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MODIS imagery-based water content forecasting methodology
for the Kyzylsu River

J.B. Niyazov!, O.Yu. Kalashnikova?

Y Institute of Water Problems, Hydropower, and Ecology of the National Academy
of Sciences of Tajikistan, Dushanbe, Tajikistan, niyazovjafar@mail.ru;
iwphenast2021@gmail.com

2Central-Asian Institute for Applied Geosciences (CAIAG), Bishkek, Kyrgyz Republic

Abstract. The article investigates the possibility of using snow cover satellite data for
short-term hydrological forecasting for the Kyzylsu River with high-altitude catchment.
The research aimed to elaborate a methodology for forecasting mean 10-day (decadal)
river discharge (MDD) of the Kyzylsu River based on MODSNOW-processed MODIS
satellite imagery. The objectives of the study were to calculate the snow cover index (SCI)
for high-altitude zones in 200 m increments for selected river basins, and to analyze the
closeness of dependency between the corresponding SCls and MDDs. The research
resulted in equations applicable for producing operational river water content forecasts.
Timely and reliable information on expected river water content during the forthcoming
10-day period allows decision makers (water management and hydropower agencies,
emergency authorities) plan water supply for various economic sectors, as well as take
measures to prevent hazardous hydrological phenomena on the rivers of Central Asia. The
main advantage of the applied method is the possibility of obtaining high-quality and
reliable forecasts of high-mountain river runoff based on MODIS satellite imagery
processed in the MODSNOW application. The forecasting for the Kyzylsu River is
extremely important for preventing hazardous hydrological events like floods,
hydrological droughts and mud floods.

Key words: water discharge, snow cover, hydrological forecasting, space imagery,
Central Asia
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MeToauKka MPOrHO3UPOBaHUs BOAHOCTH peku KbI3bLICY HA OCHOBE
caumkoB MODIS

. B. Husizos!, O.JO. Kanamnukosa®

YUncmumym soouvix npobrem, 2uoposnepzemuxu u sxonozuu Hayuonanvnoii axademuu
nayk Taoocuxucmana, ywanbe, Taosxcukucman, niyazovjafar@mail.ru;
iwphenast2021@gmail.com

2] [enmpanvro-A3uamckuil uHCmMumym npukiaoHslx uccredosanuii 3emnu, buwikex,
Keipevizcman

AHHoTanus. B cratee paccMaTpuBaeTcs BO3MOXKHOCTH HCIOJB30BAHUS CITyTHUKOBBIX
JAHHBIX O CHEXHOM MOKPOBE JUII KPaTKOCPOYHOTO THAPOJIOTHYECKOTO MMPOTHO3a IS PEKU
Ke13B171CY € BEICOKOTOPHBIM BoocOopoM. Llens necenoBanus — pa3paboTaTts METOIUKY
nporHo3a cpeaHero 10-gHeBHOTO (mexamgHoro) peunoro croka (CPC) p. Kesbpuicy Ha
OCHOBE CHyTHHKOBBIX cHUMKOB MODSNOW, o6paborannsix crmytankom MODIS.
3aaun MCClIeI0BaHMs 3aKII0YaINCh B pacyere MHJeKca cHeskHoro nokposa (MCIT) s
BBICOTHBIX 05ICOB ¢ mmarom 200 M /15t BBIOpaHHBIX PEYHBIX 0ACCEHHOB M aHAJIN3€ TECHOTHI
3aBUcUMOCTH Mexay coorBeTcTByromumu MCII u BAP. B pesynbrare nccnenoBaHuil
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OBLIM IOJIy4eHbl YpaBHEHHS, IPUMEHHUMBIC ULl COCTABICHHS OIEPaTHBHBIX IPOrHO30B
BomHOCTH pek. CBoeBpeMeHHasl U TOCTOBepHas mHpopMamms 00 0KumaeMol BOTHOCTH
pek Ha npeacrosuuii 10-THEBHBINH NEPHO/ MO3BOJISIET JIMIAM, IPUHUMAIOIINM PELICHUS
(BOMOXO3SMCTBEHHBIM M THIPOIHEPreTHYecKuM BenoMmcrBaMm, opranam MYC),
IUIAHUPOBATh BOJOCHAOKEHUE Pa3IMYHbIX OTpacieldl 3KOHOMHKH, a TaKKe NMPUHHMAThb
MEpBI 110 IPETOTBPAIIECHHIO ONACHBIX THAPOJIOTHYECKHX SIBICHUH Ha pekax LleHTpanbHoit
Azun. OCHOBHBIM MPEUMYILECTBOM IIPHUMEHSIEMOI0 METO/a SIBISIETCS BO3MOXKHOCTD
MOJTyYeHHs] KayeCTBEHHBIX M JOCTOBEPHBIX IIPOTHO30B CTOKA BBICOKOTOPHBIX PEK Ha
OCHOBE CIYTHHKOBEIX cHUMKOB MODIS, obpaboranusix B mpmoxkeHnn MODSNOW.
ITporros s pexu Ke3buicy dYpe3BBYAHO BaKeH IS NPEAOTBPAIICHUS OIACHBIX
THAPOJIOTHYECKHX SBJICHHH, TAKMX KaK HABOJHCHUS, THIPOJIOTHYECKHUE 3aCYXHU U CEIICBBIC
TIaBOIKH.

Knrouesvte cnosa: cmok 00vl, CHEIICHBI HOKPOS, 2UOPONOSULECKUT NPOSHO3,
Kocmudeckue chumxu, Llenmpanvuasn Azus

Ccepbuika aas uutupoBanus: Hussos [x.b., Kanamuukosa O.FO. Metoayka nporHo3upoBaHus BOAHOCTH PEKU
Kespuicy Ha ocHoBe cHIMKOB MODIS. B ¢0.: CeneBble MOTOKU: KaTacTpOQbl, PUCK, IPOTHO3, 3aiuTa. Tpynsl 7-i
MexayHapoanoit kondepenuu (Usnay, Kurait). — OtB. pen. C.C. Uepromopen, K. Xy, K.C. Bucxamxuesa. — M.:
000 «I'eomapkeTurr», 2024, c. 359-366.

Introduction

For the first time, satellite information about snow cover contained in satellite images
was applied for hydrological forecasting in 1977 in the Martinek-Rango SRM (Snowmelt
Runoff Model) [Rango, 1977]. However, the 1.1 km spatial resolution of the AVHRR (NOAA)
imagery allowed using snow cover data only for watersheds with significant areas; in addition,
satellite images could be used only in case of clouds not distorting the snow cover picture. For
long-term forecasting of Central Asian river runoff, snow cover data of AVHRR imagery were
processed using the ERDAS Software with 10-day interpolation [Pertzinger, 2002;
Baumgartner, 2000].

The algorithms for calculating snow cover area allow for the removal of cloud cover
from MODIS images making it possible to obtain daily data on snow cover dynamics. Using
satellite information about snow cover contained in MODIS images for operational
hydrological forecasting in Central Asian countries became possible thanks to the
MODSNOW-Tool application [Gafurov, 2009]. It allows automatically downloading images
from the Internet, removing cloud noise and calculating snow cover area for various river basins
[Gafurov, 2016]. As studies have shown, the 500 m spatial resolution of MODIS imagery
permits using this information for a wider range of catchments — from 1,000 km? or more.

The river water content forecasting methods based on MODIS imagery were successfully
applied for producing vegetation season and monthly forecasts for the rivers in the Naryn Basin
[Kalashnikov, 2015; 2017; 2020], as well as for forecasts for vegetation season months for the
Pamir-Alai rivers [Niyazov, 2020]. When designing the river discharge forecasting
methodologies for vegetation months for the Tien Shan and Pamir-Alai rivers, the method
accommodating the duration of snow cover accumulation based on MODIS imagery was
applied [Gafurov, 2018; 2019]. H. Apel conducted a significant amount of work on MODIS-
based statistical modeling for the Central Asian region [Apel, 2018]; he demonstrated the
efficiency of using snow cover information in these images to forecast seasonal river runoff.
The efforts of the academic community in recent years have focused on the prevention of
hydrological droughts in the Central Asian region important for integrated water resources
management [Gerlitz et al., 2020].

The Kyzylsu River is the main tributary of the Vakhsh River and is formed in the
mountains of Kyrgyzstan. The Vakhsh cascade of hydroelectric power stations operates on the
Vakhsh River in Tajikistan. Nurek hydroelectric power station is the largest power plant in
Tajikistan, and the most powerful hydroelectric power station in Central Asia.
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The 300 m high Nurek hydroelectric power station dam is one of the highest in the world.
An artificial Nurek reservoir with a volume of 10.5 km?, which has great hydro-energy and
water-economic importance for Tajikistan and for the countries located downstream in the
Amudarya River basin (Uzbekistan and Turkmenistan). However, the pressure on the river
system is constantly increasing, which is a cause of concern for downstream countries.

Water content forecasting for the Kyzylsu River is important both for water resource
planning and preventing hydrological hazards associated with expected low-water
(hydrological drought) or high-water (flood) periods.

The authors of the article possess the experience of successfully applying MODIS
satellite imagery data for long-term hydrological forecasting (flood period and its months) for
the river catchment of the Kyzylsu. Using the forecasting equations for 10-day (decadal)
intervals makes this approach innovative. The study used the snow cover information contained
in MODIS satellite imagery processed in MODSNOW to determine the spatial characteristics
of seasonal snow cover reserves in the high-altitude Kyzylsu. The research aimed to analyze
the correlation dependencies between mean 10-day river discharge and snow cover area in high-
altitude zones in 200 m increments. The analysis led to elaborating prognostic equations of
applied significance for executing timely and high-quality decadal river water content forecasts.

The article includes the review of the main characteristics of the studied object. It
likewise presents the formulas for calculating the snow cover index, main equation parameters
and quality criteria for the proposed short-term hydrological forecasting methodology. The
article also presents the advantages of the newly developed methodology for operational short-
term hydrological forecasting.

The article’s Conclusions Section describes the main research findings and further
research prospects.

Materials and methods

The Kyzylsu River basin is distinguished by the presence of powerful Glaciers on the
Zaalay Range, which to a significant extent has elevations of 6000 meters, and the maximum
individual heights are about 6500 meters or more (Lenin (Abu Ali ibn Sino — in present) peak
is 7134 m), most of the rivers (about 23) flow from its northern slope with length 1251 km. The
rivers flowing from the southern slope of the Alai Range with a height of no more than 4000
meters (about 15 rivers) are less water-bearing and have a length of 451 km. Noteworthy is the
high regulation of the flow of the Kyzylsu River, associated with the distribution of coarse
material in the Alai Valley [Shults, 1965].

The Kyzylsu River, which are glacier-snow fed have a tight flow regulation (the base
flow is 60—70% of the annual), due to the peculiarities of the geological structure in the river
basin. The melted snow and glacier feeding are for 15-22% in a percentage ratio, but air
temperature has the greatest influence on runoff [Niyazov, 2022; Podrezova et al, 2022]. The
location of the basins in Central Asia is shown in Fig. 1. Main characteristics of the basins up
to the observation points are given in Table 1.

High water is observed on the Kyzylsu from April to September. River belongs to the
glacial- snow nourishment type with peak floods and maximum water discharge in July-August.
The Kyzylsu River runoff hydrographs differ greatly from year to year and can be either saw
tooth or, to a lesser extent, change during the flood period, forming a ridge of long constant
duration due to the glaciers melting. During high-water period, the main sources of river
nourishment are meltwater from glacial meltwater, seasonal snowmelt, ground- and to a lesser
extent rainwater. Due to this, the hydrological forecasting practice has been taking into account
the snow reserves accumulated during the cold season. The information on the snow cover
depth and water content is collected via a network of observation stations of national
hydrometeorological services. Yet, the point nature of the information and the widely spaced
grid of the observation network do not allow assessing the situation with snow reserves in the
mountains reliably. The study team used the snow cover information in MODIS satellite
imagery providing for spatial characterization of its distribution in high-altitude zones. MODIS
snow cover data underwent processing using the MODSNOW software.
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Fig. 1. Geographic location of the Kyzylsu River Basins on the territory of Tajikistan and the countries
of Central Asia and observation networks of meteorological and hydrological parameters the Dombrachy
and Sary-Tash hydroposts (compiled by the authors)

Table 1. Basic information about the Kyzylsu river basin*

Name of the Catchment Mean Glacier area Mean
gauging station areain km? | catch- 1940- | *2013- | Percen- annual
ment 1970s, | 2016, tage of water
elevation, | km? km? the basin | discharge,
m a.s.l. area* m3/s
Kyzyl-Suu River — | 8470 3540 640,3 578,4 6,8 76,2
Dombrachi

*Glacier area according to Landsat images for 2013-2016. Compiled by the author.

To develop a methodology for 10-day river water content forecasting, snow cover data
calculated for high-altitude zones with 200 m increments were used. Calculations of the snow
cover area (SCA) as a percentage of basin area were carried out for each day in the series.

Snow cover duration (or the number of days with snow cover) also affects the formation
of river runoff. In this regard, the snow cover index (SCI) was also applied calculated based on
the following formula [Gafurov et al., 2018]:

SCI, = Y=365/3%6 5,
where SCA represents snow cover area as a percentage of basin area for i-day (in our case for
each day); SCI — snow cover index, duration of snow cover accumulation during forecast
time (t); and n is the number of days with snow cover for hydrological year.

The linear regression method [Podrezov, 2019] was used to analyze the dependence
between MDD and SCI.
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Research results

The snow cover area as a percentage of the total basin area for high-altitude zones with
200 m increments was calculated for every day during 2000-2019 for the Kyzylsu River Basins
(Fig. 2.).

110

Snow cover area (SCA) in %

——1800-2000 2000-2200 2200-2400 2400-2600 ——2600-2800 ——2800-3000

==3000-3200 =—3200-3400 ===3400-3600 =—=3600-3800 ===3800-4000 =—=4000-4200
4200-4400 4400-4600 4600-4800 4800-5000 =——35000-5200 5200-5400

—5400-5600 ——5600-5800 ——5800-6000 6000-6200 =—6200-6400 =——06400-6600
6600-6800 6800-7000 7000-7200

Fig. 2. Snow cover area as a percentage of total river basin area (Kyzylsu River, high-altitude zones in
200 m increments) (compiled by the authors)

According to formula (1), SCI was calculated from September 1 up to the forecasted 10-
day interval. For instance, to forecast the situation during the first 10-day interval of May, SCI
was calculated from September 1 until April 30; and to forecast the situation during the second
10-day interval of May — from September 1 until May 10, and so forth.

Further, the linear dependency correlation ratios between mean 10-day water discharge
and SCI for high-altitude zones with 200 m increments for the Kyzylsu were calculated. The
highest correlation ratios corresponded to the discharge with zone elevation 2800-3000 m. The
calculation results are shown in Fig. 3.

The analysis of calculation results of the correlation ratios between mean 10-day water
discharge and SCI for various altitude ranges allowed identifying the most effective linear
relations and elaborating the corresponding equations. Table 2 shows the obtained equations of
linear dependence between mean 10-day water discharge of the Kyzylsu River with SCI and
discharge of previous decade, correlation ratios (R) calculated for the observation period from
2000 to 2017. An example of the analysis of simulated and observed water flow for the August
first decade is shown in Fig. 4. In most calculations, the value of the correlation coefficient R
was greater than 0.6, which allows the equations to be used for forecasts over decades.

Discussion

The lack of information on the conditions of snow accumulation in the discharge
formation zones of Central Asian rivers with high-altitude catchments can be replenished by
satellite sensing data. MODIS imagery processed using the MODSNOW software provide
information on the daily snow cover dynamics, and can be applied for designing short-term
hydrological forecasting methods. The method developed for the Kyzylsu River based on the
snow cover data of MODIS images and previous decade can be used for making 10-day
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forecasts. In most calculations, the value of the correlation coefficient R was above 0.6, into
the category of “good” and “satisfactory”, which allows the use of equations for forecasting
over decades.

Correlation coefficients of the area of snow cover in the high-altitude
zone and the average monthly water consumption

0.8
0.7
0.6
o 0.5
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$ 03
‘2 0.2
g o1
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° .01
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Fig. 3. SCI and mean decadal discharge correlation ratios (R) Kyzylsu — Dombrachi River Basin, high-
altitude zones in 200 m increments (compiled by the authors)

Table 2. Linear dependency equations for mean monthly water discharge and SCI by high-altitude zone
2800-3000 m increments

Ten-day interval Equation R

1rd 10-days (April) | 1.19Q 3 dec. March+29.8*SCI zone 2800—-3000 —20.2 0.81
2rd 10-days (April) | 0.98Q 1 dec. April+19*SCI zone 2800-3000 —3.4 0.77
3rd 10-days (April) | 1.24Q 2 dec. April-0.23*SCI zone 2800-3000 —4.52 0.78
1nd 10-days (May) | 0.86Q 3 dec. April-15.8*SCI zone 28003000 +28.5 0.67
2nd 10-days (May) 0.66Q 1 dec. May—0.09*SCI zone 2800-3000 +40.4 0.67
3rd 10-days (May) 0.64Q 2 dec. May+5.11*SCI zone 2800-3000 +27.8 0.42
1st 10-days (June) 1.14Q 3 dec. May+49.4*SCI zone 2800-3000 —30.7 0.82
2nd 10-days (June) | 1.02Q 1 dec. June-52.8*SCI zone 2800-3000 +61.1 0.66
3rd 10-days (June) 0.72Q 2 dec. June+63.1*SCI zone 28003000 -8.18 0.66
1st 10-day (July) 0.68Q 3 dec. June+26.3*SCI zone 28003000 +28.7 0.49
2nd 10-days (July) 0.86Q 1 dec. July+19.5*SCI zone 2800-3000 +7.15 0.65
3rd 10-days (July) 0.70Q 2 dec. July+32.4*SCI zone 2800-3000 +23.4 0.82
1st 10-days (Aug) 0.41Q 3 dec. July+28.3*SCI zone 2800-3000 +73.5 0.30
2nd 10-days (Aug) 1.05Q 1 dec. August +40.8*SCI zone 2800-3000 —45 0.83
3rd 10-days (Aug) 0.32Q 2 dec. August +72.8*SCI zone 2800-3000 +36.2 | 0.60
1st 10-days (Sept) 0.72Q 3 dec. August—25.6*SCI zone 2800-3000 +40 0.74
2nd 10-days (Sept) 0.96Q 1 dec. September+11.7*SCI zone 28003000 0.91

-20.2
3rd 10-days (Sept) 0.76Q 2 dec. September+21.9*SCI zone 2800-3000 0.77
-8.97
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Fig. 4. Simulated and observed water discharge for the first August decade (compiled by the authors)

The limitations of using MODIS imagery for developing river runoff forecasting
methods are predetermined by image resolution. The snow cover on MODIS images has the
spatial resolution of 500 m and, thus their use for watersheds smaller than 1,000 km? is
considered inappropriate.

Conclusions

The main advantage of the applied method is the possibility of obtaining high-quality
and reliable forecasts of high-mountain river runoff based on MODIS satellite imagery
processed in the MODSNOW application. This is particularly important for the catchments
where no land-based snow cover observations are carried out currently and/or for the river
basins not sufficiently covered by observations;

Water content forecasting for the Kyzylsu River is extremely important for preventing
hazardous hydrological events like floods, hydrological droughts and mud floods;

The analysis of the correlations between SCI calculated for high-altitude zones with 200
m increments and the mean water discharge pointed to their close dependence over the months
when melt snow and glacial runoff play a decisive role in the formation of river runoff;

Future studies will be conducted for other mountain river basins in Central Asia to
elaborate MODIS-based methods for short-term hydrological forecasting for operational
application by national hydro meteorological agencies.
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