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Article 
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Abstract: Snow cover plays a critical role in the global energy and water cycles. Snow cover on the Tibetan 

Plateau (TP) provides vital water sources in western China and Himalayan regions in addition to its weather 

and climate significance. The massive high mountain topography of the TP is main conditions for the presence 

and persistence of snow cover on the plateau at the mid-low latitudes of the Northern Hemisphere (NH). 

However, how mountain topography controls snow cover distribution on the TP is largely remain unclear and 

the relationship is not well quantified. Here, the spatial distribution of snow cover and topographic controls 

on snow cover on the TP are examined based on snow cover frequency (SCF) derived from MODIS snow cover 

product (MOD10A2 v5) and digital elevation model (DEM). The results show that snow cover on the TP is 

spatially unevenly distributed and is characterized by rich snow and high SCF on the interior and surrounding 

high mountain ranges, and less snow and low SCF in inland basins and river valleys. Snow cover on the TP 

presents elevation dependence with the higher the altitude, the higher the SCF, the longer the snow cover 

duration and the more stable the intra-annual variation. Annual mean SCF below 3000 m above sea level (masl) 

is less than 4% and it reaches 77% above 6000 masl. The intra-annual snow cover variation below 4000 masl 

features a unimodal distribution, while above 4000 masl it presents a bimodal distribution. The mean minimum 

SCF below 6000 masl occurs in summer, while above 6000 masl it occurs in winter. Because of differences in 

solar radiation and water vapor sources, mean SCF generally increases with mountain slopes and it is the 

highest on the north-facing aspect, whereas the lowest is observed on the south-facing aspect.  

Keywords: MODIS snow cover; SRTM DEM; topographic elements; Tibetan Plateau 

 

1. Introduction 

Snow cover is a major component of the cryosphere and over 98% of global seasonal snow 

cover is in the Northern Hemisphere (NH) [1-3]. In winter season, over 40% of land surface in the 

NH is covered by snow, becoming the fastest temporal and spatial changing surface feature on Earth 

[4-7]. As a massive elevated land on the Eurasia continent and central region of the High 

Mountain Asia, the Tibetan Plateau (TP) is the highest and largest mountain region on the world 

with an average elevation of over 4000 m and covering over 2.5 millions of square kilometers, often 

called “the roof of the world” or “the third pole of the world” [8-10].  

The TP has the largest snow cover extent in the mid-low latitudes of the NH and it is an 

important component of snow cover in Eurasia. Snow cover on the TP can exit at higher altitude 

regions throughout seasons and becomes a unique feature in global snow maps [11-13]. Snow cover 

on the TP affects weather systems and regional climate change through changing surface 

radiation balance and thermal condition between atmosphere and land surface [14] and snow 

cover anomalies on the TP has a strong link with Asian monsoon systems [15-16]. On the other hand, 

as the headwaters of major river systems in Asia, meltwater of snow and ice on the TP plays a 
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critical role in water supply in the plateau and downstream that over billion people depend on 

water from these rivers [17-20].  

For the large-scale snow cover observations, satellite remote sensing increasingly plays an 

irreplaceable role due to its advantage of large spatial coverage, various spatial and temporal 

resolution, low cost and more objectivity. Especially, remote sensing has become the most 

effective mean to monitor snow cover in the areas with broad extent, complex terrain and 

difficult access such as the TP. Additionally, coupled with digital elevation model (DEM), it 

makes possible to reveal spatial distribution of snow cover and topographic controls on snow 

cover in the mountain regions.  

Snow cover in the mountain region is not only closely related to climatic conditions but also vary 

with topography. The strong altitudinal dependence of snow cover in the mountain region is related 

to variations in radiation and energy balances [21-22]. Topography has a major effect on snow cover 

distribution in the Himalayan region [23-24]. Snow cover distribution in the western Himalayans is 

largely controlled by latitude and altitude [23]. Snow cover variability across the Hindu Kush 

Himalaya (HKH)region is strongly influenced by topography [23][25] and generally shows 

altitudinal dependence [26]. The length of snow covered season on the TP appears to be decreasing 

at lower elevation because of the increase in air temperatures. However, at higher elevations the 

increase in precipitation appears to compensate for the increase in air temperature such that the 

snow-free period has decreased [27].  

Satellite remote sensing allows detection of spatial-temporal snow cover on the large areas in 

inaccessible and remote terrain, providing information on a critical component of the hydrological 

cycle [28]. There is a large spatial variation in snow cover across the Himalayan river basins due to 

the large climate and altitudinal differences and an obvious relation exists with the elevation [13]. In 

the western Himalayas, the area covered snow is more than 90% during winter and spring, while it 

less than 20% of total winter and spring period in most of the area in the eastern Himalayas and 

Tibetan plateau [13]. Sow cover distribution depends on the terrain height over the TP and the 

duration for snow persistence varies in different elevation ranges and generally becomes longer with 

increases in the terrain elevation [29]. Some regional studies were conducted using satellite snow 

cover data and DEM to reveal the impact of topography on the snow cover distribution on the TP 

[30-32]and western China [33-36].  

The mountain topography of the TP is a main condition and controls for snow cover on the 

surface, but the quantitative analysis has been lacking so far. Previous research works associated 

is limited to the northeast [31] and east [32] of the TP. There is a lack of comprehensive study to 

reveal the relationships between overall terrain conditions of the plateau and spatial distribution 

of snow cover for entire TP. Therefore, based on the MOD10A2 snow cover products and DEM 

data, the spatial distribution characteristics of snow cover on the TP is analyzed first, followed 

by in-depth analysis on the impact of topographic conditions (elevation, slope and aspect) on 

the spatial distribution of snow cover on the TP. The study is of great significance to understand 

the spatial distribution of snow resources, snowmelt hydrological effect and responses to climate 

change, and help lead to better strategy on water resource management in the mountain regions. 

2. Materials and Methods 

2.1. Study area 

The TP is a vast elevated plateau located in the western China at the intersection 

of Central, South and East Asia and major part of the global mountain regions. The extent for 

the global mountain areas in the Figure 1 is derived from the reference layer of the Global 

Mountain Biodiversity Assessment (GMBA) [37]. 

The TP is surrounded by high mountains and the interior of the plateau is relatively flat. 

Specifically, The TP is bounded by the Himalayas in the south, Karakorum Mountain in the 

northwest, western Kunlun and Altun mountains in the north, Qilian Mountains in the 
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northeast, and Hengduan parallel mountains in the southeast. The interior of the TP consists of 

plateaus, basins, valleys, lakes, and various small mountains as well as six high mountain ranges 

(Gangdise, Nyainqentanglha, eastern Kunlun, Tanggula, Bayan Har and Anyemaqen), as shown in 

Figure 2. The TP is the largest and highest mountain region on the world with average elevation 

of 4379 m based on 90m SRTM DEM data. 

The TP generally can be divided into three major landform units: fold high mountain area 

in the west and south, vast fault-block plateau and basin area in the interior, and deep gorge and 

high mountain area in the east. The main part of TP is composed of Tibet Autonomous Region 

(TAR) and Qinghai Province, with an area of 257.2×104 km2, accounting for about 26.8% of the 

total land area of China [38-39].  

 

 

Figure 2. Topography, mountains and main river systems in the TP. 
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2.2. Data 

The snow cover data used in the study is MOD10A2 v005 snow cover products downloaded 

from the National Snow and Ice Data Center (www.nsidc.org). MOD10A2 is 8-day composite 

data of MODIS daily snow products (MOD10A1) through 8-day maximum composite method 

to eliminate cloud obscuration and provides more consistent and cloud-free coverage than daily 

products [40-41]. The sinusoidal projection is used for the products and the spatial resolution is 

500 m. 

The studies on accuracy evaluation of MODIS snow cover products have been carried out 

worldwide since data are available for public. Under the clear sky conditions in the NH, average 

annual error of MODIS snow cover products is approximately 8% [41-42]. The accuracy of 

MODIS daily snow cover product (MOD10A1) is 98.2% in the absence of cloud in Xinjiang area 

in China and snow depth is one of main factors affecting the accuracy of MODIS snow cover 

mapping [43]. In the northwestern China, MOD10A2 products can effectively eliminate cloud 

contamination for snow cover classification, and average snow cover detection accuracy is 87.5% 

[44]. Under clear sky conditions, MOD10A2 has very high accuracy and snow cover mapping 

accuracy reaches 94% [45]. Pu et al. evaluated the accuracy of MODIS snow cover data by 

comparing the data with in-situ snow observations in the TP and results show that overall 

accuracy of MOD10A2 snow cover data is about 90% on the TP area [12]. All above shows that 

MOD10A2 has a high accuracy for snow cover detection to adequately capture the spatial 

variability in snow cover of mountain regions in western China and the TP area. 

2.3. Methods 

2.3.1. Snow cover frequency 

The snow cover frequency (SCF) is defined here as percentage of snow cover frequency to 

examine snow cover process and occurrence frequency in a certain area for a certain time period 

in the TP by calculating percentage of snow covered pixels in total pixels in MOD10A2 time-

series data. Its equation is as follows: 𝑺𝑪𝑭 = ቂ𝟏𝑴∑ ∑ 𝑵𝒊𝒌(𝟏)𝑫𝑫𝒌ୀ𝟏𝑴𝒊ୀ𝟏 ቃ × 𝟏𝟎𝟎%  (1)

where, SCF is snow cover frequency in percent, )1(ikN  is snow cover pixel in k th image of 

MOD10A2 time-series data in i th year, M is the total number of years that MOD10A2 is available. 

D is the total number of MOD10A2 images for year or season. For annual data statistics, k represents 

the serial number of MOD10A2 images in a year, namely, k =1,2,3,..., D=46; for the seasonal statistical 

analysis, it refers to the serial numbers of MOD10A2 images in spring (March-April-May), summer 

(June-July-August), autumn (September-October-November) and winter (December-January and 

February of the next year). 

2.3.2. Elevation, slope and aspect data processing 

DEM data used in the study is SRTM (Shuttle Radar Topography Mission) DEM that achieved 

in USGS and downloaded from the National Tibetan Plateau Data Center (http://data.tpdc.ac.cn). The 

spatial resolution of SRTM DEM is 90 m and is resampled to a spatial resolution of 500 m, consistent 

with MOD10A2 data. Based on the DEM data, the elevation, slope and aspect data are generated and 

zoned according to specific terrain and topographic characteristics in the TP. Among them, the 

elevation is divided into 7 zones with 1 km interval of elevation, namely, below 1 km, 1-2km, 2-3km, 

3-4km, 4-5km, 5-6km, and above 6 km of elevation. The slope is divided into four zones, namely, 

below 5°, 5-10°, 10-20 °, and above 20°. Likewise, the aspect is divided into north-facing slope (315°-

45°), east-facing slope (45°-135°), south-facing slope (135°-225°), and west-facing slope (225°-315°) at 

an interval of 90° and starting from 315° with clockwise, respectively, corresponding to shady slope, 
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semi-sunny slope, sunny slope and semi-shady slope for mountain terrains. No aspect region (i.e. flat 

terrain) is represented by “-1”.  

3. Results  

3.1. Spatial distribution of snow cover 

3.1.1. Annual mean SCF 

Figure 3 shows the spatial distribution of annual mean SCF on the TP from 2001 to 2014. Snow 

cover on the TP is greatly unevenly distributed, which is generally characterized by rich snow and 

more perennial snow cover with high SCF on the surrounding and interior high mountains, and less 

snow and low SCF in the inland plains, basins, and river valleys. Specifically, the Nyainqentanglha 

and its eastward extending mountain regions in the southeastern Tibet, and Karakoram and western 

Kunlun Mountains in the northwestern TP, are two regions with the richest snow cover and highest 

SCF, followed by high mountain ranges such as eastern Kunlun Mountains in the north, Himalayas 

in the south, Qilian Mountains in the northeast, as well as Tanggula, Anyemaqen and Bayan Har 

Mountains in the interior and eastern TP. However, mean SCF is low in the vast interior of the plateau 

except for high mountain ranges. Of which, Qaidam basin and southern Tibetan valley are two areas 

with the least snow cover occurrence and lowest SCF, followed by Qiangtang Plateau in the northern 

Tibet, Qinghai Lake basin, and broad eastern region of the Anyemaqen Mountains. 

 

Figure 3. Annual mean SCF on the TP. 

Snow cover distribution on the TP is not only related to atmospheric circulation over the plateau, 

but more importantly it depends on alpine climate and local terrain. Particularly, low temperature 

condition associated with high elevation is main factor that snow cover sustains on this mid-low 

altitudes of the NH. In the TP, the high mountain and low-altitude regions are in good agreement 

with more and less snow cover distributions. 

The spatial analysis shows that annual mean SCF on the TP is 15.7%. Of which, the area with 

SCF <10% accounts for around half of the total TP area (Table 1), mainly distributed in the Qaidam 

basin, southern regions of Lake Qinghai, middle and lower reaches of Yarlung Zangbo River, and 

Qiangtang Plateau in northern Tibet. The area with SCF > 60% accounts for only 3.1% of total plateau 

area and is mainly distributed in the Nyainqentanglha mountains and its southeastern extension, 

Karakoram, Kunlun, Himalaya, Qilian, Tanggula, Bayan Har and Anyemaqen mountain ranges in 

surrounding and interior TP. The higher SCF corresponds well with huge mountain ranges. The more 
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persistent snow cover on the Karakoram and western Kunlun mountains in the northwestern TP is 

due to westerly disturbance during the winter and early spring, where are the most heavily glaciated 

regions in the high mountain Asia. In the southeastern TP, high SCF is attributed to more warm moist 

air that comes from the southern Asia. In contrast, due to huge shielding from the Himalaya and 

Karakoram mountains[11[[30], most of the interior of the TP has relatively less snow cover although 

the averaged elevation is beyond 4000 m. 

Table 1. Mean SCF on the Tibetan Plateau. 

 No. 
SCF range 

(%) 

  SCF (%)   

Annual Spring Summer Autumn Winter 

 1 0-10  49.9 44.2 87.8 47.3 42.1 

 2 11-20  24.5 20.7  6.6 20.8 25.3 

 3 21-30  11.2 11.7  2.2 13.0 11.9 

 4 31-40   5.7  6.9  0.9  8.2  6.2 

 5 41-50   3.4  4.4  0.5  4.6  4.0 

 6 51-60   2.1  3.2  0.3  2.6  2.9 

 7 61-70   1.1  2.8  0.3  1.1  2.3 

 8 71-80   0.8  2.2  0.3  0.6  2.0 

 9 81-90   0.9  2.1  0.4  0.6  1.8 

10  91-100   0.3  1.6  0.8  1.3  1.5 

Mean SCF 15.7 20.9  5.4 17.5 20.6 

3.1.2. Mean SCF in spring 

The spatial distribution of mean SCF in spring is generally similar to annual mean SCF, 

presenting that SCF is high in surrounding and interior high mountain ranges, and low in the basin, 

river valley and Qiangtang Plateau. The mean SCF in spring is 20.9%, which is the highest among 

four seasons. As shown in Figure 4 (a) and Table 1, the extent of high SCF areas in spring is obviously 

larger than annual average. The area with annual mean SCF > 50% accounts for 5.2% of total plateau 

area, while in spring it reaches 11.9%. Since spring is the transition season from winter type to 

summer type for the atmospheric circulation over the TP, with progressively enhancing of warm 

moist flow from the southern Asia, snowfall on the plateau increase considerably, bring about more 

snow cover occurrences on the TP. 
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Figure 4. Seasonal mean SCF on the TP in spring (a), summer (b), autumn (c) and winter (d). 

3.1.3. Mean SCF in summer 

Summer is rainy season for the TP and surface air temperature is above 0℃. Snow covered area 

on the plateau is very limited and only can be observed in the high mountain ridges and altitudes 

where the temperature is below 0℃, with mean SCF of 5.4%. The Karakoram in the northwest and 

Kunlun mountain in the north have higher snow cover frequency relatively, as shown in Figure 4 (b).  

3.1.4. Mean SCF in autumn 

Compared with summer, snow cover in autumn increases significantly and spatially presents 

that mean SCF is high in surrounding and interior high mountain ranges, while it is very low in the 

basin, valley and Qiangtang Plateau. In comparison with spring mean snow cover, a notable increase 

in mean SCF in autumn is found in higher-latitudes, Nyainqentanglha and Tanggula mountain, and 

alpine area around Anyemaqen and Bayan Har mountains in southern Qinghai, whereas the increase 

in SCF is not obvious in autumn at lower latitudes such as southwestern plateau and Himalaya 

mountains. Mean SCF in autumn is 17.5%, which is lower than mean SCF in spring, primarily related 

to unobvious increase in snow cover in southern TP compared with spring, as shown in Figure 4 (c). 

Since autumn is the transition season from summer type to winter type for atmospheric circulation 

over the TP, with decrease in temperature and cold air becoming more active from the north, the 

favorable conditions for snowfall and snow cover on the surface make more snow cover occurrences 

in autumn. 

3.1.5. Mean SCF in winter 

Like other seasons, winter snow cover on the TP shows high SCF in surrounding and interior 

high mountain ranges and low SCF in basins and river valleys. However, compared with spring and 

autumn, major difference in winter is that increase in SCF is obvious in alpine areas in the 

southeastern TP, especially in alpine regions from Nyainqentanglha to Anyemaqen mountains and 

Himalayans, as shown in Figure 4 (d). The mean SCF in winter is 20.6%, almost same with spring. 

The area with mean SCF less than 10% accounts for 42.1% of total TP area, as the least in four seasons 

due to more snow cover on the surface, and its spatial distribution is generally similar to other 
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seasons. The main differences show that the increases in snow cover at low latitudes and decline at 

higher latitudes are more obvious during the winter. In addition to impact of high mountain 

topography, the spatial distribution of snow cover on the TP is also closely related to atmospheric 

circulation patterns over the plateau during the winter. The TP is primarily controlled by the 

westerlies in winter. Low temperature conditions in the interior plateau and high mountains are 

favorable for the persistence of snow cover on the surface, while southeastern plateau is often 

disturbed by warm moist airflow from the south, which intersects with cold air from the north, 

forming weather systems conducive to snowfall. 

3.2. Snow cover distribution with elevation 

The elevation is main topographic factor affecting spatial distribution of snow cover on the TP. 

The spatial analysis shows that annual mean SCF below altitude of 3 km TP is very low with less than 

3.5%, while above 6 km altitude it reaches 76.8% of total area. There is a quick increasing in mean 

snow cover between 5 and 6.5 km altitude. Snow cover distribution is variable with elevation at 

different seasons. The hypsographic curve in Figure 5 shows that the spatial distribution of SCF with 

elevation in spring and autumn is similar, characterized by the higher the altitude, the higher the 

SCF. The highest SCF all appear in the area above 6 km altitude with the highest SCF of 86%, and the 

area below 3 km altitude is little covered by snow. Main seasonal difference in snow cover between 

3 km and 6 km altitudes is that mean SCF in spring is slightly higher than that in autumn and the 

highest difference is observed between 5km and 6 km altitudes with being up to 6%. The highest 

mean SCF in winter also occurs above 6 km altitude, but it is 32% lower than that in spring and 

autumn. Compared with other seasons, in winter the snow cover increases obviously at lower 

altitudes, especially in the area below 4 km altitude, which mainly are attributed to low temperature 

conditions that are conducive to sustaining snow cover on the TP during winter season. In summer, 

snow cover on the TP primarily appears at high altitudes above 6 km with SCF of 79.7% on average, 

while the area below 4 km elevation is little covered by snow. 

 

Figure 5. Annual and seasonal mean SCF with elevations on the TP. 

In short, mean SCF on the TP increases with elevations in winter season except two elevation 

zones between 1-3 km. The area with an altitude of 1-2 km is mainly located in the south of the 

Himalayas. Warm and moist air coming from southern slope of the Himalayas and low temperature 

in winter often lead to more snow cover on the surface. Whereas, a large area between 2 and 3 km 

elevation is Qaidam basin in the north, where there is less snow cover in winter, resulting in 

differences in snow cover distribution between two elevation zones from 1 to 3 km. 

The monthly mean snow cover on the TP with elevations is further calculated and results are 

shown in Figure 6 and Table 2. According to coefficient of variation (CV) given in Table 2, CV is 1.3 

in two zones below altitude of 2 km; with the increase in altitude, CV steadily decreases; in elevation 

zone above 6 km altitude, CV decreases to 0.2, showing that the higher the altitude, the smaller the 
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CV. It indicates that the higher the altitude, the longer the snow cover duration on the surface, the 

more stable the intra-annual snow cover variation. 

 

Figure 6. Monthly mean SCF with elevation zones on the TP: below 4 km altitude (a) and above 4 km 

altitude (b). 

Monthly mean SCF in three elevation zones below 3 km are generally same. Snow cover mainly 

occurs in three winter months and SCF is the highest in January, followed by December and February, 

while mean SCF in summer months is the lowest with SCF < 1%. In three elevation zones, except for 

SCF in 1-2km zone being slightly higher than that of 2-3km elevation zone in December and January, 

mean SCF shows that SCF increases with the elevation. Monthly snow cover variation on the TP in 

snow season is characterized by that snow cover extent starts to increase from September with the 

higher the altitude, the more obvious the increase in snow covered area. Mean SCF reaches the peak 

in January, and then decreases rapidly until it reaches the lowest value in July. Mean SCF below 3 

km altitude presents a typical unimodal distribution within snow season, as shown in Figure 6 (a). 

Mean SCF at an altitude of 3-4 km is considerably higher than that below 3 km altitude. In this 

elevation zone, snow cover starts to increase from September and reaches the highest in February, 

followed by rapid decrease after March and the lowest value in July. Mean SCF variation in this 

elevation zone also shows a unimodal distribution within snow season as shown in Figure 6 (a). At 

an altitude of 4-5 km, the highest monthly mean SCF does not occur in winter months but in 

November with SCF of 25.5%, followed by March with SCF of 24.3%, and the next is February and 

January, respectively. The intra-annual variation presents a bimodal distribution, with two peaks in 

November and March, respectively, as shown in Figure 6 (b). Mean SCF at an altitude of 5-6 km is 

25.4% and monthly mean SCF increases remarkedly at an altitude of 5-6 km, especially in transition 

seasons (autumn and spring), and monthly variation of SCF also shows a bimodal pattern. 

The highest mean SCF on the plateau occurs in areas above altitude of 6 km with 76.8%, and 

intra-annual variation in this zone also presents a typical bimodal distribution. At above 6km altitude, 

the lowest mean SCF occurs in January with 48.0%, while two peaks reach in May and October with 

90.8 and 90.6%, respectively. The spatial distribution of snow cover on the TP strongly depends on 

atmospheric circulation patterns, snowfall and temperature conditions over the TP. Spring and 

autumn are transition seasons, causing more snowfall processes and snow cover in the high-altitude 

areas on the plateau. On the other hand, summer is rainy season in the TP, but temperature is low in 

alpine mountain regions above 6 km altitude and precipitation occurs in the form of snow at high 

altitude regions, which provides favorable conditions for snow cover on the TP during summer. Low 

temperature conditions due to high elevations with above 4000 m allow snowfall at any seasons and 

snow cover can persist at higher altitude regions during all seasons on the plateau [12]. The most of 

continental glaciers in the TP is fed by snowfall during the summer season [47]. Instead, in winter the 

TP is mainly affected by cold high pressure systems driven by westerly airflow and weather is mostly 

clear and sunny with less moisture availability and snowfall events except for plateau-scale 

disturbances. Snow sublimation under strong insolation and snow blowing due to strong winds 
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further contributes to decreases in SCF during winter [29]. Sublimation contributes significantly to 

decreases in SCF during the winter, especially in the areas with thin snow cover. More than half of 

the snow mass was lost by sublimation in winter [11][47]. Therefore, the lowest mean SCF above 6 

km elevation occurs in winter, rather than in summer like other seasons.  

Table 2. Monthly mean SCF with elevation zones on the TP. 

No. 
Elevation 

range(km) 

    SCF (%)     
CV 

January February March April May June July August September October November December 

1 <1 6.2 2.3 0.6 0.2 0.2 0.5 0.3 0.6 1.5 0.7 0.6 2.7 1.3 

2 1~2 15.7 7.5 2.2 0.4 0.4 0.4 0.5 0.8 1.2 1.3 3.8 11.8 1.3 

3 2~3 10.2 8.2 5.5 1.7 0.8 0.6 0.5 0.7 1.1 2.4 5.4 8.2 0.9 

4 3~4 19.6 20.2 18.7 10.8 5.8 1.1 0.8 1.0 2.4 8.7 16.1 15.7 0.8 

5 4~5 21.8 23.9 24.3 21.4 16.5 6.7 1.7 2.3 6.3 21.5 25.5 19.7 0.6 

6 5~6 23.1 27.6 32.7 35.0 35.1 23.1 8.7 10.0 19.1 35.1 31.2 22.4 0.4 

7 >6 48.0 52.2 76.9 90.0 90.8 84.2 76.6 77.8 84.7 90.6 83.7 60.4 0.2 

Mean 20.8 22.8 23.8 21.2 17.9 9.3 3.4 4.1 8.4 20.9 23.5 18.8  

3.3. Snow cover distribution with longitude and latitude 

The spatial distribution of snow cover on the TP is affected by geographical latitude and 

longitude as well through influencing the solar radiation and water budget on the ground. It is 

generally shows that solar radiation received on the earth surface decrease with increase in latitude, 

which is in favor of snow cover persistence on the land surface. The precipitation amount in the TP 

decreases from southeast to northwest, which means that the southeast is more conducive to snowfall 

and snow cover.  

As displayed in Figure 7, the longitudinal distribution of snow cover on the TP is characterized 

by the higher sow cover frequency in the west and low sow cover frequency in the central and eastern 

parts of the TP, with obvious seasonal differences between the east and west. The higher SCF is more 

distinct in the west in spring, while it is more obvious in the east during the winter. In summer, over 

10% of annual mean SCF in the northwest of the TP is caused by the perennial snow and ice in the 

Karakoram and western Kunlun mountains. In winter, the highest mean SCF occurs on the western 

margin of the TP with over 40%, which is mainly due to westerly disturbance during the winter 

season.  

 

Figure 7. Longitudinal distribution of annual and seasonal mean SCF on the TP. 

The latitudinal distribution of snow cover on the plateau generally presents that the increase in 

snow cover with the latitude is more obvious in the north and south, but this characteristic is not 

apparent in the central plateau. The increase in snow cover is more obvious in the south during the 

spring and winter, whereas it is more evident in the north during the winter (Figure 8). In detail, the 
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areas with more than 10% of mean SCF in summer at high latitudes are mainly found in the western 

Kunlun and Karakoram Mountains where glaciers and perennial snow cover are located. In the TP, 

the increase in snow cover with latitude is obvious around below 30.5° and above 38.5°, but it is not 

prominent between these two latitudes due to more heterogeneity of snow cover distribution. 

 

Figure 8. Latitudinal distribution of annual and seasonal mean SCF on the TP. 

3.4. Snow cover distribution with aspect 

In addition to elevation, aspect, which represents the orientation of slope face, is an important 

constituent of topography that affects spatial distribution of sow cover on the mountain regions by 

altering local solar radiation and moisture conditions. Snow cover distribution on the TP with aspects 

is shown in Figure 9 and Table 3, showing a bimodal distribution in four aspects within the year. In 

January, mean SCF on the south-facing slope is the lowest (16.7%) and it is the highest on the north-

facing slope with 23.9%. After January, snow cover on all aspects increases and the first peak in the 

year appears in March, with the highest SCF on the north-facing slope (25.9%) and the lowest on the 

south-facing slope (19.3%). From March to May, snow cover shows decreasing and reaches the lowest 

value in July. Snow cover starts to increase from August and shows rapid increase from September 

on the different aspects until November, when it reaches the second peak in the year with little 

difference from the first peak in spring in terms of peak size.  

In contrast, snow cover distribution on the flat terrain without aspects is remarkably lower than 

that with aspects, and its intra-annual variation presents a unimodal distribution with larger in 

winter, lower in summer, and intermediate in spring and autumn of transition seasons. Similarly, 

whether in annual or seasonal average, except for the least snow cover occurring on the flat land 

without slope orientation, the SCF on the north-facing slope is the highest and it is the lowest on the 

south-facing slope. The spatially different snow cover distribution on the aspects in the mountain 

regions is closely related to the redistribution effect of slope orientation on hydrothermal condition 

in the TP. As we know, south-facing aspects receive more solar radiation, which often enhances 

snowmelt, resulting in less accumulation on these aspects. However, snow cover on the north-facing 

areas receives less insolation and thus melts slower than over south-facing areas [21-22]. On the other 

hand, strong insolation prevails throughout the year due to the low latitude. Sublimation under 

strong insolation contributes significantly to decreases in SCF on the plateau especial for the areas 

with thin snow cover [11-12]. North-facing slope receives much less radiation and low sublimation 

and is favorable for sustaining snow cover on the surface. All these characterize that the high terrain 

of the plateau affects spatial distribution and temporal variation of snow cover through the changing 

radiation balance and redistribution of hydrothermal conditions in the mountain regions. 
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Figure 9. Monthly mean SCF with aspect zones on the Tibetan Plateau. 

Table 3. Monthly and seasonal mean SCF with aspects on the TP  . 

Aspect 

 

range(˚) 

      SCF (%)        

Jan.  Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual Spring Summer Autumn Winter 

315-45 23.9  24.8  25.9  23.3  20.2  10.8  3.8 4.6 10.1  25.2  27.8 22.3  18.5 23.0 6.2 20.9 23.5 

45-135 20.5  23.2  24.8  21.9  18.1  9.5  3.7 4.3 8.5  20.7  23.8 18.7  16.4 21.5 5.7 17.6 20.6 

135-225 16.7  19.1  19.3  17.1  14.8  7.9  2.7 3.2 6.7  16.6  18.1 14.2  12.9 17.0 4.4 13.7 16.5 

225-315 22.2  24.3  25.5  22.9  18.8  9.3  3.5 4.2 8.6  21.7  25.0 20.0  17.1 22.3 5.5 18.4 22.0 

-1 16.9  17.6  17.2  13.8  8.3  2.8  0.6 0.7 1.1  2.7  8.3  14.5  8.6 13.0 1.3 4.0 16.2 

3.5. Snow cover distribution with slope 

The monthly and seasonal snow cover distribution on the mountain slopes is shown in Table 4. 

It shows that the SCF on slope below 5° is 16.9% in January and reaches the first peak in February 

within the year with 23.0%. After that, SCF slowly decreases in months of spring and reaches the 

lowest level in July, while its second peak appears in October with 19.4%. The intra-annual variation 

shows a typical bimodal distribution, as shown in Figure 10. Monthly variation of snow cover on 

three slope zones above 5° is similar to that slope below 5° as described above, with all presenting 

bimodal distribution, but timing of peak occurrence is delayed by a month (in March and November, 

respectively). The mean SCF on the slope above 20° is 30.1% in January and the peak is in March with 

34.3%. Snow cover increases with slope in months of winter and spring, while it is not obvious in 

other months. Moreover, on the higher slope the decreasing rate of snow cover from the peak in 

March to the lowest level in July is faster, while the difference in increasing rate of snow cover from 

July to November is not noticeable on the different slopes, but changes in snow cover on the slope 

less than 5° is lower than other slope zones. 

In terms of annual average, the SCF on the slope below 5° is the least among four slope zones, 

with an annual average of 12.7%, and presents that the SCF increases with terrain slope. Annual mean 

SCF on 5-10° slope zone is 18.4%, while the highest mean SCF of 21% is found on the slope zone above 

20°. In terms of seasonal distribution of snow cover on the slope, the SCF on the slope below 5° is the 

lowest, and in spring the snow cover on 10-20° slope zone is the highest with SCF of 28.1%. In autumn, 

the highest SCF appears on the slope zones between 5-20°, with around 20%, and in summer the 

highest SCF appears on 10-20°slope zone. In winter, the highest SCF appears on the slope zone above 

20° with SCF of 30.4%. In conclusion, in different slope zones, annual and seasonal mean SCF on the 

slope below 5° are the lowest, and presents that the SCF is higher on higher slope during winter and 

spring seasons, but it is not prominent in other seasons. 
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Figure 10. Monthly mean SCF with slope zones on the TP. 

Table 4. Monthly and seasonal mean SCF on the slope zones in the TP      . 

Slope  

range(°) 

      SCF (%)        

 

Jan.  

 

Feb. 

 

Mar. 

 

Apr. 

 

May 

 

Jun. 

 

Jul. 

 

Aug. 

 

Sep. 

 

Oct. 

 

Nov. 

 

Dec. 

 

Annual 

 

Spring 

 

Summer 

 

Autumn 

 

Winter 

0-5  16.9  23.0  16.8  14.8  14.4  8.0  1.0 2.6 7.1  19.4  19.2  14.3  12.7 15.3 4.0 15.1 16.2 

5-10 21.6  19.8  27.7  25.5  21.3  10.6  2.0 5.0 9.6  23.7  26.9  19.9  18.4 24.7 6.4 20.0 21.8 

10-20 25.6  24.2  32.7  29.5  22.3  11.0  3.0 5.9 10.2  22.9  28.9  24.2  20.6 28.1 7.2 20.6 26.0 

20-90  30.1  28.7  34.3  29.0  19.5  9.8  4.0 5.9 9.6  18.9  28.3  28.7  21.0 27.4 6.9 18.8 30.4 

Based on the analysis above, the spatial distribution of snow cover on the four aspects along 

different slopes is further investigated. On the north-facing aspect, snow cover with slope less than 

5° is much smaller than that of other slopes, and its intra-annual variation is relatively smooth 

compared with other slopes. As given in Table 5, mean SCF in January is 17.2% for slopes below 5°, 

while it reaches 41.9% for slopes above 20°, and it is 25.4% and 33.4% for slopes below 5-10° and 10-

20°, respectively. The monthly SCF on the slope below 20° shows a bimodal distribution, with two 

peaks in November and March, respectively, and the higher the slope, the more typical the bimodal 

patterns. However, on the slope above 20°, mean SCF presents a unimodal distribution that it is high 

in winter, low in summer and intermediate in spring and autumn, as shown in Figure 11. On the 

north-facing aspect, there is a pattern that the higher the slope, the higher the snow cover frequencies 

in winter and spring, but it is not obvious in other seasons. In snow season, there is no noticeable 

differences in snow cover on the different slopes between rapid snow accumulation period from 

September to November and rapid melting season from March to July in the TP. 

On the east-facing aspect, mean SCF on the different slope zones is less than that of north-facing 

aspect. The mean snow cover on the slope below 5° is 16.3% in January, and it is 19.8% in October as 

the maximum, while snow cover on slope above 20° is 28.3% in January, and the maximum occurs in 

March with 32.4%. In this slope, snow cover on the slope above 20° increases rapidly from September 

to November, followed by slow increase until March; after reaching an annual peak in March, snow 

cover then rapidly decreases, showing a unimodal distribution for intra-annual variations. In other 

slopes, intra-annual variation in snow cover presents a bimodal distribution, and two peaks generally 

appear in November and March, and the greater the slope, the more obvious the bimodal distribution 

pattern. In snow season, there is no distinct difference in snow cover variation in different slopes 

during snow accumulation period before the peak in autumn and the melting period after the peak 

in spring. The greater the slope, the more abundant the snow cover on the slope is only found in 

winter season. 

On the south-facing aspect, mean SCF on the different slope zones is less than that of other 

aspects. Mean SCF on the slope below 5° is 15.9% in January and the maximum is 18.5% in October, 

while on the slope above 20° it is 19.4% in January and the maximum reaches 26.4% in March. 
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Monthly mean SCF on the different slope zones on the south-facing aspect presents a bimodal 

distribution, and two peaks on the slope below 5° appear in October and February, while on the slope 

zones above 5° the two peaks occur in November and March, which means that intra-annual SCF 

peaks occur one month later on the higher slope zones (Table 5 and Figure 12). Moreover, the higher 

the slope, the higher the mean SCF is only found in winter and early spring, whereas this pattern is 

no obvious on the different slope zones during snow accumulation and melting period.  

On the west-facing aspect, mean SCF on the different slope zones is higher than that of 

southward aspect, but it is lower than that of northward aspect and slightly higher than that of 

eastward aspect. The intra-annual variations in snow cove on the westward aspect is similar to that 

of other slope directions, showing that SCF on the slope zone below 20° presents bimodal 

distribution, while on the slope zone above 20° it presents unimodal distribution. On the westward 

aspect, monthly SCF on the slope zone below 5° is lower than that of other slope zones, and two peaks 

occur in February and November, with 19.2% and 20.6% respectively, while the peaks on other slope 

zones occur in March and November, with 36.9% and 30.1% on the slope zone above 20°, respectively. 

On the westward aspect, the greater the slope, the more abundant the snow cover is only observed 

in winter and early spring, but this pattern is not obvious on the different slope zones during snow 

accumulation and melting periods.  

In a word, on the different aspect in the TP, mean SCF on the slope below 5° is the least, along 

with smoother intra-annual variations compared with other aspects. On the different slope zones, 

mean SCF on the northward aspect is the highest, while it is the lowest on the southward aspect and 

it is intermediate on the westward and eastward aspects with slightly higher mean SCF on the 

westward aspect than eastward aspect. Monthly mean SCF on the slope zones above 20° presents a 

unimodal distribution on the northward, eastward and westward aspects, while on the other aspect, 

it shows a bimodal distribution. On the different aspects, the higher the slope, the higher the SCF is 

observed in winter and early spring, but this pattern is not obvious on the different slopes during 

snow accumulation and melting periods.  

Table 5. Monthly mean SCF (%) on the slope zones in the four aspects on the TP. 

Aspect Slope/° Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Northward 

0–5  17.2  17.7  17.4  16.0  16.2  9.2  2.0  2.9  8.2  22.2  21.1  15.0  

5–10 25.4  27.3  30.7  28.6  24.4  12.4  4.8  5.7  11.7  29.0  32.4  24.4  

10–20 33.4  34.5  37.6  33.6  25.7  13.1  6.5  7.1  12.9  29.2  36.8  32.5  

20–90  41.9  42.5  41.5  33.8  22.7  11.7  7.1  7.3  12.3  25.5  38.6  40.8  

Eastward 

0–5  16.3  17.8  17.6  15.5  15.0  8.5  2.1  2.9  7.3  19.8  19.4  13.8  

5–10 21.6  25.3  28.8  25.9  21.1  10.5  4.6  5.3  9.4  23.1  27.1  20.0  

10–20 24.9  28.7  32.8  29.1  21.7  10.9  5.6  6.0  9.9  21.9  28.5  23.7  

20–90  28.3  31.1  32.4  27.3  17.9  9.0  5.5  5.4  8.8  17.2  26.8  27.2  

Southward  

0–5  15.9  16.8  14.7  12.6  12.4  7.1  1.6  2.3  6.2  18.5  16.7  13.0  

5–10 16.8  20.3  22.4  20.5  17.5  8.9  3.3  4.0  7.5  18.2  20.2  14.6  

10–20 17.8  22.3  25.9  23.4  18.0  8.9  4.1  4.4  7.3  16.2  19.8  15.7  

20–90  19.4  24.1  26.4  23.0  15.8  8.1  4.7  4.6  7.1  12.7  18.0  17.3  

Westward 

0–5  18.4  19.2  17.8  15.3  14.7  7.7  1.9  2.6  7.1  19.9  20.6  15.6  

5–10 22.3  25.4  28.8  26.7  21.9  10.4  4.1  5.0  9.5  24.0  27.7  20.5  

10–20 25.8  29.4  34.1  31.4  23.5  11.2  5.3  5.9  10.4  23.8  29.7  24.3  

20–90  31.4  34.8  36.9  32.0  21.5  10.6  5.9  6.2  10.2  20.5  30.1  29.9  
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Figure 11. Monthly mean SCF on the slope zones in the north-facing aspect on the TP. 
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Figure 12. Monthly mean SCF on the slope zones in the south-facing aspect on the TP. 

4. Discussion 

Snow accumulation and loss is primarily controlled by atmospheric conditions, elevation and 

slope of the terrain. Atmospheric processes of interest are precipitation, deposition, condensation, 

turbulent transfer of heat and moisture, radiative exchange and air movement[23]. In the mountain 

regions, mountain ranges interrupt the winds and redistribute snow cover through snow drifting, 

slope and aspect influence incoming solar radiation and humidity, and latitude and elevation control 

air and ground temperature. The strong westerly winds blow the snow and tend to transfer snow 

into the valleys and decrease the total SCF [29]. Sublimation contributes largely to decreases in SCF 

during the winter, especial for the areas with thin snow cover [29][47]. More than half of snow mass 

was lost by sublimation in winter [47]. Distribution of the SCF over the mountainous areas varies 

with the terrain features, such as elevation, slope and aspect in the local areas, and the elevation of 

the terrain has a decisive role in snow accumulation. The spatiotemporal changes of snow cover in 

the mountain region have strong altitude dependence, which is related to variations in radiation and 

energy balances, and potentially to different accumulation regimes caused by windward/leeward 

effects [21-22].  

Topography has a major effect on weather and climate in the Himalayas, and elevation and 

aspect therefore play important roles in the snow cover distribution [23-24]. Snow cover changes in 

Hindu Kush Himalaya (HKH) regions are highly variable temporally because of various types of 
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controlling factors, including topographic effects, glacier dynamics, various types of 

geomorphological parameters, and generally shows altitudinal dependent [24] and the change in 

snow cover with altitude clearly shows a sharp jump in snow cover percent between 5001 and 6400m 

in elevation [26], which is consistent with hypsographic curve shown in Figure 5. The spatiotemporal 

snow cover variability across the HKH region is strongly influenced by topography because the 

topography has a strong effect on snow accumulation and melting [23][25].  

The spatial distribution of snow cover on the TP is strongly controlled by the interactions 

between complex terrains and available moisture sources [12][20] [29-30][48]. The most persistent 

snow is located on the southern and western edges and the spatial distribution of snow cover on the 

TP corresponds well with the high mountains, including the Kunlun, Karakoram, Himalaya, Qilian, 

and Tanggula mountain ranges [47-54], which is consistent with findings from this study. Snow cover 

on the TP shows altitudinal dependence and the length of the snow covered season appears to be 

decreasing at lower elevation because of the increase in air temperatures. However, at higher 

elevations the increase in precipitation appears to compensate for the increase in air temperature such 

that the snow-free period has decreased. Snow cover distribution is generally precipitation-driven at 

high elevation sites but temperature-driven in the low altitudes [27].  

In addition, the south-facing aspects receive more solar radiation and have higher temperature, 

which is not favor of snow cover and accumulation on the surface, causing that the leas mean SCF is 

observed on the south-facing aspects. However, due to mountain shadowing effects, the north-facing 

areas receives less insolation and solar radiation, along with lower temperature and sublimation 

associated, making snowmelt slower and longer snow cover duration. Therefore, the highest mean 

SCF is found in the north-facing aspects. The spatial distribution of snow cover on the TP generally 

shows that the higher SCF corresponds well with the high mountain ranges and strong elevation 

dependence.  

5. Conclusion 

The overall spatial distribution of snow cover on the TP and the impact of topographic factors 

(elevation, slope and aspect) on snow cover distribution are analyzed based on MODIS snow cover 

products and DEM using GIS spatial analysis techniques. Main results achieved are as follows： 

(1) Snow cover on the TP is spatially very uneven and is generally characterized by rich snow 

and high SCF in the surrounding and interior high mountains, and less snow and low SCF in the 

inland basins and river valleys. The Nyainqentanglha and its eastward extending mountain ranges 

in southeastern Tibet, and the high mountain regions in the northwestern TP comprised of 

Karakoram, western Kunlun and western Himalayas, are two regions that have the highest SCF in 

the TP. Whereas, Qaidam basin in the north and southern Tibet valleys are two areas with the least 

SCF. Annual mean SCF on the TP is 15.7%, with same snow cover rates in spring and winter (21%), 

followed by autumn (17.5%), and the least in summer (5.4%).  

(2) Snow cover on the TP shows strong elevation dependence with the higher the altitude, the 

higher the SCF, the longer the snow cover duration, and the more stable the intra-annual variation.  

In the TP, the high mountain and low-altitude regions are in good agreement with more and less SCF. 

In the areas below 3 km altitude, mean SCF is less than 4%, while it reaches 76.8% above 6 km altitude. 

In the areas below 4 km altitude, intra-annual variation of snow cover shows a unimodal distribution, 

while in the areas above 4 km altitude, intra-annual variation of snow cover presents a bimodal 

distribution. At altitudes below 6 km, the lowest SCF occurs in summer, whereas above 6 km it occurs 

in winter. 

(3) Mountain slope is another important topographic factor affecting spatial distribution of snow 

cover in the TP. In the four slope zones, annual mean SCF on the slope zone below 5° is the lowest 

(12.7%), while on the slope above 20° it reaches 21.0% as the highest value. The intra-annual variation 

of snow cover on different slope zones presents a bimodal distribution pattern, and snow cover 

increases with slope in months of winter and spring, but it is not noticeable in other months. 

(4) Mountain aspects influence spatial distribution of snow cover on the plateau through 

changing hydrothermal conditions between land and atmosphere on the TP. Snow cover on the 
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north-facing slope is the highest due to receiving less solar radiation and low temperature, while it is 

the lowest on the south-facing slope under strong insolation and higher temperature. Snow cover on 

the flat terrain without orientation of slope is less than that with aspects and its intra-annual variation 

shows a unimodal distribution. Sublimation under strong insolation due to the low latitude and 

increased sublimation of snow associated with the high wind greatly contributes to decreases in snow 

cover on the TP, especially during the winter season.  

(5) The accuracy of remote sensing snow cover product is particularly important to capture a 

clear picture of spatiotemporal snow cover condition in the mountain regions. Previous study shows 

that the accuracy of MOD10A2 is over 90% under clear-sky condition. In this study, MODIS v005 is 

used and accuracy evaluation made previously is also based on the MODIS v005. Currently, MODIS 

v006 and v061 were developed and released to public use. However, there is a lack of systematic 

accuracy evaluation for latest MODIS products (v006 and v061). Our preliminary accuracy 

assessment shows that MODIS products(v006) and (v061) tend to overestimate snow cover on the TP 

and it is visually found that many water body such rivers on the TP are misidentified as snow cover 

pixels, which are largely due to NDSI > 0 used for snow cover mapping algorithm in latest versions 

of MODIS products. Therefore, accuracy evaluation of MODIS v006 and its latest version should be 

carried out carefully on the TP, and more consistent and longer time-series MODIS snow cover 

products are expected to be developed for use in the future. 
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