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SUMMARY

Debris-covered glaciers are common in the Tibetan Plateau, where ablation zones are mantled in a supra-
glacial debris cover that influences glacier mass balance, runoff, and response to climate change by affect-
ing the melt rate of the underlying ice. The impact of debris cover has not yet been taken into account in
regional- or global-scale assessments of glacier mass balances and freshwater resources by using physi-
cally based numerical models. Here, a surface energy-mass balance model that accounts for the signifi-
cance of debris cover and its effect on the ice melt rate is applied to reconstruct the glacier mass balance
of Hailuogou catchment, which is located in the south-eastern Tibetan Plateau and contains three debris-
covered and four debris-free monsoonal maritime glaciers. According to our calculations, the glaciers in
Hailuogou catchment show a mean annual balance of —0.42 m water equivalent (w.e.) per year, for a total
mass loss of 24.3 m w.e. over the period 1952-2009. A comparison of summer temperature- and precip-
itation-mass balance/equilibrium line altitude (ELA) relations indicates that the glaciers in the catchment
are much more sensitive to temperature change than to precipitation change. In the last 20 yrs, increas-
ing summer temperature is the main cause of rapid wasting of the glacier mass in the catchment.
Meanwhile, the presence of supraglacial debris markedly accelerates glacier mass loss, resulting in the
unstable termini of debris-covered glaciers in Hailuogou catchment. This highlights the importance of

debris cover for understanding glacier mass balance and hydrology in the Tibetan Plateau.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Mountain glaciers are a vital source of water in many of the
world’s river basins (Lemke et al., 2007) as well as sensitive indica-
tors of climate change (Oerlemans and Fortuin, 1992). Glacier mass
balance (mass gain or loss at the surface over a certain time period)
forms a vital link between climate change and glacier dynamics and
hydrology, and its monitoring is the best way to infer climate
change from glaciers. The Tibetan Plateau and surrounding moun-
tain ranges contain massive glaciers with a total area of
116,180 km?, whereas mass balance measurements have been
made on only 40 glaciers at one time or another since 1946 (Dyurge-
rov and Meier, 2005). Most regional mass balance estimates for the
Tibetan Plateau glaciers are based on extrapolation of only about 40
mostly short duration (<5 yrs in most cases) and unevenly distrib-
uted surface mass balance records (Dyurgerov and Meier, 2005;
Ohmura, 2006; Lemke et al., 2007) covering less than 1% of the total
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glacier area. Furthermore, the Tibetan Plateau contains a large num-
ber of debris-covered glaciers. In these cases, ablation zones are
mantled in a supraglacial debris cover that influences glacier melt
rates (Nakawo and Young, 1982; Mattson et al., 1993; Mihalcea
et al.,, 2006; Zhang et al., 2011) and terminus dynamics (Scherler
et al,, 2011), which can modify a glacier’s response to climate
change. Although several numerical models have been proposed
for calculating the insulating effect of debris cover on different gla-
ciers (e.g. Nakawo and Young, 1982; Fukushima et al., 1987; Braun
etal., 1993; Nicholson and Benn, 2006; Reid and Brock, 2010; Zhang
et al., 2011; Immerzeel et al., 2012), so far no physically based
numerical mass-balance models have been developed on a large
spatial unit (e.g. on a catchment scale) that can consider the signif-
icance of debris cover and its influence on ice melt rates that have
determined glacier mass balances. We argue that the estimates re-
ported in previous studies (e.g. Dyurgerov and Meier, 2005; Ohm-
ura, 2006; Lemke et al., 2007) lead to substantial uncertainty in
the mass loss from the Tibetan Plateau, especially in regions where
debris-covered glaciers exist. Hence, there is an urgent need for bet-
ter methods, which can consider the significance of debris cover and
its impact on the ice melt rate, to quantify mass changes from the
Tibetan Plateau glaciers.
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In recent years, physically based mass balance models have
been applied to individual glaciers driven using in situ meteorolog-
ical observations (e.g. Arnold et al., 1996; Fujita and Ageta, 2000;
Klok and Oerlemans, 2002; Hock and Holmgren, 2005; Sakai
et al., 2009). However, the application of these models to large spa-
tial units (e.g. on a catchment scale) has been limited because of
the inadequate spatial and temporal coverage of local meteorolog-
ical records and mass balance observations (Barry, 2006). To over-
come this problem, climate model simulations have been used. A
few studies have investigated the ability of climate model simula-
tions to drive energy balance models (e.g. Reichert et al., 2001;
Bougamont et al., 2005; Hock et al., 2007; Fujita et al., 2011; Fujita
and Nuimura, 2011), and degree-day models (e.g. Hock et al., 2007;
Hirabayashi et al., 2010) for modeling mass balance. Their results
indicate that climate model simulations provide an opportunity
to be used for reconstructing mass balance over a long period in
the regions that are not routinely monitored.

In this study, we implement a surface energy-mass balance mod-
eling approach that takes into account the significance of debris cov-
er and its impact on the ice melt rate, to reconstruct the glacier mass
balance of Hailuogou catchment in the south-eastern Tibetan Pla-
teau, forcing the model by observations and global climate data.
Hailuogou catchment is chosen as the best case because it offers an
opportunity to study a monsoonal maritime glacier system with
debris-covered and debris-free glaciers in the south-eastern Tibetan
Plateau, where specific, though incomplete, information is available
about both glaciology and meteorology. The main aim of this study is
to present a simple, physically-based approach considering the sig-
nificance of debris cover and its influence to estimate as accurately as
possible the long-term variation and trend in surface mass balance
onacatchmentscale. By this approach, the effect of supraglacial deb-
ris cover on glacier mass balance can be assessed. This, in turn, allows
us to document ongoing glacier and climate changes in the south-
eastern Tibetan Plateau, one of the largest and most sensitive
remaining areas of temperate ice (Li and Su, 1996), covering approx-
imately the same area as the Southern Patagonia Icefield (Rignot
et al., 2003). Specifically, we validate the global climate data in the
Hailuogou catchment and explore the potential to use global climate
products for mass balance modeling of glaciers on the Tibetan Pla-
teau, where the harsh climatic conditions and remoteness hamper
ground-based monitoring and result in very poor data coverage.

2. Study area

Hailuogou catchment (80.5 km?) is located on the eastern slope
of Mount Gongga, south-eastern Tibetan Plateau (29.6°N, 101.9°E)
(Fig. 1). The catchment contains seven glaciers covering an area of
36.44 km? (Table 1) (Pu, 1994). These seven glaciers are named from
Glacier No. 1 to Glacier No. 7 in Fig. 1. Hereafter, the largest glacier
(No. 3) is called Hailuogou Glacier. Among the seven glaciers, the
ablation zones of Glacier No. 1, No. 2, and Hailuogou Glacier are cov-
ered by supraglacial debris cover supplied from mixed ice/snow/
rock avalanches occurring on the icefall and the surrounding walls
through frost weathering processes and structural rockfalls (Li and
Su, 1996). In situ debris thickness surveys on Hailuogou Glacier
indicated that the debris thickness increases from just several
millimetres of patchy cover below ~3650 m above sea level (a.s.l.)
to >1 m at the glacier terminus (Zhang et al., 2011).

The catchment climate is characterized by the southeast mon-
soon in summer and westerly circulation in winter (Li and Su,
1996). The mean annual air temperature (1988-2004) observed
at the Gongga Alpine Ecosystem Observation and Research Station
(hereafter, GAEORS; 3000 m a.s.l.; Fig. 1) is 4.1 °C, and mean annual
precipitation (1988-2004) is 1906 mm w.e. Summer precipitation
(May-October) accounts for ~80% of the annual total.

Glaciers in the catchment have retreated considerably since the
early 20th century (Table 1) (Su et al., 1992; Liu et al., 2010; Zhang
et al., 2010). The total glacier area of the catchment decreased by
2.9 km? over the period 1966-2007, representing 7.8% of the total
glacier area in 1966 (Liu et al., 2010). Zhang et al. (2010) noted that
the ablation area of Hailuogou Glacier thinned by —1.1 + 0.4 m yr!
during the period 1966-2009, and the thinning has accelerated sig-
nificantly since 1989. The termini of Glacier No. 2 and Hailuogou
Glacier retreated by ~1100 m during the period 1930-1990 (Su
et al, 1992) and ~1878 m during the period 1930-2007 (Su
et al,, 1992; Liu et al., 2010), respectively.

3. Data

We use various datasets, including meteorological observations
at GAEORS, daily global gridded data of temperature and precipita-
tion from the closest grid of the catchment, runoff records from
GAEORS, ablation data from Hailuogou Glacier, glacier area data,
debris thickness data, and a digital elevation model (DEM) with a
resolution of 30 m. These datasets are briefly described below.

3.1. Meteorological data

GAEORS (Fig. 1) has been operated near the terminus of
Hailuogou Glacier since 1988. Daily temperature, wind speed, rel-
ative humidity, and precipitation data are available at GAEORS for
the period 1988-2009. An automatic weather station (AWS; Fig. 1)
was installed in the ablation area of Hailuogou Glacier at ~3550 m
a.s.l. in April 2008. Air temperature, relative humidity, wind speed,
and the incoming and reflected solar radiation are recorded at 10-
min intervals. Precipitation has been measured by a precipitation
gauge installed at the margin of Hailuogou Glacier (3500 m a.s.l;
Fig. 1) since April 2008, and its 30-min average was stored. All vari-
ables were compiled to daily values.

To reconstruct the long-term glacier mass balance variation in
Hailuogou catchment, a global 0.5° gridded dataset of near-surface
temperature and daily precipitation for 57 yrs from 1951 to 2007 is
used. The temperature dataset was generated by Hirabayashi et al.
(2008) based on monthly temperature values of the Climate
Research Unit version TS 2.1 data set for the period 1951-2002
(CRU; Mitchell and Jones, 2005), and the dataset of Fan and van
den Dool (2008) for the period 2003-2007 (hereafter, HO8). Full de-
tails of the HO8 dataset and generation methods have been reported
by Hirabayashi et al. (2008). The daily precipitation dataset for
1951-2007 was created by collecting rain gauge observation data
across Asia (Yatagai et al., 2009). This is the only long-term conti-
nental-scale daily product that contains a dense network of daily
rain gauge data for Asia including the Himalayas and mountainous
areas in the Middle East (Yatagai et al., 2009) (hereafter, Y09). Full
details of the Y09 dataset can be found in the work of Yatagai
et al. (2009) or at http://www.chikyu.ac.jp/precip/index.html. The
altitude information of each grid cell is derived from an SRTM digital
elevation model (February 2000; Jarvis et al., 2008).

3.2. Runoff and area data

Runoff derived from the catchment has been measured at the
river outlet of the catchment located at the terminus of Hailuogou
Glacier since 1994 (Fig. 1). Records are available for the period
1994-2002. In this study, monthly runoff observations are used
as simulation targets to calibrate and verify the energy-mass bal-
ance model.

The area of each glacier in the catchment derived from the Chi-
nese Glacier Inventory (Pu, 1994) is shown in Table 1, representing
the area information before 1966. To estimate the glacier area in
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Fig. 1. Map of Hailuogou catchment on the eastern side of Mount Gongga in the south-eastern Tibetan Plateau, spatial distribution of thermal resistance of the debris layer
and area-altitude distributions of the catchment, glacier, and debris-covered surface. GAEORS denotes the Gongga Alpine Ecosystem Observation and Research Station
(square). AWS denotes the automatic weather station (star). The circle marks the hydrological station for runoff observation. The cross is the precipitation gauge. Glacier
boundaries in 1966 and 2007 are derived from Liu et al. (2010). Spatial distribution of thermal resistance of the debris layer is derived from Zhang et al. (2011). The histogram
shows the area-altitude distributions of the debris-covered ice (gray), the glaciers (red), and the catchment (blue). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.).

Table 1
Characteristics of seven glaciers in Hailuogou catchment. Glacier area, length and elevation are derived from the Chinese Glacier Inventory (Pu, 1994). Annual variation rate (AVR)
of glacier area is derived from Liu et al. (2010).

Glacier Elevation (m a.s.l.) Length (km) Area (km?) AVR (% yr 1) Debris-covered
No. 1 3740-5400 43 1.44 0.38 Yes
No. 2 3600-6368 5.6 7.67 0.21 Yes
No. 3 2990-7556 13.1 25.71 0.09 Yes
No. 4 5120-5840 0.9 0.33 1.80 No
No. 5 5080-6000 1.1 0.37 1.68 No
No. 6 4720-6136 2.0 0.66 1.45 No
No. 7 5280-5800 0.8 0.26 1.52 No
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different periods, glacier outlines in 1966, 1975, 1994, and 2007
are used. These were created by Liu et al. (2010) based on topo-
graphic maps and remote sensing data. Full details of these data
can be found in the work of Liu et al. (2010).

3.3. Mass balance data

The first ablation measurement in the catchment was per-
formed on the ablation area of Hailuogou Glacier in 1982 with
23 stakes (Li and Su, 1996). Since then, ablation measurements
have been conducted discontinuously at a network of ablation
stakes distributed over the ablation area of Hailuogou Glacier
(Liu et al., 1994; Su et al., 1996; Zhang et al., 2011). Ablation data
in 1982/83 (Li and Su, 1996), 1990/91-1993/94 (Liu et al., 1994; Su
et al., 1996), and 2008 (Zhang et al., 2011) are used to verify the
performance of the energy-mass balance model.

Snow depth was measured at 150 points across an altitudinal
range of 4900-5500 m a.s.l. in October 1990 (Aizen and Aizen,
1994; Liu et al., 1994). A mean snow density of 415 kg m~—> was ob-
tained from five snow pits and a crevasse with distinct annual layer
in the accumulation area of Hailuogou Glacier (Aizen and Aizen,
1994; Liu et al.,, 1994). This snow density is used to convert all
snow-related mass balance measurements into water equivalent.

3.4. Debris thickness data

The first debris thickness surveys in the catchment were carried
out on Hailuogou Glacier in 1982 at 23 points across an altitudinal
range of 2960-3600 m a.s.l. (Li and Su, 1996). In 2009, extensive
in situ surveys of debris thickness were conducted at 300 points
on Hailuogou Glacier, and these points were surveyed across the
entire ablation area in the altitudinal range of 2900-3600 m a.s.l.
(Zhang et al., 2011).

Data of thermal resistances of debris layers are used to map the
spatial distribution of debris cover in the catchment (Fig. 1) and
calculate the ice melt rate beneath the debris. The thermal resis-
tance of the debris layer is defined as debris thickness divided by
the thermal conductivity of the debris layer (Nakawo and Young,
1981, 1982). Field determinations of the thickness and thermal
conductivity of the debris layer are especially time-consuming
and not practical on glaciers. Zhang et al. (2011) calculated thermal
resistance of debris layers from the surface temperature derived
from the thermal infrared bands of ASTER and the net radiation
estimated from the visible/near-infrared bands of ASTER and
NCEP/NCAR reanalysis data that corresponded to the nearest time
and location of ASTER acquisition. An analysis of the transverse and
longitudinal profiles of the ground-surveyed debris thicknesses
and ASTER-derived thermal resistances of debris layers indicated
that the ground-surveyed debris thicknesses and ASTER-derived
thermal resistances of debris layers correlate strongly over the en-
tire ablation area, and across- and along-glacier patterns of ASTER-
derived thermal resistance correspond well with spatial patterns of
debris thickness, which can reflect large-scale variations in the ex-
tent and thickness of the debris cover (Zhang et al., 2011). Full de-
tails of the thermal resistance of the debris cover and its
calculation method can be found in the work of Zhang et al. (2011).

3.5. Digital elevation model

A DEM of the catchment was produced from aerial photographs
acquired in 1989 (Zhang et al., 2010). The accuracy of the DEM was
validated by the global positioning system (GPS) data on glacier-
free terrain, yielding a root mean square error (RMSE) of 11.2 m
(Zhang et al., 2010). We use the DEM to spatially distribute mete-
orological data and compute the area of each elevation band in the
catchment.

4. Methods
4.1. Catchment discretization

Hailuogou catchment is divided, at intervals of 50 m, into a set
of elevation bands based on the DEM. Each elevation band is as-
sumed to have a homogenous hydrological behavior. The areas of
each elevation band in 1966, 1975, 1994, and 2007, which are used
to calculate the area-averaged mass balance, are obtained from the
DEM based on glacier outlines for 1966, 1975, 1994, and 2007. The
area-altitude distributions of the glacier and the catchment are
shown in Fig. 1. Although shrinkage of the glaciers was reported
in the catchment (e.g. Su et al., 1992; Liu et al., 2010; Zhang
et al, 2010), glacier altitude-area distributions in 1966, 1975,
1994, and 2007 are correspondingly supposed to be constant for
the periods 1952-1966, 1967-1975, 1976-1994 and 1995-2009.

Ablation zones of Glacier No. 1, Glacier No. 2, and Hailuogou
Glacier are subdivided into debris-covered and debris-free sur-
faces. This separation is completely based on the spatial distribu-
tion of the thermal resistance of the debris layer (Fig. 1). The
thermal resistance of the debris layer can be used to be as a proxy
for the debris thickness over large areas because the thermal resis-
tance of the debris layer correlates strongly with the ground-sur-
veyed debris thickness, the spatial pattern of which reflects
large-scale variations in the extent and thickness of the debris cov-
er (Zhang et al., 2011). The area-altitude distribution of debris-cov-
ered surfaces is shown in Fig. 1.

4.2. Meteorological data pre-processing

For each elevation band, the temperature and precipitation time
series are interpolated according to the mean elevation. The air
temperature is assumed to decrease with increasing altitude with
a constant lapse rate. Cao and Cheng (1994) estimated the temper-
ature lapse rate at Mount Gongga as —4.3 °C km~! on the eastern
slope and —5.4 °C km ™! on the western slope. Here, the lapse rate
is fixed to —4.3 °C km'. This rate is confirmed by recent observa-
tions at GAEORS and the AWS in the ablation area of Hailuogou
Glacier.

Precipitation increases linearly with altitude in this region
(Aizen and Aizen, 1994; Cao and Cheng, 1994; Cheng, 1996; Liu
et al,, 2010). We apply a precipitation gradient d,.. (% of precipita-
tion increase per meter of elevation increase) from the snout to the
top of the glacier. Thus, the precipitation, P, at each elevation band
is calculated as

P = Pgagors|[1 + dprec (N — hcators)], (1)

where Pgagogs i precipitation at GAEORS, and h and hgagogs are the
altitudes of the elevation band and GAEORS, respectively. Based on
results of previous studies (Aizen and Aizen, 1994; Cao and Cheng,
1994, Liu et al., 1994, 2010; Cheng, 1996), we estimate the daily
orographic precipitation gradients of this region varying between
12% and 60% per 100 m. However, precipitation has spatial variabil-
ity in the glacierized regions of high mountainous catchments.
Accurate spatial interpolation of precipitation data series is there-
fore difficult to obtain and the prevailing extreme conditions imply
significant measurement uncertainty. In particular, the value of the
precipitation gradient is difficult to estimate in the accumulation
zones of the catchment, where precipitation data are scarce. This
difficulty in the spatial interpolation of precipitation is a significant
source of modeling uncertainty for glacier mass balance and runoff
simulations. Considering this, here we treat the precipitation gradi-
ent as a tunable model parameter.

In addition, because wind speed only weakly correlates with the
melt rate (Ohmura, 2001), and has a little influence on the mass
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balance results (Fujita and Ageta, 2000; Sakai et al., 2009; Fujita
etal,, 2011), wind speed observed from GAEORS is not interpolated
and assumed representative for the entire area calculated.

4.3. Global climate data validation and bias correction

Air temperature and precipitation observed from GAEORS are
used to validate the global climate data (HO8 and Y09). A linear
regression analysis is used to determine the correlation between
the global climate data and observed variables on daily, monthly,
seasonal and annual timescales. The HO8 temperature is validated
for the period 1988-2007 using data from GAEORS, and the Y09
precipitation is validated for the period 1988-2004. After evaluat-
ing the association between the two datasets, we correct the global
climate data for model bias on a daily timescale by a linear regres-
sion method because the global climate data are frequently biased
relative to in situ observations due to their parameterization
schemes and coarse grid resolution. Linear regression equations
are established between in situ meteorological observations and
global climate data over the period 1988-1997. These are ex-
pressed as follows:

Tcarors = 0.995T s — 2.559 (T = 088,[) < 00017
RMSE — 2.7 °C), 2)

Pcarors = 1.250Pyqg + 2.199 (r = O71,p < 0.001;
RMSE = 0.003 m), 3)

where Tgagors and Pgagors are daily temperature and precipitation
at GAEORS, respectively, and Tyog and Pygg are HO8 temperature
and Y09 precipitation, respectively.

4.4, Surface energy-mass balance model

The surface energy-mass balance model consists of two coupled
components. The first is to compute the energy available for melting
from energy exchange between the debris-covered/free surface and
the atmosphere, and accumulation. The second is to treat processes
occurring in the subsurface after meltwater percolates in the under-
lying layers (Fig. 2). The model calculates the surface mass balance
for each elevation band at a time step of one day. The annual mass
balance for each elevation band (i = 1...n), b;, is calculated as

b; = i[Ca(t) +M(t) + Re(1)], @

t=to

where M represents ablation (mass loss is defined negatively), Ca
(positive sign) is accumulation (snow), and Ry (positive sign) is
refreezing. All terms are in units of m w.e. ty is the start date of
the mass balance year (here, 1 October), and t; is the end date of
the mass balance year (30 September in the following year). The an-
nual mass balance of the entire catchment, B, is estimated as the
area-weighted sum of the mass balance in all elevation bands,
which is calculated as

g Zi1DiSi
Z?:lsi 7
where S; is the discrete value of the surface area for each elevation
band (i=1...n) (m?).
The glacier melt, M, in the ith elevation band is computed using
a surface energy-balance model. For the debris-free ice, the energy
available for melting, Qy, is calculated from

Qu=(1—-)Rs 4+ Ryg + Ry + Qs + Q; + Qr + Qg, (6)

where Rs and R;4 are the downward short- and long-wave radiation
fluxes, respectively, Ry, is the upward long-wave radiation flux, Qs,

()

Qu, Qr and Qg are the net sensible heat flux, net latent heat flux, heat
flux by rain on the surface and conductive heat flux into the glacier
surface, respectively, and « is the surface albedo. All terms are taken
to be positive toward the surface, in units of W m~2. Zhang et al.
(2011) analyzed the effect of Qg on ice melt rates on Hailuogou Gla-
cier, and found that it was not significant. Hence, the heat flux by rain
is not taken into account. Downward long-wave radiation is obtained
from the air temperature, relative humidity and ratio of downward
short-wave radiation to that at the top of the atmosphere using an
empirical scheme (Fujita and Ageta, 2000). The upward long-wave
radiation is calculated from the Stefan-Boltzmann constant and
the surface temperature assuming a black body for the snow/ice sur-
face, and turbulent sensible- and latent-heat fluxes were calculated
using the bulk method. They are expressed as follows

Ry, = e0(Ts +273.2)*
Qs = CapCU(Ta = Ts) (7)
Q. = Lp,CU[rhq(Ta) — q(Ts)],

where ¢ is the Stefan-Boltzmann constant (5.67 x 1078 W m—2 K™),
¢ is the emissivity of the glacier surface (taken to be 1), Ts is the sur-
face temperature (°C), T, is the air temperature (°C), ¢, is the specific
heat capacity of air (1006 ] kg~! K1), p,is the density of air (kg m~3),
Cis the bulk coefficient for sensible and latent heat (0.002), U is the
wind speed (m s~1), I, is the latent heat of the evaporation of water
(2.5 x 108 kg™ "), q is the saturated specific humidity (kg kg~!) cal-
culated as a function of air temperature using the empirical equa-
tions presented by Kondo (1994), and rh is the relative humidity.
Before 1988, relative humidity data were not available in the catch-
ment. Fig. 3a shows the relation between the monthly means of pre-
cipitation and relative humidity established based on observations at
the AWS during the period October 2008-July 2009. The relation
indicates relative humidity increasing with precipitation and is used
to estimate the daily relative humidity from the daily precipitation.
As shown in Fig. 3b, the estimated relative humidity is in agreement
with the observed data for the period May-September 2008.

The absorbed short-wave radiation is calculated from the
surface albedo and downward short-wave radiation. The surface
albedo calculation in the model follows the albedo scheme of Fujita
(2007). This method was applied to different regions and validated
against observations (e.g. Sakai et al., 2009; Fujita et al., 2011;
Fujita and Nuimura, 2011; Yasunari et al., 2011). In their studies,
the albedo is calculated by a simplified concept of multiple scatter-
ing in the ice plate whose thickness is related to the surface snow
density. The albedo, o, in the Fujita (2007) scheme is given by

2
1-r)t
a=r+-—-—, 8
1 1-n1 ®)
where
7= 0=T—VO-T*-R}

R

_ (-rp*exp(—klp)
T = 1-rZ exp(—2kl;)

(=rp*ryexp(=2kl)

Ri=r+ 1-r2 exp(—2k;l;)

In these equations r; is the reflectivity of ice (0.018), R; is the
reflectance of a single ice plate, T, is the transparency of a single
ice plate, [; is the effective ice thickness, and k; is the absorption
coefficient of ice (assumed to be 10 m™!). The effective ice thick-
ness I; can be determined from

2
b=, (9)
piS
where p; is the density of ice (assumed to be 900 kg m~3), and S*
(m? kg~!) represents specific surface area (the area of the surface
of the ice particles in unit mass of snow), computed with
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log,oS" = —15.32 x 10 ?p> + 16.65 x 10 °p* — 7.30

x102p +3.23, (10)

In Eq. (10), a meltwater effect is invoked when the snow tem-
perature rises to 0 °C, and S* will be decreased to 60% of its original
value. The surface snow density p changes with snow densifica-
tion, which is estimated using a model of snow densification estab-
lished by Motoyama (1990). He suggested that the snow layer is
densified due to viscous compression. The temporal variation in
snow density is calculated from a compactive viscosity factor esti-
mated by an empirical formula with respect to the density of a
snow layer at a given depth and the overburden load exerted on
that layer. The influence of water, which enhances snow compac-
tion, is taken into account by changing the compactive viscosity
factor for wet snow. The albedo of debris-free ice was set to 0.3
(Zhang et al., 2011), whereas that of the new snow was assumed
to be 0.8 (Li and Su, 1996).

The downward short-wave radiation is calculated by using a
method developed by Matsuda et al. (2006). They found a favor-
able correlation between precipitation and atmospheric transmis-
sivity of solar radiation in terms of the monthly values on
different glaciers of the Tibetan Plateau. This method was applied
to the July 1st Glacier on the Tibetan Plateau where it performed
well (Sakai et al., 2009). The relation between the monthly mean
transmissivity and the monthly mean precipitation observed at

the AWS during the period October 2008-July 2009 is shown in
Fig. 3c. This is used to estimate the daily mean transmissivity, T,
from daily precipitation data. The downward short-wave radiation
is then obtained from the daily mean transmissivity and the
incoming short-wave radiation at the top of the atmosphere. As
shown in Fig. 3d, short-wave radiation fluctuations are well simu-
lated for the period May-September 2008, although the estimated
short-wave radiation is greater than the observations that are
<110 W m™2. This is because the relation is established based on
monthly data, for which low transmissivity data with high precip-
itation are not taken into account. In addition, glacier melt, which
mainly determines the glacier mass balance, occurs when the
short-wave radiation is large. Thus, overestimation of low
short-wave radiation has little effect on the glacier mass balance
estimate.

The surface temperature, Ts, is obtained to satisfy all heat bal-
ance equations by iterative calculation of the conductive heat flux,
which is obtained by calculating the temperature profile of the
snow layer and/or glacier ice. The melt rate of the debris-free ice,
M, is calculated as

v Qi

=M 11
pily (an

where L is the latent heat of fusion (3.34 x 107> kg™ ).
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its estimation using the relation shown in (c).

The catchment contains three debris-covered glaciers. The total
debris-covered area accounts for 39% of the total ablation zone
area of three glaciers. Fig. 1 shows the altitude-area distribution
of debris-covered surfaces. At the debris-covered surface, the en-
ergy balance is expressed as

Qg = (1 — o)Rs + Rig + Ry + Qs + Q, + Qg,

where Q¢ is the conductive heat flux into the debris layer, and the
other energy components and calculations are the same as those
mentioned above. All terms are taken to be positive toward the deb-
ris surface, in units of W m~2. The albedo of the debris-covered sur-
face, o/, was set to 0.2 (Zhang et al,, 2011). The only heat flux
considered to reach the glacier ice is the conductive heat flux with
simplifying assumption of a linear temperature profile within the
debris layer and the constant heat flux stored in the debris layer
from day to day. Therefore, the heat flux used for the ice melt,
Qu, can be calculated as

(Ts—Ty)
R
where R is the thermal resistance of the debris layer (m? KW™1), T
is the debris surface temperature (°C), and T; is the ice temperature
at the ice-debris surface, which was set to 0 °C (Zhang et al., 2011).
All energy-balance components at the debris-covered surface,
except the short-wave radiation term, are explicitly determined
from the debris surface temperature. The debris surface tempera-
ture, T, can be calculated numerically by iteration. The resulting
daily mean surface temperature is then used to calculate the rate
of ice melt from Eqs. (11) and (13) for the prescribed thermal resis-
tance of the debris layer. Zhang et al. (2011) found that the thermal
resistance of the debris layer at a specific site could be regarded as
constant usually in a melting season on Hailuogou Glacier.

(12)

Qu=Q;= (13)

Therefore, the thermal resistance of the debris layer was assumed
to be constant over the study period. Full details of the entire mod-
el have been reported by Zhang et al. (2011).

Some of the meltwater can be fixed to the glacier by refreezing if
the glacier ice is cold enough (Fujita et al., 1996). Our calculations of
the refreezing amount follow Fujita and Ageta (2000), which calcu-
late the refreezing amount from considering the conduction of heat
into the glacier ice and the snow layer and the presence of water at
the interface between the snow layer and glacier ice. The refreezing
amount Rr in the Fujita and Ageta (2000) scheme is given by

Ci Zc G interface
Rr = pici / ATde + & / ATde,
Lf interface Lf surface

(14)

where p; is the average density of snow (415 kg m—>) (Aizen and Ai-
zen, 1994; Liu et al., 1994), ¢;=2100] kg ' K~ is the specific heat
capacity of ice, z is the depth from the surface or snow-ice interface
(m), z. is the depth where the annual amplitude of ice temperature
is <0.1 °C (assumed to be 20 m from the snow-ice interface), and
ATz is the temperature difference of the snow/ice at a given depth
during a given period (°C). In addition, refreezing during winter
and shorter cooling events is considered by assuming the maximum
water content as 5% in volume.

For each elevation band, snow accumulation is modeled from
the precipitation value by using a simple temperature threshold
to discriminate rain from snow. The threshold temperature was
set to 2.0 °C (Liu et al., 2009). A mixture of snow and rain is as-
sumed for a transition zone ranging from 1 K above and 1 K below
the threshold temperature. Within this temperature range, the
snow and rain percentages of total precipitation are obtained from
linear interpolation. Redistribution of the original snowfall by wind
transport or avalanches is not taken into account.
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4.5. Model calibration

Model calibration involves constraining model parameters to get
the best fit between the model simulations and the observed data.
The parameters are adjusted within the accepted ranges according
to one or more criteria that assess the goodness-of-fit between the
simulated results and the observed data. In this study we use the ob-
served runoff to optimize the precipitation gradient within the
range from 12% to 60%. The calibration is performed to minimize
the difference between observed and modeled runoff in different
years. The precipitation gradient associated with the best agree-
ment between observed and modeled runoff in different years is
chosen. The presented model enables the estimation of the runoff
from the catchment. The runoff contributions of all elevation bands
are added to the total discharge at the outlet of the entire catch-
ment. No routing between the spatial units and the river outlet is
performed because the catchment has rather steep slopes (Fig. 1).
This means that the runoff delay due to routing in the river network
is thus much smaller than the given time step of one day. Liu et al.
(2010) analyzed the water balance of the catchment using a hydro-
logical method, and their results indicated that their method for cal-
culating water balance of the catchment performed reasonably well
without considering groundwater system and changes in evapora-
tion and/or sublimation over the glacier surface, and the main con-
tributions to the runoff were meltwater and rainfall. Furthermore,
the runoff in the catchment shows a continuously increasing trend
for the period 1994-2002, especially after 1997. The annual runoff
reaches the maximum in 2002, which increases by 42% compared
to the mean annual runoff over the period 1994-2002. Therefore,
our model is calibrated against observed runoff in 1997 and 2002.
The runoff, Q (m>s™1), can be calculated as

Q=0Q;+Q;
Q1 =M+ Pyg — R, (15)
Qy =Pie — E

where Q; and Q, are the runoff from the glacier and glacier-free
zone, respectively, Py is rain on the glacier, Py, is the total precip-
itation, and E is the evaporation in the glacier-free zone calculated
from the temperature and precipitation using the empirical equa-
tion of Kang et al. (1999). In addition, we assume there is no
remaining snow at the end of the melt season, since our aim is to
simulate the monthly runoff. Therefore, precipitation is not sepa-
rated into rain and snow in the glacier-free zone.

Most mass balance models presented in previous studies are
calibrated to get a good fit between observed and simulated vari-
ables by attempting to minimize a single measure of model perfor-
mance (e.g. Oerlemans and Fortuin, 1992; Braithwaite and Zhang,
1999; Hock et al., 2007). However, there is no best criterion for sta-
tistically evaluating the quality of models because all models are
simplifications of reality. Hence, calibration using a single criterion
often constrains the model parameters to fit certain characteristics
of the observed data, but neglects the remaining features. Here, we
adopt multiple assessment criteria to assess the model perfor-
mance. With the exception of the correlation coefficient r, three
assessment criteria are used: the efficiency criterion R?> (Nash
and Sutcliffe, 1970), a modified version R2, (Hock, 1999), and the
root mean square error (RMSE). The criteria R* and RMSE have
been widely used to measure the quality of fit between simulations
and observations. The criterion R, is a measure of the agreement
between simulations and observations emphasizing low-flow con-
ditions. When the logarithms are found, discrepancies between
modeled and observed runoff during peak flows exert less impact
on the numerical value. The criteria, R* and R}, assume a value
of 1 in case of perfect agreement.

5. Results
5.1. Validation of global climate data

Unless otherwise stated, all significance levels of correlation
coefficients (r) presented herein are p <0.001. As shown in Table
2, daily, monthly, and annual HO8 temperature and Y09 precipita-
tion means correlate well with the corresponding observations
from GAEORS, although correlation coefficients (r) for precipitation
are lower than those for temperature. Daily, monthly, and annual
HO8 temperature means correlate well with the observations from
GAEORS for the period 1988-2007, yielding coefficients of 0.90,
0.98, and 0.71, respectively, while analysis of the daily, monthly,
and annual Y09 precipitation data yields correlation coefficients
(r) of 0.70, 0.96, and 0.53, respectively. Seasonally, the correlations
between the HO8 and observed temperature are higher during the
spring (March, April, May (MAM)), summer (June, July, August
(JJA)), and autumn (September, October, November (SON)), com-
pared to the winter (December, January, February (DJF)) (Table
2). Further analysis of the results reveals that the winter correla-
tion is unduly influenced by the Decembers of 5 yrs (1998-2002)
for which daily HO8 temperatures are significantly larger than
the observations, while the HO8 and observed temperatures in
December of other years show similar fluctuations, although there
is a 433 m difference in elevation between the grid cell and
GAEORS. If we remove the influence of the five exceptional Decem-
bers, the correlation coefficient r during the winter rises to 0.85.
This indicates that the HO8 simulates winter temperatures reason-
ably well for the majority of years, and is able to capture the
observed temporal variability well. Meanwhile, the Y09 precipita-
tion data better capture the observed variability in spring (0.90),
summer (0.70) and autumn (0.95) than in winter (0.53) (Table 2).
Precipitation from spring to autumn accounts for 96% of the annual
total in Hailuogou catchment, based on the observation during
1988-2004. The glaciers in the catchment are the summer-accu-
mulation type glaciers (Shi and Liu, 2000). Thus, despite the lower
correlation coefficient (r) during the winter, precipitation in winter
may have little influence on the model performance.

Global climate data have to be corrected before use at the sub-
grid scale in the mass balance models. Hence the global climate
data series used in this study are bias-corrected by Egs. (2) and
(3) which are established between in situ meteorological observa-
tions observed data and the global climate data over the period
1988-1997. Fig. 4a and b shows the bias-corrected and observed
daily temperature averaged over the period 1998-2007 and pre-
cipitation averaged over the period 1998-2004. The correlation
coefficient (r) between the bias-corrected and observed daily tem-
perature is 0.96 with the RMSE value of 1.54 °C, and the correlation
coefficient (r) between the bias-corrected and observed daily pre-
cipitation is 0.87 with the RMSE value of 0.001 m. Fig. 4c and d
show the variations in the bias-corrected and observed monthly
temperature over the period 1998-2007 and annual precipitation
over the period 1988-2004. As can be seen, bias-corrected global
climate data yields good agreement with the observations.

Overall, the above analysis suggests that the global gridded
temperature and precipitation data used in this study correspond
sufficiently well with the observations at GAEORS to be used as in-
put for mass balance model in Hailuogou catchment.

5.2. Model calibration and verification

Fig. 5 shows the best solution found for the runoff simulation in
different years, and the fit between observed and modeled runoff,
as measured by the efficiency criterion R?, its modified version R2,
and the RMSE. The results of model calibration show that there is
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Table 2

Correlation coefficients (r) between the global climate data and observations from
GAEORS. All significance levels of correlation coefficients presented herein are
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p <0.001.
Temperature®  Precipitation”
Daily 0.90 0.70
Monthly 0.98 0.96
Annual 0.71 0.53
Spring (May, April, May (MAM)) 0.98 0.90
Summer (June, July, August (JJA)) 0.91 0.70
Autumn (September, October, November 0.99 0.95
(SON))
Winter (December, January, February (DJF)) 0.64 0.53

4 Data were used for the period 1988-2007.
b Data were used for the period 1988-2004.

close agreement between observed and modeled monthly runoff,
yielding R* > 0.9, R, > 0.7 for using observed meteorological data,
and R? > 0.9, R}, > 0.9 for using global climate data (Fig. 5). The run-
off simulations in 1997 and 2002 by using observed meteorological
data and global climate data have small RMSE values compared to
the corresponding mean monthly discharge of 8.1 m®s~' and
13.7m> s~ ! (Fig. 5). This indicates that the precipitation gradient
of 18% per 100 m can give a good agreement between observed

and modeled runoff, and is therefore selected as the best solution
for further analysis.

The calibrated model (Fig. 5) is verified against an independent
set of runoff data collected over the periods 1994-1996 and 1998-
2001. Scatter diagram of observed and modeled monthly runoff is
shown in Fig. 6, along with a plot of the corresponding cumulative
variation. Overall, the calibrated model performs well in the vali-
dation period. The efficiency criterion R* and its modified version
R}, are respectively 0.84 and 0.80 for observed meteorological data,
and 0.84 and 0.86 for global climate data (Fig. 6a). The monthly
runoff simulations using observed meteorological data and global
climate data have small RMSE values compared to the mean
monthly discharge of 13.4m>s~!, which equal to 2.68 and
2.7m>s™!, respectively. As shown in Fig. 6b, the model performs
well with respect to the cumulative runoff over the period 1994-
2002. The cumulative runoff simulated using observed meteoro-
logical data is underestimated by 10% over the period
1994-2002, whereas that simulated using global climate data is
overestimated by 4% at the same period. As a result, the modeled
cumulative runoff can capture the long-term trend.

The calibrated model allows for the effect of debris cover on gla-
cier ablation, which is verified by comparing the model results to
observations measured at stakes on Hailuogou Glacier in different
periods. Scatter diagrams of modeled and measured ablation at
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stakes in different periods are shown in Fig. 7. Overall, the model
performs well at stake locations with the RMSE value of 0.003 m
w.e. d”!, compared to the mean melt rate of 0.03 m w.e. d~'. The
overall correlation coefficient r between measured and modeled
ablation in different periods is 0.78 (Fig. 7a). In particular, the cor-
relation coefficient r between measured and modeled ablation in
the summer of 2008 is 0.82 (Fig. 7b). However, the calibrated mod-
el overestimates the low melt rates beneath the thick debris layer
(Fig. 7a). This may be influenced by the water content of the thick
debris layer. The water content of the debris layer exerts a strong
influence on the melt rate beneath the debris layer through affect-
ing its thermal properties (Nakawo and Young, 1981). Nakawo and
Young (1981) found that the thermal conductivity of the debris
layer increases with the water content of the layer increasing,
resulting in the melt rate beneath the debris layer increasing. They
also found that modeled melt rates for dry thick debris is larger
than those for saturated thick debris. However, considering the ef-
fect of the water content must allow the physical properties of the
debris layer to vary with depth, which would require detailed data
on internal debris temperature and water content, and these prop-
erties are difficult to determine for an entire glacier. Hence, this
property is unlikely to be known in any practical application of
the model presented in previous studies (e.g. Nakawo and Young,
1981; Nicholson and Benn, 2006; Reid and Brock, 2010). In this
study we calculate the melt rate to most closely approximate the
measurements without considering the nature of the water con-
tent of the debris layer, despite the fact that the debris may be sat-
urated where the layer is thick, and moist where it is thicker, so the
measurements will be expected to plot closer to the modeled re-
sults for saturated debris. This pattern suggests that the model sys-
tematically overestimates the melt rate in this environment.
Despite this uncertainty, overall, the model can produce reliable
estimates of ablation beneath the debris layer on an annual time-
scale (Fig. 7) and allows us to consider the effect of debris cover
on modifying the catchment mass balance.
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Fig. 6. Evaluation of the calibrated model using scatter diagrams of observed versus
modeled monthly runoff (a) and cumulative runoff (b). Qmod, observed data and
Qmod, global data denote the simulations using the meteorological observations
and global climate data, respectively.

Overall the calibrated model performs well and can simulate
the observations accurately. This indicates that the model has pre-
dictive power for mass balance modeling on a catchment scale,
assuming that the calibrated model parameter is valid for different
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time periods. In particular, the model is able to reliably estimate
glacier ablation beneath debris, allowing us to consider the influ-
ence of debris on the mass balance of the catchment. We evaluate
the use of global climate data for modeling in Hailuogou catchment
and found that accurate estimation of catchment mass balance is
possible using these data (Fig. 4).

5.3. Mass balance reconstruction

We calculate the long-term mass balance and ELA for Hailuogou
catchment using observed climate data (1989-2009) extended
with global climate data (HO8 and Y09) (1951-1988) (Fig. 8). The
ELA is calculated as the altitude where the annual mass balance
is zero. The annual mass balances of Hailuogou catchment are con-
sistently negative (Fig. 8a), with eight positive balance years over
the 58 yrs period (1952-2009), varying between 0.19 and -
1.72 m w.e. The mean annual mass balance in the whole catchment
is —0.42 m w.e. for the period 1952-2009. In particular, in recent
years (2001-2009) the mean mass balance is —0.79 m w.e., about
2.3 times the mean value during 1952-2000 (—0.35 m w.e.). The
cumulative mass balance of the catchment is —24.3 m w.e. for
the period 1952-2009. In recent years (2001-2009), the cumula-
tive mass balance of the catchment accounts for 30% of the total
cumulative mass balance for the period 1952-2009. The ELA trend
of Hailuogou catchment over the period 1952-2009 is shown in
Fig. 8b. The ELA of the glaciers in the catchment varies between
4907 and 5273 m a.s.l. during the study period, with a mean of
5068 m a.s.l. The ELA of the glaciers shows a slight negative trend
with a rate of —0.5 m yr~'during 1952-2000. In contrast, glaciers
show a significant positive trend (12.3 m yr~!) of the ELA during
2001-2009 (Fig. 8b). This indicates that the ascending ELA results
in an acceleration of glacier wastage in Hailuogou catchment in re-
cent years.
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6. Discussion
6.1. Model uncertainty

In highly glacierized catchments, major challenges for mass bal-
ance simulation are the lack of available precipitation data and the
large spatial variability of precipitation due to orographic effects.
Furthermore, the precipitation gradient is difficult to estimate,
which makes spatial interpolation challenging. In this study, the
precipitation increase with altitude is set to a fixed gradient that
is optimized by the calibration procedure, minimizing errors be-
tween the model results and observations. However, uncertainties
still arise due to the high spatial variability of precipitation, and the
precipitation gradient is optimized to the mean conditions over the
entire study period. In particular, when applying such gradient to
all years, larger model errors are to be expected for years when
the observations have larger deviations from the mean conditions.
However, the model predictive ability for long-term mass balance
would be substantially reduced without a generalized parameter
set for the entire study period. The main aim of this study is to de-
velop a simple approach that considers the significance of debris
cover and its influence for accurate estimation of the long-term
variation and trend in surface mass balance on the catchment
scale. Hence, a generalized parameter set was not unexpected to
be used for the mass balance calculation in Hailuogou catchment.

Glacier area data are generally not available every year. Some
studies assumed the constant glacier area in their mass balance
calculations (e.g. Fischer, 2009; Fujita et al., 2011). Hirabayashi
et al. (2010) presented an approach in which the glacier area per
elevation band is updated daily. In our analysis, glacier areas in
1966, 1975, 1994, and 2007 are used. These are correspondingly
assumed to be constant over the periods 1952-1966, 1967-1975,
1976-1994, and 1995-2009. As reported by Liu et al. (2010), the
glacier area of the catchment decreased by 2.9 km? during 1966-
2007 (7.8% of the 1966 total area), which mainly occurred in the
lower part of the glaciers. To assess the uncertainties in constant



Y. Zhang et al./Journal of Hydrology 444-445 (2012) 146-160 157

glacier areas in different periods, the mass balance during the en-
tire analysis period is calculated using the glacier areas in 1966,
1975, 1994, and 2007, respectively. The resulting mass balance
indicates that the specific mass balances estimated using the gla-
cier areas of 1966, 1975, and 1994 are more negative by 0.06,
0.07, and 0.04 m w.e. (the average of the calculation period),
respectively, compared to those estimated by using the glacier
areas in 1975,1994, and 2007. This finding indicates that changes
in glacier extent during the periods 1952-1966, 1967-1975,
1976-1994, and 1995-2009 have a small impact on the specific
mass balance of Hailuogou catchment.

6.2. Effect of supraglacial debris on glacier mass balance and runoff

Hailuogou catchment is dominated by debris-covered glaciers
(Table 1). The total debris-covered area accounts for 39% of the to-
tal area of ablation zones of three debris-covered glaciers in the
catchment. Zhang et al. (2011) extensively surveyed the debris
thickness on Hailuogou Glacier, where the debris-covered area ac-
counted for 41% of the total area of the ablation zone. They sug-
gested that the debris thickness varies from just several
millimetres of patchy cover to >1 m, with an inhomogeneous spa-
tial distribution. As suggested by previous studies, dispersed and
thin debris enhances ice melt rates through albedo reduction,
whereas debris cover of thickness exceeding a few centimetres re-
duces ice melt by insulating the ice from atmospheric heat
(@strem, 1959; Nakawo and Young, 1981; Mattson et al., 1993).
Zhang et al. (2011) found that because of the inhomogeneous dis-
tribution of debris thickness, about 67% of the ablation area on
Hailuogou Glacier has undergone accelerated melting, whereas
about 19% of the ablation area has experienced inhibited melting,
and the sub-debris melt rate equals the bare-ice melt in only 14%
of the ablation area; on the other hand, the altitude distribution
of the debris thickness further complicated the ablation gradient
on the ablation area, making it completely different to that of deb-
ris-free glaciers. Therefore, spatial distribution of debris plays a
crucial role in the estimation of glacier ablation, and must be con-
sidered in the mass balance estimation of Hailuogou catchment. To
assess the effect of the debris cover on the mass balance of Hailuo-
gou catchment during the past few decades, we recalculate the
mass balance assuming that there is no debris on the three glaciers
in the catchment. In accordance with the calculation, we find a 12%
increase of glacier melt under the real surface condition during
1952-2009 compared to that with an assumption of no debris cov-
er on the glaciers. As a result, the positive mass balance years ac-
count for 35% of all years (58 yrs) without debris cover on the
glaciers, but they represent only 14% of all years under the real sur-
face conditions (Fig. 8a). The change in mean mass balance with
the real surface condition during 1952-2009 is twice as much as
that without debris cover on the glaciers (—0.21 m w.e.). This indi-
cates that supraglacial debris cover significantly accelerates mass
loss from the glaciers in Hailuogou catchment (Fig. 8a).

Scherler et al. (2011; Fig. 2) reported that widespread debris cov-
er on many Himalayan glaciers reduces their retreat rates, making
their fronts stable, which are therefore unsuitable as indicators of re-
cent climate change. In contrast, the termini of the debris-covered
glaciers in Hailuogou catchment have been retreating at a high rate
during the past few decades (Su et al., 1992; Liu et al., 2010; Zhang
et al., 2010). The terminus of Hailuogou Glacier receded at a mean
annual rate of 27.4 m yr~! during 1998-2008 (Zhang et al., 2010),
and Glacier No. 2 receded at a mean annual rate of 30.0 m a~! during
the period 1981-1990 (Su et al., 1992). Based on the glacier outlines
in 1966 and 2007 created by Liu et al. (2010), we calculate the retreat
rates of the termini of seven glaciers in the catchment. The mean an-
nual retreat rate of the termini of three debris-covered glaciers is
~28.9 myr! during 1966-2007, which is significantly larger than

that of four debris-free glaciers (~15.6 m yr~!). The analysis of the
spatial characteristics of the ice melt rates on the ablation area of
Hailuogou Glacier indicated that one of the high melt rates occurs
in the terminus zone (altitudes of 3000-3200 m a.s.l.), an area with
a wide distribution of coexisting debris-covered ice, bare ice, ice
cliffs, and supraglacial ponds (Zhang et al., 2011). Such coexisting
surface that is composed of debris-covered ice, bare ice, ice cliffs
and supraglacial ponds, is also widely distributed in the terminus
zones of other debris-covered glaciers in the catchment (Li and Su,
1996). In these areas, in addition to debris cover and its spatial dis-
tribution impacting the ice melt rate, ice cliffs and supraglacial
ponds significantly accelerate the ice melt rate (Sakai et al., 2000,
2002). Ice cliffs are generally covered with a thin layer of debris or
dust, meaning that the melt rate is higher than on nearby debris-
covered surface (Sakai et al., 2000, 2002). The analysis of a pond heat
budget indicates that the energy absorption at the supraglacial pond
is several times larger than that at the surrounding debris-covered
surface, which results in accelerating the ice melt rate (Sakai et al.,
2000). Hence, spatial distribution of the areas with the coexisting
debris-covered ice, bare ice, ice cliffs, and supraglacial ponds leads
to the spatially inhomogeneous ice ablation, which is likely to make
a disproportionately large contribution to ablation at the glacier ter-
mini. On the other hand, supraglacial ponds can accelerate glacier
terminus disintegration by exposing ice faces at the surface (Rohl,
2008) and lowering of the glacier surface (Sakai and Fujita, 2010).
Due to the inhomogeneous ablation, the debris layer becomes
increasingly unstable in these areas (Iwata et al., 2000; Benn et al.,
2001), releasing debris via occasional sluicing of debris down steep
slopes. This process redistributes the debris upon the glacier surface,
and then modifies the spatial variability in the ice melt rate, causing
differential surface lowering, development of ice cliffs and evolution
of supraglacial ponds (Iwata et al., 2000; Benn et al., 2001; Sakai
et al.,, 2000, 2002; Rohl, 2008; Sakai and Fujita, 2010). Furthermore,
the ice velocity is relatively large on debris-covered glaciers in the
catchment (Li and Su, 1996; Zhang et al., 2010). Ice velocities mea-
sured on Hailuogou Glacier indicated that the ice velocity at the ter-
minus is ~28.8 myr~! (Zhang et al., 2010), which is significantly
larger than that in the Himalayan study of Scherler et al.(2011). Con-
sequently, debris and its spatial distribution in association with ice
cliffs and supraglacial ponds results in the unstable fronts of deb-
ris-covered glaciers in this catchment, which accelerates their ter-
minus disintegration and retreat.

The main contributions to the runoff of Hailuogou catchment
are meltwater and rainfall (Liu et al., 2010). Note that glacier melt-
water is the main contribution to the increasing runoff of the
catchment during 1994-2002 when the precipitation of the catch-
ment shows a decrease trend (Fig. 8d). As discussed above,
Hailuogou catchment is dominated by debris-covered glaciers,
where the ice melting depends strongly on debris thickness and
its spatial continuity. To assess the effect of the debris cover on
the runoff in the catchment, we recalculate the runoff assuming
that there is no debris on three debris-covered glaciers. In accor-
dance with the calculation, we find that the mean annual runoff
without debris cover on three glaciers during 1994-2004 decreases
by 6% compared to that with the real surface condition. In addition,
evaporation of rainwater from debris appears to have a small influ-
ence on catchment hydrology and downstream water resources
(Brock et al., 2010). It is apparent that the presence of debris cover
leads to an increase in catchment runoff through its influence of
accelerating surface melt, and its insulation effect is not significant
in Hailuogou catchment.

6.3. Climate change, mass balance, and ELA

During the past 58 yrs (1952-2009), glaciers in Hailuogou
catchment experience significant mass loss (Fig. 8a), especially in
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Fig. 9. (a and b) Regression relations of summer temperature vs the specific mass balance (SMB) and the ELA, and (c and d) regression relations of summer precipitation
versus the SMB and the ELA for the period 1952-2009. Here, R? is the coefficient of determination.

Table 3

Mass balance (MB; m w.e.), summer temperature (Temp.; °C), and precipitation
(Prec.; mm), and their contributions to the glacier mass balance in each decade
estimated based on the regressions shown in Fig. 9.

Temp. Prec. MB Variable contribution (%)
Temp. Prec.
1950s 9.09 1473.1 -041 19.6 80.4
1960s 9.19 1450.9 -0.51 35.9 64.1
1970s 9.02 1449.7 -0.36 -15.2 115.2
1980s 9.05 15139 -0.20 - -
1990s 9.46 1541.2 -0.21 135 -35
2000s 9.82 1508.9 -0.78 97.5 25

the last 10 yrs. These findings agree with those of Liu et al. (2010)
and Zhang et al. (2010), who reported an accelerated shrinkage of
glaciers in the last few decades based on topographic maps, remote
sensing data, and the GAEORS meteorological data. The glaciers in
this catchment are the summer-accumulation type, which is more
sensitive to climate change (Shi and Liu, 2000). As shown in Fig. 8c,
the air temperature of the catchment shows a significant increas-
ing trend with a rate of 0.13 °C (10 yr)~! over the period 1952-
2009, especially in the last 20 years when the rate was 0.27 °C
(10 yr)~!. In addition, the air temperature at the beginning of the
melt season (April) and at its end (October) rose by 1.6 and
0.9 °C, respectively, for the period 1998-2004 compared to those
for the period 1988-1997 (Zhang et al., 2010). This possibly pro-
longs the melt period and causes a significant decrease in snow

accumulation, and an additional decrease in surface albedo due
to a diminished summer snowfall that prevents the absorption of
solar radiation and snow melt during the melt season (Fujita,
2008). On the other hand, the annual precipitation shows a slight
increasing trend during 1952-2009 (Fig. 8d). As shown in Fig. 8d,
annual precipitation is relatively low in the 1950s, 1960s, and
1970s, but high in the 1980s and 1990s. After 2000 annual precip-
itation decreases compared to that in the 1990s. In addition, the
precipitation from July to September decreased by 24% for the per-
iod 1998-2004 compared to that for the period 1988-97, espe-
cially in July and September (Zhang et al., 2000). This change
possibly has a significant effect on glacier accumulation in the
catchment.

To quantify the effect of climate change on glaciers in the catch-
ment, we examine the relationships among summer (May-
October) temperature, precipitation, mass balance and ELA. Figs.
9a and b shows the relations between summer temperature and
the mass balance and ELA, respectively. Summer temperature is
negatively correlated with the mass balance and positively associ-
ated with the ELA. The regression results in Fig. 9a and b suggest
that the 1 °C summer temperature change results in 0.644 m w.e.
glacier mass loss, and 135.3 m ELA ascending, respectively. Simi-
larly, summer precipitation is positively correlated with the mass
balance and negatively associated with the ELA (Fig. 9c and d).
The regression results in Fig. 9c and d suggest that the 100 mm
summer precipitation change leads to 0.25 m w.e. mass accumula-
tion, and 36.7 m ELA descending, respectively. Compared to the
precipitation-mass balance/ELA relations, those between air
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temperature and mass balance/ELA are stronger, especially in re-
cent years. Therefore, we can investigate which variables have con-
trolled the glacier mass balance in each decade using the 1980s as
a reference decade. As shown in Table 3, summer precipitation is
significantly reduced in the 1950s, 1960s, and 1970s compared to
in the 1980s, and summer temperature shows a slight variation
over the same period. Based on the regression results mentioned
above, a marked reduction in summer precipitation that was ob-
served before the 1980s appears to be the main cause of the nega-
tive mass balance. After the 1980s, the summer temperature shows
a significant increasing trend, and the precipitation shows a slight
increasing trend in the 1990s and a slight decreasing trend in the
2000s (Table 3). Increasing summer temperature is the main cause
of rapid wasting of the glacier mass in Hailuogou catchment (Table
3). In particular, the contribution of the rise in temperature to gla-
cier mass loss increases to 97.5% in the 2000s (Table 3). This indi-
cates that temperature change controls variation in glacier mass
balance in Hailuogou catchment over the last 20 yrs.

7. Conclusions

A surface energy-mass balance model is implemented on a
catchment scale, and the significance of debris and its influence
on glacier melt rates is taken into account. The model is used to
reconstruct the mass balance time series of glaciers in Hailuogou
catchment in the south-eastern Tibetan Plateau, where there are
three debris-covered and four debris-free monsoonal maritime
glaciers. Global climate data (1952-1988) and observations
(1989-2009) are used to drive the model. The global climate data
are validated against long-term meteorological observations from
Hailuogou catchment and correspond sufficiently well with surface
observations to be used for mass balance modeling. The model is
calibrated against runoff observations in the catchment using mul-
tiple assessment criteria to minimize the error between simula-
tions and observations. It is verified by comparing the model
results to the observed runoff and the ablation measured at stakes
in different periods. Overall, the calibrated model performs well,
which indicates that the model has predictive power for mass bal-
ance modeling on a catchment scale, assuming that the calibrated
model parameter is valid for different time periods. In particular,
the model is able to reliably estimate glacier ablation beneath deb-
ris, allowing us to consider the effect of debris on the mass balance
of the catchment.

From the reconstructed time series, a mass loss of —24.3 m w.e.
is estimated in Hailuogou catchment over the period 1952-2009.
The annual mass balances are consistently negative over the
58-yr period with eight positive balance years. In particular, gla-
ciers in the catchment show markedly rapid wastage with an asso-
ciated increasing trend of the ELA in recent years (2001-2009).
Regression analyses show that the relations between summer tem-
perature and mass balance/ELA are much stronger relative to the
precipitation-mass balance/ELA relations. On the basis of these
regression relations, we found that a marked reduction in summer
precipitation is the main cause of the negative mass balance before
the 1980s, whereas significant warming in the summer is the main
cause of rapid wasting of the glacier mass in the catchment in re-
cent decades. In addition, recalculation with an assumption of no
debris cover on the glaciers in the catchment indicates that the
presence of debris results in the 12% increase of glacier melt during
1952-2009, and then significantly accelerates glacier mass loss.
Furthermore, debris and its spatial distribution in association with
ice cliffs and supraglacial ponds results in the unstable fronts of
debris-covered glaciers in Hailuogou catchment.

Debris-covered glaciers are not restricted to the Tibetan Plateau,
but are common in many other mountain ranges around the world.

For modeling mass balance, predicting runoff and response to
climate change, debris cover and its influence on glacier melt rates
should be added to analysis that has determined glacier mass bal-
ances. Using the energy-mass balance model presented in this
study, we can accurately estimate the long-term variation and
trend in surface mass balance on a catchment scale and examine
the significance of debris cover and its influence on glacier melts.
The model can also output catchment runoff. The global climate
data used in this study can be used to drive such a model. This
means that the model can be applied to other catchments in the
Tibetan Plateau, where debris-covered glaciers exist, to investigate
glacier response to climate change and the impact of global warm-
ing on the regional water cycle, even in regions that are not rou-
tinely monitored because of the harsh climatic conditions and
remoteness.
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