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ABSTRACT: Glacier changes on the Tibetan Plateau (TP) have been spatially heterogeneous in recent decades. The

understanding of glacier mass changes in western Tibet, a transitional area between the monsoon-dominated region and the

westerlies-dominated region, is still incomplete. For this study, we used an energy–mass balance model to reconstruct

annual mass balances from October 1967 to September 2019 to explore the effects of local climate and large-scale atmo-

spheric circulation on glacier mass changes in western Tibet. The results showed that Xiao Anglong Glacier is close to a

balanced condition, with an average value of 253 6 185mm water equivalent (w.e.) yr21 for 1968–2019. The interannual

mass balance variability during 1968–2019 was primary driven by ablation-season precipitation, which determined changes

in the snow accumulation and strongly influenced melt processes. The interannual mass balance variability during 1968–

2019 was less affected by ablation-season air temperature, which only weakly affected snowfall and melt energy. Further

analysis suggests that the southward (or northward) shift of the westerlies caused low (or high) ablation-season precipi-

tation, and therefore low (or high) annual mass balance for glaciers in western Tibet. In addition, the average mass balance

for Xiao Anglong Glacier was 83 6 185, 2210 6 185, and 210 6 185mm w.e. yr21 for 1968–90, 1991–2012, and 2013–19,

respectively. These mass changes were associated with the variations in precipitation and air temperature during the ab-

lation season on interdecadal time scales.

KEYWORDS: Glaciers; Atmospheric circulation; Precipitation; Climate variability; Energy budget/balance; Ice loss/

growth

1. Introduction

Glacier changes on the Tibetan Plateau (TP) over recent

decades have been spatially heterogeneous: over most of the

TP, glaciers have experienced accelerated shrinkage and mass

loss (Maurer et al. 2019; Vincent et al. 2013; Yao et al. 2012;

Zhao et al. 2016), while glaciers in the eastern Pamir, Karakoram,

western Kunlun, and northern Qiangtang regions have exhibited

long-term stability, or have even made slight mass gains (Bolch

et al. 2017; Zhang et al. 2020; Zhu et al. 2018b). These changes to

glaciermass balance are related to an increasing number of recent

disasters on the TP (Gao et al. 2019; Yao et al. 2019), such as

glacial lake outburst floods on the southeastern TP and in the

Himalayas (Nie et al. 2018) and glacier collapse on thewesternTP

(Tian et al. 2017). It is likely that the changes will also threaten the

security of Asian water towers in the future (Immerzeel et al.

2020). Recognition of these risks in recent years has raised the

importance of quantifying changes to glacier mass balance in

different regions on the TP. However, changes to glacier mass

balance in western Tibet, a transitional area between the accel-

erating glacier mass loss in the western Himalayas and the long-

term stability seen on the northern Qiangtang Plateau, and in the

Karakoram–western Kunlun Mountains (Fig. S1 in the online

supplemental material), remain unclear.

In addition, it is important to explore the mechanisms that

control glacier mass changes across the TP, particularly the

relationships between glaciers and climate drivers, so that fu-

ture changes to Tibetan glaciers can be predicted. The drivers

for temporal changes to glacier mass balance are different for

different regions on the TP. Studies have shown that the re-

cently increasing rates of decadal-scale glacier mass loss on the

southeastern, central, and northeastern TP (Wang et al. 2010;

Yao et al. 2012; Yang et al. 2016; Zhang et al. 2012) are mainly

attributable to regional warming. In the western Himalayas,

similar changes have been driven by increases in ablation-

season (June–September) air temperature and by decreases in

annual precipitation or winter precipitation (Azam et al. 2014;

Zhao et al. 2016; Zhu et al. 2021). The recent decreases in the

rate of mass loss for glaciers in eastern Pamir, on the northern

Qiangtang Plateau, and in the western KunlunMountains, may

be caused by increased annual or ablation-season precipitation

(Fig. S1; Kääb et al. 2018; Zhang et al. 2020; Zhu et al. 2018b,

2020). It is necessary to study the drivers for temporal changes

to glacier mass balance in western Tibet to improve our

knowledge of the mechanisms determining the disparity in

glacier behavior across the TP.
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The climate of the TP is primarily determined by the Indian

summer monsoon (ISM), East Asian monsoon, and midlati-

tude westerlies (Tian et al. 2001; Yao et al. 2013). Atmospheric

circulation has been found to influence glacier mass changes on

the TP (Farinotti et al. 2020; Mölg et al. 2014; Yao et al. 2012).

Earlier work has qualitatively explained the influence of at-

mospheric circulation on glacier mass change (Yao et al. 2012;

Wagnon et al. 2013). Recent studies have tried to quantify the

relationship between atmospheric circulation and glacier mass

balance on the TP (Mölg et al. 2014; Yang et al. 2016; Zhu et al.

2018b). These studies have focused on glaciers in the westerlies-

dominated region or monsoon-dominated region. For example,

Mölg et al. (2014) found that midlatitude westerlies in May

and June drive interannual changes in glacier mass balance on

the monsoon-dominated central TP. The TP can be divided

into three climate regions using precipitation rate and seasonal

variations in d18O for precipitation: the monsoon-dominated

region (south of 318–328N), the westerlies-dominated region

(north of 348–358N), and the transitional area between these

(Thompson et al. 2018; Tian et al. 2001; Yao et al. 2013).

Atmospheric circulation that controls interannual changes

in glacier mass balance in the transition region on the TP is

still not well understood.

Long-term measurements of glacier mass balance and me-

teorology on the TP may help to quantify the effects of at-

mospheric circulation on glacier mass changes (Mölg et al.

2014; Yang et al. 2016; Zhang et al. 2021; Zhu et al. 2018b,

2021). However, ongoing measurements of mass balance on

the TP are only made for Xiao Dongkemadi Glacier. To ad-

dress this, in situ high-altitude meteorological and glaciological

observations and an energy–mass balance (EMB) model have

been successfully used to reconstruct worldwide glacier mass

balance over the last several decades (Möller et al. 2016;

Rupper and Roe 2008; Van Pelt et al. 2019; Yang et al. 2016;

Zhu et al. 2018b), and this can be used to quantify the influence

of climate drivers on glacier mass changes, from an energy

balance perspective (Mölg et al. 2014; Zhu et al. 2018a).

Xiao Anglong Glacier, in western Tibet, is within the area of

transition between the westerlies- and monsoon-dominated

climate regimes, and is influenced by midlatitude westerlies in

the winter and spring, and jointly influenced by midlatitude

westerlies and the ISM in summer (Fig. 1a) (Tian et al. 2001;

Yao et al. 2013; Thompson et al. 2018). A meteorological and

glaciological monitoring campaign has been established.

Shiquanhe meteorological station [328300N, 80850E, 4278.6m
above mean sea level (MSL)], approximately 83 km from

Xiao Anglong Glacier (3285103600N, 808540000E; Randolph

Glacier Inventory ID: RGI60–14.25559; Fig. 1a), provides a

long time series of meteorological data. Xiao Anglong

Glacier is a typical glacier for this region, and so these mea-

surements can be used to understand the influence of inter-

actions between the monsoon and midlatitude westerlies on

temporal mass balance patterns. The objectives of this study

are 1) to reconstruct a time series of mass balance for Xiao

Anglong Glacier during 1968–2019 (from 1 October 1967 to

30 September 2019) and 2) to discuss the possible influence of

macroscale atmospheric circulation on changes to mass bal-

ance for glaciers in western Tibet.

2. Study area, data, and method

a. Study area and meteorological conditions

Xiao Anglong Glacier is a typical valley-type and conti-

nental glacier (Shi and Liu 2000), located in western Tibet

(Fig. 1a). It had an altitude range of 5769–6467m MSL

(Fig. 1b). The glacier area decreased from 1.58km2 inNovember

2001 to 1.5 km2 in November 2015 (Chen et al. 2021). Two au-

tomatic weather stations (AWSs) were installed near Xiao

Anglong Glacier (Fig. 1b). AWS1 was established at 5141m

MSL (32854038.1400N, 80850013.5800E) in August 2014, approxi-

mately 7.5 km northeast of Xiao Anglong Glacier. AWS2 was

established at 5638m MSL (3285204.8000N, 8085500.8000E) in

August 2015, and is approximately 1.4 km northwest of Xiao

Anglong Glacier. Both AWSs record meteorological variables

every half hour, including air temperature (Ta), relative hu-

midity (RH), wind speed (WS) and wind direction (WD),

downward and upward shortwave radiation (Sin/Sout, respec-

tively), incoming and outgoing longwave radiation (Lin/Lout,

respectively), and precipitation. Precipitationwas obtained from

all-weather precipitation gauges (T-200B), whichwere equipped

with hanging weighing transducers. Details of the instruments

used to measure meteorological observations are listed in

Table S1 in the online supplemental material. There were some

gaps for each day in the data recorded for Ta and RH at AWS2,

and we therefore mainly used meteorological data from AWS1

in this work.

An overview of the meteorological conditions recorded at

AWS1 from 1 October 2014 to 30 September 2019 is provided

(Fig. 2). The daily mean Ta fluctuated between 223.58 and

11.68C, and the mean annual Ta was 24.48C (Fig. 2a). The

mean monthly Ta varied from minimum of215.98C in January

to maximum of 6.68C in July and August (Fig. 2b). The daily

mean RH ranged from 5.7% to 99% (Fig. 2c). The highest

mean monthly RH was in July and August, and the lowest RH

was observed in November (Fig. 2d). The daily mean WS

presented significant interdaily fluctuations and reached a

maximum of 12.6m s21 in the winter (Fig. 2e). The lowest

mean monthly WS was 3.6m s21, which occurred in June

(Fig. 2f). There were 367 precipitation events from 1 October

2014 to 30 September 2019. The daily precipitation amount was

mostly less than 5mm, and it exceeded 10mm on 23 days

during this period (Fig. 2g). There was a strong peak inmonthly

precipitation for July–August (Fig. 2h). The mean annual

precipitation was 224mm, and 86.3% of the total annual

precipitation occurred in the ablation season, indicating that

Xiao Anglong Glacier is a summer-accumulation type gla-

cier (Sakai et al. 2015). There were significant interdaily

fluctuations in the daily mean Sin due to the influence of

clouds (Fig. 2i). The mean monthly Sin was greatest in June

and smallest in December (Fig. 2j). The mean Sin was 284

and 224Wm22 in the ablation season and cold season

(October–May), respectively.

b. Mass balance measurements

Measurements of the mass balance have been made using

the glaciological method (Cuffey and Paterson 2010) on Xiao

Anglong Glacier since 2014 (Fig. 1c). The stakes are located
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between 5750 and 6060m MSL. The glacier is inaccessible

above 6100mMSL and these higher altitudes are not surveyed.

When there was snow cover near the stake, a snow pit was dug

to measure snow layer density and stratigraphy. The heights of

the individual stakes and snow layer density and stratigraphy

taken from snow pits are manually recorded. The point mass

balance value at the middle altitude at each individual interval

(which is calculated by the interpolation and extrapolation of

the point mass balance at stakes) is multiplied by the area of

each individual interval (40-m elevation bands), the values

from each different zone were added together, and the total for

that value was divided by the total glacier surface area to ob-

tain the glacier-wide mass balance (Zhu et al. 2021). The

uncertainty for the glaciological glacier-wide mass balance

stems mainly from uncertainties in the point measurements of

ablation and accumulation (such as the stake readings, the

representativeness of the point measurements, and the ob-

served snow depth and density), and the calculation method

used to obtain the glacier-wide mass balance (Cogley 2005;

Kenzhebaev et al. 2017; Thibert et al. 2008). The uncertainties

in point measurements of ablation [6100mm water equivalent

(w.e.) yr21] were defined as the standard deviation of these

differences between the stakes at the same altitude in different

altitudes of the ablation zone on Xiao Anglong Glacier.

Considering the uncertainties in density and snow depth mea-

surement, the uncertainty in pointmeasurements of accumulation

FIG. 1. (a) Locations of Xiao Anglong Glacier (red star), four other glaciers near Xiao Anglong Glacier (green

triangles), Shiquanhe meteorological station (white square), and Ngari Station for Desert Environment

Observation and Research (red circle). Based on Tian et al. (2001), Yao et al. (2013), and Thompson et al. (2018),

the black dashed lines separate the TP as three major climate regimes: a monsoon-dominated region, a westerlies-

dominated region, and their transitional region. The rectangle in the inset box shows the location of Xiao Anglong

Glacier (red star) from a global perspective. (b) The locations of two AWSs (red circle) and all the glaciers in the

Anglong region. Glacier outlines in the Anglong region were obtained from the Randolph Glacier Inventory

version 6. Glaciers aremarked by cyan color andXiaoAnglongGlacier is marked bywhite color. (c)A contourmap

with the distribution ofmeasuring stakes inOctober 2018 onXiaoAnglongGlacier (white dots). The black and gray

lines in map (c) indicate the boundary and the contour line of Xiao Anglong Glacier, respectively. Satellite images

in maps (b) and (c) are taken from Landsat 8 Operational Land Imager (OLI) on 3 Sep 2016.
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was 6130mm w.e. yr21, which was adopted from Thibert et al.

(2008). The uncertainties in extrapolation for the ablation area

(6120mm w.e. yr21) and accumulation area (6180mm w.e.

yr21) were obtained from Kenzhebaev et al. (2017). Thus, the

total uncertainty for measured annual glacier-widemass balance

was 6270mm w.e. yr21 after adding all the parametric uncer-

tainties using the error propagation law.

Each year, around 12–15 monitoring stakes were drilled into

the ice, distributed across the entire glacier surface (Fig. 1b).

Some stakes were lost due to snow cover, or were damaged by

animals, and some measurements failed due to extremely bad

weather. Stakes over the glacier surface were always measured

at the end of each ablation season (June–September) during

the 2015–19 period, except 2017/18. For 2017/18, we only

calculated the glacier-wide mass balance fromOctober 2017 to

June 2018. In addition, only four stakes were available for 2016/

17, and so it was difficult to calculate glacier-wide mass balance

for that balance year. The balance year is from 1 October to

30 September of the next year. The 2016/17 stake measure-

ments were used to calibrate the energy-mass balance model,

and the glacier-wide mass balance for that year can be replaced

with a value from precise differential GPS (DGPS) measure-

ments. The glacier-widemass balance was 62,2462,2135, and

267mm w.e. for 2014/15, 2015/16, 2017/18 (October 2017 to

June 2018), and 2018/19, respectively. Glacier surface change

was measured by Starfire E3050 (or E3040) DGPS over the

period 2015–18 (Fig. S2). According to the DGPS measure-

ments, the average thickness change was 0.031, 20.632, and

FIG. 2. Daily values of (a) air temperature, (c) relative humidity, (e) wind speed, (g) precipitation, and

(i) incoming shortwave radiation at AWS1 site. The dashed green line in Fig. 2i indicates the calculated daily mean

solar radiation at the top of the atmosphere. The mean monthly values of (b) 2-m air temperature, (d) relative

humidity, (f) wind speed, (h) precipitation, and (j) incoming shortwave radiation at theAWS1 site. The green line in

(j) indicates the calculated mean monthly solar radiation at the top of the atmosphere.
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0.057m in 2014/15, 2015/16, and 2016/17, respectively. Tomake

comparisons straightforward, we converted the measurements

of the glacier-thinning rate to water equivalent units, using an

ice density of 900 kgm23, which gave glacier-wide mass bal-

ances of 28, 2569, and 51mm w.e. for 2014/15, 2015/16, and

2016/17, respectively. The two methods used to calculate the

annual glacier-wide mass balances gave similar results.

c. Other data

To consider changes over a longer time series (52 years), we

used monthly air temperature and total precipitation from the

Climatic Research Unit dataset (CRU TS v. 4.04; 0.58 3 0.58;
1901–2019) (Harris et al. 2020), and the monthly geopotential

height and wind fields from the Japanese 55-Year Reanalysis

dataset (JRA-55; 1.258 3 1.258; 1958–2019) (Kobayashi et al.

2015) to assess the influence of macroscale atmospheric cir-

culation on glacier mass changes.

d. The energy and mass balance model

The EMB model used in this study is described in detail in

Fujita andAgeta (2000) andYang et al. (2013). Here wemainly

present the most important features of the EMB model. The

model solves the following equation:

M5

ð�
Q

M

L
m

1
H

lat

L
y

1C
en
1P

snow

�
dt , (1)

where point mass balance M is composed of the melt,

sublimation/evaporation, refreezing Cen, and solid precipi-

tation Psnow; Psnow is calculated by daily precipitation and two

critical air temperature Ta thresholds for rain Train and snow

Tsnow (Yang et al. 2013). Also,Lm is the latent heat of ice melt

and Ly is the latent heat of evaporation/sublimation. Melt

energy QM is calculated using the surface energy balance

equation:

Q
M
5S

in
(12a)1L

in
1L

out
1H

sen
1H

lat
1Q

G
, (2)

where albedo a is parameterized according to the method

suggested by Oerlemans and Knap (1998) and Mölg et al.

(2008). The termLin was calculated using the parameterization

of the clear-sky atmospheric emissivity of Brunt (1932) com-

bined with cloud correction of Crawford and Duchon (1999)

and its parameters were calibrated using the measured Lin at

AWS1 (Fig. S3). The term Lout was computed by the Stefan-

Boltzmann law from surface temperature (TS), which can be

obtained using the same iterative calculations of Fujita and

Ageta (2000). Sensible heat flux (Hsen) and latent heat flux

(Hlat) are modeled using the bulk method (Fujita and Ageta

2000). Subsurface heat flux (QG) and Cen are calculated using

the method from Fujita and Ageta (2000); QM is defined as

positive when it is larger than 0, and the other fluxes are defined

as positive when they are directed toward the surface.

The model inputs included the reconstructed long-term

daily mean for Ta, RH, Sin, WS, and total daily precipitation,

as well as the gradients for these, and the glacier area in each

elevation band. To obtain meteorological forcing data from

1 October 1962 to 30 September 2019 at AWS1 site, the data

from Shiquanhe meteorological station (http://data.cma.cn/)

were used. Time series of daily mean Ta, WS, RH, and Sin were

constructed using a linear regression relationship that was es-

tablished between the Shiquanhe meteorological station data

and the available AWS1 data for each month. Daily Sin at

Shiquanhe meteorological station was estimated from the

recorded sunshine duration, RH, Ta, air pressure, and geo-

graphical information (latitude, longitude, and altitude),

using the model proposed by Yang et al. (2010). The re-

constructed data and the observed meteorological variables

are compared in Fig. S4. Daily precipitation from 1 October

1967 to 30 September 2019 at AWS1 site was reconstructed

by applying a scaling factor of 1.9 to the total daily precip-

itation amount recorded at Shiquanhe meteorological sta-

tion, following the method in Mölg et al. (2012). The

cumulative precipitation amount, monthly precipitation,

and annual precipitation were used to justify the reliability

of the reconstructed precipitation time series (Fig. S5).

Above all, the reconstructed and measured meteorological

data at AWS1 near the glacier show good correlations on

different time scales. Also, Chen et al. (2016) used high-

resolution, long-term satellite observations to evaluate the

spatial scales of the climate variations across the TP. They

found that the annual surface temperature had typical spa-

tial scales of 302–480 km, while the annual precipitation

showed smaller scales of 111–182 km. Thus, the reconstructed

meteorological data at Shiquanhe meteorological station are

reliable to drive the EMB model in this work. The daily mean

WS was assumed to be independent of altitude. Data from

AWS1, and from Shiquanhe meteorological station, were used

to determine the gradient of Ta and RH in the ablation season

and in the cold season. The gradient for Sin was calculated from

data at AWS1 and at AWS2.

Temporal changes in the glacier area are taken into account

in the model by using different boundaries for Xiao Anglong

Glacier for different years, as retrieved from Landsat satellite

images. These boundaries referenced in the data in Ye et al.

(2017). Cloud-free images from Landsat Multispectral Scanner

(MSS) in 1977, Landsat Thematic Mapper (TM) in 1992,

Landsat 7Enhanced Thematic Mapper (ETM) in 1999,Landsat

7 ETM in 2011, and Landsat 8Operational Land Imager (OLI)

in 2018 were selected to represent the glacier boundary between

1962 and 1985, between 1986 and 1996, between 1997 and 2005,

between 2006 and 2015, and between 2016 and 2019, respec-

tively. The glacier area distribution at each elevation band is

derived from the Landsat-derived glacier boundaries and the

90-m Shuttle Radar Topography Mission (SRTM) digital eleva-

tion model (DEM) (https://glovis.usgs.gov/).

These data were used to drive the EMBmodel for each 40-m

interval (which is similar to the elevation band in calculating

glacier-widemass balance from observed point mass balance at

stakes) over the altitudinal range of the glacier. In our work,

most physical parameters used in the EMB model were taken

from measurements or published data. Only the parameter

values required by albedo model, and the precipitation gradi-

ent Prate, were adjusted to achieve the best agreement between

the modeled values and the in situ measurements of the annual

mass balances (the glacier-wide mass balances and the point
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mass balances). Point mass balances at stakes and glacier-wide

mass balances were all calculated using parameter values for

the albedo model taken from Yang et al. (2013), and a pre-

cipitation gradient of 12% 100m21, which was calculated from

the annual precipitation measurements made at AWS1 and at

Shiquanhe meteorological station from 2014 to 2019. These

modeled mass balances were larger than the measured values.

Next, the mass balances were recalculated by incrementally

decreasing Prate by 0.01 to reduce the differences between

in situ measured and modeled annual glacier-wide mass bal-

ances and point mass balances at different altitudes. We then

adjusted a parameter for ice albedo (ice_a) slightly tominimize

the differences between the measured and modeled annual

glacier-wide mass balances and point mass balances at differ-

ent altitudes. All the parameters used in this work are listed in

Table S2.

e. Model calibration, validation, and uncertainty analysis

The point mass balances that were measured for Xiao

Anglong Glacier increased gradually with increasing altitude,

and varied from 2760 to 205mm w.e. during the period 2015–

19 (Fig. 3). The vertical gradients for the annual mass balance

were 1.5, 1.25, and 1.85 mmw.e. m21 in 2014/15, 2015/16, and

2018/19, respectively. Figure 3 compares the modeled and

measured annual mass balances for 2015–19, as a function of

elevation. The simulated results largely agree with the

in situ observations of mass balance, except for a discernible

underestimation below 5900m MSL during 2015/16. We

found that the reconstructed precipitation amount and fre-

quency were anomalously low inMay and June 2016 (Fig. S5b),

which reduced the simulated albedo, and enhanced the mod-

eled glacier melt and mass loss in summer 2016. The root-

mean-square error (RMSE) and correlation coefficient (r)

between the measured and simulated values at all the stakes

were 214mm w.e. and 0.88 respectively for 2015–19. Figure 3f

shows good agreement between the modeled and measured

annual glacier-wide mass balances, with a correlation coefficient

of 0.91 and a RMSE of 131mm w.e. yr21. Using the available

submeter commercial stereo imagery, Shean et al. (2020) es-

timated an average mass balance of 156 198mm w.e. yr21 for

Xiao Anglong Glacier between 2000 and 2018. Our modeled

value (21626 185mmw.e.) for the same period lies within the

uncertainties of the value presented in Shean et al. (2020). This

agreement demonstrates that the calibrated EMB model is a

suitable tool for evaluating changes in mass balance and their

relationship with climate drivers.

The uncertainties for parameters in the albedo model, and for

the precipitation gradient, are unknown, and therefore these pa-

rameters were changed by 610% from their original/calibrated

values to estimate the parametric uncertainty in the glacier

mass balance model (Anslow et al. 2008; Ragettli et al. 2013;

Zhu et al. 2021). The highest bulk coefficient (Cd) for the sen-

sible and latent heat was 0.0038 and the lowest phase threshold

for rain (Train) was20.58C (Yang et al. 2013). Considering the

differences between the values for these parameters in this

work and in Yang et al. (2013), the uncertainties for Cd and

FIG. 3. (a)–(e) Comparison of modeled (blue line) and measured (red circle) point mass balances at different altitudes in different years,

and (f) modeled and measured glacier-wide mass balance with their uncertainties in different years on Xiao Anglong Glacier.
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Tain were set to 0.0018 and 0.58C, respectively (Table S3). We

also set the uncertainty of the phase threshold for snow (Tsnow)

to 0.58C. We found that the parameters to which the model

was most sensitive were the fresh snow albedo (asnow) and the

firn albedo (afirn) in the albedo model (Table S3). The sensi-

tivity of the mass balance to other parameters was smaller than

70mm w.e. yr21. The total uncertainty in the modeled annual

glacier-wide mass balance was estimated by adding all the

parametric uncertainties, using error propagation law, as sug-

gested by Azam and Srivastava (2020) and Zhu et al. (2021), to

give a total uncertainty of 185mm w.e. yr21 for the modeled

glacier-wide mass balance.

3. Results

a. The glacier-wide energy balance components

Net shortwave radiation (Snet) was the largest source of in-

coming energy, and net longwave radiation (Lnet) was the

largest energy sink throughout the year (Table 1). Interannual

changes in Snet were controlled by albedo, with a correlation

coefficient of 20.98 (p , 0.01) for the ablation season, and

of20.99 (p, 0.01) for the cold season. In the ablation season,

interannual changes in Lnet were controlled by Lin (r 5 0.72,

p , 0.01 after detrending); for the cold season, interannual

changes inLnet were controlled byLout (r5 0.75, p, 0.01 after

detrending). It was found that Hlat was an important energy

sink through evaporation or sublimation processes, which re-

duced the incoming energy that was available for glacier melt.

For the ablation season, the absolute values for Hsen and QG

were small (Table 1). The melt mainly occurred in the ablation

season (Table 1). The interannual variability of QM in the

ablation season was controlled by variations in ablation-season

albedo or Sout. This is because the standard deviations of Sout
(or Snet) and Sin were significantly larger than those of the other

energy balance components for the ablation season (Table 1),

and because the correlations between Sout andQM (r520.64,

p , 0.01 after detrending) and between albedo and QM

(r 5 20.68, p , 0.01 after detrending) were significant, while

the correlations between Sin and QM (r 5 0.31, p , 0.05 after

detrending) were weak for the ablation season. Above all, the

energy balance during both the ablation and cold seasons was

largely controlled by Snet, Lnet, and Hlat, and interannual

changes in QM in the ablation season were mainly driven by

variations in albedo.

b. Seasonal glacier-wide mass balance components and
mass balance sensitivity

Themean annual mass balance during 1968–2019 was2536
185mm w.e. yr21, which shows that the glacier was close to a

balanced condition. The total glacier area in the Anglong re-

gion reduced from 125 km2 in 1976 to 110 km2 in 2014, and the

mean retreat rate was 0.39 km2 yr21, or 0.31% yr21 (Ye et al.

2017). In addition, our modeled values show that mean mass

balance during 1968–99 was 150 6 185mm w.e. yr21 higher

than that during 2000–19 for Xiao Anglong Glacier. The fluc-

tuations in glacier mass balance through the years are mainly

due to temperature and precipitation (Oerlemans 2005). The

similar climate changes can cause the similar changes in mass

balance for glacier in the same region. Thus, the mean glacier

mass balance in the Anglong region during 1968–99 can be

higher than2806 120mm w.e. yr21 (Shean et al. 2020), which

is the mean mass balance of the 113 glaciers in the Anglong

region for 2000–18. Above all, these numbers all show that

glaciers in the Anglong region were close to a balanced con-

dition during 1968–2019.

The mass balance in the cold season was dominated by low

snowfall and sublimation (Table 1). The mass balance compo-

nents were significantly larger in the ablation season than in

the cold season. About 31% of annual melt was refrozen in the

snowpack. In all, 83.6% of annual snowfall occurred in the ab-

lation season, and ablation-season snowfall amount was similar

to the amount of melt during the ablation season.Mass loss from

sublimation and/or evaporation was about 3 times smaller than

mass loss from melt in the ablation season (Table 1). Thus, a

similar amount of snowfall and melt in the ablation season re-

sulted in a small mass balance in the ablation season, and for

the whole year.

It is also important to understand glacier mass balance sensi-

tivity to climate, so that the response of glacier mass balance to

climate change can be anticipated. The sensitivity of the mass

balance of Xiao Anglong Glacier to changes in air temperature

was 205mmw.e. yr21 8C21, and to changes in precipitation, it was

62mm w.e. yr21 (10%)21. These sensitivities are similar to those

found for Muztag Ata No. 15 Glacier, which have experienced

low mass loss over recent years (Zhu et al. 2018a). Both sensi-

tivities are significantly lower than those found for Chhota Shigri

(Azam et al. 2014), Stok (Soheb et al. 2020), and Naimona’nyi

(Zhu et al. 2021) glaciers in the western Himalayas, which have

experienced greater mass loss over recent years.

TABLE 1. Mean seasonal values of meteorological variables,

glacier-wide mass balance components, and glacier-wide energy

balance components for 1968–2019. The values in parentheses are

the standard deviations of detrending variables.

1968–2019

Variables Cold Ablation Annual

Ta (8C) 210.9 4.2 25.9

P (mm) 24.4 125.5 149.9

Snowfall (mm w.e.) 47 (25) 240 (111) 287 (117)

Refreezing (mm w.e.) 1 (1) 73 (28) 74 (28)

Sublimation (mm w.e.) 298 (17) 279 (17) 2177 (23)

Melt (mm w.e.) 0 (0) 2237 (144) 2237 (144)

Mass balance (mm w.e.) 250 (33) 23 (208) 253 (208)

Rain (mm) 0 1 1

Sin (W m22) 251 (3) 312 (8) 271 (4)

Albedo 0.74 0.72 0.73

Sout (W m22) 2186 (8) 2226 (8) 2199 (5)

Snet (W m22) 65 (8) 86 (11) 72 (6)

Lin (W m22) 164 (2) 234 (4) 187 (2)

Lout (W m22) 2235 (3) 2295 (3) 2255 (3)

Lnet (W m22) 271 (3) 261 (3) 268 (2)

Hsen (W m22) 14 (5) 4 (2) 11 (3)

Hlat (W m22) 213 (2) 221 (4) 216 (2)

QG (W m22) 4 (2) 21 (1) 3 (1)

QM (W m22) 0 (0) 7 (5) 2 (2)
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c. The interannual and interdecadal changes in the mass
balance components

The annual mass balances show large interannual variations,

from 2559mm w.e. in 2003/04 to 297mm w.e. in 2014/15

(Fig. 4a). The interannual changes (or standard deviations)

in each mass balance component were similar for the abla-

tion season and for the whole year, and were significantly

larger than interannual changes in the cold season (Table 1).

For the ablation season, the magnitude of interannual var-

iations in melt were similar to those for snowfall, and both

were significantly larger than the interannual variations in

sublimation (or evaporation) and refreezing. Melt and

snowfall in the ablation season therefore make a similar

contribution to controlling the annual mass balance, and to

interannual fluctuations in the mass balance.

Although Xiao Anglong Glacier experienced a trend of

decreasing mass balance, at a rate of 26.4mm w.e. yr21 (p ,
0.05, via linear regression) throughout the study period, there

was pronounced decadal variability (Fig. 4a). The different

mass loss rates show that the annual glacier-wide mass balance

was positive inmost years during 1968–90, with amean value of

83 6 185mm w.e. yr21, and that most annual mass balances

became negative during 1991–2012, with a mean value of22106
185mm w.e. yr21. The annual mass loss rate reduced and the

annual mass balance in some years became positive during

2013–19, when the mean mass balance was2106 185mm w.e.

yr21. In addition, the interannual mass balance variability was

smallest during 1962–90 (the standard deviation was 131mm

w.e.) and was largest during 2013–19 (the standard deviation was

247mm w.e.). According to Student’s t tests, the p values

(probability values) for 1968–90 and 1991–2012, and for 1991–

2012 and 2013–19 were less than 0.001, suggesting that in-

terdecadal changes in mass balance were significant during

1968–2019.

Such interdecadal changes in mass balance for Xiao Anglong

Glacier are similar to changes seen for Naimona’nyi Glacier and

Stok Glacier (Fig. 1a), both of which are located on the TP

(Fig. 4c).And these changes are also similar to changes found for

Chhota Shigri Glacier (Fig. 1a), on the southern slope of the

western Himalayas, except for the period 1990–99 (Fig. 4c). We

also compared regional changes in glacier mass balance over

recent decades for the region surroundingXiaoAnglongGlacier

(Fig. S1). The mean mass balance was 63 and 213mm w.e. yr21

higher during 2000–18 than during 1976–99 for the western

Kunlun Mountains and the northern Qiangtang Plateau (Zhang

et al. 2020), respectively, whereas it was 350mmw.e. yr21 lower

during 2000–16 than during 1975–2000 for both the Spiti-

Lahaul and West Nepal regions (Table S1A in Maurer et al.

2019). Xiao Anglong Glacier is located between the western

Kunlun Mountains/northern Qiangtang Plateau and the Spiti-

Lahaul/West Nepal regions. The differences in mean mass

balance (2148 6 185mm w.e. yr21) between 2000–18 and

1973–99 for Xiao Anglong Glacier was larger than that for

glaciers in the Spiti-Lahaul and West Nepal regions, and was

smaller than that for glaciers on the northern Qiangtang

Plateau and in the western Kunlun Mountains. This further

illustrates that our reconstructions are reasonable.

4. Discussion

a. Climate variables controlling the interannual variability
of the mass balance on Xiao Anglong Glacier

In 1968–2019, there was a significant warming trend in Ta in

the ablation season, and a slightly decreasing trend in precip-

itation for the whole balance year and for the ablation season

(Fig. S6). It is thus necessary to remove the trends from these

climate factors before analyzing which factors drive the inter-

annual mass balance variability using the correlation analysis

method. After detrending, the annual mass balance was weakly

correlated with ablation-season Ta (r520.26, p, 0.05) due to

small effect of ablation-season Ta on snow accumulation and

melt on interannual time scales. Note that Ta was not

FIG. 4. (a) Temporal variation in the simulated annual mass

balance for Xiao Anglong Glacier for 1968–2019. The horizontal

line indicated the average mass balance for three different periods.

The error bars represent the possible uncertainty of the modeled

mass balance. (b) The time series of the standardized ablation-

season mass balance for Xiao Anglong Glacier during 1968–2019.

Symbols highlight distinctly positive mass balance phases (green

circles; $0.75) and negative mass balance phases (red inverted

triangle;#20.75). (c) The decadal averagemass balance during the

last several decades for different glaciers. The mass balances for

Naimona’nyi Glacier were from modeled values in Zhao et al.

(2016) during 1970–2004 and in 2006/07, and from in situ mea-

surements during 2004–19 (Zhu et al. 2021); the mass balances for

Chhota Shigri Glacier were from modeled results in Azam et al.

(2014) during 1970–2012, and from in situmeasurements inMandal

et al. (2020) during 2013–19; and themass balances for StokGlacier

were frommodeled values in Soheb et al. (2020) during 1979–2019.

The year on the x axis indicates the balance year.
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significantly correlated with snowfall (r 5 0.11, p 5 0.79 after

detrending) due to almost all the precipitation falling as snow

in the ablation season (Table 1). In addition, for the ablation

season, Ta was not significantly correlated with albedo (r 5
0.08, p5 0.59 after detrending), indicating a small influence of

Ta on interannual variability in QM because interannual vari-

ability in QM was driven by albedo. After detrending, the an-

nual mass balance is strongly correlated to annual precipitation

(r 5 0.86, p , 0.01) and to ablation-season precipitation (r 5
0.84, p, 0.01). The ablation-season precipitation can affect the

interannual mass balance variability through controlling snow

accumulation processes and changing melt processes (Zhu

et al. 2021). Furthermore, after detrending, the relationships

among annualmass balance,monthly precipitation, andmonthly

Ta were analyzed (Table S4). The annual mass balance has sig-

nificant correlations with precipitation and Ta in July and

August. And correlation coefficients between monthly precipi-

tation and annual mass balance were higher than those between

monthly Ta and annual mass balance. Above all, interannual

mass balance variability was influencedmore by ablation-season

precipitation when compared to ablation-season Ta.

To examine the influence of regional climate drivers onmass

changes for Xiao Anglong Glacier, we analyzed spatial corre-

lation patterns between the annual mass balance and CRU

ablation-season precipitation, and between the annual mass

balance and CRU ablation-season Ta, for 1968–2019 (Fig. S7).

A statistically significant (p, 0.05) positive correlation between

annual mass balance and ablation-season precipitation is con-

centrated in western Tibet, and there are weak correlations

between annual mass balance and ablation-season Ta in a few

regions in central Asia. Therefore, ablation-season precipitation

was a primary driver for fluctuations in annual glacier mass

balance in western Tibet, because ablation-season precipitation

greatly influences the accumulation and ablation processes.

b. The possible relationship of interannual mass balance

variability with atmospheric circulation

Regional changes in glacier mass balance are always linked

to large-scale atmospheric circulation, through changing Ta

and precipitation (Mölg et al. 2014; Yao et al. 2012). The dif-

ferences between contrasting composites have been used to

explore the influence of atmospheric circulation on climate

variability (e.g., Ding and Wang 2005; Mölg et al. 2017). As

stated in section 3b, the ablation-season mass balance deter-

mined the annual mass balance on interannual time scales. To

analyze the influence of regional climate and atmospheric

circulation on changes to glacier mass balance, we divided the

time series of ablation-season mass balance into phases of

distinctly positive and negative mass balance, based on the

standardized ablation-season mass balance (Fig. 4b). Years for

which the standardized ablation-season mass balance was

larger than 0.75 were classed as distinctly positive mass balance

phases; those when the standardized ablation-season mass

balance was smaller than 20.75 were classed as distinctly

negative mass balance phases. The climate conditions that lead

to negative balance can be found from the difference between

these contrasting composites, the negativemass balance phases

minus the positive mass balance phases. From a regional

perspective, ablation-season Ta was higher, and ablation-

season precipitation was lower, during negative mass balance

phases than during positive mass balance phases in western

Tibet (Fig. 5), which means that this method of mass balance

classification can be used to analyze the influence of regional

climate on mass balance variations in western Tibet.

To assess the influence of atmospheric circulation on changes

in glacier mass balance, the differences in ablation-season geo-

potential height and wind fields at 500 hPa between the positive

and negative mass balance phases were analyzed for 1968–2019

(Fig. 6). The mean elevation of the TP area is above 4500m

and the 500-hPa level is just above the surface of the TP.

Geopotential height/wind fields at 500-hPa levels are routinely

used to discern the vertical extent/configuration of tropo-

spheric pressure systems, which provide valuable clues re-

garding the relationship between atmospheric circulation and

air temperature (and/or precipitation) on the TP (Forsythe

et al. 2017; Yang et al. 2016; Zhang et al. 2018). There are two

centers of anomalies in the atmospheric circulation: a lower

geopotential height and anticyclonic anomaly for 500 hPa at

higher latitudes over Russia, and a higher geopotential height and

FIG. 5. Differences between positive and negative mass balance

phases, 1968–2019 for (a) ablation-season precipitation (mm) and

(b) ablation-season air temperature (8C). The air temperature and

precipitation fields were from CRU. Values for meteorological

variables in the negative mass balance phases, minus their values in

the positive mass balance phases. The black line denotes the out-

line of the Tibetan Plateau. The red dot points the location of Xiao

Anglong Glacier.
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cyclonic anomaly over central Asia (Fig. 6). This atmospheric

circulation pattern was defined as strong westerly phases or a

southward shift of the westerlies inMölg et al. (2017). Under such

atmospheric circulation pattern, a strong northerly wind anomaly

extended from the high latitudes to the subtropics, and the

southern flank of the anomalous cyclonic circulation enhanced

westerlies at 308–358N, which contains the northern Indian con-

tinent and western Tibet (Fig. 6). These enhanced westerlies at

308–358N favor the advection of dry air to northwest India and

western Tibet, which can decrease convective instability over

the Indian subcontinent and western Tibet (Mölg et al. 2017;

Krishnan et al. 2009). The suppressed convection may in turn

weaken the monsoon flow, which generates drought-like condi-

tions over India (Krishnan et al. 2009). We also analyzed the

differences in ablation-season geopotential height and wind fields

at 300 hPa between the positive and negativemass balance phases

for 1968–2019 (Fig. S8) and found that the results were similar.

In addition, Fig. 6 shows an anticyclonic anomaly over

central India and an anomalous northwesterly flow over

central-eastern India. And the anomalous northwesterly wind

over central-eastern India is obvious at 550–900 hPa (an ex-

ample for wind fields at 600 hPa is listed in Fig. S9). Such

anomalous northwesterly flow reduces moist transport over

western Tibet from central-eastern India through ‘‘up and

over’’ transport (‘‘intrusive’’) and upslope transport (‘‘non-

intrusive’’) (Dong et al. 2016). Thus, a southward shift in the

middle and upper tropospheric westerlies contributes to low

ablation-season precipitation in western Tibet (Fig. 6), which is

conducive to a negative mass balance. However, the change in

ablation-seasonTa found in this work (Fig. 5b) is different from

that found in Mölg et al. (2017), under similar atmospheric

circulation, perhaps because the change in ablation-season Ta

was influenced more by global warming than by cold-air ad-

vection from the intrusion of the westerlies.

Since the interannual variability in mass balance was con-

trolled by variations in ablation-season precipitation, we ex-

amined the correlations between the regionally averaged CRU

precipitation in the selected region and the 500-hPa geo-

potential height and wind fields during the ablation season

further. This allowed us to assess how large-scale atmospheric

circulation may influence glacier mass changes in western

Tibet. Through consideration of the significant spatial differ-

ences in precipitation seasonality across western Tibet and the

surrounding regions (Maussion et al. 2014), a rectangular re-

gion (30.5–34.58N, 808–858E) was selected to represent western

Tibet. After detrending, the correlation coefficients between

the regionally averaged CRU ablation-season precipitation

and the reconstructed ablation-season precipitation (r 5 0.87,

p , 0.01), and between regionally averaged CRU ablation-

season precipitation and the annual mass balance (r5 0.77, p,
0.01), are relatively high. This indicates that the regionally

averaged CRU ablation-season precipitation in the selected

region reflects changes in ablation-season precipitation in

western Tibet, and so can be used to analyze glacier mass

changes in western Tibet. Next, we checked correlation pat-

terns between the 500-hPa geopotential height and wind

fields and regionally averaged CRU ablation-season precip-

itation. The higher regional ablation-season precipitation in

western Tibet corresponds to an anomalous cyclone over

central India and high-latitude Russia, and to an anomalous

anticyclone over central Asia (Fig. 7 and Fig. S10). The

anomalous cyclone over central India could be related to the

intensified convection over the Indian subcontinent, which

increased southerly winds over central-eastern India. This

leads to an increase in moisture transported from the central-

eastern India to western Tibet through upslope transport

(more frequent but less efficient), and through up-and-over

transport (less frequent but more efficient) (Dong et al. 2016).

FIG. 6. Differences in ablation-season geopotential heights (gpm) and wind fields at

500 hPa between the negative and positive mass balance phases for 1968–2019. Difference:

negative mass balance phase values minus positive mass balance phase values. The black line

denotes the outline of the Tibetan Plateau. The black dot points the location of Xiao Anglong

Glacier.
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The wind fields in Fig. 7 and Fig. S10 herein are a little dif-

ferent from those in Fig. 6 in Dong et al. (2016), and anom-

alous southerly wind anomalies in this study do not cover

western Tibet. This may be because the frequency for the up-

and-over transport is very low (Dong et al. 2016), and upslope

transport appears more clearly in Fig. 7 and Fig. S10.

However, both the upslope transport and the up-and-over

transport are conducive to higher precipitation over the

southwestern TP (containing western Tibet) (Dong et al.

2016). At the same time, an easterly wind anomaly occurred

in western Tibet (Fig. 7 and Fig. S10), suggesting that the

westerlies were reduced (Mölg et al. 2017) and local convection

can be easily enhanced overwestern Tibet, as can be indicated in

the conclusions in Krishnan et al. (2009). These processes re-

sulted in higher ablation-season precipitation and higher annual

mass balance for glaciers in western Tibet.

The change in the position of the upper-tropospheric west-

erly jet corresponds well with the northward or southward shift

of the middle and upper tropospheric westerlies because the

westerly jet variability is a consequence of the stationary wave

structure of the midlatitude westerlies (Mölg et al. 2017). In

other words, the subtropical westerly jet position index

(SWJPI) can be used to indicate the state of the westerlies. The

SWJPI is defined as the area-averaged zonal wind at

200 hPa in a southern region (308–458N, 508–808E) minus the

one in a northern region (458–608N, 508–808E) (Zhao et al.

2014), which is calculated based on JRA-55 data. Positive de-

viations in the normalized time series of such index indicate a

more southerly jet position (Mölg et al. 2017; Zhao et al. 2014).

The ablation-season SWJPI is negatively correlated with the

annual mass balance (with detrending, r 5 20.4, p , 0.005;

Fig. 8a), the reconstructed ablation-season precipitation (with

detrending, r520.43, p, 0.005), and regionally averaged CRU

ablation-season precipitation in western Tibet (with detrending,

r 5 20.33, p , 0.05); that is, the annual mass balance and

ablation-season precipitation increases when the ablation-

season subtropical westerly jet moves northward. July–

August mass balance was the largest contributor to influence

the interannual mass balance variability when compared to

other months (Table S4). We further analyze the relationship

between the July–August SWJPI index and annual mass bal-

ance (Fig. 8b). The July–August SWJPI also presents a nega-

tive correlation with annual mass balance (with detrending,

FIG. 7. Patterns for the correlations between the 500-hPa geopotential height and wind

fields, and regionally averaged CRU precipitation during the ablation season for 1968–2019.

Correlations for the 500-hPa geopotential height fields and wind fields (either zonal or me-

ridional wind speed) are plotted only when they are significant (above the 0.05 level). Data

are all detrended. The correlation length scale is shown in the upper right corner of panels. The

500-hPa geopotential heights and wind speed fields are from JRA-55. The black line denotes

the outline of the Tibetan Plateau. The red dot denotes the location of Xiao Anglong Glacier.

FIG. 8. Comparisons of annual mass balance (a) vs ablation-

season subtropical westerly jet position index and (b) vs July–

August subtropical westerly jet position index during 1968–2019.

The subtropical westerly jet position index is calculated from

JRA55. The year on the x axis indicates the balance year.
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r 5 20.51, p , 0.005) due to the influence of the jet on July–

August precipitation, which has a large impact on interannual

variability in mass balance. There are strong relationships

between July–August SWJPI and the reconstructed July–

August precipitation (with detrending, r520.52, p, 0.005),

between the reconstructed July–August SWJPI and region-

ally averaged CRU July–August precipitation in western

Tibet (with detrending, r 5 20.44, p , 0.005), and between

July–August precipitation and annual mass balance (with de-

trending, r 5 20.82, p , 0.005). Above all, changes in mid-

latitude westerly circulation may have resulted in changes to

the glacier mass balance in western Tibet through changing

precipitation in the ablation season.

c. The interdecadal changes in the mass balance for Xiao

Anglong Glacier and possible relationship with climate
variables

To understand the factors driving the interdecadal changes

in mass balance for Xiao Anglong Glacier, we divided the

52 years of the study period into three periods. The mean an-

nual mass balance for 1968–2019 was close to zero balance,

and thus we took this whole period as the background ref-

erence period (Table 1). The mean Ta in the ablation season

was about 0.78C lower, and mean precipitation in the ablation

season was only around 7.2mm less (equal to 5% of the mean

ablation-season precipitation for 1968–90) during 1968–90

than during 1968–2019. Thus, a decrease in ablation-season

Ta, relative to 1968–2019, was the main cause for the positive

mass balance in 1968–90 since this caused a decrease in Lin,

and a reduction in albedo and melt energy in the ablation

season (Tables 1 and 2). The mean Ta in the ablation season

was about 0.48C higher, and mean precipitation in the abla-

tion season was around 22.4mm less (equal to 22% of the

mean ablation-season precipitation for 1991–2012) during

1991–2012 than during 1968–2019. According to the mass

balance sensitivity test (Zhu et al. 2020), the changes in mass

balance were 83 and 64mm w.e. yr21, when precipitation and

Ta in the ablation season were increased by 22% and 0.48C,
respectively. Thus, both an increase in Ta and a decrease in

precipitation in the ablation season contribute to the stronger

mass loss and lower accumulation in 1991–2012, by increasing

Lin, reducing albedo and snowfall and enhancing melt in the

ablation season, relative to 1968–2019 (Tables 1 and 2). The

mean Ta and precipitation in the ablation season were higher

in 2010–19 than in the other two periods. Higher accumula-

tion, from higher precipitation in the ablation season, com-

pensated for the greater mass loss that was driven by the

higher Ta and Lin in the ablation season. This resulted in a

reduced in mass loss during 2013–19 than during 1968–2019.

The influence ofTa on changes inmass balance on interdecadal

time scales was stronger than that on interannual time scales,

because of the increased ablation-season Ta variability (or

warming trend) and reduced ablation-season precipitation

variability on interdecadal time scales (text S1). Above all,

interdecadal changes in mass balance for Xiao Anglong

Glacier shows a slight mass gain during 1968–90, a moderate

mass loss for 1991–2012, and a slowdown in mass loss in 2013–

19, which was related to the magnitudes of the variations in

both precipitation and Ta in the ablation season.

5. Conclusions

The long-term annual mass balance (1968–2019) for Xiao

Anglong Glacier in western Tibet was reconstructed using an

EMB model, driven by available meteorological records

for sites near the glacier. The results show that Xiao

Anglong Glacier is close to a balanced condition, with an

average value of 253 6 185 mm w.e. yr21 during 1968–

2019. It is a consistent widespread phenomenon for gla-

ciers in the Anglong region. Ablation-season melt and

snowfall dominate the interannual mass balance variability.

Compared to ablation-seasonTa, ablation-season precipitation

was the more important controlling factor for interannual

variability in the mass balance, through changing snow accu-

mulation and melt processes.

Further analysis suggests that changes in midlatitude west-

erly circulation could drive changes in glacier mass balance in

western Tibet through changing precipitation in the ablation

season. When there has been a southward shift of the middle

and upper tropospheric westerlies and there is a strong

northerly wind anomaly extending from the high latitudes to

the subtropics, the westerly winds between 308 and 358N over

northwest India and western Tibet become enhanced. The

advection of dry air into northwest India and western Tibet

decreases the convective instability over the Indian subconti-

nent and western Tibet, and also results in reduced advection

TABLE 2. Mean seasonal meteorological variables, energy fluxes

(W m22), and mass fluxes (mm w.e.) in different periods for

1968–2019.

Season Item 1968–90 1991–2012 2013–19

Cold Ta (8C) 211.7 210.4 29.7

Ablation 3.5 4.6 5

Annual 26.6 25.4 24.8

Ablation RH (%) 58 57 53

Cold P (mm) 25.4 24.6 20.7

Ablation 132.7 103.1 172.1

Annual 158.1 127.7 192.7

Annual Mass balance 83 2210 210

Cold 247 245 276

Ablation 130 2165 66

Ablation Snowfall 252 197 330

Refreezing 46 96 89

Sublimation 266 287 296

Melt 2102 2371 2257

Sin 314 313 304

Albedo 0.75 0.7 0.71

Sout 2237 2219 2215

Snet 77 94 89

Lin 231 236 238

Lout 2291 2297 2298

Lnet 260 261 260

Hsen 5 2 4

Hlat 218 222 225

QG 21 21 0

Qm 3 12 8
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of moisture from central-eastern India to western Tibet. These

changes result in low ablation-season precipitation and low

annualmass balance for glaciers inwesternTibet. These processes

are reversed in years with high ablation-season precipitation and

high annual mass balance for glaciers in western Tibet. Last, mass

balance on Xiao Anglong Glacier experienced a pronounced

decadal variability, with a slight mass gain during 1968–90, a

moderate mass loss for 1991–2012, and a slowdown inmass loss in

2013–19. Such decadal changes were associated with the varia-

tions in precipitation andTa during the ablation season. Given the

large spatial differences in precipitation seasonality and amount

(Maussion et al. 2014), more mass balance and meteorological

measurements in different regions of the western TP are needed

to fully map the spatial and temporal variability of glacier mass

balance on the western TP.
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