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Abstract: This study presents  a 64-year (1951–2014) reconstruction of the surface mass balance of Glacier 

No. 31, located in the Suntar-Khayata Range of the eastern Siberia, where the ablation zone is characterized by 

the extensive dark ice surface. We use a temperature index-based glacier mass balance model, which computes 

all major components of glacier mass budget and is forced by daily air temperature and precipitation from a 

nearby meteorological station. The glacier shows a mean annual mass balance of –0.35 m w.e. a–1 during the 

past 64 years, with an acceleration of –0.50 m w.e. a–1 during the recent years . A total mass loss of the glacier is 

~22.3 m w.e. over the study period, about 56% of which is observed during 1991–2014. In addition to the 

contribution of temperature rise and precipitation decrease to recent mass loss of the glacier, an experimental 

analysis, in which the clean and dark ice surfaces are respectively assumed to cover the entire ablation zone, 

indicates that dark ice surface, caused by insoluble impurities consisting of mineral dusts, cryoconite granules, 

and ice algae, plays a crucial role in the changing mass balance through enhancing melt rates  in the ablation 

zone of the glacier.  
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Introduction 

The surface mass balance of a glacier, a valuable indicator of climate change (Oerlemans and Fortuin 1992; 

Haeberli et al. 2007), is more closely related to the atmospheric forcing compared to changes in glacier area and 

length. In response to current atmospheric warming, an accelerated mass loss of global glaciers has been 

observed (e.g., Gardner et al. 2013; Vaughan et al. 2013), which impacts global sea level (e.g., Hirabayashi et al. 

2010; Marzeion et al. 2012; Radić et al. 2013) and regional water cycle (e.g., Kaser et al. 2010; Bliss et al. 

2011). Knowledge about current and past changes in glacier mass balance is  therefore crucial for assessing 

regional and global impacts of glacier wastage, and the future glacier behaviour. 

        The Suntar-Khayata Range, the region of the lowest temperatures in the Northern Hemisphere (Koreisha 

1963; Ananicheva et al. 2010), is located in the eastern Siberia and extends to westwards for ~500 km from the 

coast of the Sea of Okhotsk (Figure 1a). This mountain range contains 200 glaciers with an area of 210 km2 

(Koreisha 1963). As reported for other mountainous areas of the globe (Vaughan et al. 2013), glaciers in the 

region have generally retreated and thinned during the past few decades (e.g., Koreisha 1963; Yamada et al. 

2002; Ananicheva et al. 2005; Takahashi et al. 2011). Glacier area of the region decreased by 19.3% for the 

period 1945–2003 (Takahashi et al. 2011), and the shrinkage of glacier length is about 50–200 m during the 

period from the Little Ice Age to 1973 with accelerated retreat rate in recent years  (Ananicheva et al. 2005). The 

past and current information on glacier changes of the region is mostly based on remote-sensing studies and 

short-term observations on one or two glaciers (Koreisha 1963; Solomina 2000; Yamada et al. 2002; 

Ananicheva et al. 2005; Takahashi et al. 2011). In particular, in situ mass balance observations are scarce after 

the 1957–58 International Geophysical Year (IGY). Quantitative assessments of glacier mass balance changes 

and glacier-climate relationships over the past few decades  are therefore seriously hampered by the scarcity and 

short-term observations within the mountain range, limiting the comprehensiveness in our understanding of the 

magnitude in surface mass balance of these glaciers and associated response to climate forcing in the region of 

the lowest temperatures in the Northern Hemisphere.    

      Some of these glaciers in the Suntar-Khayata Range are characterized by the dark ice surface in their 

ablation zones caused by the depositions of insoluble impurities on the ice surface (Takeuchi et al. 2015). The 

samples collected from the dark ice surface of Glacier No. 31 of the region indicate that insoluble impurities 

consist of mineral particles, dark-colored aggregates (cryoconite granules), and ice algal cells filled with dark-

reddish pigments (Takeuchi et al. 2015). Moreover, the area of the dark region becomes expanding. Recent 

studies have shown that the insoluble impurities on the ice surface are one of the most significant factors 
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contributing to the albedo decline (Bøgglid et al. 2010; Takeuchi et al. 2015; Ming et al. 2016). For example, 

impurities are responsible for 32% of the albedo reduction on the Tienshan Urumqi Glacier No. 1 (Ming et al. 

2016). It is well recognized that the ice melt rate increases in the dark ice surface due to the lower albedo 

relative to the clean ice surface (e.g., Takeuchi and Li 2008; Oerlemans et al. 2009; Bøgglid et al. 2010; Ming et 

al. 2015). Observational evidences on different glaciers indicate that the melt rate in the dark ice surface is 

clearly accelerated by about 1.5–3.0 times greater than that of the impurity free bare-ice (Kohshima et al. 1993; 

Sugiyama et al. 2014; Takeuchi et al. 2015), which is likely to have a great impact on glacier mass balance. 

Therefore, the effect of dark ice surface on the total mass budget has been addressed in the Tibet, the Himalayas, 

the Tienshan, the Alps, and the Greenland Ice Sheet (e.g., Takeuchi and Li 2008; Oerlemans et al. 2009; 

Bøgglid et al. 2010; Sugiyama et al. 2014; Ming et al. 2016). However, no study has attempted to investigate the 

effect of dark ice surface on glacier mass budget of the Suntar-Khayata Range. 

       In this study, we use a temperature index-based glacier mass balance model to simulate the surface mass 

balance of Glacier No. 31 in the Suntar-Khayata Range, eastern Siberia. The model is forced by daily 

temperature and precipitation from a nearby meteorological station. Glacier No. 31 is chosen as the best case 

because it offers an opportunity to study glacier system in the region of the lowest temperatures in the Northern 

Hemisphere, where specific, though incomplete, information is available about both glaciology and meteorology 

in the region. The main objective of this study is to present long-term variation and trend in the surface mass 

balance of Glacier No. 31 from 1951 to 2014 for documenting ongoing glacier and climate changes in the 

Suntar-Khayata Range, eastern Siberia. We also investigate the effect of the spatial distribution of insoluble 

impurities on the surface mass balance of Glacier No. 31. Such work is a necessary first step toward 

understanding the mass change for a glacier with extensive dark ice surface within the Suntar-Khayata Range, 

where the coldest climatic conditions and remoteness hamper ground-based monitoring and result in very little 

information on mass-balance evolution during the past decades. 

1 Study Area  

Glacier No. 31 (62.6°N, 141.85°E; Figure 1) is located in the northern part of the Suntar-Khayata Range, eastern 

Siberia. It has an area of 3.2 km2, a length of 3.85 km, and an elevation range of 2025–2778 m a.s.l. (Koreisha 

1963), generally flowing northwest. The equilibrium line altitude of the glacier is about 2320 m a.s.l. observed 

during the 1957–58 IGY (Koreisha 1963). Glacier terminus retreated by more than 120 m during the period 

1957–2001 (Ananicheva et al. 2005). The climate in the region is characterized by a strong temperature 

inversion during winter because of the Siberia High (Koreisha 1963; Takahashi et al. 2011) and a significant 
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increase in precipitation with elevation (Koreisha 1963). The region has undergone the marked warming over 

the past few decades (Takahashi et al. 2011; Bader 2014). Snowfall mainly occurs in spring, summer and early 

autumn (Ananicheva et al. 2010) and is less in winter (Takahashi et al. 2011).  

      The first meteorological and glaciological observations were performed on Glacier No. 31 during the 1957–

58 IGY (Koreisha 1963). Since then, short-term field observations have been conducted intermittently on this 

glacier (Yamada et al. 2002; Takahashi et al. 2011; Takeuchi et al. 2015). During the period of 2012–2014, 

extensive meteorological and glaciological observations were conducted in the Range. Ablation data were 

collected at a network of ablation stakes drilled over the glaciers of the region, and meteorological data were 

observed using an automatic weather station (AWS) operated in the upper part of Glacier No. 31 at ~2500 m 

a.s.l. (Figure 1b). The observation network consists of 10–15 ablation stakes and spans an elevation range of 

2120–2600 m a.s.l., and meteorological data are recorded at one hour intervals .         

2 Data and Methods  

2.1 Data 

Glacier information needed for the model includes surface area, length and elevation range (mean, maximum 

and minimum elevation). These data for different periods are derived from Koreisha (1963), the Randolph 

Glacier Inventory (RGI) version 4.0 (Arendt et al. 2014), and the RGI version 5.0 (Arendt et al. 2015), 

respectively. Glacier hypsometry is derived from intersecting glacier outline with the Advanced Spaceborne 

Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model Version 2 (GDEM2; 

Tachikawa et al. 2011). In this study, the glacier is divided, at intervals of 50m, into a set of elevation bands. 

     Ablation data observed in different elevations  for the period from July 2012 to August 2013 are used to 

calculate the degree-day factors of the model. For model validation we rely on surface mass balance 

observations from in situ measurements on the glacier over the period 1957–1959 (Koreisha 1963), including 

annual and vertical balance profiles. The time series of surface mass balance of the glacier over the period 

1957–1969 derived from Dyurgerov and Meier (2005) and changes in glacier area over the period 1950–2011 

estimated from glacier inventories are used to validate the model performance. 

     The meteorological forcing data required by the model include air temperature and precipitation at daily time 

steps observed at Oymyakon station, a nearby meteorological station (740 m a.s.l.; Figure 1a). Daily data of 

Oymyakon station are available for the period 1950–2014. Meteorological observations on Glacier No. 31 are 

available during 2004–2005 (Takahashi et al. 2011) and 2012–2013, in which the meteorological stations were 

installed at ~1988 m a.s.l. and ~2500 m a.s.l. (Figure 1b), respectively. To calculate monthly temperature lapse 
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rates, we use air temperature taken from Oymyakon station and glacier terminus (Figure 1b) for the period from 

August 2004 to August 2005. To fill in the gap of precipitation in high-elevation regions, precipitation data 

taken from the grid point of the CRU CL 2.0 data set (10΄ spatial resolution; New et al. 2002) closest to the 

glacier are used in this study. We use this data set and precipitation data from Oymyakon station to calculate 

monthly precipitation gradients. Furthermore, daily precipitation from 1950 to 2011 taken from the grid point of 

the observation-based APHRODITE gridded data (0.5° spatial resolution; Yatagai et al. 2012) closest to the 

glacier are used to analyze the long-term variation in precipitation of the region. The details of the CRU CL 2.0 

and APHRODITE data sets can be found in New et al. (2002) and Yatagai et al. (2012), respectively. 

     To assess the impact of dark ice surface on the total mass budget, a Landsat 8 satellite image with spatial 

resolution of 30 m is used to obtain the spatial distribution of reflectivity on the glacier. The image is acquired 

on 11 August 2014, provided by the U.S. Geological Survey of Earth Resources Observation & Science Center. 

We use band 2 image (wavelength range: 0.45–0.51 µm) in this study, which is sensitive to impurity abundance 

on snow and ice. Surface reflectivity at the top of atmosphere is obtained from the Level 1 data product (Roy et 

al. 2014).  

2.2 Glacier mass-balance model 

A temperature index-based glacier mass-balance model is used to calculate surface mass balance of Glacier No. 

31. The model computes all major components of the glacier mass budget for each 50 m elevation band with 

daily resolution, including snow and ice melt, snow accumulation, and refreezing, and considers the feedback 

between surface mass balance and changing glacier hypsometry . The main components of the model are 

identical to those in Hirabayashi et al. (2010) and Zhang et al. (2016), and are described only briefly here except 

the refreezing process. The mass-balance year covers from 1 October to 30 September in the following year.   

       We calculate snow and ice melt for each elevation band through a temperature-index model that 

differentiates between degree-day factors (DDFs) for ice and snow. It is assumed that the ice melting in an 

elevation band occurs only if no snowpack remains in this elevation band. Surface accumulation for each 

elevation band is computed from the precipitation value by applying a temperature threshold of 2 °C to 

differentiate between solid and liquid precipitation. All precipitation at or below the threshold temperature is 

assumed to fall as snow. A mixture of snow and rain is assumed within a transition zone ranging from 1 K 

above to 1 K below the threshold temperature. Within this temperature range, the snow and rain percentages of 

total precipitation are obtained by linear interpolation. To capture the dynamic response of the glacier to surface 

mass change, volume-area and -length scaling, which is based on a theoretical analysis of glacier dynamics and 
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glacier geometry (Bahr 1997; Bahr et al. 1997), is used in this study. We use volume-area scaling to estimate 

glacier volume from glacier area and to update glacier area after the computation of glacier mass balance, and 

thus volume changes after each time step. Volume-length scaling is used to adjust glacier length when volume 

changes. The change in glacier length determines the elevation range of a glacier, which allows for the removal 

or addition of elevation bands at the terminus. The area in each elevation band is determined using a normal 

distribution derived from glacier area and the range between maximum and minimum elevation. In addition, we 

initialize the end of summer surface type in the first year of the modeling by prescribing snow above the ELA 

and bare ice below. Then, the surface type for each elevation band is updated depending on the computation of 

the surface mass balance.  

     Some of the surface meltwater can refreeze to the glacier when melting occurs at the surface of a cold 

snowpack (Woodward et al. 1997; Fujita and Ageta 2000). Therefore, surface melting does not necessarily 

equate to mass loss for a glacier. To account for this reduction in the surface melt rate, refreezing is calculated 

for each elevation band from changes in the ice/snow temperature profile and the presence of water at the 

interface between the snow layer and glacier ice based on heat conduction (Fujita and Ageta 2000; Zhang et al. 

2012). The possible amount of refreezing (
FR ) is calculated as  

 
erface

surface
Z

f

is
z

erface
Z

f

ii

F dzT
L

c
dzT

L

c
R

c int

int

 ,                                                   (1) 

where 
 
ρi and ρs are the densities of ice and snow (900 and 415 kg m–3), ci is the specific heat capacity of ice 

(2100 J kg–1 K–1), fL is the latent heat of fusion (3.34×10–5 J kg–1), z is the depth from the surface or snow-ice 

interface (m), cz  is the depth where the annual amplitude of ice temperature  is < 0.1 °C (assumed to be 20 m 

from the snow-ice interface), and ZT  is the temperature difference of the snow/ice at a given depth during a 

given period (°C). In addition, refreezing during shorter cooling events is considered by assuming the maximum 

water content as 5% in volume. The details of the approach can be found in Zhang et al. (2012).      

      For each elevation band of the glacier, the air temperature and precipitation time series are interpolated 

according to its mean elevation using a set of twelve constant monthly temperature lapse rates (LRs) and vertical 

precipitation gradients  (VPGs). The region is characterized by a strong temperature inversion in winter 

(Koreisha 1963; Takahashi et al. 2011), leading to complicated change in air temperature with elevation. Hence, 

a LR (°C (100m)-1) for each month can be defined as (e.g., Petersen and Pellicciotti 2011; Immerzeel et al. 

2014) 
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where T1 and T2 are the air temperature observed at glacier terminus and Oymyakon station for the period from 

August 2004 to August 2005 (°C), and z1 and z2 are their elevations, which are 1988 and 740 m a.s.l., 

respectively. Observations in different elevations indicate that the precipitation significantly increases with 

elevation in this mountain range (Koreisha 1963), so that a VPG (% (100m)-1) for each month is defined as (e.g., 

Immerzeel et al. 2014) 
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where P1 and P2 are monthly precipitation taken from the grid point of the CRU CL 2.0 data closest to the 

glacier and those averaged for the period 1961–1990 observed at Oymyakon station, and z1 and z2 are 2271 and 

740 m a.s.l., respectively. 

      Following the approach of calculating DDFs as in Zhang et al. (2006), we calculate the DDFs for each 

elevation band from ablation and air temperature data observed on the glacier over the period from August 2012 

to August 2013 (Figure 1b). The DDF for the i elevation band is defined as (e.g., Hock 2003; Zhang et al. 2006)  
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where iM  is the ablation observed at stakes for the i elevation band during study period, and 


iT  is daily 

positive air temperature for the i elevation band during the same period.    

      We validate the model through a multilayer procedure including all available observed or previously 

estimated data sets on Glacier No. 31. These data include: (1) observed annual and vertical mass balance 

profiles for the period 1957–1959; (2) estimates of glacier mass balances over the period 1957–1969 by 

Dyurgerov and Meier (2005); and (3) changes in glacier area estimated from glacier inventories. We quantify 

the ability of the model to capture the variation in surface mass balance using the correlation coefficient (r) and 

the mean absolute error (MAE) between observations and simulations. The correlation coefficient provides an 

indication of the ability of the model to capture the mass balance variation, while the MAE captures the model’s 

ability to match the magnitude of the surface mass balance, indicating how well the model reproduces surface 

mass balance.  
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3 Results and Discussion 

3.1 Model validation 

We first evaluate the forcing data generated using monthly LRs and VPGs (Table 1) from Oymyakon station 

against observations on the glacier in Figure 2a. The AWS measurements of the air temperature during the 

period of 2012–2013 are well reproduced. Our estimation captures the variability of the air temperature well, 

yielding a correlation coefficient of 0.96 and a MAE of 2.4 °C. A similarly-good performance is evident for the 

precipitation, where observed and estimated monthly precipitations show good agreement for variability over 

the period 2012–2013 (Figure 2b). The correlation coefficient between observed and estimated precipitations is 

0.95 with the MAE value of 0.02 m. Thus, the forcing data generated by our approach agree well with the 

observations on the glacier, which can be as input for driving the model.  

      To evaluate the output of the model, we calculate the annual mass balance over the period 1957–1959 as 

well as the vertical balance profiles (VBPs) and associated gradients in Figure 3. There is agreement for the 

annual mass balance in the same period (Figure 3a), which is most important as the area-integrated mass is on 

primary interest in our study. The only discrepancy in Figure 3c concerns the VBP in 1958, where the model 

shows an underestimation of surface mass balance in the upper part of the glacier. In all other cases, modeled 

results and observations agree within the error bounds (Figure 3). Furthermore, we consider the long-term 

variation in surface mass balance of the glacier in Figure 2c, where modeled results and estimates of Dyurgerov 

and Meier (2005) show good agreement for variability over the period 1957–1969. The correlation coefficient 

and the MAE are 0.8 and 0.08 m w.e., respectively. In total, the mean modeled mass balance over the period 

from 1957 to 1969 (–0.18 m w.e.) is slightly more negative than the estimation of –0.14 m w.e. reported by 

Dyurgerov and Meier (2005). Finally we validate our model for capturing the feedback between surface mass 

balance and change in glacier geometry by comparing modeled area change and observed values obtained from 

glacier inventories for the periods 1950–2003 and 2003–2011 (Koreisha 1963; Arendt et al. 2014, 2015). 

According to our calculation, the mean modeled change in glacier area (0.013 km2 yr–1) is consistent with the 

observation of 0.015 km2 yr–1 over the period 1950–2011. 

       Overall, the modeling approach generally reproduces the obs ervations and the previous estimations well, 

which gives us confidence that the model simulates  the long-term glacier mass balance well. Moreover, the 

model confirms its capability for capturing the vertical structure of observed spatial variability and the feedback 

between surface mass balance and change in glacier geometry.  
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3.2 Surface mass balance since 1951 

We calculate the long-term annual mass balance for Glacier No. 31 using temperature and precipitation data 

observed at Oymyakon station for the period 1950–2014. The time series of the modeled annual specific mass 

balance of the glacier is shown in Figure 4a. Model results reveal large interannual variation in the surface mass 

balance of Glacier No. 31, with a maximum of +0.31 m w.e. in the 1977/1978 balance year and a minimum of –

1.1 m w.e. in the 1997/1998 balance year. The mean annual mass balance rate is –0.35 m w.e. yr–1 over the 

period 1951–2014. Mass loss rates have grown progressively since 1951 (Figure 4a). We find specific mass 

balance rates decreasing from –0.31 m w.e. yr–1 in the 1950s to –0.50 m w.e. yr–1 in the 2000s. Overall, the 

slightly negative balance is found before 1990, and then rapidly increasing mass loss is observed. The average 

rate of mass loss during 1991–2014 is about –0.52 m w.e. yr–1, about two times greater than the 1951–1990 

average (–0.25 m w.e. yr–1).  

      The cumulative mass balance of the glacier shows an impressive decline, which is about –22.3 m w.e. for 

study period (Figure 5a). Of the total accumulation, about 56% is observed during 1991–2014. A similarly-rapid 

mass loss of the glacier is observed from the altitudinal distribution of specific mass balance (Figure 5b). The 

most notable feature of the VBP is the fact that areas of positive modeled mass balance are confined to 

elevations >2400 m a.s.l. over the period 1951–1990 and > 2500 m a.s.l. over the period 1991–2014. This 

indicates a significant rise in the ELA over the past few decades, which is in good agreement with previous 

study (Takahashi et al. 2011).  

3.3 Discussion 

Glacier No. 31 experiences significant mass loss  during the past 64 years (1951–2014), especially in the recent 

years (Figure 4a), although it is located in the region of the lowest temperatures in the Northern Hemisphere. 

Our findings show good agreement with those of previous studies (e.g., Solomina 2000; Ananicheva et al. 2005; 

Dyurgerov and Meier 2005; Takahashi et al. 2011), which reported a significant shrinkage of the glaciers in this 

mountain range over the past few decades. The time series of air temperature observed at Oymyakon station 

over the period 1950–2013 is shown in Figure 4b, where significant increasing trend of air temperature is 

uncovered with a rate of 0.4 °C (10a) –1. In particular, the warming rate is about 0.9 °C (10a) –1 during the last 

20 years. Figure 6a shows changes in monthly air temperature for 1991–2014 relative to 1951–1990. Although 

summer months (July–September) experience a slight decrease in air temperature for 1991–2014 compared to 

those for the period 1950–1990, other months experience significant increase (Figure 6a). In particular, the air 

temperature in the beginning of the melt season (May) and at its end (October) rises by 1.6 and 2.3 °C, 
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respectively, for the period 1991–2014 compared to those for the period 1950–1990. There is growing evidence 

that the rate of warming is amplified with elevation (Pepin et al. 2015), such that the glacierized region 

experiences more rapid changes in temperature than the Oymyakon station (low-elevation region). This possibly 

prolongs the melt period and changes in the ratio of snow to rain. As a consequence, snow accumulation on the 

glacier is expected to decrease and surface albedo also decreases caused by removal of snow cover and 

consequent exposure of bare ice that prevents the absorption of solar radiation and snow melt during the melt 

season. Furthermore, we find that annual precipitation changes insignificantly in the low elevation region during 

study period, while annual precipitation in the high elevation shows a slight decrease (Figure 4c). Precipitation 

in the summer and the winter decreases by 10% and 6%, respectively, for the period1991–2014 compared to 

those for the period 1950–1990. Relative to 1950–1990, monthly precipitation shows significant decrease for the 

period 1991–2014 with the exception of a few months (Figure 6b). Such change possibly has significant 

influence on glacier accumulation. It is concluded that temperature rise likely contributes to significant mass 

loss on Glacier No. 31 together with a slight decrease in precipitation. 

      In addition, Glacier No. 31 is characterized by the dark ice surface over the ablation zone. Darkening of the 

glacier surface and its effect has been reported in many glaciers of the world (e.g., Takeuchi and Li 2008; 

Oerlemans et al. 2009; Bøgglid et al. 2010; Sugiyama et al. 2014; Ming et al. 2015, 2016). As these studies 

show, dark ice surfaces enhance melt rates due to the lower albedo compared to the clean ice surface, with 

important consequences for the glacier mass budget. Field surveys on Glacier No. 31 indicate that the dark 

appearance over the ablation zone is caused by insoluble impurities consisting of mineral dusts, cryoconite 

granules, and ice algae, one of which the ice algae are the most effective constituents in the impurities on albedo 

reduction (Takeuchi et al. 2015). The altitudinal distribution of surface reflectivity of the glacier, derived from a 

Landsat 8 image acquired on 11 August 2014, is shown in Figure 5c. Areas of low surface reflectivity are 

confined to elevations of 2200–2450 m a.s.l., above and below it surface reflectivity slightly increases, which is 

consistent with the distribution of the ice algae that are abundant in the middle part of the ablation zone  and less 

near the terminus (Takeuchi et al. 2015). Such altitude distributions of the ice algae and surface reflectivity may 

complicate the ablation gradient in the ablation zone (Figure 5d), making it completely different to that on the 

clean ice surface. As discussed above, the ablation zone of Glacier No. 31 are gradually expanding due to the 

negative mass balance (Figure 5b) and ice surface is exposed for longer period in the melt season because of 

temperature rise (Figure 4b). These conditions are favorable for biological activities because they are more 

active on a bare ice surface rather than snow (Takeuchi 2013). Consequently, the area of the dark region is likely 
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to expand in the ablation zone of the glacier, with important consequences for current and future changes in 

glacier mass budget.  

      According to field observations on Glacier No. 31 in the summer of 2014 (Takeuchi et al. 2015), the DDFs 

for the clean ice surface vary from 3.0 to 3.9 mm K–1 d–1, while the DDFs for the dark ice surface vary from 6.5 

to 8.6 mm K–1 d–1. Their results indicate that dark ice surfaces largely enhance the ice melting due to the lower 

albedo compared to the clean ice surface, leading to glacier mass loss increasing. However, there is no 

information on the evolution of dark ice surface in the ablation zone of Glacier No. 31 during the past few 

decades. To assess the influence of dark ice surface on the surface mass balance of Glacier No. 31, we 

recalculate the surface mass balance with the assumptions of the entire ablation zone of the glacier covered by 

the clean and dark ice surfaces, respectively. The surface mass balance of the glacier estimated using the DDFs 

from ablation observations is used as the reference run, that is, it is derived from the plausible real surface 

condition. According to our recalculations, the surface mass balance of the glacier with the assumption of the 

entire ablation zone covered by the clean ice surface is largely less than that with the plausible real surface 

condition (Figure 5a). The mass loss of the glacier under the assumption of the clean ice surface covering the 

entire ablation zone decreases by ~26% during 1951–2014 compared to the plausible real surface condition. On 

the other hand, the surface mass balance of the glacier with the assumption of the entire ablation zone covered 

by dark ice surface is more negative than that with the plausible real surface condition (Figure 5a). The mass 

loss increases by ~24% compared to the plausible real surface condition. Compared with the ablation zone 

covered by the clean ice surface, the mass loss of the glacier under the assumption of dark ice surface covering 

the entire ablation zone increases by ~68% during study period (Figure 5a). Based on these comparisons, we 

conclude that the presence of the dark ice surface significantly affects the changing mass balance through 

accelerating melt rates in the ablation zone of Glacier No. 31. Previous studies found inter-annual variability of 

the ice surface conditions of the glacier (Koreisha 1963; Takeuchi et al. 2015), but we do not consider such 

changes in surface mass balance simulation due to little knowledge about these changes. Therefore, it is 

important to conduct further observations and studies focusing on the evolution of the ice surface on Glacier No. 

31, especially the growth of algae on the ice surface, and transportation and redistribution processes of each 

constituent of impurities.   

4 Conclusions 

Compared to other mountainous glacierized regions, the scarcity of basic information about both glaciology and 

meteorology in the Suntar-Khayata Range of the eastern Siberia hampers our comprehensive understanding of 
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glacier mass balance changes and glacier-climate relationships. In this study, the surface mass balance of 

Glacier No. 31 in the mountain range is reconstructed for the 64-year period from 1951 to 2014 using a 

temperature index-based glacier mass balance model. Daily air temperature and precipitation data observed at 

Oymyakon station are used to force the model. The model is verified by comparing the model results to annual 

mass balance and VBPs observed during 1957–1959, estimated annual mass balance during 1957–1969, and 

glacier area change derived from glacier inventories. Overall, our modeling approach performs well, indicating 

that the model has predicative power for surface mass balance modeling on the glacier. 

       According to the calculation, we find a modeled cumulative mass balance of –22.3 m w.e. on the glacier for 

the period 1951–2014, with a mean annual value of –0.35 m w.e. a–1. In particular, the glacier has experienced 

markedly rapid wastage since the 1990s. The mean annual mass balance during the recent years (1991–2014) is 

about two times that during 1951–1990 (–0.25 m w.e. a–1). The recent mass loss of the glacier is mainly 

attributed to temperature rising and precipitation decreasing. In addition, recalculations with different 

assumptions indicate that the presence of dark ice surface on the ablation zone, caused by insoluble impurities 

consisting of mineral dusts, cryoconite granules, and ice algal, plays an important role in the recent mass loss on 

Glacier No. 31. The mass loss of the glacier under the assumption of the entire ablation zone covered by dark 

ice surface increases by ~32% compared to the plausible real surface condition. 

       Distribution of dark ice surface caused by abundant impurities are characterized for the ablation zones of 

glaciers in the Suntar-Khayata Range of the eastern Siberia, as well as in many other mountain ranges around 

the world (e.g., Takeuchi and Li 2008; Oerlemans et al. 2009; Bøgglid et al. 2010; Sugiyama et al. 2014; Ming 

et al. 2015). In particular, observations show an increase trend in the extent of dark ice (e.g., Takeuchi et al. 

2015; Ming et al. 2016), which can further reduce the ice surface albedo and result in more mass loss of the 

glacier. Although our simple approach can estimate the contribution of dark ice surface to glacier mass loss, it 

cannot consider the evolution of dark ice surface in the long period of time. Therefore, it is necessary to conduct 

further studies focusing on developing the approach of the transportation and redistribution processes of each 

constituent of impurities to evaluate and predict the future extent of dark ice extent and its effect on glacier mass 

budget on different scales.      
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Figure captions 

Figure 1 Location maps of the Suntar-Khayata Range (a) and Glacier No. 31 (b), eastern Siberia. Crosses in (b) 

show the location of ablation stakes, and squares show the automatic weather station (AWS) installed different 

periods. The background in (b) is Landsat 8 satellite image acquired on 11 August 2014. 
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Figure 2 Observations versus estimated daily temperature (a) and monthly precipitation (b) on the glacier 

during 2012–2013, and time series of modeled annual mass balance (MB) and estimates of Dyurgerov and 

Meier (2005; D&MMB) for the period 1957–1969 (c). Error bar in (c) indicates standard error derived from 

Dyurgerov and Meier (2005). 

Figure 3 Mean mass balance (black) and VBP gradient (grey) over the period 1957–1959 (a), and modeled 

versus observed VBP in 1957 (b), 1958 (c) and 1959 (d). Error bars indicate standard error. Observed VBP data 

are derived from Koreisha (1963). 

Figure 4 Time series in surface mass balance of Glacier No. 31 (a), mean annual temperature (b) and annual 

precipitation in different elevations derived from Oymyakon station and the grid point of APHRODITE data 

(Yatagai et al. 2012) closest to the glacier (c). Red line in (a) shows the average value for each ten years. Grey 

dash lines in (b) and (c) show linear regressions.  

Figure 5 Cumulative surface mass balance for the period 1951–2014 (a), modeled VBP during different decadal 

periods (b), surface reflectivity derived from band 2 of Landsat 8 satellite image (c) and observed melt rate 

during 2012–2013 (d). Clean surface and darkening surface in (a) denote that the clean ice surface and the 

darkening surface are assumed to cover the entire ablation zone of the glacier, respectively. Grey points in (c) 

denote the value of each grid cell of Landsat 8 and blue line in (c) shows the average value for each 50m 

elevation band. 

Figure 6 Changes in monthly air temperature and precipitation for the period 1991–2014 compared to those for 

the period 1950–1990. Precipitation data in different elevations are derived from Oymyakon station and the grid 

point of APHRODITE data (Yatagai et al. 2012) closest to the glacier. 

 

 

Table 1. Temperature lapse rate (LR; °C (100m)-1) and vertical precipitation gradient (VPG; % (100m)-1) for 

each month used in the model. 

 Jan Feb March Apr May Jun Jul Aug Sep Oct Nov Dec 

LR 1.43 0.98 0.48 –0.21 –0.70 –0.68 –0.59 –0.55 –0.43 –0.51 0.94 1.40 

VPG 0.00 0.00 9.00 25.00 23.00 13.00 9.00 11.00 10.00 5.00 1.00 0.00 
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Figure 1 Location maps of the Suntar-Khayata Range (a) and Glacier No. 31 (b), eastern Siberia. Crosses in (b) 

show the location of ablation stakes, and squares show the automatic weather station (AWS) installed different 

periods. The background in (b) is Landsat 8 satellite image acquired on 11 August 2014. 

 

 

 

 

 



18 
 

 

 

 

Figure 2 Observations versus estimated daily temperature (a) and monthly precipitation (b) on the glacier 

during 2012–2013, and time series of modeled annual mass balance (MB) and estimates of Dyurgerov and 

Meier (2005; D&MMB) for the period 1957–1969 (c). Error bar in (c) indicates s tandard error derived from 

Dyurgerov and Meier (2005). 
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Figure 3 Mean mass balance (black) and VBP gradient (grey) over the period 1957–1959 (a), and modeled 

versus observed VBP in 1957 (b), 1958 (c) and 1959 (d). Error bars indicate standard error. Observed VBP data 

are derived from Koreisha (1963). 
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Figure 4 Time series in surface mass balance of Glacier No. 31 (a), mean annual temperature (b) and annual 

precipitation in different elevations derived from Oymyakon station and the grid point of APHRODITE data 

(Yatagai et al. 2012) closest to the glacier (c). Red line in (a) shows the average value for each ten years. Grey 

dash lines in (b) and (c) show linear regressions.  

 

 

 

 

 

 

 

 

 

 

 



21 
 

 

 

 

Figure 5 Cumulative surface mass balance for the period 1951–2014 (a), modeled VBP during different 

decadal periods (b), surface reflectivity derived from band 2 of Landsat 8 satellite image (c) and observed melt 

rate during 2012–2013 (d). Clean surface and darkening surface in (a) denote that the clean ice surface and the 

darkening surface are assumed to cover the entire ablation zone of the glacier, respectively. Grey points in (c) 

denote the value of each grid cell of Landsat 8 and blue line in (c) shows the average value for each 50m 

elevation band. 
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Figure 6 Changes in monthly air temperature and precipitation for the period 1991–2014 compared to those for 

the period 1950–1990. Precipitation data in different elevations are derived from Oymyakon station and the grid 

point of APHRODITE data (Yatagai et al. 2012) closest to the glacier. 

 


