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The article presents the results of modeling of snow water equivalent using the V03
module of the MODSNOW model, based on the empirical modeling method, for the
territory of the Esil water management basin for 1980...2021 periods. The multi-year
period was divided into two equal parts: 1980...1999 for model calibration, 2000...2021
for model validation. For this purpose, 20 meteorological stations located in the section of
the water management basin, which have continuous input daily data of average daily air
temperature, precipitation, snow cover height and ten-day data of snow water equivalent,
were selected. The results of model calibration and validation for reproducibility were
evaluated by Nash-Sutcliffe, RSR, and PBIAS criteria. Good reproducibility of modeled
snow water equivalent at the meteorological stations Blagoveshenka, Balkashino,
Sergeevka, Stepnogorsk, Yavlenka, Bulayevo was revealed; for these stations the results
corresponded to the «good» reproducibility rating. It is concluded that the model for these
stations can be used for short, medium- and long-term forecasting of snow water equivalent.
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INTRODUCTION

Information on spatially distributed
snow cover is critical for assessing climatic
variability of water resources and for calibrating

and validating hydrological models in
snow-dominated, in cold regions hydrology
(Walter, 2005; WMO, 2009; Clark, 2011).

Snow cover melting in the spring season
plays an important role in many parts of the regions
as it is directly related to water supply and water
resources (Zhang, 2020), also in mountainous
areas where snow cover constitutes 50 % of
the topography and sometimes reaches 95 %.

The formation of water resources in the
continental territory of Central Asia (Gerlitz,
2019), in particular in Kazakhstan, occurs due to
melting of snow and ice cover. As climate change
continues, the effects of meltwater changes
from snow, ice and permafrost will become
increasingly relevant to the fragile mountain and
plain environments of Central Asia (Barandun,

Accepted: 06.11.23
DOI: 10.54668/2789-6323-2023-111-4-7-15

2020).These changes will affect the livelihoods,
primarily of mountain communities, but also
of densely populated downstream regions.

Under conditions of climate change,
it is especially important to have data on
snow cover as an indicator of climate change,
as well as the main factor in the formation
of water resources in Kazakhstan. In this
regard, it is important to investigate changes
in snow cover and its main characteristics.

Two basic approaches are used to model
snowmelt for daily or short periods of time. The
most thorough method is to measure or estimate
each term in the energy balance equation and
model the energy fluxes in the snow cover.
This method requires large amounts of data and
sometimes cannot be used due to lack of data.

An alternative (alternate) method for
modeling snowmelt has a broad application
- degree-day. In this method, air temperature
is used to index all energy fluxes. Although
the index-based approach has drawbacks,
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The main objective in this research is
to model snow water equivalent (SWE). To
achieve this goal, the MODSNOW model’s
V03 module was used (Gafurov, 2016), which
is based on the degree-day factor method.

MATERIALS AND
RESEARCH

In this research to simulate snow water
equivalent was used the V03 module of
MODSNOW model (Gafurov, 2016). Modeling
water equivalent in this model is based on the
«degree-day factor» method. The method is based
on the approach of using a temperature index that
equates the total daily melting with a coefficient
multiplied by the temperature difference between
the average daily temperature and the base
temperature (usually 32 °F or 0 °C):

M = Cy(T, —Tp) (D

where: M is the daily melting of the snow

METHODS OF

cover (mm/day); Cur _ «degree-days» coefficient
(mm/°C degrees per day); To _ average daily air
temperature (°C); Ty _base temperature (°C).

The Ch ratio varies according to the local
area and season period. Usually its magnitude
fluctuates between 1,6...6,0 mm/ °C degree day.

The Ch coefficient is also related to snow density
and wind speed (Martinec, 1960) and snow height
and accumulated degrees-days (Rosa, 1956).
These changes reflect different energy dynamics
in time and space and changing conditions of
snow cover. And taking into account the
continental climate of Central Asiain MODSNOW

model, the coefficient Cu _ «degree-day» varies
from 2.0 to 8.0 mm/day °C. And the temperature
variation ranges from -5,0 to +5,0 °C.

As inputs, the model for simulating snow
water equivalentuses average daily air temperature
and precipitation data, as well as snow height.

For modeling the water equivalent of snow
cover in the Yesil reservoir, data from 20
meteorological observations (Fig. 1) of the
observation network of RSE «Kazhydromet»
were used. In order to assess the efficiency of
reproduction of snow water equivalent of the
«degree-day» methodology, the model calculates
the following criteria: Nash-Sutcliffe efficiency
(NSE), standard deviation coefficient (RSR),

percentage deviation (PBIAS), coefficient of
determination (R*) (Moriasi, 2007).

The Nash-Sutcliffe Efficiency (NSE)
criterion is based on normalized statistical
calculations that determine the relative magnitude
of the residual variance («noise») compared to the
measured variance of the data («informationy).
NSE indicates how well the observed and modeled
data values match each other and is determined
using the following equation:

_ Z(SWEobs - SWEsim)Z

i (2)
Z (SWEobs - SWEsim) 2

NSE =1

SWEops _ observed values of snow water

SWE,

where,
im — simulated values of snow
SWE¢im

equivalent,

water equivalent, - average values of
snow water equivalent for a multiyear period.

NSE statistical indicator ranges from -1.0
< NSE < +1.0. An NSE=1 indicates an optimal
result if the indicator is in the range of 0.0 < NSE <
+1.0, usually considered as an acceptable level of
performance, while NSE < 0.0 indicates that the
mean observed value is a better predictor than the
modeled value, ie. indicates unfavorable
performance. The NSE score is very commonly
used in evaluating the performance of a
methodology, e.g., for hydrologic (ASCE, 1993)
and hydroclimatic model validation purposes, but
(Sevat, 1991) also concluded that NSE is the best
objective function that reflects the overall
suitability of the hydrograph.

The coefficient of standard deviation of the
root means square deviation (RMSE) (RSR). The
root mean square deviation (RMSE) is one of the
most commonly used error index statistics (Chu,
2004). It has been known that the lower the RMSE,
the better the model performance, except that
(Singh, 2004) published guidelines for determining
what is considered a low RMSE based on the
standard deviation of the observations. Following
Singh’s suggestion, (Singh, 2004) introduced a
statistical measure of model output called the
standard deviation of the root mean square
deviation (RMSE) coefhicient (RSR). As shown in
the following equation, RSR is calculated as the
ratio of RMSE to the standard deviation of the
measured data:
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The RSR varies from an optimal value
(RSR = 0), which indicates zero value of standard
deviation orresidual variation, toaninfinitevalue of
positive value. That is, the lower the RSR, the lower
the RMSE, indicating higher model performance.

Percentage Bias (PBIAS). Percent deviation
measures the average trend of the modeled data as
greater or lesser than their observed counterparts.
The optimal value of PBIAS is 0.0, and lower
values indicate accurate model simulation of
the model. Positive values indicate a systematic
error in model estimation (underestimation),
and negative values indicate a high systematic
error in model estimation (overestimation):

?=1(Yi0b5 _ YiSim) * 100
?=1(Yiob3)

PBIAS = “

The statistical criteria presented for
the performance assessment are evaluated by
the level of performance presented in Table 1.

was divided into two identical periods for the
purpose of model calibration and validation:
1980...1999 and 2000...2021, respectively.

It is important to remember that
the calibration method should provide the
most accurate representation of the different
phases of the hydrometeorological regime. So,
we calibrate the model so that the modeled
value is as close as possible to the real one

The model selects the optimal parameters
based on the observed data for each observation
station during the calibration phase, that is, during
this process, the model compares each degree-
day coefficient and temperature with each other.
For example, for each «degree-day» coefficient,
starting from -5.0 °C and ending at +5 °C
selecting all possible options in steps of 0.1 or 1.0
°C selects the most optimal ones. Then you select
the parameters depending on the physiographic,
topographic, climatic features of the area.

Thus, for the Esil water management basin
in 1980...1999, the results of parameterization
and efficiency obtained from the model
calibration results are presented in Table 2.
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Table 1

Statistics provided for the assessment of effectiveness (Moriasi, 2007)

Performance level RSR

NSE PBIAS, %

Very good 0.00 <RSR <0.50
Good 0.50 <RSR <0.60
Satisfactory 0.60 <RSR <0.70
Unsatisfied RSR> 0.70

0.75 <NSE <1.00

0.65 <NSE <0.75

0.50 <NSE <0.65
NSE <0.50

PBIAS <*=10
+10 <PBIAS <*15
+15 <PBIAS <*25

PBIAS> £25

Asaresult of calibration of stations, located
in the Esil water management basin, based on
calculationsofevaluationcriteria,itwasestablished
that the performance rating «excellent» for all
indicators is observed at the stations Sergeevka,
Kishkenekol, Blagoveshenka, Yavlenka, and
performance rating «good» - at the stations Akkol,
Balkashino, Ruzaevka, Stepnogorsk, Bulayevo,
Chkalovo, Ereimentau, Zhaltyr. And the results
of the remaining 8 meteorological stations
corresponded to the level of «satisfactory»
or  «unsatisfactory»  performance  rating.

At the meteorological stations (Sergeevka,

Kishkenekol, Blagoveshchenka, Yavlenka) that
meet the model performance rating of «excellenty,
the precipitation-to-snow conversion temperature
ranges from 0,0 °C to -2,5 °C. And in stations
that meet the «good» performance rating, this
indicator has a large range, that is, it covers a range
from +1,0 °C to -3,5 °C. If consider the spatial
distribution, in the north-eastern plain zone of the
basin, precipitation in the form of snow occurs at
0,0...40,5°C,inthedownstreamareaofthe Esilriver
it was found that precipitation in the form of snow
occurs at low temperatures, i.e. at -1,0...-2,5 °C.

Table 2
Model calibration results for 1980...1999
. Performance indicators Parameters
Meteorological
No . Fdeg, mm/°C
station RSR |PBIAS, %| NSE R Tt, °C day t0, °C
1 Akkol 0.53 15.11 0.71  0.85 0.50 5.00 -0.50
2 Blagoveshchenka 0.46 16.78 0.79 090  -2.00 6.50 0.00
3 Balkashino 0.47 19.43 0.78  0.90 1.00 7.00 0.00
4 Ruzaevka 0.54 1082 0.71 0.85 1.00 2.00 -3.50
5 Sergeevka 0.43 3.79 0.81 091 -2.50 7.00 0.00
6 Stepnogorsk 0.52 13.91 0.73 0.87 1.00 4.00 -2.00
7 Yavlenka 0.48 13.37 0.77 0.88 -1.00 6.50 -0.50
8 Arshaly 0.73 -2.17 046  0.75 1.00 4.50 -1.00
9 Bulaevo 0.55 6.53 0.70  0.84 1.00 8.00 5.00
10 Chkalovo 0.49 2.98 0.76  0.87 0.50 2.00 -2.00
11 Egindikol 0.60 0.25 0.64 0.82 1.00 2.00 -2.00
12 Ereimentau 0.56 3.35 0.69 0.84 -3.00 6.00 0.00
13 Kishkenekol 0.38 5.88 0.85 0.93 0.00 2.00 -2.50
14 Saumalkol 0.55 2950 0.70 0.89 1.50 8.00 0.50
15  Schuchinsk 0.71 10.57  0.50 0.71 0.00 4.00 3.00
16  Taiynsha 0.56 18.84 0.69 0.84 0.50 2.50 -2.50
17  Timiryazevo 0.56 19.04 0.69 0.85 1.00 6.00 0.50
18  Vozvyshenka 0.84 21.56 029 0.56 3.50 2.00 4.00
19  Zhaksy 0.92 33.43 0.16 0.57 -5.00 8.00 -5.00
20  Zhaltyr 0.59 11.82  0.66 0.82 -3.50 3.00 0.00
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In addition, in the central areas of the
basin, except for the Kalkutan river basin
(at Zhaltyr station -3,5 °C), precipitation in
the form of snow falls at +0,5.+ 1,0 °C.

It was revealed that the snow melting
temperature in the whole basin varies within
the range of -2,5..0,0 °C. In areas with basin
altitudes of 300...400 m (the basins of the
Zhaibai, Kalkutan, and Shagalaly rivers), snow
melting occurs at an average of 0.0 °C, and snow
melting in the area of the lower Esil River occurs
at-0,5...0,0 °C. And in the northeastern plain zone
of the basin (Kishkenekol and Chkalovo stations),
snow cover melting occurs at -2,0..-2,5 °C.

It was determined that the «degree-
day» coefficient, involved in the calculation of
daily snow melting, in the zone of formation of
the main water resources of the Esil basin, i.e.
in the central and southern zones of the basin,
melting per day is 4,0... 5,0 mm/°C. And in
the lower reaches of Esil river basin, it is noted
that this indicator is 6.0...8.0 mm/day (table 2).

As a result of calibration, it was revealed
that, the snow water equivalent content by NSE
criterion varies within 0,16...0,85, RSR indicator
- within 0,38...0,84, percentage error of PBIAS
+0,2...+33,4 %. These measures were shown
to span the interval between a «very good»
performance rating and an «unsatisfactory»
rating. As a result of the analysis of indicators
to «very good» level of performance belong
to Sergeevskaya, Chkalovo, Kishkenekol and
Ruzaevska stations, and to «good» level — Akkol,
Blagoveshchenka, Balkashino, Stepnogorsk,
Yavlenka, Bulaevo, Ereimentau, Saumalkol,
Taiynsha, Timiryazevo stations. It is noted that
the results of other meteorological stations
belong to the «unsatisfactory» level (table 2).

Thus, in 1980...1999, according to
the results of calculations of performance
indicators for the calibration period, at most
of the meteorological stations of MODSNOW
V03 model, located in the area of Esil water
management basin, snow cover showed the results
of moisture reserves modeling at a «good» level.

Model validation. The optimal
parameters obtained from the model calibration
process, for a period outside the calibration
period, need to be validated, i.e., work
is done to verify the optimal parameters.

For this purpose, the validation process of

20 meteorological stations located in the Esil water
management basin was carried out for the period
2000...2021. In addition, performance indicators
for this period of the year were calculated (table 3).

According to the performance measures
calculated as a result of the validation process,
the percentage error ranges from -3,64 % to
+88,6 %, for the NSE criterion, the performance
ranges from -0,08...0,88, it is also found that the
coefficient of standard deviation ranges from
0,35... 1,04. That is, the performance measures
are consistent across all performance ratings.

«Good» and «satisfactory» performance
ratings for all criteria were shown by
Blagoveshchenska, Balkashino, Stepnogorsk,
Bulaevo, Sergeevka, Ruzayevka, Yavlenka and
Shchuchinsk stations. At these stations, the NSE
efficiency criterion ranged from 0,68 to 0,88, the
percentage error -3,64... 39,8 %, and the standard
deviation coefficient varies between 0,35... 0,56.

Some meteorological stations (Chkalovo,
Akkol, FEreimentau, Saumalkol, Taiynsha,
Timiryazevo, Zhaltyr) that showed a «good»
performance rating for the performance
indicator during the calibration process showed a
«satisfactory» or «unsatisfactory» rating during the
validation period. That is, the optimal parameters
of these weather stations are new 2000...2021
shows that the snow cover for the period does
not match in the modelling of moisture storage.
In accordance with the results obtained for the
calibration period and validation periods of V03
module of the MODSNOW model, the stations
that better simulate snow cover moisture stocks
were selected. These include Blagoveshenka,
Balkashino, Sergeevka, Stepnogorsk, Yavlenka,
Ruzayevka and Bulayevo stations. However,
Ruzayevkastationisexcluded fromthislistbecause
it physically does not coincide with the parameters
of meteorological stations located in the basin.

As aresult, the following 6 meteorological
stations were accepted as stations corresponding
to the performance rating «excellent»
and «good»: Blagoveshenka, Balkashino,
Sergeevka, Stepnogorsk, Yavlenka, Bulayevo.
Calibration of these stations (1980...1999)
and validation (2000...2021) results of the
modelling stages are presented in figure 2 and 3.

As a result of model calibration and
validation for meteorological stations located
in the area of Esil water management basin,
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Fig. 2. Observed and simulated SWE of a meteorological station located in the Esil water

management basin during the calibration (1980.

it was found that for some stations the «degree-
day» method does not satisfactorily model snow
data, according to preliminary estimates, they
are associated with poor quality of observation
data. This process is especially pronounced at the
stations of Ereimentau, Vozvyshenka and others.

The model for meteorological stations
shown in Figure 2, 3 can be used to predict
moisture storage or snow cover height

..1999) and validation (2000...2021) periods

over short, medium and long time periods.

CONCLUSION

As a result of modeling of water reserves
in snow cover for the territory of the Esil water
basin for 1980...2021 periods by the degree-day
method showed that, the model reproduces well
the data of moisture reserves, which is evaluated
by statistical criteria of efficiency.
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Fig. 3. Observed and simulated SWE of a meteorological station located in the Esil water
management basin during the calibration (1980...1999) and validation (2000...2021) periods

The models for meteorological stations
Blagoveshchenka,  Balkashino,  Sergeevka,
Stepnogorsk, Yavlenka, Bulaevo, Stepnogorsk
can be used for operational forecasting of water
reserves in snow, also applied for long-term
forecasting under climate change conditions.
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Maxanana 1980...2021 xputmapaarsl Ecin cymapyambuisirel anadbl ayMarsl YIIiH SMITH-
puKanbKk Momenbaey oxicine HerizgenreH MODSNOW wmoneninin V03 momymiMeH Kap
KAMBUTFBICBIHBIH BUTFAJl KOPBIH MOJIENIBICY HOTIIKENepi KenTipiareH. KoemKpuiablK Ke3eH
exi TeH Oemikke Oeminmi: 1980...1999 monenpai kanmubpaey ymrix, 2000...2021 monenbmi
Tekcepy yuriH. O YIIIiH Cy CymapyambUIbIFbl a1a0bIHIa opHagacka 20 METeOpPOIOTHSIITBIK
CTaHIMS TaHJAJIJbI, OJapAa ayaHbIH OpTalla TIYIIKTIK TeMIIepaTypachl, ayblH-IIAIIbIH,
Kap ’KaMbUIFBICHIHBIH OMIKTIT1HIH TOYIIKTIK KOHE Kap KaMbUIFBICHI bUIFaJl KOPBIHBIH OHKYH-
IIK AepekTepi Y3AiKci3 Kipic mepekrepi Oap. Moaenpai xanmOpriey >KoHE BallAamusiiay
HoTmwkenepi Hamr-Carkmndd, RSR sxone PBIAS kputepuiinepi Ooitpiaia 6arananst. bia-
ropeleHka, bankammuno, CepreeBka, CtemHoropck, SIBneHka, bynaeBo MeTeOpOIOTHSIIBIK
CTaHIUSUIAPBIH/IA Kap JKaMbUIFBICHI BUTFajl KOPBIHBIH JKaKChl OHIMIUIIK JCHIeil aHbIKTA-
ael. byn craHmmsiiapra apHajgFaH MOJENb Kap KaMBUIFBICHI BUIFAT KOPBIH KBICKA, OpTa
KOHE y3aK Mep3imai Ooipkay YIIH MaiaanaHbUTybl MYMKIH JI€T€H KOPBITBHIHABIFA KEIIi.

Tyiiin ce3mep: Kap, KIIMMart, Tpaayc-TayJIiK 9/ici, Kanuopiey, Banuaanus, Kazakcran

PE3YJIBTATHI MOJIEJIMPOBAHU S 3AITACOB BO/JIbI B CHEKHOM ITIOKPOBE
C UCHOJBb30BAHUEM MOJEJIX MODSNOW B ECHJIBCKOM BOJ10XO351-
CTBEHHOM BACCEMHE

T.A. Tunnakapum' >*, Dr. A. ladypor?, kanaunar reorpapuueckux Hayk A.M. Kayasos'

! Kazaxckuil HayuoranbHoulll yHugepcumem um. ano-Qapabu, Arimamol, Kazaxcman
2 PI'll «Kazeuopomemy, Acmana, Kazaxcman

* Hemeykuii uccnedosamenvckuil yeump ceonayx GFZ, [lomcoam, I epmanusa
E-mail: tillakarim_t@meteo.kz

B crarbe mnpencraBieHbl pe3ysbTaThl MOJACIMPOBAHHUS 3allacoB BOJBI B CHEXXHOM TO-
kpBe ¢ nomoibio Moayis V03 monenu MODSNOW, ocHOBaHHBIE Ha METOJIE dMITHUPH-
YECKOTO MOJCIIUPOBAHUS, JJIsI TEPPUTOPUU ECHIBCKOTO BOIOXO035HCTBEHHOro Oacceii-
Ha 3a mepuonbl 1980...2021 rr. MHoroneTHUd Tepuoa ObLT pa3leieH Ha JIBE paBHBIC
gactu: 1980...1999 rr. nns kanmubpoBku moaenu, 2000...2021 rr. mist Bamuaauu MOJICIIH.
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Ji1s13T0T0 OB1ITH BEIOpaHBI 20 METEOPOJIOTUYECKUX CTAHIIUN, PACTIONOKEHHBIX HA TEPPUTOPUH
BOJIOXO3STUCTBEHHOTO OacceiiHa, KOTOpble UMEIOT HEMPEPHIBHBIE BXOJIHBIE CYTOYHBIE TAHHBIC
CPEIHECYTOUHOI TEMIIEpaTypbl BO3yXa, OCAJKOB, BEICOTHI CHEXXHOTO TIOKPOBA U JIEKaHBIE
JIaHHBIE BOJHOTO PKBHMBAJICHTA CHera. Pe3ynbrarhl KaquOpOBKH M BAJIMJAIMU MOJEIH Ha
BOCITPOU3BOJIUMOCTH OIleHUBAIHUCH 10 KpuTepusim Homa-Carknudda, RSR u PBIAS. Bri-
SBJICHA XOPOILIasi BOCIPOU3BOIUMOCTh MOAEIMPOBAHHOIO 3aI1aCOB BOJBI B CHEXXHOM IOKPBE
Ha METEOPOJIOTUYECKUX cTaHUuAX brnarosemenka, bankammno, CepreeBka, CTEMHOTOPCK,
SBnenka, bynaeBo, AJisi KOTOPBIX PE3YJIBTAThl COOTBETCTBYIOT OIIEHKE BOCIIPOU3BOAUMOCTH
«xopoto». CrenaH BbIBOJ, YTO MOJIENb JJIsl STUX CTAHIIMM MOXKET ObITh UCIIOJIb30BaHa IS
KpaTKOCPOYHOTO, CPETHECPOYHOTO U JOJATOCPOUHOI0 MPOTHO3a BOJAHOTO 3KBUBAJICHTA CHETA.
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