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Abstract Based on numerical experiments undertaken with nine climate models, the glacier equilibrium line altitudes (ELAs)
in western China during the last glacial maximum (LGM) are investigated to deepen our understanding of the surface en-
vironment on the Tibetan Plateau. Relative to the preindustrial period, the summer surface air temperatures decrease by 4-8°C
while the annual precipitation decreases by an average of 25% across the Tibetan Plateau during the LGM. Under the joint effects
of reductions in summer temperature and annual precipitation, the LGM ELAs in western China are lowered by magnitudes that
vary with regions. The ELAs in the southern margin and northwestern Tibetan Plateau decline by approximately 1100 m; the
central hinterland, by 650-800 m; and the eastern part, by 550-800 m, with a downward trend from southwest to northeast. The
reduction in ELAs is no more than 650 m in the Tian Shan Mountains within China and approximately 500-600 m in the Qilian
Mountains and Altai Mountains. The high-resolution models to reproduce the low values of no more than 500 m in ELA
reductions in the central Tibetan Plateau, which are consistent with the proxy records from glacier remains. The accumulation
zones of the Tibetan Plateau glaciers are mainly located in the marginal mountains during the LGM and have areas 2—5 times

larger than those of the modern glaciers but still do not reach the central part.
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1. Introduction

Earth’s climate has dramatically changed in the past, and the
study of this fact and the causes of such changes is of great
significance to our knowledge of the Earth’s environmental
evolution and our understanding of modern climate. The last
glacial maximum (LGM, approximately 21000 calendar
years before present) was a period of the maximum ice ad-
vances in the latest ice age, characterized by large-scale ice
sheet expansion and the low-level atmospheric greenhouse
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gas concentrations (Clark et al., 2009). During this period,
approximately 24% of the global continent was covered by
ice sheets, including the middle and high latitudes in North
America, northwestern Europe, and Antarctica, while the
counterpart is only 11% at present (Wang and Wen, 2011).
Glaciers and permafrost were also widely developed during
the LGM (Saito et al., 2013; Liu and Jiang, 2016), and sea
level was approximately 130 m lower than at present due to
the formation of ice sheets (Wang and Wen, 2011). The LGM
is distinguished from the present in climate, environment,
topography, land-sea distribution, ecosystems, and many
other aspects (Clark et al., 2009) and is a key period for
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investigating the Quaternary glacial climate.

Previous LGM climate reconstructions across China
mainly focused on changes in the hydrothermal conditions
and monsoons, with less attention to processes in the cryo-
sphere. Note that the Tibetan Plateau and the high-elevation
mountains at its periphery contain the largest modern gla-
ciers worldwide, except for the two poles, and there is con-
troversy about the existence of massive glaciers on the
Tibetan Plateau during the LGM (Kuhle, 1995; Shi et al.,
1997, 2000, 2006; Liu et al., 1999; Shi, 2002b; Su et al.,
2014). According to the records of glacier vestiges and
landforms on the Tibetan Plateau, the LGM area of glaciers
has been estimated as 35x10" km’, equivalent to 7 times the
present area, and all of them were scattered mountain gla-
ciers. Relative to the present, it is suggested that the LGM
glacier equilibrium line altitudes (ELAs) on the Tibetan
Plateau were lowered by 800 m at the eastern part and the
southern margin, by 1000-1200 m at the western margin,
and by only 300-500 m in the central-western parts, with the
last being rare in global mountain glaciers (Shi et al., 1997).
Although ice caps existed in some regions, they were in-
sufficient to form ice sheets covering the entire plateau (Shi
et al., 1997; Shi, 2002b; Su et al., 2014). Liu et al. (1999,
2002) reviewed pertinent geological records and suggested
the presence of massive ice coverage and even ice sheets on
the Tibetan Plateau, given an early estimate of 5-9°C cooling
during the LGM. Considering that the magnitude of global
cooling during the LGM has been re-estimated as twice (9—
11°C) the earlier level, the global mean ELAs were proposed
to decrease by 1000-1200 m according to a lapse rate of
0.7°C 100 m"'. Altogether, the LGM ELAs on the Tibetan
Plateau are critical to our understanding of the local surface
environmental changes at this time.

The ELA is a key measure of the mass balance of a glacier
and refers to an average elevation where annual accumula-
tion equals annual ablation. Above this elevation is the net
accumulation zone, and below is the net ablation zone. Thus,
the ELA represents the lowest elevation for potential glacier
formation. The ELA variations are mainly affected by local
surface air temperatures and precipitation. In particular,
temperature determines ice formation and melting, while
precipitation determines mass accumulation of the glaciers.
Shi et al. (2000) indirectly calculated the mean temperature
from June to August (7_g, °C) and the annual precipitation
(P, mm) at the ELAs on 16 glaciers in western China and the
Batura Glacier in Pakistan and further proposed a statistical
relationship between these variables as follows.

T, = —154+2.48 - In(P,). (1)

The correlation coefficient is 0.94, which is statistically
significant at the 90% confidence level. Based on this for-
mula, Zhao et al. (2003) applied the simulated temperature
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and precipitation from an atmospheric general circulation
model (CCM3) to indicate that the LGM ELAs on the Ti-
betan Plateau were lowered by 300-900 m relative to the
modern level, along with a remarkable expansion of glaciers
to form an entire ice sheet. Compared with Liu et al. (1999),
Zhao et al. (2003) further considered the influence of the
precipitation deficit during the LGM on glacier formation,
and thus, the ELA decline in their study is relatively smaller.
Of importance is that both studies agree with the LGM
presence of ice sheets on the Tibetan Plateau. Note that
CCMS3 is an early version of the atmospheric general circu-
lation model developed by the American National Center for
Atmospheric Research, the sea surface temperatures in
which are prescribed, and this model lacks descriptions of
oceanic dynamics and air-sea interactions. Further, its hor-
izontal resolution of 2.8°x2.8° is too sparse to reflect topo-
graphic features. Thus, there is uncertainty in CCM3
simulations of the Tibetan Plateau climate and, in turn, gla-
ciers. In particular, it is failed to reproduce the modern
geographical distribution of glaciers and their changes dur-
ing the LGM over the marginal regions of the Tibetan Pla-
teau on the basis of CCM3 experiments (Zhao et al., 2003).

Based on these premises, this study uses numerical ex-
periments undertaken with nine state-of-the-art climate
models participating in the Coupled Model Intercomparison
Project Phase 5 (CMIPS), including fully coupled atmo-
sphere-ocean and atmosphere-ocean-vegetation general cir-
culation models, to investigate changes in the ELAs and
glacier extents in the mountainous regions of western China
(23°-50°N, 70°-105°E) during the LGM, along with the
possible underlying mechanisms. Such a multi-model ana-
lysis of paleoclimate simulations is expected to advance our
understanding of the climate and environmental changes
over China during this period.

2. Data and methods

Data applied here are derived from the LGM and pre-
industrial (reference period) experiments with the nine
CMIP5 models, including the surface air temperature at 2 m,
precipitation, and the topographic height provided by the
models. Basic information about the nine models and their
experiments is listed in Table 1, while the coordinated
boundary conditions for the LGM and preindustrial experi-
ments are provided in Table 2. Compared with the reference
period, the LGM boundary conditions show predominant
changes manifested in the land ice sheets and atmospheric
concentrations of CO,, CH,, and N,O. More detailed in-
formation about the climate models, experimental design,
and boundary conditions can be found at the CMIP5 website
(https://cmip.llnl.gov/) and in Taylor et al. (2012).
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Table 1 Basic information about the nine climate models and their numerical simulations

Atmospheric horizontal resolution

Model name Country (longitudexlatitude) and vertical levels Integral length (year)
CCSM4 USA 1.25°x~0.9°, L26 100
CNRM-CM5 France ~1.4°x~1.4° L31 200
COSMOS-ASO Germany 3.75°%~3.75°, L19 600
FGOALS-g2 China ~2.8°%3°, L26 100
GISS-E2-R USA 2.5°x2°, L40 100
IPSL-CMS5A-LR France 3.75°%~1.9°, L39 200
MIROC-ESM Japan ~2.8°x~2.8°, L80 100
MPI-ESM-P Germany 1.875°x~1. 875°, L47 100
MRI-CGCM3 Japan 1.125°x1.125°, L48 100

Table 2 Comparison between boundary conditions for the LGM and preindustrial (reference period) experimentsu)

Boundary conditions

Reference period LGM

Eccentricity=0.016724
Obliquity=23.446°
Precession=102.04°

Earth’s orbital parameters

Eccentricity=0.018994
Obliquity=22.949°
Precession=114.42°

CO,=280 ppm CO,=185 ppm

Greenhouse gas concentrations CH,=760 ppb CH,=350 ppb
N,0=270 ppb N,0=200 ppb
Ice sheets Modern Reconstructions

a) 1 ppm=lmg L™'; 1 ppb=Ipg L'

2.1 Model evaluation

The ability of models to reproduce the geographical dis-
tribution and amplitude of the modern annual and seasonal
temperatures and precipitation across China determines their
reliability in simulating the past ELAs to some extent. Before
calculating the ELA, we compare the simulated temperature
and precipitation in individual preindustrial experiments to
the modern observational counterparts, aiming to evaluate
the model performance in simulating the climate of western
China. The observations are the monthly temperature and
precipitation provided by the National Climate Center of the
China Meteorological Administration for the period 1970—
1999 with a horizontal resolution of 0.5°x0.5°, which were
gathered from the 2416 meteorological stations across China
(Wu and Gao, 2013). Given that the horizontal resolutions of
models range from approximately 1°x1° to 3.75°x3.75° and
that the spatial scale of glaciers is relatively small, we remap
all the model data into a grid mesh of the observations
(0.5°x0.5°) using bilinear interpolation. The spatial correla-
tion coefficients between models and observations and their
centered root-mean-square deviations of variables over
western China are then calculated.

As shown in Table 3, the correlation coefficients of si-
mulated summer temperatures with observations are 0.90—
0.98 for individual models and 0.97 for their multi-model
mean (MMM), all significant at the 95% confidence level.
The centered root-mean-square deviation lies within the

range of 2.71-4.84°C for individual models and is 2.82°C for
the MMM. These results suggest that all the models simulate
the geographical distribution and magnitude of summer
temperatures in western China reasonably well. The corre-
lation coefficient of annual precipitation ranges from 0.22 to
0.65 among models and is 0.49 for the MMM, and all pass
the significance test at the 95% confidence level. The cen-
tered root-mean-square deviation is smaller than 4 mm d’
for most models and is 3.47 mm d ' for the MMM, indicat-
ing the ability of the models to reasonably reproduce the
overall characteristics of annual precipitation across western
China. Taken together, the climate models applied here are
capable of simulating the climatological state of the modern
summer temperatures and annual precipitation over western
China, with a better performance on the temperature. The
MMM performs better than the majority of individual
models.

2.2 ELA calculation

Many methods have been used to calculate the ELA, in-
cluding statistical models and physical models. For instance,
the currently widely used mass-balance and ice-flow model
simulates not only the ice volume but also the ELA and
temperature and precipitation at this elevation (Xu et al.,
2013). The approach based on the mass and energy balance
has also been well developed in recent decade, which de-
termines the ELA according to the local climate conditions
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Table 3 Statistical relationship of the simulated summer surface air temperature and annual precipitation in western China to the observations for the period

1970-1999"

Spatial correlation coefficient Centered root-mean-square deviations

Models Summer temperature Annual precipitation Summer temperature (°C) Annual precipitation (mm dfl)
CCSM4 0.98 0.47 2.71 3.52
CNRM-CMS5 0.96 0.59 3.36 2.97
COSMOS-ASO 0.90 0.48 3.85 4.88
FGOALS-g2 0.97 0.40 3.11 2.56
GISS-E2-R 0.97 0.41 3.01 7.02
IPSL-CM5A-LR 0.97 0.49 3.01 2.75
MIROC-ESM 0.96 0.22 4.84 4.90
MPI-ESM-P 0.98 0.33 2.73 6.09
MRI-CGCM3 0.98 0.65 2.71 2.13
Ensemble 0.97 0.49 2.82 3.47

a) All the spatial correlations are significant at the 95% confidence level. Wu and Gao (2013)

and provides the causes of the ELA changes with direct and
explicit physical implications (Rupper and Roe, 2008; Bravo
et al., 2015; Duan et al., 2017). However, considering the
complexity of these physical models and the multiple vari-
ables as input, we use the empirical relationship between
summer temperature and annual precipitation at the ELA
proposed by Shi et al. (2000) to calculate the ELAs in
western China, which is consistent with the study of Zhao et
al. (2003). According to eq. (1), only the summer tempera-
ture and annual precipitation at the ELA are required for the
calculation. We assume the air temperature decreases with
clevation at a rate of 0.65°C 100 m ' (for dry atmosphere);
thus, the air temperature at the ELA can be estimated by the
given temperature at the model topographic height (7)) and
the difference between this height and the ELA (4, units:
100 m) as follows:
T =T,— (AT-h). 2)
Given that the relationship between precipitation and ele-
vation is complicated and there are sparse meteorological
stations across the high-elevation regions, the annual pre-
cipitation at the ELA is usually replaced by the mean pre-
cipitation at the 2000 m above surface (Shi et al., 1989).
Recently, some researchers have used the precipitation re-
corded by the stations near glaciers as the values at the ELA
(Ono et al., 2004; Hebenstreit, 2006; Zhang et al., 2009). To
obtain the values closest to the real conditions, we directly
take the precipitation at the model topographic height (P) as
the value at the ELA, shown as follows:

Py, =P, 3)

Both T4 and Pgpy in egs. (2) and (3) are functions of
height (%). Substituting them into eq. (1) yields:

Ty— (AT - h) = —15.4+2.48 - In(Py). 4

After solving eq. (4) to obtain the single unknown variable
h, the ELA can be written as:

ELA (or AIG) = model topographic height+ /4 - 100
= model topographic height

[Tyt 15.4-2.48- In(P)
AT

-100.  (5)

For each grid point, the ELA can be obtained as long as the
summer temperature and annual precipitation are available.

Note that the ELA calculated from eq. (5) is a theoretical
value (Lie et al., 2003), representing the minimum elevation
of areas climatically suited for glacier formation, and is
termed the altitude of instantaneous glacierization (AIG). In
reality, glacier formation is determined by not only the cli-
matically constrained AIG but also the topography (Figure
1). To obtain the glacier extent, we compare the AIG cal-
culated from eq. (5) to the real topographic elevation as taken
from CRU at a horizontal resolution of 0.5°x0.5° (http://
www.cru.uea.ac.uk/) and select regions with topographic
elevation higher than the AIG, corresponding to glacier mass
net accumulation zones (hereinafter refer to as the accumu-
lation zones) and the potential glacier extents. The relation-
ship of terrain to the ELA and accumulation zones
determined by both the summer temperature and annual
precipitation is illustrated in Figure 1. Based on the above
method, we calculate the ELAs and accumulation zones
during the LGM and preindustrial periods, using the summer
temperature and annual precipitation simulated by each
model, and further obtain the differences between these two
periods.

3. Results
3.1 LGM surface air temperature and precipitation
changes

Relative to the preindustrial period, the nine models con-
sistently demonstrate that the temperature and precipitation
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Figure 1 Schematic diagram of the relationship among terrain, the ELA determined by surface air temperature and precipitation (TP-ELA), and climatic

accumulation areas (cAA). Adapted from Su et al. (2014).

across western China decreased during the LGM, although
the magnitudes of changes vary with models (Figure 2). For
the arithmetic multi-model mean (Figures 3 and 4), the
seasonal and annual temperatures decrease by 3.95-5.68°C
and by 4.80°C, respectively, and the seasonal and annual
precipitation decreases by 20-26% and 25%, respectively.

Since the precipitation over most of the glaciers in western
China is received in summer, ice ablation and accumulation
occur simultaneously during this season (Shi et al., 2000). It
is necessary to analyze the summer temperature and pre-
cipitation changes. Figure 3c shows that the maximum
summer cooling of 5-8°C appears at the periphery of the
Tibetan Plateau, and the minimum of only 4-5°C lies in the
central plateau. The regions with the greatest cooling re-
semble those with the largest deficits in precipitation. As
mentioned above, the LGM boundary conditions featuring
the low-level atmospheric CO, concentration and high-lati-
tude ice sheet expansion lead to the large-scale remarkable
cooling. For instance, previous sensitivity experiments un-
dertaken by the atmospheric general circulation model in-
dicate that the decrease in atmospheric CO, concentration,
the cooling of the ocean surface, and the growth of high-
latitude ice sheets all gave rise to the temperature decrease in
western China. The maximum cooling caused by the above
three factors are respectively 0.8, 2.0, and 0.9°C (Jiang and
Liang, 2008).

Summer precipitation decreases by 5-10 mm d" at the
southern and western margins of the Tibetan Plateau, which
is approximately 10 times the deficit in the central part.
Actually, because the climatological mean precipitation at
the southern and western margins is an order of magnitude
larger than that in the center, the relative reduction in pre-
cipitation measured by percentage is smaller at the southern
and western margins. Although the absolute reduction in the
central-northern part is not large, the corresponding per-
centage is higher than those in the southern and western
margins (Figure 4c). Generally, the percentage of precipita-
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Figure 2 Changes in the LGM annual and seasonal temperature and
precipitation in western China relative to the reference period for the in-
dividual models and their ensemble mean. (a) Surface air temperature
anomalies (°C) and (b) percentage changes in precipitation (%). Bar colors
from left dark to right light indicate annual mean, spring, summer, autumn,
and winter, respectively.

tion reduction tends to increase from the southwest margin to
the northwest across the plateau. The annual precipitation
anomalies are similar to those of summer in the geographical
distribution but have smaller magnitudes (Figure 4a). Re-
lative to the preindustrial period, the LGM annual pre-
cipitation over western China is decreased by 8-34% among
models (Figure 2b).

The causes for the summer precipitation deficit over Eur-
asia during the LGM have been extensively investigated by
previous studies (e.g., Jiang et al., 2015; Tian and Jiang,
2016; Yan et al., 2016). Here, we only briefly review the
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Figure 3 Geographical distribution of the LGM annual and seasonal temperature anomalies relative to the reference period for the multi-model mean (°C).
(a) Annual mean, (b) spring, (c) summer, (d) autumn, and (e) winter, with regionally averaged anomalies over western China being —4.80, —3.95, —5.09,
—5.68, and —4.46°C, respectively. The dotted areas are significant at the 95% confidence level.

related mechanisms. The analysis of the summer water vapor
flux changes during the LGM indicates that the anomalous
water vapor flux divergence over western China was asso-
ciated with the remarkably weakened South and East Asian
monsoon circulations, while the reduced water vapor trans-
port in the middle and high latitudes was associated with the

weakened zonal winds (Jiang and Tian, 2017). The multi-
model studies suggest that in addition to the constraints from
changes in the ice sheets and atmospheric greenhouse gas
concentrations, the cooling of the ocean surface during the
LGM further suppressed the precipitation over western
China (Ueda et al., 2011; Tian and Jiang, 2015).
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(mm d"). (a) Annual mean, (b) spring, (¢) summer, (d) autumn, and (e) winter, with regionally averaged anomalies over western China being —0.23, —0.22,
-0.40, —0.23, and —0.09 mm d ', respectively. The dotted areas are significant at the 95% confidence level.

3.2 Modern ELA

As shown in Figure 5, the preindustrial ELAs exhibit band-
like patterns in most models, consistent with the ELA dis-
tributions drawn by Shi et al. (1997, 2000) on the basis of
glacier cataloging. The ELAs gradually increase from the
marginal mountains to the central Tibetan Plateau, and the

contours feature asymmetric zonal patterns with lower va-
lues in the southeast and higher values in the northwest. The
ELA gradient is large from the eastern and southern margins
to the center of the plateau, with a magnitude of approxi-
mately 1000 m per degree of latitude, while the gradient
decreases to 200—400 m per degree of latitude at the northern
margins. The ELA contours over the Tian Shan and Altai
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(m). Gray and white indicate the accumulation and non-accumulation zones, respectively. The values at the upper right indicate the contour intervals.

Mountains also feature band-like distributions parallel to
each other in the meridional direction.

The distributions and values of the ELA contours vary with
models. The high-resolution (low-resolution) models tend to
simulate the relatively high (low) ELAs and have a good
(poor) inter-model agreement. For example, the four models
CCSM4, CNRM-CMS5, MPI-ESM-P, and MRI-CGCM3

with horizontal resolutions finer than 2°x2° all simulate the
band-like ELA contours of 4200-6000 m across the Tibetan
Plateau. The area circled by the 5400 m contour line is large
and inclined to the western part of the plateau (Figure 5a, b, h
and i). The other five low-resolution models simulate dif-
ferent ELA distributions and values across the Tibetan Pla-
teau. The band-like pattern is not obvious in these models,
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and the maximum ELAs in the central plateau range from
4800 to 6000 m. Overall, the ELAs in the low-resolution
models are lower than those in the high-resolution models by
approximately 300 m, and the accumulation zones are ac-
cordingly larger in the low-resolution models.

The MMM results show that ELAs across the Tibetan
Plateau lie within 4400-5500 m (Figure 5j), while the ELAs
in the Tian Shan and Altai Mountains are 4400—5000 and
3500-3800 m, respectively. The marginal mountains around
the Tibetan Plateau constitute accumulation zones, the area
of which is small, while most of the central plateau is a non-
accumulation zone.

3.3 LGM ELAs

The LGM ELAs are similar to those during the reference
period in distributions but have smaller values due to the
drier and colder climate, and the accumulation zones expand
accordingly (Figure 6). The differences in ELAs of the ac-
cumulation zones between the LGM and reference period are
shown in Figure 7. In the common accumulation zones for
both periods, the MMM indicates that the LGM ELAs are
lowered by 393—-1440 m, and the LGM accumulation zones
expand to 2—-5 times larger than the modern extent. For in-
dividual models, there is considerable uncertainty regarding
the existence of accumulation zones in the central plateau
(Figure 7).

The MMM ELAs are 3800—4800 m on the Tibetan Plateau,
3800—4600 m in the Tian Shan Mountains, 2600-3200 m in
the Altai Mountains, and approximately 4200 m in the Qilian
Mountains during the LGM (Figure 6j). Relative to the re-
ference period, the changes in the LGM ELAs are uneven in
western China. The reduction is the largest in the southern
margins and the northwestern part of the Tibetan Plateau,
especially in the northwestern Himalayas and Karakoram
Mountains with decreases of approximately 1100 m, fol-
lowed by the central part with decreases of 650-800 m, and
the reduction is the smallest in the eastern margins with a
decrease of approximately 550 m. The lowering of ELAs
averages 866 m on the Tibetan Plateau. In response to the
ELA changes, the accumulation zones expand into the hin-
terland of the Tibetan Plateau (Figure 7j). Additionally,
ELAs decrease by no more than 650 m in the Tian Shan
Mountains within China and by 500—-600 m in the Qilian and
Altai Mountains.

Note that the four high-resolution models simulate con-
sistent results for the LGM ELA reductions, which are
smaller than the results from the other five low-resolution
models and the MMM. The reduction obtained from these
models lies within 500 m over most of the accumulation
zones and is no more than 600 m in the Tian Shan, Altai, and
Qilian Mountains; although the accumulation zones expand
toward the central Tibetan Plateau, their extents are still
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limited to the marginal regions and do not reach the hinter-
land (Figure 7a, b, h, and 1).

4. Discussion

4.1 Model ability in simulating ELA

CMIP5 models are able to reasonably reproduce the modern
glacier extents and the ELA distributions in western China,
especially the high-resolution models. Taking CCSM4 and
MRI-CGCM3 as examples, ELA contours over the Tibetan
Plateau range from 4200-6000 m during the reference peri-
od, and large areas are circled by the 5400 m contour lines;
the accumulation zones are scattered throughout the northern
Kunlun Mountains, Himalayas, Gangdise Mountains, and
central-western Nyaingentanglha Mountains (Figure 5a and
i). These characteristics are also seen in the modern ELAs
and glacier distributions drawn by Shi et al. (2000) on the
basis of glacier cataloging.

Quantitatively, the MMM underestimates the modern ELA
values across the Tibetan Plateau, which is derived from
cooling biases and excessive precipitation in the CMIP5
models. Relative to observations, the simulated summer
temperature over the Tibetan Plateau is colder by 1.8°C on
average, and the annual precipitation is overestimated by
13mmd’ (Hu et al., 2014). According to eq. (5), the
cooling of summer temperature by 1°C and the excess in
annual precipitation of 50-100% can give rise to ELA de-
creases of 150 m and 150-260 m, respectively. Considering
the inherent consistency and coordination of physical pro-
cesses in climate models, the underestimation of ELAs
should also exist in the LGM experiments. The subtraction
between the LGM and reference period could largely mini-
mize the above bias, and thus, changes in the ELAs in these
two periods are not significantly affected.

The simulated changes in the amplitude and geographical
distribution of ELAs during the LGM generally agree with
the records from paleo-glacier remains. The maximum
lowering of the LGM ELA is approximately 1100 m for the
MMM and occurs in the northwestern Tibetan Plateau and
the southern margins of the Himalayas. The reduction in
ELAs is only 650-800 m in the central plateau and is
550-800 m for the eastern part with a gradual downward
trend from the southwest to the northeast (Figure 7j). Except
for the central plateau, these simulated changes in ELAs are
compatible with the results from Shi et al. (1997). The si-
mulated LGM ELAs in the Qilian, Tian Shan, and Altai
Mountains within China decline by approximately 600 m,
similar to the values estimated by Shi et al. (1997, 2000) and
Shi (2002a). In addition, based on the synthesis of "Be ex-
posure ages from 1855 individual samples across the Tibetan
Plateau and the surrounding mountains, Heyman (2014)
suggested that the local ELAs decline by 3374197 m during
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the LGM, which is also consistent with the model levels. It
should be pointed out that the failure of some models to
properly simulate the modern existence of accumulation
zones in the Tian Shan and Qilian Mountains may be related
to the limited horizontal resolution and hence smooth terrain
in those models.

We also compare the simulations with the reconstructions

from single site records. At a site located in the eastern Hi-
malayas, the ELAs are indicated to have declined by ap-
proximately 690 m during the LGM in association with a
substantial decrease in temperature (Hu et al., 2017), which
is equivalent to the results from the simulations. The glacier
records from the western Nyaingentanglha Mountains in the
southern Tibetan Plateau suggest that the ELAs descended
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by 244-364 m (Dong et al., 2017), which is qualitatively
consistent with the MMM but has smaller amplitudes. Gla-
cier extent mapping and dating indicate that the local max-
imum glacier advances in the northeastern Tibetan Plateau
occurred during the mid-marine isotope stage 3, ahead of the
global LGM, and the contemporaneous ELAs were lowered
by 786 m (Cui et al., 2018). Such reconstructions generally
agree with simulations. Using the technology of lumines-
cence chronology, Chen et al. (2014) examined the glacial
landforms in the Parlung Zangbo Valleys of the southeastern
Tibetan Plateau and suggested that ELAs in five glaciers
declined by an average of 917 m, similar to most of the
model results.

4.2 Causes for the LGM ELA changes

The summer temperature and annual precipitation jointly
modulate the ELA changes during the LGM. The decrease in
the former suppresses glacier ablation and lowers ELAs, and
the deficit of the latter decreases glacier supply and accu-
mulation and raises ELAs. For the MMM, the summer
temperature and annual precipitation in western China de-
creased by 4-8°C and 25% during the LGM relative to the
reference period, respectively. Based on the previous proxy
data, the reconstructed LGM temperature and precipitation in
western China are shown in Figure 8 (Shen et al., 1996,
2006; Shi et al., 1997; Ye etal., 1999; Yu et al., 2003; Tang et
al., 2004; Herzschuh, 2006; Wan et al., 2008; Herzschuh et
al.,2010; Li and Morrill, 2013; Zhao et al., 2013; Wang et al.,
2014; Zhao et al., 2015; Li and Liu, 2016). All the records
indicate the colder LGM relative to the modern conditions
(Figure 8a); the maximum cooling is located at the marginal
Tibetan Plateau and the Qilian Mountains; the cooling at the
southwestern edges is larger than that at the northeastern
edges; these reconstructed characteristics also stand out in
simulations. Quantitatively, the LGM Tibetan Plateau is re-
constructed to have been colder by 6-9°C (Shen et al., 1996;
Shi et al., 1997), which is approximately 1°C lower than the
value from simulations. The reconstructed precipitation is
complicated and spatially uneven. Most sites display a def-
icit, but many sites in the Hengduan Mountains, the north-
western Tibetan Plateau, and part of Xinjiang indicate excess
precipitation (Figure 8b). The LGM annual precipitation
over the Tibetan Plateau is estimated to amount to only 30—
70% of that at present (Shi et al., 1997), and hence, the
simulated deficit of 25% is relatively smaller.

Relative to the reconstructions from the limited sites, the
simulated LGM reductions in temperature and precipitation
are underestimated by approximately 1°C and 5-45%, re-
spectively. The former leads to a rise of ELAs by approxi-
mately 150 m, while the latter leads to a drop of ELAs by
20230 m. Such changes in ELAs counteract each other;
thus, the simulated ELA reduction is compatible with those
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from the reconstructions. Liu et al. (1999, 2002) argued that
the LGM ELAs declined by 1000-2000 m based on the es-
timated cooling of 9-11°C, hundreds of meters larger than
the values from simulations. One of the reasons for such a
discrepancy is that their studies did not fully consider the
effect of the precipitation deficit on the ELA rise. Under such
remarkable cooling conditions, the deficit in precipitation
should be higher than that of the previous estimates of 30—
70% (Shi et al., 1997), which should offset the decline in
ELAs to a certain degree. In reality, changes in temperature
and precipitation are linked with each other at the regional
scale. The air temperature decrease could induce less pre-
cipitation, and these two factors exert opposite effects on the
ELAs with different sensitivities. According to eq. (5), for
100 m rise (decline) in ELAs, the temperature needs to in-
crease (decrease) by 0.65°C or the precipitation to decrease
(increase) by 23% (30%). Thus, it can be judged that the
simulated reduction in the LGM ELAs by 550-1100 m is
mainly caused by the summer cooling of 4-8°C, while the
raising effect of less precipitation is limited.

4.3 Causes for the slight ELA reduction in the central
Tibetan Plateau

For most models, the reduction in the LGM ELA decreases
from the periphery to the center of the Tibetan Plateau. In the
four high-resolution models, the ELA reduction is limited
within 500 m across most of the plateau (Figure 7a, b, h, and
i). According to the paleo-glacier remains, Shi et al. (1997)
and Shi (2002b) suggested that the areas with LGM ELA
reductions of no more than 500 and 300 m occupy ap-
proximately 60% and 40% of the total Tibetan Plateau, re-
spectively; the ELA reduction is less than 200 m in the
Tanggula Mountains of the central plateau; and such a small
magnitude is relatively rare in the global mountain glaciers,
which is thought to be due to the decreased precipitation.
Given the contribution from the global sea level fall by more
than 100 m (Hanson and Hooke, 2011), the reported ELA
reduction in the central plateau might be even less. Based on
the CMIP5 simulations, this phenomenon results from a
small decrease in temperature but a large deficit in pre-
cipitation. In the central Tibetan Plateau, the simulated
cooling is only approximately half of the average across the
whole plateau, but the percentage reduction in local pre-
cipitation is larger than the average. While the cooling in-
duces a decline in ELAs, the lower precipitation exerts an
opposite effect. Both effects lead to a slight reduction of
ELAs in the central plateau relative to other regions. Note
that the climatological precipitation is small in the arid
central plateau. The aforementioned small magnitude of re-
duction actually accounts for a large proportion of pre-
cipitation. Therefore, the precipitation deficit considerably
modulates the local ELA reduction in the central plateau
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during the LGM. Additionally, the precipitation deficit is
mainly associated with the decreased water vapor transport
due to the weakening of the South Asian summer monsoon
(Jiang and Tian, 2017).

4.4 Comparison to the previous simulations and the
uncertainty of simulations

The LGM ELAs on the Tibetan Plateau are lowered by
300-900 m on the basis of the simulations of CCM3 with a
horizontal resolution of 2.8°x2.8° (Zhao et al., 2003).
However, in our study, the LGM ELAs decline by
550-1100 m and on average by 886 m for the MMM, which
are closer to the values estimated by the elevation of cirque
glaciers and the rate of accumulation zone area (Shi et al.,
1997). Moreover, the CMIPS5 models also show better per-
formance regarding the simulation of modern glacier extents
and ELA distributions, especially the high-resolution mod-
els. The corresponding four models consistently indicate that
the accumulation zones expand during the LGM, but these
zones are limited to within the marginal mountains and do
not reach the central part (Figure 7). In the CCM3 modern
and LGM experiments, however, the glaciers are con-
centrated in the central plateau rather than the high-elevation
marginal mountains, which differs from the fact. This out-
come might be related to the smooth terrain and the smaller
cooling of 2—4°C in the CCM3.

Using a coupled mass-balance and ice-flow model, Xu and
Glasser (2015) simulated the LGM glacier extents in the
Payuwang Valley of the western Nyaingentanglha Mountains
and suggested the local ELAs were approximately 340 m

lower than at present. Meanwhile, in the Tashkurgan River
Valley of the Karakoram Mountains (Xu et al., 2013) and the
Yingpu Valley of the eastern Tibetan Plateau (Xu, 2014), the
glacier-climate model simulations indicated that the LGM
ELAs declined by 610 and 500 m, respectively. Rupper and
Koppes (2010) used the mass and energy balance equation,
along with the meteorological variables from the atmo-
spheric general circulation model, to simulate decreases of
1000, 1000, and 500 m in the LGM glacier ELAs over the
western, northern, and southern Tibetan Plateau, respec-
tively. In Central Asia, the LGM ELAs of the high-latitude
glaciers in the Gobi-Altai and Hangai ranges were respec-
tively 260-590 m and approximately 1000 m lower than the
present day and displayed a level of regional differences
(Batbaatar et al., 2018). Altogether, except for Central Asia,
simulations with various approaches all suggest generally
consistent ELA changes in western China during the LGM,
although there are some differences in the magnitude.

In our study, the approximation of the precipitation at the
ELA by that at the model topographic elevation might have a
certain effect on the ELA results, but the amplitude should be
small. Generally, the precipitation on the Tibetan Plateau
increases with elevation, but it decreases after reaching a
certain height. The relationship between precipitation and
elevation has been shown to be associated with the water
vapor sources. For example, precipitation usually increases
with elevation over the East Asian monsoon areas, while the
opposite holds for the Indian monsoon areas (Lu et al., 2007).
Because there are sparse observation stations in western
China, the relationship between precipitation and elevation
remains unresolved. According to eq. (5), the ELA rises
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(declines) by 100 m when the precipitation decreases (in-
creases) by 23% (30%). The ELAs are overall insensitive to
precipitation variations. In other words, precipitation varia-
tion within a certain range has little influence on the ELAs.
Additionally, the ELA calculated from the empirical re-
lationship between temperature and precipitation refers to
the lowest elevation climatically suited for glacier formation,
and the accumulation zones are the ranges climatically suited
for net glacier accumulation. The actual formation of glaciers
within a certain area is also closely related to the local to-
pography, the grade and direction of slope, and even the wind
field (Figure 1). Though some models simulate continuous
accumulation zones on the Tibetan Plateau, the actual dis-
tribution of glaciers is not necessarily continuous but is most
likely scattered across mountains.

5. Conclusions

The nine CMIP5 models reasonably simulate the tempera-
tures, precipitation, ELAs, and glaciers in western China
during the reference period. Our analysis of the LGM si-
mulations yields the following conclusions.

(1) Relative to the reference period, the LGM summer
temperatures over the Tibetan Plateau decrease by 4-8°C.
The cooling is the smallest in the central part and amplifies
toward the edges, especially for the southern and western
margins. The percentage of annual precipitation deficit tends
to increase from the southern and western margins to the
northeast and averages 25% for the whole Tibetan Plateau.

(2) The summer cooling and annual precipitation deficit
lead to the fall and rise of the ELA during the LGM, re-
spectively, but the former contribution is predominant. The
ELAs within the Tibetan Plateau accumulation zones de-
crease by 550-1100 m and by an average of 866 m. The
maximum reduction is located in the southern and western
marginal mountains, coinciding with the maximum cooling
centers, while the minimum decrease appears in the arid
central plateau where the reduction is partly counteracted by
the ELA rise due to the considerable deficit in precipitation.
Compared to the reference period, The LGM ELAs decrease
by 500-600 m in the Altai and Qilian Mountains within
China and by less than 650 m in the Tian Shan Mountains.
Generally, the simulated ELA reductions and their spatial
patterns are compatible with the records from paleo-glaciers.

(3) The LGM accumulation zones in western China ex-
pand to 2-5 times the modern range. The four high-resolu-
tion models suggest that the accumulation zones expand
from the marginal to the central Tibetan Plateau but still do
not cover the entire plateau.
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