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Abstract: We use data from the Gravity Recovery and Climate Experiment and its Follow-On mission
(GRACE/GRACE-FO) from April 2002 to December 2022 to analyze interannual glacial mass changes
in High Mountain Asia (HMA) and its subregions and their driving factors. Glacial mass changes
in the HMA subregions show clear regional characteristics. Interannual glacial mass changes in
the HMA region are closely related to interannual oscillations of precipitation and temperature,
and are also correlated with El Nifio-Southern Oscillation (ENSO). Glacial mass changes in the
regions (R1-R6) are dominated by precipitation, and ENSO affects interannual glacial mass changes
mainly by affecting precipitation. In region (R7) and region (R8), the glacial mass changes are mainly
controlled by temperature. ENSO also affects the interannual glacial mass changes by affecting
interannual changes in temperature. The interannual glacial mass changes in regions (R9-R11) are
jointly dominated by temperature and precipitation, and also related to ENSO. Another interesting
finding of this study is that glacial mass changes in the western part of HMA (R1-R6) show a clear
6-7-year oscillation, strongly correlated with a similar oscillation in precipitation, while in the eastern
part (R9-R11), a 2-3-year oscillation was found in both glacial mass change and precipitation, as
well as temperature. These results verify the response of interannual HMA glacial mass changes
to climate processes, crucial for understanding regional climate dynamics and sustainable water
resource management.
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1. Introduction

High Mountain Asia (HMA) is a high-altitude region in central Asia centered on the
Tibetan Plateau. It covers an area of approximately 250 km? with an average altitude of
more than 4000 m. The region boasts a distinctive plateau climate. Notably, it represents
the largest concentration of modern glaciers in middle and low latitudes globally, earning
it the moniker “Asian water tower”. HMA holds immense significance as the source of
major rivers like the Yangtze River, the Yellow River, and numerous other key waterways
across Asia. Furthermore, HMA serves as a sensitive barometer of global climate change [1].
Given the pivotal role of glaciers within HMA, it has become imperative to quantify their
mass change balances and investigate how they respond to ongoing climate variations.

Previously, due to technological and methodological constraints, researchers could
only establish a limited number of monitoring points at some selected glaciers to track
glacier position changes periodically [2,3]. However, this approach faced challenges such as
a restricted number of observation points, intermittent observation periods, and an uneven
distribution of observation points across the glacier landscape. The sparse spatiotemporal
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coverages of the data were proved inadequate for accurately quantifying abnormal dis-
turbances and fluctuations of varying magnitudes in glacial mass changes across different
time intervals [4,5].

With the advent of the gravity satellites like the CHAMP (Challenging Minisatellite
Payload), GRACE/GRACE-FO, and GOCE (Gravity Field and Steady-State Ocean Circu-
lation Explorer) in this century, satellite gravimetry technology has entered an important
period of development. The GRACE twin satellites system measures distance changes
between satellites to derive the Earth’s gravity field, offering continuous observation capa-
bilities crucial for studying and monitoring glacial mass changes [6-8]. On the one hand, in
studying glacial mass changes in HMA, researchers widely use GRACE satellite gravity
data to monitor its spatiotemporal changes. For instance, Moiwo et al. [9] inferred that
the surface water thickness of the Tibetan Plateau decreased by —0.36 £ 0.03 mm/month
on average during 2003-2008. Song et al. [10] utilized hydrological data and GRACE
gravity satellite data to estimate an annual mass loss rate of terrestrial water storage in
the southeastern Tibetan Plateau, reporting —5.99 & 2.78 Gt/yr from 2003 to 2009. On
the other hand, in the study of the mass change mechanism of HMA glaciers, previous
studies mainly used GRACE and hydrological data sets (GLDAS, etc.). For example, Jiao
et al. [11] studied the spatiotemporal changes in land water storage in the northern Tibetan
Plateau and discussed influencing factors such as precipitation and temperature. Some
recent studies attributed changes in terrestrial water storage across the Tibetan Plateau
to precipitation and evapotranspiration variations from 2003 to 2014 [12]. Liu et al. [13]
utilized field observations from seven significant glaciers and meteorological data from
the GLDAS CLSM data set to reconstruct the Tibetan Plateau’s long-term glacial mass
balance from 1975 to 2013, highlighting the distinct impacts of moisture and heat factors
on glacier mass balance changes across the region. Wang et al. [14] employed a weighting
method to evaluate the intra-year and interannual changes in TWSA (Terrestrial Water
Storage Anomaly) on the Tibetan Plateau by combining TWSA data based on GRACE and
GRACE-FO with other meteorological and hydrological data.

Undoubtedly, previous studies of glacier mass changes and associated mechanisms
in HMA have significantly advanced our knowledge of this ecologically critical region.
Researchers have extensively used GRACE satellite gravity data, hydrological datasets
like GLDAS, and meteorological variables to comprehensively explore the spatiotem-
poral dynamics of surface water thickness, terrestrial water storage, and glacial mass
balance. However, much of this research has predominantly centered on either the entire
HMA [10,15] or individual subregions [16], overlooking the diverse spatial heterogeneity
in glacier mass changes across subregions [9]. Climate change in recent years has caused
the glaciers in HMA to continue melting. Distinct basins exhibit varied topographies and
localized climate environments, contributing to considerable disparities in glacier changes
across different periods and regions [17]. Hence, it is imperative to delve into detailed
exploration and research concerning HMA glacial mass changes and change mechanisms
within different subregions.

Moreover, previous studies have given relatively less attention to the influence of
atmospheric circulation (such as ENSO) on glacial mass changes in HMA, especially at the
interannual scale. Anomalies in atmospheric circulation significantly impact temperature,
precipitation, and evaporation patterns on a large scale, consequently affecting surface
water storage and glacier mass changes [18-20]. Although current research has initially
revealed the impact of different climate indices on the HMA glacial mass changes, most
studies have primarily connected glacier mass changes with short-term extreme climate
anomaly events, lacking broader coverage across longer time scales. Interannual signals
capture the relatively low-frequency changes in glaciers and their dynamic responses to
climate changes, constituting a crucial aspect of understanding the interaction between
glaciers and diverse climate-influencing factors. Therefore, it is crucial to study the response
mechanism between interannual glacial mass changes and atmospheric circulation changes
in the HMA region.
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We studied the impact of atmospheric circulation on interannual glacial mass changes
in the overall HMA and its subregions based on a longer period (2002-2022) rather than on
isolated climate events. Effective spatiotemporal filtering methods were employed for data
analysis to ensure accuracy and reliability. This study delves into the regional response
relationship between HMA interannual glacial mass changes and variations in temperature
and precipitation over the past two decades. Furthermore, the study investigates how these
glacial mass changes correlate with atmospheric circulation patterns, providing valuable
insights into the complex interplay between glaciers and climatic factors over time.

2. Studied Area

The HMA region is recognized as the central hub of glaciers within the mid-to-lower
latitudes. It has the largest glacier area outside the polar regions. According to the division
of glacier areas by Miles et al. [21], the glacier area of HMA and the surrounding areas
is approximately 5.9 x 10* km?. Among them, the Kunlun Mountains hold the largest
glacier area, trailed by the Nyaingentanglha Mountains and Tianshan Mountains. This
study based on RGI6.0 divided the HMA glacier area into 1-11 (Figure 1), with a total of
11 subregions for detailed study (R1-R11).

40°N

30°N

Figure 1. Glacier distribution range and subregion divisions of HMA: R1 Tianshan, R2 Pamir Alay,
R3 Pamir, R4 Hindu Kush, R5 Karakoram, R6 Kunlun, R7 Himalaya (Spiti Lahaul), R8 Himalaya
(West Nepal), R9 Himalaya (East Nepal), R10 Himalaya (Bhutan), and R11 Nyaingentanglhas. “R”
stands for region.
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3. Data and Methods
3.1. Data
3.1.1. GRACE Mascon Products

Time-variable gravity field models are routinely produced from GRACE/GRACE-FO
gravity satellites data. Monthly gravity field solutions are provided in the form of fully
normalized spherical harmonics (SH), also called Stokes coefficients. CSR mascon products
are solved based on spherical harmonic coefficients, and they do not rely on any prior
information other than these coefficients. Compared to spherical harmonic methods, the
GRACE mascon solution applies constraints or regularization, which is a more optimized
estimation method that minimizes signal attenuation to the greatest extent [22]. A key
feature of mascon products, compared to traditional spherical harmonics, is that they
require no additional post-processing. Mascon products provide grid products directly,
having undergone post-processing including GIA correction before release, making them
ready for immediate use by users [23-25].

The GRACE/GRACE-FO satellites measure total mass variations, including contri-
butions from glacier mass changes, permafrost variations, and other factors. In our study;,
we specifically focused on glacier mass changes. It is important to note that frozen soil
changes are predominantly distributed within the interior of HMA, while our research area
is primarily centered on glacier regions. Studies indicate that the influence of frozen soil
changes on total mass variations in glacier-dominated areas is relatively minor compared
to the impact of glacier mass changes [26]. Although contributions from terrestrial water
storage (TWS) changes and permafrost variations cannot be entirely dismissed, their impact
on the estimated glacier mass changes is believed to be relatively small. Given that our
study focuses on correlation analysis, which is qualitative rather than quantitative in nature,
the TWS impact may not significantly affect our main conclusions. This study uses the
CSR RL06 mascon solutions for a total of 249 months, covering the period from April
2002 to December 2022. During this period, there were a total of 33 months of data gaps
due to satellite maintenance, instrument failures, communication, and other issues. For
the missing data, the singular spectral analysis (SSA) method is used to interpolate and
supplement the original time series [27]. The CSR RL06 mascon data are provided on 0.25°
latitude-longitude global grids in terms of equivalent water height (EWH).

3.1.2. Meteorological Data

Meteorological changes have a direct impact on glacial mass changes in HMA, and
temperature and precipitation are two important meteorological variables that affect glacial
mass changes. Currently, one of the most widely used meteorological data sets is provided
by the Climatic Research Unit (CRU) of the University of East Anglia in the United King-
dom. The data set includes 10 data sets based on near-surface measurements, including
temperature, precipitation, humidity, etc.

This study uses monthly precipitation and temperature data from CRU TS 4.07 from
April 2002 to December 2022 [28]. Its horizontal spatial resolution is 0.5° x 0.5°. The data
are downloaded from the CRU website (https://crudata.uea.ac.uk/cru/data/hrg/cru_ts_
4.07/, accessed on 31 August 2023).

3.1.3. ENSO

El Nifio-Southern Oscillation (ENSO) is a climate pattern characterized by periodic
fluctuations in sea surface temperatures and atmospheric pressure in the equatorial Pa-
cific Ocean, influencing global weather and climate. The ENSO Index is calculated by
monitoring ocean surface temperature anomalies to reflect these climate change processes.
HMA glacier mass changes and global climate change are always in a process of constant
interaction, and the climate change process can be described by climate indices. Therefore,
by analyzing the relationship between climate indices and glacial mass changes in HMA,
it is helpful to better understand the complex interplay between glacier dynamics and
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broader climate changes. The data for ENSO indices can be sourced from platforms like
(cpc.ncep.noaa.gov/data/indices/sstoi.indices, accessed on 16 March 2023).

3.2. Methods
3.2.1. Empirical Orthogonal Function

Temporal gravity change reflects the sum of all contributions from the Earth’s mass
change over time [29]. There are multiple factors influencing the Earth’s gravity anomalies.
Our goal is to isolate and analyze each variable associated with HMA glacial mass changes
in space and time and analyze them. The Empirical Orthogonal Function (EOF) is a statisti-
cal analysis method for extracting the primary features of data to achieve dimensionality
reduction [30]. The basic concept is to identify the most significant components within the
data, eliminating weak signals and noise, thereby achieving the purpose of dimensionality
reduction for the original data set. EOF can separate the space and time of the variable
field through the characteristic statistics of the variables. That is to say, the variable is
decomposed into two parts: one part is the space function part that does not change with
time, and the other part is the time function part that only depends on the time change.
This method was originally proposed by Pearson [30], and later introduced and widely
applied in the field of Earth sciences by Lorenz [31], including atmospheric and climate
research [32].

The core formula of EOF analysis can be briefly stated as follows:

X = EC (1)

where X is the m x n data matrix (m samples, n variables); E is the m x p EOF matrix
(principal component eigenvectors, p is the number of principal components); and C is the
p X n time coefficient matrix.

3.2.2. Wavelet Amplitude-Period Spectrum Analysis

The mass balance of HMA varies over time due to the combined influence of various
climatic factors, mostly exhibiting non-stationary characteristics. These sequences not
only display trends and periodicity but also feature randomness, abrupt changes, and a
“multi-time scale” structure, indicating complex evolutionary patterns [33]. Studying such
non-stationary time series typically requires time-domain information corresponding to a
specific frequency band or frequency-domain information over a certain period. Therefore,
after obtaining the principal components’ time series for the region, we analyze their time-
frequency characteristics using wavelet amplitude periodic spectra. This method clearly
reveals multiple changing cycles hidden within the time series, reflecting the temporal
variations in amplitude and period of each cyclic component. The wavelet amplitude—
period spectrum of a time series f(t) is defined as follows:

Wos (o) = = [ "o (S0 ) @

a

2
where a,b € R,a # 0;¢() = eza%cos(Zrcwot),&, wyg € R2mbwy > 1;
Cy = [, ¢(t) cos(2mwyt)dt; the kernel function is the real part of the Morlet wavelet;
t is time; 4 is a constant; wy is the frequency parameter; Cy is a constant; and a and b are
scaling factors for period and time, respectively.

3.2.3. Singular Spectral Analysis

Given that the time series of glacier mass change, precipitation change, and tempera-
ture change exhibit multiple periodic signals simultaneously, it is necessary to extract the
interannual signals in order to facilitate further analysis of the interannual signals of the
time series. Singular Spectrum Analysis (SSA) was first discussed by Broomhead and King
in their 1986 article [34]. SSA is a method that is particularly well suited to the analysis
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of nonlinear time series data. It is capable of effectively processing and analyzing data
exhibiting periodic oscillations, trends, and noise. Currently, SSA is employed in a variety
of fields, including meteorology [35], oceanography [36], and geodesy [37]. SSA does not
require a priori mathematical models or function information, and it is not constrained
by assumptions of sinusoidal periodicity. It involves lag-embedding the time series data
to construct a trajectory matrix, performing singular value decomposition (S5VD) on this
matrix, recombining different components, and ultimately reconstructing the time series
data. This process facilitates the separation of signals, such as interannual and periodic
signals, from the data. This study employs SSA to separate interannual signals in the time
series for subsequent analysis and comparison.

4. Results
4.1. Spatial Trends and Time Series of Glacier Mass Changes in HMA

Figure 2 illustrates the time series and spatial trend diagrams of the glacial mass
changes in HMA and its subregions, calculated based on 249 months of mascon data from
April 2002 to December 2022. In the entire HMA region (Figure 2a), the inversion results
indicate the presence of positive signals traversing the interior of HMA, with an average
change rate of approximately 1.5-2 cm/yr. The glacier mass change signals in the Tianshan,
Pamir, Himalayas, and Nyaingentanglha Mountains all exhibit negative signals. The results
of this study are largely consistent with those of Jing et al. and Zhan et al. [38,39]. In
general, the glacial mass changes in HMA exhibit spatial heterogeneity.
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Figure 2. The spatial and temporal variations in glacier mass change in HMA and its subbasins.
(a) The spatial trend in mass changes (cm/yr) in HMA and its subregions. (b) The glacier mass
change trends in HMA and its subbasins during 2002-2022. (Error bars represent the corresponding
uncertainty of the glacier mass change trends.) Time series of glacier mass changes in HMA (n) and

HMA subregions (¢c—m).
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Since the glacier change trends in the subregions are different, in order to facilitate a
more comprehensive analysis of glacier changes in the subregions, the trend values for each
region are shown in Figure 2b. The glacier melting trend from R1 to R9 generally exhibits
an initial decrease followed by an increase. Figure 2c—m gives the time series of glacier mass
changes in 11 subregions of HMA. It is evident from Figure 2h that the Kunlun region (R6)
exhibits an increasing trend, with a mass gain rate of approximately 0.53 cm/yr (Figure 2h).
The remaining glacier regions all exhibit a melting trend, with the fastest melting rates
observed in R9 and R11, with mass loss rates of approximately 1.59 cm/yr and 1.62 cm/yr,
respectively. Following them are R1, R2, R8, and R10 with mass loss rates around 1 cm/yr.
R4 and R7 exhibit comparable mass loss rates, with an average of approximately 0.5 cm/yr.
The R3 region exhibits a comparatively lower glacial mass loss rate of 0.29 cm/yr, while
the R5 region shows minimal changes with a nearly 0 change rate. Figure 2n depicts the
time series of mass changes across the entire HMA region, showing a downward trend
with an overall rate of —0.58 cm/yr. Furthermore, we observed a pronounced decline in
glacier mass change in R2, R3, R4, R5, and R7 (Figure 2d-g,i) in 2020. These glacial areas
are all areas where westerly winds prevail. It is hypothesized that this phenomenon is a
consequence of the influence of the westerly wind belt. The glacial mass changes observed
in the HMA region exhibit regional characteristics. The southern Himalayan region exhibits
significant seasonal fluctuations, whereas the northwestern Pamir and Tianshan regions
display comparatively minor seasonal fluctuations.

4.2. EOF of Glacial Change

The climate in HMA is highly complex, influenced not only by precipitation and
temperature but also by various atmospheric circulations [40,41]. GRACE observations
reflect the combined effects of multiple climate factors on glacier mass changes in the HMA
region. The interactions among these climate factors make it challenging to discern the
glacier’s response to individual climate influences. EOF analysis can take a complex change
field and express it mathematically according to the principle of maximum signal variance,
and represent the complex change field as several main change components. In this section,
EOF analysis was used for mascon data from April 2002 to December 2022, with the annual
cycle removed. Additionally, a wavelet analysis of temporal mode was conducted in order
to analyze the main components of glacier mass change and what periodic signals are
contained in those main components, with a view to determining the potential main factors
driving glacier mass change.

Figure 3a illustrates the spatial variation characteristics of the first mode of EOF. It
reflects that the positive signal is strong in the southern HMA region, especially in the
Himalayan, Nyaingentanglha, and Tianshan regions. Figure 3b illustrates the temporal
distribution characteristics of the first mode, which primarily reflect the trend features of
glacier mass changes in the HMA region. Combined with the first spatial mode (Figure 3a),
it becomes evident that the mass changes in the Himalayan, Nyainqentanglha, and Tianshan
regions exhibits a downward trend. In the inland area of the HMA region, the first mode
spatial change shows a large negative value in this area, indicating that the inland changes
in the HMA region are primarily rising. These findings align with those presented in
Figure 2a. Figure 3d,e are the second mode results of the EOF of the HMA regional mass
change. It mainly reflects the changes in the glacial areas of HMA.

Figure 3¢ f illustrate the wavelet analysis of the EOF temporal modes. It is evident
that both the first and second modes exhibit periodic signals in the range of 2-7 years,
with opposite phases. This indicates that the driving mechanisms of these two modes
are opposite. Combined with the spatial modes, these interannual fluctuations are more
pronounced in the HMA glacier region. Further investigation is required to ascertain
whether these interannual fluctuations are associated with specific climatic variables, such
as ENSO.
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Figure 3. EOF analysis of interannual mass changes in HMA and wavelet analysis of temporal modes.
(a) is first spatial mode. (b) is first temporal mode. (c) is wavelet analysis of the first temporal mode).
Similarly, (d-f) are the second mode results.

4.3. SSA

The preliminary results from EOF and wavelet analysis indicated the presence of
interannual signals in the range of 2-7 years in the HMA region. These findings offer
valuable clues for a deeper understanding of climate change in HMA. In order to gain
a comprehensive understanding of the fundamental mechanisms driving glacier mass
change in the HMA region, further exploration is required to uncover the potential drivers
of these interannual signals. Glacier and climate data contain multiple periodic signals,
which makes it challenging to discern the connections between them. SSA is an effective
tool for analyzing non-periodic signals and complex interannual changes in spatiotemporal
data, with high signal-noise separation capabilities. Consequently, this section will employ
the SSA method to decompose the time series of glacial mass, precipitation, temperature,
and ENSO events in the HMA region and extract their interannual variation signals to
reveal the interrelationship between them.

4.3.1. Correlation Analysis between Precipitation, Temperature and Mass on
Interannual Scale

We will investigate the relationship between glacier mass and temperature, as well as
precipitation. Precipitation and temperature are considered the primary drivers of glacier
mass changes. Through a thorough analysis of the relationship between temperature,
precipitation, and glacier mass changes, we can gain a better understanding of the direct
impact of climate change on glaciers.

The time series of mass, precipitation, and temperature changes were computed
for the 11 subregions. Then, linear trends were removed from the original time series.
Subsequently, the SSA method was employed to decompose the time series, selecting
components with time scales exceeding 3 years for reconstructing the interannual signals,
as these components contain crucial information about interannual variations.

Following the SSA of the data for the six regions (R1-R6), it was observed that there
were no discernible interannual signals in temperature change in these regions. Conse-
quently, we focused on the correlation analysis between glacial mass changes and precipi-
tation in these regions. Figure 4b—g illustrate the interannual fluctuations in glacier mass
and precipitation for the regions (R1-R6). The results indicate a significant interannual
fluctuation in both precipitation and glacier mass for the six glacier regions. The interannual
variations in glacier mass (in black) and precipitation (in blue) exhibit similar time patterns
with peaks and valleys aligning closely. Correlation analysis revealed correlations of 0.35,
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0.72,0.46,0.71, 0.37, and 0.59 between glacier mass and precipitation for regions (R1-R6),
respectively. All correlations are above the 99% confidence level. Furthermore, in order to
analyze the driving mechanism behind these interannual signals, we employed wavelet
analysis to obtain their period information, and the results are presented in Figure 5a-1. It is
evident that significant 6-7-year periodic signals exist in the time series of both precipitation
and glacier mass interannual variations for all six regions ((a,b) R1, (c,d) R2, (e,f) R3, (g,h)
R4, (i,j) R5, and (k1) R6). Additionally, the phases of precipitation and mass changes are
consistent for each glacier. This also indicates that the interannual variations in glacier
mass in these regions are primarily influenced by interannual variations in precipitation.
Wang et al. indicated a significant correlation between interannual changes in glacier
thickness and annual precipitation in the Pamir and Hindu Kush glaciers during the period
of 2003-2008 [42], which is consistent with the results of our study. Moreover, our study
provides evidence over a longer time scale (2002-2022), demonstrating that the interannual
variations in glacier mass in the Pamir and Hindu Kush regions are primarily influenced
by interannual variations in precipitation.

5 6 g 4
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Figure 4. Interannual signals of mass, precipitation, and temperature changes in the HMA subregions.
(a) Blue refers to the correlation between EWH and precipitation, and red refers to the correlation
between EWH and temperature. (b—g) are the interannual variation diagrams of EWH and precipita-
tion in the R1-R6 region. (h-1) are the interannual variation diagrams of EWH, precipitation, and
temperature in the R7-R11 region.
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Figure 5. Interannual signal wavelet analysis diagram of mass, precipitation, and temperature

changes in the HMA subregions. (a,b) are wavelet analysis of EWH and interannual precipitation

variation in R1. Similarly, (c-1) are for R2-R6. (m-o) is the wavelet analysis of the interannual

variation of EWH, precipitation, and temperature in the R7 region. Similarly, (p—aa) are for R8-R11.

In the regions of the (R7-R11) regions, after SSA of the temperature time series, inter-
annual variation signals were identified. Therefore, we analyzed the correlation between
glacier mass changes and temperature and precipitation in these regions. Figure 4h-1 il-
lustrate the time series of the interannual signals of mass changes (in black), precipitation
changes (in blue), and temperature changes (in red) for the five regions.
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The correlation between interannual glacier mass changes and interannual precip-
itation changes in the region (R7) is 0.01 (p > 0.05), which is not statistically significant.
However, the correlation with temperature is —0.41 (p < 0.05), and it is significant. Com-
pared with precipitation, temperature exerts a more pronounced influence on interannual
fluctuations of glaciers. This aligns with the results of Mandal et al. [43]. Mandal et al.
conducted a study on the Chhota Shigri and Hamtah Glaciers in the Lahaul and Spiti
regions. Their findings indicated that the sensitivity test of the annual mass balance of
glaciers based on simulations (temperature index) showed that the effect of temperature
change on the glacier surface was particularly prominent compared to precipitation. The
correlation between interannual mass changes and interannual precipitation changes in the
n (R8) region is 0.26 (p < 0.05). And the correlation with temperature is —0.75 (p < 0.05). This
indicates that glacier mass changes in the (R8) region are influenced by both precipitation
and temperature, with temperature having a stronger impact than precipitation. Addition-
ally, the wavelet analysis of glacier mass changes and temperature changes in region (R7)
and region (R8) show similar signals with the same periodicity (6-7 years) (Figure 5m—o for
region (R7) and Figure 5p-r for region (R8)). This indicates that the interannual signals in
glacier mass changes in the (R7) and (R8) regions are primarily influenced by interannual
variations in temperature. However, in the regions of (R9-R11), the situation is more
complex, with no clear correlation between mass changes and precipitation or temperature.
This lack of correlation may be attributed to the interaction of multiple factors. The analysis
results indicate that glacier mass changes in different HMA regions are influenced by a
variety of climatic factors. The interannual variation of glacier mass in the western region
is mainly affected by precipitation, while the interannual variation of glaciers in the eastern
region is affected by temperature. This indicates that the response of glacier mass change
to climate in the HMA is spatiotemporally heterogeneous.

4.3.2. Correlation Analysis with ENSO

El Nifio-Southern Oscillation (ENSO) is a climate pattern characterized by periodic
fluctuations in sea surface temperatures and atmospheric pressure in the equatorial Pacific
Ocean, with a period of approximately 2-7 years. The anomalous variations of ENSO
may have a significant impact on the temperature and precipitation patterns in the HMA
region [44-46]. By analyzing the relationship between temperature, precipitation, and
ENSO, the degree and manner of impact of ENSO events on the meteorology of the HMA
region can be identified. This will provide a better understanding of how ENSO events
are transmitted to glacier mass changes and a deeper understanding of the glacier mass
change mechanism.

We used SSA to separate the interannual signals of ENSO, and performed wavelet
analysis of the interannual signals. Figure 6b—g shows the interannual precipitation signals
(in gray) and the interannual ENSO signals (in black) in regions (R1-R6). The results show
that ENSO and precipitation in each region have opposite peaks and troughs. The correla-
tion coefficient between the interannual ENSO signal and the (R1) Tianshan interannual
precipitation signal is —0.45 (p < 0.01) (Figure 6b). Similarly, the correlation coefficient
with the (R2) Pamir Alay interannual precipitation signal is —0.19 (p < 0.01) (Figure 6c)
(with a significant correlation for the period from April 2002 to 2018 at —0.45). The corre-
lation coefficient with the (R3) Pamir precipitation interannual signal is —0.55 (p < 0.01)
(Figure 6d). Although the correlation between the interannual precipitation variability
and ENSO of the (R4) Hindu Kush is not significant over the entire study period, during
the period from 2002 to 2014, there is a significant correlation between the interannual
ENSO signal and precipitation signals in the (R4) Hindu Kush, with a correlation coeffi-
cient of —0.59 (Figure 6e). The correlation coefficient between the interannual ENSO and
region the (R5) Karakoram precipitation signals is —0.66 (p < 0.01) (Figure 6f). Similarly;,
the correlation coefficient with the (R6) Kunlun interannual precipitation signal is —0.37
(p < 0.01) (Figure 6g). Additionally, based on the wavelet analysis shown in Figure 7a—i, it
can be observed that the interannual variability in precipitation and ENSO in all six regions
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exhibits clear 6-7-year periodic signals with opposite phases. In the R2 and R4 regions,
the correlations with ENSO during the entire study period are low and may be affected
by other interannual signals [47]. Overall, ENSO plays a dominant role in the interannual
variability of precipitation in these six regions, thereby impacting the interannual variability
of glacier mass.

As mentioned above in Section 4.3.1, the interannual variability of glacier mass in the
regions (R7) and (R8) is primarily influenced by temperature. Therefore, in regions (R7)
and (R8), we studied the relationship between the interannual variation of temperature and
ENSO. Figure 6h,i show the interannual variability of temperature (in red) and ENSO (in
black) in the regions (R7) and (R8). It demonstrates that the ENSO and temperature time
series exhibit similar peaks and troughs. The results of the correlation analysis indicate that
there are significant correlations between the two variables, with correlation coefficients of
0.53 and 0.56 (p < 0.01). Moreover, based on the wavelet analysis, it can be observed that
the interannual variability of temperature in these two regions (region (R7) (Figure 7h), and
region (R8) (Figure 7i)) and ENSO (Figure 7a) also exhibits strong 6-7-year periodic signals
with consistent phases. Overall, ENSO plays a dominant role in the interannual variability
of temperature in these two regions, thereby influencing the interannual variability of
glacier mass.
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Figure 6. Comparison of interannual signals of glacier mass, precipitation, and temperature changes
in the HMA subregions with ENSO interannual signals. (a) Correlation with ENSO interannual
variation. The ENSO signal in (b—i) includes periods longer than 3 years, while in (j-1) includes
periods longer than 2 years.

The interannual variabilities of glacier mass in the (R9), (R10) and (R11) regions
are influenced by both temperature and precipitation, with neither factor dominating.
Therefore, we studied the correlation between ENSO and the interannual glacier mass
variability in these three regions. The interannual glacier mass variability in these three
regions primarily exhibits a periodic signal of 2—4 years. Therefore, we extracted signals
from ENSO with periods of more than 2 years, which differs significantly from other
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regions. We attribute this difference to the interaction of multiple climatic phenomena.
The correlation coefficient between ENSO and glacial mass change in region (R9) is —0.58,
while the correlation with glacial mass change in region (R10) is —0.46, both exceeding the
99% confidence interval. Wavelet analysis reveals that the interannual variability of glacier
mass in both regions (region (R9) (Figure 7k), and region (R10) (Figure 71)) and the ENSO
(Figure 7j) exhibit strong 2—4 years periodic signals with opposite phases. This indicates that
ENSO plays an important role in the interannual variability of glaciers in the two regions.
The correlation between ENSO and glacier mass variability in region (R11) Nyaingentanglha
is relatively weak at —0.36 but still significant. This suggests that other meteorological
factors may influence glacial mass change in region (R11) Nyaingentanglha, and the impact
of ENSO is relatively small here [48]. This is consistent with the conclusion of Figure 3d,
which indicates that the second spatial mode signal in region (R11) Nyainqgentanglha is
weak. The wavelet analysis diagram of the second temporal mode shows that the second
mode has a signal of 2-7 years. This illustrates that the 2-7 years signal in the region (R11)
Nyaingentanglha area is weak, and combined with the analysis in this section, it further
shows that the influence of ENSO is weak.
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Figure 7. Interannual signals of mass changes, precipitation changes, temperature changes in the
HMA subregion and ENSO wavelet analysis. (a) wavelet analysis of ENSO interannual signal over
3 years. (b-i) interannual variation of precipitation or temperature in R1-R8. (j) wavelet analysis of
ENSO interannual signal over 2 years. (k-m) interannual variation of EWH in R9-R11.
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The differences in the interannual anomaly changes in glacier mass among these subre-
gions are mainly due to their distinct spatial distributions and geographical environments,
highlighting the spatiotemporal heterogeneity in the regulatory mechanisms of glacier
mass changes in response to climate.

5. Discussion
5.1. HMA and Climate Indices

ENSO has a significant impact on the climate of most monsoon regions in Asia. During
ENSO events, these areas often exhibit dry climatic conditions [49-51]. In this study, we
found a strong correlation between glacier mass in the HMA region and ENSO (Figure 7).
Zhu et al. also indicated that ENSO has a certain impact on changes in underground
water storage in the southeastern part of the Tibetan Plateau, with a relatively stronger
influence on areas experiencing significant water storage losses [52]. Xu et al. [53] found an
ENSO correlation in a 1000-year major ion record from a 108.83 m ice core at East Rongbuk
Glacier on Mount Everest’s northeastern slope. The results of our study indicate a negative
correlation between ENSO and precipitation in the western part of the HMA region. This
is because ENSO indirectly influences the climatic variability of HMA by modulating
the South Asian monsoon [54,55]. During winter, ENSO typically leads to increased sea
surface temperatures in the Pacific, while in spring and summer, it triggers abnormal
temperature patterns in the South Asian monsoon [56-58]. These abnormal patterns
propagate westward to the Tibetan Plateau, potentially causing reduced precipitation and
exacerbating glacier mass loss [56-58]. Simultaneously, during the development of El Nifio
events in summer, the Indo-Burma Trench becomes stronger, preventing moisture from
entering the southwestern plateau and causing insufficient summer precipitation in that
region [59]. Additionally, El Nifio events can enhance or weaken the winter monsoon
circulation, thereby regulating the intensity of cold air invasions from Siberia, influencing
temperatures and snowfall [60].

Through SSA of the glacier mass change time series in various HMA regions, we
found that the proportion of interannual signals of glacier mass change differs between
different regions. The proportion of interannual glacier mass changes in each region is
shown in Figure 8. It can be observed that the proportions of the interannual signals in
regions (R4), (R5), (R9), and (R10) are all relatively small, less than 10%. This indicates
that interannual glacier variations in these regions are relatively weak. The proportion
of interannual signals gradually decreases from region (R1) to (R4) and (R5), while it
increases first and then decreases from regions (R4) and (R5) to regions (R9) and (R10).
This is because different subregions have different climatic and hydrogeological conditions,
with the western, eastern, and southern parts of HMA being mainly influenced by the
westerlies, East Asian monsoon, and Indian monsoon, respectively [61]. The Himalayan
region experiences a strong Indian monsoon [39]. The Hindu Kush and Karakoram regions
are influenced by strong westerlies [62]. Both the Indian monsoon and the westerly wind
are significant annual signals, indicating that the Himalayan and Hindu Kush regions are
strongly affected by the annual signals. This is consistent with the results of this study,
where the interannual signal is weak in the Himalayan and Hindu Kush regions. But
this does not mean that the westerlies only affect Hindu Kush and Karakoram. Yi and
Sun’s research shows that the Pamirs and Tianshan Mountains are also affected by the
westerly winds [63]. In summary, our study indicates the influence of El Nifio events on
glaciers in the HMA. This impact is complex and influenced by the geographic location
and interactions of atmospheric circulations.
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Figure 8. Proportion of interannual signals of glacier mass change in each region.

Furthermore, we find that both glacier mass and precipitation changes in the western
part of HMA (R1-R6) contain significant 6-7-year oscillation, while glacier mass and
precipitation, as well as temperature, show 2-3-year oscillation in the eastern part (R9-R11).

These findings are consistent with the correlation of cyclic oscillations in the Earth
system [64-68]. Several studies have reported that the 6-year oscillation in Earth Orientation
Parameters (EOPs) and climate parameters be related to the deep Earth’s structure and
the interaction between the Earth’s core and mantle [67-69]. The exact driving force of
the 6-7 years signal observed in the western part of the HMA is still unclear and further
investigations are needed.

Chen et al. [67] also found oscillations over a 2—-6-year period in geodetic observations
of Earth Orientation Parameters (EOPs) (polar motion and length-of-day), and showed
that oscillations on seasonal and shorter time scales are dominated by mass redistribution
of the Earth’s climate system including oceans, atmosphere, and hydrosphere, with the
remaining long term oscillations attributed to the Earth’s depths. The 2-3-year oscillations
that were found in regions (R9-R11) belong to shorter time scales and are consistent
with similar cyclic oscillations in the global climate system, which may be due to specific
climatic and geologic features of the region. Such cyclic variations may reflect climatic and
environmental influences specific to the Tibetan Plateau, such as seasonal variations and
topographic features specific to the alpine region.

5.2. Spatial Heterogeneity in the HMA

Glacier mass balance varies significantly across different regions. At the interannual
scale, the glacier mass changes in the eastern HMA region, including region (R1-R6):
Tianshan, Pamir Alay, Pamir, Hindu Kush, Karakoram, and Kunlun, are mainly driven by
precipitation. In contrast, the interannual variation of glaciers in the remaining five regions
(R7-R11) are closely related to temperature.

Deng et al. [70] conducted an analysis of the degree-day factors for 24 glaciers on
the Tibetan Plateau and found that the southeastern part of the Tibetan Plateau is more
temperature sensitive than the northwestern part, aligning with the findings of our study.
The study by Zhu et al. [71] on the Muji Glacier in the northeastern part of the Pamir Plateau
employed sensitivity analysis to investigate the impact of precipitation, especially during
the melting season, and temperature on its mass balance changes. The results indicated that
precipitation had a significant influence on the interannual variations in the mass balance
of the Pamir Glacier, particularly concerning factors such as albedo, meltwater capacity,
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and snow accumulation. This finding aligns with the conclusions of our study, supporting
that the interannual glacier mass changes in the Pamir region are predominantly driven
by precipitation. Additionally, our study establishes a strong relationship between the
interannual temperature changes in the southeastern HMA and ENSO.

In general, glacial mass balance responds differently to water factors (precipitation)
and heat factors (temperature, net radiation). Specifically, between April 2004 and De-
cember 2022, glaciers in the western region exhibit a stronger response to changes in
water factors, while glaciers in the eastern region show a stronger response to heat fac-
tors [40,72,73]. The reason is that the glaciers in regions (R1-R6) belong to continental
glaciers, the main characteristic of which is that the temperature of the perennially frozen
layer of the glacier is in a negative temperature state. This negative temperature state
makes them less sensitive to temperature fluctuations. However, if future temperature
increases lead to prolonged periods above freezing, these glaciers could become much
more sensitive to temperature changes. On the other hand, the glaciers in regions (R7-R11)
belong to maritime glaciers, which are characterized by the temperature of the glacier’s
perennially frozen layer being close to zero degrees or the pressure melting point. Maritime
glaciers are highly sensitive to climate change and have a weaker response to changes in
precipitation [72].

The warming of HMA is primarily driven by increased greenhouse gas emissions [74].
Additionally, changes in cloud cover [75], snow and ice albedo feedback [76], the Asian
Brown Cloud [77], and anthropogenic land-use changes [78] also contribute to the region’s
climate warming. The rise in greenhouse gas concentrations directly leads to an increase
in regional temperatures, while changes in cloud cover and albedo feedback mechanisms
further amplify this warming effect. Specifically, as temperatures rise, accelerated melting
of snow and ice decreases the surface albedo, resulting in more solar radiation being
absorbed, which further increases temperatures. The formation and spread of the Asian
Brown Cloud also affect regional climate patterns by altering the radiative balance in the
atmosphere. Moreover, anthropogenic land-use changes, such as agricultural expansion
and urbanization, may contribute to warming by altering surface characteristics and local
climate conditions. These factors collectively contribute to the complex background of
climate warming in HMA.

Although our study primarily focuses on the relationship between ENSO and glacier
mass balance, acknowledging these additional factors is essential for a comprehensive
understanding of glacier dynamics. Future research should consider these confounding
influences to better assess the full range of factors affecting glacier mass balance and climate
change impacts on high mountain regions.

6. Conclusions

In this study, we used data from the GRACE/GRACE-FO satellite gravimetry in the
past two decades to study interannual variations of glacier mass in HMA and its subregions.
In addition, this study explores the impact of ENSO on interannual glacier mass change in
the HMA subregions by analyzing data from 2002 to 2022, rather than focusing on isolated
climate events.

(1) It was observed that the overall glacier mass in the HMA region exhibited a decreas-
ing trend over the past two decades. The overall melting rate is ~ —0.58 cm/yr. Glaciers
with significant mass loss are concentrated in the peripheral areas of HMA, such as the
Himalayan, Tianshan, and Pamir regions, while glaciers in the Kunlun region show a trend
of mass gain. We found 6-7-year oscillations in the western part of HMA (R1-R6) and
2-3-year oscillations in the eastern part (R9-R11).

(2) At the interannual scale, glacier mass variations in the eastern Tibetan region,
including Tianshan, Pamir Alay, Pamir, Hindu Kush, Karakoram, and Kunlun, are primarily
dominated by precipitation. ENSO mainly influences interannual variations of glacier mass
by affecting precipitation. On the other hand, in the Himalaya region, especially in Spiti
Lahaul and West Nepal, the mass variations are primarily dominated by temperature.
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ENSO affects the interannual glacier mass changes by influencing temperature. In the
eastern Himalaya region, including East Nepal, Bhutan, and Nyaingentanglha, glacier
mass changes are jointly dominated by temperature and precipitation. The interannual
glacier mass changes are also related to ENSO.

In summary, this study not only reveals the regional differences and interannual
variation patterns of glacier quality in the HMA area, but also clarifies the mechanism of
ENSO affecting glacier quality through different climate factors in different subregions,
which is of great significance for improving climate models, predicting future glacier
behavior, and formulating climate change adaptation and mitigation strategies.

In addition, due to the low spatial resolution of GRACE/GRACE-FO observations, our
estimated HMA glacier mass changes may include contributions from snow-water changes
in the surrounding regions [79], which is difficult to accurately quantify and separate from
GRACE/GRACE-FO estimates. This may affect our estimated glacier mass changes, but
will not change our main conclusions, which are based on correlation and wavelet analyses.
For similar reasons, the impact from groundwater depletion in northern India on our R7
and R8 GRACE/GRACE-FO estimates mostly manifests itself on long-term time scales
and would not significantly affect our main conclusions which focus on interannual time
scales. In order to study HMA glacier mass changes more accurately, future studies are
needed to integrate GRACE/GRACE-FO observations, available in situ measurements,
climate model predictions, and other remote sensing data to improve the quantification of
glacier mass changes in HMA and its subregions and to better understand the connections
between glacier mass change and environmental factors.
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