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In the semiarid climate of
northwestern Mongolia,
glaciers are critical
contributors to water
resources, particularly
during the dry summer
months. Nevertheless, our
knowledge of the
contribution of glacier

runoff in the Upper Khovd River Basin (UKRB) is limited. This
study investigates the impact of glacier recession on the UKRB’s
hydrology in western Mongolia’s Altai Mountains. The analysis
included glaciological method measurements, satellite-derived
glacier extent records, and a simple ice ablation model. Our
modeling used a mass balance gradient of 0.50 meters water
equivalent 100 m–1 for the years 2000, 2010, and 2016 and
included a sensitivity analysis that applied lower and upper
mass balance gradient values and 6200 m around the

equilibrium line altitude (ELA). The glacier contribution to the
UKRB’s water resources decreased from almost 8% in 2000 to

6.7% in 2016. Hypsometries revealed that glacier areas
decreased at all elevations, indicating that only small
accumulation zones exist. Therefore, applying a modeled

increased ELA better represents glacier contribution to total
runoff, at 18.7% in 2000 and 15.4% in 2016. The decreasing
glacier runoff contribution indicates that the UKRB glaciers

have passed the tipping point of an increased contribution that
first follows enhanced melting. The continued glacier recession
and uncertain water availability represent challenges for water

resource management and future human–water relations in the
Mongolian Altai.

Keywords: Altai Mountains; glaciers; water security; climate

change; Mongolia.
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Introduction

The Altai Mountains of Mongolia are uniquely positioned
in an extreme continental climate that governs a semiarid
to arid landscape. Arid mountainous landscapes of the
Altai and elsewhere in Central Asia are limited by the
availability of water, naturally reflected in the dry-tolerant
grass and scrublands that dominate the region (Li et al
2015). However, as Central Asia’s populations increase,
water demand will increase in synchrony, placing greater
importance on regional water security issues (Karthe et al
2017). Water insecurity and related vulnerabilities are
amplified through several mechanisms in Central Asia,
such as agricultural consumption as a result of
transitioning dry-tolerant vegetation for crops that

require irrigation (Mosello 2008), the development of
hydropower plants (HPPs) as a solution to increasing
energy demand but also as regulators of downstream
water flows (Gaudard et al 2014), and continued amplified
warming (Chen et al 2009) coupled with decreasing
precipitation (Batima 2005).

The glaciers and snowpack in the Altai Mountains are
part of what are known as the regional ‘‘water towers’’ or
‘‘wet islands’’—an oasis providing water to the
surrounding arid landscape and downstream services
(Viviroli et al 2007; Kaser et al 2010; Sorg et al 2012). Yet,
as accelerated glacier recession continues in the 21st
century with amplified warming (Zemp et al 2015),
understanding the role of glacier runoff in water
availability has become urgent and has therefore received
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much attention from scientists, water planners, and
development organizations. Much of the glacio-
hydrological research has focused on Central Asia’s Amu
Darya and Syr Darya because these 2 basins extend across
seven countries (see Hagg et al 2011, 2013).

Studies of the relationship of glaciers and hydrology at
the eastern fringes of Central Asia, in the Mongolian Altai,
are rare: to our knowledge, only one such study is
available (Tsutomu and Gombo 2007). The earliest
glaciological research in Mongolia used a volume–area
scaling approach to determine that the total cumulative
volume of glaciers across the country was 62.8 km3

(Dashdeleg et al 1983). Using this number and an
estimated total surface water value of 599 km3 yr–1 as an
absolute value of water equivalent, it was determined that
Mongolia’s glaciers store an accumulated 10% of the total
annual water resources of the entire country (Davaa et al
2007). Given the relatively small area of glaciers in the
Mongolian Altai (334 km2) (Pan et al 2017), which is the
only recently glaciated region in the country, 10% is likely
an overestimation. However, streamflow in many glaciated
catchments has increased in recent years, relative to
nonglaciated basins (Davaa 2010). The initial increase in
contribution is in line with the theoretical underpinnings
that glacier recession will initially increase the stream
discharge as a result of enhanced ice melting (Bury et al
2013). Hence, for now, we know that at a minimum
glaciers are important contributors to the UKRB’s
hydrology.

In this paper, we build upon and extend
environmental change research efforts in Central Asia to
reevaluate our understanding of water availability issues
in the data-scarce Altai Mountains of Mongolia.
Specifically, we aim to focus attention on the significance
of glacier runoff to the hydrology of the glaciated
semiarid UKRB by coupling recent in situ glaciological
methods (Konya et al 2013; Syromyatina et al 2015) with
remote-sensing-derived glacier records (Pan et al 2017),
within a simple ice ablation model (Alford 1992;
Racoviteanu et al 2013).

Study area: Upper Khovd River Basin

Located within Bayan-Ulgii Province in Mongolia’s
northwest corner, the UKRB straddles the Russian and
Chinese border, forming the headwaters for the Khovd
River. The basin covers a total area of approximately
23,000 km2 and includes the Tavan Bogd massif, where
Mongolia’s largest glaciers, Potanin and Alexandra, are
found. The UKRB’s glaciers are well inventoried and
include 311 glaciers with a total area of 131.5 km2,
accounting for 40% of the Altai’s total glaciated area as of
2016 (Pan et al 2017). In addition to the marked extent of
glaciation, the UKRB includes one of the most
comprehensive hydrographic datasets recorded at Ulgii
(Figure 1).

In 2018, Bayan-Ulgii had a population of 105,090,
which has increased at an annual rate of 2269 people since
2010. Western Mongolia, which includes the provinces of
Bayan-Ulgii, Khovd, Uvs, Govi-Altai, and Zavkhan, had a
total population of 408,979 in 2018, with an annual
increase in population of 7206 people since 2010. The
growing population across western Mongolia and
Mongolia’s interest in reducing agricultural and energy
imports equate to an increase in water-intensive
industries. Since 2008, agricultural production has been
developed to reduce agricultural imports from Russia and
China. This has increased the extent of irrigated land by
1071 ha annually in western Mongolia (Priess et al 2011).

As part of the National Renewable Energy Program,
Mongolia has begun to transition away from fossil fuels to
become less dependent on energy imports from China
and Russia, leading to hydropower development. Three
HPPs are situated in the central parts of the Mongolian
Altai. The new 12 MW Durgun HPP and some diesel
generators produce energy for its northern parts, where
consumption in the Western Energy System more than
doubled from 2008 to 2014 (Liu et al 2013). The Durgun
HPP is expected to meet more than 90% of the electricity
demand of the 3 remote western provinces of Bayan-Ulgii,
Khovd, and Uvs (UNFCCC 2005). It is located 120 km
northeast of Khovd, the capital of Khovd Province, at the
outflow of Khar Us Lake on the Chono Kharaikh River.
The primary inflow to Khar Us Lake is the Khovd River.

The Altai has a continental climate with long, cold, dry
winters and mild, relatively short summers (Rudaya et al
2009). The climate is largely controlled by westerlies,
bringing moisture from the Atlantic and Mediterranean
(Blomdin et al 2016). As moisture is brought in from the
west, the windward side of the Altai receives most of the
annual rainfall at around 1000 mm, whereas the leeward
side receives only around 130–400 mm. Generally, liquid
precipitation totals decrease from west to east across the
Altai (Rudaya et al 2009; Lehmkuhl et al 2016). Although
annual precipitation is low, its intensity can be high,
potentially 40–60 mm in a single day. These rain events
result in 90% evaporation; of the remaining 10%, 64%
becomes surface runoff, and 36% infiltrates the soils
(Batima et al 2005). The mean winter temperatures can be
as low as –208C, and mean summer temperatures range
from 15 to 208C (Rudaya et al 2009; Ganiushkin et al 2015).

Data and methods

Model inputs

We used a simple ice ablation model, first described by
Alford (1992) and later applied in several high mountain
regions (Racoviteanu et al 2013; Alford et al 2015). The
model is heuristic and allows annual glacier runoff to be
estimated. It was developed specifically for high
mountains, with limited information. It requires 3 input
datasets: (1) glacier hypsometries, (2) daily hydrographic
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measurements, and (3) a mass balance gradient (MBG).
Glacier hypsometries were generated from debris-free
glacier outlines at 100 m bins for the years 2000, 2010, and
2016, based on glacier outlines downloaded from the
Global Land Ice Measurements from Space initiative
website (Table 1) (Kamp and Pan 2015; Pan et al 2017).
The glaciers’ altitudinal distribution was assigned using a
30 m Shuttle Radar Topography Mission digital elevation
model downloaded from NASA’s EarthData Explorer
(www.earthdata.nasa.gov). Hydrographic data were
acquired from the Mongolian Ministry of Nature and
Environment, spanning from 2000 to 2012, with missing
observations from 2003 to 2006 (Figure 2). Mean daily
discharge observations (m3 s–1) were used to create total
mean daily discharge (m3 day–1).

Mass balance gradient

The MBG corresponds to the amount of ice melt for every
100 m of change in elevation (Racoviteanu et al 2013).
Within the ice ablation model, we assume a MBG of zero
at the equilibrium line altitude (ELA) and for every 100 m

below the ELA that the MBG linearly and cumulatively
increases by a defined value (meter water equivalent; m
w.e.) (Figure 3). For this study, the MBG was drawn from
the literature using several recent studies from across
Central Asia (Wang et al 2012; Kronenberg et al 2016).
During the ablation season of 2008, a MBG of 0.56 m w.e.
100 m–1 at was calculated at Potanin glacier and 0.41 m
w.e. 100 m–1 at Maliy Aktru, a glacier north of Potanin in
the Russian Altai (Konya et al 2013). A separate group
calculated a similar MBG of 0.54 m w.e. 100 m–1 in the
Russian Altai (Klok and Oerlemans 2004). We used the
mean of the 3 local MBGs from these 2 studies, which
resulted in a MBG of 0.50 m w.e. 100 m–1. To
accommodate annual climate variability in glacier runoff
estimates, we applied a sensitivity analysis using the higher
(0.56 m w.e. 100 m–1) and lower (0.41 m w.e. 100 m–1) MBG
values from the 2 aforementioned studies.

Calculating the ELA

Previous studies using the ice ablation model applied a
basin-wide ELA, calculated as the glaciers’ mean elevation

FIGURE 1 The defined study area is the Upper Khovd River Basin (red shading) in the Altai Mountains of western Mongolia. The Durgun Basin (green shading)

has its outflow at the Durgun HPP. (Map by Caleb Pan)
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(Bolch et al 2010). Since we iteratively applied the ice
ablation model to each individual glacier, we calculated
each glacier’s specific ELA, represented by the mean
glacier elevation. Throughout the UKRB, the mean glacier
elevation was 3328 m in 2000, 3308 m in 2010, and 3333 m
in 2016. As seasonal climate variability and terrain can
introduce uncertainty in representing a glacier’s ELA, we
carried out an additional sensitivity analysis: we applied
the ice ablation model to presumed ELAs at 200 m above
and below the calculated ELA for 2000, 2010, and 2016
(Racoviteanu et al 2013).

Model setup

This study is concerned with the glacier melt component
in the hydrologic continuity equation to describe the
relationship between glaciers and streamflow volume:

Qt ¼ RþMs þMi � Et6Ds; ð1Þ

where Qt is total runoff, R is rain runoff, Ms is snowmelt
runoff, Mi is glacier melt runoff (ablation), Et is
evaporation, and Ds is the change in storage as snow,
glacier ice, or groundwater. Here we define runoff as the
‘‘part of the precipitation [or] snow melt . . . water that
appears in uncontrolled (not regulated by a dam
upstream) surface streams [and] rivers’’ (USGS 2019). In
the glacier ablation zone, evaporation is assumed to be

minimal, and the change in groundwater storage for the
hydrologic year is assumed to be zero (Rasmussen and
Tangborn 1976). Rain is excluded because we are
interested only in glacier runoff.

As a first approximation, the hydrologic continuity
equation reduces to a determination of the relative
importance of snow and glacier melt in the hydrologic
regime of the UKRB:

Qt ¼ Ms þMi: ð2Þ

The ice ablation model takes the following form:

Bs ¼
Xn

¼1
bsi 3Ai; ð3Þ

where Bs is the glacier runoff in cubic meters, bs is the
specific ice melt [m], determined by the MBG for a given
elevation range, and Ai is the glacier area within the
corresponding elevation range (Racoviteanu et al 2013).
Using glacier-specific ELAs, Equation 3 was applied to
each glacier in the UKRB and then summed to acquire the
total annual specific glacier runoff.

Results

Hydrographic data provide a qualitative assessment in the
relative contribution of glaciers to streamflow. Within
heavily glaciated basins in (semi-)arid regions,
hydrographs will express a second peak during the
ablation season, attributed to glacier runoff. In the UKRB,
the seasonal hydrologic flow peaks in late June and early
July indicate the onset of the ablation season as snow
cover has melted (see the red shading in Figure 4). Yet
only 1% of the UKRB is glaciated, which makes it difficult
to observe a second peak in the hydrograph. However,
after the main peak, the total daily discharge decreases
sharply before stabilizing in the latter half of July and
early August, as glacier runoff begins to contribute to the
streamflow during the dry periods of summer (see the blue

TABLE 1 The number and area of glaciers in the in the Upper Khovd River

Basin during 2000, 2010, and 2016. Glacier area numbers are also

aggregated for the Bayan-Ulgii Aimag and the entire Altai Mountains for

reference.

Year

Upper Khovd River Basin
Bayan-Ulgii

Aimag Glacier

area (km2)

Entire Altai

Glacier area

(km2)

Glacier

count

Glacier

area (km2)

2000 345 170.8 307.3 428.6

2010 333 151.5 268.6 371.1

2016 311 131.5 237.3 334.0

FIGURE 2 Mean daily discharge observed at Ulgii in the Upper Khovd River

Basin from 2001 to 2012.

FIGURE 3 The relationship between the ELA (dashed line), elevation, and

MBG. At the ELA, the MBG equals zero, but for every 100 m below the

ELA, the MBG increases by a defined rate of 0.50 m w.e. 100 m–1. (Figure

modeled after Racoviteanu et al 2013)
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shading in Figure 4). The duration between the sharp
decrease in total daily discharge and the stabilized period
can be described as the lag time between the initiation of
the ablation season and the moment the early season
glacier meltwater reaches Ulgii.

Using the glaciers’ mean elevation as the ELA and an
MBG of 0.50 m w.e. 100 m–1, we determined that the
glacier runoff was 0.13 km3 in 2000, 0.12 km3 in 2010, and
0.11 km3 in 2016. Sensitivity analysis results showed that
an increased ELA of 200 m more than doubled the
amount of glacier runoff for each year. Further, a
decreased ELA of 200 m produced only about one fourth
of the annual glacier runoff, relative to the mean elevation
(Figure 5; Table 2). As the ELA increases, the MBG
introduces greater variability in glacier runoff (see
vertical bars in Figure 5): for example, glacier runoff
ranges between 0.25 and 0.50 km3 when using the
increased ELA of 200 m, but only between 0.10 and 0.14
km3 when using the mean elevation.

To contextualize the importance of the annual glacier
runoff to streamflow in the UKRB, we calculated the
percent of glacier runoff relative to the mean annual
stream discharge at the Ulgii station. The discharge was
approximately 1.6 km3 yr–1, of which glaciers contributed
8% in 2000, 7.6% in 2010, and 6.7% in 2016. The glacier
contribution increased dramatically when we increased

the ELA by 200 m to between 20.6 and 12.3%, the lowest
occurring in 2016. Conversely, decreasing the ELA by 200
m showed a marked decrease in glacier contribution
ranging from 2.3 to 1.4% (Table 3). In semiarid to arid
climates, glacier runoff is most critical during the dry
summer periods (Viviroli et al 2007). In the Altai
Mountains, the ablation period occurs between July
through early September (Kamp et al 2013; Pan et al
2017). We recalculated a mean total discharge of 0.35 km3

at the Ulgii station during this ablation period. Using the
mean total discharge during the ablation period, mean
elevation as an ELA, and an MBG of 0.50 m w.e., glacier
runoff was 40% for 2000, 39% for 2010, and 34% for
2016.

Glacier area decreased by 19.3 km2 from 2000 to 2010
in the UKRB, and in both years the glaciers contributed
almost the same amount to the total basin discharge.
From 2010 to 2016, the decrease in glacier area was 20
km2, and the glacier contribution decreased by 1.3%.
Glacier hypsometries revealed that changes in glacier area
between 2000 and 2010 compared to between 2010 and
2016 were distributed differently with respect to
elevation. From 2000 to 2010, change in glacier area was
confined to elevations below 3600 m, while a significant
decrease in glacier area at elevations above 3600 m
occurred between 2010 and 2016 (Figure 6). Hence,

FIGURE 4 Mean daily discharge observed at Ulgii in the Upper Khovd River

Basin. The red-shaded region indicates the peak discharge; the blue

shading highlights the ablation period.

FIGURE 5 Ice ablation model results. The blue line indicates results using

the glaciers’ mean elevation as the ELA. The yellow line presents model

results of the ELA þ200 m, and the green line are model results using the

ELA –200 m. The vertical bars indicate the model results using the defined

higher and lower MBG values from the literature. We did not put points on

the green line because they obscure the uncertainty bars.

TABLE 2 Estimates of glacier runoff (km3) for 2000, 2010, and 2016 in the Upper Khovd River Basin combining 3 different mass balance gradients and 3

different ELAs.

Mass balance

gradienta)

Glacier runoff (km3)

2000 2010 2016

ELA �200 ELA ELA þ200 ELA �200 ELA ELA þ200 ELA �200 ELA ELA þ200

0.40 0.03 0.10 0.25 0.04 0.10 0.23 0.02 0.09 0.20

0.50 0.03 0.13 0.31 0.04 0.12 0.29 0.03 0.11 0.25

0.56 0.04 0.14 0.34 0.03 0.14 0.32 0.03 0.12 0.28

a) Meters water equivalent 100 m–1.
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glaciers at higher elevations had begun to contribute to
the streamflow in the UKRB by at least 2016.

Discussion

Glaciers and hydrology

In this study, we used the mean glacier elevation to
represent the ELA ranging from 3328 m in 2000 to 3333 m
in 2016. The hypsometric changes in glacier area indicate
a more realistic ELA at around 3600–3700 m because only
minor changes in glacier area occurred above 3600 m.
However, from 2010 to 2016, we observed a loss in glacier
area up to 4100 m. Hence, in the UKRB, a glacier’s mean
elevation is likely an underrepresentation of its ablation
zone, which demonstrates the model’s inability to capture
periods of accelerated melting (Buytaert et al 2017). The
enhanced decrease in glacier area at higher elevations is
in line with our empirical observations in the Kharkhiraa
Mountains—a mountain subcomplex within the larger
Altai Mountains—just east of the UKRB. At these glaciers,
we observed no accumulation zone and rain at their
maximum elevations, as of August 2016 (Figure 7). These
empirical observations and temporal changes in glacier

hypsometries present a cogent argument that the ice
ablation model outputs using the presumed ELA þ200 m
could be more representative for the regional glacier
contributions to streamflow. Regardless, the hydrographic
data in conjunction with the ice ablation model illustrate
the critical contribution of glacier runoff to the UKRB’s
hydrology, both annually and during the ablation season.

As the glaciers of the Altai Mountains recede in
reaction to increasing summer temperature trends (Pan et
al 2017), their runoff will continue to be a critical
component of water availability in the UKRB. The
observed decrease in glacier area near the glaciers’
maximum elevations indicates that only disproportionally
small accumulation zones remain. Without a substantial
accumulation zone and the likelihood of the continued
trend in glacier area, the glaciers of the UKRB are
currently contributing close to their maximum potential.
Unfortunately, in the years to come, the glacier
contribution will continue to decrease as the glacier area
decreases and accumulation zones cease to exist.

Water scarcity will probably increase across western
Mongolia in the near future: from the 1980s to 2010, 63
lakes (.1 km2) disappeared and about 683 rivers dried up
(Tao et al 2015; Szumińska 2016), with many of these water
bodies located in the foothills of the Altai. Projected

TABLE 3 Estimates of glacier melt contribution (%) to regional hydrology in the Upper Khovd River Basin for 2000, 2010, and 2016 combining 3 different MBGs

and 3 different ELAs.

Mass balance

gradienta)

Glacier melt contribution (%)

2000 2010 2016

ELA �200 ELA ELA þ200 ELA �200 ELA ELA þ200 ELA �200 ELA ELA þ200

0.40 1.56 6.36 14.98 1.66 6.10 14.07 1.41 5.32 12.32

0.50 1.95 7.95 18.73 2.08 7.62 17.59 1.76 6.65 15.39

0.56 2.15 8.74 20.60 2.29 8.38 19.34 1.94 7.31 16.93

a) Meters water equivalent 100 m�1.

FIGURE 6 Glacier hypsometries in the Upper Khovd River Basin (horizontal

bars) for 2000, 2010, and 2016. The dashed lines indicate the percent

change in area for each altitudinal band, the blue dashed line is the change

from 2000 to 2010, and the red dashed line is the change from 2010 to

2016.

FIGURE 7 A glacier in the Kharkhiraa Mountain complex within the greater

Altai Mountain system. Observed at the glacier is rainfall at the top and

bottom elevation and no accumulation zone. (Photo by Caleb Pan)
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climatic changes that manifest through decreasing
precipitation and increasing air temperature are
important in the governing of decreasing surface water
(Szumińska 2016). Interactions between glacier runoff and
surface water dynamics in the UKRB remain uncertain.
However, in places like the Tibetan Plateau, cyrospheric
contributions are important factors for lake expansion
and maintenance (Zhang et al 2017). Here in the UKRB,
we posit that continued glacier recession and reduced
glacier contributions, coupled with enhanced aridity, will
cause a reduction in lake levels across the region.

Glaciers and sociohydrology

The determination of the contribution of glaciers to the
UKRB’s hydrology is a key step forward in creating
adaptations and building resilience within an
environment and culture that is vulnerable to slight
environmental fluxes. Yet glacier runoff as a contributor
to hydroelectricity, with respect to the Durgun HPP,
might be negligible, because surface water in the Durgun
Basin will be diluted by other sources. Nevertheless,
climatic and land use changes (Karthe et al 2015) will
likely have more influence on water availability in the
Durgun Basin than glacier retreat alone.

Water availability and demand is a complex mosaic of
environmental and socioeconomic conditions (Buytaert et
al 2017; N€usser and Schmidt 2017). Mining, as the largest
economic driver, has significantly increased since
Mongolia’s introduction to the free-market economy and
is one of the country’s most water-intensive industries
(Karthe et al 2017). Unfortunately, data on mining
(quantity, water consumption, area) are not available for
the UKRB and western Mongolia, yet studies have found
surface water withdrawals by mining, as well as livestock
and irrigation, to be the dominant drivers of decreasing
lake levels across Mongolia (Tao et al 2015, Szumińska
2016). However, we do know that livestock in Bayan-Ulgii
are increasing at a rate of 50,000 animals per year and at
an astounding rate of 420,000 animals per year in western
Mongolia. If we assume that mining activities are
increasing at a proportional rate across the country, water
demands for mining and livestock on glacier-fed surface
water in the UKRB and western Mongolia have never been
greater.

In 2004 a United Nations water and sanitation report
stated that only 30% of Mongolia’s rural population had
access to an ‘‘improved’’ water source, while the
remaining population relied on lakes, rivers, and springs
(Batbold et al 2004; Shinneman et al 2009). Within the
Durgun Basin and UKRB, the quality of these natural
water resources has seen significant degradation,
particularly through increased salinity and eutrophication
(Shinneman et al 2010), and is likely a consequence of
reduced glacier runoff in sync with increased livestock
grazing in riparian zones (Vorobyeva et al 2015). In

addition to livestock, mining implications also contribute
to the deterioration of surface water quality with
increased sulfates and pH values from small-scale artisanal
mining (McIntyre et al 2016). The socioeconomic
development in western Mongolia has created a positive
feedback loop, such that the demand for water has
increased and the consequence of livestock production
and mining further degrade the water quality in the
already water-restricted region.

Conclusion

As water demand increases in the UKRB, the role of
glacier runoff as a resource remains uncertain. Glaciers
do, however, provide an important water surplus during
the dry summer months in arid regions (Viviroli et al
2007; Kaser et al 2010; Bury et al 2013). This study has
been an attempt to address the lack of knowledge of
glacier runoff within the UKRB. Our findings suggest that
few accumulation zones still exist on glaciers in the UKRB
and that model outputs using an increased ELA (þ200 m)
better represent glacier contribution to the total runoff.
Model results using the increased ELA showed that from
2000 to 2016, glacier runoff contribution reduced from
18.7% to 15.4%, suggesting that the glaciers will continue
to contribute less water moving into the future.

As Mongolia continues to develop water-dependent
economic sectors, we must reconsider and posit the
likelihood that the water availability in the UKRB will
begin to decrease as the Altai’s glaciers continue to
recede. In this case, water-based decisions in western
Mongolia must be exceptionally well informed to
maintain the country’s commitment to sustainable use,
household access, protection, and conservation of water
resources. We suggest that sustainable economic
development is best informed by consistent and long-term
environmental monitoring. In this paper, we estimated
the contribution of glacier runoff for a data-scarce region
using an ice ablation model that required accessible and
limited data inputs. Importantly, our model is restricted
by its inability to project the future contribution of
glacier runoff due to limited data, providing credence for
improving data collection for important watersheds
within the Altai Mountains to provide a scientific
foundation in water-based decisions across western
Mongolia.

Regardless of our suggestions, there must be a
consensus among stakeholders, nongovernmental
organizations, and government sectors as Mongolia’s
temperature continues to increase at twice the global rate.
It is unlikely that any glaciers’ lost accumulation zones will
be recovered. Therefore, understanding the consequences
of a reduced glacier runoff for the livelihoods of western
Mongolia’s population remains critical. Future water
availability in western Mongolia is particularly uncertain
because it is dictated by a complex interaction between
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climate and an evolving land use. HPP development is a
possible solution, but the longevity of the region’s glaciers
must be acknowledged. It is certain, however, that

effective water management and strategies must be
developed to increase Mongolia’s resilience to water
vulnerabilities and security in the Altai Mountains.

ACKNOWLEDGMENTS

We acknowledge support by the Montana Space Grant Consortium (MSGC)
Student Research Fellowship, American Center for Mongolian Studies (ACMS)
Summer Research Fellowship, US Department of State’s Fulbright Program,
University of Montana Office of Research and Creative Scholarship, and the

US Embassy–Ulaanbaatar, Mongolia Grants Program. We also acknowledge
financial support by Deutsche Forschungsgemeinschaft within the funding
programme Open Access Publishing, by the Baden-W€urttemberg Ministry of
Science, Research and the Arts and by Ruprecht-Karls-Universit€at Heidelberg.

R E F E R E N C E S

Alford D. 1992. Hydrological Aspects of the Himalayan Region. Occasional Paper
18. Kathmandu, Nepal: International Centre for Integrated Mountain
Development.
Alford D, Kamp U, Pan C. 2015. Assessment of the Role of Glaciers in Stream
Flow from the Pamir and Tien Shan Mountains. Report ACS12128. Washington,
DC: World Bank.
Batbold K, Tuul Z, Oyun B. 2004. Access to Water and Sanitation Services in
Mongolia. Report to the United Nations Development Programme.
Ulaanbaatar, Mongolia: Hiimori Printing Company.
Batima P, Natsagdorj L, Gombluudev P, Erdenetsetseg B. 2005. Observed
Climate Change in Mongolia. Assessments of Impacts and Adaptations to
Climate Change (AIACC) Working Paper [13]. [No place]: AIACC.
Blomdin R, Stroeven AP, Harbor JM, Lifton NA, Heyman J, Gribenski N,
Petrakov DA, Caffee MW, Ivanov MN, H€attestrand C, Rogozhina I, Usubaliev R.
2016. Evaluating the timing of former glacier expansions in the Tian Shan: A
key step towards robust spatial correlations. Quaternary Science Reviews
153:78–96. https://doi.org/10.1016/j.quascirev.2016.07.029.
Bolch T, Yao T, Kang S, Buchroithner MF, Scherer D, Maussion F, Huintjes E,
Schneider C. 2010. A glacier inventory for the western Nyainqentanglha
Range and the Nam Co Basin, Tibet, and glacier changes 1976–2009.
Cryosphere 4:419–433. https://doi.org/10.5194/tc-4-419-2010.
Bury J, Mark BG, Carey M, Young KR, McKenzie JM, Baraer M, French A, Polk
MH. 2013. New geographies of water and climate change in Peru: Coupled
natural and social transformations in the Santa River watershed. Annals of the
American Association of Geographers 103:363–374. https://doi.org/10.
1080/00045608.2013.754665.
Buytaert W, Moulds S, Acosta L, De Bi�evre B, Olmos C, Villacis M, Tovar C,
Verbist KMJ. 2017. Glacier melt content of water use in the tropical Andes.
Environmental Research Letters 12:114014 https://doi.org/10.1088/1748-
9326/aa926c.
Chen F, Wang J, Jin L, Zhang Q, Li J, Chen J. 2009. Rapid warming in mid-
latitude central Asia for the past 100 years. Frontiers of Earth Science in China
3:42–50. https://doi.org/10.1007/s11707-009-0013-9.
Dashdeleg N, Evilkhan, R, Khishigsuren, P. 1983. Recent glaciations of
Mongolian Altai. Scientific Journal 8. Ulaanbaatar, Mongolia: Institute of Water
and Meteorology.
Davaa G. 2010. Climate Change Impacts on Water Resources in Mongolia.
Ulaanbaatar, Mongolia: Institute of Water and Meteorology.
Davaa G, Oyunbaatar D, Sugita M. 2007. Surface Water of Mongolia.
Ulaanbaatar, Mongolia: Institute of Water and Meteorology.
Ganiushkin D, Chistyakov K, Kunaeva E. 2015. Fluctuation of glaciers in the
southeast Russian Altai and northwest Mongolia Mountains since the Little
Ice Age maximum. Environmental Earth Sciences 74:1883–1904. https://doi.
org/10.1007/s12665-015-4301-2.
Gaudard L, Romerio F, Dalla Valle F, Gorret R, Maran S, Ravazzani G, Stoffel M,
Volonterio M. 2014. Climate change impacts on hydropower in the Swiss and
Italian Alps. Science of the Total Environment 493:1211–1221. https://doi.
org/10.1016/j.scitotenv.2013.10.012.
Hagg W, Hoelzle M, Wagner S, Klose Z. 2011. Estimation of future glaciation
and runoff in the Tanimas basin, Eastern Pamirs. Hydrological Earth Systems
Science Discussions 8:1507–1540. https://doi.org/10.5194/hessd-8-1507-
2011.
Hagg W, Hoelzle M, Wagner S, Mayr E, Klose Z. 2013. Glacier and runoff
changes in the Rukhk catchment, upper Amu-Darya basin until 2050. Global
and Planetary Change 110:62–73. https://doi.org/10.1016/j.gloplacha.
2013.05.005.
Kamp U, Krumwiede B, Mcmanigal K, Pan C, Walther M, Dashtseren A. 2013.
The Glaciers of Mongolia. INSTAAR Occasional Paper. Boulder, CO: Institute of
Arctic and Alpine Research.

Kamp U, Pan CG. 2015. Inventory of Glaciers in Mongolia, Derived from
Landsat Imagery from 1989 to 2011. Geografiska Annaler Series A—Physical
Geography 97:653–669. https://doi.org/10.1111/geoa.12105.
Karthe D, Abdullaev I, Boldgiv B, Borchardt D, Chalov S, Jarsj€o J, Li L, Nittrouer
JA. 2017. Water in Central Asia: An integrated assessment for science-based
management. Environmental Earth Sciences 76:690. https://doi.org/10.
1007/s12665-017-6994-x.
Karthe D, Hofmann J, Ibisch R, Heldt S, Westphal K, Menzel L, Avlyush S,
Malsy M. 2015. Science-based IWRM implementation in a data-scarce central
Asian region: Experiences from a research and development project in the
Kharaa River Basin, Mongolia. Water (Switzerland) 7:3486–3514. https://doi.
org/10.3390/w7073486.
Kaser G, Großhauser M, Marzeion B. 2010. Contribution potential of glaciers
to water availability in different climate regimes. Proceedings of the National
Academy of Sciences (PNAS) 107:20223–20227. https://doi.org/10.1073/
pnas.1008162107.
Klok EJ, Oerlemans J. 2004. Climate reconstructions derived from global
glacier length records. Arctic, Antarctic and Alpine Research 36:575–583.
Konya K, Kadota T, Nakazawa F, Davaa G, Kalsan P, Yabuki H, Ohata T. 2013.
Surface mass balance of the Potanin Glacier in Mongolian Altai Mountains and
comparison with Russian Altai glaciers in 2005, 2008 and 2009. Bulletin of
Glaciological Research 31:9–18.
Kronenberg M, Barandun M, Hoelzle M, Huss M, Farinotti D, Azisov E,
Usubaliev R, Gafurov A, Petrakov D, K€a€ab A. 2016. Mass-balance
reconstruction for Glacier No. 354, Tien Shan, from 2003 to 2014. Annals of
Glaciology 57:92–102. https://doi.org/10.3189/2016AoG71A032.
Lehmkuhl F, Klinge M, Rother H, H€ulle D. 2016. Distribution and timing of
Holocene and late Pleistocene glacier fluctuations in western Mongolia.
Annals of Glaciology 57:1–10. https://doi.org/10.3189/2016AoG71A030.
Li Z, Chen Y, Li W, Deng H, Fang G. 2015. Potential impacts of climate change
on vegetation dynamics in Central Asia. Journal of Geophysical Research:
Atmospheres 120:345–356. https://doi.org/10.1002/2015JD023618.
Liu H, Masera D, Esser L. 2013. World Small Hydropower Development Report
2013. [No place]: United Nations Industrial Development Organization,
International Center on Small Hydro Power. Available from www.
smallhydroworld.org.
McIntyre N, Bulovic N, Cane I, Mckenna P. 2016. A multi-disciplinary
approach to understanding the impacts of mines on traditional uses of water
in Northern Mongolia. Science of the Total Environment 557–558:404–414.
https://doi.org/10.1016/j.scitotenv.2016.03.092.
Mosello B. 2008. Water in Central Asia: a prospect of conflict or cooperation?
Journal of Public and International Affairs (Princeton) 19:151–174.
N€usser M, Schmidt S. 2017. Nanga Parbat revisited: Evolution and dynamics
of sociohydrological interactions in the Northwestern Himalaya. Annals of the
American Association of Geographers 107:403–415. https://doi.org/10.
1080/24694452.2016.1235495.
Pan CG, Pope A, Kamp U, Dashtseren A, Walther M, Syromyatina MV. 2017.
Glacier recession in the Altai Mountains of Mongolia in 1990–2016.
Geografiska Annaler Series A—Physical Geography 100(2):1–19. https://doi.
org/10.1080/04353676.2017.1407560.
Priess JA, Schweitzer C, Wimmer F, Batkhishig O, Mimler M. 2011. The
consequences of land-use change and water demands in Central Mongolia.
Land Use Policy 28:4–10. https://doi.org/10.1016/j.landusepol.2010.03.
002.
Racoviteanu AE, Armstrong R, Williams MW. 2013. Evaluation of an ice
ablation model to estimate the contribution of melting glacier ice to annual
discharge in the Nepal Himalaya. Water Resources Research 49:5117–5133.
https://doi.org/10.1002/wrcr.20370.
Rasmussen LA, Tangborn WV. 1976. Hydrology of the North Cascades Region,
Washington: 1. Runoff, precipitation, and storage characteristics. Water

R19Mountain Research and Development https://doi.org/10.1659/MRD-JOURNAL-D-18-00059.1

MountainResearch

Downloaded From: https://bioone.org/journals/Mountain-Research-and-Development on 26 Nov 2019
Terms of Use: https://bioone.org/terms-of-use

https://doi.org/10.1016/j.quascirev.2016.07.029
https://doi.org/10.5194/tc-4-419-2010
https://doi.org/10.1080/00045608.2013.754665
https://doi.org/10.1080/00045608.2013.754665
https://doi.org/10.1088/1748-9326/aa926c
https://doi.org/10.1088/1748-9326/aa926c
https://doi.org/10.1007/s11707-009-0013-9
https://doi.org/10.1007/s12665-015-4301-2
https://doi.org/10.1007/s12665-015-4301-2
https://doi.org/10.1016/j.scitotenv.2013.10.012
https://doi.org/10.1016/j.scitotenv.2013.10.012
https://doi.org/10.5194/hessd-8-1507-2011
https://doi.org/10.5194/hessd-8-1507-2011
https://doi.org/10.1016/j.gloplacha.2013.05.005
https://doi.org/10.1016/j.gloplacha.2013.05.005
https://doi.org/10.1111/geoa.12105
https://doi.org/10.1007/s12665-017-6994-x
https://doi.org/10.1007/s12665-017-6994-x
https://doi.org/10.3390/w7073486
https://doi.org/10.3390/w7073486
https://doi.org/10.1073/pnas.1008162107
https://doi.org/10.1073/pnas.1008162107
https://doi.org/10.3189/2016AoG71A032
https://doi.org/10.3189/2016AoG71A030
https://doi.org/10.1002/2015JD023618
http://www.smallhydroworld.org
http://www.smallhydroworld.org
https://doi.org/10.1016/j.scitotenv.2016.03.092
https://doi.org/10.1080/24694452.2016.1235495
https://doi.org/10.1080/24694452.2016.1235495
https://doi.org/10.1080/04353676.2017.1407560
https://doi.org/10.1080/04353676.2017.1407560
https://doi.org/10.1016/j.landusepol.2010.03.002
https://doi.org/10.1016/j.landusepol.2010.03.002
https://doi.org/10.1002/wrcr.20370


Resources Research 12:187–202. https://doi.org/10.1029/
WR012i002p00187.
Rudaya N, Tarasov P, Dorofeyuk N, Solovieva N, Kalugin I, Andreev A, Daryin A,
Diekmann B, Riedel F, Tserendash N, Wagner M. 2009. Holocene
environments and climate in the Mongolian Altai reconstructed from the
Hoton-Nur pollen and diatom records: A step towards better understanding
climate dynamics in Central Asia. Quaternary Science Reviews 28:540–554.
https://doi.org/10.1016/j.quascirev.2008.10.013.
Shinneman ALC, Almendinger JE, Umbanhowar CE, Edlund MB, Nergui S.
2009. Paleolimnologic evidence for recent eutrophication in the valley of the
great lakes (Mongolia). Ecosystems 12:944–960. https://doi.org/10.1007/
s10021-009-9269-x.
Shinneman LC, Umbanhowar CE, Edlund MB, Soninkhishig N. 2010. Late-
Holocene moisture balance inferred from diatom and lake sediment records in
western Mongolia. The Holocene 20:123–138. https://doi.org/10.1177/
0959683609348861.
Sorg A, Bolch T, Stoffel M, Solomina O, Beniston M. 2012. Climate change
impacts on glaciers and runoff in Tien Shan (Central Asia). Nature Climate
Change 2:725–731. https://doi.org/10.1038/NCLIMATE1592.
Syromyatina MV, Kurochkin YN, Bliakharskii DP, Chistyakov KV. 2015.
Current dynamics of glaciers in the Tavan Bogd Mountains (Northwest
Mongolia). Environmental Earth Sciences 74:1905–1914. https://doi.org/10.
1007/s12665-015-4606-1.
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