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Monitoring of Historical Glacier Recession in Yulong
Mountain by the Integration of Multisource
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Abstract—Yulong Mountain, which is the southernmost snow-
capped mountain in mainland Eurasia, has been confronted with
significant glacier recession in the last decades due to global climate
warming. The recession of these small-scale monsoonal temperate
glaciers is a sensitive indicator of global warming. However, there
have been few studies that have comprehensively monitored the
historical glacier recession in Yulong Mountain area. This paper
integrates multisource remote sensing data to monitor the glacial
status on Yulong Mountain between 1957 and 2009. Integrating a
topographic map, the long-term observed Landsat TM/ETM+ im-
ages, and multitemporal digital elevation model datasets, both the
area change and regional mass balance of the Yulong glaciers are
analyzed. According to the results, the area of the Yulong glaciers
decreased from 11.57 to 4.55 km2 at a rate of −0.14 km2 yr−1

over the last 52 years between 1957 and 2009. The 1987–1999 spe-
cific mass balance was −0.31 ± 0.33 m yr−1 water equivalent,
while the 1987–2008 mass balance was −0.27 ± 0.35 m yr−1 water
equivalent. It can be interpreted from the results that the Yu-
long glaciers have experienced persistent glacier recession during
the last decades. The glacier melting is still significant due to the
continuously rising temperature. Furthermore, spatially heteroge-
neous glacier recession has been observed in this area. The glacier
changes are spatially varied, which is probably due to the local tem-
perature and precipitation, the glacier sizes, the terminus altitudes,
and terrain factors. The influencing elements interacted with each
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other, and the climate conditions are the dominant factors affecting
glacier status.

Index Terms—Glacier change, monsoonal temperate glacier,
multisource data fusion, remote sensing, Yulong Mountain.

I. INTRODUCTION

G LACIER changes, especially the changes of mountain
glaciers, are one of the most sensitive indicators of ter-

restrial climate change [1]. Meltwater discharge from mountain
glaciers is a significant water source for arid and semiarid areas.
Meanwhile, the dramatic glacier fluctuation increases the risk
of geological and flood disasters. In addition, glaciers feature
fascinating geological landscapes, which are valuable presents
from nature [2]. Therefore, the monitoring of glacial changes
has been the subject of much research interest [1], [3]–[10].

Yulong Mountain, located in southwestern China at the south-
eastern edge of the Tibetan Plateau, is the southernmost snow-
capped mountain in mainland Eurasia [11]. Thus, the status of
the Yulong glaciers can be considered to be a representative indi-
cator of global warming. This area is influenced by the westerly
circulation and the southwest Indian monsoon, and is warm and
moist in summer. According to the records, 70% of the total pre-
cipitation is concentrated in the warm season [11]. The glaciers
in Yulong Mountain area are divided into four glacial basins: the
Yanggong River basin, the Baishui River basin, the Daju Valley
basin, and the Ren River basin (shown in Fig. 1). The meltwa-
ter of the glaciers in the Yanggong River basin flows into the
Lijiang basin, while the melt runoff of the Baishui River glaciers
and Daju Valley glaciers runs into Jinsha River.

Researchers have paid close attention to these small-scale
monsoonal temperate glaciers. In the 1950s, Ren et al. [12] first
studied the contemporary glaciers and quaternary geomorphol-
ogy in Yulong Mountain. In the 2000s, He et al. [11], [13], [14]
integrated climatic data and ice core records, and used modern
environmental research methods to analyze the dynamics of the
Yulong glaciers and the monsoonal temperate glaciers in China.
They pointed out that the Yulong glaciers have retreated substan-
tially over the last decades, and the glacier recession in Yulong
Mountain can be mainly attributed to climate warming [15].
Local research works into Yulong Mountain have mainly con-
centrated on Baishui Glacier No. 1, the largest existing glacier
on the eastern slope of the main peak [16], [17]. Pang et al.
[18] reported the accelerating glacier retreat of Baishui Glacier
No. 1 during 1998–2004. Li et al. [19] studied the snowpit
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Fig. 1. (a) Geographical location of Yulong Mountain, Yunnan, China.
(b) Distribution of the glaciers, main streams, and the division of the subbasins
in the study area. (c) Three-dimensional view of Yulong Mountain, where the
true-color image was obtained from Google Earth, acquired on November 22,
2015. The two largest individual glaciers, i.e., Baishui Glacier No. 1 and Daju
Glacier No. 2, are labeled in (c).

chemistry on Baishui Glacier No. 1 using the samples collected
in 2006. With the development of remote sensing techniques
since the 1960s, they have become an effective way to monitor
the dynamics of inaccessible mountain glaciers in rugged to-
pography [20], [21]. Song [22] utilized glacier inventory data
and remote sensing images to obtain the area shrinkage of the
Yulong glaciers for 1957–1999. Du et al. [23] reported that
the total area of glaciers in Yulong Mountain decreased from
11.61 km2 in 1957 to 4.42 km2 in 2009, based on field observa-
tions and remote sensing data. Moreover, Baishui Glacier No. 1
has been reported to have experienced dramatic melting in re-
cent years [24]. Li et al. [10] studied the changes of climate,
glaciers, and runoff during the last few decades in China’s mon-
soonal temperate glacier areas, including Baishui Glacier No. 1
in Yulong Mountain. They reported the ablation rate at Baishui
Glacier No. 1 to be−0.22 m yr−1 water equivalent (w.e.) during
1952–2004. However, the uncertainties of the results were not
discussed, and the heterogeneous pattern of glacier fluctuations
in Yulong Mountain was not examined.

The previous studies have been constrained by either using
local field measurements or insufficient remote sensing data.
Thus, there have been few studies that comprehensively mon-
itored and analyzed the historical glacier recession in Yulong
Mountain. Remote sensing is an efficient tool for the compre-
hensive monitoring of glaciers, and can provide us with large-
scale multispectral and multitemporal observation data. Over
the years, there have been numerous remote sensing-based stud-
ies of glacier cover mapping and volume change estimation [3],
[25]–[29]. However, the degradation factors caused by the imag-
ing mode and processing methods have limited the application
feasibility.

Optical images are suitable for mapping glacier extent, due
to the difference in the spectral reflectance of snow and ice be-
tween the visible and near-infrared (VNIR) band and the short-
wave infrared (SWIR) band [30]. Nevertheless, the potential of
optical images can be influenced by the spatial and temporal
discontinuity. First, optical images are easily contaminated with

cloud and haze, especially in humid mountainous regions, which
prevents the images from being used for glacier information
extraction [31]. Second, the image quality can be influenced
by image noise and dead pixels during the generation pro-
cess [32], [33]. For example, the Landsat satellite series have
provided abundant multispectral terrestrial observations since
1972, which have been widely used in glacier mapping applica-
tions [6], [30]. However, the images are contaminated with dead
stripes due to the failure of the scan line corrector (SLC) of the
ETM+ sensor onboard Landsat-7 since 2003, which limits their
application [34].

The accurate mapping of glacier extent with satellite images
is also a challenging task. Generally speaking, clean ice/snow
can be easily extracted using the remarkable spectral differ-
ences between the VNIR and SWIR bands (e.g., TM4/TM5).
However, the glacier mapping results are usually affected by
mountain shadow and debris cover on the ice. Many glacier
mapping methods have been proposed, and most of them have
focused on more accurate mapping of debris-covered glaciers by
incorporating auxiliary information from the thermal band and
digital elevation models (DEMs) [25], [28], [35], [36]. Overall,
the present automatic methods are still not satisfactory for map-
ping glaciers, as a result of the difficulty of selecting the multiple
thresholds. Thus, semiautomated methods have become popu-
lar in glacial applications, with automatic delineation of glaciers
and manual postprocessing edits [6], [30], [35].

In addition to glacier area changes, multitemporal DEMs pro-
vide us with the opportunity to use the geodetic ice-to-mass
method to obtain the glacier mass balance [37], [38]. However,
the bias between the multisource DEMs can lead to a biased esti-
mation of glacier mass balance. For example, the Shuttle Radar
Topographic Mission (SRTM) elevation was found to be signif-
icantly underestimated in high-altitude areas [39]. If we use the
SRTM DEM to estimate glacier mass loss, then the mass loss
will be overestimated. Therefore, the systematic errors should
be fully examined and corrected before computing the elevation
changes [40], [41]. The horizontal and vertical biases of DEM
data have been discussed in the previous works [3], [9],[40].
Nuth and Kaab [40] proposed a coregistration framework to ob-
tain the analytical solution of the shifts between DEMs using the
curve fitting of the elevation difference residuals and the terrain
slope and aspect. For the vertical bias, the elevation-dependent
bias is usually corrected by fitting a polynomial to the elevation
differences on stable terrain [3]. Furthermore, the C-band pen-
etration into snow and ice when using the SRTM DEM should
also be considered [27], [41], [42].

In this study, we integrated multisource remote sensing data
to monitor the glacier recession in Yulong Mountain from the
mid-20th century to the early 21st century. Data fusion tech-
niques for remote sensing data recovery and coregistration were
employed, thereby improving the application accuracy with the
full use of the complementary spatial and temporal information
among the data. First, a temporal series of Landsat images ob-
served during 1989–2009 were selected to extract the glacier
extent. For the missing stripes in the recent Landsat images, a
multitemporal regression method was employed to recover the
missing values with the temporal auxiliary information [34]. A
semiautomated method was then used for the glacier extraction,
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TABLE I
LANDSAT IMAGES USED FOR THE GLACIER AREA MAPPING

1 2 3 4

Date 22/08/1989 05/09/1994 15/08/2001 24/10/2009
ID number LT51310411989234BKT00 LT51310411994248BJC00 LE71310412001227SGS00 LE7131041200997SGS00
Sensor Landsat 5 TM Landsat 5 TM Landsat 7 ETM+ Landsat 7 ETM+
Cloud cover 13% 23% 13% 4%

considering the influence of cloud cover and terrain shadow.
Combined with the glacier extent digitized from the historical
topographic map produced in 1957, the glacier area changes for
1957–2009 could be obtained. The results in our study were
basically consistent with the results obtained by Du et al. [23],
which will be further discussed in Section VI. In terms of the
glacier mass loss, three DEM datasets acquired at different times
were used to calculate the glacier elevation changes and mass
balance of Yulong Mountain for 1987–2008. The DEMs were
coregistered and corrected in terms of the horizontal shift and
vertical systematic biases to obtain more reliable results. After
the correction, the mean elevation changes were converted to
mass balance and the uncertainties were estimated. Finally, sea-
sonality correction for the two February DEMs was considered
to obtain the full-year mass balance [3], [27].

The main objective of this study was to fully investigate
and fuse the complementary information within the multisource
and multitemporal remote sensing data, and give a comprehen-
sive analysis of the glacier changes in Yulong Mountain. With
the estimated glacier area extent and mass balance results, the
glacier recession status in Yulong Mountain area between 1957
and 2009 was analyzed. In addition, the response pattern of
the glaciers to global warming and the spatially heterogeneous
glacier changes were investigated.

Section II gives a detailed description of the data employed
in the study. In Section III, we present the methods used in
the process of extracting the glacier information and the uncer-
tainty analysis. The results and discussions are then given in
Sections IV and V. Finally, Section VI provides our conclusion.

II. DATA

A. Historical Glacier Map

The First Glacier Inventory Dataset of China (1956–1983)
and the Second Glacier Inventory Dataset of China Version 1.0
(2006–2010) provided the glacier codes, locations, and other
attribute parameters, which were used as the reference and guide
to choose the remote sensing images for glacier extraction [43].
Moreover, a 1:50000 paper topographic photo obtained by aerial
photogrammetry in 1957 was used to extract the glacier extent
in Yulong Mountain. This map had a coordinate system of the
Beijing 1954 and 1956 Yellow Sea height datum of China.

B. Landsat TM/ETM + Images

Landsat images were employed to extract the changing glacier
extent during the last decades. The images that were cloud-free
over the glaciers and with minimal snow cover were considered
suitable for glacier mapping [25]. The images for glacier map-

Fig. 2. Landsat images used for glacier mapping acquired on (a) August 22,
1989, (b) September 5, 1994, (c) August 15, 2001, and (d) October 10, 2009
(false-color composite of band 543).

ping were generally acquired at the end of summer, and there
was no seasonal snow in the scenes. However, many of the im-
ages taken at the end of the summer ablation period are affected
by large-area cloud cover, due to the moist climate conditions
on Yulong Mountain in the warm season. Thus, it is difficult to
obtain images suitable for glacier mapping. Between 1989 and
2009, four TM/ETM+ scenes were chosen to map the glacier
area in this study, as listed in Table I and shown in Fig. 2.
Unfortunately, there were no suitable images after 2009 for
glacier mapping, due to the snow conditions and cloud cover.
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As seen in Fig. 2, the ETM+ images acquired after 2003 were
contaminated with dead stripes. The image scenes collected in
this study were the L1T products after systematic radiomet-
ric and geometric correction. All the images were projected in
Universal Transverse Mercator (UTM) zone 47N.

C. DEM Datasets

Three DEM datasets were employed to obtain the glacier
elevation changes. The datasets were the 10-m contour map
from 1987, and two raster DEMs generated from the February
2000 SRTM and Advanced Spaceborne Emission and Reflection
radiometer (ASTER) stereo scenes acquired in February 2009.

The first DEM dataset was a 10-m contour map generated
from aerial photogrammetry acquired in 1987 by the Chinese
Yunnan Survey Service. The contour map had the coordinate
system of Xi’an 1980 and geoid model of the 1985 Yellow Sea
height datum of China.

The second DEM was the SRTM1 C-band data acquired in
February 2000. This 11-day mission used radar interferometry
to generate near-global data products of land elevation, cover-
ing over 80% of the Earth’s surface (60◦N − 56◦S) [45]. With
two sensors on board with different electromagnetic spectra,
the C-band and X-band observations were acquired simulta-
neously. The DLR SRTM-X DEMs have a spatial resolution
of ∼25 m referenced to the WGS84 datum, but are limited in
spatial coverage (with zonal gaps) [46]. Moreover, the SRTM-
X DEMs were seriously affected by noises. Due to the wide
spatial coverage and the specific acquisition time, the SRTM-
C DEMs have been widely used in glacier change monitoring
[4], [27], [47]. Unlike most of the previous works, we used the
recently released 1 arc-second SRTM1 (∼30 m) DEM to re-
place the 3 arcsec SRTM3 (∼90 m) DEM product in our study.
Compared with the SRTM3 data, the SRTM1 data have a higher
spatial resolution and better vertical accuracy. Both of the DEMs
were on the WGS84 horizontal datum and EGM96 vertical
datum [48].

The third DEM dataset was the ASTER DEM generated by
stereo images acquired in 2009. Two cloud-free L1A ASTER
stereo images acquired on 17 February 2009 were used to au-
tomatically generate the ASTER DEM with a 30-m resolution.
The DEM was georeferenced to the coordinate system of UTM
47N and geodetic datum of EGM96. Due to the influence of
thick cloud and the limited spatial coverage of the satellite ob-
servations (e.g., Terra ASTER, TerraSAR), we did not include
the data covering the small-scale snowcapped Yulong Mountain
in the 2010s in this study. The status of the Yulong glaciers
after 2009 was predicted and analyzed with the help of field
investigation records [24].

D. Climate Data Records

The climate data recorded by the national weather station at
Lijiang, located at ∼2381 m (100◦13′E, 26◦51′N , ∼20 km
away from Yulong Mountain), were used to analyze the
glacier response to climate change. These data can be obtained
from the China Meteorological Data Service Center (CMDC,
http://data.cma.cn/). The monthly precipitation and monthly

averaged air temperature for 1951–2015 were collected in this
study. These data were also used to calculate the seasonality
correction for the SRTM DEM and ASTER DEM collected in
winter.

III. METHODS

A. Datum Conversion and Resampling

First, the 1957 paper map needed to be digitized, and the 1987
contour map was converted to a raster DEM with a resolution
of 12.5 m, corresponding to the contour interval. To be consis-
tent with the Landsat images and DEM data, the historical map
and 1987 DEM were then georeferenced to the WGS84/EGM96
datum. The datum conversion between different ellipsoidal sys-
tems was implemented with the seven-parameter method [49].
In addition, the ellipsoidal elevation of SRTM-X (hWGS84)
was converted to the orthometric elevation H = hWGS84 −N ,
where N is the EGM96 geoid value [50]. All the data involved
in the subsequent process were resampled to 30 m and geo-
referenced to WGS UTM 47N and the EGM96 geoid datum.
Furthermore, orthorectification using the projected DEM was
applied to all the remote sensing images, to limit the projection
error related to the terrain effect.

B. Glacier Extraction

1) Recovering the Landsat SLC-Off Images: The dead
stripes existing in the ETM+ SLC-off data degrade the data
interpretation accuracy. One of the images we selected for the
glacier mapping was contaminated with dead stripes, as shown
in Fig. 2. In this study, the gap-filling algorithm proposed by
Zeng et al. [34] was employed to recover the missing pixels for
the Landsat ETM+ SLC-off images acquired on 24/10/2009.
With the multitemporal SLC-off images, a weighted linear re-
gression (WLR) algorithm can recover the missing pixels using
the auxiliary information. The algorithm uses the information
in the auxiliary image x to fill the missing pixels in the tar-
get image y with the linear relationship calculated from locally
similar pixels, which can be expressed as follows:

yt = a · xt + b (1)

where xt and yt are the pixels at target location t in the image
pair, and a, b are the regression coefficients. The coefficients can
be obtained using the locally similar pixels in the multitemporal
images selected based on the adaptive spatial similarity in each
band. To search for similar pixels, the initial size of the local
search window was defined as 7 × 7 pixels. If not enough pixels
were obtained for the calculation, the size of the search window
was expanded with a step length of two. The process ended
after at least 30 similar pixels were chosen in the calculation of
the coefficients. The weighted least-squares method was then
employed to calculate the coefficients, with the expanded form
as follows:

a =
∑n

i=1Wi (yi − ȳ) (xi − x̄)
∑n

i=1Wi (xi − x̄)
, b = ȳ − ax̄ (2)
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Fig. 3. Recovered SLC-off Landsat images obtained using the WLR algo-
rithm. The Landsat data acquired on (a) October 30, 2011 were used to recover
the image obtained on October 24, 2009, and the recovered image is shown
in (b).

where x̄ and ȳ are the mean values of the similar pixels within the
search window in the auxiliary and target image, respectively.
The normalized weightWi is assigned according to the spectral
and spatial differences between the n selected similar pixels and
the target pixel. More details of the algorithm can be found in
the work of Zeng et al. [34].

The Landsat scene acquired on 30/10/2011 was used as the
auxiliary data for the multitemporal recovery of the images. The
results after gap filling are shown in Fig. 3. It can be seen that
this method performs well in recovering the dead stripes in the
ETM+ images.

2) Glacier Mapping: The long-term glacier extent for Yu-
long Mountain was extracted from the 1957 historical map and
the multitemporal Landsat images listed in Table I. The glacier
area in 1957 was extracted manually from the digitized map after
datum conversion. For glacier mapping from the Landsat im-
ages, a multithreshold method was first used to roughly extract
the ice extent. The clean ice was extracted using the high con-
trast in reflectivity between the VNIR and SWIR wavelengths,
i.e., Band 4 and Band 5 for the TM/ETM+ images. Thus, the
equation B4/B5 > 2 was used to distinguish the clean glacier
ice from the nonglacier surface in this study. A threshold of 2
was selected empirically, and proved to be effective [25]. The
glacial areas covered with supraglacial debris and mountain
shadow can have a similar spectral reflectance to the nonglacier
dark areas. Considering that the glaciers in the study area have
limited debris cover, we incorporated the solar incident angle
ϕ calculated with the DEM data and the band ratio to map the
glaciers in the shadow regions. The thresholds for the incident
angle and band ratio were set as follows:

(B4/B5 > 1.5) and (cos (ϕ) < 0.5) . (3)

The automatically extracted glaciers were generated integrat-
ing the results from the clean ice and the glaciers in the shadow
areas. Manual postprocessing was then conducted to adjust the
glacier outlines and remove the misclassified areas affected by

Fig. 4. Relationship between the elevation differences and terrain factors:
(a) is the difference map between the SRTM1 2000 DEM and the 1987 DEM
over stable terrain, while (b) is the scatter plot of dh/tan(slope) and the terrain
aspect.

water surfaces and cloud. As cloud is common in mountainous
regions, it is difficult to accurately map the glaciers obscured
by thick cloud. We thus employed the temporally neighboring
scenes and the glacier inventory data to assist with the mapping
of the obscured glaciers. For example, the terminus of Baishui
Glacier No. 1 is partially covered by cloud in the ETM+ im-
age acquired on August 15, 2001. Therefore, the ETM+ image
acquired on October 29 1999 (ID: LE71310411999302SGS00)
was used as the auxiliary reference to estimate the terminus
location. Moreover, the glacier inventories were also used as a
reference to map the glaciers and separate the individual glaciers
into different drainage basins.

C. Glacier Mass Balance

1) DEM Coeegistration and Correction: The systematic bi-
ases among the multisource DEMs were corrected in four steps:
horizontal shift; elevation-dependent bias; curvature-dependent
bias; and snow/ice penetration. Considering the original spatial
resolution and the vertical accuracy, the DEM generated from
the 1987 contour map (hereafter referred to as the 1987 DEM)
was chosen as the reference data. The SRTM1 2000 DEM and
ASTER 2009 DEM were coregistered and corrected based on
the reference. To minimize the influence of glacier elevation
changes, all the elevation differences were computed on the
stable areas, with glacier/water pixels and anomalies excluded.

First, the horizontal shift was corrected using the relation-
ship between the elevation differences and terrain aspect. It can
be seen from Fig. 4 that the elevation differences are closely
related to the terrain effect. In Fig. 4(b), the scatter plots of
dh/tan(slope) and the terrain aspect can be observed to fit the
shape of a cosine function.

The analytical model proposed by Nuth and Kaab [40] was
used to implement the coregistration, which can be expressed
as follows:

dh = a · cos (b− ψ) · tan (α) + dhm (4)

where dh is the elevation difference, while a and b are the
magnitude and direction of the shift. α and ψ represent the
terrain slope and aspect, while dhm is the mean elevation bias
between the two DEMs. Slope and aspect are computed with
the reference DEM. The parameters a, b, and dhm are solved
using least-squares minimization. After acquiring the estimated
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parameters, the corrected shift along the x-direction (along the
longitude) is a · sin (b), while the y-direction (along the latitude)
shift and the mean vertical bias correction are a · cos (b) and
dhm , respectively.

After coregistration, the vertical bias is corrected using the
statistical relationship between the elevation differences and ter-
rain factors. Generally speaking, the elevation-dependent bias
and the curvature-dependent bias are considered to have a poly-
nomial relationship [3], [40]:

dh = μnZ
n + τ (5)

where Z is the elevation or maximum curvature, μ and τ are
the regression parameters, and n is the order of the poly-
nomial, which is selected from one to five in most cases.
In this study, we used the cubic polynomial to simulate the
elevation-dependent bias and performed linear regression for
the curvature-dependent bias correction.

In addition to the above error terms, the bias caused by the
snow/ice penetration of the radar C-band needed to be removed
using the SRTM1 2000 DEM. The penetration can reach up
to 9 m in the areas covered with dry snow in Greenland, and
decreases with higher moisture [27]. Considering the same ac-
quisition time and the negligible penetration of the X-band
wavelength, the SRTM-X data were used to correct the C-band
radar penetration [9], [41]. The SRTM-X data were coregis-
tered to the corrected SRTM1 2000 DEM, and the elevation-
dependent and curvature-dependent bias between the X- and
C-band data were then corrected following the method described
before. Finally, the penetration was estimated by comparing the
elevation difference between the two datasets over glacier/snow
areas.

2) Mass Balance Estimation: The glacier mass balance was
computed using the three DEM datasets, i.e., the 1987 DEM, the
2000 SRTM1 DEM, and the 2009 ASTER DEM, after coregis-
tration and correction. For the glacier mass balance calculation,
the glacier extent extracted from 1989 was used to approximate
the glacier area in 1987. The area change from 1987 to 1989
over a two-year period was slight compared with the long-term
glacier retreat.

Pixels with absolute elevation differences larger than 100 m
or pixels within the voids in the SRTM data were initially aban-
doned. Anomalies were then excluded if their absolute elevation
differences exceeded 3σ at the corresponding altitude range.
After excluding the anomalies, the elevation differences were
averaged for each 100-m altitude range and considered as the
approximate mean elevation change for the altitude. The den-
sity of ice was assumed to be 900 kg/m3 , to convert the average
elevation changes into mass balance. The regional mass bal-
ance could then be calculated using the area-weighted average
method [3], [8], [51]:

MA =
∑n

1 Mr · Sr∑n
1 Sr

(6)

where Mr is the mass balance at the rth altitude, and Sr is the
area.

The aerial photogrammetry derived elevation data were ac-
quired in the warm season (the specific acquisition time is
unknown), while the DEMs used in our study were acquired

in February (winter in the northern hemisphere). Thus, the
seasonal accumulation need to be considered. In this study,
the total precipitation from October to February recorded at
Lijiang Station was computed and considered as the approxi-
mate seasonal accumulation. This was subtracted from the esti-
mated mass to obtain the final result. Although this estimation
was only approximate, it had little impact on the long-term an-
nual mean value. Due to the lack of data, we did not investigate
the spatial variability of snow accumulation in this region [52],
[53].

In this study, the mean equilibrium line altitude (ELA) esti-
mated by the “Hess method” was used to distinguish the ablation
and accumulation areas [54]. This method delineates the aver-
age ELA as the transition or inflection from a concave to convex
contour, which is likely shaped by the different glacier motion
characteristics due to the accumulation and ablation effects. The
mass balance results for the ablation and accumulation areas are
given in Section V.

D. Uncertainty Analysis

The uncertainties include the errors of the glacier area de-
lineation and glacier mass balance. In this study, we used an
automatic method to generate the glacier areas, and then manual
editing was undertaken afterward to adjust the glacier bound-
aries by visual interpretation. For glacier mapping, the manual
delineation method is generally considered to be more accu-
rate [28]. The extracted area statistics obtained in this study are
similar to the previous results [23]. Therefore, we regard the
derived glacier inventory obtained in this study as the actual
glacier extent.

The uncertainties for the regional mass balance include the
error terms of the elevation change estimation (EΔh), the SRTM
penetration correction (Epene), and the seasonality correction
(Eseason). The standard deviation of the elevation changes σΔh

was calculated with the standard deviation σΔhi of each alti-
tude range. Considering the spatial autocorrelation of the DEM
errors, the standard error of the mean was reduced with the
spatially independent measurements N [55]:

EΔhi =
σΔhi√
N
. (7)

In this equation, N = Ntot/2d, where Ntot is the total num-
ber of pixels used to calculate the mean elevation changes of the
corresponding altitude range, and d is the distance of the spatial
autocorrelation. A suitable value for dwas found to be 600 m for
a spatial resolution of 30 m (20 pixels) [5]. The standard error
EΔh was then computed as the area-weighted sum of EΔhi for
the altitude ranges. In the case of using the SRTM1 data, the
error of the SRTM penetration estimation was computed with
the elevation differences between the SRTM X-band and SRTM
C-band data in the same way as described above.

The climate data used in this study were recorded at Lijiang
Station. However, it is possible that the local precipitation on
the mountain might be very different from the station records.
Moreover, the differences between precipitation and seasonal
accumulation needed to be considered. As a result, in this study,
the error of the seasonality correction was estimated as 100% of
the accumulated mass [3]. Finally, the resulting uncertainty for
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Fig. 5. Extracted glacier areas from 1957–2009.

the mass balance was obtained with the standard principles of
error propagation [56]:

σ =
√

MED2 + E2
Δh + E2

season + E2
pene (8)

where MED is the mean elevation difference between the DEMs
calculated over the off-glacier areas.

IV. RESULTS AND ANALYSIS

A. Glacier Area Change During 1957–2009

The glacier areas of Yulong Mountain were derived from
the historical inventory and remote sensing images from 1957–
2009, as shown in Fig. 5, where significant glacier recession
can be observed. In 1957, there were 19 glaciers with a total
area of 11.57 km2 in Yulong Mountain, based on the results
obtained in our study. Seven glaciers disappeared over the last 52
years, and only 12 glaciers still existed in 2009 according to the
remote sensing observations. The glaciers in Yulong Mountain
lost 60.7% of their total area (∼7.02 km2). The remaining area
of glaciers was 4.55 km2 in 2009, and the decrease rate was
−0.14 km2 yr−1 for 1957–2009.

The three-dimensional distribution of the glaciers and the
temporal glacier extent changes are shown in Fig. 6. Among
the glaciers, 15 are distributed on the eastern slope. The four
glaciers in the Ren River basin on the western slope, with a
total area of 0.73 km2 , had disappeared completely by 2009,
according to the remote sensing images. It can also be observed
from the figure that the glacier change is dramatic, with the

Fig. 6. Distribution of the glaciers and the extracted glacier area in Yulong
Mountain during 1957–2009. The glaciers are divided into four basins: the Ren
River basin (R), the Baishui River basin (BS), the Yanggong River basin (YG),
and the Daju Valley basin (DJ).

glaciers showing large-scale recession, especially from 1957 to
1989. As a result of the glacier retreat, the terminus altitudes
have increased sharply, along with the decrease of the glacier
areas. Among the individual glaciers, the terminus altitude of
Baishui Glacier No. 1 can be observed to rise from 4083 to
4295 m between 1957 and 2009, with an average increase rate
of 4.1 m yr−1 . During 1989–1994, the five-year average increase
rate of the terminus altitude reached 12.8myr−1 .

B. Glacier Mass Change During 1987–2008

1) DEM Correction Results: In Section III, we introduced
the coregistration and correction method for the multiple DEM
datasets involved in the glacier mass balance calculation [40],
[41]. The SRTM1 2000 DEM and ASTER 2009 DEM were
coregistered and corrected based on the high-accuracy 1987
DEM. In the following, the detailed correction results of SRTM1
are given as an example to prove the effectiveness of the correc-
tion process.

In our case, the x− and y− shifts to the SRTM1 DEM were
+1.08 and −0.66 pixels, respectively. The subpixel coregistra-
tion process was implemented with the bilinear resampling algo-
rithm. The relationship between dh/tan(slope) and the terrain
aspect before and after the coregistration process was examined
(see Fig. S1, in the Supporting Document). The trigonomet-
ric distribution of the elevation difference due to the horizontal
errors between the DEMs was successfully eliminated.

After the planimetric registration, the vertical bias was then
corrected using the relationship between the elevation difference
and the elevation and terrain maximum curvature over the stable
areas, considering the systematic vertical error and the errors
caused by the resolution difference [40], [41]. The relationship
between the elevation and the terrain factors before and after the
vertical adjustment is shown in Fig. S2 (Supporting Document),
where the elevation differences are the mean values calculated
for each 100-m altitude interval. The elevation biases between
the DEM datasets related to the terrain factors were effectively
removed.

In addition, the quantitative evaluation results over the off-
glacier terrain are given in Table II, where the stepwise cor-
rection results are shown. After the three-step correction, the
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TABLE II
OFF-GLACIER QUANTITATIVE EVALUATION OF THESRTM1 BEFORE AND AFTER

THE STEPWISE CORRECTION (UNIT: M)

Original Coregistration Elev-dependent bias Curve bias

MEAN 6.423 −2.260 0.248 −0.669
STD 21.693 16.862 14.996 14.544
MAX 71.751 58.437 52.041 49.702
MIN −71.743 −58.432 −52.031 −49.731

TABLE III
OFF-GLACIER QUANTITATIVE EVALUATION OF THE ASTER DEM BEFORE AND

AFTER THE STEPWISE CORRECTION (UNIT: M)

Original Coregistration Elev-dependent bias Curve bias

MEAN 7.263 8.120 2.714 −1.526
STD 34.609 32.840 31.423 30.868
MAX 121.095 116.178 111.731 110.154
MIN −121.132 −116.175 −111.774 −110.157

vertical accuracy shows a significant improvement, with the
mean error close to 0 and the standard deviation decreased, as
shown in the fifth column in Tables II and III. All the results
were calculated using the pixels with larger than three times the
corresponding standard deviation excluded.

Similarly, the ASTER 2009 DEM was coregistered and cor-
rected as described above. The quantitative correction results
are given in Table III. The accuracy of the ASTER DEM is
affected by noise, and thus it is less accurate than the SRTM1
DEM. However, the improvement is still promising after the
correction.

In the case of using the SRTM1 DEM, the SRTM-X DEM is
used as the auxiliary information to estimate the C-band radar
penetration depth. The elevation difference of the SRTM1 and
SRTM-X DEMs before and after correction is shown in Fig. S3
(Supporting Document). The elevation differences were cal-
culated over the off-glacier, snow-covered, and glacier areas,
respectively. There was an obvious underestimation of the X-
band data over the off-glacier terrain without coregistration and
correction, which prevented us from estimating the penetration
height directly. Thus, the X-band data were coregistered and
corrected to the corrected SRTM1 data following the method
described in Section III. Based on the results calculated with the
corrected datasets (see Fig. S3(b), Supporting Document), the
mean C-band penetration depth was set as 1.5 m below 4800 m
over the glacier areas, while the penetration reached ∼3.5 m
above 4800 m with the lower temperature and moisture.

2) Glacier Mass Balance: The glacier mass balance in Yu-
long Mountain was calculated with the corrected DEM datasets,
as described in Section III. The zones above 5400 m were not
included in calculating the mass balance, because the area ratio
of the altitude was too small. The percentage of the abandoned
area was only 0.11%, which had little impact on the final es-
timation. The mean annual mass balance for 1987–2000 was
obtained using the SRTM1 2000 DEM and the 1987 DEM. To
show the effect of the correction process, we list the estimated
1987–2000 mass balance obtained using the stepwise corrected

DEM dataset in Table IV. It can be seen that the vertical sys-
tematic bias has the most significant impact on the estimation,
while the curvature-dependent bias has a relatively small influ-
ence on the final mass balance. The final estimated mean annual
glacier mass balance is −0.30 m yr−1 w.e. Compared with the
original result, the correction of +0.47 m yr−1 w.e. was added
to the initial estimation. This is consistent with the conclusion
in the work of Berthier et al. [39]. The mass loss was overesti-
mated when using the SRTM DEM, due to its systematic bias.
Similarly, the mean annual mass loss for 1987–2009 can be
estimated as −0.27 m yr−1 w.e., which was calculated with the
1987 DEM and the corrected ASTER DEM acquired in Febru-
ary 2009. In Fig. 7, the mean elevation changes and the area
ratio of each altitude during the two periods are displayed. In
the low-altitude glacier areas, the elevation changes are nega-
tive, due to glacier recession. The elevation changes of the two
periods around 4100 m are generally equivalent, while the neg-
ative elevation change at the altitude zone above 4200 m during
1987–2009 is more significant than for 1987–2000. This might
be caused by the long-term persistent glacier recession and the
increase of the terminus altitudes.

The seasonality accumulation for the DEM data was finally
corrected. Referring to the climate data records, the estimated
mass accumulated from October 1999 to February 2000 was
+0.15 m w.e., while the accumulated mass from October 2008
to February 2009 was estimated as +0.07 m w.e. Considering
the overall estimated uncertainty, the final glacier mass balance
for 1987–1999 was −0.31 ± 0.33 m yr−1 w.e., while the mass
balance for 1987–2008 was −0.27 ± 0.35 m yr−1 w.e.

In our study, the results were obtained assuming the density
of a glacier to be a fixed value of 900 kg/m3 . Considering the
different densities for snow/firn and pure ice, another common
assumption is to apply the density as 900 kg/ m3 in the ablation
area and 600 kg/ m3 in the firn zone [7]. Using the different
densities above and below the firn line, the mass balance for
1987–1999 was calculated as −0.29 ± 0.28 m yr−1 w.e., while
the mass balance for 1987–2009 was calculated as −0.26 ±
0.29 m yr−1 w.e. The results with the different density scenarios
are comparable, and the values show similar trends to the results
in the work of Kaab et al. [7]. The estimation with varying
densities is dependent on the detection of the firn line (i.e., the
equilibrium line for the temperate glaciers). In this paper, we
give the results calculated with the different density scenarios
to allow a comparison with other works. However, the analysis
is mainly based on the results calculated with 900 kg/ m3 .

The estimated results obtained using the geodetic method
were influenced by the glacier extent, to some extent, as given
in (6). Therefore, the estimated mean mass loss rate for a long
time period might be underestimated with the decreasing glacier
area.

V. DISCUSSIONS

A. Glacier Changes and Climate Change

The status of glaciers is directly influenced by climate change,
mainly referring to air temperature and precipitation [1]. There
were no available long-term local meteorological data for the
study area, and the scale of the available remote sensing data
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TABLE IV
IMPACT OF THE STEPWISE CORRECTION ON THE MASS BALANCE ESTIMATION FOR 1987–2000

Unit: (m yr−1 w.e.) Original Coregistration Elev-dependent bias correction Curvature correction Penetration correction

Mass balance −0.77 −1.28 −0.35 −0.49 −0.30
Step-wise correction −0.51 +0.93 −0.14 +0.19

Fig. 7. Elevation difference as a function of altitude and the area ratio for the
altitudes: (a) and (b) are the elevation differences for 1987–2000 and 1987–2009,
respectively.

Fig. 8. Records of the annual average temperature and annual precipitation
for Yulong Mountain, as provided by Lijiang Station: (a) and (b) indicate the
fluctuations and fitting trends of the temperature and precipitation, respectively.

Fig. 9. Change curves of the glacier area shrinkage for 1957–2013.

(e.g., TRMM, GRACE) was too coarse for the study area. There-
fore, we employed the climate records from Lijiang Station
(shown in Fig. 1) for the analysis. As shown in Fig. 8, there has
been an obvious increasing trend for the annual average tem-
perature and increased fluctuation in the annual precipitation
over the last decades from 1950. The correlation between the
changes of the glaciers and climate data is given in Fig. 9. It
can be seen in the figure that the correlation between glacier
change and temperature is much higher than that for precipi-
tation. The R-squared value between area change and annual
average temperature reaches 0.521, while the correlation be-
tween area change and precipitation is only 0.003.

Temperatures in China’s monsoonal temperate glacial region
have been observed to have increased in a fluctuating manner

TABLE V
ESTIMATED MASS BALANCE FOR 1987–2008 (UNIT: M YR−1 W.E.)

Ablation areas Accumulation areas

1987–1999 −0.49 ± 0.32 −0.11 ± 0.33
1987–2008 −0.50 ± 0.30 −0.04 ± 0.36

over the last decades, and the temperature increase has accel-
erated since the 1980s [10], [57]–[59]. The data used in these
analyses were the climate data from meteorological stations, ice
core records, and the reconstructed results from tree-ring index
studies. For the study region, the mean annual temperature at
the elevation of ∼4600 m for Baishui Glacier No. 1 has shown a
fluctuating upward trend since the 1950s, and the difference be-
tween the warmest decade and the coldest decade has reached
2.79 ◦C [60]. Based on all these facts, the glacier recession
in Yulong area is mainly caused by the climate warming effect,
while the precipitation is insufficient to compensate for the rapid
ablation.

The glaciers in Yulong Mountain have been sensitive to the
warming climate, given that a sharp recession has been observed
over the last decades, along with the increase of air temperature.
As shown in Figs. 5 and 6 in Section IV, the area shrinkage has
been dramatic from the mid-20th century, with seven glaciers
disappearing by 2009. Although the remaining glaciers are of a
larger size and have higher terminus altitudes, the retreat rate of
the glaciers has remained at a high level from the end of the 20th
century to recent years, without slowing down, which is likely
due to the obviously rising trend of the temperature. Due to the
lack of data, we do not give the monitoring results after 2009.
However, the response pattern analyzed from the historical data
can provide some clues. As the increase in temperature accel-
erated during the 2010s, and precipitation reduced dramatically
in recent years (see Fig. 8), the glaciers in Yulong Mountain are
probably retreating at an increasing rate.

B. Spatially Heterogeneous Glacier Changes

In addition to the temporal changes, it is also necessary to
analyze the spatial variation in the rate of glacier changes. In
terms of the glacier mass balance, the glacier status was moni-
tored in both the accumulation and ablation areas, respectively.
The average ELA in Yulong Mountain was roughly estimated
as 4850 m using the Hess method, and the mass balance was
then calculated in the accumulation and ablation areas within
different periods, as shown in Table V. It can be seen that the
glaciers retreated rapidly in the ablation areas, and the high-
altitude glaciers experienced a slight negative balance, which
resulted in the significant glacier mass loss from the mid-1980s
[10].
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TABLE VI
MASS BALANCE OF THE GLACIERS IN THE DIFFERENT BASINS AND THE GLACIER INFORMATION DERIVED FROM THE TM IMAGE ACQUIRED IN 1989 AND THE

1987 DEM (UNIT FOR MASS BALANCE: M YR−1 W.E.)

Baishui No. 1 Baishui River basin Daju No. 2 Daju Valley basin Overall

1987–1999 −0.20 ± 0.34 +0.03 ± 0.22 −0.88 ± 0.33 −0.52 ± 0.32 −0.31 ± 0.33
1987–2008 −0.24 ± 0.38 −0.07 ± 0.34 −0.55 ± 0.47 −0.41 ± 0.36 −0.27 ± 0.35
Area (km2) 1.44 2.92 1.79 3.12 6.56
Average slope 20.85 22.93 24.66 22.82 24.38
Average aspect 84.15 117.24 77.06 84.45 106.28

Moreover, the spatially heterogenous changes of the glaciers
in different subbasins were analyzed using the integrated glacial
information. First, we give the change curves of glacier area
shrinkage in Fig. 9. From the results, it can be seen that the
glaciers in the Daju Valley basin have shown a relatively steady
decrease, and the area shrinkage in the Baishui River basin has
accelerated since the 1990s. The area loss of the glaciers in the
Yanggong River basin was more prominent in the earlier decade.

The heterogeneous glacier changes caused by glacial (e.g.,
size and volume) and locational factors were investigated. In
1957, there were 16 glaciers in Yulong Mountain with an area
smaller than 1 km2 , referring to ∼60% of the total glacial area.
Among these glaciers, seven vanished and 83.1% of the area
was lost during 1957–2009. However, the three glaciers larger
than 1 km2 (i.e., Baishui Glacier No. 1, Daju Glacier No. 1,
and Daju Glacier No. 2) only lost 27.7% of the area. It can
also be observed that the areas of the Yulong glaciers in the Ren
River and Yanggong River basins have shown a more significant
shrinkage than the northern glaciers over the last decades. Most
of the glaciers in the Yanggong River and Ren River basins are
located on the western slope, while the glaciers in the Baishui
River and Daju Valley basins are mainly oriented to the north
and east. It appears that the glacier size and location are directly
related to the ablation rate. However, the small glaciers mainly
occur in the low-altitude areas, and the terminus altitudes of the
six vanished glaciers were all less than 4500 m. Furthermore,
the main difference between the western and eastern slopes is
the sunshine condition. The temperature is generally higher in
the low-altitude and sunny-slope areas, which directly leads to
the rapid recession of the glaciers.

The mass loss and the basic information of the glaciers dis-
tributed in the different basins are shown in Table VI. Exclud-
ing the data voids and anomalies, only the mass budgets of the
glaciers in the Baishui River basin and Daju Valley basin could
be obtained. It can be seen from the table that the glaciers lo-
cated in different basins have behaved differently. The regional
mass balance in the Baishui River basin was slightly negative
at −0.07 ± 0.34 m yr−1 w.e. during 1987–2008. In contrast, the
northern Daju Valley glaciers experienced relatively prominent
ablation, with a mass loss rate of −0.41 ± 0.36 m yr−1 w.e. dur-
ing 1987–2008. Furthermore, Daju Glacier No. 2 experienced
a much faster mass loss rate than Baishui Glacier No. 1, which
was consistent with the area change status. Baishui Glacier No.
1 and Daju Glacier No. 2 are of similar size, average slope, and
aspect, and the terminus altitude of Baishui Glacier No. 1 is
even lower than that of Daju Glacier No. 2. As the rainfall in
Yulong Mountain is mainly brought by the southwest monsoon,

the variation is probably caused by the precipitation difference
between the two regions. Even within the same basin with sim-
ilar climate conditions, the glacier changes have varied with
different individual glaciers. In the Baishui River basin, Baishui
Glacier No. 1 has retreated faster than the neighboring Baishui
Glacier No. 2.

Based on the results, it can be inferred that the glacier re-
cession was the synergistic consequence of multiple elements,
including the temperature and precipitation, glacier size, the
terminus altitude, and topographic factors. Instead of being in-
dependent, the influencing factors interact with each other. For
example, the development of a glacier (e.g., size and volume) is
dependent on the climate and terrain conditions, while the cli-
mate and terrain factors act on the glacier dynamics. In addition,
the locational factors are indirectly related to the temperature
and precipitation. Temperature is generally higher in the areas
with lower altitude and more solar radiation, and precipitation
varies with the terrain topology and underlying surface, as well
as the altitude. Among the influencing elements, the climate
conditions are the dominant factors affecting glacier status. At
high altitudes, most of the precipitation falls as snow. Precip-
itation enables glacier accumulation, while higher temperature
causes faster glacier ablation. However, alongside the increasing
temperature in the region, the precipitation has played a weak
role in the glacier changes, as shown in Fig. 10.

C. Comparison With Other Studies

In the work of Du et al. [23], it was reported that the glacier
areas in Yulong Mountain decreased from 11.61 to 4.42 km2

during 1957–2009. The glacier area in 2001 was estimated as
5.30 km2 . In our work, the total glacier area in 1957 was calcu-
lated to be 11.57 km2 , while the areas in 2001 and 2009 were
estimated to be 5.16 km2 and 4.55 km2 , respectively. The in-
evitable errors might be caused by the data sources, the manual
delineation, and the different calculation methods. However, the
maximum difference is 2.7% when compared with Du’s results,
and the difference in 1957 is only 0.3%. Considering the differ-
ent mapping methods employed, the results can be considered
to be accurate.

There have been few studies that have comprehensively mon-
itored the overall glacier mass balance of Yulong Mountain.
However, the local studies of changes of Baishui Glacier No. 1
derived from reliable field investigation data can be used to val-
idate the accuracy of the remote sensing results. As reported in
[10], the mass balance in Baishui Glacier No. 1 was −11.38 m
w.e. for 1952–2004, with an annual average of −0.22 m yr−1
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Fig. 10. Correlation between glacier changes and climate factors: (a) and
(b) indicate the scatter plots between area and annual average temperature and
annual precipitation, respectively.

w.e. over the past 52 years. According to the mass balance
records, the glacier ablation was mainly concentrated around
1984 due to the significantly rising temperature and drought
climate in this year. Recently, Du et al. [24] used the collected
field measurements obtained during 2008–2013 to analyze the
recession on Baishui Glacier No. 1. The results showed that the
glacier mass showed a huge loss over the study period, with a
mass balance of −1.39 m yr−1 w.e.

According to the results obtained in this study, the mass
balance of Baishui Glacier No. 1 was estimated as −0.20 ±
0.34 m yr−1 w.e. during 1987–1999 and −0.24 ± 0.38 m yr−1

w.e. during 1987–2008. An accelerating retreat rate of Baishui
Glacier No. 1 from the end of the 20th century was reported in
[18], which was confirmed in this study. It can be seen that the
estimated results are in agreement with the historical records
in [10]. However, the significant difference in the mass balance
estimation for 1987–2009 and 2008–2013 should be examined.
First, the long-term mean glacier mass balances of glaciers de-
rived from the geodetic methods are probably underestimated.
Furthermore, there has been a severe and enduring drought in
southwestern China since 2010 [62]. It can be observed from
the climate data shown in Fig. 10 that there was a fluctuation
in temperature and precipitation in the 2000s. In contrast, the
temperature kept rising and the precipitation remained at a low
level from 2010 to 2015. Based on the climate conditions, the
dramatic increase in loss rate is possible.

Similar trends can be found in the other studies of glacier
mass balance estimation in China. Hailuogou Glacier, which is
also a monsoonal glacier, located in Hengduan Mountains, was
observed to have experienced an accelerated shrinkage from
the mid-1980s. Along with the strong ablation, glacier holes,
supraglacial streams, and crevasses were widely distributed on
the glacier surface [10]. Compared with Hailuogou Glacier,
Baishui Glacier No. 1 is smaller and located at a lower altitude.
The annual average mass balance of Urumqi No. 1 Glacier lo-
cated in Tien Shan was calculated as −0.29 m yr−1 w.e. between
1959–2010, while the minimum glacier mass was estimated as
−1.33 m w.e. in 2010 [61]. Moreover, the glacier mass balance
of the high-altitude Puruogangri ice field on the Tibetan Plateau
has been reported to have changed from −0.04 m yr−1 w.e. be-
tween 2000–2012 to −0.32 m yr−1 w.e. between 2000 and 2016
in recent years, with a much faster ablation rate [63], [64].

VI. CONCLUSION

In this study, we integrated the glacier area changes extracted
from a historical map and Landsat TM/ETM+ images and the
mass balance estimated from multisource elevation datasets to
monitor the long-term recession of glaciers in Yulong Mountain.
Multisource and multitemporal information was fully examined
and utilized to improve the data availability and accuracy. From
the results, the glacier recession was found to have been both sig-
nificant and persistent in this area over the last decades, caused
by climate warming.

The glacier retreat was analyzed from both the perspectives
of area change and mass balance. With the long-term glacier
recession, the remaining glaciers are now of larger sizes and/or
located in areas with a higher altitude. However, the area change
rate and the glacier mass balance results indicate that the mass
loss rate is still persistent and significant, and glacier melting
continues to accelerate in the Yulong area.

Spatially heterogeneous changes of glaciers were observed in
Yulong Mountain. First, the mass balance in the accumulation
areas was found to be slightly positive, while the mass loss in the
ablation areas contributed to the overall negative mass budget.
Moreover, the glacier changes varied between different indi-
vidual glaciers. The spatially heterogeneous behavior of glacier
changes was the synergistic consequence of multiple factors, in-
cluding climate, glacial, and topographic factors. However, the
increase of the annual average temperature and the insufficient
precipitation supply were the main causes leading to the glacier
ablation.

A comparison with other studies using field investigation and
historical records was also undertaken. It was found that the re-
sults derived from remote sensing data are in agreement with the
regional estimation by field investigation. Remote sensing can
provide large-scale measurements, which is more suitable for
monitoring large-scale glacial changes. The temporal inconsis-
tency caused by cloud and the multisource spatial uncertainties
are the main obstacles influencing the accuracy of remote sens-
ing methods in glacial applications. In this study, we tried to
solve some of the issues by data fusion; however, more studies
are needed to minimize the uncertainties brought by the remote
sensing data and methods. In this study, we did not address the
altitudinal variation of precipitation or the impact of artificial
snow augmentation in the analysis. In addition, under the in-
fluence of cloud cover, the use of optical satellite images does
not work well. Thus, we did not use the changes of ELAs or the
albedo retrieved from remote sensing images for further analysis
in our study [65], [66].

Due to the resolution limit of the remote sensing data sources,
it was difficult to include the influence of the terrain details (e.g.,
crevasses, subglacial holes) in the glacier mass balance in this
study. With the development of remote sensing techniques, data
with a higher resolution and quality might enable us to obtain
more accurate results.
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