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ABSTRACT 

We evaluated the dependence of the sensible heat flux trend over the Tibetan 

Plateau on elevation by comparing the 29 climate models in the Coupled Model 

Intercomparison Project Phase 5 (CMIP5) with ground observations in the time period 

1980–2005. The sensible heat flux trend over the Tibetan Plateau shows an elevation-

dependent variation in both the observations and reanalysis datasets, with a larger 

negative trend at higher altitudes. Most of the models analyzed in this study performed 

poorly in simulating the linear trend of the sensible heat flux, although two models 
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(HadGEM2-CC and HadGEM2-ES) reasonably captured the elevation range and seasons 

with a prominent decreasing trend in the sensible heat flux over the Tibetan Plateau. These 

two models possess good skills in depicting both the sensible heat flux trend and the 

terrain of the plateau in every 1000 m wide altitudinal band. The coherence of the 

elevation-dependent variation in the sensible heat flux trend between the observations and 

models is therefore not fortuitous. The sensible heat flux trend in most models of CMIP5 

is sensitive to variations in the surface wind speed and the difference in temperature 

between the ground surface and the air, although these two factors show large biases 

deviating from the reanalysis product in almost all models in this study. In the HadGEM2-

CC and HadGEM2-ES models, which showed a good performance in capturing the 

elevation-dependent sensible heat flux trend, the leaf area index was shown to be the 

predominant factor affecting the variation in the sensible heat flux trend with elevation. 

That maybe link with the dynamic vegetation scheme in these two models.  

Keywords: Tibetan Plateau, CMIP5, altitude dependence, surface sensible heat flux trend 

1. Introduction 

The Tibetan Plateau—with a zonal length of 2800 km, a meridional width of 300–

1500 km and an average altitude >4000 m—is the largest high-altitude plateau in the 

world. The thermal and mechanical effects of forcing by the Tibetan Plateau have a 

crucial role in the regional and global climate (e.g., Yeh et al. 1957; Yeh and Gao 1979; 

Yanai et al. 1992; Ye and Wu 1998; Chakraborty et al. 2002; Duan and Wu 2005; 

Chakraborty et al. 2006; Wu et al. 2007; Boos and Kuang 2010; Duan et al. 2012; Wu et 

al. 2012a; Yao et al. 2012; Wu et al. 2014). The Tibetan Plateau acts as an immense, 

intense and elevated heat source and its surface layers are an important store of sensible 

heat (e.g., Yeh et al. 1957; Yeh and Gao 1979; Duan and Wu 2008; Yang et al. 2011a; 

Wu et al. 2014). The Tibetan Plateau uses sensible heat to drive the movement of air 

masses and water vapor in the low-level atmosphere, triggering convective precipitation 

and the release of latent heat (e.g., Wan and Wu 2007; Wu et al. 2007; Wan et al. 2009; 

Duan et al. 2011; Liu et al. 2012; Wu et al. 2012b; Duan et al. 2013; Wang et al. 2014; 

Wu et al. 2014; Wu et al. 2016). This process is described as sensible heating atmosphere 
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pumping (Wu et al. 1997; Wu et al. 2007; Wu et al. 2014). The sensible heat over the 

Tibetan Plateau exerts a great influence on the onset and maintenance of the Asian 

summer monsoon (e.g., Yeh et al. 1957; Flohn 1957,1960; Yanai et al. 1992; Wu et al. 

2012a; Wu et al. 2012b; Wu et al. 2012c;  Liu et al. 2013; Wu et al. 2014) and the 

evolution of atmospheric circulation and climate anomalies via the dispersion of Rossby 

waves (Wu et al. 2012a; Wang et al. 2014; Wu et al. 2014; Wu et al. 2016). 

There is growing evidence that the sensible heat flux over the Tibetan Plateau has 

decreased since the 1980s (Duan and Wu, 2008; Duan et al. 2011; Duan et al. 2013; Zhu 

et al. 2019). This weakening trend shows an elevation-dependent variation in 

observational data (Zhu et al. 2019). The sensible heat flux over the Tibetan Plateau and 

its pivotal role in climate change are directly related to the high altitude of this region. 

The mechanism of elevated heating has been reported previously (Yeh and Gao 1979; 

Molnar and Emanuel 1999; Wu et al. 2014; Hu and Boos 2017a, 2017b), but studies of 

the dependence of the sensible heat flux on elevation are still limited. 

Studies of the variation in sensible heat flux with altitude will contribute to reducing 

the current uncertainties about the climate in remote, high-elevation regions and ensure 

that the variations related to the sensible heat flux (e.g., the exchange of heat and moisture 

between the Earth’s surface and the atmosphere, the redistribution of energy, the 

exchange of momentum, the evolution of atmospheric circulation and anomalies in the 

regional and global climate) are adequately monitored and accounted for. 

The Tibetan Plateau, often referred to as the water tower of Asia, is the source of 

many important Asian rivers (Immerzeel et al. 2010; Yao et al. 2012) and the major source 

of water for large populations in lower elevation regions (Viviroli et al. 2007). 

Precipitation on the Tibetan Plateau has a remarkable influence on the water level in lakes, 

the runoff from rivers, and droughts and floods in downstream regions. The sensible heat 

over the Tibetan Plateau is a crucial factor in precipitation on the plateau. The social and 

economic impacts arising from variations in precipitation associated with the sensible 

heat flux over the Tibetan Plateau could therefore be large and justifies further research. 
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Zhu et al. (2019) reported that a larger negative trend in the sensible heat flux is seen 

at higher altitudes. We aimed to determine whether this dependence of the sensible heat 

flux trend on elevation is also present in reanalysis datasets and how well the models in 

the Coupled Model Intercomparison Project Phase 5 (CMIP5) simulate the variation of 

the sensible heat flux trend with altitude. As a result of the scarcity of observations at high 

elevations, evidence for the dependence of the sensible heat flux trend on elevation will 

need to be obtained from other datasets (e.g., atmospheric reanalysis and model 

simulations) to reduce the current uncertainties and to confirm the variations in high-

altitude regions. It is particularly important to evaluate and improve the models under the 

realistic assumption that the in situ climate observing network on the Earth’s surface is 

limited by geographical constraints in many high-altitude areas. This study therefore 

attempted to identify the dependence of the variation in the sensible heat flux trend on 

elevation in reanalysis datasets and to quantify the performance of models in simulating 

this dependency, which may be an important aspect in model verification. 

The structure of this paper is as follows. A brief description of the datasets and 

applied methodology is presented in Section 2. Using reanalysis datasets, the dependence 

of the sensible heat flux trend over the Tibetan Plateau on elevation is reconfirmed in 

Section 3. Section 4 evaluates the performance of the CIMP5 climate models in 

simulating the dependence of the sensible heat flux trend over the Tibetan Plateau on 

elevation and to tries to identify the cause of this trend. We briefly outline our discussion 

and conclusions in Section 5. 

2. Data and methodology 

2.1 Data 

The data were obtained from the following sources. 

1. Regular surface observations from 140 meteorological stations on the Tibetan Plateau 

operated by the China Meteorological Administration. These include measurements 

made four times each day of the ground surface temperature at 0 cm depth (Ts), the 

surface air temperature (Ta) and the wind speed at 10 m above the surface (V0). 

Missing values occur mostly before 1980s, hence the observations after 1980 are 
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utilized in this study to ensure a reliable outcome. The missing values of variables in 

the observations account for less than 0.5% of the total records during the studied 

period, accordingly the quality of the observational data is reasonably good. The 

method of processing missing values in the observational data is the same as applied 

in Duan and Wu (2008).  Fig. 1 shows the elevations and locations of the 140 stations. 

Of these stations, 82 (58.6%) are above 2000 m, 48 (34.3%) are above 3000 m and 

16 (11.4%) are above 4000 m. 

2. To overcome the limitations resulting from the sparseness of in situ ground 

measurements in under-sampled high-altitude regions, the reanalysis datasets were 

used to identify and quantify the dependence of the sensible heat flux trend on 

elevation. Monthly mean of sensible heat flux from the National Centers for 

Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) 

Reanalysis 1 dataset (Kalnay et al., 1996, 

www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html), the 

NCEP/Department of Energy (NCEP/DOE) Reanalysis 2 dataset (Kanamitsu et al. 

2002, www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html), the Japanese 

25-year Reanalysis (JRA-25) dataset (Onogi et al. 2007, 

https://climatedataguide.ucar.edu/climate-data/jra-25) ,  and the European Centre for 

Medium-Range Weather Forecasts Reanalysis Interim (ERA-Interim) dataset (Dee et 

al. 2011; http://apps.ecmwf.int/datasets) were analyzed simultaneously in this study. 

Other data sets include monthly surface 2m air temperature, soil temperature at the 

depth below land surface, surface 10m zonal wind and surface 10m meridional wind  

from JRA-25. The NCEP/NCAR and NCEP/DOE reanalysis datasets are provided on 

a Gaussian grid with 192×94 data points. The JRA-25 reanalysis is provided on a 

320×160 regular Gaussian grid (east-west: 125.069 km just north and south of the 

Equator to 1.874 km near the poles). And the ERA-Interim dataset is resolved on a 

1°×1° grid.  

3. Monthly outputs from historical climate experiments in 29 CMIP5 climate models are 

analyzed and compared (Table 1; www.ipcc-
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data.org/sim/gcm_monthly/AR5/Reference-Archive.html), including surface 

sensible heat flux, near-surface air temperature, surface temperature, near-surface 

wind speed, leaf area index, and surface snow amount. 

The boundary of the Tibetan Plateau for each reanalysis dataset and model in this 

study was defined as the domain (25°–40° N, 70°–110° E) and the grid points below 1000 

m were discarded. The temporal periods of the data used in this study are all from January 

1980 to December 2005. 

2.2 Methods 

The method used to calculate the sensible heat flux from the observations is the same 

as applied in previous research related to the Tibetan Plateau (e.g., Yeh and Gao 1979; 

Chen et al. 1985; Li et al. 2001; Duan and Wu 2008; Duan et al. 2011, 2013; Cui et al. 

2015; Zhu et al. 2017; Zhu et al. 2019): 

SH = 𝐶𝐶p 𝜌𝜌a  𝐶𝐶DH  𝑉𝑉0  (𝑇𝑇s − 𝑇𝑇a)                        (1)    

where SH is the sensible heat flux, 𝐶𝐶p = 1005 J ∙ kg−1 ∙ K−1 is the specific heat of dry air 

at constant pressure, 𝜌𝜌a is the density of air, 𝐶𝐶DH is the drag coefficient for heat, 𝑉𝑉0 is the 

mean surface wind speed measured 10 m above the ground and (𝑇𝑇s − 𝑇𝑇a) is the difference 

in temperature between the ground and the air. The changes in 𝜌𝜌a and 𝐶𝐶DH should be 

subtle during the study period (Zhu et al. 2017) and their influence on the variation in the 

sensible heat flux is negligible, although they vary from location to location. Therefore, 

based on previous studies, we assume 𝐶𝐶DH =  4 × 10−3 for the region east of 85° E and 

𝐶𝐶DH =  4.75 ×  10−3 for the region west of 85° E (e.g., Li and Yanai 1996; Duan and 

Wu 2008; Duan et al. 2011, 2013; Zhu et al. 2017, 2019) and 𝜌𝜌a =  0.8 kg ∙ m−3 (e.g., 

Yeh and Gao 1979; Duan and Wu 2008; Duan et al. 2011, 2013; Zhu et al. 2019). The 

climatology of the seasonally averaged sensible heat flux over the Tibetan Plateau is 

calculated based on the six-hourly sensible heat flux obtained using this equation. Simple 

linear regression is used to calculate the trend of the sensible heat flux based on the 

seasonal averages of each year for observations, reanalysis products and models. 

Moreover, correlation and regression analyses are used in this study to find possible linear 

relationships between two variables. The statistical significance is based on the Student’s 
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t test. 

3. Elevation-dependent variation of the sensible heat flux trend in the reanalysis 

datasets 

To display the elevation-dependent variation of the sensible heat flux trend more 

intuitively, we arranged the sensible heat flux trend in a sequence ordered from low to 

high elevation. The sensible heat flux trend in the observations shows that most areas of 

the Tibetan Plateau have experienced a statistically significant decreasing trend in the 

sensible heat flux during the time period 1980–2005, especially above 2000 m elevation 

in spring and summer. The higher the altitude, the larger the negative trend. The sensible 

heat flux trend in the four reanalysis datasets shows an analogous elevation-dependent 

variation to the observations (Fig. 2, left-hand panels), characterized by a negative 

correlation between the sensible heat flux trend and elevation for most seasons in all 

reanalysis datasets, although the correlation is not significant for the NCEP1 product in 

all seasons and for the ERA product in winter and spring (Fig. 2, right-hand panels). This 

further confirms previously published results (Zhu et al. 2019). The sensible heat flux 

trend over the Tibetan Plateau in the JRA-25 reanalysis dataset is the closest to the 

observations. We then investigated whether the elevation-dependent variation in sensible 

heat flux trend emerges in the CMIP5 models. 

4. Evaluation of elevation-dependent sensible heat flux trend in the CMIP5 models 

4.1 Evaluation 

Fig. 3 compares the sensible heat flux trend over the Tibetan Plateau in the 29 

climate models of CMIP5 with the ground observations. Most of the models in Fig. 3 

show a large bias in the linear trend of the sensible heat flux, with a weaker or even 

opposite tendency at high altitude or over the whole plateau. However, several models 

are able to capture the decreasing trend in sensible heat flux, especially at high altitude. 

The HadGEM2-CC and HadGEM2-ES models show good skill in depicting the 

elevation-dependent sensible heat flux trend, performing reasonably well in simulating 

the remarkable range of elevation and seasons of the weakening trend in sensible heat 

over the Tibetan Plateau. 
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To evaluate more intuitively the ability of the models to simulate the altitude-

dependent sensible heat flux trend, the correlation coefficients between the sensible heat 

flux trends and elevations in every season were calculated (Fig. 4). Compared with the 

observations, the HadGEM2-CC and HadGEM2-ES models performed well overall in 

capturing the main features for the variation in the sensible heat flux trend with altitude, 

which is characterized by the significantly negative correlation of the sensible heat flux 

trend with elevation in most seasons. This is basically consistent with the observations, 

except for a slight difference in significance (Fig. 4). 

We next investigated whether the CMIP5 models, especially the HadGEM2-CC and 

HadGEM2-ES models, performed consistently in simulating the variation of sensible heat 

flux trend from lower to higher altitudes. Considering that the most significant sensible 

heat flux trend and its notable dependence on altitude is in spring, we take spring as an 

example to further discuss the performance of the 29 CMIP5 models at different altitudes. 

To overcome the limitations arising from the sparseness of in situ stations over the 

western Tibetan Plateau, we used the JRA25 reanalysis dataset as the reference 

observations in the following analysis. As shown earlier, the JRA25 dataset shows the 

highest consistency with the meteorological observations among the four reanalysis 

datasets. To make a more direct comparison with the reference observations, all the model 

data were interpolated onto the JRA25 grid using spatial bilinear interpolation. To unify 

the number of grid points above a certain height among the different models, the 

altitudinal ranges in the following figures refer to the elevation in the JRA25 dataset. 

Fig. 5 show the linear variation of the sensible heat flux in the reanalysis product 

and the 29 climate models in CMIP5 over the Tibetan Plateau above 1000 m. The higher 

the altitude, the poorer the simulation skill shown by most of the models. Among the 29 

CMIP5 models, the HadGEM2-CC and HadGEM2-ES models best simulated the spatial 

distribution of the sensible heat flux trend from low to high altitudes. At all altitude levels, 

the spatial correlation coefficients for the sensible heat flux trend between the reanalysis 

product and the two models were all >0.5, which exceeds the 99% confidence level. 

To quantitatively analyze the simulation of the 29 CMIP5 models, the correlation 
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coefficients of the sensible heat flux trend between the reanalysis product and models for 

every successive 201 stations ordered from low to high elevations are shown in Fig. 6. 

As the first step of calculating the correlation coefficients, we arranged the sensible heat 

flux trend in both models and reanalysis product into a sequence according to the low-to-

high altitudinal order of every grid cell in the reanalysis product. The correlation 

coefficient is calculated, based on the sensible heat flux trend of the first successive 201 

samples in reanalysis product and models, and then the sample selection glides along the 

altitude with the sample size unchanged. The values were multiplied by either 1 or −1 

depending on whether the regional mean sensible heat flux trend in the reanalysis product 

and each CMIP5 model had the same sign. This rules out models with the opposite 

sensible heat flux trends to the reanalysis product in most parts of the plateau, such as the 

MIROC-ESM and MPI-ESM-LR models. The sensible heat flux trend in the HadGEM2-

CC and HadGEM2-ES models are highly and positively correlated with the trend in the 

reanalysis product at all altitudes. The correlation coefficients from low to high elevation 

almost all exceed the 99% confidence level. Therefore the HadGEM2-CC and 

HadGEM2-ES models are consistently the best simulations of the sensible heat flux trend 

over the Tibetan Plateau at all altitudes. 

Fig. 7 shows the topography of the Tibetan Plateau in the reanalysis product and the 

29 CMIP5 climate models and Fig. 8 shows the Taylor diagrams for the elevation over 

the Tibetan Plateau in 1000 m wide altitudinal bands between the CMIP5 models and the 

reanalysis product. The HadGEM2-CC and HadGEM2-ES have a good skill for showing 

the terrain over the Tibetan Plateau at all altitudes (Fig. 7). The spatial correlation 

coefficients for altitude between the reanalysis product and each of the two models exceed 

0.9 in every 1000 m wide altitudinal band (Fig. 8). Because these two models have better 

simulation skills for both the sensible heat flux trend and altitude, the coherence of the 

elevation-dependent variation in the sensible heat flux trend between the observations and 

these two models (Figs 3 and 4) is not fortuitous. The ACCESS1.0 and ACCESS1.3 

models, which had a poor performance in simulating the decreasing sensible heat flux 

trend, showed good skills in depicting the altitude over the Tibetan Plateau. They may 
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indicate that an accurate analog for topographic altitude is a major requisite for models 

simulating the sensible heat flux trend over the Tibetan Plateau, but it may not be 

sufficient. 

4.2 Reasons for the good performance of the HadGEM2-CC and HadGEM2-ES 

models 

We investigated why the HadGEM2-CC and HadGEM2-ES models have better 

skills in simulating the elevation-dependence of the sensible heat flux trend than the other 

models in CMIP5. The topography, which exerts a primary control on the total 

precipitation in mountain regions (e.g., Daly et al. 1994; Frei and Schär 1998; Wastl and 

Zängl 2008), is an important, but not the major, factor influencing the biases and skills of 

models in simulating the sensible heat flux trend. Finding and quantifying the dominant 

factor influencing the dependence of the sensible heat flux trend on elevation in data is 

affected by the uncertainties in the parameterization scheme for sensible heat, which is 

intricate and may vary between the different models in CMIP5. Based on previous studies, 

the sensible heat flux is sensitive to the variables of land surface processes, such as the 

surface wind speed, the difference in temperature between the ground and the air (e.g., 

Yeh and Gao 1979; Chen et al. 1985; Li et al. 2001; Duan and Wu 2008; Duan et al. 2011, 

2013; Cui et al. 2015; Zhu et al. 2017; Zhu et al. 2019), snow cover (e.g.,Vernekar et al. 

1995; Zhang and Tao 2001;Wang et al. 2018) and the leaf area index (LAI; Mamkin et 

al. 2016; Safa et al. 2018). Correlation and regression analysis are usually used to find 

possible linear relationships between two variables. To capture the key factor affecting 

the simulation result for sensible heat in models with good performance, the responses of 

the sensible heat flux to the surface wind speed, the difference in temperature between 

the surface and the air, the LAI and the surface snow amount (SNW) have been 

determined via regression analysis. 

We analyzed the effect of the difference in surface air temperature and surface wind 

speed on the dependence of the sensible heat flux trend on elevation in the 29 CMIP5 

models. The comparison of the linear variation rates for the surface wind speed and the 

difference in temperature between the ground and the air derived from JRA25 reanalysis 
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dataset and simulation in the 29 CMIP5 models are shown in Fig. 9 and Fig.10, 

respectively. Prior to that, we evaluate the representation of surface wind and temperature 

in the reanalysis against observations. The correlation coefficients between the domain-

averaged surface 2m air temperature, soil temperature and surface 10m wind speed over 

the eastern Tibetan Plateau (25°–40° N, 90°–110° E) above 1000 m from the JRA25 

reanalysis dataset and the 124-station-averaged corresponding variables of the eastern 

Tibetan Plateau from the observations during spring are 0.98, 0.53, and 0.61, respectively, 

which are all significant at the 90 % confidence level.   

In addition, the product of the wind speed at 10 m (𝑉𝑉0 ) and the difference in 

temperature between the ground and the air (𝑇𝑇s − 𝑇𝑇a) is described by 𝐻𝐻VT: 

𝐻𝐻VT  =   𝑉𝑉0  (𝑇𝑇s − 𝑇𝑇𝑎𝑎)                 (2) 

The pattern of the sensible heat regressed on 𝐻𝐻VT  at the corresponding point in each 

model is shown in Fig.11. The regression coefficients were multiplied by either 1 or −1 

depending on the trend in 𝐻𝐻VT was positive or negative. As a result of the absence of the 

surface wind speed in the model output of GFDL-CM2.1, there is a blank space in Fig. 9 

(10) and Fig. 11 (10), which is retained for the convenience of comparison. 

Almost all models in CMIP5 are unable to simulate the linear trend in the difference 

of temperature between the ground surface and the air and the surface wind speed, 

characterized by a weaker or even opposite trend in part of, or the whole, plateau 

compared with the reanalysis product. The results presented in Fig. 11 show that the two 

variables of surface wind speed and the difference in temperature between the ground and 

the air are the dominant factors in the evolution of the sensible heat flux in most models. 

In these models, the regression field of the sensible heat against 𝐻𝐻VT approximates the 

variation in the sensible heat flux in Fig. 5 and the pattern correlation coefficients between 

the regression field and the distribution of the sensible heat flux trend in the corresponding 

model in Fig. 5 mostly exceed 0.5 or even 0.8 (at the 99% confidence level). This 

indicates that the sensible heat flux in these models is sensitive to the variations in the 

surface wind speed and the difference of temperature between the ground and the air, in 

addition to their biases deviating from the reanalysis product. More significantly, in the 
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HadGEM2-CC and HadGEM2-ES models, which possess good skills in depicting the 

elevation-dependent sensible heat flux trend, the fraction of the variation in the sensible 

heat flux influenced by the surface wind speed and the difference in temperature between 

the ground and the air is not the most important factor. These models avoid the biases in 

the sensible heat flux trend arising from the imprecise simulation of the difference in 

temperature between the ground and the air and surface wind speed. 

We therefore tried to determine the factor with the predominant role in the variation 

of the sensible heat flux trend with elevation in the HadGEM2-CC and HadGEM2-ES 

models. The LAI and SNW influence the albedo of the Earth’s surface and thereby the 

net radiation flux available to drive the latent and sensible heat. In addition, the LAI and 

SNW influence the partitioning of the net radiation flux between the latent and sensible 

heat (e.g., Verstraete and Dickinson 1986; Wang et al. 2018). Hence, the responses of the 

sensible heat flux to the LAI and SNW in the HadGEM2-CC and HadGEM2-ES models  

have been demonstrated in Fig. 12. In the HadGEM2-CC and HadGEM2-ES models, the 

regression patterns of the sensible heat flux against the LAI at corresponding points (Fig. 

12) are very similar to the distribution of the sensible heat flux trend of the relevant model 

in Fig. 5, and the pattern correlation coefficients between the regression field and the 

linear variation rate of the sensible heat flux in the relevant model in Fig. 5 both exceed 

0.8 (at the 99% confidence level). In contrast, the response fields of the sensible heat 

against SNW in the HadGEM2-CC and HadGEM2-ES models appear inconsistent 

variation with the sensible heat flux trend in Fig. 5, with the pattern correlation 

coefficients below 0.36. This indicates that the sensible heat flux in these two models is 

sensitive to the variations in leaf area index. Maybe the parameterization scheme of 

vegetation plays a role for these two models in simulating the elevation-dependent 

sensible heat flux trend. Unlike previous Hadley Centre coupled climate–carbon cycle 

simulations (e.g., Cox et al. 2000; Freidlingstein et al. 2006) that used a static agricultural 

mask, the Top-down Representation of Interactive Foliage and Flora Including Dynamics 

(TRIFFID) dynamic global vegetation scheme has now been updated to allow time-

varying land-use distributions in the CMIP5 simulations (Cox 2001; Collins et al. 2011; 
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Jones et al. 2011). The result above shows that the LAI is the predominant factor affecting 

the variation of the sensible heat flux trend with elevation in the HadGEM2-CC and 

HadGEM2-ES models in CMIP5, which include the implementation of a dynamic 

vegetation model. 

5. Summary and discussion 

The dependence of the sensible heat flux trend on elevation has been poorly 

investigated in previous studies. The analysis should be conducted using multiple datasets 

(e.g., observations, atmospheric reanalysis dataset and models) to confirm the conclusions 

drawn from the observations, to evaluate the simulation performance of the models and 

to further overcome the limitations resulting from the sparseness of in situ stations in data-

poor high-altitude regions. The analyses in this study reveal a consistent variation of the 

sensible heat flux trend with elevation over the Tibetan Plateau in both the observational 

and reanalysis datasets. We also evaluated the performance of the climate models in 

CMIP5 in simulating the elevation-dependent sensible heat flux trend by comparing their 

outputs with ground observations. We considered the main factors influencing the analog 

capability. Several of our findings will benefit future studies in mountainous regions. 

The sensible heat flux trend over the Tibetan Plateau shows a dependence on 

elevation in both the observational and reanalysis datasets. This dependency is 

characterized by a larger negative trend at higher altitudes and confirms the conclusions 

of Zhu et al. (2019). Most of the models in CMIP5 are unable to capture the weakening 

sensible heat flux trends in high-altitude regions and the dependence on elevation. 

Fortunately, two of the 29 CMIP5 models showed an excellent performance in simulating 

the decreasing trend in sensible heat flux over the Tibetan Plateau over the most 

prominent elevation ranges and seasons. In these two models, the sensible heat flux trend 

was significantly negatively correlated with the elevation in most seasons. The models 

with good skills were also consistently excellent simulators of the sensible heat flux trend 

in both low or high elevation regions of the Tibetan Plateau. The models that reproduce 

the dependence on elevation in the sensible heat flux trend also perform well in depicting 

the terrain over the Tibetan Plateau at all altitudes. Whereas other climate models such as 
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ACCESS1.0 and ACCESS1.3 show a realistic topography, but still perform poorly in 

reproducing the observed sensible heat flux trend over the Tibetan Plateau. This suggests 

that a realistic topography might be a necessary, but not sufficient, condition for 

simulating the dependence of the sensible heat flux trend on elevation. 

In most models, the difference in temperature between the ground and the air and 

the surface wind speed are the key factors affecting the evolution of the sensible heat flux, 

although these two factors present large biases deviating from the reanalysis product in 

almost all the models in this study. We found that the LAI, rather than the difference in 

temperature between the ground and the air, the surface wind speed and the surface snow 

amount, plays the predominant role in affecting the dependence of the sensible heat flux 

trend on elevation in the models with a good simulation performance, primarily the 

HadGEM2-CC and HadGEM2-ES models. This may be related to the dynamic vegetation 

scheme in these two models. It requires further investigation. 

In addition, some models analysed in this study do not define surface temperatures 

in soil, but as skin temperatures for the relative areas of different surface types, such as 

soil, inland water, snow or canopy of a thin layer close to the surface. The complexity in 

modelling physical processes at the land surface boundary exerts influence on the CMIP5 

model evaluation of the ground-air temperature differences (Garcia-Garcia et al. 2019).  

The terrain of the Tibetan Plateau is extremely complex. Special efforts should be 

made to decrease uncertainties in mountain areas—for instance, expanding the surface 

climate observational network to cover higher altitude regions (>4000 m), extending the 

duration of data collection and improving the spatial resolution in models. Limitations in 

the available data make it extremely difficult to determine the dependency of climate 

variables on elevation in high-altitude regions (Rangwala and Miller 2012; Pepin et al. 

2015). Understanding how future variations in climate may affect the redistribution of 

energy, the hydrological cycle, and the zonation of ecosystems in high-mountain regions 

provides a compelling argument for studying this difficult issue further. 
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1 Table 1. Basic information for the 29 CMIP5 climate models.

Model name Modeling centre(or group)
Atmospheric 

resolution 
(long.×lat.)

ACCESS1.0 Commonwealth Scientific and Industrial 
Research Organisation, Australia and Bureau of 
Meteorology, Australia

192×145

ACCESS1.3 Commonwealth Scientific and Industrial 
Research Organisation, Australia and Bureau of 
Meteorology, Australia

192×145

CanESM2 Canadian Centre for Climate Modelling and 
Analysis 128×64

CMCC-CESM Centro euro-Mediterraneo sui Cambiamenti 
Climatici 96×48

CMCC-CM Centro euro-Mediterraneo sui Cambiamenti 
Climatici 480×240

CMCC-CMS Centro euro-Mediterraneo sui Cambiamenti 
Climatici 192×96

CNRM-CM5

Centre National de Recherches 
Météorologique/Centre Européen de Recherche 
et de Formation Avancées en Calcul 
Scientifique

256×128

CNRM-CM5-2

Centre National de Recherches 
Météorologique/Centre Européen de Recherche 
et de Formation Avancées en Calcul 
Scientifique

256×128

CSIRO-Mk3.6.0

Commonwealth Scientific and Industrial 
Research Organization in collaboration with the 
Queensland Climate Change Centre of 
Excellence

192×96

GFDL-CM2.1
National Oceanic and Atmospheric 
Administration Geophysical Fluid Dynamics 
Laboratory

144×90

GFDL-CM3
National Oceanic and Atmospheric 
Administration Geophysical Fluid Dynamics 
Laboratory 

144×90

GFDL-ESM2G
National Oceanic and Atmospheric 
Administration Geophysical Fluid Dynamics 
Laboratory

144×90

GISS-E2-H National Aeronautics and Space Administration 
Goddard Institute for Space Studies 144×90

GISS-E2-R National Aeronautics and Space Administration 
Goddard Institute for Space Studies 144×90
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2

HadCM3

UK Meteorological Office Hadley Centre 
(additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas 
Espaciais)

96×73

HadGEM2-CC

UK Meteorological Office Hadley Centre 
(additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas 
Espaciais)

192×145

HadGEM2-ES

UK Meteorological Office Hadley Centre 
(additional HadGEM2-ES realizations 
contributed by Instituto Nacional de Pesquisas 
Espaciais)

192×145

IPSL-CM5A-LR Institute Pierre-Simon Laplace 96×96

IPSL-CM5A-MR Institute Pierre-Simon Laplace 144×143

IPSL-CM5B-LR Institute Pierre-Simon Laplace 96×96

MIROC-ESM-CHEM

Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean Research 
Institute (The University of Tokyo) and the 
National Institute for Environmental Studies

128×64

MIROC-ESM

Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean Research 
Institute (The University of Tokyo) and the 
National Institute for Environmental Studies

128×64

MIROC4h

Atmosphere and Ocean Research Institute (The 
University of Tokyo), the National Institute for 
Environmental Studies and the Japan Agency 
for Marine-Earth Science and Technology

640×320

MIROC5

Atmosphere and Ocean Research Institute (The 
University of Tokyo), the National Institute for 
Environmental Studies and the Japan Agency 
for Marine-Earth Science and Technology

256×128

MPI-ESM-LR Max Planck Institute for Meteorology 192×96

MPI-ESM-MR Max Planck Institute for Meteorology 192×96

MPI-ESM-P Max Planck Institute for Meteorology 192×96

MRI-CGCM3 Meteorological Research Institute 320×160

MRI-ESM1 Meteorological Research Institute 320×160

2
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Fig. 2. Elevation-dependent variation of the sensible heat flux trend in the observations and four reanalysis 
datasets during the time period 1980–2005 (left-hand column). The stations are ordered from low to high 

elevation and the sequence numbers are shown on the abscissas. The black curve shows the elevation. The 
right-hand panels show the correlation coefficients between the sensible heat flux trends and elevations for 

the observations and four reanalysis datasets. The red open circles represent values exceeding the 90% 
significance level. 
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Fig. 3. Elevation-dependent variation of the sensible heat flux trend in the observations and the 29 climate 
models in CMIP5 over the Tibetan Plateau during the time period 1980–2005. The stations are ordered from 

low to high elevation and the sequence numbers are shown on the abscissas. The black curve shows the 
elevation. Units: W m−2 (10 yr)−1. 
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Fig. 4. Correlation coefficients between the sensible heat flux trend and elevation for the observations and 
the 29 climate models in CMIP5 over the Tibetan Plateau during the time period 1980–2005. The red open 

circles represent values exceeding the 90% significance level. 
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Fig. 5. Linear variation of the sensible heat in the reanalysis product and 29 climate models of CMIP5 over 
the Tibetan Plateau above 1000 m in spring during the time period 1980–2005. Units: W m−2 (10 yr)−1. 

The black dashed lines indicate the elevation levels of 1000, 2000, 3000 and 4000 m, respectively. 
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Fig. 6. The blue lines show the correlation coefficients for the sensible heat flux trends between the 
reanalysis product and the 29 models in CMIP5. The correlation coefficients were calculated, based on every 
successive 201 samples ordered from low to high elevation. The correlation coefficients were multiplied by 

either 1 or −1 depending on whether the average sensible heat flux trend over the Tibetan Plateau in spring 
in the reanalysis product and models had the same or different signs. The range of average altitude for each 

sample group (n = 201) is expressed in gray. The black dashed line indicates the 99% significance level. 
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Fig. 7. Topographic altitude of the reanalysis product and 29 climate models in CMIP5 over the Tibetan 
Plateau above 1000 m. Units: m. 
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Fig. 8. Taylor diagrams for elevation over the Tibetan Plateau in 1000 m wide altitudinal bands between the 
CMIP5 models and the reanalysis product. 
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Fig. 9. Linear variation rate for the surface wind speed in the reanalysis product and the 29 CMIP5 climate 
models over the Tibetan Plateau above 1000 m in spring during the time period 1980–2005. The surface 

wind speed is absent from the model output in GFDL-CM2.1. Units: m s−1 (10 yr)−1. 
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Fig. 10. Linear variation rate for the difference in temperature between the ground and the air for the 
reanalysis product and the 29 CMIP5 climate models over the Tibetan Plateau above 1000 m in spring during 

the time period 1980–2005. Units: ℃ (10 yr)−1. 
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Fig. 11. Regression field of sensible heat against H_VT at the corresponding point over the Tibetan Plateau 
above 1000 m in the 29 CMIP5 climate models in spring during the time period 1980–2005. The surface 

wind speed is absent from the model output in GFDL-CM2.1. The values have been multiplied by either 1 or 
−1 depending on the positive or negative trends in H_VT. The pattern correlation coefficient between the 

regression field and distribution of the sensible heat flux trend in the corresponding model in Fig. 5 is given 
in the upper right-hand corner of each graph. Units: W m−2. 
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Fig. 12. Regression field of the sensible heat against the LAI and SNW at corresponding point over the 
Tibetan Plateau above 1000 m in the HadGEM2-CC and HadGEM2-ES models of CMIP5 in spring during the 
time period 1980–2005. The values have been multiplied by either 1 or −1 depending on the positive or 
negative trends in LAI or SNW. The pattern correlation coefficient between the regression field and the 

distribution of the sensible heat flux trend of the corresponding model in Fig. 5 is given in the upper right-
hand corner of each graph. Units: W m−2. 
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