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Abstract: Climate change is affecting the snow cover conditions on a global scale, leading to changes
in the extent and duration of snow cover as well as variations in the start and end of snow cover
seasons. These changes can have a paramount impact on runoff and water availability, especially in
catchments that are characterized by nival runoff regimes, e.g., the Syr Darya in Central Asia. This
time series analyses of daily MODIS snow cover products and in situ data from hydrological stations
for the time series from 2000 through 2022 reveal the influences of changing snow cover on the runoff
regime. All catchments showed a decrease in spring snow cover duration of —0.53 to —0.73 days
per year over the 22-year period. Catchments located farther west are generally characterized by
longer snow cover duration and experience a stronger decreasing trend. Runoff timing was found to
be influenced by late winter and spring snow cover duration, pointing towards earlier snowmelt in
most of the regions, which affects the runoff in some tributaries of the river. The results of this study
indicate that the decreasing snow cover duration trends lead to an earlier runoff, which demands
more coordinated water resource management in the Syr Darya catchment. Further research is
recommended to understand the implications of snow cover dynamics on water resources in Central
Asia, crucial for agriculture and hydropower production.

Keywords: snow cover; runoff; spring flood; Tien Shan; Global SnowPack; MODIS; trend analysis;

time series; climate change

1. Introduction

“Nowhere in the world is the potential for conflict over the use of natural resources
as strong as in Central Asia” states Smith in his assessment of water-related politics in
the former Soviet Union countries [1]. Siegfried et al. further include the danger from
natural hazards due to changes in the cryosphere as well as political risks that come with
the uncertain future of Central Asia’s (CA) water resources [2]. Due to its ability to form
seasonal freshwater reservoirs [3], its high solar reflectivity (albedo) and thermal insula-
tion [4,5] snow cover plays a crucial role in hydrological and climatic systems [4]. With
about a quarter of catchments worldwide dependent on snow and ice melt for freshwater
supply [6,7], the investigation of mountain snow cover and its influences on runoff is
vital for downstream ecosystems and human activity [8]. This includes irrigation in the
densely populated agricultural production systems of the arid lowlands in Central Asia
(CA) hydropower production in the Tien Shan mountains (TS) [2,9]. Snowmelt is the most
important water source for the major rivers of the Aral Sea basin of the Syr Darya and Amu
Darya catchments [10]. The interrelation of snowmelt and river runoff in High-Mountain
Asia (HMA) has been subject to research in the past years [11-14], but catchment-specific

Water 2024, 16, 1902. https:/ /doi.org/10.3390/w16131902

https://www.mdpi.com/journal /water


https://doi.org/10.3390/w16131902
https://doi.org/10.3390/w16131902
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0009-0004-6324-4261
https://orcid.org/0000-0002-5733-7136
https://orcid.org/0000-0001-5462-2495
https://orcid.org/0000-0002-0807-7059
https://doi.org/10.3390/w16131902
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w16131902?type=check_update&version=1

Water 2024, 16, 1902

2 of 28

variations are possible, making it important to conduct research about snow cover, runoff,
droughts, and floods at a sub-catchment scale [15].

Theoretical Background

Snow cover characteristics are defined by snow phenology (onset/melt timing and
snow cover duration), the snow depth/snow water equivalent, and the spatial snow cover
extent on the ground [16]. These parameters are mainly determined by temperature and
precipitation but are also influenced by elevation, aspect, slope, vegetation, and strong
winds [17,18]. The response of nival systems to a changing climate is thus not only a
function of temperature. While a reduction in global snow cover has been detected since
the middle of the 20th century [19,20], with further decrease being very likely under current
warming conditions [16], snow cover might increase at high altitudes when precipitation
increases and temperatures are below 0 °C [21]. Temperature and precipitation vary with
elevation (temperature gradient of —0.5 °C to —1 °C per 100 m altitude change can be
expected, depending on air moisture [22]).

An important measure for hydrologic forecasting and management [23] is the snow
water equivalent (SWE), which indicates the actual amount of water stored in a snowpack.
The snow depth information [24] can be derived from satellite-based passive microwave
sensing, but this method is prone to errors on wet snow, at the sub-catchment scale, and in
mountainous regions due to coarse spatial resolution and the high relief variability [24].
Alternatively, information about the snow cover extent can be retrieved from multispectral
optical satellite data [20], where the temporal and spatial resolution is high enough for in-
vestigating hydrological processes and running climatic and hydrological models [23,25,26].
The normalized difference snow index (NDSI) has proven to be a good indicator of the
presence of snow and can be calculated from bands covering visible light and short-wave
infrared radiation [27]. Snow phenology parameters can be extracted from snow cover data;
however, multispectral data do not quantify snow depth, which creates uncertainty about
the SWE of a snowpack [16]. While remotely sensed snow cover provides information cov-
ering larger spatial scales, in situ data provide more accurate point-based information [20].

Freshwater from high mountain water storages such as glaciers or existing snowpacks
is released with a temporal delay in spring and summer months when it is most needed
by plants and for agricultural irrigation [2], but timing and volume are often determined
by snow volume, distribution, and melt timing [28]. Runoff can be measured at in situ
gauging stations, which monitor the water volume that passes in a certain period (e.g.,
m?/s). Earlier snowmelt has been found to cause an earlier spring flood, meaning the
beginning of a rising runoff volume in spring, as well as an earlier discharge peak [29].
The premature drainage of water storage (e.g., due to higher temperatures in early spring)
causes reduced water availability in crop-growing seasons in later spring/summer [12]
and increased flood risk in undammed catchments [2]. Flood formation is likely if high
snow precipitation in the accumulation season is followed by a sharp temperature increase
in the melt season. Higher spring temperatures also favor the occurrence of rain-on-snow
(ROS) events, which cause quick snowmelt and high discharge peaks [30].

Apart from the seasonal influence of snow cover, glaciers, frozen soil [4], and land
cover play a role in runoff behavior. Frozen soil inhibits the percolation of meltwater into
the ground, making it drain off the surface and, hence, changing the relation of surface to
groundwater runoff [26]. In times of low precipitation, the runoff level may be balanced by
increased glacier melt, as glacial meltwater is an important freshwater source in the dry
periods from July to September [10]. Continuously negative glacier mass balance increases
the fraction of glacial discharge to total runoff at first. However, ongoing glacier retreat
decreases the available water stored in glaciers and thus the capacity to buffer droughts
due to less meltwater runoff [14]. A decrease in glaciated area could move runoff more
towards the beginning of the year and increase interannual variations of runoff due to a
reduced baseflow [14].
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The Syr Darya, fed mainly by snowmelt, is one of the two major rivers supplying the
Aral Sea basin of Central Asia with freshwater. Due to the high aridity in the Syr Darya
lowlands, the water supply of the catchment is determined in its headwaters (in the TS).
Research objectives will therefore be as follows:

1.  To analyze which aspects of snow cover phenology influence the runoff behavior in
the Syr Darya headwaters.

2. To analyze what trends in snow cover and runoff behavior exist.

3. To give an assessment of future runoff changes based on snow cover variability
and trends.

In the second section, the study area and investigated sub-catchments will be de-
scribed. Afterward, materials and methods are explained, followed by the presentation
and discussion of results.

2. Materials and Methods
2.1. Study Area

The countries included under the term “Central Asia” (CA) are not always the same
but can vary in different contexts. On the basis of a shared Soviet Union history, it will
include Uzbekistan, Kazakhstan, Tadzhikistan, Turkmenistan, and Kyrgyzstan in this
study [31]. CA stretches from 46° to 80° east and from 55° to 35° north, with an area of
about 4.2 million km?.

CA is characterized by a high geophysical variability. In the north lie the vast steppes of
Kazakhstan, in the south the endorheic Aral Sea drainage basin, and in the west the moun-
tain ranges of Pamir, Alay, and Tien Shan (TS), which encompass peaks up to 7500 m [32].
The most important water supply to the plains in the west are Amu Darya and Syr Darya
rivers [9], which are fed by glaciers and snowmelt in the Pamir and TS mountains and
terminate in the Aral Sea. The rivers are managed heavily through the damming of water.
Of the Syr Darya mean annual flow, about 90% is regulated by reservoirs [8]. Figure 1 gives
an overview of major rivers and water bodies in CA [33-37]. The TS has a glaciated area of
about 10,000 km?, of which 80% are located in Kyrgyzstan and Kazakhstan [32].
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Figure 1. Overview of Central Asia with the Syr Darya catchment and the investigated sub-catchments
marked in pink.

Spring/summer meltwater discharge in the Syr Darya headwater catchment usually
starts in April and peaks in June/July, with snow contributing around 72% and glacier
melt about 2% of total runoff volume [2,10]. While winter precipitation, and thus snowfall,
of the western TS has been found to increase [38,39], the opposite is the case for spring
precipitation [40]. As average annual temperatures increase, natural water storages of
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snow and ice in high mountain areas of CA have been found to start melting earlier in the
year [12,38,41,42]. Decreasing meltwater availability in the spring and summer months
increases the prospects of water needs not met [2,7].

2.2. Snow Cover

To be able to derive trends in snow cover duration and to identify the exact dates of
the onset or melt of snow, daily, gap-free snow cover information is required for the whole
study region. The most commonly used remote sensing-based daily snow cover product
M*D10A1 is provided by the National Snow and Ice Data Center (NSIDC). It is based on
multispectral satellite imagery from the Moderate Resolution Imaging Spectroradiometer
(MODIS) and the Visible Infrared Imaging Radiometer Suite (VIIRS). Because M*D10A1
contains data gaps caused by cloud cover and polar darkness, the German Aerospace
Center (DLR) has developed the “Global SnowPack” (GSP) based on these datasets [43].
The processing chain for GSP contains several interpolation techniques designed in a way
to eliminate all data gaps while ensuring the highest quality of the final result. Its overall
accuracy ranges from 77% to 84% with an overestimation of SCD as a predominant error
source [43].

Figure 2 illustrates the mean snow cover duration for the study region derived from
GSP. The dataset is available as a daily, binary product since September 2000, containing
information about the presence/absence of snow. It can be used to derive products such
as “Snow Cover Duration” (SCD), Early- or Late-Season SCD, as well as trends of the
aforementioned duration products.
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Figure 2. Mean snow cover duration (2000-2022) for the study region derived from DLRs Global
SnowPack product.

To determine annual snow cover parameters, annual observation periods (AOPs) are
used. These do not start on 1 January, like Julian years, but are set to begin around the
time of minimum snow cover in the research area [12,39]. The first day of an AOP is the 1
September and the last day the 31 August of the following year. AOPs are named after the
years they end in. Therefore, the time period begins with AOP 2001 and ends with AOP
2022, comprising 22 years of snow cover data.

Snow cover duration is calculated from the GSP, by cumulating pixel values over the
length of the AOPs with Equation (1):

SCD = Zn:(si) 1)
i=1

where 1 is the length of the AOP, either 365 or 366, i is an index, which represents the
day of the AOP running from 1 to 365/366, and s; is the binary snow information (1 for
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“snow-covered”, 0 for “snow free”) [43]. The result is a pixel value ranging from 0 (no snow
cover over the whole year) to 365/366 (covered with snow throughout the year). In order
to achieve comparable values for leap years and common years, the SCD value is divided
by the number of days of the AOP and multiplied by 365.25 [6].

Early and late seasons are defined to enable observing shifts in snow patterns to-
wards the beginning or end of the snow-covered period. These can have effects on the
radiation budget and on run-off characteristics due to changes in snowmelt [43]. Sea-
sons are separated at the beginning of the mean maximum snow cover extension [12],
which occurs around December/January. Seasonal SCD is then calculated according to
Equations (2) and (3):

SCDgg = Fd — SCDypy )

SCD;s = Fd — SCDry 3)

where Fd is the fixed date when seasons are separated (1 January), and SCDyp; and SCD, g4
are the SCD before and after the fixed date, respectively [30]. This results in an early
season (ES) lasting from 1 September to 31 December (122 days) and a late season (LS) from
1 January to 31 August (243/244 days) [39]. Late-season values are normalized in the same
way as the full AOP, by dividing them by the number of days of the late season and then
multiplying them by 243.25.

In the next step, the SCD raster data are clipped with shapefiles outlining the catch-
ments upstream of the discharge measuring stations to extract snow cover duration for
catchment areas [30].

The arithmetic mean of all pixel values within a catchment was calculated for every
season (SCDgg for early season, SCD; s for late season) to enable investigation of interannual
and intra-annual snow cover changes [30], as the mean is more sensitive to outliers within
the data than the median. In addition, the standard deviation gives information on the
variability of values over the AOPs [44].

Apart from snow cover duration, snow cover melt timing can have influences on
the hydrograph [12]. The snow cover melt day can be parametrized using temperature
data [30], for example, by determining the first day after the last five consecutive days with
an average temperature above 0 °C [45]. In an attempt to derive melt timing on a catchment
level from snow cover data alone, fractional snow cover per day for each catchment and
AQOP was determined and normalized by using the maximum value per AOP as 100%
(SCFnorm)- The last day of an AOP (DAOP), when the SCFporm of a catchment was 95% or
over, was determined as Melt onset.

Using only one snowmelt date has been suspected to be insensitive to snowfall occur-
ring after the calculated day [12]. To take late snowfall into account, the last day of the AOP
when SCFnorm ranged between 55% and 45% was calculated and used as Melt half. The
number of days between Melt onset and Melt half (Melt delta) is used to derive the duration
of snowmelt and enable observing the effects of the latter on runoff behavior. Melt onset
and Melt half were normalized as well by dividing them by the number of days of the AOP
and multiplying them by 365.25.

A mask separating the watersheds into elevation bands of 100 m was generated,
as snow cover duration is expected to increase with altitude [13,39,46]. This mask was
subsequently used to conduct an elevation-dependent analysis.

2.3. Hydrology

Remotely sensed snow cover data have proven to give good results in combination
with single-point in situ discharge measurements [12,30]. Runoff information was ob-
tained from the Sensor Data Storage System (SDSS, https:/ /sdss.caiag.kg/sdss/, accessed
10 November 2022) and the Central Asia Regional Water Information Base (CAREWIB,
cawater-info.net, accessed 1 November 2022).

Gauges measuring catchment discharge were required to be located in the mountain-
ous headwater area of the catchment and upstream of any water reservoir or major with-
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drawal that would distort runoff data [39,47]. Five discharge stations gauging headwater
catchments of the Syr Darya were selected (see Figure 3). Water bodies and national borders
were obtained from Esri [33,37], elevation data from the GMTED2010 [48]. The catchment
area upstream of a measuring station was named after the gauged river. CAREWIB station
data were available for the AOPs from 2000 to 2015 in the form of runoff measurements
every 10 days. The stations measure the inflow into the reservoir lakes Toktogul (Naryn
River) and Andijan (Karadarya River). Due to the construction of the Kambarata II dam
and its installation from 2007 to 2010, data from the Naryn River were not used from the
AQP 2011 onward. The Karadarya measurements showed no runoff peak for the years
2000 and 2001, which is why the data were removed to prevent distortion of trends.
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Figure 3. Overview of investigated Syr Darya sub-catchments.

Kokomeren station measures the discharge of Kokomeren River about 100 km up-
stream of Toktogul reservoir. At the confluence of the Maydantal and Oygaing rivers, two
stations gauge the respective streams. SDSS data were not available for the same time
period as CAREWIB data (Table 1), which significantly reduces the possibilities of statistical
analysis. Furthermore, the stations Kokomeren and Maydantal showed major gaps, which
could have been caused by sensor malfunctions due to low water levels [49].

To isolate headwater discharge connected to spring snowmelt, only the months of
spring runoff (1 March (DAOP 183) to 31 July (DAOP 335)) were selected [30,45]. SDSS
discharge measurements did not always have regular intervals. This was countered by
creating daily runoff means and removing annual observation periods that did not exhibit
continuous spring/summer runoff measurements.

Runoff parameters were selected to display the timing and amount of runoff caused by
spring snowmelt. The value (Value Qmax) and date (DAOP Qmax) of maximum stream flow
indicate when and with which intensity a runoff peak occurred [50]. Additionally, the days
of fixed quantiles of spring runoff have proven to be robust timing measures [50]. For the
5th percentile date, this is the day of the annual observation period when 5% of cumulated
spring runoff has passed the gauge [29,30,45,47]. The 10th, 50th, 90th, and 95th percentiles
were calculated in an analogous way. Q5% and Q10% are expected to display changes in
the early stages of spring runoff. Q50% gives information on mid-season changes. Q90%
and Q95% include the end of spring runoff when the runoff peak from snowmelt has
passed and rainfall may influence the hydrograph [45]. Just like melt timing measures,
runoff timings were normalized to level the difference between leap and normal years. All
12 used parameters of snow cover and runoff timing are listed in Table 2.
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Table 1. Discharge station data availability for stations gauging Karadarya, Kokomeren, Maydantal,
Naryn, and Oygaing rivers. Data were obtained from the Sensor Data Storage System (SDSS,
https:/ /sdss.caiag.kg/sdss/) and the Central Asia Regional Water Information Base (CAREWIB,
cawater-info.net).

. Time of Recording Missing Spring Number of Used
Coordinates of Yo .
Cochment Gl Dasowee Lot el Removed  sprinRuncl
Karadarya A0 s N CAREWIB 1 January 2000 21 April 2016 - 2000, 2001 211
Kokomeren 37 50328164 N, SDSS 23 September 10 October 2022 272 2016, 2017, 2018 919
Maydantal A 0ele, N SDSS 16March2015 10 October 2022 249 2015,2016 919
Naryn Atg2e 8L N CAREWIB 1 January 2000 21 April 2016 - 2010-2015 166
Oygaing Ao N, SDSS 8 October 2018 10 October 2022 - - 613
Table 2. Overview of snow and spring flood measures: snow cover duration for early and late
seasons (SCDgs and SCDjg) as well as Melt delta, measured in days, and melt and runoff timing
measures (runoff quantiles as Q5%, Q10%, . ..) were quantified through the day of the hydrological
year (DAOP).
Abbreviation Unit Description Data Source
SCDgs Days Early-season snow cover duration GSP
SCDrg Days Late-season snow cover duration GSpP
Melt onset DAOP Snowmelt start time derived from snow cover data GSP
Melt half DAOP Snowmelt half-time derived from snow cover data GSP
Melt delta Days Number of days between Melt onset and Melt half GSP
Value Qmax m3/s Peak runoff volume SDSS/CAREWIB
DAOP Qmax DAQOP Time of peak runoff SDSS/CAREWIB
Q5% DAOP Time when 5% of cumulated discharge occurred SDSS/CAREWIB
Q10% DAOP Time when 10% of cumulated discharge occurred SDSS/CAREWIB
Q50% DAOP Time when 50% of cumulated discharge occurred SDSS/CAREWIB
Q90% DAOP Time when 90% of cumulated discharge occurred SDSS/CAREWIB
Q95% DAOP Time when 95% of cumulated discharge occurred SDSS/CAREWIB
Discharge data for Kokomeren in the AOP 2016 included a runoff peak but were
not available from DAOP 318 to DAOP 335, which is why runoff percentiles were not
used, but Value Qmax and DAOP Qmax were used. Table 1 summarizes the location and
measurement specifications of the gauges, and Figure 4 visualizes what AOPs of discharge
data were used.
Karadarya - Iannual observation
Kokomeren
- peak discharge
Maydantal
- removed
Naryn
Oygaing l missing

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Figure 4. Data availability of runoff data for the different stations for the years 2000 to 2022. Dark
green areas marked included annual observation periods (AOPs), light green areas marked AOPs that
were removed, and dark yellow is for Kokomeren AOP 2016, when only peak discharge measures
were used. Red indicates missing measurements.
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2.4. Statistics
2.4.1. Pearson’s Correlation

The relationships between parameters of snow and runoff timing are examined by
using Pearson’s correlation coefficient, which has proven to give good results for this kind
of inquiry [30]. Pearson’s correlation coefficient detects linear connections. It can take
on a value between 0 and 1. The closer it is to 1 the stronger the correlation, 0 meaning
no relationship at all. The sign indicates if the relationship is positive or negative. An
increase in one parameter is either linked to an increase (positive correlation) or a decrease
in another (negative correlation). A relationship is regarded as strong if it is larger than 0.8,
moderate if it is larger than 0.6, and weak if it is larger than 0.4 [30].

Pearson’s correlation was calculated using the “pandas” module Python [51,52]. Due
to the differing availability of the data, correlation coefficients were only calculated for the
shorter of the two timeframes for every pair of variables. Thus, snow cover parameters
were correlated over the whole time period, while runoff data and snow cover data were
correlated over the time period with available in situ data.

2.4.2. Mann-Kendall Trend Test

The Mann—Kendall non-parametric trend test (MK test) [53,54] was applied to deter-
mine if and at what significance level trends occurred. Significance levels of 0.05, 0.1, and
0.2 were used [19,30]. Theil-Sen’s slope estimator [55] is used to determine the magnitude
of the trend. It is more robust towards outliers than a simple linear regression and is
thus used to calculate the slope of the trend per time unit [6]. MK test and Theil-Sen
slope have proven to be useful tools for detecting changes in hydrometeorological time
series [29,30,44,56]. The slope and significance of a trend were calculated for the whole
time period of available snow cover data as well as for the limited time period when runoff
data were available to aid comparison between snow cover and runoff trends [6].

Trend analysis was carried out in Python using the “original_test” of the “pymannk-
endall” module [57]. The pixel-based trend analysis used for elevation-specific investigation
was calculated with the “scipy.stats” module [58].

3. Results
3.1. Snow Cover

Snow cover was heterogeneously distributed over the area and years. Figure 2 shows
the mean snow cover duration for the years 2001 to 2022, with water bodies such as Issyk-
Kul Lake and Toktogul Reservoir being easily recognizable with an average snow cover
duration of zero. These are contrasted with regions covered with snow year-round, likely
glaciated areas [39]. The Fergana Valley in the southwest of the investigated catchments is
identifiable by its shorter SCD.

Table 3 shows the mean values of SCD and melt timing measures and their standard
deviation. The distribution of values between the catchments turned out to be similar for
most parameters. The lowest SCD was observed for Karadarya for both seasons, with
an average of 177.12 days per AOP; it also exhibited the earliest Melt onset and Melt half
day. The average SCD per annual observation period of Maydantal was about 44% higher
at 254.71 days; Melt onset and Melt half days were the latest for this catchment. Naryn,
Kokomeren, and Oygaing snow cover duration and melt parameters are in between with
increasing values. Melt delta length was distributed differently with Oygaing having the
longest and Naryn the shortest. Naryn had the shortest (6.43 days SCDgs) and longest
(12.3 days SCDys) standard deviation for the early and late seasons of all catchments. Naryn
and Karadarya had the lowest standard deviation for SCDgg and the highest for SCD; g
and Melt onset. The Oygaing standard deviation for the Melt half was almost twice the
number of the other catchments. The Melt delta standard deviation was around 13 days for
Maydantal and Kokomeren and around 20 days for the other catchments.
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Table 3. Average values of snow cover duration (SCD) and snowmelt parameters (Melt onset and
Melt half were quantified through their day of annual observation period (DAOP)) as well as their
standard deviation for the selected sub-catchments (rounded to two decimal places).

Parameter Unit Karadarya Kokomeren Maydantal Naryn Oygaing
SCDxgg Days 59.79 +7.34 63.07 £ 7.27 81.57 +7.88 60.47 + 6.43 81.58 + 7.4
SCDrs Days 117.32 £9.84 126.54 £+ 8.98 173.14 £ 9.41 119.88 +£12.3 167.99 £ 8.88

Melt onset DAOP 181.32 +21.7 196.51 4+ 15.15 245.34 +10.94 193.01 £ 23.15 233.84 + 10.85

Melt half DAOP 240.38 +11.01 249.38 + 11.03 300.11 + 10.89 239.65 +9.49 297.21 +17.44

Melt delta Days 59.05 +20.71 52.86 + 12.76 54.77 £ 12.76 47 £+ 20.05 63.36 + 18.34

Mean values of snow cover duration and melt timing provide an overview of dif-
ferences between the catchments. However, for the analysis of anomalies and extreme
events, single-year values are more useful [39]. Figure 5 shows the daily fractional snow
cover of the catchments for the AOPs 2001 to 2022. Maydantal and Oygaing SCD is visibly
longer and melt occurs later compared to the other catchments. Karadarya, and Naryn
with its sub-catchment Kokomeren have similar snow cover patterns due to later snow
presence and earlier snow disappearance. Karadarya snow cover seems “patchier” with a
higher variability within the time of snow cover. As no parameter was fit to measure this
kind of snow cover variability during the snow season, this would need to be verified in
further studies.

At first glance, a very early Melt onset day in 2007 is noticeable for Karadarya,
Kokomeren, and Naryn. For Naryn, it occurred 90 days earlier than the average. SCD
was very low that year for the named catchments. Naryn’s early season was 8.5 days
shorter than the average and late season was 38.5 days shorter. Snow cover remained low
for the rest of the AOP, but only fell below 45% of SCFporm after DAOP 226, creating an
exceptionally long Melt delta (76 days longer than mean). Maydantal and Oygaing had
average SCD in 2007. For these catchments, minimum SCD occurred a year later in 2008.
Early and late season both were shorter than usual so that total SCD lasted about 32 days
shorter. Earlier Melt onset and Melt half led to the Melt delta being 8.8 (Maydantal) and 2.4
(Oygaing) days shorter than average.

Maximum SCD occurred in 2002 for Maydantal and Oygaing, in 2003 for Naryn, and
in 2017 for Karadarya and Kokomeren. Snow cover parameters behaved differently for
these years. The 2002 Melt delta was 18 and 35 days longer for Maydantal and Oygaing,
respectively, due to the later Melt half. The 2003 Melt delta was just one day longer for
Naryn but Melt onset and Melt half were around 20 days later. The 2017 Melt delta was
4 days longer for Karadarya, due to the later Melt half, but was almost 10 days shorter
for Kokomeren due to the later Melt onset. The very late Melt half day of Oygaing in 2015
(DAQOP 359) occurred when snowfalls in August raised the normalized snow cover by over
45%. A long SCDgg occurred afterwards, in 2016.

The Mann-Kendall test was applied to detect trends in snow cover and melt measures.
Trend results and their level of statistical significance are shown in Table 4 for the whole
time period of available snow cover data and in Table 5 for the time periods when runoff
data were available. In the following, the time frame to which the trend applies is indicated
in brackets. No significant trends of SCD or melt parameter increase occurred. At the
significance level of p < 0.05, Oygaing SCDj s (long) decreased by 0.66 days per year. With
an increased threshold, at the significance level of p < 0.1, SCDrs showed a decreasing
trend for the catchments Karadarya, Kokomeren, and Maydantal (long). Melt onset fell
for Kokomeren (short and long) and Naryn (long). Melt half advanced for Kokomeren
and Naryn (short). At the significance level of p < 0.2, Maydantal late-season snow cover
duration decreased (short) by 4.84 days per year. SCD| s decreased for Naryn (long) and
for Maydantal and Kokomeren (short). Melt half advanced for Karadarya, Kokomeren,
Maydantal, and Oygaing (long). Melt delta decreased for Karadarya (short and long), with
a steeper slope for the shorter time period (—1.5 days per year).
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Figure 5. Fractional snow cover of sub-catchments (a) Maydantal, (b) Oygaing, (c¢) Kokomeren,
(d) Naryn, and (e) Karadarya for the annual observation periods 2001 to 2022. Red lines indicate the
day that separates the early and late seasons (1st of January). The black line marks the calculated
Melt onset day, the white line Melt half day.

Table 4. Trends with corresponding p-values resulting from Mann-Kendall tests for early- and
late-season snow cover duration (SCDgs and SCDj ) as well as melt parameters (Melt onset, Melt half,
and Melt delta). Melt parameters were quantified through their day of annual observation period
(DAOP). Statistical significance is indicated by an asterisk.

Parameter Unit Karadarya Kokomeren Maydantal Naryn Oygaing
SCDgs Days 0.016 —0.08 —04 —0.21 —0.33
SCDys Days —0.53 ** —0.65 ** —0.73 *** —0.63 ** —0.67 ***

Melt onset DAOP 0.11 —0.83 *#** -0.17 —0.9** —0.36

Melt half DAOP —0.71*% -0.5* —0.53* —0.63* —0.75*

Melt delta DAOP -0.83 % 0.1 0 0.12 -0.27

Note: *** p-value < 0.05, ** p-value < 0.1, * p-value < 0.2, no * p-value > 0.2.



Water 2024, 16, 1902

11 of 28

Table 5. Trends with corresponding p-values resulting from Mann—Kendall tests for early- and
late-season snow cover duration (SCDgg and SCDjg) as well as melt parameters (Melt onset, Melt
half, and Melt delta) for the time periods when runoff data were available. Melt parameters were
quantified through their day of annual observation period (DAOP). Statistical significance is indicated
by an asterisk.

. Karadarya Kokomeren Maydantal Naryn Oygain
Parameter Unit 2002—25{5 2014-2022 201);—2022 20013’010 20{9g—202gz
SCDgg Days —0.18 ~1.08 —4.84% —1.62 *** —3.06
SCD;g Days —0.34 ~1.85*% —271*% ~0.16 415
Melt onset DAOP 1.17 D .64 *** 15 —033 1.52
Melt half DAOP —-1.07 —2.14 % —327 -122 —3.96
Melt delta DAOP —1.5% 0.42 ~1.33 05 ~10.67

Note: *** p-value < 0.05, ** p-value < 0.1, * p-value < 0.2, no * p-value > 0.2.

In Figure 6, the snow cover duration trend is shown for every pixel for both, the early
and late seasons. Visible is the dominance of a decrease in SCD over an increase in SCD.
S5CDys trends were more significant, especially for the catchments Oygaing and Maydantal.
Kokomeren snow cover duration decreased especially in the south-east of the catchment;
Naryn SCD furthermore had negative trends in the very eastern part.
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Figure 6. Snow cover trends for the five catchments as obtained from the Global SnowPack. Pixels
with a p-value > 0.2 are marked in grey. Red and orange indicate a negative trend of SCD and blue
indicates a positive one.

Altitude-related SCD change graphs can be found in Appendix A. Late-season trends
were significant at a threshold of p < 0.2 for Maydantal and Oygaing as well as Kokomeren.
There were no significant trends of increasing SCD. Maydantal and Oygaing showed
decreasing SCD trends for the two upper thirds of the catchments (around 2500 m upward)
of about 0.35 to 0.75 days per year. Maydantal p-value increases over 0.2 for the last
two elevation steps. Kokomeren had significant negative trends in the lower fifth of the
catchment (1500 m to 2000 m) with a decrease of around one day per year. A higher SCD
for Maydantal and Oygaing is visible. Average snow cover [%] is higher than the snow
cover at the same elevations for the other catchments.
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3.2. Hydrology

Absolute discharge volumes of the catchments varied drastically. Kokomeren had
the smallest, and Maydantal had the largest volume, around 20 times that of Kokomeren.
Oygaing catchment had a lower contrast between winter and summer runoff than the other
catchments. Table 6 shows the average values of runoff parameters.

Table 6. Average values of runoff parameters as well as their standard deviation for the selected
sub-catchments. DAOP Qmax and runoff percentiles (Q5% to Q95%) were quantified through the day
of the annual observation period (DAOP).

Parameter Unit Karadarya Kokomeren Maydantal Naryn Oygaing
Value Qmax m3/s 403.71 £ 34.4% 244.8 £+ 16% 5508.66 = 8.4%  1263.17 £ 27% 3025.93 £ 6%
DAOP Qmax DAOP 261.53 £ 23.01 276.4 +20.44 29441 +£1792  283.17+14.09  292.76 +13.28

Q5% DAOP 194.45 +7.16 202.38 +3.2 220+ 6 198.72 + 6.83 19725+ 1.2
Q10% DAOP 210.09 £5.15 235,72 £+ 4,85 235.72 + 4.85 216.9 & 4.96 211.76 £ 2.32
Q50% DAOP 259.03 £+ 7.66 27723 £6.19 283.07 £ 5.21 271.17 £ 6.92 276.5 £ 2.87
Q90% DAOP 302.11 £ 6.96 320.74 £ 1.39 321.57 £ 1.63 312.44 + 4.07 321.5£1.25
Q95% DAOP 310.68 £ 4.95 32741 £0.78 327.57 £0.81 315.16 £ 3 327.75 £ 0.55

Value Qmax standard deviation is displayed as a fraction of the mean to allow for
better comparability as absolute maximum discharge volume varied greatly over the
catchments [59]. Value Qmax was more variable in Karadarya and Naryn than for the
other catchments, and ranking catchments by DAOP Qmax created a similar succession as
ordering them by snow cover measures. Karadarya had the earliest mean peak discharge
and Oygaing and Maydantal had the latest. Kokomeren’s average peak discharge was
earlier than that of Naryn, but the other runoff timing measures occurred after those of
Naryn. Kokomeren was the only catchment where DAOP Qmax occurred before the 50th
runoff percentile. The standard deviation was lowest for Oygaing runoff timing measures.

Figure 7 shows mean daily (SDSS data) and 10-day (CAREWIB data) runoff values.

Years of low Value Qmax were 2020 (Oygaing —7%, Maydantal —11%, Kokomeren
—16%) and 2007, when Karadarya (—55%) and Naryn (—34%) had particularly low peak
discharge values. While peak discharge occurred early for Karadarya (—38.38 days),
Naryn’s peak discharge was later than usual (+11.03 days) that year. High Value Qmax of
the catchments was in 2010 (Karadarya +81%, Naryn +59%), which was later than usual.
Around the same time, the discharge peak occurred a year before, but it was much lower.
Maydantal peak discharge in 2017 was higher (+14%) and earlier than the average. Highest
Kokomeren peak discharge occurred in 2016 (+30%). All snow cover and runoff values can
be found in Appendix B.

The results of the MK test for runoff parameters are shown in Table 7. There were no
trends at the significance level of p < 0.05. For p < 0.1, Oygaing Q50% and Q90% showed a
decrease of —2.17 and —1 days per year, respectively. For p < 0.2, there was a decrease in
Karadarya Value Qmax by —14.68 m> /s per year, which is around —3.64% of the average
Value Qmax. Kokomeren Q10% and Q50% decreased by —0.4 and —1.5 days, respectively.
Naryn Q5% decreased by 0.07 days per year.
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Figure 7. Measured runoff values of the sub-catchments (a) Maydantal, (b) Oygaing, (c) Kokomeren,

(d) Naryn, and (e) Karadarya. Measurements have daily intervals for Kokomeren, Maydantal, and

Oygaing and 10-day intervals for Karadarya and Naryn. The black lines limit spring runoff (1 March
to 31 July). Blue diamonds mark the peak discharge of the AOP. Grey boxes cover annual observation
periods that were not included in calculations due to poor data availability or quality. For 2016,

Kokomeren peak runoff measures were included but no other timing measures due to missing data
towards the end of spring runoff (runoff data: SDSS (https:/ /sdss.caiag.kg/sdss/) and CAREWIB

(cawater-info.net)).

Table 7. Trends with corresponding p-values resulting from Mann-Kendall tests for runoff measures

(DAOP meaning day of annual observation period). For Kokomeren, the years 2017 and 2018 were

not included as well as quantile measures Q5% to Q95% for 2016.

. Karadarya  Kokomeren = Maydantal Naryn Oygaing
Unit 2002-2015 2014-2022 2017-2022 2000-2015 2019-2022
Value Qmax m3/s —14.68 * —5.37 —170.07 34.27 —42.52
DAOP
DAOP 0.04 —2.88 -0.23 0 —0.78
Qmax
Q5% DAOP 0* —1.18 —0.6 0 -0.17
Q10% DAOP 0 —1* -0.8 0 0.5
Q50% DAOP 0 —24* -0.5 0 —2.17 **
Q90% DAOP 0 —0.12 —0.25 0 —1**
Q95% DAOP 0 ** 0 0 0 —0.19

Note: ** p-value < 0.1, * p-value < 0.2, no * p-value > 0.2.
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3.3. Pearson’s Correlation

Figure 8 shows correlation matrices of the parameters for the different catchment
areas. All catchments exhibited positive correlations between late-season snow cover
duration (5CDys) and Melt onset as well as Melt half. Apart from Oygaing, all catchments
had negative correlations of Melt onset and Melt delta. These were strong for Naryn and
Karadarya. Value Qmax generally had stronger correlations with earlier runoff measures,
and DAOP Qmax with later runoff timing measures. The most correlations classified as
“strong” had Oygaing, the fewest Karadarya.

Snow cover parameters SCDrg and SCDy s correlated positively with runoff percentile
dates. Correlations were stronger for SCD; s than for SCDgs. SCDy s had a positive corre-
lation with Q50% for all catchments, which was weak for Naryn and strong for Oygaing.
For the three larger catchments, SCDy s correlated only with runoff timing measures up to
Q50%. Maydantal SCDj g correlated weakly to moderately with all runoff timing measures.
Oygaing SCDj s correlated strongly with Q90%.

Snowmelt parameter Melt onset correlated positively with all runoff timing measures
of Kokomeren and with early runoff timing measures for Maydantal and Oygaing. Melt
half correlated positively with most runoff timing measures of Maydantal and Oygaing,
apart from Q10% for Oygaing. For Kokomeren and Naryn, the Melt half correlated with
early to middle runoff parameters. For Karadarya, there was a weak correlation with Q50%.
Melt delta correlated positively with middle to late runoff for Maydantal and Oygaing, but
weakly negative for late Kokomeren runoff parameters.

While runoff percentile dates generally showed similar correlations for catchments
with similar characteristics, DAOP Qmax and Value Qmax were more complex in their
relationships with other parameters. For Value Qmax, a positive correlation existed with
SCDrgs for Maydantal and Kokomeren and with SCD; s for Maydantal, Karadarya, and
Naryn. It correlated positively with Melt onset and negatively with Melt delta for Maydantal.
Correlations with Melt half existed for Naryn and Karadarya. Oygaing had a strong
correlation with Value max for Q5% and Q10%, as well as with Naryn for Q10%.

DAOP Qmax correlated positively with SCDrs for Oygaing and Kokomeren as well as
with SCDp s for Oygaing, Kokomeren, and Karadarya. Melt onset correlated negatively with
DAOP Qmax for Oygaing and positively for Kokomeren as well as positively with Melt half
for Oygaing, Maydantal, and Karadarya. It correlated positively with Melt delta for May-
dantal and Oygaing and negatively for Kokomeren. Runoff timing measures showed the
following connections. Maydantal, Kokomeren, and Karadarya had positive correlations of
DAOP Qmax and Q50%. DAOP Qmax and Q90% had a negative correlation for Oygaing
but a positive one for Maydantal and Kokomeren; Kokomeren furthermore of DAOP Qmax
and Q95%. Only one (weak) correlation existed for Naryn between DAOP Qmax and runoff
timing measures. No correlations existed between Value Qmax and DAOP Qmax.

DAOP Qmax correlated positively with SCDrs for Oygaing and Kokomeren as well as
with SCDy g for Oygaing, Kokomeren, and Karadarya. Melt onset correlated negatively with
DAOP Qmax for Oygaing and positively for Kokomeren as well as positively with Melt half
for Oygaing, Maydantal, and Karadarya. It correlated positively with Melt delta for May-
dantal and Oygaing and negatively for Kokomeren. Runoff timing measures showed the
following connections. Maydantal, Kokomeren, and Karadarya had positive correlations of
DAOP Qmax and Q50%. DAOP Qmax and Q90% had a negative correlation for Oygaing,
but a positive one for Maydantal and Kokomeren; Kokomeren furthermore of DAOP Qmax
and Q95%. Only one (weak) correlation existed for Naryn between DAOP Qmax and runoff
timing measures. No correlations existed between Value Qmax and DAOP Qmax.
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Figure 8. Correlation matrices of snow cover and runoff timing measures for the selected sub-
catchments: (a) Maydantal, (b) Oygaing, (c) Kokomeren, (d) Naryn, and (e) Karadarya. A relationship
is regarded as strong if it is larger than 0.8, moderate if it is larger than 0.6, and weak if it is larger

than 0.4.
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4. Discussion
4.1. Relationship between Snow and Runoff Parameters

Snow cover duration was higher at higher elevations as temperatures decreased with
altitude, and rainshadow effects caused precipitation to be higher at mountain peaks than
in valleys [18,32,39]. Measures of SCD, Melt onset, and Melt half were lowest for Karadarya,
followed by Naryn, Kokomeren, Oygaing, and Maydantal. Longer SCD of Maydantal and
Opygaing can be linked to their elevation distribution and their geographic location. High
SCD of the smaller catchments to the west is likely caused by lower average temperatures
and more precipitation during the accumulation season (in the form of snow). While
Karadarya and Naryn include areas at lower altitudes (12.5% and 1.2% of catchment area
below 1500 m, respectively), the smaller catchments are located exclusively above 1500 m
and thus will be affected by temperature-induced melt later than the others, when mean
temperatures are higher at lower elevations.

Late-season snow cover duration influenced runoff timing. For every catchment,
SCDrs was positively correlated with runoff timing measures so that a long SCDy g was
more likely to lead to late runoff timing and vice versa [30]. The smaller catchments
Maydantal and Oygaing had correlations of SCD; s with Q90%. The longer average SCDr g
possibly leads to late runoff parameters within the fixed time period of “spring runoft” to
be influenced by snowmelt. The same hypothesis would explain the positive correlation
of Melt half with early runoff timings for Kokomeren, Naryn, and Karadarya and with
later ones for Maydantal and Oygaing. Oygaing’s early runoff “insensitivity” to SCDrg
could be caused by the catchments” high winter baseflow. For Kokomeren, Naryn, and
Karadarya, the runoff measures Q90% and Q95% did not correlate with SCD;s. The long
distance from the furthest point of the gauge until the measuring station might increase the
possibility of distortions from land cover type, land use, or other factors. Karadarya has
the largest fraction of irrigated agriculture (25%) and forest cover (17%), which influences
runoff behavior. Soil moisture, for example, is retained longer in forested areas. Saturation
and subsequently runoff are reached earlier [60]. Like SCDy g, Melt onset had an influence
on early runoff timings. The correlation of Melt onset with runoff start was strong for the
small catchment Maydantal. For the smaller catchments, the beginning of snowmelt is
more likely to occur closer to the gauge and thus affect runoff earlier. The difference in
correlation intensity of the almost equally sized Kokomeren and Karadarya could be related
to the different land cover before the gauge as well.

Like Melt half, Melt delta correlated positively with late runoff measures of Maydantal
and Oygaing. An elongated snowmelt leads to later late runoff timing. Due to the shorter
average SCD, late runoff timing of the more eastern catchments was less affected by
snowmelt, but likely by spring and summer precipitation.

The correlation of SCDEg and runoff timing was strongest for Maydantal and Kokomeren.
They also exhibited correlations of SCDgg and Value Qmax. SCDgg and SCD; s have only
weak or absent correlations. An influence of long early-season SCD on the latter could be
due to lower land surface (caused by insulation) and air (caused by albedo) temperatures.
However, the influence of early-season SCD on late runoff timing would need to be further
investigated as Pearson’s correlation does not prove causality but only indicates analogous
change. SCDgg is likely not a reliable indicator for late runoff timing [29].

Runoff volume was by far the highest for the smallest catchments of Maydantal and
Oygaing. These catchments had the longest SCD and the largest fraction of the area
covered with snow. For the larger catchments, water has more time to evaporate and
percolate. Irrigated agriculture and urban areas within the catchment area can contribute to
a reduction in runoff volume. Nevertheless, sensor malfunction or measuring differences
cannot be ruled out, especially as runoff data were obtained from two different sources.

Average peak discharge was the earliest for Karadarya and the latest for Maydantal,
which is in accordance with the succession of SCD; g and Melt onset over the catchments.
Although Kokomeren had a longer SCDy g, the average peak discharge was earlier than that
of Naryn. This might be explained by the larger contribution of glacial meltwater to runoff
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for Naryn, which delays the discharge peak [13]. While glaciated areas covered a larger
fraction of Maydantal and Oygaing, the total area was larger for Naryn and Karadarya.
The less glaciated area might lead to higher variability in runoff percentile timing and
peak value. However, as the discharge of the observed catchments is mainly influenced by
snowmelt, SCDy g variability (slightly higher for Naryn and Karadarya) is likely dominating
peak value magnitude.

Melt onset was negatively correlated with Melt delta for every catchment and more
strongly so for the more eastern catchments. An extreme example of an early snowmelt
leading to an elongated Melt delta was the AOP 2007 [13,39]. Musselman et al. found
ablation rates to be low in regions with a low SWE [61]. Low snow cover, leading to an
early Melt onset, could indicate a low SWE and outstretched melt duration, as the energy
availability to melt the snowpack in winter and early spring is not as high as in late spring
and summer.

4.2. Trends

S5CDrs showed decreasing trends of —0.53 to —0.73 days per AOP for every catchment
over the 22-year observation period. An advance in melt onset and/or melt half day was
detected for every sub-catchment of this study. This is in accordance with the findings of
Dietz et al. [39] and Yang et al. The latter found an SCD decrease of —0.26 days per year for
the whole TS from 1979 to 2016 due to rising temperatures (up to +0.07 °C per year) and a
decreased snow-end day, especially in high-altitude regions and the Fergana Valley [12].

Maydantal and Oygaing had the longest average SCD; s but also the strongest SCD; g
reduction. Catchments without high-altitude peaks are more prone to temperature-driven
reduction in SCD [2]. The most significant SCD change occurred within the upper third
of the catchments for SCD;s, where SCD is higher and land cover mostly consists of
bare/sparsely vegetated and glaciated areas. In these areas, snow cover is more likely
to be exposed to high energy in late spring and early summer, leading to an accelerated
snowmelt, especially with gradually rising temperatures. The reduction in SCD at higher
altitudes might lead to the advancing Melt half trend.

Runner-up of late-season SCD decrease, Kokomeren, experienced significant negative
trends at lower altitudes, which is likely connected to an increase in temperature and
possible melt season rainfall. The affected area is located in a depression in the southeast
of the catchment and is partly used for agriculture. The advance of Kokomeren Melt onset
could be linked to shorter SCD;s at lower elevations. This change did not show at the
same elevation level of Naryn as other areas in the same elevation band did not experience
a significant reduction in snow cover duration. Although the other catchments did not
experience a significant elevation-specific reduction in SCD, some areas had stronger
negative trends than others. For example, in the east of the Naryn catchment, a mostly bare
and sparsely vegetated area experienced a significant decrease in early- and late-season
SCD (Figure 6).

At the spatial resolution of 500 m, areas of perennial snow and ice in the Naryn
catchment can be extracted from SCD as pixels having snow cover all year round (Figure 9).
A decrease from AOP 2001 (1643 pixels) to AOP 2022 (608 pixels) is visible. A negative
overall glacier mass balance of glaciers in Naryn may cause an increased contribution of
glacial meltwater to summer and autumn discharge from glaciated areas [13]. Due to the
short time period of measurements, this could not be verified but might be one of the causes
why the Naryn catchment did not experience an advance in runoff timing measures.
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Figure 9. SCD of 365 days for the AOPs 2001 and 2022 in the most eastern part of the Naryn catchment,
where glaciers lay the foundation for the stream.

Runoff seasonality change has been the main runoff trend in many catchments of
the northern hemisphere [29,47] as well as in the TS [12]. The larger ones of the observed
catchments, Naryn and Karadarya, as well as Maydantal did not exhibit changes in runoff
timing. An advance occurred for Kokomeren in early and Oygaing in medium parameters.
Kokomeren advancing Q10% and Q50% were positively correlated with SCD; g and Melt
onset day, both of which advanced too. Thus, Karadarya changes in early runoff timing
are likely linked to SCD change at lower elevations. Oygaing advancing Q50% and Q90%
were strongly correlated with SCDrg. The advance of later runoff timing may be linked
to reduced SCD at higher elevations as well as less influence of glacier melt. SCDjg at
low elevations did not decrease significantly, and thus, meltwater from these areas did not
run off earlier. The reduction in SCDy g at higher elevations may contribute to advancing
medium to later runoff timing measures.

A generally positive correlation of SCD; g and runoff timing measures for all catch-
ments indicates that even though trends of advancing runoff are not measurable within
the short time series available, they might surface in the future. All catchments apart from
Oygaing had positive correlations of (late) runoff timing and DAOP Qmax. An advance of
peak discharge was not measured (like for catchments in the eastern TS [12]) and predicted
for later in the century for Syr Darya headwater catchments [2].

Although it experienced the least reduction in SCD, Karadarya was the only catchment
with a decreasing Value Qmax. This might be caused by a decreased buffer capacity of
glacier melt, a lower SWE, or human activity like agricultural irrigation in the catchment
area. Time series were not long enough to allow for statements about runoff volume trends
in the other catchments.

4.3. Outlook on Future Developments

Although a slight to strong decrease in peak discharge volume due to snow and glacier
ice reduction is projected for all investigated catchments, it was observed for only one
of them. It might surface when observing longer time series [2]. Decreasing late-season
SCD might cause changes in runoff seasonality for the selected headwater catchments.
Catchments without high-altitude peaks might experience these changes earlier, depending
on regional precipitation patterns. Glaciated areas, land cover, permafrost, and relief
influence the trends and will need to be investigated in further studies to determine the
magnitude of changes and the reasons behind changes in snow phenology, runoff volume,
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and timing. Higher winter temperatures may furthermore lead to permafrost degradation,
an increased basin runoff in winter, and an increased groundwater storage capacity [26].

Glacial melt can buffer or amplify the trend of an advancing runoff peak [13], and
it will likely continue to contribute to runoff in Syr Darya headwater catchments during
the first half of the 21st century [2]. However, after an initial runoff increase, meltwater
discharge and thus water availability in the summer and autumn months will be reduced
after a melt-induced maximum is surpassed [14]. The discharge will be more dependent on
snow cover melt and thus likely decrease and exhibit more interannual variability [62,63].
The risk of natural hazards is increased when meltwater accumulates in front of receding
glacier fronts. This poses a threat in unregulated catchments (for example in the north of
the Fergana Valley) as flood protection is not ensured by dams [2].

All the rivers observed in this study feed into reservoirs in the high mountains, making
changes in the timing of runoff most important for the population living upstream of the
dammed water body. However, variation in water availability also affects downstream com-
munities and international politics between the Central Asian countries. Transboundary
institutions like the Interstate Commission for Water Coordination (ICWC) and its executive
body the Syr Darya Basin Water Organization (BWO Syr Darya) are necessary to supervise
sustainable water management measures [64] and find ways to ensure sufficient water
availability for irrigation in downstream countries during spring and summer months as
well as hyperpower generation in winter for upstream countries [8].

4.4. Limitations
Five main factors limit the validity of the results produced in this thesis.

(1) Runoff data do not fulfill the needed requirements of homogenous long-term
datasets [47]. Especially the data from SDSS stations only covered a few years and
included data gaps in the spring runoff period. Limited data availability reduced
the possibility of putting extreme snow events in relation to runoff information for
some years.

(2) An analysis of trends within hydrometeorological data requires long datasets. Time
series of only a few decades of snow cover data may be influenced by short-term
trends, so that long-term developments are concealed [65].

(3) By attempting to link satellite-derived snow cover information with spring runoff
measures and determine runoff timing from snow cover alone, important factors were
not included. As runoff behavior cannot be reduced to a simple function of snow cover
change, trends and relationships cannot be interpreted without additional information
on temperature, precipitation, land cover, soil type, glaciation, relief, exposition, and
slope, which have consequences on snow distribution and melt as well as runoff
behavior [30]. Limitations also stem from the study design. The defined time frame
of spring runoff poses an oversimplification of “complex runoff distributions” that
respond to “highly variable spring weather” [47]. An alternative method could be
defining the spring flood date for every year individually [29]. Furthermore, the
influence of glacier melt is difficult to quantify because late summer months are not
included in the spring runoff time frame.

(4) The use of multispectral satellite data limits the observations to snow extent. None of
the used parameters measured snow depth so changes in SWE remain uncertain.

(5) The construction of the Kambarata II dam in 2007-2010 may have distorted the natural
inflow into the Toktogul reservoir of the Naryn catchment.

5. Conclusions

In this study, snow cover variability and its influence on the runoff behavior of the Syr
Darya headwater catchments in the western Tien Shan mountains were investigated. Snow
cover duration, melt timing, and runoff timing were derived from a long time series of
remote sensing observations and hydrological stations for five sub-catchments with varying
physical characteristics and availability of in situ runoff data. Furthermore, parameters
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were examined on the existence of trends over the observed time period. Catchments
differed regarding their location, area, slope, glaciation, land cover, and altitude, resulting
in varying snow cover and runoff characteristics.

However, all catchments had decreasing trends of late-season (spring) snow cover
duration. Catchments more to the west exhibited longer snow cover duration due to
different precipitation patterns but also had stronger decreasing trends over the observed
22 years. This can be related to a lack of high-altitude peaks and thus a higher susceptibility
to rising temperatures.

Runoff timing was generally influenced by the snow cover duration of late winter and
spring. The larger catchments more to the east had weaker relationships between snow
and runoff parameters, likely due to a shorter snow-covered period and their larger size
creating opportunities for runoff to percolate, evaporate, or be used for human activity.

Decreasing snow cover duration trends of the observed time period may have led
to the advance of runoff timing parameters for two of the observed catchments. With
temperatures projected to keep rising in the Tien Shan, a further advance of spring flood,
as well as a reduction in runoff volume, is likely, requiring a coordinated management of
water resources in the Syr Darya catchment. Further research in this area is necessary to
investigate the state and development of snow cover and its effects on water resources in
Central Asia as runoff volume and seasonality affect the water availability for agriculture
and hydropower production.
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Appendix A

Altitude-related change is visualized in Figure A1l for SCDgg and Figure A2 for SCDys.
On the x-axis, altitude steps of 100 m are shown. The number of pixels per elevation band
varies for the catchments. For every step, the mean fractional snow cover (green dashed
line), the change in days per AOP (red line), and the trend significance (blue dash-dot line)
are shown. SCDgg trends had a p-value of > 0.2 for all altitude steps.


https://geoservice.dlr.de

Water 2024, 16, 1902

21 of 28

“SCDgg” change for 100 m elevation steps

(a) Karadarya
15 1.0 1.0
12 0.9 -
N
. 09 0.8 0.8
o

§ 0.6 0.7 g

T 03 los o 069

3 3 E

3 oo 053 5

S -03 t04 & 04 8

&

g -06 03 g
-0.9 0.2 029
1% 0.1 o
-15 : 0.0 0.0

(b) Kokomeren

LS 1.0 1.0
i
1:2 e 0.9 —_
by =

_ 09 ’,,’ 0.8 O.Bt‘

§ 06 z 0.7 g

T 03 Los @ 069

a ] 2

3 00 053 8

- —0.3 F0.4 & 0.4 ;

=

g -06 03 g
-0.9 0.2 0.2 g
=12 0.1 ©
=L —rTTTT —T 0.0 0.0

(c)

15 1.0 10
12 0.9 -
>N

. 09 0.8 0.8

-

§ 0.6 0.7 g

c 03 los @ 06 9

b 3 E

5 00 053 5

:

o -0.3 L0.4 & 04

g -06 03 g
-0.9 0.2 029
=12 0.1 :
-15 0.0 0.0

(d) Naryn

15 1.0 1.0
1.2 0.9 =
P-4

. 09 to.8 0.8 =

= -

S 06 to.7 0

a

R 06 © 06 O

0 {73 E

5 00 05 g ]

o -0.3 04 & 0.4 g

g -06 03 g
-0.9 0.2 0.2 0

>
-1.2 0.1 o
-15 0.0 0.0
(e)
15 1.0 1.0
12 0.9 —
&
. 09 0.8 0.8 =
-

S 06 07 o

w 19

T 03 o6 @ 06 O

b 3 E

3 oo 05F 8

° -0.3 F0.4 & 0.4 $

g 08 : 03 g
-0.9 0.2 020

S
~1:2 0.1 o
15 0.0 0.0
F TS TS T S TS TS TS T ST TS ST TSI T SIT TSI — trend
CORIROI I S S SIS S S\ SIS S SR, SIS
PRI I S A e S A A s A L R L average
OIS ARORS S SO N I S AR O I S RS SOOI B 9

ST LSS LSS LSS S S S snowcover

S A S R S A M S AN S A —= palue

Figure Al. SCDgg change for 100 m altitude levels for the sub-catchments (a) Karadarya,
(b) Kokomeren, (c) Maydantal, (d) Naryn and (e) Oygaing.
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Figure A2. SCDjg change for 100 m altitude levels for the sub-catchments (a) Karadarya,
(b) Kokomeren, (c) Maydantal, (d) Naryn and (e) Oygaing.

Appendix B

The following tables include all values of snow cover phenology and runoff timing
generated. Values have been rounded to two decimal places.
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Table A1. Mean snow cover duration (days) of the investigated catchments over the time period 2000
to 2022 for early and late seasons.

Karadarya Kokomeren Maydantal Naryn Oygaing
AOP SCDgs SCDys SCDgs SCDys SCDgs SCDys SCDgs SCDys SCDgs SCDys
2001 7747 115.39 76.7 121.59 95.6 167.21 72.01 116.18 94.97 163.42
2002 62.97 122.32 69.04 134.84 95.07 191.76 67.97 128.4 94.21 185.45
2003 56.44 131.84 53.97 144.11 76.33 186.81 58.08 141.12 74.78 180.99
2004 65.5 121.02 65.79 133.14 82.61 174.68 65.6 128.71 80.78 171.04
2005 55.9 119.75 61.57 133.19 84.98 179.16 55.71 126.03 84.81 174.18
2006 56.99 120.16 55.83 128.49 719 167.35 52.65 123.22 73.46 163.07
2007 54.72 89.03 59.61 108.61 87.78 172.51 51.98 81.32 87.54 166.58
2008 44.77 113.37 52.44 119.35 70.13 153.49 49.98 115.42 66.23 149.94
2009 52.47 127.55 70.16 140.71 86.86 188.78 64.86 134.05 86.77 184.55
2010 60.65 134.3 60.68 135.93 77.84 185.33 61.9 136.55 77.05 177.39
2011 58.46 116.74 53.41 116.22 80.54 165.95 55.84 113.02 82.83 161.58
2012 65.14 123.82 69.11 126.7 79.65 172.1 69.73 122.99 80.68 166.86
2013 66.58 116.27 67.86 120.17 75.56 175.89 62.96 113.36 74.87 170.16
2014 51.25 118.23 56.58 126.26 72.06 174.38 50.67 110.44 73.55 166.11
2015 65.11 120.14 69.31 131.51 86.58 17191 66.88 124.85 87.57 165.76
2016 61.19 101.82 71.13 121.5 90.52 171.96 62.53 112.08 89.26 166.75
2017 66.48 127.13 74.25 134.83 88.51 176.07 67.2 131.53 88.1 172.72
2018 53.68 112.93 57.16 127.5 83.35 168.31 57.59 119.72 83.29 164.69
2019 65.25 113.23 65.77 126.37 86.48 176.98 61.7 116.35 84.19 170.39
2020 49.44 108.45 64.56 121.5 73.67 165.05 53.63 113.26 77.06 160.23
2021 59.24 117.51 55.45 113.52 67.27 160.95 59.44 114.31 72.19 156.11
2022 65.78 110.07 57.12 117.73 81.28 162.54 61.38 114.46 80.47 157.9
Mean 59.79 117.32 63.07 126.54 81.57 173.14 60.47 119.88 81.58 167.99
Standard 7.34 9.84 7.27 8.98 7.88 9.41 6.43 12.30 7.40 8.88
Deviation
Table A2. Melt onset and Melt half days (day of the annual observation period) of the investigated
catchments over the annual observation periods 2000 to 2022.
Karadarya Kokomeren Maydantal Naryn Oygaing
AOP et Memmat M Mewmar M Memarr M Memarr MY Mt Halr
2001 177.12 241.17 196.13 247.17 239.16 306.21 188.13 247.17 225.15 306.21
2002 193.13 248.17 208.14 262.18 239.16 329.23 208.14 246.17 234.16 315.22
2003 196.13 256.18 211.14 268.18 263.18 309.21 213.15 259.18 253.17 300.21
2004 173.64 24450 210.57 252.48 242 .50 302.38 206.58 243.50 235.52 294.40
2005 183.13 262.18 201.14 267.18 257.18 298.20 199.14 238.16 241.17 298.20
2006 184.13 239.16 205.14 248.17 239.16 292.20 202.14 237.16 236.16 285.20
2007 98.07 222.15 148.10 231.16 235.16 292.20 103.07 226.15 231.16 295.20
2008 187.61 239.51 195.60 244.50 235.52 281.42 195.60 237.51 212.56 273.44
2009 168.12 252.17 205.14 267.18 268.18 316.22 201.14 254.17 246.17 311.21
2010 178.12 257.18 209.14 252.17 255.17 308.21 214.15 248.17 238.16 299.20
2011 199.14 229.16 189.13 235.16 242.17 289.20 189.13 231.16 235.16 289.20
2012 205.58 231.52 212.56 234.52 244.50 292.40 212.56 230.53 230.53 287.41
2013 184.13 234.16 189.13 239.16 247.17 303.21 193.13 231.16 233.16 303.21
2014 197.13 241.17 200.14 264.18 259.18 300.21 192.13 24217 250.17 290.20
2015 197.13 245.17 205.14 249.17 242.17 303.21 203.14 237.16 237.16 359.25
2016 167.66 225.54 180.63 245.50 225.54 303.38 175.64 227.53 213.56 289.41
2017 186.13 249.17 212.15 255.17 253.17 301.21 214.15 251.17 251.17 294.20
2018 175.12 236.16 195.13 249.17 240.16 302.21 195.13 249.17 224.15 299.20
2019 175.12 224.15 197.13 247.17 250.17 307.21 192.13 224.15 224.15 305.21
2020 176.64 228.53 194.60 238.51 229.53 291.40 183.62 231.52 226.53 279.43
2021 181.12 241.17 179.12 249.17 253.17 284.19 189.13 239.16 239.16 278.19
2022 205.14 240.16 178.12 239.16 236.16 289.20 175.12 240.16 226.15 285.20
Mean 181.32 240.38 196.51 249.38 245.34 300.11 193.01 239.65 233.84 297.21
Standard 21.70 11.01 15.15 11.03 10.94 10.89 23.15 9.49 10.85 17.44

Deviation
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Table A3. Melt delta (day of the annual observation period) of the investigated catchments over the

annual observation periods 2000 to 2022.

AOP Karadarya Kokomeren Maydantal Naryn Oygaing

2001 64 51 67 59 81

2002 55 54 920 38 81

2003 60 57 46 46 47

2004 71 42 60 37 59

2005 79 66 41 39 57

2006 55 43 53 35 49

2007 124 83 57 123 64

2008 52 49 46 42 61

2009 84 62 48 53 65

2010 79 43 53 34 61

2011 30 46 47 42 54

2012 26 22 48 18 57

2013 50 50 56 38 70

2014 44 64 41 50 40

2015 48 44 61 34 122

2016 58 65 78 52 76

2017 63 43 48 37 43

2018 61 54 62 54 75

2019 49 50 57 32 81

2020 52 44 62 48 53

2021 60 70 31 50 39

2022 35 61 53 65 59
Mean 59.05 52.86 54.77 46.64 63.36
Standard Deviation 20.71 12.76 12.76 19.99 18.34

Table A4. Peak discharge and runoff timing parameters for Karadarya.

DAOP Qmax  Value Qmax Q5% Q10% Q50% Q90% Q95%
AOP DAOP m/s DAOP DAOP DAOP DAOP DAOP
2002 233.16 558.9 202.14 213.15 263.18 304.21 314.22
2003 274.19 506.9 213.15 213.15 263.18 304.21 314.22
2004 253.48 412.1 192.6 213.56 253.48 304.38 314.35
2005 284.19 4495 192.13 202.14 263.18 304.21 314.22
2006 253.17 478 192.13 213.15 253.17 294.2 304.21
2007 223.15 182.4 192.13 202.14 243.17 304.21 314.22
2008 253.48 276.8 182.62 202.58 253.48 284.42 304.38
2009 294.2 328.8 192.13 213.15 274.19 314.22 314.22
2010 294.2 730.6 192.13 213.15 263.18 304.21 314.22
2011 253.17 364.4 192.13 213.15 263.18 304.21 314.22
2012 233.52 331.5 202.58 213.56 253.48 304.38 304.38
2013 274.19 332.1 192.13 202.14 263.18 304.21 314.22
2014 284.19 270.1 192.13 213.15 263.18 294.2 304.21
2015 253.17 429.8 192.13 213.15 253.17 304.21 304.21
Mean 261.53 403.71 194.45 210.09 259.03 302.11 310.68

Standard 23.01 138.78 7.16 5.15 7.66 6.96 495

Deviation
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Table A5. Peak discharge and runoff timing parameters for Kokomeren.
DAOP Qmax Value Qmax Q5% Q10% Q50% Q90% Q95%
AQOP
DAOP m3/s DAOP DAOP DAOP DAOP DAOP
2014 274.19 208.29 208.29 237.16 281.19 320.22 327.22
2015 283.19 265.87 265.87 236.16 281.19 321.22 327.22
2016 289.41 317.61 317.61
2019 310.21 247.65 247.65 241.17 285.2 322.22 328.22
2020 272.44 204.61 204.61 227.53 272.44 321.34 328.33
2021 253.17 246.98 246.98 239.16 274.19 321.22 327.22
2022 252.17 222.61 222.61 233.16 269.18 318.22 326.22
Mean 276.40 244.80 244.80 235.72 277.23 320.74 327.41
Standard 252.17 204.61 39.16 485 6.19 1.39 0.78
Deviation
Table A6. Peak discharge and runoff timing parameters for Maydantal.
DAOP Qmax  Value Qmax Q5% Q10% Q50% Q90% Q95%
AOP DAOP m3/s DAOP DAOP DAOP DAOP DAOP
2017 273.19 6298.17 224.15 237.16 280.19 321.22 327.22
2018 315.22 5542.33 219.15 236.16 286.2 322.22 327.22
2019 311.21 5397.77 227.16 241.17 292.2 324.22 329.23
2020 281.42 4902.61 209.57 227.53 280.42 321.34 327.33
2021 281.19 5617.88 219.15 239.16 278.19 319.22 327.22
2022 304.21 5293.17 221.15 233.16 281.19 321.22 327.22
2017 273.19 6298.17 224.15 237.16 280.19 321.22 327.22
Mean 294.41 5508.66 220.06 235.72 283.07 321.57 327.57
Standard 17.92 460.96 6.00 4.85 521 1.63 0.81
Deviation
Table A7. Peak discharge and runoff timing parameters for Naryn.
DAOP Qmax  Value Qmax Q5% Q10% Q50% Q90% Q95%
AOP DAOP m3/s DAOP DAOP DAOP DAOP DAOP
2000 294.40 940.3 192.6 213.56 274.44 314.35 314.35
2001 274.19 1078.8 192.13 213.15 263.18 304.21 314.22
2002 284.19 1770.8 213.15 223.15 274.19 314.22 314.22
2003 294.20 1446.9 202.14 223.15 274.19 314.22 314.22
2004 284.42 1207.2 192.6 213.56 274.44 314.35 314.35
2005 284.19 1268.9 192.13 213.15 274.19 314.22 314.22
2006 253.17 11459 202.14 213.15 263.18 304.21 314.22
2007 294.20 833.9 202.14 213.15 263.18 314.22 314.22
2008 263.46 911.0 192.6 213.56 263.46 314.35 314.35
2009 294.20 1433.1 202.14 223.15 284.19 314.22 324.22
2010 294.20 1857.4 202.14 223.15 274.19 314.22 314.22
Mean 283.17 1263.11 198.72 216.90 271.17 312.44 315.16
Standard 14.09 337.18 6.83 496 6.92 4.07 3.00

Deviation
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Table A8. Peak discharge and runoff timing parameters for Oygaing.

DAOP Qmax Value Qmax Q5% Q10% Q50% Q90% Q95%
AOP DAOP m3/s DAOP DAOP DAOP DAOP DAOP
2019 303.21 3180.15 198.14 212.15 280.19 323.22 328.22
2020 282.42 2817.92 195.6 208.57 276.43 321.34 327.33
2021 280.19 3179.15 198.14 214.15 276.19 321.22 328.22
2022 305.21 2926.51 197.13 212.15 273.19 320.22 327.22
Mean 292.76 3025.93 197.25 211.76 276.50 321.50 327.75
Standard 13.28 182.95 1.20 2.32 2.87 1.25 0.55
Deviation
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