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In brief

Glacier albedo is a key control of glacier
mass loss in the Third Pole, but its
changes and potential drivers are still
poorly quantified. Leveraging satellite-
derived glacier albedo and newly
developed albedo estimation models,
this study reveals continuous glacier
darkening in the 21! century and the
associated mass loss. These findings
highlight the key role of glacier albedo in
enhancing future glacier ablation and the
urgency of mitigating climate warming
and atmospheric light-absorbing
particles for the persistence of Asian
glaciers.
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SCIENCE FORSOCIETY Glaciers inthe Third Pole (i.e., the Tibetan Plateau and its surroundings) supply more
than a billion people with freshwater resources for societal, environmental, and economic needs, but they are
shrinking. Glacier albedo, which measures how much solar radiation is reflected by a glacier, is a physical link
between glacier changes and variations in climate and atmospheric particles. As glaciers darken, they
absorb more energy, which has been identified as a key driver of glacier shrinkage in this region, possibly
shaping future glacier trajectories. However, glacier albedo changes in the 21°' century remain poorly under-
stood. Using satellite observations, we find that glacier albedo has declined over 2001-2020 in most regions
of the Third Pole, and the moderate and high warming scenarios imply strong further decreases by 2100,
contributing to the continuing demise of Asian glaciers. These findings underline the importance of albedo
in glacier projection and the urgency of mitigating climate warming.

SUMMARY

Glaciers are crucial water resources in the Third Pole (the Tibetan Plateau and its surroundings) and are
shrinking in response to climate change. Glacier albedo is an expression of glacier interactions with climate
and dust/black carbon, and albedo reduction enhances glacier mass loss, but its changes and potential
drivers remain poorly quantified. We leverage satellite observations to explore the variability of glacier albedo
and understand its sensitivity to potential drivers and its future evolution. We find that glacier albedo has
declined during 2001-2020, but high interannual variability is also an important signal. These variations are
highly sensitive to air temperature and snow conditions and to nearby dust/black carbon emission sources.
Future changes to these drivers will lead to further decreases of 2.9%-12.5% in glacier albedo by 2100 under
different warming scenarios. These findings highlight the importance of albedo in glacier future evolution and
the urgency of action to mitigate climate warming.

INTRODUCTION

The Third Pole, including the Tibetan Plateau and surrounding
Hindu Kush-Karakoram-Himalayan system, is home to approxi-
mately 100,000 km? of glaciers, the largest glacierized area
outside of the north and south poles.’*? The runoff from these gla-
ciers contributes to the water security of nearly one billion people

the “water tower of Asia.”® However, the Third Pole’s glaciers
have been shrinking in recent years,®° with implications for
terrestrial water cycle, ecosystem resilience, and food security.

Glacier albedo, the ratio of upward and downward shortwave
radiation, is a physical link between climatic variability, glacier
mass balance, and deposition of light-absorbing particles (primar-
ily dustand black carbon).'®"'” Previous studies have shown that it

and feeds major rivers and lakes in Asia®*; hence, it is known as  changes spatially and temporally across the Third Pole, '>°'® and
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the decline is known to be a key driver of glacier mass loss in this
region.'® Glacier albedo determines the net shortwave radiation
that is absorbed by glacier surfaces throughout the region
and,’®?? therefore, is a key indicator of glacier persiste-
nce.'*1%2%24 The glacier albedo feedback,'” where decreases
in albedo lead to glacier mass loss and further decreases in al-
bedo, makes glaciers especially sensitive to climate change.

A number of compounding factors affect the glacier albedo in
complex and nonlinear ways. Increasing temperature and pre-
cipitation changes from solid to liquid reduce albedo by acceler-
ating snow sublimation, transformation of the snow structure,
and snowmelt.'? Increased snowmelt leads to earlier exposure
of bare ice in the melt season, reducing albedo and further
increasing annual melt volumes, in a positive feedback that is
detrimental to glacier persistence.?® At the same time, long-dis-
tance transport and deposition of light-absorbing particles can
disproportionately darken glaciers compared to climate and
have been recognized to reduce albedo in some regions of the
Third Pole.'®?%7?° |n addition, some glacier surface properties,
including topography,° crystal/grain size,*"*? and fine debris,**
can also indirectly affect glacier albedo through interactions with
local meteorology.*

Previous assessments have shown only slight temporal trends
in glacier albedo across the Third Pole,'>**° neglecting how
interannual, seasonal, and altitudinal variability in albedo can
mask these trends and shape long-term albedo changes. The
seasonality of glacier albedo depends on the timing and intensity
of snowfall; for example, snowfalls in spring can maintain high al-
bedo until early summer. Albedo seasonality is therefore ex-
pected to vary from westerly-dominated to monsoon-dominated
regions of the Third Pole (overall from west to southeast, respec-
tively).'%?* Altitudinal patterns of albedo may indicate the mech-
anisms of glacier change, such as snow-ice transitions,*¢°
debris emergence,*%*" or deposition of light-absorbing particles
from south Asia.?® For example, expansion of bare ice and debris
to a high altitude can lead to decreases of albedo, and dust and
black carbon directly darken glacier/snow with a clear altitudinal
pattern in the Indus Basin of the Third Pole.?® Although trend an-
alyses provide a primary basis for understanding near-term al-
bedo change, understanding the temporal and spatial variability
of albedo is necessary to disentangle the albedo sensitivity to
drivers'®'**? and to project its future trajectories.

In this study, we characterize the interannual, seasonal, and
altitudinal variability of albedo across the entire Third Pole from
2001 to 2020. We then exploit the interannual variability of
glacier albedo to disentangle its sensitivity to key external
drivers at the subregional scale and use these sensitivities to
estimate glacier albedo change associated with climate projec-
tions. We also assess the broad impact of these glacier albedo
projections on the “water tower of Asia.” Our findings reveal
that glacier albedo has declined with complex spatiotemporal
patterns over 2001-2020 across the Third Pole, but interannual
variability is also an important signal in this period. Glacier al-
bedo variations show high sensitivity to air temperature and
snow conditions, which suggests a continuous, much stronger
decline in the 21" century, especially for the high warming sce-
nario. These findings can be a scientific basis for policymakers
and underline the urgency of action to mitigate climate warming
in the Third Pole.
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RESULTS AND DISCUSSION

Methods summary

We undertook four principal analyses (Figure S1). (1) We first
retrieved daily glacier albedo values with an improved method*®
based on Moderate Resolution Imaging Spectroradiometer
(MODIS) surface reflectance data (MODO9GA and MYD09GA)
and then aggregated it to half-monthly, seasonal, and annual da-
tasets. (2) We used the multi-year averages and linear trends to
identify annual, seasonal, and altitudinal changes in annual
glacier albedo during 2001-2020. (3) We determined the correla-
tion of annual subregional albedos to eight potential drivers
selected from ERA5-Land and MERRA-2 climate reanalysis
and used the interannual variability to estimate the sensitivities
of glacier albedo to each driver. (4) We constructed a multivariate
linear regression model for glacier albedo in each subregion to
estimate future albedo for three future climate scenarios. More
details can be seen in the experimental procedures.

Subregional mean interannual albedo and trends

We obtain a complex spatial and temporal pattern of glacier al-
bedo from MODIS. The mean annual albedo across the entire
Third Pole is 0.532 + 0.045, but it varies considerably between
the regions (Figures 1A and 1B), with albedos in the westerly-
dominated regions generally higher (0.52-0.58) than in the other
subregions (0.48-0.51). Our results show that trends in glacier al-
bedo are also highly variable in space (Figures 1A and 1C). Over-
all, glacier albedo shows a declining trend at a rate of —0.009 +
0.008 dec ™" across the entire Third Pole. We find a small magni-
tude of change in the westerly-dominated regions (trend
of —0.012 to +0.005 dec™ "), where two regions even show an al-
bedo increase (Hindu Kush at +0.006 dec™ ' and West Himalaya
at +0.005 dec ™', respectively). In contrast, the monsoon-domi-
nated regions of the East Himalaya, Southeast Tibetan Plateau,
and Hengduan Mountains show a moderate decrease in glacier
albedo (—0.019 to —0.015 dec ™). The most rapid decrease in
glacier albedo occurs in the Inner Tibetan Plateau (—0.024 +
0.013 dec™ "), which is the transition area of the westerly- to
monsoon-dominated regions (Figures 1A and 1C). In the Kara-
koram, we find a lower mean albedo in the second decade
than the first decade, providing further evidence of a recent
reduction of the “Karakoram Anomaly.”>° In the West Kun
Lun, a moderate glacier albedo decrease is associated with
the transition from mass gain to loss,” demonstrating that the
progressive decline in glacier persistence over the past 20 years
indicated by the measurements at the Guliya Ice Cap®“* can be
generalized to the entire Karakoram Anomaly region.

In addition to the complex spatial patterns of change, our re-
sults highlight that the observed annual trends remain weak rela-
tive to the interannual variability for most regions, as indicated by
the trends’ significance and standard deviation of the residuals
of linear regression (oresi), which have been ignored in previous
trend-based analyses (e.g., see Ming et al.,>* Xiao et al.,*® and
Note S1 for more details). At 1° x 1° and pixel-wide scales,
>70% of the albedo trends are not significant at the 95% level
(Figures 1C and S3), and >50% of the o/.sj €xceeds the magni-
tude of the albedo change over the 20 years (Aresi—trena > 0;
Figures S2A and S4). Accordingly, 10 and eight subregions
show these two phenomena, respectively (Figure 1A). These
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Figure 1. Glacier albedo and its decadal trend across the Third Pole for the period of 2001-2020, derived from MODIS surface reflec-

tance data

(A) Annual albedo and its decadal trend in each subregion. The four numbers in each panel are the mean (Mean), the rate of annual albedo change (Trend, dec ™),
the standard deviation of the residual of the linear regression (o/es1), and the coefficient of determination of the trend (R?), respectively. The error bar shows the
uncertainty of the annual albedo in each year (experimental procedures), and the shaded area shows the uncertainty of the trend at 95% confidence level. * and **
denote that the trend is significant at the 95% and 99% confidence levels, respectively. The geographical context of the entire Third Pole is shown in the center.

Subregion boundaries indicate the second-order regions of RGI6.0.

(B and C) Maps of mean albedo (B) and rate of annual albedo change (C) in 1° x 1° grids. The number in the bottom left corner of (C) is the number/percentage of

non-significant 1° x 1° grids.

findings emphasize that interannual variability is also an impor-
tant signal in the glacier albedo time series in the Third Pole dur-
ing the period of 2001-2020.

Seasonal and altitudinal patterns of glacier albedo

The pattern of seasonal albedo varies considerably across the
Third Pole (Figure 2) and highlights the main mechanisms of
glacier albedo change across the region. Glacier albedo shows

a stable or increasing trend in spring and early summer
(Figures 2A and S5), especially in the westerly-dominated and
winter-accumulating subregions, where glacier albedo follows
a single-peak seasonal pattern (Figure S6). Albedo is partially de-
coupled from warming in these regions, as the winter accumula-
tion is only marginally sensitive to warming or cooling. In
contrast, a strong albedo decrease is observed in autumn (Fig-
ure 2C), when glacier albedo should be recovering to its

One Earth 7, 1587-1599, September 20, 2024 1589
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Figure 2. Seasonal and altitudinal patterns of the rate of glacier albedo change for the entire Third Pole and four subregions for 2001-2020
(A-D) Seasonal changes (spring, summer, autumn, and winter) on 1° x 1° grids. The number in the bottom left corner is the number/percentage of non-significant

1° % 1° grids.

(E) Rate of half-monthly glacier albedo changes in the entire Third Pole and the selected four subregions with distinct climate types. The solid line is the moving

average of three half-month windows.

(F) Rate of altitudinal annual glacier albedo changes in the same regions as in (E). We display elevations between the 10" and 90™ area percentiles because the
extreme centiles have low numbers of observation. The shaded area indicates the uncertainty of the rate in each elevation bin.

maximum value. This decrease is more pronounced in the tran-
sitional and monsoonal subregions, such as the Inner Tibetan
Plateau, the Southeast Tibetan Plateau, and the Hengduan
Mountains, where glacier albedo has a second peak due to
heavy snowfall in the post-monsoon season (Figure S6). Due to
the high sensitivity of the solid precipitation ratio to air tempera-
ture in these regions, slight warming acts to significantly

1590 One Earth 7, 1587-1599, September 20, 2024

decrease snowfall, leading to a pronounced change in autumn
albedo and accelerated glacier mass loss.?>*® Surprisingly,
more precipitation (i.e., snowfall at high elevation) during the In-
dian monsoon and snow sublimation/aging due to dry air during
the off-monsoon time act to balance the values of albedo be-
tween summer and winter in the Inner Tibetan Plateau and
East Himalaya (Figures S7B, S9, and S10B).
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Notably, the glacier albedo trends generally show a maximum
decrease at higher elevations in westerly-dominated regions
(Figures 2F and S11), especially in spring and autumn (Fig-
ure S12), possibly indicating an accelerated evolution of snow
to firn in the accumulation zone. In monsoon-dominated and
transitional regions, the maximum albedo decrease is observed
in the middle elevations, likely due to the expansion of bare-ice
ablation areas into high elevations (°F, S11, S12).¢ Close in-
spection also reveals contrasting seasonal albedo cycles at
high and low elevations due to summer precipitation and phase
controls (Figures S8-S10). However, as for the annual mean al-
bedo, we also find strong signals of interannual variability in
most seasonal and elevational albedos, as indicated by the
high p value and large residual in these annual trends
(Figures 2A-2D, S8, S4, and S13), reducing the confidence in
these patterns as trends over the past 20 years. Indeed, glacier
albedo fluctuates strongly due to frequent snow/ice changes on
the glacier surface, especially when air temperature is near 0°C
and snowfall occurs. Crucially, albedo is not only dependent
on the meteorology in any given season but also on the surfaces
inherited from previous seasons.

Sensitivity of glacier albedo to potential drivers

Because trends over the past 20 years are weak, they cannot be
used to interpret past changes or extrapolate future trajectories.
Instead, we exploit the strong interannual variability in glacier al-
bedo (Figure 1A) to investigate its sensitivity to eight known
drivers: air temperature, rainfall, snowfall, snow/rain ratio,
snow cover, snow frequency, atmospheric dust, and atmo-
spheric black carbon in the near-surface atmosphere. We aggre-
gate annual time series for each driver from available reanalysis
datasets and relate the interannual variability of glacier albedo to
these drivers (Figure S14; experimental procedures). Our results
highlight good correlations (|R| > 0.6) of glacier albedo with snow
metrics and air temperature in most regions (Figure 3). The cor-
relations of rainfall are low, with most |R| < 0.4, and vary between
subregions due to its two-sided effect: i.e., heavy rainfall event
can increase albedo in a short period by smoothing the glacier
surface and washing out light-absorbing particles or fine
debris,>**" thereby increasing albedo, whereas light rainfall
can form a thin water layer on the glacier ice surface, thus
decreasing albedo.®* These correlations also vary in different
seasons due to different dominant physical processes on the
glacier surfaces (see details in Note S2). Atmospheric dust and
black carbon show correlations only for the regions where their
concentrations are very high due to nearby emission sources
(Figure S15); glaciers around the Taklamakan desert are known
to be affected by dust,*®° affecting the Pamir, Kunlun Moun-
tains, and Qilian Mountains, while the Himalayan region is
affected by black carbon according to our results (|R| = 0.63 to
0.78; Figure 3), as confirmed by local studies.'""® These results
provide more spatially and temporally resolved details beyond
the findings of Xiao et al.>® and show that the effects of these
drivers are also controlled by the local terrain, as in the Himalaya,
where the difference in these drivers between northern and
southern areas results in a distinctly different pattern of glacier
albedo trend (Figure S16). In this region, glacier albedo on the
southern area shows a stronger increase in the west but a stron-
ger decrease in the east (see details in Note S3).
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Glacier albedo shows a strong correlation with air temperature
for most subregions of the Third Pole (Figure 3), including the areas
with the highest albedo decline rates (Inner Tibetan Plateau, East
Himalaya, and Hengduan Mountains). These occur preferentially
in monsoonal areas undergoing rapid mass loss (—0.4 to —0.7 m
w.e.a” ' [meter of water equivalent per year] for 2000-2019),° high-
lighting the sensitivity of glacier albedo and mass balance to air
temperature for monsoonal maritime glaciers*® due to its controls
on precipitation phase and mass accumulation.”® In westerly-
dominated regions, such as the Karakoram and West Kun Lun,
where glacier mass budgets have been close to neutral over the
past 20 years (.., < [0.08] m w.e. a~ "), glacier albedo still corre-
lates with annual air temperature but also with snowfall and
snow cover. These regions experience high albedo during the
short melt season moderated by the winter and spring snow cover
(Figures S6, S8, and S10A), with strong implications for annual
glacier mass balance.**>°

It is interesting that, in the westerly-affected northern ranges
(Hissar Alay and Tien Shan), our results suggest a distinctly lower
correlation of glacier albedo with air temperature (|R| < 0.4) than
in other subregions with |R| > 0.6 (Figure 3). These regions also
show reduced interannual variability and a moderate decrease
in glacier albedo (—0.005 to —0.011 dec™'; Figure 1A). The ma-
jority of glaciers in these regions are at lower elevations and
are already losing mass at considerable rates,”'® consistent
with their low annual albedos (<0.5). Our results indicate that
albedos in summer mostly indicate bare ice with minimal snow
cover, especially in the Hissar Alay and East Tien Shan (al-
bedo < 0.3; Figure S6), resulting in less interannual variability
and limited correlation with air temperature and limiting the po-
tential future reduction of albedo. Furthermore, the snowfall
and snow cover are close to zero in summer (Figure S17), which
means they have a limited effect on (summer) glacier albedo.

Weak correlations in four seasons show that the effects of light-
absorbing particles are complex and depend on meteorological
drivers. In the Hindu Kush and West Himalaya, for example, depo-
sition of light-absorbing particles has been found to reduce snow
albedo by up to 3% at high elevations during March through
August,?® but our results show that glacier albedo during this
period increased since 2000 due to increased snowfall and cooling
(Figure S18), particularly affecting spring albedo (Figures 2A and
2E). However, the effects of light-absorbing particles are likely to
become apparent with their exposure due to continued warming
and snowmelt in the future. This result also emphasizes the need
to consider the actual deposition of dust and black carbon and
their interactions with the near-surface atmosphere to obtain a
more robust assessment of the effects of light-absorbing particles
on the cryosphere®®?° (see Note S4 for additional exploration).
Indeed, the evolution of glacier albedo is affected by complex in-
teractions and feedback mechanisms between the glacier surface
and the atmosphere. We have restricted our evaluation to impacts
well documented in the literature and to analyses feasible with
generally available datasets. A better understanding of the relative
importance of different drivers of albedo change requires field ob-
servations and simulations that are beyond the scope of this study.
Glaciers will continually darken in the 215 century
As albedo plays a key role in the nonlinear sensitivity of mass bal-
ance to future climate change,”' we estimated the response of
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Figure 3. Correlation analysis between annual glacier albedo and eight potential drivers for the Third Pole and each subregion

The values are the absolute Pearson correlation coefficient (|R|); a solid triangle/circle represents positive correlation (R is positive), and a hollow triangle/circle
represents negative correlation (R is negative). The triangle/circle indicates that the driver is used/unused by the albedo estimation model, and Adj-R? is the
adjusted R? of the albedo estimation model (Table S3). The shaded area indicates the rate of annual glacier albedo change, which is consistent with Figure 1A. The

subregional plots are positioned according to their locations in the Third Pole.

regional glacier albedo to future climate scenarios generated
with 14 global climate models (GCMs) for three basic shared so-
cioeconomic pathways (SSPs) combined with radiative forcing
levels (SSP1-2.6, SSP2-4.5, and SSP5-8.5; Figures S19-522).
Glacier albedo is projected by applying a multivariate regression
model in each subregion (experimental procedures; Table S3).
Despite a variable range of the response across the Third Pole,
the current albedo-driver sensitivity implies that annual glacier
albedo will decrease by the end of the 215 century in all Third
Pole regions and for all chosen SSP levels (Figure 4). If dust
and black carbon continue their current trend (Figure S23), the
mean annual glacier albedo is limited to a2.9% + 2.5% decrease
(percent of the mean albedo in 2001-2020) for the entire Third
Pole under SSP1-2.6 at the end of the 21%! century but will un-
dergo stronger declines for SSP2-4.5 (6.4% =+ 3.2%) and
SSP5-8.5 (12.5% + 5.7%). Such extreme albedo declines under
SSP5-8.5 lead to a mean annual Third Pole glacier albedo value
of 0.45, corresponding to exposed glacier ice for most of the
glacier area and most of the year. In contrast, under SSP1-2.6,
most subregions would experience annual glacier albedos
above 0.45 by the end of the 215! century, and the annual glacier
albedo in the Third Pole would stabilize above 0.5. Based on
initial estimates, glacier albedo reduction under SSP5-8.5 could
contribute to a mean mass loss increase of 170% and water
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runoff increase of 70% during 2015-2100 over the entire Third
Pole compared to the past 20 years (Figures S24 and S25).
Under these scenarios, the subregions largely differ in their ex-
pected albedo response and in associated glacier mass bal-
ance, indicating that the imbalance of the water tower of Asia
is likely to persist and even intensify in the 215t century.® In gen-
eral, our projections indicate strong reductions in glacier albedo
in the transitional (Inner Tibetan Plateau) and monsoon-domi-
nated regions (East Himalaya, Southeast Tibetan Plateau, and
Hengduan Mountains), where the decreases in the mean annual
glacier albedo may exceed 20% to reach values below 0.4 at the
end of the 215t century under SSP5-8.5 (Figure 4), which could
be explained by an increase in net shortwave radiation of about
22-42 W m~2in the melt season and an increase in annual glacier
mass loss of 1.04-1.82 mw.e. a~ " (Figure S24). Interestingly, the
glacier albedo reduction in these regions is distinctly slower after
2080, which could be related to changes in the liquid monsoon
precipitation ratio. Due to continuous warming and the phase
change of precipitation from solid to liquid in the post-monsoon
season, the double-peak pattern in glacier albedo in these re-
gions could change to a single-peak pattern (Figure S6), which
has less potential for further albedo decline and, thus, shows a
slow rate of decrease after 2080. In the East Tien Shan, annual
glacier albedo shows less reduction in response to future climate
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Figure 4. Projected changes in annual glacier albedo in response to three future climate scenarios associated with the current linear trend in

dust and black carbon concentration

The solid line is the median of the ensemble glacier albedos estimated by the 14 GCMs, smoothed with a moving average over a 5-year window. The shaded area
indicates the uncertainty in the glacier albedo projection (gprjection; Equation 9; experimental procedures). The number is the relative change (%) in mean glacier
albedo during the last decade of the 215! century (2091-2100) compared with the first two decades (2001-2020, black dashed line). More details in dust and black
carbon concentration can be seen in the section of glacier albedo projections under experimental procedures and in Figure S23.

warming, resulting from reduced sensitivity to warming due to its
already low albedos in the absence of summer snow (Figure 3)
and the projected increases of total precipitation and a slower
future decline of snowfall under a warmer climate in that region
(Figure S21). We also recommend more focused study of the
snowfall and albedo dynamics in this region. The large differ-
ences in albedo decline under SSP1-2.6 and SSP5-8.5 highlight
the potential for strong and immediate global climate change
mitigation to prevent further regional glacier albedo decline
and glacier mass balance feedback.

In addition, we also find that the albedo decline and glacier
mass loss could be mitigated to some extent by reducing the at-
mospheric black carbon in the Central and East Himalaya (Fig-
ure S26). If atmospheric black carbon is to keep following the

current (2001-2020) linear trend, this would result in an albedo
reduction of about 0.04 and a glacier mass loss increase of about
0.5mw.e. a” ' at the end of 21! century across these local re-
gions compared to a scenario where black carbon remains at
the current level. In the best case with zero black carbon,
increasing albedo could lead to a mass increase in the Himalayas
even under the worst climate scenario (SSP5-8.5). This sensi-
tivity experiment highlights the urgency of actions to reduce at-
mospheric black carbon in south Asia.

According to the good correlation between glacier albedo and
mass balance across the Third Pole (Figure S27) and the impor-
tant contribution of albedo change to the total future mass bal-
ance (Figure S24), this extrapolation of the contemporary glacier
albedo response to end-of-century conditions highlights the
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importance of accounting for glacier albedo change in projec-
tions of glacier change.®?°* However, this response is compli-
cated by processes such as increased rates of snow metamor-
phism, glacier surface debris, cryoconite, and changes in firn
water content, each of which may contribute to further nonline-
arity in the response of glacier albedo to climate change.'***
In this regard, physical glacier models describing ice and snow
albedo dynamics®® and melt consequences®®°°" are neces-
sary to obtain a more accurate response and feedback of glacier
albedo to near-surface atmospheric conditions under projected
climate change. This approach, however, requires considerable
computational resources to study large regions. The spatiotem-
poral albedo data derived with our improved retrieval method are
an important support for the development and calibration of
such models at interannual and decadal timescales.*®

Conclusions

We have shown that glacier albedo and its interannual variability,
trend, and altitudinal distribution exhibit large spatiotemporal dif-
ferences across the Third Pole during the first two decades of the
215t century. Interannual variability in particular belies the trends
in the majority of the Third Pole. We identify air temperature and
solid precipitation as the main potential drivers of the spatial and
temporal variability in the glacier albedo. The interplay of these
two driving variables is complex and highly variable spatially
across different climatic regimes of the Third Pole. We then
use this new understanding of the effects of drivers on glacier al-
bedo to estimate future changes in glacier albedo through the
end of the century. We demonstrate that strong decreases in
glacier albedo are expected in most subregions of the Third
Pole for the worst socio-economic scenarios, with particularly
remarkable decreases in the Inner Tibetan Plateau, Southeast Ti-
betan Plateau, East Himalaya, and Hengduan Mountains, where
the SSP5-8.5 scenario implies a region-wide decrease in glacier
albedo of 20% at the end of the 215 century, resulting in an
annual net shortwave radiation increase of about 22-42 W m~2
in the melt season and glacier mass loss of 1.04-1.82 m w.e.
a~'. This indicates that additional energy absorption will play
an important role in accelerating the demise of glaciers across
the region. However, our results also show the relative insensi-
tivity of glacier albedo to projected climate change in westerly-
dominated regions. Our results thus provide a picture of future
changes for a key nonlinear element of the response of glacier-
climate system and show that the response of glacier albedo
to precipitation and temperature changes is an important but ne-
glected mechanism of the nonlinear sensitivity of glaciers to
future climate change, highlighting the importance of accounting
for glacier albedo as a feedback mechanism in future projections
of glacier change. Our results also highlight the importance of
reduction measures for atmospheric black carbon to reduce
glacier mass loss, especially in the Himalayas.

EXPERIMENTAL PROCEDURES

Glacier classification for each MODIS pixel

The purpose of our study is to investigate changes in glacier albedo, we
therefore classify MODIS pixels by surface type and then keep only clean-
ice/snow pixels. As Figure S28 shows, we rasterize the glacier outlines
from the Randolph Glacier Inventory v.6.0 (RGlI6.0) at a 30-m resolution
and then aggregate this raster to the MODIS pixel footprints (500 x 500 m)
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to estimate the glacier fractional abundance within each MODIS pixel.
Only MODIS pixels with >50% glacier fractional abundance are classified
as glacier pixels. Although not free from problems, the inventory is suitable
for regional and global studies®® and has been widely used by the glaciolog-
ical community.”*° Similarly, we estimate the on-glacier debris fractional
abundance using the debris cover extents from Scherler et al.®® and keep
clean-ice/snow pixels (those without surface debris) by applying the same
50% threshold to glacier pixels. In this study, both errors in the RGI6.0 data-
set and in the glacier classification method can introduce mixed MODIS
pixels, resulting in a surface reflectance that combines signals from mixed
targets. These errors may affect absolute glacier albedo values but are un-
likely to affect the spatiotemporal variability of albedo (the main result of
this study), as indicated by our assessment of the effect of mixed MODIS
pixels (see Note S4 for more details).

Improved MODIS glacier albedo

Albedo retrieval

We use the method developed by Ren et al.*® to retrieve the daily glacier al-
bedo (broadband shortwave albedo) with MODIS surface reflectance
(MYDO9GA and MODO09GA,) for all cloud-free MODIS pixels (hereafter, we
refer to this product as improved MODIS albedo to distinguish it from the
standard MODIS albedo product (MCD43A3). By applying an updated
anisotropy correction on snow and ice surfaces, this method can retrieve
both snow and ice albedo, respectively, and gives a better agreement with
in situ albedo measurements and better temporal coverage than
MCD43A3."° This method distinguishes between the albedo of glacier ice
and of snow, in contrast to the standard MODIS snow albedo product
(MOD10A1 and MYD10A1).°" This allows the data to better represent the
spatiotemporal variability of glacier albedo. The method includes three
steps®®®?: (1) Topography correction. Since terrain modifies the orientation
of a target relatively to the satellite and sun, two functions based on terrain
factors were used to correct this relative position.® Terrain factors, including
slope and aspect, were retrieved from the Advanced Land
Observing Satellite World 3D-30m Digital Surface Model,°* and the sun
and view zenith and azimuth were read from the MODIS ancillary data at
1-km spatial resolution. (2) Narrowband albedo retrieval by applying an
anisotropic correction. The anisotropic factor for each band was determined
by the corrected orientation of the target relative to the sun and satellite in the
first step and then applied to convert bi-conical surface reflectance to
narrowband albedo. (3) Broadband albedo estimated by applying empirical
equations. Two different equations were used to convert narrowband to
broadband albedo of the ice and snow surface (aice and asnow), according
to Liang®® and Stroeve et al.,’® respectively:

qjce = 0.160b4 +0.291b, +0.243b3 +0.116b, + 0.112b;5 + 0.081b7
— 0.0015 and
(Equation 1)

Qsnow = 0.1574b4 +0.2789b, + 0.3829b3 + 0.1131bs + 0.0694b; — 0.0093,
(Equation 2)

whereb; (i=1, 2, ..., 7) represents the estimated narrowband albedo in the i-th
MODIS band in the second step. Snow on the glacier surfaces was detected
by normalized difference snow index > 0.4.

Daily albedo was then generated using broadband albedos from both Terra
and Aqua satellites and aggregated to half-monthly values by determining the
average of all valid retrievals within each half-month period. These products
were generated in Google Earth Engine, which allowed the processing of
this very large dataset. Remaining gaps for a given half-month time step
were spatially interpolated over the eight nearest-neighbor pixels in two itera-
tions. After this spatial interpolation, the percentage of valid data of the half-
monthly products improved from 94% to 99% overall and especially in winter
(from 85% to 97%), which is sufficient to characterize the glacier albedo
change across the area. We then determined seasonal and annual glacier
albedos by averaging the half-monthly albedo for each calendar season.
Uncertainty of the retrieved albedo
The region-wide uncertainty accounts for temporal (half-month, seasonal) and
spatial (each subregion) uncertainty, and it is estimated in two steps.
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(1) First, we determine the temporal uncertainty for each pixel
(Thait-month_pixer)- It is estimated by assuming that the daily albedos are
independent during a half-month period®”:

Opixel "
G half-month_pixel = %ﬁ N=2, (Equation 3)

where apixe is the standard deviation of valid daily albedos in each half-month
interval, and N is their number. The seasonal and annual uncertainties of the
pixel albedo (operiod - pixer) are calculated as follows:

Operiod_pixel = \/ Ghaif-month_pixel >+0 G haif-month_pixel > (Equation 4)

where Ghair-month_pixel 1S the average of aharr.month_pixel IN @ given period, and
00 haif-month_pixel 1S the standard deviation.

(2) We then aggregate the resulting pixel-wise uncertainties at the regional
scale. Similarly, we estimate the regional uncertainty (operios) as the
average (Gperiod_pixel ) @nd standard deviation (coperiod_pixer) Of UNcer-
tainty of all pixels in each subregion:

Operiod = \/U'penod,pfxel 2 +‘7‘7period,plxe/2 . (Equation 5)

Trend of glacier albedo

All albedo trends were estimated by applying linear regression to observations
at both subregional and 1° x 1° scales, and their uncertainties were provided
by the 95% confidence interval of the trends. Prior to trend estimation, pixel-
wise albedos were averaged over each subregion or each 1° x 1° grid. To
distinguish whether albedo is dominated by trend or interannual variability,
two indices are used: the p value of the trend and Ayesiguar-trend (Figure S2),
which is the difference between the standard deviation of the residual of the
linear regression (oresiauar) @nd the magnitude of linear change over the past
20 years:

Avesidual-trend = Oresidual — ‘20 = trend|, (Equation 6)

where trend is the rate of linear change. Albedo is more likely to be dominated
by interannual variability when p > 0.05 or Ayesidual-trend > 0.

Driving factor analysis

Meteorological conditions can affect glacier albedo by altering the evolution of
glacier surface properties,'®'"3%3%3¢ while light-absorbing particles can
directly darken glacier surfaces.'®'®?° Some glacier surface properties,
such as microtopography or crystal/grain size®' and fine debris® are not
considered due to their indirect effects and the difficulty in quantifying
them.** We expect these factors to be the main drivers of temporal variability
of glacier albedo and test their association with measured albedo changes. We
consider six atmospheric forcing variables (i.e., air temperature, rainfall, snow-
fall, snow/rain ratio, snow cover, and snow frequency) derived from the ERA5-
Land reanalysis data with a spatial resolution of 0.1° x 0.1° (~9 km)®® and the
concentrations of two major light-absorbing particles in the near-surface at-
mosphere; i.e., atmospheric dust and atmospheric black carbon from
MERRA-2 reanalysis data® with a spatial resolution of 0.5° x 0.625°. Only
the pixels overlying glacier are used for this analysis to ensure they reflect at-
mospheric conditions in the vicinity of glaciers. According to previous studies
(e.g., Wang et al.”®), ERA5-Land data are subject to some seasonal biases, but
ERA5 and ERA5-Land are nonetheless widely used in the assessment of mete-
orological conditions in glacierized regions of the Third Pole.””"'~"* Moreover,
similar patterns in temporal variability derived by ERA5-Land and MODIS al-
bedo (Figure S29) indicate that ERA5-Land is a way to characterize atmo-
spheric forcing in an area partly occupied by glaciers. However, rather large
differences also indicate that ERA5-Land albedo is unreliable to directly quan-
tify the spatiotemporal change of mountain glacier albedo, which is one of the
motivations of this study. We assess the correlation of albedo with each driver
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using the Pearson correlation coefficient (R) for each subregion (Figure 3). We
first aggregate these drivers by averaging all overlying glacier pixels in each
subregion at the annual scale and then assess their correlations with albedo.
In addition, to evaluate the orographic effect of the Himalayan crest on the al-
bedo patterns, we manually delineate its ridge line in Google Earth and use a
50-km buffer to distinguish the north and north slopes of the range
(Figure S16A).

Glacier albedo estimation model

In most glaciological and hydrological models, albedo is estimated from cli-
matic factors (e.g., air temperature, snow, and relative humidity).”>"® Similarly,
we establish a multivariate linear regression model to estimate annual glacier
albedo for each subregion using the observed sensitivities of glacier albedo to
the potential drivers. Our selection of potential drivers of changes in glacier al-
bedo is mainly based on causality established in the literature,0'"+1%:16:29.:35,36
The role of our multivariable linear regression analysis is limited to the estima-
tion of partial sensitivities once the potential drivers have been identified and
their role in the observed variability of albedo has been documented by litera-
ture. The model is

6
a(t) = Bo+ ZB,X/(T), (Equation 7)
i=1

where t denotes the year, X; (i=1,2,...,6) are the six candidate drivers
mentioned above except snow/rain ratio and snow frequency, By is a con-
stant, and B; (i = 1,2, ..., 6) are the multivariate regression coefficients simul-
taneously estimated using observations from 2001-2020. Snow frequency is
discarded because of its unavailability in CMIP6 data, while snow/rain ratio
is discarded because it needs to be further calculated from rainfall and snow-
fall, which could carry more uncertainty. Before estimating this multi-linear
regression, it is necessary to assess the independence of these six potential
drivers; we therefore conduct a correlation analysis (Figure S30). The results
show that Pearson correlation coefficients between snow conditions (snowfall
and snow cover) and air temperature range from —0.1 to —0.9, indicating that
air temperature only partially influences snow conditions. Indeed, within the
ERA5-Land model chain, snowfall and snow cover depend not only on temper-
ature but also on other variables, such as cloud, humidity, and snow energy
budget.®® We follow a two-step approach to include only significant drivers.
(1) Since temperature and snow cover are the main drivers in almost all subre-
gions, we first build an initial regression model using only these two drivers. (2)
We iteratively add the remaining drivers to the model, starting with the highest
R value (Figure 3), keeping them only if the adjusted R? (Adj-R?) improved by
more than 5%.”” The evaluation of the estimated relationships shows that
the regression performs well across the entire Third Pole, with Adj-R? = 0.77,
p <0.01, and root-mean-square error (RMSE) = 0.005. 10 of the 16 regressions
have Adj-R? > 0.6, 15 with p < 0.05, and 7 with RMSE < 0.01 (Table S3), indi-
cating that our approach can estimate glacier albedo well in most subregions.
Especially, a consistency test also shows that the glacier albedo over the entire
Third Pole derived by the multi-linear regression model is slightly higher than
that estimated by area-weighted average with 15 subregional glacier albedos,
and their temporal evolutions are very similar as well (Figure S31).

Glacier albedo projections

In our effort to estimate glacier albedo response to future climate, we rely on
current sensitivities of glacier albedo to the drivers remaining stable as the
climate warms, although the interaction between our presumed drivers and
glacier surface albedo is complex. It should be noted that these sensitivities
may change in different meteorological conditions.'*"® Similar assumptions
regarding the stability of the sensitivity of mass balance to climate have
been applied in projections by regional-scale glacier models.*®"® The cross-
validation experiment shows that the glacier albedo in 2011-2020 can be
well estimated using the relationships established for 2001-2010 (see Note
S4 for more details; Figure S32), indicating the reliability of this assumption.
The multivariate model was applied from 2015 to 2100, driven by the 14
GCMs from the Scenario Model Intercomparison Project (ScenarioMIP) of
the Climate Model Intercomparison Project Phase 6 (CMIP6).”® CMIP6 in-
cludes better-constrained climate forcing and aerosol emissions by coupling
more physical processes in different earth subsystems.®’ Because there is
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large disagreement regarding atmospheric dust and black carbon due to lim-
itations in the available GCMs, we instead assume that no action is taken to
mitigate the trend of dust and black carbon emissions; i.e., that the annual
dust and black carbon in the 21! century are estimated using the same linear
trends derived for 2001-2020 (Figure S23) and used to estimate albedo in the
future (Figure 4). To assess the impact of mitigation of black carbon emissions
on glacier albedo, we compare the albedos under five scenarios for 215 cen-
tury black carbon changes: extrapolation of the current linear trend as
described, extension of the current state (average during 2001-2020), and de-
creases of 10%, 50%, and 100% during 2015-2100 relative to the current
state (Figures S22A-S22C). ScenarioMIP provides multi-model climate pro-
jections for five SSPs and seven radiative forcing levels. We select the 14
GCMs that include four climate forcings for three baseline scenarios (SSP1-
2.6, SSP2-4.5, and SSP5-8.5; Table S2; Figures S19-522). All selected
GCM data belong to the “r1i1p1f1” ensemble member, which is widely used
for impact assessment of future climate.”®#"%? For the reanalysis data, only
the pixels intersected with glacier in GCMs are used for future albedo estima-
tion. Since there are large differences between the GCMs and the reanalysis
data, we correct the GCMs against ERA5-Land for climatic factors in the over-
lap period 2015-2020 by

GCMcorrect = GCMipaw — (GCMovyensp — Referenceqyeriap ), (Equation 8)
where GCMcorrect and GCM,, are the corrected and raw GCM, GCMoyeriap IS
the mean value of the raw GCM data from 2015 to 2020, and
Referenceoyeriap is the mean value of ERAS-Land in 2015-2020. This is analo-
gous to the “delta” method for the forcing of our multivariate model and allows
us to estimate the albedo expected for future climatic conditions given the cur-
rent albedo sensitivity to climate variability. We then estimate the uncertainty of
the projected annual glacier albedo (opnjection (1)) as the quadratic sum of the
RMSE of the albedo estimation model (RMSE n0qe) and the standard deviation
of the annual glacier albedos in the GCM composite (Stdgcws (t)):

a'projectian(t) = \/RMSEmgde/2+SthCM5(t)2. (Equation 9)

Impact of projected glacier albedo on mass balance

Due to the direct control of the net shortwave radiation, glacier albedo can
affect glacier melt, sublimation, and evapotranspiration. To assess the relative
impact of glacier albedo changes on glacier melt in different scenarios and
subregions, given the large spatial scales considered, we assume that
changes in the net shortwave radiation caused by albedo changes during
the melt season directly influence glacier melt, i.e., we estimated the impact
on glacier mass balance by assuming that all additional melt-season radiative
energy would be used for melt. Moreover, we also make the following two con-
servative assumptions to estimate the resulting mass loss in future climate
scenarios based on our annual albedo estimates: (1) the number of days during
the melt season are stable (but they are likely to increase), and (2) albedo
change in melt season is the same as the annual albedo changes (albedo
changes are most pronounced during the melt season). As a result, we can
write the change in net shortwave energy (NSR.4q) caused by changes in al-
bedo as

NSRzqq = DSR (are!erence - afuture) *MD, (Equation 10)
where DSR is the mean daily downward shortwave energy in melt season dur-
ing 2001-2020, areference is the mean area-averaged glacier albedo during
2001-2020, as1re is the annual area-averaged albedo in a given future climate
scenario, and MD is the number of days of glacier melt. DSR is calculated by
ERA5-Land reanalysis data, and MD is mean melting days during 2017-2020
according to the study of Scher et al.,*® and we set MD in the Tien Shan and
Hissar Alay, which were not covered in the study, to May-September, in agree-
ment with nearby regions. The area-averaged glacier mass balance caused by
albedo change (MB in m w.e. a~') can then be obtained from the changes in
net shortwave energy:

NSRadq

MB = — >N
Quett *

(Equation 11)
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where Qe is the latent heat of melt per unit mass of ice (i.e., 336,000 J kg™"),
and p,, is the density of water (i.e., 1,000 kg m~3). The uncertainties of addi-
tional net shortwave energy (onsr_adg) and additional mass balance
(omB_change) are estimated based on the obtained uncertainty of future albedo
(0projection (t); Equation 9) coupled with Equations 10 and 11:

ONsR_add = DSR * 0projection (t) * MD (Equation 12)
ONSR_add

(Equation 13)
Qe * Pw

OMB_change =

As glacier albedo, we also assess the impact of the mitigation of black car-
bon emissions on glacier mass balance (Figures S26D-S26F). To quantify the
impact of albedo change on water availability, we assume that (1) all additional
net shortwave radiation would be used to melt snow and ice and (2) no melt-
water would be retained by the glacier or by glacial lakes. This means that
all meltwater would freely flow downstream and contribute to the water yield
of high-elevation catchments. We then translate the area-averaged glacier
mass balance to volume change to estimate the annual water runoff (Wnor)
caused by glacier albedo change (Figure S25):

Wiunott = MB x Area, (Equation 14)
where Area is the glacier area in each year during 2015-2100.%* Since this
study only provides glacier area in three years (2040, 2070, and 2100), we es-
timate annual glacier area by assuming that glacier retreats with a linear
change in these periods.

Overall, this estimation may be conservative. Although the downward short-
wave energy has slightly decreased (—1.4 W m~2 dec™ ") in the past 20 years,
the snow melt season has significantly extended by 4-12 days dec™',*® and
albedo in melt season (May-September) indeed decreases faster than annual
albedo (Figure S5). This means that the added net shortwave energy is more
than our estimation, i.e., the true mass loss and glacier runoff due to albedo
change could be more in the future.
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