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Abstract

Glaciation at elevated sites in low latitudes has the potential to play an important role in the global radiation budget because the
magnitudes of incoming and re#ected shortwave radiation are so large. A climatic mechanism is presented which provides a positive
feedback for glaciation in the Himalayan mountains. A higher bare surface albedo in the Himalayas induces an atmospheric
circulation response that consists of cooling and descent over the Himalayas and warming and a contrasting air mass uplift to the west
over the Persian Gulf and the Arabian peninsula. Although annual mean rainfall over the subcontinent south of the Himalayas
decreases, the summer southwesterly monsoon winds are stronger over the mountains in northwestern India and carry more moisture
to higher elevations where it is precipitated as snow. Conversely in wintertime, the northeasterly monsoon winds are weakened over
the Himalayas and surface wind convergence and snowfall are increased there. Increased snowfall in the mountains expands the
surface area of the high albedo region in both seasons, leading to a positive feedback. The peak amplitude of this feedback is ultimately
regulated by springtime melting rates. ( 2000 Elsevier Science Ltd and INQUA. All rights reserved.

1. Introduction

Interactions between the Earth's atmosphere and cryo-
sphere occur on an extraordinarily wide range of time
scales and can have dramatic consequences for the global
climate. An expansion of continental ice sheets during an
ice age, for example, represents an extreme change in
the boundary conditions that force the atmosphere
(e.g., Broccoli and Manabe, 1987; Manabe and Broccoli,
1985; Hall et al., 1996; Weaver et al., 1998; Bush and
Philander, 1999). Both dynamical steering of atmo-
spheric winds by ice sheet topography as well as changes
in the radiation budgets at the Earth's surface by highly
re#ective ice can provide positive feedbacks which pro-
mote further ice growth (e.g., Crowley, 1984; Crowley and
North, 1991). On a somewhat faster time scale, regions
that are seasonally snow-covered experience a snow-
albedo feedback which plays an important role in regula-
ting the annual mean climate through modi"cation of the
shortwave radiation balance at the surface.

In addition to radiative e!ects, however, there are
dynamical implications to the albedo feedback as strong
radiative cooling or warming of the atmosphere provides
a forcing mechanism for driving atmospheric winds. At
low latitudes, the dynamical response of the atmosphere

to anomalous heating or cooling can well be described by
linear theory and can be seen primarily as a combination
of Rossby and Kelvin waves (Gill, 1980). O! the equator,
the Rossby wave response is dominant and is the one on
which we will focus in this study. Rossby waves arise
from the change in Coriolis parameter with latitude
( f"2X sin H, where X is the Earth's rotation rate and
H is latitude). They propagate to the west (with respect to
the mean winds) and in the midlatitudes they are very
important because they induce meandering of the upper
tropospheric jet. This meandering advects warm sub-
tropical air northward and cold Arctic air southward and
helps to equilibrate the di!erential heating of the Earth's
surface.

Anomalous, large-scale heating or cooling in the atmo-
sphere can generate Rossby waves. For example, during
the summer monsoon season in southeastern Asia, latent
heat release over the Indian subcontinent triggers
a Rossby wave response which can impact the climate in
distant regions to the west of the source region. In par-
ticular, the Rossby wave response is such that a heat
source over the Indian subcontinent induces subsidence
of the westerly midlatitude jet and drying over Arabia,
northeastern Africa and the eastern Mediterranean (Rod-
well and Hoskins, 1996). As the response is predomi-
nantly linear, a cooling over the Indian subcontinent
would induce uplift of the jet to the west. The spatial
extent of the response is determined by the strength of the
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Fig. 1. (A) Bare land surface albedo in the Himalayan region for the
present day and (B) the di!erence in albedo between the two numerical
experiments.

forcing, but for realistic values of latent heating in the
monsoon region, Rodwell and Hoskins (1996) have dem-
onstrated that this dynamical atmospheric response is
felt more than 603 of longitude to the west.

The low latitude of the Himalayan mountains
implies that the subtropical glaciers there receive
much more solar radiation than they would at higher
latitudes. Measurements have shown that the amount of
shortwave radiation intercepted at the surface is approx-
imately four times greater than that intercepted between
60 and 70N (at the elevation of glaciation; Kuhle, 1988).
Compared to higher latitudes, any ice-albedo feedback
would therefore be greatly ampli"ed and would result in
stronger cooling of the atmosphere. This cooling would
force an atmospheric circulation anomaly through
Rossby waves which could potentially in#uence the
moisture source for the region. The importance of both
summertime and wintertime monsoon circulations in
regulating the climate in the south Asian region means
that any changes to them as a result of anomalous circu-
lations may have a signi"cant impact on the regional
climate.

A connection between Eurasian and Himalayan snow-
fall and monsoon rainfall over the subcontinent has pre-
viously been established both by numerical simulations
and by direct observations. Modeling studies have dem-
onstrated that summer monsoon rainfall over India is
reduced after a winter of excessive snowfall (Hahn and
Shukla, 1976). Similarly, observational data suggest that
excessive Eurasian snow cover reduces monsoon precipi-
tation (Dickson, 1984). It has also been suggested that
Himalayan snow cover may a!ect the timing of monsoon
advance and retreat over the subcontinent, with excessive
springtime Himalayan snowfall delaying monsoon ad-
vance and excessive summertime snowfall delaying mon-
soon retreat (Dey and Bhanu Kumar, 1982; Dey et al.,
1985). While the latter conclusions have been contested
(Ropelewski et al., 1984) it is nevertheless apparent that
Himalayan and Eurasian snow cover do have a dynam-
ical impact on the monsoon. In addition, a comparison of
late Quaternary glaciations in the Himalayas to paleocli-
matic records suggest that there is a link between the
summer monsoon, the mid-latitude westerlies and
Himalayan glaciation (Benn and Owen, 1998).

In this study we explore a feedback between surface
albedo, atmospheric circulation and snowfall in the low
latitude region of the Himalayan mountains. We will
demonstrate that this feedback is a positive one and that
it could play a role in promoting glacial expansion in the
region. To investigate the mechanisms behind this feed-
back, two numerical simulations have been performed
using a general circulation model of the atmosphere. The
following section describes the atmospheric model and
its parameterizations. Section 3 presents the results of the
simulations, followed by a discussion in Section 4 and
conclusions in Section 5.

2. The model

The atmospheric general circulation model was de-
veloped at the Geophysical Fluid Dynamics Laboratory
(Princeton, NJ) and is more fully described by Gordon
and Stern (1982). The equivalent spatial resolution of the
model is 3.753 in longitude and approximately 23 in
latitude; there are 14 levels in the vertical (in the "gures,
level 14 is approximately 30 m above the ground and
level 1 is at the top of the model at 50 millibars). Interest-
ed readers are referred to the appendix, which gives more
technical details on the model and its resolution. Clouds
are predicted according to the scheme of Wetherald and
Manabe (1988), and seasonal insolation is imposed using
modern orbital parameters. Bare land surface albedo is
prescribed initially but may be modi"ed by snowfall as it
occurs during the simulation. Daily sea surface temper-
atures are prescribed through an interpolation from
monthly mean climatological data (Levitus, 1982) and
are the same in both simulations.
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Fig. 2. (A) Annual mean surface temperature in the south Asian monsoon region in the control simulation (degrees Centigrade with a contour interval
of 53). (B) The temperature di!erence between the two simulations (high albedo experiment minus control). The contour interval is 0.43.

In order to determine the impact of low latitude sur-
face albedo on glaciation in the Himalayas the results of
two numerical simulations are compared. The only dif-
ference between the simulations is in the prescribed bare
surface land albedo in the Himalayas. The "rst simula-
tion has modern surface albedo imposed (Fig. 1A); al-
bedo in the second simulation is di!erent in the region
between 56E and 94E longitude, and 26N to 44N latitude,
where higher values are prescribed (Fig. 1B shows the
di!erence in albedo). Simulations using these higher al-
bedos are taken to represent the radiative e!ects of glacial
inception but are nevertheless modest when compared to
those for actual glacial ice, which are typically 0.6}0.9. The
goal of these simulations is to determine whether the
feedbacks induced by glacial inception would promote or
hinder further glacial expansion. The region chosen is not

meant to represent any historical glacial extent. It was
chosen so that it would be large enough in areal extent to
trigger a large-scale atmospheric response.

3. Results

When modern surface albedo is imposed, simulated
surface temperatures over the greater Himalayas (above
&4500 m) are typically less than freezing in an annual
mean (Fig. 2A). Increasing the surface albedo cools the
annual mean temperature over the region by nearly 13
(Fig. 2B) through increased re#ected shortwave radi-
ation. To the west of the Himalayas there is an annual
mean warming of more than a degree along the coast of
the Arabian Sea, over southern Iran and the Arabian
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Fig. 3. Annual mean net incoming shortwave radiation at the surface in (A) the control simulation and (B) the di!erence between the two simulations
(control minus high albedo experiment). Units are in cal/cm2/min with a contour interval of 0.03 cal/cm2/min in (A) and 0.01 cal/cm2/min in (B).

peninsula, as well as south of the Aral Sea. Farther to the
west over, the northeastern Sahara and the eastern Medi-
terranean, there is cooling of nearly 13 in the annual
mean.

A fraction of these temperature di!erences may be
attributed directly to changes in the radiation balance at
the surface. Cooling over the region of increased surface
albedo, for example, is primarily through a 50% increase
in re#ected shortwave radiation (Fig. 3). The warmer area
bordering the Himalayas correlates spatially with a net
increase in absorbed shortwave radiation, although the
net radiative change is typically less than 10% of the
modern annual mean value (Fig. 3A). However, the spa-

tial extent of the warming along the Arabian Sea coast
and in particular the cooling of the Sahara and the
eastern Mediterranean, extends well past the region of
direct radiative forcing (cf. Fig. 2). This implies that some
of the temperature anomalies in regions remote from the
Himalayas are not necessarily directly attributable to
radiative forcing. In higher latitudes, the temperature and
pressure di!erences are attributable to changes in the
variable midlatitude jet stream; in tropical latitudes,
there is little change between the two simulations.

The spatial pattern of cooling/warming/cooling over
and to the west of the Himalayas suggests that the atmo-
sphere is responding to the altered surface albedo
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Fig. 4. Annual mean surface pressure in units of millibars in (A) the control simulation and (B) the di!erence between the two simulations (high albedo
experiment minus control). Contour intervals are 50 mb in (A) and 0.3 mb in (B).

through a large-scale wave response and that the pat-
terns of the surface temperature anomalies are a signa-
ture of this wave. Di!erences in the annual mean surface
pressure (Fig. 4) correlate spatially with the temperature
anomalies: there is higher atmospheric pressure over the
region of higher albedo and lower pressure over the
warmer Persian Gulf and Aral Sea. The fact that there
are pressure anomalies indicates that the atmosphere's
response is dynamical in these regions and implies that
there are concomitant changes in the strength and direc-
tion of the mean winds that bring precipitation to the
Himalayas.

The annual mean lower tropospheric winds in the
control simulation (Fig. 5A) reveal the dominance of the

westerly summer monsoon winds. Di!erences in the an-
nual mean winds (Fig. 5B) indicate anticyclonic and
divergent #ow over the Himalayas where the albedo is
high, and cyclonic wind anomalies associated with
the reduced pressure and warmer temperatures over the
Persian Gulf and the Arabian peninsula. Along the
northeastern coast of the Arabian Sea, the wind
anomalies are in a direction such that the southwesterly
summer monsoon winds are strengthened and the north-
easterly winter monsoon winds are weakened. The wind
di!erences also indicate much stronger convergence over
the northwestern Himalayas in the annual mean.

A seasonal breakdown of the winds indicates that in
the summer months of June}July}August the monsoon
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Fig. 5. (A) Annual mean vector winds near the surface in the control simulation. Other panels show the vector wind di!erence between the two
simulations (high albedo experiment minus control) for (B) the annual mean, (C) the June}July}August mean, and (D) the December}
January}February mean. The arrows are scaled in m/s as shown below each frame.

winds, strengthened by the anomalous cyclonic circula-
tion along the Arabian Sea coast, increase low-level con-
vergence over the northwestern Himalayas near 70E,
30N (Fig. 5C). Conversely, in the winter months of
December}January}February the northeasterly mon-
soon winds, weakened by the anomalous circulation
along the Arabian Sea coast, increase convergence over
the eastern Himalayas (Fig. 5D). The magnitude of the
wind speed changes is on the order of 1}3 m/s, which
represents an approximate 10% change in the strength of
the monsoon winds.

A consequence of increased low level wind conver-
gence over the Himalayas in both summer and winter is
that the net snowfall increases by more than 2 cm (water
equivalent) in places, an approximate 50% increase
(Fig. 6). Enhanced snowfall in the northwestern
Himalayas is caused primarily by the increased conver-
gence of the summer monsoon winds (cf. Fig. 5C), where-
as the increase in the southeastern Himalayas is caused
by convergence of the winter monsoon winds.

More snowfall accumulation in the Himalayas also in-
creases the areal extent of higher albedo values (Fig. 7). In
addition, fresh snow increases even further the annual mean

surface albedo in the region whose bare surface albedo was
initially prescribed to be greater (compare Figs. 1 and 7).

There is thus a positive feedback; higher surface albedo
induces an atmospheric response whose pressure
anomalies change the monsoon winds in such a way that
low level convergence over the region is increased, snow-
fall increases and the surface area of the high albedo
region increases. The dynamics of the atmospheric re-
sponse will be examined in the next section along with
the processes which ultimately regulate the amplitude of
this feedback.

4. Discussion

The relationship between enhanced Himalayan gla-
ciation and monsoon wind strength does not appear to
be quite so straightforward as the view that anticyclonic
winds around the glaciated region decrease the strength
of the summer monsoon winds. While anticyclonic winds
do occur over the region in the simulation, they do not
extend su$ciently far south to a!ect the monsoon winds
directly (cf. Fig. 5B).
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Fig. 6. (A) Annual mean snowfall in the present day simulation and (B) the di!erence between the two simulations (high albedo experiment minus
control). Units are in centimeters water equivalent with contour intervals of 1 cm in (A) and 0.5 cm in (B).

There is, however, an atmospheric response to the
surface albedo change which is nonlocal and which does
in#uence the monsoon winds. This atmospheric response
is in the form of a large-scale, subtropical Rossby wave
whose surface signature is re#ected in the temperature,
pressure and wind "elds to the west of the source region
and whose vertical circulation pattern reveals the wave's
structure (Fig. 8A). The wavelength is approximately 103
of longitude, and the structure of the wave persists over
40}503 of longitude to the west of the Himalayas. How-
ever, both the wavelength and the amplitude of the wave
change throughout the year since the strength of the
forcing is dependent on the seasonal insolation. In an
annual mean of temperature, the wave's surface signature
is seen most clearly in the warming and uplift to the west

of the Himalayas over the Persian Gulf and the Arabian
peninsula (Fig. 8B).

The generation mechanism for these Rossby waves is
as follows. In the simulation, increased surface albedo in
the Himalayas induces anticyclonic and divergent surface
winds. Above this surface divergence there is strong de-
scent and a compensating convergence in the upper
troposphere (Fig. 9). Anomalously strong wind conver-
gence in the upper troposphere acts as a source for
triggering Rossby waves (Sardeshmukh and Hoskins,
1988; Grotjahn, 1993). Through a calculation of the mag-
nitude of each of the possible forcing terms (Grotjahn,
1993), it is seen in the present study that this enhanced
upper level wind convergence is the dominant mecha-
nism by which these waves are generated.
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Fig. 7. Change in surface albedo during the experiment. The contour
interval is 0.025.

Fig. 8. (A) A height-longitude cross-section of the May atmospheric circulation anomaly at latitude 30N (arrows) with the di!erence in vertical velocity
of pressure surfaces shown in contours (units are 10~7 s~1). (B) The temperature di!erence in the same vertical plane, with a contour interval of 13. (The
vertical levels in the model are such that level 14 is approximately 30 meters above the ground and level 1 is at 50 millibars; the top of the troposphere is
approximately at level 5.)

Fig. 9. Annual mean vector wind di!erence in the upper troposphere
over the Himalayas (high albedo experiment minus control).
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Fig. 10. (A) March}April}May snowmelt rates (cm/day equivalent) for the present day simulation (contour interval 0.05 cm/day) and (B) the di!erence
between the two simulations (contour interval 0.02 cm/day).

The e!ect of these waves to the west of the forcing
region spans approximately 203 of subtropical latitude
with increased temperatures extending from the Arabian
Sea to the Aral Sea. In higher latitudes, temperature
di!erences between the simulations are associated with
the meandering midlatitude westerly jet. Warming of the
Persian Gulf and of the eastern Arabian peninsula im-
pacts both the summer and the winter monsoon winds, as
described in the previous section, by increasing surface
convergence over the Himalayas in both seasons. This
feedback is potentially important for glacial inception in
the Himalayas because if, for example, the albedo is
increased through an initial buildup of ice * perhaps
through decadal or centennial climate variability* then
the dynamical response of the atmosphere is such that

the albedo is further increased and the glaciated area is
expanded by enhanced snowfall.

This feedback is ultimately limited in the model by the
snowmelt rates. In particular, springtime snowmelt
increases in the simulation so that the excess winter snow
accumulation melts primarily in the March}April}May
season (Fig. 10), with melting rates more than 10%
greater in places.

The fact that snowfall increases over this particular
region of the Himalayas does not contradict the observa-
tional conclusions linking greater snow cover to reduced
mean monsoon precipitation. In the simulation, precipi-
tation over the Indian subcontinent in the area between
70E}90E longitude and 5N}30N latitude decreases by
approximately 6%, a change that is consistent with

A.B.G. Bush / Quaternary International 65/66 (2000) 3}13 11



observational conclusions (Dickson, 1984). Nevertheless,
for the purposes of glacial inception it is the spatial
variability of the precipitation changes * in particular
the changes over a localized region of the Himalayas
* that is important and not necessarily the spatial mean
over the Indian subcontinent. These simulations demon-
strate that the local and nonlocal feedbacks between the
atmosphere and the underlying land surface in the
Himalayas can act in a way that may not at "rst be
obvious from conclusions drawn from spatially averaged
data.

Some other factors which can also in#uence monsoon
strength but which have not been taken into account in
these simulations will now be discussed. The state of the
tropical Paci"c Ocean a!ects monsoon strength since
there is a strong correlation of weak monsoons with El
Nin8 o and strong monsoons with La Nin8 a (e.g.,
Keshavamurty, 1982; Bush, 1999). On longer time scales,
it is well known that changes in the Earth's orbital
parameters have a dramatic impact on the strength of the
monsoon such that increased seasonality drives stronger
monsoon winds (e.g., Prell and Kutzbach, 1992). Glacial
periods also a!ect monsoon strength; in a simulation
with a coupled atmosphere}ocean model, the strength of
the monsoon westerlies is increased but colder global
temperatures and colder Indian Ocean temperatures re-
duce their moisture content (Bush and Philander, 1999).
There are thus many factors which can in#uence the
monsoon. In numerical simulations, the glacial monsoon
shows the largest wind changes whereas those induced
by tropical Paci"c sea surface temperature anomalies
and those induced by orbital changes are comparable
to those seen in this study. In reality, monsoon strength
will be determined by a combination of all of these
factors.

5. Conclusions

The results of two numerical simulations suggest that
a positive feedback can occur in the atmosphere}cryo-
sphere system which may be important in promoting
glacial expansion in the Himalayas. Increasing the sur-
face albedo induces strong descent with concomitant
upper level convergence. This upper level convergence
forces a seasonally-dependent atmospheric Rossby wave
response which alters the low level temperature and
pressure "elds to the west of the mountains in such a way
as to modify the monsoon winds and increase low-level
wind convergence and snowfall in the mountains in both
summertime and wintertime. The surface area of in-
creased albedo thereby expands, leading to a positive
feedback. This process is regulated by springtime
melting rates, which are su$ciently high that most of the
excess snow cover is melted away before the following
winter.

The model simulations do not capture longer time
scale (decadal, centennial) climate variability which could
potentially be responsible for initiating the feedback pro-
cess. Nevertheless, the feedbacks that do occur in the
model indicate that the connection between Himalayan
snow cover and the atmospheric response is a subtle one
with both local and nonlocal e!ects playing important
roles. These processes may have been important to the
advance or retreat of Quaternary glaciations in the region.
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Appendix A

The atmospheric general circulation model is spectral
in the horizontal. Spectral models describe atmospheric
variables (such as temperature, velocity, etc.) not by
values at discrete points but rather by a summation of
a series of waves (analogous to a Fourier series). The
summation is over a number of waves of di!ering
wavelengths ranging from planetary scale down to hun-
dreds of kilometers. In these simulations, rhomboidal
truncation is applied with the maximum number of zonal
waves being 30. This gives an equivalent spatial resolu-
tion of 3.753 in longitude and approximately 23 in lati-
tude (although for rhomboidal truncation the equivalent
meridional resolution changes with latitude such that
there is higher resolution near the poles). Topography in
the model must be smoothed in order to be compatible
with the spectral resolution.

In the vertical plane the model is "nite-di!erenced with
14 unevenly spaced p-levels at p"0.015, 0.05, 0.101,
0.171, 0.257, 0.355, 0.46, 0.568, 0.676, 0.777, 0.866, 0.935,
0.979, and 0.997 (where p is a normalized pressure coor-
dinate de"ned by p"P/PH, where PH is the surface
pressure). This normalized pressure coordinate is used so
that surface topography does not intersect the model
levels; this would not be the case if actual pressure coor-
dinate were used. In a standard atmosphere, the
sigma"0.997 surface would always be &30 m above
the ground.

In order to perform spatially localized physical calcu-
lations such as radiation, cloud formation, precipitation,
evaporation, etc., the model converts the spectral vari-
ables to grid variables (i.e., the variables are now de"ned
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on a latitude-longitude grid) using a fast Fourier trans-
form. Once these calculations are performed the model
then converts the grid variables back to spectral variables
and advances them forward in time according to the
hydro- and thermodynamical prediction equations using
a time step of 216 s. For lower-resolution models, spec-
tral methods have realized large savings in computa-
tional e$ciency.

Sea surface temperatures in this model are prescribed
as described in Section 2. Thus, the ocean does not
respond to any changes in atmospheric circulation and
coupled atmosphere}ocean phenomena such as El Nin8 o
are thereby precluded.
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