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ABSTRACT
The temperate glaciers in the greater Himalayas (GH) and the neighboring region contribute to the
freshwater supply for almost one-half of the people on earth. Under global warming conditions, the GH
glaciers may melt more rapidly than high-latitude glaciers, owing to the coincidence of the accumulation and
ablation seasons in summer. Based on a first-order energy balance approach for glacier thermodynamics,
the possible imposed additional melting rate was estimated from three climate simulations using the Geophysical Fluid Dynamics Laboratory Global Coupled Climate Model version 2.1 (GFDL-CM2.1), the
Model for Interdisciplinary Research on Climate 3.2, high-resolution version (MIROC3.2-hires), and the
Met Office’s Third Hadley Centre Coupled Ocean–Atmosphere General Circulation Model (HadCM3).
The simulations were carried out under the Special Report on Emissions Scenarios (SRES) A1B scenario.
For the 30-yr period of 2001–30, all three CGCMs indicate that the glacial regions most sensitive to regional
warming are the Tianshan–Altai Mountains to the north and Hengduan Mountains to the south. A map of
potential melting was produced and was used to calculate the glacier-melting speed, yielding an additional
spatially averaged glacier depth reduction of approximately 2 m for the 2001–30 period for those areas
located below 4000 m. Averaged over the entire GH region, the melting rate is accelerating at about 5 mm
yr⫺2. The general circulation over the GH region was found to have clear multidecadal variability, with the
30-yr period of 2001–30 likely to be wetter than the previous 30-yr period of 1971–2000. Considering the
possible trend in precipitation from snow to rain, the actual melting rates of the GH glaciers may even be
larger than those obtained in this research.

1. Introduction
Climate change and its wide range of possible impacts have been recurring topics in both the refereed
scientific literature and in the popular media. Coupled
general circulation models (CGCMs) require only a
small number of external boundary conditions, such as
the solar constant and the atmospheric concentrations
of radiatively active gases and aerosols, to simulate the
physical climate system. They have been employed for
decades in theoretical investigations of the mechanisms
of climate change. In this study, CGCMs are used to
estimate future anthropogenic climate changes and the
ensuing changes in the melting rate of the greater Himalayan (GH) glaciers. The perennial snow and ice
cover of the GH glaciers makes up a huge freshwater
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store located in an otherwise arid, drought-prone region. Glacial meltwaters make a major contribution to
the flow of several major river systems and to the livelihood of about half of the people on earth (Shi 2001).
Our interest therefore focuses on regional climate
change implications for the GH, a region spanning 25°–
45°N, 70°–105°E. The GH includes the Qinghai–Xizhang Plateau and the Tianshan–Altai Mountains in the
north. This region is an important component of the
central Asian mountain system, largely because it has
the greatest concentration of glaciers (in number density) outside the polar caps, and is representative of
midlatitude mountain/valley glaciers. For example, the
Himalayas have a glacier coverage of 33 000 km2 and
provide around 5.04 ⫻ 1010 m3 of water annually
(Sheng and Chen 1996; Dyurgerov and Meier 1997),
and the glacier number density for the middle Tianshan
area is greater than 150 glaciers per 1000 square kilometers (B. Li 2005, personal communication).
Climate change, whether natural or human induced,
has already impacted this glacier ecosystem tremen-
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dously. About 67% of its glaciers are retreating at a
startling rate in the GH, with the major causal factor
identified as the regional temperature increase (Shi
2001; Ageta and Kadota 1992; Yamada et al. 1992). The
fate of these and other mountain glaciers has received
increasing attention in recent years (Thompson et al.
1997, 2000), partly from concerns that vital paleoclimate information may be lost permanently.
Owing to the remote, inaccessible, and inhospitable
nature of the GH environment, field investigations of
glaciers have been limited to a few individual glaciers in
this area. Several recent studies have looked at glacier
terminus fluctuations and glacier area changes as indicators of regional climate change, primarily using remote sensing and GIS techniques. Retreating rates
greater than measurement uncertainty were identified
and verified using runoff and meteorological observations. A shortcoming of the optical satellite remote
sensing technique used for monitoring glaciers is that
the thickness change and volume reduction cannot yet
be measured with sufficient accuracy (Davis et al.
1998).
In addition, our focus is on the ensemble behavior of
glaciers as a whole rather than individually. Coupled
GCMs are valuable tools in that they can produce arbitrarily long, physically based atmospheric fields with
full global coverage. Despite their significantly improved regional fidelity (Karoly and Wu 2005; Feddema et al. 2005), especially in precipitation (Lau and
Yang 1996; Meehl and Arblaster 1998), the use of
CGCMs to model glacier variations in the monsoonal
region has been rare, largely resulting from the coarseness of the resolution of CGCMs.
In this study, based on the simulation of three
CGCMs under the A1B scenario of the Special Report
on Emissions Scenarios (SRES A1B; Houghton et al.
2001), two-dimensional maps of the additional melting
rate caused by regional temperature increases were
produced for the GH, using a simplified energy balance
method.

2. Study region and data
Our specific interest in this study is the regional
manifestation of global warming in central and temperate East Asia, over a region including the Tianshan–
Altai Mountains and the Tibetan Plateau (Qinghai–
Xizhang Plateau, see Fig. 1a). Luo and Yanai (1983)
analyzed the onset of the monsoon in the 10°–50°N,
60°–130°E domain. They focused on the downstream
and southern part of this domain. Here, we employ a
similar domain [the Asian monsoon region (hereinafter
the AM region)], shifted slightly to the north and cov-
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ering the 15°–55°N, 60°–130°E region, because we are
interested in the cold, arid region [approximately Region I of Luo and Yanai (1983)]. The equivalent resolution of the CGCM used here is relatively high, and we
ensure that at least 50 grid points fall within the selected region. Land surface phenomena, such as glacier
variation, experience the effects of environmental
change locally, rather than as an average value over a
wide region. However, the model fidelity may diminish
if too few grid points are included in the region of interest.
The selected regions are affected by the Asian monsoon system and their precipitation falls primarily during summer months (Ye 1981; Luo and Yanai 1983; Fu
et al. 2002). For the central Asian region (e.g., the Tianshan region), winter precipitation, which contributes
significantly to the glacier mass balance, may also be
affected by the westerly disturbances originating in the
inland seas and moving to the east. Glaciers in this
region, when compared with those of the remaining
regions, should exhibit a different response to a changing climate owing to their extreme continental nature,
which gives rise to both aridity and large seasonal temperature variations, and also to the near coincidence of
accumulation and ablation seasons in summer (Ageta
and Higuchi 1984; Shi 2001; Fu et al. 2002). Hence, we
use the mean summer temperatures from June to August as the climatic change index for studying the effect
of climate change on mountain glaciers, with the understanding that the warming may well be more significant during the winter months.
At present, the most advanced models that include
the interactions among the atmosphere, oceans, land,
and ice–snow are CGCMs. Based on the ability of the
models to reproduce twentieth-century climate and the
fact that the astronomical boundary conditions have
been relatively stable (Houghton et al. 2001) over the
past 1000 yr, CGCM simulations can be used to identify
regional-scale climate change and derive uncertainty
measures for future climate change. The ensemble
mean surface temperature predictions from nine
CGCMs yield a good resemblance both to the Global
Historical Climatology Network (GHCN) data (Peterson and Vose 1997) and the Hadley Centre Climate
Research Unit (HadCRU; Folland et al. 2001) observations, especially during the past 50 yr. Our analysis of
the ensembles reveals an increasing trend of 0.27°C (10
yr)⫺1 for the June–August (JJA) temperature over the
past 30 yr for the GH, which is in agreement with the
ice core records from the Dasuopu Glacier of the Himalayas, in Tibet, which indicate that the last decade
and the last 50 yr have been the warmest in the past
1000 yr (Thompson et al. 2000).
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FIG. 1. (a) Base melting rate and (b) average additional melting rate (m yr⫺1) for the Asian monsoon region over 2001–30, obtained
using Eq. (2), with surface air temperature, skin temperature, surface air pressure, and wind speed obtained from MIROC3.2-hires
simulations under SRES A1B scenario. Regions with JJA surface temperature larger than 297 K are masked out. In (a), thin dashed
lines are topography (m). The small box outlines the Greater Himalayas.

Transient climate simulations under SRES A1B used
in this research are obtained from the Program for Climate Model Diagnosis and Intercomparison (PCMDI)
Coupled Model Intercomparison Project (CMIP; Gregory et al. 2005). The model variables used include
monthly mean near-surface air temperature, a variable
slated as the highest priority output fields in the CMIP
project, the surface (skin) temperature, surface pressure, and the 2-m wind speed. We chose the Geophysical Fluid Dynamics Laboratory Global Coupled Climate Model, version 2.1 (GFDL-CM2.1; Delworth et
al. 2006), the Model for Interdisciplinary Research on
Climate 3.2, high-resolution version (MIROC3.2-hires;
Kimoto 2005), and the Met Office’s Third Hadley Centre Coupled Ocean–Atmosphere General Circulation
Model (HadCM3; Gordon et al. 2000) primarily because they provide all of the input variables to our
simple first-order glacier thermodynamic scheme described below.
The ultimate fate of the glaciers is determined by the
new equilibrium temperature within the framework of
global warming. The transient climate we will experi-

ence over the next century is critical in that it provides
us with a chance to compare the predictions for different scenarios and provides a longer-term predictability
that could prove to be valuable to minimizing the impact of increased mountain glacier melting. In this
study, estimates of the warming effects on glacier melting are based on the SRES A1B scenario, which suggests a balanced energy source (between fossil fuels and
other energy sources) for a future world of very rapid
economic growth. For the upcoming 30 yr, its carbon
dioxide emission is close to strong emission scenarios
such as A2, but with significantly less sulfate loading.
We chose the SRES A1B primarily because it reflects
the most recent trends in driving forces of emissions:
population projections, economic development, and
structural and technological change (Houghton et al.
2001).

3. The glacier melt model
The key to glacier longevity is the solid mass balance,
controlled by local energy balance (see the appendix)
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and solid precipitation. A definitive relationship between mass balance and the atmospheric parameters
(such as short- and longwave radiation, air temperature, and solid precipitation) is not easy to find. Empirical degree-day models of ablation are often applied
for individual glaciers and ice sheets (Raper and Braithwaite 2006; van der Veen 1999, p. 355). Degree-day
models give satisfactory ablation simulations for equator-facing valley glaciers during periods with high correlations between net radiation and sensible heat
(eddy) fluxes, and when sensible heat fluxes are less
forced by stronger winds than by higher temperature.
The traditional degree-day model was not suitable for
using monthly data before the improvements made by
Braithwaite (1984), which allow the positive degreedays to be estimated from the monthly mean air temperatures, such as those provided by the CGCMs.
Ohmura (2001) asserted that a temperature-based
melt index method is not inferior to methods based on
the full spectrum of the energy balance, primarily because longwave downward radiation and sensible heat
flux are strongly influenced by air temperature above
the glacier. However, for a single glacier, the degreeday factor is usually a function of temperature and
hence is climate dependent. Thus, to find an allembracing degree-day factor for all the glaciers in GH
is not a trivial task and may be even harder to calibrate
(van der Veen 1999).
To estimate the ensemble behavior of glaciers, we
introduce here a physically based method that explicitly
introduces two atmospheric parameters that influence
glacier mass balance, namely, temperature and wind
speeds. Taking an area average of the continuity equation for individual glacier flow, the divergence of the
ice-flux term diminishes and the only term that contributes to (spatially averaged) glacier thickness change is
the surface mass balance (also spatially averaged). If we
further average all glaciers residing in the GH, then
change in accumulation caused by precipitation change
plays a secondary role when compared with the enhanced ablation resulted from warming (e.g., Oerlemans 2005). Starting from the energy balance for a glacier residing on a sloped surface [based on the wellknown energy balance equation of Budyko (1966); see
the appendix], and then performing a linear perturbation analysis, and finally doing a scale analysis for a 1-K
temperature increment, we obtain, to a first-order approximation, the following perturbation equation:
l␦ m ⫽ ⫺␦ H,

共1兲
⫺1

where l is ice-melting latent heat (3.34 ⫻ 10 J kg ), m
is the glacier mass balance, and H is the turbulent sensible heat flux. With H in Eq. (1) parameterized, a first5

order estimation of the spatially averaged thickness
change is
⭸h
aCp⌲h,2U2共Ta,2 ⫺ Tsfc兲
⫽⫺
,
⭸t
li

共2兲

where t is time and h is the spatially averaged glacier
thickness (m). We use dh/dt to indicate the glacierthinning rate (in ice-equivalent units). Here, we use the
thickness change terminology in this context to indicate
that the extra melting caused by a warming climate
causes an overall thinning of the temperate glaciers.
Here a is air density (kg m⫺3), Cp is air heat capacity
(1004 J kg⫺1 K⫺1), Kh is stability-dependent bulk transfer coefficients for heat (unitless) at 2 m above ice surface, U is wind speed, Ta is air temperature (K), Tsfc is
ground surface (skin) temperature, and i is ice density
(⬃0.9 ⫻ 103 kg m⫺3 for a temperate glacier and smaller
for dry glaciers at higher latitudes). The subscript 2
means 2 m above the ice surface. We used the climate
value for Kh ⫽ 1.6 ⫻ 10⫺3, which is slightly smaller than
the neutral value given by Andreas and Murphy (1986).
This is a reasonable choice for a melting glacier surface
[see section 5 of Hock (2005)]. Only a is assumed to be
elevation dependent. For the same temperature increment and 2-m wind speed, a glacier at a lower elevation
melts more quickly than at a higher elevation.
The problem of using a GCM-estimated Tsfc is that
glaciers occupy only a very small fraction of a GCM
grid box. Because of the huge temperature contrast between ice-covered and bare ground areas, the GCMderived Tsfc may be several degrees higher than the
actual temperature of the ice sheet. Used in Eq. (2),
even the direction of the sensible heat flux cannot be
guaranteed to be correct. The increment of the Ta,2 can,
however, be used in Eq. (2) to estimate the superimposed melting rate, that is, the additional melting resulting from regional climate change. This is an especially sound assumption for the temperate glaciers,
which have higher climate sensitivity than the dry subpolar glaciers and ice caps. Almost all glaciers outside
the (sub)arctic regions are temperate, resulting from
refreezing of meltwater penetrating into the snow (J.
Oerlemans 2006, personal communication).
Because of the coarseness of the grid, CGCMs do not
represent the detailed topography of the mountain areas. Through inversing a linear response equation and
driving it with 169 glacier length records from different
parts of the world, Oerlemans (2005) constructed temperature historical time series from year 1600 to 2000.
He found that the warming signals extracted from glaciers at low and high elevations are similar, and further
asserted that the warming in the lower troposphere ap-
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pears to be elevation independent. Thus, the smoothed
elevation as used in CGCMs appears not to be an important issue for estimating additional glacier melting
from warming.
If the CGCM grid-box air temperature is representative of temperate glaciers, at least for JJA, we also
can estimate the actual melting rates. In fact, the summer mean temperature is chosen from the consideration that, for the temperate glaciers, their surface in
summer is not just temperate ice but a binary mixture
of ice and water. This is the case at least for the lower
part of the glacier, primarily resulting from refreezing
of meltwater penetrating into the ice.
Like other approaches attempting to link the climate
change signal to glacier behavior, this approach presented here is not intended to deal with surging glaciers, variations of which convey little information on
climate change. The change in geometry of individual
glaciers is not of concern for our gross estimations.
The steepness and orientation of the slopes play a
central role in the local energy balance for a mountain
glacier, especially for shortwave radiation. For example, at 45°N, gentle slopes (⬃0°–30°) of due south
orientation enhance the JJA average shortwave radiation by ⬃0%–20%, relative to a flat surface, whereas
north-facing slopes reduce the JJA average shortwave
radiation by ⬃0%–55%. Thus, we use the surfacereceived shortwave radiation provided by the CGCMs
and use it as for a flat surface. The longwave radiation
depends weakly on slope steepness and orientation but
strongly on elevation. The Bowen ratio estimation suggested in Andreas and Cash (1996) is suitable for a
saturated ice/water surface. We adapted this scheme for
partition of the net radiation (we did not include the
salinity effect, though).

4. Results and discussion
After generalizing the effects of slope and orientation, as discussed in section 3, the base melting rates
turn out to be primarily elevation dependent, with the
0.5 m yr⫺1 line coinciding with the 1500-m topography
(Fig. 1a). This indicates also that the JJA warming under SRES A1B emission scenario is systematic in our
region of interest. Using Eq. (2), with surface air temperature, skin temperature, surface air pressure, and
wind speed all provided by MIROC3.2-hires simulations under SRES A1B scenario, we produced an environmental map for extra glacier melting for the future
30 yr. In Fig. 1b, regions with mean JJA surface temperature larger than 297 K are masked out from the
practical consideration that summer temperatures as
high as those values are very unfavorable for glaciers to
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survive. Figure 1b is a potential map because it does not
actually predict the existence of a glacier. However, if a
glacier is present at a particular location, regional
warming over the next 30 yr under the SRES A1B scenario will reach our estimated melting rate, relative to
a melting rate averaged over the years 2000–02.
For example, for the Tianshan–Altai Mountains region, warming will contribute about 0.15 m of glacier
thinning each year. This is in agreement with the onedimensional flow line model results of de Smedt and
Pattyn (2003) for the Sofiyskiy glacier (49.78°N,
87.77°E), a low-elevation (medium elevation: 3200 m)
glacier located in the Altai Mountains. Because of the
low elevation, the warming from the last 30 yr has already moved the glacier far from a balanced state, because the volume reduction will be greater than 25% of
its year 2000 value by year 2100 even if the current
temperature remains constant. Additional temperature
increases are primarily manifested as area shrinkage,
because of the relatively flat glacier bed and the corresponding stronger front reaction. That is why they modeled a stronger dynamic sensitivity, expressed as a ratio
of mass change to area change, of the Sofiyskiy glacier
to the twenty-first-century’s warming than that of many
Alpine glaciers elsewhere. Further analysis indicates
that the large surface temperature increase causes the
maximum melting rate to be centered at the Tianshan–
Altai region, whereas the associated wind speed increase contributes to the high-value region south of
30°N and between 80° and 105°E. This higherresolution model also produces a maximum located
around (40°N, 107°E), which the other two CGCMs of
coarser resolution failed to identify. For most of the
remaining Asian monsoon regions, the increase in melting rate is generally less than 0.1 m yr⫺1.
We also repeated the above experiment for GFDLCM2.1 (see Fig. 2) and the Met Office HadCM3 (Fig.
3). The elevation-dominated base-melting-rate maps
(see Figs. 1a, 2a, and 3a) are similar among the three
CGCMs, with more details revealed by MIROC3.2hires, apparently resulting from its finer resolution of
1.125° latitude ⫻ 1.125° longitude. Although they have
different spatial resolutions, HadCM3 (2.5° latitude ⫻
3.75° longitude) and MIROC3.2-hires produce very
similar patterns in additional melting for the GH region; there is a maximum centered on the Tianshan–
Altai (42°N, 80°E) region, and another centered on the
Hengduan Mountains (25°N, 100°E). For the Tianshan
region, the magnitudes among the three also agree very
well (⬃0.15 m yr⫺1). For most of the regions, the
GFDL-CM2.1 simulated an apparently weaker additional melting rate than the other two. The readers are
cautioned that the spatial patterns in Figs. 1–3 might be
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FIG. 2. As in Fig. 1, but for GFDL-CM2.1 simulations.

somewhat different from reality also because possible
changes in precipitation are not included in Eq. (2).
To understand the temporal structure of the melting
rate acceleration, an area average was taken within the
GH to obtain the annual time series of the additional
melt rate (Fig. 4). Although not completely in phase on
an annual basis, the additional melting curves from
three CGCMs appear to be very similar in that they
show a general trend of gradual acceleration. The amplitude from GFDL-CM2.1 is smaller than that simulated by HadCM3 and MIROC3.2-hires. Averaged
over the entire GH region, the accelerations in the
melting rate are about 1, 3, and 5 mm yr⫺2 for GFDLCM2.1, MIROC3.2-hires, and the Met Office HadCM3,
respectively.
For the entire Asian monsoon region, as compared
with possible variations in net radiation and precipitation in the 2001–30 period, the temperature variations
play a first-order role in the glacier melting, as shown
by Oerlemans (1994, 2005). Whether the estimations
presented in Fig. 4 match reality depends primarily on
the accuracy of the temperature scenarios. Despite its
large rate, our CGCM estimates of the ice melting in
the greater Himalayas still possibly are conservative,
because we did not consider the following factors: (a)

the positive feedback in net radiation used for melting,
(b) the changes in precipitation form in the glacier
source region, and (c) the dynamic response (movement) of the valley glacier.
The presence of liquid precipitation causes melting
and is a negative factor in the glacier solid mass balance
[see the Qm term in Eq. (A1) in the appendix], because
the heat transfer to snow by rain while cooling itself to
0°C is significant (Peng et al. 2002). This Qm term may
act in the following way for a warming climate. Increased temperatures will lead to a shift of the 0°C line,
that is, the snow line, which generally is much higher
than the glacier terminus, toward higher altitudes.
Thus, the glacier receives lower monsoonal solid precipitation input to its mass balance during summer periods. Instead, the occurrence of rain precipitation at
higher altitudes may lead to further reduction to the
mass balance of a glacier. This concern is important
because, as indicated by the circulation changes in the
SRES A1B simulations from GFDL-CM2.1 (not shown
here), the wind is strengthening in the future climate
over the GH region, especially in the northern part.
The next 30 yr could well be another wet phase, but
within a warmer environment. The possibility of wetter
summer months for the AM region also was reported
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FIG. 3. As in Fig. 1, but for HadCM3 simulations.

by Kimoto (2005), based on the circulation changes under SRES A1B warming scenario. However, Duan et
al. (2006) provided different accounts of the precipitation scenario in the Himalayas.
Because heat conduction within ice is a slow process,
the time scale for dynamic responses of ice sheets to
climate change (e.g., surface temperature) is estimated
to be hundreds of years or greater (Alley and Whillans
1984). This is why we concentrated on surface melting.
However, valley glaciers, which are common in our
study region, tend to have crevasses that guide the surface meltwater to the bases, and thereby enhance the
rate of downward movement of the glaciers. For valley
glaciers, this mechanism is a positive feedback to melting, because of increases in the surrounding air temperature and air density [Eq. (2)]. The positive correlation between surface melting and the acceleration of
the continental ice sheet was reported by Zwally et al.
(2002).

5. Conclusions
As indicated in Oerlemans (1994), it is a huge task to
handle all glaciers “in a single equation.” In this study,

we generalize one aspect of the response of glaciers to
climate warming: the additional melting of temperate
glaciers. In this study, by spatially averaging the mass
continuity equation and carefully evaluating the energy
balance terms for a sloped surface, we proposed a practical approach to the evaluation of the ensemble behavior of the GH glaciers in their additional thickness reduction responding to a warmer climate.
Three CGCMs give a consistent account of the
mountain glacier melting under the SRES A1B scenario. For the mountain glaciers in the GH, our results
show that the regions most affected by our CGCM
calculations of global warming over the period of 2001–
30 are the Tianshan–Altai and Hengduan Mountains,
respectively due to significant warming and wind
strengthening. A conservative estimate for these regions is that, for glaciers below an elevation of 4000 m,
an additional 10-m thickness might be melted down by
2030. This result is especially significant because, as
stated in the introduction, research on mountain glacier
changes for these regions is still limited. Our CGCM
results complement the remote sensing techniques used
for glacier monitoring. To achieve higher spatial resolution, optical remote sensing techniques used for de-
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pend on altitude as well as temperature and will be our
next research goal. At present, we cannot assume that
the CGCM output under the forcing scenarios is sufficiently reliable in its spatial and temporal variability
estimation.
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APPENDIX
The Energy Balance on Slopes
The energy balance on a sloped surface is
l ⫽ Rs ⫹ Ds ⫹ DA ⫹ 关共1 ⫹ cos␣兲 ⫹ 共1 ⫺ f 兲 sin2共␣Ⲑ2兲兴s
⫻ LWD ⫺ U␣⫺0 ⫺ OLR␣ ⫺ 共LE ⫹ H ⫹ G兲 ⫺ Qm,
FIG. 4. Area-averaged additional melting rate simulated by
three CGCMs for 2001–30.

tecting glacier variation primarily uses the visible
bands, and therefore cannot measure the thickness and
volume with acceptable accuracy (Davis et al. 1998).
Airborne laser altimetry, which is used extensively to
monitor the volume change of mountain glaciers, may
provide data that can be used to verify the simple
model used in this study.
If anthropogenic impacts on the earth’s surface continue to accelerate, their effects on future climate are
open to debate. However, even if the moderate emission scenario (SRES A1B) is realized in the future,
mountain glaciers will most likely shrink rapidly, and it
may actually take less than a century for the nearsurface temperatures to rise to levels that threaten the
existence of glaciers in the region. For surrounding regions with marginally enough freshwater supply, the
loss of these “water towers,” as a result of global warming, looms as a major environmental problem.
In this article we refrain from discussing precipitation
effects, which are uncertain (see, e.g., the different results of Duan et al. 2006; Kimoto 2005) for the Asian
monsoon region (which covers the GH). Changes in
precipitation and the nivometric coefficient both de-

共A1兲
where Rs is the absorbed direct solar radiation including the slope and orientation effects, such as topographic shading; Ds and DA are shortwave input from
sky scattering and surrounding flat surface reflection; s
is emissivity of the slope; f is emissivity of the flat
surrounding surface; ␣ is the slope angle; LWD is the
downward longwave radiation; OLRa is the outgoing
longwave radiation; U␣⫺0 is the radiative exchange between the slope and surrounding flat area; l is the latent
heat used for ice melting; LE is latent heat used for
evaporation of the liquid water or ice sublimation; H is
the turbulent sensible heat exchange; G is the ground
heat flux; and Qm is advected heat flow (mass transfer
of vapor or meltwater or rainwater) that applies during
the rainy period and is significant for the glacier accumulation snow zone. We adopt the convention that all
radiative terms [first six terms on the right-hand side of
Eq. (A1)] are positive when they signify an energy gain
for the sloped ground surface, whereas the remaining
terms are positive when they deplete the energy of the
sloped surface.
As the climate warms up, many factors emerge. In
this study, we wish to identify the additional melting of
valley glaciers as a result of temperature increases in
the upcoming 30 yr. For this purpose, all feedbacks
from solar radiation (e.g., effects from changing albedo,
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cloudiness as a result of large-scale circulation change,
or land cover and soil moisture regime changes) are
regarded as basic-state changes. For the monsoon region, the link between increased temperature and
cloudiness is vague and beyond the scope of this research. Emissivity for snow and ice is close to unity and
for most other natural surfaces are close to 0.98 and its
variation is also omitted for the following analysis. For
a glacier-covered slope, Eq. (A1) can be simplified by
assuming s as unity, with OLRa being constant, and the
reflectivity of the glacier does not vary as it melts.
Thus, a linear perturbation on Eq. (A1) reads,

冋

␦l ⫽ 共1 ⫹ cos␣兲 ⫹ 共1 ⫺ f兲 sin2

册

␣
␦LWD
2

⫺ 4f T f3␦Tf ⫺ 共␦LE ⫹ ␦H ⫹ ␦G兲.

共A2兲

A scale analysis is performed on the above equation for
a 1-K temperature increment. At the elevation of the
glaciers (⬎3000 m), LWD is on the order of 150 W m⫺2
all year round, and a 1-K increment in air temperature
means an approximimately 8 W m⫺2 increase in LWD.
The second term, resulting from a differential temperature increment of the surrounding area and the slope
(e.g., no increase in temperature for the glacier, but a
1-K increase of the surrounding rocks), is of the same
order of an about 10 W m⫺2 increment in response to
a 1-K increment. However, changes of sensible heat
flux for a 1-K increment in air temperature are dependent on wind speed and are usually on the order of
80 W m⫺2 for such elevations and temperate climate
zones. Because a glacier has a saturated surface, the
partition of radiative energy into latent and sensible
heat flux, that is, the Bowen ratio, is primarily temperature dependent (Andreas and Cash 1996). Because the
melting surface keeps a 273.15-K temperature, the increase in air temperature creates larger moisture deficiency in the air and increases LE. However, an increment in LE is not the primary component of the latent
heat flux increment; the increment in l is more significant. That is, the increased sensible heat flux received
by the glacier is used primarily for melting, not for the
evaporation of liquid water or sublimation. Thus, to a
first-order approximation, the perturbation equation
can be written as

␦l ⫽ ⫺␦H.

共A3兲

Our energy balance equation is essentially the same
as that used by Ohmura (2001). He justified the use of
radiative components over the gross form of net radiation in the energy balance equation applicable for glaciers. As pointed out by a reviewer, Hock (2005) is an
excellent resource for a review of the glacier melt mod-
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els [combining his Eqs. (1) and (3) gives a formally
identical expression to that of our Eq. (A1)].
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