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Abstract

Temperature extremes have been related to anomalies in large-scale circulation, but how these alter
the surface energy balance is less clear. Here, we attributed high extremes in daytime and nighttime
temperatures of the eastern Tibetan Plateau (ETP) to anomalies in the surface energy balance. We
find that daytime high-temperature extremes are mainly caused by altered solar radiation, while
nighttime ones are controlled by changes in downwelling longwave radiation. These radiation
changes are largely controlled by cloud variations, which are further associated with certain
large-scale circulations that modulate vertical air motion and horizontal cloud convergence. In
addition, driven by a high-pressure system, strengthened downward solar radiation tends to
decrease the snow albedo, which then plays an important role in reducing upward solar radiation,
especially during winter and for compounding warm events. The results during winter and
summer are generally similar but also present significant differences in terms of the contribution of
variations in snow albedo, surface turbulent fluxes, and horizontal advection of cloud, which hence
need further attention in simulating the high-temperature extreme events in the ETP. Our work
indicates the importance to attribute different temperature extremes separately from the

perspective of energy balance.

1. Introduction and hypotheses

In recent years, increasing trends have been observed
in the frequency, intensity, duration, and spatial
extent of warm extremes (Zhai and Pan 2003,
Seneviratne et al 2014). These trends are projected to
continue in the future (Sillmann et al 2013, Thiery
et al 2021), with one of the most significant signals
detected in the central and eastern Tibetan Plateau
(ETP) (Yin et al 2019). Tibetan Plateau, regarded as
the third pole on the Earth, can modulate the large-
scale circulation features through thermal forcing and
thereby affect the climate in and around it (Li et al
2018, Li et al 2020Db). Since extreme events have pro-
found influences on human life, economic cost, agri-
culture, ecosystems, and hydrology (Easterling et al
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2000, UNDRR 2022), understanding the underlying
mechanism is important to better forecast temperat-
ure extremes and reduce their detrimental impacts.
Previous studies have found that temperature
extremes are frequently accompanied by distinct
large-scale circulation patterns, such as cold spells
or heatwaves in Europe and the North Atlantic
Oscillation (NAO) (Scaife et al 2008, Guirguis et al
2011, Simmonds 2018, Li et al 2020a), warm Arctic
and a pattern resembling the positive phase of NAO
with a Ural blocking located at its eastern flank (Park
et al 2015, Luo et al 2016, Park and Lee 2019, Tian
etal2022), and winter temperature extremes in China
and the Arctic Oscillation (You et al 2013, Ding et al
2018). These linkages have previously been attrib-
uted to (1) the advection of warm air (Schumacher
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etal 2019, Zhou and Yuan 2022) and the intrusion of
moisture, which tend to enhance downward longwave
radiation (Alekseev et al 2019); (2) the high-pressure
system and thus clear-sky condition, which can amp-
lify the downward solar radiation (Trigo et al 2004);
(3) large-scale subsidence and adiabatic heating (Li
et al 2021); and (4) local land—atmosphere inter-
actions, especially through surface turbulent fluxes
(Fischer et al 2007, Miralles et al 2014).

However, how the large-scale circulations are
manifested in surface air temperature is still not clear
in the Tibetan Plateau. The anomalously warm winter
(2016/2017) is reported to be caused by both atmo-
spheric dynamics (i.e. energy transport by convective
and large-scale atmospheric motions) and regional
heat budget (i.e. variations in albedo and surface tur-
bulent heat fluxes) (Zhang et al 2022). Yet, the gen-
eral quantitative attribution of sub-seasonal warm
events is still inadequate. Therefore, our goal here is
to better identify the main causes of the occurrence
of intraseasonal extreme temperatures from the per-
spective of surface energy balance, which has been
widely used in the study of land—surface interaction
(e.g. Lu and Cai 2009, Lesins et al 2012, Gong et al
2017, Lee et al 2017, Zeppetello et al 2020, Sato and
Simmonds 2021).

To do so, we first decompose the anomalies
in the 2 m air temperature into the contribution
of advective, diabatic, and adiabatic heating fol-
lowing the method of Roéthlisberger and Papritz
(2023). Considering that diabatic heating is the major
cause of the extreme heat in the Tibetan Plateau
(Rothlisberger and Papritz 2023), we further invest-
igate positive temperature anomalies due to diabatic
heating by looking at deviations in the climatolo-
gical mean surface energy balance during the occur-
rence of high-temperature extremes, which are then
linked to anomalies in atmospheric circulation. The
surface energy perturbations relate to anomalies in
net shortwave radiation (AR;), downward longwave
radiation (ARy), surface turbulent fluxes (AJ), and
residuals (AQ, mostly due to changes in ground heat
fluxes) (Lesins et al 2012, Lee et al 2017). While AR
is generally related to variations in cloud cover and
snow albedo, ARy is largely determined by cloud
cover, atmospheric water vapor, and near-surface air
temperature, as reflected in semi-empirical paramet-
erizations (Brutsaert 1975, Crawford and Duchon
1999). As for the sensible and latent heat fluxes, their
sum (A]) tends to self-adapt as they are mostly con-
strained by the radiative forcing and thermodynamics
(Kleidon et al 2014), while their partitioning is related
to the soil moisture availability (Koster et al 2009).
Compared with other terms, the magnitude of AQ
is much less on the Tibetan Plateau (Su et al 2017).
What this then means is that temperature anomalies
are dominated by changes in radiation. Furthermore,
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daily maximum temperatures relate primarily to the
magnitude of solar radiation, while daily minimum
temperatures to longwave radiation (Zhao et al 2020).
We can thus hypothesize that extremes in maximum
temperature and minimum temperatures might be
primarily related to changes in solar radiation and
longwave radiation, respectively.

We test our hypothesis by evaluating high-
temperature extremes of the ETP during the years
from 1979 to 2018, using China meteorological sta-
tion data combined with ERA-5 reanalysis data.
Land—atmosphere interaction observations (Ma et al
2020) in conjunction with NASA CERES Synldeg
satellite dataset (CERES) are also adopted to cross-
check the results. We first identify high-temperature
extremes as those outside the 0%—-95% range and
calculate the anomalies in the surface energy bal-
ance during these periods. Then, the driver is further
investigated by separating the effects on downward
longwave radiation using a semi-empirical paramet-
erization (Brutsaert 1975, Crawford and Duchon
1999) into contributions from atmospheric effect-
ive emissivity (controlled by cloud cover fraction
and specific humidity) and air temperature (which
is also taken as the atmospheric heat storage), which
are derived with a more solid physical basis instead
of purely empirical estimation. Since solar radiation
has a strong diurnal variation and it also signific-
antly influences the diurnal range of turbulent heat
fluxes, the main causes for extremely warm days
(WDs) and nights are likely to be different. We then
relate these differences in radiation to the specific
synoptic setting. Anticyclones are generally charac-
terized by the absence of clouds, which favors the
penetration of solar radiation during daytime and
is likely to cause positive anomalies of maximum
temperature, while cyclones are usually accompan-
ied by more clouds and inhibit radiative cooling at
night, thus possibly increasing the minimum tem-
perature (Luo et al 2022). To relate the occurrence
due to these synoptic conditions, we thus distinguish
between three kinds of warm extremes: independ-
ent warm day (IWD) extremes, independent warm
night (IWN) extremes, and compound warm (CW)
extremes that show extremes for both maximum and
minimum temperatures, similarly as defined in Chen
and Zhai (2017) and Luo et al (2022).

This paper is organized as follows: section 2
describes how extremes in 2 m air temperature are
identified and formulates our approach to estimat-
ing temperature deviations from anomalies in surface
energy balance components. In the results section, we
first present the decomposition of the anomalies in
2 m air temperature, with the contribution of diabatic
heating further explained by variations in the surface
energy balance, which are then related to the syn-
optic changes before and after the occurrence of the
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extremes. After that, we discuss the potential limita-
tions of our methodology, investigate the variations
of the mechanisms of the heat extremes as heatwave
evolves and among seasons, and finally describe some
broader implications. We close with a brief summary
and conclusions.

2. Data and methods

2.1. Study region and data

We focus our analysis on the ETP (ETP, 90°E-103E°,
27 N°—40 N°, as is indicated by the bold black rect-
angle in figure 3), which has a large number of
weather stations (73 stations), while the western part
(76°E—89 E°, 27 N°—40 N°), has only 13 stations.

To select the high-temperature extremes, the
observed maximum and minimum 2 m air temper-
atures (Thax, obs and T'nin, obs) data from Dataset of
Daily Climate Data from Chinese Surface Stations
(V3.0) (National Meteorological Information Center
2019) during winter (DJF, December, January, and
February) and summer (JJA, June, July, and August)
spanning from 1979 to 2018 is used. For these station
data, data quality control and homogeneity adjust-
ment are performed using RclimDex (Zhang and
Yang 2004) and RHtestsV3 software packages (Wang
and Feng 2010), respectively.

To attribute the temperature anomalies, hourly
data from ERA5 data (Hersbach et al 2018) are used,
including 2 m temperature (T,), skin temperature
(Ts), surface downward solar radiation (Ryq), surface
upward solar radiation (Ry, ), surface downward long-
wave radiation (Ryq), surface latent heat flux (LE),
surface sensible heat flux (H), total cloud cover (f.),
surface water vapor pressure (e,, which is calculated
using dew point temperature), averaged soil mois-
ture within 0-289 cm underground (SM), geopoten-
tial height on 500 hPa (Z500), vertical velocity on
500 hPa, surface 10 m U-wind speed (u1op), sur-
face 10 m V-wind speed (vjon ), surface pressure (ps),
total water vapor, snow albedo, and vertically integ-
rated convergence of the fluxes of frozen cloud, liquid
cloud, and moisture.

Before starting the analysis, we first compare
the temperature anomalies from observation and
ERA5 data during winter and summer (figures S1
and S2). Generally, good agreement can be observed
between the two datasets (AT,gras and AT, ops),
especially in terms of maximum temperature anom-
alies (R? = 0.9), and the deviations are noted and ana-
lyzed in Text. SI.

Finally, to double-check the results, air temper-
ature, radiation, and surface turbulent fluxes from
land—atmosphere interaction observations (Y. et al
2020) and cloud cover from NASA CERES Synldeg
satellite dataset (CERES, Doelling et al 2013,2016) are
also adopted to repeat the analysis.
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2.2. Identification of high-temperature extremes
High-temperature extremes are identified based on
the following four steps using observed Tynx and
Twin, (ie. ThMaxobs and TMin,obs):

(1) The seasonal cycle is removed by subtracting the
multi-year average for every calendar day, and
then the annual trend is removed by subtracting
monthly-mean Ty (also for Tyin) for each year
from daily observations.

(2) High-temperature extremes for day and night
are selected as those days at which regional-
mean Thax > TMay, o5th for daytime extremes and
Twin > Tin, o5th for nighttime extremes. The
region-mean anomalies derived in this way are
shown in figure S3.

(3) Consecutive extreme WDs or nights are merged
to get the WD and warm night (WN) events
while keeping at least three days separation
between every two events. More than 95% of the
high-temperature extreme events last no more
than 3 d (tables S1 and S2).

(4) High-temperature extreme events are divided
into three kinds: (1) IWD, when no WN event
occurs within 24 h before or after a WD event,
(2) IWN, when no WD event occurs within 24 h
before or after a WN event, and (3) CW, when
WN and WD events occur simultaneously in no
more than 24 h apart from each other. The fre-
quency and temperature evolution are shown in
tables S1, S2, and figure S3. Since WDs precede
WNs in more than 90% of the CW events, the
other case in which compound events started
with a WN are excluded from this work.

With the support of statistic investigation in
figures S1 and S2, we then decompose the anom-
alies of air temperature and further analyze the related
driver based on ERAS5 data, using the dates at which
the extremes occurred in the observed temperatures

(Tmax,obs and Tmin,obs)~

2.3. Decomposition of changes in air temperature
According to Rothlisberger and Papritz (2023), tem-
perature anomalies can be decomposed as,

A T,= A Tdiabatic +A Tadvection +A T diabatics ( 1)

where AT, represents the anomaly of 2 m air temper-
ature, the three terms on the right side of equation (1)
are the contributions of adiabatic heating, heat advec-
tion, and diabatic heating, which can be further cal-
culated as equations (2)—(4),

kT,
A Tadiabatic=—— w, (2)
Ps
oT. T, oT.
ATa vection — - m — m - ; 3
dvect axulo—FayVlo +8pw (3)
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ATdiabatir: = fA T, (4)

where x = 0.286 is Poisson’s constant, ps is surface
pressure, w is the surface vertical velocity (which is
calculated using pressure variation), u;omy, and vyop, are
surface 10 m wind velocity. Equation (4) is obtained
with the hypothesis that the changes in air temper-
ature due to diabatic heating can be calculated using
skin temperature variation (AT;), considering the
consistency of variations in air and skin temperature
(Lee et al 2017, Zeppetello et al 2020). fis the land—
surface air temperature sensitivity coefficient to dia-
batic forcing, and we here assume f = 1 based on the
work of Lee et al (2017) and Zeppetello et al (2020).
With equation (4), we can further attribute A Tyiabatic
to anomalies in surface energy balance, which
writes as,

(1—a)RSd+R1d—Rlu—LE—H=Q, (5)

where Ry is the downward solar radiation, a =
Ry /Ryq is the surface albedo (R, is the upward solar
radiation), Ryq is the downward flux of longwave radi-
ation, Ry, is the emitted upward flux of longwave radi-
ation, LE is surface latent heat flux, H is surface sens-
ible heat flux, and Q the ground heat flux. Note that
the radiation terms are downward positive and tur-
bulent heat flux is upward positive. By using Ry, =
oT.* for Ry, (with o being the Stefan—Boltzmann
constant) and differentiating equation (5), we can
express AT as,

AT;

4Gi3

(6)

In this way, changes in the skin temperature can be
attributed to the six components represented by terms
on the right-hand of equation (6).

Considering the significant role that Rjq plays in
global warming, we further determine the driving
factors of the anomaly in Ry4 using the semi-empirical
expression from Brutsaert (1975) and Crawford and
Duchon (1999),

Rld:€aJTa4, (7)

where ¢, is the effective atmospheric emissivity. By
differentiating equation (7), we can then express an
anomaly ARy as

ARy=0T, A, + 405 T, AT,, (8)

and attribute these to either variations in atmo-
spheric emissivity (ARj4 ) or atmospheric heat stor-
age (ARyj4r), which are the first and second term
at the right hand of equation (8), respectively. The
effective atmospheric emissivity is related to cloud

(1 —a) ARy — RyAa+ ARy — ALE— AH— AQ
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fraction (f.) and water vapor pressure (e,) as in
Brutsaert (1975) and Crawford and Duchon (1999),

ca=fot (1 1) (1'24@1);)' 9)

With equation (9), we can thus decompose
changes in emissivity into contributions by cloud
fraction (Agy.) or atmospheric humidity (Ae,, ) (cor-
responding to the first and second term at the right
hand of equation (9), respectively; the term related to
AT, is relatively small in magnitude, thus is ignored
here),

a

e\ 7
Ay~ | 1—-1.24 = JAVA
s (%) )

+&ﬂAea. (10)

7 (e—a)6/7(Ta)l/7
3. Results

3.1. Decomposition of the air temperature
Considering that the increase in extreme heat events
is stronger in winter than in summer over the ETP
(Liu et al 2006), we here only present the results of
winter in the main text, with the results of the sum-
mer season provided in Supplementary Information
and analyzed in the Discussion section. Figure 1(a)
shows the decomposition of the anomalies in air tem-
perature during warm extreme events in winter, and
the corresponding evolution is shown in figure S4.
Generally, the extreme heat events in the winter ETP
are controlled by diabatic heating, which increases
the air temperature to around 2—4 K, with advection
and diabatic heating contributing to less than 0.5 K.
This is consistent with what Rothlisberger and Papritz
(2023) has found in the ETP and can be explained by
high altitude and thus stronger sensitivity of the radi-
ation there.

Figure 1(b) attributed the diabatic heating term
to variations in surface energy balance, and the
changes in Ryg are further explained in figures 1(c)
and (d) based on the semi-empirical equations. We
find that independent extreme events during the
day (IWD) are caused by increases in solar radi-
ation, with the changes in albedo (AT_, ) and down-
ward solar radiation (ATgy) contributing around
40% and 60%, respectively. Although increases in
air temperature can strengthen downward longwave
radiation (ARy,7), this positive anomaly is offset
due to less atmospheric emissivity (ARjq.) during
IWD. The nighttime extremes (IWN) are domin-
ated by increases in downwelling longwave radiation
(ATgig), which is mostly caused by enhanced emissiv-
ity (ARyg,-) due to increased cloud cover (Aey ), while
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Figure 1. Decomposition of air temperature anomalies during high-temperature extreme events during winter IWD =
Independent Warm Days; IWN = Independent Warm Nights; CW: Compound events during (D) days and (N) nights). The
average and spread among events of (a) regional-mean anomalies of air temperature due to diabatic heating (A Tgiapatic ), adiabatic

heating (A Tydiabatic )» horizontal heat advection (A Thorizontal advection =

% Ulom~+ %—T; V1om), and vertical heat advection

(A Tyertical advection = %71;“ w) (cf equations (1)—(4); (b) regional-mean anomalies of air temperature due to changes in the surface

albedo (AT_, ), downward solar radiation (ATgsq), downward longwave radiation (ATgyq), surface latent heat flux (AT_yg),
surface sensible heat flux (AT_p), and ground heat flux (AT_q) (cf equation (6)); (c) regional-mean anomalies of Ry due to
changes in emissivity (AR|q¢ ) and near-surface air temperature (ARyj4, 1) using Brutsaert’s (1975) parameterization

(cf equation (8)); (d) regional-mean anomalies of emissivity due to changes in cloud cover change (Aey ) and water vapor
pressure (Ae,,) using Crawford and Duchon’s (1999) parameterization (cf equation (10)). Note that the vertical scale is different
in the four panels. The box plot with stars has statistical significance at the 95% confidence level, with the significance test
conducted following Lesk et al (2016). The stars indicate the event-mean value, with red and blue ones indicating heating and
cooling effects, respectively. Boxplots show the range of all events present in table S1, no matter how many days the events last.

moisture anomalies (Ae,, ) add to changes in emissiv-
ity to a limited extent during IWN. As for the com-
pound events (CW), its daytime witnesses both pos-
itive anomalies in shortwave and longwave radiation,
with the former approximately twice as high as the lat-
ter and largely led by decreased surface albedo, while
its nighttime condition resembles the setting during
the independent WNs.

In comparison with radiation, a significantly
positive change in turbulent heat fluxes (AT_g+
AT_p) does not appear to take place because the
cooling and heating effect of AT_;p and AT_p gen-
erally compensate with each other, which hence plays
no role in shaping the high-temperature extremes in
the winter ETP.

3.2. Drivers of the anomalies in the surface energy
balance

Considering the predominant role that anomalies in
radiation play in shaping high-temperature extremes,
the causes of radiation changes are further analyzed.

To do so, we evaluate the time-mean value and evol-
ution of the anomalies in related fields (figures 2 and
$4), including components in surface energy balance,
total cloud cover, total water vapor, snow albedo,
snow moisture, vertical motion of air, and horizontal
convergence of clouds and water vapor, which are
then linked to anomalies in atmospheric circulation
(figure 3). Figure 2 presents results related to events of
one-day length because they account for most of the
extreme events (tables S1 and S2), but longer events
show similar patterns (figures S5-S8).

The IWD extreme events are accompanied by
decreased snow albedo (figure 2(g)), which then
increases the net solar radiation by around 8 W m—2
(figure 2(c)). In addition, IWD is preceded by a per-
sistent anticyclone (figure 3), which favors large-scale
subsidence (figure S4(e)) and suppresses the forma-
tion of clouds (figure 2(e)), thus increases the atmo-
spheric transmittance and allows more solar radi-
ation to penetrate (around 12 W m~2) and heat the
ground (figures 2(a) and (b)). It is notable that before
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Figure 2. Temporal evolution of anomalies in (a) the skin and air temperature, (b) downward shortwave and longwave radiation,
() solar radiation due to surface albedo changes, (d) surface latent and sensible heat fluxes, (e) cloud cover fraction, (f) total
water vapor, (g) snow albedo, and (h) average soil moisture of 0-289 cm underground for one day-lasing independent warm day
events (IWD), independent warm night events (IWN), and the compound warm events (CW) in winter. Results in figure (f) are
vertically integrated values. Vertical solid and dashed-dotted lines mark the extremely warm day and night events, respectively.
The box plot shows the mean value and ranges among events, with the upper and lower whistles presenting 95th and 5th, and the
upper and lower edge of the box presenting 75th and 25th. Heavy lines are Loess fit lines. Heavy color boxes present the value with
statistical significance at the 95% confidence level, with the significance test conducted following Lesk et al (2016). Note that the

vertical scale and units are different in the different panels.

IWD, positive anomalies in the decreased cloud and
increased downward solar radiation can already be
observed, which contributes to melting the snow
and reducing the surface albedo (figures 2(b) and
(c)). Although the convergence of liquid and frozen
clouds is also reduced during IWD (figures S4(f) and
S4(g)), the anomalies are not significant, meaning
that the subsidence of air is the dominant cause of
cloud reduction. On the contrary, the IWN extreme
events are controlled by a low-pressure system and
upward motion, which favors the formation of cloud
cover. Meanwhile, IWNs also experience a signific-
antly strengthened convergence of cloud liquid or
frozen water, which further adds to the total cloud
cover. The increase in the cloud leads to an increase in
downward longwave radiation by around 20 W m—2.
Different from independent warm extreme events,
CW events witness an equatorward Rossby wave that
originates from the Arctic and passes through the
Eurasian continent. The propagation of this Rossby
wave leads to a quick shift from high-pressure to a
low-pressure system over the ETP, which not only
favors large-scale subsidence and clear-sky conditions
during daytime but also brings in more convergence
of cloud-frozen water flux over the region in the fol-
lowing night, therefore strengthening the magnitude
and extension of the warm extreme event. To be more
specific, 24 h before the CW(D), enhanced downward

solar radiation due to the overlying anti-cyclone leads
to an increase in temperature and a decrease in
snow albedo. After that, on the one hand, increased
atmospheric heat storage adds to downward long-
wave radiation (ARy 1, figure S4(d)), which prevents
the surface to cool down; on the other, decreased
snow albedo further enhances the absorption of solar
radiation, which in return melts more snow cover.
As a result, during CW(D), the positive anomalies
in atmospheric storage and negative anomalies in
the snow albedo contribute to the increase of sur-
face radiation by around 5 W m™2 (ARyq ) and
15 W m~?2 (—RyAa), respectively. And then during
CW(N), stronger atmospheric heat storage (ARyq, 1)
and emissivity (ARjy.) add to surface radiation by
around 10 W m™~2, respectively.

To further ensure the robustness of our results,
we repeat the analysis using the hourly data from
the near-ground observation sites (Ma et al 2020, the
site information is in table S3) in conjunction with
CERES satellite data of cloud cover and radiation
from 2005 to 2016 (Doelling et al 2013, 2016), and
the results are shown in figure S9. Figure S9 gener-
ally verifies the robustness of the contribution of radi-
ation to high-temperature extremes, but also stresses
the necessity to use observation data for Tibetan
Plateau analysis, especially in the western part with
complex topography.
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~UTC 07:00

~UTC 00:00

Figure 3. The evolution of geopotential height anomalies on 500 hPa before and after one day-lasting independent warm extreme
events (IWD, the first column), independent warm night extremes (IWN, the second column), and compound events (CW, third
column). Shading presents the anomalies of geopotential height, with the dots indicating values statistically significant at the 95%
confidence level. The anomalies of geopotential height are plotted from 24 h before (the first row) to 24 h after (the last row) the
IWD and CW events are triggered, while from 41 h before (the first row) to 7 h after (the last row) the IWN events. According to
ERAS5 hourly data, daily Tmax and Tmin over the winter Tibetan Plateau generally occur around UTC 07:00 and UTC 00:00,
respectively. The solid purple polygon and black rectangle indicate the Tibetan Plateau and its eastern part.

4. Discussion

One of our most important assumptions is that the
variation of the skin temperature can explain the dia-
batic contribution to changes in near-surface air tem-
perature (i.e. f =1, or ATgibatic ~ AT). As shown
in figure 1(a), most of the air temperature anomalies
during extremes are explained by anomalies of the
diabatic heating (i.e. AT, = AT4iabatic). Furthermore,
a great agreement can be observed in figures 2(a), S1
and S2 between AT, and AT,, with R? generally lar-
ger than 0.8 (i.e. AT, ~ AT,), which is also reported
by Lee et al (2017), Zeppetello et al (2020). Hence,
the dominance of diabatic heating in shaping high-
temperature anomalies in the ETP and the consist-
ency between variations in skin and air temperature
together support our key hypothesis above. As a res-
ult, although the land—surface sensitivity ratio fis not

exactly equal to 1, the bias does not seem to affect our
interpretation. But more attention is in need for stud-
ies in other regions and time scales.

While we focus here on the role of anomalies in
snow albedo and cloud cover and their effects on
radiative fluxes, previous studies attributed extreme
events to anomalies in heat advection, sensible heat
flux, and adiabatic heating (Fischer et al 2007,
Schumacher et al 2019, Li et al 2021). On the one
hand, no significant positive changes in these three
terms are found in figures 1(a) and (b), exclud-
ing these as the alternative direct driver of high-
temperature extremes in winter ETP. On the other
hand, by increasing air temperature (AT,), these
suggested alternatives could indirectly result in sur-
face warming by enhancing the downwelling long-
wave radiation through ARy4 1, but not by Ae, which
results in the contribution ARy . (equation (8)).
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However, our results show that ARj4 . generally con-
tributes more than ARy4 r (figure 1(c)). This implies
that the warming at night over the ETP originates
primarily due to a cloud cover change, and not due
to the suggested alternatives. Therefore, our interpret-
ation of the dominant effect of snow variation and
cloud cover changes in shaping extreme temperatures
of the ETP during winter appears to best explain our
findings.

Here, we have only evaluated the triggering of
extreme temperature events. This raises the question
of how our findings relate to the mechanisms involved
in developing heat waves. Previous studies have found
that the mechanism for heat waves in Eastern Asia
might vary with their life stages (Seo et al 2021).
Hence, we present the analysis with a longer time win-
dow of events in figures S5—-S8. We find that with the
increasing life of the heat extreme events, the con-
tribution of adiabatic heating will slightly increase,
which might correspond to a more lasting down-
ward motion. Moreover, with the heat extremes last-
ing longer, the contribution of heat storage to the
downward longwave radiation (ARy4 r) is also larger,
which prevents the temperature from cooling down
after being heated during the daytime. And as the
event develops, the sensible heat flux will gradually
increase to add to the atmospheric heat storage, which
is consistent with previous work (Miralles et al 2014,
Schumacher et al 2019). What this shows is that while
we evaluated the main drivers for extreme temper-
ature events of the ETP, there may be other factors
playing a role when it comes to heat waves, with
the relative contributions changing as a heat wave
develops.

The results above emphasize the importance of
changes in cloud cover and snow albeodo in winter
warm extremes over the ETP and establish a mech-
anistic link to anomalies in the circulation, which
also explains most parts of the warm events during
summer. Besides, compared to the winter events, the
summer cases have the following differences (figures
S$10-S16): first, the contribution of diabatic heat-
ing is more dominant, compared to advection and
adiabatic heating; second, the anomalies of down-
ward solar radiation (ARy4) are relatively larger dur-
ing extremely WDs, reaching as high as 70 W m~2;
third, under stronger radiative forcing, the surface
turbulent heat fluxes have a cooling effect, with both
latent and sensible heat flux significantly increased,
which is not observed in winter due to lower mag-
nitude of solar radiation and higher sensitivity of tem-
perature to radiation forcing (larger 401?3 in winter,
seeing equation (6)) and thus lower Bowen ratio
(Kleidon and Renner 2013); fourth, the effect of cloud
increase on emitting more longwave radiation down-
ward (Agr) during WNs is weaker (which can be

T . . .
attributed to (1 — 1.24()”) being less in the moister
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summer); and fifth, the anomalies in the horizontal
convergence of cloud water have little significance
during summer warm extreme events. These sug-
gest that our interpretation may be specific to the
region and seasons, with further effort in need of
other temporal-spatial scales.

Our interpretation that anomalies in radiation
are the main cause of high-temperature extremes has
direct implications for expected trends with global
warming. Observations show that nighttime temper-
atures respond more sensitively to an increase in the
greenhouse effect than daytime temperatures, thereby
reducing the diurnal temperature range (Easterling
et al 1997, Kleidon and Renner 2017). This effect can
be explained by the buffering effect of the convect-
ive boundary layer and the strong diurnal variation of
turbulent fluxes on land (Kleidon and Renner 2017).
Our results are consistent with these observations and
interpretations. In the compound events, the radi-
ative forcing is around 20 W m~2 during day and
night (figure 2(b)), but the associated nighttime tem-
perature anomaly is as high as 5 K while only 2.5 K
during the daytime (figure 2(a)). This stronger tem-
perature sensitivity at night can also be found dur-
ing summer events. Since global warming is mostly
associated with an increase in downward longwave
radiation, we would expect that warm extremes at
night become more frequent and intense than day-
time extremes.

5. Summary and conclusions

We analyze high-temperature extreme events of the
ETP and attributed these events to anomalies in the
surface energy balance. We find that extremely WDs
are caused by greater solar radiation warming because
of less cloud cover and reduced snow albedo, which
are associated with large-scale subsidence controlled
by a persistent high-pressure system. Extremely WNs
are mainly caused by increases in downward long-
wave radiation due to clouds related to the pres-
ence of a low-pressure system. Compound events
are associated with an equatorward Rossby wave,
which led to a change in the radiative conditions that
favored both, extremely warm daytime and night-
time temperatures. Hence, in all cases, the direct cause
for the extreme temperatures is radiation anomalies
that are caused by changes in cloud cover and snow
albedo associated with specific synoptic conditions.
Nevertheless, it should also be noted that although
the general mechanism of summer is consistent with
winter, the contributions of snow albedo, surface tur-
bulent fluxes, and cloud advection might vary with
seasons. Therefore, the extent to which this interpret-
ation holds more generally also in other time scales
and regions would need to be explored in further
research.
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