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Abstract

:

Six-year glaciological mass balance measurements, conducted at the Yala Glacier between November 2011 and November 2017 are presented and analyzed. A physically-based surface energy balance model is used to simulate summer mass and energy balance of the Yala Glacier for the 2012–2014 period. Cumulative mass balance of the Yala Glacier for the 2011–2017 period was negative at −4.88 m w.e. The mean annual glacier-wide mass balance was −0.81 ± 0.27 m w.e. with a standard deviation of ±0.48 m w.e. The modelled mass balance values agreed well with observations. Modelling showed that net radiation was the primary energy source for the melting of the glacier followed by sensible heat and heat conduction fluxes. Sensitivity of mass balance to changes in temperature, precipitation, relative humidity, surface albedo and snow density were examined. Mass balance was found to be most sensitive to changes in temperature and precipitation.
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1. Introduction


The Himalaya, water tower of the world feeds several major river systems, sustaining one-sixth of the Earth’s population downstream mainly in China, India, and Nepal [1,2,3,4]. It is one of the largest glacierized areas outside the polar regions with a total area coverage of 22,800 km2 [5] and also regarded as the ‘Third Pole’ of the world [6,7,8].



Glaciers are very sensitive to climate change and thus, regarded as a climate change indicator [9,10,11]. Changes in glacier length, area and volume are used to quantify glacier response to climate change. Glacier mass balance characterizes the state of glaciers and can be directly linked to variability and changes in climate [12,13]. It has been reported that glaciers have been retreating rapidly since the 1850s [14]. In the case of the Hindu Kush Himalaya (HKH) region, many studies have concluded the shrinkage and fragmentation of the glaciers [5,15,16], whereas slight mass gain has been observed in the Karakoram region in recent studies [17,18]. Most glaciers in the Eastern and Central Himalaya belong to the summer-accumulation type, gaining mass mainly from summer-monsoon snowfall, whereas winter accumulation is more important in the Northwest [5,19,20]. Monsoon-affected glaciers are expected more sensitive to temperature change [21] because the temperature increase directly reduces solid precipitation (i.e., snow accumulation) and extends the melting period. Without any continuous point measurement of mass balance (MB), modeling provides the most accepted and practical approach to obtain accumulation and ablation values. Energy balance and temperature index models are used to simulate glacier mass balance [22,23,24]. The energy balance models are considered to be the best and highly successful in simulating mass balance of different glaciers of the world, but they require detailed observational data for calibration and validation [22,23,24,25,26,27,28,29,30].



In the Hindu Kush Karakoram Himalaya (HKKH) region, many MB studies have been carried out using satellite images [5,15,17,31] but very few field-based measurements (glaciological method) are carried out due to inaccessibility, severe weather conditions and high altitudes [1,30]. In Nepalese Himalaya (Central Himalaya), Japanese researchers initiated cryosphere studies in the 1970s, and started MB studies on the Rikha Samba Glacier, Hidden Valley in 1974 [32,33,34,35,36] and the AX010 Glacier, Shorong Himal in 1978 [36]. Moreover, various glaciological studies have been carried out in the Yala Glacier since the 1980s [30,37]. French researchers also initiated the MB measurements on the Mera Glacier in 2007 and Pokalde in 2009 [16,38]. Kathmandu University together with the International Centre for Integrated Mountain Development (ICIMOD) has been conducting continuous MB measurements in the Yala Glacier since 2011 [37].



Previous Studies


In the Langtang region, the glaciological survey was carried out on the Yala Glacier and explained rapid retreat of the glacier terminus in the 1990s than 1980s [30]. It was revealed that the areal average of mass balance, accumulation and ablation for a central drainage area along flow lines during the monsoon season in 1996 were found to be −0.357 m w.e., +0.588 m w.e., and −0.945 m w.e. respectively. Mass balance of four main debris-covered glaciers (Lirung, Shalbachum, Langtang, and Langshisha) in the Langtang Valley were analyzed for the period of 1974 to 1999. The mean mass balance for the debris-covered glaciers of the upper Langtang River basin was estimated to be −0.32 ± 0.18 m w.e. a−1 using a Digital Elevation Model (DEM) from 1974 stereo Hexagon satellite data and the 2000 SRTM (Shuttle Radar Topography Mission) DEM. High mass loss of −0.79 ± 0.18 m w.e. a−1 was estimated for Langshisha Glacier whereas low mass loss of −0.10 ± 0.18 m w.e. a−1 was estimated for the largest Langtang Glacier [39]. The average annual rate of the surface lowering on Lirung Glacier was estimated to be 1 to 2 m a−1 for the period of 1996 to 1999. Moreover, surface flow and ice thickness data were used to determine the emergence velocity of the Lirung Glacier and was found 0.2 m a−1 on an average for the ablation area [40]. On the same debris-covered Lirung Glacier, seasonal melting of ice beneath different thickness of debris were analyzed and found that the melting rate of ice under 5 cm debris thickness as 3.52, 0.09, and 0.85 cm d−1 [41] for monsoon, winter and pre-monsoon respectively; concluding monsoon is the major melting season and net radiation is the main energy balance component responsible for melting. Moreover, the annual mass balance of Yala Glacier was also estimated using the glaciological method for the period of 2011–2012 and was found −0.89 m w.e. [37].



The complex relationship between climate and glacier change in the Himalaya is poorly understood due to the lack of in-situ measurements [1,30]. Detailed knowledge of glacier surface energy balance (SEB) can alleviate this problem [42]. Very few studies have been carried out in Nepalese Himalaya with regard to a detailed analysis of SEB of the glaciers. Hence, this study presents the results of an extensive study of MB and SEB of Yala Glacier using data from the Automatic Weather Stations (AWS). The specific objectives of this study are: (1) To study the annual and seasonal mass balances of Yala Glacier from 2011 to 2017; (2) To study the energy and mass balance of Yala Glacier using energy balance model; (3) To conduct the sensitivity analysis of mass balance with meteorological variables and surface parameters. However, due to the lack of data, energy balance model is only used for the summer season of 2012, 2013 and 2014.





2. Materials and Methods


2.1. Description of Study Area


Yala Glacier (28.23526° N, 85.61263° E), a debris-free glacier lies in the Langtang River basin in Langtang Valley of Rasuwa district, Nepal. It is approximately 60 km north of Kathmandu Valley. It is a summer-accumulation type glacier and influenced by the Indian summer monsoon [19], associated with high solar radiation and high atmospheric moisture content. It covers an area of 1.37 km2 and flows from 5681 to 5143 m a.s.l. The glacier is a plateau type, it faces south-west and has an average slope of 22°. It is a benchmark glacier of the Central Himalaya [30]. Figure 1 shows the location map of the study site.




2.2. Meteorological Datasets


Meteorological data from two AWSs (AWS at Yala base camp (5060 m a.s.l.) and AWS at Kyangjing (3862 m a.s.l.)) from Campbell have been used in the model to calculate the point mass balance of the Glacier. AWS at Yala base camp was used for all calculations while AWS at Kyangjing was used to fill few missing air temperature and precipitation data at Yala base camp AWS using the temperature lapse rate of −0.0054 °C m−1 precipitation gradient of +0.041 % m−1 as determined for the Langtang valley [1]. Table 1 shows the variables measured and sensors used in the Campbell AWS and pluvio installed at Yala base camp. Measurements were taken at 10 minutes interval and averaged over one hour.




2.3. Glacier-Wide Mass Balance Using Glaciological Method


In this study, MB measurements at 8 different stakes at the elevations ranging from 5179 m a.s.l. to 5482 m a.s.l. are analyzed. Mass balance measurements on Yala Glacier have been carried out since November 2011 to present by the Cryosphere Monitoring Project (CMP). Measurements are made twice a year: in October-November and in April-May to characterize the ‘summer’ and ‘winter’ balance respectively. Various stakes installed by Chinese and Japanese researchers are also used in this study. Data from a minimum of four stakes were analyzed for 2014–2015 and a maximum of eight stakes for 2015–2016. In MB calculations, snow density was used on the basis of snow pit analysis near every stake position. Densities of snow were found to be between 200 kg m−3–532 kg m−3 during the field measurements. The density of ice was estimated to be 870 kg m−3 for Yala Glacier [30]. The length of stake above the ice and snow depth are measured at the beginning and at the end of the measurement period then multiplied with respective ice and snow densities and summed up algebraically to obtain the mass balance at every stake location (point mass balance).



The hypsometry of the Yala Glacier was obtained from ALOS PALSAR DEM (12.5 m × 12.5 m) (https://vertex.daac.asf.alaska.edu/). Glacier outline was manually delineated using a Landsat image (13 November 2017, path 141, and row 40) and verified during field visits. The annual glacier-wide mass balance (Ba) is calculated as follows:


Ba=∑inbi siS (m w.e.)



(1)




where, bi is point mass balance at the i elevation, si is the area of elevation band i and S is the total area of the glacier.



Mass balance was obtained for discrete elevation belts with a 10 m step using linear regression between all the available observed point mass balance data and elevation. Area of every 10 m belt was multiplied by the corresponding mass balance value, summed over the entire glacier and divided by the glacier area S to obtain a glacier-wide mass balance (Ba) [38,43,44].



Equilibrium line altitude (ELA) was determined using the regression equation where the regression line crosses the zero mass balance line. Accumulation area ratio (AAR) was determined by dividing the total area where mass balance was positive by the total area of the glacier. Mass balance gradient (db/dz) was derived from the regression between the observed point mass balance and elevation.




2.4. Mass Balance Calculation using Surface Energy Balance Model


In this study, point energy and mass balance are calculated by using a mass balance model based on SEB [22]. The hourly meteorological data from AWS at Yala base camp (Table 1) along with initial surface conditions (snow density, snow depth, albedo, and roughness length) at every stake position were used to derive SEB at point scale. The same values of incoming shortwave and longwave radiation were used for all stake locations. Temperature and precipitation were calculated for each stake location using the AWS data and temperature lapse rate and precipitation gradient available from earlier studies “Section 2.2 [1]”. The model calculates ablation, using the observed hourly meteorological data. Accumulation is calculated from the solid precipitation fraction. Precipitation at the Yala Glacier occurs as solid, liquid and mixed. Correlation between air temperature and humidity is based upon the type of precipitation and this relationship is used to distinguish between snow and rain precipitation during the precipitation event [22].



The model calculates the surface temperature, which balances the right hand side of Equation (2). If surface temperature is below 0 °C, QM is taken as zero. If the surface temperature rises above 0 °C, the excess heat calculated by fixing the surface temperature at 0 °C is taken as QM. This QM is used to calculate the amount of ablation. At the end of every hour calculation, the resulting surface snow or ice temperature is used to begin the next iteration. The study was carried out for the period of 2012 (5 June–13 October), 2013 (8 May–19 November) and 2014 (5 May–15 November).


Snet+Lnet︸QR+ QH+ QL+ QG+QP=QM



(2)




where Snet is net shortwave radiation, Lnet is net longwave radiation, QR is net radiation QH is turbulent sensible heat flux, QL is turbulent latent heat flux, QG is heat conduction flux, QP is energy flux from rain and QM is energy used to melt snow and ice in W m−2. Energy flux towards the glacier surface is taken as positive whereas energy flux away from the glacier surface is taken as negative.



In general, rainwater contributes only a very minor component of the energy balance of glaciers and hence, it is neglected during the energy balance calculations [22]. A rainfall event of 10 mm at 10 °C on a melting surface would produce a heat flux of 2.4 W m−2 averaged over a day, hence negligible compared to other heat fluxes [23].



2.4.1. Net Radiation


The incoming shortwave (Sin) and longwave (Lin) radiation fluxes were obtained from the AWS. The reflected shortwave (Sout) and outgoing longwave (Lout) radiation fluxes were calculated using albedo and emissivity values of snow and ice for each stake using Equations (3) and (4)


Snet = Sin(1−∝)



(3)






Lout = ∈ σsTs4



(4)




where, Snet is net shortwave radiation flux and ∝ is surface albedo ∈ is the emissivity of the glacier surface which is assumed to be unity, σ is Stefan’s Boltzmann constant (5.67 × 10−8 W m−2 K−4), and Ts is the surface temperature (K).



Surface albedo is an important and a critical factor in the mass balance of a glacier [45,46]. In this study, snow and ice surfaces are treated individually on the basis of their different shortwave radiation absorption/reflection behavior. In this model, albedo values are iterated being within the range (0.6–0.9) for snow and (0.3–0.4) for ice on the basis of previous studies [22,47] and best albedo values, resulting in the most realistic calculations, are 0.33 for ice and 0.72 (ablation zone) and 0.81 (accumulation zone) for snow. And initial albedo values of 0.33 (ice) and 0.72 (snow) are used at every stake position in ablation zone whereas initial albedo values 0.33 for ice and 0.81 for snow are used for every stake position in accumulation zone. In the ablation zone, due to melt, there is strong temporal and spatial variation in albedo while in the accumulation zone, albedo is higher and nearly constant.



Depth of snow layer present on the glacier surface during the ablation season has an important effect on albedo, hence, relating the depth of snow to the albedo of the underlying surface [48], following equations are incorporated:


∝ (d)= 5.69√d (∝s− ∝b) + ∝b, d≤0.02 m=0.72/0.81, d > 0.02 m



(5)




where, ∝(d) is the surface albedo when the thickness of snow is d in meters, ∝s is the albedo of snow, and ∝b is the albedo of the underlying surface before the snowfall that is an assumed albedo of ice. When the thickness of snow exceeds 0.02 m, the albedo of the surface is assumed to be the albedo of snow whereas, when the thickness is lower than or equal to 0.02 m then the surface albedo is calculated by model using Equation (5).




2.4.2. Turbulent Sensible Heat Flux


Turbulent sensible heat flux (QH) is the function of temperature gradient and wind speed and is given as:


QH = ρa cp Au (Ta−Ts)



(6)




where, ρa is density of air (kg m−3), cp is the specific heat capacity of air at constant pressure (J kg−1 K−1), and A is the turbulent transfer coefficient, u is wind speed (m s−1), Ta is air temperature (°C) measured at 2 m above the surface. and Ts is surface temperature of the glacier in °C. Turbulent transfer coefficient (A) is calculated by:


A = k2 u[ln(z/z0)]2



(7)




where, k is the Von Karman constant 0.41, z (m) is the measurement level above the snow or ice surface, and z0 (m) is the aerodynamic roughness length. z0 is considered to be 0.5 × 10−3 m for snow and 5 × 10−3 m for ice [22].




2.4.3. Turbulent Latent Heat Flux


Turbulent latent heat flux, QL is the function of vapor pressure gradient and wind speed and calculated as:


QL= L ρa Au (qa − qs)



(8)




where, L is the latent heat of evaporation (2.5 × 106 J kg−1), qa and qs are the specific humidity of air at measurement level z, and specific humidity at the snow surface respectively. However, due to unavailability of (qa−qs), it has been calculated using the following equation based on the values of atmospheric pressure (p), vapor pressure of the air (ea) and saturation vapor pressure at the snow surface ( es) (all in 103 Pa).


qa− qs=(0.622p)(ea−es)



(9)







Substituting the value of qa−qs in Equation (9), the Equation (8) for QL becomes


QL= L ρa Au (0.622p)(ea−es)



(10)




where, ea (Pa) is calculated from the saturation vapor pressure over a plane surface of the pure water using the Goff–Gratch formulation and the prevailing relative humidity. es (Pa) is assumed to be the same as the saturation vapor pressure over a plane surface of pure water at surface temperature Ts.




2.4.4. Heat Conduction Flux


Heat conduction QG into the glacier from the surface is calculated using Equation (11) where no meltwater percolation is assumed [22].


QG=KΔTΔz



(11)




where, K is the thermal conductivity of snow (W m−1 K−1), and ΔTΔz is the temperature gradient. Temperature profile between the surface and a depth of 10.24 m with a step of 0.02 m was calculated with the following thermodynamic equation.


ρ cpdTsdt= ∂∂z(K ΔTΔz)



(12)




where ρ is the density of snow or ice (kg m−3), cp is the specific heat capacity of ice (2009 J kg−1 K−1) and, t is time.



Thermal conductivity K is obtained using the following equation [49]:


K=2.1×10−2+4.2×10−4ρ+2.2×10−9 ρ3



(13)








2.4.5. Point Mass Balance


The algebraic sum of the individual SEB components and solid precipitation (Ps) gives the point mass balance of a glacier as follows:


MB=−(QMLf)+Ps



(14)




where Lf is latent heat of fusion (3.34 × 105 J Kg−1). Point mass balance represents mass balance at stake location. The glacier-wide mass balance is calculated using Equation (1).






3. Results


3.1. Meteorological Conditions at the Study Site


Figure 2 shows the daily mean values of air temperature, wind speed, relative humidity (RH), precipitation, incoming longwave radiation and incoming shortwave radiation recorded at Yala base camp AWS at 5060 m a.s.l. for the period of 2012 (5 June–13 October), 2013 (8 May–15 November) and 2014 (5 May–19 November).



Daily air temperature ranges between 5.3 °C and −10.9 °C for the considered periods. From June to September (monsoon season) daily mean temperature rose above 0 °C. Similarly, RH changed markedly, however, during monsoon period RH values were very high (>90 %) because of frequent precipitation events. On an average, 78% of the total precipitation falls during the monsoon. Cyclones, Phailin (13–15 October 2013) and Hudhud (15 October 2014) events brought the extremely large amount of precipitation 194 mm and 179 mm respectively within a few days. Such events are extreme and, if they are not considered, precipitation during the monsoon season accounts for 89% of precipitation recorded during the study period. Wind speed is low and never exceeded 3.1 m s−1 for the monsoon period whereas high value of 4.4 m s−1 is observed during 14 October 2014. Incoming shortwave radiation is maximum during May with an average value of 284 W m−2. Conversely, incoming longwave radiation is very high during monsoon with an average value of 280 W m−2.




3.2. Observed Mass Balance


3.2.1. Annual and Cumulative Glacier-Wide Mass Balance of Yala Glacier


Table 2 shows the annual glacier wide mass balances (Ba), seasonal glacier wide mass balances, ELA, AAR and mass balance gradients of Yala Glacier for the period of November 2011–November 2017. Annual mass balance values were negative during the entire study period with high negative values observed in 2016–17 particularly in comparison with 2012–13 and 2013–14 mass balance years. Cumulative mass balance was −4.88 m w.e., mean annual glacier-wide mass balance (Ba) of −0.81 m w.e. a−1 with mean annual variability of ±0.48 (standard deviation) were observed for the duration of 2011–17. The mean annual ELA was 5457 m a.s.l with mean AAR and steep mass balance gradient of 0.28 and 1.08 m w.e. (100 m)−1 a−1 respectively. ELA is increasing for every year except for 2012–2013 and 2013–2014. AAR decreased strongly after 2015. Very high ELA value of 5555 m a.s.l. and very low AAR value of 0.06 were observed in 2016–2017.



Both positive and negative components of mass balance are a function of density of snow and ice, and depth of snow layer. Accuracy of the overall glacier wide annual mass balance is determined and presented on the basis of errors in stake reading, errors in ice/snow density measurements, errors in snow depth measurements, errors in the representatives of stakes or accumulation measurement sites (sampling error) and the period of study considered [50]. In this study, errors in the positive and negative mass balances are determined to be ±0.15 m w.e. a−1 and ±0.19 m w.e. a−1 respectively while sampling error is found to be ±0.12 m w.e. a−1, which results in the error of ±0.27 m w.e. a−1.



The annual mass balance gradients of Yala Glacier are shown in Figure S1 for the measuring period of November 2011–November 2017. The regression lines are plotted over annual point MBs measured in the debris-free Yala Glacier between 5143 and 5681 m a.s.l. A steep mean mass balance gradient (1.08 m w.e. (100)−1 a−1) is observed for the Yala Glacier (Table 2). Mass balance gradients of Nepalese glaciers can differ in between 0.5 m w.e. (100 m−1) to 1.5 m w.e. (100 m−1) depending on the size and aspect of the glacier [38]. The obtained mass balance gradient values ranging from 0.86 m w.e. (100)−1 to 1.4 m w.e. (100)−1 for the Yala Glacier are within the range of the published values and are comparable to those observed in the Alps, Western Himalaya or mid-latitude glaciers [38,51]. Few snow and glacier melt models at watershed scale in the Himalayan region are developed based on ablation gradient only [52]. These models can therefore be improved in the future using different MB gradients for different glacier zones depending on debris-covered or its ablation and accumulation areas.




3.2.2. Seasonal Glacier-wide Mass Balance


Winter and summer glacier-wide mass balances (Table 2) are derived on the basis of glaciological field measurements conducted twice in a year. More negative summer balance with the value of −1.97 m w.e. is observed for the period of 2016–2017 and less negative summer value of −0.32 m w.e. is observed for the period of 2012–2013. More negative mass balance, indicating more ablation during summer is observed for all the considered years despite of being summer-accumulation type glacier [19,36]. Every winter experiences positive mass balance and do not vary strongly except for the period of the mass balance year 2012–2013 and never exceeded more than +0.24 m w.e. throughout the study period. This indicates that the winter can experience accumulation, which is very limited.





3.3. Calculated (Modelled) Energy and Mass Balance


Calculated daily mean values and percentage of surface energy balance components at different stake locations on the Yala Glacier during the summer of 2012, 2013, and 2014 are shown in Figure 3 and Table 3. The contribution of net radiation flux to glacier surface melting is high in comparison to the rest of the components (sensible, latent, and heat conduction). Positive turbulent sensible heat flux indicates heat transfers to the glacier surface throughout the melting season. The turbulent latent heat is usually negative which implies that the evaporation exceeded condensation because of high temperature and low precipitation. The contribution of net radiation flux is very high at lower elevations (below 5451 m a.s.l.) in all three years (Table S1). There is a high variation of net radiation in the ablation and accumulation area of the glacier. It is because of the different albedo and snow depths in higher altitudes. Snow depth and albedo are higher in both stake 7 and stake 8 than at the lower stakes. As more snow with high albedo was present in the accumulation area (stakes 7 and 8), value of net radiation was low in 2012 (Table S1) and net radiation contributed very little to melt in 2013 and 2014. Moreover, extreme precipitation, brought by the cyclones Phailin and Hudhud which hit the area in October 2013 and October 2014, respectively, maintained the high albedo of snow in the accumulation area in the post-monsoon season. Therefore, melt was weak sustained by QH and QG. Similar conditions were observed in 2013 and 2014. Sensible heat contributes significantly to melt particularly at the end of summer season (Figure 3). This is because surface temperature decreases strongly in comparison with air temperature. The contribution of the conduction heat flux is relatively small but increases at higher elevations (Figure 3, stake 8).




3.4. Glacier-Wide Mass Balance


Table 4 shows the modelled summer mass balance in 2012, 2013, and 2014 and observed summer mass balance of Yala Glacier in 2013 and 2014. The modelled and observed results show more negative mass balance for all considered summer period, indicating more ablation than accumulation. Equilibrium line altitude (ELA) are also calculated and agree well with the observed ELA values. The magnitude of errors in mass balances for the summer 2013 and 2014 are 3.1% and 3.8% respectively, whereas magnitude of errors in ELA determination are 0.02% and 0.04% for the summer 2013 and 2014 respectively.




3.5. Validation of Energy-Mass Balance Model


The modelled point mass balance is compared with the observed point mass balance of the Yala Glacier for two consecutive summer seasons of 2013 and 2014 as shown in Table 5. Figure 4 displays the difference between modelled and observed summer mass balance values. At every stake location, the observed and modelled values are in good agreement although discrepancies increase at higher elevations (stakes 5, 7 and 8).




3.6. Sensitivity Analysis


Sensitivity of mass balance to changes in air temperature, precipitation, and relative humidity were conducted using data from 2014 (Figure 5). Air temperature was altered by ±1 °C and ±2 °C whereas relative humidity and precipitation were altered by ±10 % and ±20 %. When temperature is increased by 1 °C, the value of mass balance becomes −1.26 m w.e. from the reference case of −0.77 m w.e. whereas it moves towards less negative side (−0.35 m w.e.) when the air temperature is decreased by 1 °C. Subsequently same increasing and decreasing pattern is seen when it is increased and decreased by 2 °C (−1.72 m w.e. and −0.066 m w.e.). Reduction/increase in precipitation results in the enhancement/impediment of net negative mass balance. With an increment of precipitation by 10% and 20% displays the less negative mass balance values of −0.62 m w.e. and −0.45 m w.e. respectively, whereas, with a decrement of precipitation by 10% and 20% shows the more negative mass balance values of −0.95 m w.e. and −1.1 m w.e. respectively. Mass balance is found to be less sensitive to relative humidity in comparison to other variables. With increment in relative humidity by 10% and 20%, net mass balance shows very small change, −0.69 m w.e. being the highly altered value when relative humidity is increased by 20%.



Sensitivity analysis is also performed for the initial surface parameters altering values in snow density, ice density, snow albedo, ice albedo, and roughness length as shown in Table 6. The mass balance is most sensitive to the albedo of snow and least sensitive to the roughness length as only 3.7% difference is seen even though roughness length is increased by 25%. When albedo of snow is increased by 0.1, mass balance value changes by 18% in comparison with its reference value. This is because the surface albedo has a strong effect on net radiation, which is the most important contributor to the melting. Density and roughness length do not affect the mass balance appreciably because their effect appears only in the heat conduction, and sensible and latent heat fluxes, respectively. These heat fluxes make relatively small contributions to the total energy available for melting, compared with the net radiation.





4. Discussion


4.1. Annual and Seasonal Glacier-Wide Mass Balance


Annual Ba, ELA, AAR, and mass balance gradients for Yala glacier have been observed for the period of 2011 to 2017. In this study period Yala Glacier is found to be losing its mass at an accelerated rate with an average annual MB rate of −0.81 ± 0.27 m w.e. a−1. The highest negative value of MB (−1.73 m w.e.) is observed for the period of 2016–2017 and the lowest negative MB value (−0.31 m w.e.) is observed for the period of 2012–2013. Low air temperature of 0.34 ℃ compared to other years in the summer of 2013 promoted the less negative mass balance value in 2013 (Table S1). Moreover, bountiful precipitation of 1057 mm including cyclone Phailin during the end of summer 2013 also contributed for this result. As, summer is the major season responsible for the melting and hence, determining the MB of a glacier [19]. Even though, precipitation is higher in the summer of 2014, the mean observed air temperature is quite high, more than double of the mean value observed in the summer of 2013 (Table S1). So, this resulted into the more negative MB value in 2013–2014, as MB is more sensitive to air temperature than the precipitation.




4.2. Comparison of Present Mass Balance and Energy Balance Studies with Other Studies in the High Mountain Asia


Present study shows the similar result to the previous studies in the High Mountain Asia, i.e., negative mass balances. MB of Yala Glacier was estimated to be −0.89 m w.e. for the period of November 2011–November 2012 [37]. Small glaciers such as Pokalde (0.1 km2) and West Changri Nup (0.92 km2) had mean MBs of −0.69 ± 0.28 m w.e. a−1 and −1.24 ± 0.27 m w.e. a−1 for the period of 2009–15 and 2010–15 respectively [16], and from this study mean MB of the Yala Glacier was observed as −0.81 ± 0.27 m w.e. a−1 which lies between MBs of West Changri Nup and Pokalde glaciers. However, Mera Glacier (5.1 km2), located at higher elevations, had mass balance of −0.03 ± 0.28 m w.e. a−1 which indicated almost balanced conditions, it might be because the more area of the glacier is located at highest elevations. Indeed, low maximum-elevation glaciers, such as Pokalde, Changri Nup and Yala experience ablation over the entire surface area with low-albedo bare ice exposed to their highest elevations and the accumulation zone reduced very significantly (Table 2).



Analysis of relative contributions of the components of energy balance to melt were conducted at several other Himalayan glaciers. It has been concluded that the net radiation is the dominant energy factor for the melting of Himalayan glaciers. This is because of high incoming shortwave radiation during the clear sky condition in the summer. The net longwave radiation is mostly negative with its high value during the peak monsoon due to warm, humid and cloudy atmosphere. Contribution of net radiation in Yala Glacier ranges from 66% to 61% for the stake positions up to 5358 m a.s.l. Study conducted in 25 May–25 Sep 1978 on Glacier AX010 in the Central Himalaya showed 85% contribution of the net radiation followed by sensible heat flux (10%) and latent heat flux (5%) at an elevation of 4960 m a.s.l. [22]. Similarly, study carried out in 8 Jul–5 Sep 2013 on Chhota Shigri Glacier in western Himalaya also revealed the 80% contribution [53] of net radiation whereas sensible and latent heat fluxes contributions were found to be 13% and 5% respectively at an elevation of 4670 m a.s.l. A study conducted in the Glacier Parlung No. 4 in Southeast Tibetan Plateau during 21 May–8 Sep 2009 resulted in the 86% contribution of net radiation followed by sensible (16%) and latent (−1%) fluxes at an elevation of 4800 m a.s.l. [54]. For the observation period of 4 Oct 2009–15 Sept 2011 in Zhadang Glacier [29], the radiation component contributed 82% of the total energy fluxes. This was followed by 10% and 6% contributions of sensible and latent heat fluxes respectively. The published results agree well with those obtained for the Yala Glacier. However, the results signify that the net radiation contribution decreases for the increasing altitude. Moreover, Yala Glacier is not surrounded by mountain walls, it is a plateau type glacier so, incoming longwave radiation is reduced and hence, lesser value of net radiation is observed. Sensible heat flux is positive on the Yala Glacier during the summer which means heat is transported to the glacier surface. The values of sensible heat flux are higher during the post-monsoon season than during the monsoon. This can be due to the clear sky condition during October and November which enhances the high temperature gradient. Moreover, wind speeds are also high in these months. Positive heat conduction is calculated for this study on the Yala Glacier. Heat conduction flux represented a very minor proportion (2%) of the total heat flux on Zhadang Glacier for two years of observation period [29]. Similarly, heat conduction flux on Chhota Shigri Glacier in Western Himalaya was also estimated to be 2% for the summer [28]. On the other hand, in the ablation zone of Parlung No. 4 Glacier in southeast Tibetan Plateau, negative heat conduction flux was observed (−1%) [54]. Similar contribution pattern of 0.10% and 0.56% are seen at the lower altitudes of the Yala Glacier.





5. Conclusions


This study presented results of analysis of a six-year dataset of annual and seasonal mass balance values measured using the direct glaciological method between November 2011 and November 2017. It also presents the use of energy balance model to predict the summer mass and energy balance for the period of 2011–2014 for Yala Glacier. Yala Glacier has been losing its mass rapidly with the mean annual mass balance of −0.81 ± 0.27 m w.e. a−1 (2011–2017). While comparing with other glaciers, small and low altitude glaciers like Yala in the Himalaya are losing their mass at accelerated rate.



Energy balance study shows that the net radiation flux is the primary energy source for the melting of glacier ice and snow. Sensible heat flux and heat conduction are the secondary components responsible for the melting. The net shortwave radiation contribution is very high in lower part of the glacier compared to the upper part because of higher albedo values in the upper part. Sensitivity analysis of mass balance to the input meteorological and surface parameters showed that the mass balance is highly sensitive to the change in air temperature, precipitation, and albedo of the snow. Mass balance was found to be considerably less sensitive to changes in relative humidity and moderately sensitive to changes in snow density.
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Figure 1. (a) Map of Langtang catchment (blue polygon) in the inset map of Nepal. Location of Yala Glacier (inside the red box), Kyangjing and Yala base camp (BC) Automatic Weather Stations (AWSs) (green triangles) in Langtang catchment. (b) Map of Yala Glacier showing the network of ablation stakes (red circles numbered from S1 to S8), AWS at Yala base camp (green triangle) and contour interval at 50 m altitudinal range (green lines). 
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Figure 2. Daily mean values of (a) air temperature and wind speed, (b) precipitation and relative humidity and (c) Incoming shortwave radiation and incoming longwave radiation during 5 June–13 October 2012; 8 May–19 November 2013; and 5 May–15 November 2014. 
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Figure 3. Daily mean values of energy balance components at stake locations 3 and 8 of Yala Glacier during the period 5 June–13 October 2012, 8 May–19 November 2013 and 5 May–15 November 2014. 
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Figure 4. Modelled (Red dotted line for 2013 and black dotted line for 2014) and observed (red line for 2013 and black line for 2014) mass balances for May–November 2013 and May–November 2014. Area coverage in each altitudinal zone ranging from 5143 m a.s.l. to 5681 m a.s.l. Hypsometry of the Yala Glacier (blue bars). 
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Figure 5. Sensitivity test of mass balance to the input variables; air temperature, precipitation, and relative humidity. 
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Table 1. Variables measured and sensors used in the Campbell AWS and pluvio installed at Yala Glacier base camp located at 5060 m a.s.l.
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	Sensor Type
	Variable
	Height (m)





	Rotronic Hydroclip SC2
	Air temperature

Relative humidity
	2.0



	Kipp & Zonen CNR4
	Incoming solar and longwave radiations
	2.0



	RM Young 015043
	Wind speed
	2.0



	Ott Pluvio 400
	Precipitation
	2.0
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Table 2. Annual glacier-wide mass balances (Ba), winter and summer glacier-wide mass balances, equilibrium line altitude (ELA), accumulation area ratio (AAR) and mass balance gradients (db/dz) for the Yala Glacier with their respective means and standard deviation (SD) from November 2011–November 2017.
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	Year
	2011–12
	2012–13
	2013–14
	2014–15
	2015–16
	2016–17
	Mean
	SD





	Winter (m w.e.)
	-
	0.01
	0.21
	0.22
	0.2
	0.24
	0.18
	0.09



	Summer (m w.e.)
	-
	−0.32
	−0.8
	−0.91
	−0.91
	−1.97
	−0.98
	0.60



	Ba (m w.e.)
	−0.85
	−0.31
	−0.59
	−0.69
	−0.71
	−1.73
	−0.81
	0.48



	ELA (m)
	5441
	5412
	5417
	5463
	5451
	5555
	5457
	52.07



	db/dz (m w.e. (100 m)−1)
	1.33
	0.86
	1.4
	1.06
	0.87
	0.96
	1.08
	0.23



	AAR
	0.27
	0.42
	0.38
	0.31
	0.23
	0.06
	0.28
	0.13
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Table 3. Total contribution of energy balance components to the surface melting at various stake locations on Yala Glacier for the period of 5 May 2014–15 November 2014 (196 days). Values in brackets are the altitude of each stake in m a.s.l.
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	Stake
	QR (%)
	QH (%)
	QG (%)
	QM (MJ m−2)





	2 (5260)
	65.65
	34.25
	0.10
	991



	3 (5279)
	64.48
	34.96
	0.56
	922



	4 (5315)
	62.90
	36.29
	0.80
	819



	5 (5358)
	61.15
	37.65
	1.20
	727



	7 (5450)
	-
	90.77
	9.23
	218



	8 (5482)
	-
	90.35
	9.65
	215
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Table 4. Observed and calculated mass balances for the summer of 2012, 2013, and 2014.
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Season

	
Summer 2012

	
Summer 2013

	
Summer 2014




	
Observed (m w.e.)

	
Modelled (m w.e.)

	
Observed (m w.e.)

	
Modelled (m w.e.)

	
Observed (m w.e.)

	
Modelled (m w.e.)






	
Glacier wide mass balance (m w.e.)

	
-

	
−0.55

	
−0.32

	
−0.31

	
−0.80

	
−0.77




	
ELA (m a.s.l.)

	
-

	
5449

	
5412

	
5411

	
5438

	
5440
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Table 5. Observed and modelled point mass balances for the summer of 2013 (8 May–19 November) and 2014 (5 May–15 November) at different stake locations.
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Elevation (m a.s.l.)

	
Summer 2013

	
Summer 2014




	
Observed (m w.e.)

	
Modelled (m w.e.)

	
Observed (m w.e.)

	
Modelled (m w.e.)






	
5179 (Stake 1)

	
−2.01

	
−1.99

	
-

	
-




	
5260 (Stake 2)

	
-

	
-

	
−2.4

	
−2.2




	
5279 (Stake 3)

	
−1.69

	
−1.62

	
−1.86

	
−1.96




	
5315 (Stake 4)

	
−0.82

	
−0.85

	
−1.64

	
−1.59




	
5458 (Stake 5)

	
−0.304

	
−0.32

	
−1.59

	
−1.26




	
5451 (Stake 7)

	
0.446

	
0.494

	
0.447

	
0.38




	
5482 (Stake 8)

	
0.576

	
0.547

	
0.579

	
0.43
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Table 6. Results of sensitivity analysis of the model for the period of 5 May 2014–15 November 2014.
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	Input Parameters/Processes
	Reference Case Mass Balance (m w.e.) 0.54





	Surface Parameters
	Difference from reference case



	Snow density increased by 50 kg m−3
	−15.4%



	Ice density increased by 10 kg m−3
	−1.1%



	Snow albedo increased by 0.1
	−18.3%



	Ice albedo increased by 0.1
	−2.9%



	All roughness length increased by 25%
	+3.7%
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