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Abstract: Mass elevation effect (MEE) refers to the thermal effect of huge mountains or plateaus, which causes the tendency for tem-

perature-related montane landscape limits to occur at higher elevations in the inner massifs than on their outer margins. MEE has been 

widely identified in all large mountains, but how it could be measured and what its main forming-factors are still remain open. This 

paper, supposing that the local mountain base elevation (MBE) is the main factor of MEE, takes the Qinghai-Tibet Plateau (QTP) as the 

study area, defines MEE as the temperature difference (T) between the inner and outer parts of mountain massifs, identifies the main 

forming factors, and analyzes their contributions to MEE. A total of 73 mountain bases were identified, ranging from 708 m to 5081 m 

and increasing from the edges to the central parts of the plateau. Climate data (1981–2010) from 134 meteorological stations were used 

to acquire T by comparing near-surface air temperature on the main plateau with the free-air temperature at the same altitude and simi-

lar latitude outside of the plateau. The T for the warmest month is averagely 6.15℃, over 12℃ at Lhatse and Baxoi. A multivariate 

linear regression model was developed to simulate MEE based on three variables (latitude, annual mean precipitation and MBE), which 

are all significantly correlated to T. The model could explain 67.3% of MEE variation, and the contribution rates of three independent 

variables to MEE are 35.29%, 22.69% and 42.02%, respectively. This confirms that MBE is the main factor of MEE. The intensive 

MEE of the QTP pushes the 10℃ isotherm of the warmest month mean temperature 1300–2000 m higher in the main plateau than in 

the outer regions, leading the occurrence of the highest timberline (4900 m) and the highest snowline (6200 m) of the Northern Hemi-

sphere in the southeast and southwest of the plateau, respectively. 
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1  Introduction 

Mass elevation effect (MEE) refers to the thermal effect 
of huge mountains or plateaus, which causes tempera-
ture in these massifs higher than free atmosphere at 
same elevations in its surrounding areas, leading to the 
tendency for temperature-related montane landscape 
limits to occur at higher elevations in the inner massifs 
than on their outer margins (Quervain, 1904). It is one 
of the main factors influencing the distribution of alti-

tudinal belts on the large scale and it even serves as the 
important mechanism for the spatial patterns and dy-
namics of the earth surface systems (Zhang et al., 2009). 
It has been explored in many disciplines including ge-
ography, ecology and climatology (Grubb, 1971; 
Bruijnzeel et al., 1993; Fang et al., 1999; Zheng, 2001; 
Barry, 2008; Holtmeier, 2009), and many efforts have 
been made to explain this phenomenon. It is believed 
that large massifs receive more radiation than surround-
ing atmosphere, and the air in the massifs is heated 
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through the combined effect of radiation, sensible heat 
and the latent heat (Tollner, 1949; Flohn, 1968). Conse-
quently, air temperature is higher in the inner mountain 
massifs than in the free atmosphere at any given eleva-
tion (Holtmeier, 2009). However, current research on 
MEE is still at a stage of qualitative description; we still 
don′t know how it could be measured, and what its main 
forming factors are. 

The immense and towering QTP has a strong thermal 
effect (Yeh et al., 1957; Chen et al., 1985), and is a sig-
nificant heating source of the world in summer (Flohn, 
1968; Yeh and Chang, 1974). This paper takes the pla-
teau and its surrounding areas as the study area, defines 

MEE as the temperature difference (T) on same eleva-
tion between the inner and outer parts of QTP, identifies 
the main MEE forming factors, and analyzes their con-
tribution rates to MEE. 

2  Methods  

2.1  Study area 
The study area is located between latitudes 25°N and 
40°N and longitudes 70°E and 109°E (Fig. 1), including 
the whole QTP and its neighboring areas. The QTP is 
the largest and highest plateau on the Earth, about 
2.5 ╳ 106 km2 and averagely 4500 m in height. Climati-
cally, it is warm-humid in the southeast and cold-arid in 
the northwest; accordingly, montane conifer forest, al-
pine meadow, alpine steppe and alpine desert occur 
successively from southeast to northwest (Zheng and Li, 
1990b). Around QTP are generally low lands, for exam-

ple, the Sichuan Basin to the east of the plateau is below 
1000 m above sea level. 

2.2  Data sources 
The monthly climate data (air temperature and precipi-
tation, 1981 to 2010) for 134 meteorological stations 
(Fig. 1) are compiled from the China Meteorological 
Information Center (http://cdc.cma.gov.cn/index.jsp) for 
130 stations, and from the Global Historical Climatol-
ogy Network-Monthly (GHCN-M)) (Menne et al., 
2012) for the other four stations. Of those 134 stations, 
105 (Table 1) are located in the plateau, and 29 (Table 
2) in the surrounding areas of QTP.  

ASTER Global Digital Elevation Model (GDEM) 
data with a spatial resolution of 30 m were downloaded 
from http://asterweb.jpl.nasa.gov/gdem.asp. Missing 
values in the data set were replaced with the mean of the 
adjacent 3 × 3 pixels. 

Generally, temperature lapse rate (TLR) is a necessary 
parameter when studying mountain climate (Rolland, 
2003). Li and Xie (2007) estimated the TLR in July of the 
surrounding areas of the QTP based on elevation and 
temperature of isobaric surfaces, and the results were 
very close to the estimation by other scholars (Xie and 
Zeng, 1983; Huang, 1994; Ye et al., 1997; Zhang, 1998), 
only with some little differences in the very complex 

Hengduan Mountains, e.g. the TLR is about 0.65℃/100 

m at Baima Snow Mountain according to Li and Xie 

(2007), while around 0.7℃/100 m according to Zhang 

(1998). So, we suppose that the TLR from Li and Xie 
(2007) is reliable and could be used in our study. 

 

Fig. 1  Sketch map of Qinghai-Tibet Plateau (QTP) and location of the 134 meteorological stations  
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Table 2  Data for 29 meteorological stations in neighboring areas of Qinghai-Tibet Plateau 

Name 
Latitude 

(°) 
Longitude 

(°) 
Elevation 

(m) 
Slope 

(°) 

MTWM 

(℃) 

TLR 

(℃/100 m) 

Sargodha (Pakistan) 32.05 72.67 188 0.26 32.08 0.60 

Ludhiana (India) 30.90 75.90 247 2.87 30.00 0.50 

Pishan 37.62 78.28 1374 0.58 25.82 0.83 

Kathmandu (Nepal) 27.70 85.37 1337 3.69 24.59 0.65 

Qiemo 38.15 85.55 1245 2.71 25.83 0.77 

Ruoqiang  39.03 88.17 885 1.21 28.08 0.77 

Dibrugarh (India) 27.48 95.02 111 0.88 28.00 0.65 

Minqin 38.63 103.08 1367 0.35 23.80 0.85 

Lanzhou 36.05 103.88 1516 0.63 22.95 0.62 

Weining 26.87 104.28 2200 0.82 17.80 0.53 

Yibin 28.80 104.60 328 0.59 27.11 0.65 

Ziyang 30.12 104.65 363 0.52 26.31 0.65 

Jingyuan 36.57 104.68 1406 1.56 22.87 0.61 

Huining 35.68 105.08 1899 1.18 18.70 0.60 

Neijiang 29.62 105.12 327 2.37 27.01 0.65 

Zhongwei 37.53 105.18 1225 0.12 23.09 0.68 

Luzhou 28.88 105.43 297 6.96 26.88 0.65 

Zhongning 37.48 105.68 1186 0.37 23.93 0.73 

Nanchong 30.78 106.10 277 2.46 27.51 0.60 

Bazhong 31.87 106.77 381 1.11 27.16 0.65 

Zunyi 27.70 106.88 857 2.97 25.39 0.53 

Hanzhong 33.07 107.03 510 1.42 25.90 0.60 

Baoji 34.35 107.13 597 0.48 25.83 0.65 

Fengxiang 34.52 107.38 787 0.96 24.45 0.65 

Daxian 31.20 107.50 292 1.99 27.65 0.65 

Changwu 35.20 107.80 1187 1.16 22.05 0.60 

Foping 33.52 107.98 828 2.79 22.76 0.60 

Wanyuan 32.07 108.03 650 1.41 25.20 0.68 

Ankang 32.72 109.03 271 7.17 27.27 0.58 

Notes: MTWM means mean temperature of the warmest month; TLR means temperature lapse rate 

 

2.3  Mass elevation effect forming factors 
In mountain areas, the distribution of heat is mainly de-
termined by latitude, altitude, precipitation and topog-
raphy (Barry, 2008). In other words, they serve as the 
main factors of MEE. Latitude is usually taken as the 
surrogate of solar radiation reaching the ground, altitude 
can determine the vertical distribution of heat by affect-
ing state of the atmosphere and radiation components, 
and annual mean precipitation can affect the heat budget 
of the earth-atmosphere system, and further influence 
the distribution of temperature in mountains by affecting 
surface albedo (Xie, 1984) and hygric continentality 
(Gams, 1931). 

Mountain base elevation (MBE) is the average eleva-
tion of the local bases from where mountains or plateaus 

uplift (Shreve, 1922; Zhang et al., 2012). It can describe 
the structure and characteristics of mountain topography 
by its boundary, shape and elevation. For sensible heat 
and latent heat, the main sources of heat of the atmos-
phere near the ground, are mainly determined by topog-
raphy (Weng and Luo, 1990), MBE can reflect the effect 
of terrain factors on the accumulation and redistribution 
of heat in mountains. MBE can be used to evaluate the 
heat conditions vertically through the elevation of local 
bases, and is actually the starting point for mountain air 
temperature to decrease vertically in its relevant basin. 
Thus, this paper hypothesizes that MBE is the leading 
forming-factor of MEE. In other words, MEE should 
rises with the increasing of MBE. Therefore, MEE can 
be quantified with three factors of latitude, annual mean 
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precipitation and MBE. 

2.4  Mass elevation effect identification 
This can be done by two steps (Zhang et al., 2012).  

(1) Identification of local mountain basins. This is to 
divide the large mountain massifs into a certain number 
of intra-mountain basins with respect to the orientation 
and trend of mountain ridges and the outer boundary of 
MBE. The orientation and trend of mountain ridges 
were extracted based on DEM (Wolock et al., 1995; 
Tang et al., 2003), and the principles defined by United 
Nations Environment Program World Conservation 
Monitoring Centre (UNEP WCMC, http://www.unep- 
wcmc.org/) were adopted to acquire the mountain region 
which is used as outer boundary of MBE. 

(2) Quantification of the base elevation of in-
tra-mountain basins. Relief amplitude (RA) and slope is 
combined to quantify the base elevation with reference 
to the landform classification systems for China (Li, 
1987; Li et al., 2008; Zhou et al., 2009) and for Europe 
(Demek and Embleton, 1978; Demek and Embleton, 
1989). The procedure is as follows: 1) for different 
range of RA, there is a corresponding slope value to 
identify base areas of local basins (RA ≤ 500 m, slope ≤ 
7°; 500 m < RA ≤ 1000 m, slope ≤ 15°; RA > 1000 m, 
slope ≤ 25°); 2) since the mountain base must be in the 
lower parts of the basin, the parts higher than the aver-
age altitude of the relevant basin should be excluded 
from the result; 3) the average altitude of the base is the 
MBE of the basin. 

2.5  Quantitative analysis of Mass elevation effect 
and model building 
MEE can be simply defined as the temperature differ-
ence between the inner and outer parts of mountain 
massifs at same altitude and close latitudes. That is to 
say, the magnitude of MEE can be acquired using the 
equation: 

T = Tin – Tfreeair  (1) 

where T is temperature difference between the inner 
and outer parts of mountain massifs; Tin is near-surface 
air temperature in the mountain massifs; and Tfreeair is 
free-air temperature at same altitude and similar latitude 
out of the mountain massifs. Tin can be obtained from 
the meteorological stations inside the massifs (STNin), 
and Tfreeair can be calculated by the temperature and TLR 

of the meteorological stations outside the massifs 
(STNout) paired with the STNin using the following 
equation, 

Tfreeair = Tout + (Hin – Hout) × TLR   (2) 

where Tout is temperature at the STNout; Hin and Hout are 
elevation of the station in and out of the massifs, respec-
tively; TLR is temperature lapse rate at the STNout. To 
minimize the influence of latitude or topography, the 
STNout should be at the same or similar latitude with 
paired STNin and be located on gentle terrains. 

Then, a multivariate linear regression equation was 

developed to simulate MEE (take T of QTP in July as 
the quantitative index) with three independent variables 
(latitude, annual mean precipitation and MBE). 

3  Results 

3.1  Mass elevation effect of Qinghai-Tibet Plateau 
First, identify the mountain region and the main ridge-
lines (Fig. 2). Then, take the mountainous border as the 
outer boundary of MBE, and divide this area into dif-
ferent local basins by the main ridgelines. 

Finally, a total of 73 mountain local basins were iden-
tified (Fig. 3), whose base elevation ranges from 708 m 
to 5081 m, with a trend of rising from the edges to the 
central part of the plateau. The basins can depict the 
multi-scale terrain features of the QTP, including the 
shape, trend and region of the large scale terrains, rela-
tionship between interior mountains on the plateau, and 
landform differentiation within an individual mountain 
range. 

3.2  Mass elevation effect for warmest month 

Based on climate data from 134 stations, the T of the 
QTP in the warmest month (July) during the period of 
1981–2010 was calculated, which was averagely up to 

6.15℃, over 12℃ at Lhatse and Baxoi, indicating that 

there is a strong MEE in QTP in July of the period. The 

spatial pattern of T shows a trend of rising from the 
outer areas to the central plateau (Fig. 4), similar to the 
distribution pattern of MBE.  

3.3  Multivariate linear regression model of mass 
elevation effect  
Correlation analysis shows that MEE correlates signifi-
cantly with latitude and MBE, but weakly with annual  
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Fig. 2  Mass elevation effect (MBE) outer boundary and main ridgelines of Qinghai-Tibet Plateau (QTP) 

 

Fig. 3  Mountain Base Elevation (MBE) of Qinghai-Tibet Plateau (QTP) and its neighboring areas 

 
mean precipitation (Table 3). It can be found that annual 
mean precipitation correlates with latitude. Because the 
moisture decreasing trend from the southeast to the 
northwest of the QTP is the result of natural conditions 
(Zheng and Li, 1990a), and the correlation coefficient is 
low, the variables can be considered independent. 

The normal P-P plot of regression standardized re-
sidual values shows that residuals are normally distrib-

uted (Fig. 5). Coefficient of determination (R2), Durbin- 
Watson statistic and F-value of analysis of variance 
(ANOVA) indicate that the linear regression equation 
could adequately fit the distribution of MEE (Table 4). 
Meanwhile, collinearity statistics shows that there is a lack 
of multicollinearity in the model, and the result of T-test 
demonstrates that these independent variables have sig-
nificant correlations with the dependent variable (Table 4). 
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Fig. 4  Temperature difference (T) distribution of Qinghai-Tibet Plateau (QTP) for July (1981–2010) 
 

Table 3  Correlations of variables in mass elevation effect (MEE) model of Qinghai-Tibet Plateau 
  Latitude MBE Annual mean Precipitation MEE 

Pearson correlation 1    

Sig. (2-tailed) 0.000    Latitude 

Sample number 105    

Pearson correlation –0.331 1   

Sig. (2-tailed) –0.588 0.000   MBE 

Sample number 105 105   

Pearson correlation –0.008(*) –0.019 1  

Sig. (2-tailed) 0.010 0.845 0.000  Annual mean precipitation 

Sample number 105 105 105  

Pearson correlation –0.569(**) 0.693(**) 0.271(*) 1 

Sig. (2-tailed) 0.000 0.000 0.034 0.000 MEE 

Sample number 105 105 105 105 

Notes:*: correlation is signification at the 0.05 level (2-tailed); **: correlation is signification at the 0.01 level (2-tailed) 

 

 

Fig. 5  Normal P-P plot of regression standardized residual (de-
pendent variable: MEE) 

The model is as follows: 

MEE = 0.002 × MBE – 0.57 × lat – 0.005 × amp + 21.215 
                                  (3) 

where MEE is mass elevation effect of QTP in July; 
MBE is mountain base elevation; lat is latitude, and amp 
is annual mean precipitation.  

In terms of the standardized regression coefficients, 
the contributions of three independent variables (lati-
tude, annual mean precipitation and MBE) to MEE are 
35.29%, 22.69%, and 42.02%, respectively, and MBE 
shows a positive relationship with MEE (Fig. 6), con-
firming that MBE is the key factor for the MEE forma-
tion and, to a great extent, could represent MEE. 
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Table 4  Summary of regression model 

Collinearity statistics
 

Coefficient of  
determination (R2) 

Durbin-Watson F 
Unstandardized 
coefficients (B)

Standardized  
coefficients (Beta)

t Sig. 
Toerance VIF 

Contribution 
rate (%) 

Constant term 0.673 1.398 95.248 21.215  6.749 0.000    

MBE   (P=0.000) 0.002 0.587 7.886 0.000 0.827 1.209 42.02 

Latitude    –0.570 –0.493 –7.710 0.000 0.558 1.793 35.29 

Annual mean 
Precipitation 

   –0.005 –0.317 –4.415 0.000 0.626 1.598 22.69 

 

 

Fig. 6  Relationship between mass elevation effect (MEE) (July) 
and Mountain Base Elevation (MBE) in Qinghai-Tibet Plateau 
(1981–2010) 

4  Discussion and Conclusions 

4.1  Discussion 
(1) A multivariate linear regression model was devel-
oped to simulate MEE with three independent variables 
(MBE, latitude and annual mean precipitation). The 
great contribution of MBE to MEE is revealed, con-
firming our hypothesis that MBE is the most important 
factor of MEE. However, there are some defects in the 

calculation of T and the model development. Firstly, 
only 29 stations outside the QTP were used to calculate 

T (Fig. 1). So, one station outside the QTP has to cor-
respond to more than one station inside the main pla-
teau. This may induce some uncertainty to the result of 

T due to differing terrain conditions and distance be-
tween paired stations. In future studies, real free-air 
temperature (e.g., NCAR/NCEP Reanalysis Dataset) 
should be used to ensure the accuracy of the results. 
Secondly, in this paper, only the most significant vari-
ables (latitude, MBE, annual mean precipitation) were 
chosen to develop MEE model. Still, there should be 
some more factors which may contribute to MEE, in-
cluding ground surface materials, area and the relative 

altitude of mountain massifs, etc. In the subsequent 
work, these factors should be taken into account, and 
stepwise multiple regression models should be adopted 
to deal with the multiple variables. 

(2) The great MEE in the QTP virtually means that 
isotherms are relatively higher in the inner parts than in 

the outer parts of the plateau. For example, the 10℃ 

isotherm for the July mean temperature is at altitudes of 
2800–3400 m in eastern borders of the plateau, but up to 
4500–5200 m in the inner parts (Fig. 7). In other words, 

the extraordinary MEE of QTP makes the 10℃ iso-

therm of the warmest month approximately 1100– 2400 
m higher in the central than in the outer plateau. Ex-
treme cases are the altitudinal differences of this iso-
therm of about 2350 m between Gerze and Wanyuan at 
similar latitude, and some 2111 m between Baxoi and 
Ziyang (Fig. 7). 

It′s well-known that temperature is the final factor for 
timberline elevation on both global and continental 
scales (Korner and Paulsen, 2004), and the warmest 

month 10℃ isotherm is thought to coincide roughly 

with alpine timberlines in the continental high-mountains 
of the northern hemisphere (Ohsawa, 1990; Holtmeier, 
2009). According to our analysis, it is the mass elevation 

effect of the plateau that pushes the 10℃ isotherm up-

ward to about 4500–5200 m above sea level, providing 
suitable temperature conditions for trees to live at such  

 

Fig. 7  Elevations of warmest month 10℃ isotherm in and out 

of Qinghai-Tibet Plateau 
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elevations (Elliottand Kipfmueller, 2011). It has been 
found that timberlines in interior QTP are up to 
4600–4700 m (Troll, 1973; Zheng et al., 1990), even to 
4900 m (29°42'N, 96°45'E) in the southeastern QTP, the 
highest timberline in the Northern Hemisphere (Miehe 
et al., 2007), only 35 km away from Baxoi, where, as 

shown in Fig. 7, the warmest month 10℃ isotherm is at 

4984 m. The timberline is about 4450 m near Damxun 

(Schickhoff, 2005), where the 10℃ isotherm is at alti-

tude of 4515 m. However, to the east of the plateau, 
timberlines are much lower, e.g. it is at about 3300 m in 
the central Qinling Mountains. (Liu and Lu, 1990), 

where the 10℃ isotherm is at 3360 m. The immense 

MEE of the QTP could well explain why the highest 
timberline of the Northern Hemisphere occurs in the 
southeastern QTP.  

(3) The intense MEE of the plateau does not only lead 
to high elevation timberlines, but also high elevation 
snowlines. At Gerze and Shiquanhe in the western QTP, 

the MEE is great (the July 10℃  isotherm exceed 

5000 m), but no tree can grow there due to vary scarce 
annual mean precipitation (236 mm at Gerze; 80 mm at 
Shiquanhe) (Liao, 1990). As we know, the prerequisites 
for the climatic snowline are MTWM < 7 ℃, annual 

mean precipitation ≤ 0℃, annual precipitation ≥ 50 mm 

and annual solid precipitation rate ≥ 60% (Jiang and 
Wu, 2002), and the quantitative spatial patterns of cli-
matic snowline have been explored by relating snowline 
elevation with MEE using the MBE as the surrogate 
(Han et al., 2011). We can conclude that the intense 
MEE of TP pushes the isotherm to a very high elevation, 
and gives rise to very high snowlines, about 6200 m in 
Mt. Nganglong Kangri (only 90 km away form Shi-
quanhe) in the southwest of the plateau (Tibet 
Expedition CaoS, 1975), which is the highest snowline 
in the Northern Hemisphere. 

4.2  Conclusions 
(1) Temperature differences (or MEE) between QTP 
inner and outer areas at same altitude (about 4500–5000 
m) and latitude in July were calculated on the basis of 
climate data of 134 meteorological stations. The average 

MEE of the plateau is 6.15℃, with a maximum of over 

12℃ at Lhatse and Baxoi. 

(2) MBE, latitude and annual mean precipitation are 
three main controlling factors of MEE. MBE contributes 
42.02% to MEE of the plateau, latitude 35.29%, and 

annual mean precipitation 22.69%, indicating that MBE 
is the most significant factor of MEE. 

(3) The great MEE of TP pushes the July 10℃ iso-

therm to a very high elevation (e.g., 4982 m at Baxoi). 
This could well explain why the timberline could be up 
to about 4900 m in the nearby areas of Baxoi in the 
southeastern QTP. Also due to the effect of MEE, the 
highest snowline (6200 m) of the Northern Hemisphere 
occurs in the southwestern plateau. 
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