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Accurate estimates of albedo can be crucial for energy balance models of glaciers. A number of algorithms exist which are often site dependent and rely on accurate measurements or estimates of snow depth. Using the well-established COSIMA model we simulate the energy and mass balance of the Laohugou Glacier No.12 in the Qilian Mountains, on the northern fringe of the Qinghai-Tibetan Plateau, a glacier that has been well studied in the past. Using energy flux and mass balance measurements between 2010 and 2015 we were able to validate the model over multiple seasons. Using the original albedo parametrization, the model fails to reproduce the observed mass balance. We show that this is due to the failure to estimate snow depth accurately. We therefore applied two alternative albedo algorithms, one well established example and one new parametrization only dependent on temperature and time since last snow fall. As a result, mass balance simulations improve considerably from a RMSE of 0.53 m w.e. for the original parametrization to 0.39 and 0.19 m w.e. for the uncalibrated established and the new calibrated model respectively. Modelled albedo during the ablation period (NSE = 0.05, R2 = 0.33) is more accurate than during the accumulation period (NSE = −0.37, R2 = 0.04). Testing the new model at another glacier on the Tibetan Plateau shows that a local recalibration of parameters remains necessary to achieve satisfying results. Investigations into the effect of impurities in snow, regional moisture sources and changing surface characteristics with rising temperatures will be crucial for accurate projections into the future.
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INTRODUCTION
Mass loss of glaciers on the Tibetan plateau has been very variable in recent decades, with a strong negative balance in the South-East and near balance in the South-West (Kääb et al., 2012; Brun et al., 2017; Li et al., 2019). This heterogeneous response can be explained with different dominant drivers of accumulation and ablation (Yao et al., 2012). In this rather dry part of high-mountain Asia, glacier melt also constitutes an essential water source for ecosystems and downstream communities (Immerzeel et al., 2020). To assess mass change of an individual glacier while elucidating the drivers of said mass loss a surface energy balance model (SEB) is generally employed, which can be compared against local mass balance measurements. SEBs on clean ice glaciers have been applied on a number of glaciers on the Tibetan Plateau and the wider region including in the Tien Shan (Zhang et al., 2007), the Tanggula mountains (Zhang et al., 1996; Liang et al., 2018), the Qilian mountains (Sakai et al., 2006; Chen et al., 2007; Qing et al., 2018), the central (Zhang et al., 2013; Huintjes et al., 2015a; Huintjes et al., 2015b) and the south-eastern Plateau (Yang et al., 2011) as well as the Himalaya (Yang et al., 2010). The Qilian mountains are located on the north eastern fringe of the plateau, being the water source of many oases downstream. Approximately 2000 glaciers are located in this mountain range, covering an area of 1,057 km2 with a total ice volume of 51 km3 (Guo et al., 2015). As it is relatively easily accessible compared to the rest of the plateau, a number of glaciers have been researched in more detail including the Ningchanhe glaciers (Liu et al., 2012), the Bayi glacier (Liu et al., 2020), the Qiyi glacier (Chen et al., 2007) as well as the Laohugou Glacier No. 12 (Sun et al., 2012; Zhang et al., 2012; Sun et al., 2014; Qin et al., 2015; Wang et al., 2018; Liu et al., 2019).
Surface melt has been previously shown to be sensitive to albedo. On the Greenland ice sheet, its sensitivity to albedo is roughly twice than sensitivity to temperature variations (van de Wal, 1996). A number of studies have shown that the SEB of glaciers on the Tibetan Plateau is especially sensitive to changes in albedo, which is not surprising considering that melt in this cold environment is mainly driven by radiation (Fujita et al., 2007; Yang et al., 2011; Sun et al., 2014). Some field observations further indicate that albedo of glacier surfaces has decreased in recent years due to aerosol depositions, resulting in increased melt rates (Wang et al., 2015; Zhang et al., 2017).
Surface albedo is defined as the ratio between reflected and received solar radiation on a predefined surface area and is a result of reflections and refractions at the air ice interface. The proportion reflected is not only determined by properties of the surface itself, but also by the spectral and angular distribution of solar radiation reaching the Earth’s surface. As radiation passes through ice it comes into contact with light-absorbing impurities, and a fraction is absorbed into the surface (Gardner and Sharp, 2010). It can vary greatly in time and space on the glacier, ranging from 0.1 for dirty ice to 0.9 for fresh snow and hence is an important control of surface melt. It is furthermore affected by snow particle size, liquid water content, density, snowpack depth and impurities of the snowpack. Summer snowfall reduces the melting of glaciers and runoff due to the increase in albedo, but snow albedo changes through the melt process and due to impurities (Brock et al., 2000; Jansson et al., 2003). Even relatively small changes in albedo can have significant effects on mass loss on the local and regional scale (Konzelmann and Braithwaite, 1995). On a larger scale albedo also affects the global energy balance and climate and is hence important for regional climate models (Kukla and Kukla, 1974; Sicart et al., 2008; Six et al., 2009).
While many of the studies mentioned above use direct measurements of in- and outgoing radiation, this is often not available in many locations and if only at a point location. To this end net radiation has to be modelled, making use of an albedo model for temporal and spatial variability.
Dunkle and Bevans (1956) proposed a solution based on diffuse radiation and Wiscombe and Warren (1980) developed a method to calculate the spectral albedo of snow at any wavelength. However such approaches remain too complex to be readily applied in any location for a SEB model. Gardner and Sharp (2010) developed a scheme based on the specific surface area of snow/ice, light absorbing carbon, solar zenith angle, cloud optical thickness, and snow depth. Ding et al. (2017) also consider the precipitation type. While all these models have their merits they generally depend on specific insights into the local climate or snow and ice properties. In SEBs generally much simpler approaches are employed. Commonly applied is the model by Oerlemans and Knap (1998) that relies on snow depth and time since last snowfall. Hock and Holmgren (2005) proposed a model that includes information about the current state of the surface boundary layer and needs as input air temperature, solid precipitation and days since last snowfall. It also relies on the albedo of the preceding timestep and hence is very sensitive to the initial choice of this value. Brock et al. (2000) test a number of parametrisations and find that information of the physical properties of snow should be included for an accurate derivation of albedo. They hence propose a model with different parameters at different snow depths that relies on air temperature and the time since the last snow fall, in this way reproducing the decay of the snowpack.
In this study we employ a coupled energy and mass balance model (COSIMA) that has been developed on the Tibetan Plateau (Huintjes et al., 2015a; Huintjes et al., 2015b) and test its performance at a glacier site in the Qilian mountains. A previous study on the glacier has already tested the suitability of the common bulk aerodynamic model to reproduce the turbulent fluxes, by comparing it against direct measurements of turbulence (Sun et al., 2014). They show that the models generally work well but that turbulent fluxes are considerably less relevant for melt than radiative fluxes. They also show that the SEB is especially sensitive to the change in albedo.
We have collected 6 years of surface flux and mass balance data on Laohugou No. 12 Glacier in the Qilian mountains, which allows us to investigate the importance of albedo for mass balance estimates as well as the performance of models compared to directly measured albedo values. In this study we therefore try to reach the three following specific aims: (a) we investigate how suitable the standard approach in the COSIMA model based on Oerlemans and Knap (1998) is to reproduce the mass balance accurately; (b) we discuss its shortcoming and test an alternative approach; (c) we also propose a new parametrization that is able to account for the variability of albedo and (d) discuss the implications the choice of different models has on mass balance estimates.
STUDY AREA AND DATA
Laohugou Glacier No.12 (LHG No. 12) is located on the north slope of the western edge of the Qilian mountains (39°26.4′N, 96°32.5′E, Figure 1). This area has typical continental climatic characteristics and is mainly affected by westerly circulation. The ablation season is from June to September and precipitation occurs mainly from May to September (Wang, 1981). The glacier has been researched in detail before and is a reference glacier for the region (Sun et al., 2012; Zhang et al., 2012; Sun et al., 2014; Wang et al., 2018; Liu et al., 2019). It is the largest valley glacier in the Qilian Mountains with a length of 9.85 km and a total area of 20.4 km2 (Qin et al., 2015). The glacier consists of two branches and its elevation ranges from 4,260 m to 5,481 m (Liu et al., 2010). The average thickness of the glacier is 157 m (Wang et al., 2018). Between 1959 and 2010 the glacier slowed by 11% to ∼32 m a−1 (Liu et al., 2010).
[image: Figure 1]FIGURE 1 | The study area on the Qinghai-Tibetan Plateau, including other glaciers where the same model was applied previously as well as Dongkemadi which we use as a validation in this study.
An automatic weather station (AWS) was installed on the glacier at an elevation of 4,550 m (Figures 1, 2). The station monitored air temperature ([image: image]), relative humidity (RH), air pressure (p), wind speed (u), shortwave radiation (SWin and SWout), and longwave radiation (LWin and LWout) between 2010 and 2015 (Table 1; Figure 3). Albedo is determined using radiation measurements around noon to make sure that refraction and diffuse radiation impacts the measurement as little as possible. All data is collected in Beijing time and as a result noon is defined slightly later (12:30–14:30) to correspond to the local situation. A shielded Geonor T-200B precipitation was installed near the AWS, which measured both solid and liquid precipitation. Following previous research on the Tibetan Plateau, 0°C was used as the threshold temperature for distinguishing between solid and liquid precipitation. During the 6-years observation period the average air temperature was −11.0°C. Average relative humidity and wind speed was 46% and 2.8 m s−1 respectively. The mean annual precipitation was 350 mm and snowfall accounts for more than 90% of total precipitation (Figure 3). In addition, wind and temperature data was adjusted to the level of 2 m before running COSIMA. The mass balance was observed by multiple stakes located close to the AWS during 2011, 2012, 2014, and 2015 generally between May and September. It was measured at least once a month during ablation period for each year.
[image: Figure 2]FIGURE 2 | The floating AWS installed in 2012. The mass balance stakes are visible in the background and close-up images of the typical glacier surface next to the AWS in 2018 are shown at the bottom of the figure.
TABLE 1 | AWS sensor specifications and installed heights of sensors.
[image: Table 1][image: Figure 3]FIGURE 3 | Daily meteorological variables between 2010 and 2015. Radiation refers to incoming solar radiation.
METHODS
Energy and Mass Balance Model
In this study, we use the Coupled Snowpack and Ice surface energy and Mass balance model (COSIMA) to calculate the energy balance components. The model was successfully used on glaciers of the Tibetan Plateau (Huintjes et al., 2015a; Huintjes et al., 2015b). It combines a surface energy balance (SEB) with a multi-layer subsurface snow and ice model to compute the glacier mass balance (MB) at an hourly resolution. It is computed as follows:
[image: image]
where [image: image] is incoming shortwave radiation, [image: image] is the surface albedo, [image: image] and [image: image] are incoming and outgoing longwave radiation, [image: image] is the turbulent sensible heat flux, [image: image] is the turbulent latent heat flux and [image: image] is the ground heat flux. Heat flux from liquid precipitation is neglected. Energy fluxes towards the surface have a positive sign. The resulting flux F is equal to [image: image] only if the surface temperature ([image: image]) is at the melting point (273.15 K). [image: image] is calculated iteratively through Eq. 1 from the energy available at the surface. In case [image: image] exceeds the melting point, it is reset to 273.15 K and the remaining energy flux F equals [image: image]
[image: image] and [image: image] are obtained by the Stefan-Boltzmann law. For [image: image], the atmospheric emissivity [image: image] is calculated after Klok and Oerlemans (2002):
[image: image]
where [image: image] is clear-sky emissivity and [image: image] is cloud emissivity, [image: image] is cloud cover factor, [image: image] is calculated as follows:
[image: image]
where [image: image] is water vapour pressure and [image: image] is air temperature. For a, b and [image: image] we take the values of 2, 0.433 and 0.984, respectively (Klok and Oerlemans, 2002). N is calculated following (Favier et al., 2004):
[image: image]
where [image: image] is the top of atmosphere solar irradiance ([image: image] and is calculated considering solar constant and geographical position (Kumar et al., 1997).
[image: image]
where [image: image] is the solar constant (1,367 [image: image]) and M is the day number.
Turbulent heat fluxes [image: image] and [image: image] are calculated through the standard bulk aerodynamic method (Oerlemans, 2001) between the surface and 1.5 m, using [image: image], RH and wind speed (u) data:
[image: image]
[image: image]
[image: image] is air density, calculated from air pressure, [image: image] and specific humidity in 2 m, [image: image] is specific heat capacity of air (1004.67 J kg−1 K−1), [image: image] is latent heat of evaporation (2.514 × 106 J kg−1), [image: image] for sublimation (2.849 × 106 J kg−1), [image: image] and [image: image] are specific humidity at 1.5 m and at the surface, calculated from RH, p (air pressure) and saturation water vapour pressure. RH is assumed to be 100% at the surface. [image: image] is the von Karman constant (0.41), [image: image] the instrument height (1.5 m) and [image: image] the surface roughness length that changes depending on the underlying surface (fresh snow, aged snow, ice) (Mölg et al., 2009):
[image: image]
where [image: image] is the conductive heat flux and [image: image] is the energy flux from penetrating shortwave radiation. [image: image] is calculated following Bintanja and Broeke (1995). By
[image: image]
the extinction of net shortwave radiation ([image: image]) in the snow or ice layers is parameterized. [image: image] is the remaining fraction of shortwave radiation reaching down to depth z. In the top model layer, a fraction ζ is absorbed and an exponentially decreasing flux with constant extinction coefficient ß reaches the layers at depth z and increases subsurface temperatures. Thus, [image: image] is equal to [image: image] (1-ζ). For ζ and ß we take the values of 0.8 and 2.5 for ice, and 0.9 and 17.1 for snow, respectively (Bintanja and Broeke, 1995).
[image: image] is determined from the temperature difference between the surface and the two uppermost subsurface layers and depends on the thermal conductivity (λ) of the medium (ice or snow). λ is calculated from the subsurface density ([image: image], in kg m−3) after Anderson (1976):
[image: image]
A spin-up time of about 1 year is needed for the subsurface module to adapt to the surrounding conditions. We use our first full year of observations to do so and hence do not compare any mass balance measurements to model outputs from that year.
Albedo Schemes
The original parameterization of surface albedo follows Oerlemans and Knap (1998) where a is determined as a function of snowfall frequency and snow depth:
[image: image]
[image: image]
[image: image] is the time since the last snowfall, [image: image] is a constant for the effect of ageing on snow albedo, h is the snow depth and [image: image] is a constant for the effect of snow depth on albedo. The original free parameters are adopted according to Huintjes and Schneider (2014): albedo fresh snow ([image: image]) = 0.9, albedo firn ([image: image]) = 0.55, albedo ice ([image: image]) = 0.3, [image: image] = 6 days and [image: image]. We will refer to this model as Oerlemans1998 below.
Brock et al. (2000) argued that a more physical representation of the melting process is needed to reproduce albedo values accurately. Using air temperature as a proxy for the atmospheric input they proposed a new parametrization which takes two forms depending on snow depth:
[image: image]
where [image: image] is accumulated daily [image: image] above 0°C since the last snowfall (K), [image: image] is ice albedo (0.3). We will refer to this model as Brock2000 below.
RESULTS
Albedo Simulations
In Figure 4 results of the measured and modelled mean daily albedo values are shown for the measurement period from 2011 to 2015. It is obvious that the Oerlemans1998 model, originally applied in the COSIMA model, fails to reproduce albedo correctly although the simulation curve fluctuates with snowfall. Three crucial shortcomings are apparent.
[image: Figure 4]FIGURE 4 | Albedo comparison between observation and simulation of Oerlemans1998 and Brock2000 from 2011 to 2015.
First, the initial assumption of an albedo of 0.3 for clean ice does not hold as values are much higher in the region of 0.6–0.8. Huintjes et al. (2015a) note a good match between their model and observations on Zhadang Glacier. There, albedo remains high even longer than on LHG No.12 and just drops briefly down to values around 0.3 during July. More recent research confirms these generally high values but sees a decreasing trend in recent years due to an increase in impurities (Qu et al., 2014). On LHG No.12 albedo only remains high during few weeks between December and January and decreases and increases in between (Figure 4). As rainfall stops after September and temperatures drop rapidly ice remains snow covered and albedo high.
Second, the model predicts a decay that is happening too fast resulting in an immediate return to the chosen value for clean ice while the actual snow depth decay happens much slower (Figure 3). As snow depth simulation and albedo are naturally coupled in the model it is difficult to disentangle that problem. Slightly lower albedo already results in larger [image: image] and therefore increasing [image: image] and [image: image]. This causes snow depth to decrease rapidly (Huintjes and Schneider, 2014). Additionally, accurate snow depth simulations remain a challenge also with other model setups (Stigter et al., 2017; Hedrick et al., 2018; Sauter et al., 2020).
Third, the strong variability of albedo which is apparent during the whole year is not captured by the model, again simply explained by the lack of accurate snow depth data as well as possibly the strong variability that local impurities can cause (Figure 2).
Huintjes and Schneider (2014) had good snow depth data to drive their model. This is missing for LHG No. 12 as the rapid downwasting of the ice surface repeatedly shifts the station and makes surface height measurements largely unusable. We have measurements over a short period of time in 2011 where the station was stable (Figure 5) that visualizes the underestimation of the modelled snow depth. While the model does reproduce measured snow heights just after a snow fall event, the decay of the snowpack is too rapid on nearly all instances. Nevertheless, it should also be noted that observed snow depth also does decay more rapidly than elsewhere. As wind speeds are generally high during the accumulation period fresh snow is eroded quickly.
[image: Figure 5]FIGURE 5 | Measured and modelled (Oerlemans 1998) snow depth and corresponding meteorological variables in 2011, when snow depth measurements were valid.
Considering that accurate snow depth data remains difficult to obtain in many regions and even individual field sites with climate data, an approach to obtain reliable albedo data that is less sensitive to this variable is called for. Brock et al. (2000) has argued that the accumulated maximum temperature since the last snowfall is a good indicator of snow metamorphosis and proposed a model that does differentiate between deep (> 5 cm) and shallow snow (< 5 cm) but otherwise does not need its precise value as a variable. We apply the model here and the results improve considerably (Figure 4). The R2 over the complete model period is 0.23 but is considerably poorer during the accumulation period where the model is not able to reproduce the variability (Figure 4). The error (RMSE and MAE) is 0.16 and 0.11, while the NSE is negative, suggesting that at the daily scale the model still has a poor performance in prediction. We have therefore attempted to develop an algorithm that is able to account for this variability as well during the accumulation period.
Development of New Albedo Parameterization Scheme
Snow albedo is impacted by solar zenith angle, clouds and the snow characteristics (including snow depth, liquid water content, density, particle size, impurities, snow age, surface roughness), as well as the proportion of diffuse reflection to direct radiation (Brock et al., 2000; Wang et al., 2014). We use air temperature and time since last snowfall as model variables. Both variables are also generally easy to obtain in any research site and less prone to sensor malfunction or uncertainty.
We use the idea of a Fourier transformation which is any periodic function that can be decomposed into the sum of several trigonometric functions (Lagerros, 1997) and refer to the new model as FT model below. A similar model has earlier been also applied to develop a solar radiation model (Sun and Kok, 2007). It takes the following form:
[image: image]
where t is the period and n is the independent variable. Considering the perturbation effect of snowfall on albedo, the parameterization scheme of albedo is driven predominantly by precipitation. During snowfall events, the default albedo is set to 0.8 as in previous models. When there is no snowfall, albedo is mainly affected by temperature impacting the underlying surface. When the temperature is much below freezing, the state of the snow is relatively stable and remains in a solid form. Similarly, when the temperature is considerably above 0°C, precipitation is liquid. In these two cases, the water phase is relatively stable, and therefore the parameterization scheme only considers temperature as a variable. However, around 0°C, a transient solid-liquid phase occurs which affects the snowpack. In this case, the scheme introduces the parameter of time since last snowfall (m) as well as air temperature. Field data suggest a strong negative relation between albedo and air temperature measurements. Therefore, we propose the following albedo parameterization scheme
[image: image]
where [image: image] is albedo, [image: image] is air temperature (K), [image: image] is air temperature at freezing point (273.15 K). [image: image] is the time since last snowfall (days). a and c are parameters and T1 and T2 are threshold temperatures (K) that are determined from optimization.
We use the data of 2011–2012 to optimize the model parameters and the threshold temperatures that define the transition of the parametrization. The parameters were identified by minimizing RMSE of model output and observations, resulting in a = 97.59 and c = 97.61 and T1/T2 = 268/274 K.
Evaluation of the FT Model
In order to verify the simulation accuracy of the new albedo parameterization scheme, statistical indicators of the accumulation period and ablation period of three parameterization schemes were calculated (Table 2). The simulated effect of Oerlemans1998 is naturally poor in any period. Although the accuracy of Brock2000 is higher with lower RMSE (0.08) and MAE (0.06) during the accumulation period, its simulation value remains a constant and the NSE is small (Figure 4; Table 2). The FT model has similar statistics for the ablation period, with a positive but very low NSE suggesting that its predictive power remains low. The very low albedo values (< 0.4) during the ablation season reflected better by the Brock2000 model are not captured by the FT model at the expense of reproducing some of the variability of the accumulation period (Figure 6). During this colder period the new model is able to reproduce the general trend and individual peaks reasonably well (Figure 6; Table 2).
TABLE 2 | Basics statistics for all albedo models against observations at the daily scale at LHG No.12 glacier.
[image: Table 2][image: Figure 6]FIGURE 6 | (A) Measured albedo and modelled albedo using the FT model during the validation period from 2013 to 2015. The grey rectangles in panel (A) are enlarged in panel (B, C).
The distribution of albedo values for ablation and accumulation period is shown in Figure 7. All models fail to reproduce the large variability especially during the ablation period but both Brock2000 and the FT model are able to reproduce the median and some of the distribution in time. Individual modelled values tend to overestimate in both seasons for the Brock2000 and FT model (Figure 7). When aggregating albedo to weekly values, results improve naturally, but the predictive value for Brock2000 remains low (NSE = 0.01, RMSE = 0.16) and is slightly better for the FT model (NSE = 0.30, RMSE = 0.13).
[image: Figure 7]FIGURE 7 | Violin plots of simulated albedo during the accumulation (A) and ablation period (B).
Mass Balance Computations
Figure 8 shows the mass balance simulation for all models for four seasons as well as field measurements. While albedo in Oerlemans1998 is generally too constant and low, during the ablation period the actual value is often lower. As a result, the model underestimates melt considerably, even though overall albedo estimates are too low. As can be seen in Figure 4, the simulated albedo of Oerlemans1998 model during the ablation period is relatively high, resulting in lower incoming shortwave radiation. As a result, the glacier melt in the ablation season is lower than the measured value (Figure 8). The RMSE between modelled and measured mass balance is 0.52 m w.e. over all years, varying from 0.24 m w.e. in 2015 to 0.76 m w.e. in 2012.
[image: Figure 8]FIGURE 8 | Comparison of mass balance using original and new albedo parameterization schemes. Note different time periods for different years based on available data.
Although albedo variability is reproduced much better for the Brock2000 model than the Oerlemans1998 approach, this translates only into slightly improved mass balance estimates (Figure 8). The RMSE for Brock2000 decreases relatively little to 0.39 m w.e. (0.23 and 0.52 m w.e. in 2012 and 2014 respectively), mainly due to large remaining errors during the beginning of the melt season where melt is underestimated as albedo drops earlier in the season than modelled (Figure 4). This is improved for the new scheme (Figure 6) and overestimations become overall lower (Figure 8). Additional potential sources of error are likely within the turbulent fluxes which are difficult to capture accurately. The FT model, with albedo calibrated for 2011 and 2012, reproduces mass loss very well and has a considerably lower error than the other models over all years (RMSE = 0.19 m w.e., Figure 8). Naturally, the error is lower in the years where the albedo scheme was calibrated (0.13 and 0.17 m w.e. in 2011 and 2012 respectively), and slightly higher in the other 2 years (0.27 and 0.14 m w.e. in 2014 and 2015 respectively). This suggests that getting albedo right alone is likely to result in good estimates of mass loss with the energy balance approach.
Validation on Dongkemadi Glacier
In order to verify the transferability of the new albedo parameterization scheme, the data of Dongkemadi Glacier located in the Tanggula mountains in the middle of the Qinghai-Tibet Plateau was used. The measurements are from January 1 to December 31, 2012, obtained at 5,700 m a.s.l. and are previously unpublished.
As for LH No. 12 the Oerlemans1998 model fails to capture the magnitude or variability of the observed albedo. Due to the cold temperatures on Dongkemadi Glacier and again a lack of accurate snow depth data the Brock2000 fails to reproduce most of the observed variability. Using the parameters found at LHG No. 12 for the FT model provides reasonable variability during the ablation period which the other models fail to reproduce at any time (Figure 9). However, the predictive power of all models is very poor. During the accumulation period the RMSE of FT model, Oerlemans1998 model and Brock2000 model are −0.11, 0.22, and 0.11 respectively. For the ablation period the RMSE improves to 0.13, 0.23, and 0.09 but even for the FT model the NSE remains low (0.12) and negative for other models.
[image: Figure 9]FIGURE 9 | Comparison of simulation results of different models with actual measurements on Dongkemadi Glacier.
DISCUSSION
Our results show that the choice of albedo parametrization for an accurate estimation of mass balance with an energy balance model is crucial. Lacking accurate snow depth data, the COSIMA model fails to reproduce albedo and consequently mass balance with the original scheme. As the albedo scheme is dependent on snow depth data generated by the model its performance is impacted by the ability of COSIMA to reproduce snow height accurately. This the model fails to do in our case (Figure 5). Similarly, measurements are prone to large uncertainties due to the rapid downwasting of the surface which in extreme cases in July and August exceeded 5 cm day−1 at the measured stakes. Therefore, we believe it is prudent to rely on parametrizations that do not rely on accurate daily snow depth values.
Additionally, as the AWS is located in the lower ablation area of the glacier, snow disappears rapidly and no continuous snowpack develops, as evidenced from satellite imagery. The ice surface is hence mostly exposed, which exhibits a rapidly changing surface morphology through melt as well possibly constantly shifting deposits of impurities, that can also be accumulated and transported away by melt water (Figure 2). We suspect that the original parametrization is simply not very suitable for this environment.
The Brock2000 model already provides much better results than the original parametrization and focusing on the ablation period only reproduces the magnitude of albedo generally well. The RMSE for the entire year is reduced from 0.35 to just 0.16, compared to the original parametrization. However, it cannot be solved when the maximum temperature is lower than 0°C, which happens in the region throughout the accumulation and at times even the ablation season (Brock et al., 2000). Therefore, Brock2000 fails to reproduce the strong variability of albedo during the accumulation period. The new FT model proposed here, calibrated for 2 years of the data series, improves the statistics only slightly but is notably able to provide variability in the cold period as well. While mass balance computations using the uncalibrated Brock2000 model already improve, reducing the RMSE from 0.52 to 0.39 m w.e., using the calibrated FT model reduces this even further to 0.19 m w.e. This strongly suggests that calibrating parameters for the specific location remains crucial. This is further supported by applying the same FT model with the same parameters on another glacier on the Tibetan Plateau.
While the variability introduced matches the observations overall, the model has little predictive power on the daily scale. To improve, it would need to be recalibrated at the same site. A different model has previously been developed at the nearby Qiyi Glacier (108 km west of LHG No. 12) in the Qilian mountains (Jiang et al., 2011). The model uses temperature, days since last snowfall and cloudiness as variables and works well on the Qiyi Glacier but depends on 6 different calibrated parameters. It does less so at LHG No. 12 (Figure 10). While variability is introduced, the magnitude is considerably off and recalibration would again be necessary.
[image: Figure 10]FIGURE 10 | Simulation results of Jiangxi model and FT model compared with the actual measurements on LHG glacier No.12.
The difference in albedo magnitude and variability between the glaciers in the region emphasizes the importance to carefully choose parametrizations for glacier scale studies and in the best case calibrate them to the local surface properties and climate (Bamber and Payne, 2004). While the model developed here for LHG No.12 works very well to generate reasonable mass balance estimates and can be transferred in time without a strong loss in accuracy and also reproduces the strong variability of albedo in both accumulation and ablation period, transfer to another location is still not straightforward. Even the well-established Brock2000 model however improves albedo estimates considerably for the ablation period alone even without any site-specific recalibration.
We argue that the failure of the Oerlemans1998 model for the case of the LHG No.12 Glacier is due to the lack of accurate snow depth data. Glaciers previously studied with the COSIMA model include Zhadang Glacier on the southern central TP, Halji Glacier in the western Himalayas, Naimona’nyi Glacier on the south western TP, Purogangri Ice Cap on the central TP and a glacier in the Muztagh Ata Shan on the north western TP (Figure 1), which are affected by the westerly winds and the Indian monsoon (Huintjes and Schneider, 2014). However, LHG No. 12 is located to the northeast of the Qinghai-Tibet plateau, controlled by the east Asian season (Domrös and Peng, 1988; Chen et al., 2019). Studies have shown that the average content of glacial black carbon on the edge of the Qinghai-Tibet Plateau is much higher than that of inland areas (Li, 2017; Li, 2020). That could explain some of the strong variability that is difficult to capture with an albedo model dependent only on air temperature.
A striking feature of observed albedo on LHG No 12. and Dongkemadi is the strong daily variability which is caused largely by the presence of impurities transported to the glacier surface but also the different moisture sources of the dominating precipitation for each glacier. Their presence obviously has a strong effect on the albedo of the overall glacier surface. None of the models so far are able to account for such variables.
Apart from the fact that the lack of accurate snow depth measurements likely explains the failure of previously used models in our case, we have also investigated potential differences in atmospheric drivers that could explain the strong daily variability in albedo on LHG No.12 as well as Dongkemadi Glacier. In order to analyze the source of air masses, the backward trajectory during August 2012, when monsoon is active, of LHG Glacier No. 12 and Zhadang Glacier was calculated by the Meteoinfo software (http://www.meteothink.org/) (Wang, 2014). We used NCEP/NCAR global analysis data (air pressure, temperature, relative humidity, vertical and horizontal wind speed) provided by NOAA (with a resolution of 2.5° × 2.5°) for model forcing (https://www.ready.noaa.gov/HYSPLIT.php). The dominant source region at LHG Glacier No. 12 is from the continental area over the relatively densely populated Gansu province. At Zhadang Glacier dominant source areas are over the Central Tibetan Plateau. Previous work has shown that a high value of light-absorbing impurities, including both black carbon (BC) and mineral dust (MD) is present on LHG Glacier No. 12 (Li, 2020). The BC and MD contents of LHG Glacier No. 12 are much higher than that of Dongkemadi Glacier and Zhadang Glacier, with the lowest measurements taken at Zhadang Glacier (Li, 2017). This presence of impurities could explain the strong temporal variability of albedo on glaciers like LHG No. 12, especially in the ablation areas where the ice is exposed for a large part of the year.
CONCLUSION
In this paper we show how a mass and energy balance model applied on a glacier in the Qilian Shan, on the northern fringes of the Tibetan Plateau, fails due to the use of an albedo scheme that is dependent on accurate snow depth data that is not available in our case and in many other field sites. Not only does the original albedo parametrization underestimate albedo continuously but also fails to reproduce a strong daily variability present on this glacier as well as another validation site. Applying another well-established model that only relies on air temperature measurements and the time to last snowfall considerably improves results. While it still fails to reproduce the variability of the accumulation period, it is in the right order of magnitude and reproduces some of the variability in the ablation period. Applying a new model developed and calibrated for this location that equally only relies on air temperature and time since last snow fall further slightly improves results, but more importantly improves mass balance estimates. While the original scheme results in a RMSE of the modelled mass balance against stake measurements of 0.52 m w.e. from measurements over four melt seasons, the new approach reduces this error to just 0.19 m w.e. However the new model has been calibrated for this specific site, while for the Brock2000 model, where the RMSE is reduced to 0.39 m w.e., we relied on the original parametrization derived in the European Alps. This suggests that the Brock2000 model, without any recalibration of parameters is a more reasonable choice to determine albedo, specifically in the ablation area of glaciers. On the other hand, the FT model introduced here fails to provide significant improvement to reproduce daily albedo during the ablation period nor is it transferable in space. Using this model on another glacier on the Tibetan Plateau shows that the same parameters produce accurate average estimates considering the whole season but fail to reproduce accurate daily albedo measurements. This can be explained by a different temperature regime in the second location, a considerably colder climate. Its advantage lies in the ability to reproduce albedo variability during very cold periods, where Brock2000 fails to provide variability as well as the fact that it does not rely on snow depth data.
In the present model we do not consider impurities and moisture controls on melt. Both vary considerably in the region and have been shown to be of great importance to changing melt patterns already. They are of special importance in the ablation area where surfaces tend to be of heterogenous composition and undergo rapid morphological change. Studies that investigate future mass loss in the region should consider the effect these impurities have on the development of surface albedo, including their potential change with climate change as well as a potential change in airborne particles due to local desiccation as well as direct anthropogenic sources.
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