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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: 16 

 The SAT anomaly averaged over the YRV in midsummer of 2022 is 1.98°C, 72.7% of 17 
which is contributed by the interannual variability. 18 

 Surface short-wave cloud radiative forcing associated with anomalous descending flows is 19 
the key process in driving the 2022 YRV heatwave.  20 

 The anomalous descending motions over the YRV in midsummer of 2022 are caused by the 21 
extreme dry air advection. 22 

  23 
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Abstract 24 

The Yangtze River Valley (YRV) experienced an unprecedented heatwave in midsummer of 25 

2022, but the detailed physical processes involved in the influence of anomalous large-scale 26 

atmospheric circulation on the heatwave remain unknown. Here, we show that the positive 27 

meridional gradient of anomalous atmospheric moisture at the middle-lower troposphere and 28 

associated extreme dry air advection over the YRV are key prerequisites for the formation of the 29 

2022 YRV heatwave. The 2022 YRV heatwave is dominated by the interannual variability, 30 

which contributes 72.7% to the total temperature anomalies. Diagnosis of the surface heat budget 31 

equation indicates that the surface cloud radiative forcing is the most important process in 32 

driving the 2022 YRV heatwave, which is dominated by the positive surface short-wave cloud 33 

radiative forcing associated with the suppressed precipitation and the middle-low clouds. The 34 

suppressed precipitation is induced by the vertical dynamical processes of anomalous moisture 35 

advection caused by the anomalous descending flows over the YRV, which are driven by the 36 

negative advection of anomalous latent heat energy by climatological meridional wind 37 

(anomalous dry air advection) according to the atmospheric moist static energy equation. 38 

Simulations from the Lagrangian model FLEXPART further indicate that the moisture anomaly 39 

over the north of YRV is mainly originated from the surface evaporation in the YRV, implying 40 

that there is a positive land-air feedback during the life cycle of the YRV heatwave. Our study 41 

adds a perspective to the existing mechanism analyses of the 2022 YRV heatwave to serve 42 

accurate climate prediction and adaptation planning.     43 
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1 Introduction 44 

During the boreal midsummer (July-August) of 2022, the Yangtze River Valley (YRV) 45 

experienced an unprecedented intense, and prolonged heatwave, with the maximum temperature 46 

exceeding 40°C (R. Lu et al., 2023; Mallapaty, 2022). The extreme YRV heatwave was followed 47 

by a worst hydrologic drought (Ma et al., 2022) and eventually led to a severe compound 48 

extreme, imposing great impacts on human health, agriculture, water and energy supplies (Yuan 49 

et al., 2023). The severity of the 2022 YRV extreme heatwave highlights the importance of 50 

unraveling the underlying mechanisms to serve accurate climate prediction and adaptation 51 

planning.   52 

Abnormal large-scale atmospheric circulation background and its associated lower 53 

boundary conditions are the key prerequisites for the occurrence and maintenance of extreme 54 

climate events (Ha et al., 2022; W. Wang et al., 2014), and several efforts have been devoted to 55 

understanding the formation process of the large-scale circulation background associated with 56 

the 2022 YRV heat event (Tang et al., 2023; Z. Wang et al., 2023; Zhang et al., 2023). It is 57 

generally acknowledged that the merged subtropical high belt over the Asian continent is critical 58 

to the 2022 YRV heat event, which is a consequence of the synergistic effects of the westward 59 

extension of the low-level western North Pacific subtropical high (WNPSH) and the eastward 60 

extension of the upper-level South Asian high (SAH) (Chen & Li, 2023). The merge of the two 61 

subtropical high systems formed initially in July, and intensified in August (Zhang et al., 2023). 62 

In July of 2022, the extraordinary circulation anomalies are suggested to be driven by the 63 

diabatic heating associated with the flooding in Pakistan (Z. Wang et al., 2023), the La Niña 64 

SSTA pattern (Tang et al., 2023), the enhanced convection over the tropical eastern Indian 65 

Ocean (Chen & Li, 2023), and the atmospheric intraseasonal oscillation (Liu et al., 2023). While 66 

in August, the negative phase of the Silk Road pattern (SRP) (Enomoto et al., 2003; R.-Y. Lu et 67 

al., 2002) cooperates with the above processes to intensify the circulation anomalies (Z. Wang et 68 

al., 2023; Zhang et al., 2023). In addition, the role of local land–air feedback caused by the dry 69 

soil moisture in the 2022 YRV heatwave was also emphasized (Jiang et al., 2023), which can 70 

amplify the heatwave by reducing the evapotranspiration and increasing the upward sensible flux 71 

(Erdenebat & Sato, 2018; Thompson et al., 2022).  72 

The existing studies commonly assumed that the heatwave was driven by large-scale 73 

anomalous anticyclonic circulation via adiabatic heating from descending flows and 74 
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enhancement of incoming solar radiation, but the detailed processes are seldom investigated. 75 

What is the relationship between the large-scale circulations and the extreme 2022 YRV 76 

heatwave? What are the detailed physical processes underlying the formation of descending 77 

motions over the YRV? This study aims to answer these two questions via rigorous diagnostic 78 

analysis. The remainder of the paper is outlined as follows. Observational datasets and analytical 79 

methods are introduced in section 2. Section 3 investigates the detailed physical processes 80 

responsible for the 2022 YRV heatwave. The concluding remarks are given in section 4.  81 

2 Data and Methods 82 

2.1. Observations 83 

In this study, we used the atmospheric reanalysis of surface air temperature (SAT), surface 84 

short-wave/long-wave radiations, surface sensible/latent fluxes, cloud cover, atmospheric 85 

circulations, precipitation, and evaporation from the European Centre for Medium-Range 86 

Weather Forecasts reanalysis (ERA5) with a horizontal resolution of 0.25°×0.25° (Hersbach et 87 

al., 2020). The SST data is derived from the National Oceanic and Atmospheric Administration 88 

Extended Reconstructed SST version 5 (ERSSTv5) dataset (Huang et al., 2015).  89 

2.2 Analytical method 90 

To investigate the physical processes responsible for the 2022 YRV heatwave, we diagnose 91 

the linearized surface heat budget equation (J. Lu & Cai, 2009), which can be written as:  92 ∆𝑇 ≈ ଵସఙ ത்ೞయ ∆𝐹↑ = ଵସఙ ത்ೞయ [−(∆𝛼)൫𝑆↓തതത + ∆𝑆↓൯ + ∆𝐶𝑅𝐹௦ + (1 − 𝛼ത)∆𝑆↓,௖௟௥ + ∆𝐹↓,௖௟௥ − ∆𝑄 − ∆(𝐻 + 𝐿𝐸)]   (1) 93 

where 𝑇  is the surface temperature. 𝐹↓  and 𝐹↑  are surface downward and upward long-wave 94 

(LW) radiations with 𝐹↑ ≈ 𝜎𝑇௦ସ  according to Stefan-Boltzmann law. 𝑆↓  and 𝑆↑  are surface 95 

downward and upward short-wave radiations. 𝛼 is the surface albedo, which can be derived from 96 

the ratio of of 𝑆↑ to 𝑆↓ at surface. (∙)௖௟௥ represents the surface clear-sky radiations. 𝐻 and 𝐿𝐸 are 97 

surface sensible and latent heat fluxes. 𝑄  is the heat storage term. The overbar denotes the 98 

unperturbed mean climate state, and the ∆  represents the perturbation relative to the mean 99 

climate state. The terms on the RHS of Eq. (1) represent six different processes with effect 100 

on temperature change, including the surface albedo feedback (SAF), the change in surface cloud 101 

radiative forcing (∆𝐶𝑅𝐹௦), the non-SAF-induced change in clear-sky shortwave radiation, the 102 
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change in downward clear-sky longwave radiation fluxes, the change in heat storage, and the 103 

changes in surface sensible/latent fluxes, respectively.  104 

The ∆𝐶𝑅𝐹௦ with the SAF excluded can be decomposed into two terms as:  105 ∆𝐶𝑅𝐹௦ = (1 − 𝛼ത)∆𝑆↓,௖௟ௗ + ∆𝐹↓,௖௟ௗ                                               (2) 106 

where (∙)௖௟ௗ is the difference between the surface total-sky radiation and the surface clear-sky 107 

radiation, which represents the cloud radiative forcing. 𝛼ത is the surface albedo of the unperturbed 108 

mean climate state.  109 

To understand the physical processes governing the variations of YRV midsummer rainfall, 110 

following (Chou et al., 2013) and (Hu et al., 2021), the linearized column-integrated atmospheric 111 

moisture flux equation was diagnosed as follows:  112 𝑃ᇱ = 𝐸ᇱ−< 𝑽ഥ ∙ ∇௛𝑞ᇱ > −< 𝜔ഥ ∙ ∂௣𝑞ᇱ > −< 𝑽ᇱ ∙ ∇௛𝑞ത > −< 𝜔ᇱ ∙ ∂௣𝑞ത > +𝑁𝐿 + 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙     (3) 113 

where 𝑞  is specific humidity, 𝑽  is horizontal wind, 𝜔  is vertical pressure velocity, 𝑃  is 114 

precipitation, 𝐸  is surface evaporation and the angle bracket < > denotes the mass-weighted 115 

vertical integral through the entire atmospheric column. 𝑡, ℎ and 𝑝 represent the time dimension, 116 

horizontal and vertical direction, respectively. The 𝑁𝐿  is the nonlinear component, and the 117 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 denotes the residual term. The overbars (primes) represent the climatological monthly 118 

mean (the monthly anomaly).  119 

To investigate the mechanisms responsible for the anomalous vertical motion, the linearized 120 

column-integrated moist static energy (MSE) equation (Neelin & Held, 1987; Wu et al., 2017) 121 

was diagnosed as follows:  122 < 𝜔ᇱ𝜕௣ℎത >≈ 𝐹௡௘௧ᇱ −< 𝑢ᇱ𝜕௫൫𝐶௣𝑇 + 𝐿௩𝑞൯തതതതതതതതതതതതതതതത > −< 𝑢ത𝜕௫൫𝐶௣𝑇 + 𝐿௩𝑞൯ᇱ > −< 𝑣ᇱ𝜕௬൫𝐶௣𝑇 + 𝐿௩𝑞൯തതതതതതതതതതതതതതതത > 

          −< 𝑣̅𝜕௬൫𝐶௣𝑇 + 𝐿௩𝑞൯ᇱ > −< 𝜔ഥ𝜕௣ℎ′ > +𝑁𝐿                                        (4) 123 

where 𝐹௡௘௧ represents the net flux into the atmospheric column. The ℎ denotes the MSE, which 124 

can be written as ℎ = 𝐶௉𝑇 + 𝐿௩𝑞 + 𝜙. The (𝐶௣𝑇 + 𝐿௩𝑞) is the moist enthalpy. 𝐶௉ and 𝐿௩ are the 125 

specific heat at constant pressure and the latent heat of vaporization, respectively; 𝑇 denotes the 126 

air temperature; 𝑞 is the specific humidity; 𝜙 denotes the geopotential; 𝑢, 𝑣 and 𝜔 represent the 127 

zonal wind, meridional wind and vertical velocity, respectively; 𝑥, 𝑦 and 𝑝 represent the zonal, 128 

meridional and vertical direction, respectively. The 𝑁𝐿 is the nonlinear component. The overbars 129 

(primes) represent the climatological monthly mean (the monthly anomaly). The angle bracket 130 < > denotes the mass-weighted vertical integral through the entire atmospheric column. The 131 
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negative terms on the righthand side of Eq. (4) can drive anomalous descending motion under the 132 

constraints of the MSE budget balance (Biasutti et al., 2018).  133 

The atmospheric precipitable water vapor (𝑃𝑊) and the vertically integrated moisture flux 134 

(𝑄) (Zhou & Yu, 2005) were calculated as 135 

       𝑃𝑊 = ଵ௚ ׬ 𝑞𝑑𝑝௣ೞଵ଴଴                                                          (5)        136 

          𝑄 = ଵ௚ ׬ 𝑞𝑽𝑑𝑝௣ೞଵ଴଴                                                           (6)  137 

where 𝑞 is specific humidity; 𝑽 is horizontal wind vector; 𝑝 is pressure, 𝑝௦ is surface pressure, 138 

and 𝑔 is the acceleration due to gravity.  139 

To identify the geographical moisture source regions of the anomalous atmospheric 140 

moisture accumulations over the region to the north of YRV in midsummer of 2022, we 141 

employed the Lagrangian model FLEXPART v9.2. The FLEXPART model was developed by the 142 

Norwegian Institute for Air Research, which can be used to accurately describe the moisture-143 

transporting processes associated with atmospheric vapor by analyzing the trajectories of 144 

corresponding air particles. In this study, the FLEXPART simulations were conducted forward in 145 

time with the “domain fill” option for midsummer during 1979–2022 based on the 6-hourly 146 

Climate Forecast System Reanalysis (CFSR). The details of setting options used in the 147 

FLEXPART simulations can be referred to (Peng et al., 2022; Peng et al., 2020). The moisture 148 

source contributions for the atmospheric vapor are quantified based on the method from 149 

(Sodemann et al., 2008) by tracking all the air particles over the target region. 150 

The monthly anomalies were obtained by removing the mean monthly climatology of the 151 

period 1991–2020. The interannual variability is estimated by the difference between the original 152 

anomalies and the 9-year moving average. The long-term linear trend is estimated by the linear 153 

trend of the 9-year moving average, and the interdecadal variability is represented by the 154 

difference between the 9-year moving average and the long-term linear trend.  155 

3 Results 156 

3.1 The 2022 YRV heatwave and its associated circulation anomalies  157 

The maximal surface warmings associated with the 2022 midsummer YRV heatwave 158 

exhibit a zonally elongated structure, spanning from the northern Tibetan Plateau to the entire 159 

YRV (Fig. 1a). The area-averaged SAT anomalies over the YRV in midsummer of 2022 relative 160 
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to the 1991–2020 climatology is 1.98°C, which sets the highest record for the period 1960-2022 161 

(Fig. 1b). The SAT anomalies over the YRV in 2022 involve signals with different timescale, 162 

including the long-term linear trend, the interdecadal variability, and the interannual variability. 163 

Estimations of their relative contribution show that the 2022 YRV heatwave is dominated by the 164 

component of interannual variability, which contributes 1.44°C to the total temperature 165 

anomalies in midsummer of 2022, accounting for 72.7% of the anomaly amplitude.  166 

 167 

Figure 1. The 2022 midsummer (June-July) heatwave in the Yangtze River Valley (YRV) and its 168 

associated circulation anomalies. (a) July-August mean surface air temperature (SAT) anomalies in 169 

2022, unit: °C. The SAT anomalies are relative to the period of 1991–2020. (b) Time series of the July-170 

August mean SAT anomalies averaged over the YRV from 1960 to 2022. The original SAT anomalies, 171 

and the components of linear trend, interdecadal variability, and interannual variability are represented by 172 

bar, dashed black line, red line, and solid black line, respectively. (c) July-August mean atmospheric 173 

divergence (shading, unit: 10−6 s−1) and horizontal winds (vector, unit: m·s−1) anomalies at 150-hPa. The 174 

July-August mean South Asian high (SAH) at 150-hPa is denoted by the 14300 gpm contour of 175 

geopotential height. (d) July-August mean vertical pressure velocity (shading, unit: Pa·s−1) and horizontal 176 
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winds (vector, unit: m·s−1) anomalies at 500-hPa. In (c, d), the July-August mean South Asian high (SAH) 177 

at 150-hPa and western Pacific subtropical high (WPSH) at 500-hPa are denoted by the 14300 gpm and 178 

5880 gpm contour of geopotential height, respectively, where the gray line represents the climatology for 179 

the period of 1991–2020, and the red line represents the case in 2022. The black boxes in (a, c, d) denote 180 

the YRV (25°-35°N,102°-122°E). 181 

 182 

Figure 2. The anomalous western North Pacific subtropical high (WNPSH) and the South Asian 183 

high (SAH) in midsummer of 2022. (a) The July-August mean SAH at 150-hPa denoted by the 14300 184 

gpm contour of geopotential height. (b) The July-August mean WPSH at 500-hPa denoted by the 5880 185 

gpm contour of geopotential height. The bold black lines represent the climatology for the period of 186 

1991–2020. The red and light gray lines represent the cases in 2022 and other years, respectively. 187 

The circulation anomalies associated with the extreme heatwave in midsummer 2022 are the 188 

eastward shift of the SAH in the upper troposphere (Fig. 1c), and the westward extension of the 189 

WNPSH in the middle-lower troposphere (Fig. 1d). Although the border of the SAH in 190 

midsummer of 2022 lies within the range of historical variations for the period 1960-2022, the 191 

westward extension of the WNPSH in the 500-hPa level breaks the record held since the year 192 
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1960 (Fig. 2). The overlaps of the two subtropical high systems produce an anomalous 193 

anticyclone in the middle to upper troposphere over the YRV, accompanied by atmospheric 194 

divergence and descending motion along the southern edge of the anomalous anticyclone. It is 195 

generally acknowledged that high-pressure circulation systems can induce descending motion 196 

and favor the occurrence of heat waves. The westward shift of the WNPSH covers the whole 197 

YRV and a large part of the Western North Pacific, while the anomalous descending motions 198 

only occur at the upper and lower reaches of YRV and the adjacent sea (Fig. 1d). How does the 199 

anomalous descending motions over the YRV come into existence in midsummer of 2022? What 200 

are the detailed mechanisms underlying the influence of the anomalous descending motions on 201 

the extreme YRV heatwave? We will address these questions in the following analyses.  202 

3.2 Budget analysis for the 2022 YRV heatwave  203 

To quantitatively evaluate the contributions of different processes to the 2022 YRV 204 

heatwave, the surface heat budget equation [Eq. (1)] was diagnosed on the interannual time 205 

scale. The sum of the six terms on the right-hand side of Eq. (1) reasonably reproduces the 2022 206 

YRV heatwave, with the area-averaged surface temperature anomalies over the YRV resulting 207 

from six feedback processes reaching 1.74 °C (Fig. 3a). The budgets also can reproduce the 208 

interannual variability of the midsummer SAT anomalies for the period 1960-2022, with the 209 

correlation coefficient reaching 0.96 (Fig. 3b). These results suggest that the budget of surface 210 

heat budget equation are reliable in term of representing the midsummer SAT variations over the 211 

YRV.  212 
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 213 

Figure 3. Budget analysis of the surface heat budget equation [Eq. (1)] for the 2022 midsummer 214 

heat wave in the YRV. (a) the sum of the six terms on the right-hand side of Eq. (1). Unit: °C. (b) budget 215 

for the interannual variability of the July-August mean YRV SAT anomalies for the period 1960-2022. 216 

The red (black) line represents the sum of the six budget terms (observed YRV SAT), respectively. The 217 

blue line represents the standardized vertical velocity anomaly at 500-hPa averaged over the YRV.  (c) the 218 

SAT anomalies contributed by the change in surface cloud radiative forcing (∆𝐶𝑅𝐹௦) (shading, unit: °C), 219 

and vertical velocity anomaly at 500-hPa (contour, unit: Pa·s-1, the interval is 0.01). (d) the partial changes 220 

from six individual feedback processes to the positive surface temperature anomalies associated with the 221 

2022 YRV heatwave. From left to the right in the abscissa: the SAT anomalies averaged over the YRV for 222 

the observation (OBS), the sum of the six terms, and contributions from the surface albedo feedback, the 223 

change in ∆𝐶𝑅𝐹௦, the non-SAF-induced change in clear-sky shortwave radiation, the change in downward 224 

clear-sky longwave radiation fluxes, the change in heat storage, and the changes in surface sensible/latent 225 

fluxes, respectively. Unit: °C. The black boxes in (a, c) denote the YRV (25°-35°N,102°-122°E). 226 

The partial changes from individual feedback processes to the positive surface temperature 227 

anomalies associated with the 2022 YRV heatwave are quantitatively estimated in Fig. 3d. 228 

Among these processes, the surface cloud radiative forcing (∆𝐶𝑅𝐹௦ ) is the most important 229 



manuscript submitted to Earth’s Future 

 

process, which contributes 2.39°C to the total anomalies. The ∆𝐶𝑅𝐹௦ can be further decomposed 230 

into two terms, the surface short-wave CRF and the surface long-wave CRF according to Eq. (2). 231 

As shown in Fig. 4, the ∆𝐶𝑅𝐹௦ is dominated by the surface short-wave CRF (Fig. 4a, b), which 232 

spatial distributions resemble the anomalies of precipitation and middle and low clouds (Fig. 4c, 233 

d). When the precipitation is suppressed, the associated decreased middle and low clouds lead to 234 

increased surface incoming short-wave radiations, which further drive the surface warmings. So, 235 

the next question is why the precipitation over the YRV was suppressed in midsummer of 2022.  236 

 237 

Figure 4. Formation processes of the surface cloud radiative forcing in midsummer of 2022. (a, b) 238 

the July-August mean surface cloud radiative forcing induced by the surface short-wave radiation (a), and 239 

the surface long-wave radiation (b), unit: °C. (c, d) the July-August mean precipitation (unit: mm·day-1) 240 

(d), and the middle and low cloud cover (unit: %). 241 

According to the atmospheric moisture budget analysis, the negative precipitation 242 

anomalies are dominated by the vertical dynamical processes of anomalous moisture advection 243 

(−< 𝜔ᇱ ∙ ∂௣𝑞ത >) (Fig. 5 and 6). Quantitatively, the precipitation anomalies averaged over the 244 

YRV is -2.32 mm/day, with the contribution from −< 𝜔ᇱ ∙ ∂௣𝑞ത >  reaching -2.12 mm/day, 245 

accounting for 91% of the precipitation variations. The −< 𝜔ᇱ ∙ ∂௣𝑞ത > is linked dynamically 246 
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with the anomalous vertical velocity, and the descending motion at 500 hPa over the YRV well 247 

coincides with the −< 𝜔ᇱ ∙ ∂௣𝑞ത > (Fig. 6). Hence, the spatial pattern of the ∆𝐶𝑅𝐹௦  is also in 248 

accord with the descending motion at 500 hPa, which isoline of 0.03 Pa·s-1 well coincides with 249 

the maximum values of ∆𝐶𝑅𝐹௦  and SAT anomalies (Fig. 2c). The interannual variations of 250 

midsummer SAT anomalies in the YRV during 1960-2022 is also closely related with the area-251 

averaged anomalous vertical velocity at 500 hPa over the YRV, with the correlation coefficient 252 

reaching 0.59 (p<0.01) (not shown). The results suggest that the anomalous descending motion is 253 

associated with the YRV heatwave through the surface short-wave CRF, which is dynamically 254 

linked with the changes in precipitation and cloud cover.  255 

 256 

Figure 5.  Budget analysis for the moisture equation [Eq. (3), units: mm·day−1] for the 2022 midsummer 257 

in the YRV (25°-35°N,102°-122°E). 258 
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 259 

Figure 6. Budget analysis of the column-integrated atmospheric moisture flux equation [Eq. (3)] for 260 

the 2022 midsummer in the YRV. (a) the vertical dynamic component of the vertically integrated 261 

moisture advection term (−< 𝜔ᇱ𝜕௣𝑞ത >) and the anomalous vertical pressure velocity at the 500 hPa. (b) 262 

the horizontal dynamic component of the vertically integrated moisture advection term (−< 𝑽ᇱ ∙ ∇௛𝑞ത >). 263 

(c) the vertical thermodynamic component of the vertically integrated moisture advection terms (−< 𝜔ഥ ∙264 ∂௣𝑞ᇱ >), (d) the horizontal thermodynamic component of the vertically integrated moisture advection 265 

terms (−< 𝑽ഥ ∙ ∇௛𝑞ᇱ >), (e) the surface evaporation term (𝐸′), and (f) the nonlinear components. The units 266 

of the vertically integrated moisture advection term and anomalous vertical pressure velocity are mm·day-267 

1 and Pa·s-1. The black boxes denote the YRV (25°-35°N,102°-122°E).   268 
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In midsummer of 2022, the anomalous descending motion at 500 hPa over the YRV at 269 

interannual timescales is the strongest since 1960. What are the formation processes of the 270 

anomalous vertical motions? We further diagnosed the MSE equation [Eq. (4)] to the regions 271 

with the 500 hPa vertical velocity anomalies above 0.03 Pa·s-1. The column-integrated MSE 272 

equation can accurately represent the 500 hPa vertical velocity anomalies above these regions for 273 

the period of 1960-2022 (Fig. 7b). For the midsummer of 2022, the budget results suggest that 274 

the anomalous descending motions were driven by the anomalous negative advection of 275 

anomalous moist enthalpy by climatological meridional wind (−< 𝑣̅𝜕௬൫𝐶௣𝑇 + 𝐿௩𝑞൯ᇱ >), and the 276 

anomalous meridional dry air advection (−< 𝑣̅𝜕௬(𝐿௩𝑞)ᇱ >) has the largest contributions (Fig. 277 

7a). The −< 𝑣̅𝜕௬(𝐿௩𝑞)ᇱ > in 2022 is also the strongest since 1960, consistent with the extreme 278 

anomalous descending motions (Fig. 7b).  279 

 280 
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Figure 7. Budget analysis of column-integrated moist static energy (MSE) equation [Eq. (4)] for the 281 

anomalous vertical velocity over the YRV. (a) Each budget term of the MSE equation for the anomalous 282 

vertical velocity over the YRV in midsummer of 2022. Unit: W·m-2. The budget is conducted to the 283 

regions within the YRV where the 500 hPa vertical velocity anomalies above 0.03 Pa·s-1. (b) the 284 

anomalous vertical velocity at 500 hPa (black line), the vertically integrated anomalous vertical advection 285 

of climatological mean MSE (< 𝜔ᇱ𝜕௣ℎത >, red line), and the vertically integrated anomalous meridional 286 

advection of anomalous latent heat energy by climatological wind (−< 𝑣̅𝜕௬(𝐿௩𝑞)ᇱ >, blue line) averaged 287 

over the regions of MSE budget for the period 1960-2022. The time series are standardized. (c) the spatial 288 

pattern of −< 𝑣̅𝜕௬(𝐿௩𝑞)ᇱ >  in the midsummer of 2022, unit: W·m-2. (d) the longitude–height cross 289 

section of −𝑣̅𝜕௬(𝐿௩𝑞)ᇱ (unit: 10-3 J·kg-1·s-1) and anomalous zonal and vertical winds (unit: m·s-1). (e) the 290 

spatial pattern of anomalous latent heat energy (unit: 103 J·kg-1) and climatological horizontal winds at 291 

750-hPa (unit: m·s-1). (f) the latitude–height cross-section of the anomalous latent heat energy (shading, 292 

unit: 2×103 J·kg-1) and the climatological meridional and vertical winds (vector, unit: m·s-1). The black 293 

boxes in (c and e) denote the YRV (25°-35°N, 102°-122°E). 294 

The −< 𝑣̅𝜕௬(𝐿௩𝑞)ᇱ > in 2022 has negative value centers over the YRV (Fig. 7c), and this 295 

negative moist enthalpy advection decreases the atmospheric moist static energy and facilitate 296 

suppressed local convection under the constraints of the MSE budget balance. From the 297 

longitude–height cross section averaged over the YRV, the maximum anomalies of −𝑣̅𝜕௬(𝐿௩𝑞)ᇱ 298 

emerge at the levels between 850 and 700 hPa over the YRV, directly corresponded with the 299 

anomalous descending motions at these levels (Fig. 7d). We utilized the 750hPa level to 300 

investigate the formation of  −< 𝑣̅𝜕௬(𝐿௩𝑞)ᇱ >. It can be found that there are positive latent heat 301 

energy anomalies over the region between the Yangtze and Yellow River, and negative latent 302 

heat energy anomalies over the northern South China Sea, which result in a positive meridional 303 

gradient of anomalous latent heat energy ( 𝜕௬(𝐿௩𝑞)ᇱ ) over the YRV (Fig. 7e). Under the 304 

background of the climatological East Asian summer monsoon circulations, the negative 305 −𝑣̅𝜕௬(𝐿௩𝑞)ᇱ is thus generated. The latitude–height cross section of latent heat energy anomalies 306 

also indicates that the positive 𝜕௬(𝐿௩𝑞)ᇱ  is mainly determined by the meridional gradient of 307 

anomalous atmospheric moisture at the middle-lower troposphere (Fig. 7f), and the atmospheric 308 

moisture accumulation to the north of YRV plays an important role. Hence, it is vital to 309 

investigate the abnormal atmospheric moisture transportation in midsummer of 2022 to 310 

understand the formation of the extreme meridional dry air advection.  311 
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3.3 Abnormal moisture transportation in midsummer of 2022 312 

The atmospheric precipitable water vapor and the vertically integrated moisture flux 313 

anomalies in midsummer of 2022 are shown in Fig. 8a. The most prominent feature is that the 314 

atmospheric moisture unusually accumulates to the north of YRV, with less moisture on both the 315 

north and south sides. The anomalous moisture accumulations are closely associated with the 316 

anticyclonic moisture flux anomalies above South China and the southward moisture flux 317 

anomalies above North China (Fig. 8a), implying the key role of large-scale circulations. The 318 

vertical profiles of moisture to the north of YRV distribute along the high-pressure ridge line 319 

(Fig. 8b), which indicates that the merge of the SAH and WNPSH over the YRV plays an 320 

important role in anomalous moisture transportations. According to previous study, the merge of 321 

the SAH and WNPSH in midsummer of 2022 could be driven by the diabatic heating associated 322 

with the flooding in Pakistan (Z. Wang et al., 2023), the La Niña SSTA pattern (Tang et al., 323 

2023), the enhanced convection over the tropical eastern Indian Ocean (Chen & Li, 2023), the 324 

atmospheric intraseasonal oscillation (Liu et al., 2023), and the negative phase of the SRP (Z. 325 

Wang et al., 2023).  326 

 327 
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Figure 8. The anomalous atmospheric moisture transportations in midsummer of 2022. (a) the 328 

atmospheric precipitable water vapor (PW; shading, unit: kg·m-2) and the vertically integrated moisture 329 

flux (Q; vector, unit: kg·m·s-1) anomalies in midsummer of 2022. (b) the latitude–height cross-section of 330 

the moisture flux (vector, unit: g·m·s-1·kg -1), specific humidity (shading, unit: g·kg-1), and geopotential 331 

(contour, unit: m2·s-2) anomalies in midsummer of 2022 averaged along 102°-122°E. (c) the moisture 332 

contribution associated with climatological mean midsummer atmospheric water contents for the region 333 

to the north of YRV (black box) derived from all the target back-tracking trajectories over days 10–1 in 334 

the FLEXPART simulations. Unit: 1011 kg. (d) as in (c), but for the moisture contribution associated with 335 

midsummer of 2022. 336 

The moisture contribution associated with climatological mean midsummer atmospheric 337 

water contents for the region to the north of YRV (black box in Fig. 8a) over the whole 10-day 338 

back-tracking period derived from the FLEXPART simulations are shown in Fig. 8c. The highest 339 

center of moisture contribution occurs at the north of YRV, implying that the local evaporation is 340 

the main contributor to the atmospheric moisture over the north of YRV (Fig. 8c). With respect 341 

to the climate mean, the distributions of moisture contribution anomaly of the midsummer in 342 

2022 show that there are increments in moisture contribution over the middle and upper reaches 343 

of the YRV but decrements in moisture contribution over the Yellow Sea (Fig. 8d), which 344 

indicate that the atmospheric moisture anomaly over the north of YRV mainly originate from the  345 

YRV. 346 

The above analyses suggest that there could be a positive feedback between the heatwave 347 

and the atmospheric circulation through anomalous moisture transportation during the 2022 348 

YRV heatwave. When the YRV heatwave develops, the local evaporation is enhanced and thus 349 

produces more atmospheric moisture. The increased atmospheric moisture is further transported 350 

to the north of YRV by the high-pressure circulation systems, and results in meridional dry air 351 

advection over the YRV, which further intensifies the YRV heatwave through the formation of 352 

descending motions and associated surface cloud radiative forcing. 353 

4 Conclusion and discussion 354 

In this study, we investigated the detailed physical processes involved in the influence of 355 

atmospheric circulation on the 2022 YRV heatwave. Based on the linearized surface heat budget 356 

equation, column-integrated atmospheric moisture flux, and moist static energy equation, the key 357 

processes to the 2022 YRV heatwave are identified. The schematic of the mechanisms 358 
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the YRV, implying that there could be a positive land-air feedback during the life cycle of the 381 

YRV heatwave.  382 
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