accumulated threshold for
all catchments was 10 °C (Figure 7), which improved the snowmelt calculations. There
was some inconsistency between the simulated discharge before the model modification
during melt seasons and non-melt seasons for all catchments, but the model modification
eliminated the errors. After model modification, the results showed higher snowmelt peaks
during snowmelt seasons (summer), and the amount of snowmelt was increased for all
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catchments (Figure 5). This means that upgrading the snow melt module led to an increase
in the amount of snowmelt, which shows that the model made a significant improvement
after the modifications. Our results look quite similar to the results obtained by [37].

6. Conclusions

In this study, a new algorithm was used to calculate snowmelt in the catchments
around Issyk-Kul in SWAT. The model was able to simulate the discharge and snowmelt. It
needs to be calibrated and validated. The existence of the degree-day factor method and
the precipitation type differentiation in the model were highlighted. The modifications
seemed to improve the snowmelt module of the model. Through the improvement of the
module, the sensitivity of the snowmelt-related parameters was been greatly improved. To
improve the accuracy of the original model, the accumulation of temperature conditions
was determined. During the calibration process, the modified model was used to calculate
the discharges in the catchments. Through model modification, the degree day factor
method calculated snow melt, and the snow-related parameters were calibrated manually;
the statistical values such as NSE and R? were improved. The NSE increased from 0.72 to
0.80 and from 0.69 to 0.75 for catchments A and B, respectively. R? increased from 0.73 to
0.84 and from 0.74 to 0.75 for A and B, respectively (Tables 4 and 5). The shifting times
were 2.14 and 0.95-1 days for A and B, respectively. Errors of peaks accounted for —2.12
and —0.39% for A and B, respectively. These results indicated that the model was good
enough to simulate the discharge. After modifying the model, the flood peaks increased
for A and B by 49.42 and 43.87%, respectively, bringing them closer to the reality of the
observation discharge. This was more consistent with the characteristics of floods caused
by snowmelt in the catchments around Issyk-Kul. The contributions of snowmelt to stream
flow increased by 24.26 and 31% for A and B, respectively. Therefore, it is possible to
limit snowmelt to reasonable times of the year by improving the traditional degree-day
factor method with the addition of accumulated temperature conditions, while avoiding
non-melting seasons. Finally, when using the model for mountainous regions, it is best to
improve the degree-day factor method to improve accuracy. Differentiating precipitation
and flood types may provide reliable information for flood forecasting, allowing for the
identification of hazards and appropriate adaptive measures.
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