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Abstract: Glaciers in the Tianshan Mountains are an essential water resource in Central Asia,
and it is necessary to identify their variations at large spatial scales with high resolution. We
combined optical and SAR images, based on several machine learning algorithms and ERA-5
land data provided by Google Earth Engine, to map and explore the glacier distribution and
changes in the Tianshan in 2001, 2011, and 2021. Random forest was the best performing
classifier, and the overall glacier area retreat rate showed acceleration from 0.87%/a to
1.49%/a, while among the sub-regions, Dzhungarsky Alatau, Central and Northern/Western
Tianshan, and Eastern Tianshan showed a slower, stable, and sharp increase rates after
2011, respectively. Glacier retreat was more severe in the mountain periphery, low plains and
valleys, with more area lost near the glacier equilibrium line. The sustained increase in
summer temperatures was the primary driver of accelerated glacier retreat. Our work
demonstrates the advantage and reliability of fusing multisource images to map glacier dis-
tributions with high spatial and temporal resolutions using Google Earth Engine. Its high
recognition accuracy helped to conduct more accurate and time-continuous glacier change
studies for the study area.

Keywords: glacier change; big remote sensing data; classification; machine learning; google earth engine;
Tianshan Mountians; climatic change

1 Introduction

The global glacier retreat at the beginning of the 21st century has been unprecedented com-
pared to the past 2000 years (medium confidence), and different projection scenarios indi-
cate that this retreat will continue in the future (Masson-Delmotte et al., 2021). The
Tianshan, known as the ‘water towers of Central Asia,” are located in the hinterland of Eura-
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sia, are far from the ocean, and play an essential role in the regional climate system, with
meltwater from the mountains being an important source of water resources for the semiarid
and arid regions where they are located (Chen ef al., 2016; Pritchard 2019). In the context of
global warming, warming trends have been particularly evident in the Tianshan (Ji et al.,
2014), and glaciers and snowpack in the region are subjected to multiple effects of tempera-
ture and precipitation changes, which in turn have implications for water use by the region’s
population (Sorg et al., 2012; Miles et al., 2021). Similar to global trends, the Tianshan
glaciers have shown a continuous retreat over the past decades (Farinotti et al., 2015; Milner
et al., 2017; Sommer et al., 2020), which will impose some limitations on long-term fresh-
water resource use in Central Asia (Huss and Hock, 2018; Rounce et al., 2020). Studies have
also shown the shrinkage of glacier area and the acceleration of glacier area retreat in the
Tianshan after 2011 (Hagg et al., 2013; Petrakov et al., 2016). In contrast, current studies on
glacier changes in the Tianshan have focused mainly on some small-scale areas (Kraaijen-
brink et al., 2017; Zhang et al., 2019¢; Liu et al., 2020; Cai et al., 2021; Zhang et al., 2022a),
with a coarse resolution in the estimation of changes on a larger scale (Deng and Chen 2017;
Bhattacharya et al., 2021); however, more detailed reports on the spatial variability of glaci-
er changes across the Tianshan are still lacking.

Machine learning-based classification methods have been applied to measure glacier
changes (Huang et al., 2011; Xie et al., 2020; Yousuf et al., 2020), and these methods can
effectively improve the accuracy of identifying features on the glaciers and surrounding
surfaces (Maxwell et al., 2018). However, machine learning requires a large amount of re-
mote sensing data with a high spatial and temporal resolution for mining adequate infor-
mation, which places high demands on data storage, computing, and analysis. As a result,
some geospatial cloud computing platforms, such as Google Earth Engine (GEE), have
emerged gradually in recent years. Many researchers use the GEE platform for its conven-
ient and mature linkage with Google Cloud, its wide range of collection and integration of
mainstream remote sensing data, and its easy-to-use operation (Gorelick et al., 2017; Tami-
minia et al., 2020). GEE can rapidly process massive amounts of data at the pixel scale in
the cloud and derive computational results, and it has been introduced to support cut-
ting-edge remote sensing research in glaciated environmental change (Bevington and
Menounos 2022).

This work aimed to develop an automatic algorithm to identify glaciers in the Tianshan
and map their spatiotemporal portal distribution to explore the change process of suprag-
lacial debris cover, clean ice, and snow by combining glacier inventory data and remotely
sensed images on the GEE geospatial analysis platform. Principal component analysis (PCA)
was utilized to filter the variables with the highest correlation, and four machine learning
algorithms, random forest (RF), support vector machine (SVM), gradient tree boost (GTB),
and classification and regression tree (CART), were used to classify supra-glacial features,
including debris-covered ice, at the pixel level. Raw spectral information, band ratios from
multi-temporal satellite imagery, and topographical components derived from digital eleva-
tion models (DEM) and digital surface models (DSM) were extracted as feature variables
via the machine learning algorithms. The same scheme was used to generate a decadal in-
terval series of glacier areas in the study area for 2001, 2011 and 2021. Finally, the results
were comprehensively analysed, including recognition accuracy and rate of change, and
discussed with relevant topographic and climatic data. This study combined PCA results
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from optical and SAR data based on machine learning algorithms on GEE for glacier classi-
fication and obtained high accuracy.

2 Study area

The Tianshan Mountains (Figure 1, hereafter Tianshan), one of the seven major mountain
ranges in the world, are located in the central region of Eurasia; the mountain range has an
average altitude of approximately 4000 m a.s.l. and extends across China, Kazakhstan,
Kyrgyzstan, and Uzbekistan (Chen et al., 2016). The Tianshan is approximately 2500 km
long from east to west and 250 to 350 km wide from north to south, and the maximum width
of the mountain system is approximately 800 km (Zhang et al., 2022b). It is the largest in-
dependent zonal mountain range, the farthest from the sea, and the most prominent mountain
system in arid regions globally. Situated in the middle temperate zone with a mountainous
continental climate, the Tianshan Range has an obvious vertical zonality (Zhou et al., 2021).
The annual precipitation in high-elevation areas can reach 400-800 mm, creating climatic
conditions that are very conducive to the formation and development of glaciers and perma-
frost in the Tianshan, whereas the annual precipitation at low elevations is approximately
100-200 mm (Chen et al., 2016). The Tianshan played a pivotal role in people’s lives owing
to their abundant water, mineral, plant, and animal resources. Known as the ‘Water Tower of
Central Asia,” glaciers in the Tianshan are the most precious natural freshwater resource.

According to the latest Randolph Glacier Inventory V6.0, or RGI6.0 (RGI Consortium
2017), 13,998 glaciers exist in the Tianshan, with a total area of 11,864 km®. Among them,
seven glaciers cover areas greater than 100 km?, with a total area of 1602.39 km?, account-
ing for 0.05% and 13.5% of the total number and area of glaciers in the Tianshan, respec-
tively. The South Inylchek Glacier in north-eastern Kyrgyzstan is the largest in the Tianshan,
covering an area of 373.92 km®.
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Figure 1 Location of the Tianshan Mountains. The blue line is the glacial boundary at Randolph Glacier Inven-
tory V6.0, the black line is the extent of the Tianshan, and the dotted line denotes the glacial-climate sub-regions.
These delineations of glacial-climate sub-regions were produced by the Hindu Kush Himalaya Monitoring and
Assessment Program or HIMAP.

3 Materials and methods
3.1 Data

Landsat 5/7 images from 2001 and Landsat 5 images from 2011 were obtained from the
GEE platform to extract the glaciers in the Tianshan in 2001 and 2011. In 2021, Landsat 8
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was utilized to supplement the validation process by filling in missing pixels for certain
Sentinel 2 pixels where cloud interference could not be eliminated. These orthorectified im-
ages represent the surface reflectance values calculated using the Landsat Ecosystem Dis-
turbance Adaptive Processing System (LEDAPS) algorithm for Landsat 5 and 7 (Masek et
al., 2006), and they have a spatial resolution of 30 m.

Sentinel-1 contains all of the ground range detected (GRD) scenes. Each scene has four
band combinations (corresponding to scene polarization), and the possible combinations are
single-band VV or HH and dual-band VV+VH or HH+HYV. Sentinel-2 is a wide-swath,
high-resolution, multispectral imaging mission supporting Copernicus Land Monitoring
studies. The Sentinel-2 L2 data on GEE were downloaded from scihub and were computed
by running sen2cor. Sentinel series data that had a spatial resolution of 10 m were used for
glacier classification in 2020, and some data from 2021 were used to replace missing 2020
data.

The global 25 m PALSAR/PALSAR-2 (The Phased Array type L-band Synthetic Aperture
Radar) mosaic is a seamless global SAR image created by mosaicking strips of SAR image-
ry from PALSAR/PALSAR-2. For each year and location, the strip data were selected
through visual inspection of the browse mosaics available over the period, with those show-
ing a minimum response to surface moisture were preferentially used. Its polarization
backscattering coefficient contains HH and HV, and this dataset was used as the SAR data
source for 2011.

Two sources of digital elevation and surface data were used: NASADEM and ALOS
World 3D-30 m (AW3D30). NASADEM reprocesses SRTM data with improved accuracy
by incorporating auxiliary data. AW3D30 is a global DSM dataset with a horizontal resolu-
tion of approximately 30 m (1 arcsec mesh). The DEM data used to extract ridge lines and
calculate glacier length were AW3D30, and the DEMs used to calculate the surface eleva-
tions, slopes, and aspects of glaciers were NASADEM and AW3D30.

The Randolph Glacier Inventory (RGI 2.0 and 6.0, representing the glacier boundaries
before 2000 and in approximately 2010, respectively) was applied as a reference to evaluate
the glacier delineation results. RGI glacier outlines and a distance-based buffer of 100 m
were used as the baseline representation of glacier area in this study. Some glaciers were
missed in version 6.0, so they were supplemented with version 2.0. The glacier inventory

Table 1 The datasets employed in this study, along with their respective time ranges, quantities, resolutions, and
names on GEE

Data source Time ranges Quantity ~ Resolution Names on GEE
Landsat 5 2001.05.01-2001.10.31 142 30m  LANDSAT/LTO05/C01/T1_TOA
Landsat 7 2001.05.01-2001.10.31 250 30m  LANDSAT/LE07/CO1/T1_TOA
Landsat 5 2011.05.01-2011.10.31 413 30m  LANDSAT/LT05/C01/T1_TOA
Landsat 8 2021.05.01-2021.10.31 629 30m  LANDSAT/LCO08/C01/T1_TOA
PALSAR/PALSAR-2 2008-2010 3 25m  JAXA/ALOS/PALSAR/YEARLY/SAR
Sentinel-1 2021.05.01-2021.10.31 1038 10m  COPERNICUS/S1_GRD
Sentinel-2 2021.05.01-2021.10.31 6709 10m  COPERNICUS/S2
NASADEM 30 m NASA/NASADEM HGT/001
ALOS DSM 2006-2011 90 30m  JAXA/ALOS/AW3D30/V3 2

ERAS_LAND 1991-2021 271,752 11,132 m ECMWEF/ERAS LAND/HOURLY
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was uploaded to the GEE Assets.

To analyse regional climate forcing, the ERAS5-Land Monthly Averaged by Hour of Day
reanalysis data was analysed to investigate changes in climate throughout the study. The
monthly 2-m air temperature and total monthly precipitation from 1991 to 2021 were con-
sidered, and this Climate Reanalysis dataset had a horizontal resolution of 0.1°x 0.1° (the
resolution on GEE platform is marked as 11,132 m).

The names of the datasets used on the GEE and their respective time scales, quantities,
and resolutions can be found in Table 1.

3.2 Methods

A pixel-based machine learning classification method was used to identify and classify ice,
snow, debris-covered ice and other features (water, land, vegetation, etc.) on GEE, and the
whole process consisted of several significant processing steps (Figure 2). First, satellite
images of selected years were filtered, and annual image composites were generated after
masking clouds and cloud shadows. Second, manual visual interpretation was performed
based on the annual image composites from the previous step to select feature sample points
and generate training and validation datasets. Third, multiple indices were generated from
the multi-sensor data and fused into the original image in the form of multiple bands togeth-
er with elevation and slope data. PCA compressed many bands in the original image into
fewer uncorrelated bands. The first three significant bands which could explains 95% of the
overall variance were selected as the input data for the subsequent supervised classification.
Fourth, four machine learning algorithms (RF, SVM, GTB, CART) were applied and evalu-

____________________________________________________________________________________

! Sentinel-1/2 /fandsat 58, o :LLSSARA% NASADEM ALOS DSM ~~ERA-5 Land

T e

. | July, August and September composite

Pre-process ! Remove cloud Add indices Add elevation |l Fill image Rc;sample Divide t‘ram'mg set| !
] and slope | gaps image and validation set '

p . p N , L 1.livsvm
Lhﬁj Generate cloud-free Principal component Instantiate P
synthetic images analysis classifiers learning 3.smileGradientTreeBoost
) \ J /K v 4.smileRandomForest

Machine 2.smileCART '

. Classified . Kappa :
filter regions Error metrics Aeouracy coefficients :

elev>3000 m - slope<25° > < RGIboundary

i
I
|
i
|

Post-process [ ] ] '
v |
p . PN —
' Calculate area }—» Variety comparison }—» Accuracy assessment |
|
i \ y . ) R
I

Figure 2 Flowchart for the classification of glacier surface features using machine learning algorithms on the
GEE platform
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ated and the one with the highest accuracy was selected. The study area was divided into
0.5°%0.5° geographic grid cells, and the classifier was trained to extract glaciers and other
features based on the classification features of the training dataset. Fifth, the classification
results were post-processed to eliminate the ‘salt-and-pepper noise’, and the results were
compared with the validation dataset to evaluate the classification accuracy. Sixth, the
changes in glacier areas were analysed and the influence of climatic and topographic factors
were explored.

3.2.1 Imagery preprocessing, machine learning, and postprocessing based on GEE

Three years (2001, 2011, and 2021) were selected for identifying glaciers and generating
contours based on the classification results. For 2001, the datasets used were Landsat 7 and
NASADEM, while Landsat 5, PALSAR/PALSAR-2, and ALOS DSM were used for 2011,
and three datasets, Sentinel-1, Sentinel-2, and ALOS DSM, were used for glacier identifica-
tion in 2021. The screening time of the datasets was restricted to May-October each year,
when there was less snow cover in the study area, and cloudiness was set to less than 20% as
another screening condition. For Sentinel-2, cloud pixels were masked using the original
dataset’s cloud masks and the QA60 band. However, for the Landsat series of surface re-
flectance products, the existing automatic cloud masking algorithms are prone to high re-
flectance pixels such as snow and ice misidentified as cloud pixels for removal, so the
Landsat series data in 2001 and 2011 were manually determined as the adopted images after
time and cloud screening processes. After cloud masking and manual screening, as few im-
ages as possible with similar timing were selected to generate a regional annual cloud-free
image synthesis using the median synthesis method. To address the issue of persistent miss-
ing pixels in cloud-free image synthesis, cloud-free pixels from either the preceding or suc-
ceeding year at the corresponding location were used to fill in the missing data.

After generating annual synthetic cloud-free images, four sample types of ice, snow, de-
bris-covered ice, and other features based on expert knowledge and Google Earth
high-resolution imagery were selected. For each study year, 15,000 sample points and poly-
gons were selected in the study area, including 5000 ices, 1500 snow, 3500 surface debris,
and 5000 other features. Random sampling was used to take 70% of each category in the
sample set as the training dataset and the remaining 30% as the validation dataset.

Using only the raw bands of the images as a basis for classification is not sufficient to
distinguish among different features well, especially ice covered by moraines and surround-
ing debris, so different indices applicable to glacier identification were calculated and added
to the raw images as new characteristic bands, including band ratios (NIR/SWIR1, NIR/Red),
NDVI ([NIR — Red]/[NIR + Red]) (Rouse Jr et al., 1974), NDBI ([SWIRI — NIR]/[SWIR1
+ NIR]) (Zha, Gao, and Ni 2003), NDSI ([Green — SWIR1]/[Green + SWIR1]) (Salomonson
and Appel 2004), BSI ((SWIR1 + Red) — (NIR + Blue))/((SWIR1 + Red) + (NIR + Blue))
(Rikimaru et al., 2002), and reflectivity (0.3xRed + 0.59xGreen + 0.11xBlue). The spatial
distribution of debris on ice depends on the topography and elevation gradient, so the slope
from the DEM was calculated and used with elevation to improve the classification accuracy
of glaciers. In addition, considering the difference between the texture features of the glacier
and the surrounding features, the polarization ratio and polarization difference from the
available SAR data were calculated and added to the raw images. Although GEE can per-
form fast and larger statistical analysis on images of larger areas, data redundancy slows the
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calculation process. It may not even yield appropriate results, so PCA was used to downscale
a large number of redundant bands in the raw images after adding index features and topo-
graphic factors, and the top bands with a sum of component contributions better than 95%
were selected as the new basis for classification. After calculation, only the top three princi-
pal component bands were selected to meet the requirements after PCA for each year’s raw
image. For 2011 and 2021, the PCA was performed separately for optical and SAR images,
and the respective three principal component bands were synthesized into a six-band final
classification reference image (Figure 3).

RGB images Optical PCA results SAR PCA results Classification

2001 No data

Landsat-5 ' <=

Figure 3 RGB composite maps of different source images (Column 1), PCA principal component analysis re-
sults of optical remote sensing data (Column 2), PCA principal component analysis results of SAR radar remote
sensing data (Column 3), classification results after combining PCA major bands alone (2001) and two types of
PCA major bands from 2011 and 2021 (Column 4), no available SAR radar remote sensing data in 2001

Several pixel-based machine learning methods are available on GEE, and RF, SVM, GTB,
and CART were applied to classify the satellite images, each method had been debugged
with different parameters and the best performing parameter settings had been applied, then
the recognition accuracy of each method was compared. To evaluate the performance of the
classification algorithm and the model accuracy, different accuracy measures were consid-
ered: the overall accuracy (OA) was the ratio of the total number of correctly classified pix-
els to the total number of pixels, and the kappa coefficient was used to indicate the degree of
agreement between ground truth data and predicted values. After testing, RF led to the high-
est classification accuracy (Figures 4 and 5), so it was used to identify and classify the glac-
iers in the whole region. The RF classifier consists of a set of decision trees, where each tree
is constructed by randomly selecting bootstrap samples from the original dataset. Each tree
consists of multiple nodes, and a subset of randomly selected features, such as spectral in-
formation, is created at each node. The final classification of an object depends on the
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Figure 4 Overall accuracy (a) and kappa coefticient (b) of four machine learning methods, classification and
regression tree (CART), gradient tree boost (GTB), random forest (RF), and support vector machine (SVM), in
three different time periods for Dzhungarsky Alatau
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Figure 5 Overall accuracy (a) and kappa coefficient (b) of four machine learning methods in four different re-
gions of the Tianshan Mountains in 2021

majority result of all trees (Breiman, 2001). The RF model requires the determination of two

key initialization parameters, the number of classification trees or bootstrap iterations (Ntree)
and the number of categorical features referenced in each classification (Mtry). For Ntree,

the classification effect of the random forest classifier was computed from 10 to 500 in steps

of 10 and found that the classification accuracy was high without affecting the computation-

al performance when Ntree set to 200. For Mtry, the arithmetic square root of the total

number of features in the training sample was used, and the value was set to 2. The study

area was divided into 0.5° x 0.5° geographic grid cells to run the classifier to ensure the

original pixel accuracy.

In pixel-based remote sensing image classification, the ‘salt and pepper’ effect is a famil-
iar noise problem that occurs when the same features (neighbouring pixels) on an image are
classified into different categories. Two methods were used to eliminate the salt and pepper
classification error. One approach applied a spatial filter based on GEE’s ‘connectedPix-
elCount’ function, which identifies groups of pixels with the same pixel values based on
their adjacency. Only pixels that did not meet a predefined connectivity criterion (i.e., the
minimum number of connected pixels with the same value) were defined as isolated pixels
and were reclassified, and the minimum number of grouped pixels for glaciers was set to 5.
Additionally, a GEE-based segmentation clustering algorithm was applied, in which various
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seedGrid sizes were examined. A seedGrid size of 5 was selected due to its superior noise
reduction capabilities and manageable computational power requirements. Following seg-
mentation of classification results by seedGrid, images were clustered using the Simple
Non-Iterative Clustering (SNIC) algorithm to minimize noise. After comparison, the ‘con-
nectedPixelCount’ function was chose to eliminate the ‘salt and pepper’ effect, lastly, a
threshold of 0.01 km® was imposed to eliminate voids within the classification outcomes.
After eliminating as much ‘salt and pepper’ noise as possible by using GEE-based segmen-
tation clustering algorithm, the accuracy of the machine learning classification of glaciers
was evaluated on GEE using the validation dataset.

3.2.2 Extracting glacier boundary and area

After obtaining the annual glacier identification classification results, the classified images
were cropped to obtain the annual glacier raster using the glacier contours in the RGI. Con-
sidering that the RGI is more often drawn with images around 2010 in the study area, the
100-m buffer generated by the RGI6.0 contours was used to obtain the 2001 glacier extent
based on visual inspection. Some of the glaciers missed by RGI6.0 were supplemented using
RGI2.0. The cropped glacier raster was vectorized locally to extract the glacier profiles, and
the DEM and RGI glacier profiles were used to generate component ice ridges to segment
the glaciers. Finally, glacier parameters such as glacier area, mean aspect, and mean slope
were calculated.

3.2.3 Evaluation of classification accuracy

Two aspects need to be considered to assess the accuracy of classification results: the classi-
fication accuracy of machine learning and the uncertainty of glacier area calculation. As
mentioned earlier, random sampling was used to generate a training dataset for machine
learning classification for 70% of each category in the dataset and a validation dataset for
model accuracy evaluation for the remaining 30%. The accuracy of the classification was
determined using the overall accuracy and kappa coefficient.

The buffer method was used to estimate the uncertainty in the glacier area calculation,
which assumed that the maximum error in area determination was within the range of half a
pixel and estimated this error by generating a buffer of half a pixel of the glacier boundary,
using 15 m (half size of Landsat 5 and 7 pixels) as the buffer size for the classification re-
sults in 2001 and 2011. For the 2021 glacier identification boundaries, 5 m (half size of Sen-
tinel-1 and Sentinel-2 pixels) was used as the buffer value. Statistically, the uncertainty of
the glacier area calculation was determined to be ~2.6%, ~2.5%, and ~1.8% for 2001, 2011,
and 2021, respectively.

4 Results

4.1 Accuracy assessment

As previously described, 30% of the 15,000 sample points for each year were randomly se-
lected as the validation dataset to evaluate the accuracy of the RF model. After noise remov-
al, the OA in 2001, 2011, and 2021 were improved compared to those before filtering, with
values of 93.6%-99.7%, 96.0%-99.6%, and 94.7%-99.4%, respectively, and the kappa co-
efficients ranged from 0.889-0.996, 0.932-0.987, and 0.903-0.987 (Figure 6). Among the
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sub-regions, the lowest overall accuracies were found in the Central Tianshan, with values of
only 93.6%, 96.0%, and 94.7%, respectively, and the kappa coefficients were 0.889, 0.938
and 0.912. In contrast, the Eastern Tianshan had the highest overall accuracy and the highest
kappa coefficients. Among the local feature classifications, the overall accuracy of ice and
snow identification was the highest, at almost 100%, although there was some confusion
between ice and snow. Debris were identified with the lowest accuracy, and although some
debris were identified accurately, there were cases where they were identified as ice or other
features; however, overall, debris could be better distinguished from other features (Table 2).
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Figure 6 Overall accuracy (a) and kappa coefficient (b) of RF in four different regions of the Tianshan Moun-
tains in 2001, 2011, and 2021

Table 2 Example of confusion matrix for different feature classifications, with data from the 2011 Central
Tianshan Mountains classification results

Ice Snow Debris Others
Ice 5127 124 0 2
Snow 195 1532 1 1
Debris 1 1 1963 206
Others 0 4 194 8990

Based on the vectorized glacier profile, the uncertainty of glacier area was obtained by
buffering, and we calculated the statistical error of glacier area from 2001 to 2021 for the
three periods as +353.87 km?, +310.80 km?, and +£200.90 km”. Specifically, 2021 had a finer
pixel resolution (10 m), and therefore, the error was minor compared to that in 2001 and
2011 (pixel resolution of 30 m).

4.2 Spatial and temporal changes in glacier area

The glacier areas in 2001, 2011, and 2021 for the four sub-regions (Central Tianshan,
Dzhungarsky Alatau, Eastern Tianshan, and Northern/Western Tianshan) of the Tianshan
were calculated on GEE using multisource remote sensing data and analysed their changes
(Figure 7). The largest regional glacier area was in Central Tianshan, which accounted for
60% of the total glacier area in the Tianshan. The glacier area of Dzhungarsky Alatau was
relatively small, only approximately 7% of the size of the glacier area in the Central
Tianshan. The average area of a single glacier in the Central Tianshan was also larger than
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that in other regions. Across the Tianshan, glacier area decreased from 13,610.33 + 353.87
km’ to 12,431.83 + 310.80 km’ from 2001 to 2011, a loss of 1178.50 km’ at a rate of
0.87%/a, while glacier area decreased to 10,573.93 £ 200.90 km?® from 2011, which was a
rate of 1.49%/a, showing an accelerated retreat overall compared to the previous decade.
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Figure 7 Glacial areas in the four sub-regions of the Tianshan Mountains in 2001, 2011 and 2021, with error
bars indicating the error of the area counted from the buffer zone

Although glacier area has decreased in all sub-regions since 2001, they have had different
trend patterns. The decrease in glacier area in Dzhungarsky Alatau from 2011 to 2021 was
significantly lower than that from 2001 to 2011, i.e., a ‘slower retreat.” Although glacier area
retreat has accelerated in the other three sub-regions in the last decade, the inter-annual rate
of change in the central and Northern/Western Tianshan was more stable and increased less,
while the rate of glacier retreat in the Eastern Tianshan increased significantly in 2011-2021
compared to the previous decade. Specifically, the glacier areas in Dzhungarsky Alatau,
Central Tianshan, Northern/Western Tianshan, and Eastern Tianshan decreased by 57.29 kmz,
566.44 km’, 442.44 km’, and 112.32 km’ during 20012011, at rates of 0.98%/a, 0.70%/a,
1.86%/a, and 0.43%/a, respectively, while the loss rates for 2011-2021 were 0.27%/a,
0.96%/a, 2.14%/a, and 2.84%/a, indicating glacier area reductions of 14.28 kmz, 724.24 kmz,
412.54 km’, and 706.83 km?, respectively. It is important to note in particular that the
Northern/Western Tianshan has consistently exhibited a high rate of retreat since 2001, with
a value of almost 2.00%/a (Table 3).

The evolution of glacier areas within each sub-region also showed significant differences.
The Tianshan was divided into 0.5°x0.5° geographic grid cells and analysed the trend of
glacier area change in different grid cells (Figure 8). Overall, the majority of glacier areas
within the geographic grid cells show shrinkage at diverse rates of magnitude. Glacial retreat
was more severe in mountain peripheries, river valleys, and gentler areas than in higher ele-
vation mountains. The areas with the most dramatic changes in area values were located at
the junction of the western part of the Central Tianshan with the eastern part of the Northern/
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Table 3 Glacial area changes (GAC) and corresponding average annual area change rates (ACR) from 2001 to
2011, 2011 to 2021 and 2001 to 2021 in four sub-regions of the Tianshan Mountains

GAC (km?) GAC (km? GAC (km?  ACR (%/a) ACR (%/a) ACR (%/a)

Sub-regions 2001-2011 2011-2021  2001-2021  2001-2011  2011-2021  2001-2021

Dzhungarsky Alatau -57.29 -14.28 -71.56 -0.98 -0.27 -0.61
Central Tianshan -566.44 -724.24 —1290.68 -0.70 -0.96 -0.80
Eastern Tianshan -112.32 —706.83 -819.15 -0.43 -2.84 —-1.58
Northern/Western Tianshan —442 .44 —412.54 —854.99 -1.86 -2.14 -1.81
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Figure 8 Annual mean area change rates of 2001-2011 (a), 2011-2021 (b) and 2001-2021 (c) for the different
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Western Tianshan, the western part of Eastern Tianshan and the western part of North-
ern/Western Tianshan. Although the values of area reduction were substantial, the relative
rates of change were not necessarily more significant than those in other regions, particular-
ly in the Central Tianshan (approximately 80°E). Specifically, in the Tomur-Khan Tengri
region, a positive glacier area growth of 0.2%/a—0.4%/a was observed between 2001 and
2011, while a shrinkage rate of —0.02 to —0.4%/a between 2011 and 2021, indicating an
anomalous steady state. The glacier area loss in the interior of the Dzhungarsky Alatau
exceeded that in its surrounding areas, yet the rate of area retreat in the surrounding areas
surpassed that in the interior. A region of significant positive glacier area growth is present
in the Eastern Tianshan near 88°E, and the rate of retreat in other regions has accelerated
over the past decade. This acceleration in the rate of retreat is also widespread in various
geographic grid cells of the northwestern Tianshan, exhibiting a more extensive distribu-
tion.

4.3 Variation in glacier area with different topographic factors

The glaciers in the Tianshan are distributed at 2200-7500 m a.s.l., with more than 95% of
the glacier area mainly distributed at 3400-5400 m a.s.l., i.e., near the glacier equilibrium
line. Dzhungarsky Alatau is at a lower altitude, so its glacier distribution altitude band is
also lower than those of the other three regions, and its glacier terminus can reach a mini-
mum altitude of approximately 2200 m a.s.l. (Figure 9).
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6800—7000 [ Dzhungarsky Alatau 6800—7000
= 62006400 | [ Central Tianshan = 62006400 |
éséoo—ssoo E:‘% éssoo—ssoo %%
= 5000-5200 = = 50005200 ==
§ 4400-4600 = <§ 4400-4600 o
& 3800-4000 ———— 7 38004000 T —
3200-3400 Fﬁ—‘—‘—‘ 3200-3400 Pﬁ
2600—2800 o 2600-2800 L
0 400 800 1200 1600 2000 2400 2800 0 400 800 1200 1600 2000 2400 2800
Area 2001 (km?) Area 2011 (km?)
7400-7600[ ©
6800~7000]|
= 6200-6400 |
g 5600—5800!:1.
5 5000-5200 =
2 4400-4600 —— -
g 3800—4000 R :
3200-3400 1
2600-2800]

0 400 800 1200 1600 2000 2400 2800
Area 2021 (km?)

Figure 9 Area-altitude distribution of the four sub-regions of the Tianshan Mountains in 2001 (a), 2011 (b), and
2021 (¢)
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However, the glaciers distributed at approximately 2200-2400 m a.s.l. in 2001 completely
disappeared after 2011. The Central Tianshan has the highest average elevation and, there-
fore, the most elevation bands spanned by glacier distribution in its region. The glacier equi-
librium line in Dzhungarsky Alatau was much lower than that in the Central Tianshan. Our
results show that, in terms of altitudinal band distribution, the most drastic reduction in
glacier area has been in the range of 3400-3600 m a.s.l., with 671.38 km?, 569.21 km®, and
417.99 km? of glacier area in the three phases, respectively, and a loss of 253.39 km” at a
rate of 1.89%/a. The four sub-regions with the most severe loss of glacier area were
3800—4000 m a.s.l. in the Central Tianshan, 3000-3200 m a.s.l. in the Eastern Tianshan,
3200-3400 m a.s.l. in the Northern/Western Tianshan, and 3000-3200 m a.s.l. in Dzhun-
garsky Alatau. Part of the glacier elevation was more significant than 5800 m a.s.l. Changes
occurred relatively steadily, where the loss was slight, and the shrinkage rate was only
0.3%/a or less, and the proportion of glacier area to the total area in this region even slightly
increased. Only approximately 1.6%—1.7% of the glacier area was distributed at elevations
below 3400 m a.s.l.

The median elevation is commonly used to estimate the equilibrium line height, so it de-
scribes the height position in glacier topographic analysis. Our results showed that the me-
dian elevation of glaciers of different area classes was above 4000 m a.s.l., and it is in-
creased with the glacier area. Among the different glacier size categories, glaciers in the
smallest area class (0—1 km?) had a more significant median elevation distribution but a
narrower elevation range, while glaciers in the larger area class had a more comprehensive
elevation range but a closer median elevation distribution (Figure 10a).

In terms of slope distribution, northwest, north, and northeast were the main directions of
glacier distribution in the Tianshan, where the area of glaciers with north as the main direc-
tion accounted for approximately one-third of the glacier area, while those with the north-
west and northeast directions accounted for 17.6% and 15.7% of the area, respectively (Fig-
ure 10b). It should be noted that in the area of the prominent peak of the Tianshan, the main
directions of some massive valley glaciers, such as the Tomur Glacier, the North-South In-
ilchek Glacier, and the Tugai Berezi Glacier, were southwest, west, and east, respectively.
However, most of the glaciers at the edge of the mountain range have developed towards the
north, and most of the glaciers with more area loss are also in this direction. The average
slope of glaciers in the Tianshan is 25°, and the larger the glacier area is, the gentler its av-
erage slope is. In terms of slope gradation, more than 5500 km” of glaciers have an average
slope between 10° and 20°, accounting for approximately 40% of the glaciers, and more than
5000 km® of glaciers have an average slope gradient between 20° and 30° (Figure 10c). A tiny
percentage of glaciers have average slopes less than 10° and greater than 40°, and the remain-
ing < 1000 km® of glaciers have average slopes steeper than 30°. A significant reduction in
glacier area occurred in the less than 10° and greater than 40° slope bands (Figure 10c).

5 Discussion

5.1 Uncertainty analysis

Discussing the causes of uncertainty generation is essential to improve the accuracy of glac-
ier identification and accurately verify the glacier area variation. The uncertainty in our
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Figure 10 Distribution of the median elevation of glaciers by size class (the violin plot) and the number of
glaciers in each class (the bar plot) (a); The distribution of glacier area by mean aspect (summed to eight direc-
tions) (b); Histogram of glacier area represented by average slope (c)

results had two main components: the classification error when the machine learning algo-
rithm was run on GEE and the error generated when the glacier profile was depicted.

5.1.1 Uncertainty of glacier classification

GEE effectively improves the speed of parallel processing of massive image data (Gorelick
et al., 2017). However, the pixel-based classification of annual composite images using ma-
chine learning algorithms on GEE is also subject to limitations such as memory usage and
data size of GEE itself, the type of machine learning algorithms and the setting of algorithm
parameters, the time and feature differences of the images selected for annual image synthe-
sis, the selection of training data and validation data and their authenticity, the choice of
band combinations and indices, and the degree of classification noise elimination.

As described in the methodology, the current work was analysed by dividing the large ar-
ea into 0.5°x0.5° grids, running the algorithm separately and then merging the results to
avoid generating mixed image elements to affect the classification accuracy (Xie et al.,
2020). Although the RF calculation is time-consuming and self-fitting or overfitting occurs
when the number of set trees is large, it has the highest classification accuracy; therefore, RF
was chosen as the applied classification algorithm and set the number of input trees to 200,



1954 Journal of Geographical Sciences

whose final overall accuracy was high and acceptable.

The image which input to the algorithm resulted from a median composite of multiple
declouded images. It has been suggested that mapping glaciers in a single image may be
more advantageous than mapping them in an annual composite image because the composite
image may be affected by seasonal and annual differences (Bevington and Menounos, 2022).
Some clouds and smoke may be merged into the composite image to produce subtle errors
that are not easily detected (Qu et al., 2021). It has also been shown that the median compo-
site image has the highest classification accuracy (Qu et al., 2021). Image selection was re-
stricted to May through October to avoid the effects of seasonal snow. However, some alpine
areas may still have snow, which can obscure the determination of glacier boundaries, and
some seasonal snow can produce significant errors in glacier size estimates for smaller areas.
Therefore, images with low or no clouds were selected as much as possible, but clouds are
inevitable at certain times or in certain places. Even after strict cloud mask filtering (Senti-
nel-2) or manual filtering (high reflectivity parts of the Landsat series images such as ice and
snow are quickly treated as clouds in the cloud mask (Zhu et al., 2018), some thin clouds or
shadows can still affect the performance of the algorithm, and the actual value of some im-
age elements may be affected.

The training and validation datasets were selected based on expert knowledge and manu-
ally delineated on annual synthetic images with the assistance of high-resolution images
from Google Earth. At the boundary of glaciers, due to the limitation of the pixel spatial res-
olution and the small size of some glaciers, there were a number of mixed pixels consisting
of glaciers and other features. These mixed pixels are one source of error in pixel-based su-
pervised classification, and their types are delineated based on expert experience, which also
increases the uncertainty of glacier classification.

Some mature spectral indices or band ratios were added to the raw bands and performed
principal component analysis, including factors such as the NDSI, NDVI, and BSI, which
help to distinguish some feature categories with similar spectral reflections, such as su-
pra-ice ponds or flow (Shukla, Gupta, and Arora 2009; Tedesche et al., 2019). The addition
of SAR data can effectively distinguish special feature categories, such as surface debris
with an undulating surface that is not affected by clouds, and the elevation and slope can
help to select ice and snow samples more accurately (Lu et al., 2020). Combining SAR data
with the optical sensor can help to improve the accuracy of the classification results (Figure
11), and this approach is more accurate than the single output of each (Table 4).

Salt and pepper noise is unavoidable for supervised pixel-based classification incorporat-
ing SAR data, especially in some parts of surface debris, bare ice, ice, and water that pro-
duce mixed image elements. This noise affects the accuracy of the classification, and as de-
scribed in the methods section, this noise has eliminated as much as possible. The different

Table 4 Overall accuracy and kappa coefficients of different PCA components in the Eastern Tianshan Moun-
tains in 2021. S1_PCA represents the PCA results generated by Sentinel-1, S2 PCA represents the PCA results
generated by Sentinel-2, S1S2 PCA represents the PCA bands after synthesis of PCA results generated by Senti-
nel-1 and Sentinel-2.

Parameters S1_PCA S2 PCA S1S2_PCA

Overall accuracy (%) 70.92 91.24 99.55
Kappa coefficient 0.34 0.84 0.94
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Figure 11 Some examples of classification of debris-covered glaciers. (a), (c), and (e) are Sentinel-2 RGB
composites, (b), (d), and (f) are classification results, green represents other features including water, gray repre-
sents debris, blue represents clean ice, and red represents snow.

numbers of convolution kernels and maximum connected pixels have different effects on
noise removal. It was determined experimentally that a 5x5 kernels with 50 connected pixels
was appropriate to avoid eliminating the correctly classified pixels, though there may be
better parameter settings for this approach (Xie et al., 2020). Several studies have also indi-
cated that object-based classification methods may be more effective in removing noise to
improve accuracy (Boonprong et al., 2018), but comparing their effectiveness with pix-
el-based classification is still needed. In 2021, due to the higher resolution of Sentinel-1 and
Sentinel-2 than the Landsat series and PALSAR/PALSAR-2, some features that behaved as
mixed pixels in the Landsat series and PALSAR/PALSAR-2 were more clearly distinguished
in 2021, but more noise was generated as a result, especially in the SAR images acquired
from Sentinel-1. This resulted in lower classification accuracy based on SAR images in 2021
and reduced the overall accuracy, but this reduction in overall accuracy was acceptable
compared to the more accurate distinction of different kinds of feature.

5.1.2 Uncertainty in the statistical analysis of glacier area

A raster-to-polygon local operation was performed on the postprocessed classification re-
sults and generated buffers to estimate the uncertainty in the glacier area statistics using half
a pixel resolution as the buffer threshold. The buffers were 15 m for the Landsat series data
and 5 m for the Sentinel series data. The statistical errors of glacier area from 2001 to 2021
for the three periods were £353.87 kmz, +310.80 kmz, and £200.90 kmz, so the uncertainties
in 2001 and 2011 were slightly more considerable than those in 2021, with values of 2.6%,
2.5% and 1.9%, respectively. The classification raster was clipped based on the RGI, and
due to the buffer setting mentioned in the method, some snow or extra glacial debris from
alpine areas or the end of a glacier may have been included in the glacier extent. Some areas
of the original glacier inventory were missing, and although we tried to fill in the missing
glacier as much as possible, there may be some smaller glaciers that have not been added.
Due to the presence of noise and the mask created by some water bodies on ice, some data
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holes were inevitably created in the identified glaciers, and the holes smaller than 0.01 km®
were eliminated based on the RGI and expert experience. The accuracy of the final results
was similar to the results of the glacier inventory and other studies (Lea 2018; Smith ef al.,
2020), indicating that the results are reliable.

It is necessary to discuss the applicability of different resolution classification results for
direct comparison in this study, and the classification raster in 2021 was resampled from 10
m resolution to 30 m resolution and the area and its error were counted. The area of glacier
extraction in 2021 after resampling was 9865.38 + 236.90 km®, which is smaller than the
area before resampling, and the percentage of glacier area in the four sub-regions was basi-
cally the same as before resampling. The results of the analysis using the resampled glacier
area were not significantly different in terms of important conclusions such as the acceler-
ated retreat trend in Eastern Tianshan and the slower retreat in Dzhungarsky Alatau, except
that the glacier retreat is more severe, which indicated that it is feasible to directly use the
10m resolution classification results before resampling for the analysis, and the resolution
advantage of the Sentinel series images can be exploited.

5.2 Comparison with other regions across the Tianshan

Some studies have similarly reported that the most intense glacier retreat in the Tianshan is
generally distributed in the outer mountain ranges and lower elevations near densely popu-
lated plains or river valleys, e.g., Narama et al., (2010) examined four regions and found that
the most significant changes occurred in the periphery, with a 19% change (~0.63%/a) be-
tween 1970 and 2000. Bolch (2007) used Soviet glacier inventories and Landsat data to ex-
amine the Zariiski and Kungui Alato valleys in the northern Tianshan and found a >32%
decrease (~0.72%/a) between 1955 and 1999, while in the more immense glaciers and higher
elevation interior alpine areas, studies found that they have shown relative stability in recent
years (Milner ef al., 2017). These results corroborate the validity and accuracy of our work.
In terms of sub-region scale, it was found that glaciers in the Eastern Tianshan and Dzhun-
garsky Alatau have most significant negative mass balance rate (Barandun et a/., 2021). In
contrast, the annual mass balance variability was lower in the Central Tianshan (Barandun et
al., 2021), and the glacier area shrinkage rate in the Northern/Western Tianshan had spatial
variability ranging from 0.11%/a to 3.7%/a (Zhang et al., 2021), which was more consistent
with our results. Huang et al. (2021) suggested that the glacier area shrinkage rate in the
Eastern Tianshan was 0.8%/a between 1990 and 2018, but our results show that the glacier
loss rate in the Eastern Tianshan consistently exceeded 2%/a. Our results indicate a stable
and minimal increase in glacier area in this region between 2001 and 2011, followed by a
subtle decreasing trend between 2011 and 2021, which aligns with the findings of other re-
searchers. Zhou ef al. (2021) found that this region encompasses nearly all the surge glaciers
and advancing glaciers in the Tianshan, with advances ranging from several hundred meters.
These glaciers are larger in size, and their advancing portions contribute more significantly
to glacier area change compared to smaller glaciers. Li et al. (2018) similarly concluded that
the glacier mass balance in this region from 2000 to 2011 was much lower than in other re-
gions of the Tianshan. Table 5 offers comparisons of our results in various regions with the
glacier area shrinkage rate from previous studies. An accelerating trend of glacier retreat has
been observed in recent years (Wan et al., 2020), while earlier studies have reported less
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glacier change in the past decade. Based on this comparison, the glacier area shrinkage rate
derived from our study for the first and second decades of the 21st century is consistent with
those found in other studies. For some smaller glaciers or those located at the periphery of
mountain systems, they are more sensitive to climate change. Although their absolute area
change values may not be larger than those of larger glaciers, their relative glacier area
change rates will be more pronounced. The above comparisons show that our work on iden-
tifying and classifying glaciers at large regional scales with high spatial resolution on the
GEE is reliable. Such a process is helpful for annual glacier mapping to obtain a quick and
accurate picture of their changes.

Table 5 The average glacier area change rate in this study compared with the previous studies

Average area change

Region Time ranges rates (%/a) References
. . 1960s-2010 —0.66 Che et al. (2018)
Eastern Tianshan near Hami .
2001-2011 —-1.47 This study
. 1960s—2010 —0.86 Che et al. (2018)
Eastern Tianshan near Turpan .
2001-2011 -1.98 This study
Dzhungarsky Alatau and the western 1960s-2010 -0.72 Che et al. (2018)
part of the Eastern Tianshan 2001-2011 ~1.78 This study
. . CGI-1 and CGI-2 -1.36 ——1.66 Su et al. (2022)
Eastern Tianshan near Hami .
2001-2011 -1.47 This study
Eastern part of the Central 2012-2014 -2.82 Liu et al. (2020)
Tianshan 2011-2021 -2.17 This study
. 2000-2020 —2.98 Zhang et al. (2021)
Eastern Tianshan .
2001-2021 -1.56 This study
2000-2010 —0.73 Zhang et al. (2021)
. 2001-2011 -0.70 This study
Part of the Central Tianshan
2000-2020 -1.07 Zhang et al. (2021)
2001-2021 -0.80 This study
2001-2011 -2.59 Zheng et al. (2022)
. . 20012011 —2.53 This study
Headwater region of the Urumgqi River
2011-2017 -3.01 Zheng et al. (2022)
2011-2021 -3.03 This study
Dzhungarsky Alatau and the western 2000-2015 -0.68 Zhang et al. (2022)
part of the Eastern Tianshan 2011-2021 ~0.71 This study
1975-2016 —0.63 Zhang et al. (2019b)
Aksu River Basin 2001-2011 —0.66 .
This study
2011-2021 —0.88
1998-2016 —0.53 Kapitsa et al. (2020)
Tuyuksu Group of Glaciers 2001-2011 -1.76 .
This study
2011-2021 -1.42

5.3 Glacial response to climate change and topographic factors

2 m temperature and total precipitation from ERAS5-Land Monthly Averaged by Hour of Day
reanalysis data were chosen to analyse the distance-level changes in summer and winter
mean temperature and precipitation in the Tianshan for 2001-2011 and 2011-2021 com-
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pared to the previous decade (Figure 12), where June-August were defined as summer and
December-February were defined as winter. The temperature changes in the Tianshan since
2001 showed inconsistent spatial variability. Summer temperatures showed varying degrees
of upwards trends, while winter temperatures showed only weak negative pitch levels from
2001 to 2011 in parts of Dzhungarsky Alatau and the Eastern Tianshan, but from 2011 to
2021, the negative pitch levels increased significantly, particularly in mountainous regions.
The variation in summer precipitation exhibited considerable spatial variability. High
mountainous areas of the Central Tianshan and its adjacent regions, including the Northern/
Western Tianshan and Eastern Tianshan, as well as the mountainous regions of the Dzhun-
garsky Alatau, demonstrated an increase in precipitation between 2001 and 2011. Meanwhile,
the remaining areas displayed various degrees of precipitation decline. Precipitation in the
Northern/Western Tianshan continued to exhibit a negative pitch level during the summer of
2011-2021. However, most of the mountainous regions of the Eastern Tianshan experienced
increased precipitation during the same period. The trend of winter precipitation remains
unclear, except for the Northern/Western Tianshan, where it transitioned from progressively
wet to progressively dry. In general, summer precipitation increases slightly in mountainous
areas and decreases gradually in the surrounding valleys and plains.
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Figure 12 ERA 5-Land composite anomaly map by summer and winter (difference between epochs 2001-2011
and 2011-2021) for average total monthly precipitation anomaly (Column 1, a-d) and mean monthly air tempera-
ture anomaly (Column 2, e-h).
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Summer temperatures mainly control glacier ablation and winter precipitation mainly regu-
lates glacier accumulation (Bonekamp et al., 2019), and precipitation in the Tianshan region
is mainly concentrated in summer (Guan ef al., 2021a, 2021b). Although summer precipita-
tion has increased, its relatively small proportion of precipitation has had a much smaller
impact on glaciers than summer temperatures. The continued increase in summer tempera-
tures can be considered an important driving force contributing to the continued shrinkage of
glaciers in the Tianshan. Specifically, augmented summer precipitation and negligible alter-
ations in summer temperature in the regions near 80°E in the Central Tianshan and 88°E in
the Eastern Tianshan may provide a plausible explanation for the observed expansion of
glacier areas in these regions.

Some topographic factors, such as elevation, slope, and slope direction, influence glacier
variability (Liu et al., 2013). It has been confirmed that increases in temperature and precip-
itation lead to differences in elevation-related snow cover area expression (Kunkel et al.,
2016), with a decrease in snow cover area at lower elevations and an increase at higher ele-
vations, similar to the decrease in glacier area at lower elevations and the stabilization in
glacier area at higher elevations shown in our results. Glaciers in the Tianshan are primarily
located in the lower elevation zone (3600-4600 m a.s.l.), a region with higher temperatures
and less precipitation than those observed in higher elevations, where glaciers continue to
retreat, a result that is close to the results provided by Shangguan ef al., (2009), who found
that the most significant reductions in the glacier area occurred at elevations of 4100—4500
m a.s.l. Our results found that glaciers in smaller area classes (0—5 km”) had much larger
relative area loss rates, although they were smaller than those in larger area classes (5-10
km” and >10 km?). Many small glaciers have small accumulation areas, receive limited ac-
cumulation and are more sensitive to the temperature rise, so their retreat is more severe.
The convergence of several branch glaciers forms some large composite valley glaciers, and
their accumulation areas are higher in elevation and widely distributed. Some accumulation
areas are gentler than small glaciers, and the higher elevation areas are thinner but stable in
area change when precipitation increases in higher mountain areas. However, the terminal
elevations of these large valley glaciers are usually lower, and thus their glacier terminals are
subject to significant ablation by increasing temperatures. The orientation of the glacier is
closely related to the intensity of surface solar radiation it receives, so the average slope
orientation determines the accumulation and melting rates of the glacier to some extent (Ol-
son and Rupper 2019). The surface solar radiation received on the south side of the moun-
tain range is much higher than that on the south side of the mountain range, and thus, more
glaciers are developed on the north side of the mountain range than on the south side (i.e.,
glaciers with N, NW, and NE as the average slope orientation are more predominant). In
addition, glaciers on the south side of the watershed in some areas have declined more than
those on the north side, reflecting the difference in solar radiation received by the north and
south sides of glaciers. The mean slope of glaciers varies significantly from region to region.
It is mainly related to the mean slope of the catchment, with some larger glaciers having a
more comprehensive altitudinal range and, therefore, a more significant mean slope; more-
over, smaller overhanging glaciers may have a more significant mean slope and may be dis-
tributed over a wide range of altitudes. Some studies have also indicated that the debris cov-
erage of some glaciers in Central Asia has increased as the glaciers continue to shrink
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(Scherler et al., 2011; Kaib et al., 2012; Milner et al., 2017). Debris, which usually covers
the end of the ice tongue and may be continuous from higher elevations to the glacier below,
also has a significant influence on the glacier ablation. Thin debris accelerates glacier melt-
ing by reducing the albedo of the glacier surface, but debris thicker than a few centimetres
may inhibit glacier ablation by isolating heat exchange between ice and air. Because the sta-
tistics of glacier area were not continuous in time, the effect of surface debris is not dis-
cussed further here, although it was clear from the area change that some surface de-
bris-covered glaciers have retreated at a faster rate than glaciers not covered by surface de-
bris.

The analysis of the causes of glacier changes in the Tianshan is similar to the conclusions
of others in that changes in the degree of glacier retreat depend on climatic and topographic
conditions to some extent (Sorg et al., 2012; Farinotti et al., 2015; Kraaijenbrink et al., 2017;
Pritchard, 2019). Studies have shown that since the 1980s, the Central Asian region where
the Tianshan is located has experienced a transition from warm-dry to warm-wet, i.e., an
increasing trend in temperature and precipitation (Zhang et al., 2019a; Yao et al., 2021). The
high mountain ranges of the Tianshan intercept the moisture carried by the air currents from
the mid-latitude westerly wind belt to generate precipitation, and the convergence between
the westerly wind belt disturbances and the atmospheric circulation from the Siberian high
pressure has a triggering effect on the precipitation in the mountains (Yao et al., 2016). It has
been suggested that the Scandinavia (SCAND) teleconnection pattern represents important
circulation variability affecting Tianshan summer precipitation, and the vigorous high pres-
sure over the Ural Mountains and the low pressure over Central Asia during the SCAND
negative phase in summer jointly lead to enhanced moisture transport from the Arctic Ocean
to the Tianshan (Guan et al., 2021b). It has also been suggested that climate forcing is the
primary driver of sensitivity to uneven changes in material balance in alpine Asia, explain-
ing up to 60% of the spatial variation in glacier variability (Sakai and Fujita 2017), while
glacier morphology has been found to explain up to 36% of the spatial mass balance varia-
bility in the Tianshan (Brun et al., 2019).

6 Conclusions

Using Sentinel-1/2, Landsat 5/7/8, PALSAR/PALSAR-2, NASADEM and ALOSDSM, as
well as ERA-5 land data, based on machine learning algorithms on the Google Earth Engine
platform, the maps of glacier distribution in the Tianshan of 2001, 2011, and 2021 were
generated.

Using the main components obtained from PCA processing of SAR images and optical
images for inputs of machine learning algorithms based on the GEE platform can improve
the overall identification accuracy. Compared with support vector machine, gradient tree
boost, and classification and regression tree, random forest was the classifier with the high-
est kappa coefficients in this paper’s approach, reaching 0.916-0.994 in identifying ice, and
the overall accuracy reached over 90%. The uncertainty of the glacier area calculation was
determined to be ~2.6%, ~2.5%, and ~1.8% for 2001, 2011, and 2021, respectively.

Glaciers in most regions of the Tianshan are in a state of accelerated retreat, with total
glacier areas of 13,610.33 + 353.87 km®, 12,431.83 + 310.80 km’, and 10,573.93 £ 200.90
km? in 2001, 2011, and 2021, respectively, and an overall rate of retreat accelerating from
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0.87%/a in the previous decade to 1.49%/a in the latter decade. The trends were not con-
sistent across sub-regions; the Eastern Tianshan glacier has retreated at the fastest rate, with
a dramatic increase of more than five times in the last decade, and the rate of change in the
Dzhungarsky Alatau in the last decade has decreased to one-third of that of earlier periods.

The most dramatic glacier retreat has been distributed near the glacier equilibrium line.
Glacial retreat is more severe in the periphery of the mountains, lower plains, and valleys
than in higher elevation regions. The increase in temperature and precipitation has caused
some degrees of glacial changes in the Tianshan, with accelerated ablation of glacier ends
and increased snow cover at higher elevations.

The method of identifying and classifying glaciers at large regional scales with high spa-
tial resolution on the GEE in this paper is reliable, and this workflow facilitates the annual
glacier mapping of regions of interest to obtain a quick and accurate picture of their changes.
Water is classified under other features, and the selection of samples relies on the manual
experience of experts and does not involve changes in the distribution of features within
years. For future studies, random sampling of the sample set for different times can be at-
tempted, and statistics are performed on each validation sample set to obtain a more accurate
model performance. We expect to achieve more accurate and diverse classification of glacier
features in the future by combining different times of the year and topography, and will ex-
plore the use of more advanced algorithms, such as deep learning, to improve the accuracy
of automatic glacier identification.
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