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Abstract Glacier mass changes in the Himalayas impact on sustainable water resources and hazards
in downstream regions. However, mass balance variation and its drivers on north-facing slopes in the
Himalayas are not well understood. This study presents the meteorological conditions, energy and mass
balance characteristics for Naimona'nyi Glacier on a north-facing slope in the western Himalayas, based
on energy-mass balance model and high-altitude measurements from October 2010 to September 2018.
The average annual mass balance measured for Naimonanyi Glacier was —0.39 m water equivalent a™*
and point mass balances below 6,070 m above sea level were always negative. Simulations showed that
melt during the ablation season dominated the annual mass balance and the interannual variability in
the mass balance, and that variability in melt energy was controlled by albedo during the ablation season.
The annual mass balance was found to be significantly correlated with annual precipitation during the
2011-2018 period, which is accounted for by the change in ablation-season albedo and melt energy. The
average mass balance for glaciers in the western Himalayas were higher during the 2010-2019 period than
during the 2000-2009 period, partly because of higher annual precipitation during the 2010-2019 period.
Over the last 20 years, the increased precipitation in the cold season was driven by a cyclonic circulation
anomaly over the northwestern Indian Peninsula, which may be linked to the strengthened North
Atlantic Oscillation, and the increased precipitation in the ablation season was driven by an anomaly in
the cyclonic circulation over Central India, which may be related to enhanced deep convection over the
Indian subcontinent and the enhanced Atlantic multidecadal oscillation.

1. Introduction

Glacier mass changes in the Himalayas are a subject of societal concern due to their impact on many large
Asian rivers that are relied upon for sustainable water resources (Immerzeel et al., 2020; Wang et al., 2015;
Yao et al., 2019); their effect on hazards in downstream regions such as glacial lake outburst floods (Carriv-
ick & Tweed, 2016); and their effect on the availability of Himalayan paleoclimate records from ice cores
(Kehrwald et al., 2008; Thompson et al., 2011). Recent studies show that Himalayan glaciers have experi-
enced rapid thinning and shrinkage and that the rates of observed mass changes are spatially and tempo-
rally variable (Azam et al., 2014; Bolch et al., 2012; Brun et al., 2017; Maurer et al., 2019; Shean et al., 2020;
Yao et al., 2012). The drivers for the spatiotemporal variability are not well understood and a variety of
factors have been proposed to explain it, including debris cover (Scherler et al., 2011), glacier-lake inter-
actions (King et al., 2018), morphological variables (Brun et al., 2019), climate variability (patterns in air
temperature, precipitation, and atmospheric circulation) and the response of individual glaciers to climate
variability (Forsythe et al., 2017; Fujita & Nuimura, 2011; Sakai & Fujita, 2017; Yao et al., 2012).

To enhance our current understanding of the spatiotemporal variability of mass balance for glaciers across
the Himalayas, it is important to explore the mechanisms that control changes in mass balance for some
typical Himalayan glaciers (Fujita & Nuimura, 2011; Yao et al., 2012). The relevant studies mainly focused
on the south-facing slopes in the Himalayas (Azam et al., 2014; Bonekamp et al., 2019; Sherpa et al., 2017;
Sunako et al., 2019; Wagnon et al., 2013). For example, Sunako et al. (2019) looked at Trambau Glacier, on

ZHU ET AL.

1of 21


https://orcid.org/0000-0002-6467-9732
https://orcid.org/0000-0002-8866-7744
http://orcid.org/0000-0001-5371-2579
https://orcid.org/0000-0001-9121-4917
https://doi.org/10.1029/2020JD033956
https://doi.org/10.1029/2020JD033956
https://doi.org/10.1029/2020JD033956
https://doi.org/10.1029/2020JD033956
https://doi.org/10.1029/2020JD033956
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JD033956&domain=pdf&date_stamp=2021-04-02

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2020JD033956

a south-facing slope in the central Himalaya and found significant correlation between annual mass bal-
ance and annual precipitation, but no discernible correlation between annual mass balance and summer
mean air temperature, while Mandal et al. (2020) found that interannual variability for the mass balance
of Chhota Shigri Glacier, on a south-facing slope in the western Himalayas, was driven by variations in air
temperature during the ablation season (June to September). These studies demonstrate that the climate
variables that drive changes to glacier mass balance vary spatially across the Himalayas, possibly reflecting
a different glacier response where the background climate is different (Sakai & Fujita, 2017; Zhu, Yao, Yang,
Xu, Wu, & Wang, 2018).

To improve our understanding of Himalayan glacier behavior, particularly for glaciers on north-facing
slopes, which experience different climate conditions to south-facing slopes (Bookhagen et al., 2010; Maus-
sion et al., 2014), further research into the mechanisms that determine changes in mass balance for glaciers
in different regions of the Himalayas is needed. There are few in-situ observations of meteorology and
glaciology available for high altitudes on north-facing slopes in the Himalayas. This makes it difficult to in-
vestigate relationships between climate variables (e.g., air temperature and precipitation) and glacier mass
balance, and to analyze the influence of atmospheric circulation on changes to glacier mass balance (e.g.,
Molg et al., 2014; Yang et al., 2016; Zhu, Yao, Yang, Xu, Wu, Wang, & Xie, 2018).

In-situ high-altitude meteorological and glaciological observations can be used with the energy-mass bal-
ance (EMB) model to describe the physical processes of glacier accumulation and ablation and to quantify
the influence of climate factors on changes to glacier mass balance (Huint, 2014; Mdlg et al., 2014; Yang
et al., 2013; Zhu et al., 2015). Naimona'nyi Glacier is on a north-facing slope in the western Himalayas
and is the subject of an established long-term meteorological and glaciological monitoring campaign (Tian
et al., 2014; Yao et al., 2012; Zhao et al., 2016). Based on a degree-day model and meteorological data from
Burang meteorological station, Zhao et al. (2016) showed that the average annual mass loss increased from
~0.01 % 0.15 m water equivalent (w.e.) a' during the 1974-1983 period to ~0.69 + 0.21 m w.e. a~' during
the 2004-2014 period due to the dramatic temperature increase and simultaneous significant precipitation
decrease that began the late 1980s. Their study focused on the qualitative analysis about the relationship be-
tween local climate factors and the accelerated mass loss on the interdecadal scales. The temporal changes
in mass balance and possible relationships with local and regional climate variables should be investigated
further. Based on energy and mass balance model, and new mass balance and meteorological data from
Naimonanyi Glacier for 2010-2018, we aim to: 1) characterize the energy and mass balance characteristics
of Naimona'nyi Glacier, the meteorology it experiences, and the temporal variability of these; 2) analyze
the relationship between the mass balance and local climate factors, to understand what drives changes to
mass balance on north-facing slopes in the western Himalayas and to gain insights into the macroscale at-
mospheric circulation patterns that may affect glacier mass changes in the western Himalayas; 3) compare
the mass balance for Naimonanyi Glacier with that for other glaciers across the Himalayas over the last 10
years and to identify potential drivers for any spatial differences. This study will improve our understanding
of glacier behaviors and their relationships with the regional circulation on north-facing slopes in the west-
ern Himalayas, and lead to advances in understanding of spatial and temporal differences in glacier mass
changes across the Himalayas.

2. Study Area, Method, and Data
2.1. Study Area

Naimonanyi Glacier is a typical sub-continental (Shi & Liu, 2000), valley-type glacier. It is located on a
north-facing slope in the western Himalayas, on the southwestern Tibetan Plateau (TP) and has two branch-
es (Figure 1). In this work, we focused on the northern branch. The upper part of the glacier has a smooth
surface, while the surface for the lower part is rough due to surface melt. There are very few debris in the
terminus of the glacier. The area of the glacier is 7.34 km?* and it ranges in altitude from ~5,545 to 7,261.5 m
above sea level (a.s.l.) (Guo et al., 2015). More than 90% of the glacier's area is below 6,200 m a.s.l. and
half of the area is between 6,000 and 6,200 m a.s.l. (Figure 1b). The maximum thickness of this glacier
exceeds 250 m (Tian et al., 2014). The area of Naimona'nyi glacier has decreased by ~0.8 km? between 2003
and 2013 (Zhu et al., 2014), and the average mass balance of the reconstructed time series from October
1973 to September 2013 was —0.4 m w.e. a_* (Zhao et al., 2016). Burang meteorological station (30°17’N,
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81°15’E, 3,900 m a.s.l.), located ~20 km from Naimona'nyi Glacier (Fig-
ure la), shows that the average air temperature is 3.6°C, with highest
mean monthly air temperature occurring in July and August, and that
the annual precipitation cycle follows a bimodal distribution, and the an-
nual average precipitation is 163.2 mm (Figure S1).

2.2. Field Measurements and Data Processing
2.2.1. Mass Balance Measurements

The mass balance was measured using the glaciological method for the
northern branch of Naimonanyi Glacier since 2004. In this work, we
focused on the periods from October 2010 to September 2018 because
available in-situ meteorological observations started from 2010. In Octo-
ber 2010, 39 monitoring stakes were drilled into the ice, distributed across
the entire glacier surface (Figure 1b). Some stakes were lost due to glacier
surface melt, or were damage by animals, and some measurements failed
due to extremely bad weather. Despite this, our observation network pro-
vided a minimum of 15 point measurements of mass balance for 2013/14
(October 2013 to September 2014). Due to logistical issues, no fieldwork
was carried out in 2015, but point measurements of mass balance were
obtained in October 2016, and these can be used to calculate glacier-wide
mass balance over the longer period of 2014/16 (October 2014 to Septem-
ber 2016). The stakes were located between 5,750 and 6,130 m a.s.l., as
the glacier is inaccessible above 6,130 m a.s.l. (Figure 1b). In early Oc-
tober for each year of the study, we manually recorded the stake heights
and snow-pit features (snow layer density and stratigraphy) to derive the
annual point mass balance. The annual glacier-wide mass balance B, (m
w.e.) is calculated according to:

n
B = Zi:n1BiSi , (1)
Zi:]Si
where n is the total number of altitude intervals for Naimona'nyi Glacier;
S; (m?) is the area for each interval; B; (m w.e.) is the point mass balance
at the middle altitude at each individual interval, which is calculated by
the interpolation and extrapolation of the point mass balance at stakes.

2.2.2. Meteorological Measurements

Two automatic weather stations (AWSs) were installed on a lateral mo-
raine beside Naimona'nyi Glacier (Figure 1b). AWS], at 5,543 m a.s.l.,
recorded meteorological variables from October 2011 at half hourly reso-
lution, including air temperature (T,), relative humidity (RH), and down-
ward shortwave radiation (S;,). The data of incoming longwave radiation
(Lin), net radiation (Ry), wind speed (WS), and wind direction (WD) at

AWSI1 were interrupted. AWS2 was installed at 5,950 m a.s.l. in October 2010 and recorded T,, RH, S,
WS, and WD at hourly resolution. There is a gap in all measurements recorded at AWS2 from April 2012
to September 2012, and a gap in T, and RH recorded at AWS2 from January 2013 to September 2013 due to
the air temperature and humidity probe at AWS2 falling out of its solar radiation shield. Precipitation data
was obtained from all-weather precipitation gauges (T-200B) equipped with hanging weighing transducers
installed close to AWS2 in September 2013. Two air temperature and humidity sensors (T1 and T2) were
installed on Naimona'nyi Glacier in October 2018 at 6,075 and 5,984 m a.s.l., respectively, to measure gradi-
ents in air temperature and relative humidity (Figure 1b). Details of the instruments used for the meteoro-
logical observations are listed in Table S1.
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2.3. Other Data

Monthly air temperature and precipitation from six meteorological stations (Table S2) were used in addi-
tion to the above, to discuss the relationship between glacier mass balance and climate factors for different
regions on the TP (Figure 1a). We also used monthly geopotential height and wind fields at 500 hPa levels,
air temperature at 2 m and total precipitation from the fifth generation of reanalysis data from the European
Center for Medium-Range Weather Forecasts (ERAS5) to assess changes to glacier mass balance in the con-
text of macroscale atmospheric circulation. The ERAS5 data have a horizontal resolution of 0.25° X 0.25° and
have been widely used in climate research (Hoffmann et al., 2019; von Engeln & Teixeira, 2013).

3. Method
3.1. The Energy and Mass Balance Model

The EMB model used in this study is described in detail in Fujita and Ageta (2000) and Yang et al. (2013).
Here, we only summarize the main features of the EMB model. The model solves the following equation for
the point mass balance (MB):

MB = | (%—M G, Psnowjdt, @

m v

where MB is the net of surface melt, sublimation (or evaporation), refreezing (Ce,) and snowfall (Pgoy)-
L,, is the latent heat of ice melt and L, is the latent heat of evaporation or sublimation. Melt energy (Qy,) is
calculated using the surface energy balance equation:

Ou = Sin (1 —Ol) + Ly + Loy + Hyep + Hyy + Qg (3)

Where « is the albedo; L, is the outgoing longwave radiation; Hy., and H, are the sensible and latent heat
fluxes, respectively; Qg is the conductive heat flux. Qy, is defined as positive. Except Q,,, all fluxes are de-
fined as positive when directed toward the surface. The description about a, L;,, Loy, turbulent heat fluxes,
Qg, refreezing, and snowfall were summarized in Appendix A. The parameters of the EMB model were
presented in Table S3.

The time series of daily mean T, daily mean RH and daily mean S;, from AWS1, and daily mean WS and
daily total precipitation from AWS2, were used to drive the EMB model to simulate the glacier mass balance
at 40 m altitude intervals. These meteorological variables, except WS, were interpolated to each elevation
band using their recorded rate of change with altitude. The daily mean WS from AWS2 were assumed to
be independent of altitude, because the WS data on glacier are considered too sparse to derive a general
scheme to quantitatively assess the spatial distribution of wind speed (Hock & Holmgren, 2005). The pre-
cipitation gradient (Ps) was 0.086% per 100 m, based on data during the ablation season recorded at AWS2
and at Burang meteorological station from October 2013 to September 2018. The gradient for T, for the
ablation season (—0.98°C per 100 m) was same to that for the cold season (October to May), using data from
AWSI and from the two air temperature and humidity probes on the glacier from October 2018 to Septem-
ber 2019. In the same way, the gradient in RH was calculated to be 2.31% per 100 m and 1.52% per 100 m
for the ablation season and the cold season, respectively. The S;, gradients for the ablation season (5.4 W
m™ 100 m™") and for the cold season (1.7 W m™ 100 m™") were calculated based on the data recorded at
AWSI1 and AWS2 from October 2012 to September 2018. The increases in S;, with altitude were also found
at Guliya Ice Cap (Li et al., 2019). For elevations above the 6,076 m a.s.l. (the elevation of the highest air
temperature and humidity probe), we assumed that RH and S;, did not change with increasing altitudes.

The densities for fresh snowfall and ice were assumed to be 200 and 900 kg m™>, respectively. For each eleva-

tion band at Naimona'nyi Glacier, the temperature at 10 m ice depth was interpolated using the multi-annu-
al mean air temperature recorded at AWS1 and assuming a constant temperature gradient of —0.005°C m™*
through the ice (Yang et al., 2013). The glacier boundary for Naimona'nyi Glacier from the Second Chinese
Glacier Inventory (Guo et al., 2015) and the 90 m Shuttle Radar Topography Mission digital elevation model
(https://earthexplorer.usgs.gov/) was used to derive the glacier area for each elevation band.
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In this study, most of the physical parameters used in the EMB model came from measurements and pub-
lished data. Only the parameters of albedo model were adjusted to achieve the best agreement between
the modeled and measured mass balance data (considering both glacier-wide mass balance and the mass
balance at stakes) during the 2011-2018 period (from October 2011 to September 2018). Using the area-av-
eraged method stated in Section 2.2.1, the modeled glacier-wide mass balance and energy balance and their
components were calculated. There are eight parameters in the albedo parameterization and we focused on
adjusting the fresh snow albedo and ice_a (one parameter of the ice albedo parameterization). The mass
balance first was calculated using parameters from Yang et al. (2013), however this resulted in an underesti-
mation of the mass loss when compared to measured values. The mass balance calculations were therefore
recalculated by changing the assumed values for fresh snow albedo and ice_a to minimize the differences
between measured and modeled mass balance data (the glacier-wide mass balance and mass balance at
stakes) during the 2011-2018 periods.

3.2. Data Processing

To obtain a continuous data series from October 2010 to September 2018, gaps in the time series of daily
mean T, RH, and S;, from AWS1 between October 2010 and September 2013 were filled using observations
from Burang meteorological station, interpolated using the linear regression relationship established be-
tween Burang meteorological station data and the available AWS2 data for each month. Gaps in the time
series of daily mean WS from AWS2 in October 2010, and between April 2012 and September 2012 were
filled following the same method, using WS data from ERAS5 and AWS2. This interpolation method has been
used in some studies of glacier mass changes on the TP (Yang et al., 2016; Zhu, Yao, Yang, Xu, Wu, Wang,
& Xie, 2018). Daily S;, at Burang meteorological station was estimated from the recorded sunshine dura-
tion, RH, T,, air pressure, and geographical information (latitude, longitude, and altitude) using the model
proposed by Yang et al. (2010). The reconstructed and observed meteorological variables are compared in
Figure S3. Gaps in the time series of precipitation from October 2010 to September 2013 were filled with
the ERAS daily precipitation data for the appropriate ERAS grid cell, using the method proposed by Yang
et al. (2013). Cumulative number of precipitation events, cumulative precipitation amount and monthly
precipitation were used to justify the reliability of the reconstructed precipitation (Figure S4).

3.3. Uncertainty Analysis

In highly glacierized regions, uncertainty about precipitation is from large spatial variability of precipita-
tion due to orographic effects, snowdrift and wind-induced undercatch in precipitation measurements. The
best method to correct undercatch in precipitation depends on subjectivity or local knowledge (Ménard
et al., 2019). Using the measured precipitation without correction, our energy and mass balance model
could accurately reproduce the observed mass balance at different altitudes and at glacier-wide scale during
the 2011-2018 period. In addition, for glaciers in the Himalayas, some studies about the simulated mass
balance by the glacier model does not correct precipitation using wind speed (Azam et al., 2014, 2020; Fujita
& Nuimura, 2011; Sunako et al., 2019). Thus, we do not correct precipitation using wind speed. We tend
to think that the uncertainties about precipitation from orographic effects, snowdrift and wind-induced
undercatch were contained in precipitation gradient (P). We set the uncertainty for P; as 10%, which value
have been used in some studies (Azam et al., 2020; Ragettli et al., 2013). We performed sensitivity tests to
quantify the uncertainty in the modeled annual glacier-wide mass balance by changing the assumed value
for one input parameter at a time, leaving all other parameters unchanged. When P; was changed by 10%,
the uncertainty in modeled annual glacier-wide mass balance was 0.003 m w.e. a~* (Table S4). Partitioning
snowfall and rainfall from precipitation also caused some uncertainties for precipitation, which linked to
two critical air-temperature thresholds for rain (Ti,,) and snow (Tyey), especially for Ty, The minimum
Tsnow Was found to be —0.5°C for a maritime glacier (Yang et al., 2013). The Tg,ow and Ty, Was changed by
0.5°C, the uncertainty in modeled glacier-wide mass balance was 0.015 and 0 m w.e.a™", respectively (Ta-
ble S4). These two low uncertainties were due to low T, which caused almost all the precipitation to fall as
snow on Naimona'nyi Glacier.

Some other parameters required by the EMB model were unavailable, including the parameters for the al-
bedo model, and the parameters for the parameterizations of turbulent heat fluxes. Uncertainties associated
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Figure 2. Comparison of modeled (blue line) and measured (red circle) point mass balances at different altitudes in
different years (a-g), and modeled and measured glacier-wide mass balance with their uncertainties in different years
(h) on Naimona'nyi Glacier. The 2016 in figure h indicated the 2014-2016 period.

with the values assumed for these parameters can greatly influence the model results (Giesen et al., 2008;
Hock & Holmgren, 2005; Reijmer & Hock, 2008; Zhu et al., 2015). The uncertainties for parameters in
the albedo model and bulk coefficient in turbulent heat fluxes are unknown, and these parameters were
changed by £10% from their original/calibrated values. When parameters in the model are unknown, this
is a common method to estimate the parametric uncertainty (Azam et al., 2020; Ragettli et al., 2013). Of
all the parameters we tested, highest sensitivity was for fresh snow albedo (asne) of the albedo model (Ta-
ble S4). The EMB model was re-run using the modified values for fresh snow albedo in Table S4 to generate
a new series of annual glacier-wide mass balance. The difference between new data series and the initial
mass balance data series was taken as the uncertainty in the modeled glacier-wide mass balance for each
year (Figure 2h). In addition, the uncertainty in glaciological mass balance is due to uncertainties in the
point measurements, uncertainties related to the representativeness of the point measurements and the
extrapolation method from point measurements to the entire glacier area (Kenzhebaev et al., 2017; Thibert
et al., 2008). We adopt an average uncertainty of +0.28 m w.e.a™" for the measured annual glacier-wide mass
balance calculated using the profile method, as found by Kenzhebaev et al. (2017).
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4. Results
4.1. Observed Mass Balance and Model Validation

The point mass balance observed at stakes on Naimona'nyi Glacier shows that mass balance increases grad-
ually with altitude and there are large annual variations, even at the same altitude (Figure 2). The point
mass balance measured at locations below 6,070 m a.s.l. was almost always negative during the 2011-2018
period. A negative mass balance was also found in 2012/13 at the higher elevation of 6,125 m a.s.l., with a
value of —0.29 m w.e. (Figure 2c). The vertical gradient for the annual mass balance ranged from 0.22 m
w.e. per 100 m in 2011/12 to 0.65 m w.e. per 100 m in 2013/14, with a mean of 0.39 m w.e. per 100 m. Mod-
eled and measured annual mass balance at different altitudes are shown in Figure 2. Earlier studies have
found that complicated topography and snowdrift may lead to high spatial variability for precipitation and
for its gradient across the glacier surface, particularly in the accumulation zone (Zhang et al., 2012; Zhao
et al., 2016). These can introduce the spatial heterogeneity of mass balance at the same altitude by changing
albedo, melt energy and accumulation, which explains the mismatches between the measured and modeled
mass balance at some locations on the glacier (Figure 2). The RMSE between the measured and simulated
mass balances at all the stakes was 0.47 m w.e. a~* for eight years during the 2011-2018 period, which is
similar to the value in Zhao et al. (2016) and Zhang et al. (2018). This is interpreted as showing that the
observed and modeled mass balance at stakes generally agree. In addition, the modeled mass balance above
~6,100 m a.s.l. increased slowly with increasing altitudes, and the modeled mass balance below ~6,100 m
a.s.l. generally increased strongly with decreasing elevations (Figure 2). This is because the mass balance
above ~6,100 m a.s.l. was determined by snowfall and sublimation, and the mass balance below ~6,100 m
a.s.l. was controlled by melt, as suggested by Zhu et al. (2020).

The measured annual glacier-wide mass balance has strong interannual variability, ranging from —0.9 m
w.e.a”' in 2013/14 t0 0.23 m w.e.a”" in 2016/17 (Figure 2h), with a mean value of —0.32 m w.e. a~" over the
observed period. Figure 2h shows that there is good agreement between the modeled and measured annual
glacier-wide mass balances, with a correlation coefficient of 0.94 and an RMSE of 0.2 m w. e. a~". The larg-
est underestimation of modeled annual glacier-wide mass balance occurred in 2016/17 and was probably
related to model underestimation of accumulation above 6,075 m a.s.l. (Figure 2f). If we exclude the annual
glacier-wide mass balance in 2016/17, the measured and modeled annual glacier-wide mass balance agree
reasonably well, with a mean bias error of —0.01 m w.e. a_" and an RMSE of 0.17 m w.e. a~". This agreement
demonstrates that the calibrated EMB model can be used to evaluate changes in mass balance and their
relationship of these to climate drivers.

4.2. Meteorological Observations on Naimona'nyi Glacier

The daily mean T, fluctuated between —24.3 and 7.4°C, with a mean of —6.0°C (Figure 3a and Table 1).
The seasonal T, varied from a low of —15.9°C in January to a high of 3.8°C in July (Figure 3b). The daily
mean RH changed from 3% to 99% (Figure 3c). The highest mean monthly RH was in July and August, and
the lowest value was observed in December (Figure 3d). The daily mean WS reached values up to 15m s™*
between December and February, and was always less than 6 m s™' between June and August (Figure 3e).
In the cold season, the frequency for daily precipitation was low and there were some extreme precipita-
tion events (Figure 3g). The annual monthly precipitation cycle has a strong peak in July and August, and
a secondary peak between January and March (Figure 3h). The mean monthly precipitation was lowest
in November and December. The mean annual total precipitation was 292.5 mm, and 70% of annual total
precipitation occurred during the ablation season, indicating that Naimona'nyi Glacier is a summer-accu-
mulation type glacier (Sakai et al., 2015). On an interannual scale, precipitation was strongly correlated
with RH, with correlation coefficients of 0.84 (p < 0.05) and 0.92 (p < 0.01) in the cold and ablation seasons,
respectively. The daily mean S, fluctuates significantly due to the influence of cloudiness (Figure 3i). The
monthly mean S;, was greatest in April, May, and June and smallest in December and January (Figure 3j),

with a mean of 226 W m™.
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Figure 3. Daily values of (a) air temperature, (c) relative humidity, and (i) incoming shortwave radiation at AWS1 site,
and (e) wind speed and (g) precipitation at AWS2 site. Blue lines denote measurements from the AWSs and black lines
indicate the corrected values. Dashed line in Figure 3i indicates the calculated daily mean solar radiation at the top of
the atmosphere. The mean monthly values of (b) 2 m air temperature, (d) relative humidity, and (j) incoming shortwave
radiation at AWS1 site, and (f) wind speed, and (h) precipitation at AWS2 stie. Dashed line in Figure 3j indicates the
calculated mean monthly solar radiation at the top of the atmosphere. AWS, automatic weather stations.

4.3. Seasonal and Interannual Changes in Individual Components of the Glacier-Wide Energy
Balance

Net shortwave radiation (Sye) is the largest contribution to incoming energy and varied greatly through the
year, with higher values in the ablation season than in the cold season (Figure 4a). The average monthly
Shet Was minimum in January and December and maximum in June. Net longwave radiation (L) was the
largest energy sink throughout the year and was less seasonally variable than S, (Figure 4a). The mean
monthly L, was smallest between April and June and highest in July and August. Hy., was positive for
most of the year and slightly negative for some days in the ablation season, particularly in June (Figure 4a).
In contrast, Hj,, was negative for most of the year, but was positive for some days in the ablation season,
for example for some days in August. Q; was a minor energy source and the mean monthly Qg varied from
—5 W m™in May to 8 W m™* in December. Surface melt mainly occurred from June to September and the
largest mean monthly Q, was in June and July.
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Table 1

Seasonal Mean Values of Meteorological Variables at the AWS Sites and of
Glacier-Wide Mass Balance Components and Energy Balance Components

We analyzed interannual changes in the individual components of en-
ergy balance for different seasons (Figure 5a) and found the standard
deviation for all components to be significantly greater in the ablation

Ablation Cold season than in the cold season. For the ablation season, the standard

Variables season season  Annual deviations for S, and S;, were significantly larger than those for the
AWSSs T, CC) > o . other fenergy balance components and the standard deviation for Hm
was slightly lower than that for Q. Sous Sin, and Hj, may play an im-
RH (%) 68.1 33.7 45.1 . . . . .
portant role in dominating the variations in melt energy. We further as-
-1
WS (ms™) 34 5.5 4.8 sessed the relationship between Q,; and Si,, Sous, albedo, and Hj, in the
P (mm) 205.6 86.9 292.5 ablation season to determine the main driver for the interannual vari-
Sin (W m™2) 250 214 226 ability in Q. The correlations between S;, and Qy (r = 0.46, p = 0.46)
Glacier-wide Snowfall (m w.e.) 0.21 0.09 03 and between H, and Qy (r = —0.55, p = 0.15) were not significant,
Refreezing (m wee.) i3 @ 03 while the correlations between S, and Q,;, and betw.een albedo and Qy,
o were —0.8 (p < 0.05) and —0.86 (p < 0.01), respectively. We therefore
Sublimation (m w.e.) =0l =ik =l conclude that variations in albedo during the ablation season, which
Melt (m w.e.) —0.56 0 —0.56  are linked to Soy;, controlled the interannual variability of melt energy
Mass balance (m w.e.) —0.33 —0.05 —0.38 on Naimona'nyi Glacier.
Rain (m w.e.) 0.03 0 0.03
Sin (Wm™) 274 222 240
Albed 0.6 - - 4.4. Seasonal and Interannual Changes in Individual
edo ’ ’ ’ Components of the Glacier-Wide Mass Balance
Sout (Wm™) —182 —-153 —-163
St (Wm™) o . - Sgrface melt was the largest component of tEe annual mass balance,
with a mean annual value of —0.56 m w.e. a~ (Table 1). Surface melt
Lin (Wm™) 233 174 194 . . . .
primarily occurred in the ablation season and most (76%) surface melt
—2;
Low (Wm™) =300 =245 —263 was in June and July (Figure 4b). The dominant source of mass gain
L (Wm™) —67 =71 —69 was snowfall; the mean annual snowfall was 0.3 m w.e. a~". Almost all
Ryt (Wm™2) 25 —2 8 precipitation fell on glacier surface as snow because of Naimona'nyi
H, (Wm™) 3 17 12 Glacier's high elevation and associated low T,. Around 70% of the total
Ho (W m™) 1 . 16 annual snowfall occurred during the ablation season, and about 52% of
. . the total annual snowfall fell in July and August (Figure 4b). Snowfall
Qo (Wm™) 1 3 2 in the ablation season was 0.12 m w.e. a~* higher than in the cold season
Qu(Wm™) 18 0 6 (Table 1). Sublimation/evaporation was the third largest contributing

AWSs, automatic weather stations.

term in the annual mass balance and occurred in both ablation and cold

seasons, and it was the largest mass loss in the cold season (Table 1).

Refreezing was the smallest contributor to the annual mass balance and

occurred only in the ablation season, especially for June and August.
The average annual cycle shows there was significant mass loss in June and July due to strong melt,
which was significantly greater than the gains made from snowfall. A slight negative mass balance in the
other months is the result of limited snowfall, which is too little to compensate for the mass loss through
sublimation in the cold season and through melt in August and September (Figure 4b). The mass balance
was very close to zero during the cold season, while surface melt and snowfall during the ablation season
dominated the annual mass balance.

To analyze interannual changes in the components of the mass balance on Naimona'nyi Glacier, the stand-
ard deviations was calculated for the individual components of the mass balance for the different seasons
(Figure 5b). Interannual variability in the mass balance for the cold season was driven by interannual var-
iability in snowfall and sublimation, and was very low. The magnitude of the interannual variations in
melt was significantly greater than the variability for other component of the mass balance both during the
ablation season, and when the whole year was considered. Snowfall had the second highest interannual
variability. We can therefore conclude that interannual variations in the mass balance were mainly driven
by the interannual variability in melt during the ablation season, and that variability in the annual snowfall
also influenced interannual variability in the mass balance.
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4.5. Mass Balance Sensitivity

It is important to assess mass balance sensitivities so that we can under-
stand glacier mass balance response to climate change. The sensitivity of
the mass balance for Naimona'nyi Glacier was calculated by re-running
the EMB model with uniform perturbation applied to air temperature (or
precipitation), while keeping precipitation (or air temperature) and other
variables remained unchanged (Oerlemans et al., 1998). The sensitivity
of mass balance to air temperature perturbation was 0.37 m w.e.a > °C™%,
and to precipitation perturbation was 0.1 m w.e. a~* (10%)™", which are
similar to the sensitivities reported for Stok Glacier in the western Hima-
layas (0.32 m w.e. a~'°C'and 0.12 m w.e. a~* (10%) ", Soheb et al., 2020).

To find climate conditions corresponding to a net zero mass balance, the
EMB model was run iteratively, with only precipitation (or air tempera-
ture) changed until the average annual glacier-wide mass balance during
the 2011-2018 period was zero. The results show that zero mass balance
may be achieved if either the current average annual air temperature re-
duces by 1.1°C or annual precipitation increases by 49%. Present climate
conditions are too warm and/or dry which caused Naimonanyi Glacier
in a mass deficit state. The standard deviations for T, during ablation sea-
son (0.46°C) and for the annual total precipitation (22%) was lower than
1.1°C and 49%, respectively, showing that there is little possibility of a
climate shift great enough to stall the state of mass loss for Naimona'nyi
Glacier.

5. Discussion

5.1. Climate Factors Driving Interannual Variability in the Mass
Balance for Naimona'nyi Glacier

To explore the influence of key climate variables on mass balance fluc-
tuations for Naimonanyi Glacier, we examined relationships between
the annual glacier-wide mass balance and local meteorological factors
(T, and precipitation) (Figure 6). The annual mass balance is weakly
correlated with ablation-season T, (Figure 6a), which is related to Ly,
turbulent heat fluxes, and snowfall due to its influence on the ratio of
snowfall to precipitation (Oerlemans, 2001; Zhu, Yao, Yang, Xu, Wu, &
Wang, 2018). However, as shown in Section 4.3, interannual variability
in Qy during the ablation season was driven by interannual changes in
albedo for the ablation season, not by ablation-season Li,, Hgen OF Hy,e. In
addition, there was no significant correlation between T, and snowfall
(r=0.11, p = 0.79) or albedo (r = —0.36, p = 0.38) for the ablation season.
This is why the correlation between the annual mass balance and abla-
tion-season T, is weak. Instead, the annual mass balance was strongly
correlated with annual precipitation (Figure 6b). In addition, following
the method proposed by Zhu et al. (2020), we compared the mass bal-
ance sensitivity to a temperature perturbation of +0.31 K (one standard
deviation of ablation-season T,) with its sensitivity to a precipitation per-
turbation of +22% (one standard deviation of annual precipitation). The
sensitivity of the mass balance to changes in annual precipitation was
found to be 0.22 m w.e. a~', which is higher than the sensitivity to chang-
es in air temperature, which was 0.11 m w.e. a~l. We therefore conclude
that changes in annual precipitation drove interannual variability in the
annual mass balance for Naimonanyi Glacier.
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precipitation (c) and ablation-season precipitation (d) during the 2011 (Figure 6d). This shows that by altering the melt energy and albedo in the

2018 period. The bold black font indicated that the p was less than 0.05. ablation season, and partly by impacting snow accumulation in the abla-
tion season, ablation-season precipitation was another important factor

Figure 6. The correlations of annual glacier-wide mass balance versus

influencing the interannual variability in the mass balance. In addition,

another sensitivity test was carried out to assess whether ablation-season

precipitation or cold-season precipitation was more important for influ-

encing interannual variability in the mass balance. In this test, we mod-
ified precipitation during the ablation season by +52.4 mm (one standard deviation of the ablation-season
precipitation during the 2011-2018 period) and left all other variables unchanged, resulting in a mass bal-
ance sensitivity of 0.13 m w.e. a". We then changed precipitation over the cold season by +52.4 mm (the
same perturbation amount for the ablation season) and left all other variables unchanged, which resulted in
a mass balance sensitivity of 0.15 m w.e. a". These results may show that precipitation during the ablation
season and during the cold season had an almost equal influence on changes in the annual mass balance. In
addition, such sensitivity analysis also shows that changes in cold-season precipitation mainly influenced
June-July mass balance and changes in ablation-season precipitation mainly influenced ablation mass bal-
ance (Figure S5). In summary, interannual variability in the mass balance for Naimona'nyi Glacier is mainly
accounted for by changes in annual precipitation, which mainly changed albedo and melt energy during
the ablation season.
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5.2. Different Variations in the Mass Balance for Tibetan Glaciers Over the Past Two Decades
and Possible Relationship With Atmospheric Circulation

According to the annual mass balance fluctuations, two periods could be roughly identified (Figure S6). For
Naimona'nyi and Chhota Shigri glaciers, the annual mass balance was always lower than —0.4 m w.e. a~*
during the 2000-2009 period (October 1999 to September 2009), while it was higher than —0.4 m w.e. a™*
during the 2010-2019 period (October 2009 to September 2019) with several positive values. In addition, if
we get rid of the most negative mass balance in 2006/07 and the most positive mass balance in 2016/17, the
mean mass balance on Naimona'nyi Glacier was 0.15 m w.e. a~* higher during the 2010-2018 period than
during the 2000-2009 period. For Chhota Shigri Glacier, if the most negative mass balance in 2002/03 and
the most positive mass balance in 2018/19 were deleted, the mean mass balance was 0.39 m w.e. a~" higher
during the 2010-2019 period than during the 2000-2009 period. It seems that the differences of mass bal-
ance between two periods on both glaciers were stable.

Although, there were differences in the length of time series of mass balance for different glaciers during
the 2000-2019 period, only two periods (the 2000-2009 period and the 2010-2019 period) are defined to
compare interdecadal changes in the mass balance for glaciers on different parts of the TP and in the sur-
rounding areas to understand the drivers for glacier behaviors in these regions. Figure 8 shows the average
mass balances for eight glaciers on the TP and in the surrounding areas during the 2000-2009 period and
during the 2010-2019 period, and the differences between them. Mass balance data were not available for
every year during the 2000-2019 period for all eight glaciers, however differences in the mean mass balance,
calculated for the 2000-2009 period and for the 2010-2019 period, should not be significantly affected. For
example, in-situ measurements show that the mean mass balance for Chhota Shigri Glacier was 0.62 m w.e.
a~" higher during the 2010-2019 period than during the 2003-2009 period. If the modeled annual mass bal-
ances for 1999/2000 to 2001/02 from Azam et al. (2014) are appended to the 2002/03 to 2008/09 data series,
then the difference between the two periods changes to 0.43 m w.e. a~', which is very close to the difference
found using the incomplete data series.

Zhadang Glacier in the south TP, Xiaodongkemadi Glacier in the central TP, Qiyi Glacier in the northeast
TP, Urumgi Glacier No.1 in the east Tien Shan and Ts. Tuyuksuyskiy Glacier in the inner Tien Shan experi-
enced greater mass loss during the 2010-2019 period than during the 2000-2009 period (Figure 8a). The in-
terdecadal changes in glacier mass balance were associated with changes in local ablation-season T, and/or
local seasonal precipitation (Azam et al., 2014; Vincent et al., 2013; Yang et al., 2016; Zhang et al., 2012; Zhu,
Yao, Yang, Xu, Wu, Wang, & Xie, 2018). We looked the difference between the mean ERAS5 values during the
2010-2019 period and those during the 2000-2009 period for ablation-season T,, cold-season precipitation
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Figure 8. (a) The mean mass balances during the periods of 2000-2009
and 2010-2019, and the difference between the two periods for five glaciers
on the TP and in the surrounding areas. 2000s: During the 2000-2009
period; 2010s: During the 2010-2019 period; ZD is Zhadang Glacier. Its
time series of annual mass balance during the 2006-2016 period are from
Yao et al. (2018); XD is Xiaodongkemadi Glacier. Its time series of annual
mass balance during the 2000-2017 period are from Yao et al. (2019); UQ
and TT are Urumgqi No. 1 and Ts. Tuyuksuyskiy glaciers, respectively.
Their time series of annual mass balance during the 2000-2019 period
are from WGMS (2020); (b) the mean mass balances during the periods
of 2000-2009 and 2010-2019, and the difference between the two periods
for three glaciers in the western Himalayas. NN is Naimona'nyi Glacier.
Its time series of annual mass balance were modeled by Zhao et al. (2016)
during the 2000-2004 period and in 2006/07, and measured in the other
years during the 2000-2018 period; CS is Chhota Shigri Glacier. Its time
series of annual mass balance were modeled by Azam et al. (2014) during
the 2000-2002 period, and measured by Mandal et al. (2020) during

the 2003-2019 period; SO is Stok Glacier. Its time series of annual mass
balance were modeled by Mandal et al. (2020) during the 1999-2019
period; (c) the averaged seasonal mass balances during the periods of
1999-2009 and 2012-2019, and the difference between these periods for
Stok Glacier. Its time series of seasonal mass balances were modeled by
Soheb et al. (2020) during the 1999-2019 period; (d) the magnitude of
seasonal mass balances during the periods of 2000-2009 and 2010-2019,
and the difference between these periods for Chhota Shigri Glacier. Its
time series of seasonal mass balances were modeled by Azam et al. (2014)
during the 2000-2009 period and measured during the 2010-2019 period
by Mandal et al. (2020). (Difference: 2010-2019 minus 2000-2009).

and ablation-season precipitation. Over most of the TP and surrounding
areas, T, in the ablation season was higher during the 2010-2019 period
than during the 2000-2009 period, and the increase was strongest on the
western and southern parts of the TP (Figure 9a). Precipitation during
the ablation season has reduced over the last 20 years on the central TP
and in the inner Tien Shan (Figure 9b). Zhadang, Xiaodongkemadi, Qiyi,
Urumgi No.1, and Ts. Tuyuksuyskiy glaciers were summer-accumulation
type glaciers (Maussion et al., 2014; Sakai et al., 2015) and more sensitive
to ablation-season T, than to annual precipitation (Liu & Liu, 2016; Yao
et al., 2019; Zhu, Yao, Yang, Xu, Wu, & Wang, 2018). The mass balance
for these five glaciers therefore has an accelerating negative trend over
the past two decades that is mainly attributable to the increasing abla-
tion-season T,. Xiaodongkemadi and Zhadang glaciers have experienced
greater mass loss than the other three glaciers over the last 20 years due
to a greater rise in ablation-season T, and a reduction in ablation-sea-
son precipitation. The meteorological stations near these glaciers have
recorded similar climate trends to those in the ERA5 data (Table S2).

The mean annual mass balance for three glaciers in the western Himala-
yas was less negative during the 2010-2019 period than during the 2000-
2009 period (Figure 8b) and we looked for an explanation for this. For
Naimona'nyi Glacier (summer-accumulation type glacier), we can spec-
ulate that higher annual precipitation led to a higher mean annual mass
balance during the 2010-2019 period, relative to the 2000-2009 period, by
reducing the ablation-season Q) and increasing the accumulated snow-
fall. These suggestions are based on our analysis in Section 5.1, ERA5
data and observations from Burang meteorological station (Figure 9 and
Table S2). For Stok and Chhota Shigri glaciers (winter-accumulation type
glaciers), the higher mean annual mass balance during the 2010-2019
period, relative to that during the 2000-2009 period, can be explained
by higher cold-season mass balance, resulting from higher cold-season
precipitation, and by higher ablation-season mass balance (Figure 8), at-
tributable to both a lower ablation-season T, and increased ablation-sea-
son precipitation during the 2010-2019 period, relative to the 2000-2009
period (Azam et al., 2014; Soheb et al., 2020). Figure 8 shows that at least
a half of increased mass balance during the 2000-2019 period are from
increased cold-season precipitation. And compared to ablation-season
precipitation, cold-season precipitation and ablation-season 7, may be
more important drivers for interdecadal variability in the mass balance
for Stok and Chhota Shigri glaciers (Azam et al., 2014; Soheb et al., 2020).
Given the current knowledge on the relationships between the mass bal-
ance and local T, and local precipitation for three glaciers in the western
Himalayas on the interdecadal scales, we now explore if these relation-
ships are widespread across the western Himalayas.

Figure 9a shows that the mean ablation-season T, for most regions (win-
ter-accumulation type glaciers) of the western Himalayas was lower dur-
ing the 2010-2019 period than during the 2000-2009 period, while the
mean ablation-season T, for the east part of the western Himalayas (sum-
mer-accumulation type glaciers) was slightly higher during the 2010-2019
period than during the 2000-2009 period. Mean precipitation was higher
during the 2010-2019 period than during the 2000-2009 period in both
the ablation season and the cold season over the western Himalayas (Fig-
ures 9b and 9c). These T, and precipitation anomaly distributions from
the ERAS data over the two periods agree with the temporal distributions
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from measured meteorological data near Naimona'nyi and Stok glaciers
(Figure 8 and Table S2). Thus, a higher mean mass balance during the
2010-2019 period than during the 2000-2009 period may be widespread
among glaciers in the western Himalayas, and may be partly explained
by changes in annual precipitation. Although the ablation-season T, are
important drivers for decadal variability in the mass balance for glaciers
in the west part of western Himalayas, we do not discuss the relationship
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between air temperature and atmospheric circulation. In this work, we
focused on how atmospheric circulation affect the glacier mass changes
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in the western Himalayas through changes in annual precipitation.

Precipitation in the western Himalayas is influenced by the mid-latitude
westerlies during the winter and spring, and by the Indian summer mon-
soon in the summer (Bookhagen & Burbank, 2010; Yao et al., 2013; Yadav
et al., 2009). Here we discuss the possible influence of large-scale circula-
tion on cold-season and ablation-season precipitation to consider wheth-
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Figure 9. Differences in ablation-season air temperature (a), ablation-
season precipitation (b) and cold-season precipitation (c) between the

-100 er macroscale atmospheric circulation may be a partial driver for the gla-
100 cier mass changes in the western Himalayas that are discussed above.
80 Geopotential height and wind fields at the 500 hPa level are routinely
28 used to discern the influence of atmospheric circulation on regional cli-
20 mate on the TP (Yang et al., 2016; Liu et al., 2020). We analyzed differenc-
?20 es in averaged cold-season geopotential height and wind fields at 500 hPa
-40 between the 2000-2009 period and the 2010-2019 period (Figure 10).
:gg Figure 10 shows that anomalous anticyclonic circulations occur over
-100 Europe, eastern Russia and the Philippines, while anomalous cyclonic
70E 80E 90E 100E 110E circulations exist over North Atlantic, the northwestern Indian Penin-

sula, and Central Asia. The southerly wind anomalies downstream of
the cyclonic anomaly near the northwestern Indian Peninsula cover the

periods of 2000-2009 and 2010-2019. The three black points from south most of the Indian Peninsula and northern Arabian Sea. These increased
to north indicate the locations of Naimona'nyi, Chhota Shigri and Stok southerly winds effectively increased moisture transport from the Indian
glaciers, respectively. The air temperature and precipitation fields were Peninsula and northern Arabian Sea to the western Himalayas in the cold

from ERAS (Difference: 2010-2019 minus 2000-2009). The dotted areas
(green dots) indicated differences that are significant at the 0.1 level.

season (Figure 10). These circulation patterns for intensifying moisture
transporting to the western Himalayas in the winter were also found in
Qiu et al. (2019) and Liu et al. (2020). On reaching the high altitude ter-
rain of the western Himalayas, the increase in transported moisture re-
sulted in increased cold-season precipitation during the 2010-2019 period, relative to the 2000-2009 period.
The strengthened westerly winds appeared over the North Atlantic (45°N-70°N, 110°W-20°E) and north
Asia (Figure 10). Yadav et al. (2009) thought that such circulations maybe correspond to the positive phase
of North Atlantic Oscillation (NAO). The mean NAO in the cold season was higher during the 2010-2019
period (without 2009/10) than that during the 2000-2009 period (Figure S7). The mean value of cold-season
NAO during the 2010-2019 period was calculated without 2009/10, because cold-season NAO in 2009/10
was extremely low. The higher NAO increases the pressure gradient between subtropical and polar North
Atlantic, which intensifies the jet from tropical North Atlantic to Middle East (Yadav et al., 2009). Such
intensified Asian jet and the cascading down of Rossby waves from North Atlantic developed low pressure
(cyclonic circulation) over south of Caspian Sea (Yadav et al., 2009). Figure 10 shows the similar wind fields
that the strengthened westerly winds occurred from tropical North Atlantic to Middle East, the anticyclonic
anomaly appeared over Europe and the cyclonic anomaly emerge over the northwestern Indian Peninsula.
Such wind fields were also found in Liu et al. (2020). In addition, the jet intensifies the western disturbances
(WDs) and produces more precipitation over the northwest India (Yadav et al., 2009). Thus, it is possible
that the enhanced NAO caused anomalous cyclone in the northwestern Indian Peninsula and the strength-
ened western disturbances, which led to higher cold-season precipitation and cold-season mass balance in
the western Himalayas during the 2010-2019 period, relative to the 2000-2009 period.

In addition, higher precipitation during the ablation season also contributed to higher mass balance for
glaciers in the western Himalayas (especially for its east part) during the 2010-2019 period, relative to the
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Figure 10. Differences in the mean 500 hPa geopotential heights (gpm) and wind speed field between the periods of 2000-2009 and 2010-2019 during the cold
season; the pink point indicates the location of Naimona'nyi Glacier; the 500 hPa geopotential heights and wind speed fields were from the ERA5 (Difference:
2010-2019 minus 2000-2009). The dotted areas (green dots) and black arrows indicated differences that are significant at the 0.1 level.
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2000-2009 period. This precipitation change is associated with a 500 hPa cyclonic anomaly over central In-
dia that generated southerly and southwesterly flow anomalies to its east (Figure 11). The increased south-
westerly flow transported more moisture from the Indian Ocean and central eastern India to the western
Himalayas and southwest TP. Dong et al. (2016) thought that such atmospheric circulation pattern indicat-
ed the enhanced convection over the central eastern Indian subcontinent, which can transport midtrop-
ospheric water vapor from the Indian Ocean and central eastern India to the western Himalayas and the
southwest TP through “up-and-over™ transport process. The cyclonic anomaly we find here may therefore
be controlled by deep convection over the Indian subcontinent (Dong et al., 2016). Sun et al. (2020) thought
that the Atlantic multidecadal oscillation (AMO) warm phase induces a wave train of cyclonic and anticy-
clonic anomalies in summer over Eurasia, and the cyclonic anomalies in the west of the TP in this wave
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Figure 11. Differences in the mean 500 hPa geopotential heights (gpm) and wind speed field between the periods of 2000-2009 and 2010-2019 during the
ablation season; the pink point indicates the location of Naimona'nyi Glacier; the 500 hPa geopotential heights and wind speed fields were from the ERA5
(Difference: 2010-2019 minus 2000-2009). The dotted areas (green dots) and black arrows indicated differences that are significant at the 0.1 level.
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rgzlr)r};azrison of the Average Mass Balance on Naimona'nyi Glacier With That on Some Other Glaciers in the Himalayas
Over the Last 10 Years
Max-Min Mass balance (m w.e.)
Name Altitude Annual Cold  Ablation Period Origin
‘Western Naimona'nyi 7,520-5,465 —0.44 —0.04 —-0.4 2012/13-2016/17 This study
—0.32 —0.03 —0.29 2010/11-2017/18
Chhota Shigri ~ 5,830-4,072 —0.37 1.11 —1.49 2010/11-2017/18 Mandal et al. (2020)
Stok 5,850-5,300 —-0.47 0.71 =1.17 2010/11-2017/18  Soheb et al. (2020)
Central Rikha Samba  6,515-5,416 —0.37 2011/12-2017/18 WGMS, 2020
Mera 6,420-4,940 —0.28 2010/11-2017/18 WGMS, 2020
Changri Nup  5,690-5,505 =152 2010/11-2017/18 WGMS, 2020
Pokalde 5,660-5,580 —0.82 2010/11-2017/18 WGMS, 2020
Yala 5,661-5,168 —0.85 2011/12-2017/18 WGMS, 2020
—0.81 0.18 —0.98 2012/13-2016/17 Acharya et al. (2019)

train enhanced convection and southwest winds over the Indian subcontinent. The mean AMO in the abla-
tion season was higher during the 2010-2019 period than that during the 2000-20009 period (Figure S7b).
Thus, higher ablation-season precipitation from cyclonic anomaly over central India, which possibly link to
enhanced convection over Indian subcontinent and the enhanced AMO, plays an important role in higher
ablation-season mass balance for glaciers in the western Himalayas (especially for its east part) during the
2010-2019 period, relative to the 2000-2009 period. In summary, glaciers over most of the TP experienced
increasing mass loss during the 2000-2019 period due to an increase in ablation-season T,. The rate of mass
loss slowed for glaciers in the western Himalayas over the last two decades, partly because of increase in
cold-season precipitation and ablation-season precipitation that are linked to the changes in regional at-
mospheric circulation for different seasons.

5.3. Differences in Mass Balance Between Naimonanyi Glacier and Other Himalayan Glaciers
Over the Last Decade

In-situ measurements of glacier mass balance are available for several glaciers in the Himalayas (Wagnon
et al., 2013; Zhao et al., 2016). A comparison of these measurements may lead to an increased understand-
ing of the mechanisms that control spatial differences in the mass balance for glaciers over the Himalayas.

We first compared the average mass balance for Naimona'nyi Glacier with that for other glaciers in the
western Himalayas during the 2011-2018 period (Table 2). The mean mass balance for Naimona'nyi Glacier
during the 2011-2018 period was similar to that for Chhota Shigri and Stok glaciers. The average cold-sea-
son mass balance during the 2011-2018 period was significantly higher for Chhota Shigri and Stok glaciers
than for Naimonanyi Glacier due to higher cold-season precipitation for Chhota Shigri and Stok glaciers.
The average ablation-season mass balance during the 2011-2018 period was significantly lower for Chhota
Shigri and Stok glaciers than for Naimona'nyi Glacier because the former glaciers experienced higher T,
cloudiness and humidity, resulting in higher melt energy from higher L;,, turbulent heat fluxes and lower
snowfall (Table 2 and Table S7). Thus, the relatively high cold-season accumulation experienced by Chhota
Shigri and Stok glaciers, and the relatively low ablation-season melt experienced by Naimona'nyi Glacier,
resulted in a similar mean annual mass balance for the three glaciers.

We next compared the average mass balance for Naimona'nyi Glacier with that for some other glaciers on
south-facing slopes in the central Himalayas during the 2011-2018 period. The mean mass balances for
Changri Nup, Pokalde, and Yala glaciers were between 0.82 and 1.52 m w.e. a~* lower than the mean mass
balance for Naimona'nyi Glacier, which may be caused by lower mass balance during the ablation season on
Changri Nup, Pokalde, and Yala glaciers (Table 2). Precipitation over south-facing slopes in the central Him-
alayas is significantly larger than at Naimonanyi Glacier (Maussion et al., 2014). Thus, higher T, humidity
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and cloudiness during the ablation season caused higher melt energy and lower mean annual mass balance
on Changri Nup, Pokalde, and Yala glaciers, relative to Naimona'nyi Glacier.

In addition, there are some glaciers that have experienced relatively low mass loss on south-facing slopes in
the central Himalayas. The mean mass balance for Mera and Rikha Samba glaciers during the 2011-2018
period is similar to our results for Naimona'nyi Glacier (Table 2). The relatively small mass balances for
Mera and Rikha Samba glaciers may be related to high precipitation which compensated for mass loss from
surface melt in the ablation season (Sherpa et al., 2017; Sunako et al., 2019). In summary, differences be-
tween the average mass balances for glaciers across the Himalayas over the last 10 years may be attributed
to different local climate conditions, such as variations in the timing and amount of precipitation and T,
during the ablation season.

6. Conclusion

In this study, we have presented meteorological and glaciological observations for Naimonanyi Glacier on
a north-facing slope in the western Himalayas in the southwest TP from October 2010 to September 2018.
These in-situ observations were used to run and calibrate the EMB model to analyze the energy and mass
balance characteristics, and to assess which climate variables drive changes in the annual mass balance.

The in-situ measurements of glacier-wide mass balance for Naimona'nyi Glacier ranged from —0.9 to 0.23 m
w.e.a”!, with an average of —0.39 m w.e. a'. The mass balance was always negative at elevations below
6,070 m a.s.l. during the 2011-2018 period. Our sensitivity tests show that the present climate conditions
make it unlikely that Naimona'nyi Glacier will achieve mass balance of zero. Our comparison of the aver-
age mass balance for Naimona'nyi Glacier with that for some other glaciers over the Himalayas during the
2011-2018 period shows that differences in the average annual mass balance over the last 10 years may be
caused by differences in precipitation seasonality and amount of precipitation, and by T, during the abla-
tion season.

Simulations showed that that surface melt during the ablation season dominated the annual mass balance
and the interannual variability in the mass balance, and that albedo controlled variations in melt energy
during the ablation season. Compared to ablation-season T,, the annual glacier-wide mass balance was
controlled more by variations in annual precipitation during the 2011-2018 period. Precipitation during
both the ablation season and the cold season had an impact on the changes in annual mass balance, mainly
through its effect on albedo during the ablation season, which modified the ablation-season melt energy.

The average mass balance during the 2010-2019 period was lower than during the 2000-2009 period for
glaciers in most regions on the TP and in the surrounding areas. This may be due to an increase in T, dur-
ing the ablation season, and/or a reduction in precipitation during the ablation season over the last two
decades. However, the average glacier mass balance in the western Himalayas during the 2010-2019 period
was higher than during the 2000-2009 period, partly due to an increase in annual precipitation during the
2010-2019 period which was driven by a change in regional atmospheric circulation. Over the last 20 years,
the increased precipitation during the cold season was driven by an anomalous cyclonic circulation over the
northwestern Indian Peninsula, which may be linked to the enhanced NAO in the cold season. And the in-
creased precipitation during the ablation season over the last 20 years was driven by an anomalous cyclonic
circulation over central India, which may be related to enhanced convection over the Indian subcontinent
and the enhanced AMO.

Appendix A: Formulas in the Energy and Mass Balance Model

Daily albedo (&) contains snow albedo which is parameterized as a function of air temperature and humidi-
ty (Oerlemans & Knap, 1998), and ice albedo which is parameterized as a function of dew point temperature
(Molg et al., 2008). It is calculated as follows:

U NN U DU -
a o, +(051ce oy )exp(d* ], (A1)
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as('l) = Qi + (afrsnow - aﬁm)exp( e )7 (AZ)

Aijce

=ice_a*T, +ice_b, (A3)

Where a; is the fresh snow albedo; . is the ice albedo; d is the snow depth (m); d* is the characteristic scale
for snow depth (m); o,y is the firn albedo; s is the time since the last snowfall event; i is the actual time;
t* is time scale; ice_a and ice_b are constants; T, is the dew point temperature. Because snow albedo will
decrease more rapidly with time in wet conditions than in dry conditions, * was set as wet (tI*) and dry
(t2*) conditions using surface temperature (Yang et al., 2013). Given that the relatively thin fresh snowpack
probably melted away within a few hours in the ablation season, the snowfall threshold (Z,) was introduced
to determine whether fresh snowfall could persist through an entire daily cycle.

L;, is parameterized as a function of air temperature and humidity according to Duguay (1993).

Ly, = o(T, +273.15)' (b, + bye, ), (A4)

where o is the Stefan-Boltzmann constant (5.67 x 10~* W m™ K™); T, is the air temperature at the height
of 2 m (°C); e, is the vapor pressure (h Pa) calculated from relative humidity and air temperature. The
parameters of this L;, model were calibrated using the measured Li,, T,, and RH at the Ngari Station for
Desert Environment Observation and Research, Institute of Tibetan Plateau Research, Chinese Academy
of Sciences, which is 350 km from Naimonanyi Glacier (Figure 1a). The RMSE and r between the modeled
and observed daily mean L;, were 15.3 W m~2and 0.95 (Figure S2), respectively.

L,y is calculated by the Stefan-Boltzmann law from and surface emissivity (¢ equal to 1) and surface tem-
perature (Tf).

L

‘out

= eo(Ty +273.15)". (A5)

T, can be obtained using the same iterative calculations of Fujita and Ageta (2000).

Hgen and H, are calculated using the bulk method as follows:

Hsen = paircpcdu(Ta - TS)’ (A6)

Hlat = paierCdu(Qa - QS)’ (A7)

where p,;, is the density of air (kg m™); ¢, is the specific heat of air (1006 J kg_1 K™); L, is the latent heat of
evaporation (2.5 x 10° Tkg™") or sublimation (2.83 x 10° T kg™); C4(0.002) is the bulk coefficient for sensible
and latent heat; u is the wind speed (m s™*) at the 2 m level; q, and g is the specific humidity at the 2 m level
and at the snow/ice surface, respectively.

The conductive heat flux (Qg) in the subsurface was expressed according to the temperature profiles during
a given time-span. The englacial snow/ice temperature (T}) is solved from the conventional heat-conduction
equation. Refreezing was composed of refrozen capillary water, refrozen water within cold snowpack, and
superimposed ice. The detailed formulas can be seen in Fujita and Ageta (2000). Snowfall (Pg,0y) is calcu-
lated by daily precipitation (P) and two critical air-temperature thresholds for rain (7y;,) and snow (Tgow)-
When T, is above (or below) Tyyin (OF Tihow), Psnow €quals to zero (or P). Within these two temperature ranges,
Pg,o Were calculated from linear interpolation with the following equation:

P T < Tsnow
T
Psnow il e Tsnow <T< Train . (AS)
Train - Tsnow
0 T>T

rain
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on Yala Glacier were from Acharya et al. (2019). The SRTM data is provided by the US Geological Survey
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