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Abstract: The spatiotemporal regimes of glacier runoff (GR) under a warming climate are of great
concern, especially in dryland areas in northwestern China (DAC). Due to the difficulty of observing
GR, little attention has been given to the spatiotemporal change in GR at regional scales. This study
uses the regional individual glacier mass balance (GMB) dataset developed by digital elevation
models (DEMs) to simulate the spatiotemporal regime of GR using atmospheric parameters con-
sidering both ablation and accumulation processes on glaciers. In this study, GR, including glacier
meltwater runoff (MR) and delayed water runoff (DR) of the DAC, was quantitatively assessed at a
catchment scale from 1961 to 2015. The total annual GR in the DAC was (100.81 ± 68.71) × 108 m3

in 1961–2015, where MR accounted for 68%. Most basins had continuously increasing tendencies of
different magnitudes from 1961 to 2015. The least absolute shrinkage and selection operator (LASSO)
and random forest techniques were used to explore the contributions of climate factors and glacier
physical properties to GR, and the results indicated that climate factors could explain 56.64% of the
variation. In comparison, the remaining 43.36% could be explained by the physical properties of
glaciers themselves (i.e., degree-day factor on ice, degree-day factor on snow, glacier median height,
aspect, and slope). This study not only improves our understanding of the spatiotemporal change in
GR in the drylands of northwestern China at spatial and temporal resolutions but also highlights the
role of physical properties in explaining the heterogeneous dynamics among GRs unlike previous
studies that only emphasize rising temperatures.

Keywords: glacial runoff; meltwater runoff; impact factors; random forest; northwestern China

1. Introduction

Glaciers and ice sheets, which store most of the ice and snow on Earth, are known as
the largest reservoirs of freshwater [1,2]. Glaciers release meltwater in wet seasons, carrying
precious freshwater downstream of glacierized basins and thus alleviating drought [3–5]
and poverty [6,7], which in turn affects socioeconomic development [8–11]. Climate change
has spurred rapid changes in the cryosphere [5,12–16]. Additionally, the interactions be-
tween the cryosphere and the atmosphere and anthroposphere are increasingly intensifying,
being especially prominent for hydrological processes, ecosystems [17,18], and the sus-
tainable development of the human economy and society. By the end of the 21st century,
one-third of glacierized drainage basins might experience runoff decreases of greater than
10% due to glacier mass loss, with the largest reductions occurring in central Asia [19].
Understanding the dynamics of snow and ice, particularly at the regional scale, is a scien-
tific requirement to meet targets of the Sustainable Development Goals (SDGs) [20–25] and
two goals of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services (IPBES) [26–30].
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Most river basins in dryland areas of northwestern China (the DAC) depend heavily
on GR, which is a high-altitude water resource [31–34], and GR supports 90 percent of local
residents by providing water for oasis agriculture areas (OAAs) [35,36], such as that in the
Hexi Corridor (2.17 × 104 km2) [37]. Under high demand for water as a result of a rapidly
growing population and irrigation combined with the arid climate of the DAC [8,38,39],
the importance of water provided by glaciers in arid regions is apparent [4,16,38,40].

Accurate and detailed glacier mass balance (GMB) data are obtained through con-
tinuous field observation, which provide a deeper understanding of glacier–climate and
glacier–hydrology interactions and are the basis for glacier-related modeling verifica-
tion [41,42]. Due to field observations’ financial and logistical difficulties, it is common
to calculate continuous GMB for long time series at a regional scale [43,44]. However,
only 40 glaciers, which are internationally called “climate reference” glaciers, have been
consistently monitored long enough to measure changes under climate change, while none
of them are located in the DAC, indicating a lack of long-term mass balance observations
for this region. At the regional scale, degree-day factor models are widely used to calculate
glacier runoff (GR) driven by the atmosphere based on meteorological data recorded by
meteorological stations [45,46]. Nevertheless, the degree-day factor model is limited by
the number of meteorological stations available, and the model does not fully restore the
two processes of glacier ablation and accumulation.

In recent decades, many studies have used methods including in situ measurements,
remote sensing, or modeling to explore glacier change and its influencing factors [5,12–16],
with most focusing on the effects of atmospheric factors on GR [33,47,48]. Some studies
generally indicate that glacier shrinkage is mainly caused by a significant increase in temper-
ature [33,48]. Increases in precipitation have been observed in most glacial areas of China,
while these precipitation increases are far from offsetting the impact of temperature [49,50].
However, few studies have described the influence of glacier physical properties on GR [5].
Studies have shown that physical properties also significantly impact GR in addition to
atmospheric driving factors, so this paper presents a comprehensive analysis of climate
and physical properties.

Taking advantage of the development of digital elevation models (DEMs), high-
resolution mass balance datasets have been published, enabling the estimation of high-
resolution GR data [43,44]. Although still limited by time series, the GMB dataset provides
an opportunity to explore the influencing factors of the dynamics of glaciers at a large
regional scale. This study first used the mass balance model and high-resolution mass
balance dataset to restore atmospheric-driven glacial accumulation by correcting precip-
itation at high altitudes. Then, the degree-day factor model was used to calculate the
glacier ablation process to obtain the runoff time series generated for the glacier region
from 1961 to 2015. Second, we verified the quantity or trend of GR at the watershed scale
from existing studies [15,25,37,38,51–53]. Glaciers were classified according to the variation
trend and time point of significant change in GR, and the composition of glaciers in each
basin was obtained. After exploring the consistency of the change trend of GR with that
of temperature and precipitation, the least absolute shrinkage and selection (LASSO) and
random forest techniques were used to identify climatic factors (precipitation and tem-
perature) and physical properties of glaciers themselves (slope, aspect, altitude, etc.) to
calculate the contribution rates of various factors to GR. Climatic factors were identified
based on factors taken into account in the glacier model of Huss et al. (2018). The angle of
a glacier could divide glaciers into debris-free glaciers and debris-covered glaciers, and the
elevations of the glaciers corrected the temperature on glaciers. The time series of GR
and the influence of atmospheric factors and physical properties on GR can benefit the
cryosphere science, ecology, hydrology, climate change, and social and economic develop-
ment of each glacierized basin, providing a scientific basis for decision-making on regional
sustainable development.
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2. Materials and Methods
2.1. Observations

The sources of data used in this study are listed in Table 1 and are accessible at the
given websites.

Table 1. Datasets used in this study.

Data Period Resolution Source

Precipitation
(Prmd,d) (m) 1961–2015 0.25◦ × 0.25◦ and daily

Asian Precipitation—Highly Resolved
Observational Data Integration towards

Evaluation of Water Resources MA_v1101
and MA_v1101_EXR1, http:

//aphrodite.st.hirosaki-u.ac.jp/product
(accessed on 16 March 2021)

Temperature
(T) (◦C) 1961–2015 0.25◦ × 0.25◦ and daily

Asian Precipitation—Highly Resolved
Observational Data Integration towards
Evaluation of Water Resources MA_1808

TEMP, http:
//aphrodite.st.hirosaki-u.ac.jp/product

(accessed on 16 March 2021)

Degree-day factor on ice
(DDFice) (mm ◦C−1 d−1) 0.5◦ × 0.5◦

The Science Data Bank, http:
//www.sciencedb.cn/dataSet/handle/747

(accessed on 15 May 2021)

Degree-day factor on snow
(DDFsnow) (mm ◦C−1 d−1) 0.5◦ × 0.5◦

The Science Data Bank, http:
//www.sciencedb.cn/dataSet/handle/747

(accessed on 15 May 2021)

DEMs
(H) (m)

STRM, http://srtm.csi.cgiar.org (accessed on
14 February 2021)

Land use 2015–2019 100 × 100 m

Copernicus Global Land Service (CGLS)
LC100 collection 3, http:

//land.copernicus.eu/global/products/lc
(accessed on 28 August 2021)

Watershed outlines

The Resource and Environment Science and
Data Center of the Institute of Geographic
Sciences and Natural Resources Research,

Chinese Academy of Sciences, http:
//www.resdc.cn/data.aspx?DATAID=278

(accessed on 13 Mar 2021)

Glacier outlines
Randolph Glacier Inventory,

https://www.glims.org/RGI/rgi60_dl.html
(accessed on 18 February 2021)

2.2. Study Area

Data for the DAC region were obtained from the aridity index supported by the United
Environment Programme (UNEP), excluding the range of the Tibetan Plateau, which should
be discussed separately because of its unique characteristics. There are eight glacier regions
around the DAC, including approximately 42,000 glaciers affecting 22 tertiary watersheds.
Specific glacier region and tertiary watershed names are listed in Table 2. These watersheds
cover different arid zones in the DAC, including hyperarid regions (AH); semiarid and
arid regions (SA); and semiarid (S), arid (A), and hyperarid zones (SAH). The study area is
shown in Figure 1 along with the abbreviations used in this study.

http://aphrodite.st.hirosaki-u.ac.jp/product
http://aphrodite.st.hirosaki-u.ac.jp/product
http://aphrodite.st.hirosaki-u.ac.jp/product
http://aphrodite.st.hirosaki-u.ac.jp/product
http://www.sciencedb.cn/dataSet/handle/747
http://www.sciencedb.cn/dataSet/handle/747
http://www.sciencedb.cn/dataSet/handle/747
http://www.sciencedb.cn/dataSet/handle/747
http://srtm.csi.cgiar.org
http://land.copernicus.eu/global/products/lc
http://land.copernicus.eu/global/products/lc
http://www.resdc.cn/data.aspx?DATAID=278
http://www.resdc.cn/data.aspx?DATAID=278
https://www.glims.org/RGI/rgi60_dl.html
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Table 2. Abbreviations used in this study.

Name Abbreviation Type

Qilian Shan QL

Glacier regions

Eastern Kunlun EK
Western Kunlun WK

Eastern Tien Shan ET
Western Tien Shan WT

Karakoram KA
Pamir PA

Hissar Alay HA

Aksu River Basin AKRB

Watersheds

Datong River Above Hall DTRB
Eastern Rivers Basin ETRB

Ebinur Lake River System ELRS
Hami Basin HMB

Heihe River Basin HHRB
Hotan River Basin HTRB

Ili River Basin ILRB
Kai-kong River Basin KKRB
Kashgar River Basin KSRB
Kriya Rivers Basin KYRB

Middle Rivers Basin MDRB
Pai Basin PAB

Eastern Qaidam Basin EQB
Western Qaidam Basin WQB

Qarqan Rivers Basin QQRB
Qinghai Lake River System QHRS

Shiyang River Basin SYRB
Shule River Basin SLRB

Turpan Basin TPB
Weigan River Basin WGRB
Yarkand River Basin YKRB

Glacier runoff GR
Glacier runoffMeltwater runoff MR

Delayed water runoff DR

Hyperarid regions HA

Dryland areas
Semiarid and arid regions SA

Semiarid, arid, and hyperarid
regions SAH

Semiarid regions S
Arid regions A

Figure 2 shows the coefficient of variation of precipitation (Cv) (Figure 2A) and the
area of OAAs (Figure 2B) for each watershed in the DAC. The area of OAAs in each
watershed in the DAC reached a maximum of 21,699.18 km2 (MDRB), with an average
area of 6543.69 km2, while the Cv of precipitation in the DAC reached a maximum of
0.88 (HHRB), with an average statistic of 0.40, showing that sources of precipitation were
unstable and highlighting the importance of stable meltwater runoff (MR) provided by GR
in our study areas. The oasis is the most important area for the livelihood of residents in
drylands. A stable water source will affect the livelihood and economic development of
the whole region. The coefficient of variability of rainfall in arid regions is so great that the
relatively steady flow of water provided by GR is even more valuable.
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Figure 1. Locations of watersheds and OAAs affected by glaciers in the dryland areas of China. Colors
indicate drought in subhumid, semiarid, arid, and hyperarid zones and the tertiary watersheds in the
dryland areas of China affected by the QL, EK, WK, ET, WT, KA, PA, and HA. Oasis agricultural areas
exist along rivers that originate from glaciers, and cities are built around oases. The base map is taken
from World Hillshade provided by Esri (https://services.arcgisonline.com/arcgis/rest/services/
Elevation/World_Hillshade/MapServer, accessed on 7 March 2022).
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2.3. Methods
2.3.1. Glacial Accumulation

We imported the maximum precipitation height (Hpre_m) and precipitation gradient
(PG) to calculate glacier accumulation according to previous studies [54–57]. We assumed
that precipitation lapsed negatively with the specific PG from its actual height to its Hpre_m.
As the RGI provided each glacier’s outline, the equation for reconciling high-altitude
precipitation (Precon) is shown in Equation (1):

Precon = PAPH ×
[
1 +

∣∣(H − Hpre_m
)∣∣× PG × 0.01

]
(1)

where PAPH (m) is the precipitation from APHRODITE, H (m) is the altitude from the
DEM at a grid scale, PG (% m−1) is the vertical precipitation gradient for each glacier as a
constraint factor, and Hpre_m (m) is the maximum precipitation height of each glacier region
based on previous studies [54–57].

The calculation of glacial atmospheric accumulation depends on temperature. We di-
vided precipitation into solid (snow) and liquid (rain) by a temperature set to 4 ◦C, T1 (◦C).
Glacial accumulation can be calculated using Equation (2) [58,59]:

Ac =


Precon, Ta ≤ 0(

1 − Ta
4

)
Precon, 0 <

0, Ta > 4
Ta ≤ 4, (2)

where Ta (◦C) is the actual temperature adjusted by a commonly used temperature lapse
rate (0.65 ◦C/100 m) over the glacier area within each grid cell, Precon (m) is the reconciled
precipitation based on Equation (1), and Ac (m) is the accumulation on a glacier.

2.3.2. Glacial Ablation

The degree-day factor (DDF) model is a common method used to obtain glacier
ablation, as shown in Equations (3)–(5):

Ab = DDF × PDD, (3)

PDD =
n

∑
t=1

Ht·Ta,t (4)

Ht =

{
1, Ta,t ≥ 0
0, Ta,t < 0

(5)

where PDD are positive-degree days, Ht is a logistic variable, t refers to the time scale, and Ta,t
is the temperature adjusted by a commonly used temperature lapse rate (0.65 ◦C/100 m) over
the glacier area within each grid cell. It is worth mentioning that monthly positive-degree
days (PDDm) were used in this paper, namely, the sum of daily positive-degree days
temperature. Based on the field observations of 40 glaciers in western China, Zhang et al.
(2006) established the spatial distribution of DDF with a spatial resolution of 0.5 degrees,
revealing that DDF had great spatial heterogeneity [60]. The value of DDF increased grad-
ually from northwest to southeast, consistent with the change in hydrothermal conditions
from northwest to southeast in western China.

2.3.3. Mass Balance

We used the regional available GMB dataset to constrain high-altitude precipitation.
The glacier mass balance (m w.e.) was computed by multiplying mean glacier elevation
change, glacier area, and the density of water, where the density of water was 1000 kg/m3

and the water equivalent (m w.e.) was equal to the thickness (m). By is the sum of
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accumulation, Ac,y (m), and ablation, Ab,y (m), at a yearly time step for each glacier
following Equation (6):

By = Ab,y + Ac,y (6)

We compare datasets from Brun et al. (2017) (Brun Mass Balance), Shean et al. (2020)
(Shean Mass Balance), and NASA’s Ice, Cloud and Land Elevation Satellite (ICESat) data
(ICESat Mass Balance) in Supplementary Materials Table S1 and Supplementary Materials
Figure S1 [61–63]. The Shean Mass Balance dataset was used to simulate mass balance
using each glacier’s mass balance and uncertainty based on multisource glacier inventory
RGI v6.0.

2.3.4. Precipitation Gradient

Limited by the time range of the APHRODITE and Shean Mass Balance datasets,
the annual yearly glacier ablation from 2000 to 2015 could be calculated following Equations
(3)–(5). Each glacier’s annual mass balance (By) was provided by the Shean Mass Balance
dataset. We substituted By into Equation (6) to obtain the annual accumulation Ac on each
glacier in the same period. The PG on each glacier could be obtained by substituting Ac
into Equations (1) and (2). Since the resolution of the APHRODITE dataset was much larger
than 100 m, the distribution of PG at regional scales was aggregated using the nearest
neighbor algorithm to reduce the impact of grid mutation [64].

2.3.5. Glacial Runoff

By substituting the map of PG, original precipitation, and temperature from the
APHRODITE dataset and DEM into Equations (1)–(6), the time series of mass balance for
each glacier can be obtained.

Specifically, GR, including MR and delayed water runoff (DR), in this study, was runoff
generated within the glacier range, where glacier areas change over time. DR resulted from
the remaining precipitation stored as snow in cold seasons and discharged in warm seasons
after offsetting ablation [3,40,44], including part of the precipitation in warm seasons. MR,
also called excessive MR or the imbalanced part of GR, resulted from the mass loss of
glaciers when atmospheric accumulation could not offset glacier ablation.

GR, Gm (m), during warm seasons was calculated according to the proportion of
monthly PDD, PDDm to yearly PDD, PDDy and the absolute value of yearly mass balance
at each grid cell of 100 m with Equation (7):

Gm =
∣∣By

∣∣× PDDm/PDDy (7)

The monthly DR, Dm (m), was measured as the product of By greater than zero and
the proportion of PDDm to PDDy. Accordingly, MR, Mm, was measured as the product of
By less than zero and the proportion of PDDm to PDDy as shown in Equations (8) and (9):

Dm = By × PDDm/PDDy, By ≥ 0 (8)

Mm = By × PDDm/PDDy, By < 0 (9)

In this paper, we present a means to obtain a time series of GR, including DR and MR,
generated for glacier regions after reconciling high-altitude precipitation using the Shean
Mass Balance dataset, which makes up for datasets incomprehensive (only mass balance)
or semiquantitative (only GR proportion) for glacier areas at a regional scale. This dataset
can be used in hydrological models to better simulate the whole hydrological process.

2.3.6. Glacial Area

We used Landsat TM scenes from Google Earth Engine (GEE) to extract glacier outlines
at the end of ablation seasons (September to November in the DAC) in each watershed
for 1985–1995 and 1995–2005 by applying band ratio segmentation (red band/midinfrared
band, 2.0 as the threshold) [41,65,66]. A 100 m buffer of the glacier outline of the RGI was
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used as the basic extraction region. The DEM from GEE was used to calculate the terrain
slope, while a value of 24 was used as the threshold to distinguish debris-free glaciers
from debris-covered glaciers [2]. After classifying dates of Landsat scenes used in the
RGI, we determined to use the RGI as the glacier outline for 2000–2015 (Supplementary
Materials Table S2 shows the time periods of scenes used in the RGI for different basins).

2.3.7. Total Uncertainty Analysis

The individual glacier uncertainty (including random and systematic errors) calcu-
lated in the Shean Mass Balance dataset denotes the uncertainty range of GMB changes.
Using the same routine that we described in Section 2.3.4 to calculate the distributions of
PG corresponding to the maximum and minimum mass balance values from the Shean
Mass Balance dataset, the time series of the maximum and minimum GR generated by
the map of the corresponding PG were obtained by substituting the original precipitation
and temperature levels from the APHRODITE dataset and DEM into Equations (1)–(9).
The calculations of DR and MR and their uncertainties are shown in Figure 3, where shaded
blocks are the calculated results with uncertainties.
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Figure 3. Conceptual framework of calculating GR. The shaded blocks represent results with
uncertainties, green blocks represent existing datasets, and red lines represent factors restricting
the calculations.

2.3.8. Trend Analysis

The temporal trends of annual GR, DR, and MR in the DAC were tested using the
Mann–Kendall (MK) test [67,68]. Given a time series x(t) with length n, the statistics
denote that the data series is an independent random variable with the same distribution
composed of n elements.

dk =
k

∑
i=1

mi (10)

mi =

{
1, xj > xi
0, xj ≤ xi

(11)

where mi represents the cumulative number of x(i) greater than x(j), 1 ≤ j ≤ i, 1 ≤ k ≤ n.

E(dk) = k(k − 1)/4 (12)

Var(dk) = k(k − 1)(2k + 5)/72 (13)
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where mean E(dk) and variance Var(dk) are calculated and 1 ≤ k ≤ n.
After standardizing dk, UFk and UBk can be obtained from Equations (14) and (15):

UFk =
dk − E(dk)√

var(dk)
(14)

UBk = −UFk (15)

The intersection point of the UF curve and UB curve in the confidence interval was
determined as a turning point. An increasing trend of a time series was found when
UF > 0; in contrast, a declining trend of a time series was observed when UF < 0.

3. Results
3.1. Glacial Area Change

In the RGI, 53,749 glaciers were found with a total area of 32,008 km2 in our study area.
The HTRB had the largest glacier area (6719.50 km2), and the YKRB had the most significant
number of glaciers (4487). Figure 4A shows the glacier area in each watershed originating
from different glacier regions in three periods (1985–1995, 1995–2005, 2005–2015). The gen-
eral characteristics of glacier size distribution are that large numbers of small glaciers
account for a small proportion of the total area, while fewer large glaciers account for a
large proportion of the total area [41,65,69–71]. This feature is also evident in our study
area, especially in the AKRB, HTRB, and WGRB, as shown in Figure 4B,C. Glaciers in the
DAC are mainly less than 1 km2, accounting for 70% or more of the total glacier area in
the corresponding basin. Except for the DTRB, ETRB, EQB, SYRB, TPB, and ELRS, glaciers
larger than 2 km2 account for 50% or more of each basin.

The area proportion of glaciers in the YKRB is controlled by the KA, QQRB, and WQB,
where the EK controls remain almost unchanged, as the KA, referred to as the “Karakoram
anomaly” [55], remains relatively stable, and the EK has a positive mass balance [43,44].
The area proportion of glaciers larger than 5 km2 in the QKRB, HTRB, ILRB, KSRB, MDRB,
and WGRB, controlled by large glaciers, increases with each period. The area proportion
of glaciers smaller than 1 km2 in the HHRB, EQB, SYRB, and ETRB increases period by
period. The higher area proportions of >1 km2 glaciers in these basins also illustrate the
dominance of small glaciers.

3.2. Glacial Runoff from 1961 to 2015

In this study, the Shean Mass Balance dataset was used to reconcile high-altitude
precipitation. The yearly mass balance of glaciers influencing the DAC from 1961 to
2015 was calculated from the difference between accumulation obtained from corrected
precipitation and ablation calculated by the DDF model. We created a long-time series
dataset of the total GR dataset, including DR and MR, based on atmospheric hydrothermal
conditions at large regional scales with a spatial resolution of 100 m. It is worth noting that
GR in this paper refers to the runoff generated within the geographical area of a glacier
or the runoff generated under the glacier area of different time ranges extracted from
GEE based on the RGI. GR included DR, which was stored rainfall in the cold seasons
and released runoff in the ablation seasons, while MR resulted from glacier mass balance,
which is also called excessive MR or the imbalanced part of GR. The GR in each basin from
different glacier regions in the DAC is shown in Figure 5. The average GR in the DAC
for the period was (100.81 ± 68.71) × 108 m3, where MR accounted for 68%. MR largely
controlled basins affected by the DAC’s glaciers.
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We used the ratio of DR to GR to estimate the health and sustainability of glaciers in the
DAC, as reported by Miles et al. (2021) [72]. The GR in the HTRB, KYRB, YKRB, and QQRB
influenced primarily by the KA, WK, and EK with positive mass balance estimated was
judged healthier than that in the other glacierized basins in the DAC, with more than
50% of GR consisting of DR brought by precipitation. In contrast, the GR in other basins,
including the ELRS, ILRB, and MDRB (the largest OAAs in the DAC), was nearly entirely
MR, indicating that measures to adapt should put environmental and cryosphere changes
in these basins forward as soon as possible.
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Figure 5. Distribution and statistics of GR, MR, and DR in the DAC, for 1961–2015. The base map
is taken from World Hillshade provided by Esri (https://services.arcgisonline.com/arcgis/rest/
services/Elevation/World_Hillshade/MapServer, accessed on 7 March 2022).

Figure 6 shows the time series of MR and total GR in basins with the top four OAAs and
SYRB after Loess smoothing. Locally estimated scatterplot smoothing (LOESS) and locally
weighted scatterplot smoothing (LOWESS) are two nonparametric regression methods
developed for scatterplot smoothing. When there is only one independent variable and no
prior weights, the functions “LOESS” [73] and “LOWESS” [74] in R language programming
are equivalent, in principle. In the past 50 years, except for the DTRB, HHRB, and SYRB,
the runoff of the other basins showed a continuously increasing trend, although periods
of significant increase differed. The MK test showed that the GR in the ELRS and KKRB
increased significantly after 2000, while KSRB and HTRB levels increased significantly after
1980. In the DTRB, GR began to decrease after 1990, while in the HHRB, it began to decline
after 1995, but neither decreased significantly before 2015. Only the GR series in the SYRB
began to decline after 2000 and significantly reduced after 2010, as the results of the MK test
showed, and the trend was consistent with previous studies [75]. The MK value and time
series of DR, MR, and total GR for all basins are illustrated in Supplementary Materials
Figures S2–S6.
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3.3. Sustainability of Glaciers in the DAC

The time series of glacial MR for the past 55 years for each glacier was counted
based on the RGI, and the MK test was conducted for each MR series to obtain statistics
of the change trend and the time when significant changes occurred for each glacier.
The classification of glaciers in each watershed in the DAC was guided by the results of the
MK tests, while glaciers were divided into 14 categories, including those that expanded
or reduced significantly since the 1960s, 1970s, 1980s, 1990s, 2000s, and 2010s and varied
without significant increase or decrease in the past 55 years. The numbers and areas of
the composition and distribution of different glacier types in each basin are shown in
Figure 7A,B.
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The areas and numbers of glaciers in different basins directly determined glacial trends.
For example, in the SYRB, over the past 55 years, both the numbers and areas of glaciers
almost all showed a declining trend, resulting in a declining GR in the basin. Glaciers in the
YKRB exhibited varied patterns of expansion and contraction in different periods. Although
the numbers and areas of glaciers without a significant decrease accounted for 72.24% and
56.97% of the total amount and area of glaciers in the whole basin, respectively, the MR
in the YKRB was still on the rise and reached a significant level after 1995. This suggests
that the trend of MR could only be assessed by fully considering the mass balance of each
glacier in the basin in addition to the area and amount ratios and significant time points.

Establishing the relationship between MR and air temperature is a common means
to calculate MR and reflects the dominant role of temperature in meltwater [12,45,75,76].
The MK test was also used for temperature, and the composition of different temperature
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changes was obtained using the same classification method as that of MR. The results
showed that the number and area of glaciers with the same trends of temperature and MR
accounted for 27.12% of the total number and area of all glaciers. Considering the lagged
influence of temperature on MR (5–10 years) [76], the number and area of glaciers with
trends of temperature and MR in coordination accounted for 31.68% of all glaciers. Due to
the findings not reflecting a strong correlation between temperature and MR, we attempted
to clarify the factors affecting MR and the respective explanatory rates.

3.4. Climatic Factors and Physical Properties Explain the Spatiotemporal Patterns of GR

To find the impact factors of MR, a linear model with variable selection based on
the LASSO operator was used to select a subset of potential MR predictors that could
reduce predictors by decreasing the estimated regression coefficients toward zero to avoid
an overfitting of the models caused by high-dimensional problems. The coefficients and
significance of the MR predictors for each river basin based on the LASSO regression
method are shown in Supplementary Materials Table S3. The correlations between MR
and normalized potential predictors (the degree-day factor on ice (DDFice), the degree-
day factor on snow (DDFsnow), median glacier height (Zmed), aspect, slope, annual
average precipitation (AAP), annual mean temperature (AMT), mean temperature in wet
seasons (MT(JJAS)), and area) after the LASSO regression were analyzed for each basin.
Additionally, the RF technique was used to calculate the relative rate of the contribution of
the potential predictors with significance based on a large number of decision trees (in this
study, 500) fitted to random subsets of the training sample. Both the results of the RF and
Pearson correlation coefficients (PCCs) are shown in Figure 8.
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The MR predictors were obviously different in different basins. The PCCs of AAP
in the HMB and PAB were −0.39 and −0.56, respectively, while the PCCs in the WQB,
EQB, SYRB, and SLRB were 0.24, 0.38, and 0.25, respectively. Among all basins where
AMT dominated, there was a significant positive correlation, with coefficients of 0.22 in the
QQRB, 0.21 in the HTRB, 0.22 in the QHRS, and 0.32 in the KYRB. The absolute PCC of
Zmed was the highest among all predictors in all basins, with a coefficient of 0.17, followed
by DDFice and AAP, with coefficients of 0.16, and the absolute PCC of AMT and MT(JJAS)
was 0.13. The RF results showed that the overall explanation rate of the nine potential
predictors of MR selected by LASSO was 31.49 ± 14.97% in the DAC. The explanatory
rates of Zmed and AAP in each watershed were 32.40 ± 27.14% and 29.39 ± 26.09%,
respectively. AAP accounted for 59.53% of the MR in the ILRB, and Zmed accounted
for 55.47% and 53.42% of the MR in the HTRB and ELRB, respectively. Overall, climate
factors could explain 56.64% of the MR, while physical factors, including DDF, aspect,
slope, Zmed, and area, could explain 43.36% of the MR, showing that the MR of continental
glaciers was not only related to the hydrothermal conditions, especially precipitation and
temperature in wet seasons [77–81], but also greatly related to the physical properties of
glaciers themselves. In other words, the explanatory rates of climate and physical factors
among the potential predictors of MR were relatively consistent. When considering glacier
MR, the physical properties of glaciers themselves should be taken into account, and spatial
heterogeneity should be considered when climate factors are considered based on climate
factors considered in previous studies.

4. Discussion
4.1. Precipitation Correction at High Altitudes

Glaciologists and meteorologists have long debated whether mountains have one or
two maximum rainfall heights [18,53,54,82–85]. Even in the same location, Hpre_m varies
across the seasons observed and data and methods used. For example, the APHRODITE
dataset and the GPM show Hpre_m at 4200 and 2600 m in the Junggar Basin, respectively,
and at 2750 and 4050 m in the Northern Tarim Basin, respectively [86]. Bai et al., found
that in the summer on the northern slope of Tien Shan, the median height of Hpre_m was
2100 m, while in the winter, it was 1100 m, and the average height was approximately
3000 m, consistent with Zhang et al. (2019) [18,83].

Horizontal precipitation, such as fog, frost, and dew, can be seen in mountainous
areas year-round, especially in areas above 3500 m. After condensation, the underlying
surface picks up this water vapor. Nevertheless, standard rain gauges commonly used
for meteorological observations cannot capture it, which results in a deviation in the
precipitation record of the rainfall gauges for high mountains, whether the rainfall gauge
is correct in recording precipitation in high mountain areas directly affecting rainfall
correction in mountain areas or not. Therefore, PG was calculated according to the average
regional Hpre_m in this paper, and Hpre_m was used as the calculation standard in this paper.
The Hpre_m of each glacier area was shown in Table 3.

Table 3. Hpre_m values used in this paper. Hpre_m values in Eastern Kunlun and Western Kunlun were
speculated from six other regions with maximum rainfall height data.

Region Hpre_m

Qilian Shan 4200 [54,87]
Eastern Tien Shan 3000 [57]
Western Tien Shan 3000 [57]

Eastern Kunlun 4500
Western Kunlun 4000

Karakoram 2500 [56]
Pamir 3000 [55]

Hissar Alay 3000 [55]
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4.2. Comparison of GR Estimations

Some studies [15,25,37,38,51–53] have simulated the GR in the DAC by qualitative or
semiquantitative methods or using hydrological or physical models. We compared our
estimations to these results, although there were no numeric data for partial river basins
due to there only being trend studies, as shown in Figure 9.
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Figure 9. (A) Plot comparing our estimated and reference values and (B) map of compared types in
each watershed. Data, trend, and both data and trend comparisons in different watersheds. Areas
without color lack data. The abscissa of each red dot denotes the proportion of GR to the hydrological
record estimated in this paper, and the ordinate denotes the proportion of GR to the hydrological
record in the references. Cyan lines represent the time series after Loess fitting, and shaded areas
represent the 95% confidence interval.

In this paper, scientific references were selected via systematic searches of keywords
including the name of each watershed, “glacier runoff”, and “meltwater runoff” using
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the websites of academic journals (Science Direct, Web of Knowledge, China National
Knowledge Infrastructure) to compare the estimated values of the GR obtained in this
paper. In total, only 11 of the 22 glacier-derived basins in the DAC [33,51,85,88–96] had
reference numerical values and GR tendencies [51,97] for the other three watersheds,
as shown in Figure 9. Based on these studies, reference numeric values were classified
as the GR recharge percentage (four basins), the GR growth rate (four basins), and GR
(five basins). The ratio of our results and reference values for the DAC was 0.67. The MR
in the HMB showed a slight decreasing trend consistent with our estimate. Hydrological
stations in the WQB and EQB showed a sudden change in runoff in 2004, and our estimates
show that the turning points of the MR in the EQB and WQB occurred in 2001 and 2002,
respectively [87].

The difference between our estimates and previous studies is partly due to the use of
different GMB datasets. For example, in the ILRB, GR was measured as 3.72 × 109 m3 by
Li et al. [98], which is greatly different from our estimate of 9.5 × 108 m3. Previous studies
often deduce the mass balance of a whole region based on the long-term observed mass
balance data of a glacier in a certain region while ignoring the spatial heterogeneity of a
glacier itself and the hydrothermal conditions it is subject to [94,99]. This method is prone
to cause great uncertainty. Another reason for the difference concerns the use of the DDF
model which ignores the accumulation process on glaciers [33,76,99]. Amid the current
qualitative and semiquantitative analyses of the impact of glaciers on runoff, there is a
lack of quantitative research on glacial meltwater, which leaves considerable uncertainty
in future predictions for different basins. The model established in this paper can serve
as a new method for predicting GR in the future. Of course, field observation is the most
accurate means to study glaciers. The establishment of observation systems and continuous
hydrological monitoring according to different types and regions of glaciers can further
predict the evolution of glaciers and glacial water sources more accurately.

4.3. Implications for the Evaluation and Prediction of GR

Compared to the first Chinese Glacier Inventory (CGI-1) and second Chinese Glacier
Inventory (CGI-2), the glacier area in the QL varied greatly in terms of area, altitude,
and aspect, and there was obvious longitude zonal differentiation [75]. The DDF model
indicates that increased GR is the main cause of the projected increase in total runoff for
the upper Indus Basin [100]. However, when glacial ablation and accumulation processes
were both considered, the contribution rate of GR to the projected increase in total runoff
decreased, changing the pattern of the contribution rate to total runoff to increase. In the
same way, while the modified Budyko equation only considers ablation and not accumu-
lation, the finding that accelerated glacier melt contributed to a nearly 80.9% increase in
surface runoff in the upper Brahmaputra Basin is overestimated [101]. To improve the
estimation of the GMB, glacier physical properties have been taken into account in some
studies. In the European Alps, Podsiadlo et al. (2020) extracted glacier surface properties
such as slope and aspect and integrated them into a hydroclimatological model to estimate
the spatially distributed annual glacier mass balance, confirming the effectiveness of the
considered physical properties by in situ observations [102]. After comparing the CGI-1
and CGI-2, Su et al., suggested that both climatic conditions and glacial morphology mainly
influence glacier shrinkage in China, while shrinkage manifests in the DTRB (−19.97%),
SYRB (−14.21%), and HHRB (−15.67%) [5,41]. In conclusion, the prediction of GR was
improved by making full use of the physical properties of glaciers and combining the
two processes of glacier melting and accumulation with field measurement data.

4.4. Socioeconomic Consequences

OAAs in the DAC were most dependent on DR for irrigation and the maintenance
of agriculture and for maintaining soil moisture, vegetation growth, and groundwa-
ter recharge to maintain security [24,103,104]. Twenty-two glacierized basins irrigated
143,939.24 km2 of OAAs, providing water for 14 million people in 19 urban districts.
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In 2015, the gross domestic product (GDP) of the primary industry in these districts was
nearly 111.54 billion US dollars, accounting for 14.1 percent of the total GDP of these
districts, double that of the primary industry and accounting for 7 percent of the national
GDP. While the real primary industry GDP of the DAC was 40.46 million US dollars, OAAs
accounted for 79.86 percent. Increased GR could provide more water for agriculture and
livestock to ensure food security and water for residential and industrial use. However,
the increase in GR was unsustainable [4,95].

The proportion of GR in agricultural, industrial, and municipal water consumption
DAC basins is shown in Figure 10. Agrarian water consumption at the watershed scale was
obtained by averaging agricultural water consumption statistical data to land use types
of agricultural land and then ranging regional statistics, which were the same as those
of industrial and municipal water consumption. Because quantifying the economic and
social impacts of cryospheric change is critical to make public policy and impact adaptation
decisions, our estimate may support the referentially quantifiable long-term GR time series.
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5. Conclusions

This paper overcomes the shortcomings of large-scale geodetic quality assessments.
We used the Shean Mass Balance dataset and calculated the precipitation gradient to
quantitatively study the seven major glacier regions around the DAC, including nearly
42,000 glaciers. We established the spatiotemporal changes in the GR (DR and MR) in
22 glacierized watersheds with a spatial resolution of 100 m from 1961 to 2015.

1. This paper used the mass balance of the Shean Mass Balance dataset to obtain a
high-altitude precipitation gradient with uncertainties and then calculated the long-term
time series of GR, including DR and MR, considering both ablation and accumulation
processes, while the average total GR in the DAC was (100.81 ± 68.71) × 108 m3. Moderate
MR reached (63.44 ± 46.65) × 108 m3 and DR was (37.37 ± 22.06) × 108 m3 in 1961–2015.
The ratio of our estimations to existing studies was measured as 0.67, proving the influence
of the accumulation process on the estimation of GR.
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2. After comparing the number and area of glaciers with the same trend of temperature
and MR, the temperature was found to be the most central factor affecting MR, and the
lagged influence of temperature on MR did not show a strong correlation between the for-
mer two variables. Based on the LASSO and RF results, the contributions of hydrothermal
conditions, including temperature and precipitation, and glacier physical properties, includ-
ing area, slope, aspect, and altitude, to GR were nearly equal. It was effective to improve the
estimation of GR by making full use of the physical properties of glaciers and combining
the two processes of glacier ablation and accumulation with field measurement data.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs14102393/s1, Figure S1: Mass balance in different glacier
regions. Figure S2: Mann-Kendall Test of delayed runoff with a confidence of 95%. Figure S3:
Mann-Kendall Test of meltwater runoff with a confidence of 95%. Figure S4: Mann-Kendall Test of
glacier runoff with a confidence of 95%. Figure S5: Time series of MR in each watershed. Figure S6:
Time series of GR in each watershed. Table S1: Comparison about mass balance datasets in different
glacier regions. Table S2: Dates of Landsat imageries used in RGI. Table S3: Coefficients of potential
predictor based on LASSO regression method.
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