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Abstract. Results of monitoring accumulated snow cover in upstream areas of the Transboundary Pyanj River
(Central Asia) are presented. It is found that the formation of the snow cover and the spatial distribution of atmo-
spheric precipitation in the Mountain Pamir is determined by the orography of the terrain. Orography influences
air mass movement in mountain areas, which contributes in different climatic zones to a shift in periods when
the maximum amount of snow is falling. Completely different scenarios for the development of meteorologi-
cal variables in the western and eastern parts of the Gunt River Basin were found, due, firstly, to the influence
of the mountainous area orography and, secondly, to the penetration of various air masses. It is observed that
in the western part of the basin the average annual precipitation remained almost unchanged over the period
1944-2014, whereas there is a decreasing trend in the eastern part. Assessment of the climate change impact on
the formation of the Gunt River water flow was made by comparing the trend in the change of discharge using
data from two observation periods 1940-1970 and 1986-2016. Calculations show a decrease of the Gunt River
discharge by 5 % over a period of more than 70 years. The influence of climate warming on the river flow is
indicated by comparison of river hydrograph in two periods 1940-1970 and 1986-2016. The hydrograph of the
Vanch River in the earlier-mentioned periods shows a shift in the maximum of the monthly discharge towards
the left, indicating an earlier melting of snow and glaciers in the upstream regions of the river and a significant
increase in discharge in the period 1986-2016.

1 Introduction certainty in parameters due to limited understanding of the

complex hydrological processes.

Mountain watersheds serve as important water sources by
providing fresh water for downstream human activities (Vivi-
roli et al., 2003; Langston et al., 2011). As a result of snow
and glacier melt, the magnitude and timing of runoff from
these watersheds tend to be very sensitive to changes in the
climate (Immerzeel et. al., 2009, 2010, 2012, 2013; Jeelani et
al., 2012; Lutz et al., 2014, 2016; Gain et al., 2011). Changes
of melt runoff may even affect the sustainable development
of downstream cities in the long run (Verbunt et al., 2003;
Zhang et al., 2012). Modeling snow and glacier melt runoff
processes is therefore quite important for local water sup-
ply, hydropower management and flood forecasting (Klok et
al., 2001). However, melt runoff modeling in such regions
faces two challenges: scarcity of meteorological data and un-

Growing evidence indicates mountain glacier and snow
covered area on average have declined on both hemispheres
(IPCC, 2007, 2018). Geographic areas where the water cycle
is dominated by snow and glacier melt hydrology in partic-
ular expected to be susceptible to climate change as it af-
fects the seasonality of runoff (Adam et al., 2009). Changes
in seasonal snow covered and glaciated regions may alter
the variability of stream flow and hence water availabil-
ity that sustains a large population downstream. The rea-
son for the uncertainty is not that people do not under-
stand the regional importance, but it is the complexity of
the processes and the terrain that is hard to access to carry
out measurements/observations. These climate driven re-
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sponses of mountainous river hydrology may pose signifi-
cant challenges for this region. Regional climate projections
by IPCC (2018) indicate that in Central Asia by the end of
the 21st century the median temperature will rise by of 3.7 °C
with largest warming over higher altitudes particularly in the
Tibetan Plateau and the Himalayas (Bhattarail and Regmi,
2011).

As global temperatures rise, the world’s snow resources
are predicted to change significantly (Hosaka et al., 2005;
Christensen et al., 2007; Deser et al., 2010). Long-term
changes in global, regional, and local snow depth, snow wa-
ter equivalent (SWE), and extent will ultimately have ma-
jor ramifications for ecosystem functions, human utilization
of snow resources, and the climate itself through feedback
mechanisms like snow albedo (Barry, 1996). Unfortunately,
only extent snow cover area (SCA) of the three snow metrics
listed above is easily monitored using satellites. This mon-
itoring, which is under way for several decades (Robinson,
1993; Frei anbd Gong, 2005) has shown that global SCA has
been decreasing for the past 30 years (Lemke et al., 2007;
Matthew et al., 2010).

Snow accumulation generally increases with elevation be-
cause of the combined effect of the prevailing lower tem-
peratures and the increased frequency of precipitation events
caused by orographic effects.

Distributed data on snow depth, density and snow water
equivalent (SWE) with a high spatial and temporal resolution
are essential for validation of and/or as input to snow drift
models (Prokop et al., 2008) and snow melt

runoff models (Lindstrom et al., 2010). Thus, there is a
great need for distributed snow data, mainly for SWE data
(i.e. snow depth and density). Spatially distributed SWE data
is important for many stakeholders, for example, it can be
used as an input to the new generation of hydrological mod-
els predicting snowmelt run-off (Kolberg and Gottschalk,
2006; Udnzs et al., 2007; Arheimer et al., 2008).

Alford and Armstrong (2010) and Alford et al. (2009) ex-
amined glaciers and glacier discharge in Nepal zooming in
on nine subcatchments of the Ganges left tributaries with a
total glaciated area of 3644 km? and concluded that glaciers
contribute by 2 %-3 % to the discharge of all rivers, flowing
from Nepal, i.e., 5.38 km? in total, which indicates that spe-
cific glacier runoff from this area is about 1500 mm yr~!. In
another research, conducted recently in the Nepal Himalaya,
the glacier and seasonal snow melt contribution to the Mean
Annual Flow (MAF) is estimated as 14 km?, i.e., about 10 %
of MAF from Nepal (Andermann et al., 2012).

In the Amu Darya and Syr Darya basins, meltwater con-
tributes by 69 % and 79 %, respectively, to mean annual
streamflow, and the share of seasonal snowmelt by far out-
weighs that of glaciers.

The study area includes the climatic zones of the Pamir
Mountains. Precipitation and snow depth data from meteo-
rological stations in the relevant climatic zones of the Pamir
Mountains were obtained from the Agency for Hydrometeo-
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Figure 1. Maps of Mountain Pamir. Sources: (a) https://upload.
wikimedia.org/wikipedia/commons/thumb/7/79/Location_map_
Pamir_mhn.svg/1200px-Location_map_Pamir_mhn.svg.png,

last access: 12 May 2020, (b) https://upload.wikimedia.org/
wikipedia/commons/thumb/9/9e/High_Asia_Mountain_Ranges.
jpg/540px-High_Asia_Mountain_Ranges.jpg, last access: 18 June
2020.

rology of Tajikistan. Mean monthly temperatures and precip-
itation of the Gunt River Basin were obtained from meteoro-
logical stations in the Khorog and Bulunkul regions for the
period 1944-2014.

2 Data and Methodology

The roof of the World — so often translate the name of the
Pamir mountain system. Pamir is located on the territory of
Tajikistan, China, Afghanistan and Pakistan and closely con-
nected with other highest mountain systems of the world
— Tien Shan, Karakorum, Hindu Kush. Himalayas. In the
Pamirs, there are several peaks with a height of more than
7000 m a.s.l. The highest point of the Pamirs — Kongur peak
(7649 m) located in China (Fig. 1).

In Tajikistan, there are such peaks as Ismoili Somoni
(7495 m), Lenin (7134 m) and Korzhenevskaya (7105 m).
Mountains Pamir is divided into Eastern and Western parts.
The Eastern Pamirs in physical and geographical terms is a
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high plateau located above 3500 m a.s.l. The Western Pamirs
is occupied by high mountain ranges separated from each
other by deep valleys. The valleys are located at altitudes
of 1700-2500m, and the mountain ranges exceed 5000 m.
Glaciers and eternal snow characterize the Western Pamirs.
The Pamirs has the largest glaciation with the largest valley
glacier Fedchenko (about 70 km).

The diversity of climatic conditions in Central Asia, the
patterns of changes in meteorological processes, depending
on the geographic and geoecological features of the region
leads to the need for climatic zoning. The Pamir Mountains
is considered to be the area where the influence of moist, cold
Mediterranean precipitation decreases and dry Central Asian
commences. The main zone of generation of the Pyanj River
and its main tributaries Gunt and Vanch rivers water flow is
located in the Pamir Mountains (Fig. 2).

The Gunt River is a large tributary of the Transboundary
Pyanj River by length of 246 km and 14 840 km? of the basin
area. Its source (Alichur River) originates in the Pamir High-
lands, where the river flows through a marshy plain bear-
ing traces of ancient glaciation (Fig. 3). After leaving the
lake Yashilkul River is called Gunt. On the stretch from the
lake to the mouth, the Gunt flows with a violent rapid cur-
rent, forming numerous rapids on its way. Before flowing
into the Pyanj, Gunt takes on the left a large tributary of the
Shakhdarya River (Knowledge Base, 2003).

The Pamir is at the front of the contact between two air
masses, the Western (in the winter half-year) and the Indian
summer monsoons (in the summer half-year), which domi-
nate in the two climatic zones of the Gorno-Badakhshan Au-
tonomous Region of the Republic of Tajikistan. The Pamir
differs from the neighboring Himalayas and Hindu Kush by
the fact that the water flow of the formed rivers is mainly
determined by the melting of snow and glaciers (Pohl et al.,
2015; Fuchs et al., 2013; Aizen et al., 2009; Syed et al., 2006;
Palazzi et al., 2013). The Yashilkul Lake on the middle of the
Gunt River divides the river basin to the western and eastern
parts. The orography of the western and eastern parts of the
basin makes a significant contribution to the penetration of
air masses and the formation of atmospheric precipitation. A
pronounced relief with steep erosional valleys characterizes
the western part but the eastern territory is a high plateau with
smaller heights and wider valleys. Lake Yashilkul to some
extent smooths the average annual value of water consump-
tion and leads to the fact that in low water and in winter the
water flow remains almost constant (Meier et al., 2016).

The Gunt River Basin (Fig. 3) is generally located in the
transit zone of various air masses, although the formation of
a certain amount of atmospheric precipitation in river basin
significantly affected by western Indian monsoons and south-
ern cyclones (Meier et al., 2013).

The penetration of air masses from the Mediterranean and
Caspian seas is also characteristic of the Vanch River basin.
The Vanch River is one of the tributaries of the transboundary
Pyanj River that is formed after the confluence of equivalent
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rivers Kasholyakh and Abdukahor. The river Vanch can be
considered a representative of river arteries, in the formation
of water flow of which an important place played groundwa-
ter, dictated by the geological structure and distribution in the
basin of permeable rocks. Measurements carried out in 1965
showed that the annual runoff module in the basin of the Ge-
ographical society glacier on the upstream of Vanch River
(basin area 206 km, the share of glacial runoff 62 %) is 15—
60 Lkm? s~ !. In the Abdukahor River Basin on the upstream
of Vanch river (the basin area is 329 km, the share of glacial
runoff is 42 %) 28.4Lkm?s (Adam et al., 2009). The gen-
eral tendency reduction of glaciers in Central Asia in the last
century also covered the glaciers of the Vanch River Basin.
The processing of satellite images LANDSAT ETM+ and
TERRA (ASTER) allowed the authors (Prokop et al., 2008;
Lindstrom at al., 2010) to establish that the glacier area of
the Vanch river basin for the period 1961-2000 decreased by
23.4 % and throughout the basin of the transboundary Pyanj
River by 32.7 %.

The territory of the Republic of Tajikistan is character-
ized by four climatic zones. In turn, the Gorno-Badakhshan
Autonomous Region (GBAO) that covers almost the entire
mountain Pamir and is a zone of formation of the Trans-
boundary Pyanj River is characterized by three climatic con-
ditions (Fig. 4).

3 Results and Discussion

3.1 Spatial distribution of precipitation and snow cover
on the Mountain Pamir climatic zones

The dependence of the depth of the snow cover and the
amount of atmospheric precipitation on the altitude of the
mountainous terrain as seen from Fig. 5 does not described
by the known regularities.

For example, the meteorological station Shaimak located
at an altitude more 3800 m a.s.l. by the precipitation means
differs little from the values typical to the Irkht of meteoro-
logical station at the height of 3276 m a.s.l. The same can be
observed at comparison of the snow depth and precipitation
values at other meteorological stations.

The spatial heterogeneity of atmospheric precipitation in
mountain areas is primarily due to the influence of the ter-
rain orography on the distribution of moist air masses at more
moderate altitudes (Darvaz), the average annual temperature
increase occurs at a more perceptible rate than at the head-
waters (Normatov et al., 2017).

On terraces of the Darvaz meteorological station
(1288 ma.s.1.) location the precipitation mostly drops out in
the liquid state and seldom observed precipitation in the solid
state (under a favorable temperature condition) characterized
by short lifetime.

The vertical gradient at the Southern and Central zones
borders is about 40 mm (100 m)~! of elevation that indicates
the more humid foothills and the existence of hallway to pen-
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Figure 3. Gunt River Basin on Hydrological Map of the Republic of Tajikistan. Source: https://commons.wikimedia.org/wiki/File:Pamir_
drainage_basin_map-fr.svg, last access: 7 July 2020.
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Figure 4. Climatic zones of the Republic of Tajikistan and Gorno
Badakhshan Autonomous Oblast: 1 — warm continental climate; 2
— cold semi-arid climate; 3 — dry cold climate; 4 — warm Mediter-
ranean climate.
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Figure 5. Average annual precipitation and snow depth for seven
meteorologica stations in the Pyanj River Basin depending on alti-
tude for the period 1944-2014.

etration of the west humid airflows. As the airflow moves
deeper into the mountain range and passes through ridges
moist air converts to precipitation and becomes dry.

The average annual precipitation in the Eastern Pamirs
is insignificant (40-140 mm at average long-term value of
about 76 mm). Precipitation deficit in the Eastern Pamir is
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Figure 6. The average long-term monthly snow covers at the me-
teorological stations of the Pyanj River Basin for the period 1944—
2014.

explained by the fact that in the Western Pamir, characterized
by high mountain ranges (5000-6000 m a.s.1.), there is a dis-
charge of moist air with heavy precipitation and the air pass-
ing through its ridges becomes dry (Normatov et al., 2017).

In principle, there should be a time interval between the
periods of maximum snowfall in the western, central climatic
zone of the Pamir characterized by precipitation that is more
abundant and the eastern dry climatic zone. This is primar-
ily because the mass of dry air that crossed the mountain
ranges must be saturated by water vapor. The average long-
term monthly snow cover at the meteorological stations of
the Pyanj river basin as can be seen from the Fig. 6 shows
that the maximum value of the snow covers in the eastern
meteorological stations Bulunkul and Shaimak corresponds
to the March.

The appearance of the maximum value of the snow cover
at the Ishkoshim meteorological station in December (Fig. 7)
is connect probably by the penetration of air masses from
Iran and Afghanistan. At comparing the histograms on the
Fig. 6, it becomes clear that the Western and Central climatic
zones (Khorog, Irkht, Rushan and Bulunkul) are character-
ized by a sufficient amount of precipitation and the result of
the existence of a temperature regime with a sufficient height
of the snow cover.

3.2 Gunt River Basin Meteorology and Hydrology

The Gunt river runoff changes and meteorological conditions
of the Western and Eastern parts of the Gunt river basin was
considered for the period 1944-2016.

The trend of the atmospheric precipitation changes relative
to the average long-term for the period 1944-2016 according
to Khorog meteostation it shown on the Fig. 8.
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Figure 7. The maximum snow cover at the Ishkoshim meteorolog-
ical station in the Pyanj river basin for the period 1944-2014.
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Figure 8. Deviation of annual precipitation from the long-term av-
erage (1944-2016) and trend for the Khorog meteorological station.

For more than 70 years (1944-2016), as shown in Fig. 8§,
precipitation in the Western part of the Gunt river basin was
almost constant. However, the temperature increased at a rate
of 0.007°Cyr~! (Fig. 9). The Middle, North and Caspian
Seas air masses penetration to the Gunt River Basin is con-
firmed by the results of isotope analyzes of the waters of the
northern and southern tributaries of the Gunt River (Meier
et al., 2016). Despite the small difference in the height of
the ridges in the eastern and western parts of the Gunt River
Basin rivers is enriched by heavy isotopes. This is primar-
ily due to atmospheric circulation and penetration of the
Mediterranean and Caspian cyclones.

An opposite picture of the change in temperature and the
amount of atmospheric precipitation in the eastern part of the
Gunt river basin was observed (Fig. 10).

The decreasing trend of the atmospheric precipitation and
almost constant value of the temperature according on the
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Figure 9. Deviation of annual temperature from the long-term av-
erage (1944-2016) and trend for the Khorog meteorological station.
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Figure 10. Deviation of annual precipitation from the long-term av-
erage (1956-2012) and trend for the Bulunkul meteorological sta-
tion.

Bulunkul meteostation data for the period 1956-2012 indi-
cates about the influence of the terrain orography on the for-
mation of climatic conditions (Fig. 10). The Western part of
the Gunt river basin due to its location, experiences greater
and longer solar radiation. Ridges, thereby quickly getting
rid of seasonal snow due to the reflection of radiation create
an additional thermal effect. Conversely, the processes taking
place in the eastern part of the basin, due to the inadequacy
of solar radiation, are more conservative. This phenomenon
contributes to the fact that the steady-state temperature re-
tains its long-term value (Fig. 11).

The precipitation reducing trend in the eastern part is prob-
ably due to the fact that in this part of basin inflow of dry
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Figure 11. Deviation of annual temperature from the long-term av-
erage (1956-2012) and trend for the Bulunkul meteorological sta-
tion.
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Figure 12. Deviation of annual discharge of the Gunt River from
the long-term average (1940-2016) and trend.

mass. The Indian monsoon air mass is unloaded during the
passage of high ridges and only the dry residue comes in the
eastern part of the Gunt river basin. Naturally, the fluctuation
of meteorological parameters cannot but affect the hydrolog-
ical characteristics of the river system of the basin as well as
the Gunt River. Calculations carried out have shown that for
more than 70 years the water discharge in the Gunt River has
decreased by 5 % (Fig. 12).

To assess the impact of climate change on the Gunt River
discharge from the entire spectrum of observations two peri-
ods were selected: 1940-1970 and 1986-2016. The river hy-
drograph for the respective periods is shown on the Fig. 13.
The hydrograph of the Gunt River shows that the assumption
of the authors (Pohl et al., 2015) on the role of Lake Yashilkul
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Figure 13. Hydrological regime of the Gunt River for the periods
1940-1970 and 1986-2016.

in smoothing the water level of the river is erroneous since a
seasonal distribution of the river runoff is observed.

Calculations to determine the river runoff in the two-
selected observation periods show that the volume of runoff
in the first and second quarter of the period 1986-2016 is
more than their values in the respective quarters of the period
1940-1970. For example, water volume in the first quarter
of the period 1986-2016 is more than 19 %, in the second
quarter about 12 % more than in the corresponding quarters
of the period 1940-1970. Such a picture of the runoff change
could be attributed to the climate-warming factor. However,
in the third and fourth quarters of the 1940-1970 period wa-
ter volumes exceed 4 % and more than 2 % of the respective
quarters of the period 1986-2016.

The observed phenomena indicate that in the basin of the
Gunt river and its tributary (Alichur River) the water supply
sources are degraded, which is to reduce the size of glaciers,
as well as the contribution of underground sources to the for-
mation of the hydrograph of the winter period of the river.

3.3 Runoff Formation of the Vanch River Tributary of the
Transboundary Pyanj River

The average annual runoff of the Vanch River in relation to
the long-term for the period 1940-2016 is present on the
Fig. 14a.

The period is characterized by an increasing trend of river
flow. In order to determine the influence of the climatic factor
on the hydrological regime of the Vanch River a comparison
of the dynamics of changes in the water flow of the river was
made for the periods 1940-1970 and 1986-2016 (Fig. 14b).
The hydrograph of the river for two periods (1940-1970,
1986-2016) presented on the Fig. 14b. It can see that the av-
erage monthly value of the water flow of the Vanch River
for the period 1986-2016 exceeds the analogous values of
the period 1940-1970. The nature change of river runoff in
two periods indicates about the impact of climate change on
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Figure 14. Deviation of annual discharge of the Vanch River from
the long-term average (1940-2016) and trend (a), and hydrological
regime for the periods 1940-1970 and 1986-2016 (b).

the state of the ice-snow reserves of the basin on the river
upstream. If take into account the low temperature changes
(3% 1073 °C yr~") for considered period, as can be seen from
Fig. 15b and the almost constant value of atmospheric precip-
itation (Fig. 15a) then what factors contribute to the positive
development trend of the river runoff.

To receive an answer to this question the Vanch River hy-
drograph make up in the form shown on the Fig. 16a. As
can see from the Fig. 16a the maximum of the hydrograph
of the Vanch river for the period 1986-2016 is shifted to the
left. Therefore, the maximum value of the water runoff is
observed earlier than the corresponding value of the period
1940-1970. The observed phenomenon can be explained in
the framework of the assumption that the source of the river
(glacier) is subject to degradation as a result of warming and
is not a dense but loosened structure. For such structures, a
small impact is sufficient to effect an aggregate transforma-
tion. Based on the obtained results it can be concluded that
the glacial area of the Vanch River upstream is subject to a
significant reduction. In order to establish the type of supply
of the Vanch River it is sufficient to look to the Fig. 14b.

As can be seen from Fig. 14b, the maximum amount of
precipitation in the Vanch river basin is March—April but the
maximum runoff of the river is July. This means that the
Vanch River is characterized by glacier feeding. Naturally,
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basin for the period 1956-2006.

the contribution of seasonal snows to the formation of the
river’s water flow is not excluded. The value of water flow
observing on the Fig. 16b indicates the predominance of the
glacial feeding of the river.

4 Conclusion

The spatial distribution of atmospheric precipitation and
snow depth in the upstream regions of the Pyanj River, in-
cluding the Gunt and Vanch Rivers, covering different cli-
matic zones of the Pamir is caused by the orography of
the mountainous terrain and irregularities in air mass move-
ments. The western climate zone is characterized by more
abundant precipitation than the eastern zone. It is assumed
that the duration of snow cover is determined by the tem-
perature regime of the area. Penetration of air masses from
the Mediterranean and Caspian Sea to the Gunt River Basin
kept the atmospheric precipitation almost constant for more
than 70 years in the western part of the river basin. The op-
posite was found in the eastern part of the Gunt River Basin.
It is assumed that the decreasing trend in atmospheric pre-
cipitation in the eastern part is because of inflow of dry air
mass. The air mass of the Indian monsoon is unloaded dur-
ing the passage of the high mountain ranges and only dry air
enters the eastern part of the Gunt River Basin. Comparison
of the hydrological regimes of the Gunt River for the periods
1940-1970 and 1986-2016 shows a change in the seasonal
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Figure 16. Hydrograph of the Vanch River for the period 1940—
1970 (1), 1986-2016 (2) (a) and the average monthly discharge val-
ues of the Vanch River and atmospheric precipitation for the period
1940-2016 (b).

distribution of the river discharge. The change indicates that
the Yashilkul Lake lost its influence that earlier smoothed the
water level of the Gunt River. In the Vanch River Basin pre-
cipitation remained almost constant during the period 1956—
2016, whereas temperature shows a slightly increasing trend.
A comparison of the river discharge for the periods 1940-
1970 and 1986-2016 revealed an increase, which is associ-
ated with the degradation of the ice sheet in the headwater of
the Vanch River Basin.
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