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Abstract
Based on the monthly outputs of the Couple Model Intercomparison Project phase 5 (CMIP5), the present study examines 
the contributions of direct and indirect effects of  CO2 to the response of the sensible heat (SH) over the Tibetan Plateau (TP). 
Under global warming, the TP SH features an uniform increase during November–April (NDJFMA). During NDJFMA, the 
SH change over the TP can be mainly attributed to the uniform SST increase induced by  CO2 increasing. This uniform SST 
increase warms the atmosphere. In turn, it leads to: (1) reduction in snowfall over the TP, with maximum over south TP; (2) 
increased snowmelt mainly above 3000 m and decreased snowmelt near or south of 3000 m elevation south of TP. The net 
effects of snowfall and snowmelt are towards the reduction of the snow cover over the TP, which may alter the snow-albedo 
feedback. Consequently, more solar radiation is absorbed by the TP surface, and the TP surface warms. The surface–air tem-
perature difference increases, which leads to the increase in SH. In addition, the enhancement of the SH offsets the increase 
in absorbed solar radiation and balances the radiation budget. On the above processes, the SST pattern slightly cancels out 
the TP SH increase; the contributions of  CO2 direct radiative effect and residual terms are relatively small. Over the grids 
with elevations no less than 3000 m, the averaged changes are generally linear.
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1 Introduction

The Tibetan Plateau (TP) is a huge plateau over the Asian 
continent. Its elevated heating makes the surrounding cli-
mate unique across the globe (Li and Yanai 1996). In north-
ern summer, collaborating with the insulating effect of the 
Himalayas, the TP sensible heating (SH) gives rise to the 
ascendance-rainfall feedback over South Asia, playing a 
significant role in the formation of the South Asia monsoon 
rainfall (Boos and Kuang 2010; Wu et al. 2012). The result-
ant warm atmosphere south of the TP collaborates with 
mid-troposphere westerlies and generates warm horizontal 
temperature advection, which is an important environmental 
forcing of the Meiyu-bairu rainbelt (Sampe and Xie 2010). 
The TP heating enhances the southwesterly at a lower level 
over East Asia, bringing moisture and making East Asia a 
monsoon domain—the most poleward monsoon domain on 
earth (Liu et al. 2007; Lee et al. 2015; Wang and Ding 2008). 
Among the above heating effects, the SH plays a significant 
role. The TP is the source of many great rivers (such as the 
Yangtze River). It is called the “water tower” of Asia. In 
this sense, the modulation of climate over the TP may be 
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of great hydrological significance. SH is a component of 
surface energy transport over the TP, and the change in the 
SH may influence the surface energy balance. Therefore, we 
need to pay attention to the SH over the TP.

The SH over the TP features a distinct annual cycle. Fig-
ure 1 displays the climatological SH of the CMIP5 multi-
model ensemble, which is consistent with observational 
results in Li et al. (2003) and Wang et al. (2013). In winter, 
as the large snow cover over the TP leads to large albedo 
and small solar radiation received by the surface, the SH is 
the smallest of the year; The climatological SH over north 
and east TP is below zero, and those for other areas are posi-
tive (Fig. 1a, l). In spring, the enhanced solar radiation and 
resultant snow melt lead to rapid surface warming over the 
TP. Accompanied by large surface winds, the SH intensifies 
and spring thus has the largest SH among all the seasons 
(Fig. 1c–e). The intensification makes the TP transit from 
a heat sink to heat source, enlarges the thermal contrast 

between land and ocean and influences the monsoon onset. 
In summer, the spatial pattern of the SH over the TP is simi-
lar to that of spring, except that the spatial homogeneity is 
slightly weaker (Fig. 1f–h). Except for the western TP, the 
rainfall over the TP results in the drop in SH. In autumn, the 
weakening of solar radiation reduces the surface temperature 
as well as the SH (Fig. 1i–k).

The concentration of the  CO2 in the atmosphere has been 
increasing, leading to an increase in earth surface tempera-
ture and exerting profound influence on climate (Stocker 
et al. 2013). From 1980 to 2008, a decreasing trend in SH 
was found in observational data mainly over the central 
and eastern TP (Duan and Wu 2010; Zhu et al. 2017). It is 
attributed to the deceleration of the surface wind. As global 
mean temperature rises, over the Eurasian continent, mid- 
and high-latitude warming is larger than tropical and sub-
tropical warming, leading to a weaker thermal contrast in the 
meridional direction. It resulted in the weakening of westerly 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 1  The climatological SH (color shading) for the historical results (year 1980–2005) in each calendar month. The units are W m−2. The 
results are the MME mean. The contours represent elevations of 1500 m, 3000 m, 5000 m and 6000 m
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and surface winds over the TP. As the observational results 
are the combined effects of the anthropogenic and natural 
forcing, the contribution of  CO2 alone is hard to understand.

The effects of the increasing  CO2 on the atmosphere can 
be mainly divided into two kinds of effects. One is the direct 
effect, which is also called “fast response”. The increasing 
 CO2 leads to an enhancement of downwards radiation and 
the increase in land surface temperature as well as the modu-
lations of the other climate variables (Kamae et al. 2015; 
Sherwood et  al. 2015). The other is the indirect effect, 
also called “slow response”. That is, the increase of  CO2 
radiative forcing warms the ocean surface, possibly in turn 
warming the local atmosphere, or it influences the nonlo-
cal climate via dynamic and thermodynamic processes. 
Regarding the direct and indirect effects of  CO2, studies 
focus on their effects on tropical circulations (Bony et al. 
2013; Ma et al. 2012), land–sea thermal contrast (Kamae 
et al. 2014), summertime Asia–Pacific circulation (Shaw and 
Voigt 2015) and monsoon behavior (Li and Ting 2017; Endo 
et al. 2018). Taking the Asia monsoon rainfall as an exam-
ple, using Couple Model Intercomparison Project phase 5 
(CMIP5) experiments, Li and Ting (2017) and Endo et al. 
(2018) found that under a scenario of increasing  CO2, the 
direct effect enhances the thermal contrast between land and 
ocean, strengthens the moisture convergence over the Asia 
monsoon domain and leads to the increase in local rainfall. 
The indirect effect warms the ocean, which heats the global 
atmosphere and increases the moisture in the atmosphere; 
meanwhile, the ocean warming leads to higher temperature 
increase in the upper troposphere than that in the lower 
troposphere over East Asia, which weakens the moisture 
convergence and results in the decrease in Asia monsoon 
rainfall in the boreal summer.

However, studies of TP SH response to increasing  CO2 
are relatively rare. From present cognition on the response 
of the TP climate to increasing  CO2, it is hard to project the 
SH response. First, under a global warming scenario, the TP 
surface may become warmer than that in the present climate 
(Su et al. 2013), which may contribute to an increase in TP 
SH. Second, the cloud cover tends to increase in a warming 
climate (Su et al. 2013). It reduces the solar radiation arriv-
ing at TP surface, leads to less solar radiation absorbed and 
does not favor the increase in SH. Third, the snow cover over 
the TP may reflect the solar radiation arriving at the surface. 
If snow cover changes in a warming climate, the reflection 
and absorption of the solar radiation, as well as surface–air 
temperature difference, at the TP surface may change. The 
change in wind speed, which is also a component affecting 
the SH, is not clear over the TP if  CO2 is increasing. Besides, 
the increasing  CO2 concentration in atmosphere may induce 
physiological forcing, which may lead to changes in snow-
albedo feedback, as well as temperature changes (Boucher 
et  al. 2009). Therefore, it is necessary to study the SH 

response over the TP. In light of the distinct responses of 
Asia monsoon rainfall to direct and indirect  CO2 effects, 
the study of direct and indirect  CO2 effects on the TP SH is 
an interesting topic. It contributes to the understanding of 
involved dynamics and the thermodynamic processes.

The rest of the paper is organized as follows: Sect. 2 intro-
duces the data and methods; Sect. 3 investigates the annual 
cycle of the SH changes over the TP; Sect. 4 investigate the SH 
changes and associated mechanisms during November–April 
over the TP; Sect. 5 explores the transient change of NDJFMA-
averaged SH over the TP in the 1%CO2 experiment; and 
Sects. 6 and 7 present the discussion and summary, respectively.

2  Data and methods

The present study is based on monthly outputs of CMIP5 
models (Taylor et al. 2012). Table 1 lists information on 
the CMIP5 models participating in this manuscript. The 
experiments used are (1) 1% to quadruple  CO2 experiment, 
in which the models are forced by  CO2 increasing 1% per 
year until the  CO2 concentration is quadruple. (2) amip 
experiment, in which the models are run with observed 
SST, sea ice, anthropogenic and natural forcing from 1979 
to 2008; (3) amip4K experiment, which is the same as the 
amip experiment except the forcing SST is added by 4K; 
(4) amipFuture experiment, which is the same as the amip 
experiment except the forcing SST is derived from the mul-
timodel ensemble (MME) mean of 1% to quadruple  CO2 
experiment of the Couple Model Intercomparison Project 
phase 3 models; (5) amip4xCO2 experiment, which is the 
same as the amip experiment except the  CO2 concentration 
being quadruple what it was from 1979 to 2008; (6) histori-
cal experiment, in which the models are forced by observed 
anthropogenic and natural forcings from the mid-19th cen-
tury to 2005; (7) RCP85 experiment, in which the models 
are forced by gradually increased radiative forcing that sta-
bilizes at 8.5 W m−2 after 2100 (Riahi et al. 2011; Vuuren 
et al. 2011). Only the “r1i1p1” run of the CMIP5 results 
are analyzed. The models participating in the calculation 
associated with experiments 1 are bcc-csm1-1, CanESM2, 
CCSM4, CNRM-CM5, HadGEM2-ES, IPSL-CM5A-LR, 
IPSL-CM5B-LR, MIROC5, MPI-ESM-LR, MPI-ESM-MR 
and MRI-CGCM; in experiment 2–4, the outputs of bcc-
csm1-1, CanAM4, CCSM4, CNRM-CM5, HadGEM2-A, 
IPSL-CM5A-LR, IPSL-CM5B-LR, MIROC5, MPI-ESM-
LR, MPI-ESM-MR and MRI-CGCM3 are used (CanAM4 
and HadGEM2-A are the corresponding atmospheric general 
circulation models of CanESM2 and HadGEM2-ES, respec-
tively). The surface wind data in bcc-csm1-1 and CCSM4 
are absent. The snow cover data in CCSM4, HadGEM2-ES 
(HadGEM2-A), IPSL-CM5A-LR and IPSL-CM5B-LR are 
unavailable. The snow melt data in CCSM4, HadGEM2-ES 



5626 X. Qu et al.

1 3

(HadGEM2-A), IPSL-CM5A-LR, IPSL-CM5B-LR and 
MRI-CGCM3 are unavailable. Besides, NCEP-DOE AMIP-
II reanalysis (Kanamitsu et al. 2002) is used to understand 
the associated changes in observation.

To facilitate the MME study, we used a bilinear inter-
polation technique to interpolate the data onto a 1.0° × 1.0° 
grid. Note that the interpolation was not performed when 
we computed the area average of the data. When the MME 
was performed, all the available data participated in the 
computation.

The total response to  CO2 increase is the difference 
between the climatology during year 121–140 and that 
during year 1–20. For conciseness, we name the response 
“1%CO2”. The role of uniform (nonuniform) SST, denoted 
“4K” (“4K + pattern”), is represented by the difference 
between the amip4K (amipFuture) and amip experiments. 
Note that the prescribed patterned SST warming is not iden-
tical to multimodel-mean simulated SST warming pattern in 
1%CO2 results. It is used to detect the indirect effect of  CO2. 
The direct effect of  CO2 is represented by the difference 
between the amip4xCO2 and amip experiments. This direct 
effect is named “4xCO2” for convenience. In experiments 
2–5, the results of 1979–2008 are studied.

To fairly compare the results of 1%CO2 and amip-associ-
ated experiments (experiments 2–5 in the first paragraph of 
this section), some results are scaled into the same global SST 
or  CO2 change. We named the global mean SST change in 
1%CO2, 4K and 4K + pattern results “SST1%CO2”, “SST4K” 
and “SST4K+pattern”. The  SST1%CO2,  SST4K and  SST4K+pattern 
of the models are displayed in Table 2. To understand the 
contribution of SST warming to “1%CO2”, the 4K results 
in each model are multiplied by  SST1%CO2/SST4K in order 
to normalize the global SST changes of 4K and 1%CO2 to 
the same level. Similarly, the “4K + pattern” results in each 

model are multiplied by  SST1%CO2/SST4K+pattern. The multi-
plied “4K + pattern” results minus the multiplied “4K” results 
denotes the role of “Pattern”. Followed Endo et al. (2018), 
the 4xCO2 results are multiplied by ln(3.3)/ln(4), so that the 
 CO2-induced radiation change is the same as 1%CO2. The 
scaling is widely used in former studies (e.g. Endo et al. 2018; 
Huang et al. 2013; Kamae et al. 2016). In addition, the 1%CO2 
results minus the sum of scaled “4K + pattern” and “4xCO2” 
results is the role of “Residual” term (Kamae et al. 2016).

3  SH response to  CO2

The SH change in 1%CO2 displays a prominent annual 
cycle. Figure 2 displays the corresponding SH change in 
each calendar month. In January, February, March, April, 

Table 1  Information on the climate models

Model ID Availability (Y indicates that the data are available. \ indicates unavailable) Numbers of grid (eleva-
tion no less than 3000 m)

Historical RCP85 Amip Amip4K AmipFuture Amip4xCO2

bcc-csm1-1 Y Y Y Y Y Y 33
CanESM2 Y Y \ \ \ \ 33
CanAM4 \ \ Y Y Y Y 33
CCSM4 Y Y Y Y Y Y 228
CNRM-CM5 Y Y Y Y Y Y 130
HadGEM2-ES Y Y \ \ \ \ 112
HadGEM2-A \ \ Y Y Y Y 112
IPSL-CM5A-LR Y Y Y Y Y Y 37
IPSL-CM5B-LR Y Y Y Y Y Y 37
MIROC5 Y Y Y Y Y Y 130
MPI-ESM-LR Y Y Y Y Y Y 77
MPI-ESM-MR Y Y Y Y Y Y 77
MRI-CGCM3 Y Y Y Y Y Y 209

Table 2  the global mean SST changes, unit: K

Model ID 1%CO2
SST121–140–
SST1–20

amip4K-amip amipFu-
ture-amip

bcc-csm1-1 3.16 4.07 4.14
CanESM2 (CanAM4) 3.79 3.97 4.09
CCSM4 2.98 4.8 4.17
CNRM-CM5 3.65 4.02 4.01
HadGEM2-ES (HadGEM2-

A)
3.78 4.03 4.12

IPSL-CM5A-LR 3.65 4.06 3.90
IPSL-CM5B-LR 2.78 4.12 4.20
MIROC5 2.68 4.09 4.14
MPI-ESM-LR 3.35 3.95 4.08
MPI-ESM-MR 3.30 3.95 3.93
MRI-CGCM3 3.05 4.09 4.17
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November and December, the TP is dominated by enhanced 
SH, with good model agreement (Fig. 2a–d, k, i). The larg-
est enhancement (maximum increase of approximately 
22 W m−2) occurs southwest of the TP in May. In June, the 
SH change features a dipole pattern, with increase over the 
western and southern TP and decrease over the northeastern 
TP (Fig. 2f). The SH response in May displays a transitional 
similar pattern from to April to June (Fig. 2e). In July, the 
SH decreases over central north TP and increases over other 
regions (Fig. 2g). In August and September, the changes in 
TP SH feature a tripole pattern, with intensified SH over the 
eastern and western TP and weakened SH over the central 
TP (Fig. 2h, i). In October, the TP SH response is relatively 
weak, exhibiting a transitional distribution from September 
to November (Fig. 2j).

In each model, we counted the number of grids with ele-
vations no less than 3000 m. The numbers are listed in the 

rightmost column of Table 1. For bcc-csm1-1, CanESM2, 
CanAM4, IPSL-CM5A-LR and IPSL-CM5B-LR, no more 
than 40 grids are higher than 3000 m. The small samples 
make it difficult to discuss nonuniform change over the TP. If 
we do not take these models into consideration, the number 
of models is relatively lacking. For example, if excluding the 
models with relatively coarse grids, only seven models are 
left when we discuss the 4K results. Thus, the nonuniform 
change, especially the SH change during boreal summer, is 
not our main focus.

Figure 3 displays the averaged SH response at the grids 
with elevations no less than 3000 m over the TP. The aver-
aged SH change features a distinct annual cycle, consistent 
with Fig. 2. In the 1%CO2 results, the averaged SH peaks 
in April and is the lowest in September. However, the SH 
changes in 1%CO2 results in all the months is insignificant 
except November and December.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 2  The SH responses (color shading) for the 1%CO2 results in 
each calendar month. The units are W  m−2. The responses are the 
MME results. The contours represent elevations of 1500 m, 3000 m, 

5000 m and 6000 m. The lattices indicate that no less than 2/3 of the 
models show the same sign response
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The amip experiments show that the SH change over the 
TP from November to April under 1%CO2 is mainly contrib-
uted by the  CO2 indirect effect. In Fig. 3, the contributions of 
uniform SST, SST pattern,  CO2 radiation and residual terms 
are plotted. In January, February, March, April, November 
and December, the SH change in 1%CO2 is mainly contrib-
uted by the uniform SST change. If the SST pattern is taken 
into consideration, the contribution drops. It means that 
the SST pattern leads to a decrease in SH over the TP. The 
contribution of the  CO2 radiation effect is tiny in February, 
March and April; it is close to the contribution of SST pat-
tern in November, December and January. The contribution 
of residual term is overall tiny.

From May to September, the contribution of residual terms 
is the largest among the terms. In May, June and October, the 
term contributing second largest is SST pattern. In July and 
August, the second largest contributing term is  CO2 radiative 
effect. In September, the corresponding term is uniform SST. 
In general, the feature in these months is inconsistent.

Therefore, in January, February, March, April, November 
and December (hereafter NDJFMA), the SH changes over 
TP is relatively uniform; and the features of contribution of 
uniform SST, SST pattern,  CO2 radiation and residual term 
are similar. The following sections mainly discuss the SH 
change from November to April. The results from May to 
October is not our focus in this paper.

4  NDJFMA responses

On the TP SH in 1%CO2 results, its increases in NDJFMA 
share similar features (Figs. 2, 3). Figure 4 displays the 
response of SH, surface–air temperature difference (sur-
face temperature minus 2 m temperature) and surface 

(10 m) wind speed in 1%CO2 results during NDJFMA. In 
1%CO2 results, the NDJFMA averaged SH mainly increase 
south of the TP, with a maximum of 10.4 W m−2. Two 
factors mainly affect the SH change: the surface–air tem-
perature difference and surface wind speed. The increase 
in surface–air temperature difference bears resemblance 
to that in SH (Fig. 4f). The pattern correlation coefficient 
between changes in surface–air temperature difference and 
SH is 0.74 over the domain [22°–46°N, 62°–108°E]. The 
surface wind speed features a decrease over most parts 
of the TP, but there is an increase over the southeast and 
northeast TP. Over the area [22°–46°N, 62°–108°E], the 
pattern correlation coefficient between changes in surface 
wind speed and SH is − 0.27. The surface–air tempera-
ture difference makes a positive contribution to the SH 
increase over the TP, while the surface wind speed makes 
a generally negative contribution. The increase in SH over 
the TP indicates that the contribution of the surface–air 
temperature difference is dominant.

The SH increase over the TP in 1%CO2 results is mainly 
contributed by the indirect effects of  CO2. In 4K results, 
the enhancement of SH is found south of the TP, with a 
maximum of 14.6 W m−2 (Fig. 4b). The pattern correla-
tion coefficient between the SH change in 1%CO2 and 4K 
results is 0.84 over the domain [22°–46°N, 62°–108°E]. 
Similar to 1%CO2 results, the SH change over the TP in 
4K results is mainly contributed by changes in surface–air 
temperature rather than surface wind (Fig. 4g, l).

The SST pattern makes the opposite-sign contribution 
to the SH increase in 1%CO2 results over the TP (Fig. 4c). 
Compared with uniform SST increase, the magnitude of 
the contribution is weak. The maximum decrease of SH is 
over southwest of the TP (~ 3.7 W m−2). In pattern results, 
the pattern correlation coefficient between the change of 
the SH and the surface–air temperature is 0.84 over the 
domain [22°–46°N, 62°–108°E]; while, the pattern cor-
relation coefficient between the change of the SH and the 
surface wind speed is − 0.62 over that domain. It indicates 
that surface–air temperature change is mainly responsible 
for the SH change in pattern results.

Compared with uniform SST increase, the contribution 
of direct  CO2 (radiation) effect on SH change in 1%CO2 
is weak (Fig. 4d). The  CO2 radiative effect generally leads 
to weak increase in the SH over the TP except southeast of 
the TP. The maximum increase is 3.0 W m−2. In 4xCO2 
results, the responses of surface–air temperature difference 
and surface wind speed are also quite small relative to the 
magnitudes of those in 1%CO2 and 4K results (Fig. 4d, i, n).

Alike the effect of SST pattern, the effect of residual 
terms on mean SH change over the TP is weak (Fig. 4e). 
In residual results, the SH features a tripole change, with 
increase in the west and east TP and decrease in the central 
TP. The overall SH above 3000 m weakly decreases (Fig. 3).

Fig. 3  The averaged SH change over the TP in each calendar month. 
The red, green, purple, blue and gray bars indicate the 1%CO2, 
4K, pattern, 4xCO2 and residual results, respectively. The units are 
W m−2. Only the grids with elevations no less than 3000 m are used 
when we compute the average. The error bars denote the 95% con-
fidence intervals of the changes based on intermodel spread. The 
results of 4K, pattern, 4xCO2 are scaled so that they can be compared 
with the results of 1%CO2
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The changes in radiation over the TP surface may help in 
understanding the change in the surface–air temperature dif-
ference. Figure 5 displays the changes in TP surface energy 
flux (downwards solar radiation, upwards solar radiation, 
downwards longwave radiation, upwards longwave radiation, 
sensible heat and latent heat) in 1%CO2, 4K, pattern, 4xCO2 
and residual results. In 1%CO2 results, the increased down-
wards and upwards longwave radiation is generally balanced. 
For downwards solar radiation, it decreases due to change of 
cloud and water vapor (figures not shown). The decrease in 
upwards solar radiation cannot be attribute to the weaken-
ing of downwards solar radiation, because the magnitude 
of decrease of the latter is smaller than that of the former. 
The net solar radiation warms the TP surface and leads to 
a surface warmer than the atmosphere. In turn, the SH and 
latent heat intensify, leading to the balance of all radiation. 
Most likely, due to the relatively dry condition over the TP 
surface during NDJFMA, the intensification of SH is a rela-
tively efficient way to balance net solar radiation. Overall, 
this structure of radiation changes favors the enhancement of 
surface–air temperature difference as well as the SH.

The uniform SST increase is mainly responsible for the 
radiation changes in 1%CO2 results. The radiation responses 
in 4K results are similar to those in the 1%CO2 results. 
Slight differences exist in the downwards longwave radia-
tion. In the 4K results, the increase in downwards longwave 

radiation is slightly weaker than that in the 1%CO2 results. It 
is consistent with a larger surface–air temperature difference 
in the 4K results (Fig. 4e). The effect of other terms (Fig. 5) 
are relatively small.

The fact that the magnitude of the decrease in upwards 
solar radiation is larger than that of the decrease in 

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

Fig. 4  The NDJFMA-averaged responses (color shading) of SH (top 
row, units: W m−2), surface–air temperature difference (middle row, 
units: K) and 10 m wind speed (bottom row, units: m s−1) in 1%CO2 
(leftmost column), 4K (2nd column), pattern (3rd column), 4xCO2 
(4th column) and residual (rightmost column) results. The responses 

are the MME results. The contours demonstrate the elevations of 
1500 m, 3000 m, 5000 m and 6000 m. Lattices indicate that no less 
than 2/3 of the models show the same sign response. The results of 
4K, pattern, 4xCO2 are scaled so that they can be compared with the 
results of 1%CO2

Fig. 5  The NDJFMA-averaged change in each term of the surface 
radiation in 1%CO2, 4K, pattern, 4xCO2 and residual results. Only 
the grids with elevations no less than 3000  m over the TP partici-
pated in the average. Positive and negative indicate heat loss and gain, 
respectively. The units are W m−2. The red, purple, green, blue, black 
and gray bars denote the downwards solar radiation, upwards solar 
radiation, downwards longwave radiation, upwards longwave radia-
tion, SH and latent heat, respectively. The error bars represent the 
95% confidence intervals of the changes. The results of 4K, pattern, 
4xCO2 are scaled so that they can be compared with the results of 
1%CO2
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downwards solar radiation over TP in 1%CO2 results is con-
sistent with the albedo response. Figure 6a–e displays the 
albedo change in 1%CO2, 4K, pattern, 4xCO2 and residual 
results. The albedo is the upwards solar radiation divided 
by downwards solar radiation. In 1%CO2 results, the whole 
TP features a decrease in albedo, with maximum magnitude 
over south TP (~ − 0.11). The decrease is mainly contributed 
by uniform SST increase (Fig. 6b). In 4K results, the whole 
TP also features a decrease in albedo (maximum decrease 
approximately 0.15). In both 1%CO2 and 4K results, the 
albedo changes are in good agreement among the models. 
Interestingly, the maximum decrease resides south of the 
TP, consistent with the maximum changes in surface–air 
temperature difference and SH in both the 1%CO2 and 4K 
results (Fig. 4a, b, f, g). The SST pattern and residual term 
favors the increase in the albedo over the TP, but the con-
tributions are relatively small (Fig. 6c, e). The contribution 
of  CO2 radiative effect is negligible (Fig. 6d). The albedo 
results imply that the albedo may lead to that kind of solar 
radiation change.

As the snow cover largely affects the albedo, the snow 
cover is investigated. Figure 6f–j display the responses of 
snow cover over the TP. In the 1%CO2 and 4K results, the 
TP surface is dominated by the shrinkage of snow cover, 
with maximums of 25% and 31%, respectively. Alike the 
albedo results, the maximum reduction resides south of the 
TP, consistent with the maximum changes in surface–air 
temperature difference and SH in both the 1%CO2 and 4K 
results (Fig. 4a, b, f, g).

The snow cover change is mainly determined by the 
change of snowfall and snowmelt. In 1%CO2 results, 
slightly increased snowfall occurs above 3000 m over the 
TP and decreased snowfall is found near south edge of 

the domain with elevation above 3000 m (Fig. 7a). Above 
3000 m over the TP, the temperature is cold enough, the 
fraction of precipitation that falls as snow changes little, 
while the increase in temperature increases the moisture 
as well as the precipitation and snowfall. Over south edge 
of the domain with elevation above 3000 m, the surface 
temperature transits from below to above 0 °C (the green 
and red contours in Fig. 7a), leading to a reduction of frac-
tion of the total precipitation falling as snow. It shares the 
same mechanism proposed by Krasting et al. (2013). The 
pattern of snowmelt change is similar to that of snowfall 
in 1%CO2 results (Fig. 7f). Under warmer climate, above 
3000 m over the TP, increased precipitation provides more 
available snow to melt and higher temperature leads to the 
more likelihood of snow to melt; while, over south edge 
of the domain with elevation above 3000 m, the decreased 
snowmelt is results from the reduction of precipitation or 
snowfall. The explanation is enlightened from McCabe 
and Wolock (2010). The net effect of snowfall and snow-
melt is towards is a decrease in snow cover over the entire 
TP (Figs. 6f, 7k). The maximum of net snow loss is south 
of the TP, probaly due to the transition of local tempera-
ture from above to below 0 °C and the large snow cover.

For the changes associated with snow, uniform SST 
increase is mainly responsible. The patterns of the change of 
snow cover, snowmelt and difference between snowfall and 
snowmelt in 4K results are similar to those of 1%CO2 results 
(Figs. 6f, g, 7f, g, k, l). The snowfall in 4K results is simlar 
to that in 1%CO2 results over south edge of the domain with 
elevation above 3000 m; while, above 3000 m, the snowfall 
slightly decreases in 4K and slightly increase in 1%CO2. 
It is probably led by larger reduction of temperature in 4K 
results than 1%CO2 results (the green and red contours in 

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Fig. 6  The NDJFMA-averaged responses (color shading) of albedo 
(top row, units: %) and snow cover (bottom row, units: K) in 1%CO2 
(leftmost column), 4K (2nd column), pattern (3rd column), 4xCO2 
(4th column) and residual (rightmost column) results. The albedo is 
the upwards solar radiation divided by downwards solar radiation. 

The response is the MME results. The black contours are for eleva-
tions of 1500 m, 3000 m, 5000 m and 6000 m. Lattices indicate that 
no less than 2/3 of the models show the same sign response. The 
results of 4K, pattern, 4xCO2 are scaled so that they can be compared 
with the results of 1%CO2
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Fig. 7a, b). For the changes of snow cover, snow melt and 
their difference, the contribution of residual terms are the 
second largest in magnitude, with the opposite sign (Figs. 6j, 
7j, o). While, the residual terms act to slightly increase the 
snowfall above 3000 m (Fig. 7e). The contribution of pattern 
and  CO2 radiative effect is negligible to the snow associated 
changes (Figs. 6i, 7d, i, n).

The insulating effect of snow contributes to the good 
agreement of snow cover change with the SH change. The 
TP, even the south TP, is not entirely covered by snow or 
ice. For the area which is not covered by snow or ice, the 
SH is mainly affected by surface–air temperature difference; 
for the area covered by snow or ice, the SH exchange is 
insulated.

Soil moisture enlarges the response over south of the TP 
in 1%CO2 and 4K results. The local soil moisture is decreas-
ing (figure not shown), which may enlarge the local tempera-
ture increase. It induces stronger snow-albedo feedback and 
finally leads to larger enhancement of local SH increase.

Therefore, for SH increase in NDJFMA over the TP, 
the effect of uniform SST increase is mainly responsible. 
Increasing  CO2 may lead to SST warming, which warms the 
atmosphere, including the atmosphere over the TP. Conse-
quently, over the TP, the shrinkage of snow cover benefits 

the absorption of downwards solar radiation and increases 
the surface–air temperature difference. This increase in sur-
face–air temperature difference leads to the increase in SH. 
Changes in surface wind speed have little effect on SH.

5  The transient response

Somewhere in the TP, the surface is rather cold climato-
logically. If the temperature increase is inadequate, the snow 
cover rarely changes. The changes in SH as well as sur-
face–air temperature difference and snow may be nonlin-
ear versus the environmental temperature increases. In the 
light, it is necessary to check whether this nonlinear process 
influences the aforementioned responses in Sects. 3 and 4. 
However, the transient changes in the variables indicate that 
the area-averaged responses over the TP are generally linear 
(Fig. 8), at least above elevations of no less than 3000 m.

The NDJFMA-averaged SH as well as surface–air tem-
perature difference display a prominent increasing trend dur-
ing the 21st century in 1%CO2 experiment (Fig. 8a, c). The 
NDJFMA snow cover shows a decreasing trend (Fig. 8b). 
The above trends further prove the thought that the snow 

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

Fig. 7  The NDJFMA-averaged responses (color shading) of snow-
fall (top row), snowmelt (middle row) and the difference between 
snowfall and snowmelt (bottom row) in 1%CO2 (leftmost column), 
4K (2nd column), pattern (3rd column), 4xCO2 (4th column) and 
residual (rightmost column) results. The units are mm  day−1. The 
response is the MME results. The black contours are for elevations 
of 1500 m, 3000 m, 5000 m and 6000 m. The green contours in a–d 
are the 0  °C contours of the climatological surface temperatures in 

the first 20 years of 1%CO2 experiment, amip experiments, amip4K 
experiments and amip experiments, respectively. The red contours in 
a–d are the 0 °C contours of the climatological surface temperatures 
in the years 121–140 of 1%CO2 experiment, amip4K experiments, 
amipFuture experiments and amip4xCO2 experiments, respectively. 
Lattices indicate that no less than 2/3 of the models show the same 
sign response. The results of 4K, pattern, 4xCO2 are scaled so that 
they can be compared with the results of 1%CO2
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cover-induced change in surface–air temperature difference 
is mainly responsible for the SH change over the TP.

Why is the nonlinear change not found in transient 
changes in snow cover over the TP? That behavior may be 
associated with calculation of the area average. In the pre-
sent study, the area average is performed on the grids with 
elevations no less than 3000 m. During NDJFMA, south of 
the TP, the MME 0 °C contours of climatological surface 
temperature roughly reside at 3000 m in both year 1–20 of 
1%CO2 experiment and amip experiments (the green con-
tours in Fig. 7a, b). As the atmosphere warms, the area with 
surface temperatures below 0 °C gradually retreats above 
3000-m elevation. In general, it results in the fact that the 
area average of the snow cover over the TP decreases linearly 
rather than abruptly versus temperature increase. Thus, the 
surface–air temperature difference and the SH vary nearly 

linearly as climate gradually warms. If the participating 
grids are no less than 5000 m or higher, the nonlinearity of 
the transient changes is more apparent (figures not shown). 
However, if the grids with elevations no less than 5000 m 
are considered in area averages, the number of participating 
grids in some models may be low.

6  Discussion

The study of 1%CO2 favors the understanding of the TP 
SH response in RCP85 scenario. Figure 9 displays the TP-
averaged SH response in each calendar months in RCP85, 
4K, pattern, 4xCO2 and residual results, respectively. 
Here, the RCP85 results is the average of RCP85 during 
2080–2099 minus the average of historical simulation 
during 1980–2005. Only the grids with elevations no less 
than 3000 m are participating in the calculation. Alike the 
1%CO2 results, the results of 4K, pattern and 4xCO2 are 
scaled. As the aerosols varies in RCP85 scenario relative to 
historical simulation, it alters the global mean SST change 
(Xie et al. 2013). Consequently, the contribution of uniform 
SST change and SST pattern to the TP SH responses is 
slightly different to those in 1%CO2 results (Fig. 9). Another 
apparent difference is the contribution of the residual terms. 
In 1%CO2 results, during NDJFMA, its contribution to the 
TP SH is slightly negative; while, in RCP85 scenario, the 
contribution is positive. It implies that the aerosols radia-
tive effect favors the increase in TP SH during NDJFMA. 
But the lack of similar amip-type simulation assessing the 
aerosol effect makes it difficult to fairly compare its role with 
the effects of SST change and  CO2 directly radiative effect.

(a)

(b)

(c)

Fig. 8  The transient changes of the NDJFMA-averaged SH (top row, 
units: W  m−2), snow cover (middle row, units: %) and surface–air 
temperature (bottom row, units: K) in 1%CO2 experiment. To facili-
tate the comparison, all the results are subtracted by the average dur-
ing 2006–2099. The results are the MME results of the CMIP5 mod-
els

Fig. 9  The averaged SH change over the TP in each calendar month. 
The red, green, purple, blue and gray bars indicate the RCP85, 
4K, pattern, 4xCO2 and residual results, respectively. The units 
are W  m−2. Here, the RCP85 results is the average of RCP85 dur-
ing 2080–2099 minus the average of historical simulation during 
1980–2005. Only the grids with elevations no less than 3000 m are 
used when we compute the average. The error bars denote the 95% 
confidence intervals of the changes based on intermodel spread. The 
results of RCP85, pattern, 4xCO2 are scaled so that they can be com-
pared with the results of RCP85
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In NCEP-DOE AMIP-II reanalysis, an overall decreasing 
SH trend is found over the TP during NDJFMA from 1979 
to 2006 (Fig. 10a). The decreasing trend is more apparently 
over the east TP. The similar trend of surface–air tempera-
ture difference implies that it may mainly account for the 
SH trends (Fig. 10b). The significantly decreased SH is bal-
anced by upwards solar radiation (Fig. 10f); the trends of 
other surface energy flux are relatively small (Fig. 10d, e, g, 
h). During 1970–2006, as the atmosphere becomes wetter, 
significant increase in snow cover over the east TP is found 
in satellite data (Wang et al. 2018). It is consistent to the fact 
that the magnitude of increase in upwards solar radiation is 
larger than that of decrease in downwards solar radiation 
(Fig. 10e, f). Accompanied by the increasing concentration 
of  CO2 in atmosphere during 1979–2006, the TP SH during 
NDJFMA, however, is decreasing. It mismatches the finding 
based on CMIP5 simulations of present study. This mis-
match is probably led by the aerosol or internal variability 
of climate system.

In the present investigation, the diagnostic analysis is not 
employed due to the drag coefficient for heat. The SH is the 
product of the coefficient, the air density, the specific heat 
of dry air at constant pressure, surface wind speed and sur-
face–air temperature difference. The drag coefficient for heat 
is not constant over the TP and differs among studies (Duan 
and Wu 2010; Yeh and Wu 1998). More importantly, we are 
not able to obtain the coefficient in the models. It makes it 
difficult to fairly compare the contributions of individual fac-
tors with model results using diagnostic analysis. Using frac-
tional change may avoid the uncertainty of drag coefficient 
for heat, a new problem comes out: over the areas where 
the surface–air temperature difference is tiny, the fractional 
changes are exaggerated (figure not shown). This is also not 

quite straightforward to compare the contributions. Thus, it 
seems that there is no good way to diagnose the contribu-
tion of surface–air temperature difference and wind speed 
in CMIP5 results.

In addition, the reduction of snow cover may favor the 
elevated heating of the TP. Simulation of a cloud system-
resolving model revealed that in present-day climate, the ele-
vated heating of the TP is compensated by the surface albedo 
increase with elevation (Hu and Boos 2017). In response to 
 CO2 increasing, the surface albedo over the TP may reduce. 
The albedo increase with elevation will be weaker than that 
in present-day climate. It implies that the thermal forcing of 
the TP will be more apparent under global warming.

7  Summary

Using a set of CMIP5 experiments, the present study 
investigates the TP SH response to increasing  CO2 as well 
as the contributions of the  CO2 direct and indirect effects 
to the response. In the 1%CO2 results, the TP features 
enhanced SH, with good model agreements in January, 
February, March, April, November and December. In 
June, the SH change nearly features a dipole pattern, with 
increase over the western and southern TP and decrease 
over the northeastern TP. In July the SH decreases over 
central north TP and increases over other regions. In 
August and September, the TP features a tripole pattern 
(increase over the eastern and western TP but decrease 
over the central TP). The SH changes in May and October, 
however, display a transitional pattern between the nearby 
2 months. According to the pattern and the averages of the 
SH response, the changes in January, February, March, 

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 10  The trend of the SH (a), surface–air temperature difference 
(b), 10 m wind speed (c), latent heating (d), downwards solar radia-
tion (e), upwards solar radiation (f), downwards longwave radiation 
(g) and upwards longwave radiation (h) during 1979–2006 in NCEP-

DOE AMIP-II reanalysis. The units in a, d–h are W m−2  decade−1; 
the unit in b is K  decade−1; the unit in c is m s−1  decade−1. The black 
contours are for elevations of 1500 m, 3000 m, 5000 m and 6000 m. 
Lattices indicate that the trends exceeding 95% significance level
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April, November and December share the same features. 
Thus, the NDJFMA-averaged SH change over the TP is 
the focus of the article.

During NDJFMA, SH mainly enhanced south of the 
TP. The uniform SST increase led by  CO2 increasing is 
mainly responsible for the enhancement. The increased 
concentration of  CO2 may lead to the SST warming, 
which warms the atmosphere above the TP. It leads to: (1) 
reduction in snowfall over the TP, with maximum over 
south TP; (2) increased snowmelt mainly above 3000 m 
and decreased snowmelt near or south of 3000 m eleva-
tion south of TP. The net effects of snowfall and snow-
melt are towards the reduction of the snow cover over the 
TP. The net snow cover decrease relatively fast south of 
the TP primarily because the local surface temperature 
increases from below to above 0 °C. Through the snow-
albedo feedback, the decrease in snow cover lead to more 
downwards solar radiation absorbed by the surface and 
less solar radiation reflected to atmosphere, intensifies the 
surface–air temperature difference and enhances the SH. 
Besides, the decreased snow cover reduces the insulat-
ing effect between surface and atmosphere and favors the 
SH exchange. The contribution of change in surface wind 
speed on SH is little.

The transient responses of the TP SH from 2006 to 2009 
in the 1%CO2 results are generally linear if only grids with 
elevations no less than 3000 m participate in the calcula-
tion of area average; this is because above 3000 m, the 
snow cover gradually shrinks as the climate slowly warms, 
which is reflected in the area averaged results of snow 
cover. The linear response of TP-averaged snow cover may 
lead to approximately linear changes in surface–air tem-
perature difference and finally the SH. When only consid-
ering the grids above 5000 m in the calculation of the area 
average, the linearity may be weaker.

The comparison of 1%CO2 results with RCP85 results 
and historical results based on NCEP-DOE AMIP-II rea-
nalysis implies that when understanding the change of TP 
SH in historical or warmer climate, the role of aerosol 
should not be ignored.
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