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Abstract: Limited surface energy and mass flux data hinder the understanding of glacier
retreat mechanisms on the Qinghai–Tibet Plateau (QTP). Glaciers in the west Nyainqentan-
glha Range (WNR) supply meltwater to the densely populated Lhasa River basin (LRB)
and Nam Co, the QTP’s second-largest endorheic lake. In this study, we used a glacier mass
balance model based on the degree-day method (GMB-DDM) to understand the response
of glacier changes to climate warming. The spatiotemporal variation in degree-day factors
for ice (DDFice; plural form: DDFsice) was assessed to characterize the sensitivity of glacier
melt to warming over 44 years in the WNR. Our results demonstrate that the GMB_DDM
effectively captured the accelerated mass loss and regional heterogeneity of WNR glaciers
from 2000 to 2020, particularly the intensified negative balance after 2014. Moreover, glacier
ablation was more sensitive to warming in the WNR during 2000–2020 than 1976–2000,
with DDFice increases of 21% ± 8% in the LRB and 31% ± 10% in the Nam Co basin (NCB).
Increased precipitation during the ablation season and reduced glacier surface albedo
can explain the increased sensitivity to warming during 2000–2020. These findings could
support sustainable water resource management in the LRB, NCB, and the surrounding
areas of the QTP.

Keywords: glacier mass balance; warming; degree-day method; Qinghai–Tibet Plateau

1. Introduction
Known as solid reservoirs, glaciers on the Qinghai–Tibet Plateau (QTP) are melt-

ing at an accelerated rate as the climate warms [1,2]. This poses challenges to society
and policymakers in dealing with changing glacier runoff contributions to downstream
water supply [3]. Glacier melt contributions to runoff have increased by 12–43% in the
Yarlung Zangbo River tributaries since 1997 [4]. It is therefore important to understand the
sensitivity of glacier ablation to a warming climate.

The temporal heterogeneity in glacier mass balance (MB) on the QTP has become
increasingly apparent. The average mass loss of Himalayan glaciers was found to have
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doubled between the periods of 1976–2000 and 2000–2016, using KH-9 Hexagon images
and ASTER digital elevation models (DEMs) [2]. Similarly, glacier mass losses in the
Kangri Karpo Mountains accelerated in the period of 1980–2015, based on DEMs derived
from the 1980 topographic maps, the Shuttle Radar Topography Mission (SRTM) and the
TerraSAR-X/Tandem-X [1]. In the west Nyainqentanglha Range (WNR), glacier thinning
rates doubled between 2000–2013 and 2013–2020, based on the Ziyuan-3 and the SRTM
DEMs [5]. And the glacier areal retreat rate has more than doubled between the two periods
of 1976–2000 and 2000–2020, and surface lowering also accelerated with particularly intense
melting after 2014 [6]. The possible causes include increased summer air temperatures over
these decades, a potential decrease in solid precipitation (largely snowfall) on glaciers [1,7],
or a change in the sensitivity of glacier melting to warming, for example, through changes
in albedo, net short- and long-wave radiation, or the relative flux of sensible and latent heat
fluxes [8,9].

Glacier ablation models based on empirical/statistical relationships and physical
mechanisms can help explain the impact of climate warming on glacier ablation [8,10].
Physical models can reveal the process of glacier ablation in detail but also require lots
of input data, usually due to higher complexity [8,11]. The statistical degree-day model
employs empirical relationships between air temperature and melt rate, which are relatively
simple to describe and calculate [8]. Additionally, air temperature data, compared to other
meteorological parameters, are relatively easy to obtain and predict. For catchment-scale
studies employing daily time steps, it was found that the degree-day model with fewer
variables and less complexity could obtain similar results to those of a physical energy-
balance model [8,10,12,13].

As the core parameter in the degree-day model, the degree-day factor (DDF), character-
izing the sensitivity of glacier melt to warming, is a simple summation of the complex pro-
cess of energy transfer and transformation on the glacier surface and its near-surface layer,
and it closely links glacier change with accumulated positive air temperature (APT) [8].
The DDF varies significantly due to spatiotemporal variations in the components of the
glacier energy balance [8,14]. Mihalcea et al. showed that DDFs are related to the surface
topography (e.g., elevation, slope, and aspect) using observation data on the Baltoro Glacier
from June to July 2004 [15]. Several studies have indicated that elevation is positively corre-
lated with the DDF [14–17]. A positive relationship between the DDF and the thickness
of the surface debris layer was found on the Khumbu Glacier from 21 May to 1 June in
1999 [18] and on the Koxkar Glacier (KG) from 2005 to 2010 [14]. Seasonal variations in
DDFs for ice (DDFice; plural form: DDFsice) are less pronounced due to relatively low
seasonal variation in ice surface albedo [14,16,19]. DDFice showed an increasing trend with
inter-annual variation on the Sachen, Gharko, and Barpu glaciers from 2014 to 2016 [20].
Zhang et al. found that the DDFsice of glaciers in the eastern QTP were higher than those in
the west, based on 15 and 40 measured glaciers from different periods, respectively [16,17].
Moreover, the DDFs for snow are considerably lower than those for ice, due to the higher
albedo of snow [10,16]. Some studies about DDF assume that ice begins to melt after snow
on the glacier has melted first [21,22]. Sometimes, only the total mass balance (MB) of
glaciers is available, which represents the overall loss of ice and snow. Since it is difficult to
distinguish between accumulation and ablation processes corresponding to snow versus
ice on glaciers, the degree-day factor (DDF) is assumed to apply to a mixture of snow and
ice [21]. Qiao et al. showed that the variation trend of DDFs for the mixture of ice and snow
with altitude is similar to that of ice DDFs with altitude [21]. Now that net glacier MB can
be measured from remote sensing data [2,6], we have an alternative approach to estimating
DDFs over large regions and spanning several decades. A more detailed quantification
of DDF variations is conducted to evaluate the sensitivity of glacier ablation to climate
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warming in high-elevation regions where detailed measurements of surface energy and
mass flux are scarce.

Glacier ablation in the WNR has contributed to significant increases in water discharge
to the densely populated Lhasa River basin (LRB) and the Nam Co, the second largest
endorheic lake on the QTP (Figure 1) [6,23]. Due to the absence of detailed measurements
of surface energy and mass flux in the WNR, a glacier mass balance model based on
the degree-day model (GMB_DDM) was adopted. This model relates the observed mass
changes to variations in air temperature (APT) and solid precipitation (SP) to study the
response of past glacier ablation to climate warming in the WNR. We simulated the inter-
and intra-annual glacier MB of the LRB and Nam Co basin (NCB) from 1976 to 2020 using
GMB_DDM to explain the spatiotemporal heterogeneity of glacier MB in the WNR. In
addition, the changes in the DDF for ice were obtained to quantify the sensitivity of glacier
melt to warming based on the observed glacier net MBs from the 1976–2000 and 2000–2020
periods, and glacier outlines from 1976, 2000 and 2020, respectively.

Figure 1. The location of the study area. (a) The distribution of glaciers in the WNR. (b) The
distribution of meteorological stations from [24]. (c) The distribution of rain gauges. (d) The overview
map of the study area on the QTP. Label I in the large, red rectangle represents the SW section of the
WNR, and Label II in the small, dark red rectangle represents the NE section. Note that DDFsice of
glaciers in section II (NE WNR) for 1976–2000 are not available due to a lack of high-quality remote
sensing data to extract their MB values. Therefore, only the DDFsice of glaciers in section I during
1976–2000 and 2000–2020 were studied comparatively in this study.

2. Materials and Methods
2.1. Study Area

The study area is in the WNR with an average altitude of 4930 m (Figure 1). The
main ridge is 230 km from southwest to northeast, rising from 4000 m to 7162 m, with the
NCB in the northwest and the LRB in the southeast [25]. The Nam Co Lake is the second
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largest saline lake on the QTP, and its water storage increased by 2.67 × 108 m3 a−1 during
1976–2009 [26]. The LRB, a major branch of the Yarlung Zangbo River, is one of the most
densely populated areas on the QTP [27]. The region is dominated by the Indian monsoon
in summer and westerlies in winter, with annual precipitation and air temperature ranging
from 37 mm to 500 mm and −0.6 ◦C to 2.8 ◦C, respectively [28].

The WNR glaciers are located in the transition zone between maritime and continental
mountain climates [29]. There are a total of 1022 glaciers covering 713.51 km2 (RGI 7.0) [30],
and glacier melt water is an important water source for the NCB and the LRB. It was found
that glaciers in the WNR experienced a more than doubling of the areal retreat rate between
the two periods 1976–2000 and 2000–2020 (from −0.54 ± 0.21% a−1 to −1.17 ± 0.30% a−1),
and glacier mass loss also accelerated (from −0.26 ± 0.09 to −0.37 ± 0.15 m w.e a−1),
with particularly intense melting occurring after 2014. In addition, the glacier mass loss
in the NCB (−0.31 ± 0.15m w.e a−1 during 1976–2000 and −0.44 ± 0.16 m w.e a−1 during
2000–2020) was more significant than in the LRB (−0.25 ± 0.10 m w.e a−1 during 1976–2000
and −0.34 ± 0.14 m w.e a−1 during 2000–2020) during the period from 1976 to 2020 [6].

2.2. Data and Methods
2.2.1. Data

(1) Glacier mass balance and glacier area data

The glacier MB in the WNR during 1976–2000 and 2000–2020 and glacier area in
the WNR in 1976, 2000, and 2020 were used from [6]. The glacier MB during 1976–2000
was estimated based on the declassified KH-9 images and the Shuttle Radar Topography
Mission DEM (2000), and glacier MB during 2000–2020 was estimated based on the ASTER
DEMs. The uncertainty of glacier MB was larger at lower and higher altitudes due to small
glacier areas and lower valid image coverage. We calculated glacier MB by focusing on
altitude changes in glaciers within the range of 5600–6000 m, where 75% of the total glacier
area in the WNR is distributed and glacier MB has a small uncertainty range. The results,
which have lower uncertainty, were close to that from all glacier altitude bins with available
data in [6] (Table 1). The glacier area data in vector polygons for 1976, 2000, and 2020 were
mapped from Landsat MSS/ETM+/OLI. Detailed data processing steps for glacier MB and
area are presented in [6].

Table 1. Glacier MB over the WNR from 1976 to 2020.

MB (m w.e. a−1) During
1976–2000

MB (m w.e. a−1) During
2000–2020

This Study Wang et al. [6] This Study Wang et al. [6]

The WNR −0.26 ± 0.05 −0.26 ± 0.09 −0.43 ± 0.06 −0.34 ± 0.14

LRB −0.23 ± 0.05 −0.25 ± 0.10 −0.39 ± 0.07 −0.44 ± 0.16

NCB −0.30 ± 0.08 −0.31 ± 0.15 −0.49 ± 0.10 −0.37 ± 0.12

(2) Meteorological data

We used the daily precipitation product of the Final Run V06B IMERG (IMERGV06)
for 2001–2020 at a resolution of 0.1◦. The IMERG products, particularly for IMERG final run
product, outperform ERA5-Land precipitation in estimating precipitation amount on the
QTP [31]. The IMERGV06 data are corrected by gauge data to provide research-level prod-
ucts with an improved ability to detect light precipitation and solid precipitation [32–34]. In
the LRB, IMERG showed high accuracy at a monthly scale (CC = 0.92, bias = 10%) compared
with dense rain gauges [35]. The IMERG data can correctly identify non-rainy days and
capture the precipitation on the Gangotri Glacier in the Indian Himalayas well [36]. To
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extend precipitation coverage to 1976–2020, we used the ERA5-Land precipitation product
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form, last
access: 20 March 2025) with a resolution of 0.1◦ [37]. We found the correlation between
IMERG and ERA5-Land, for their overlapping period of 2001–2020, to be good, with a
CC of 0.98, but with a bias of 48.05% (Figure 2). To correct for this bias, we calculated the
difference in monthly mean precipitation at each grid cell for 2001–2020 over the study
area and then used this to calibrate daily precipitation according to the amount of daily
precipitation in the corresponding month.

Figure 2. Scatterplots of monthly (a) precipitation from IMERG and ERA5-Land during 2001–2020,
and (b) temperature from CMFD and ERA5-Land during 1979–2018. The diagonal reference line
was indicated by green dash line, and the fitting line (determined via the least- squares method) was
indicated by a blue solid line.

For temperature data, China Meteorological Forcing Data at a spatial resolution of
0.1◦ × 0.1◦ and 3 h time interval for 1979–2018 were used (http://data.tpdc.ac.cn, last
access: 20 March 2025) [38]. This dataset is derived from the fusion of conventional me-
teorological station observations of the China Meteorological Administration, Princeton
reanalysis GLDAS data, and GEWEX-SRB radiation data [38,39]. We also used the 2 m
temperature of ERA5-Land data with a resolution of 0.1◦ during 1976–1979 and 2019–2020
to extend the temperature to the period of 1976–2020. The correlation between the tempera-
ture data of ERA5-Land and China Meteorological Forcing Data has a high CC of 0.94, and
a low bias of only 0.85% (Figure 2b). Hence, in this study, the slight bias was not corrected.

The area-weighted mean APT and SP of each 50 m elevation bin in the glacier region
were used. We interpolated temperature into the glacier elevation zones in each 0.1◦

grid, based on the lapse rates of temperature with altitude. The mean monthly and
annual temperature altitude lapse rates were calculated from the measured data of nine
meteorological stations, with elevations ranging from 4292 m to 5525 m, during 2006–2008
and Dangxiong meteorological station during 1963–2008 at the southeast slope of the central
part of the WNR (Figure 1) [24]. The monthly temperature lapse rates in summer are higher
than those in winter, and the annual temperature lapse is close to the common lapse of
0.65 ◦C/100 m (Figure 3).

https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land?tab=form
http://data.tpdc.ac.cn
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Figure 3. The lapse rate (◦C/100 m) of monthly temperature with altitude (between 4300 and 5500 m)
at the southern slope of the WNR [24].

Precipitation on the QTP is more complex, although some studies have adjusted precip-
itation on glaciers with altitude [40]. However, we found contradictions and inconsistencies
in existing observations of varying precipitation with elevation in the WNR region (see
Supplementary Materials for more details). As glaciers in the WNR are mainly concentrated
in the range of 5600 m to 6000 m, where precipitation measurements are rare, we chose to
directly interpolate the gridded IMERGV06/ERA5 precipitation field to elevation bins of
50 m without altitude corrections to avoid the potential introduction of error.

In addition, wind speed data were from China Meteorological Forcing Data, at a
spatial resolution of 0.1◦ × 0.1◦ and 3 h time interval, for 1979–2018 (http://data.tpdc.ac.cn,
last access: 25 March 2025) [38] The product dataset of daily snow albedo in China from
2000 to 2020 with a spatial resolution of 0.005◦ was from the National Tibetan Plateau Data
Center (http://data.tpdc.ac.cn, last access: 25 March 2025) [41].

2.2.2. Methods
The Mass Balance Model Based on Degree-Day Model (GMB_DDM)

The calculation of glacier MB includes the melting of ice/snow and the accumu-
lation of snow. The ice/snow melt is calculated using the classical degree-day model,
employing Equations (1) and (2), and the mass accumulation is calculated employing Equa-
tion (3) [42]. Glacier MB is described by Equation (4) with inputs of only air temperature
and precipitation.

M = DDFice/snow × APT (1)

APT = ∑T, T > 0 ◦C (2)

A = ∑P, T < T0 (3)

MB = A − M (4)

where A is glacial accumulation (mm d−1); M is glacial ablation (mm d−1); DDFice/snow

is the degree-day factor (mm d−1 ◦C−1) for ice/snow; APT is accumulative positive air
temperature (◦C); T is daily air temperature (◦C); P is daily precipitation (mm d−1); and
MB is mass balance (mm w.e. d−1). T0 is critical air temperature to differentiate between
solid and liquid precipitation. The single critical air temperature method is widely accepted
for high Asian mountains [43]. Thus, a single critical air temperature, i.e., T0 = 2 ◦C,
was adopted, which was derived from observations of the multi-layer comprehensive
observation and research station [44]. The APT corresponding to ice melting (APTice) is

http://data.tpdc.ac.cn
http://data.tpdc.ac.cn
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the total APT minus the APT corresponding to snow melting (APTsnow) [42]. In addition,
DDFs for snow and ice are assumed to be related to one another to reduce the number
of model parameters [12,40]. The DDF of snow is assumed to be 58% of the DDF of ice
(DDFice) in the WNR [16]. During the period of 1976–2020, the glacier MB of the WNR is
negative; that is, the MB equals the MB of ice (MBice). The APTice can be calculated using
Equations (5) and (6).

APTice = APT − A
0.58 × DDFice

(5)

APTice = − MBice
DDFice

(6)

Combining Equations (5) and (6), DDFice can be calculated as follows:

DDFice =
A − 0.58MBice

0.58APT
(7)

A schematic overview of the research workflow is presented in Figure 4. The monthly
APT and SP of glaciers in the LRB and the NCB during 1979–2020 and MB during 1976–2000
and 2000–2020 were used to invert for the DDF. Then, we simulated the annual glacier MB
using the GMB_DDM. In this study, we calculated the area-weighted mean APT and SP
of each 50 m elevation bin in the LRB and the NCB. The extent of the glacier was limited,
respectively, by the glacier outline in the first and last years of the corresponding period.
The DDF was calculated from the mean of the area-weighted average SP and APT in the
glacier area of the first and last years of the study period.

Accumulative positive 
air temperature (APT)

Solid precipitation 
(SP)

DDFice
Simulated glacier 

mass balance

Spatiotemporal variation 
of DDFice

Glacier  area

Glacier mass balance
(MB)

Influence of topographic 
factors on DDFice

Model
Sensitivity test

Sensitivity test

Input

Back-calculation

Glacier extent 
constraint

Response sensitivity of glacier 
ablation to Climate warming

GMB_DDM

Figure 4. Flowchart of the methodology used in this study.

For the DDF of individual glaciers, the DDF values for glaciers larger than 2 km2 were
calculated. This threshold was adopted because the uncertainty associated with remotely
sensed glacier mass balance (MB) estimates increases significantly as glacier size decreases.
For glaciers smaller than 2 km2, the uncertainties often exceed the magnitude of the actual
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mass changes, which can lead to unreliable estimations of glacier mass balance [2,6]. In
contrast, in the calculation of the regional DDF, the glacier mass balance was derived
from elevation changes using an area-weighted approach across elevation bands, which
inherently includes contributions from small glaciers [2,6]. Therefore, this threshold does
not affect the overall assessment of mass changes for all glaciers in the region.

We examined the sensitivity of glacier MB to the DDFs by exchanging them between
different time periods and regions. Specifically, DDFs during 2000–2020 were used to model
the glacier MB during 1976–2000 in the LRB and the NCB, and vice versa. Additionally, the
DDFs from the NCB were used to simulate the glacier MB in the LRB, and vice versa. The
sensitivity of glacier MB to DDFs was then evaluated based on the discrepancies between
the simulated MB after exchanging the DDFs and the original values.

Furthermore, it is essential to use glacier boundaries to delineate the glacier extent
when extracting the DDFs for calculating APT and SP. In this study, the area-weighted mean
APT and SP were extracted based on glacier boundaries from the first and last years of a
specific period. The DDFs and the accumulative MB were then calculated and compared
with those obtained by using the average values of APT and SP extracted with the glacier
boundaries from the first and last years of the same period. This comparison was conducted
to assess the sensitivity of the DDFs and the accumulative MB to changes in glacier area.

In addition, the study adopted the method of linear regression to analyze the influence
of topographic features on DDFs. We set the significance level at 0.05 and considered
whether DDFs changed statistically significantly with topographic features [45]. Further-
more, the Theil–Sen linear regression in robust linear regressions was used to test the
possible influence of outliers [46].

Calculation of uncertainty. The uncertainty of the DDF was calculated as follows:

δDDF =

√(
δA

0.58APT

)2
+

(
δMB
APT

)2
+

(
− A − 0.58MB

0.58APT2 δAPT

)2
(8)

where δA is the uncertainty of glacial accumulation (mm d−1); δMB is the uncertainty of
glacial mass balance; δAPT is the uncertainty of accumulative positive air temperature. The
δMB was derived from [6]. The IMERG root mean square error (RMSE) was 6 mm, and
the bias was 10% at a daily scale compared to 67 independent gauges during 2014–2017
over high mountainous tributaries in the LRB [35]. The uncertainty of daily IMERG was
calculated as 0.03 mm (around 1.5% of the mean) according to Equation (9), with the RMSE
and number of observations (n) [47]. The uncertainty of ERA5-Land precipitation data
was 4.2%, calculated by Equation (9). Terrain had a certain influence on the accuracy of
precipitation products, with lower accuracy the higher the altitude [35]. Although the
accuracy of IMERG was higher than that of ERA5-Land precipitation data, and the ERA5-
Land precipitation data were corrected using IMERG for system bias, we still conservatively
took the uncertainty of ERA5-Land precipitation data as the uncertainty of precipitation
data. For δAPT, He et al. reported that the CMFD air temperature data had good precision,
with a bias of 0 ◦C, correlation coefficient of 0.99, and RMSE of 1 ◦C, compared to 40 stations
during 2001–2010 [38]. The uncertainty of CMFD air temperature data was calculated as
0.16 ◦C according to Equation (9), which was approximately 2.4% of the average of absolute
temperature values. The air temperature data of ERA5-Land was also in good agreement
with CMFD in the WNR (Figure 2b). However, the assumption of a constant temperature
lapse rate from 4292 m to 5525 m may not hold at very high elevations. Hence, the value of
δAPT was conservatively determined as 4%.

δ =
RMSE√

n
(9)
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The DDF change (∆DDF, %) between 1976–2000 and 2000–2020 was obtained
as follows:

∆DDF =
DDF2000−2020 − DDF1976−2000

DDF1976−2000
(10)

The uncertainty of DDF change (δ∆DDF, %) between 1976–2000 and 2000–2020 was
obtained as follows:

δ∆DDF =

√
∆2

DDF2000−2020
+

δ2
DDF1976−2000

DDF2
1976−2000

DDF1976−2000
(11)

3. Results
3.1. The Inverted DDFsice and GMB_DDM Simulations at Basin Scale

The inverted glacier DDFsice in the LRB were 7.15 ± 0.55 mm d−1 ◦C−1 during
1976–2000 and 8.62 ± 0.62 mm d−1 ◦C−1 during 2000–2020, respectively. Both were higher
than the DDFsice in the NCB in the same period (6.02 ± 0.58 mm d−1 ◦C−1 during 1976–2000
and 7.88 ± 0.71 mm d−1 ◦C−1 during 2000–2020). However, the change rate of DDFice in
the NCB (21% ± 8%) was higher than that in the LRB (31% ± 10%) (Table 2).

Table 2. The DDFsice of glaciers in the LRB and NCB during 1976–2000 and 2000–2020 using different
glacier boundaries.

1976–2000 2000–2020 ∆DDFice
(%)DDFice (mm d−1 ◦C−1) Bias (%) DDFice (mm d−1 ◦C−1) Bias (%)

LRB 7.15 ± 0.55 6.92 ± 0.51 7.39 ± 0.54 −3% ± 7% 3% ± 7% 8.62 ± 0.62 8.32 ± 0.64 8.94 ± 0.63 −3% ± 6% 4% ± 6% 21% ± 8%

NCB 6.02 ± 0.58 5.80 ± 0.54 6.26 ± 0.52 −4% ± 8% 4% ± 8% 7.88 ± 0.71 7.55 ± 0.66 8.23 ± 0.74 −4% ± 8% 4% ± 8% 31% ± 10%

Using
glacier
outline

1976 and
2000 1976 2000 1976 2000 2000 and

2020 2000 2020 2000 2020

Notation: Bias refers to the deviation between DDFsice calculated with APT and AP extracted from the glacier
outline in the first or last year of corresponding period and DDFs calculated by the mean value of APT and AP
extracted from the glacier outline in the first and last year of the corresponding period. ∆DDFice refers the change
of DDFsice during 1976–2000 and 2000–2020.

The APTs in the LRB and the NCB showed an overall upward trend from 1976 to
2020, with a sharp jump in 2015, and maintained higher values from 2016 to 2020, while
the SP showed a downward trend from 1976 to 2020 with lower values during 2016–2020
(Figure 5a,b). The APT in the NCB was higher than that in the LRB, and the SP in the
NCB was smaller than that in the LRB. The annual glacier MBs in the LRB and the NCB
fluctuated from 1976 to 2014 but were predominantly and increasingly negative in the
period of 2015–2020, which corresponded to the variations in APT and SP (Figure 5).

Because the glacier MB data available to invert DDFice are relatively rare, the sensitivity
of glacier MB to DDFice was examined (Table 3 and Figure 5). The DDFsice determined
for the 2000–2020 period in the LRB and the NCB were used to retrospectively model the
glacier MB for 1976–2000 in these areas. We found that the mass loss (10,215 mm w.e.)
modeled in this way for the LRB glaciers was 85% greater than the observed loss (5520 mm
w.e.), and that of the NCB was even 99% greater (Table 3). These discrepancies between the
modeled and observed mass loss are larger than the changes in DDFsice in the LRB and
NCB, i.e., ∆DDFsice of 21% and 31%, respectively. We found similar discrepancies when we
used DDFsice calculated for 1976–2000 to estimate the glacier mass losses for 2000–2020.
For instance, the mass loss was underestimated by 59% in the NCB (Table 3). In addition,
the DDFsice of NCB and LRB were used to cross-simulate the glacier mass balance of LRB
and NCB basins in the same period, and the maximum deviation reached 65%. These tests
demonstrate the importance of accounting for temporal and spatial changes of DDFsice

when modeling glacier mass losses.
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Figure 5. The interannual variations in (a) accumulated positive air temperature (APT), (b) solid
precipitation (SP), (c) mass balance (MB), and (d) accumulated MB modeled using the GMB_DDM of
glaciers in the LRB and the NCB. The blue and red shadows in (c) represent the uncertainty range of
the annual mass balance (MB) of glaciers in the LRB and the NCB, respectively.

Table 3. The sensitivity of calculated glacier MB to the DDFice used and the sensitivity of calculated
DDFsice to the glacier outline used.

Basin Period Accumulated MB
(mm w.e.) Method

Calculated
Accumulated MB

(mm w.e.)
Bias

LRB

1976–2000 −5520
using DDFice in the LRB during 2000–2020 −10,215 −85%
using DDFice in the NCB during 1976–2000 −1947 65%

2000–2020 −13,710
using DDFice in the LRB during 1976–2000 −3994 51%
using DDFice in the LRB during 2000–2020

based on glacier area in 2020 −9099 −11%

NCB

1976–2000 −7200
using DDFice in the NCB during 2000–2020 −14,361 −99%
using DDFice in the LRB during 1976–2000 −11,541 −60%

2000–2020 −17,490
using DDFice in the NCB during 1976–2000 −4171 59%
using DDFice in the NCB during 2000–2020

based on glacier area in 2020 −11,452 −11%

Our DDFice calculations were also sensitive to the availability and accuracy of glacier
outlines, which we used to limit the extent of glaciers when extracting APT and SP, but
most glaciers on the QTP typically have only two sets of glacier area observations, i.e.,
Chinese Glacier Inventory (CGI) I and CGI II, and glacier area data of small regions in
some years. To determine the error in accumulative MB estimations introduced when only
one year’s glacier outline data were used to limit the extent of glaciers over the preceding
20 years, we tested the sensitivity of DDFice and accumulated MB to glacier area. The
DDFice calculated with only one-year glacier extent deviated slightly (less than 4%) from
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the value of DDFice calculated with two-year (both the first and last years of the study
period) outlines, which resulted in an accumulated MB bias lower than 11%.

3.2. The DDFsice for >2 km2 Glaciers

The DDFsice for glaciers with an area larger than 2 km2 were inverted for the periods
of 1976–2000 and 2000–2020. During 1976–2000 and 2000–2020, the changes in DDFsice of all
glaciers were spatially similar, with the northeast being the highest, followed by the central
part, and then the southwest (Figure 6). The DDFice during 2000–2020 was significantly
higher than that during 1976–2000, especially for glaciers in the red rectangle in Figure 6.
The DDFice values varied greatly among different glaciers, e.g., 2.61–21.23 mm d−1 ◦C−1

during 1976–2000 and 3.06–19.38 mm d−1 ◦C−1 during 2000–2020. The maximum DDFsice

were almost eight times and six times greater than the minimum values, with variation
coefficients of 0.39 and 0.31, respectively, during 1976–2000 and 2000–2020. Compared with
the period of 1976–2000, the spatial heterogeneity of DDFsice was smaller during 2000–2020.

Figure 6. The distribution of DDFsice for glaciers (>2 km2) in the WNR from (a) 1976 to 2000 and
(b) 2000 to 2020. The red box indicates the region with larger DDFsice.

Moreover, the relationship between DDFsice and the topographical attributes, e.g.,
elevation, slope, aspect, area, longitude, and latitude, were examined (Figure 7). During the
periods of 1976–2000 and 2000–2020, we found that the DDFsice were significantly positively
correlated with mean longitude and latitude (p < 0.01). DDFsice increased significantly
with elevation during 1976–2000, but not significantly during 2000–2020. While DDFsice

decreased significantly with the increase in slope in 2000–2020, this relationship was not
significant in 1976–2000. There were no significant correlations between DDFsice and the
glacier mean aspect and area. To test the possible influence of outliers, the robust Theil–Sen
linear regression was adopted, and it was found that the linear change trends of DDFsice

with altitude, slope, longitude, and latitude were consistent with the trend of least-squares
linear regression.
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Figure 7. The scatterplot of DDFsice (a–f) during 1976–2000, and (g–l) during 2000–2020, versus mean
elevation, slope, aspect, area, longitude, and latitude.

4. Discussion
4.1. Uncertainty

In this study, DDFice uncertainty was calculated mainly from three aspects, including
glacier MB, precipitation, and temperature data. Among these, the large uncertainty in
geodetic glacier MB data significantly affected the uncertainty of DDFice. As shown in
Equation (8), the uncertainty contributed by glacier mass balance was explicitly included
in the calculation. Without considering the uncertainty associated with precipitation
and temperature data, this component accounts for approximately 68–89% of the total
uncertainty. The accuracy of these data needs significant improvement, although an
increasing amount of geodetic glacier MB data can help calibrate the spatial variability of
glacier DDFsice [40,48].

We selected IMERG precipitation and CMFD temperature data with higher accuracy
in the study area and extended the data series with ERA5-Land data (see Section 2.2.2
for details). The ERA5-Land precipitation data were corrected for systematic bias when
extending the data series, which may have also introduced further errors. In addition,
terrain has a certain influence on the accuracy of precipitation products, with lower accuracy
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at higher altitudes [35,49]. Additionally, using air temperature gradients calculated from a
small amount of observed temperature data in mid- to high-altitude areas to interpolate
temperature data in high-altitude regions could also introduce errors. At present, this part
of error is inevitable due to the scarcity of observations in high-altitude areas [48,50,51].

In addition, determining the critical air temperature for distinguishing between rain
and snow might introduce errors. This study adopts a critical air temperature of 2 ◦C from
the observation station near the glacier area [44]. In addition, the primary focus of this
paper is on the relative changes in DDFsice over the 20 years around the year 2000, which
are less dependent on the threshold temperature.

Although the GMB_DDM is an empirical approach, it remains widely used in glacier
melt studies due to its simplicity, computational efficiency, and relatively low data require-
ments [8]. It has proven particularly valuable in data-scarce regions, such as high mountain
areas, where detailed energy balance measurements are often lacking or impractical to
obtain [12,13]. In this context, the model provides a practical means of estimating glacier
ablation and assessing its response to climate change over long time scales. However,
we acknowledge that empirical models like the degree-day method have limitations in
capturing the full complexity of physical processes driving glacier ablation [8]. More
sophisticated, physically based energy-balance models could offer deeper insights into
these mechanisms by explicitly accounting for factors such as radiation, turbulent heat
fluxes, and subsurface ice melt [11]. We therefore suggest that future research should aim to
incorporate energy-balance modeling approaches when improved observational datasets
become available.

4.2. Response of Glacier Ablation in the WNR to Climate Warming

The broad patterns of glacier MB on the QTP are controlled by regional atmospheric
circulation [52], but the changes in precipitation and air temperature within this region
cannot always fully explain observed glacier changes on this scale [1,29]. The simulated
results presented here offer a good explanation for the spatiotemporal heterogeneity of
glacier change in the WNR from 1976 to 2020, through the effects of APT and SP. The results
of the GMB_DDM also show that glaciers’ APT in the LRB and NCB had a sharp jump
in 2015 and maintains higher values from 2016 to 2020, while SP maintains lower values
during 2016–2020. These changes combined to cause strongly negative annual glacier
MB values in 2015, which remains strongly negative from 2016 to 2020. This supports a
suggestion by [6] of particularly intense melting in the WNR after 2014. Within the WNR,
it showed slightly greater warming over glaciers in the LRB than in the NCB and a slightly
greater precipitation increase in the NCB than in the LRB. Weather stations on the north and
south sides show a similar warming trend in the ablation season and accumulation season,
but an unremarkable variation trend of precipitation. This suggests that it is difficult to
explain a more negative glacier MB in the NCB than that in the LRB [6]. However, The APT
in the NCB is higher than that in the LRB and the SP in the NCB is lower than that in the
LRB, which could clearly explain that the more negative glacier MB in the NCB than that in
the LRB.

4.3. The Influences Topographic Factors on DDFsice

We found a spatial diversity of glacier DDFsice during both 1976–2000 and 2000–2020
in the WNR. The main reason for the variation of DDFsice is the differences in relative
importance of individual components providing energy for melt, since energy balance
characteristics vary considerably in space and time [10]. DDFsice increase with altitude and
solar radiation, and as surface albedo declines [8,10]. In the regions where solar radiation
plays a dominant role in glacier ablation, topographic factors have a significant controlling
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effect on DDFsice. We found that DDFsice are positively correlated with altitude, longitude,
and latitude but are uncorrelated with aspect and glacier area (Figure 7).

The DDFice and glacier melt rates typically increase as incident solar radiation in-
creases [53]. Many studies have shown that the value of DDFsice increases with elevation
on the QTP [11,14,16], which is similar to our findings. This correlation may be explained
by solar radiation increasing with elevation as atmospheric absorption decreases. Typically,
the southern aspect of a mountain also receives the most direct solar radiation, as do glaciers
at lower latitudes. And hence, in radiation-dominant ablation regimes, more southernly
aspects and lower latitudes correlate positively with DDFsice, while longitude shows a
weak correlation. However, DDFsice in the WNR show no correlations with aspect, and a
positive correlation with both increased latitude and longitude. A similar correlation with
latitude and longitude has been reported more broadly for High Mountain Asia by [17].
This may be explained because variations in ablation with latitude and longitude (as well
as aspect) are often strongly affected by related local variables such as cloud cover, surface
albedo, altitude, air temperature, precipitation, and wind speed [53,54]. Figure 8 shows
that there is less precipitation in ablation season in the southwest WNR compared with the
northeast WNR, which means less sensible and latent heat released by rainfall. This could
explain why the DDFsice showed a positive correlation with both increased latitude and
longitude.

Figure 8. Annual mean air temperature and precipitation and monthly mean air temperature and
precipitation during ablation season (June to September) in the WNR during 1976–2000 and 2000–2020.
The red box indicates the region with significantly higher precipitation.

During 1976–2000 and 2000–2020, the glacier DDFsice in the LRB are higher than those
in the NCB (Table 2). Average altitude in the NCB is lower than that in the LRB [6]. As
mentioned above, the DDFsice are small when the altitude is lower. Moreover, high air
temperature and speed lead to high sensible heat flux, and high shares of sensible heat flux
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density to the heat of melt are related to low DDFsice [55]. APT and wind speed in the NCB
are higher than that in the LRB (Figures 5 and 9), which shows higher sensible heat flux in
the NCB than that in the LRB. The higher shares of sensible heat flux density to the heat of
melt could explain the lower DDFsice in the NCB. Qiao et al. also showed that the lower
DDFsice are related to higher air temperatures and lower altitudes [21].

Figure 9. Annual mean surface wind speed in the WNR during 1976–2000 and 2000–2020.

4.4. Increasing Sensitivity of Glaciers Ablation to APT

Based on observations of the Zhadang Glacier on the southeast slope of the WNR
from June to September 2007 and July to September 2008, Wu et al. reported that the DDFs
of the Zhadang Glacier for ice and snow were 9.2 mm d−1 ◦C−1 and 5.3 mm d−1 ◦C−1,
respectively [44]. In this study, the DDFice and DDFsnow for the Zhadang Glacier
were 8.28 mm d−1 ◦C−1 and 4.80 mm d−1 ◦C−1 respectively, which are lower than that
reported by [44]. This might be caused by the difference in time scales. Further-
more, the mean DDFsice in the LRB and the NCB were 7.15 ± 0.55 mm d−1 ◦C−1 and
6.02 ± 0.58 mm d−1 ◦C−1 during 1976–2000, increasing to 8.62 ± 0.62 mm d−1 ◦C−1 and
7.88 ± 0.71 mm d−1 ◦C−1, respectively, during 2000–2020 (Table 2). These values are within
the range (from 5.94 to 16.9 mm d−1 ◦C−1) of ten measured glaciers in the Yarlung Zangbo
River basin [56], indicating that our results are consistent with observational data from
similar regions.

The DDFsice of glaciers in the NCB and LRB become higher between 2000 and 2020
compared to that during 1976–2000, which means the sensitivity of glacier ablation in the
WNR to APT has increased. A similar phenomenon was reported by Wu et al. based on the
Sachen, Gharko, and Barpu glaciers from 2014 to 2016 [20]. Glacier melting is determined by
the energy balance at the glacier–atmosphere interface, which is controlled by the physical
properties of the glacier itself and the meteorological conditions above it [8].

The possible reason for increasing sensitivity of glaciers ablation to APT is that the
characteristics of the ice surface change due to the increasing black carbon and dust [57,58].
By processing the snow albedo data (white sky albedo and black sky albedo) during
2000–2020 in the study area, it was found that both white sky albedo and black sky albedo
tend to decrease at high altitudes and increase at low altitudes (Figure 10). The white sky
albedo and black sky albedo in the study area decreased at average rates of 0.00036 and
0.00039 per year, respectively, during 2000–2020. Although the average annual decrease in
albedo is small, the cumulative effect over long time scales may be large. In addition, Qu
et al. also showed that an increase in black carbon and dust led to a decrease in albedo for
the Zhadang Glacier (in the NCB) during 2001–2012 [58].



Sustainability 2025, 17, 5143 16 of 20

Figure 10. The change in albedo in the study area during 2000–2020.

Another possible reason may be the increase in ablation season precipitation in the
2000–2020 period (Figure 8), because glacier melting can be particularly intense under
warm and wet conditions [59,60]. The increased precipitation depicted in the red rectangle
in Figure 8 (Ablation season during 2000–2020) corresponds geographically to the higher
DDFsice in the WNR highlighted in the red rectangle in Figure 6. Sensible and latent heat
released by rainfall increases snow and ice ablation; however, the empirical GMB_DDM
cannot simulate this process. Rainfall also makes the snow on the surface of the glacier
wetter and the snow grains bigger, reducing surface albedo and driving an increase in
absorption of downwelling shortwave radiation, further promoting melting [61,62]. In
addition, decreasing wind would increase the glacier melt in the whole of eastern and
southern TP [63]. However, we found that in the WNR region, the average surface wind
speeds during the 2000–2020 period are slightly larger than that during the 1976–2000
period (Figures 8 and 9). The increased sensitivity of glaciers to APT had little to do with
surface wind speed in the WNR. Due to the lack of data, it is difficult to analyze changes
in the net downward solar radiation, net longwave radiation, cloud cover, humidity, and
resultant turbulent heat fluxes over the period of 1976–2020, which needs further study.

4.5. Implications of Glacier Ablation Changes for Water Resource Sustainability

Miles et al. reported that around 40 ± 11% of glacier ablation across High Mountain
Asia is currently unsustainable, indicating that glacier-fed basins such as the Ganges–
Brahmaputra system will face growing water stress in dry months in the coming
decades [64]. Glacier melt in the WNR contributes approximately 8.5 ± 4.6% of the an-
nual runoff in the upper Yangbajain Basin—a headwater region highly dependent on
glacial sources. This contribution, although smaller at the basin scale (1.6 ± 1.0% for the
entire LRB), remains significant during dry or pre-monsoon seasons when other water
sources are limited [6,65]. These results emphasize the seasonal importance of glacier
meltwater in maintaining streamflow, especially under increasing climatic variability. In
the Nam Co Basin, glacier runoff accounts for about 30.9 ± 15.4% of the observed lake
level rise during 1976–2014 [6], underscoring its influence on regional hydrology and lake
ecosystem stability.

We found that glacier ablation has become more sensitive to warming during
2000–2020 compared to the earlier period (1976–2000), as evidence by a 21~31% increase in
the DDFice. This increased sensitivity implies that future warming may further intensify
seasonal water availability while reducing long-term reliability. This has direct implica-
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tions for sustainable development, particularly in agricultural and urban areas reliant on
predictable water supply.

Our findings highlight the critical role of glacier meltwater in sustaining water avail-
ability in high-altitude regions, particularly in the LRB and NCB, which support both
ecological systems and human communities [3,6]. Under ongoing climate change, glaciers
are retreating at an accelerated pace, altering hydrological regimes and posing long-term
risks to water security [6]. These findings call for integrated basin-scale monitoring systems
and adaptive water governance strategies that can account for changing cryospheric inputs
and manage trade-offs between upstream and downstream users.

5. Conclusions
Based on the glacier MB over the periods 1976–2000 and 2000–2020 and glacier outlines

from 1976, 2000 and 2020 in the WNR, we modeled retrospectively the interannual glacier
MB during 1976–2020 to explain the spatial and temporal heterogeneity of glacier MB in
the WNR with SP and APT. In addition, we analyzed spatial and temporal variations in
DDFsice of glaciers at the basin scale and for the population of individual glaciers to analyze
the sensitivity of glacier ablation to warming. Our main conclusions are as folows:

(1) The temporal and spatial heterogeneity of WNR glacier changes, particularly the
intensified negative MB after 2014 revealed using remote sensing data, can be well
explained by the GMB_DDM model through the effects of ablation season warming
(APT) and reductions in snowfall (SP).

(2) DDFsice of glaciers in both the LRB and NCB during 2000–2020 are higher than that
during 1976–2000, and the change rate of DDFice in the NCB (31% ± 10%) is higher
than that in the LRB (21% ± 8%) from 1976–2000 to 2000–2020. Glacier ablation in
the WNR is more sensitive to climate warming during 2000–2020 than 1976–2000,
which may be caused by the increase in precipitation during ablation season and the
decrease in glacier surface albedo. DDFsice in the LRB are higher than that in the NCB
during both 1976–2000 and 2000–2020. We find that substantial errors in modeled
regional MB could arise if DDFsice are held constant through time, without allowing
for the changes that we observe.

(3) The spatial pattern of DDFsice of individual glaciers remains similar between
1976–2000 and 2000–2020, but the DDFsice vary greatly within this population, with
maximum values eight and six times greater than minimum values for the 1976–2000
and 2000–2020 periods, respectively. DDFsice are positively correlated with elevation,
longitude, and latitude in the same region during 1976–2000 and 2000–2020, but
uncorrelated with aspect and glacier area.

(4) Glacier meltwater plays a vital role in sustaining water resources in high-altitude
regions such as the LRB and NCB, which are essential for both ecological stability
and human livelihoods. The accelerated rapid glacier retreat under ongoing climate
change is altering hydrological patterns and threatening long-term water security.
These changes highlight the urgent need for integrated, basin-scale monitoring sys-
tems and adaptive water governance frameworks that can account for changing
cryospheric inputs and manage trade-offs between upstream and downstream users.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su17115143/s1, Table S1. Measured precipitation at four rainfall
stations distributed with increasing altitude in 2019 and 2020 in the southern LRB. References [66,67]
are cited in the Supplementary Materials.
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