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ABSTRACT

The Tibetan Plateau (TP) has experienced an accelerated wintertime warming in
recent decades under global warming, but consensus on its causes has not yet been
reached. This study quantifies the processes of the warming through analyzing surface
temperature budget and surface energy balance. It is found that increased diabatic
heating (71%) and warm advection (29%) by an anomalous anticyclone southeast of
TP are two primary processes determining the surface air warming. The former is
caused by a significant increase of the TP skin temperature which warms the near
surface atmosphere through increasing upward surface sensible heat flux. The land
surface warming is attributed to increased absorbed radiation fluxes in which three
processes are identified to be major contributors. While external forcing which is
primarily due to increased anthropogenic emissions of greenhouse gases contributes to
the warming by 24% through increasing downward longwave radiation, two types of
local positive feedbacks which are triggered by the land surface warming are found to
contribute to most of the warming. One is the snow-albedo feedback which accounts
for 47% of the surface warming by increasing surface absorption of incident solar
radiation. The other is the moisture process feedback which accounts for 29% of the
surface warming. The surface warming which works with increased soil moisture due
to increased precipitation in the preceding seasons tends to promote surface evaporation
and moisten the atmosphere aloft over the eastern TP, which, in turn, tends to increase

downward longwave radiation and cause a further surface warming.

Keywords: Tibetan Plateau, accelerated warming, external forcing, snow-albedo

feedback, moisture process feedback
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1. Introduction

The Tibetan Plateau (TP), with an average elevation of over 4000m and an area of
approximately 2.5x10°% km?, referred to as “the third pole” or “Asian water tower”, is
the highest and most spatially extensive highland in the world (Niu et al. 2004; Yao et
al. 2019a; Zhao and Zhou 2020). Climate over TP is highly sensitive to global climate
change due to its unique landforms and geographical location (Wu et al. 2015; Wu et
al. 2022; Yao et al. 2012; Yao et al. 2015). In the context of global warming, evident
climate changes emerge in TP including glacier shrinkage, lake expansion, atmospheric
moistening and near surface accelerating warming (Meng et al. 2019; Wang et al. 2013;
Wu et al. 2014; Yan et al. 2020a; Yang et al. 2011; Yao et al. 2019b). Among them the
near surface accelerated warming over TP which is also regarded as the “TP
amplification” is one of the most significant characteristics of climate changes over TP
(Group 2015; Wu et al. 2020; You et al. 2021; You et al. 2017).

The surface air temperature (SAT) warming over TP starts in the early 1950s, much
earlier than over the Northern Hemisphere which starts in the mid-1970s (Liu and Chen
2000; Niu et al. 2004). Since the beginning of the 1980s, there is a stronger warming
rate over TP exceeding that of Northern Hemisphere or global means over the same
period (Duan and Xiao 2015; Gao et al. 2015; Yao et al. 2019b). The strongest warming
trend occurred in winter, with a rate of twice as the annual mean (Cai et al. 2017; Liu
and Chen 2000; You et al. 2017). Several potential mechanisms have been put forward
for the wintertime accelerated warming of TP, including changes in anthropogenic
emissions of greenhouse gases (GHGs), atmospheric heat transport, local surface-based
feedback processes, and cloud radiative forcing (Duan et al. 2022; Duan et al. 2006;
Duan and Xiao 2015; Qu et al. 2019; Yan et al. 2016).

In terms of external forcing out of TP, the increased emissions of GHGs are
recognized as the primary driver of accelerated TP warming in the winter half year
through enhancing both downward solar and thermal radiation fluxes reaching the

surface (Duan et al. 2006; Wu et al. 2020; Yan et al. 2016; Yao et al. 2015). Moreover,
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the TP near surface air temperature change can be attributed to long-term trend of
atmospheric circulation. The decline of sea ice concentration over the Barents-Kara Sea
tends to excite a Rossby wavetrain propagating southeastward to TP, which increases
warm advection transport and enhances wintertime TP warming (Duan et al. 2022). The
processes of atmospheric circulation anomalies induced by global warming are
complex, because the long-term trends of the circulation anomalies arise from both
external forcing and internal climate variability. Some explanations of the circulation
anomalies around TP exists. For instance, You et al. (2010) proposed that the weakening
of southern extent of the winter monsoon prevents TP from incursions of cold air.
Changes of atmospheric circulation are conducive to the TP warming since the 1980s,
but how the circulation trend pattern can be formed is still under debate (Blackport and
Screen 2020; Smith et al. 2022; Sun et al. 2022; Wang et al. 2022).

Several studies have found that local radiative processes may contribute to ground
surface temperature (GST) warming on TP through changing absorption of radiation
fluxes by surface. Snow-albedo feedback could be one of the most important feedbacks
for the surface warming. Observations exhibit declines of the snow depth and the
number of snow-cover days over TP (Xu et al. 2017). The decrease of snow cover due
to positive temperature anomalies reduce the surface albedo and more shortwave
radiation are absorbed by surface, thus increasing GST rapidly (Ghatak et al. 2014;
Pepin et al. 2019; Rangwala et al. 2013; You et al. 2017; Zhang et al. 2021). In terms
of cloud radiative forcing, a decline of daytime cloud cover and an increase of nocturnal
cloud cover are observed over TP, which favor increases of sunshine duration and
downward longwave radiation (DLR) and partly contribute to the accelerated warming
over TP (Duan and Wu 2006; Duan and Xiao 2015). Besides, while water vapor is an
important greenhouse gas to modulate downward radiation, the sensitivity of DLR to
changes in atmospheric water vapor is large in a climatologically dry condition
according to a power function between clear sky DLR and specific humidity (Rangwala

et al. 2009; Ruckstuhl et al. 2007). The wintertime TP is in accordance with such a cold-
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dry circumstance, thus increases in water vapor appear to be part of the reason for
surface warming in theory. However, it is still unclear how water vapor can change and
affect the surface warming over TP in winter.

Given the importance of radiative processes in modulating the TP surface
temperature, it is necessary to examine the surface energy balance in order to explain
the observed GST change (Clark et al. 2021; Gao et al. 2019; Xie et al. 2022). Since
SAT generally varies in phase with GST, many previous studies used GST in replace of
SAT to explicate the TP near surface air warming from the perspective of surface-based
radiative process change, without considering the effect of atmospheric heat transport.
Those studies investigating the role of atmospheric circulation change in the TP
warming did not take into consideration the thermodynamic coupling between the
surface and the atmosphere, as well as the importance of surface radiation processes
changes in the surface air warming. The obfuscation of previous studies in using GST
and SAT prevents us from realizing the contribution of local and external processes to
the accelerated TP warming. Actually, the SAT and GST changes are governed by
different equations. The SAT change is governed by the thermodynamic equation, while
the GST change can be determined by the surface energy balance relation. It can be
hypothesized that the ground surface warming which is driven by changes in surface
radiative processes tends to enlarge temperature difference between land surface and
air, and then to result in a rapid increase in SAT via increasing upward sensible heat
flux, which manifests a positive diabatic heating anomaly at near surface level. Such a
thermodynamic coupling is proposed to be critical in the wintertime Arctic
amplification (Xie et al. 2022), which is emphasized in this study to quantify the
processes of accelerated wintertime TP warming.

In this study, the long-term trends of changes in both SAT and GST are
systematically investigated with observational and reanalysis datasets, and the
processes responsible for the accelerated wintertime TP warming are identified by

diagnosing the surface energy balance and surface air temperature budget, in which the
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relative contributions of external forcing and local feedback to the accelerated TP
warming are quantified. Considering the uncertainties of reanalysis datasets in long-
term trend of surface air temperature over TP (Wang et al. 2020; Yan et al. 2020b; You
et al. 2013), six reanalysis datasets are compared with in-situ records for the surface air
temperature. The rest of the paper is organized as follows. Datasets and methods used
in this study are described in Section 2. Observed trend of wintertime SAT change over
TP and evaluation of reanalysis datasets used are documented in Section 3. Section 4
diagnoses causes of the warming trend in SAT by using thermodynamic equation.
Radiative processes responsible for the warming trend in GST are identified with
surface energy balance equation in section 5. Final section is devoted to conclusions

and discussion.
2. Data and methods
a. data

Datasets of monthly SAT at 2m and snow depth from in situ observations for TP
region are provided by China Meteorological Administration (CMA), in which 80
stations are selected (Duan et al. 2018). The locations of those stations are shown in
Fig. 1d, with 77 stations in the central-eastern TP and 3 stations to the west of 85°E.
Details of the stations including station name, ID, latitude and longitude can be seen in
Duan et al. (2018). To calculate the station-averaged SAT trend, the stations are
allocated into 1°x1° rectilinear grids before averaging for reducing the statistical errors
caused by uneven distribution of stations following Zhou and Wang (2017). Daily
outputs of six reanalysis datasets provided by five organizations are utilized in this study,
with detailed information listed in Table 1. These reanalysis datasets include the fifth
generation ECMWF reanalysis (ERA-5) (Hersbach et al. 2020), the ECMWEF interim
reanalysis (ERA-Interim, hereafter ERA-I) (Dee et al. 2011), the CMA reanalysis
project (CRA-40) (Zhao et al. 2019), the Japanese 55-year Reanalysis (JRA-55) (Ebita
et al. 2011), the Modern-Era Retrospective Analysis for Research and Applications,
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version 2 (MERRA-2), and the NCEP-DOE Reanalysis 2 (NCEP-2) (Kanamitsu et al.
2002). CRA-40 was launched in 2014, which assimilates multiple data from
conventional observations and satellite instruments, especially over East Asia (Liu et al.
2017; Zhao et al. 2019). In the subsequent comparative assessment in Section 3, the
winter-averaged SATs at 2m over TP taken from six reanalyses are interpolated into
horizontal grids the same as that used in the observation. The time span in this study is
from January 1980 to December 2020. The wintertime is defined as December of the

preceding year and January and February of the current year.

b. methods

In order to understand the processes determining the surface air warming over TP,
raw outputs on model coordinates provided by ERA-5 and JRA-55 are used to diagnose
near surface air temperature change over a complex terrain. The near surface air
temperature anomaly is governed by the thermodynamic equation which is written at

the lowest terrain-following model level as:

L= VTV VT~ (7 VT ~ (3 oY+ S+ Q' 1)
where T, 17, and w indicate the temperature, the horizontal wind, and the vertical
velocity, respectively. 1 denotes the hybrid sigma-pressure vertical coordinate and
1 = dn/dt. p denotes the pressure. k is the ratio between the specific heat capacity
of air and dry-air gas constant. Q4 is the diabatic heating which is generated by the
model used to produce the reanalysis, including the longwave and shortwave radiative
heating, vertical diffusion heating and latent heat release. The overbar indicates the
climatological mean and the prime the departure from the climatological mean. The
first two terms on the right-hand side of Eq. (1) are the anomalous horizontal
temperature advections by the anomalous wind and the anomalous temperature,
respectively. The third term indicates the nonlinear temperature advection anomaly by

the anomalous wind and temperature. The fourth term is the anomalous vertical
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temperature advection. The fifth term denotes the adiabatic heating anomaly and the
last term is the diabatic heat anomaly.

Different from the near surface air temperature which is primarily driven by
combination of advection and local diabatic heating, GST is fundamentally determined
by the radiative and turbulent eddy mixing processes (Clark and Feldstein 2020), which

can be diagnosed with surface energy balance relation:
St—S"+ F'—F'—SH" — LH" = @}, )

where S (F) denotes the surface shortwave (longwave) radiation flux, SH (LH) the
surface sensible (latent) heat flux, and Q! the heat storage by land surface which is
almost invariable and confirmed by each reanalyses (figure not shown). The directions
of those fluxes are indicated with upward or downward arrows. The downward
shortwave radiation (DSR) anomalies are decomposed into changes in both surface
albedo and a minute part of DSR following the method of Lu and Cai (2009). The
surface sensible and latent heat flux anomalies are determined by the anomalies of
atmospheric and surface states, which can be linearly decomposed into two components
with one affected by the anomalies of temperature (humidity) difference between land
and air and the other affected by the wind speed anomalies, following the method of
Wang et al. (2018). The surface upward longwave radiation flux can be represented as
F' = eoT#, where T, represents GST and & and o the surface emissivity and
Stephen Boltzmann constant, respectively. In terms of Eq. (2), the GST anomaly can be

estimated with use of the approximation method proposed by Lu and Cai (2009) as:

AT, =~ (AS* — AS" + AF' — ASH" — ALH" — AQ)) /4e0T3, 3)
Egs. (1) and (3) imply a thermodynamic coupling between underlying surface and
atmosphere (Clark and Feldstein 2020; Xie et al. 2022). For instance, when the land
surface warms faster than the near surface atmosphere due to increased surface net
downward radiative flux, the enlarged temperature difference between surface and air

tends to increase upward sensible flux and promote an increase of SAT.
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The DLR consists of components forced by cloud and clear sky atmosphere. The
DLR change under clear sky involves processes of anthropogenic emissions of GHGs
and water vapor change. In terms to the power law relationship between DLR under
clear sky and vertically integrated water vapor (IWV) (F},, = 147.8 x IWV°26)
(Rangwala et al. 2009; Ruckstuhl et al. 2007), the DLR anomaly for clear sky can be
decomposed into two parts respectively due to atmospheric water vapor and
anthropogenic GHGs. The total DLR anomaly is then expressed as:

AF' = AFg,t + AF,qt = AFy,,t + Aot + AF,,", )
where AF,., sl denotes a residual DLR anomaly, as the effects of cloud and atmospheric
water vapor are removed, which is expected to represent the DLR change due to the

change of anthropogenic GHGs. IWV is defined as specific humidity vertically

integrated from surface to 100hPa, IWV = (é ) f oso qdp), and its tendency is determined

by:

aIwv 1 ps =
el A Lol@V)dp + E — P, (5)

where q is the specific humidity, ps the surface pressure, E the evaporation, P the

ps

100(ql7)dp the divergence of vertically integrated water

precipitation, and V-;
vapor flux.

3. Features of accelerated wintertime TP warming

The six reanalyses used are compared to the CMA observations to identify a
reliable long-term trend of SAT over TP. Figures 1a and b show the time series and
linear trends of SAT anomalies averaged over TP. There are significant warming trends
over TP in the datasets except for NCEP-2, and the most pronounced warming is
observed by CMA (0.55 K/dec). The reanalyses underestimate the warming rate
commonly. The trends in ERA-5 (0.42 K/dec) and CRA-40 (0.42 K/dec) are stronger
than in JRA-55 (0.37 K/dec), ERA-I (0.36 K/dec), MERRA-2 (0.28 K/dec), and NCEP-
2 (0.11 K/dec). ERA-5 and JRA-55 match the CMA observations in the temporal

variation of SAT, while CRA-40 and ERA-I behavior slightly worse (Fig. 1b).
9
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Reliabilities of SAT temporal variations in the reanalyses seem to be associated with
the resolution of the model generating the reanalysis. The SAT in NCEP-2 with a
relatively coarse model resolution shows the lowest correlation with the CMA
observations (0.42), indicating the necessity of using fine model resolution reanalyses
in investigating SAT change over TP.

In terms of spatial distribution, the magnitude of warming rate is not uniform
among 80 CMA stations over TP. The median value of the warming rate for the CMA
observations is 0.54 K/dec, and the 25th and 75th percentiles are 0.34 K/dec and 0.72
K/dec, respectively (Fig. 1c). ERA-5 and JRA-55 match better with the CMA
observations than other reanalyses in quantile statistics. The warming rate for NCEP-2
varies greatly among stations with a median value of 0.07. In observation, there are
three prominent warming centers, located over the central, south-eastern, and western
TP (Fig. 1d). These warming centers are reproduced by ERA-5 and CRA-40 (Figs. 2a,
b). In addition, ERA-5 and CRA-40 display significant warming trends over the south
slope of TP where the elevation changes rapidly. JRA-55 exhibits a similar warming
trend with observation over the central and eastern TP, but no significant warming is
observed over the south-western slope (Fig. 2¢). The largest warming center over the
central TP is also captured in ERA-I but has not been reproduced by MERRA-2 (Figs.
2d, e). NCEP-2 is inconsistent with observation and even exhibits a significant cooling
over the northeastern TP (Fig. 2f).

When intercomparisons are performed among reanalyses, ERA-5 and CRA-40
show similarities in spatial distributions of surface air warming, while the warming in
JRA-55 resembles that in ERA-I, especially over the central and western TP. The
differences between reanalyses suggest the importance of resolution of the model
generating the reanalyses. Two reanalyses (ERA-5 and CRA-40) with relatively fine
model resolutions (approximately 30km) reproduce similar warming trends in areas
with rapidly changing elevations. NCEP-2 with the lowest model resolution (~280km)

deviates greatly to other reanalyses in both long-term trend and temporal variability of
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SAT. The cold biases of SAT in reanalyses were also documented by some previous
studies. Yan et al. (2020b) suggests that these cold biases could be attributed to the
elevation difference between reanalysis model and reality. JRA-55, ERA-I and MERRA
can be partly corrected by elevation-temperature correlation, but NCEP-2 still has
larger cold biases after the correction. No surface observations assimilated and sparse
model resolution may account for the weakness of NCEP-2. High resolution of
reanalysis model can reduce the elevation bias and obtain a more precise trend of SAT,
which is prominent in ERA-5 and CRA-40. In addition, the accurate performance of
CRA-40 can be attributed to assimilations of multiple data from conventional
observations and satellite instruments over East Asia.

The SAT change over TP relates to the tropospheric temperature variability. Figure
3 shows the cross sections of trend of air temperature over TP in ERA-5, CRA-40 and
JRA-55. The latitude-altitude sections display a barotropic triple pattern with two
significant warming centers over TP and the Arctic, respectively, and a cooling center
in between. The warming over TP extends from surface to upper troposphere, which is
also captured by the longitude-altitude sections. The warming is greater over the upper
troposphere, because of an anomalous anticyclone shifting eastward with the raising of
altitude, which is discussed in section 4. Previous studies investigated such a meridional
temperature structure with the warming over the Arctic and the cooling over Eurasia
during wintertime from several perspectives such as the stationary wavetrain energy
propagation excited by the Barents-Kara Sea ice loss, the potential vorticity view of the
dynamics in the interior atmosphere or the changes of the Ural blocking (Duan et al.
2022; Jin et al. 2020; Jolly et al. 2021; Xie et al. 2022). The total column warming over
TP extend this equivalent barotropic dipole pattern to the mid-high latitude of Asia. The
three reanalyses show similarity in structure of warming except for the intensity of the
cooling center.

As seen from above, ERA-5, CRA-40, and JRA-55 have overall good

performances in reproducing observed wintertime TP warming in SAT. In particular,
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ERA-5 captures well various characteristics of the observed warming, including its
regional mean temporal variation and spatial distribution. Therefore, the results from
ERA-5 are emphasized in the next sections, while those from other two reanalyses

(CRA-40 and JRA-55) are provided in a supplementary material.

4. Processes of warming trend in surface air temperature

In this section, the thermodynamic equation, i.e., Eq. (1), is used to diagnose what
determine the SAT change over TP. Due to the data availability, the diagnosis is
performed on the lowest terrain-following level (approximately 10m above the surface),
of the reanalysis model which was run on a hybrid sigma-pressure vertical coordinate,
only for ERA-5 and JRA-55. The consistency of air temperature trends at the lowest
level of model and at 2m above the surface is confirmed. As expected, the trends of air
temperature at the lowest model level resembles the 2m-SAT trends in spatial patterns
for both ERA-5 (Fig. 4a and Fig. 2a) and JRA-55 (Fig. Sla and Fig. 2c), except over
Qaidam Basin in the northeastern TP. Qaidam Basin has an average elevation of about
1000m, where the processes of the SAT change may be different from those over the
main body of TP. Therefore, it is appropriate to diagnose temperature budget on the
lowest model level to explore the processes of surface air warming.

There are significant warming trends at the lowest model level over the central and
southern TP with three prominent warming centers (Fig. 4a), which are consistent with
the observed and reanalyzed trends of SATs at 2m (Fig. 1d and Fig. 2a). For the sake of
finding dominant processes for the warming trends, a pattern correlation coefficient
(PCC) between the trends of temperature tendency due to each of the terms at the right-
hand side of Eq. (1) and SAT over TP is calculated and listed in top left-hand corner of
each panel in Figs. 4b-f. It is found that the anomalous diabatic heating (Fig. 4f, PCC
is 0.48) and the anomalous temperature advection by anomalous wind (Fig. 4b, PCC is
0.40) are two dominant processes determining the SAT trend (Fig. 4a). The diabatic
heating is enhanced over TP south of 35°N and Qaidam Basin, with three maximum

areas over the southeast, central and southwest slope of TP (Fig. 4f), which consists
12
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with the warming trend. The enhancement of diabatic heating is due to the surface skin
warming, which are examined in detail in the next section. An increase of the warm
advection of the climatological temperature by anomalous wind tends to warm the
central and southern TP (Fig. 4b), which also agrees with the trend of SAT. The
anomalous temperature advection by anomalous temperature tends to reallocate warm
air from the southern TP to the northern TP (Fig. 4c). The change of anomalous vertical
temperature advection is very weak near the surface (Fig. 4d). The adiabatic term is
negatively correlated with the trend of SAT (Fig. 4e), which can be recognized as a
compensation of atmospheric warming.

The relative contributions of those processes determining surface air warming are
then quantified. Since the most significant warming occurs over the southern TP, the
regional means are calculated over TP south of 35°N. The diabatic heating is the most
critical contributor to the surface air warming with a magnitude of 0.1K/day/dec. The
secondary is the warm advection of climatological temperature by anomalous wind
(0.04K/day/dec). The trend of adiabatic heating is negative, and no significant long-
term trends are observed in the other two advection terms. Thus, only two factors
contribute to the surface air warming, which are the diabatic heating and the warm
advection by anomalous wind, accounting for 71% and 29% of the warming trend over
TP, respectively. Overall, these two dominant processes determining the surface air
warming revealed in ERA-5 exist in JRA-55 (Fig. S1). There are also minor differences
between the two reanalyses. Firstly, spatial distributions of surface air warming in the
two datasets are not exactly the same, as the warming in JRA-55 shifts to the central TP
and the cooling is observed over the south slope of TP where the diabatic cooling occurs.
Secondly, the anomalous warm advection occurs over the eastern TP in JRA-55 but
over the western TP in ERA-5.

The warm advection by anomalous wind is driven by the atmospheric circulation
change. Since the near surface circulation change is too complicated around TP,

atmospheric circulation change at 500hPa is examined to seek reasons for temperature
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advection change. Figure 5 shows the spatial distributions of trends in geopotential
height and horizontal wind at 200 and 500hPa in ERA-5, CRA-40 and JRA-55. There
exist an anomalous anticyclone to the southeastern TP and an anomalous cyclone north
of TP, which are coincident in the three reanalyses. The anomalous anticyclone
strengthens southwesterlies, thus warming TP by increasing warm advection. The
anticyclone shifts eastward slightly as the attitude reduces, resulting in a weak influence
on the near surface air over TP. Previous studies suggest that the atmospheric circulation
change around TP is related to a Rossby wavetrain originated from Barents-Kara Sea
(Duan et al. 2022) and large-scale circulation changes in the midlatitudes (Smith et al.
2022; Sun et al. 2022).

The enhanced diabatic heating at the lowest model level is closely associated with
the change in turbulent heat exchange between the underlying surface and the
atmosphere. Figure 6 shows the trends of anomalous surface sensible heat flux and its
two components, linearly determined by anomalous land-air temperature difference and
anomalous wind speed, respectively. It is found that the enhanced diabatic heating (Fig.
4f) 1s quite consistent with the increased upward surface sensible fluxes in three
reanalyses (left panels of Fig. 6). The increased upward sensible heat fluxes are caused
primarily by the increased land-air temperature differences (middle panels of Fig. 6),
rather than by the decreased wind speeds (right panels of Fig. 6). The increased land-
air temperature differences are dominated by the increases of skin temperature, i.e.,
GST, as shown in Fig. 7a. As SAT is increasing over TP, GST is increasing in a larger
magnitude than SAT over TP, indicating that GST plays an active role in warming the
atmosphere over TP via sensible heating. The processes of the warming trend in GST

are further investigated in the next section.

5. Processes of warming trend in skin temperature

In order to understand the causes of the warming trend in skin temperature, the
surface energy balance relation, i.e., Eq. (3), is employed to diagnose what processes

determine the warming. Figure 7 shows the spatial distributions of trends of GST and
14
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its components constrained by the surface energy balance in ERA-5. There is a strong
surface warming occurring in the central and southern TP and Qaidam Basin (Fig. 7a),
which is firstly associated with a decrease of the upward shortwave radiation (USR, Fig.
7¢). By decomposing the USR anomaly into two components linearly determined by
anomalous surface albedo and by anomalous DSR (Figs. 8a, b), it is found that the
decreased USR is dominated by decreased surface albedo, which is further attributed to
reduced snow water equivalent (SWE) (Fig. 8c). Thus, the reduction of SWE enlarges
surface absorption of incident solar radiation, which tends to warm surface and forms
a positive snow-albedo feedback in the accelerated surface warming. The warming
effect of snow-albedo feedback over TP revealed in ERA-5 is also reproduced by both
CRA-40 (Fig. 8d and Fig. S2¢) and JRA-55 (Fig. 8e and Fig. S3c). The decreased SWE
as seen from the reanalyses is confirmed by the CMA observation, in which 56 of 80
stations exhibit significantly consistent decreases of snow depth over TP (Fig. 8f).
Besides the snow-albedo feedback in the accelerated TP surface warming, the
moist process feedback also involves in the warming. There exists an increase of DLR
over TP, which tends to warm surface widely with maximums over the central-eastern
TP and the southern slope of TP (Fig. 7d). The DLR anomaly is further decomposed
into components in terms of Eq. (4), which are illustrated in Fig. 9. The increased DLR
is partly due to the increase of atmospheric water vapor over TP (Fig. 9b and Fig. 10c),
which is significant over the eastern TP and the southern slope of TP. The atmospheric
wetting over TP has a magnitude of approximately two-thirds of that over the
neighbouring oceans, contrasting to the drying over the continents around (Figs. 10a,
b). Significant increases of IWV are found to be over the eastern TP (Fig. 10c). To
examine processes of the atmospheric wetting, Figures 10d-f demonstrate the trends of
terms in the vertically-integrated water vapor budget equation, i.e., Eq. (5). An
intensified surface evaporation which tends to wet the atmosphere but an enhanced
divergence of water vapor flux which tends to dry the atmosphere are found over the

eastern TP (Figs. 10d, f). Although an enhanced convergence of vertically integrated
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water vapor flux occurs over Qaidam Basin and Bayankara Mountain, the overall trend
of convergence of water vapor is negative over the eastern TP. Therefore, the significant
atmospheric wetting over the eastern TP is primarily attributed to the enhancement of
the surface evaporation. Such a process revealed in ERA-5 also exists in both CRA-40
and JRA-55, although the areas of wetting are not exactly the same among the
reanalyses (Figs. S6 and S7). Thus, the moist process feedback in the accelerated TP
surface warming works as follows. An initial surface warming tends to promote the
surface evaporation and moisten the atmosphere aloft over the eastern TP, causing a
further surface warming through increasing DLR.

It is noted that the surface evaporation change is largely constrained by the change
in land-air humidity gradient. Since no surface humidity data is provided by reanalyses,
here the land-air humidity gradient is replaced by the specific humidity difference
between 2m and the lowest model level. The humidity difference between land and air
increases over the eastern TP. As the surface humidity increase is larger than that of the
air humidity over the eastern TP (Figs. 11a, b), the humidity difference between land
and air increases over the eastern TP, indicating that the underlying surface plays an
active role in wetting the atmosphere over TP through the evaporation. The increase of
the surface humidity over the eastern TP is associated not only with the increase in skin
temperature but also with the increase in soil moisture (Figs. 11c, d). Figure 12 shows
the trends of factors which can modulate changes of soil moisture averaged over the
eastern TP during four seasons. In spite of the reduced precipitation in winter, the soil
moisture in winter increases evidently due to the increased precipitation in the
preceding seasons. Thus, the increases of surface moisture play an essential role in the
moist process feedback involving in the accelerated TP surface warming.

However, it is noted that the moist process feedback is only effective over the
eastern TP. Over the western TP, there are two possible processes that may decrease the
surface humidity and thus suppress the surface evaporation. Firstly, increases of surface

temperature may not reach a threshold for ice/snow melt in the western TP where the
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climatological conditions are dry and cold (Fig. 13). Secondly, significant increases in
lake numbers and areas owning to enhanced precipitation in the preceding seasons over
the western TP (Lei et al. 2013; Zhang et al. 2020) may bring more ice surface and cut
off evaporation in winter.

The other two components of anomalous DLR are associated with changes of
cloud and anthropogenic emissions of GHGs. While the changes of cloud tend to cool
the surface of TP (Fig. 9c¢), the anthropogenic emissions of GHGs contribute to the
warming of the central and southern TP (Fig. 9d). In spite of bias in calculating
anomalous DLR by GHGs as a residue in Eq. (4), it is plausible that the increases of
DLR by the anthropogenic GHGs are larger over the surroundings than over TP, since
the thickness of atmospheric column and thus the increases of GHGs are smaller over
TP than over plains. The DLR changes contributed from each component are confirmed
by CRA-40 and JRA-55 (Fig. S4 and Fig. S5), in which increased water vapor is still
the primary driver for the enhancement of DLR over the eastern TP, and the
anthropogenic GHGs mainly contribute to the surface warming over the southern TP.

In summary, the ground surface warming of TP is formed through three key
processes, the snow-albedo feedback, the moist process feedback, and the increases of
anthropogenic GHGs. These warming processes are balanced with the decreases of
incident solar radiation (Fig. 7b) and the increases of upward turbulent heat fluxes (Figs.
7e, f) which result in the surface air warming. For quantifying each process, we average
trends of GST and its components constrained by the surface energy balance over TP
south of 35°N. The trend of GST induced by decreased USR is 0.29 K/dec. In the trend
of GST induced by increased DLR, the increases of IWV and anthropogenic GHGs
account for 0.18 K/dec and 0.15 K/dec, respectively. Therefore, the two local feedback
processes, 1.e., the snow-albedo and moist process feedbacks, explain 47% and 29% of
the total surface warming, respectively, and the external forcing which is primarily

driven by anthropogenic GHGs accounts for 24% of the surface warming. In addition,
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the surface warming over Qaidam Basin is driven primarily by increased DLR, instead

of decreased USR.

6. Conclusions and discussion

The Tibetan Plateau has experienced an accelerated wintertime warming under
global warming, but consensus on its causes has not yet been reached. To attribute and
quantify external forcing and local feedback processes in the accelerated warming, we
firstly investigate the long-term trends of changes in SAT with observational and
reanalysis datasets. Based on high quality reanalyses we then examine this issue by
diagnosing the surface air temperature budget and surface energy balance. To identify
the processes in the atmospheric water vapor change, the moisture budget analysis is
performed. The overall processes for the accelerated wintertime TP warming are
illustrated in a schematic diagram (Fig. 14), and major findings are summarized as
follows.

Significant surface air warming over TP is observed in CMA station records with
three pronounced warming centers located over the central, southeastern and western
TP. All the six reanalyses underestimate the warming rate, but ERA-5, CRA-40, and
JRA-55 have overall good performances in reproducing observed warming in SAT,
compared with ERA-I, MERRA-2 and NCEP-2, which may be associated with the
relatively high resolution of the model generating the reanalysis, as well as the multiple
data sources assimilated.

Enhanced diabatic heating (71%) and increased warm advection by anomalous
southwesterlies (29%) are two major processes determining the surface air warming.
The enhancement of diabatic heating is consistent with the increased upward surface
sensible heat fluxes. The increased sensible heat fluxes are caused primarily by the
increased land-air temperature differences which is dominated by the increases of GST.
As SAT is increasing over TP, GST is increasing in a larger magnitude than SAT,

indicating that GST plays a driving role in warming the atmosphere over TP. The
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increased warm advection is induced by an anomalous anticyclone southeast of TP,
resulting from the large-scale atmospheric circulation changes.

The warming of land surface is attributed to increased surface absorption of
radiation fluxes through three radiative processes. The external forcing is primarily due
to increased emissions of anthropogenic GHGs which contributes to the warming by
249% through increasing downward longwave radiation. Two types of the local positive
feedbacks which are triggered by the land surface warming are found to contribute to
most of the warming. The declines of upward shortwave radiation coincide with
decreased snow water equivalent over the prominent warming areas of TP. The reduced
snow water equivalent increases surface absorption of incident solar radiation, which
tends to warm the surface and form a positive snow-albedo feedback, accounting for
47% of the surface warming. The increases of downward longwave radiation are also
driven by the atmospheric wetting over the eastern TP. The surface warming, which
works with the increased soil moisture due to increased precipitation in the preceding
seasons, tends to increase land-air humidity differences and promote surface
evaporation to moisten the atmosphere aloft. The atmospheric wetting strengthens the
downward longwave radiation and causes a further surface warming, and thus forms a
moist process feedback, accounting for 29% of the surface warming. However, the
moist process feedback is only effective over the eastern TP, as the climatological
conditions of the underlying surface are dry and cold and the frozen lakes are expanded
during winter in the western TP.

This study provides a systematic view on the accelerated wintertime TP warming
in recent decades. The diagnoses imply that the warming is driven not only by the
external forcing of TP such as the large scale atmospheric circulation change and the
anthropogenic emissions of GHGs, but also by the local positive feedback processes.
Predictably, the accelerated warming over TP will persist as the local positive feedback
processes continue to exist in future. Climate model simulations also suggest amplified

warming of TP in cold seasons under warming scenarios, which is likely related to
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increased anthropogenic forcing (Kang et al. 2019; Qu et al. 2020; Wang et al. 2019;
Wu et al. 2022; You et al. 2019; Zhang et al. 2022). However, our study indicates that
changes of atmospheric circulation contribute nearly one-third of the accelerated
warming over TP in recent decades, but the anomalous circulation pattern features
strong internal climate variability. So, there are still large uncertainties in whether the
warming amplification will exist, or the warming can persist over TP in the coming
decades.

In addition, due to the large capacity of heat and moisture storages in ocean, the
accelerated TP warming is slightly weaker than the Arctic Amplification, which is a
noticeable phenomenon under global warming. There are some similarities in the
processes involving in the surface warming of the two “poles”, such as in moist process
feedback (Sang et al. 2022). This may raise an issue on the connection between TP and
Arctic in amplified warming. This has been noticed in recent studies (Bi et al. 2022;
Duan et al. 2022; Zhang et al. 2019), but final conclusion has not yet been reached. On
the other hand, the amplified Arctic and TP warming can significantly affect large scale
atmospheric circulation over Eurasia (Jia et al. 2021; Li et al. 2020; Li et al. 2021; Liu
et al. 2020; Lu et al. 2021; Yu et al. 2021). Important questions that we leave for future
work are whether the two accelerated warming poles can interact with each other and

what their combined climate effects are.
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768 Table 1. Detailed information of six reanalysis datasets used in the study.

Dataset name Horizonal resolution  Vertical resolution ~ Assimilation algorithm

ERA-5 T639 (31km) 137 hybrid level 4DVar

CRA-40 T574 (34km) 64 hybrid level 3DVar

JRA-55 T319 (60km) 60 hybrid level 4DVar

ERA-Interim T255 (80km) 60 hybrid level 4DVar

MERRA-2 0.5%0.625 (50km) 72 hybrid level 3DVar

NCEP-DOE T62 (210km) 28 sigma level 3DVar
769
770

27



771
772
773
774
775
776
7
778
779
780
781
782

783
784

(a) SAT anomaly
30 |

{b) TP site mean Cor
[ T T

relation & Trend
~ | T

13
TP Mean Companon

]

1
074 gy 028 072  ogp ‘
05 ‘— I I I I 042* .‘
0 -
TP Mean Trond (Kidech
06 - 055*

042 04

03T 0 -
043 ozw -4
o
0

"1980 1900 2000 2010 2020 OBS EAAS CRA%0 JAASS EAAY MERRA2 NCEP2
(c) Site SAT trend box (d) Site SAT trend K/dec
. 1
19 ! I i 2N | G
: T v '
05 B r | : I -
i T [lj $ é} B SN
I * -
ol A i 1
05 — i — 25N

\ 80€ GOE 100E
. ‘ 8 0.8 o [ \ 5
ERA-l MERAA2 NCEP2 0 1000 2000 3000 4000 5000 6000 7000 8000

OB ERAS CRAM JRASS
Figure 1. Intercomparison among CMA station observations and six reanalysis datasets
in wintertime SAT anomalies. (a) Temporal variations (K) and linear trends (K/dec) of
80-station averaged SAT anomalies during 1980-2020, in which the black dashed line
represents the CMA observations, the grey shading the range of six reanalyses, and the
solid lines the linear trends of the datasets. (b) Temporal correlation coefficients
between CMA observations and six reanalyses, and linear trends (K/dec) of SAT
anomalies for all the seven datasets. (c¢) Statistical distributions of linear trends (K/dec)
of SAT anomalies among 80 CMA stations. (d) Horizontal distribution of linear trends
of the SAT anomalies for CMA observations (dots; K/dec) and elevation (shading; m),
in which the black circles of stations denote SAT trends with the confidence level
exceeding 95%, and the black curve outlines the TP areas with an averaged altitude

higher than 3000m.
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Figure 2. Horizontal distributions of linear trends of wintertime SAT anomalies (K/dec)
at 2m for (a) ERA-5, (b) CRA-40, (c) JRA-55, (d) ERA-IL, (¢) MERRA-2, and (f)
NCEP-2. The green dots denote the trends with the confidence level exceeding 95%.

The black curve outlines the TP areas with an averaged altitude higher than 3000m.
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Figure 3. Latitude-altitude (top panels) and longitude-altitude (bottom panels) sections
of linear trends of the air temperature (K/dec) averaged over TP for ERA-5 (left panels),
CRA-40 (middle panels), and JRA-55 (right panels). The green dots denote the trends
with the confidence level exceeding 95%. The black rectangle areas represent the TP

regions.
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Figure 4. Horizontal distributions of linear trends of (a) the temperature (K/dec) and its
budget anomalies (K/day/dec) for (b) horizontal advection of climatological
temperature by anomalous wind, (¢) horizontal advection of climatological wind by
anomalous temperature, (d) vertical temperature advection, (e) adiabatic heating, and
(f) diabatic heating on the lowest model level for ERA-5. The black dots denote the
trends with the confidence level exceeding 95%. The green curve outlines the TP areas

with an averaged altitude higher than 3000m.
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Figure 5. Horizontal distributions of linear trends of the 200 hPa (left panels) and 500
hPa (right panels) geopotential height (shading; m/dec) and horizontal wind (vector;
m/s/dec) anomalies for ERA-5 (top panels), CRA-40 (middle panels), and JRA-55
(bottom panels). The white dots denote the trends of geopotential height with the
confidence level exceeding 95%. The green curve outlines the TP areas with an

averaged altitude higher than 3000m.
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Figure 6. Horizontal distributions of linear trends of (a-c) the sensible heat flux
anomalies (Wm™/dec, left panels) and their linear components due to (d-f) land-air
temperature difference anomalies (middle panels), and (g-i) wind speed anomalies
(right panels) for ERA-5 (top panels), CRA-40 (middle panels), and JRA-55 (bottom
panels). The black dots denote the sensible heat flux aomalies with the confidence level
exceeding 95%. The green curve outlines the TP areas with an averaged altitude higher

than 3000m.
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Figure 7. Horizontal distributions of linear trends of (a) the GST anomalies (K/dec)
and its components constrained by the surface energy balance due to changes in (b)
downward shortwave radiation (DSR), (c) upward shortwave radiation (USR), (d)
downward longwave radiation (DLR), (e) surface sensible heat flux (SH), and (f)
surface latent heat flux (LH) for ERA-5. The black dots denote the anomalies with the
confidence level exceeding 95%. The green curve outlines the TP areas with an

averaged altitude higher than 3000m.
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Figure 8. Horizontal distributions of linear trends of (a) the upward shortwave radiation
(USR) anomalies induced by the albedo change (Wm™/dec) for ERA-5, (b) the upward
shortwave radiation (USR) anomalies induced by the downward shortwave radiation
(DSR) change (Wm%/dec) for ERA-5, the snow water equivalent anomalies (mm/dec,
SWE) for (c) ERA-5, (d) CRA-40, and (e) JRA-55, and (f) the snow depth anomalies
(mm/dec) for CMA station observations. The black dots in (a-e) and the black circles
in (f) indicate the anomalies with the confidence level exceeding 95%. The green curve

outlines the TP areas with an averaged altitude higher than 3000m.
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Figure 9. Horizontal distributions of linear trends of (a) the downward longwave
radiation (DLR) flux anomalies (Wm™%/dec) and their components due to changes in (b)
atmospheric water vapor, (c) cloud, and (d) anthropogenic greenhouse gases for ERA-
5. The black dots denote the anomalies with the confidence level exceeding 95%. The

green curve outlines the TP areas with an averaged altitude higher than 3000m.
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Figure 10. (a) Longitude-altitude and (b) latitude-altitude sections of linear trends of
the specific humidity anomalies (0.1g/kg/dec) over TP for ERA-5. Horizontal
distributions of linear trends of (c) the vertically integrated water vapor anomalies
(mm/dec), (d) vertically integrated water vapor flux anomalies (vectors; kg/m/s/dec)
and their convergences (shading; mm/day/dec), (e) the surface evaporation anomalies
(mm/day/dec), and (f) the precipitation anomalies (mm/day/dec) for ERA-5. The black
rectangle areas in (a) and (b) represent the TP region. The black dots denote the
anomalies in shaded fields with the confidence level exceeding 95%. The green curve

outlines the TP areas with an averaged altitude higher than 3000m.
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Figure 11. Horizontal distributions of linear trends of (a) the specific humidity
anomalies (g/kg/dec) at the lowest model level, (b) the specific humidity difference
anomalies (g/kg/dec) between 2m and the lowest model level, (c) the soil moisture
anomalies (kg/m?/dec), and (d) the soil temperature anomalies (K/dec). The black dots
denote the anomalies in shaded fields with the confidence level exceeding 95%. The

green curve outlines the TP areas with an averaged altitude higher than 3000m.
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Figure 12. Linear trends of the precipitation (mm/day/dec), surface evaporation
(mm/day/dec), runoff (mm/day/dec), and soil water (kg/m>*/dec) anomalies in four

seasons averaged over the eastern TP (90-105°E, 26-40°N).
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875  Figure 13. Horizontal distributions of the climatological specific humidity (g/kg) at (a)
876  2m above the surface and (b) the lowest model level, (c) soil moisture (10°kg/m?), and
877  (d)soil temperature (K). The green curve outlines the TP areas with an averaged altitude

878  higher than 3000m.
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Figure 14. A schematic diagram for the quantified key processes involving in the

accelerated wintertime TP warming.
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