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Abstract

Using High Asia Refined analysis (HAR) data and the Coupled Snowpack and
Ice Surface Energy and Mass balance Model (COSIMA), we simulated the
energy-mass balance of Puruogangri, the largest ice cap on the Tibetan Plateau,
for the period 2012-04-23 to 2014-05-11, and analyzed the ablation mechanisms
of the Puruogangri ice cap. The simulated mass balances for the periods 2012-
04-23—2013-05-23 and 2013-05-23—2014-05-11 were -0.18 m w.e. and -0.36 m
w.e., respectively. Throughout the study period, regions in the western and
north-central parts of the ice cap below 5800 m a.s.l. experienced mass loss,
reaching a maximum of -2.69 m w.e.; conversely, the northern region of the
ice cap, due to its higher elevation, experienced mass accumulation, with a
maximum value of 0.85 m w.e. in the northeastern region. Although the en-
ergy available for ablation during 2013-05-23—2014-05-11 decreased compared to
2012-04-23—2013-05-23, slowing surface ablation, the solid precipitation over the
Puruogangri ice cap during 2013-05-23—2014-05-11 was lower than that during
2012-04-23—2013-05-23, resulting in a more negative surface net mass balance
for the glacier during 2013-05-23—2014-05-11.
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Abstract: This study employs the High Asia Refined analysis (HAR) dataset
and the Coupled Snowpack and Ice Surface Energy and Mass balance Model
(COSIMA) to simulate the surface energy and mass balance of the Puruogangri
ice cap—the largest ice cap on the Tibetan Plateau—during the period from
April 23, 2012 to May 11, 2014, and to analyze its ablation mechanisms. The
simulated mass balance values for the Puruogangri ice cap were -0.18 m w.e. and
-0.36 m w.e. for the two consecutive study periods. Throughout the entire study
period, areas below 5800 m elevation, such as the western and north-central
parts of the ice cap, experienced mass loss with a maximum deficit reaching
-2.69 m w.e., while the northern region, due to its higher elevation, exhibited
mass accumulation with a maximum value of 0.85 m w.e. Although the air
temperature over the Puruogangri ice cap increased rapidly, the energy available
for ablation decreased between May 23, 2013 and May 11, 2014 compared to the
previous period, resulting in reduced surface melt. However, solid precipitation
also decreased during this period, leading to a more negative net surface mass
balance for the ice cap.

Keywords: Puruogangri; High Asia Refined analysis; COSIMA; energy bal-
ance; mass balance

Introduction

Under the backdrop of rapid temperature increases, glaciers worldwide are ex-
hibiting varying degrees of ablation, with mountain glaciers in the interior of
the Tibetan Plateau being particularly vulnerable. The rate of glacier mass loss
in the Himalayas reached 0.59 m w.e. a~! between 2000 and 2016, while the
mass loss rate in the Qilian Mountains was 0.77$£0.35mw.e.a” {-1}$ between
2003 and 2009. In contrast to other glaciers in the Tibetan Plateau region,
the Puruogangri ice cap in the interior of the plateau has remained relatively
stable. Previous scholars have quantified mass balance changes at Puruogan-
gri using geodetic methods. For instance, Neckel et al. estimated the annual
mass balance between 2003 and 2009 to be -0.044$+0.015mw.e.a” {-1}$ by dif-
ferencing SRTM and TanDEM DEMSs, while Liu et al. estimated mass balances
of 0.44$+0.10mw.e.ql-1} ~0-13£0.03mw.c.af 11 g d — 0.5240.10mw.e.a”{-1}$ for
different periods using TanDEM data. However, geodetic methods are limited
by satellite data availability and provide limited temporal resolution.

Energy and mass balance modeling based on meteorological parameters and ra-
diation values not only yields refined mass balance estimates but also reveals the
physical mechanisms of glacier ablation, predicts future glacier states, and en-
ables deeper investigation of glacier-climate relationships. Glacier surface mass
balance comprises accumulation and ablation processes. Ablation is controlled
by the surface energy budget, while accumulation primarily derives from pre-
cipitation. Temperature, as a key parameter directly influencing melt, plays a
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crucial role in mass balance simulations. The degree-day model, based on tem-
perature variations, has been widely used for glacier mass balance simulation.
Huintjes et al. improved the degree-day model by incorporating potential solar
shortwave radiation, but this modified version still only calculates surface mass
balance without considering internal glacier processes.

To address this limitation, Huintjes et al. developed the Coupled Snowpack and
Ice Surface Energy and Mass balance model (COSIMA), which incorporates
surface factors such as air pressure, temperature, and wind speed, as well as
subsurface mass balance processes. This enables more comprehensive simula-
tion of glacier ablation across different elevations, slopes, and aspects. With a
temporal resolution of one hour, COSIMA can finely simulate glacier dynamics
and reveal detailed energy and mass change processes. Huintjes et al. previously
applied this model with HAR data to simulate the ablation rate of Puruogan-
gri between 2001 and 2011, obtaining results consistent with Neckel et al.” s
estimates.

As the largest ice cap in the central Tibetan Plateau, Puruogangri serves as a
recorder of climate and environmental changes and constitutes a major water
source for surrounding lakes. Previous studies have analyzed its mass balance
changes and impacts on lake water levels using aerial photogrammetry and
TanDEM data. However, these investigations lacked analysis of recent ablation
mechanisms. To reveal recent dynamics and analyze climate response patterns,
this study employs HAR data and COSIMA to investigate energy budget and
mass balance changes at Puruogangri between 2012 and 2014, providing high-
temporal-resolution mass balance estimates for analyzing the ice cap’ s response
to climate change and its impact on surrounding lakes.

1.1 Study Area Overview

The Puruogangri ice cap is located in the northeastern part of Shuanghu
Special District, Tibet Autonomous Region, covering 33°44 ~34°04 N and
89°20 ~89°50 E, with an area of 422.58 km? [Figure 5350: see original paper].
The Puruogangri peak area has relatively flat terrain with a maximum elevation
of 6482 m. Multiple ice tongues of varying lengths extend from the ice cap
center outward, with the lowest ice tongue at approximately 5350 m elevation.
The average snow line altitude was 5735 m between 2001 and 2011. Remote
sensing imagery shows that the Puruogangri ice cap surface is relatively
clean with minimal moraine deposits, making it easily distinguishable from
surrounding terrain. Controlled by the Indian monsoon and mid-latitude
westerlies, Puruogangri is classified as a polar continental glacier. Influenced
by spring westerlies and summer Indian monsoon, most precipitation in spring
and summer is solid, making Puruogangri a spring-summer accumulation type
glacier.
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1.2.1 High Asia Refined Analysis Data

The High Asia Refined analysis (HAR) dataset is a meteorological dataset
obtained by Professor Dieter Scherer’ s team at the Technical University
of Berlin using numerical weather prediction and dynamical downscaling
methods. The dataset merges ERA-Interim reanalysis products and meteo-
rological station data, combines classical physical parameterization schemes,
and employs a two-way nesting model to simulate meteorological parameters
across the High Mountain Asia region. Based on resampled MODIS data at
0.1°$x0.1°resolution, thehighestelevationgridpointdatawasextracted foruseinthemodel T hedatahaveaspatia
km and temporal resolution of one hour, with the Asian region data covering
2001-2014 (the latest version extends to 2016). This dataset has been well
validated for glacier surface mass balance studies on the Tibetan Plateau.

1.2.2 Data Preprocessing

The COSIMA model was used to simulate the surface energy and mass balance
of the Puruogangri ice cap. To create model input data, the SRTM DEM (30
m$ x 30mresolution)wasresampledtod50m x450mresolution.Sincethe H ARdata(10kmx10km)andSRT M DE.
dimensionalgradientinterpolationwasper formedtoobtaintwo—dimensionalmeteorologicaldatasets fortheice
m resolution). The gradient factors and correlation coefficients were derived by
linearly fitting altitude information and specific humidity data from all points.

Radiation is a critical parameter directly affecting glacier ablation rates. Based
on Kumar et al.’” s radiation model and Puruogangri’ s geographic location,
elevation, latitude, slope, and aspect, clear-sky incoming shortwave radiation
was calculated (450 m$x$450 m resolution). A conversion factor was obtained
by comparing clear-sky radiation values with HAR incoming shortwave radiation
values at the highest elevation grid point, which was then applied to obtain ice
surface incoming shortwave radiation values.

Initial snow depth affects the division of subsurface layers in the model. Follow-
ing Huintjes et al.” s approach, initial snow depth was set to 0 m in the ablation
zone and linearly interpolated between the equilibrium line and the highest ele-
vation point. The mixing ratio, which affects latent heat flux calculations, was
derived from specific humidity using the relationship W = q/(1-q), where q is
specific humidity and W is mixing ratio. Water vapor pressure, which influences
downward longwave radiation, was calculated from the mixing ratio.

1.3 Research Methods

COSIMA simulates glacier ablation rates through energy balance modeling and
mass accumulation through solid/liquid precipitation separation, thereby deriv-
ing glacier mass balance. The energy balance model is expressed as:

Fmelt = SWnet + LWnet + Qsen + Qlat + and
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where F, ., is melt energy, SW,,, is net shortwave radiation, LW, is net
longwave radiation, @,,,, is sensible heat flux, @;,; is latent heat flux, and @
is subsurface conductive heat flux.

cnd

Solid precipitation is a key parameter affecting glacier mass accumulation.
Moller et al. proposed a hyperbolic tangent function to separate solid and
liquid precipitation. Based on this function and HAR precipitation data, solid
precipitation at Puruogangri was obtained using:

snow, = prep X (0.5 x (—tanh((T —273.15) — 2.5) x 2.5) + 1)

where snow, is solid precipitation (mm), prep is total precipitation (mm), and

T is temperature (K).

Wind speed, humidity, and other parameters influence turbulent exchange at
the glacier surface. Since HAR data only provides wind speed at 10 m height,
the wind speed conversion model proposed by Allen et al. was used to estimate
wind speed at different heights:

In((z — 5.42)/0.0001)
In((10 — 5.42)/0.0001)

U, = Ujg X

where u, is wind speed at height z (m s™!), and u, is wind speed at 10 m height
(m s ).

Sensible and latent heat fluxes are calculated as:

Qsen = Pair X Cair X Csen Xu X (Tair - Tsurf)

Qlat = Pair X L x Clat XU X (qair - qsurf)

where p,;, is air density, c,;,. is specific heat capacity at constant pressure
(1004.67 J kg~ ! K1), C,,,, and C,,, are bulk exchange coefficients for sensible
and latent heat (assumed equal), u is wind speed, T,;, and Ty,,.; are air and sur-
face temperatures, L is latent heat of evaporation (2.514$x107{6}$ J kg™!) or
sublimation (2.849$x107{6}$ J kg™'), and g, and ¢,,,; are specific humidity

of air and surface.
The bulk exchange coeflicient is calculated using Braithwaite’ s formula:

kL
[In(z/2)]?

where k is the von Kdrman constant (0.4), z is measurement height, and z, is
roughness length.

Csen = C’lat =
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Subsurface conductive heat flux consists of transmitted shortwave radiation and
subsurface heat conduction. Heat conduction is calculated based on temperature
differences between surface and subsurface layers and a heat transfer coefficient
determined using Anderson’ s method:

P 2
A=0.021+25 (M)
29 F000

where A is heat transfer coefficient and p,,,,, is snow density.

Transmitted shortwave radiation is estimated using Bintanja’ s model:

Si = (1 - C) X SWabs X e—keme

where §; is remaining shortwave radiation at depth Z, SW,,, is net shortwave
radiation absorbed at the surface,  is the proportion absorbed in the top layer
(0.8 for ice, 0.9 for snow), and k,,, is extinction coefficient (2.5 m~! for ice, 17.1
m~ ! for snow).

Albedo determines the amount of solar shortwave radiation absorbed by the
glacier surface. Following Oerlemans and Knap’ s method:

;= afirn + (afrsnow - afirn) X eXp(_S/t> + (aice - afirn) X eXp(_d/Hchar)

where «; is surface albedo on day i, a;,,, is firn albedo (0.55), a'f,.s,0,, 18 fresh
snow albedo (0.85), «;,. is ice albedo (0.35), s is days since last snowfall, ¢ is
timescale for fresh snow to become firn (30 days), d is snow depth, and H_,,.
is characteristic snow depth scale (0.1 m).

Following Huintjes et al.” s approach, the subsurface was divided into layers at
0.1 m intervals to analyze density, temperature, and other parameters. Initial
albedo and roughness values for new snow, firn, and ice layers were determined
using parameterization schemes, with initial subsurface temperatures adopted
from Huintjes et al.” s previous work. All parameters and layering methods have
been validated and proven effective for Puruogangri.

2 Results and Analysis
2.1 Surface Energy Balance

The main energy fluxes at the Puruogangri ice cap surface between 2012 and
2014 are shown in [Figure 3: see original paper]. Net shortwave radiation was
67.09 W-m~2, net longwave radiation was -53.82 W - m~2, sensible heat flux was
36.54 W-m™2, latent heat flux was -10.31 W -m~2, and subsurface heat flux was
-10.04 W - m2. Compared with Huintjes et al.’ s simulation results for 2001-
2011 (net shortwave radiation: 63.81 W + m~2; net longwave radiation: -50.04
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W - m~2; sensible heat flux: 35.59 W - m~2; latent heat flux: -32.26 W - m~2),
the energy flux trends are consistent. During the study period, net shortwave
radiation showed regular patterns, reaching minima in winter and maxima in
summer. This seasonal variation may result from Earth’ s rotation and revolu-
tion causing differences in solar illumination, as well as from variations in solid
precipitation events between winter and summer that affect surface albedo. Net
longwave radiation also exhibited regular patterns, reaching minima in summer,
likely due to increased cloud cover and specific humidity enhancing downward
longwave radiation. Latent heat flux is generally negative under dry conditions
but becomes positive during summer when lower wind speeds reduce turbulent
exchange, causing condensation or deposition on the glacier surface. Sensible
heat flux is typically positive as energy transfers from the warmer air to the
colder glacier surface, with magnitudes similar to latent heat flux.

Energy contributions were calculated as percentages of the absolute sum of
all fluxes. Net shortwave radiation contributed 32.8%, net longwave radiation
26.1%, sensible heat flux 18.1%, and latent heat flux 16.5%. The primary en-
ergy income sources were net shortwave radiation and sensible heat flux, while
the main energy expenditure terms were net longwave radiation and latent heat
flux. Between the two study periods, net shortwave radiation increased by 3.78
W - m~2, net longwave radiation increased by 0.95 W - m~2, sensible heat flux
increased by 0.27 W - m~2, latent heat flux increased by 0.18 W - m~2, and sub-
surface heat flux increased by 0.05 W - m~2. Overall, the energy available for
ablation decreased between May 23, 2013 and May 11, 2014 compared to the
previous period, despite temperature increases. The increase in net longwave
radiation may be attributed to reduced cloud cover (decreasing downward long-
wave radiation), while the increase in net shortwave radiation likely resulted
from decreased solid precipitation (reducing surface albedo). The small changes
in sensible heat, latent heat, and subsurface heat fluxes reflect minor variations
in temperature, pressure, specific humidity, and wind speed.

2.2 Mass Balance Changes

[Figure 4: see original paper] and show the mass balance components and driv-
ing factors for Puruogangri. Compared with Huintjes et al.” s 2001-2011 re-
sults, surface ablation decreased, subsurface ablation increased, mass sublima-
tion increased, meltwater refreezing slightly decreased, and solid precipitation
decreased. The reduction in surface ablation resulted from decreased melt en-
ergy, while increased subsurface ablation was caused by enhanced transmitted
shortwave radiation. Increased sublimation resulted from higher latent heat
flux, and decreased meltwater refreezing reflected reduced surface meltwater
due to slightly lower temperatures. The decrease in solid precipitation may be
attributed to reduced wind speed, which decreased moisture transport to the
Tibetan Plateau, and slightly lower temperatures that reduced evaporation from
interior lakes, thereby decreasing atmospheric water vapor content.

The spatial distribution of mass balance shows that most western areas of the
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ice cap experienced mass loss, with maximum losses reaching -2.69 m w.e., while
eastern areas generally showed mass accumulation, with maximum gains of 0.85
m w.e. Specifically, Glacier No. 5, with a relatively low-elevation tongue, showed
severe mass loss, while the upper parts of Glacier No. 17 exhibited mass accumu-
lation. The overall spatial pattern of mass change aligns with previous energy-
mass balance modeling results. The cumulative mass balances for Glaciers No. 5,
No. 10, and No. 17 were -0.87 m w.e., -0.02 m w.e., and -0.36 m w.e., respec-
tively, indicating that Glacier No. 10 had the lowest mass loss, while Glacier
No. 5 had the highest.

2.3 Uncertainty Analysis

The COSIMA model contains parameters that cannot be evaluated due to the
lack of in-situ observations at Puruogangri. Initial parameter values were de-
rived from empirical values or measured data from Zhadang Glacier. Huintjes
et al. used the same parameters to simulate Puruogangri’ s mass balance with
good results. Sensitivity assessments on Zhadang Glacier showed that errors
from neglecting snow thickness during the ablation season had the largest im-
pact. Additionally, deactivating certain physical processes (shortwave radiation
transmission, stability correction for turbulent fluxes, snow compaction, subsur-
face melting, and roughness length changes) revealed that stability correction for
turbulent fluxes, snow compaction, and subsurface melting had minimal impact
on mass balance results.

Comparing HAR precipitation data with measured precipitation at Zhadang
Glacier revealed that HAR overestimates precipitation, with a correction factor
of 0.62. Applying precipitation correction factors of 0.62 and 1.0 to the entire
Puruogangri ice cap yielded mass balance results of -2298 kg+m~2 and 4162 kg -
m~2, respectively. Compared with Neckel et al.’ s geodetic result of -44$+15kg -
m”{-2}$, the uncertainty introduced by precipitation data is relatively low.

3 Conclusions

1) COSIMA simulated mass balance values of -0.18 m w.e. and -0.36 m w.e.
for Puruogangri ice cap between April 23, 2012-May 23, 2013 and May
23, 2013-May 11, 2014, respectively. These results are consistent with
previously published geodetic results (-0.13$+0.03mw.e.and — 0.34+$0.06
m w.e.), and the spatial patterns of ablation and accumulation also agree
well, indicating high reliability.

2) The primary energy income terms are net shortwave radiation (32.8%) and
sensible heat flux (18.1%), while the main energy expenditure terms are
net longwave radiation (26.1%) and latent heat flux (16.5%). Compared
with 2001-2011, the change in net shortwave radiation exceeded that of
sensible heat flux, and the change in net longwave radiation exceeded that
of latent heat flux, ultimately reducing the energy available for glacier
ablation.
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3) Glacier mass accumulation primarily originates from solid precipitation,
followed by meltwater refreezing and vapor deposition, while mass loss
is mainly caused by surface and subsurface ablation, with sublimation
playing a secondary role. Compared with 2001-2011, subsurface ablation
increased while surface ablation decreased, resulting in reduced overall
ablation. However, due to decreased solid precipitation, the net mass loss
increased.
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