Science of the Total Environment 644 (2018) 1160-1170

Contents lists available at ScienceDirect

Science orre
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Modelling glacier variation and its impact on water resource in the L))
Urumgi Glacier No. 1 in Central Asia

updates

Hongkai Gao *>“¢, Hong Li ®*, Zheng Duan , Ze Ren &, Xiaoyu Meng ™!, Xicai Pan’

2 Key Laboratory of Geographic Information Science (Ministry of Education), East China Normal University, Shanghai, 200241, China

b School of Geographic Sciences, East China Normal University, Shanghai, 200241, China

¢ Key Laboratory for Mountain Hazards and Earth Surface Process, Institute of Mountain Hazards and Environment, Chinese Academy of Sciences, Chengdu, China
9 Julie Ann Wrigley Global Institute of Sustainability, Arizona State University, Tempe, AZ 85287, USA

€ The Norwegian Water Resources and Energy Directorate, Norway

f Hydrology and River Basin Management, Technical University of Munich, Arcisstrasse 21, 80333 Munich, Germany

& Flathead Lake Biological Station, University of Montana, Polson, MT 59860, USA

" Xinjiang Institute of Ecology and Geography, Chinese Academy of Science, Urumgqi 830011, Xinjiang, China

f University of Chinese Academy of Science, Beijing 100039, China

1 Fengqiu Agro-ecological Experimental Station, State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing, China

HIGHLIGHTS

+ Aglacio-hydrology model (FLEX®-Ah) is
developed and validated in Urumgqi Gla-
cier No. 1 catchment, which is best mon-
itored in China.

In future, glacier area will likely lose up
to 54% of their 1980 extent in 2050,
80% in 2100; ice volume will lose up to
79% in 2050, 92% in 2100.

The tipping point (peak water) of glacier
melt supply is projected to occur around
2020 and then runoff will decrease
significantly.
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ABSTRACT

Climate warming is expected to accelerate glacier retreat and shift hydrological regime, which poses great threat
to regional water resources in terms of amount, variability, and quality. This is especially true in arid regions with
glaciers such as the Central Asia. However, few models manage to mimic both glacier runoff and surface changes
with adequate performance. To narrow this gap, we integrated a spatially distributed hydrological model (FLEX®)
and a glacier retreat model (Ah-parameterization), and tested the new model in the Urumqi Glacier No. 1 catch-
ment, which is best monitored in China. The model inputs include climate forcing, topographic map and initial ice
thickness. Here we validated the model with runoff observation at downstream and glacier measurements, i.e.
three historical glacier area maps (1980, 1994 and 2002), annual glacier mass balance (GMB) and equilibrium
line altitude (ELA). Results show that the FLEX®-Ah model performed well in estimating runoff (with Kling-
Gupta efficiency 0.75 for hydrograph) and reproducing historical glacier area variation. Additionally the model
generated reasonably spatial distribution of glacier thickness, which is important to examine glacier evolution
at the Urumgqi Glacier No. 1. Subsequently we ran the model forced by 12 combinations of two climate scenarios
and six bias correction methods to assess the impact of climate change on glacier thinning, retreat, and its influ-
ence on water resource. The impact assessment shows that glacier area will lose up to a half (54%) of their 1980
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extent in 2050, and up to 80% in 2100; while ice volume will decrease up to 79% in 2050, and 92% in 2100. The
tipping point (peak water) of glacier melt supply was projected to occur around 2020 and then runoff would de-
crease significantly. These results alert us that there is a need for immediate mitigation measures to adapt to fast

glacier change to assure long-term water security in this region.

© 2018 Published by Elsevier B.V.

1. Introduction

Meltwater from glaciers on high mountains is the lifeline for local
and downstream residents, economy and ecosystems in the arid Central
Asia (Ding et al,, 2006; Immerzeel et al., 2010; Ren et al., 2017). Glaciers
do not only provide valuable water, but they also act as important buffer
against drought in dry seasons and years (Pritchard, 2017). Since
glacier- and snowmelt are very sensitive to global warming (Huss
et al., 2014), glaciers in most regions are experiencing accelerated melt-
ing, thinning, and retreating (Bhutiyani et al., 2008; Thayyen and
Gergan, 2010; Immerzeel et al., 2012; Duethmann et al., 2014). This
rises up huge risks to regional water resources, which are important
to sustainable development of economy, society and environment
(Immerzeel et al., 2010; Kraaijenbrink et al., 2017). Predicting glacier
evolution and its impacts on hydrology is an urgent and critical question
in practice as well as for scientific research.

Energy balance model is a physically based approach to calculate
snow and ice melt by using energy fluxes to and from the snow/glacier
surface (Wang et al., 2017). However, this approach requires many
types of measurements, which in most cases is hardly available. Al-
though various approaches has been proposed to derive energy compo-
nents from conventional meteorological observation (Yang and Koike,
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2005), the deriving processes would inevitably bring large uncertainty.
Moreover, heterogeneous surface, e.g. debris cover, also substantially
modify albedo, glacier melting and movement. Such high complexity
hinders implementation of the energy balance approach into practice
(Fujita and Sakai, 2014).

Temperature-index model is a relative simple approach by only
using air temperature as a lumped index representing the energy bud-
get (Zhang et al., 2007). Moreover, air temperature is one of the most
conventional meteorological measurement and it has relatively con-
stant relationship with elevation (lapse rate) allowing us to interpolate
from in situ observation to spatial distribution (Wang et al., 2016).
Therefore, the temperature-index model has been widely used in
snow and glacier melting simulation in many regions around the
globe (Matthews et al.,, 2015; Tarasova et al., 2016). A parameter, called
a degree-day factor, which empirically links air temperature with snow
and glacier melting, needs to be calibrated by observed data. Addition-
ally, it is easy to extend the temperature-index model with other vari-
ables, e.g. albedo, shortwave radiation and topography (Gao et al.,
2017a, 2017b).

Location of Glacier terminus and area are changing with climate.
Therefore, coupling glacier dynamic into glacier hydrological model is
necessary to assess glacier impacts of climate change on water
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Fig. 1. The location of Urumgqi Glacier No. 1, DEM, subglacial DEM, and ice thickness.
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resources. However, simulating glacier responses is complicated, due to
complex characteristics of ice, subglacial topography and roughness,
and lack of data in glacier mountainous regions (Zhang et al., 2015).
Generally, there are two type approaches to simulate glacier dynam-
ics, i.e. physically based ice flow models and empirical models. Physi-
cally based ice flow models considers the movement of glacier as
viscous flow (Li et al., 2012; Zhang et al., 2015), described by Stokes
equation, where ice movement is controlled by glacier geometry (e.g.
length, slope, width and bed undulation) and ice characteristics (ice
temperature and debris). This type of models needs tremendous
amount of data, which limit its wide implementation, especially in
ungauged basins. Moreover, the models based on the Stokes equation
are expensive in terms of time and computing resources, which are
not realistic in most cases. However, empirical models require less
data and computing resources and they work well. For example, the
area-volume model (Zhang et al., 2012) estimates the change of area
by the change of ice volume, which approximately equals to the calcu-
lated glacier mass balance (GMB) assuming temporally stationary

Observed data

Topography data (DEM, aspect)
Glaciology data

(glacier distribution, GMB, ELA, Ice
thickness)

Hydrology data

Meteorology data

(precipitation, temperature, SWE)

Calibrate and
validate model

glacier area. This model can only estimate the change of glacier area in
a lumped way, without spatial distribution information.

The Ah-parameterization approach (Huss et al., 2010; Li et al., 2015;
Seibert et al.,, 2017) is another empirical approach to update the glacier
surface elevation and area based on the simulated GMB from glacier hy-
drological model. The change of ice thickness in different elevations
(Ah) is estimated based on its empirical parameterization with the nor-
malized elevation range. The Ah-parameterization approach is devel-
oped from observed data in 34 glaciers in Switzerland, and used in
many other glaciers in the world (Etter et al., 2017), but more vigorous
test is still needed in Central Asia with long-term and in-situ multi-
disciplinary measurements.

Regarding the water resources from glacier, with temperature in-
creasing, ice melting is accelerated resulting in the loss of glacier mass
balance and the increase of melting water in the early stage. However,
with the retreat of glacier, less glacier area contributes to melting
water, leading to a decrease of water resources. Therefore, a “tipping
point” exists which represents the peak of glacier melting water and
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Fig. 2. The FLEX®-Ah modelling framework, and the work flow of model calibration, validation and predicting impacts of future climate change on glacier mass balance and glacier area, and

melting water.
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the turning point from the increase to decrease of melting water. Accu-
rately predicting the tipping point is essential to make decisions on
water resources management in the regions highly depending on gla-
cier melt, to take measures to adapt to this change and assure long-
term water security. This paper integrated a spatially distributed hydro-
logical model (FLEX®) and a glacier retreat model (Ah-parameteriza-
tion), and tested the new model in the Urumqi Glacier No. 1 catchment.

Due to the harsh environment of the glacial and mountainous region
in Central Asia, e.g. high altitude, lack of oxygen and ineffective trans-
portation, continuous and long-term field measurement is extremely
difficult. Lack of high quality in situ observation has been a bottleneck
for glaciological and hydrological studies in this region. The Urumqi Gla-
cier No. 1 has the longest glaciological observation in China, from 1959
to present (Ye et al.,, 2005), and with most comprehensive measure-
ments including glaciology, meteorology, hydrology, topography, ecol-
ogy and pedeology and geology variables and parameters. The Urumgqi
Glacier No. 1 provides us with a unique opportunity to understand the
impact of climate change on glacier dynamic, to develop and validate
glaciological and hydrological models, and to assess climate change im-
pacts on water resources.

This paper is organized into five sections. In Section 2, we briefly in-
troduced the study site - Urumqi Glacier No. 1 catchment, and the
datasets used in this study including topography, glacier and hydrology
data. Section 3 describes the methodology to couple a hydrological
model (FLEX®) with a glacier retreat model (Ah-parameterization). In
Section 4, we presented the results to reproduce hydrograph, and gla-
cier measurements, i.e. the historical variation of glacier area, GMB
and ELA. Eventually we predicted the glacier response to future climate
change and assessed its impact on water resources, especially the
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p
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tipping point of glacier melt water. Finally, the conclusions drawn
from this study were summarized in Section 5.

2. Study site and data
2.1. Study site and historical data

The Urumqi Glacier is located in the headwaters of the Urumgi River,
in the Xinjiang Uyghur Autonomous Region in northwest China
(43°50'N, 86°49'E; Fig. 1). The Urumgqi Glacier became separated into
two small dependent glaciers in 1994 and they are referred to east
and west branch here. In 2002, the two branches covers respectively
1.12 and 0.72 km? and they lay between 3740 and 4490 m a.s.l. Daily
runoff data from 1985 to 2004 was measured at the No. 1 gauge station,
which lies 200 m downstream of the glacier terminus. The drainage area
is 3.3 km? with 52% covered by glaciers. The rest area is bare soil/rock
with sparse grass (Li et al., 2010).

Measurements of the Urumgi Glacier dates back to 1959 (Ye et al.,
2005) and it is the longest measurement record of glaciers in China.
The measurements include annual GMB and ELA (Dong et al.,, 2012). A
missing period from 1967 to 1979 was reconstructed by meteorological
data by Ye et al. (2005). Additionally, three photogrammetry respec-
tively taken in 1980, 1994, and 2002 are available. The original maps
are at a scale of 1:5000 and they are digitized to elevation surface
model at a spatial resolution of 2.5 m. To setup the model, the initial
ice thickness is interpolated from 679 measurements by radar taken in
1980. The weather forcing, daily temperature and precipitation are
from the Da Xi Gou (DXG) station, which lies two kilometers from the

“»
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) Kie
sf I_ > Qm
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Fig. 3. Structure of the FLEX® model. The red abbreviations indicate parameters, and black abbreviations indicate storage components and fluxes. The Ah-parameterization method updates

glacier area and surface elevation.
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Table 1
The equations in FLEX® model.
Equations Remarks
Precipitation P { P; T<T, 1) Precipitation is considered to be snow (P;) or rain (P;) depending on whether the daily average air temperature
phase s 0; T>T; (T) is above or below a threshold temperature, T, [°C] (Egs. (2), (3)).
separation P; T>T,
’ P':{oi r<1, @
Snow melt dSw =P+ Ry—M; (3) S is the solid snow pack, and S, is the liquid water inside the snow pack. R,s (mm d ') is the refreezing water
dSw, =P+ My—Ry—P, (4) from liquid §t91'age to solid storage. Mg (mm d~ ) mdlcites Ehe melte'd snow. P. (mm d ') is the generated
runoff to soil/ice surface. Degree-day factor Fgq (mm °C~' d ). melting threshold temperature T, (°C). The
M, = { gd"c"(T TT)TZ;.Tt (5) influence of aspect is taken into account by a multiplier C, (—). The F4q in south facing aspects are multiplied by
! C,, and the north facing aspects are multiplied by 1/C,, and the east/west facing aspects are kept as Fqq. fraction,
P, = {f)w’ _CW“SW:S.SWL zCWgSW (6) Cwh (—), of the solid snow water equivalent (Sy). F,; (—) indicates the correct factor to simulate liquid water
’ wi==wh2w refreezing, while temperature is below T.
Ry = { FaaCaFrr(T=Te:Te>T ()
0; T(<T
Glaicer melt M { FaaCaFo(T—Tom); T>Ti&Sw =0 Mg (mm d™") is glacier melt. The degree-day factor for glaciers is assumed to be larger than the snow
£70; T<Tw or Sy,>0 degree-day factor for snow in the same region. This was here accounted for by the multiplier Cg. My is then,
(8) together with P, routed through a linear reservoir Sgg, controlled by a recession parameter K (d), to compute
dg[g Pi+Mg—Qj, (9) the runoff generated from glacier areas
Qg = S5, /Ks, ¢ (10)
Non-glacier % = Pe—E,—Ry (11) P. (mm d~1) is the effective rainfall, i.e. snow melt and rainfall; E, (mm d~!) is the actual evaporation, which
B q_(1— .S, );; (12) was estimated based on potential evaporation (Ey) and relative spil moisture (Su/Symax), with a free parameFer
Pe (THP)Su, max Ce (—). R, (mm d~") is the water that exceeds the storage capacity and cannot be stored in S,,. Sy max (mm) is
Eq =Eg ﬁ (13) the root zone storage capacity and 3 (—) is the shape parameter. Excess water from S, i.e. R, recharges two
dds, o Rf Qs (14) linear reservoirs (S¢and S) as (Rgand Rs) by a parameter (D) to represgnt the response processes of subsurface
6. _R._q. (15) storm flow Q; (mm d~') and groundwater runoff Q, (mm d—"). K; (d) is the fast recession parameter; and K
de s (d) is the slow recession parameter.
Q= /Kf (16)

Qs = S/Ks (17)

discharge catchment. The climate is spatially distributed over the catch-
ment with elevation adjust and more details are given in Section 3.1.1.

2.2. Future climate

Future climate data were produced by two steps. First, Global Cli-
mate Models (GCMs) were used to generate the future climate at the
global scale and a sparse spatial resolution under certain assumptions
about greenhouse gases (GHGs) emissions and changes in land use/
land cover, etc. Second, the future climate is subsequently downscaled
by Regional Climate Models (RCMs) and/or statistical methods to ac-
count for temporal and spatial variability in topography and vegetation.
In the CORDEX datasets (accessed in September 2017), there are two
domains covering the study area (East Asia and West Asia). We selected
the model runs, which has historical and future climate runs for both
temperature and climate. The HIRHAM 5 was forced by ICHEC-EC-
EARTH with two emission scenarios (RCP4.5 and RCP8.5, which re-
sponses respectively to relative low and high GHGs emission) for the
period of 2010-2100. However, there are certain bias existing in out-
puts from RCMs. The bias correction is to remove the discrepancy be-
tween outputs from climate model and observations from
observations. There is an assumption that the bias for historical period
and for the future are the same. The bias correction methods find a re-
gression function between the discrepancy for the historical period
and use the regression function to correct the future.

Table 2
Formulas of seven statistical bias correction methods.

Method (short) Formula

M1 (empirical) Empirical quantiles
M2 (splines) Smoothing splines
M3 (linear) Po=0a+bxppy

M4 (power.x) Po = b x (pn—x)°
M5 (scale) Po=bxpp
M6 (power) Py = b x p,

Note: p, is estimation at observation site. p,, is the RCM modelled value. a, b, ¢, x and T are
free parameters that are estimated from station observation and historical RCM runs.

3. Methodology

The integrated modelling framework of FLEX® and Ah is presented
as Fig. 2. In this framework, glacier mass balance (GMB) is the bond
linking the glacier melting module in FLEX® and the Ah-parameteriza-
tion method which redistributed the estimated GMB to different eleva-
tions. The calculated GMB by FLEX® is the input for Ah-
parameterization. Ah-parameterization redistributes the estimated
GMB to different elevation bands, based on the empirical curves de-
pending on the size of glaciers (Huss et al., 2010). The updated GMB
by Ah-parameterization is used to update the glacier area and ice thick-
ness, which are important input data for the FLEX® model. Therefore, in-
tegrating the non-glacier hydrological model, the FLEX®-Ah
hydroglaciology model is developed.

Topographic (e.g. DEM and aspect) and meteorological data are im-
portant input for the FLEX®-Ah model. And the glaciology data and hy-
drology data are used to calibrate and validate the model. Temperature
and precipitation forcing of the RCP4.5 and RCP8.5 in the Urumqi Glacier
No. 1 catchment were obtained by downscaling several GCMs. Bias cor-
rection methods were used to correct the estimated temperature and
precipitation. With the FLEX®-Ah model, future glacier variation and
water resources were predicted. The future change of GMB, glacier
area, runoff, and the tipping point of melting water were estimated by
the modelling framework.

3.1. FLEX® hydrological model

FLEXC is a glacier hydrological model, integrated snow and glacier
accumulation and ablation processes (Gao et al., 2012, 2017a). In this
model, we classified the entire catchment into glacier and non-glacier
regions, using the temperature-index approach aided by topographic
data to calculate glacier runoff, and the Xin'anjiang storage capacity
curve to calculate the runoff generation in non-glacier area (Fig. 3
shows the model structure, and essential equations with explanations
in this model are summarized in Table 1.

3.1.1. Forcing data distribution
To account for influence of elevation on precipitation and tempera-
ture, the catchment was divided into 50 m elevation zones, resulting
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Fig. 4. Observed and simulated glacier boundary in 1994 and 2002.

in 16 elevation zones. Since there was only one meteorological station in
this study site, but we need distributed forcing input to drive the FLEX®-
Ah model. A linear distribution method was applied to generate distrib-
uted forcing. The distributed temperature and precipitation for each el-
evation range were generated by interpolating the station observation
at DXG meteorological station (3539 m). Temperature is linearly de-
creased with elevation, with a lapse rate of —0.007 °C m™! (Gao et al,,
2017a), and precipitation is linearly increased with elevation with a lo-
cally suitable lapse rate of 0.065% m™"' (Yang et al., 1988).

3.1.2. Snow melting

Precipitation is snow or rain depending on whether the daily aver-
age air temperature is below or above a threshold temperature
(Egs. (1) and (2) in Table 1). Due to systematic errors in snowfall

measurement (Goodison et al., 1997; Yang et al., 2001), snowfall was
adjusted with a lumped bias-correction factor of 1.3 (Yang et al,,
1988). Snowpack was conceptualized as a porous media, which could
hold liquid water from melting/rainfall and the liquid water can re-
freeze. In the temperature-index based snow model, Snowmelt was cal-
culated on basis of a degree-day factor Fyq (mm °C~! d=!). This
parameter was also impacted by aspect (Eq. (5)). Therefore, each eleva-
tion zone was further divided into three aspect zones, i.e. north
(315-45°), south (135-225°) as well as the east/west (45-135° and
225-315°) facing aspects.

3.1.3. Glacier melting

The glacier component is also based on a temperature-index method
(Eq. (8) in Table 1). The glacier only begins to melt when the ice is free
of snow cover. Note that the degree-day factor for glaciers is assumed to
be larger than the snow degree-day factor for snow in the same region
(Seibert et al., 2015), mainly due to the lower albedo of ice than snow.
This was here accounted for by the multiplier C,. M, is then, together
with P, routed through a linear reservoir Stg, controlled by a recession
parameter K, (d), to compute the runoff generated from glacier areas
(Egs. (9), (10) in Table 1). Annual GMB of the entire Urumgqi Glacier
No. 1 estimated by the accumulation of glacier and snow pack simula-
tions in individual elevation. Similarly, the annual ELA was derived by
the annual GMBs of individual elevation zones, where the annual GMB
is zero.

w
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—_
o
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e
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Runoff depth [mm d'1]
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Fig. 5. Hydrograph at Glacier No. 1 station by the FLEX®-Ah model.
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Table 3
Model performance for hydrograph and glacier measurements.

H. Gao et al. / Science of the Total Environment 644 (2018) 1160-1170

Calibration by Ixcg

Model evaluation by other criteria

IxcE_nc Ixce_w in calibration IxGE_omB IxGE_ELA

Ixce_n in validation

Iy Gms Iy ra Ipias_n (mm/d) Ipias_cmp (Mm/a) Ipias_g1a (M)

0.66 0.75 0.33 0.31 0.73

0.74 0.48 —0.54 —148 42

3.1.4. Non-glacier runoff modelling

Rainfall and snowmelt entered an unsaturated reservoir. Runoff gen-
eration is estimated based on relative soil moisture (S,/Symax) and
water input to the soil (Eq. (12) in Table 1), while actual evaporation
is estimated based relative soil moisture and potential evaporation fol-
lowing Eq. (13) in Table 1 (Seibert, 1997). Excess water from S, i.e.
Ry, recharges two linear reservoirs (Sgand Ss) by a parameter (D) to rep-
resent the response processes of subsurface storm flow Q¢ and ground-
water runoff Qs (Egs. (14) and (15) in Table 1), controlled by the fast
recession parameter Ky and the slow recession parameter K (Eqs. (16)
and (17) in Table 1).

3.2. Ah-parameterization

The Ah-parameterization is an empirical approach to allocate the
change of GMB to different elevations (Huss et al., 2010). This method
was proposed based on the long-term DEM observation in 34 glaciers
in the Switzerland. Ah-parameterization used an empirical curve to
simulate the change of ice thickness by their elevations. Conceptually,
the locations with low elevation have large mass balance loss, and the
locations in high altitude is not sensitive to the mass balance loss in
low altitude. Although it is not physically-based, it is able to reproduce
glacier retreat in diverse glacierized catchments. Delta-
parameterization classified glaciers into three categories based on size,
e.g. large valley glaciers (area > 20 km?), medium valley glaciers

(5km? < area < 20 km?), and small glaciers (area < 5 km?). We used
the equation for small glacier in the Glacier No. 1 (less than 5 km?).

Ah = (h;—0.30)% + 0.60(h;—0.30) + 0.09 (18)
where Ah is the normalized surface elevation change and h; is the nor-
malized elevation range. Based on this equation, we updated the glacier
elevation and surface every 5 years, to avoid some high frequency vari-

ation, because the Ah-parameterization is designed only for glacier re-
treat simulation.

3.3. Model calibration and validation

There are 13 free parameters in the FLEX®-Ah model need to be cal-
ibrated. The prior ranges of parameter sets are kept the same as previ-
ous research (Gao et al,, 2017a). A Monte-Carlo sampling strategy
with 10° realizations from uniform prior parameter distributions was
chosen to obtain posterior distributions for the period 1985-1994. The
Kling-Gupta efficiency for streamflow (Gupta et al., 2009; Ixgg) was
used as metric to evaluate model performance:

Ixce = l—\/(r—1)2+(a—1)2+([3—1)2 (19)

Where r is the linear correlation coefficient between simulation and
observation; o (ot = ay/t,) is a measure of relative variability in the
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Glacier mass balance (mm/a)
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= Observed annual ELA
= =}== Reconstructed annual ELA
=—8— Simulated annual ELA
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Glacier mass balance (mm/a)

3900 1 1 1 1
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Year

Fig. 6. Upper panel shows the modelled and observed glacier mass balance (GMB). Lower panel shows modelled and observed equilibrium line altitude (ELA). Dashed lines represent the

GMB and ELA reconstructed from meteorological data from 1967 to 1979.
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Fig. 7. The future change of air temperature and precipitation in the scenarios of RCP4.5 and RCP8.5, with six different bias correction methods.

simulated and observed values, where oy, is the standard deviation of
simulated runoff, and o, is the standard deviation of observed runoff;
B is the ratio between the average value of simulated and observed
data. Besides the hydrograph, ice accumulation and ablation are essen-
tial components of model system. Therefore, the weighted sum was
used as the objective function (Ixcg nc), to combine the three compo-
nents into one metric, giving different weights to runoff (Ixcg 1), GMB
(Ikce_cms), and ELA (Ixge_gra):

Ixce_ne = 0.8lkce_n + 0.1lxce_omp + 0.1xce_ra (20)

We select weightage factors as 0.8, 0.1 and 0.1. Specifically the sim-
ulation of hydrography was given the highest weight, because the run-
off data has 20-year time series in daily scale, as compared to the much
lower temporal resolution of available GMB and ELA data. More impor-
tantly, we found the 0.8, 0.1 and 0.1 weightage factors perform better in
hydrograph validation, which is a more rigorous model test (SI Table 1).
The 1% best performing parameter sets were retained as behavioral and
used to establish feasible posterior distributions and to construct model
uncertainty ranges, using Iycg pc as informal likelihood measure (GLUE;
Beven and Binley, 1992). The historical glacier area maps and the extra
runoff dataset (1995-2004) were used to validate the FLEXG-Ah model.

3.4. Future climate

RCM s outputs have certain bias and it is important to reduce the bias
from the RCMs results. The most popular approaches are statistical
transformations that adjust the probability distribution of modelled re-
sults to resemble observations. Here we used seven empirical bias cor-
rection methods (Gudmundsson et al., 2012), as shown in the Table 2.
The bias correction methods have several parameters, which are deter-
mined by calibration. The calibration period for the bias corrections
models are from 1959 to 2005, which is overlapping period of station
observations and historical RCMs runs. The parameters values were
used to bias correct the future climate scenarios with assumed GHGs
emission scenarios (RCP4.5 and RCP8.5).

4. Results and discussion
4.1. Reproducing historical hydrograph and glacier variation

Fig. 4 shows the observed and the modelled glacier area extent in
1994 and 2002. We found that the FLEX®-Ah model has the ability to re-
produce glacier area variation. The simulated glacier area change of
1994-1980, 2002-1994, and 2002-1980 were 0.031km?, 0.099 km?
and 0.130 km?, which were comparable with the observed area change,
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Fig. 8. The predicted glacier area changes in 2030, 2050, 2070 and 2100 in the scenarios of RCP4.5 and RCP8.5, with the averaged values of six different bias correction methods.
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Fig. 9. Glacier area and ice volume changes from 2010 to 2100 in the climate scenarios of RCP 4.5 and RCP 8.5.

i.e.0.038km?, 0.113 km? and 0.151 km?. Interestingly, in 1994 the west
and east branches of the Glacier No. 1 were separated, which was well
captured by the FLEX®-Ah model. This indicates the robustness of the
FLEX®-Ah model to simulate glacier retreat. Fig. 4 also shows the shrink-
ing of Glacier No. 1 for both east branch and west branch, which is qual-
itatively comparable with field measurements. Moreover, the maps
represent the thinning of the Urumgqi Glacier No. 1, which is largely in
line with the long-term GMB observation.

The performance of the FLEX®-Ah model to reproduce hydrographs
of the Glacier No. 1 runoff gauge station is shown in Fig. 5 and Table 3.
The simulated hydrograph is the averaged value generated by all the be-
havioral parameter sets. The Ixge are 0.76 and 0.73 for calibration
(1985-1994) and validation (1995-2004), respectively, which indicates
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Fig. 10. The predicted annual glacier runoff of Urumgqi Glacier No. 1 from 2010 to 2100. The
gray areas indicates the uncertainty caused by different climate change scenarios of
RCP4.5 and RCP8.5.

the desirable performance of the FLEXS-Ah model. Moreover, the Ixgg of
annual GMB and ELA are 0.33 and 0.31 respectively, with biases of
-148 mm and 42 m. For annual details, Fig. 6 illustrates the capability
of the FLEX®-Ah model to reproduce annual GMB and ELA in this
glacierized catchment. Although the model reproduced the GMB and
ELA quite well from 1985 on, the systematic underestimation of GMB
and overestimation of ELA before 1985 likely indicates the effect of a de-
creasing glacier albedo due to dust accumulation in this region (Ming
et al., 2013), or the neglecting of possible snow redistribution caused
by the blowing snow from nonglacier areas to the glacier covered
area, which likely influences on GMB and ELA (Schirmer et al., 2011).
However, the lack of long-term albedo and snow redistribution obser-
vation prevents a meaningful parameterization of this process in the
FLEX®-Ah model.

The ability to reproduce the historical glacier retreat maps and si-
multaneously fit the hydrographs proves the robustness of FLEX®-Ah
model, which allows us to further extend it to predict glacier variation
and hydrology in future.

4.2. Predicting glacier retreat and melting water

4.2.1. Future climate change

Fig. 7 shows the predicted climate change by six different bias cor-
rection methods from 2010 to 2100. Interestingly, we found that six dif-
ferent bias correction methods perform very similar. This indicates the
robustness of downscaling approaches, and the uncertainty of down-
scaling is small. The manifest difference between RCP4.5 and RCP8.5 in-
dicates that different scenarios will result in quite different precipitation
and temperature changes in future.

Precipitation (Fig. 7) varies without clear trends in both RCP4.5 and
RCP8.5 scenarios. Temperature is increasing in both RCP4.5 and RCP8.5.
In RCP4.5 scenario, the amount of annual precipitation decreases
0.26 mm/a, and annual average air temperature increases 0.017 °C/a.
In RCP8.5 scenario, annual precipitation decreases 0.68 mmy/a, and an-
nual air temperature increases 0.038 °C/a. Generally, both scenarios
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will experience decrease in precipitation and increase in air tempera-
ture, but the RCP8.5 scenario has much faster changes.

4.2.2. Glacier retreat and mass loss

With the forcing of future climate scenarios, we used the calibrated
and validated FLEX®-Ah model, with averaged behavioral parameters
generated by GLUE, and calculated the glacier area and ice volume var-
iation from 2010 to 2100 (Figs. 8, 9). It was found that under both cli-
mate change scenarios, both east and west branches of Glacier No. 1
exhibit a trend of retreating, area shrinkage and ice volume loss. How-
ever, different scenarios of climate change have massive difference,
meaning that climate plays an essential role in glacier dynamics.

Quantitatively, in 1980 (the starting time of calculation), the area of
east branch glacier is 1.14 km? and west branch glacier is 0.73km?.
Moreover, the ice volume of east branch glacier in 1980 is 7.13*10’m?,
4.33*10”m? for west branch.

In the RCP4.5 scenario (Figs. 8, 9), the east branch shrinks to
1.09 km? (95%), 1.01 km? (88%), 0.90 km? (78%), 0.83 km? (73%),
0.63 km? (55%) in 2010, 2030, 2050, 2070 and 2100. Correspondingly,
the ice volume shrinks to 6.26*10” m> (88%), 4.96*10” m> (70%),
3.88%*107 m> (54%), 2.94*10” m> (41%), and 1.25*10” m> (18%). The
area of west branch glacier shrinks to 0.70 km? (96%), 0.65 km? (90%),
0.59 km? (81%), 0.53 km? (72%), and 0.44 km? (61%) respectively in
2010, 2030, 2050, 2070 and 2100. Respectively, the volume of ice of
the west branch glacier shrinks to 3.88*10” m> (90%), 3.21*10” m>
(74%), 2.60*10” m> (60%), 2.07*10” m> (48%), and 1.31*10” m> (30%).

In the RCP8.5 scenario (Figs. 8, 9), the glacier ice shrinks faster and
ice volume is lost more rapidly than the RCP4.5 scenario. Specially, the
east branch glacier shrinks to 0.99 km? (87%), 0.76 km? (66%),
0.44 km? (38%), 0.17 km? (15%), and 0.06 km? (5%) in 2010, 2030,
2050, 2070 and 2100. The ice volume shrinks to 5.30%107 m> (74%),
2.53*107 m® (36%), and 9.58*107 m> (13%), 3.65*10” m> (5.1%),
1.03*10° m> (1.4%) respectively. The west branch shrinks to 0.64 km?
(88%), 0.51 km? (70%), 0.42 km? (57%), 0.36 km? (50%) and 0.31 km?
(42%) in 2010, 2030, 2050, 2070 and 2100. The ice volume shrinks to
3.35%107 m® (77%), 1.87*107 m> (43%), 1.13*10’ m® (26%), and
9.16*10° m> (21%), 8.00%10° m> (18%). Generally, in the scenario of
RCP8.5, glacier retreats and shrinks much faster than RCP4.5.

West and east branches of glaciers have different responses to cli-
mate change. In 2050, comparing with 1980, the area of west branch
glacier will shrink by 19-43% (the uncertainty is mainly caused by dif-
ferent climate scenarios), and ice volume will decrease by 40-74%. For
the east branch, its glacier area will shrink by 21-62%, the volume will
be reduced by 46-86%. In addition, in 2100, 39-58% area of west branch
glacier will disappear, and 70-82% of ice volume will lose. While the gla-
cier area of east branch will shrink by 45-95%, and the ice volume will
lose 82-98.6%. Hence, the east branch retreats and shrinks much faster
than its west neighbor, and the west branch glacier is probably to be
larger than the east glacier in future. Although the east branch glacier
has larger glacier area at present, it is facing a greater risk to disappear,
probably due to its relatively low altitude. It is also interesting to find
that the east branch glacier is probably further spited into two small gla-
ciers which is likely impacted by the non-homogenous ice-thickness
and the sub-glacier topography.

It is worthwhile to note that the Ah-parameterization can only sim-
ulate the change of glacier area and elevation in the glacier retreat con-
dition, instead of glacier advance. Therefore, the annual variation is not
appropriate to be used as model input to update glacier surface eleva-
tion that is the reason we used every 5 years glacier variation to update
the glacier elevation and surface area.

4.2.3. Tipping point of melting water supply

The melting water tipping point from the Urumgqi Glacier No. 1 was
predicted by the FLEX®-Ah model in the climate scenarios of RCP4.5 and
RCP8.5 from 2010 to 2100. We found that different climate change sce-
narios result in a large uncertainty while predicting the annual glacier

runoff (Fig. 10). We are likely experiencing the tipping point of glacier
melting, or will experience it around 2020. After the turning point, the
runoff from glacier melting will experience a dramatic decrease from
2020 to 2050. From 2050 to the end of the 21st century, the glacier run-
off will gradually decrease. These results are largely in line with previ-
ous modelling studies in the neighboring region (Sorg et al., 2014).
These results alert us that immediate mitigation measures should be
taken to adapt to this fast glacier change to assure long-term water se-
curity in this region.

5. Conclusions

In this study, we integrated a spatially distributed hydrological
model (FLEX®) and a glacier retreat model (Ah-parameterization) to as-
sess the impact of climate change on glacier thinning, retreat, and its in-
fluence on hydrology and water resource. The coupled model (FLEX®-
Ah) was tested in the Urumqi Glacier No. 1 catchment with the longest
and most comprehensive measurements in China. Besides, the model
was validated by hydrological and glaciological data, including daily
runoff, annual glacier mass balance (GMB), annual equilibrium line alti-
tude (ELA), and the unusual historical glacier area maps in 1980, 1994,
and 2002. The model satisfactorily reproduced hydrological processes
and glacier variation, which illustrates the excellent applicability of
this coupled model in the study catchment. Furthermore, we used the
model to predict glacier variation and its impact on water resources
by the end of 21st century, using the forcing data of two downscaled cli-
mate scenarios (RCP4.5 and RCP8.5) with bias correction from six em-
pirical approaches. Results show that glacier area will lose up to a half
(—54%) of their 1980 extent in 2050, and up to —80% in 2100; while
ice volume will decrease up to —79% in 2050, and — 92% in 2100. The
impact of the glacier retreat on downstream water supply was assessed
by analyzing the tipping point of glacier melt, and the prediction show
that the peak water will likely occur around 2020, and then reducing
water supply will happen in this catchment. These results alert us that
urgent mitigation measures are needed to adapt to this fast glacier
change to assure long-term water security in this region.
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