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Abstract

The Yangtze River Valley (YRV) experienced an unprecedented heatwave in midsummer of 2022, but the detailed physical
processes involved in the influence of anomalous large-scale atmospheric circulation on the heatwave remain unknown. 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 key prerequisites for the formation of the 2022 YRV heatwave. The 2022 YRV
heatwave is dominated by the interannual variability, which contributes 72.7% to the total temperature anomalies. Diagnosis
of the surface heat budget equation indicates that the surface cloud radiative forcing is the most important process in driving
the 2022 YRV heatwave, which is dominated by the positive surface short-wave cloud radiative forcing associated with the
suppressed precipitation and the middle-low clouds. The suppressed precipitation is induced by the vertical dynamical processes
of anomalous moisture advection caused by the anomalous 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 is 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 adds a perspective to the existing mechanism

analyses of the 2022 YRV heatwave to serve accurate climate prediction and adaptation planning.
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Key Points:

® The SAT anomaly averaged over the YRV in midsummer of 2022 is 1.98°C, 72.7% of
which is contributed by the interannual variability.

® Surface short-wave cloud radiative forcing associated with anomalous descending flows is
the key process in driving the 2022 YRV heatwave.

® The anomalous descending motions over the YRV in midsummer of 2022 are caused by the
extreme dry air advection.
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Abstract

The Yangtze River Valley (YRV) experienced an unprecedented heatwave in midsummer of
2022, but the detailed physical processes involved in the influence of anomalous large-scale
atmospheric circulation on the heatwave remain unknown. 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 key prerequisites for the formation of the
2022 YRV heatwave. The 2022 YRV heatwave is dominated by the interannual variability,
which contributes 72.7% to the total temperature anomalies. Diagnosis of the surface heat budget
equation indicates that the surface cloud radiative forcing is the most important process in
driving the 2022 YRV heatwave, which is dominated by the positive surface short-wave cloud
radiative forcing associated with the suppressed precipitation and the middle-low clouds. The
suppressed precipitation is induced by the vertical dynamical processes of anomalous moisture
advection caused by the anomalous 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 is 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
adds a perspective to the existing mechanism analyses of the 2022 YRV heatwave to serve

accurate climate prediction and adaptation planning.
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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 temperature
exceeding 40°C (R. Lu et al., 2023; Mallapaty, 2022). The extreme YRV heatwave was followed
by a worst hydrologic drought (Ma et al., 2022) and eventually led to a severe compound
extreme, imposing great impacts on human health, agriculture, water and energy supplies (Yuan
et al.,, 2023). The severity of the 2022 YRV extreme heatwave highlights the importance of
unraveling the underlying mechanisms to serve accurate climate prediction and adaptation

planning.

Abnormal large-scale atmospheric circulation background and its associated lower
boundary conditions are the key prerequisites for the occurrence and maintenance of extreme
climate events (Ha et al., 2022; W. Wang et al., 2014), and several efforts have been devoted to
understanding the formation process of the large-scale circulation background associated with
the 2022 YRV heat event (Tang et al., 2023; Z. Wang et al., 2023; Zhang 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
extension of the upper-level South Asian high (SAH) (Chen & Li, 2023). The merge of the two
subtropical high systems formed initially in July, and intensified in August (Zhang 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 (Z. Wang et al., 2023), the La Nifia
SSTA pattern (Tang et al., 2023), the enhanced convection over the tropical eastern Indian
Ocean (Chen & Li, 2023), and the atmospheric intraseasonal oscillation (Liu et al., 2023). While
in August, the negative phase of the Silk Road pattern (SRP) (Enomoto et al., 2003; R.-Y. Lu et
al., 2002) cooperates with the above processes to intensify the circulation anomalies (Z. Wang et
al., 2023; Zhang 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 emphasized (Jiang et al., 2023), which can
amplify the heatwave by reducing the evapotranspiration and increasing the upward sensible flux

(Erdenebat & Sato, 2018; Thompson et al., 2022).

The existing studies commonly assumed that the heatwave was driven by large-scale

anomalous anticyclonic circulation via adiabatic heating from descending flows and
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enhancement of incoming solar radiation, but the detailed processes are seldom investigated.
What is the relationship between the large-scale circulations and the extreme 2022 YRV
heatwave? What are the detailed physical processes underlying the formation of descending
motions over the YRV? This study aims to answer these two questions via rigorous diagnostic
analysis. The remainder of the paper is outlined as follows. Observational datasets and analytical
methods are introduced in section 2. Section 3 investigates the detailed physical processes

responsible for the 2022 YRV heatwave. The concluding remarks are given in section 4.

2 Data and Methods

2.1. Observations
In this study, we used the atmospheric reanalysis of surface air temperature (SAT), surface
short-wave/long-wave radiations, surface sensible/latent fluxes, cloud cover, atmospheric

circulations, precipitation, and evaporation from the European Centre for Medium-Range

Weather Forecasts reanalysis (ERAS) with a horizontal resolution of 0.25°%0.25° (Hersbach et

al., 2020). The SST data is derived from the National Oceanic and Atmospheric Administration
Extended Reconstructed SST version 5 (ERSSTvS5) dataset (Huang et al., 2015).

2.2 Analytical method
To investigate the physical processes responsible for the 2022 YRV heatwave, we diagnose

the linearized surface heat budget equation (J. Lu & Cai, 2009), which can be written as:

1
40T3

AT = [—(Aa)(S* + ASY) + ACRF, + (1 — @)ASYI + AFYE — AQ — A(H + LE)] (1)

1
—AF" =
40Ts

where T is the surface temperature. F* and F' are surface downward and upward long-wave
(LW) radiations with F' ~ ¢T: according to Stefan-Boltzmann law. S' and ST are surface
downward and upward short-wave radiations. « is the surface albedo, which can be derived from
the ratio of of ST 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 A represents the perturbation relative to the mean
climate state. The terms on the RHS of Eq. (1) represent six different processes with effect
on temperature change, including the surface albedo feedback (SAF), the change in surface cloud

radiative forcing (ACRF;), the non-SAF-induced change in clear-sky shortwave radiation, the
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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- C_Z)AS‘L‘Cld + AFbeld @)

where (+)¢

is the difference between the surface total-sky radiation and the surface clear-sky
radiation, which represents the cloud radiative forcing. & is the surface albedo of the unperturbed
mean climate state.

To understand the physical processes governing the variations of YRV midsummer rainfall,
following (Chou et al., 2013) and (Hu et al., 2021), the linearized column-integrated atmospheric
moisture flux equation was diagnosed as follows:

P'=E'-<V-Vpq' >-<&-0,q9 >—<V'VpGg>—-<w' 0,4 >+NL+ Residual (3)
where q is specific humidity, V is horizontal wind, w 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. t, h and p represent the time dimension,
horizontal and vertical direction, respectively. 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 anomalous vertical motion, the linearized
column-integrated moist static energy (MSE) equation (Neelin & Held, 1987; Wu et al., 2017)
was diagnosed as follows:

< 'Oph >% Fhoy—< w3y (C,T + Lyq) > —< @0 (C,T + Lyq) > —< v'3,(C,T + Lyq) >

~< 50, (C,T + L,q) > —< @d,h' > +NL (4)
where F,.; represents the net flux into the atmospheric column. The h 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; T denotes the
air temperature; q is the specific humidity; ¢ denotes the geopotential; 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 NL is the nonlinear component. The overbars
(primes) represent the climatological monthly mean (the monthly anomaly). The angle bracket

< > denotes the mass-weighted vertical integral through the entire atmospheric column. The
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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 vapor (PW) and the vertically integrated moisture flux

(Q) (Zhou & Yu, 2005) were calculated as
1 rDs
PW = [i,adp (5)

Q=2 fimavdp (6)
where q is specific humidity; V is horizontal wind vector; p is pressure, pg is surface pressure,
and g is the acceleration due to gravity.

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 vapor by analyzing the trajectories of
corresponding air particles. In this study, the FLEXPART simulations were conducted forward in
time with the “domain fill” option for midsummer during 1979-2022 based on the 6-hourly
Climate Forecast System Reanalysis (CFSR). The details of setting options used in the
FLEXPART simulations can be referred to (Peng et al., 2022; Peng et al., 2020). The moisture
source contributions for the atmospheric vapor are quantified based on the method from
(Sodemann et al., 2008) by tracking all the air particles over the target region.

The monthly anomalies were obtained by removing the mean monthly climatology of the
period 1991-2020. The interannual variability is estimated by the difference between the original
anomalies and the 9-year moving average. The long-term linear trend is estimated by the linear
trend of the 9-year moving average, and the interdecadal variability is represented by the

difference between the 9-year moving average and the long-term linear trend.

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
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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 variability, and the interannual variability.
Estimations of their 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.

(a) July-August SAT in 2022 (b) July-August SAT over YRV
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Figure 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

bar, dashed black line, red line, and solid black line, respectively. (c¢) July-August mean atmospheric
divergence (shading, unit: 10 s™") and horizontal winds (vector, unit: m-s ') anomalies at 150-hPa. The
July-August mean South Asian high (SAH) at 150-hPa is denoted by the 14300 gpm contour of

geopotential height. (d) July-August mean vertical pressure velocity (shading, unit: Pa-s™") and horizontal
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winds (vector, unit: m's ') anomalies at 500-hPa. In (c, d), the July-August mean South Asian high (SAH)

at 150-hPa and western Pacific subtropical high (WPSH) at 500-hPa are denoted by the 14300 gpm and

5880 gpm contour of geopotential height, respectively, where the gray line represents the climatology for

the period of 1991-2020, and the red line represents the case in 2022. The black boxes in (a, ¢, d) denote
the YRV (25°-35°N,102°-122°E).
(a) 150-hPa (14300 gpm)
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Figure 2. The anomalous western North Pacific subtropical high (WNPSH) and the South Asian
high (SAH) in midsummer of 2022. (a) The July-August mean SAH at 150-hPa denoted by the 14300
gpm contour of geopotential height. (b) The July-August mean WPSH at 500-hPa denoted by the 5880
gpm contour of geopotential height. The bold black lines represent the climatology for the period of
1991-2020. The red and light gray lines represent the cases in 2022 and other years, respectively.

The circulation anomalies associated with the extreme heatwave in midsummer 2022 are the
eastward shift of the SAH in the upper troposphere (Fig. 1¢), 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
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1960 (Fig. 2). The overlaps of the two subtropical high systems produce an anomalous
anticyclone in the middle to upper troposphere over the YRV, accompanied by atmospheric
divergence and descending motion along the southern edge of the anomalous anticyclone. It is
generally acknowledged that high-pressure circulation systems can induce descending motion
and favor 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 anomalous 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 processes to the 2022 YRV
heatwave, the surface heat budget 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. 3a). 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. 3b). These results suggest that the budget of surface
heat budget equation are reliable in term of representing the midsummer SAT variations over the

YRV.
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Figure 3. Budget analysis of the surface heat budget equation [Eq. (1)] for the 2022 midsummer
heat wave in the YRYV. (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 anomalies for the period 1960-2022.
The red (black) line represents the sum of the six budget terms (observed YRV SAT), respectively. The
blue line represents the standardized vertical velocity anomaly at 500-hPa averaged over the YRV. (c) the
SAT anomalies 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). (d) the partial changes
from six individual feedback processes to the positive surface temperature anomalies associated with the
2022 YRV heatwave. From left to the right in the abscissa: the SAT anomalies 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 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. Unit: °C. The black boxes in (a, ¢) denote the YRV (25°-35°N,102°-122°E).

The partial changes from individual feedback processes to the positive surface temperature
anomalies associated with the 2022 YRV heatwave are quantitatively estimated in Fig. 3d.

Among these processes, the surface cloud radiative forcing (ACRF;) is the most important
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process, which contributes 2.39°C to the total anomalies. 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. 4, the ACRF; is dominated by the surface short-wave CRF (Fig. 4a, b), which
spatial distributions resemble the anomalies of precipitation and middle and low clouds (Fig. 4c,
d). When the precipitation is suppressed, the associated decreased middle and low clouds lead to
increased surface incoming short-wave radiations, which further drive the surface warmings. So,
the next question is why the precipitation over the YRV was suppressed in midsummer of 2022.

(a) Short-wave radiation induced surface CRF (b) Long-wave radiation induced surface CRF
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(c) Precipitation (d) Middle and low cloud cover
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Figure 4. Formation processes of the surface cloud radiative forcing in midsummer of 2022. (a, b)

the July-August mean surface cloud radiative forcing induced by the surface short-wave radiation (a), and

the surface long-wave radiation (b), unit: °C. (c, d) the July-August mean precipitation (unit: mm-day™)
(d), and the middle and low cloud cover (unit: %).

According to the atmospheric moisture budget analysis, the negative precipitation
anomalies are dominated by the vertical dynamical processes of anomalous moisture advection
(—< w'-0d,q >) (Fig. 5 and 6). Quantitatively, the precipitation anomalies averaged over the
YRV is -2.32 mm/day, with the contribution from —< w’-d,q > reaching -2.12 mm/day,

accounting for 91% of the precipitation variations. The —< w' - 9, > is linked dynamically
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247  with the anomalous vertical velocity, and the descending motion at 500 hPa over the YRV well
248 coincides with the —< w’- d,q > (Fig. 6). Hence, the spatial pattern of the ACRF; is also in
249 accord with the descending motion at 500 hPa, which isoline of 0.03 Pa-s-1 well coincides with
250  the maximum values of ACRF; and SAT anomalies (Fig. 2c). The interannual variations of
251  midsummer SAT anomalies in the YRV during 1960-2022 is also closely related with the area-
252 averaged anomalous vertical velocity at 500 hPa over the YRV, with the correlation coefficient
253 reaching 0.59 (p<0.01) (not shown). The results suggest that the anomalous descending motion is
254  associated with the YRV heatwave through the surface short-wave CRF, which is dynamically

255 linked with the changes in precipitation and cloud cover.

Moisture equation

=
3
E 1.0 +
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257  Figure 5. Budget analysis for the moisture equation [Eq. (3), units: mm-day '] for the 2022 midsummer

258  inthe YRV (25°-35°N,102°-122°E).
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Figure 6. Budget analysis of the column-integrated atmospheric moisture flux equation [Eq. (3)] for
the 2022 midsummer in the YRYV. (a) the vertical dynamic component of the vertically integrated
moisture advection term (—< w’d,g >) and the anomalous vertical pressure velocity at the 500 hPa. (b)
the horizontal dynamic component of the vertically integrated moisture advection term (—< V' - V,q >).
(c) the vertical thermodynamic component of the vertically integrated moisture advection terms (—< @ -

d,q" >), (d) the horizontal thermodynamic component of the vertically integrated moisture advection

terms (—< V - V,,q' >), (e) the surface evaporation term (E’), and (f) the nonlinear components. The units

of the vertically integrated moisture advection term and anomalous vertical pressure velocity are mm-day
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In midsummer of 2022, the anomalous descending motion at 500 hPa over the YRV at
interannual timescales is the strongest since 1960. 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”. The column-integrated MSE
equation can accurately represent the 500 hPa vertical velocity anomalies above these regions for
the period of 1960-2022 (Fig. 7b). For the midsummer of 2022, the budget results suggest that

the anomalous descending motions were driven by the anomalous negative advection of
anomalous moist enthalpy by climatological meridional wind (—< v, (CpT + L,,q)’ >), and the
anomalous meridional dry air advection (—< ¥d, (L,q)" >) has the largest contributions (Fig.

7a). The —< 10, (L,q)" > in 2022 is also the strongest since 1960, consistent with the extreme

anomalous descending motions

(a) MSE budget for 2022
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Figure 7. Budget analysis of column-integrated moist static energy (MSE) equation [Eq. (4)] for the
anomalous vertical velocity over the YRYV. (a) Each budget term of the MSE equation for the anomalous
vertical velocity over the YRV in midsummer of 2022. Unit: W-m™. The budget is conducted to the
regions within the YRV where the 500 hPa vertical velocity anomalies above 0.03 Pa-s™. (b) the
anomalous vertical velocity at 500 hPa (black line), the vertically integrated anomalous vertical advection
of climatological mean MSE (< w'apﬁ >, red line), and the vertically integrated anomalous meridional
advection of anomalous latent heat energy by climatological wind (—< 0, (L,q)" >, blue line) averaged

over the regions of MSE budget for the period 1960-2022. The time series are standardized. (c) the spatial
pattern of —< ¥d,,(L,q)" > in the midsummer of 2022, unit: W-m™. (d) the longitude—height cross
section of —70d,,(L,q)" (unit: 107 J'kg"s™) and anomalous zonal and vertical winds (unit: m-s™). (¢) 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: 2x10° J-kg™) and the climatological meridional and vertical winds (vector, unit: m-s™). The black

boxes in (c and e) denote the YRV (25°-35°N, 102°-122°E).

The —< 10, (L,q)" > in 2022 has negative value centers over the YRV (Fig. 7c), 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 section averaged over the YRV, the maximum anomalies of —%d,,(L,q)’
emerge at the levels between 850 and 700 hPa over the YRV, directly corresponded with the
anomalous descending motions at these levels (Fig. 7d). We utilized the 750hPa level to
investigate the formation of —< 0, (L,q)" >. It can be found that there are positive latent heat
energy anomalies over the region between the Yangtze and Yellow River, and negative latent
heat energy anomalies over the northern South China Sea, which result in a positive meridional
gradient of anomalous latent heat energy (d,(L,q)") over the YRV (Fig. 7e). Under the
background of the climatological East Asian summer monsoon circulations, the negative
—10, (L,q)" is thus generated. The latitude-height cross section of latent heat energy anomalies
also indicates that the positive dy,(L,q)’ is mainly determined by the meridional gradient of
anomalous atmospheric moisture at the middle-lower troposphere (Fig. 7f), and the atmospheric
moisture accumulation to the north of YRV plays an important role. Hence, it is vital to
investigate the abnormal atmospheric moisture transportation in midsummer of 2022 to

understand the formation of the extreme meridional dry air advection.
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3.3 Abnormal moisture transportation in midsummer of 2022

The atmospheric precipitable water vapor and the vertically integrated moisture flux
anomalies in midsummer of 2022 are shown in Fig. 8a. 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 moisture flux
anomalies above North China (Fig. 8a), implying the key role of large-scale circulations. The
vertical profiles of moisture to the north of YRV distribute along the high-pressure ridge line
(Fig. 8b), which indicates that the merge of the SAH and WNPSH over the YRV plays an
important role in anomalous moisture transportations. 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 (Z. Wang et al., 2023), the La Nifa SSTA pattern (Tang et al.,
2023), the enhanced convection over the tropical eastern Indian Ocean (Chen & Li, 2023), the
atmospheric intraseasonal oscillation (Liu et al., 2023), and the negative phase of the SRP (Z.

Wang et al., 2023).
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Figure 8. The anomalous atmospheric moisture transportations in midsummer 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: g-m-s™'-kg ™), specific humidity (shading, unit: g-kg™"), and geopotential
(contour, unit: m*-s) anomalies in midsummer of 2022 averaged along 102°-122°E. (c) the moisture
contribution associated with climatological mean midsummer atmospheric water contents for the region
to the 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 (c), but for the moisture contribution associated with

midsummer of 2022.

The moisture contribution associated with climatological mean midsummer atmospheric
water contents for the region to the north of YRV (black box in Fig. 8a) over the whole 10-day
back-tracking period derived from the FLEXPART simulations are shown in Fig. 8c. The highest
center of moisture contribution occurs at the north of YRV, implying that the local evaporation is
the main contributor to the atmospheric moisture over the north of YRV (Fig. 8c). With respect
to the climate mean, the distributions of moisture contribution 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 contribution over the Yellow Sea (Fig. 8d), 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 a positive feedback between the heatwave
and the atmospheric circulation 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-pressure 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

In this study, we investigated the detailed physical processes involved in the influence of
atmospheric circulation on the 2022 YRV heatwave. Based on the linearized surface heat budget
equation, column-integrated atmospheric moisture flux, and moist static energy equation, the key

processes to the 2022 YRV heatwave are identified. The schematic of the mechanisms
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responsible for the influence of extreme dry advection on the record-breaking Yangtze River

heatwave in midsummer of 2022 is given in Fig. 9. The main conclusions are listed as follows:

. Atmospheric moisture
accumulation
>

Negative mojst
enthalpy advection

4 S
3 =

Figure 9. Schematic of the influence of extreme dry advection on the record-breaking Yangtze River

heatwave in midsummer of 2022.

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

amplitude.

(2) Diagnostic analysis based on the linearized surface heat budget equation indicates that
the anomalous surface cloud radiative forcing is the most important process dominating the 2022
YRV heatwave, which contributes 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 associated decreased cloud cover over
the YRV, which is induced by the vertical dynamical processes of anomalous moisture

advection.

(3) Budget analysis of column-integrated MSE equation for the anomalous vertical velocity
over the YRV suggest that the anomalous descending flows are driven by the anomalous
meridional dry air advection, which is closely related to the unusually moisture accumulations
over the north of YRV. Simulations from the Lagrangian model FLEXPART exhibit that the

moisture anomaly over the north of YRV is mainly originated from the surface evaporation in
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381  the YRV, implying that there could be a positive land-air feedback during the life cycle of the
382 YRV heatwave.
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