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ABSTRACT: This study reconstructed the annual mass balance (MB) of Laohugou Glacier No. 12 in the 
western Qilian Mountains during 1961–2015. The annual MB was calculated based on a temperature-index 
and an accumulation model with inputs of daily air temperature and precipitation recorded by surrounding 
meteorological stations. The model was calibrated by in-situ MB measurements conducted on the glacier dur-
ing 2010–2015. Change in constructed annual MB had three phases. During Phase I (1961–1984), glacier-
wide MB values were slightly positive with an average MB of 24±276 mm w.e. (water equivalent). During 
Phase II (1984–1995), the MB values became slightly negative with an average MB of -50±276 mm w.e.. The 
most negative MB values were found during Phase III (1996–2015), with an average MB of -377±276 mm w.e. 
Climatic analysis showed that the warming led to accelerated glacier mass loss despite a persistent increase 
of precipitation during the analysis period. However, an increase of black carbon deposited on the glacier 
surface since the 1980s could have contributed to intensified glacier melt. From simulations and measure-
ments of MB on the Urumqi Glacier No. 1, 26% of glacier melt caused by black carbon could be identified. 
KEY WORDS: Laohugou Glacier No. 12, climate change, temperature-index model, mass balance, black 
carbon. 
 

0  INTRODUCTION 
The Tibetan Plateau (TP) and surrounding areas contain the 

largest number of glaciers outside the polar regions (Yao et al., 
2012). Those glaciers contribute to water supply of millions of 
people (Lutz et al., 2014; Immerzeel et al., 2010). In the context 
of global warming, glaciers on the TP are experiencing wide-
spread shrinkage (Yao et al., 2012; Kang et al., 2010); however, 
the pattern of glacier change on the TP and in surrounding areas 
is now known to be strongly heterogeneous. For instance, more 
than 65% of the monsoon-influenced glaciers in the Himalayan 
region are retreating, whereas those with heavy debris cover and 
stagnant low-gradient terminus regions typically have stable 
fronts (Scherler et al., 2011). Different from the general back-
ground, an anomalous slightly positive glacier mass budget in 
the Karakoram has been documented, attributable to increased 
winter precipitation in this region (Gardelle et al., 2013, 2012). 
Experiential glacial melt models such as a physically based 
Holmgren, 2005; Fujita and Ageta, 2000) and a temperature 
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energy and mass balance model (Mölg et al., 2009; Hock and 
Holmgren, 2005; Fujita and Ageta, 2000) and a temperature- 
index model (Huss et al., 2008; Hock, 2003) could be used to link 
atmospheric variables with glacier melt. Many previous studies 
have focused on large-scale glacier mass balance (MB) recovery 
and prediction (Kraaijenbrink et al., 2017; Lutz et al., 2014; Mar-
zeion et al., 2014; Immerzeel et al., 2010). However, limited by a 
lack of glaciological measurements, the parameters have always 
been calibrated using only a few local measurements. For in-
stance, MB measurements and parameters are only available 
based on data from the Qiyi Glacier in the Qilian Mountains. Over 
the entire TP long-term series of MB measurements are available 
only from 15 glaciers (Yao et al., 2012). Therefore, surveying of 
glacier MB, especially over the long term, remains vitally im-
portant in relation to glacier melt modeling. 

Light-absorbing particles (LAPs) such as black carbon 
(BC) have become secondary source of global warming (IPCC, 
2013). BC can absorb solar radiation and accelerate glacier melt 
when settling on the snow and ice surface (Li et al., 2016; Xu et 
al., 2009; Bond et al., 2004). Kopacz et al. (2011) estimated 
radiative forcing of 5–15 W m-2 attributable to BC within snow-
covered areas of the Himalaya and the TP. Flanner et al. (2007) 
and Qian et al. (2011) estimated peak values of the effect of BC 
exceeded 20 W·m-2 in some parts of the TP. Such a change in 
radiation could greatly influence the process of the glacial 
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energy balance (Sun et al., 2014, 2012). 
The Qilian Mountains located at the northeastern fringe of 

the TP act as the water source for the Hexi Corridor in China. 
The Qilian Mountains contain 2 693 glaciers which occupy a 
total area of about 1 598 km2 (Guo et al., 2015, the second Chi-
nese glacier inventory). However, over the past century, glaci-
ers in the Qilian Mountains have experienced rapid thinning and 
shrinkage. In the western Qilian Mountains, the areas and vol-
umes of glaciers have decreased by 15% and 18%, respectively, 
from the Little Ice Age maximum to 1956 (Liu et al., 2003). 
Alarmingly, during 1956–2010, the glacier area in the entire re-
gion of the Qilian Mountains has decreased by 30%±8% (Tian 
et al., 2014). Kraaijenbrink et al. (2017) demonstrated that un-
der global warming of 1.5 °C, the glacier area in the Qilian 
Mountains could be reduced to only 32% of current area by the 
end of the century, representing the greatest potential glacial 
loss on the TP. 

This study presented 55 years’ MB variability of the Lao-
hugou Glacier No. 12 (LHG Glacier) in the western Qilian 
Mountains, China. The aims of the investigation are (i) to sum-
marize glacier fluctuations over the past 55 years, (ii) to eluci-
date quantitatively the relationship between climate change and 
glacier fluctuation, (iii) and to highlight the potential effect of 
increased BC deposition since the 1980s on glacial melt and gla-
cial modeling. 

 
1  STUDY SITE  

The LHG Glacier (39°26.4′N, 96°32.5′E), a valley-type non-
surging one, is located in the upstream region of the Shulehe 
River basin in the western Qilian Mountains (Fig. 1). The glacier 
descends from an elevation of 5 480 to 4 260 m a.s.l.. It has over-
all length of 9.7 km and covers an area of 20.37 km2 (Liu et al., 
2018), the largest valley-type glacier in the Qilian Mountains. The 
glacier has two branches that converge at the elevation of 4 550 
m a.s.l.. Northern Hemisphere mid-latitude westerlies dominate 
the climate of this region throughout the year. 

During recent decades, the LHG Glacier has experienced 
severe mass loss and shrinkage. During 1960–2015, the glacier 
length decreased by 403 m (3.99% of its total length) and the 
glacier area decreased by 1.54 km2 (7.03% of its total area) (Liu 
et al., 2018). The equilibrium-line altitude ascended from the av-
erage of 4 800 m a.s.l. during the 1970s to 5 015 m a.s.l. during 
2010–2012 (Chen et al., 2017). 
 
2  DATA 

Research on the LHG Glacier began in 1958 and the nearby 
glacier station was one of the earliest adopted for glaciology re-
search in China. During 1958–1962, researchers monitored local 
meteorology and hydrology, and performed glacier mapping and 
MB, and ice temperature surveys. Unfortunately, the station was 
closed in 1962 because of a glacial flood. Only in the 1970s–
1980s were some short-term observations performed in relation 
to studies on glacier change and its influence on the water re-
source. The Qilian Shan Station of Glaciology and Ecologic En-
vironment was rebuilt in 2005 to focus on research in the fields 
of glaciology (Chen et al., 2018; Sun et al., 2014, 2012), ecology, 
and the atmospheric environment (Dong et al., 2019, 2018a, b) 
of this remote area. This study used measurements of the glacier 
and the atmosphere to run the melt model. 

 
2.1  Mass Balance Data 

During 1976, the ground stereo photogrammetry and mass 
balance measurements were carried out by previous glaciologists 
(Sun and Xie, 1981), the glacier-wide mass balance was 330 mm 
w.e. during the year. 

Since 2010, in-situ MB measurements on the LHG Glacier 
have been determined on a monthly basis during May– 
September. Approximately 40 plastic stakes have been drilled 
into the ice to measure glacier ablation (Fig. 1). In the accumu-
lation zone, snow pits were dug to measure the depth and density 
of the snow. Measured ice ablation was converted into water 
equivalent assuming an ice density of 900 kg·m-3.  

 

 

Figure 1. Maps showing location of the Laohugou Glacier No. 12 and the surrounding national meteorological stations. 
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2.2  Meteorological Data 
Meteorological data from the LHG Glacier have been avail-

able since 2009 from an automatic weather station (AWS). The 
station is located at the elevation of 4 200 m a.s.l., 1.6 km from 
the terminus of the LHG Glacier (Fig. 1). Half-hourly air tem-
perature (T) was measured using a Vaisala 41382 sensor (Camp-
bell Scientific Inc.). Precipitation (P) was measured using an all-
weather precipitation gauge (Geonor T-200B) without heating. 
The sensors were connected to a low-temperature resistant (-55 
°C) data logger (CR1000, Campbell Scientific Inc., USA). De-
tailed descriptions of instruments can be found in Sun et al. 
(2014). Figure 2 shows the monthly average air temperature and 
accumulated precipitation at the AWS during 2009–2015. The 
average air temperature was -5.9 °C and the yearly total amount 
of precipitation was 344 mm w.e. (water equivalent). 

 
2.2.1  Air temperature 

To derive T since 1960, data were collected from six adja-
cent weather stations (Fig. 1) within a horizontal distance of 250 
km from the LHG Glacier. The data were observed by the na-
tional meteorological observation network of the China Meteor-
ological Administration (Table 1). Stations of Dunhuang, Yu-
menzhen, and Jiuquan lie on the northern slopes of the Qilian 
Mountains, the Tuole is in the alpine area, and the Da Qaidam 
and Lenghu are located on the southern slopes. These stations 
were established in the 1950s and records of daily T were avail-
able. Strict quality control was applied by the National Meteor-
ological Information Center (Wang, 2004). 

Data from the six stations were interpolated to the site of 
the LHG Glacier AWS. Having compared several interpolation 
techniques, (e.g., the inverse distance weighted, spline, and or-
dinary kriging methods and the multiple regression equation), 
Du et al. (2011) found the ordinary kriging method had the best 
performance compared with observed T at the AWS. We recon-
structed T at the AWS using the ordinary kriging interpolation 
method, as suggested by Du et al. (2011). The R2 was 0.995 and 
the root mean square error (RMSE) was 0.51 between the recon-
structed monthly T and that measured by the AWS during 2009–
2015 (p<0.001, n=72). 

 
2.2.2  Precipitation 

The westerlies dominate the climate of the middle and west-
ern Qilian Mountains, whereas the climate of the eastern Qilian 
Mountains is dominated by both the westerlies and southeastern 
monsoon (Morrill et al., 2003). We compared precipitation be-
tween the LHG Glacier and the surrounding national stations and 
found the best match with Tuole. Figure 3 shows the amount of 
annual P during 1961–2015 at Tuole. 

 
3  METHODS 

The monthly MB was calculated using a simple 
temperature-index model together with an accumulation model. 
The temperature-index model relates glacier melt with the PDD 
via a constant of proportionality called the degree-day factor 
(DDF, mm·d-1·°C-1), which is used widely in glaciology for its 
high computational efficiency. Ablation M can be given by 

,DDF PDD= s iM                           (1) 

PDD is calculated by assuming that air temperature follows law 
of normal distribution, and monthly average air temperature is 
given as harmonic wave of air temperature 
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where δ is the standard deviation of air temperature; Tm is the 
average temperature during a month; A1 and A2 are days of start 
and end. 

 
Table 1  List of the names and the latitude, longitude, elevation, and 

observation periods of stations used in this study 

Station name Latitude (N) Longitude (E) Elevation (m a.s.l.) 

Dunhuang 40°09′ 94°41′ 1 139 
Yumenzhen 40°16′ 97°02′ 1 526 
Jiuquan 39°46′ 98°29′ 1 477 
Tuole 38°48′ 98°25′ 3 367 
Da Qaidam 37°51′ 95°22′ 2 982 
Lenghu 38°44′ 97°20′ 2 766 

 

 

Figure 2. Monthly average air temperature and accumulated precipitation at 

site of AWS during 2009–2015. 

 

 

Figure 3. Annual average air temperature (black line) and sum of precipita-

tion (gray bars) at the Tuole station during 1961–2015. 
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Snow accumulation A (mm w.e.) was calculated based on 
measured daily P. The P was divided into snow, rain, and a mixture 
of the two according to daily T. The occurrence of snow and rain 
was determined based on the threshold temperature of 0 and 2 °C, 
respectively. A mixture of rain and snow was assumed at T between 
0 and 2 °C. Within this range of T, the snow percentage of total P 
was obtained by linear interpolation (Hock and Holmgren, 2005). 

The MB was calculated at a 50-m-elevation interval. The 
glacier-wide MB was estimated as the sum of the MB during one 
year multiplied by the area ratio of each elevation band. The T 
and P at each elevation band were computed according to a lapse 
rate of -0.6 °C· (100 m)-1 and precipitation gradient of +9%· (100 
m)-1 (Chen et al., 2017), respectively. In the upper of belt of su-
perimposed ice, we assumed 10% of snow melt to percolate into 
deep snow and freeze into ice. 
 
4  RESULTS 
4.1  Model Calibration and Validation 

On the LHG Glacier, the DDFs for the ice and snow parts 
were obtained based on linear regression between point ablation 
measurements and the corresponding PDD. The point ablation 
measurements were performed during the summers of 2010–2012 
at elevations in the range 4 300–5 000 m a.s.l.. On the LHG Glac-
ier, the average DDF for ice was 7.5 mm·d-1·°C-1, ranging from 
5.5 to 9.9 mm·d-1·°C-1. The DDF for snow fluctuated between 2.1 
and 5.4 mm·d-1·°C-1, with an average value of 3.4 mm·d-1·°C-1 
(Fig. 4). The increase of DDF with elevation showed a low- 
temperature effect, which resulted from more intense solar radia-
tion at higher elevations (Xu et al., 2017; Kayastha, 2003). The 
variation of DDF on the LHG Glacier was found consistent with 
that of both the Qiyi Glacier (Kayastha et al., 2003) and the 
Urumqi Glacier No. 1 (Cui et al., 2013). Zhang et al. (2006) 
reported the mean value of DDF for ice in western China on the 
monitored glaciers was 7.1 mm·d-1·°C-1, whereas it was 4.1 
 

mm·d-1·°C-1 for snow. Maritime glaciers were found likely to 
have higher DDF values than subcontinental and continental 
glaciers did.  

The MBs were simulated using DDF values of 7.5 mm· 
d-1·°C-1 for ice and 3.4 mm·d-1·°C-1 for snow, respectively, and 
the results were validated based on the measured MB gradient 
with elevation for each hydrological year between 2009 and 
2015 (Fig. 5, note the MB of 2012/2013 was not included). The 
modeled MBs had reasonable agreement with the measurements 
as indicated by a general RMSE of 276 mm·w.e.a-1. The best 
agreement was found in 2010/2011 (RMSE: 183 mm·w.e.a-1) 
and the worst agreement was found in 2013/2014 (RMSE: 462 
mm·w.e.a-1). The largest discrepancies were found in the ablation 
zone below 4 600 m a.s.l.. This was because the glacier is steeper 
and narrower in the ablation zone and the debris thickness is in-
homogeneous. Thus, the MBs varied widely between different 
sites and different years. 

 

 

Figure 4. DDF distribution for snow and ice with elevation. Black lines show 

linear regression between elevation and DDF. 

 

Figure 5. Observed and simulated mean annual mass balance profiles, and glacier area distribution with specific elevation bands of Laohugou Glacier No. 12. 

RMSE (mm·w.e.a-1) for each year is also given. 
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4.2  Annual Glacier-Wide Mass Balance since 1961 
We reconstructed the MB of the LHG Glacier since 1960 

based on measured daily T and P, and the glacier-wide MBs were 
displayed in Fig. 6. The reconstructed annual MBs had a good 
agreement with the measured values, the reconstructed and 
measured average glacier-wide MB were -165 and 150 mm w.e., 
respectively, the RMSE was 36.4 mm w.e. between them. The 
relative span of annual MB between the year with the weakest 
melt in 1975 (300 mm w.e.) and the year with the most intense 
melt in 2006 (-620 mm w.e.) was about 920 mm w.e., where the 
average value was -126.79±35 mm w.e. during 1960–2015.  

Three periods with different melting rates could be roughly 
identified: 1960–1983 (Period I), 1984–1995 (Period II), and 
1996–2015 (Period III). These were found accordant with both 
the Urumqi Glacier No. 1 (Li et al., 2011) and the Qiyi Glacier 
(Wang et al., 2010). During Period I, the glacier-wide MB was 
found slightly positive (24±276 mm w.e.). During Period II, the 
MB became slightly negative (-50±276 mm w.e.). The most neg-
ative MB of -377±276 mm w.e. was found during Period III.  

Compared to other glaciers in the TP and surroundings, the 
LHG Glacier showed relative weak melting during past decades. 
Che et al. (2017) reviewed measurements of MB carried out on 
TP glaciers, and found that the average MB was -260 mm w.e. 
per year during 1959–2015. Azam et al. (2014) reconstructed 
MB of the Chhota Shigri Glacier by a temperature-index model 
since 1969. The MB in this glacier was -300 mm w.e.a-1 over the 
period of 1969–2012 (Azam et al., 2014). Observations showed 
that the MB on the Urumqi Glacier No. 1 was -287 mm w.e.a-1 
during 1960–2008 (Li et al., 2011). On the Qiyi Glacier middle 
of Qilian Mountains, the MB was -272 mm·w.e.a-1 during 1957–
2013 (Wang et al., 2015). 

Azam et al. (2014) reported accelerated glacier mass loss 
during the past five decades on the Chhota Shigri Glacier in the 
western Himalayan region, despite the MB during Period II be-
ing much less negative than Period I and near to balance, which 
was different from the glaciers of the northern TP. The anomaly 
resulted from P and T that were 56 mm·a-1 higher and 0.2 °C 
lower than the summer mean, respectively, in comparison with 
the 1969–2012 averages. P did not increase significantly, 
whereas T increased continuously on the glaciers of the northern 
TP during the period. This could be attributed to the different 
climatic regimes; the south of the TP is under the dominance of 
the Indian monsoon and westerlies, while the northern TP is 
mainly under the influence of westerlies (Maussion et al., 2014; 
Yao et al., 2012).  

 
5  DISCUSSION 
5.1  Response of Glacier Mass Balance to Climate Change 

During the past six decades, T has increased continuously 
(Fig. 3), from -7.3 °C during 1961–1970 to -5.8 °C during 2001–
2015. The LHG Glacier has experienced dramatic mass loss de-
spite the gradual increase of P. The MB change was found to 
correlate well with the variations of T (R=0.78). To discuss the 
response of glacier MB to climate change, we divided the 55 
years of the study period into six periods according to 10-year 
intervals. The MB was near to balance during 1961–1970, thus 
we took this period as the background reference period. Figure 7 
shows the decadal variations of T, P, and MB relative to 1961–

1970. Before 2000, T increased gently at the rate of 0.3 °C· 
(10a)-1. Then, during 2000–2010, it increased sharply at the rate 
of 0.6 °C· (10a)-1. Because of the function of P, the glacier did 
not experience consistent aggravated mass loss. During 1971–
1980, T increased by 0.4 °C, while P increased by 19 mm w.e. 
(9%); thus, the MB increased positively by 35 mm w.e.. During 
1981–1990, the negative increase of MB, attributable to the 0.6 
°C increase of T, was approximately offset by the 50 mm w.e. 
(25%) increase of P. In subsequent years, the negative increase 
of MB was substantial despite the increase of P. During 2000–
2010, T increased by 1.5 °C and P increased by 88 mm w.e. 
(44%). Consequently, the MB increased negatively by -425 mm 
w.e.. After 2010, the increase of T remained at 1.5 °C, while P 
increased by 125 mm w.e. (0.62); thus, the MB increased nega-
tively by -312 mm w.e.. 

The increase of T led to reduction of the ratio of snow ac-
cumulation to total P. Table 2 shows the decadal glacier-wide 
ratio of snow accumulation to total precipitation, which varied 
from 0.98 during 1961–1970 to 0.85 during 2001–2010. Gener-
ally, the MB of maritime glaciers is less sensitive than that of 
continental glaciers to variation of P. One reason for this is the 
smaller ratio of snow accumulation to total P for maritime 

 

 

Figure 6. Reconstruction of glacier-wide mass balance during 1960–2015 of 

the Laohugou Glacier No. 12. Gray lines represent the average mass balance 

during 1960–1983, 1984–1996, and 1997–2015. Red dots are measured 

glacier-wide mass balance. 

 

 

Figure 7. Decadal variations of air temperature, precipitation, and mass bal-

ance compared with the average during 1961–1970. 
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glaciers compared with continental glaciers. For instance, the 
MB of the Parlung No. 94 Glacier which was a maritime glacier 
on the southeastern TP was found approximately two to three 
times more sensitive to a change in T of 1 °C than to 30% varia-
tion in P (Yang et al., 2013). However, for the LHG Glacier, a 
30% increase in total P during 2010–2011 could approximately 
offset the change in MB attributable to an increase in T of 1.5 °C 
(Chen et al., 2017). Zhu et al. (2017) compared MB sensitivities 
to T and P in relation to the Parlung No. 4 (southeastern TP), 
Zhadang (southern TP), and Muztag Ata No. 15 (eastern Pamir) 
glaciers. Their results showed higher MB sensitivity to T by the 
Parlung No. 4 and the Zhadang glaciers, and higher MB sensi-
tivity to P by the Muztag Ata No. 15 Glacier. It was considered 
that the most important factor determining the different sensitiv-
ities of glacier MB to change in T was the difference in the ratio 
of snowfall to total P. 

 
5.2  Potential Effect on Mass Balance Caused by Black Carbon 

LAPs in snow and ice could accelerate glacier melt. Based 
on sampling of snow and ice in combination with the use of an 
energy and mass balance model, Li et al. (2016) indicated that BC 
could account for 37% of summer melt on the LHG Glacier. Sun 
et al. (2017) found that the existence of LAPs in surface ice could 
cause an increase in net shortwave radiation of 7.1–16.0 W·m-2 in 
the ablation zone during June–September, which could result in 
glacier melt of 1 101–2 663 mm w.e.. Research on lake sediment 
cores (Han et al., 2015) and ice cores (Wang et al., 2015) has in-
dicated that the amount of BC in northern China has more than 
doubled since the 1980s (Fig. 8). The DDF is a mathematical ex-
pression that reflects the conditions of the glacial surface and of 
the atmosphere, and BC is one factor that influences the glacial 
surface condition. Considering such a substantial increase of BC 
concentration in the snow and ice since the 1980s, it is important 
to determine whether the MB before 1980s was negatively over-
estimated when the DDF was calibrated after the 1980s, or 
whether the MB after the 1980s was negatively underestimated 
when the DDF was calibrated by measurements before the 1980s. 

Figure 8 shows a comparison between simulated MB on the 
LHG Glacier and measured MB on the Qiyi Glacier and the 
Urumqi Glacier No. 1. The MBs of the LHG and Qiyi glaciers 
correspond very well because the two glaciers are separated by 
only a short distance and they have similar climatic setting. The 
three glaciers all have experienced intense mass loss since the 
1980s, but the magnitude of the losses has varied. The straight 
lines in Fig. 8 represent the average MBs before and after 1983. 
It can be seen that the difference in MB of the LHG Glacier be-
fore and after 1983 was much less than that of either the Qiyi 
Glacier or the Urumqi Glacier No. 1. It is demonstrably improper 
to attribute it to increased BC after the 1980s because the re-
sponses of glacier MB to climate change which are influenced 
by many factors such as the ratio of snowfall to total P, differ-
ences in melt energy, and seasonal distribution of P, they varied 
between the different glaciers (Zhu et al., 2017).  

We search glaciers with long-term field MB observations 
and corresponding simulations. Table 3 presents information re-
garding three such glaciers. The Golubina glacier in western 
Tianshan is included in this glacier list in addition to the Qiyi 
Glacier and the Urumqi Glacier No. 1. Figure 9 shows since the 

beginning of the 1980s, the TP has experienced overall warming 
and moistening of the surface air, solar dimming, wind stilling, 
and more frequent occurrence of deep cloud (Yang et al., 2014). 
Chen et al. (2018) indicated that increased cloud could cause a 
decrease of net radiation direct to the glacier surface. Although 
higher humidity and lower wind speed could depress the energy 
output of the latent heat flux from the surface, latent heat is com-
paratively insignificant relative to radiation in relation to glacier 
melting (Sun et al., 2014, 2012). Therefore, we could rule out the 
possibility of other meteorological variables leading to the 
smaller difference. 

To quantify intensification of glacier melt caused by the in-
crease of BC after 1980s, we simulated MB of the Urumqi Glac-
ier No. 1 (Fig. 10). The inputs of monthly air temperature and 
precipitation were from the Daxigou meteorological station with 
a distance of 2.5 km from the terminus of the glacier, and the 
data of measured MB was from Dong et al. (2013). The DDF 
was calibrated by measured MB between 1961–1983 with a con-
stant value of 6.2 mm·d-1·°C-1. 

 
Table 2  Decadal average glacier-wide ratio of snow 

accumulation to total precipitation 

Period Ratio 

1961–1970 0.98 
1971–1980 0.96 
1981–1990 0.94 
1991–2000 0.90 
2001–2010 0.85 
2011–2015 0.86 

 
Table 3  Information of glaciers with long-term field mass balance obser-

vations and sources of related mass balance simulations 

Glacier name Latitude (N) Longitude (E) Location Source 

Qiyi 
39°14′ 97°45′ 

Qilian 
Mountains 

Wang et al. (2017)

Urumqi 
Glacier No. 1

43°07′ 86°49′ Tianshan 
Mountains 

Liu et al. (2015) 

Golubina 42°27′ 74°30′ Liu et al. (2015) 

 

 

Figure 8. (a) Reconstructed mass balance of Laohugou Glacier No. 12, and 

measured mass balance of (b) the Qiyi Glacier and (c) the Urumqi Glacier 

No. 1; (d) black carbon concentration from an ice core located in eastern Pa-

mir (Wang et al., 2015); (e) elemental carbon concentration from sediment 

core of Lake Qinghai. Straight lines show the average value before and after 

1983.
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Figure 9. Comparisons between simulated and measured mass balance of (a) the Qiyi Glacier, (b) the Urumqi Glacier No. 1, and (c) the Golubina Glacier. Red 

straight lines show measured average mass balance before and after 1983. Blue straight lines show simulated average mass balance before and after 1983. 

 

 

Figure 10. Reconstructed and measured mass balance of Urumqi Glacier No. 

1. Red straight lines show measured average mass balance before and after 

1983. Blue straight lines show simulated average mass balance before and 

after 1983. 

 
The total RMSE was 256 mm w.e. between simulation and 

measurement, and the simulated MB well matched the measured 
MB during 1961–1983. The mean measured MB was more neg-
ative by 220 mm w.e. than simulated MB during 1984–2015, 
which was equivalent to 26% of glacier ablation (mass balance+ 
snow accumulation). 

The surface albedo of TP glaciers derived from remote 
sensing imagery has exhibited a decreasing trend during 2001–
2011 (Qu et al., 2014; Ming et al., 2012), which could partly be 
explained by the increase of LAPs (Qu et al., 2014; Ming et al., 
2012). Cui et al. (2013, 2010) reported an increasing trend of 
DDF after the 1980s and they attributed it to surface darkening. 
Given such a dramatic increase of BC since the 1980s and the 
well-known influence on glacier melt, we assume that the  

warming has mainly contributed to the intense glacier melt since 
the 1980s, but it has been aggravated by the increase of BC in 
snow and ice. 
 
6  CONCLUSIONS 

This study presented a reconstruction of MB during 1961–
2015 for the LHG Glacier in the western Qilian Mountains using 
a temperature-index model. The parameters used in the model 
were calibrated by measurements of MB and meteorological var-
iables performed on the glacier. The values of T and P were in-
terpolated from measurements recorded at six surrounding na-
tional meteorological stations. The calibrated DDF were taken 
as 7.5 and 3.4 mm·d-1·°C-1 for ice and snow, respectively. 

Using calibrated parameters, we modeled the MB from 
1961–2015. Three periods with different melting rates were 
roughly identified. During Period I (1961–1984), the glacier-
wide MB values were slightly positive with an average MB of 
24±276 mm w.e.. During Period II (1984–1995), the MB values 
became slightly negative with an average MB of -50±276 mm 
w.e.. The most negative MB values were found during Period III 
(1996–2015), with an average MB of -377±276 mm w.e.. Cli-
matic analysis indicated that continuous warming contributed 
most to the increase of glacier mass loss. 

Since the 1980s, the amount of BC in northern China has 
increased considerably. All MB reconstructions in previous 
studies have shown smaller differences between the average sim-
ulated MB than were observed before and after 1984. Meteoro-
logical variables that might have influenced the surface energy 
budget of the glaciers all showed no discernible change before 
and after the 1980s. Therefore, we concluded that the increase of 
BC after 1984 increased the DDF and aggravated the glacier 
mass loss attributable to warming. 
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