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Abstract

The Yangtze River Valley (YRV) experienced an unprecedented heatwave in midsummer of 2022. Still, the detailed physi-
cal processes involved in the influence of abnormal large-scale atmospheric circulation on the heatwave remain unexplored.
Here, we show that the positive meridional gradient of anomalous atmospheric moisture at the middle-lower troposphere
and associated extreme dry air advection over the YRV are vital prerequisites for forming the 2022 YRV heatwave. The 2022
YRV heatwave is dominated by interannual variability, contributing 72.7% to the total temperature anomalies. Diagnosis of
the surface heat budget equation indicates that the surface cloud radiative forcing is the most critical process in driving the
2022 YRV heatwave, which is dominated by the positive surface short-wave cloud radiative forcing associated with the sup-
pressed precipitation and the middle-low clouds. The suppressed precipitation is induced by the vertical dynamical processes
of anomalous moisture advection caused by the abnormal descending flows over the YRV, which are driven by the negative
advection of anomalous latent heat energy by climatological meridional wind (anomalous dry air advection) according to
the atmospheric moist static energy equation. Simulations from the Lagrangian model FLEXPART further indicate that the
moisture anomaly over the north of YRV mainly originated from the surface evaporation in the YRV, implying that there is
a positive land-air feedback during the life cycle of the YRV heatwave. Our study enriches the mechanism understanding of
the 2022 YRV heatwave from the perspective of surface energy budget and land-air feedback.

1 Introduction

During the boreal midsummer (July—August) of 2022, the
Yangtze River Valley (YRV) experienced an unprecedented
intense, and prolonged heatwave, with the maximum tem-
perature exceeding 40 °C (Mallapaty 2022; Lu et al. 2023).
A worst hydrologic drought followed the extreme YRV
heatwave (Ma et al. 2022). Eventually, it led to a severe
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compound extreme, significantly impacting human health,
agriculture, water and energy supplies (Yuan et al. 2023).
The severity of the 2022 YRV extreme heatwave highlights
the importance of unravelling the underlying mechanisms to
serve accurate climate prediction and adaptation planning.
Abnormal large-scale atmospheric circulation back-
ground and its associated lower boundary conditions are the
essential prerequisites for the occurrence and maintenance of
extreme climate events (Wang et al. 2014; Choi et al. 2020;
Ha et al. 2022), and several efforts have been devoted to
understanding the formation process of the large-scale circu-
lation background associated with the 2022 YRV heat event
(Zhang et al. 2023; Wang et al. 2023; Tang et al. 2023). It
is generally acknowledged that the merged subtropical high
belt over the Asian continent is critical to the 2022 YRV
heat event, which is a consequence of the synergistic effects
of the westward extension of the low-level western North
Pacific subtropical high (WNPSH) and the eastward exten-
sion of the upper-level South Asian high (SAH) (Chen and
Li 2023). The merge of the two subtropical high systems
formed initially in July and intensified in August (Zhang

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-024-07150-0&domain=pdf
http://orcid.org/0000-0002-5829-7279

S.Huetal.

et al. 2023). In July of 2022, the extraordinary circulation
anomalies are suggested to be driven by the diabatic heating
associated with the flooding in Pakistan (Wang et al. 2023),
the La Nifia SSTA pattern (Tang et al. 2023), the enhanced
convection over the tropical eastern Indian Ocean (Chen and
Li 2023), and the atmospheric intraseasonal oscillation (Liu
et al. 2023). While in August, the negative phase of the Silk
Road pattern (SRP) (Lu et al. 2002; Enomoto et al. 2003;
Ding and Wang 2005) cooperates with the above processes
to intensify the circulation anomalies (Zhang et al. 2023;
Wang et al. 2023). In addition, the role of local land—air
feedback caused by the dry soil moisture in the 2022 YRV
heatwave was also emphasised (Jiang et al. 2023), which
can amplify the heatwave by reducing the evapotranspiration
and increasing the upward sensible flux (Erdenebat and Sato
2018; Thompson et al. 2022), or internal land-atmosphere
interactions (Seo et al. 2020).

The existing studies commonly assumed that the heat-
wave was driven by large-scale anomalous anticyclonic
circulation via adiabatic heating from descending flows
and enhancement of incoming solar radiation. However,
the detailed physical processes remain unexplored. What
is the relationship between the large-scale circulations and
the extreme 2022 YRV heat wave? What are the detailed
physical processes underlying the formation of the extreme
2022 YRV heat wave? This study aims to answer these two
questions via rigorous diagnostic analysis. The following
sections of the paper will be outlined for clarity. Section 2
introduces observational datasets and analytical meth-
ods. Section 3 investigates the detailed physical processes
responsible for the 2022 YRV heatwave. The concluding
remarks and discussions are given in Sect. 4.

2 Data and methods
2.1 Observations

In this study, we used the monthly surface air temperature
(SAT), surface radiations and heat fluxes, cloud cover,
atmospheric circulations, precipitation, and evaporation
data from the fifth-generation European Centre for Medium-
Range Weather Forecasts reanalysis (ERAS) (Hersbach et al.
2020) for the period 1960-2022 and the National Centers
for Environmental Prediction (NCEP) Climate Forecast
System Reanalysis (CFSR) (Saha et al. 2010, 2014) for the
period 1979-2022. Note that the CFSR datasets include
the CFSR V1 (from 1979 to 2010) and V2 (from 2011 to
2022). The ERAS atmospheric dataset has a high horizon-
tal resolution of 0.25°x0.25°, with 37 pressure levels from
1000 hPa to 1 hPa. The CFSR global atmosphere resolution
is ~38 km (T382) with 64 levels extending from the surface
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to 0.26 hPa. Both ERAS and CFSR can accurately reproduce
the 2022 YRV heatwave (Li et al. 2023; He et al. 2023).

2.2 Analytical method

To investigate the physical processes responsible for the
2022 YRV heatwave, we diagnose the linearised surface heat
budget equation (Lu and Cai 2009), which can be written as:
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where T is the surface temperature.F* and F' are surface
downward and upward long-wave (LW) radiations with
F' ~ oT? according to Stefan-Boltzmann law. S* and S' are
surface downward and upward short-wave radiations. « is
the surface albedo, which can be derived from the ratio of
of S to S* at surface. (+)" represents the surface clear-sky
radiations. H and LE are surface sensible and latent heat
fluxes. Q is the heat storage term. The overbar denotes the
unperturbed mean climate state, and the 4 represents the
perturbation relative to the mean climate state. The terms
on the righthand side of Eq. (1) represent six different pro-
cesses with effect on temperature change, including the sur-
face albedo feedback (SAF), the change in surface cloud
radiative forcing (ACRF,), the non-SAF-induced change
in clear-sky shortwave radiation, the change in downward
clear-sky longwave radiation fluxes, the change in heat
storage, and the changes in surface sensible/latent fluxes,
respectively.

The ACRF | with the SAF excluded can be decomposed
into two terms as:

ACRF, = (1= a ) A" + aphetd @)
where () is the difference between the surface total-sky
radiation and the surface clear-sky radiation, which repre-
sents the cloud radiative forcing. « is the surface albedo of
the unperturbed mean climate state.

To comprehend the physical mechanisms that determine
the changes in YRV’s midsummer rainfall, following Chou
et al. (2013) and Hu et al. (2021), the atmospheric moisture
flux equation, integrated over a column and linearized, was
diagnosed in the following manner:
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where ¢ is specific humidity, V is horizontal wind, @ is
vertical pressure velocity, P is precipitation, E is surface
evaporation, and the angle bracket <> denotes the mass-
weighted vertical integral through the entire atmospheric
column. 4 and p represent the horizontal and vertical dimen-
sions The NL is the nonlinear component, and the Residual
denotes the residual term. The overbars (primes) represent
the climatological monthly mean (the monthly anomaly).

To investigate the mechanisms responsible for the anoma-
lous vertical motion, the linearised column-integrated moist
static energy (MSE) equation (Neelin and Held 1987; Wu
et al. 2017) was diagnosed as follows:

2.3 FLEXPART simulations

To identify the geographical moisture source regions of
the anomalous atmospheric moisture accumulations over
the region to the north of YRV in midsummer of 2022,
we employed the Lagrangian model FLEXPART v9.2.
The FLEXPART model was developed by the Norwegian
Institute for Air Research, which can be used to accurately
describe the moisture-transporting processes associated
with atmospheric circulations by analysing the trajectories
of corresponding air particles (Stohl et al. 2005). In this
study, the FLEXPART simulations were conducted forward

<@d, >~ Fl,—<u'd, (C,T +Lq)> - <uo,(C,T+Lg) >— <V, (C,T+Lgq)>

— <v0,(C,T+L,q) >~ <@ d,ht > +NL o)

where F,, represents the net flux into the atmospheric
column. The & denotes the MSE, which can be written as
h=CpT +L,q+ ¢. The (C,T + L,q) is the moist enthalpy.
Cp and L, are the specific heat at constant pressure and the
latent heat of vaporization, respectively; 7' denotes the air
temperature; g is the specific humidity; ¢ denotes the geo-
potential; u, v and w represent the zonal wind, meridional
wind and vertical velocity, respectively; x, y and p represent
the zonal, meridional and vertical direction, respectively.
The negative terms on the righthand side of Eq. (4) can drive
anomalous descending motion under the constraints of the
MSE budget balance (Biasutti et al. 2018).

The atmospheric precipitable water vapour (PW) and the
vertically integrated moisture flux (Q) (Zhou and Yu 2005)
were calculated as

l Py
PW = - / qdp ®)
8J 100
1 Py
0=- / qVdp (6)
8J 100

where g is specific humidity; V is horizontal wind vector;
pis pressure, p, is surface pressure, and g is the acceleration
due to gravity.

The monthly anomalies were obtained by removing the
mean monthly climatology of 1991-2020. The interannual
variability is estimated by the difference between the origi-
nal anomalies and the 9-year moving average. The long-term
linear trend is calculated by the linear trend of the 9-year
moving average, and the difference between the 9-year mov-
ing average and the long-term linear trend represents the
interdecadal variability.

in time with the “domain fill” option for the midsummer
during 1979-2022 based on the 6-hourly CFSR dataset.
The setting options of conducted FLEXPART simulations
are referred to Peng et al. (2020, 2022), with a total of one
billion particles released over the globe region to split the
global atmosphere into the corresponding air particles with
equal mass. The outputs of FLEXPART simulations are the
information of the one billion air particles, which include
the identity number, three-dimensional positions (above
ground level, latitude, longitude) and meteorological vari-
ables (the humidity, air mass, temperature, and so on). The
time intervals of outputs are 6 h. To explore the moisture
sources of the atmosphere in this study, all the air particles
over the study region are tracked backwards for 10 days (the
mean residual time of atmospheric vapour) by employing the
moisture source attribution method (Sodemann et al. 2008).
The official website of the FLEXPART model is https://
www.flexpart.eu/.

3 Results

3.1 The 2022 YRV heatwave and its associated
circulation anomalies

The maximal surface warmings associated with the 2022
midsummer YRV heatwave exhibit a zonally elongated
structure, spanning from the northern Tibetan Plateau to the
entire YRV (Fig. 1a). The area-averaged SAT anomalies over
the YRV in midsummer of 2022 relative to the 1991-2020
climatology is 1.98 °C, which sets the highest record for
the period 1960-2022 (Fig. 1b). The SAT anomalies over
the YRV in 2022 involve signals with different timescale,
including the long-term linear trend, the interdecadal vari-
ability, and the interannual variability. Estimations of their
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(a) July-August SAT in 2022
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Fig.1 The 2022 midsummer (June—July) heatwave in the Yangtze
River Valley (YRV) and its associated circulation anomalies. a July-
August mean surface air temperature (SAT) anomalies in 2022, unit:
°C. The SAT anomalies are relative to the period of 1991-2020.
b Time series of the July-August mean SAT anomalies averaged over
the YRV from 1960 to 2022. The original SAT anomalies, and the
components of linear trend, interdecadal variability, and interannual
variability are represented by a bar, dashed black line, red line, and
solid black line, respectively. ¢ July-August mean atmospheric diver-
gence (shading, unit: 107% s7!) and horizontal winds (vector, unit:

relative contribution show that the 2022 YRV heatwave
is dominated by the component of interannual variability,
which contributes 1.44 °C to the total temperature anomalies
in midsummer of 2022, accounting for 72.7% of the anomaly
amplitude.

The circulation anomalies associated with the extreme
heatwave in midsummer 2022 are the eastward shift of the
SAH in the upper troposphere (Fig. 1c) and the westward
extension of the WNPSH in the middle-lower troposphere
(Fig. 1d). Although the border of the SAH in midsummer
of 2022 lies within the range of historical variations for the
period 1960-2022, the westward extension of the WNPSH
in the 500-hPa level breaks the record held since the year
1960 (Fig. S1). The overlaps of the two subtropical high
systems produce an anomalous anticyclone in the mid-
dle to upper troposphere over the YRV, accompanied by
atmospheric divergence and descending motion along the
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m-s~!) anomalies at 150-hPa. d July-August mean vertical pressure
velocity (shading, unit: Pa-s™!) and horizontal winds (vector, unit:
m-s~!) anomalies at 500-hPa. In ¢, d, the July-August mean edges
of the South Asian high (SAH) at 150-hPa, and the Western Pacific
subtropical high (WPSH) at 500-hPa are denoted by the 14,300 gpm
and 5880 gpm contour of geopotential height, respectively, where the
(red) grey line represents the case in 2022 (the climatology for 1991—
2020). The black boxes in (a, ¢, d) denote the YRV (25°-35°N,102°-
122°E). The results were obtained from ERAS.

southern edge of the anomalous anticyclone. It is generally
acknowledged that high-pressure circulation systems can
induce descending motion and favour the occurrence of heat
waves. The westward shift of the WNPSH covers the whole
YRV and a large part of the Western North Pacific, while
the anomalous descending motions only occur at the upper
and lower reaches of YRV and the adjacent sea (Fig. 1d).
How does the anomalous descending motions over the YRV
come into existence in midsummer of 2022? What are the
detailed mechanisms underlying the influence of the anoma-
lous descending motions on the extreme YRV heatwave?
We will address these questions in the following analyses.

3.2 Budget analysis for the 2022 YRV heatwave

To quantitatively evaluate the contributions of different pro-
cesses to the 2022 YRV heatwave, the surface heat budget
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Fig.2 Budget analysis of the surface heat budget equation [Eq. (1)]
for the 2022 midsummer heat wave in the YRV. a the sum of the six
terms on the right-hand side of Eq. (1). Unit: °C. b budget for the
interannual variability of the July-August mean YRV SAT anoma-
lies for 1960-2022. The red (black) line represents the sum of the six
budget terms (observed YRV SAT), respectively. ¢ the SAT anoma-
lies contributed by the change in surface cloud radiative forcing
(ACRF) (shading, unit: °C), and vertical velocity anomaly at 500-
hPa (contour, unit: Pa-s™!, the interval is 0.01; the positive (negative)
values are shown in solid (dashed) lines; zero contour is not shown).
d the partial changes from six individual feedback processes to the

equation [Eq. (1)] was diagnosed on the interannual time
scale. The sum of the six terms on the right-hand side of
Eq. (1) reasonably reproduces the 2022 YRV heatwave, with
the area-averaged surface temperature anomalies over the
YRV resulting from six feedback processes reaching 1.74 °C
(Fig. 2a). The budgets also can reproduce the interannual
variability of the midsummer SAT anomalies for the period
1960-2022, with the correlation coefficient reaching 0.96
(Fig. 2b). These results suggest that the budget of surface
heat budget equation are reliable in term of representing the
midsummer SAT variations over the YRV.

The partial changes from individual feedback processes
to the positive surface temperature anomalies associated
with the 2022 YRV heatwave are quantitatively estimated
in Fig. 2d. Among these processes, the surface cloud radia-
tive forcing (ACRF,) is the most critical process, which
contributes 2.39 °C to the total anomalies. The term
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positive surface temperature anomalies associated with the 2022
YRV heatwave. From left to right in the abscissa: the SAT anoma-
lies averaged over the YRV for the observation (OBS), the sum of the
six terms, and contributions from the surface albedo feedback, the
change in ACRF, the non-SAF-induced change in clear-sky short-
wave radiation, the change in downward clear-sky longwave radiation
fluxes, the change in heat storage, and the changes in surface sensible/
latent fluxes, respectively. Unit: °C. The black boxes in a, ¢ denote
the YRV (25°-35°N,102°-122°E). The results were obtained from
ERAS.

surface turbulent fluxes (—A(H + LE)) has a cooling effect
(= 2.02 °C) to the surface warming, which represents the
enhanced evapotranspiration and upward sensible flux due to
the surface warmings, and in turn, acts to reduce the surface
warmings. To understand the driving processes of the 2022
YRV heatwave, we need to focus on the positive ACRF .
The ACRF ; can be further decomposed into two terms, the
surface short-wave CRF and the surface long-wave CRF
according to Eq. (2). As shown in Fig. 3, the ACRF ; is domi-
nated by the surface short-wave CRF (Fig. 3a, b), which spa-
tial distributions resemble the anomalies of precipitation and
middle and low clouds (Fig. 3c, d). When the precipitation is
suppressed, the associated decreased middle and low clouds
lead to increased surface incoming short-wave radiations,
further driving the surface warmings. So, the next question
is why the precipitation over the YRV was suppressed in
midsummer of 2022.
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(a) Short-wave radiation induced surface CRF
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(c) Precipitation
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Fig.3 Formation processes of the surface cloud radiative forcing in
midsummer of 2022. a, b the July—August mean surface cloud radia-
tive forcing induced by the surface short-wave radiation (a), and the

Moisture equation
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Fig.4 Budget analysis for the moisture equation [Eq. (3), units:
mrn~day’1] for the 2022 midsummer in the YRV (25°-35°N,102°-
122°E). The results were obtained from ERAS.

According to the atmospheric moisture budget analysis,
the negative precipitation anomalies are dominated by the
vertical dynamical processes of anomalous moisture advec-
tion (— < @' o d, 4>) (Figs. 4 and 5). Quantitatively, the pre-
cipitation anomalies averaged over the YRV is — 2.32 mm/
day, with the contribution from — < @’ « d, ¢> reaching
—2.12 mm/day, accounting for 91% of the precipitation vari-
ations. The — < @’ « d, ¢> is linked dynamically with the
anomalous vertical velocity, and the descending motion at
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(b) Long-wave radiation induced surface CRF
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(d) Middle and low cloud cover
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surface long-wave radiation (b), unit: °C. ¢, d the July—August mean
precipitation (unit: mm-day™") (d), and the middle and low cloud
cover (unit: %). The results were obtained from ERAS.

500 hPa over the YRV well coincides with the — < ' « 9, >
(Fig. 5a). Hence, the spatial pattern of the ACRF is also in
accord with the descending motion at 500 hPa, which isoline
of 0.03 Pa-s—1 well coincides with the maximum values of
ACRF ; and SAT anomalies (Fig. 2¢). The interannual vari-
ations of midsummer SAT anomalies in the YRV during
1960-2022 is also closely related with the area-averaged
anomalous vertical velocity at 500 hPa over the YRV, with
the correlation coefficient reaching 0.59 (p <0.01) (not
shown). The results suggest that the anomalous descending
motion is associated with the YRV heatwave through the
surface short-wave CRF, which is dynamically linked with
the changes in precipitation and cloud cover.

In midsummer of 2022, the anomalous descending
motion at 500 hPa over the YRV at interannual time-
scales is the strongest since 1960 (Fig. 6b). What are the
formation processes of the anomalous vertical motions?
We further diagnosed the MSE equation [Eq. (4)] to the
regions with the 500 hPa vertical velocity anomalies above
0.03 Pa-s™! in YRV. The column-integrated MSE equa-
tion can accurately represent the 500 hPa vertical velocity
anomalies above these regions for the period of 1960-2022
(Fig. 6b). For the midsummer of 2022, the budget results
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Fig.5 Budget analysis of the column-integrated atmospheric mois-
ture flux equation [Eq. (3)] for the 2022 midsummer in the YRV.
a the vertical dynamic component of the vertically integrated mois-
ture advection term (— < @’ 9, 9>, shading) and the anomalous ver-
tical pressure velocity at the 500 hPa (contour, the interval is 0.02;
the positive (negative) values are shown in solid (dashed) lines;
zero contour is not shown). b the horizontal dynamic component of

the vertically integrated moisture advection term (— < V' ¢V, ¢>).

suggest that the anomalous descending motions were
driven by the anomalous negative advection of anoma-
lous moist enthalpy by climatological meridional wind
(—<v 6y(CpT + qu)/ >), and the anomalous meridional

dry air advection (— <v 6y(qu)’ >) has the most promi-
nent contributions (Fig. 6a). The — <v d, (qu)’ > in 2022

¢ the vertical thermodynamic component of the vertically integrated
moisture advection terms (— <@ o pq’ >), d the horizontal ther-
modynamic component of the vertically integrated moisture advec-

tion terms (— <V oV,q’ >), e the surface evaporation term (E/),
and f the nonlinear components (NL). The units of the vertically
integrated moisture advection term and anomalous vertical pressure
velocity are mm-day™' and Pa-s~!. The black boxes denote the YRV
(25°-35°N,102°-122°E). The results were obtained from ERAS.

is also the strongest since 1960, consistent with the extreme
anomalous descending motions (Fig. 6b).

The — <v o, (qu)’ > in 2022 has negative value centres
over the YRV (Fig. 6¢), and this negative moist enthalpy
advection decreases the atmospheric moist static energy and
facilitate suppressed local convection under the constraints
of the MSE budget balance. From the longitude—height cross
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(a) MSE budget for 2022
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Fig.6 Budget analysis of column-integrated moist static energy
(MSE) equation [Eq. (4)] for the anomalous vertical velocity over
the YRV. a Each budget term of the MSE equation for the anoma-
lous vertical velocity over the YRV in midsummer of 2022. Unit:
W-m~2. The budget is conducted to the regions within the YRV with
500 hPa vertical velocity anomalies above 0.03 Pa-s~!. b The anom-
alous vertical velocity at 500 hPa (black line), the vertically inte-
grated anomalous vertical advection of climatological mean MSE
(< @'d, >, red line), and the vertically integrated anomalous meridi-
onal advectlon of anomalous latent heat energy by climatological
wind (- <v d,(L,q ) >, blue line) averaged over the regions of MSE

section averaged over the YRV, the maximum anomalies of
-V dy( Vq) emerge at the levels between 850 and 700 hPa
over the YRV, directly corresponded with the anomalous
descending motions at these levels (Fig. 6d). We utilized the
750 hPa level to investigate the formation of — <v 9, (qu)’ >.
It can be found that there are positive latent heat energy anom-
alies over the region between the Yangtze and Yellow Rivers,
and negative latent heat energy anomalies over the northern
South China Sea, which result in a positive meridional gra-
dient of anomalous latent heat energy (d, (L,q)") over the
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budget for the period 1960-2022. The time series are standardised.
¢ the spatial pattern of — <v o, (L, q) > in the midsummer of 2022,
unit: W-m™2. d The longltude—helght cross section of — v a ( )
(unit: 1073 J- kg_1 s™!) and anomalous zonal and vertical wmds (umt
m-s~h) along 25°-35°N. e The spatial pattern of anomalous latent heat
energy (unit: 10° J-kg™!) and climatological horizontal winds at 750-
hPa (unit: m-s™"). f The latitude—height cross-section of the anomalous
latent heat energy (shading, unit: 2 10* J-kg™") and the climatological
meridional and vertical winds (vector, unit: m-s‘l) along 102°-122°E.
The black boxes in (¢ and e) denote the YRV (25°-35°N, 102°-
122°E). The results were obtained from ERAS.

YRV (Fig. 6e). Under the background of the climatologi-
cal East Asian summer monsoon circulations, the negative
—va ( Vq) is thus generated. The latitude-height cross sec-
tion of latent heat energy anomalies also indicates that the
positive d,, (qu)’ is mainly determined by the meridional gra-
dient of anomalous atmospheric moisture at the middle-lower
troposphere (Fig. 6f), and the atmospheric moisture accumu-
lation to the north of YRV plays an important role. Hence,
it is vital to investigate the abnormal atmospheric moisture
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(a) PW & moisture flux anomalies
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Fig.7 The anomalous atmospheric moisture transportations in mid-
summer of 2022. a the atmospheric precipitable water vapor (PW;
shading, unit: kg-m™) and the vertically integrated moisture flux
(Q; vector, unit: kg-m-s~') anomalies in midsummer of 2022. b the
latitude-height cross-section of the moisture flux (vector, unit:
gm-s L kg™!), specific humidity (shading, unit: gkg™'), and geo-
potential (contour, unit: m*s~2) anomalies in midsummer of 2022
averaged along 102°-122°E. ¢ the moisture contribution associated

transportation in midsummer of 2022 to understand the forma-
tion of the extreme meridional dry air advection.

3.3 Abnormal moisture transportation
in midsummer of 2022

The atmospheric precipitable water vapour and the verti-
cally integrated moisture flux anomalies in midsummer
of 2022 are shown in Fig. 7a. The most prominent feature
is that the atmospheric moisture unusually accumulates
to the north of YRV, with less moisture on both the north
and south sides. The anomalous moisture accumulations
are closely associated with the anticyclonic moisture flux
anomalies above South China and the southward mois-
ture flux anomalies above North China (Fig. 8), implying
the critical role of large-scale circulations. The vertical
profiles of moisture to the north of YRV distribute along
the high-pressure ridge line (Fig. 8), which indicates that
the merge of the SAH and WNPSH over the YRV plays
an essential role in anomalous moisture transportations.

(b) Specific humidity, Z & moisture flux anomalies
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with climatological mean midsummer atmospheric water contents for
the region north of YRV (black box) derived from all the target back-
tracking trajectories over days 10-1 in the FLEXPART simulations.
Unit: 10" kg. d as in ¢, but for the moisture contribution anoma-
lies associated with the midsummer of 2022. The results in a, b were
obtained from ERAS, and the FLEXPART simulations in ¢, d were
based on the CFSR

According to previous study, the merge of the SAH and
WNPSH in midsummer of 2022 could be driven by the
diabatic heating associated with the flooding in Pakistan
(Wang et al. 2023), the La Nifia SSTA pattern (Tang et al.
2023), the enhanced convection over the tropical eastern
Indian Ocean (Chen and Li 2023), the atmospheric intra-
seasonal oscillation (Liu et al. 2023), and the negative
phase of the SRP (Wang et al. 2023).

The moisture contribution associated with climatological
mean midsummer atmospheric water contents for the region
to the north of YRV (black box in Fig. 7a) over the whole
10-day back-tracking period derived from the FLEXPART
simulations are shown in Fig. 7c. The highest centre of mois-
ture contribution occurs at the north of YRV, implying that
the local evaporation is the main contributor to the atmos-
pheric moisture over the north of YRV (Fig. 7¢). Concerning
the climate mean, the distributions of moisture contribu-
tion anomaly of the midsummer in 2022 show that there
are increments in moisture contribution over the middle
and upper reaches of the YRV but decrements in moisture
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Fig.8 Schematic of the influence of extreme dry advection on the
record-breaking Yangtze River heatwave in midsummer of 2022.
The 2022 YRV heatwave is driven by the positive surface short-wave
cloud radiative forcing, induced by the extreme negative advection
of anomalous latent heat energy by climatological meridional wind

contribution over the Yellow Sea (Fig. 7d), which indicate
that the atmospheric moisture anomaly over the north of
YRV mainly originate from the YRV.

The above analyses suggest that there could be positive
feedback between the heatwave and the atmospheric circula-
tion through anomalous moisture transportation during the
2022 YRV heatwave. When the YRV heatwave develops,
the local evaporation is enhanced and thus produces more
atmospheric moisture. The increased atmospheric moisture
is further transported to the north of YRV by the high-pres-
sure circulation systems and results in meridional dry air
advection over the YRV, which further intensifies the YRV
heatwave through the formation of descending motions and
associated surface cloud radiative forcing.

4 Conclusion and discussion

The YRV experienced an unprecedented heatwave in mid-
summer of 2022, with significant global socio-economic
and environmental impacts. Although there are existing
studies on the mechanisms behind the 2022 YRV heatwave,
the previous studies generally assumed that the surface
heatwave event was triggered by the overlying atmospheric
high-pressure anomalies, and thus predominantly focus on
understanding the formation processes of large-scale circula-
tion anomalies in midsummer of 2022. Up to now, there is
still insufficient understanding of local feedback processes
in the 2022 YRV heatwave.
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(anomalous dry air advection). The anomalous dry air advection is
linked dynamically with the moisture accumulations over the north of
YRV, which are originated from the surface evaporation in the YRV
during the heatwave

In this study, we investigated the detailed regional physi-
cal processes involved in the influence of atmospheric circu-
lation on the 2022 YRV heatwave. Based on the linearised
surface heat budget equation, column-integrated atmos-
pheric moisture flux, and moist static energy equation, the
critical processes of the 2022 YRV heatwave are identified.
The schematic of the mechanisms responsible for the influ-
ence of extreme dry advection on the record-breaking Yang-
tze River heatwave in midsummer of 2022 is given in Fig. 8.
The main conclusions are listed as follows:

(1) The area-averaged SAT anomalies over the YRV in
midsummer of 2022 relative to the 1979-2021 cli-
matology is 1.98 °C, which sets the highest record for
1950-2022. The 2022 YRV heatwave is dominated by
the component of interannual variability, which con-
tributes 1.44 °C to the total temperature anomalies,
accounting for 72.7% of the anomaly amplitude.

(2) Diagnostic analysis based on the linearised surface heat
budget equation indicates that the anomalous surface
cloud radiative forcing is the most critical process dom-
inating the 2022 YRV heatwave, contributing 2.39 °C
to the total anomalies. The anomalous surface cloud
radiative forcing is dominated by the positive surface
short-wave cloud radiative forcing associated with the
negative precipitation anomalies and corresponding
decreased cloud cover over the YRV, induced by the
vertical dynamical processes of anomalous moisture
advection.
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(3) Budget analysis of the column-integrated MSE equa-
tion for the anomalous vertical velocity over the YRV
suggests that the anomalous descending flows are
driven by the anomalous meridional dry air advection,
which is closely related to the unusually moisture accu-
mulations over the north of YRV. Simulations from the
Lagrangian model FLEXPART exhibit that the mois-
ture anomaly over the north of YRV mainly originated
from the surface evaporation in the YRV, implying that
there could be a positive land-air feedback during the
life cycle of the YRV heatwave.

It should be noted that the processes revealed in this
study were based on the ERAS dataset, which not exactly
equivalent to the observation. To avoid the possible dataset-
dependence of the conclusion, we also utilized the CFSR
to conduct the budget analyses. The CFSR can reproduce
the main processes in ERAS, including the dominant role
of surface short-wave cloud radiative forcing (Fig. S2-S3),
the the extreme negative advection of anomalous latent heat
energy by climatological meridional wind (anomalous dry
air advection) (Fig. S4a—e), and the moisture accumulations
over the north of YRV (Fig. S4f). These results suggest that
the processes revealed in this study are robust. Whether cli-
mate models can reasonably reproduce these physical pro-
cesses and what impact these physical processes have on
the prediction of extreme heat waves deserve further study.

5 Openresearch

All datasets underlying this study can be downloaded pub-
licly as follows:

(1) ERSSTvS (https://www.ncei.noaa.gov/products/exten
ded-reconstructed-sst).

(2) ERAS5 (https://cds.climate.copernicus.eu/cdsapp#
!/dataset/reanalysis-eraS-pressure-levels-monthly-
means?tab=overview).

(3) CFSR (https://rda.ucar.edu/datasets/ds093.1/ and
https://rda.ucar.edu/datasets/ds094-2/).
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tary material available at https://doi.org/10.1007/s00382-024-07150-0.
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