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Abstract

:

A long-series mass balance (MB) of glaciers can be used to study glacier–climate relationships. Using a distributed simplified energy balance model (SEBM) and an enhanced temperature-index model (ETIM), the MB of Laohugou Glacier No. 12 (LHG12) was reconstructed from 1980 to 2020, driven by a calibrated ERA5 reanalysis dataset. The simulation of SEBM performs better than that of ETIM. The results showed that the annual MB of LGH12 is a fluctuating trend of declining from 1980 to 2020, with annual means of −0.39 ± 0.28 m w.e. a−1 and cumulative value of −16 ± 4 m w.e. During 1980–1990, the annual MB fluctuated in a small range, while after 1990, LHG12 accelerated melting owing to rising air temperature, with annual means of −0.48 m w.e. a−1, three times as large as that of 1980–1990. The largest mass loss occurred during 2001–2010 at an average rate of −0.57 m w.e. a−1. The average equilibrium line altitude (ELA) was 4976 m a.s.l., and since 1980, the ELA has been increasing at a rate of 37.5 m/10 a. LHG12 is most sensitive to air temperature, and the MB sensitivity reaches −0.51 m w.e. a−1 with air temperature increase of 1 °C. The sensitivity of MB to incoming shortwave radiation (+10%) simulated by SEBM is −0.30 m w.e. a−1, three times larger than that simulated by ETIM. This is mainly because the two models have different conditions for controlling melting. Melting is controlled only by air temperature for ETIM, while for SEBM, it is controlled by air temperature and incoming shortwave radiation.
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1. Introduction


Global mountain glaciers are generally retreating owing to atmospheric warming [1,2]. Mountain glaciers are highly vulnerable to the climate [3,4,5], and their accelerated melting on the Tibetan Plateau has caused sea level rise [6] and increased the frequency of natural disasters [7]. Maritime glaciers in the Himalayas and southeastern Tibetan Plateau have shrunk significantly [8,9], and mass loss of mountain glacier in the Tianshan Mountains has intensified since the 1970s [10,11]. The Qilian Mountains (QM) are a main glaciation area in China with an arid climate, whose glacier meltwater is crucial for local natural environment [12], but a half-century of glacier melting on the QM has intensified [13,14]. Glacier mass balance (MB) is an important index to measure glacier change [15]. In alpine regions, long-term MB observations are scarce. In recent years, in situ measurements, glacier melting models [15,16,17], and remote sensing images [18,19,20] have been widely used to study glacier changes. However, in situ measurements are subject to severe weather, while remote-sensing images are time period-limited.



Glacier melting models are an important way to study glacier MB. The energy–mass balance model has been widely applied to glacier research worldwide [21,22,23] because of its good physical basis and excellent performance in single point simulation. Zhang et al. used the energy balance model to reconstruct the glacier MB of glaciers in Hailuogou catchment from 1952 to 2009, and the results showed that the MB loss has been severe in the last 20 years, mainly due to the increase in summer temperatures [9]. The energy balance model is computationally cumbersome when applied to the watershed scale. To reduce the input parameters, Oerlemans [4] proposed a simplified energy balance model (SEBM), all the energy terms except shortwave radiation are simplified as functions related to temperature in the energy balance model. Li’s study on Urumqi Glacier No. 1 found that the model had strong spatial transference [24], and MacDougall et al. found that the parameters were mainly sensitive to snow albedo [25]. Linsbauer used SEBM to predict likely changes in Swiss Alps glaciers by the end of the 21st century, and the result suggested temperatures would rise by 2 °C in 2021-50 and 4 °C in 2070-99, leading to an area loss of 60–80% by 2100 [26]. The traditional degree-day model is widely used for long-term glacier MB reconstruction because of its simple structure and few parameters [8,27,28]. Zhang et al. reconstructed the MB of Shiyi glacier using the degree-day model from 1963 to 2016, and the results showed that the MB loss of Shiyi glacier intensified after 1990, which was mainly caused by the cumulative positive temperature increase [15]. Researchers have tried to add shortwave radiation into the degree-day model to improve its physical basis [29,30]. An enhanced temperature-index model (ETIM) [31] was proposed, and temperature affects it very strongly [32]. Gabbi et al. compared the long-term simulation performance of five glacier melting models, and ETIM was the best [33]. Wang et al. used ETIM and discussed the glacier MB and runoff variation in the Beida River Catchment, the continued mass loss of the glaciers caused the equilibrium line attitude (ELA) to rise by 242 m, and the contribution of glacial meltwater to runoff has increased by 6.5% since 2000 [16].



Long-term high spatial and temporal resolution glacier MB reconstruction data, which can help us understand the glacier-atmosphere interaction, are still scarce in the QM [15]. Therefore, we need a suitable model to reconstruct the glacier MB over long time series. The energy balance model and degree-day model have their own advantages and disadvantages in studying glacier MB. At present, the reconstruction of the long-term glaciers MB is still dominated by the degree-day model. In this study, we plan to use SEBM and ETIM to study glacier MB. These two models integrate the advantages of the energy balance model and degree-day model, with few input parameters and a good physical basis [4,30].



The meltwater of Laohugou Glacier No. 12 (LHG12) in the QM is a major water supply (reaching 40%) for Changma River [34], which has a significant influence on the natural environment, production and residents’ lives. Glacier MB changes affect the dynamic changes of glacier and its meltwater runoff, thus accurate reconstruction of mountain glacier long-series MB is essential for predicting future runoff changes. The MB of LHG12 has been reconstructed [17,35] using different temperature-index models with a rough resolution. Therefore, we used distributed SEBM and ETIM coupled with shortwave radiation and albedo parameterization schemes to reconstruct glacier MB with higher temporal (1 d) and spatial resolutions (30 m), and the driving data are the calibrated ERA5. The primary purpose of this study is to reconstruct the MB of LHG12 from 1980 to 2020, and we analyzed the impact of climate change on MB and compared the differences between SEBM and ETIM.




2. Study Area and Data


2.1. Study Area


LHG12 (39°26.4′N, 96° 32.5′E, in Figure 1) is the largest valley glacier in the QM in the northeastern part of the Tibetan Plateau. It is about 9.8 km long and has an area of about 20.4 km2 and an elevation of 4260 to 5400 m [36]. The meltwater of LHG12 in the western QM is a crucial supply source to the Shule River, an inland water system in Gansu Province. In the summer, the average temperature is above 0 °C [37] and precipitation is concentrated. This region is therefore characterized by high altitude, low temperature and low precipitation, which is a typical environment for continental glacier development.




2.2. Data


The measured meteorological elements were from three automatic weather stations (AWSs) at altitudes of 4200 m a.s.l. (2010–2013), 4550 m a.s.l. (2010–2015) and 5040 m a.s.l. (2010–2013), and they were located at the base camp, ablation area and accumulation area, respectively. Air temperature and incoming and outgoing shortwave radiation were measured. Precipitation was measured by an auto-weighting gauge (T-200B, Geonor). More information about AWS parameters can be found in Sun et al. [38]. The observed data at 4550 m a.s.l. AWS were partially missing from 31 August to 4 September 2015, and the missing values were reconstructed by linear interpolation. The original time step of the data is half an hour, according to which we obtain the daily meteorological elements. The glacier MB data were obtained by stake measurements [35,39]. These data were used for parameter calibration and model validation.



Reconstruction of glacier MB requires long-term and continuous meteorological data, which are difficult to meet with the observed data, so we selected a reanalysis dataset. Huai and others [40] evaluated four reanalysis datasets for the Qilian Mountains and found that the correlation coefficients of most variables of ERA5 were better than others. Wang and others [41] evaluated six reanalysis radiation datasets and found that ERA5 performed best on different time scales in LHG12. Therefore, ERA5 daily temperature, precipitation, and incoming shortwave radiation are the driving data in this study. Bilinear interpolation was used to interpolate the ERA5. Because 4550 m AWS is located on the glacier surface and the collected data have the best temporal continuity, we used the measured data from this AWS (temperature,    T  A W S    ; precipitation,    P  A W S    ; and incoming shortwave radiation,    S  A W S    ) to calibrate ERA5 data (   T  E R A 5   ,    P  E R A 5     and    S  E R A 5    ) using a linear regression method to eliminate the bias of ERA5 data caused by the coarse resolution and interpolation. The linear regression equations established between the 4550 m AWS and ERA5 data are as follows:


   T  A W S   = 0.7596 ×  T  E R A 5   − 4.255    (  p < 0.001 , r = 0.9808 , R M S E = 1.6     °  C  )   



(1)






   P  A W S   = 0.6733 ×  P  E R A 5   + 0.06823    (  p < 0.001 , r = 0.7207 , R M S E = 1.7   mm   w . e  )   



(2)






   S  A W S   = 0.9727 ×  S  E R A 5   − 11.06    (  p < 0.001 , r = 0.8890 , R M S E = 40   W    m  − 2    )   



(3)




where    T  E R A 5    ,    P  E R A 5     and    S  E R A 5     are the air temperature, total precipitation and incoming shortwave radiation generated by ERA5 interpolation, respectively. Air temperature and precipitation at different altitudes can be calculated according to the temperature lapse rate (TLR) and precipitation gradient (PG). TLR and PG were calculated from the daily temperatures and precipitation measured by AWS at different altitudes from 2010–2013. Figure 2 shows the values of TLR and PG in different months. TLR increases and then decreases over a year with an average of −0.61 °C/100 m. It is relatively high in the summer (June to September) with an average of −0.47 °C/100 m, the maximum value was −0.41 °C/100 m in July, and it is low in winter. PG is lower in the summer and higher in the winter, with an average of 9%/100 m, mainly due to the greater relative variation of precipitation in winter at different altitudes. The results of TLR and PG were consistent with the existing results [42,43]. The initial snow depth comes from solid precipitation that was separated during the previous winter and is assumed to increase with elevation [44]. We set the initial altitude gradient of the snow depth to 0.0008 m/m calculated from the snow depth measured by the stakes.



The digital elevation model (DEM) was ASTER GDEM V3, and its spatial resolution is 30 m. These data were downloaded from the Geospatial Data Cloud (http://www.gscloud.cn/sources/ (accessed on 6 September 2021)). Subsequent MB simulations will be performed on DEM. The slope and aspect of LHG12 will be calculated from the elevation value and used to calculate the incoming shortwave radiation.





3. Methods


3.1. Model Description


The glacier surface MB consists of melt and accumulation, and the equation is given by:


  M B =  P s  − M  



(4)




where   M B   is the glacier surface MB,    P s    is the solid precipitation and  M  is the glacier melt.



The temperature threshold method is used to distinguish solid precipitation from liquid precipitation [45]. Solid precipitation is calculated as


   P s  =  {        P     T <  T  s            T l  − T    T l  −  T s    P        T s  ≤ T ≤    T l        0     T >  T l         



(5)




where  P  is the total precipitation, and    T l    and    T s    are the threshold temperatures used to distinguish precipitation types. Here,    T l    and    T s    are set to 2 °C and −2 °C, respectively [38].



3.1.1. Simplified Energy Balance Model


The simplified energy balance model (SEBM) was proposed by Oerlemans [4]. Compared with the full-component energy balance model, the shortwave radiation part remains unchanged, and the longwave radiation, turbulent flux and conduction heat flux are simplified in the SEBM. The melt energy (   Q m   ) and glacier melting (  M  ) are calculated by:


   Q m  =  (  1 − α  )  × S ↓ +  C 0  +  C 1  ×  T a   



(6)






  M =    Q m    ρ  L f    Δ t  



(7)




where  α  is the albedo,   S ↓   is the incoming shortwave radiation,    C 0    (W/m2) and    C 1    (W/m2 °C−1) are empirical parameters of the temperature-dependent part,    T a    (°C) is the air temperature,  ρ  is the density of water (1000 kg/m3),    L f    is the latent heat of fusion (334,000 J/kg) and   Δ t   is the time step.




3.1.2. Enhanced Temperature-Index Model


Pellicciotti and others [31] developed a new enhanced temperature-index model (ETIM). This model separates the incoming shortwave radiation from the temperature-dependent energy sources and uses the temperature threshold to determine the occurrence of melting. The melt is calculated as follows:


  M =  {       [  T F ×  T a  + S R F  (  1 − α  )  S ↓  ]  Δ t      T a  > 0       0      T a  ≤ 0        



(8)




where   S R F   (mm d−1 W−1 m2) is the shortwave radiation coefficient and   T F   (mm d−1 °C−1) is the temperature coefficient.




3.1.3. Parameterization


A major index in studying glacier MB is solar radiation [4,46]. Incoming shortwave radiation at different altitudes is calculated as follows [42,47]:


  S ↓ =  S  f l a t   × cos θ  



(9)






  cos θ =   cos β cos γ + sin β sin γ cos  (   φ  s u n   −  φ  s l o p e    )    cos Z    



(10)







The 4550 m AWS of LHG12 was set up on the relatively flat and open topography, so we assumed that the incoming shortwave radiation observed here reaches the flat ground (   S  f l a t    ).  β  is the surface slope,  γ  and    φ  s u n     are the solar zenith and azimuth angles respectively, and    φ  s l o p e     is the aspect.



Many factors have an effect on surface albedo, e.g., cloud cover, surface snow and ice state and solar altitude angle [48,49]. The surface albedo parameterization scheme is very important for the simulation accuracy of the glacier ablation model. Although many albedo parameterization schemes have been proposed, the extension of albedo in different elevation bands and the similarity of glaciers are considered [42]. The parameterization scheme proposed by Jiang et al. [50] for Qiyi Glacier was adopted in this study. Both Qiyi Glacier and LHG12 are located in the Qilian Mountains and are classified as continental glaciers. The albedo for snow and ice is calculated by:


   α  s n o w   =  a 1   T a  +  a 2   e   (   a 3     n d     )    +  a 4    S ↓    I  T O A      



(11)






   α  i c e   =  b 0  +  b 1   T a   



(12)






  α =  (  1 −  e  −  d   d *       )   α  s n o w   +  e  −  d   d *       α  i c e    



(13)




where    a 1   –   a 4   ,    b 0    and    b 1    are empirical factors,    I  T O A     is the solar irradiance at top of the atmosphere and    n d    is the number of days since the last snowfall. All empirical factors in the formulas are calibrated using the measured data of LHG12.





3.2. Parameter Calibration and Model Uncertainty


The Nash–Sutcliffe efficiency coefficient    (   R 2   )   , root mean square error    (  R M S E  )    and bias (  B I A S  ) are used in the model parameter calibration:


   R 2  = 1 −     ∑   i = 1  n     (  O − M  )   2      ∑   i = 1  n     (  M −  M ¯   )   2     



(14)






  R M S E =       ∑   i = 1  n     (  O − M  )   2   n     



(15)






  B I A S =     ∑   i = 1  n   (  M − O  )   n   



(16)




where  O  is simulated,  M  is measured and the bar is the average.    R 2    ranges from −∞ to 1. The larger    R 2    is, the more reliable the model is.



The empirical parameters of the SEBM (   C 0  ,    C 1   ) and ETIM (  T F ,   S R F  ) need to be calibrated. Measured MB data in the ablation season were used for parameter calibration. The coefficients were combined in every possible way. The optimal solution corresponds to the maximum    R 2   . The details on the calibration method can be found in Hock [30] and Pellicciott et al. [31]. According to the calculation results, we obtained the optimal parameter combination for SEBM, which is    C 0  = − 68 ,    C 1  = 9    (   R 2  = 0.90  )    and for ETIM is   T F = 3.6 ,   S R F = 0.176    (   R 2  = 0.93  )   . For albedo parameters, we used the observed data from 2010 to 2015 for calibration following the method of Jiang et al. [50]. All calibration parameters are presented in Table 1.



The main sources of uncertainty come from the model parameters. Parameters with unknown uncertainty are adjusted by ±25% [15,28], and others are adjusted within the empirical range [8]. We reran the model to obtain the new annual MB by keeping other parameters fixed while varying a single parameter. The maximum standard deviation between the original MB and the new MB series is defined as the model uncertainty [27]. The uncertainty of SEBM is 0.28 m w.e. a−1, then the uncertainty of ETIM is 0.34 m w.e. a−1.



In this study, it was assumed that the glacier area is fixed without change. From 1957 to 2015, LHG12 was estimated to shrink by 1.54 km2 (7.03%), with a minimal shrinkage rate of 0.03 km2 a−1 (0.12% a−1) [36]. Therefore, we believe that it is reasonable to use a fixed glacier area to simulate MB, and the resulting error can be ignored.




3.3. Model Verification


To verify the simulation accuracy of incoming shortwave radiation, we compared the observed and modeled incoming shortwave radiation from 5040 m AWS in 2010–2013. The 5040 m AWS is located on the glacier surface, and the collected incoming shortwave radiation data have a longer time series and better quality. There is a close agreement between the modeled and observed incoming shortwave radiation (R2 = 0.9, RMSE = 29 W m−2 and BIAS= −16.7 W m−2) in Figure 3, the parameterization slightly underestimates the incoming shortwave radiation. To assess the accuracy of the SEBM and ETIM, we verify the modeled MB using observed MB elevation gradients for each hydrological year between 2009 and 2015 in Figure 4 (data from Chen et al. [35]; note that the MB of 2012/2013 was not included). The simulated value of SEBM was closer to the observed MB, with lower RMSE (mean SEBM RMSE = 0.39 m w.e., mean ETIM RMSE = 0.44 m w.e.) and the absolute BIAS was smaller (mean SEBM RMSE = −0.17 m w.e., mean ETIM RMSE = −0.21 m w.e.). The modeled values can describe MB changes well, among which 2009/10 was the best (RMSE = 0.33 m w.e., SEBM BIAS = −0.06 m w.e., ETIM BIAS = 0.09 m w.e.), while 2010/11 was the worst (SEBM: RMSE = 0.45 m w.e. and BIAS = -0.31 m w.e., ETIM: RMSE = 0.56 m w.e. and BIAS = −0.48 m w.e.). The ablation area showed large differences, with overestimation of MB in 2010/11, 2011/12 and 2014/15, and underestimation in 2013/14.





4. Result


4.1. Meteorological Conditions


The overall meteorological conditions of LHG12 from 1980 to 2020 are shown in Figure 5. Annual, summer and winter temperatures all showed an obvious upward trend (Figure 5a); the warming rates were 0.27 °C/10 a, 0.38 °C/10 a, and 0.21 °C/10 a, respectively, and were similar to 0.33 °C/10 a in the Tibetan Plateau [51]. The fastest warming rates of both annual temperature (0.82 °C/10 a) and winter temperature (0.8 °C/10 a) occured between 2011 and 2020. The fastest summer temperature warming rate was 1.45 °C/10 a from 1991 to 2000. The annual temperature varied between −12.6 (1983) to−10.6 °C (1998), with an average of −11.6 °C. The summer temperature ranged from −3.8 °C in 1984 to −1.05 °C in 2016, with an average of −2.33 °C. The temperature in the summer was higher, with an average of −2.3 °C, and the highest temperature in July was −0.15 °C, as shown in Figure 5b.



LHG12 had a tendency to become wet from 1980 to 2020, and the annual precipitation change rate was 18.9 mm/10 a which are faster than the national average of 11.72 mm/10 a [52]. Summer and winter precipitation change rates were 14.3 mm/10 a and 4.5 mm/10 a, singly. The average annual precipitation was 474 mm w.e., then the average summer precipitation was 288 mm w.e. This area was influenced by the westerly circulation all year round, and the precipitation was mainly concentrated in the summer (Figure 5b). In July, precipitation reached its peak value of 100 mm w.e. in Figure 5b, while precipitation is rare in winter. Figure 5c shows the variation in incoming shortwave radiation during the study period. Annual and summer incoming shortwave radiation showed a decreasing trend, while winter incoming shortwave radiation showed a slight increasing trend. However, the albedo decreased during the study period, indicating that the net shortwave radiation received by the glacier surface actually increased. Incoming shortwave radiation reached its peak (275 W m−2) in May and was higher in the summer, its average was 236 W m−2.




4.2. Annual and Cumulative MB


We reconstructed the annual, cumulative and season MB, equilibrium line altitude (ELA) and accumulation area ratio (AAR) of LHG12 from 1980 to 2020 using SEBM and ETIM. In Figure 6, we can see that the annual MB and cumulative MB simulated by the SEBM and ETIM are very close to each other and change in the same trend. ETIM generally simulates more mass loss than SEBM. The two groups reconstructed annual MB showed good consistency with the measured glacier-wide MB [39] in Figure 6, and SEBM (RMSE = 0.12 m w.e.) performed better than ETIM (RMSE = 0.2 m w.e). Therefore, we take the simulation results of SEBM as an example for analysis. We will also display the simulation results of ETIM in the parentheses below.



The simulation result displays that the annual MB of LHG12 is a fluctuating declining trend, and since the 1990s, the mass deficit increased, and the annual MB was mainly negative. The SEBM (ETIM) modeled results showed that the positive maximum annual MB was 0.17 m w.e. (0.18 m w.e.) in 1983 (1993), the mass loss was most severe in 2001 (2016) with an annual MB of −0.89 m w.e. (−1.17 m w.e.), and the average annual MB is −0.39 ± 0.28 m w.e. a−1 (−0.44 ± 0.34 m w.e. a−1). In the QM, the average annual MB in the Beida River catchment is −0.158 m w.e. (1975–2013) [16], and the average annual MB of Shiyi Glacier is −0.24 m w.e. (1963–2017) and is −0.6 m w.e. after 1990 [15], which verges on that of LHG12 (−0.5 m w.e.). Although the peaks modeled by the two models occurred in different years, 2001 and 2016 were both years of severe mass deficit, and 1983 and 1993 are years of strong accumulation. SEBM (ETIM) modeled the cumulative MB is −16.1 ± 4 m w.e. (−18 ± 4 m w.e.). During 1989–2015, the cumulative MB of LHG12 from DEM differencing is −14.36 m w.e. [53], which is very approximate to our results (SEBM: −12 m w.e., ETIM: −13.2 m w.e.).



Through the Mann–Kendall test, we found that the abrupt point of the annual MB is in 1990. During 1980–1990, annual MB was relatively stable and fluctuated in a small range, with an average annual MB of −0.15 m w.e. a−1, while during 1991–2020, the annual MB was continuous negative and greatly changed, with an average annual MB of −0.48 m w.e. a−1, the average annual MB after 1990 was more than three times that of in 1980–1990. We divided the study period into four subperiods, period Ⅰ (1981–1990), period Ⅱ (1991–2000), period Ⅲ (2001–2010) and period Ⅳ (2011–2020). In the four subperiods, the cumulative MB is −1.48 m w.e., −4.70 m w.e., −5.65 m w.e. and −4.10 m w.e., respectively. Period Ⅲ has the largest mass loss, almost four times that of period Ⅰ.




4.3. Seasonal MB


The seasonal MB can better reflect the interaction between glaciers and the atmosphere [8,54]. The seasonal MB reconstructed by SEBM and ETIM is exhibited in Figure 7. We note that the winter MB remains stable, the summer MB shows an obvious downward trend (p < 0.05), and the changing trend is consistent with that of the annual MB. ETIM typically simulates more mass loss than SEBM during intense melt summers. The summer MB simulated by SEBM (ETIM) ranged from −1.08~0.02 m w.e. (−1.37~0.02 m w.e.), and its mean was −0.57 m w.e. (−0.62 m w.e.). Winter MB simulated by the two models were similar. The summer MB fluctuates greatly. SEBM (ETIM) simulation results show that during 1980–1990, the summer MB varied from −0.57~0.02 m w.e. (−0.56~0.02), its average is 0.33 m w.e. a−1 (−0.32 m w.e. a−1), and the cumulative summer MB is −3.6 m w.e. (−3.5 m w.e.). Then, the summer MB fluctuated from −1.08~−0.02 m w.e. (−1.37~−0.02 m w.e.), the average was -0.66 m w.e. a−1 (−0.74 m w.e. a−1), and cumulative summer MB was −19.9 m w.e. (−22.1 m w.e.) after 1990. The two models simulated a similar summer MB in 1980–1990, and summer melting rate accelerated after 1990, the average summer MB after 1990 was twice as large as in 1980–1990. In the four subperiods, the cumulative summer MB is −3.28 m w.e., −6.38 m w.e., −7.58 m w.e. and −5.93 m w.e., respectively. Period Ⅲ lost the most mass in the summer, more than twice as much as period Ⅰ.




4.4. ELA and AAR


The ELA was obtained by linear regression of the space MB. Figure 8a shows how the ELA changes during the study period. The ELA modeled by ETIM was higher than that modeled by SEBM, and the ELA had a trend of upward fluctuation. For SEBM (ETIM), the lowest ELA occurred at the smallest loss of MB and was 4697 m a.s.l. (4713 m a.s.l.) in 1983 (1993), and the highest ELA occurred at the most intense loss of MB and was 5175 m a.s.l. (5293 m a.s.l.) in 2001 (2016), and the average ELA was 4976 m a.s.l. (5045 m a.s.l.). Since 1980, the ELA has been increasing at a rate of 37.5 m/10 a (49.8 m/10 a). In the Beida River catchment, which is also located in the Qilian Mountains, ELA increased by 242 m from 1957 to 2013 [16]. From Figure 8c, we can see the excellent correlation between annual MB and ELA. The greater the mass loss is, the higher the ELA (SEBM    R 2     = 0.90 and ETIM    R 2   = 0.91, p < 0.001). An increase of 0.1 m w.e. in mass loss and a rise of 39 m in ELA.



The AAR is obtained using the corresponding annual ELA. In contrast to ELA, AAR has a downward trend in Figure 8b. The simulation results of the SEBM are generally higher than those of the ETIM. For the former, the maximum AAR was 84%, which was similar to the latter (83%), and the minimum AAR was 18%, which is five times that of the latter. A higher AAR corresponds to a positive annual MB with glacier MB accumulation, such as in 1983 and 1993, while the year corresponding to a lower AAR has severe glacier mass loss, such as in 2001 and 2016. From Figure 8d, we can see the excellent correlation between annual MB and AAR. The stronger the mass accumulation is, the larger the AAR (SEBM    R  2      = 0.91 and ETIM    R 2     = 0.91, p < 0.001). There is an increase in mass loss of 0.1 m w.e. and a decrease in the AAR of approximately 6%. From 1980–2020, the AAR modeled by the SEBM and ETIM shrank by 12% and 22%, respectively. The differences between ELA and AAR are explained in Section 5.2.





5. Discussion


5.1. Response of MB to Climate Change


Changes in mountain glaciers MB represents local climate change. There was good agreement between the annual MB and annual temperature (SEBM: R = −0.64, ETIM: R = −0.64, p < 0.001), and the consistency between the summer MB and summer temperature was better (SEBM: R = −0.89, ETIM: R = −0.88, p < 0.001). The intensification of glacier mass loss is closely bound up with temperature rise. During the study period, snowfall had a weak upward trend as shown in Figure 9a, but it did not pass the significance test of p < 0.05. In general, an increase in snowfall will lead to an increase in albedo and thus reduce melting. However, albedo showed an obvious downward trend in Figure 9b, and the correlation between snowfall and annual MB was not close. The reasons for this will be discussed below; mass losses from warmer temperatures are hard to compensate for by increased snowfall. The decreased albedo may be because the increased summer temperature makes the snow deteriorate faster, the AAR keeps decreasing with the intensification of mass loss (in Figure 8b), and the glacier area covered by snow decreases. Additionally, decreased albedo would lead to increased net shortwave radiation, which would increase the melt and further contribute to decreased albedo.



To explore the response of MB to climate change, we set up different scenarios of independent changes in temperature, precipitation and incoming shortwave radiation. Changes in temperature from −2 to +2 °C with a step of 0.5 °C were observed, and the precipitation and incoming shortwave radiation changed from −20% to +20% with a step of 5%. The sensitivity tests of the model parameters are performed by varying one parameter and keeping the others fixed. The sensitivity test results are shown in Figure 10. The MB is more sensitive to the increase in meteorological elements than to the decrease. LHG12 is most sensitive to temperature, followed by incoming shortwave radiation, and finally precipitation. In Figure 10, the MB sensitivity to temperature changes simulated by ETIM was slightly higher than that simulated by SEBM; when the temperature changed by +1 °C, the MB sensitivity modeled by SEBM (ETIM) was −0.51 m w.e. a−1 (−0.61 m w.e. a−1). Our result was similar to that of Qiyi Glacier [16] but lower than that of Shiyi Glacier [15] and Parlung No. 94 Glacier [55].



The MB sensitivity of the two models to incoming shortwave radiation is very different. When the incoming shortwave radiation changed by +10% (−10%), the MB sensitivity of SEBM was −0.30 m w.e. a−1 (+0.24 m w.e. a−1), roughly 3~4 times that of ETIM. This is mainly because whether to simulate melting or not, ETIM is controlled only by temperature, but SEBM is controlled by air temperature and shortwave radiation. The MB sensitivity to precipitation for SEBM was greater than that for ETIM. The MB sensitivity to precipitation was minimal; when precipitation changes ±10%, the MB sensitivity of SEBM (ETIM) was ±0.09 m w.e. a−1 (±0.05 m w.e. a−1). The sensitivity of LHG12 to precipitation was similar to that of Qiyi Glacier [56] but lower than that of Shiyi Glacier [15]. From 1980 to 2020, there was a 0.77 °C rise in annual temperature, and a change in annual MB of −300 to −400 mm w.e., but the annual precipitation increased by only 56 mm w.e. By and large, mass loss of glacier due to rising temperatures was difficult to compensate for by increased precipitation. The results were similar to those of Wang in the Qilian Mountains [39].




5.2. Model Differences


Figure 11 shows the multi-year average annual MB of LHG12 simulated by the two models. Glacier surface MB increase positively with elevation. There are some differences between the multi-year simulations. First, we can see in Figure 11 that SEBM simulates more mass loss at lower elevations and the ELA (the dividing line between yellow and blue) of ETIM was higher than that of SEBM. Similarly, ETIM simulated a higher ELA and smaller AAR in Figure 8a,b. This is mainly because of the different structure of the two models. For SEBM, melting occurred when Qm > 0, and melting occurred when the temperature was >0 °C for ETIM. We used Δ melt (Δ melt = melt_SEB–melt_ETI) to denote the difference in melt between SEBM and ETIM. If Δ melt is >0, it means that SEBM simulates more melting, whereas ETIM simulates more melting. In Figure 12a, we can see that when the temperature is >0 °C, Δ melt is <0 for most combinations of temperature and net shortwave radiation, and Δ melt is >0 only when the temperature is low (<5 °C) and the net shortwave radiation is very high (>200 W m−2). In addition, when the temperature is <0 °C, ETIM no longer simulates melt, and SEBM melt occurs only when net shortwave radiation is high (>100 W m−2). We take the altitude of 4300 m a.s.l. (ablation area) and 5000 m a.s.l. (near ELA) as examples to analyze the reasons for the difference between the simulation results of the two models. In Figure 12b (4300 m a.s.l.), when the temperature is <0 °C, due to the strong net shortwave radiation, SEBM has more days to melt, and the amount of melting is relatively large, so SEBM simulates more melting (Δ melt > 0). As the altitude increases, melting decreases, and increasing snow cover leads to an increase in albedo and a decrease in net shortwave radiation. In Figure 12c (5000 m a.s.l.), when the temperature is less than 0 °C, the number of days and amount of SEBM melting decreased. In addition, since SEBM is very sensitive to shortwave radiation, the melting of SEBM will decrease rapidly compared with ETIM when the temperature is >0 °C due to the decrease of net radiation, so the Δ melt difference will increase negatively. Therefore, ETIM simulates more melt at low temperatures at high altitudes, which results in higher ELA and smaller AAR. In addition, we also found that the spatial distribution of MB in Figure 11a was chaotic, especially in the middle of the glacier. This is mainly due to the different sensitivities of the two models to incoming shortwave radiation. SEBM is more sensitive to incoming shortwave radiation, and regions with higher MB at similar altitudes correspond to regions with lower incoming shortwave radiation.





6. Conclusions


We used measured meteorological data and in situ MB to calibrate the two empirical models (SEBM and ETIM). Using the calibrated ERA5 as the driving data, annual and seasonal MB of LHG12 from 1980–2020 are reconstructed, and ELA and AAR are also presented. DEM difference results and measured MB were used to verify the model. We also discussed the response of LHG12 to climate change and model differences between SEBM and ETIM.



The simulation performance of SEBM is better than ETIM. The results showed that during study period, LHG12 is mainly in mass deficit, and the melt is intensified after 1990. The annual MB m is −0.39 ± 0.28 m w.e. a−1, and the cumulative MB is −16.1 ± 4 m w.e. After 1990, annual MB was continuous negative and greatly changed, with an average annual MB of −0.48 m w.e. a−1 which was more than three times that of in 1980–1990. The winter MB remains stable, and the summer MB mainly determines annual MB, and the change trend is consistent with annual MB. Like the annual MB, THE summer melting rate accelerated after 1990, the average summer MB after 1990 is −0.48 m w.e. a−1, twice that of in 1980–1990. The mean ELA is 4976 m a.s.l. and since 1980, the ELA has been increasing at a rate of 37.5 m/10 a. In addition, an increase of 0.1 m w.e. in mass loss and a rise of 39 m in ELA were modeled.



The intensified mass loss in LHG12 is mainly due to increasing temperature. LHG12 was most sensitive to temperature change, and the MB sensitivity is −0.51 m w.e. a−1 °C−1. SEBM is obviously more sensitive to incoming shortwave radiation than ETIM; when incoming shortwave radiation changes +10%, the MB sensitivity is -0.30 m w.e. a−1 for SEBM, roughly equivalent to four times for ETIM. When precipitation changed by ±10%, the MB sensitivity was about ± 0.09 m w.e. a−1. ETIM simulates a higher ELA and a smaller AAR. There are differences in sensitivity and spatial distribution of MB between SEBM and ETIM, which are mainly because of the different structures of the two models. Melting is controlled by temperature and incoming shortwave radiation, so it can also occur when the temperature is less than 0 °C, but for ETIM, it is controlled only by temperature, so it only occurs when the temperature is larger than 0 °C.



This study accurately simulated the MB long-term trend of a single glacier, which is a crucial step in developing high-precision numerical simulations of MB at the watershed scale. The models and parameterization need to be further enhanced. Additionally, this study also provides new research ideas for glaciers that lack observations in alpine regions.
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Figure 1. The extent of Laohugou Glacier No. 12 (LHG12) and the location of AWS and stakes, the embedded rectangle displays the positions of LHG12 (red star) and Qilian Mountain Range (pink area) on the Tibetan Plateau. 






Figure 1. The extent of Laohugou Glacier No. 12 (LHG12) and the location of AWS and stakes, the embedded rectangle displays the positions of LHG12 (red star) and Qilian Mountain Range (pink area) on the Tibetan Plateau.



[image: Remotesensing 14 05424 g001]







[image: Remotesensing 14 05424 g002 550] 





Figure 2. Temperature lapse rates (TLR, °C/100m) and precipitation gradients (PG, %/100 m) in different months. 
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Figure 3. Observed and modeled incoming shortwave radiation (S↓) at 5040 m AWS. 
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Figure 4. Observed and modeled mass balance (MB) at different altitudes from 2009/10 to 2014/15 (a–e, excluding 2012/13). Blue and red symbols represent SEBM and ETIM, respectively. 






Figure 4. Observed and modeled mass balance (MB) at different altitudes from 2009/10 to 2014/15 (a–e, excluding 2012/13). Blue and red symbols represent SEBM and ETIM, respectively.



[image: Remotesensing 14 05424 g004]







[image: Remotesensing 14 05424 g005 550] 





Figure 5. Meteorological elements of LHG12 from calibrated ERA5 during 1980 to 2020: (a) annual, winter and summer precipitation (Prec) and temperature (T), (b) monthly mean temperature and precipitation, and (c) annual, summer, winter and monthly mean incoming shortwave radiation (S↓). 
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Figure 6. The measured annual MB (green dot), the modeled annual and cumulative MB by SEBM (blue) and ETIM (red). 
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Figure 7. Summer and winter mass balance modeled by SEBM and ETIM. 
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Figure 8. (a) Equilibrium-line altitude (ELA) and (b) accumulation area ratio (AAR) modeled by SEBM and ETIM, and fitting function of ELA (c) and AAR (d) with annual MB. 
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Figure 9. Changes of snowfall (a) and summer albedo (b) during the study period. 
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Figure 10. Sensitivities of MB to changes in meteorological elements, including air temperature (T), precipitation (P) and incoming shortwave radiation (S↓). 
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Figure 11. The multi-year average annual MB of LHG12 modeled by SEBM (a) and ETIM (b). 
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Figure 12. (a) Melting difference between SEBM and ETIM at different combinations of temperature and net shortwave radiation, (b) melting difference at 4300 m a.s.l., and (c) melting difference at 5000 m a.s.l., Δ melt = melt_SEB − melt_ETI, and a positive (negative) value shown in blue (red) means that the SEBM (ETIM) simulates more melting. 
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Table 1. Parameters of the SEBM and ETIM and the range of parameter change is used to estimate model uncertainty.
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Parameters

	
Unit

	
Value Used in

Model

	
Change for Model Uncertainty






	
Albedo

	
    a 1    

	
-

	
−0.0266

	
±25%




	
    a 2    

	
-

	
0.6785

	
±25%




	
    a 3    

	
-

	
−0.0942

	
±25%




	
    a 4    

	
-

	
−0.1371

	
±25%




	
    b 1    

	
-

	
0.3594

	
±25%




	
    b 2    

	
-

	
−0.0316

	
±25%




	
  d  

	
mm

	
5

	
±25%




	
Precipitation separation

	
    T l    

	
°C

	
2

	
1.5~2.5




	
    T s    

	
°C

	
−2

	
−2.5~−1.5




	
SEBM

	
    C 1    

	
W m−2 °C−1

	
9

	
8~10




	
    C 0    

	
W m−2

	
−68

	
−70~−65




	
ETIM

	
   T F   

	
mm d−1 °C−1

	
3.6

	
3.2~4




	
   S R F   

	
mm m2 d−1 W−1

	
0.176

	
0.17~0.18
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