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Glaciers in the southern Himalayas advanced in the early Holocene despite an increase in incoming summer
solar insolation at the top of the atmosphere. These glacier advances are in contrast to the smaller alpine
glaciers in the western and northern regions of Central Asia. Two different glacier mass-balance models are
used to reconcile this Holocene glacier history with climate by quantifying the change in equilibrium-line

gﬁmﬁd& altitudes (ELA) for simulated changes in Holocene climate. Both ELA models clearly show that the lowering of
Paleoclimate ELAs in the southern Himalayas is largely due to a decrease in summer temperatures, and that an increase in
Glaciers monsoonal precipitation accounts for less than 30% of the total ELA changes. The decrease in summer
Energy balance temperatures is a dynamic response to the changes in solar insolation, resulting in both a decrease in
Monsoon incoming shortwave radiation at the surface due to an increase in cloudiness and an increase in evaporative

Asia cooling. In the western and northern zones of Central Asia, both ELA models show a rise in ELAs in response
Holocene to a general increase in summer temperatures. This increase in temperatures in the more northern regions is
Numerical model a direct radiative response to the increase in summer solar insolation.

© 2009 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction and motivation

In modern climate dynamics a central concept is that climate
variability tends to be expressed in spatial patterns on a regional scale.
Well-known examples of this are the El Nino-Southern Oscillation
(e.g., Trenberth, 1997), the Pacific Decadal Oscillation (e.g., Mantua et
al.,, 1997), and the Arctic Oscillation (e.g., Wallace and Gutzler, 1981).
In past climates too, there are strong indications that climate changes
occur in patterns, and no reason to suspect that they do not. Proper
characterization and interpretation of past climate variability there-
fore requires a dense network of paleoclimate proxy records.

Glaciers are a particularly attractive paleoclimate proxy record for
two reasons. First, geomorphic evidence of glacier advances is
widespread across much of the Northern Hemisphere land masses.
Second, glaciers are excellent recorders of properties of the atmos-
phere, retreating and advancing directly in response to changes in
accumulation and ablation. Reconstructions of past glacier variability
are some of the most useful records of paleoclimate. In fact, in many
parts of the world, the glacier history is the primary descriptor of the
climate history beyond the instrumental record, particularly where
glacier deposits are widespread and confidently dated. This is true, for
example, in the Pacific coast of the United States, South America, New
Zealand, the European Alps, and Asia (e.g., Porter, 1977; Porter and
Orombelli, 1985; Gillespie and Molnar, 1995; Lowell et al., 1995;
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Kaufman et al., 2004). Therefore, reconciling the glacier histories with
the climatic variations that caused them is essential.

The glacier history of Central Asia provides a promising opportu-
nity to distinguish between global and regional climate change. Until
the early 1990's it was generally assumed that alpine glacier advances
in Central Asia were synchronous with those of high-latitude ice
sheets (e.g., Anderson and Prell, 1993; Emeis et al., 1995; Kuhle, 1998).
As more extensive and reliable numerical dates have become
available, it has become evident that alpine advances were not only
asynchronous with glacier advances in other regions of the world, but
also displayed regional variability within Asia itself (e.g., Gillespie and
Molnar, 1995; Schafer et al., 2002; Finkel et al., 2003; Wei et al., 2006;
Owen et al., 2008). The observed spatial patterns of glacier variability
in Central Asia prompt three questions:

- Can we understand the relative importance of accumulation and
ablation in controlling the mass balance of glaciers over large
regions?

- Are the reconstructed spatial patterns of glacier response con-
sistent with regional changes in climate?

- Do the reconstructed spatial patterns in glacier advances actually
reflect patterns in climate change, or do they result from regional
differences in the sensitivity of glacier mass balance to what might
be relatively uniform changes in climate variables?

This paper focuses on reconciling the Holocene glacier record with
climate. This is accomplished by analyzing a suite of general
circulation models (GCMs) and quantifying glacier mass balance
using two different mass-balance models. The first mass-balance
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model assumes ablation is proportional to temperature. The second
is a surface energy- and mass-balance (SEMB) model that allows
a test of glacier sensitivity to all climate changes seen in the
GCMs.

Background
Central Asian glaciers

In order to simplify discussions of this geographically expansive
region, we define “Central Asia” here as the region including the
Himalayas, Tibetan Plateau, Mongolian Altai, Tien Shan, Pamir,
Karakoram, and all regions contained within these mountainous
boundaries (Fig. 1). Glaciers are found across Central Asia in a diverse
range of climates, ranging from the intense monsoon of the southern
Himalaya, to the extreme dryness of the eastern flank of the
Karakorum and the extreme seasonal cycle (40°C) of the Mongolian
Altai. It might be expected that these diverse climate regimes are
likely to respond differently to uniform changes in climate forcing
(e.g., summertime solar insolation). Since glaciers respond to the
changes in climate, it is not surprising to find a diverse glacier history
in these regions as well.

Glacier histories are often characterized in terms of equilibrium-
line altitudes (ELAs). The ELA is the altitude on a glacier at which
annual accumulation equals annual ablation. In general, a glacier
advances if the ELA lowers and retreats if it rises. Changes in the ELA
are considered one of the most useful glaciological measures for
reconstructing climate changes (e.g., Porter, 1975; Paterson, 1999;
Benn et al., 2005; Owen and Benn, 2005). The ELA can be compared
directly from one region to the next. ELAs are also a more direct
measure of climate than other glacier properties such as length, which
depends on ice dynamics, bed geometry, and a myriad of other
variables (Paterson, 1999). Changes in the ELA of any single glacier
provide a history of the local climate. If those ELA variations are
correlated across extensive glaciated regions, they can be interpreted
as the history of the regional climate.

Some uncertainty obviously attends the ELA reconstructions (e.g.,
Owen and Benn, 2005). This uncertainty, and its impact on
interpretation, will be addressed in more detail in the “Summary
and discussion” section of this paper. We emphasize that for the
purpose of this paper, it is not crucial for the changes in the ELA to be
reconstructed precisely: we are primarily interested in relating the
broader patterns of glacier response to the climate. This broader
pattern is clear across Asia and the changes in an individual glacier's
ELA are therefore less important.

Figure 1. Central Asian zones: Shaded areas of gray represent the general outline of the
eastern, western, and northern zones, as defined by the glacier history. These are the
regions over which statistics are calculated (Table 1). Contours show the 500-m NCEP-
NCAR reanalysis elevation increments; the zero contour is not shown. Coast lines are in
gray. (Figure from Rupper and Roe, 2008.)

On the basis of the general pattern of ELA changes in Central Asia,
we propose three general regions that capture the spatial and
temporal variability of Pleistocene glaciers in Central Asia (Fig. 1)
(Gillespie and Molnar, 1995; Gillespie et al., 2003; Owen et al., 2008).
These three zones have distinct glacier histories, which are summar-
ized briefly below.

The western zone extends from the Kyrgyz Tien Shan south to the
Karakoram and east to central Tibet. In this region the largest
advances occurred before the LGM (global last glacial maximum)
(30-70 ka) with little evidence for large advances during the LGM
itself for much of the region (~15-25 ka) (e.g., Phillips et al., 2000;
Clark et al., 2001; Owen et al., 2002; Finkel et al., 2003; Koppes et al., in
press; Barnard et al., 2004; Abramowski et al., 2006). In contrast, the
glaciers in the northern zone (central Mongolia to the Tien Shan of
Xinjiang, China) advanced during the LGM, synchronously with the
high-latitude ice sheets, although there are published dates that push
the western boundary of this zone west of the Mongol border (e.g.,
Shi, 2002; Gillespie et al., 2008). Although there is evidence for large
pre-LGM and LGM advances in the southern Himalayas and Tibet
(eastern zone), evidence for a large early Holocene (~9 ka) advance
distinguishes it from the rest of Central Asia (e.g., Sharma and Owen,
1996; Richards et al., 2000; Schafer et al., 2002; Shi, 2002; Owen et al.,
2003; Tschudi et al., 2003; Owen et al., 2005; Wei et al., 2006; Zhou et
al., 2007). The pre-LGM glacier advance in the region is consistent
with the strong sensitivity of these glaciers to local summertime
temperatures and insolation swings, which were largest during the
early part of the glacial cycle.

There are examples of smaller areas where the glacial history is
different than the broader picture proposed above. For example, there
is evidence of extensive glaciation in the Central Karakoram (part of
the western zone) towards the end of the last glacial maximum
(Seong et al., 2007). More generally, the ELA reconstructions available
are still quite sparse and uncertainties in the exact timing of glacier
advances are still quite large (e.g., Benn and Lehmkuhl, 2000; Owen et
al., 2008). Therefore, the history of glaciations in these regions are not
simple and smaller regions with homogeneous histories that differ
from their neighbors cannot be ruled out (e.g., Seong et al., 2007;
Owen et al., 2008). Nonetheless the sizes of the three regional zones
are consistent with the spatial scale expected of major regional
climate patterns, as found both for observations of the present climate
and for models of past climate (discussed below and in Rupper and
Roe, 2008). These zones are therefore a convenient framework for
characterizing the glacier and climate histories.

We focus on explaining the relationship between Central Asian
climate and early Holocene glacier history. We also place particular
emphasis on understanding the advance of glaciers in the eastern
zone. The early Holocene glacier history in the eastern zone is unusual
as the glaciers advanced despite it being a time of a relative maximum
in insolation during the Northern Hemisphere summer (e.g., Crowley
and North, 1991).

Previous work

The climate of the mid-Holocene (6 ka) has been the focus of
numerous modeling studies (e.g., Kutzbach and Gallimore, 1988; Dong
et al., 1998; Hall and Valdes, 1997; Vettoretti et al., 1998; Joussaume et
al., 1999; Braconnot et al., 2002; Bush, 2001, 2004). These studies
consistently show that, in response to the changes in incoming solar
insolation, the summer (JJA) temperatures in the interior of Central
Asia (northern and western zones) increased by approximately 2 to
6°C compared to modern values (e.g., Joussaume et al., 1999). In
climate model simulations, this increase in temperature enhances the
land-sea temperature contrast, thereby intensifying the Indian
summer monsoon. The models predict large increases in precipitation
over India and the southern Himalaya (the eastern zone) in response
to this increased intensity of the monsoon (Joussaume et al., 1999).
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Table 1

Values are the mean change in summertime (Jun, Jul, Aug) temperature (AT,), annual precipitation (AP), equilibrium-line altitude (AELA), and percent contribution of the change in

ELA due to AT, only to the total AELA (AELA:AT,).

Units Eastern zone Western zone Northern zone
AT, °C —1(—0.5to0 —2) 2(2to4) 3(2to6)
AP mm yr—! 500 (300 to 750) —50 (—200 to 200) 90 (0 to 150)
AELA m —300 (— 100 to —400) 400 (200 to 500) 450 (200 to 500)

AELA: AT, % 75 (70-85)

98 (90 to 100) 98 (95 to 100)

Values are the changes averaged over the individual zones (Fig. 1) in the ECHAM3 GCM simulation. Values in parentheses are the range in mean values for all GCM simulations.

Several studies have compared these climate changes to the available
paleoclimate proxy data and noted the early Holocene glacier advance
in the southern Himalaya (e.g., Kutzbach and Gallimore, 1988; Bush,
2002). Several papers focus specifically on explaining the Himalayan
glacier advance (e.g., Benn and Owen, 1996; Finkel et al., 2003; Owen
et al,, 2003). All of these studies conclude that the advance of the
glaciers in the southern Himalaya was a result of the increase in
monsoonal precipitation during the Holocene.

However, glaciers respond to both annual precipitation and
summer (melt-season) temperatures. Therefore the actual response
of a glacier will depend on the changes in both of those variables as
well as on the sensitivity of the glacier to each variable. For example,
Kayastha et al. (1999) clearly show that glacier AX010 in the Nepalese
Himalaya is sensitive to both temperature and precipitation. Yang et
al. (2008) reconstruct glacier fluctuations in the southern Himalaya
and southern Tibetan Plateau during the last two millennia. They
conclude that temperature changes on centennial timescales con-
trolled glacier fluctuations in the southern Himalayas and southern
Tibetan Plateau. Given these examples from modern and past
climates, both the increase in monsoonal precipitation and the
increase in summer insolation must be accounted for in under-
standing the glacial history of the region.

We test the sensitivity of Central Asian glaciers to changes in both
precipitation and insolation using a suite of general circulation model
(GCM) simulations and two mass-balance models. The GCM simula-
tions for 6 ka and the present day (discussed below) are used to
describe the simulated changes in mid-Holocene temperatures and
precipitation in the three zones. The climate model output is then
used as input in the two mass-balance models. The first mass-balance
model utilizes the traditional approach to estimating mass balance by
assuming ablation is proportional to temperature. The second mass-
balance model is a self-consistent surface energy-balance model
(Rupper and Roe, 2008).

Holocene climate

The GCM data used in this study were acquired from the
Paleoclimate Model Intercomparison Project (PMIP), which has
archived output from multiple atmospheric GCM integrations with
the appropriate conditions for several time periods, including the
present day and 6 ka (Bonfils et al., 1998). The simulations for 6 ka are
atmospheric GCMs forced by fixed sea surface temperatures. The
temporal resolution of all GCMs is monthly; the spatial resolution is
different for each model (typically model grids are between 2.5° and
5°). Although their spatial scales are coarse, the resolution of the
models is adequate to compare climate and glacier sensitivities for the
three generalized Central Asian regions of interest.

We analyze PMIP model output at 6 ka, which is somewhat offset
from the timing of the largest Holocene glacier advances (~9 ka). The
choice is made primarily because of the larger number model
integrations that were made at 6 ka. No single model integration
can be regarded as an accurate simulation of a past climate, and where
agreement is found among different models it provides confidence in
the robustness of the simulations. A small number of simulations were
available at 9 ka, and in analyzing those we found no significant
qualitative differences from the results presented here (in “Summary

and discussion” section). Central Asia is far removed from the residual
ice masses at 9 ka, and responds primarily to the local radiative
balances. The suite of GCM output available at 6 ka provides a test of
the sensitivity of Central Asian climate and glaciers to changes in
incoming solar insolation. Moreover, dating uncertainties for the
maximum Holocene glacier advances can be quite variable and large
from one region to the next (e.g., Owen et al., 2008). Thus there is no
single correct choice of optimum boundary conditions to choose for
GCM simulations.

In our analysis of the climate models, we focus on precipitation and
temperature because of the important link between these two
variables and glacier mass balance. In presenting results, we give a
table showing the spread in the climates simulated by the different
models. For the most part there is a high degree of agreement between
models in the simulated changes. In showing maps of the simulated
changes, we focus therefore on one GCM, ECHAM3. Importantly, the
consistency between model simulations suggests robustness of the
climate response to changes in insolation forcing.

Summertime (JJA) temperatures increase by 2 to 6°C as compared
to the modern values in the northern and western zones (Table 1, Fig.
2). This is a direct result of the increase in summer insolation in these
regions, and is consistent with the continentality of these areas. In
contrast to this, the temperature in the eastern zone actually
decreased by 0.5 to 2°C despite the increase in summertime
insolation. As we will show in the “ELA calculations” section, this
decrease in temperatures is important for explaining the glacier
response in the southern Himalaya. The reasons for this response are
examined closely in the “Explaining the temperature changes”
section.

The changes in precipitation in response to the increase in
incoming solar insolation are also different in the three regions
(Fig. 3). In the northern zone the change in precipitation at 6 ka as
compared to present day was negligible to slightly positive (0 to
150 mm yr~— ') (Table 1). The tendency of the models towards a slight

Change in Summer Temperature (°C)

Figure 2. Change in summertime (Jun, Jul, Aug) air temperature (°C) for 6 ka compared
to present day. Contours show the 500-m NCEP-NCAR reanalysis elevation increments;
the zero contour is not shown. Coast lines are in green. Elevation and contour intervals
are the same for all subsequent figures.
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Figure 3. As in Figure 2, but for a change in annual accumulation (mm yr—1).

increase in precipitation may be due to the increase in temperature:
for constant relative humidity, moisture content increases with
temperature, as given by the Clausius-Clapeyron relation, though
GCMs typically show precipitation increases with temperature, but at
a rate somewhat less than the relation would imply (e.g., Wallace and
Hobbs, 2005; Allen and Ingram, 2002). In the western zone, the
changes in precipitation are also small in comparison to the monsoon
regions, but quite variable; even the sign of the changes is not
consistent between models (—200 to 200 mm yr~!) (Table 1). We
have not diagnosed the reasons for this variability in detail, though it
is perhaps due to model differences in the response of springtime
precipitation associated with storms originating in the Mediterranean
(e.g., Hoskins and Hodges, 2002). However, we will show below that
the glaciers are not sensitive to these changes in precipitation.
Therefore, this inter-model variability does not change our main
conclusions. Compared to the small changes in precipitation in the
northern and western zones, changes in precipitation in the eastern
zone are substantial, ranging between 300 to 750 mm yr ™, increasing
in all models. These results agree with other studies which also show
an increase in precipitation at 6 ka as a result of an increase in
monsoon intensity and/or duration (e.g., Joussaume et al., 1999).

There are two important results from the analysis of precipitation
and temperature changes in Central Asia. First, with the exception of
precipitation changes in the western zone, all the GCMs show broadly
similar results for precipitation and temperature changes. This
reinforces confidence that the GCM simulated climate changes are a
robust response of the climate to the changes in insolation forcing.
Second, the GCMs show spatial variability in the temperature and
precipitation changes across Central Asia in response to a relatively
uniform increase in incoming solar insolation. This suggests that even
a uniform change in forcing, such as increasing greenhouse gases,
should result in spatial patterns in climate response. Because glaciers
respond to changes in temperature and precipitation, this spatial
variability in temperature and precipitation changes should result in
corresponding patterns of glacier variability across Central Asia. The
next section focuses on whether the patterns in climate are sufficient
to explain the geologic data.

ELA calculations

To understand the impact of the modeled climate changes on
glacier mass balance, the GCM output is converted into ELA changes,
using two different methods. The first, discussed below, is an ELA
perturbation model following Ambach and Kuhn (1985), modified to
use the positive degree-day (PDD) model for ablation, following
Braithwaite (1995). The second model is a surface energy-balance

model (Rupper and Roe, 2008), which is discussed briefly in the
following subsection on “modeled ELA changes: PDD approach.” Both
models solve for the change in ELA for a given change in climate.

PDDs are the sum of daily mean air temperatures (T,) that are
above zero.

PDD = > H(T,), 1)

where H is equal to 0 for T,<0 and is equal to T, for T,>0; the sum is
taken over the calendar year. Thus PDD has units of °C days. We
determine PDDs using the monthly mean GCM output by calculating
the daily mean air temperature (T,) as

- t
T, = T(2) + Ty cOS (211?). (2)

T is the mean annual air temperature, t is the day of the year, and Tymp
is the amplitude in the seasonal cycle in air temperature determined
using the monthly GCM output. Total ablation is then equal to PDD
times a melt factor. The results presented below are for a melt factor
equal to 10 mm °C~! day~!, the midpoint of the modeled and
empirically-derived range in melt factors from Rupper and Roe (in
press) and measured values (Kayastha et al., 1999, Zhang et al., 2006).
Although the magnitude of the modeled ELA changes is affected by the
choice of melt factor, the basic pattern of the ELA response does not
change.

In Eq. (3), accumulation (A.) equals ablation (Ap) at the ELA. For a
change in A¢ or Ay, a first-order Taylor Series expansion in the vertical
direction can be used to calculate the change in the ELA that would
result from a change in accumulation or temperature.

M, = 24, + P p, 3)
Jz

where A refers to the change from a reference climate.

The input variables on the right-hand side of Eq. (3) are the change
in ablation and the gradient in ablation. The vertical gradient in
ablation is calculated by: (a) varying T about the climatological
temperature lapse rate, (b) calculating the change in ablation at the
different elevations along the lapse rate (using Eqgs. (1) and (2)), and
(c) dividing by the change in elevation. The climatological lapse rate is
calculated using NCEP-NCAR reanalysis annual average air tempera-
tures at 750 and 500 hPa (Kalnay et al., 1996). The lapse rates are then
interpolated to the same grid as the GCMs.

Strictly, the left-hand side of Eq. (3) (AAc) should include both the
gradient in accumulation about the ELA and the change in accumula-
tion (e.g., Ambach and Kuhn, 1985). However, the gradient in
accumulation can be neglected for typical ELA changes, so is not
included in the ELA calculations. Therefore, AA. is simply the change in
accumulation.

ELA changes are calculated for the given changes in climate across
the entire model domain. We are therefore effectively asking “if there
were a glacier at this grid point, what would its change in ELA be?”
Given this approach to estimating ELA changes, and the coarse
resolution of the GCM grid (typically between 2.5° to 5°), two issues
arise. First, the smoothed topography makes it difficult to differentiate
between precipitation and snow. We assume that precipitation would
all be snow, thus A, equals total annual precipitation. This errs on the
side of maximizing sensitivity to model accumulation, but alternative
assumptions would not change our basic results. Second, Anders et al.
(2006) show that precipitation in the Himalayas varies significantly
on scales much smaller than the GCM grid resolution. These GCMs
therefore do not capture patterns of orographic precipitation
adequately.

We test the sensitivity of our results to the grid scale by calculating
the ELA using model output and data at different resolutions. In
particular, we use the algorithm (modified to use the PDD approach to
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estimate ablation) discussed in the subsection “Modeled ELA changes:
Energy-balance approach” to seek the position of the ELA using
temperature and precipitation from the present-day GCM simulations.
We do the same using the higher resolution precipitation and
temperature data from Legates and Willmott (1990a, 1990b). While
the 0.5°-grid resolution is still too coarse to capture orographic
precipitation, it does provide a means to test the sensitivity of the
results to changes in spatial resolution. The basic pattern in ELAs is
similar regardless of resolution. The effect of smaller-scale patterns of
orographic precipitation is addressed in Huybers and Roe (2008).

Modeled ELA changes: PDD approach

The pattern of ELA changes calculated from Eq. (3) is similar for all
GCM:s. In Table 1, we summarize the results for all models; in the
figures discussed below, we show results only for one GCM, the
ECHAM3.

The simulated changes in precipitation and temperature at 6 ka as
compared to the present day produces a pattern in ELA changes across
Central Asia (Fig. 4). In the eastern zone, the change in climate results
in a lowering of ELAs by approximately 300 m and a lifting elsewhere
by 200 to 500 m. If only precipitation changes are included (i.e.,
temperatures are held fixed), ELAs in the east are lowered by only
75 m (Figs. 4a, b). Thus changes in precipitation account for less than
30% of the total modeled change in ELAs in the eastern zone. In the
northern and western zones, changes in precipitation account for even
less (at most 5%) of the total change in ELAs. Thus, for the range of
changes in temperature and precipitation predicted by the GCMs, ELAs
in all regions are most sensitive to changes in temperature; and except

in the eastern zone, precipitation changes are nearly negligible. In all
zones, the largest uncertainty in the calculated ELA changes is the
ablation term (i.e., the value chosen for the melt factor). However, for
the full range of melt factors the dominance of the temperature
pattern still applies.

The calculated ELA changes predict that glaciers would have been
bigger during the Holocene compared to the present day in the
eastern zone, while glaciers in the north and west were smaller. This is
consistent with the paleoclimate record, in which geologic evidence
shows a significant advance in the eastern zone during the Holocene
and glaciers equal to or smaller than modern glaciers in the north and
west (e.g., Sharma and Owen, 1996; Richards et al., 2000; Schafer et
al., 2002; Shi, 2002; Owen et al., 2003; Tschudi et al., 2003; Owen et
al.,, 2005; Wei et al., 2006; Zhou et al., 2007).

Modeled ELA changes: Energy-balance approach

The simple PDD method assumes that ablation is directly related to
temperature. Physically, of course, it is the net heat input that is
actually responsible for the melting or sublimation of snow and ice. A
surface energy-balance model is needed to calculate the heat available
for ablation. Such models are self-consistent representations of all the
surface heat fluxes, and have often been used to study the energy
balance at particular glaciers (e.g., Kayastha, 1999; Molg and Hardy,
2004). For the application to regional-scale climate patterns, we use
the surface energy- and mass-balance model (SEMB model) presented
in Rupper and Roe (2008). Applying the model to this study serves
two purposes. First, it provides a check on the answers derived from
the PDD method. Second, the analysis of the surface energy fluxes

Change in ELA (m)

Figure 4. Change in equilibrium-line altitude (m) at 6 ka as compared to the present day calculated using the PDD approach. ELA changes are for a: (a) change in accumulation only,
(b) change in ablation only, and (c) change in both temperature and accumulation. These figures illustrate the result that the ELAs in Central Asia are most sensitive to changes in

temperature.
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leads to important new insights that help explain the cooling of
temperatures in the eastern zone.

A complete description of the SEMB model is given in Rupper and
Roe (2008). Briefly, for a specified climate forcing at a given grid point,
the SEMB model seeks the altitude at which a glacier surface would be
in both mass and energy balance over the annual cycle. By definition,
this is the ELA. The inputs from the climate model are the annual
cycles in downwelling shortwave radiation, air temperature (at the
climate model surface), wind, atmospheric pressure, and relative
humidity. The SEMB model parameterizes the surface albedo and the
downwelling longwave radiation. Sensible and latent heat fluxes are
calculated in terms of the specific humidity, wind speed, assumed
roughness lengths, and temperature difference between the surface
and the overlying air.

The energy-balance algorithm seeks a surface temperature for a
given air temperature that balances the absorbed shortwave radiation
at the surface. When the surface temperature is less than zero,
sublimation occurs. When the surface temperature is greater than or
equal to zero, the surface temperature is reset to zero and the energy
balance recalculated. The excess energy is then used to calculate the
total melt. In this way the total ablation is calculated for a given mean
annual air temperature. In the mass-balance algorithm, the model
seeks the elevation at which the mean annual air temperature results
in a total annual ablation (calculated using the energy-balance
method above) that exactly equals the total annual accumulation.

The SEMB model involves some significant simplifying assump-
tions, but it does capture the behavior of how the different surface
energy fluxes adjust to balance the radiative forcing. Rupper and Roe
(2008) show that the framework is suitable for characterizing the
dependence of the ELA on regional climate patterns and can, for
example, identify regions where sublimation or melt dominate the
mass balance at the ELA. Such results give insight into which
atmospheric variables the ELA is most sensitive to.

We use monthly time steps over the annual cycle, which are
sufficient to represent the typical magnitude of the observed energy
fluxes at glacier surfaces, and their seasonal cycles (Rupper and Roe,
2008). We use the output from the climate models at the present day
and 6 ka to calculate the change in ELA predicted by the model, and to
analyze the reasons for the predicted change.

We present the results from the ECHAM3 model for comparison to
the PDD results presented above. As with the PDD approach, the
change in climate at 6 ka as compared to the present day produces a
pattern in ELA changes across Central Asia (Fig. 5a). The overall
pattern in ELA changes using the surface energy-balance approach is
generally very similar to that of the PDD approach. Where the two
methods disagree is in regions where the ablation is dominated by the
sublimation term. This includes small portions of the northern and
western zones. ELA changes calculated using the SEMB model are
much larger in these regions than elsewhere in Central Asia. When
sublimation dominates the mass balance, large changes in surface
temperature are necessary for sublimation alone to bring the system
back into mass balance, which results in large changes in ELAs.
Therefore sublimation regions are very sensitive to even small
changes in precipitation. ELAs in regions dominated by sublimation,
calculated using the PDD approach, should be interpreted with
caution (see Rupper and Roe, 2008, for a detailed discussion of the
reasons for melt versus sublimation).

To facilitate further comparison of the surface energy-balance
model results to the PDD method, the ELA changes averaged over each
of the three zones are presented. In the eastern zone, the change in
climate results in a lowering of ELAs by approximately 350 m.
Elsewhere in Central Asia (excluding sublimation regions), ELAs
increase by approximately 450 m. The relative importance of ablation
versus accumulation in determining the ELA changes can be analyzed
by computing the changes in ELAs while neglecting the change in
precipitation (Fig. 5b). That is, ELA changes are calculated for a change
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Figure 5. Change in ELA (m) at 6 ka minus the present day, calculated using the surface
energy- and mass-balance model after Rupper and Roe (2008). Panel (a) is the change in
ELA for a change in ablation only. Panel (b) is the change in ELA for the simulated changes
in both accumulation and ablation. (Note scale is different than in Fig. 4.)

in ablation only. In this case, the ELAs in the east lower by
approximately 250 m, more than 70% of the total ELA change. Thus
changes in precipitation account for less than 30% of the total change
in the ELA (similar to the results reported for the PDD approach).
Outside of the eastern zone and excluding the sublimation-dominated
regions, changes in precipitation account for at most 5% of the total
change in the ELA (again comparable to the results using the PDD
method). In contrast to these melt-dominated regions, sublimation-
dominated regions are very sensitive to changes in precipitation with
precipitation changes accounting for 50% to 80% of the total ELA
change.

The results suggest that where melting dominates, the PDD
approach adequately captures the physics included in the full
energy-balance model. Where sublimation dominates, however, the
PDD approach greatly underestimates the sensitivity of the ELA to
small changes in precipitation. These results indicate that for the
typical changes in atmospheric variables predicted by the GCM's,
glaciers in the melt-dominated regions are most sensitive to those
changes that conspire to change temperature. Therefore the surface
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energy-balance model confirms the result that the pattern in ELA
changes across Central Asia (for the 6 ka minus the present-day
results) is primarily a result of the pattern in temperature changes,
with the exception of the sublimation-dominated regions.

Explaining the temperature changes

Holocene climate reconstructions from paleoclimate proxy records
(mainly sediment cores and speleothems) show multiple episodes of
cooler temperatures during the early to mid-Holocene (e.g., Wang et
al., 2005; Wang and Zhu, 2005; Rashid et al., 2007; Xiang et al., 2007).
The GCM simulations used in this study cannot capture such
millennial-scale variability; therefore, the timing of short-term cool-
ing events cannot be compared directly to the model results. However,
in a general way, these reconstructions do support the model results —
that temperatures decreased during the early (9 ka simulation) to
mid-Holocene (6 ka simulations) in and around the eastern zone
despite an increase in incoming solar insolation at the top of the
atmosphere.

To our knowledge, the mechanisms giving rise to the decrease in
temperature in the eastern zone has not previously been addressed in
the context of the paleoclimate reconstruction. Since this decrease
plays an important role in the modeled ELA changes, it is important to
understand the physical causes. Insight into these temperature
changes is gained through a discussion of modern variability in
monsoonal temperatures and precipitation, and analysis of the
radiation balance in the GCM integrations.

Both the seasonal cycle and the interannual variability of the
modern Indian monsoon suggest a reason for the model results of
lower temperatures over the eastern zones at 6 ka. When the
monsoon rains begin every year, temperatures lower over India, and
years with a strong monsoon are also years with greater than average
cloudiness and below-average surface air temperature (e.g., Rama-
nathan, 1987; Collins et al., 1996; Wilcox and Ramanathan, 2001). The
climate model output at 6 ka suggests that an analogous situation
occurred during the mid-Holocene. All models predict increased
cloudiness (as well as albedo) along with the decreased temperatures
at 6 ka relative to the present day (Fig. 6a).

The connection between the changes in radiation and the
temperature response at the surface can be seen by analyzing the
terms in the surface energy balance. As the results are again broadly
similar for all GCM's, the results for one model, ECHAM3, are
presented here. Figure 6b shows the difference between 6 ka and
present-day shortwave radiation at the surface along with the change
in cloud fraction (Fig. 6a); the patterns in shortwave radiation and
cloud fraction are very similar. Figures 7a-c present the changes in
surface longwave radiation and surface sensible and latent heat fluxes.
Together these figures show that in the central and western portion of
the Himalaya there is a decrease in both shortwave radiation (—40 W
m™2) and latent heat (—45 W m™ 2). Therefore, both an increase in
cloud fraction and an increase in evaporation contribute to the surface
cooling. In the far eastern portion of the Himalaya there is no
significant change in the latent heat, only in the shortwave radiation.
Thus, the cooling in the far eastern Himalaya can be attributed to the
decrease in shortwave radiation (—50 W m™~2) due to the increased
albedo (increased cloud fraction) compared to the present day.
Therefore, the surface cooling across the eastern zone is due in part to
an increase in evaporation as well as an increase in cloudiness. Finally,
in the northern and western zones, the increase in summer
temperatures is a direct result of the increased shortwave radiation
reaching the surface due to orbital changes (30 W m™2 summertime
average).

In summary, these results suggest that the advance of glaciers in
the southern Himalaya is a result of a combination of factors.
Enhanced monsoon intensity and/or duration led to an increase in
precipitation as well as a decrease in temperature via increased cloud
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Figure 6. Change in (a) cloud fraction (%) and (b) shortwave radiation (W m~2) at the
surface for 6 ka as compared to the present day.

fraction (decreased shortwave radiation) and evaporation. Thus,
glaciers in the eastern region are influenced by changes in the
monsoons and the associated changes in both temperature and
precipitation. These results contradict previous work suggesting that
early to mid-Holocene glacier advances in the southern Himalaya
were due to increased precipitation only. The lack of glacier advance in
the northern and western zones is due to the large increase in average
summer temperatures, a direct result of the increase in incoming
summer insolation, consistent with other results showing a strong
sensitivity of continental climates to changes in radiation (e.g., Felzer
et al., 1995).

Summary and discussion

Central Asian glacier history provides a unique opportunity to
reconcile regional-scale glacier changes with the climate mechanisms
driving them. In particular, the advance of glaciers in the southern
Himalaya in the early Holocene (9 ka) is in contrast to the smaller
alpine glaciers in the western and northern regions of Central Asia
(e.g., Gillespie and Molnar, 1995; Gillespie et al., 2003, 2008; Koppes
et al., 2008).
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Figure 7. Change in surface (a) longwave radiation, (b) sensible heat flux, and (c) latent
heat flux (all in W m~?2) for 6 ka as compared to the present day.

Previous studies attribute this southern Himalayan Holocene
glacier advance to an increase in monsoonal precipitation (e.g., Benn
and Owen, 1998; Bush, 2002; Finkel et al., 2003). Although a

substantial increase in precipitation is evident during the early and
mid-Holocene in GCM simulations (e.g., Joussaume et al., 1999), our
results show that this is only a part of the story. We use two different
mass-balance models to quantify the change in ELA for simulated
changes in mid-Holocene climate. The first of these models uses a
positive degree-day approach to estimate ablation (Braithwaite, 1995)
and a modified version of the Ambach and Kuhn (1985) ELA
perturbation method to calculate changes in ELA. As such, this
model was used to assess the relative importance of temperature and
precipitation on ELA changes in Central Asia. The second model is a
self-consistent surface energy- and mass-balance model that incor-
porates changes in all relevant atmospheric variables (Rupper and
Roe, 2008). Eighteen GCM simulations using boundary conditions
appropriate for the present day and 6 ka were acquired from PMIP and
used as input in the ELA models. While assumptions and simplifica-
tions in the model formulations must be made, due in large part to the
coarse grid (2.5° to 5°) and temporal resolution (monthly) of the GCM
output, these were found not to change the main conclusions
significantly. The pattern in ELA changes using both models were
consistent for those regions where melt dominates total ablation,
suggesting the PDD approach is appropriate in melt regions.

Both ELA models clearly show that the lowering of ELAs in the
southern Himalayas, a region dominated by melt, is largely due to a
decrease in summer temperatures during the early Holocene, and that
the increase in precipitation accounts for, at most, 30% of the total ELA
changes. In the melt-dominated regions of the western and northern
zones, both ELA models show a rise in ELAs in response to a general
increase in temperatures. Importantly, these results suggest that there
is regional variability in the climate's response to the increase in
Northern Hemisphere summer insolation, and that the regional
variability in glacier changes in Central Asia is largely explained by
the resulting temperature pattern in the melt-dominated regions.
Sublimation dominates the ablation in portions of the northern and
western zones. In these sublimation-dominated regions, the mass and
energy-balance model shows that ELAs are acutely sensitive to
changes in precipitation. Thus, the sensitivity of the ELAs to changes
in climate depends on the dominant ablation process.

Through a detailed evaluation of the energy balance at the surface,
we were able to explain the pattern in temperature changes in Central
Asia. The increase in summer temperatures in the more northern
regions of Central Asia is a direct radiative response to the increase in
solar insolation at 6 ka, and is consistent with other studies showing
temperatures in continental interiors slaved to radiation changes (e.g.,
Felzer et al., 1995). The temperature decrease in the more southern
regions, on the other hand, is a dynamic response to the increase in
temperatures in the interior. In particular, the increase in land-sea
temperature contrast intensifies the monsoonal circulation. This
results in an increase in precipitation as well as a substantial increase
in cloudiness over the southern region. The decrease in summer
temperatures is the result of both a decrease in shortwave radiation
due to the increase in cloudiness (and a resulting increase in albedo)
and an increase in evaporative cooling.

The results presented in this study are for climate changes at 6 ka
while the largest Holocene glacier advances occurred earlier in the
Holocene, ~9 ka. It is important to discuss the validity of the results in
light of this time discrepancy. The boundary conditions around 9 ka
were similar to that for 6 ka but with small remnants of the ice sheets
remaining at higher latitudes, and larger increases in Northern
Hemisphere summer insolation. We compared our results to one
GCM simulation under boundary conditions appropriate for 9 ka, the
CCMO AGCM. The patterns in climate and ELA changes for 9 ka were
very similar to those for 6 ka, but with larger changes in both. The
mechanisms giving rise to the climate and ELA changes are also the
same for 9 ka and 6 ka. Therefore, it is reasonable to use the PMIP suite
of GCM simulations for 6 ka to understand the early Holocene glacier
advances.
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The consistency between all GCMs reinforces confidence that the
model results are a robust response of the climate to the changes in
insolation forcing. In the case for Central Asia, spatial patterns in
climate occur in response to a relatively uniform increase in solar
insolation at the top of the atmosphere. The patterns in glacier
advances across Central Asia are a result of the spatial variability in the
climate response. This suggests that spatial patterns in climate and
glaciers should be expected even in cases where there is a uniform
change in forcing (e.g., increasing CO,). In contrast to previous work,
our results strongly suggest that the advance of glaciers in the
southern Himalaya is a result of a combination of factors, not just
increased precipitation. Finally we note that when climate modeling
can be employed with sufficient confidence, and when high-quality
and well-dated glacier records are available, the approach taken here
can be applied to exploring the climatic causes of past glacier
variations at other times and locations.

These glaciers and their history represent a case study of a more
general issue in paleoclimate research. The results emphasize the
critical importance of having a good physical model to test the
sensitivity of a given climate proxy to climate change. Such models are
essential to establish whether a proposed mechanism is, firstly, a
unique explanation for a given record and secondly, of sufficient
magnitude to impart the recorded signal.
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