Climate Dynamics
https://doi.org/10.1007/500382-024-07104-6

ORIGINAL ARTICLE

=

Check for
updates

Thermodynamic characteristics of extreme heat waves
over the middle and lower reaches of the Yangtze River Basin

Wencai Liu" - Ning Shi'® - Huijun Wang'23 . Qilei Huang'

Received: 10 August 2023 / Accepted: 19 December 2023
© The Author(s) 2024

Abstract

In August 2022, an exceptionally long-lasting heat wave (HW) affected the middle and lower reaches of the Yangtze River
basin. This study uses the JRASS daily reanalysis datasets to elucidate the thermodynamic characteristics of the daily evolu-
tion of historical extreme HWs in this region via the heat budget equation. HWs are generally characterized by the occurrence
of anticyclonic circulation anomaly throughout the troposphere and positive air temperature anomaly with the maximum
amplitude in the boundary layer. The anticyclonic anomaly can induce compression heating in the entire troposphere and
warm zonal advection in the boundary layer. Meanwhile, due to the reduced cloud cover, more shortwave radiation reaches
the ground surface, and the sensible heat flux becomes an important source of diabatic heating before the onset of HWs. The
accumulated excessive heat in the HWSs is primarily damped through the emission of longwave radiation and meridional
thermal advection. For the HW in August 2022, its extreme persistence is mainly caused by prolonged adiabatic heating,
enhanced diabatic heating during the developing stage and weakened diabatic cooling during the decay stage. The upper-level
portion of the anticyclonic circulation anomalies is linked to the strengthened South Asia High. After applying the state-
of-the-art dynamic metric, i.e., local finite wave activity, we reveal that the formation of the anomalous South Asia High in
August 2022 is associated with the Stokes drift flux rather than the dispersion of Rossby wave energy. This characteristic
sets it apart from other extreme HWs.
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1 Introduction

In the summer of 2022, unprecedented and long-lasting
extreme heat waves (HWSs) attacked the Yangtze River basin
(YRB) in China. These HWs resulted in severe droughts,
wildfires and power shortages (Lu et al. 2023), causing great
concerns among the public and posing a great challenge for
scientists (Mallapaty 2022). Consequently, it is crucial to
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enhance research on the mechanisms behind HWs to effec-
tively mitigate and prevent future disasters in the region.

Human-induced global warming is believed to signifi-
cantly contribute to the increased frequency or intensity of
HWs (e.g., Rahmstorf and Coumou 2011; Sun et al. 2016;
Ma et al. 2017; Wang et al. 2020). According to linear statis-
tical analysis for the period from 1979 onwards, some stud-
ies have suggested that the long-term warming trend may
account for approximately 30% of the extreme hot summer
in 2022 (e.g. He et al. 2023; Jiang et al. 2023; Liang et al.
2023; Wang et al. 2023). Interestingly, even when the long-
term trend is removed, the summer of 2022 remains the hot-
test over the YRB (He et al. 2023; Jiang et al. 2023; Tang
et al. 2023; Wang et al. 2023). Clearly, the summer of 2022
stands out from other extreme hot summers in the YRB. To
gain a better understanding of HWs in the YRB, it is crucial
to clarify the thermodynamics of extreme HWs in the sum-
mer of 2022 and compare them to other HWs.

A high-pressure circulation system is usually regarded as
an essential factor for the occurrence of HWs (Xoplaki et al.
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2003; Trigo 2005; Fischer et al. 2007; Horton et al. 2016;
Wu et al. 2016; Hong et al. 2022). First, the subsidence of
air masses associated with a high-pressure system can lead
to local adiabatic compression heating. Second, the presence
of a high-pressure system results in clear skies and increased
solar radiation reaching the ground surface, which in turn
leads to upward sensible heating flux from the ground sur-
face. In East Asia, there are two high-pressure systems that
can influence HWs in East Asia, i.e., the western Pacific sub-
tropical high (WPSH) in the middle and lower troposphere
and the South Asia high (SAH) in the upper troposphere/
lower stratosphere (Sun et al. 2014; Li et al. 2015; Wang
et al. 2016; Chen et al. 2019; Liu et al. 2019; Ren et al. 2020;
Peng et al. 2023). The eastward expansion and strengthening
of the SAH is often accompanied by the westward expansion
of the WPSH. The overlap of these two high-pressure sys-
tems in East Asia enhances subsidence, creating favorable
conditions for the formation of local HWs. In the summer
of 2022, the overlap of these two high-pressure systems is
evident over southeast China (e.g., Sun et al. 2023; Jiang
et al. 2023; Tang et al. 2023).

From the perspective of atmospheric circulation, anoma-
lously enhanced or displaced high-pressure systems are gen-
erally associated with some teleconnection patterns, e.g., the
Pacific-Japan/East Asia—Pacific pattern (Nitta 1987; Huang
1992), Silk Road pattern (Lu et al. 2002; Ding and Wang
2005; Chen and Zhou 2018), and North Atlantic Oscillation
(Sun 2012; Hong et al. 2022). These teleconnection pat-
terns can influence the high-pressure systems over East Asia
through the propagation of Rossby waves along the westerly
jet-induced waveguide. For the extreme case in the summer
of 2022, some studies have indicated that the propagation of
Rossby waves is crucial for the persistence of anticyclonic
anomalies over East Asia (e.g., Jiang et al. 2023; Wang et al.
2023; Tang et al. 2023). However, their results show that the
wave-activity fluxes exhibit a noticeable divergence over the
center of the anticyclonic anomalies, suggesting that the dis-
persion of Rossby wave energy actually plays a destructive
rather than a constructive role. Therefore, further studies are
needed to investigate the underlying mechanism behind the
formation and persistence of anticyclonic anomalies over
East Asia.

Various external forcing factors can contribute to the
occurrence of HWs in China, such as snow cover (Wu
et al. 2016), sea surface temperature anomalies over the
Indian Ocean (Xie et al. 2016; He et al. 2023), North
Pacific (Wang et al. 2000; Gao et al. 2018; Zhang et al.
2023) and North Atlantic (Sun 2014; Liu et al. 2019; Gao
et al. 2018), condensation heat release over South Asia
(Ding and Wang 2005; Tang et al. 2023; Wang et al. 2023)
and multitimescale variability from external forcings
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(Liang et al. 2023). Additionally, soil—atmosphere feed-
back is considered to be another important factor (Fis-
cher et al. 2007; Hirschi et al. 2011; Zhang and Wu 2011;
Miralles et al. 2014; Wang et al 2016). As the temperature
rises, a decrease in soil moisture can diminish the cooling
effect of evapotranspiration, allowing the air temperature
to further increase. Utilizing the linear regression method,
Jiang et al. (2023) concluded that, in comparison to the sea
surface temperature anomalies over the North Pacific and
North Atlantic, soil—atmosphere feedback is the primary
factor in the formation of extreme HWs over the YRB in
2022.

The aforementioned studies on the extreme summer of
2022 are mainly based on monthly or seasonal mean data.
Some studies have noticed the month-to-month difference
in the extreme HWs over the YRB in the summer of 2022.
Specifically, the HWs in midsummer (July and August)
were found to be the most severe (He et al. 2023; Tang et al.
2023). Due to the stronger soil—atmosphere feedback (Jiang
et al. 2023) and the stronger anomalous anticyclone (Wang
et al. 2023) in August, the HW is actually stronger in August
than in July. Based on daily data, Liu et al. (2023) recently
found that the HW in August 2022 is different from the two
HWs in the early summer of 2022 in terms of the dominant
frequency of the intraseasonal oscillation. Considering such
an evident subseasonal variation in HWs, it is better to use
daily data to delineate the formation mechanism of the HW
in August 2022.

It is worth noting that within the thermodynamic frame-
work, the soil—atmosphere feedback is diabatic heating,
while the descending motion induced by the anomalous
anticyclone may induce adiabatic heating. Liu et al. (2023)
noted that the formation of the first two HWs in the early
summer of 2022 is caused by adiabatic heating and subse-
quently by diabatic heating, while the one in the latter sum-
mer is associated with the adiabatic heating process. While
many studies have highlighted the significance of both dia-
batic heating and adiabatic heating, the relative contribution
of each remains uncertain. Furthermore, some studies have
revealed that the advection and/or propagation of warm air
from upstream regions also play a crucial role (Hong et al.
2022; Wang et al. 2023), although its impact may depend on
the location (Horton et al. 2016; Zschenderlein et al. 2019;
Rothlisberger and Papritz 2023). Thus, it is important to
further investigate the relative contribution of horizontal
thermal advection in the HWs over the YRB. The present
study aims to address these concerns by analysing daily data.

The paper is organized as follows. Section 2 provides a
description of the data and analysis methods used in this
study. In Sect. 3, we address three questions: (1) What are
the basic features of the daily thermodynamic process of
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extreme HWs over the YRB? (2) What are the similarities
and differences in the thermodynamics between the extreme
HW in August 2022 and other extreme HWs? (3) What is
the internal dynamic cause for the anticyclone anomalies in
the middle and upper troposphere in August 2022? The final
section presents a summary and discussion.

2 Materials and methods

A. Data

We use the daily Japanese 55-year Reanalysis dataset
(JRA-55, Kobayashi et al. 2015) from 1958 to 2022 with a
horizontal resolution of 1.25°. Four kinds of variables are
utilized: (1) isobaric analysis fields, including air tempera-
ture, geopotential height, zonal wind velocity and vertical
velocity, all of which are distributed over 37 pressure sur-
faces from 1000 to 1 hPa; (2) two-dimensional instantaneous
diagnostic fields, including low cloud cover (1100-850 hPa),
medium cloud cover (850-500 hPa) and high cloud cover
(500-90 hPa); (3) two-dimensional average diagnostic fields,
including the upward sensible heat flux at the ground sur-
face, net downward shortwave radiation flux at the ground
surface, net upward longwave radiation flux at the ground
surface, and the upward longwave radiation flux at the top
of atmosphere; and (4) surface analysis fields, i.e., air tem-
perature at 2 m.

The present study focuses on the anomalies associated
with extreme HWs. The daily anomaly field for a specific
variable is obtained by subtracting the daily climatologi-
cal mean over the period from 1958 to 2022 from the daily
total field. To reduce the influence of the long-term trend
associated with global warming, the linear trend in boreal
summer during the entire period is removed. As done in
Shi et al. (2019), all data are low-pass filtered by the Lanc-
zos filtering procedure to isolate the 8-day slowly varying
component, which helps mitigate the large daily variations
in meteorological variables during extreme HWSs. Unless
otherwise stated, the anomalies mentioned later refer to the
detrended 8-day low-frequency anomalies. The target season
for this study is boreal summer from 1 June to 31 August.

b. Identification

Figure 1a illustrates the surface air temperature anomalies
in the summer of 2022. Clearly, strong positive temperature
anomalies (larger than 2 °C) occur over a large region from
the Mongolian Plateau southward to the Tibetan Plateau and
further eastward to the middle and lower reaches of YRB.
To circumvent the complexity of HW formation over high-
altitude areas with complex terrain, the present study pri-
marily focuses on the HWs in the middle and lower reaches
of YRB, which are located in plain areas (dashed blue rec-
tangle in Fig. 1). For the sake of brevity, the YRB will be
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Fig. 1 Surface air temperature anomalies (color shading, units: ‘C) in
the summer (June—-August) of 2022. Grey shading indicate the terrain
height (units: m). Dashed blue rectangle represents the middle and
lower reaches of the Yangtze River basin (YRB)
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Fig.2 Daily low-frequency surface air temperature anomalies and
air temperature anomalies at 950 hPa averaged over the YRB during
August 2022. The long-term trend has been removed for these two
variables. Units are “C. Pink shading indicates the periods for the
three extreme heat waves (HWs), and vertical dashed lines indicate
the peak day of the three events

referred to as its middle and lower reaches region through-
out this paper. This region is densely populated, and HWs
have a significant impact on human health, the economy,
and ecosystems.

To analyse the temperature variation over the YRB as
a whole, we take an area-average of air temperature over
[27.5-35° N, 110-122.5° E] (blue dashed rectangle in
Fig. 1). We use the detrended and low-pass-filtered air tem-
perature anomalies at 950 hPa (T950) to identify the extreme
HWs. Figure 2 shows the daily variations in area-averaged
T950 anomalies and surface air temperature anomalies.
Clearly, the two variables exhibit a similar variation, which
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lends credence to the use of T950. Moreover, T950 is advan-
tageous in thermodynamic diagnostic analysis because it
simplifies the calculation of vertical differences compared
to surface air temperature.

An extreme HW is identified based on three criteria. First,
the amplitude of the area-averaged T950 for a particular day
must exceed its local 95th percentile value. For a particu-
lar day, its local 95th percentile value is determined from
a sequence of 31 days/year X 65 years=2015 days. The
31-day segment of each year is centered at the particular
calendar day. Second, the duration of an extreme HW is not
shorter than 3 days. Last, the interval between every two
extreme HWs must be larger than 8 days to ensure the inde-
pendence of each case in the following composite analysis.

c. Thermodynamic budget equation

As in Shi et al. (2020), we employ the anomalous heat
budget equation:

or’ ( aT>’ T\’ oT RTw\ @

— =—(u—) —(v=—) o— - +—=,

ot ox ay op Cp C
——  N——

P p
%,—/ o U\ )
dt ut vt M .
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(1)

The prime symbol indicates the daily anomaly with
respect to the local daily climatological mean. The terms u,
v, and w represent the velocity on isobaric surfaces. C, is the
specific heat at constant pressure, and R is the gas constant
of dry air. Q/C,, is the rate of diabatic heating per unit mass,
which is estimated as the residual of the thermodynamic
equation. The terms of Eq. (1) from left to right represent (i)
the observed tendency of the air temperature anomaly, (ii)
the anomalous thermal advection in the zonal direction and
(iii) that in the meridional direction, (iv) the contribution
from the vertical motions, which includes the anomalous
vertical thermal advection and compression, and (v) the
anomalous diabatic heating. These terms are denoted df, ut,
vt, wt, and dia, respectively. The diagnostic equation allows
for a straightforward measurement of the relative importance
of each thermal process. Note that the anomalies of each
term in Eq. (1) are also detrended and low-pass-filtered.

2.1 d. Local finite-amplitude wave activity

Recently, Huang and Nakamura (2016) proposed a state-
of-the-art dynamic metric, i.e., local finite-amplitude wave
activity (LWA), from the potential vorticity perspective,
which is quite suitable for measuring the waviness of cir-
culation. The LWA and its budget equation are defined on
isobaric surfaces in spherical coordinates as follows:
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A is the LWA. g is the quasigeostrophic potential vor-
ticity, z = — H In(z — z;) is the pressure pseudoheight
(po=1000 hPa), H ~ 7 km is the scale height, and a is
the radius of Earth. (q,, u,,v,,0,) are departures from the
wave-free reference state (grgp, Urgr> VRer> OrER)- 9REF 1S
obtained by “zonalizing” the instantaneous quasigeo-
strophic potential vorticity contours through an area-
preserving map. vggr =0 and (uggp, Oggr) can be fur-
ther solved through the thermal wind balance. ¢’ is the
latitudinal displacement from equivalent latitude ¢, and
A@(4, @, z,t) is the meridional displacement of the quasige-
ostrophic potential vorticity contour ¢ = gggp from @. The
residual term in the second equation consists of (a) dia-
batic heating effects, (b) nonconservative sources/sinks of
the LWA, e.g., dissipation through mixing or wave break-
ing and radiative and Ekman damping, and (c) inevitable
analysis errors, e.g., sampling errors, nonquasigeostrophic
effects, and truncation errors. More details on the calcu-
lation can be found in the Supplemental Material of the
present study or the supporting information sections of
Huang and Nakamura (2017).

Dynamically, the positive value of F; (F,) means the
eastward transportation of the LWA by uppr (4,). F, rep-
resents the Stokes drift flux, which is the nonlinear modi-
fication of the flux by eddies. In Sect. 3, we show that the
convergence of F, contributes the most to the formation of
anticyclonic anomalies over East Asia. This result is simi-
lar to Nakamura and Huang (2018), in which F, is regarded
as having an important role in the formation of eddies
with finite amplitudes (such as blocking). Unless otherwise
stated, we do not transform the term —cos (pveqe|¢/:() in
Eq. (2) into the convergence of the generalized 3-dimen-
sional E-P flux. For simplicity, —cos ¢v,q, |(p,=0 is referred
to as —v,q, in the following text.

3 Results

A. Circulation anomalies

According to the identification method of HWs intro-
duced in Sect. 2b, a total of 49 extreme HWs in the YRB
are identified (Table S1 of Supplemental Material). HWs
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occur once a month during the three summer months of
2022 (pink shading). It is worth noting that the HW in
August 2022 lasted from August 3rd to August 22nd, mak-
ing it the longest-lasting event in the past 65 years, sur-
passing the second longest event in 2013 by 7 days. For
simplicity, we will refer to this extremely long-lived HW
in August 2022 as the Aug2022 case in the following text.
To extract the common features for the HWs, a composite
analysis is conducted on the 48 cases with a duration rang-
ing from 3 to 13 days. Additionally, an attempt was made
to classify the 48 cases into two groups: the short-lived
group (3-5 days) and the medium-lived group (6—13 days).
However, the results showed no fundamental difference
between these two subsets, except for the longer duration
of the medium-lived group (not shown). Therefore, we
combined the short-lived and medium-lived groups into
one group and referred to it as ordinary HWs.

Figure 3 shows the vertical cross-section of circulation
anomalies along 30°N for ordinary HWs (left column) and
the Aug2022 case (right column). These anomalies are aver-
aged over the entire lifecycle for each case before apply-
ing the composite procedure. For ordinary HWs, positive
air temperature anomalies are observed over the YRB and
the surrounding regions throughout the troposphere, with
the highest amplitude near the ground surface (Fig. 3a).
Additionally, a notable significant positive height anomaly
is observed throughout the troposphere and lower strato-
sphere, with its center at approximately 150 hPa (Fig. 3e).
Figure 3g shows the composite geopotential height anoma-
lies at 150 hPa and the horizontal wind velocity at 950 hPa.
The height anomalies at 500 hPa (not shown) exhibit a simi-
lar pattern to those at 150 hPa, indicating a quasi-barotropic
structure in the middle and upper troposphere (Fig. 3e). The
primary significant anticyclonic height anomalies are cen-
tered over East Asia and merge with those over the north-
western Pacific (Fig. 3g). However, the anticyclonic circula-
tion anomalies over East Asia shift further southward in the
lower troposphere, forming a northward-tilted structure over
East Asia. The YRB is subject to the influence of the south-
westerlies in the lower troposphere. In fact, such anticyclonic
anomalies result from a combination of the enhanced SAH
in the upper troposphere and the westward extension of the
WPSH in the middle-to-lower troposphere (e.g., Jiang et al.
2023; Peng et al. 2023; Sun et al. 2023; Tang et al. 2023).
Beneath the center of the anticyclonic anomalies, significant
subsidence dominates throughout the troposphere (Fig. 3c).
Subsidence in the upper troposphere can induce the accu-
mulation of air masses and further facilitate the westward
extension of the WPSH in the middle and lower troposphere.

In the Aug2022 case, the circulation anomalies exhibit
similarities to those of ordinary HWs. For instance, there
are positive air temperature anomalies throughout the tropo-
sphere (Fig. 3b), accompanied by significant anticyclonic

height anomalies (Fig. 3f) and predominant descending
motion (Fig. 3d). Moreover, both the upper-layer and the
lower-layer anticyclonic anomalies overlap over East Asia
with a northward-tilted structure (Fig. 3h). Hence, the fun-
damental circulation anomalies of extreme HWs remain
unchanged in the Aug2022 case. The main difference
lies in the increased persistence of the typical circulation
anomalies.

b. Thermodynamic features

Figure 4 presents the daily variation in each term of the
thermodynamic budget equation (Eq. 2), which is area-aver-
aged over the YRB on different isobaric surfaces. Since the
boundary layer process may be involved in HWs (Miralles
et al. 2014), we discuss the thermodynamic processes in the
boundary layer and free atmosphere separately. As JRASS
does not provide boundary layer height data, we use the
planetary boundary height field from the ERAS5 monthly
datasets instead (Hersbach et al. 2020). In August 2022,
the planetary boundary height in the YRB is approximately
580 m, while the August climatological mean is 467 m.
The mean terrain height is approximately 232 m. There-
fore, the sum of 232 m and 580 m equals 812 m for August
2022. According to the 1976 U.S. standard atmosphere, this
height corresponds to 919 hPa, which is calculated using
the function stdatmus_z2tdp of NCL (https://www.ncl.ucar.
edu/Document/Functions/Built-in/stdatmus_p2tdz.shtml).
Hence, in the present study, the portions above and below
900 hPa are roughly considered the free atmosphere and the
planetary boundary layer, respectively.

For ordinary HWs, the air temperature in the lower tropo-
sphere exhibits a clear positive tendency anomaly df from
day — 6 to day 0, followed by a negative tendency from day
1 to 6, indicating the accumulation and release of excessive
heat, respectively (black lines in Figs. 4a, c, e and g). Here,
day 0 means the peak day, and day N (-N) represents the N
day after (before) the peak day. The average start day and
end day of the 48 ordinary HWs are day — 2.3 and day 2.3,
respectively. They are indicated by vertical black solid lines
in Fig. 4 for ease of discussion. In the middle and upper
troposphere, the temperature tendency anomaly is not as pro-
nounced (Fig. Sla, c), which aligns with the smaller ampli-
tude of the air temperature anomalies (Fig. 3a).

The descending motion shown in Fig. 3¢ induces sig-
nificant adiabatic heating wt with the maximum amplitude
at approximately day — 1 in the lower troposphere (purple
lines in the left column of Fig. 4). This adiabatic heating
is the main contributor to the positive df anomaly before
the onset of HWs in the free atmosphere (e.g., 850 hPa and
900 hPa, and 300 hPa and 500 hPa shown in Fig. S1). In fact,
wt mainly arises from the compression R(Tw)’/ C,P (not
shown). In the middle and upper troposphere, the heat budget
is characterized by a balance to a great extent between adi-
abatic heating wt and diabatic cooling dia (Fig. S1). Note
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«Fig.3 Mean circulation anomalies for extreme HWs which is aver-
aged over their lifecycle. Left column is the composite results for
ordinary HWs, right column is for the Aug2022 case. The first three
rows show the vertical cross section along 30°N of air temperature
anomalies (units: °C), omega anomalies (units: Pa/s) and geopoten-
tial anomalies (units: gpm), respectively. Purple shading represent
terrain. The last row shows the composite geopotential height at
150 hPa (contour, units: gpm) and wind velocity at 950 hPa (vector,
units: m/s). Wind speed less than 1 m/s and 2 m/s are omitted in (g,
h), respectively. In (g, h), green rectangle represents the YRB. Red
solid lines indicate the positive anomalies, blue dashed line the nega-
tive anomalies, and black lines are the zero contours. Contour range
and intervals are indicated in the bottom-right corner of each panel.
Grey shading represent the significance at the 95% confidence level

that the relative importance of wt decreases in the bound-
ary layer. The zonal thermal advection ut becomes evident
and even comparable to wt in the boundary layer (Fig. 4e,
g) from approximately day — 5 to day 2. In addition, dia
has a significant maximum positive value of 0.3 K/day at
approximately day — 4 in the boundary layer. This indicates
that in the boundary layer, the HWs are generally initiated
by diabatic heating and maintained by adiabatic heating due
to subsidence wt and zonal thermal advection ut. As the air
temperature rises, the positive temperature anomalies are
gradually offset by the significant anomalous cooling effect
from the meridional thermal advection vt and diabatic heat-
ing dia after day — 1. The reason why dia changes from
heating before the start day to cooling after the start day will
be further explored in the next subsection. In fact, both the
anomalous adiabatic heating effect ur and adiabatic cool-
ing effect vt in the lower troposphere are associated with
the anomalous westward extension of the WPSH (Fig. 3g).
Thus, the anticyclonic anomalies over East Asia and the
western Pacific play a two-faceted role in the formation and
maintenance of HWs over the YRB.

In the Aug2022 case, there are three warming periods in
the lower troposphere, i.e., day — 14 to day — 6, day — 5 to
day 0 and day 5-7 (black lines in the right column of Fig. 4).
Overall, the thermodynamics of the Aug2022 case closely
resemble those of ordinary HWs. For instance, at 850 hPa
and 900 hPa, the positive temperature tendency anomaly
is mainly due to adiabatic heating wt, with zonal thermal
advection uf playing a secondary role. In the boundary layer,
the case is triggered by dia (from day — 15 to — 10), sus-
tained by two adiabatic processes (wt and ut), and weakened
by vt. Therefore, the two-facet role played directly by the
anticyclonic anomalies is still evident in the Aug2022 case.
However, there are two aspects where the thermodynamics
of the Aug2022 case differ from ordinary HWs. First, in
the free atmosphere, the positive anomalies of both wt and
ut persist for a longer period, and they are counteracted by
the prolonged cooling effect through vt and dia. Second, in
the boundary layer, dia exhibits an evident positive anom-
aly before day 0, but does not exhibit an evident negative

anomaly afterwards except for the period from day O to 4.
Thus, the enhanced diabatic heating during the developing
stage and the prolonged adiabatic heating, along with the
weakened diabatic cooling during the decay stage, explains
the extreme persistence of the Aug2022 case in the bound-
ary layer.

c. Sources of diabatic heating

We further investigate the factors contributing to diaba-
tic heating. The presence of an anomalously enhanced anti-
cyclonic circulation (Fig. 3) is often accompanied by clear
skies. As seen in Fig. 5a, ordinary HW's exhibit significantly
less low, medium, and high cloud cover from approximately
day — 5 to 4. Note that the high clouds primarily consist of
ice crystals. It is widely accepted that high cloud cover has a
greater impact on longwave radiation than shortwave radia-
tion. Consistent with the less low and medium cloud cover,
more solar radiation reaches the Earth’s surface (Fig. 5b).
Subsequently, the warmed ground can heat the air masses
aloft through a significant positive upward sensible heat flux
(Fig. 5¢). These sensible heat flux anomalies contribute to
the positive diabatic heating anomalies and the observed
positive dt anomalies at days — 5 and — 4 (Fig. 4e, g). These
findings align with previous studies on extreme HWSs in East
Asia, which were based on monthly mean datasets. (e.g.,
Wu et al. 2016; Hong et al. 2022). Although the net upward
longwave radiation flux anomaly at the ground surface is
positive (Fig. S2a), the warmed air masses also lose heat
by emitting longwave radiation. To measure the net long-
wave radiation flux absorbed by the air masses, we calculate
the net column longwave radiation flux by subtracting the
upward longwave radiation flux at the top of the atmosphere
from the net upward longwave radiation flux at the ground
surface. A positive (negative) value means a net income
(loss) of longwave radiation flux for the column air masses.
Figure 5d shows that for ordinary HWs, the net column long-
wave radiation flux anomaly is negative from day — 6 to 4,
with the maximum amplitude occurring on day — 1. This
indicates that the air masses are gradually cooled by emitting
longwave radiation, which is consistent with the maximum
diabatic cooling around day O (left column of Figs. 4 and
S1).

Regarding the Aug2022 case (red lines in Fig. 5), there
is also less low and medium cloud cover, allowing more
net shortwave radiation to reach the ground surface before
day 12. This behavior is similar to that of ordinary HWs,
except for the longer persistence. However, the upward
sensible heat flux does not show a consistent variation with
that of the shortwave radiation flux. For instance, around
day — 14, the sensible heat flux anomaly achieves its maxi-
mum positive value, while the positive shortwave radiation
flux anomaly achieves its minimum value. It is possible
that the soil-atmospheric feedback process (Fischer et al.
2007; Hirschi et al. 2011; Zhang and Wu 2011; Miralles
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850 hPa

900 hPa

950 hPa

975 hPa

days

—dt - ut

Fig.4 Daily variation of the area-averaged anomalies of the thermo-
dynamic budget terms for the extreme HWs in the YRB. Units: C.
Left column is for ordinary HWs, and right column for the Aug2022
case. Rows from the upper to bottom are at 850 hPa, 900 hPa,

et al. 2014; Jiang et al. 2023) amplifies the sensible heating
flux from day — 15 to day — 10. This aspect falls beyond the
scope of the present study. At least, it can be concluded
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950 hPa and 975 hPa, respectively. Day 0 means the peak day of the
HWs. The vertical dashed black lines in the left column represent the
averaged start day and end day of ordinary HWs, and the ones in the
right column represent the start day and end day of Aug2022 case

that the sensible heating flux is an important source for
diabatic heating until day — 2 (Figs. 4f, 4h and 5c). The
net column longwave radiation flux typically reaches its
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Fig.5 a Cloud cover anomalies (units: %) for ordinary HWs (black
lines) and the Aug2022 case (red lines). The variables are area-aver-
aged over the YRB. Solid lines are for low cloud cover, dotted lines
medium cloud cover and dashed lines high cloud cover. Black filled
circles represent the significance at 95% confidence level. b As in a,
but for net downward shortwave radiation flux at the ground surface

maximum negative value on day — 9 (Fig. 5d), which is one
day after the maximum temperature tendency anomaly dt
(Figs. 4f and h). This confirms that the warmed air masses
are cooled down through the emission of longwave radia-
tion in the Aug2022 case, similar to ordinary HWs. How-
ever, the Aug2022 case exhibits a new characteristic. The
anomaly in the net column longwave radiation flux shows
an increasing trend after day — 11, which aligns with the
variation in high cloud cover on the whole (Fig. 5a). This
suggests that the increased anomaly in high cloud cover
contributes to trapping more longwave radiation. Conse-
quently, unlike ordinary HWs, the diabatic heating dia in
the Aug2022 case does not display a significant negative
anomaly after the start day (Figs. 4f and h), allowing for
the accumulation of heat and its persistence. Condensa-
tion heating may have a positive impact on the formation
of the Aug2022 case only on approximately day 2 and day
3, which is implied by the evident positive precipitation
anomalies over the YRB (Fig. S2b).

Overall, sensible heating at the ground surface is an
important source of diabatic heating that initiates HWs over
the YRB. As the air masses gradually warm up, they release
heat through emitting longwave radiation, which becomes
an important source for the evident diabatic cooling after
the onset of HWs. However, in the case of Aug2022, the

(units: W/m™2). ¢ As in b, but for the upward sensible heat flux at the
ground surface (units: W/m™2). d As in ¢, but for the net upward long-
wave radiation flux for the column air (units: W/m™2). The vertical
dashed red and black lines represent the averaged start day and end
day of ordinary HWSs and the start day and end day of Aug2022 case,
respectively

high clouds appear to trap longwave radiation, resulting in a
slowdown of the cooling process.

d. Dynamics for anomalous SAH

The previous sections have discussed how the anticy-
clonic circulation anomaly can impact the formation of
HWs. The impact can occur directly through the adiaba-
tic process and indirectly through the diabatic process. It is
important to further investigate the formation mechanism
of this anticyclonic circulation anomaly. The anticyclonic
circulation anomaly throughout the troposphere (Fig. 3e, f)
corresponds to the enhanced SAH in the upper troposphere/
lower stratosphere and the weakened low pressure circula-
tion over Asia in the middle and lower troposphere. Note
that the weakened low pressure circulation will reduce the
difference in pressure or height field between it and the sub-
tropical highs to its east and west, forming a more uniform
circulation in the subtropical region. Therefore, the waviness
will be enhanced in the upper troposphere but reduced in
the lower troposphere. It corresponds to the evident positive
LWA anomaly in the upper troposphere/lower stratosphere,
with the maximum amplitude occurring at approximately
10 km for both ordinary HWs and the Aug2022 case (Fig. 6).
In the following discussion, each term of the LWA budget
equation (Eq. 2) is averaged vertically from 7 to 17 km with

a weight of air density, i.e., ((:)) = 71;1:1“ e /H()dz/H.
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Fig.6 Same as Fig. 3a, but for
the composite LWA anomalies
(Units: m/s). a Ordinary HWs.
b Aug2022 case
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Figure 7 shows the evolution of column-averaged LWA
anomalies for the Aug2022 case. On day — 15, negative
LWA anomalies are observed over eastern China, suggest-
ing a weakened SAH. However, these anomalies become
positive on day — 10 and persist until day 10. In fact, signifi-
cant LWA anomalies also occur over eastern China during
ordinary HWSs but are only significant from day — 5 to day 3
(not shown). To analyse the evolution of the LWA anoma-
lies over eastern China, we calculate the column average for
each term of Eq. (2) over the region [20-40°N, 90-120°E].
For ordinary HWs, the column-averaged LWA experiences
a significant enhancement from day — 6 to day — 2 and weak-
ens from day 1 to 4 (Fig. 8a). This enhancement of the LWA
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mainly results from the meridional potential vorticity flux
-v,q,, indicating that the accumulation of Rossby wave
energy plays a positive role in the formation of positive LWA
anomalies. This dynamic feature has been emphasized in
many other studies (e.g., Jiang et al. 2023; Wang et al. 2023;
Tang et al. 2023). After day 0, the positive LWA anomalies
are diminished due to the divergence of F'; + F, and diabatic
heating effects.

For the Aug 2022 case (Fig. 8b), the LWA experiences
evident enhancement from day — 15 to day — 6. During this
period, in sharp contrast, the convergence of F, stands out
as the main contributor to the enhancement of the LWA. In
fact, the convergence of F, also positively contributes to the
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Fig.8 Daily evolution of column-integrated LWA budget terms
(m/s) for the extreme HWs over eastern China. a Ordinary HWs, b
Aug2022 case. Each term is area-averaged over the eastern China
[20-40° N, 90-120° E] which is indicated by the black rectangle in
Fig. 6

enhancement of the LWA for ordinary HWs around day — 5
but lacks significance (Fig. 8a). The meridional potential
vorticity flux —v,q, anomaly in the Aug2022 case actually
has a negative sign, indicating a divergence of Rossby wave
energy. Thus, it is actually unfavorable for the maintenance
of the enhanced SAH. The —v,q, anomaly becomes positive
only during the period from day 5 to day 11. Fig. S3 shows
the three components of —v,q, for both the ordinary HWs
and the Aug2022 case. All three components basically show
a synchronous variation with —v,g,. Clearly, the formation
mechanism of the anomalous SAH in the Aug2022 case dif-
fers from that of ordinary HWs.

Overall, the formation of the anomalous SAH in the Aug
2022 case involves some new dynamics, with the nonlinear
effect (convergence of F,) playing a predominant role in
its enhancement, while —v,g, mainly counteract the mainte-
nance of the anomalous SAH. The reason behind the strong
convergence of the Stokes drift flux in the Aug2022 case
remains a topic for future studies.

4 Conclusion and discussion

A. Conclusion

The present study explores the thermodynamics of HWs
over the YRB based on the JRASS daily reanalysis datasets.
A comparative analysis is conducted to elucidate the simi-
larities and differences in the thermodynamic characteris-
tics between ordinary HWs and the Aug2022 case. Here,
ordinary HWs are defined as those lasting between 3 and
14 days, while the Aug2022 case has an unusually long dura-
tion of 20 days.

Both ordinary HWs and the Aug2022 case are character-
ized by the appearance of anticyclonic circulation anomaly
throughout the troposphere and lower stratosphere and posi-
tive air temperature anomalies with the maximum amplitude
in the boundary layer. The anticyclonic anomaly can affect
air temperature through both adiabatic and diabatic pro-
cesses. The anticyclonic anomaly is accompanied by evident
descent motion anomalies that prevail in the troposphere.
The induced adiabatic compression heating serves as the pri-
mary adiabatic heating source in the entire troposphere. In
the boundary layer, eastward warm advection is also evident,
which corresponds to the westward extension of the WPSH.
In addition, the anticyclonic circulation anomaly leads to
reduced low and medium cloud cover and increased short-
wave radiation reaching the ground. Consequently, the sensi-
ble heating flux is enhanced, becoming an important diabatic
heating source prior to the onset of HWs. HWs gradually
form due to the combined heating effect of descent motion,
zonal thermal advection, and diabatic heating. As the air
temperature increases, it is gradually cooled by emission of
longwave radiation flux and meridional thermal advection.

In the extreme Aug2022 case, the above-mentioned ther-
mal processes also occur, but they last for longer durations.
Note that the cooling effect due to the emission of longwave
radiation gradually diminishes during the evolution of the
Aug2022 case and even acts as a heating source after day
2, which might be associated the trapping effect of the high
clouds on longwave radiation. Therefore, consistent with the
persistent anticyclonic circulation anomalies, the enhanced
diabatic heating process during the developing stage and
prolonged adiabatic heating processes (i.e., ut and wf) during
the whole lifecycle, combined with the weakened diabatic
cooling effect during the decay stage, accounts for the unu-
sually long duration of the Aug2022 case.

The anticyclonic circulation anomalies are analysed using
a state-of-the-art dynamic metric called the LWA. The analy-
sis reveals significant positive LWA anomalies in the upper
troposphere and lower stratosphere over eastern China,
corresponding to the enhanced SAH. Through the LWA
budget equation, we demonstrate that the enhanced SAH
in the Aug2022 case is primarily caused by the nonlinear
effect (i.e., the Stokes drift flux). The dispersion of Rossby
wave energy plays a destructive role in the enhanced SAH,
except for the last 5 days of the Aug2022 case. Therefore, the
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Table1 Numbers of extreme HWs and extreme LWA events over
eastern China during different periods

period Extreme HWs  Extreme Numbers of
SAH overlapped
events events
1958-1969 (12 year) 12 13 3
1970-1979 (10 year) 6 14 4
1980-1989 (10 year) 7 5 1
1990-1999 (10 year) 3 0
2000-2010 (11 year) 10 10 4
2011-2022 (12 year) 11 14 6

underlying dynamics of the enhancement of the SAH differ
from those of ordinary HWs.

b. Discussion

Hong et al. (2017) and Wang et al. (2017) documented the
decadal modulation of the Silk Road pattern on asymmet-
ric warming over East Asia. In addition, Li and Sun (2017)
pointed out that the decadal variation in the Silk Road pat-
tern can modulate the frequency of extreme hot days over the
YRB. To further explore the decadal variation in the HWs
and its relationship with the upper-level enhanced SAH, we
identified the extremely strong SAH events via a similar
method that is applied to the extreme HWs. The quantity
utilized in the identification is the vertically averaged LWA
anomalies from 7 to 17 km over eastern China [20—40° N,
90-120° E] (black rectangle in Fig. 7). Table 1 shows the
numbers of extreme HWs, extreme LWA events and events
that overlap between the two types of extreme events. Here,
an overlapped event is defined as that the lifecycle of an
extreme HW event and that of an extreme SAH event overlap
for at least 2 days. Clearly, the numbers of extreme HWs
show an evident decadal variation, with higher occurrence
in the 1960s and the last two decades. Interestingly, extreme
SAH events also exhibit a similar decadal variation, except
for the 1970s. Approximately 39% of extreme HWs are
accompanied by extreme SAH events in the first two dec-
ades, while this percentage has increased to approximately
48% in the last two decades. This suggests that the influences
from upper-level circulation anomalies have become more
pronounced in recent periods. Therefore, when analysing
the formation of HWs, it is crucial to consider the impact of
upper-level influences more than ever before. Further stud-
ies are needed to understand the underlying reasons for the
decadal variation in the frequency of these extreme events.
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