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Abstract
Glacier health across High Mountain Asia (HMA) is highly heterogeneous and strongly governed
by regional climate, which is variably influenced by monsoon dynamics and the westerlies. We
explore four decades of glacier energy and mass balance at three climatically distinct sites across
HMA by utilising a detailed land surface model driven by bias-corrected Weather Research and
Forecasting meteorological forcing. All three glaciers have experienced long-term mass losses
(ranging from−0.04± 0.09 to−0.59± 0.20 m w.e. a−1) consistent with widespread warming
across the region. However, complex and contrasting responses of glacier energy and mass balance
to the patterns of the Indian Summer Monsoon were evident, largely driven by the role snowfall
timing, amount and phase. A later monsoon onset generates less total snowfall to the glacier in the
southeastern Tibetan Plateau during May–June, augmenting net shortwave radiation and affecting
annual mass balance (−0.5 m w.e. on average compared to early onset years). Conversely, timing of
the monsoon’s arrival has limited impact for the Nepalese Himalaya which is more strongly
governed by the temperature and snowfall amount during the core monsoon season. In the arid
central Tibetan Plateau, a later monsoon arrival results in a 40 mm (58%) increase of May–June
snowfall on average compared to early onset years, likely driven by the greater interaction of
westerly storm events. Meanwhile, a late monsoon cessation at this site sees an average 200 mm
(192%) increase in late summer precipitation due to monsoonal storms. A trend towards weaker
intensity monsoon conditions in recent decades, combined with long-term warming patterns, has
produced predominantly negative glacier mass balances for all sites (up to 1 m w.e. more mass loss
in the Nepalese Himalaya compared to strong monsoon intensity years) but sub-regional
variability in monsoon timing can additionally complicate this response.

1. Introduction

Melt water from glacier ice and snow is a vital com-
ponent of the world’s water towers which serve bil-
lions of people globally (Immerzeel et al 2020), par-
ticularly in the lowland regions surrounding High

Mountain Asia (HMA). Glacier melt at the world’s
‘Third Pole’ can significantly modify regional hydro-
logy and buffer periods of very dry conditions
(Pritchard et al 2017, Viviroli et al 2020), promote
natural hazards such as glacier lake outburst floods
(Veh et al 2020) and contribute to global sea level
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rise (Zemp et al 2019). Accordingly, glacier health in
HMA is highly important to water security, though
it is highly heterogeneous in space and largely unsus-
tainable (Sakai and Fujita 2017, Hugonnet et al 2021,
Miles et al 2021). This high heterogeneity is governed,
at least in part, by the dynamics and varying extent of
the Indian Summer Monsoon (hereafter ‘monsoon’),
and intrusion of mid-latitude westerlies (Mölg et al
2014, Forsythe et al 2017, Li et al 2018). Themonsoon
controls the summer-season energy-mass-balance of
HMA glaciers due to the coincidence of warm, over-
cast and wet weather conditions (Fugger et al 2022),
and the timing of monsoon arrival, as well as its dur-
ation, has been shown to control the surface energy
and mass balance of some mountain glaciers due to
its determination of the phase and intensity of early
summer precipitation (Mölg et al 2012). However,
westerly intrusions during the pre-monsoon period
can also greatly affect the annual glacier mass bal-
ance (Mölg et al 2014), particularly for regions where
themonsoon accounts for a smaller proportion of the
total annual precipitation (figure 1(a)).

Changing monsoon dynamics over the past few
decades (Bollasina et al 2011, Ha et al 2020) have
implications for changing spatio-temporal patterns of
seasonal precipitation across HMA (Zhu et al 2020).
For example, the suggested weakening of the South
Asian Summer Monsoon since the 1950s, exacer-
bated by anthropogenic aerosol emissions, has res-
ulted in observed summertime drying across much
of northern India and towards the Nepalese Him-
alaya (Bollasina et al 2011). Conversely, a tendency
towards earlier monsoon onset over the Bay of Bengal
can be linked to increases in May precipitation in
the southeastern Tibetan Plateau (Zhu et al 2020,
Jouberton et al 2022), accelerating wetting and green-
ing in recent decades (Zhang et al 2017). While the
full mechanisms remain elusive (e.g. Saha and Ghosh
2019), the complex interaction of temperature and
precipitation changes have important implications
for both glacier accumulation and ablation, largely
through precipitation phase and albedo (Jouberton
et al 2022). While it has been established that the
dynamics of the summer monsoon, as well as long-
term climatic trends, local geography (Yao et al 2012,
Maussion et al 2014, Mölg et al 2014, Zhu et al
2018, de Kok et al 2020) and even land use change
(de Kok et al 2018) all contribute to the heterogen-
eity of glacier mass balance in HMA, responses of gla-
ciers’ mass balances in different sub-regions to multi-
decadal variability in the monsoon remains largely
unexplored (Arndt et al 2021).

We utilise a recently developed, 9 km resolution
atmospheric model simulation (Ou et al 2020) in
order to unravel themulti-decadal response ofmoun-
tain glacier energy-mass-balance to the changes of the
summer monsoon within distinct sites across HMA.
By combining recent advances in atmospheric and
land surface modelling with robust bias-correction

techniques and detailed ground-based meteorolo-
gical information, we aim to address the following
specific questions: (1) How has the timing, duration
and intensity of the summer monsoon evolved since
the 1980s and what is its impact upon the spatial-
temporal patterns of summer climate across HMA?;
(2) How has energy and mass balance of three moun-
tain glaciers in HMA responded to changes in mon-
soon dynamics over four decades?; and (3) What are
the main drivers of these changes in distinct climatic
sub-regions?

2. Data andmethods

2.1. Study area
The present study focuses on three debris-free,moun-
tain glaciers distributed across distinct climatic sub-
regions of HMA (figure 1). Yala Glacier (28.237◦ N
85.619◦ E) is a small, 1.5 km2 glacier situated in
Langtang Valley, Nepal which has been the subject
of long-term mass balance campaigns (e.g. Fujita
et al 1998, Baral et al 2014, Stumm et al 2021,
Sunako et al 2020) as well as the focus of research
on energy balance and surface processes (Stigter
et al 2018, Litt et al 2019). Parlung Glacier Num-
ber 4 (29.245◦ N 96.928◦ E, hereafter ‘Parlung 4’ or
‘PAR4’) is a 11.7 km2, spring-type accumulation gla-
cier in the southeastern Tibetan Plateau. The gla-
cier has been the focus of several recent studies that
have explored meteorological processes (Yang et al
2011, Shaw et al 2021), glacier dynamics (Yang et al
2020) and energy/mass balance (Zhu et al 2015,
2018, Jouberton et al 2022). Mugagangqiong Glacier
(34.248◦ N 87.490◦ E, hereafter ‘MUGA’ for tables
and figures) is a 2 km2 glacier in the arid central
Tibetan Plateau. The glacier has been the focus of
few studies, typically regarding ice cores and historic
atmospheric dust concentrations (Feng et al 2020),
though is also one of several investigation sites estab-
lished across the Tibetan Plateau in the last decade
(Yang et al 2022). The site specific information of each
glacier is given in table 1.

2.2. Datasets
We utilise hourly meteorological data from off- and
on-glacier automatic weather stations (AWSs) at each
study site (figure 1) to bias-correct the long-term
forcing data. AWS data are available for the period
2012–2019 for Parlung 4 and Yala (figure S7), and
2015–2019 for Mugagangqiong. At each site, distrib-
uted ablation stake data are available, spanning par-
tial (Parlung 4) or full elevation ranges (Yala/Mu-
gagangqiong) of the glaciers.

Gridded atmospheric data for HMA (1980–2019)
are extracted from simulations carried out with the
weather research and forecasting (WRF) model at 9
km horizontal resolution (Ou et al 2020, Sun et al
2021). The WRF model (v. 3.7.1) is driven by three-
hourly ERA5 pressure and surface level variables.
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Figure 1. The monsoon characteristics and location of the three glacier study sites across HMA. (a) indicates the mean summer
(June–September) fraction of annual total precipitation across HMA derived fromWRF (1981–2019). The onset and cessation
dates derived for the Bay of Bengal region are indicated in (b). (c) shows the normalised June–September horizontal wind shear
index (HWSI—section 2.5) which is used here as a measure of interannual monsoon intensity. Study sites are shown for YALA
(d), PAR4 (e) and MUGA (f), with the study glaciers highlighted in orange and the catchment delineations shown in red.

Table 1. Summary statistics of the three glacier study sites. Geometric statistics are based upon the median date of the model simulations
(2000) and temperature and precipitation information are based upon the glacier-wide average for the whole period (1981–2019).

SITE
Yala Glacier
(YALA)

Parlung Glacier
No. 4 (PAR4)

Mugagangqiong
Glacier
(MUGA)

Area (km2) 1.5 11.7 1.9
Elevation range (m a.s.l.) 5120–5615 4700–5600 5600–6100
Mean slope (◦) 22 8 11
Mean summer (June–September) air temperature (◦C) 0.1 1.0 −1.2
Mean summer (June–September) precipitation total (mm) 1172 1476 413
Fraction of solid precipitation in summer (June–September) 0.87 0.7 0.95

Spectral nudging is applied to geopotential, hori-
zontal winds and temperatures above the approxim-
ate planetary boundary layer top as described in Ou
et al (2020). Themodel applies no convection scheme,
as found by Ou et al (2020) to produce the most
appropriate frequency and initiation timing for short
(1–3 h) and long (>6 h) precipitation events com-
pared with observations. The full model details are
provided in table S1.

2.3. Derivation of meteorological forcing
WRF data are extracted from the nearest corres-
ponding point to each off-glacier AWS (figure 1)
which provides a longer series of un-interrupted data
for bias correction. Data gaps in the AWS records

are ignored such that only hours with all energy
balance variables available (air temperature, relative
humidity, radiative fluxes, wind speed, air pressure
and precipitation) are considered for bias correc-
tion. We apply a multivariate bias-correction follow-
ingCannon (2018) that combines quantile deltamap-
ping with random orthogonal rotations to match
the multivariate distributions of both the WRF and
AWS data. This approach has been shown to outper-
form univariate bias correction methods when used
in hydrological modelling applications (Meyer et al
2019, Faghih et al 2021) and we consider it suitable
for correction of cross-correlated variables in com-
plex, high mountain regions. Using at least 5 years of
AWS data at each site, we generate quantile correction
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factors that are applied to the full time series of WRF
data at the extracted pixel of interest. The variable
correlations and long-term trends are preserved in
the bias-corrected data and found to be consistent
with long-term climate stations for the different sub-
regions (see SI).

With the bias-corrected time series of WRF data,
we extrapolate the variables of interest to the elev-
ations of the glaciers (table 1) using empirically
determined lapses rates. Multiple station observa-
tions available in Langtang Valley (Steiner et al 2021)
were used to generate hourly-monthly temperature
lapse rates, and temperatures were adjusted for the
boundary layer cooling effect of Yala using the on-
glacier AWS temperatures. For Parlung 4, we con-
sider the off-glacier temperature lapse rates derived
from the data of Shaw et al (2021) and as applied
by Jouberton et al (2022). Precipitation is distributed
similarly to Jouberton et al (2022) who applied a cor-
rection factor of 1.75 and gradient of 14% 100m−1 to
account for the distinct precipitation regime between
valley and the glacier. Given the differences in model
forcing and structure, we recalibrate these gradients
for the current study against ablation stakes and an
upper elevation ice core record (table S3). No on-
glacier AWS exists for Mugagangqiong, though the
off-glacier AWS is very close to the glacier and is con-
sidered to experience a partial cooling effect associ-
ated with the glacier boundary layer (e.g. Shaw et al
2021). For this site, we distribute temperature consid-
ering the lapse rates derived for the Mugagangqiong
basin (Yang et al 2022). Precipitation gradients and
correction factors were calibrated against multi-year
ablation stake observations. Use of a precipitation
correction factor implicitly accounts for unknown
quantities of AWS pluviometer under-catch that were
not represented by the bias correction of WRF data.

2.4. Energy/mass balance modelling
We simulate hourly glacier energy and mass bal-
ance using the snow, ice and hydrological compon-
ents of the Tethys-Chloris (T&C) land surface model
(Fatichi et al 2012, 2021, Mastrotheodoros et al 2020,
Botter et al 2021, Fyffe et al 2021, Fugger et al 2022)
applied in a semi-distributed manner using 50 m
intervals for the full range of elevations at each site
(table 1). T&C’s cryospheric component constitutes
a fully-physical energy balance model that simulates
the energy fluxes of the ice/snow surface and sub-
surface, including sublimation. Precipitation phase
partitions are dynamically considered based upon
the air temperature, relative humidity and air pres-
sure (Ding et al 2014) and utilised directly in the
albedo model developed by Ding et al (2017). We
adjust the mean incoming radiative fluxes and snow
avalanching according to the topography of each
elevation band and the modelled elevational mass
balances are area-weighted by time-evolving hypso-
metries from co-registered DEMs and glacier outlines

since the 1970s to produce a continuous time-series
of glacier mass balance (figures S16–S18). Avalanch-
ing on Parlung 4 Glacier was modelled given a fully-
distributed TOPKAPI-ETH simulation of the catch-
ment by Jouberton et al (2022) and used to update
end-of-year mass balances for the appropriate eleva-
tion band. The model is run for 1980–2019 and the
results analysed for 1981–2019, taking 1980 as a spin-
up year. Temperature and precipitation distribution
parameters are perturbed in 1000Monte Carlo simu-
lations to provide an estimate of mass balance uncer-
tainty. More details about the model are provided in
the supplementary information section 2.3.

2.5. Characterisation of the moonsoon
As an estimate of the regional onset of the monsoon,
we consider the horizontal wind shear index (HWSI)
of Prasad and Hayashi (2005), as previously con-
sidered in studies of this type (Mölg et al 2012, Li et al
2018). Due to the large scale feature of the monsoon,
we utilise ERA5 850 hPa zonal wind data to derive this
index. Alternative means to classify local monsoon
timing (e.g. Bombardi et al 2020, Brunello et al 2020)
resulted in spatial-temporal inconsistencies between
study sites for certain years and were thus not applied
here. In this study, we analysed the results of the gla-
cier energy- andmass-balance in relation to themon-
soon (i) onset dates; (ii) cessation dates; (iii) duration
and; (iv) intensity (figure S27). Moreover, we analyse
theMay–June precipitation amount and phase during
the pre-monsoon to monsoon transition and exam-
ine its potential influence on the glacier energy and
mass balance during the summer. The relevance of
the monsoon characteristics is then placed into the
context of the prevailing meteorological conditions
for the summer. Early (late) onset/cessation dates are
considered as those which are less (greater) than one
standard deviation from themean of thewhole period
and monsoon intensity is taken as the normalised
mean HWSI for June–September.

3. Results

3.1. Patterns of monsoon climate
The regional monsoon index reveals a tendency
towards an earlier monsoon onset (−3.3 days dec−1)
and later cessation (+11.6 days dec−1) between the
1980s and the early 2000s (figures 1(b) and S27),
coinciding with a period of relatively strong mon-
soon intensity (figure 1(c)). Since 2005 the monsoon
has arrived later and withdrawn sooner, shortening
its total duration and becoming weaker in its intens-
ity (figures 1(c) and S27). All sites see an increase in
total precipitation coinciding with this expansion of
the monsoon duration (figures 2(c)–(h)), especially
for Parlung 4, which also demonstrates a period of
relatively cool temperatures and increased cloudiness
during the early 2000s, interrupting the overall warm-
ing trend (figure 2(d)). The entire HMA reveals a
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Figure 2. JJAS precipitation (PP) correlation to monsoon intensity (a) and May–June precipitation correlation to onset timing
(b) across HMA (1981–2019), whereby positive correlations in (b) indicate increased precipitation for a later monsoon.
Correlations (detrended) not significant to the 0.95 level are shown in white. Trends in mean JJAS TA (c)–(e) and total JJAS PP
(f)–(h) are given for YALA (c), (f), PAR4 (d), (g) and MUGA (e), (h). Faded lines for (f)–(h) indicate the annual precipitation
sum. Annotations also show the correlations of May–June TA and PP with the monsoon onset timing (level of significance
(p-value) given in parentheses). Scales for (f)–(h) are equal.

significant warming trend over the past four decades
(figure S28), though with markedly different patterns
at the study sites: summer (JJAS) temperatures at Yala
continue almost unabated at a rate of 0.17 ◦C dec−1;
the stronger warming at Parlung 4 (0.23 ◦C dec−1)
combines a period of relative cooling and no clear
trend pre-2000s, with a much stronger warming pat-
tern since 2005, and; Mugagangqiong demonstrates
a coincident increase in mean annual air temperat-
ure and precipitation during the early millennium
(figure 2(e)).

A higher intensity monsoon produces increased
total precipitation for Parlung 4 and Yala, but
has no significant correlation with precipitation at
Mugagangqiong (figure 2(a)). An early monsoon
arrival relates to increased precipitation (negative cor-
relation) for much of southeastern and south central
Tibet during May–June (figures 2(b) and S48), but
shows no clear correlation for the Nepalese Himalaya
(figures 2(b) and (f)). The increase in monsoon dur-
ation is governed by a tendency towards later cessa-
tion (figure S27) and has a more notable influence
on summer temperature for the eastern Tibetan Plat-
eau, though with few statistically significant correl-
ations (figure S36). The patterns of radiative fluxes,
cloudiness and humidity equally show few statist-
ically significant trends across HMA for the full 40
year period (figures S28–S34), though at the glacier

sites, the inter-decadal and long-term patterns sug-
gest an increasing cloudiness and humidity alongside
reduced shortwave radiation (figure S35).

3.2. Long-term glacier response to climate
The long term glacier mass balance of
Mugagangqiong is highly distinct to the lower eleva-
tion, southerly sites (figure 3(a)) with a near-neutral,
negative mass balance that has changed little since
the 1980s. This is characteristic of its low temperat-
ures, dry environment and low mass turnover rates
(figure S44). Yala and Parlung 4, meanwhile, exhibit
a much larger total mass loss over the past 40 years,
despite significant differences in their inter-annual
and inter-decadal mass balances (figure 3(a)). The
mass balances of Yala and Parlung 4 closely reflect
the inter-annual variability of air temperature and
total precipitation (figure 2). Yala, however, experi-
ences an almost continuous mass loss since 1980 with
few positive mass balance years (figure 3(c)). Con-
versely, the mass loss at Parlung 4 is a combination
of largely negative mass balance years interspersed
by extended periods of positive or near-neutral mass
balance (figure 3(d)) resulting in more mass loss dur-
ing the drier 1980s (mean of−0.35± 0.11 m w.e. a−1

compared to −0.24 ± 0.20 m w.e. a−1 of Yala) fol-
lowed byminimal mass loss from 2000 to 2005 (mean
of −0.03 ± 0.13 m w.e. a−1 compared to −0.28
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Figure 3.Modelled cumulative hourly (a) and annual specific (b)–(d) glacier mass balance for the three glacier study sites. Shaded
areas in (a) indicate the Monte Carlo uncertainties derived from 1000 runs of varying forcing parameters. Panel (a) indicates the
observed geodetic-derived mass balances (markers) from the literature (see supplementary material) with the observed
uncertainties given as errorbars. Positive and negative bars for (c)–(e) indicate the cumulative positive and negative balances for
each calendar year.

± 0.17 m w.e. a−1 of Yala) and finally a period of
more rapid mass loss continuing until 2019 (−1.00
± 0.12 m w.e. a−1 vs. −1.01 ± 0.19 m w.e. a−1 at
Yala). Patterns of mass balance at Mugagangqiong
indicate no extended periods of negative or posit-
ive mass balance, but rather year to year fluctuations
between weak positive and negative mass balances
(figure 3(e)). On average, modelled glacier mass
balances were −0.59 ± 0.20, −0.55 ± 0.12 and
−0.04 ± 0.09 m w.e. a−1 for Yala, Parlung 4 and
Mugagangqiong, respectively.

3.3. Key drivers of distinct glacier mass loss
A key driver of the energy budget at all sites is the pre-
monsoon and monsoon snowfall (figures 4 and S43),
which dictates the increases in early monsoon albedo
and reduction in net shortwave radiation (figure S47).
While all sites behave similarly in this regard, themass
balance of Mugagangqiong shows a stronger correl-
ation to both pre-monsoon and monsoon snowfall
(figure S43), as its low melt rates and notable sublim-
ation (constituting 20% of total ablation vs 8% at Yala
and 3% at Parlung 4) are highly controlled by radiat-
ive fluxes under cold temperatures.

Figure 4 emphasises the distinct patterns of snow-
fall and precipitation phase during the pre-monsoon

to monsoon transition in May–June. At Yala, an early
monsoon onset coincides with earlier snowfall at the
glacier, though the total amount of snowfall is lar-
ger (∼37 mm on average) when the monsoon arrives
late (figure 4(a)), which appears to be strongly linked
to the higher fraction of solid precipitation for those
years (figure 4(a)). Despite this average increase in
May–June snowfall to the glacier, a late monsoon
onset does not significantly alter the mass balance of
Yala for the remainder of the year (figure 4(b)).

At Parlung 4, a later monsoon produces slightly
cooler average conditions (figure S47), delaying liquid
precipitation events duringMay compared to an early
onset year (figure 4(c)). However, because of the sub-
stantial decrease in precipitation (∼130 mm on aver-
age), a late monsoon onset can sizeably influence the
summermass balance of Parlung 4 (figure 4), because
the onset timing itself can explain 32(27)% of the
variability in pre-monsoon (monsoon) snowfall. Due
to the reduced surface albedo (figure S47—which can
explain up to 87% of glacier mass balance variability)
and heightened net shortwave radiation, mass bal-
ances are almost 0.5 m w.e. more negative on aver-
age than early onset years (figures 4 and 5), despite
that only a weak correlation (−0.18, p = 0.2) to the
monsoon onset itself exists (figure S43). While a late
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Figure 4. (a), (c), (e) Precipitation phase (solid lines) and cumulative snowfall (dashed lines) during the May–June transition
from pre-monsoon to monsoon conditions. Data are presented for the mean of early (blue) and late (red) onset years for YALA
(a), (b), PAR4 (c), (d) and MUGA (e), (f). (b), (d), (f) shows the cumulative glacier mass balance since May 1st, where thin lines
represent individual years, coloured by the monsoon onset classification and thick lines represent the average conditions for early
and late monsoon onset. Vertical dashed lines indicate the mean dates for early (blue) and late (red) onset years. Boxplots to the
right indicate the end-of-year mass balances given the early or late monsoon onset.

monsoon onset produces a consistent mass balance
response for Parlung 4, early onset years result in a
wide range of potential mass balances for the sum-
mer months (figure 4(d)). The summer and annual
glacier mass balances are, however, significantly dis-
tinct between early and late onset years (p = 0.05,
figure 4(d) boxplots).

Interestingly, for years where the mon-
soon arrived late, May–June precipitation at
Mugagangqiong was augmented (40 mm (58%)
increase—figure 4(e)), suggesting a stronger role of
westerly storm events in the absence of the mon-
soon precipitation (figure 1(a)—correlation = 0.27,
p = 0.1). Given its elevation, however, no not-
able differences in precipitation phase are apparent
for Mugagangqiong during this transition period
(figure 4(e)). Average differences in cumulative mass
balance are only apparent until late August, however,
and are typically ∼0.04 m w.e. Variability in onset
timing produces negligible correlations (−0.15) with
the amount total monsoon snowfall at this site. As
later monsoon onset years were typical for the cooler
period of the simulation (figure S40), we also tested
early vs late monsoon years only for the pre-2000s
period and found a consistent pattern of May–June

precipitation amount and phase for all glaciers as
described above (figure S45).

Annual mass balances of Parlung 4 are gener-
ally affected less by the monsoon cessation date
(figure 5). The mass balances of Yala and Mugagan-
giong are, however, more responsive to the cessa-
tion timing of the monsoon, but for different reas-
ons: a later cessation at Yala relates to prolonged
warmer air temperatures (figure S48(a)) which drives
more melting and more negative mass balances; for
Mugagangqiong, a later cessation date provides a
longer period with precipitation (up to 200 mm on
average compared to early cessation years—figure
S48(f)), and thus produces a more positive mass
balance. However, a more positive post-monsoon
mass balance at Mugagangqiong does not signific-
antly impact to the spring mass balance in the follow-
ing year (not shown).

Monsoon duration itself balances many of the
aforementioned processes to reveal no clear relation-
ship to annual or summer mass balance (figure 5).
The years with the weakest monsoon intensity, how-
ever, coincide with recent, warmer conditions (Yao
et al 2022), producing a consistently more negative
mass balance at all sites: up to 1 m w.e. more mass
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Figure 5. The relationship of cumulative annual mass balance and monsoon onset (a)–(c), cessation (d)–(f), duration (g)–(i) and
intensity (j)–(l) for YALA (a), (d), (g), (j), PAR4 (b), (e), (h), (k) and MUGA (c), (f), (i), (l). Thicker lines indicate the mean of
each condition highlighted by the legend. Note: cessation colours are the inverse of that for monsoon onset.

loss on average at Yala; 0.45 m w.e. greater mass loss
at Parlung 4 and; 0.13 m w.e. more mass loss at
Mugagangqiong relative to strong monsoon intens-
ity years. Controlling for the effect of increasing air
temperatures in recent years, the monsoon intens-
ity is able to explain ∼50% of the variability in Yala
summer mass balance (partial correlation r = 0.498,
p= 0.001), but only 15% for Parlung 4 and <3% at
for Mugagangqiong.

Monsoon characteristics (i.e. onset timing) can
be associated with variable responses in glacier mass
balance at our study sites, but the variability in met-
eorological conditions during the summer, which are
only be partly influenced by the monsoon itself (up
to 20% variability in (pre-)monsoon precipitation
explained by monsoon timing or intensity—figure
S43), play a dominant role in determining surface
conditions and resultant mass loss. Figure 6 indic-
ates that air temperature is the strongest control on
glacier mass balance for Parlung 4, largely through
its impact on the phase of monsoon precipitation
(Jouberton et al 2022—figures 6(k)and S49(h)) and
surface albedo (figure S49(k)—Zhu et al 2022). Con-
trolling for the effect of air temperature itself, changes
in the solid fraction of precipitation can explain 41%
of the variability in glacier mass balance at Par-
lung 4. Meanwhile, precipitation phase changes had
a smaller impact on Yala and Mugagangqiong, and
mass balances were mostly responsive to the total

amount of monsoon precipitation (figures 6, S49
and S50). Although the role of turbulent heat fluxes
was more distinct between each site, increases in net
shortwave radiation were consistently associated with
the most negative mass balance years for all glaciers
(figure S50).

4. Discussion

Earlier studies have emphasised the stark differences
in the surface energy balance of different glaciers in
HMA (Zhu et al 2015, 2018, Fugger et al 2022), and
the relationship of glacier energy balance with the
monsoon (Mölg et al 2012, Li et al 2018, Fugger
et al 2022). However, while these works have demon-
strated a detailed response of glaciers to prevailing
conditions for a number of individual years, few stud-
ies, to the authors’ knowledge, have provided a long-
term perspective on glacier energy/mass balance and
monsoon characteristics (Arndt et al 2021). Our res-
ults reveal a long-term pattern of glacier mass loss
(figure 3) Shaw et al (2022) consistent with warm-
ing trends present in the WRF simulations (figure
S28) and ground based climatologies (Ren et al 2017,
de Kok et al 2020) (figure S5). However, notable wet
periods during the early 2000s are superimposed on
this long-termpattern of decline and have contrasting
consequences for the mass balance of our three study
glaciers.
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Figure 6. As figure 5, but mapping cumulative annual glacier mass balance of Yala (top), Parlung 4 (middle) and Mugagangqiong
(bottom) against anomalously cool (blue) and warm (red) conditions (a)–(c), anomalously wet (blue) or dry (red) pre-monsoon
(d)–(f) and monsoon (g)–(i) snowfall and anomalously high (blue) and low (red) solid precipitation fraction (phase) (j)–(l).
Anomalies are given as those years above or below 1 standard deviation from the mean of all years. Thicker lines indicate the
mean of each condition highlighted by the legend. No anomalously high solid precipitation fraction (phase) years are evident at
Mugagangqiong (average is near 1) so no blue line is given.

Because of the larger elevation range of Parlung 4
in the southeastern Tibetan Plateau (table 1), its mass
balance sensitivity is more strongly determined by
the combination of pre-monsoon snowfall amounts
(figure 4(c)) and precipitation phase during themon-
soon (Zhu et al 2018, Jouberton et al 2022), particu-
larly at elevations near the inter-annual ELA (5200 m
a.s.l.), which are more responsive to a late arrival of
the monsoon (figure S44). Evidence during the May–
June period (figure 4) suggests that the large decreases
in total precipitation received during these anomal-
ously late monsoon years (figure 1(b)) were sufficient
to overcome the relatively higher fractions of solid
precipitation during the cooler pre-monsoon condi-
tions at Parlung 4 and can dictate the mass balance of
the entire summer (figures 4 and 5). This suggests that
the tendency towards a later monsoon onset (figure
S35), combined with the increasing liquid precipita-
tion events during the summer (Jouberton et al 2022),
could further exacerbate glacier health in the south-
eastern Tibetan Plateau.

In contrast to this, the small Nepalese glacier
(Yala) was much less sensitive to the wetter condi-
tions at the start of the Millennium, resulting in a
more continuous mass loss (figure 3), consistent with
modelled long term mass balances in northwestern
Nepal (Arndt et al 2021). Although the size of the

glacier and its limited accumulation area (Stumm
et al 2021, Sunako et al 2020) may have dictated
its reduced sensitivity to the expansion of the mon-
soon period, an early monsoon actually produces
less snowfall during the monsoon transition period
(May–June) at this glacier, despite shifting the occur-
rence of snow sooner. A weakening monsoon intens-
ity and drier conditions, coinciding with warmer air
temperatures of recent decades (figure 2) can explain
half of the mass balance variability at this glacier, but
the amount of snowfall during late June is also of great
importance (figure 6).

Because of its relatively high elevation, cold tem-
peratures and arid conditions characteristic of our
central Tibetan glacier (Mugagangqiong), long term
changes, while evidently negative over the course of
four decades (figure 3), are ∼14 times less negative
than Yala. Because of its location on the border of the
monsoon dominated region (figure 1(a)), a late mon-
soon arrival actually results in a greater May–June
precipitation, perhaps due to an increasing incid-
ence of westerly storm fronts. This re-emphasises the
potential importance of westerly circulation patterns
for glacier accumulation regimes on the Tibetan Plat-
eau, as shown byMölg et al (2014) and Li et al (2018),
and might explain the correlation of increased act-
ive monsoon periods with more negative glacier mass
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balance at Mugagangqiong (figure S43). However,
this finding contrasts somewhatwith those aforemen-
tioned studies in which an earlier and stronger mon-
soon onset resulted in higher accumulation patterns
for Zhadang and Qiangtang No.1 glaciers. This might
be explained in part by the location of those gla-
ciers further east within the inner Tibetan Plateau,
whereby westerly intrusions are weakened and res-
ult in a less dominant source of pre-monsoon snow-
fall, but also may relate to the different methodo-
logical approaches, datasets and time-frame of this
current work. An early retreat of monsoon condi-
tions, especially in the absence of westerly disturb-
ances during late summer, produces a more negat-
ive post-monsoon mass balance at Mugagangqiong
(figure 5), due to the large reduction of precipitation
and the limitedwesterly activity during thosemonths.

Ultimately, our results indicate that warmer
atmospheric conditions, which coincide with a weak-
ening of the summer monsoon (figure 1(c)), are
the main driver of continued mass loss at glaciers
acrossHMA(principally through increased net short-
wave radiation (figure S50)) and are comparable to
the patterns of glacier sensitivity suggested by Sakai
and Fujita (2017). While a late monsoon arrival and
reduced snowfall can dictatemuch of themass loss for
Parlung 4 Glacier (figures 4(c) and 5(b)), the annual
mass balance of summer-accumulation glaciers (Yala
and Mugagangqiong) are less controlled by the tim-
ing of monsoon. Rather, for those sites, the intensity
of the core monsoon season and its impact on (i) the
total amount of snowfall and (ii) its interaction with
westerly storm events (Mugagangqiong) have greater
impact (figures 4 and 6). This highlights the non-
uniform response of glaciers inHMA to themonsoon
and the need for a greater focus on sub-regionalmon-
soon intensity and its interactionwithwesterly storms
and general warming trends of the last half century.

In general, high elevation, long-term measure-
ments are still too scarce to piece together a full
picture of the monsoon’s influence on glacier mass
balance across all HMA, and even then, uncertainty
surrounding the elevation gradients of precipitation
may still hamper our ability to identify clear signals
relating it to regional climatic drivers. Of particular
benefit would be the inclusion of rare meteorological
and mass balance datasets in understudied regions of
the western Kunlun Mountains and western-central
Tibetan Plateau (e.g. Zhu et al 2018, 2022, Yang et al
2022) that would help clarify the spatial limits of the
monsoon’s influence beyond our three selected sites.
The inclusion of debris-covered glaciers would addi-
tionally benefit the understanding of glacier response
to the monsoon across HMA (Fugger et al 2022),
though those glaciers are currently subject to greater
uncertainties with respect to spatial variability in
debris cover thickness and properties that evolve over
multi-decadal time scales.

Here wewere able to generate longer term insights
into the variable changes of glaciers in different cli-
matic sub-regions of HMA which cannot be revealed
by diverse and discontinuous, geodetic observations
alone (figures 3(a) and S20, Bhattacharya et al 2021,
Hugonnet et al 2021). Nevertheless, our forcing data
are still subject to uncertainties that stem from para-
meter choices (table S1) and its coarse spatial resol-
ution (9 km) which may mis-represent the dynam-
ical processes governing the timing and magnitude
of precipitation at very local scales (e.g. Bonekamp
et al 2018). Further still, our long term analysis
is made computationally feasible by the adoption
of a physically-based, but semi-distributed model-
ling framework. Though we have confidence in the
robustness of the approach to derive glacier-wide
mass balances, there are likely feedbacks due to local
topography and ice-atmosphere interactions as gla-
ciers shrink (Florentine et al 2018, Shaw et al 2021)
that we cannot represent with the adopted method-
ology in this study. Advancements in kilometre/sub-
kilometre resolution atmospheric models (Collier
and Immerzeel 2015, Bonekamp et al 2018, Zhou et al
2021) and the increasing availability of high eleva-
tion meteorological networks in high mountain, gla-
cierised regions (e.g. Zhu et al 2018, Yang et al 2022)
should continue to improve our ability to repres-
ent local glacier responses to regional scale monsoon
dynamics moving forward.

5. Conclusions

We apply a multi-decadal (1980–2019) land surface
model, driven by hourly bias-corrected WRF out-
puts to simulate the changing mass balance of three
distinct glaciers in HMA and their relation to the
summer monsoon. Our results demonstrate a differ-
ing response of glacier energy and mass balance to
the patterns of the monsoon at the three sites, gov-
erned principally by the surface albedo and affected
by the role of pre-monsoon/early monsoon snowfall
amount and phase and by the intensity of the mon-
soon period.While all three glaciers have experienced
long-term mass losses (ranging from −0.04 ± 0.09
to −0.59 ± 0.20 m w.e. a−1) in line with widespread
warming across the region, inter-decadal variability
in the timing and strength of the monsoon precipit-
ation has strongly modulated the glacier surface con-
ditions at the site in the southeastern Tibetan Plat-
eau. This is largely in line with the notable increases
of early 2000s precipitation due to the expansion of
themonsoon duration. Considering the criticalMay–
June transition period, we highlight that a late mon-
soon arrival generates significantly less total snowfall
for the glacier (∼130 mm on average) in the south-
eastern Tibetan Plateau, producing consistently more
negative mass balances (−0.5 m w.e. on average com-
pared to early onset years).
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Conversely, the arrival of the monsoon has less
impact on the annual mass balance of the Himalayan
glacier, which is more sensitive to the temperature
and snowfall amount of the core monsoon season
and its cessation. For the arid central Tibetan Plateau,
a later arrival of the monsoon results more positive
mass balances, likely due to the greater role of westerly
storm events in providing early summer snowfall. The
monsoon cessation determines a greater variability in
post-monsoon energy balance at this site, however,
due to the amount of monsoon precipitation in the
absence of post-monsoonwesterlies. Nevertheless, we
found that themonsoon timing is less important than
the overall intensity of monsoon conditions for the
mass balance of summer-accumulation glaciers in the
Nepalese Himalaya and central Tibet. Our findings
elaborate on the complexity of glacier response to the
diverse sub-climates in the region and we suggest the
need for more high elevation observations combined
with highly resolved atmospheric model simulations
and long-term, fully distributed energy/mass balance
studies.

Data availability statement

9 km WRF simulations are publicly available at:
http://biggeo.gvc.gu.se/TPReanalysis/. Data for the
Langtang catchment are publicly hosted by the
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cier site and key model outputs are hosted at the fol-
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6418550.

The source code of the T&C model is available at
https://doi.org/10.24433/CO.0905087.v2.
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