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SUMMARY

In this paper we proposed: (1) an algorithm of glacier melt, sublimation/evaporation, accumulation, mass
balance and retreat; (2) a dynamic Hydrological Response Unit approach for incorporating the algorithm
into the Soil and Water Assessment Tool (SWAT) model; and (3) simulated the transient glacier retreat
and its impacts on streamflow at basin scale. Application of the enhanced SWAT model in the Manas
River Basin (MRB) in the Tianshan Mountains in northwest China, shows that the approach is viable as
evidenced by a Nash-Sutcliff efficiency of 0.65 and a percent bias of —3.7% for daily streamflow and water
balance, respectively. The results indicate that the glacier area decreased by 11% during the simulation
period from 1961 to 1999, which is within the range of records from other glaciers. On average, glacier
melt contributed 25% to streamflow, although glacier area accounts for only 14% of the catchment drain-
age area in the MRB. Glacier melt was positively correlated to temperature change (R? = 0.70, statistical
significance P<0.001) and negatively correlated to precipitation (R?=0.20, statistical significance
P < 0.005). The results indicate that glacier melt was more sensitive to temperature change than to pre-
cipitation change, implying that modeling the effects of climate change with increasing temperatures and
decreasing precipitation should be further studied.
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1. Introduction

Many of the large river systems worldwide originate from
mountains where a significant quantity of fresh water is stored
in the form of snow and glaciers. Glaciers are sensitive to global cli-
matic changes and are the most visible indicators of global change
(Fischer, 2010). The worldwide general retreat of glaciers during
recent decades (Dyurgerov, 2002) has many implications on all
spatial scales, ranging from global effects on sea level and ocean
systems (Dyurgerov and Carter, 2004) to regional and local effects
on catchment hydrology (Hock et al., 2005). Climate warming will
cause accelerated glacier retreat, which will result in decreased
summer streamflow (Barnett et al., 2005). Changes in runoff due
to glacier retreat is concerning, especially in areas where glacier
runoff is a major source of water for agricultural, industrial, and
municipal uses. Hydrological investigations of glaciers are thus
necessary for these watersheds.

Glaciers have been intensively studied through on-site observa-
tion and modeling at the glacier scale (Xiao et al., 2008) and remote
sensing at the regional scale (Aizen et al.,, 2007a,b; Shangguan
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et al., 2009). At basin scale, melting and runoff generation pro-
cesses, water yield and its temporal distribution, and glacier con-
tribution to streamflow are the key issues to be addressed.
Hydrological models have been increasingly used to investigate
glacier effects to streamflow and the impacts imposed by the cli-
mate change.

Conceptual precipitation-runoff models have been used to esti-
mate the effect of climate change on streamflow in glacier-fed ba-
sins (Hagg et al., 2007; Akhtar et al., 2008; Konz and Seibert, 2010).
However, many of these studies did not adjust the glacier cover to
account for transient glacier response to the imposed climatic
changes (Singh and Bengtsson, 2005), which limits the temporal
scale over which the results could be applied (Stahl et al., 2008).
Hagg et al. (2006) and Akhtar et al. (2008) examined the effect of
an assumed reduction in glacier area in Central Asia and Hinduk-
ush-Karakorum-Himalaya region, respectively; but they did not
simulate the transient streamflow response associated with chang-
ing glacier area. Horton et al. (2006) updated the glacier area for
simulation of future conditions assuming a constant accumula-
tion-area ratio, but also did not address transient responses. Rees
and Collins (2006) assumed simplified glacier geometry and re-
moved elevation bands as ice thickness depleted to simulate the
transient response associated with glacier retreat.
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Glaciologists have used two main approaches to simulate the
transient response of glaciers to climate changes (Stahl et al,,
2008). One of the approaches is to use a specified relation between
glacier volume and glacier area, which was originally derived
empirically (Aizen et al., 2007a). This approach involves using the
volume-area scaling relation to estimate future changes in glacier
area that would be associated with changes in glacier volume
based on simulated future mass balance. Stahl et al. (2008) used
a semi-distributed conceptual hydrological model coupled with a
glacier response model, HBV-EC (Hamilton et al., 2000), to investi-
gate the sensitivity of streamflow to changes in climate and glacier
cover for the Bridge River basin, British Columbia.

Physically-based, distributed hydrological models are currently
available and may be used to evaluate distributed snow, ice melt-
ing, and runoff formation in glaciered watersheds in a more de-
tailed way. The Soil Water Assessment Tool (SWAT, Arnold and
Fohrer, 2005), a basin-scale, continuous-time, physically based,
distributed model, is capable of continuous simulation over long
time periods. Major model components include energy-balance,
water-balance, soil temperature and properties, plant growth,
mass transport, and land management. SWAT has been used in a
wide range of climatic, topographic, soil, and management condi-
tions around the world to investigate a broad range of hydrological
and environmental topics (Gassman et al., 2007), including cases of
snow hydrology studies (e.g., Fontaine et al.,, 2002; Wang and
Melesse, 2005; Zhang et al., 2008).

The objectives of this study include: (1) the development of a
glacier processes module for a physically-based distributed hydro-
logical model (SWAT), such that the glacier processes can be sim-
ulated in a distributed way at the watershed scale; (2) an
evaluation of the glacier module performance in a glaciered wa-
tershed in the Tianshan Mountains in northwest China; and (3) a
discussion about the glacier-melt-induced streamflow process that
is related to the precipitation and temperature and its implications
in projecting the climate change impacts.

2. Methods and data
2.1. Description of the SWAT model

SWAT simulates a number of different physical processes at a
watershed scale. For modeling purposes, a watershed is partitioned
into a number of subbasins. By partitioning the watershed into
subbasins, the user is able to reference different areas of the wa-
tershed to one another spatially. To account for spatial heterogene-
ities within subbasins, HRUs lump land areas within the subbasin
that are comprised of unique land cover, soil, and management
combinations. Water balance is the driving force behind all pro-
cesses in the watershed. Simulation of the hydrology at a wa-
tershed scale can be separated into two major divisions. The first
division is the land phase of the hydrologic cycle. The land phase
of the hydrologic cycle controls the amount of water to the main
channel in each subbasin. The second division is the routing phase
during which water moves through tributaries and channels to the
outlet.

During the land phase of the hydrologic cycling, plant growth,
energy balance, soil evaporation and plant transpiration, water
body evaporation, snow pack and snow melt, runoff generation
and infiltration are simulated. Soil water dynamics is the core pro-
cess that couples processes of climate, land surface, aquifer storag-
es, and management practices.

Precipitation falls as snow when the air temperature goes below
the snowfall temperature. Snow melt is estimated using the con-
ventional temperature-index or degree-day approach. Snow pack
depletion is accounted for by using the depletion curves. Glacier
processes are not presently available.

Land phase processes are performed primarily on the basis of
the HRUs. SWAT assumes that the land cover area for a HRU re-
mains unchanged during the simulation. To simulate the glacier
processes on the platform of SWAT and tackle the transient glacier
retreat issue, a dynamic glacier area approach in a HRU is pro-
posed, which is detailed below.

2.2. Descriptions of the glacier module

2.2.1. Glacier mass balance

Scientists often view glaciers as systems that are influenced by a
number of inputs and outputs. The main inputs to the glacial sys-
tem are water in the form of snow. Water leaves the glacial system
when ice is converted into water or vapor. To understand why gla-
ciers expand and shrink, advance and retreat, a type of modeling
referred to as “glacier mass balance” is often used. The mass bal-
ance of a glacier involves two main components: (1) accumulation
of snow in the glacier’s zone of accumulation; and (2) the ablation
of ice in the glacier’s zone of ablation. The zone of accumulation re-
sides in the upper reaches of the glacier where yearly additions of
snow exceed losses due to melting, evaporation, and sublimation.
The surface of this zone is covered by snow throughout the year.
Below the zone of accumulation is the zone of ablation. In this
zone, the losses of snow and ice from melting, evaporation, and
sublimation are greater than the additions of snow. The line that
separates these two areas is called the firn limit or snow line.

In the model, the glacier mass balance can be written as

dw,
= —(1-HM=5+F (1)

where W, is the depth of water equivalent of ice in mm H,0, M is
melt rate of ice in mm H,0 day ', fis ratio for melt water refreez-
ing; S is sublimation rate of ice in mm H,0 day~!, F is glacier accu-
mulation rate in mm H,0 day !, and t is the time step in day.

It has been noted that a substantial quantity of infiltrated melt
water may be refrozen and remain in a cold-based glacier (Munro,
2005), which is the case for glaciers in the Tianshan Mountains. A
value of 0.2 for f was determined at an observatory glacier, Qiyi
Glacier, in the Qilian Mountains in northwest China (Jiang et al.,
2010).

2.2.2. Melt rate
Melt modeling is a crucial element in any attempt to predict
runoff from snow-covered or glacierized areas, as well as to assess
changes in the cryosphere associated with climate change. Tem-
perature index or degree-day models rest upon a claimed relation-
ship between snow/ice melt and air temperature, which is usually
expressed in the form of positive temperatures. Empirically esti-
mated temperature index models and similarly simplified energy
based approaches display a physically based nature and are com-
monly used to evaluate snow and ice melt and runoff, with accept-
able results.
The classical degree-day model relates ice or snow melt (mm)
to air temperature on a daily basis (Hock et al., 2005):
M = {d . (Tav - Tgmlt)7 When T.m» > Tgmlt (2)
0, otherwise

where d is the degree-day factor for ice melt in mm day~! °C, Ty, is
daily average air temperature in °C, Tgy, is the threshold value for
ice melt in °C. In the SWAT model, the degree-day factor for snow
melt is calculated by a sinusoidal function to represent its seasonal
change pattern (Neitsch et al., 2005). Some snow/ice melt-runoff
models, e.g., HBV-ETH model, determines the snow/ice melt factor
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