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Effect of summer accumulation on glacier mass balance on
the Tibetan Plateau revealed by mass-balance model
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ABSTRACT. The characteristics and sensitivities of a cold-based glacier on the Tibetan
Plateau, where the summer monsoon provides most of the mass input to glaciers, are dis-
cussed using an energy-balance model incorporating the process of water refreezing. The
model accurately represents the observational results related to the mass balance of Xiao
Dongkemadi glacier on the central plateau during 1992/93. Our data revealed that the mass
balance of cold glaciers cannot simply be described by the surface mass/heat balances,
because about 20% of infiltrated water 1s refrozen and thus does not run off from the glacier.
Model calculations demonstrate that glaciers in an arid environment can maintain their
mass since the monsoon provides precipitation during the melting season. Snowfall in sum-
mer keeps surface albedo high and largely restrains ablation. Nevertheless, the calculations
also make clear that glaciers on the plateau are more vulnerable than those of other regions
because of summer accumulation. In the monsoon climate, warming would cause not only a
decrease in accumulation, but also a drastic increase in ablation in combination with surface-
albedo lowering. Therefore, although glaciers on and around the plateau can be sustained by
summer accumulation, they are more vulnerable to warming than winter-accumulation-

type glaciers.
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Total area (¢) and area at a given altitude span (;)
of Xiao Dongkemadi glacier (m?)

Thickness interval of ice (j, 0.5) or snow (g, 0.1) for
heat conduction and irradiance absorption (m)
Bulk coefficient for sensible and latent heat (0.002)
Specific heat of air (,, 1006) and ice (;, 2100) (Jkg K )
Refrozen amount of capillary water () and super-
imposed ice (3) (mmw.e)

Heat flux into glacier (), latent heat (;), heat for
melt () and sensible heat (5) (W m72)

Net irradiance within ice (;) and snow (5) and at
the ice surface (i) (W m )

Thermal conductivities of ice (i) and snow (g)
(Wm 'K

Latent heat for evaporation (o, 2.50x10% and
fusion of ice (¢, 3.34 x 10°) (J kg )

Daily amount of precipitation (},), rainfall (;) and
snowfall (5) (mmw.e.d )

Saturated specific humidity

Relative humidity

Downward longwave radiation (1), net radiation
(n) and observed downward shortwave radiation
(s) (Wm )

Time (s)

Temperatures of air(,), surface(s) and interior(;)
°C)

Wind speed (ms )

Altitude (m)

Areal averaged component (y) and
component at a given altitude span () related to
mass balance (mmw.e.)

specific
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z Depth from the surface or snow—ice interface (m)

Zc Depth where the annual amplitude of ice
temperature is <0.1°C (assumed to be 20 m from
the snow—ice interface)

o4 Surface albedo

AT,  Temperature difference of snow/ice at a given depth
during a given period (°C)

At A given period of time (s)

€ Emissivity of snow/ice surface (1)

Lis Extinction coefficient of ice (j, 10) and snow (s, 40)
(m)

Pajis Density of air (,), ice (j, 900) and snow () (kg m73)

o Stefan—Boltzmann constant (5.67 x10 *Wm “K ¥

INTRODUCTION

It has been reported that the glaciers distributed around the
Asian highland have contributed to the recent sea-level rise,
accounting for as much as 20% of the volume transferred to
the oceans from glacier wastage (Meier, 1984; United States
Department of Energy, 1985). This estimation, however, is
based on a few observations and many assumptions because
information on this region has been quite limited. There-
fore, the Intergovernmental Panel on Climate Change
(Warrick and others, 1996) laid down certain requirements
related to the mass balance of glaciers excluding ice sheets:

(1) Need for knowledge about the monsoon-nourished gla-
ciers of central Asia.

(2) Quantifying the process of internal accumulation
(refreezing of meltwater) for incorporation into mass-
balance models.

Almost all glaciers on the Tibetan Plateau are strongly
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affected by monsoons, and they undergo simultaneous
accumulation and ablation in the summer. Glaciers on the
plateau were categorized into two types (Shi and Li, 198,
Huang, 1990): the continental type, with little precipitation
and low temperature; and the maritime type, with high
monsoon precipitation and temperate internally. The con-
tinental-type glaciers are distributed widely from the
central region to the northwestern semi-arid region, while
the maritime-type glaciers are limited to the southeastern
humid region.

Fujita and others (1996) observed the role of superim-
posed ice in the mass balance of a continental-type glacier
on the central Tibetan Plateau. They pointed out that the
formation of superimposed ice at the snow—ice interface
(ice surface) prevented mass loss in the accumulation zone
during the melting season. A few cases of shrinkage of
glacier volume in the Himalaya have been evaluated (Fujita
and others, 1997, 1998; Kadota and others, 1997). Fujita and
others (1997) pointed out that the glaciers in the Himalaya,
which were under the monsoon climate, have shrunk more
rapidly than those in other regions of the world. However,
there have been few evaluations of glacier mass balance
using a numerical energy-balance model on the plateau,
although several observations have been made with respect
to glacier mass balance (e.g. Ageta and others, 1989, 1991; Pu
and Yao, 1994). Therefore, it is important to understand the
mass balance of the continental-type glacier under the mon-
soon climate and its response to climate change.

In order to evaluate the effects of the monsoon climate
and refreezing process on the glacier mass balance on the
plateau, an energy-balance model including the refreezing
process 1s constructed in this study. The present study
focuses on Xiao (“small” in Chinese) Dongkemadi glacier
in the middle of the Tanggula mountains (33° N, 92° E),
central Tibetan Plateau (see Fig. 1). The terminus and high-
est altitudes are 5380 and 5926 m a.s.1., respectively, and the
area of the glacier is 1.77 km? The glacier surface faces south
to southwest with a gentle slope (Tig. 2).

MASS-BALANCE MODEL

The energy-balance model consists of heat balance including
heat conduction into the glacier, and mass balance including
refreezing of water in the snow layer in a vertical dimension.
A schematic flow chart of the model is shown in Figure 3.
Changes in the surface level derived from accumulation, sur-
face melting, evaporation and snow densification, and the ice
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Fig. 1. Location map of study area. TG, Tanggula mountain
area including Xiao Dongkemadi glacier.
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Fig. 2. Location map of mass-balance stakes (open squares)
and the siles where ice temperature and albedo were measured
(solid squares) on Xiao Dongkemadi glacier. Meteorological
station was located at 5600 m a.s.l. (solid square ).

level derived from the formation of superimposed ice are
taken into account in order to evaluate surface conditions
such as albedo. Input variables for the model are the daily
mean values of solar radiation, air temperature, relative
humidity and wind speed, and daily precipitation.

Surface heat balance

The basic equation of heat balance at the surface is described
as:

H, =R, + H;+ H + H,. (1)
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Thickness of snow layer
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Fig. 5. Schematic structure of energy-balance model.
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All components are positive when fluxes are directed towards
the surface. Net radiation consists of short- and longwave
radiations as:

Ry=(1— )R+ eR —eo(T, +2732)".  (2)

Turbulent sensible- and latent-heat fluxes are calculated by
the bulk method:

H, = c.p,CU(T, — T.) (3)
and
Hy = lopaCUrhq(T) — (T3)]. (4)
The surface temperature is calculated from Equations (1-4)
as:
T.=

(1—a)Rs+eR —ea(T,+273.2) —l,p,CU(1 —1h)q(T,) + Hy

d
4eo(T, +273.2)° + (dﬁ lo + Ca> paCU

+T,.
(5)

Here we assume that heat for melt is zero, and the following
approximations are used:

T, = T,
(T3 +273.2)" = (T, + 273.2)" + 4(T, + 273.2)* (T, — T,)

and

q(Ty) = q(Ty) + dT,

When the positive surface temperature is calculated in
Equation (5), it is assumed to be zero. The following iterative
calculations are performed until the difference between
surface temperatures becomes <0.1°C:

(I) surface temperature is obtained assuming no heat
transfer into the glacier (Equation (5));

(2) the heat transfer into the glacier is calculated using the
calculated surface temperature (see next subsection);

(3) the new surface temperature is obtained using the
calculated heat flux into the glacier (Equation (5)).

Saturated specific humidity and its gradient are
calculated as functions of air temperature by using the
empirical equations presented by Kondo (1994).

Downward longwave radiation is estimated from the
dew-point temperature at the surface and a coefficient
related to the sunshine ratio based on empirical equations
(Kondo, 1994). The dew-point temperature at the surface is
obtained from relative humidity and saturated vapor
pressure, which is derived from air temperature. A coeffi-
cient relating to the sunshine ratio is calculated from the
downward shortwave radiation under a cloudless sky, which
1s calculated theoretically from the latitude, the Julian date
and the observed downward shortwave radiation.

Surface albedo has to be evaluated according to the
surface condition because that condition varies with
altitude, time and climate change. Yamazaki and others
(1993) estimated surface albedo from surface snow density
considering the multiple reflection in a surface snow layer
and assuming that the surface snow layer consists of an ice
plate and an air layer in the vertical dimension. The thick-
ness of the ice plate 1s empirically calculated from surface
snow density. Therefore, it is necessary to consider the
densification of snow for the calculation of surface albedo.
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Motoyama (1990) presented a model of snow densification
due to viscous compression. A compactive viscosity factor
is estimated by an empirical formula with respect to snow
density. The strain-rate—stress relation for a layer is
calculated when the density of a snow layer at a given depth
and the overburden load on that layer are given. The
minimum albedo of bare ice is fixed at 048 based on the
observed data (Seko and others, 1994). The effect of dust
condensation on the surface due to ablation is not taken into
account in this model.

It is assumed that solar radiation, wind speed, relative
humidity and the amount of precipitation are independent of
altitude. Topographical effects are not taken into account since
the glacier and the surrounding mountains have gentle slope.

Heat transfer into glacier

The heat transfer into the glacier should be calculated for an
estimation of the surface temperature and water refreezing,
Heat conduction within the snow layer is calculated using a
temperature profile within the snow and the absorption of
irradiance as:

T, O*T, 0l

PEly R .
PsCi o 52 T o2

and
K, =0.029(1 +10"p?). (6)

The thermal conductivity of snow is obtained as a function of
snow density (Mellor, 1977). The net irradiance (difference
between downward and upward irradiance) within the
snow at a given depth from the surface is calculated by
assuming an exponential decrease in radiation as:

I, = (1 = )R exp(—ps2).

It is assumed that the extinction coefficient of snow is constant
and independent of snow density, grain-size, wavelength and so
on. The value used (40 m ") is from Fukami and others (1985).
Calculations with smaller values of the extinction coefficient
did not significantly affect the mass balance. When the snow
layer is wet, on the other hand, the heat transfer within 1s zero
and the absorbed irradiance causes an internal melt.

Heat conduction in glacier ice is basically described as in
the equations for snow as:

oT, O*T, OI
Ci— = Ki——5 +—,
P oy 22 "o
488.2
i =————+ 047
23241
and

I; = Iiyr exp(—pi2). (7)

The thermal conductivity of ice is obtained as a function of
ice temperature (Hobbs, 1974). It is assumed that the extinc-
tion coeflicient of ice is constant and independent of wave-
length. The value (10m ') is taken from Hobbs (1974). The
net irradiance at the ice surface ([itf), however, is neglected
when the snow thickness is >0.2 m since I;;s becomes 0.03%
of the absorbed solar radiation at a depth of 0.2 m from the
surface.

If there 1s no water in snow, the temperature profile in a
glacier is calculated with Equations (6) and (7), and the heat
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transfer into the glacier is obtained from the difference in
temperature profiles during a given period as:

—c (Ps finterface ATZ dZ+pi fzc ATZ dz)

surface interface

H, = - . (8)

If the surface temperature is zero with wet snow, heat flux
between the surface and glacier body is considered to be
zero since no temperature gradient exists within snow. If
the surface temperature is negative with wet snow, a positive
flux from the glacier body to the surface is caused by the
temperature gradient below the surface as:

T
o 9)

Incorporating this calculated heat flux into the glacier, the
new surface temperature is calculated by Equation (5) until

H, = —K,

the surface temperature becomes stable as mentioned
above.

Refreezing of water

Fyjita and others (1996) pointed out that the amount of
superimposed ice formed at the ice surface is significant in
the mass balance of this glacier. In the model of this study,
an amount of superimposed ice during a given period is
calculated from the variation in glacier ice temperature as:

ES
F,= pici/ AT, dz. (10)
ls interface

It is assumed that the snow layer can retain water up to 5%
of water content in volume when meltwater and/or rain-
water are supplied. Water cannot infiltrate the ice surface,
and excess water runs off downstream. It is considered that
heat flux from wet snow to the surface is released by the
refreezing of capillary water in the snow layer calculated
using Equation (9). Thus, the refrozen amount of capillary
water 1s described as:

KT
—. 11

Water is also refrozen within the snow layer when it percolates

E::_

into cold snow. The amount of refrozen water within cold
snow 1s calculated from the changes in snow temperature as:

. rinterface
F. = ”;Cl / AT. dz. (12)
f Js

The refreezing of capillary water contributes to an increase

urface

in snow density. It is assumed that snow with high density
and an ice layer do not prevent the percolation of water.

Phase of precipitation

Because precipitation takes place mainly during the summer
monsoon season in this region, it is considered that the snow-
fall/rainfall considerably affects the mass balance. A relation-
ship between the probability of snowfall and air temperature
in this region is obtained from the observed data of Ueno and
others (1994) as:

b =P, [T, < 0]
T
:(1_6‘)Pp 0<T, <6
=0 [T, > 6], and
b =P, - F.
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OBSERVATIONS AND INPUT DATA

Continuous glaciological observations were started in 1989 on
Xiao Dongkemadi glacier. Observations related to glaciology,
hydrology and meteorology were then carried out intensively
on and around the glacier during the period May—September
1993 (Ageta and others, 1994, 1997; Seko and others, 1994). The
locations of observation sites on the glacier, and the observed
variables, altitudes, periods and references are shown in Figure
2 and Table 1.

The density and thickness of the snow layer, and the
temperature profile in the glacier are needed for the present
model as the initial conditions at a given site. The initial
snow-layer and ice density are assumed to be 400 and
900 kgm ", respectively. The snow thickness observed on 10
October 1992 is adopted as the initial surface condition. The
initial temperature profile at a given altitude is estimated from
the profile at 5600 ma.s.l. on 10 October, and from the lapse
rate of ice temperature, which was obtained as 0.0072°C'm '
from the observed data. The temperature at 20m depth is
assumed to be constant. The lapse rate of air temperature is
obtained as 0.0075°C'm ' from the meteorological dataset
(Ohta and Ageta, 1996).

The input data used for the calculation were obtained at
5600 ma.s.l. on Xiao Dongkemadi glacier from 10 October
1992 to 9 October 1993. Input variables were the daily mean
values of air temperature, solar radiation, relative humidity
and wind speed, and daily precipitation. Because the avail-
able daily amount of precipitation was limited during the
1993 monsoon season, the amount during winter was esti-
mated from the change in the surface level recorded at
5600 m a.s.l., assuming that the surface-level rise corresponds
to the snowfall with a density of 100 kg m *. The possibility of
rainfall during winter can be neglected since air temperature
was below freezing. The average/total variables during the
calculated year are summarized in Table 2. Bulk coefficient
for turbulent heat fluxes (0.002; Yamazaki and others, 1993) is
chosen so the calculated results fit the observed ones. Coeffi-
cients in the calculation of downward longwave radiation are
tuned as follows: downward longwave radiation is calculated
using data observed at base camp (5060 m a.s.l.; 10 km from
the glacier) and compared with the residual longwave radi-
ation, which is obtained from the observed downward and up-
ward shortwave radiation, surface temperature (upward
longwave radiation) and net radiation at base camp.

VERIFICATION OF MODEL

Temporal variation in calculated parameters

Calculations were done to determine whether the model
was indeed representative for the year beginning 10 October
1992. Figure 4 shows the comparison between observed and
calculated albedos at 5500, 5600 and 5700 m a.s.l. for the
period May—September 1993. The observed albedos are
lower than calculated ones in early June. This may be due
to deposition of dust, which was not considered in the model.
Figure 5 shows the variation between observed and cal-
culated ice temperatures on the surface and at 2 and 8 m
depth at 5600 ma.s.l. Each sensor level was fixed at the
depth at which the sensors were installed in October 1992.
Changes in the levels of surface and ice surface were
obtained at three different altitudes (5500, 5600 and
5700 m a.s.l.; Fig. 6). These results show that the model was
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Table 1. Location, period and source of observed variables on Xiao Dongkemadi glacier

Variable Location Period Source
ma.s.l.
Mass balance 5460-5710 Oct. 1992—-Sept. 1993 This paper

5500, 5600, 5700
5500, 5600, 5700
Ice temperature 5500, 5600, 5680
Meterological variables 5600

Surface albedo
Surface level

May—Sept. 1993

Oct. 1992—Sept. 1993
Oct. 1992-Sept. 1993
Oct. 1992-Oct. 1993

Seko and others (1994)

Fyjita and others (1996); this paper

Fyjita and others (1996); this paper

Seko and others (1994); Ohta and Ageta (1996)

Table 2. Annual average/total variables at 5600 m a.s.l. of
Xiao Dongkemadi glacier as input in the calculation for the
year from 10 October 1992

Average/total value  Summer type  Wainter type

Air temperature at which mass

balance becomes zero (°C) +0.39 —0.68
Air temperature (°C) 10.27 +0.20 +0.27
Albedo -0.019 -0.017
Precipitation (mmw.e.) 672 —73 =75
Solar radiation (W m ?) 237 +39 +24
Relative humidity (%) 779 +4.8 +6.1
Wind speed (ms ) 4.1 -28 -16

Note: 'Temperature differences from the annual average to make the annual
mass balances zero, and differences in variables to change the annual
mass balance —100 mm w.e. from the equilibrium condition for the same
period in both summer and winter types.

indeed representative of the surface condition, heat balance,
heat conduction in the glacier, mass balance and refreezing
process at different glacier altitudes.

Mass balance during 1992/93

The mass balance of Xiao Dongkemad:i glacier was
observed by the stake method on 10 October 1992 and 11
September 1993. The altitudinal distribution of specific mass
balance was calculated at intervals of 50m in elevation
during the same period of stake measurements (Fig. 7). The
model represents well the specific mass balances at different
altitudes.

The areal average of each mass-balance component for

1.0

02 T T T T
May June July Aug. Sep.
1993

Ig. 4. Observed (squares) and calculated (solid line) albe-
dos at 5700, 5600 and 5500 m a.s.l. on Xiao Dongkemad:
glacier, May—September 1993.
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Fig. 5. Observed (markers) and calculated (lines) surface
and ice temperatures at 5600 m a.s.l. on Xiao Dongkemadi
glacier, October 1992—September 1993.

the whole glacier area during the year from 10 October 1992
was calculated considering a specific value and an area of
Xiao Dongkemadi glacier at a given altitude span of
S0 mas:

X uA
W=

Calculated values are summarized in Table 3. The annual
balance during 1992/93 was +200 mm w.e. Fujita and others
(1996) determined that 60% of the infiltrated water was re-
tained in the accumulation area, based on observations
during the melting season of 1993. Even for the whole gla-
cier area, including the ablation area, about 20% of the
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Fig. 6. Observed (markers) and calculated (lines) relative
levels of snow surface (crosses) and ice surface (triangles)
at 5700, 5600 and 5500 m a.s.l. on Xiao Dongkemad: gla-
cier, October 1992—September 1995. The level of ice surface
on 10 October 1992 is set to zero at each site.
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Fig. 7. Altitudinal distribution of the observed ( crosses) and
calculated (line) mass balances on Xiao Dongkemad: glacier,

10 October 1992 to 11 September 1993.

meltwater and rainwater was refrozen in the snow layer and
did not contribute to runoff. This implies that the mass
balance and runoff of a cold glacier cannot be estimated
from surface heat/mass balance alone during the melting
season (Ageta and Fujita, 1996).

DISCUSSION

Effect of summer accumulation on mass balance

Continental-type glaciers are widely distributed on the
plateau and maintain their mass even under environmental
conditions such as arid climate and the strong solar radi-
ation that occurs at high altitude and middle latitude. In
order to verify how glaciers maintain their mass in the con-
tinental climate, model calculations were performed by
switching the peak accumulation season from summer to
winter and exchanging the refreezing processes of cold and
temperate glaciers, since these were considered to affect the
mass balance. For the winter type, the original precipitation
dataset in the first half of the year (arid winter) was ex-
changed for that of the second half (humid summer) to

Table 3. Areal average of the calculated mass-balance compo-
nents_for the whole area of Xiao Dongkemad: glacier for the
year from 10 October 1992

Mass-balance component Value
mm w.e.
Precipitation 670
Snowfall (SF) 630
Rainfall (RF) 40
Meltwater (MW) 470
Refrozen water (RW) 110
Runoff (DS) 400
Evaporation (EV) 70
Mass balance (MB) 200

Note: Mass balance and runoff are obtained from the following relations:

MB = SF + RF-DS—-EV; DS =RF + MW —RW.
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Fig. 8. Altitudinal distributions of annual balances calculated
Jor summer accumulation type in cases of the cold glacier ( SC;
solid squares) and the temperate glacier (ST, open squares),
and for winter accumulation type in cases of the cold glacier
(WGC; solid circles) and the temperate glacier (W'I; open
curcles ).

obtain an annual cycle of humid winter and arid summer
in the model verification, while the original precipitation
cycle was used for the summer type. It was assumed that
all of the initial ice was at 0°C, and that the refrozen water,
which was produced by the calculation from temperature
profiles, was not retained in a glacier of the temperate type,
while the calculation in the cold type was undertaken in the
same manner as in the model verification.

Figure 8 and Table 4 show the altitudinal distributions of
four types of modeled mass balances for the year from 10
October 1992, and their averages for the whole glacier area
and equilibrium-line altitudes(ELAs), respectively. The fig-
ure shows that the mass-balance profile is affected largely by
the difference between summer and winter accumulation
rather than between a cold and a temperate interior.
Annual balances of the summer type were positive, and
those of the winter type negative, for both cold and temper-
ate types, and ELAs of the summer type are about 200 m
lower than those of the winter type, as shown inTable 4. It
is believed that the difference between summer and winter
types results from the surface condition during the melting
season. In the summer types, summer snowfall keeps the
albedo high and restrains melting, though a part of summer
precipitation does not contribute to the accumulation as

Table 4. Areal average of annual balances and ELAs calculated
Jor four types of glaciers (summer and winter accumulation
types and cold and temperate types)

TDype of glacier Mass balance ELA
mm w.e. ma.s.l.

Summer—cold 200 5550

Summer—temperate 80 5570

Winter—cold —260 5730

Winter—temperate —420 5800
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rainfall. In the winter types, on the other hand, the bound-
ary altitude of the snow and ice surface would rise with time
because of insufficient snowfall during the melting season.
The figure and table suggest that glaciers on the plateau
can exist over a wide temperate range because they are ac-
cumulated in summer. If glaciers were accumulated in
winter, they would maintain their mass only in a colder en-
(higher altitude/latitude) under the same
amount of precipitation.

The figure also shows that the altitudinal gradients of mass

vironment

balance around the equilibrium line of the summer types are
larger than for the winter types. Similar characteristics were
pointed out by Kaser and others (1996) schematically for
tropical glaciers where accumulation and ablation occur
simultaneously throughout the year. The large gradient of
mass balance in the summer type is considered to be a result
of the high sensitivity of mass balance to variables dependent
on altitude, such as air temperature.

Sensitivity of mass balance to meteorological
variables

In order to compare the sensitivities of mass balances to the
meteorological variables for summer/winter types, firstly
only the annual air temperature at which the annual balance
becomes zero in the average for the whole glacier area for
each type was changed. Then the values of all of the variables
needed to change the annual balance by —100 mm w.e. were
found as shown in Table 2. Both summer and winter types
were examined in the same way as the cold type. Since the
albedo is not an input variable, it has to change in the
calculations.

As shown in Table 2, the change in the albedo affected
the change in mass balance for both summer and winter
types due to the strong solar radiation at high altitude in
the middle latitude. The table suggests that air temperature
also considerably affects the mass balance, especially in the
summer type. Because the increase in air temperature not
only decreases accumulation in summer, but also drastically
increases ablation in combination with albedo lowering due
to the decrease in snowfall during the melting season, the
summer type is more sensitive to air temperature than the
winter type. Other variables, such as precipitation, solar
radiation, relative humidity and wind speed, have little
effect compared with their average/total values.

Seasonal dependence of mass balance

Occasional periods of albedo lowering were apparent in the
meteorological data. This phenomenon is thought to be
caused by dust deposition due to sandstorms, and to affect
mass balance strongly. Not only albedo but also some of the
other variables changed for a short period in a few cases.
“Seasonal dependence” of mass balance of the glacier,
therefore, was examined by changing the time when a vari-
able was altered for a short period in both summer and
winter types. Daily means of albedo (—0.2) and air tem-
perature (+1°C), and daily precipitation (+10 mmw.e)
were changed for only 5 days from the input data.

Figure 9 shows the seasonal dependence of mass balance
on the change in each variable for 5 days. The abscissa and
ordinate are the date when perturbation was given and the
perturbation of annual balance at the end of the calculation
year (9 October 1993), respectively. In both summer and
winter types, changes in albedo and air temperature in
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Fig. 9. Seasonal dependence of mass-balance sensitivity on the
changes in variables for a 5 day period calculated for summer
(solid lines) and winter (dashed lines) accumulation types.
Horizontal and vertical axes denote the date when 5 days per-
turbation s given, and the perturbation of areal averaged
annual balance at the end of the calculation period (9 October
1993). PR, AT and ALB denote the daily precipitation, air
temperature and albedo, respectively.

winter do not affect the annual balance very much, whereas
increased precipitation brings about a positive annual
balance more than the added amount of precipitation. The
albedo lowering in June and July alters the annual balance
perturbation by >100 mm w.e. in the negative direction in
both summer and winter types, because solar radiation in
this season is intense. Changes in air temperature during
the melting season also change the annual balances by
nearly =50 mmw.e. These findings imply that the surface
condition changed by perturbation for only 5days in the
melting season greatly affects the heat/mass balance for the
succeeding period.

Figure 9 clearly shows that the effect of summer pre-
cipitation perturbation in the winter type on the perturba-
tion of the annual balance is quite large (more than four
times the annual balance perturbation derived from winter
precipitation perturbation), whereas the change in the
summer has little impact on the annual balance. This would
suggest that precipitation in the melting season is significant
since it prevents albedo lowering and restrains ablation.

Vulnerable glaciers in the monsoon climate

The previous subsection notes that the summer accumulation
contributes to maintaining glaciers on the plateau. On the
other hand, Fujita and others (1997) pointed out that glaciers
in the Himalaya in a monsoon climate have shrunk more
rapidly than those in other regions of the world. As shown in
Table 4, annual balances of the summer type are positive,
whereas the summer type is more sensitive to air temperature
than the winter type (Table 2). Figure 10 shows the annual
mass balances of both summer and winter types when the
annual air temperature is changed. When annual air
temperature is increased by >2.35°C compared with 1992/
93, the annual balance of the summer type becomes lower
than that of the winter type, as shown in Figure 10.
Oerlemans and Fortuin (1992) tried to estimate the
worldwide glacier sensitivity based on an energy-balance
model of 12 glaciers around the world. Oerlemans (1998)
discussed the effect of increased precipitation on the same
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glaciers by calculating the changes in annual balances when
air temperature was increased by +1°C, and precipitation
simultaneously by +10%. In order to evaluate the sensitiv-
ity of glaciers on the plateau, the sensitivities of summer and
winter types were compared with those of these 12 glaciers,
as shown in Figure 1l. The sensitivities of the other 12
glaciers were taken from Oerlemans (1998). The figure
suggests that the sensitivity of the winter type fits the
Oerlemans curve, whereas the summer type is more vulner-
able than other glaciers. This is because the increase in air
temperature causes a decrease in accumulation and a dras-
tic increase in ablation with lowering albedo, whereas the
increase in precipitation simply increases accumulation in
the winter type and other glaciers. Thus the contribution of
glaciers around the Asian highlands to a rise in sea level
(estimated to be 20% of world glacier wastage in the

Change in annual balance (mm w.e. a'1)

-800

0 1000 2000 3000 4000 5000 6000 7000
Annual precipitation (mm w.e.)

Irg. 11. Changes in annual balances of 12 glaciers around the
world when air temperature and precipitation are increased
by 1°C and 10% . Crosses denote the results of summer- (\S)
and winter- (W) accumulation-type glaciers calculated in
this study. Solid circles and exponential fitting curve are from
Oerlemans (1998).
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previous study, as mentioned in the Introduction) may have
been underestimated for summer-accumulation-type

glaciers in the monsoon climate.

CONCLUDING REMARKS

The model in this study has estimated that 20% of total in-
filtrated water was refrozen and does not run off from the
glacier. This implies that the runoff and mass balance of
cold-type glaciers cannot simply be estimated from the
mass/heat balance at the surface.

Model calculations performed for the summer and
winter accumulation types showed that glaciers under a
semi-arid environment could maintain their mass since the
monsoon provides precipitation during the melting season.
If the same amount of precipitation were provided in winter,
the locations of glaciers would be limited to colder environ-
ments such as higher altitude/latitude. In the summer-accu-
mulation type, some precipitation fails to contribute to the
accumulation as rainfall, but snowfall keeps the albedo high
and largely restrains ablation during the melting season.
Since the Tanggula mountains are located on the boundary
between the monsoon and westerly flow (Yatagai and Yasu-
nari, 1998), the accumulation season and/or precipitation
amount in this region may change in a complex way as cli-
mate changes. The glacier would be sensitively affected by
such changes, as the model results show.

Although glaciers on and around the plateau can exist in
the form of the summer-accumulation type, they are more vul-
nerable to warming than winter-accumulation-type glaciers.
For summer-accumulation-type glaciers, an increase in air
temperature causes a decrease in accumulation and a drastic
increase in ablation with lowering albedo. The influence of
glaciers in the Asian highlands on sea-level change may there-
fore be more than has been estimated in studies to date.
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