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ABSTRACT

The Tibetan Plateau (TP), known as the world’s ““Third Pole,”” plays a vital role in regulating the
regional and global climate and provides freshwater for about 1.5 billion people. Observations show an
accelerated ground surface warming trend over the southeastern TP during the global warming slowdown
period of 1998-2013, especially in the summer and winter seasons. The processes responsible for such
acceleration are under debate as contributions from different radiative processes are still unknown. Here
we estimate for the first time the contributions of each radiative component to the ground surface
warming trend before and after 1998 by analyzing multisource datasets under an energy balance frame-
work. Results show that declining cloud cover caused by the weakening of both the South Asian summer
monsoon and local-scale atmospheric upward motion mainly led to the accelerated ground surface
warming during the summers of 1998-2013, whereas the decreased surface albedo caused by the snow
melting was the major warming factor in winter. Moreover, increased clear-sky longwave radiation in-
duced by the warming middle and upper troposphere was the second largest factor, contributing to about
21%-48% of the ground surface warming trend in both the summer and winter seasons. Our results
unravel the key processes driving the ground surface warming over the southeastern TP and have
implications for the development of climate and Earth system models in simulating ground surface
temperature change and other related complex cryosphere—hydrosphere—atmosphere interactions over
high-altitude land areas.
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1. Introduction

Located in central Asia, the Tibetan Plateau (TP) is
the highest plateau in the world (Bird and Toks6z 1977;
Qiu 2008) and has profound influences on the regional
and global climate (Duan and Wu 2009; Lin and Wu 2011;
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Xue et al. 2017). The TP has Earth’s third largest store of
ice, with more than 1 X 10°km? of glaciers and about
1.73 X 10°km? of permafrost (Yang et al. 2010; Yao et al.
2012), making it known as the “Third Pole” (Qiu 2008).
Over the past few decades, the TP has seen significant
increases in the ground surface temperature (Fang et al.
2019; Zhu et al. 2018), resulting in permafrost degrada-
tion, snow melting, glacier shrinking, and other related
hydrological changes (Dehecq et al. 2019; Ji and Yuan
2018; Yang et al. 2010; Yang et al. 2014). In addition, the
ground surface warming propagates into deeper soil
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layers, which further accelerates soil respiration (Ma et al.
2018) and modifies the distribution of soil crust microbial
communities (Garcia-Pichel et al. 2013). In cold regions
such as the TP, soil temperature changes are critical for
biogeochemical processes due to the high sensitivity of soil
carbon turnover to soil temperature (Koven et al. 2017).

Although the ground surface temperature is tightly
coupled with the surface air temperature, they can
change in different ways especially in cold regions
(Brown and Degaetano 2011; Woodbury et al. 2009).
Recent research demonstrates the necessity to focus on
soil temperature instead of air temperature when pre-
dicting changes in soil carbon release in a changing cli-
mate due to their different warming trends (Zhang et al.
2016). Thus, the spatiotemporal variations and the long-
term changes of soil temperature over the TP at both the
surface and the subsurface have been receiving more
attention (Fang et al. 2019; Wang et al. 2018; Zhu et al.
2018). The annual mean ground surface temperature over
the TP increased at a rate of 0.7°C decade ! during 1983
2013, which is 1.4 times the annual mean surface air
temperature warming rate (Zhu et al. 2018). Even during
1998-2013 when the global temperature warming trend
slowed down (Kosaka and Xie 2013; Medhaug et al. 2017;
Xie and Kosaka 2017), the ground surface temperature
over TP continued to increase (Wang et al. 2018).

A key factor responsible for the continued ground
surface warming trend over the TP is the snow—albedo
feedback; that is, the decreased snow cover under
warmer conditions can cause the surface albedo to re-
duce, thereby further warming the ground (Ghatak et al.
2014). Recent research highlights the importance of
light-absorbing aerosols deposition such as organic
carbon and mineral dust in reducing the surface albedo
and warming the ground surface (He et al. 2018;
Ramanathan and Carmichael 2008). However, less at-
tention has been paid to changes in atmospheric radia-
tive processes and turbulent heat fluxes. Previous work
suggests that the cloud cover over the southern TP
decreased during 1998-2009, which increased surface
shortwave radiation and contributed to the continued
warming over the TP (Duan and Xiao 2015), but the
quantitative contribution of this process to the ground
surface warming trend is still unknown. Moreover, the
sensible heat flux has increased since the beginning of
the twenty-first century (Zhu et al. 2017), but to what
extent it has cooled the ground surface remains to be
quantified. In summary, there is still no quantitative
analysis on the contributions from different radiative
processes to the continued ground surface warming over
TP during the global warming slowdown period of 1998—
2013, and whether their contributions change over time
remains unknown.
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In this study, we first show that the ground surface
warming trend over the southeastern TP accelerated
during 1998-2013, relative to 1981-97, especially in the
summer and winter seasons. We then quantify the con-
tributions of surface albedo, different atmospheric radi-
ative processes, and turbulent heat fluxes to the ground
surface warming trends before and after 1998, followed
by explaining the physical mechanisms responsible for
the changes in atmospheric radiative forcings.

2. Data and methods

a. Observational, reanalysis, and remote sensing-
based datasets

Monthly ground surface temperature observations
from 1089 China Meteorological Administration (CMA)
stations (http://data.cma.cn/en) during 1981-2013 are
used in this study, with 121 of them located over the
TP. Daily total cloud fraction observations during
1981-2009 are obtained from the Carbon Dioxide
Information Analysis Center Extended Edited Cloud
Reports Archive (CDIAC-EECRA; Hahn et al. 1999).

Monthly ground surface temperature during 1981-
2013 from the Modern-Era Retrospective Analysis for
Research and Applications (MERRA; Rienecker et al.
2011) and MERRA, version 2 (MERRAZ2; Gelaro et al.
2017) from the National Aeronautics and Space
Administration (NASA) Goddard Earth Science Data
Information and Services Center, the Japanese 55-year
Reanalysis (JRA-55; Kobayashi et al. 2015) from the
Japan Meteorological Agency, and the European
Centre for Medium-Range Weather Forecasts interim
reanalysis (ERA-Interim; Dee et al. 2011) are used.
Spatial resolutions are 0.5° X 0.667° for MERRA and
MERRA?2, TL319 (~55km) for JRA-55, and 0.75° X
0.75° for ERA-Interim.

Surface radiative datasets based on radiative transfer
model and satellite retrieval data are also used, includ-
ing the NASA/GEWEX Surface Radiation Budget both
using detailed radiative transfer algorithm (GEWEX-
SRB; Pinker and Laszlo 1992) and a fast parameteriza-
tion algorithm (GEWEX-LPLA; Gupta et al. 2001)
during 1984-98, the International Satellite Cloud
Climatology Project-FD (ISCCP-FD; Zhang et al. 2004)
during 1984-98, and Clouds and the Earth’s Radiant
Energy System (CERES; Kato et al. 2018) during 2001-
13. Spatial resolutions are 1.0° X 1.0° for GEWEX-SRB,
GEWEX-LPLA, and CERES, with a 280-km equal-
area grid for ISCCP-FD. Note that the sums of latent
and sensible heat fluxes are not provided by those re-
mote sensing-based datasets, so they are estimated
through the surface energy balance equation assuming a
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zero ground heat flux. Moreover, monthly total cloud
fraction from CERES during 2000-13 is also used to
investigate cloud changes, considering that CDIAC-
EECRA only extends to 2009.

b. High-resolution regional climate and offline land
surface simulations

We use the Weather Research and Forecasting
(WRF) mesoscale model (Skamarock et al. 2008) to
conduct a long-term simulation at 30-km resolution
during 1980-2014 to provide a high-resolution dataset.
The model domain covers all of China with 195 X 158
grid points in each of the zonal and meridional direc-
tions. There are 30 vertical layers and the top of the
modelis 50 hPa. ERA-Interim data are used to provide
the initial and lateral boundary conditions. The time
step of integration interval is 180s. Before doing the
long-term simulation, we tested the performance of six
physical configurations during the wet (1998) and dry
(2006) years of TP. The combination of the Grell-
Devenyi ensemble cumulus parameterization scheme
and the RRTMG radiation scheme was finally chosen
according to the best performance in simulating the
monthly temperature over China including the TP (see
Fig. S1 in the online supplemental material). Other
model physics include the WREF single-moment three-
class cloud microphysics scheme, the Yonsei University
planetary boundary layer scheme, and the Noah land
surface model.

We use the China Meteorological Forcing Dataset
(CMFD; He and Yang 2011) to drive the Conjunctive
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Surface-Subsurface Process version 2 (CSSPv2; Yuan
et al. 2018) land surface model at 10-km resolution over
TP during 1979-2014 to provide another high-resolution
dataset (hereafter referred to as CMFD/CSSPv2).
Previous study shows that the CMFD/CSSPv2 captures
the ground surface temperature variation and its long-
term changes well (Yuan et al. 2018). CMFD/CSSPv2
cannot distinguish clear-sky radiation and cloudy-sky
radiation from total-sky radiation, but the attribution
results by using CMFD/CSSPv2 can indicate the overall
importance of shortwave and longwave radiation, which
makes the results more robust especially during winter
(see section 3c).

c¢. Separation of contributions based on the energy
balance equation

The perturbation form of surface energy balance
equation at monthly scale over land surface is used to
separate contributions from different radiative pro-
cesses (Lesins et al. 2012; Lu and Cai 2009). The per-
turbed energy balance equation can be written as

AF" =AeF' + A[(1 — @)S*]— A(H + LE) — AG, (1)

where A is difference between two months, F' and F*
are upward and downward longwave radiation, & is
ground emissivity, S* is downward shortwave radiation,
a represents surface albedo, H and LE represent sensi-
ble and latent heat flux, respectively, and G is the ground
heat flux. To separate the cloud effects, Eq. (1) can be
further expanded as

EAFYAr
——

Surface albedo change

—A(H+LE) — AG
—_— =~

Surface turblent Ground heat
flux change

fluxes changes

where o is the Stefan-Boltzmann constant, and 7 is
ground surface temperature with the overbar denoting a
mean state. Also, S**! and §*°"" represent cloudy-sky
and clear-sky shortwave radiations respectively, while
F+14 and FYI" are cloudy-sky and clear-sky longwave
radiations, respectively.

Using Eq. (2), ground surface temperature of a spe-
cific month i can be expressed as follows:

Cloud-radiative forcing

Clear-skyshortwave ~ Clear-skylongwave

radiation change radiation change

, )

S| _
T, ~Ty+ % ———{—(8a)(S7,_ +AS})
=1 40'8TS[
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+AFH" —AG, — A(H +LE) }, 3)

where T is the initial temperature. Ground temperature
time series can be separated into different components
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FIG. 1. Example of the decomposition of ground surface tem-
perature difference. Ground surface temperature (TG) difference
time series during 1981-2013 are separated into different parts
including contributions from surface albedo change (SAF), cloud
shortwave and longwave effects (CLD-SW and CLD-LW), clear-
sky shortwave and longwave effects (CLR-SW and CLR-LW),
latent and sensible heat flux (LH + SH), ground heat flux (G), and
their sum (SUM). The differences are relative to TG in 1980. The
dataset used here is from the WRF simulation.

using Eq. (3) as shown in Fig. 1. The linear trend of
ground temperature can thus be attributed to different
processes. Generally, the trend estimated by Eq. (3) is not
necessarily the same as the actual value, but the bias is
very small. For the example shown in Fig. 1, the ground
temperature changing rates during 1981-97 and 1998-
2013 are 0.09° and 0.59°C decade ™!, while the estimated
rates are 0.13° and 0.61°C decade ', respectively.

d. Stepwise regression of clear-sky longwave
radiation

We use the following equation to describe the relation
between clear-sky longwave radiation (CLR — LW), air
temperature at different layers (77,) over troposphere
(850200 hPa), and precipitable water (PW):

CLR —LW =g + Zgl b, T!+ cPW' + Zgl e, T:PW,
)

where the first term is the intercept, the second term
represents contribution from longwave radiation emit-
ted from different air layers, the third term is the water
vapor effect, and the last term represents their interac-
tion. The coefficients are determined following two
steps. First, factor d is determined by fitting a power-law
function between CLR — LW and PW. Second, the
linear stepwise regression method is used to deter-
mine other coefficients. We choose stepwise regression
mainly because the factors are not independent, and

JOURNAL OF CLIMATE

VOLUME 33

only factors with significant contributions should be
included. Performance of regression does not increase
and even decreases when we consider the interaction of
longwave radiation at different layers by adding the
interaction terms ... b.x(T7T}), and thus we do
not consider this interaction in the regression function.
The differential form of Eq. (4) is used to estimate
different contributions from air temperature change
and water vapor change to the clear-sky longwave
radiation change.

e. Study domain and uncertainty estimation

For regions like the TP where the topography is
complex and observation stations are usually located in
valleys and close to the towns in the eastern part, it is not
appropriate to extend the evaluation results based on
the station observations to the whole TP (Yang et al.
2008). Thus we mainly focus on the southeastern TP
(green dashed lines in Fig. 2; 26°-35°N, 90°-105°E),
where the observation stations are dense and gridded da-
tasets have a relatively good performance (see section 3b).

Model outputs at those grids closest to the observation
stations are extracted, and are averaged for regional
analysis. Then Eq. (3) is used to separate contributions
from different radiative factors. The linear trend and its
significance are calculated by using the ordinary least
squares method (OLS) and the two-tailed Student’s ¢
test, respectively.

A comparison between different state-of-the-art re-
analysis datasets helps make robust assessments and
quantify uncertainties (Rienecker et al. 2011), so we
intercompare the reanalysis datasets, remote sensing—
based datasets, and WRF and CMFD/CSSPv2 simula-
tions to ensure robustness of the attribution results in
this study. Different datasets are treated equally without
any priority, and only those datasets that capture the
ground warming trend will be finally chosen. Attribution
analysis is conducted separately for the chosen datasets
and the contribution from a specific factor will be con-
sidered detectable when the ensemble mean of the at-
tribution results is larger than the uncertainty (e.g., one
standard deviation among different datasets). The un-
certainty of each dataset due to sampling is estimated
by a bootstrapping method (10000 times) for the 90%
stations.

3. Results

a. Accelerated ground surface warming over the
Tibetan Plateau

As shown in Fig. 2a, ground surface temperature
trends averaged over southeastern TP during 1981-97
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FIG. 2. (a) Linear trends of spatial mean ground surface temperature over the southeastern Tibetan Plateau
during different seasons of 1981-97 and 1998-2013. (b) As in (a), but for southeastern China. Two dots and three
dots indicate significance at the 95% and 99% confidence levels, respectively. (c)—(f) Changes of linear trends for
each station during 1998-2013 compared with that during 1981-97 in different seasons. The green solid line in
(c)—(f) is the boundary of the Tibetan Plateau; the green dashed line shows the boundary of the southeastern TP.

are 0.35°Cdecade™! (p = 0.02), 0.09°Cdecade ' (p =
0.35), 0.11°Cdecade * (p = 0.31), and 0.07°C decade "
(p = 04) in spring (March-May), summer (June—
August), autumn (September-December), and winter
(December—February), respectively. However, the warm-
ing rates during 1998-2013 increase to 0.72°C decade '
(p = 0.02), 0.87°Cdecade ' (p = 0.01), 0.36°Cdecade *
(p = 0.13), and 1.07°Cdecade ' (p < 0.01), respectively.
The Mann-Kendall test is also used to test the signifi-
cance of the warming trend during 1998-2013, and the
result is consistent with the Student’s ¢ test (not shown).
Thus, accelerated ground surface warming over south-
eastern TP during 1998-2013 is robust and convincing.
In addition, warming rate changes are 0.78° and
1.0°C decade ' in summer and winter respectively, which
are much larger than that in spring (0.37°C decade ')
and autumn (0.25°Cdecade™!). This indicates that

accelerated warming is more obvious in summer and
winter seasons.

As a comparison, over southeastern (SE) China at the
same latitudes, the ground surface warming trend increases
from —0.08°Cdecade ' (p = 0.60) to 0.59°C decade !
(p = 0.02) in summer (Fig. 2b). That is, SE China also
experiences accelerated ground surface warming in sum-
mer. However, a ground surface cooling occurs in winter
over SE China during 1998-2013 as the trend decreases
from 0.60°Cdecade ' (p = 0.05) to —0.51°Cdecade '
(p = 0.13) (Fig. 2b), which is contrary to the accelerated
warming over the southeastern TP.

Spatially, stations with accelerated ground surface
warming are mainly located over the southeastern TP
in spring, summer, and autumn (Figs. 2c—¢), whereas
nearly the entire TP shows an accelerated warming
trend in winter (Fig. 2f). Duan and Xiao (2015) also
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FIG. 3. (a) Linear trends of observed and simulated spring
ground temperature (TG) averaged among 78 stations over the
southeastern Tibetan Plateau. (b)—(d) As in (a), but for the sum-
mer, autumn, and winter seasons, respectively. One dot, two dots,
and three dots indicate significance at the 90%, 95%, and 99%
confidence levels, respectively. The analysis periods for the trends
are 1984-97 for ISCCP-FD, GEWEX-SRB, and GEWEX-LPLA,
and 2001-13 for CERES due to the availability of satellite data.

found a similar phenomenon for surface air tempera-
ture, but the increasing trend of ground surface tem-
perature shown here is much larger and more significant.

b. Evaluations of different datasets

We evaluate the performances of WRF Model simu-
lation, CMFD/CSSPv2, four atmospheric reanalysis
datasets (JRA-55, ERA-Interim, MERRA, and MERRA?),
and four remote sensing-based datasets (ISCCP-FD,
GEWEX-SRB, GEWEX-LPLA, and CERES) for cap-
turing the accelerated ground warming trend phenome-
non over the southeastern TP. Figure 3 shows that only
CMFD/CSSPv2 can capture the significant warming in
spring during 1998-2013. For the summer and winter
seasons, the WRF Model simulation, CMFD/CSSPv2,
JRA-55, and MERRA can capture the changes of ground
surface warming rate reasonably, although they under-
estimate the warming trend during the second period.
MERRA? fails to capture the accelerated warming, as the
estimated warming rates during 1998-2013 in summer
and winter are both less than those during 1981-97. ERA-
Interim shows insignificant warming in summer and
even a cooling trend in winter during 1998-2013. Hence
neither MERRAZ2 nor ERA-Interim is chosen in the at-
tribution analysis. For remote sensing-based datasets,
GEWEX-LPLA better captures the warming trend in
summer during 1984-97 as compared to GEWEX-SRB
and the ISCCP-FD. The CERES dataset shows a simi-
lar warming trend as observations during summer of
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FIG. 4. Contributions from surface albedo (SAF), cloud short-
wave and longwave radiation (CRF-SW and CRF-LW), clear-sky
shortwave and longwave radiation (CLR-SW and CLR-LW), and
latent and sensible heat flux (LH + SH) during 1981-97 and 1998-
2013 in the summer seasons. The contribution from ground heat
flux is much smaller and is not shown here. “SUM” means inte-
grated trends from all radiative factors. Black bars represent
sampling uncertainties at the 95% confidence level.

2001-13, but it shows insignificant ground temperature
changes in winter season. Based on the evaluation results,
we mainly focus on the summer and winter seasons in the
following analysis, and remote sensing-based datasets are
only used for the attribution analysis in summer.

c. Contributions from different processes

Contribution results are generally consistent for JRA-
55, WRF, and MERRA in summer especially during
1998-2013 (Fig. 4). The surface albedo (SAF) and clear-
sky shortwave radiation (CLR-SW) do not make large
contributions and show small differences between the
two periods. In contrast, surface downward cloudy-sky
shortwave radiation shows a much larger increasing
trend during 1998-2013 than during 1981-97 (Fig. S2a).
Although the surface downward cloudy-sky longwave
radiation decreases during 1998-2013, the decreasing
rate is smaller than the increasing trend of cloudy-sky
shortwave radiation. Thus, the contribution from total
cloud-radiative forcing (CRF-SW + CRF-LW) increases
significantly from —0.29°-0.26°Cdecade ' during 1981-
97 to 0.55°-1.03°Cdecade ' during 1998-2013 (Fig. 4).
Clear-sky longwave radiation (CLR-LW) shows little
change during 1981-97 (Fig. S2a), which only changes
the ground surface temperature trend by —0.19°-
0.02°Cdecade ' (Fig. 4). However, clear-sky longwave
radiation increases during 1998-2013 (Fig. S2a), leading
to a warming rate of 0.27°-0.5°Cdecade ' (Fig. 4). In
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contrast to the cloud-radiative forcing and clear-sky
longwave radiation, the sensible and latent heat fluxes
play a cooling role during 1998-2013 as their cooling
contribution increases from a range of —0.31° to
0.16°Cdecade " to a range of —0.54° to —0.89°Cdecade .
The ensemble results for total cloud-radiative forcing, clear-
sky longwave radiation, and the sum of sensible and la-
tent heat fluxes during the 1998-2013 are 0.78° =
0.24°Cdecade™ ", 0.36° = 0.13°Cdecade”™ ', and —0.73° +
0.17°C decade ", respectively, indicating that their contri-
butions are detectable. Moreover, results from GEWEX-
LPLA and CERES also confirm that contributions from
cloud-radiative forcing and clear-sky longwave during
2000-13 are much larger than those during 1984-97. As
CMFD/CSSPV2 does not separate clear-sky and cloudy-
sky radiation, contributions from total shortwave and
longwave radiation are calculated instead. The result
shows a larger contribution from shortwave radiation
(Tot-SW = CRF-SW + CLR-SW) during 1998-2013
(Fig. S3a), which can be attributed to the cloud-radiative
effect because the clear-sky shortwave radiation changes
little during this period, as suggested by the results above.
Therefore, multisource datasets suggest that cloud-
radiative forcing and clear-sky longwave radiation are the
main factors for the accelerated warming trend in summer.

For the winter season, the surface upward shortwave
radiation shows a large decreasing trend during 1998-
2013, whereas its trend is not clear during 1981-97 due to
opposite trends in different data (JRA-55 and WRF)
(Fig. S2b). Both JRA-55 and WREF simulations show
that surface downward cloudy-sky shortwave and long-
wave radiation change little before and after 1998,
while surface downward clear-sky longwave radia-
tion switches from a decreasing trend to an increasing
trend (Fig. S2b). However, MERRA shows a large in-
creasing trend in surface downward cloudy-sky short-
wave radiation and a small change in surface downward
clear-sky longwave radiation (Fig. S2b). We further
compare those three datasets with CMFD, and find that
JRA-55, WRF, and CMFD all show an increasing trend
of longwave radiation but a much smaller changing rate
of shortwave radiation (not shown). Thus, MERRA
may overestimate the cloudy-sky shortwave radiation
changes and underestimate the clear-sky longwave ra-
diation changes. Attribution results show that the sur-
face albedo change is the major factor responsible for
the accelerated ground surface warming, with the con-
tribution increasing from —0.38° to —0.16°C decade "
during 1981-97 to 0.94° to 1.15°C decade ! during 1998
2013 (Fig. 5). Chen et al. (2017) find that snow cover is
highly correlated with anomalies in surface albedo over
TP. Figure S4 shows that winter snow depth averaged
over the southeastern TP increases slightly during 1981—
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(section 3b).

97, which increases surface albedo and cools the ground
surface. However, the snow depth decreases during
1998-2013, which reduces surface albedo and warms the
ground surface. JRA-55 might misrepresent the surface
albedo contribution during 1981-97 as it misrepresents
the increasing trend of snow depth during 1981-97
(Fig. S4). In addition, both the JRA-55 and WRF da-
tasets show that clear-sky longwave radiation, whose
contribution increases from a range of —0.07° to
—0.08°C decade ! to a range of 0.41° to 0.47°C decade "
is the second largest warming term during 1998-2013.
The attribution result from CMFD/CSSPv2 also sug-
gests that longwave radiation is the second largest
warming factor during 1998-2013 (Fig. S3b). Ensemble
means of the contribution of surface albedo and
longwave radiation shown in Fig. 5 are 1.05° =
0.1°Cdecade™! and 0.30° + 0.25°Cdecade !, respec-
tively, indicating that their warming effects are detect-
able. Thus, surface albedo change and clear-sky longwave
radiation are two major factors for the accelerated
warming over the southeastern TP during winter.

d. Mechanisms for changes in atmospheric radiative
processes

Considering that the cloud-radiative forcings are di-
rectly related to the cloud cover and surface downward
cloudy-sky shortwave radiation increases mainly in
August (Fig. S5), changes of total cloud fraction in
August are shown in Fig. 6. The CDIAC-EECRA ob-
servation shows an increasing trend over southeastern
TP during 1981-97 and a decreasing trend during 1998-
2009 (Figs. 6a,b). Remotely sensed total cloud fraction
from the CERES dataset also shows a similar decreasing
changing pattern during 2000-13 (Fig. 6¢). Thus, a de-
creasing trend of total cloud cover during 1998-2013
can be inferred from CDIAC-EECRA and CERES.
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FIG. 6. (a),(b) Linear trends (% decade ") of observed total cloud fraction in August during 1981-97 and 1998
2009. (c) As in (b), but for remotely sensed total cloud fraction during 2000-13. The remaining panels are as in
(a) and (b), but for the (d),(e) JRA-55, (f),(g) WRF, and (h),(i) MERRA datasets, respectively. Solid circles in
(a) and (b) represent the 90% significance levels while black dots in (c)—(i) represent the 95% significance levels.

JRA-55, WRF, and MERRA all capture the cloud
changes well with significant decreasing trends of total
cloud fraction occurring over the southeastern TP
(Figs. 6d-i). Correspondingly, the shortwave radiation
experiences significantly increasing trends during 1998—
2013 while the longwave radiation generally shows
smaller and insignificant decreasing trends.

The cloud changes are very complex as cloud forma-
tion is affected by changes of atmospheric water vapor,
atmospheric vertical motion, and so on. Gao et al. (2014)

suggest that large-scale dynamic circulation change is a
major cause of drying over the southeastern TP in wet
seasons. To further investigate impacts of large-scale
circulation, the integrated water vapor flux (WVF) is
regressed to the normalized mean cloud fraction over
the southeastern TP during the Augusts of 1981-2013,
1981-97, and 1998-2013, respectively. Figures 7a—c show
that cloud fraction over the southeastern TP is signifi-
cantly related to the southwestern water vapor flux
in the region to the south of the TP (red lines in Fig. 7;
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FIG. 7. (a)-(c) Regressions of integrated water vapor flux (WVF) to the mean total cloud fraction averaged over
the southeastern TP during 1981-2013, 1981-97, and 1998-2013, respectively. (d),(e) WVF changes during 1981-97
and 1998-2013, respectively. Only the significant (p < 0.1) results are shown here.

25°-28°N, 90°-96°E) during all three periods. Figure 7d
shows that there is no significant change in water vapor
flux during 1981-97, which is consistent with the insig-
nificant change of cloud fraction over the southeastern
TP. However, Fig. 7e shows that significant northeastern
water vapor flux occurs over the region to the south of
the TP shown by red lines during 1998-2013, indicating
that less water vapor can be transported into the
southeastern TP. Only the result of JRA-55 is shown in
Fig. 7, considering that results from MERRA and WRF
datasets are similar.

The black line in Fig. 8a shows the variation of South
Asian summer monsoon (SASM) index during the
August of 1981-2013. The SASM index is defined as the
differences between 850- and 200-hPa zonal winds av-
eraged in the region covering 0°-20°N, 40°-100°E

following Sun et al. (2010). There is generally no linear
trend in SASM index during 1981-97, whereas a signif-
icant decreasing trend (p = 0.06) occurs during 1998—
2013. As the SASM circulation brings sufficient water
vapor to the south of the TP through southwest wind
(vectors in Fig. 8b) and has significantly positive corre-
lation with the total cloud fraction over the south of the
TP (shaded regions in Fig. 8b), weakening of the SASM
will cause a northeast anomaly in water vapor flux
(Fig. 7e) and thus suppress cloud formation over the
southeastern TP. This is also confirmed by the significant
correlation between the SASM index and mean cloud
fraction over the southeastern TP (Fig. 8a).

Different from large-scale circulation, which mainly
supplies water vapor for TP, local-scale circulation
directly controls the cloud formation through local
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FIG. 8. (a) Time series of normalized South Asian summer
monsoon (SASM) index and normalized total cloud fraction av-
eraged over the southeastern TP. (b) Climatology of water vapor
flux in August during 1981-2013 (vectors) and the regression of
total cloud fraction to the SASM index during 1998-2013 (shaded
regions). Only significant (p < 0.1) regression results are shown
here. The JRA-55 dataset is used here; similar patterns can be
found in WRF and MERRA.

atmospheric vertical motion. Figure 9a shows that the
correlation coefficient between vertical velocities (hPas )
at 500 hPa and total cloud fraction can reach up to 0.84.
Figure 9a also shows that vertical upward motion
changes from an insignificant increasing trend during
1981-97 to a significant decreasing trend during 1998-
2013, which is consistent with cloud fraction changes
shown in Fig. 8a. Multiple linear regression results show
that SASM and local vertical velocity can interpret
62%-71% of the variance of cloud fraction during 1981-
2013 (Fig. 9b). Regression results also reproduce the
significant decreasing trend of total cloud during 1981—
2013, which is about 0.86-1.9 times the simulated one.
Moreover, 10%-13% of the reproduced decreasing
trend is caused by the SASM term while the remainder
of the trend is caused by the vertical motion term. Thus,
both a large circulation change and local vertical motion
change led to the decreasing trend of total cloud in 1981—
2013, with the latter playing a dominant role.

For the clear-sky longwave radiation in winter, pre-
vious research finds it positively correlated with the
water vapor amount in the atmosphere (or precipitable

FIG.9. (a) Spatial mean vertical velocity at 500-hPa level over the
southeastern TP and its correlation coefficient (CC) with spatial
mean total cloud fraction. (b) Simulated (black dash-dotted line)
and multiple-linear-regressed (red dash—dotted line) normalized
total cloud fraction over the southeastern TP. Normalized spatial
mean vertical velocity and normalized SASM are used to construct
a multiple linear regression function of normalized cloud fraction.
Dashed straight lines represent linear regression with insignificant
trends, while thin and thick straight lines represent linear regres-
sions with 90% and 95% confidence levels, respectively.

water) over highland regions including the TP (Naud
et al. 2012), indicating that the increasing clear-sky
longwave radiation may be caused by the increased
precipitable water. However, as revealed by the JRA-55
and WREF datasets, both summer and winter precipita-
ble water do not increase significantly and even decrease
during 1998-2013 (Fig. 10). Note that the MERRA
dataset is not used here because it cannot capture the
increased clear-sky longwave radiation in winter (see
section 3c). No matter which dataset is used, changes in
water vapor alone cannot explain the increasing trend of
clear-sky longwave radiation over the southeastern TP.
In addition to the water vapor amount, the clear-sky
longwave radiation is also strongly dependent on the
temperature profile. We find that the middle to upper
troposphere (500200 hPa) switches from a cooling trend
during 1981-97 to a warming trend during 1998-2013 over
the southeastern TP both in summer and winter (Fig. 11),
which may be responsible for the increased clear-sky
longwave radiation.
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FIG. 10. (a),(b) Precipitable water changes (mm yr ') in winter during 1981-97 and 19982013 simulated by JRA-
55, with black dots showing regions with significant (p < 0.1) trends. (c),(d) As in (a) and (b), but for the WRF
simulation. (e)-(h) As in (a)—(d), respectively, but for winter.

To further quantify the impact of water vapor amount
and temperature profile on the clear-sky longwave ra-
diation in winter, we use precipitable water and air
temperature at different layers in the troposphere to fit a
simple linear stepwise regression model for the clear-sky
longwave radiation, and estimate their contributions

using the differential form of the fitted function (see
section 2d for details). The stratosphere is not consid-
ered because of the long distance from ground and its
cooling effect on the ground surface during 2000-09
(Solomon et al. 2010). Although the simple stepwise
regression only considers two factors, the fitted model
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FIG. 11. (a) Changes of air temperature (°C decade ') in summer at different atmospheric layers averaged for 78
stations over the southeastern TP from JRA-55 and WRF during 1981-97 and 1998-2013, with the shaded areas
showing one standard deviation. (b) As in (a), but for winter.

explains about 98%-99% of the total variance of the
clear-sky longwave radiation, with a root-mean-square
error (RMSE) of only 4-5W m™ 2. Moreover, the esti-
mated clear-sky longwave radiation change is consistent
with the results from WRF simulation and reanalysis
(Fig. 12). Positive contributions from air temperature
can be found both in summer (Figs. 12a,b) and winter
(Figs. 12c,d), and are more robust in winter as the
temperature-caused terms are significantly above zero.
Contributions from precipitable water are smaller and
have larger uncertainties that may come from the het-
erogeneous changing patterns. These results confirm
that increasing clear-sky longwave radiation over the
southeastern TP in summer and winter is mainly due to
the warming in the middle to upper troposphere instead
of precipitable water changes.

4. Conclusions and discussion

Our results explain the accelerated ground surface
warming trend over the southeastern TP during 1998—
2013 from the energy balance perspective by quantifying
the contributions of different processes. Surface albedo
and cloud-radiative forcing are found to play the most
important role in winter and summer, respectively. This
is an important complement to the previous studies,
which emphasized surface albedo changes (Ghatak et al.
2014; He et al. 2018; Ramanathan and Carmichael 2008)
or cloud process (Duan and Xiao 2015). Moreover, we
find that clear-sky longwave radiation is also a vital
factor in both winter and summer for the TP, as it con-
tributes about 21%-48% to the accelerated ground

surface warming. Our results are consistent with a pre-
vious study highlighting the important warming effects
of longwave radiation over the Arctic (Kim and Kim
2017). However, different from the Arctic where pre-
cipitable water is increasing (Kim and Kim 2017), the
southeastern TP experiences slightly changes in pre-
cipitable water. The increased clear-sky longwave radi-
ation in the southeastern TP is mainly controlled by the
warming middle to upper troposphere instead of the
precipitable water. Our results emphasize the impor-
tance of atmospheric radiative processes (such as cloud
radiative effects and clear-sky longwave radiation)
in the accelerated ground surface warming in the
southeastern TP. Improving the parameterizations of
cloud and clear-sky longwave radiation may improve
model ability in simulating the warming environment
and the corresponding hydrological, ecological, and cryo-
spheric changes over the southeastern TP.

Previous work suggested that radiative forcing of
greenhouse gases can lead to a warming upper tropo-
sphere (IPCC 1996). In addition, the increased turbu-
lent fluxes during 1998-2013 (Figs. S2 and S4) can also
lead to a strong boundary layer heating and cause a
warming middle to upper troposphere through the re-
sultant atmospheric thermal adaptation and over-
shooting (Duan et al. 2006). However, a warming
middle to upper troposphere is also found over south-
eastern China (Fig. S6) where ground surface cooling
happens and turbulent fluxes change little, indicating
that this phenomenon is mainly induced by the large-
scale increasing trend of greenhouse gases. Further ef-
forts are needed to understand the interactions between
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and dashed lines show the whole range.

those processes and quantitatively analyze their
contributions.

We do not include the northeastern TP in this re-
search as current datasets cannot capture the ground
surface warming over the region during 1998-2013.
Duan and Xiao (2015) suggest that cloud fraction in
nighttime has a larger increasing trend than that in
daytime, which may lead to continued warming over the
northeastern TP through enhanced atmospheric coun-
terradiation. Ji and Yuan (2020) show that reanalysis
datasets and WRF simulation underestimate the in-
creasing trends of nighttime cloud fraction over the
northeastern TP, which may be the reason for the in-
significant ground warming trends in those datasets.
Further efforts should be paid to diagnosing the causes
of surface warming over the northeastern TP. Moreover,
the significant warming during spring is not captured
by current datasets; possible reasons for this require
further work.

Our results also show that not all reanalysis datasets
capture the accelerated ground warming over the
southeastern TP. During the summer season of 1998-

2013, ERA-Interim overestimates the increasing trend
of upward shortwave radiation and underestimates the
increasing trend of clear-sky downward longwave radi-
ation compared with WRF simulation (Figs. S7 and S2).
MERRAZ2 underestimates the increasing trend of
cloudy-sky shortwave radiation as compared with
MERRA. During the winter season of 1998-2013
(Fig. S7), a large negative trend of cloudy-sky longwave
radiation in CERES may be caused by uncertainties in
the input data sources, a large adjustment of surface flux
over TP, and a switch of geostationary satellites (Kato
et al. 2018). ERA-Interim, MERRA?2, and CERES miss
the decreasing trend of upward shortwave radiation,
which is contrary to the datasets shown in Fig. S4 and
previous research (Chen et al. 2017). Thus, the repre-
sentation of changes in surface albedo, cloud shortwave
radiative forcing, and clear-sky longwave radiation over
highland areas needs to be improved in global climate
models. The WRF regional climate modeling signifi-
cantly improves the simulations compared to the ERA-
Interim global dataset, which is used to provide
boundary conditions for WRF, indicating the necessity
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of high-resolution modeling over the TP and potentially
other highland areas (Gao et al. 2014).

Although the contributions of different processes are
generally consistent among different datasets, there are
still some uncertainties. For example, there are under-
estimations of the warming trends from the selected
gridded datasets, and the estimated warming trend by
Eq. (3) is not exactly the same as the observed trend.
Multimodel comparison or superensemble simulations
by using the WRF Model could be used to better
quantify these uncertainties.
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