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Abstract

The unprecedented heat event over the middle-lower Yangtze River Basin (YRB) in August 2022 had disastrous socio-
economic impacts. Based on the general mechanism of multi-year surface air temperature (SAT) variation in August, this
study focuses on the key local atmospheric processes responsible for the record-breaking event in 2022. We firstly propose
that through hydrostatic adjustment, the local atmospheric perturbation thickness (APT) between 1000 and 500 hPa is the
most crucial factor dynamically influencing the SAT over the YRB in August. Net diabatic heating from the surface affects
the SAT thermodynamically at the same time. Analysis of the geopotential thickness tendency reveals that vertical motion
(w) and diabatic heating (Q) within the air column significantly affect the thickness of the air column in August, highlight-
ing the pivotal role of the interaction among local APT,w, and Q. The specific performance is that the downward motion
and enhanced Q within the air column lead to increased local APT. Meanwhile, the increased APT and downward motion
amplified the Q above the surface by reducing cloud cover. Therefore, thermodynamic processes are initiated by dynamic
processes and exert a reciprocal influence on them. The results exhibit that this heat event was driven by both the hydrostatic
adjustment of dynamic processes and diabatic heating of thermodynamic processes, with the dynamic processes playing a
dominant role. Moreover, the APT and w serve as crucial bridges through which upper-level atmospheric circulation affects
the SAT. Additionally, despite these large-scale interannual processes, synoptic regional foehn effect should be taken into
consideration.

Keywords Record-breaking heat event - Local atmospheric processes - Atmospheric perturbation thickness - Hydrostatic
adjustment

1 Introduction Central Meteorological Administration of China issued

high-temperature warnings for 41 consecutive days, which

In August 2022, extreme and prolonged heatwaves struck
the middle-lower Yangtze River basin (YRB). The maxi-
mum daytime (nighttime) maximum temperature in cities
within the YRB reached 42 °C (30 °C), which set a new
record (Yuan et al. 2023). From July 21 to August 30, the
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were lifted on August 30. This climate event marked the
most severe and large-scale heat and drought episode in this
region since 1961. The extreme heat and drought triggered a
series of adverse effects, including the Poyang Lake entering
a drought period 100 days earlier than usual, with over 4.421
million square kilometers of arable land suffering reduced
crop yields. Additionally, 4.99 million people and 920,000
livestock faced drinking water shortages (Xia et al. 2022),
while Sichuan Province experienced power shortages and
large-scale wildfires erupted in Chongqing (Lu et al. 2023).

Researchers have conducted extensive studies on this
extreme event. The findings of Gong et al. (2024) indicated
that all of the natural variability, anthropogenic forcing, and
natural forcing have significant impacts on this event, with
natural variability as the predominant factor accounting for
60% of the intensity of this extreme heat, which is primarily
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attributed to the internal atmospheric circulations. About
50% of the intensity is linked to anthropogenic forcing,
while the natural forcing (particularly the volcanic eruption
in Tonga in early 2022) partially mitigated the warming
effect of anthropogenic forcing, contributing around —10%.
Additionally, the reduction of anthropogenic aerosols posi-
tively influenced the radiative balance, further contributing
to this extreme heat event (Zhang et al. 2023a). In general,
the atmospheric circulations associated with this extreme
heat were not directly induced by external forcing, but were
primarily driven by the atmospheric natural variability (Hua
et al. 2023). Therefore, this study aims to figure out the key
atmospheric processes that influenced this extreme heat
event.

Among the atmospheric natural variabilities, local atmos-
pheric factors are directly responsible for the occurrence of
heat extremes. Existing studies have identified that strong
downward motion at 500 hPa is the key local atmospheric
factor featuring this extreme heat event (He et al. 2023; Hua
et al. 2023; Tang et al. 2023; Wang et al. 2023; Yin et al.
2023; Yuan et al. 2024; Huang et al. 2024). The subsidence,
primarily induced by the eastward extension of the south
Asian high at 200 hPa and the westward extension of the
northwestern Pacific subtropical high (NWPSH) at 500 hPa,
reduced cloud cover and increased the shortwave radiation
reaching the surface, elevating the surface air temperature
(SAT). The overlap of mid- to upper-level (anticyclonic)
high-pressure systems generated intense subsidence (Hua
et al. 2023; Tang et al. 2023; Zhang et al. 2023b; Gong et al.
2024; Huang et al. 2024; Liao et al. 2024; Yuan et al. 2024).
Additionally, the upper-level easterly wind anomaly is an
important factor (He et al. 2023; Wang et al. 2023). The
Tibetan Plateau acts as a heat source in summer, with the
isentropic surfaces above it being lower than those in sur-
rounding areas, and the YRB located at the south edge of
the anomalous south Asian high and experienced anoma-
lous easterly. Due to isentropic motion, the dry air advection
caused by the local upper-level easterly wind also contrib-
utes to the initiation and maintenance of downward motion
over the YRB. Therefore, the downward motion anomaly at
500 hPa, the mid- to upper-level geopotential height anoma-
lies, and the upper-level zonal wind anomaly are closely
linked with the anomalous SAT over the YRB.

Despite the above local dynamic processes, local ther-
modynamic processes may also play important roles. The
positive feedback between soil moisture and air temperature
played a significant role in amplifying the intensity of this
extreme heat event. Specifically, the heatwave and drought
in July 2022 significantly impacted the subsequent extreme
heat in August through the soil moisture-temperature feed-
back mechanism (Jiang et al. 2023). Firstly, dry soil contrib-
uted to a decrease in near-surface water vapor, with more
solar radiation reaching the land surface to warm the surface
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air. Secondly, reduced evaporation diminished the evapo-
rative cooling effect and intensifying land-surface heating
of the lower atmosphere, which dried the soil. Lastly, the
increased surface temperature facilitated the maintenance
of local high-pressure systems, inhibiting precipitation and
further desiccating the soil, thereby forming a positive feed-
back (Fischer et al. 2007; Zhang and Wu 2011; Miralles
et al. 2019; Wang et al. 2019; Thompson et al. 2022; Qiao
et al. 2023; Gong et al. 2024; Ni et al. 2024). It is worth
noting that there exists a nonlinear interaction between the
land—atmosphere coupling within the natural variability and
global warming induced by human forcing, with each factor
serving to amplify the consequences of the other (Qiao et al.
2023; Zhou 2024).

Some researchers attempted to link SAT with local atmos-
pheric perturbation thickness (APT). Struthwolf (1995)
established empirical relationships between maximum SAT
and APT under various weather conditions across different
seasons, with all correlation coefficients exceeding 0.95.
Massie and Rose (1997) found that the APT from the model
forecasts could be used for SAT forecasting. Rose (2000)
demonstrated that the APT could be successfully applied
in operational forecasting for SAT. Darand (2020) showed
that the correlation coefficients between the monthly aver-
aged SAT and APT in 1000-500 hPa reached about 0.8 for
all months. The theoretical basis for the linear relationship
between APT and SAT lies in the quasi-hydrostatic balance
within the atmosphere and the hydrostatic adjustment pro-
cesses involved.

Quasi-hydrostatic balance and quasi-geostrophic balance
are two essential equilibrium relations in the geophysical
fluid dynamics. When a certain dynamic equilibrium is dis-
rupted, physical mechanisms must act swiftly to restore it,
allowing us to frequently observe these quasi-equilibrium
states. These processes are defined as the adaptation of
dynamic equilibrium (Ye and Li 1965). The perturbation
hypsometric equation illustrates that the APT and the mean
temperature anomaly mutually adapt to each other. Changes
in the APT lead to corresponding changes in the mean tem-
perature, and vice versa (Li et al. 2022). Through acoustic
and acoustic gravity waves, the unbalanced energy between
the thickness field and the temperature field in a confined
space is dispersed throughout the entire space, resulting in
the unbalanced energy in per unit volume approaching zero.
Therefore, the fluctuations and imbalance phenomenon dis-
appears, the field adaptation is completed, and a new equi-
librium is formed (Hu and Zou 1991; Bannon 1995, 1996;
Sotack and Bannon 1999; Chagnon and Bannon 2001; Cui
et al. 2015, 2016). Acoustic and acoustic gravity waves
propagate very fast in the atmosphere, so the hydrostatic
adaptation process of the atmosphere is completed quickly.
Therefore, APT may be one of the key factors influencing
SAT over the YRB.
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Fig.1 a Anomalous monthly mean air temperature at 2-m height
(T,,,) of gauge observation in August 2022 (red and blue dots, C),
with a blue box (26°-33°N, 115°-122°E) indicating the domain of
middle-lower Yangtze River basin (YRB) in this study (the same
hereinafter). b Time series of areal mean 7,,, anomalies of gauge
observation (red line, ‘C) and ERAS (black line, ‘C) in the YRB dur-
ing 1979-2022. ¢ Ranks of August 7,,, (red and blue dots, C) in 2022
since 1979, with the positive values representing the rank from the

Existing studies have provided a detailed analysis of
this extreme heat event. However, there are still several
issues that remain unresolved. First, the interactions and
relative contributions among the key local atmospheric
factors are unclear over the YRB in August. Second,
the pathways by which upper-level atmospheric circula-
tions influence the SAT are inconsistent, with ambiguous
relationships among the upper-level factors. Therefore,
this paper attempts to address the following two ques-
tions: What are the relationships and relative contribu-
tions among key local atmospheric processes responsible
for this extreme heat event? Which mechanism links the
upper-level atmospheric circulations to the SAT?

To solve above mentioned problems, this paper ana-
lyzes the role of APT as a local atmospheric factor in
affecting SAT, explores the mechanisms underlying the
variation of APT, and discusses the linkage between APT
and other local factors. The remaining section of this
paper is organized as follows: Sect. 2 describes the data,
statistical methods, and dynamic diagnostic approaches
used in this study. Section 3 details the characteristics
of the extreme heat event over the YRB in August 2022.
Section 4 investigates the key local atmospheric factors
and dynamical processes, the influence of upper-level

90°E 100°E 110°E 120°E 130°E 2 1980 1985 1990 1995 2000 2005 2010 2015 2020

Year

maximum and the negative values from the minimum (the same here-
inafter). d Time series of areal mean anomalies of T, from gauge
observation (red line, ‘C) and mean air temperature between 1000 and
500 hPa from ERAS5 (black line, ‘C) in the YRB during 1979-2022.
Yellow dots in a and ¢ indicate statistical significance of T, at the
95% confidence level. All the data in this work has been detrended
(the same hereinafter)

atmospheric circulation on SAT, and the relationships
among various local atmospheric variables. Section 5
examines the connection and relative contributions
between local atmospheric dynamical processes and the
diabatic heating from the land surface. Section 6 presents
the conclusions and discussion.

2 Data and Method
2.1 Datasets

The 699 in-situ air temperature at 2-m height (7,,,) of 699
stations of China covering the period 1979-2022 from the
National Meteorological Information Center of China is
employed. Monthly and hourly reanalysis data on sur-
face including T,,, and sea surface temperature (SST), and
pressure levels including horizontal wind, vertical veloc-
ity, geopotential height (GHT) and air temperature are
taken from the ERAS reanalysis dataset on a 0.25° X 0.25°
grid (Hersbach et al. 2020). Since this study aims to fig-
ure out the key atmospheric processes of natural vari-
ability that resulted in this extreme heat event, all the data
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used has been linearly detrended from the beginning to
exclude the effect of global warming. The study area of
the YRB is referred to as the 26°-33°N, 115°-122°E (the
blue box in Fig. 1).

2.2 Statistical methods
2.2.1 Partial and semi-partial correlation analysis

Correlation analysis is used to analyze the linear relation-
ship between series x and y, while x and y are usually
affected by the third series z at the same time, the correla-
tion coefficient may not fully reflect the linear relation-
ship between x and y. Partial correlation analysis is to
remove the influence of z from x and y, and then analyze
the correlation between the remaining parts. Following
Kim (2015), the partial correlation of x and y without the
influence of z is

ey

wherer, , r, , and r, represent the correlation coefficients
between x and y, between x and z, and between and y and

z, respectively. Semi-partial correlation analysis is to only

remove the influence of z from x (y), and then analyze the
correlation between the remaining part and y (x). The semi-
partial correlations of x and y given z are:

r _ r).,y_rx.zry.:
Xlzy = _2
P4
@
r o= r.r.y Tz ry.z
xylz 1—12
vz

2.2.2 Effective degree of freedom

To avoid the effect of autocorrelation, we use the effec-
tive degrees of freedom N* in the significance test of the
coefficients of correlation, partial correlation, semi-partial
correlation, and linear regression (Bretherton et al. 1999;
Li et al. 2013).

" N

~

T2 D) () 3

where N is the data length, p,(j) and p,(j) are the autocor-
relation coefficients of time series x and y with a lag time
of j, respectively.

Fluctuations that change the
local geopotential thickness
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Fig.2 Diagram of perturbation temperature adaptation to the pertur-
bation geopotential thickness through hydrostatic adjustment. The
geopotential thickness (AZ = Z,—Z,) of an air column bounded by
two isobaric surfaces (p;, p,) and mean air temperature of the column

-1
((T)) are in balance (T) = %"(Zn%‘) AZ) at the moment #,. When

AZ is affected by external fluctuations and perturbation geopotential
thickness (AZ’) appears at the next moment #,, (T') starts to adjust to
AZ + AZ'. Thus, the perturbation air temperature ((T)") appears
quickly and the new equilibrium state is  achieved
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-1
(Ty+(T) = %’(lnf—‘) (AZ + AZ')). Therefore, (T)" is propor-
D2

-1

tional to AZ' (T = ’%’ (l;ﬂ%) AZ"). For convenience, this diagram
2

assumes that the geopotential height on the top of the column changes

(Zy,> Zyy 012y, < Z,,) and the bottom remains unchanged

(Zy,=Z,;). In fact, the variation of AZ is simultaneously deter-

mined by Z, and Z,
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2.2.3 Variance analysis

Variance describes the dispersion of data around its mean
value, and is used to quantify the variability of a variable.
To test whether there is a significant difference between
the variability of two variables, the F-test is used. We set
a null hypothesis that the variances of two series (sf and
s3) are the same. Then

n

oo i

S E @

which follows the F distribution with the degree of freedom

N, =n, — 1, N, = n, — 1, where n, and n, are the lengths of

the two series. Given the significance level a, if F > F«, the
2

null hypothesis is rejected (Hayashi 1982; Huang 1990).

2.2.4 Ranking Attribution Method (RAM)

To study this extreme heat event, we employ the RAM,
which hypothesizes that extreme results are usually con-
tributed by extreme factors (Sun et al. 2023). The RAM
uses top/bottom ranks to mark possible extreme factors. For
year ¢ with a specific extreme event Y occurring, the RAM
obtains the historical status of a relevant variable X at the
year 7 by calculating the rank R,y,(X), where X = {x;}, x;
(i=1,2,---,n) is a time series for ranking, n is the sample
size (number of years). Positive (negative) ranks represent
the ranking from the maximum (minimum), with 1 (-1)
referring to the historical high (low).

In this study, we obtain the historical status of August
mean 7,,,in 2022 on every station (named as Ryy,,(7,,,) for
short) through the RAM to verify the area where the heat
extreme arose. To obtain as many as possible extreme con-
tributors, the RAM is also used to search for the striking
rankings (R,(y,(X)) of relevant air-sea variables X on every
spatial grid by the top (bottom) rankings. Last but not the
least, physical connections between potential extreme fac-
tors are provided by other diagnostic methods to exclude
pseudo contributors and establish responsible causality.

2.2.5 Local covariance and covariant factor

Covariance measures the average consistency of abnormal
variations between two series x and y. For a single event,
the sample size is 1,which is insufficient to capture the
average consistency. Local covariance typically focuses
on the interrelationship between two variables at a specific
moment or within a short time window. Therefore, local
covariance serves as a metric to quantify the consistency
of two anomalies for a particular year in this study. The
formula is as follow:

Si=(xi_i)b’i—y),(i:1,2,...,n), (5)

where x and y are the mean values of two series.

Local covariance is a statistic with unit, which is not
convenient to compare among multiple variables. Thus, the
covariant factor between the two variables can be obtained
by standardizing the original values and then calculating the
local covariance. The formula of covariant factor is as follow:

Si:@,(i:l,z,...,m, 6)

where o, and o, are the standard deviations of x and y,
respectively. Greater absolute value of the covariant factor
represents stronger consistency between changes of x and y
at a specific moment.

2.2.6 Significance test for a single event

To rigorously test whether the relevant statistics in August
2022 are indeed significantly different from those in other
years, we set a null hypothesis that the variable being tested
(X)) has the same true mean as those in other years (X, ...,
X,). Let

X=3" X, (7)

2=ly X -X), ®)
Xo-X [ n— 3

(=22 (5) ©)

then ¢ has a distribution of Student’s # with n—1 degrees of
freedom. This is a special case of significant test between
the means of two samples where one sample contains only
one value (Trenberth 1984).

2.3 Dynamical diagnosis
2.3.1 Perturbation hypsometric equation

According to the hypsometric equation, the geopotential thick-
ness of the air column between two isobaric surfaces (p;, p,)
is defined as follows (Holton and Hakim 2013):

AZ=27,-7, = %ﬂlni—;, (10)
where Z,(Z,) is the GHT at p(p,), AZ is the geopotential
thickness between p; and p,, g, is the gravitational accelera-
tion and R is the gas constant for dry air. T is the air tem-
perature with (7') indicating the mean value of the layer. We
assume that the AZ and (T") of the column are in balance at
the moment ¢, (Fig. 2):
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Fig.3 a Climatological horizontal wind at 200 hPa (black vectors),
the location of the South Asia High (yellow shading, indicated by the
12,500 gpm isolines at 200 hPa) and northwestern Pacific subtropical
high (blue shading, indicated by the 5880 gpm isolines at 500 hPa) in
August. b As in a, but for the results of August 2022
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tial height at 500 hPa (Zs), zonal wind at 200 hPa (U,y,) and geo-
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-1
= oL
(1)=& (lnp;) AZ. (1)
The perturbation hypsometric equation (Li et al. 2022)
shows that AZ and (T') mutually adapt to each other. Changes
in AZ lead to corresponding changes in mean temperature,
and vice versa:

-1
Ty =% (mii) AZ. (12)

R 123

with the (T')’ and AZ’ representing the deviations of (T) and
APT from those at #,. (T)' is proportional to AZ'. When
AZ is affected by external fluctuations, and AZ’ appears,
AZ + AZr are not in balance with (T'). (T) starts to adjust to
AZ + AZr. Thus, (T) occurs quickly at the next moment #,:

-1
(TY +(TY = %(m’i) (AZ + AZ) (13)

D2
Therefore, the fluctuations and imbalance phenomenon
disappears, the field adaptation is completed, and a new equi-
librium is formed. In this way, AZ’can lead to (T)’ through
hydrostatic adjustment.
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every spatial points in ERAS reanalysis data (shaded). f-h As in e,
but for the Zs, Uy and AZ
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2.3.2 Geopotential thickness tendency equation

The thermodynamic energy equation is as follow:

L(oo . ) _ 1 40

€<at+V V0+a)ap) (14)
with 0, V, @, T and Q indicating the potential temperature,
horizontal wind, vertical velocity in p-coordinate, air tem-
perature, and diabatic heating of air. ¢, is the isobaric spe-
cific heat of the air. After considering the quasi-geostrophic
approximation and quasi-static equilibrium,

@ _ 1

PPt (15)

with ¢ and p representing the geopotential and air density.
Equation (14) can be expressed as

R dQ

9 9p _
aop c,p di ’ (16)

99
—V,eV=—0ow—
Jt dp g ap

where V, is the geostrophic winds and o is the static stability
of atmosphere:

1 29
o= an

We may integrate Eq. (16) from pressure level p, to level
P2 (p1> py)to get

10(di=b2) _ 1 rp o9 1 rp 1 rp, R dQ
—'—2—Efpzvgov—pdp+§fp210'a)dp+§f2——dp

g ot 1 /) rl c,p dt ’
(18)
—Lyrp, :
Let{} = ng1 dp, we can rewrite Eq. (18) as
AAZ) _ i VA R 49
or _{Vg V0P}+{6w}+{%p dt}' (19)

The tendency of AZ depends on three terms, including
the horizontal advection of vertical geopotential shear
(H,py), the process relevant to air vertical motion and
atmosphere static stability (V,,), and the diabatic heating
within the column between p, and p,. In the stable atmos-
phere, % < 0,and ¢ > 0, thus sign of V, depends on that of

.

3 Heat extreme over the YRB in August 2022

In August 2022, the monthly averaged T,,, over the YRB
reached unprecedented extremes. Spatial distribution of
observed anomalous T,,, shows that the anomalies are
3—4 °C above normal (Fig. 1a). Rankings of August 7,,, in
2022 show that most stations record their highest tempera-
tures since 1979 (deep red dots in Fig. 1c¢). After remov-
ing the long-term linear trend to mitigate the effects of
global warming, both observation and ERAS5 data reveal

Table 1 Relationships between anomalous T, over the YRB and rel-
evant local atmospheric variables, including anomalous atmospheric
geopotential thickness between 1000 and 500 hPa (AZ), geopotential
height at 500 hPa (Zs), zonal wind at 200 hPa (U,), and vertical
velocity at 500 hPa (ws,), and connections between these local vari-
ables

Series 1 Series 2 Correlation coef-  Explained
ficient variance
(%)
AZ T, 0.88" 77.8
Zsoo Ty, 0.617" 37.0
Usgo Ty, -0.80" 64.3
@500 Ty, 0.73™ 53.2
AZ|Zsyo T, 0.64" 40.8
AZ| Uy Ty, 0.39™ 15.2
AZ|wsg Ty, 0.58™ 33.6
Zsool AZ Ty, 0.03 0
Uyl AZ Ts, -0.14 1.9
50| AZ Ty, 0.32° 10.2
@500 T,,,|AZ 0.58™ 33.6
(AZ, w500) Ty, 0.94™ 88.1

Note. These values are correlation coefficients between two local
area-mean series (Series 1 and Series 2) and the percentage that
the variance of Series 2 can be explained by Series 1. “A|C” means
subtracting the influence of C on A when analyzing the relationship
between A and B. “(A, C,D)” means calculating multiple correlation
coefficient with B. The correlation coefficients with * and ** repre-
sent the statistical significance above 95% and 99% confidence level,
respectively. The same here in after

that the regionally averaged T,,, anomaly over the YRB is
also exceptionally high in 2022 (Fig. 1b), with a correla-
tion coefficient of 0.99 between the two datasets. This sug-
gests that using ERAS reanalysis data to diagnose variation
of observed 7,,, in this region is reasonable and feasible.
Furthermore, the observed 7),, is highly correlated with the
local mean temperature of the air column between 1000 and
500 hPa isobaric surfaces, achieving a correlation coefficient
of 0.96 (Fig. 1d). The mean temperature of the air column is
also extreme in 2022, as T,,, is a component of the column-
mean temperature, and their variations are synchronous.
Therefore, the variation of the column-mean temperature
can largely represent the variation of 7),,,.

Existing researches have demonstrated that multiple local
atmospheric factors can influence the T, through various
atmospheric dynamical processes (He et al. 2023; Hua
et al. 2023; Tang et al. 2023; Wang et al. 2023; Zhang et al.
2023b; Gong et al. 2024; Huang et al. 2024; Liao et al. 2024,
Yuan et al. 2024). These factors are local GHT at 500 hPa
(Zsq), vertical velocity at 500 hPa (ws), and zonal wind at
200 hPa (U,(). Since the atmospheric dynamical processes
related to these factors are induced by large-scale atmos-
pheric circulation systems including the NWPSH and the
South Asia high (SAH).
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Fig.5 a—c Time series of areal mean anomalies in the YRB for
observed T, (red lines, ‘C). a Standardized AZ (black line), b w5y,
(black line), and ¢ the model established by AZ and w5, (black line)
from ERAS. The values in the upper right represent correlation coef-
ficients between corresponding two time series

As shown in Fig. 3, we used the 12,500 (5880) gpm iso-
lines at 200 (500) hPa to identify the location of the SAH
and NWPSH (Wei et al. 2015; Wang et al. 2023). In clima-
tology, the August SAH and NWPSH locate over the con-
tinent of Asia and northwestern Pacific, respectively. With
the center of the SAH lying over the Tibet Plateau, due to the
geostrophic equilibrium, the westerly winds dominate over
the YRB (Fig. 3a). In August 2022, The SAH (NWPSH)
strengthened and expanded eastward (westward), with the
middle and upper-level high-pressure systems overlap above
the YRB (Fig. 3b). Meanwhile, the northeastward movement
of the SAH center led to the upper-level east winds over the
YRB. These large-scale atmospheric anomalies of August
2022 are consistent with the results in previous studies (He
et al. 2023; Hua et al. 2023; Tang et al. 2023; Wang et al.
2023; Zhang et al. 2023b; Gong et al. 2024; Huang et al.
2024; Liao et al. 2024; Yuan et al. 2024).

The direct linkages between large-scale systems and 75,
over the YRB needs to be confirmed. As shown in Fig. 4a—c,
the spatial distributions of correlation coefficients between
the areal mean 7,,, over the YRB and the above three vari-
ables show that maximums are all distributed over or adja-
cent to the study area. The point-to-point correlation analysis
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also shows that the SAT over the YRB is highly correlated
with the local variables above it (Fig. 4e—g).

The above results indicate that the relevant large-scale
atmospheric circulations affect the 7,,, by directly influ-
encing the atmospheric dynamic processes over the local
or adjacent area of the study area (the blue rectangle). In
order to unify the calculation processes, the analysis of local
atmospheric dynamic factors in this paper are based on the
study area. The time series of local factors is obtained by the
areal mean values over the study area. Based on the atmos-
pheric hydrostatic adjustment processes (Ye and Li 1965;
Li et al. 2022), this study proposes to take the APT between
1000 and 500 hPa isobaric surfaces (AZ;yy,_s00, take AZ for
short) as a local atmospheric factor to explain the variation
of August T,,, over the YRB. Figure 4d shows that the AZ
over the study area and its northern neighboring areas is
highly correlated with the T,,, over the study area. The SAT
at each space point is highly correlated with the AZ above it
(Fig. 4h). The perturbation hypsometric equation (Li et al.
2022) shows that when AZ is affected by external fluctua-
tions, 7,,, increases or decreases according to the change of
AZ through hydrostatic adjustment process to achieve a new
equilibrium state (Fig. 2). Therefore, AZ is likely to be one
of the key local atmospheric dynamic factors for the interan-
nual variation of T,,, over the YRB in August.

4 Key local atmospheric dynamic processes

4.1 Essential effect of atmospheric local
geopotential thickness and vertical motion

To better understand the increase of 7,,, and improve its
prediction skill, it is crucial to identify the key local atmos-
pheric factors and processes. Table 1 shows that the vari-
ation of AZ is the most strongly correlated with variation
of T,,, compared to the other three factors (Zs,, @5, and
U,q), with a correlation coefficient of 0.88, which explains
77.8% of the variance in T,,,. The results coincident with the
conclusion in Thompson and Wallace (1998), which shows
that AZ anomalies bear a stronger resemblance to the 7,,,
anomalies in the panel below in the Northern Hemisphere
when compared with Zs,.

To further clarify the relationship between AZ and
the above mentioned three factors in influencing 7),,,
we employed semi-partial correlation (Eq. 2) to isolate
the effects of each factor on the others and examined the
relationship between the remaining component and T,
(Table 1). The results show that after removing the influ-
ences of Zyy, wsyy, and U,y from AZ, the correlation
between AZ and T,,, remains significant, exceeding the 99%
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Fig.6 a Ranking of August AZ
(shaded) in 2022 since 1979. b 50°N
As in a, but for local covariance
between AZ and areal mean 7,,,

anomaly over the YRB (S[AZ 40°N
,T,,,]) in 2022. ¢ As in a, but

for ws,. d As in b, but for ws,. 30°N
The yellow cross-hatched areas

in a—d indicate statistical signif- 20°N

icance of abnormal AZ or sy,
at the 95% confidence level. e
Time series of absolute value
of areal mean T,,, anomaly (red 50°N|
line, “C), standardized areal
mean S[AZ,T,,,] (black solid 3
line) and S[wsgy.Ts,,] (black 40°NJ:
dashed line) over the YRB
30°N|

20°N [

(e) abs(Tom), S[AZ,Tom], S[Wsoo.Tom]

—— abs(Tm)
— S[AZ,Tom]

°C

N

---- S[wso00,T2m]

1980 1985 1990

confidence level. This indicates that the correlation between
AZ and T,,, is not dominated by other factors. However,
when the influence of AZ is removed from Zs,, and U,,
the correlation between Zs,, and U,,, with T,,, disappears,
with the explained variance approaching zero. This suggests
that AZ encompasses information from both Zs,, and U,,
allowing AZ to effectively substitute for Zs,, and U, in
influencing 7,,,.

It is noteworthy that w5y, still shows a significant correlation
with 7,,, after removing the influence of AZ, with a confidence
level exceeding 95% (Table 1). For the portion of 7,,, variation
unexplained by AZ, s, can account for 33.6% of its variance.
The multiple correlation coefficient between AZ, s, and T,
reaches 0.94, allowing for an explanation of up to 88.1% of
the interannual variation of T,,,. Thus, AZ is the most criti-
cal atmospheric factor influencing the interannual variation of
August T,,, over the YRB, while the role of w5, should not
be overlooked. Notably, 7,,, reached its maximum in 2022,
whereas neither AZ nor ws, peaked in that year (Fig. 5a and
b). However, the linear model established for T,,, based on AZ
and w5, reached its maximum in 2022 (Fig. 5c). Therefore,
both AZ and w5, should be considered as key local atmospheric
factors in analyzing interannual variation of T, as well as in
explaining extreme event in 2022.

1995 2000

Year

2005 2010 2015 2020

For the extreme heat event in August 2022, both AZ and
s, over the YRB exhibited significant differences com-
pared to other years (yellow cross-hatched areas in Fig. 6a
and b). The spatial distribution of AZ rankings in 2022
shows that the AZ in the northern (southern) part of the
YRB was historically high (ranked among the historical top
five)(Fig. 6a). w5 also ranked among the historical top five
(Fig. 6¢). The local covariance between AZ (ws,) and T5,,
reflects the strength of their variability consistency in a cer-
tain year (Eq. 5). Greater absolute value of the local covari-
ance means stronger consistency of variability between the
two variables. Over the YRB, the local covariance between
AZ and T,,, in 2022 was historically high (Fig. 6b), while
the local covariance between ws,, and 7, in 2022 exhibited
no spatially organized pattern (Fig. 6d). The covariant fac-
tors are the standardized local covariances, whose absolute
values also represent the strength of variability consistency
between the two variables in a certain year and allow for
comparisons among different variables (Eq. 6). The covari-
ant factor between AZ (w5 and 7,,, reached their maximum
in 2022, but the covariant factor of AZ was greater than that
of wsq, in 2022 (Fig. 6e). Thus, the extreme heat event in
2022 was directly driven by the local AZ, with w5, playing
a secondary role.
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Fig.7 a Correlation coefficients

(a) Cor. with AZ

99 % (b) Cor. with Ws500 99 %

between August areal mean AZ 100 -
and areal mean geopotential {'
height (black line), zonal wind 200 — (w500,2)
(blue line) and horizontal wind 300 — (w500, U)
divergence (orange line) on dif- 400 (w500, DIV)
ferent pressure levels. b Same © 500

. o
as a but for areal mean ws,. =
The dotted in a and b indicates 600
that the statistical significance 700
exceeds 99% confidence level. 800
¢ Time series of areal mean

. . 900

geopotential height anomaly
at 500 hPa (Zs, solid line, 10007565 o0 05 .0 -1.0 -05 00 05 1.0
gpm) and 1000 hPa (Z,,
dashed line, gpm) over the _
YRB. d Timfieries of areal 40 (C) 2500’ ZlOOO r=0.20
mean zonal gradient of Uy, 30
multiplied by —1 (=V Uy,
gray line), meridional gradi- 20
ent o.f rr}eridional wind (V,40) e 10
multiplied by —1 (=V Vg, S
blue line) and horizontal wind °© 0
divergence (orange line) at -10
200 hPa (DIV ) multiplied
by —1. The value in the upper —20
right of ¢ represents correlation -30
coefficient between Zg, and 1980 1985 1990 1995 2000 2005 2010 2015 2020
Z,000- The gray (blue) value in -,
thle(:)ol(l)pper rigghi, of d represents (d) -VxU200, _vyVZOO: -DIV>00 r=-0.06, 0.61
correlation coefficient between 4 E
DIV, and zonal gradient of I —VXU200 — -DI V200

U, (meridional gradient of
Vaoo)» With ™ representing above
99% confidence level

: "/%vv'\“v[\,mf"éﬁ?ﬁ/

1980 1985

Table 2 Connections between 7,,, and high-level atmosphere, includ-
ing geopotential height (Z,y,), zonal wind (U,,), and horizontal
divergence (DIV ) at 200 hPa

1990

Series 1 Series 2 Correlation coef- Explained
ficient variance (%)
Zooo T, 0.61™ 37.2
Usoo T, -0.80" 64.3
DIV, T, —0.67" 44.9
Zoool AZ Ty, -0.23 5.3
Zoool @500 T, 0.45" 20.3
Uyl AZ Ty, -0.14 1.9
Uspol@s00 T, -0.45" 20.1
DIV y|AZ Ty, -0.17 2.9
DIV y0l@500 T, -0.07 0.5
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1995 2000 2020

Year

2005 2010 2015

4.2 Influence of local upper-level circulation
on surface air temperature

After identifying the key local atmospheric factors as AZ
and ws,, we further explore the relationships between other
local variables and AZ (wsy,). Figure 7a presents the correla-
tion coefficients between AZ and the local GHT, zonal wind,
and horizontal divergence at various pressure levels. The
results show that an increase in AZ is significantly relevant to
an increase in GHT at 600-100 hPa, while it is also signifi-
cantly correlated with a decrease in GHT at 1000-900 hPa.
Thus, AZ is determined by the GHTs in both the upper and
lower atmosphere layers.

Previous studies regarded changes in GHT at 500 hPa
can largely represent the changes in air column thickness
between 1000 and 500 hPa (Wallace et al. 1993; Rousta et al.
2019; Dubey and Kumar 2023), since they are strongly cor-
related with each other, which indicates that variations in
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Fig.8 a Anomalous August
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GHT at 1000 hPa are relatively small and can be disregarded
to some extent. Figure 7c is the time series of regionally
averaged GHT at 500 hPa and 1000 hPa over the YRB, with
a correlation coefficient of 0.2, indicating no significant link-
ages. When using the range to measure variation, the ranges
for the time series of GHT at 500 hPa and 1000 hPa are
457.0 gpm and 364.2 gpm, respectively, with the standard
deviations of 95.5 gpm and 88.2 gpm. The variance analy-
sis (Eq. 4) shows no significant difference in the variances
between the two series, which indicates that the variations
in GHT at 1000 hPa can not be neglected. Therefore, the
advantage of using AZ lies in its ability to incorporate infor-
mation from both the upper and lower levels of atmosphere,
which provides a more accurate reflection of changes in the
APT. In August 2022, the increase in AZ primarily originates
from an extreme rise in the GHT at 500 hPa, while the GHT
at 1000 hPa exhibited no significant anomalies (Fig. 7c).
In addition, AZ is highly correlated with the zonal wind at
200 hPa, with the correlation coefficient reaching —0.82. The

120°E 140°E

-1

ol
100°E
[
1 -1

80°E

—
120°E 140°E

increase of AZ is also significantly associated with upper-
level convergence and lower-level divergence.

Figure 7b shows the correlation coefficients between ws,
and GHT, zonal wind, and horizontal divergence at various
pressure levels. The results indicate that s, is uncorrelated
with the GHT from 1000 to 100 hPa, suggesting that Z, can
not adequately explain the variations in ws,. While ws, is
significantly correlated with the mid- to upper-level zonal
wind, the correlation is not as strong as that between AZ and
zonal wind. Additionally, positive w5y, anomaly is highly
correlated with the upper-level convergence and lower-level
divergence, with correlation coefficients reaching 0.82 and
0.85, respectively. This relationship is primarily determined
by the continuity of air and the conservation of mass in the
entire atmospheric column.

The upper atmospheric circulation, represented by vari-
ables at 200 hPa, is not only closely linked to AZ and s,
but also exhibits a significant correlation with 7,,, (Table 2).
The correlation coefficients for GHT at 200 hPa (Z,,), zonal
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Fig.9 a Anomalous August zonal gradient of Uy, (shaded, 1076 5!

in 2022. b As in a, but for meridional gradient of V,,. ¢ As in a, but
for DIV . d Ranking of August zonal gradient of U, in 2022 since
1979 (shaded). e As in d, but for meridional gradient of V,y,. f As
in d, but for DIV ,y,. g As in d, but for the local covariance between
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tistical significance of anomalies at the 95% confidence level
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Fig. 10 Time series of areal mean anomalies over the YRB. a The
horizontal advection of vertical geopotential shear (H,py, blue line)
and product of air vertical motion and atmosphere static stability (V,,,
pink line) between 1000 and 500 hPa in the geopotential thickness
tendency equation, which are calculated based on the hourly data of
ERAS and then averaged monthly. b Standardized DIV, (black solid
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line), V,(pink line), and vertical velocity at 500 hPa (black dashed
line). The value in the upper right of a represents correlation coef-
ficients between AZ and V,,. The values in the upper right of b rep-
resent correlation coefficients of V,, (in pink) and ws, (in black) with
DIV . The values with ™ representing above 99% confidence level
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wind at 200 hPa (U,,), and horizontal wind divergence
at 200 hPa (DIV,,) with T,,, are 0.61, —0.80, and —0.67,
respectively. This indicates that an increase in Z,,, along
with anomalous easterly winds and horizontal wind conver-
gence, is associated with rising T,,,. How does the upper-
level circulation influence T,,,? Through semi-partial cor-
relation analysis, we found that when the component related
to AZ is removed from the Z,y,, U,qy, and DIV, series,
their significance with 7,,, disappears. When the component
related to w5 is removed from these series, the confidence
level of the correlation coefficients for Z,, and U,y, with
T,,, drops from 99 to 95%. The correlation coefficient for
DIV, with T, becomes —0.07 after removing the influence
of ws,. These results suggest that the relationships between
high-level circulations and T,,, cannot be established without
the involvement of AZ and wsy,. Thus, AZ and s, serve
as crucial bridges through which upper-level atmospheric
circulation affects 7,,,.
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Fig. 11 The dynamic processes that high-level atmosphere affects
the 7,,,. The T,,, is directly affected by AZ and ws,,, with AZ and
s interacting with each other. The meridional (zonal) gradient of
geopotential height (V,Z,0,V,Zyy) is highly correlated with zonal
(meridional) wind at higher atmosphere (U,y, V,q, take 200 hPa
for example). The meridional gradient of meridional wind (V,V,q,)
induces horizontal wind convergence at 200 hPa (DIV ), which is
conducive to the downward motion at mid-lower atmosphere (wsy).
According to the geopotential thickness tendency equation, the down-
ward motion from 1000 to 500 hPa ({cw}) favors the increase of AZ.
Thus, the anomalous positive geopotential height at high-level atmos-
phere makes the T, higher by thickening the air column between
1000 and 500 hPa and intensifies downward motion at 500 hPa. The
values are correlation coefficients between two variables at start point
and end point of arrows, with ** representing above 99% confidence
level. The two blue vectors indicate other factors that relevant to AZ
and w5y, respectively

4.3 Linkages among local upper-level geopotential
height, horizontal wind, and divergence

The above results indicate that local Z,, U, and DIV
indirectly affect 7,,, by influencing AZ and ws,. In analyzing
the mechanisms by which upper-level atmospheric circula-
tion impact AZ and w5, we should first clarify the relation-
ships among Z,,, U,yo, and DIV ,,,. The quasi-geostrophic
balance exists between Z,,, and the horizontal wind field.
Over the study area, the areal mean U, is highly corre-
lated with the areal mean meridional gradient of Z,,,, with
a correlation coefficient of —0.99. The areal mean meridional
wind (V) is highly correlated with the areal mean zonal
gradient of Z,,, with a correlation coefficient of 0.93.

Figure 8 presents the anomalies and rankings of the hori-
zontal wind. The anomalous U, also reached historical
extremes (Fig. 8a, c, and e), this is due to that the YRB
located at the southern edge of abnormal South Asian high,
which reached an unprecedented strength in August 2022
(He et al. 2023; Zhang et al. 2023b). Additionally, there are
abnormal northerly and southerly winds at the eastern and
western sides of the YRB, respectively (Figs. 8b, d, and
f). The regionally averaged southerly and northerly winds
canceled each other out, resulting in no significant correla-
tion between the regionally averaged V,(, and 7,,,.

Figures 8a and b show that the anomalies in U, and V,,
are not uniform within the YRB region in August 2022. The
anomalous easterly winds are the strongest at the center of
the study area, while the southerly wind anomalies on the
west side weaken with latitude. Conversely, the anomalous
northerly winds on the eastern side strengthen with latitude.
The DIV, is essentially induced by the ageostrophic wind,
while it is plainly influenced by the meridional gradient of
Vs and the zonal gradient of U, from the perspective of
local variables. The unevenness of the anomalous easterly
winds within the study area causes horizontal wind diver-
gence (Fig. 9a, d, and g), while the inhomogeneity of the
anomalous V,, results in anomalous horizontal wind con-
vergence (Fig. 9b, e, and h). Thus, the anomalous conver-
gence of upper-level horizontal winds over the YRB is pri-
marily driven by the spatial unevenness of the anomalous
meridional wind (Fig. 9c, f, and i). Furthermore, DIV,
reached a strong local covariance with 7,,, in 2022. Analysis
of multi-year regionally averaged series in August results in
similar conclusions. The anomalous convergence of upper-
level horizontal winds over the YRB is not related to the
anomalous zonal gradient of U,,, but is mainly determined
by the anomalous meridional gradient of V,,, with a cor-
relation coefficient of 0.61, exceeding 99% confidence level
(Fig. 7d).

Thus, we can summarize the relationships among Z,,
Usg0> Vago, and DIV o, over the YRB in August 2022. Influ-
enced by the southern edge of the extremely intensified
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Meridional wind anomaly
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- /‘ — Horizontal divergence at lower levels
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Fig. 12 Diagram of local atmosphere dynamic process on influencing T,,, over the YRB in August 2022

Table 3 Relationships between AZ, ws,, and diabatic heating rel-
evant to the land surface, including net downward shortwave radiation
(SR), net upward longwave radiation (LR), net upward latent heat flux
(LHF), and net upward sensible heat flux (SHF)

Series 1 Series 2 Correlation  Explained
coefficient variance
(%)

SR Ty, 0.80" 64.7

LR Ty, 0.63" 39.2
LHF Ty 0.72" 51.2
SHF Ty, 0.71" 50.6
LR+ LHF + SHF = T, 0.79" 62.4

SR LR+ LHF + SHF ~ 0.99" 99.7
SR|wsq, Ty, 0.33 10.8
@500 SR 1., 0 0
SR|AZ Ty 0.41" 17.1
AZ|SR Ty 0.55" 30.2
(AZ, w50) Ty, 0.94" 88.1
(AZ, w509, SR) T,, 0.98™ 95.8

South Asian high and the effect of quasi-geostrophic adjust-
ment, U,q, and V,, adjust to Z,,, leading to the dominance
of extreme easterly winds within the study area. The east-
ern (western) side of the YRB is controlled by anomalous
northerly (southerly) winds. The meridional gradient of V,,
determines DIV,,. The anomalous northerly winds on the
eastern side increase with latitude and the anomalous south-
erly winds on the western side decrease with latitude, which
results in strong upper-level convergence.
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4.4 The mechanism of air column thickness
variations

The air column in this study is defined with the upper bound-
ary at 500 hPa and the lower boundary at 1000 hPa, yet
the variation in AZ exhibits the strongest correlation with
the GHT at 200 hPa, with a correlation coefficient of 0.85
(Fig. 7a). Therefore, the mechanism underlying the thicken-
ing of the air column and its relationship with the upper-
level atmospheric circulation are intriguing questions. To
address these questions, we vertically integrated the thermo-
dynamic energy equation to derive the tendency equation of
AZ (Eq. 19). This equation reveals that the AZ between two
isobaric surfaces is determined by three components: the
horizontal advection of vertical geopotential shear (Hyy ),
the process relevant to air vertical motion and atmosphere
static stability (V,), and the diabatic heating within the
column.

Figures 10a presents the time series of the regionally
averaged anomalous H,,, and V,, within the 1000-500 hPa
air column over the YRB. The anomalous values of H,,
and V,, which were calculated based on the hourly data of
ERAS and then averaged monthly, show that the correla-
tion coefficients between V, and AZ is 0.45, which exceeds
the 99% confidence level. Notably, anomalous H,, nears
zero, indicating that the thickening of the air column over the
YRB in August is primarily attributed to the positive con-
tributions from V,, and diabatic heating. In the V,,, o is posi-
tive, indicating that downward motion within the air column
contributes to its thickening. Figure 10b shows that DIV 5,
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Fig. 13 Linkages between the
local atmosphere dynamic and
thermodynamic processes.
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is significantly correlated with the V_ and ws,, with cor-
relation coefficients of —0.78 and —0.85, respectively. This
indicates that if not taking thermodynamic processes into
account, the high-level horizontal wind convergence pro-
motes the downward motion within the air column through
the continuity equation of atmosphere, thereby increasing
the thickness of the air column.

Therefore, the key local atmospheric dynamic processes
that triggered the extreme heat event in August 2022 can be
summarized in Fig. 11 and 12. T,,, is directly regulated by
AZ and wsy, since AZ and ws, are not independent from
each other. The increase in GHT at upper-level atmosphere
is a crucial factor in influencing 7,,,, primarily through
modulating AZ and ws,. The adjustment of upper-level

@ Springer



268 Page 16 of 20

Y.Sun et al.

Fig. 15 a Altitude (shaded,

m) and August climatological
horizontal wind (vectors, m s")
at 850 hPa. b Altitude (shaded,
m) and anomalous August
horizontal wind (vectors, m

s7) at 850 hPa in 2022. The
white boxes in a and b span

the Wuling Mountains and are
the domains for calculating the
frequencies of wind directions
(27°-31°N, 105°-110°E). (c)
Wind rose at 850 hPa within the
domain around the southeastern
Sichuan Basin, with the red
line (black lines) indicating the
result in August 2022 (other
years from 1979 to 2021)
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100°E 110°E

Mean(Ugso;Veso) > 2ms—?

(c) Wind rose at 850 hPa

N

35

115°E  120°E

o
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circulations on AZ and ws is as follows: restricted by the
quasi-geostrophic balance, the meridional (zonal) gradient
of increased upper-level GHT (around 200 hPa) is closely
related to the upper-level zonal (meridional) wind. The
meridional gradient of meridional wind leads to upper-level
horizontal wind convergence, which favors the enhancement
of downward motion between 1000 and 500 hPa. The down-
ward motion contributes to the thickening of the air column.
Note that the increase in the upper-level GHT is just one of
the important factors influencing AZ and w5y, and there are
some other factors that can also affect 7,,, by adjusting AZ
and wsy,.

5 Linkages between local atmospheric
dynamic processes and diabatic heating
from the land surface

The previous sections focus on the atmospheric dynamic
processes associated with extreme heat event over the YRB.
Apart from these dynamic processes, the diabatic heating
from the underlying surface also exerts a notable influence
on T,,,. The diabatic processes relevant to T, include net
upward longwave radiation (LR), net upward sensible heat
flux (SHF), and net upward latent heat flux (LHF) at the
land—atmosphere interface. The regionally averaged time
series of these three components are significantly corre-
lated with T,,,, with the correlation coefficients of 0.63,
0.71, and 0.72, respectively (Table 3). The correlation coef-
ficient between the sum of these three components and 75,
reaches 0.79. LR, SHF, and LHF are primarily influenced
by the net downward shortwave radiation (SR) received by
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the underlying surface. The SR initially heats the surface,
which then heats the overlying atmosphere through upward
diabatic heating. SR accounts for 99.7% of the variance in
the sum of LR, SHF, and LHF'. For simplicity, we utilize the
regionally averaged SR time series to represent the inter-
annual variation of the diabatic heating intensity from the
underlying surface.

The multiple correlation coefficient between AZ and
s With T, is 0.94, which explains 88.1% of the variance
in T,,, over the YRB. After adding SR to the analysis, the
multiple correlation coefficient with 7,,, increases to 0.98,
and the explained variance of T,,, rises to 95.8% (Table 3).
This suggests that atmospheric dynamic processes and dia-
batic heating processes are not independent but interact
with each other. To quantify their relative contributions to
T,,,» we employ semi-partial correlation analysis. When the
SR-related component is removed from ws,, w5, becomes
uncorrelated with T, which indicates that ey, influences
T,,, mainly through modulating the intensity of incoming SR.
However, despite the insignificance of correlation between
SR and T),, after eliminating the ws,-related part from SR,
SR still explains 10.8% of the variance in T,,,, which might
be attributed to the nonlinear land—atmosphere interactions
(Gong et al. 2024; Ni et al. 2024; Zhou 2024).

AZ and SR increase the T,,, through dynamic and ther-
modynamic processes, respectively (Fig. 13). sy is closely
related to the two processes through thickening the air col-
umn to increase AZ and reducing the cloud cover to increase
SR. There is also an interaction between AZ and SR, which
is a positive feedback process. This indicates that there are
linkages between the local atmosphere dynamic and ther-
modynamic processes.The thermodynamic processes are
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induced by dynamic processes and react on dynamic pro-
cesses. When the SR-related component is excluded from
AZ, AZ remains significantly correlated with T5,,,, albeit with
a reduced explained variance of 30.2%. After removing the
AZ-related part from SR, SR maintains significantly corre-
lated with T, but explains a decreased variance of 17.1%
in T,,,, which suggests that atmospheric dynamic processes
exhibit a more substantial contribution to 75,,. These results
demonstrate that both atmospheric dynamic processes and
surface diabatic heating processes contribute to 75,,, and nei-
ther can be substituted for the other.

In August 2022, the areal mean SR is transformed into
SHF and LR, which directly heated the surface air, with the
SHF reaching its historical high (Fig. 14a). The covariant
factors of AZ, ws, and SR with T, in 2022 shows that the
consistency between AZ and T,,, was higher than that of
s or SR (Fig. 14b). Thus, the dynamic processes relevant
to AZ play dominant role in the extreme event in 2022.

6 Conclusions and discussion

In August 2022, the local perturbation thickness of the air
column between 1000 and 500 hPa is the key dynamic fac-
tor in influencing the surface air temperature, and the sink-
ing motion at 500 hPa plays important roles. By trigger-
ing horizontal wind convergence anomalies, the extreme
upper-level GHT anomalies intensified the downward
motion and thickened the local air column between 1000
and 500 hPa. The exceptionally thickened local air col-
umn increased the air temperatures via atmospheric hydro-
static adjustment processes. Meanwhile, increased short-
wave radiation led to warmer land surface, which warmed
the surface air through diabatic heating processes. There
existed a positive feedback between atmospheric dynamic
processes and thermodynamic processes which induced
this extreme heat event over the YRB, with the former
being the dominant contributor.

Apart from the large-scale atmospheric dynamic pro-
cesses, diabatic heating processes, and nonlinear positive
feedback mechanisms, the synoptic-scale foehn effect may
also be a crucial local factor influencing the surface tem-
perature in the Sichuan Basin in August 2022. Influenced
by the local terrain, the elevation of the Sichuan Basin is
lower than its surroundings (Fig. 15a). When southeast
winds cross the mountains to the southeast of the Sichuan
Basin, particularly the Wuling Mountains (in the white box
of Fig. 15), precipitation occurs on the windward slope, and
dry air adiabaticlly subsidence on the leeward slope, which
results in a pronounced warming effect. This study prelimi-
narily analyzes the ERAS hourly data and finds that, under
the influence of local abnormal anticyclones (Fig. 15b), the
frequency of southeast winds at 850 hPa over the Wuling

Mountains region was significantly higher in 2022 than in
other years (Fig. 15c). This may suggest that the frequency
of foehn events in the Sichuan Basin was also the highest in
2022. Therefore, large-scale atmospheric dynamic condi-
tions play a fundamental role, the influence of mesoscale
and small-scale weather processes on surface temperatures
remains a subject and requires further in-depth exploration.

This paper first proposes that the perturbation thickness
between 1000 and 500 hPa is a crucial local atmospheric
factor influencing the August surface air temperature over
the YRB, and it is also the most significant local factor
contributing to the extreme heat event in 2022. By refer-
ring to the general mechanisms of interannual variation
of August surface air temperature, this study analyzes the
extreme heat event in August 2022. The present study has
the limitation of reliance on linear analysis, which fails to
quantify the contributions of nonlinear interactions, such
as land—atmosphere interactions. Furthermore, from the
perspective of time scale, the natural local variabilities
mentioned above are mainly at the interannual scale, yet
natural variabilities across other timescales also contrib-
ute to this extreme climate event. Specifically, from July
30th to August 29th, a 30-50-day intraseasonal oscil-
lation triggered heatwaves and droughts over the YRB.
However, the intensity of this 30-50-day oscillation was
slightly above the climatology in August, implying that
the seasonal cycle anomalies induced by the underlying
conditions may be more crucial for the extremes in August
2022 (Liu et al. 2023).

Besides these local processes, remote air-sea factors
played significant roles in indirectly affecting the SAT
through influencing the geopotential thickness over the
YRB. This extreme event is linked to the negative phase
of the Pacific Decadal Oscillation (PDO) and La Nifia
event (Tang et al. 2023; Yuan et al. 2024). Through the
PDO index from the National Oceanic and Atmospheric
Administration (NOAA)/Physical Sciences Laboratory and
Nifio 3.4 index from NOAA/ National Weather Service, we
simply calculate the correlation between PDO index, Nifio
3.4 index and T,,, over the YRB in August (Fig. S1). The
result shows that the PDO index and Nifio 3.4 index are not
highly correlated with T5,,,, with the correlation coeffients
of —0.34 and —0.27, respectively. Meanwhile, both the PDO
index and Nifio 3.4 index of August are not extremely low
in 2022. This indicates that neither PDO or La Nifia events
dominanted this extreme heat event, and there may exist
other remote extreme factors which significantly affected
the T,,, over the YRB in 2022. We will show the relevant
multi-factors in both Northern and Southern Hemisphere
in the following work. Consequently, extreme events are
often result from a complex interaction across multiple
temporal and spatial scales, involving diverse factors and
physical processes. To accurately identify these factors
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and quantify relevant processes, the development of novel
methodologies and theories is imperative.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-025-07760-2.
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