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1. Introduction
With the influence of global warming and the interaction of physical processes at multiple scales, future 
risks of compound extreme climate events are projected to increase (Zscheischler et  al.,  2018). Mainly 
because water and temperature are so crucial to the well-being of humans and the environment, com-
pound droughts and heatwaves have drawn much attention worldwide (AghaKouchak et al., 2014; Lansu 
et al., 2020; Mazdiyasni & AghaKouchak, 2015; Wang & Chen, 2014). To date, considering that heatwaves 
and precipitation deficits are temporally lagged or approximately concurrent, explorations of these com-
pound events can be divided into three categories. The first category focuses on heatwaves preceded by 

Abstract Hot droughts (i.e., concurrent droughts and hot anomalies) have drawn much attention 
recently, but current knowledge about early propagation and concurrence remains limited. The 2019 
autumn severe hot drought (2019AHD) over the middle-lower reaches of the Yangtze River (MLYR) is 
employed for process-based analysis, while water vapor transport, heating budgets, and atmospheric 
dynamics are comprehensively investigated. The main achievements are as follows: (a) The 2019AHD 
over MLYR is not isolated and is related to early propagation from adjacent North China (NC) two months 
earlier. (b) Direct physical causes are explored. Drought evolution is related to anomalous water vapor 
transport dominated by low-level cyclonic anomalies over the East China Sea. Concurrently, local low-
level hot anomalies over MLYR are related to amplified horizontal advection heating, while near-surface 
warming is favored by decreased low cloud cover and enhanced downward shortwave radiation. (c) 
Regional-scale concurrence of droughts and hot extremes might be understood by the combined effects of 
amplified subsidence (suppressing precipitation formation) and intensified low-level divergence (reducing 
low cloud cover). (d) From a large-scale dynamic perspective, early propagation and development of the 
2019AHD are related to the southward shift and enhancement of the subsidence branch of meridional 
circulations. Meanwhile, intensity variation in 200 hPa cyclonic anomalies over MLYR corresponds 
well with local drought development, and the enhanced intensity at the time of drought occurrence is 
probably related to Silk Road Pattern–like wave train propagation over Eurasia. These insights can help us 
understand the mechanisms and detect early signals of hot droughts.

Plain Language Summary Hot droughts (i.e., concurrent droughts and hot anomalies) are 
compound climate extreme events with amplified disastrous impacts compared to individual drought or 
heatwave. They have drawn much attention recently, but current knowledge about concurrences remains 
limited. To understand it, the present study employs the 2019 autumn severe hot drought over the middle-
lower reaches of the Yangtze River for process-based analysis. Water vapor transport, heating budgets, 
and atmospheric dynamics are comprehensively investigated. Further, the concurrence of drought and 
hot extremes during the autumns over the middle-low reach of the Yangtze River are examined and 
investigated from the dynamical and statistical perspectives. It is found that intensified vertical subsidence 
and enhanced low-level divergence tend to be responsible for the concurrence. Physically, the amplified 
vertical subsidence suppresses precipitation formation, and intensified low-level divergence might lead 
to near-surface warming through less-than-normal low cloud fraction and greater-than-normal net 
shortwave radiation. Achievements herein can also help understand the mechanisms behind compound 
climate extreme events.
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precipitation deficits, such as significant anticorrelations between antecedent precipitation deficits and 
heatwave-related frequencies and intensities at global (Mueller & Seneviratne, 2012) and regional (Russo 
et al., 2019; Zhang et al., 2020) scales; and the positive contribution of advected sensible heat caused by 
upwind drought to downwind heatwaves in two European mega-heatwaves in 2003 and 2010 (Schumacher 
et al., 2019). Second, droughts could potentially be induced by cross-seasonal temperature extremes, such 
as the potential influence of springtime land-surface temperature anomalies on summer droughts in some 
regions of North America (Xue et al., 2016, 2018). These two categories provide early warning signals due to 
lagged effects via local land-atmosphere feedbacks or remote influences transported by atmospheric circula-
tions. They could help improve the prediction of heatwaves or droughts at sub-seasonal and seasonal scales.

The third category consists of so-called hot droughts (i.e., concurrent droughts and hot anomalies), which 
have amplified disastrous impacts compared to individual events. Much progress has been made in the hy-
drology community, such as the newly proposed magnitude-based indices (Wu et al., 2019), the conditional 
dependence between droughts and hot extremes (Hao et  al.,  2020), the variation in historical statistical 
characteristics (e.g., intensity, tendency, and concurrence probabilities) (Chen et al., 2019; Kong et al., 2020; 
Li et  al.,  2019; Mazdiyasni & AghaKouchak,  2015), and human-induced climate change effects (Cheng 
et al., 2019; Li et al., 2020; Wang et al., 2019), together with monitoring and statistical prediction systems 
(Hao, Hao, Singh, et al., 2019; Hao, Hao, Xia, et al., 2019). These studies provide new knowledge and tools 
for identifying and evaluating hot droughts from a statistical perspective.

In addition to statistical analysis, understanding of the evolution and triggers of hot droughts is needed to 
supplement current knowledge. Potential physical mechanisms responsible for entire hot drought events 
have frequently been investigated from perspectives of land-atmosphere feedbacks (Miralles et al., 2019) 
and large-scale atmospheric and oceanic variability (Hao et  al.,  2018; Wang et  al.,  2014). Soil moisture 
affects local near-surface temperature change via the partitioning of land-surface net radiation into latent 
and sensible heat fluxes (Berg et al., 2014; Hauser et al., 2016). The occurrence probabilities of heatwaves 
increase due to reduced evaporative cooling and increased sensible heat flux induced initially by soil mois-
ture deficits (Miralles et al., 2014; Schwingshackl et al., 2017). Concurrently, decreased land evapotranspi-
ration caused by dry soil may suppress precipitation formation and favor the occurrence of meteorological 
droughts (Miralles et al., 2019). From a dynamic perspective, heatwaves and soil moisture deficits are asso-
ciated with blocking patterns or persistent local anticyclones (Spensberger et al., 2020; Wehrli et al., 2019), 
along with enhanced subsidence, decreased cloud cover, and increased shortwave radiation.

However, few studies have investigated how droughts and heatwaves start and evolve (Miralles et al., 2019), 
especially concurrent droughts and hot anomalies. As a potentially typical case study, the recent 2019 au-
tumn hot drought (2019AHD) over the middle-lower reaches of the Yangtze River (MLYR) is employed 
for process-based analysis. The event ranks third among precipitation deficits and first among hot anom-
alies based on contemporary records during 1979–2020 (Figure 1c), exerting great impacts on agricultural 
production and daily drinking water demands. MLYR is a socioeconomically important region (25°–35°N, 
110°–123°E) in eastern China in the East Asian monsoon region, which recently suffered from extreme 
heatwaves in the summers of 2012 and 2017 (Gao et al., 2018; Qi et al., 2019; Zhou et al., 2019), an extreme 
drought in the spring of 2011 (Jin et al., 2013), and a hot drought in the summer of 2013.

There are two relatively distinguished aspects of the present study: (a) The evolution over MLYR and ad-
jacent areas two months earlier is also investigated to detect potential early signals. (b) The concurrence 
of precipitation deficits and hot anomalies is explored from the perspectives of atmospheric dynamics and 
statistical analysis.

This paper is organized as follows: Section 2 describes the data and methods used. Section 3 describes the 
identified meteorological drought process over MLYR, the concurrent evolution of hot anomalies, and the 
associated spatiotemporal evolution of hot droughts. Section 4 investigates drought-inducing water vapor 
transport and regional budgets. Section 5 diagnoses heating budgets related to local low-level hot anomalies 
and land-surface energy fluxes associated with near-surface warming. Section 6 investigates the evolution 
of regional dynamic anomalies and process-based correlations with droughts and hot anomalies. Section 7 
analyzes large-scale dynamic anomalies and associated upper-level Rossby wave trains. Sections 8 and 9 
include discussions and conclusions, respectively.
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2. Data and Methods
2.1. Data Sources and Study Areas

The ERA5 reanalysis data set (Hersbach et al., 2020) during 1979–2020, provided by the European Center 
for Medium-Range Weather Forecasts, is employed for analysis of water vapor transport, heating budg-
ets, and relevant atmospheric dynamics. Single-level variables related to land-surface energy fluxes and 
100–1000 hPa atmospheric variables are the two main categories used; details are listed in Table S1. The 
ERA5 data set employed herein is publicly obtained from the webpage (multi-level: https://cds.climate.co-
pernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=form; single-level: https://cds.climate.
copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form). These data subsets are derived 
from the ERA5 original hourly datasets, which are eventually transformed into a daily timescale with a 
simple temporal averaging method before further procedures. The original spatial 1 ° × 1 ° resolution is 
maintained.

The daily 0.5 ° × 0.5 ° precipitation and near-surface air temperature products during 1979–2019, kindly 
provided by the China Meteorological Administration (CMA), are used to describe precipitation and temper-
ature anomalies during the 2019 hot drought. The original data set is accessible on these two webpages (pre-
cipitation: http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_TEM_DAY_GRID_0.5.html).

LIU AND ZHOU
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Figure 1. Temporally averaged precipitation and temperature anomalies and associated historical ranks during the 
2019 autumn hot drought (2019AHD, September 8th–October 24th) over the middle-lower reaches of the Yangtze River 
(MLYR). (a) and (b) display composite spatial distributions of the 30-day-scale Standardized Precipitation Index (SPI) 
and Standardized Temperature Index (STI), respectively. The yellow and red boundaries in (a) denote North China 
(NC) and MLYR. (c) represents ranked anomalies of the 1979–2020 precipitation rate (unit: mm day−1) and temperature 
(unit: degC) averaged over September 8th–October 24th within the 1981–2010 reference period.
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2.2. Drought Identification and Associated Atmospheric Anomalies

1.  Description of precipitation and temperature anomalies
 Investigating the daily evolution of monthly meteorological droughts can help us understand how mete-
orological droughts start, enhance, and recover. The one-month Standardized Precipitation Index (SPI) 
(McKee et al., 1993) is employed herein to describe them. Traditionally, it is computed using monthly 
precipitation data at a monthly interval. To investigate daily evolution, we update the one-month SPI at 
a daily interval on both regional and grid scales, as officially recommended by the World Meteorological 
Organization (WMO, 2012). Accordingly, the SPI updated daily is computed using one-month (30-day 
in practice) precipitation data with a daily running window. For example, the SPI on February 1st, 1999, 
is calculated using the cumulative precipitation amount from January 3rd, 1999, to February 1st, 1999. 
Similarly, the SPI on January 1st, 1981, is computed using the data from December 3rd, 1980, to January 
1st, 1981. Slightly different from the traditional SPI computation method (McKee et al., 1993), the refer-
ence period for fitting the probability distribution herein is 1981–2010.
 The Standardized Temperature Index (STI) is employed to describe hot anomalies during a meteorologi-
cal drought event. It is calculated following the simple method of measuring temperature anomalies us-
ing standard deviations (Schumacher et al., 2019; Zscheischler et al., 2014). The formula for computing 
STI on both regional and grid scales can be described as:




STI X  (1)

 where STI is the Standardized Anomalies of near-surface air temperature, X represents the original vari-
able, and μ and σ are the climatological mean and standard deviation. Explicitly speaking, X herein is the 
30-day running mean near-surface air temperature, whose value is located on the last day of the running 
window. The two climatological variables (μ and σ) are further computed based on the 30-day running 
mean near-surface air temperature. The climatological reference period herein is 1981–2010.

2.  Identification of regional drought events
 Based on the regional SPI time series over NC and MLYR during January 1st, 1979– December 31st, 
2020, regional drought events are identified when the daily SPI value remains continuously below −0.50 
for at least 30 days. The first day, the day with the minimum SPI, and the last day of the drought event 
are termed occurrence (O), peak (Pk), and termination (T), respectively. These phases are defined over 
only the regional SPI rather than the gridded SPI.

3.  Description of atmospheric anomalies
 Standardized Anomalies (SA), which were initially applied to identify high-impact weather events 
(Grumm & Hart, 2001; Hart & Grumm, 2001), are employed to objectively qualify atmospheric anoma-
lies, especially with multi-variable inter-comparisons. The method of computing SA is same as the STI 
computation in Equation 1, which is described as:




SA X  (2)

 where SA is Standardized Anomalies, X represents the original atmospheric variables, and other details 
concerning the 30-day running mean forms and climatological states are identical to those in Equation 1.

2.3. Water Vapor Transport and Budget Analysis

To understand the influence of water vapor transport (WVF) on drought propagation and development, 
relevant studies are divided into two parts. One is to investigate the propagation of anomalous vertically 
integrated water vapor flux (VIWVF), anomalous precipitable water, and divergence of anomalous VIWVF 
compared with the climatological 1981–2010 reference period. The other is to display the temporal evolu-
tion of boundary-accumulated VIWVF and regional budgets. Gridded VIWVF is accumulated across each 
boundary of MLYR, with the formula expressed as follows:

N Q n dl
L

 
 

 (3)
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where N , L, and n represent WVF across each boundary, the boundary length, and the associated in-
ward-pointing normal vector, respectively. The regional budget of WVF is calculated as the arithmetic sums 
of N at the four boundaries. All variables herein are first transformed into 30-day running mean variables 
before further computing climatic means and the 2019 anomalies.

2.4. Heating Budget Diagnosis

To further understand the contributions of different physical processes to the evolution of hot anoma-
lies, the first law of the thermodynamic energy equation (terminology follows Equation 3.58 of Peixoto & 
Oort, 1992) is expressed as Equation 4. The equation is adopted by Yanai et al. (1973) to calculate the atmos-
pheric apparent heat source. It is widely used in a similar study concerning the 2012 summertime heatwave 
over MLYR (Qi et al., 2019) and the estimation of diabatic heating in global reanalysis (Ling & Zhang, 2013; 
Wright & Fueglistaler, 2013). The thermodynamic diagnostic equation is expressed as:




    T

t
V T

Qtendency

h

Qhori advect
Qvertical a





  
. .

.
.

 

ddiabatic
p

Qdiabatic

Q

c


 1

 (4)

where T  and 


hV  represent air temperature and the horizontal wind vector,  is vertical velocity, 


 
    p

RT T
c p p  is the static stability, 1Q  is the atmospheric apparent heat source, with pc  as the specific heat  

at constant pressure, R as the gas constant, and p as the pressure. The term on the left-hand side represents 
the local temperature tendency over MLYR, while the first, second, and third terms on the right-hand side 
stand for the contributions of horizontally advected heating, dynamic vertical adiabatic heating, and diaba-
tic heating, respectively. 1Q  contains radiative heating, latent heating, surface heat flux, and subgrid-scale 
processes.

In the present study, the horizontally advected heating, dynamic vertical adiabatic heating, and local tem-
perature tendency term at each pressure level are first calculated following Equation 4 on a daily timescale. 
Subsequently, the daily diabatic heating is obtained as the residual terms of the diagnostic equation. The 
simple 30-day running average method is applied to these four heating terms, whose values are located on 
the last day of the smooth window. Based on these 30-day running heating terms, the 1981–2010 climatic 
means and the 2019 anomalies are further calculated. These 30-day running anomalies averaged between 
925 hPa and surface pressures during the 2019 hot drought are the focus of the study.

2.5. Wave Activity Flux Diagnosis

Wave activity flux (WAF) vectors can be used to identify the propagation of atmospheric Rossby wave trains, 
which are parallel to the local group velocity but independent of the wave phase. These are employed herein 
to describe the upper-level horizontal energy dispersion of atmospheric Rossby waves related to drought 
development. The formula of the 200-hPa horizontal WAF vector (Takaya & Nakamura, 2001) is as follows:

     
      

     
     




2 2 2

2 2 2 2

22 2

2 2 2

cos coscos

2
cos

c c

h
c c c

u v
a ap

W
U u v

a a

                           
     

     

                                       



 (5)

where 


hW  and 


cU  represent the 200-hPa horizontal WAF vector and the 200-hPa climatological mean wind 
vector, cu  and cv  are the 1981–2010 climatological mean 200-hPa zonal and meridional winds,   represents 
the 200-hPa perturbation stream-function,   and  are latitude and longitude, a is Earth's radius, and p = 
(pressure/1,000 hPa). Daily variables are transformed from the 6-hourly datasets with a simple temporal 
averaging method, and subsequently daily WAF is calculated using Equation 5. Further, the 30-day running 
mean WAF is eventually obtained using the 30-day running average method, with values located on the last 
day of the smooth window.
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2.6. Other Illustrations of Data Processing in Sections 2.2–2.5

To describe the daily evolution of monthly meteorological droughts and associated mechanisms, the SPI, 
STI, SA of atmospheric variables, and relevant diagnostic variables are essentially 30 days at the daily in-
terval on both regional and grid scales. Regional-scale original variables are simply spatially averaged over 
gridded values, and then the regional SPI, STI, and associated variables are further calculated.

3. Spatiotemporal Evolution of Precipitation and Temperature Anomalies
For the 2019AHD over MLYR (Figure 1a and 1b), drought signals with SPI below −1.0 and hot anomalies 
with STI above +2.0 occupy most of the MLYR (i.e., Anhui, Jiangxi, Hunan, and Hubei Provinces) and the 
eastern part of North China. It ranks third among precipitation deficits and first among hot anomalies based 
on historical records from 1979 to 2020 (Figure 1c).

The persistent six-week 2019AHD over MLYR is not independent; early propagation signals can be detected 
over North China (NC) two months earlier (Figure 2). The regional SPI over NC remains negative from 
the preceding 75th to 30th day, and spatially scattered dry signals seem to move southward. Concurrently, 
hot anomalies over NC persist from the preceding 75th day to the drought termination over MLYR. Early 
NC-to-MLYR propagation before the drought occurrence corresponds to increasing local temperature over 
MLYR during the preceding 45th – 15th days. To understand the physical mechanisms behind this, water 
vapor transport, heating budget, and multi-scale atmospheric dynamics are comprehensively analyzed in 
the following sections.

4. Analysis of Drought-Inducing Water Vapor Transport
Convergence and divergence of water vapor transport are crucial to drought development. Accordingly, the 
evolution of large-range divergence of VIWVF and net VIWVF across the boundaries of MLYR is investi-
gated in this section. Also, vertical structures across the boundaries are displayed for a better understanding 
of anomalous WVF performance related to drought development.

4.1. Spatial Propagation of Large-Range VIWVF, Its Divergence, and Precipitable Water

Regardless of intensity variation and meridional displacement, anomalous cyclonic VIWVF exists over the 
East China Sea (nearly along the 125°E line) before and during the 2019AHD. This results in southward 
VIWVF anomalies over MLYR and adjacent NC, obviously reversed from the climatological strong north-
eastward transport before the drought (Figure 3a–3c). Accordingly, the divergence of anomalous VIWVF 
and less-than-normal precipitable water move southward from the preceding 60th day to drought termina-
tion and are probably responsible for the early NC-to-MLYR drought propagation and drought development 
over MLYR (Figure  2a–2e). Notably, MLYR experiences severe drought when northeastern Asia suffers 
from pluvial events (Figure 3i).

4.2. Evolution of VIWVF, the Regional Budget, and Vertical Structures

Boundary-based VIWVF is computed by accumulating gridded VIWVF across each boundary following 
Equation 3, and the scheme of boundary generalization is shown in Figure 4a. In general, the 2019AHD fea-
tures a negative regional WVF budget between 650 hPa and 925 hPa, with a maximum (around −1.7 × 105 kg 
hPa−1 s−1) at 825 hPa (Figure 4b), while the 775–925 hPa climatological WVF budget remains negative. 
This leads to an amplified negative WVF budget in the low-level troposphere during the 2019AHD over 
MLYR. Meanwhile, it is notable that the regional VIWVF budget at the four boundaries (thick red curves 
in Figure 4c and 4d) begins to be negative from the preceding 30th day until drought termination, with the 
climatological regional VIWVF budget relatively small.

The evolution of VIWVF and vertical WVF structures at the boundaries can display more detailed 
drought-related information. The northern and eastern boundaries are chosen herein, while the southern 
and western boundaries are shown in Figure S1. VIWVF at the east boundary (green curves in Figure 4c 
and 4d) overall displays the inflow anomalies from the preceding 30th day to drought termination, opposite 
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to the concurrent climatological VIWVF outflow. For detailed information about vertical structures (Fig-
ure 5a–5j), strong low-level inflow anomalies appear during the preceding 60th and 30th days, while verti-
cal structures of WVF anomalies at drought peak and termination are phase-reversed compared with the 
climatological WVF. Concerning VIWVF at the northern boundary (purple curves in Figure 4c and 4d), it 
overall displays the inflow anomalies from the preceding 75th day to drought termination, opposite to the 
concurrent climatological VIWVF outflow. As shown by the vertical WVF structures on the preceding 60th 
day and at drought occurrence (Figure 5k, 5p, 5m and 5r), strengthened WVF inflow anomalies appear at 
the northern boundary. This is closely related to anomalous cyclonic VIWVF over the East China Sea (Fig-
ure 3f and 3h).
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Figure 2. Spatial evolution of SPI ((a)–(e)) and STI ((f)–(j)) and associated temporal evolution (k) during the 2019AHD over MLYR. Standardized Precipitation 
Index (SPI) and Standardized Temperature Index (STI) in (k) are calculated based on the regional 30-day running mean precipitation and temperature over NC 
and middle-lower reaches of the Yangtze River (MLYR). Terms such as “-75d” represent the preceding Nth day before drought occurrence.
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5. Evolution of Low-Level Heating Terms and Land-
Surface Energy Fluxes
Variations in local air temperature in the boundary layers and associated 
land-surface energy fluxes are investigated herein to understand potential 
causes of the hot anomalies during the 2019 MLYR drought (Figure 2).

5.1. Spatiotemporal Evolution of Heating Terms

MLYR experiences a rapid increase in local temperature before the 
drought occurrence and maintains hot anomalies during the entire 
drought process (Figure 2). The atmospheric boundary layer is our con-
cern because warmer-than-normal local air temperature occurs mainly 
below 925  hPa (Figure  S2). All heating terms are calculated following 
the method in Section 2.4, and spatiotemporal evolution is investigated.

The temporal evolution of heating terms is displayed in Figure 6. In the 
climatological evolution from July 10th to October 24th over MLYR, 

tendencyQ   and  .vertical adiabaticQ   experience a positive-to-negative transition, 
with the magnitude range within 0.2°C day−1. .hori advectQ  and  diabaticQ  dis-
play positive and negative contributions, as expected, with magnitudes 
continuously increasing to ∼1.0°C day−1 after October 3rd. Before and 
during the 2019AHD, tendencyQ  anomalies fluctuate within ± 0.2°C day−1 
and reach above +0.2°C day−1 at drought peak (Figure 6b). It is notable 
that the .hori advectQ  and  diabaticQ  anomalies coincide with their climatology, 
leading to amplified .hori advectQ  and  diabaticQ  from the preceding 30th day to 
drought peak.

The spatial distributions of climatic mean and anomalous heating terms 
at five key times of the 2019AHD are displayed in Figure 7. Both slight 
warming and cooling contributions of .vertical adiabaticQ  anomalies exist but 
are spatially scattered over MLYR. .hori advectQ  and  diabaticQ  anomalies have 
consistent warming and cooling effects before and during the 2019AHD 
over most of MLYR, respectively. Spatial evolution of .hori advectQ  indicates a 
southward propagation from the preceding 60th day to drought peak (Fig-
ure 7k–7o), partly favoring the NC-to-MLYR propagation of hot anoma-
lies and persistence of local hot anomalies over MLYR (Figure 2f–2j).

5.2. Spatial Evolution of Land-Surface Energy Fluxes

The evolution of land-surface energy fluxes (Figure 8) can help us under-
stand variation in local near-surface temperature anomalies over NC and 
MLYR during the 2019AHD. It is notable that the evolution of net down-
ward shortwave flux (NDSF) herein coincides with the NC-to-MLYR 
propagation of hot anomalies and the persistence of local hot anomalies 
over MLYR (Figure 2). Pattern evolution herein can probably be divid-
ed into two periods. Specifically, during the preceding 75th–30th days, 
NDSF remains less than normal over MLYR but more than normal over 
NC (Figure 8a). When evolving from the preceding 30th day to drought 
termination, NDSF is positively intensified and reaches the maximum 
anomalies around the drought peak, physically influenced by a decrease 
in cloud cover fraction. This two-period pattern evolution above also fits 
net upward longwave flux and sensible heat flux, which could be well 
explained by the concurrent development of increasing shallow soil tem-
perature and decreasing shallow soil moisture.
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Figure 3. Spatial propagation of contemporary climatological mean 
((a)–(e)) and anomalies ((f)–(j)) of 30-day running mean precipitable 
water (contours, units: mm day−1) and vertically integrated water vapor 
flux (VIWVF, vectors, units: kg s−1 m−1) at key times of the 2019AHD 
over MLYR. Divergence (shading, units: 10−5 kg s−1 m−2) in (a)–(e) and 
(f)–(j) is calculated based on the climatic mean and anomalous VIWVF, 
respectively.
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6. Regional Dynamic Anomalies Potentially Responsible for Concurrence
The direct physical causes of drought and hot anomalies were preliminarily investigated in Sections 4 and 5, 
respectively. But what kind of regional circulation patterns are connected to these physical causes? How 
could the concurrence of drought and hot anomalies be understood from a dynamic or statistical perspec-
tive? A comprehensive analysis is conducted in this section to answer these questions.

6.1. Height-Time Evolution of Regional Dynamics

Intensified dynamic subsidence and the vertical anomalous “upper-convergence-lower-divergence” pat-
terns from the preceding 30th day to drought termination are typically drought-inducing, as expected 
(Figure 9a). In the boundary layer, the minor effect of the vertical adiabatic term on the warming at the 
time of drought occurrence and peak (Figure 7r and 7s) could be understood by weaker-than-normal ver-
tical motions below 925 hPa. Southward wind SA remains below 600 hPa from the preceding 60th day to 
drought termination (Figure 9b), consistent with anomalous southward water vapor transport over MLYR, 
as revealed in Section 4. From the perspective of relative vorticity (rv), low-level rv SA experiences a posi-
tive-to-negative transition from the preceding 60th day to drought occurrence. Subsequently, these negative 
signals are enhanced and extended to nearly 500 hPa during the drought, suggesting low-level persistent 
anticyclonic anomalies favoring near-surface hot anomalies. Positive rv SA in the upper-level troposphere 
(e.g., 200 hPa) starts enhancing at drought occurrence, reaches a maximum value, and weakens before and 
after the drought peak. It suggests a potential relationship between upper-level cyclonic anomalies and 
drought development.
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Figure 4. Evolution of vertically integrated water vapor flux (VIWVF; units: 106 kg s−1) and associated regional budgets 
of water vapor flux (WVF; units: 105 kg hPa−1 s−1) during the 2019AHD over middle-lower reaches of the Yangtze River 
(MLYR). (a) denotes a sketch scheme for computation of boundary-based VIWVF. (b) displays a composite vertical 
profile of the regional WVF budget. (c) and (d) correspond to the climatic means and anomalies of 30-day running 
mean boundary-accumulated VIWVF. The positive direction of VIWVF is inflow.
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6.2. Evolution of Dynamic/Thermal-Related Indices and Correlations With SPI and STI

The temporal evolution of dynamic/thermal-related variables and relevant correlations are used to quan-
titatively illustrate the potential contributions of atmospheric dynamics on concurrent drought and hot 
development.

Regional anomalous dynamics, a combination of intensified vertical subsidence and enhanced low-level 
divergence, tend to be responsible for concurrence of droughts and hot extremes during the 2019AHD. It 
is easily seen that 500-hPa omega SA almost coincides with the entire drought process without considering 
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Figure 5. 30-day-mean water vapor flux (WVF) at the east and north boundaries ((a)-(e) and (k)-(o)) and associated 30-day-mean boundary-accumulated 
vertical profiles ((f)-(j) and (p)-(t)) at five key times of the 2019AHD over middle-lower reaches of the Yangtze River (MLYR). Contours and shading in (a)-(e) 
and (k)-(o) represent the climatic mean (units: kg s−1 m−1 hPa−1) and anomalies (units: kg s−1 m−1 hPa−1) of WVF, whose positive direction is inflow. Climate 
means and anomalies of boundary-accumulated WVF (units: 105 kg s−1 hPa−1) at each level are represented by gray and black dots, respectively. All the 
boundary-based computations and exhibitions herein follow the sketch scheme in Figure 4a.

-60d -30d Occurrence Peak Termination

09 Aug 10 Jul 08 Sep 03 Oct 24 Oct 

0.4

-0.4

0

0.3

0.2

0.1

-0.3

-0.2

-0.1

E F G H I J
(35°N) (25°N)

G H E F G H I JG H G H

E
a
s
t 

B
o

u
n

d
a
ry

(a) (b) (c) (d) (e)(hPa)

（
k

g
 s

-1
 m

-1
 h

P
a

-1
）

(f) (j) (h) (i) (j)

WVF (105 kg hPa-1 s-1)

8-8 0 642-6 -4 -28-8 0 642-6 -4 -28-8 0 642-6 -4 -28-8 0 642-6 -4 -28-8 0 642-6 -4 -2

(hPa)

WVF WVF WVF WVF

climatic

mean

anomaly

N
o

rt
h

 B
o

u
n

d
a
ry

0.4

-0.4

0

0.3

0.2

0.1

-0.3

-0.2

-0.1

（
k

g
 s

-1
 m

-1
 h

P
a

-1
）

WVF (105 kg hPa-1 s-1)

8-8 0 642-6 -4 -28-8 0 642-6 -4 -28-8 0 642-6 -4 -28-8 0 642-6 -4 -28-8 0 642-6 -4 -2

WVF WVF WVF WVF

(k) (l) (m) (n) (o)

(p) (q) (r) (s) (t)

(hPa)

(hPa)

B C D FE
(109°E) (122°E)

C D FE G C D FEG C D FE G C D FE G

 21698996, 2021, 15, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2020JD

033742 by C
ity U

niversity O
f H

ong K
ong, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Atmospheres

the preceding evolution (Figure  10a). In comparison, the two rv-based 
indices are positively correlated with SPI from the preceding 60th day 
to drought termination but show relatively low correlation coefficients 
from drought occurrence to termination (Table 1). The high correlation 
coefficients (over +0.90) between STI and SAs of NDSF and negative 
LCCF is displayed in Figure 10b and Table 1 consistent with the analysis 
in Section 5.2. SAs of both 750-hPa divergence and 500-hPa omega pos-
itively correlates with STI over MLYR. Physically, low-level divergence 
anomalies, accompanied by vertically strengthened dynamic subsidence, 
lead to near-surface warming through less-than-normal LCCF and more-
than-normal NDSF.

7. Large-Scale Dynamic Anomalies and Associated 
Upper-Level Rossby Wave Propagation
The evolution of dynamic large-scale three-dimensional structures could 
help us understand variations in regional-scale atmospheric dynamics. 
The dynamic anomalous subsidence branch of large-scale meridional 
circulations over 109–122°E (Figure 11a–11e) experiences a high-to-low 
latitudinal shift, consistent with the NC-to-MLYR propagation of drought 
and hot anomalies. At the drought peak, dynamic subsidence signals ac-
companied by amplified vertical wind shear are strong enough and have 
widespread coverage vertically and latitudinally. Regardless of meridion-
al displacement and intensity variation, the southward branch of 850-
hPa cyclonic wind anomalies over the East China Sea (Figure 11f–11j) is 
responsible for the persistent low-level southward wind anomalies (Fig-
ure 9b). Concurrently, the original southwestward displacement of the 
upper-level cyclonic anomalies over northeastern Asia (Figure 11k–11o) 
is probably responsible for the variation in relative vorticity anomalies 
and the direction transition of meridional wind anomalies over MLYR 
(Figure 9b).

As one crucial dynamic factor influencing the development of the 
2019AHD, 200-hPa rv SA experiences negative-to-positive transitions 
from the preceding 30th day, gradually enhances, and then starts to weak-
en around the drought peak. At the drought occurrence, a clear south-
eastward wave train originates from western Europe and flows down-

stream across Eurasia toward East Asia (Figure 12b), where wave train propagation may be closely related 
to the enhanced 200-hPa cyclonic anomalies. This upper-level eastward wave train across Eurasia is also 
reported in studies on the 2011 winter-spring drought event (Jin et al., 2013) and the 2012 summertime 
heatwave event (Qi et al., 2019) over MLYR. More importantly, a typical Silk Road pattern previously re-
ported (Hong & Lu, 2016) can be found based on anomalous meridional wind teleconnections (Figure 12a). 
Further studies need to explore whether stable external forcings responsible for the wave trains exist at the 
occurrence time of the 2019AHD.

At the drought peak, the intensity of 200-hPa cyclonic anomalies over MLYR is strong enough. It begins to 
decrease (Figures 10a and Figures 12c), which is possibly related to the energy dispersion of Rossby waves 
toward anticyclonic anomalies over northeastern Asia (Figure 12d). Regardless of differences concerning 
timescales and composite periods, the cyclonic anomalies over MLYR and anticyclonic anomalies over Ja-
pan (Figure 12c) are recently reported as parts of a northeastward 200-hPa wave train pattern enhancing 
the 2019 drought (see Figure 2c and 2e in the study of Xu et al. (2020)). According to their study, the wave 
train pattern is caused by the combined effects of a strong Central Pacific (CP) El Niño and a super positive 
Indian Ocean Dipole (pIOD) event.
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Figure 6. Temporal evolution of (a) climatological means and (b) 
anomalies of regional 30-day running mean heating terms (units: °C day−1) 
vertically averaged over 925 hPa–surface pressures over middle-lower 
reaches of the Yangtze River (MLYR) before and during the 2019AHD. 
“O,” “Pk,” and “T” represent drought occurrence, peak, and termination, 
respectively.
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Figure 7. Spatial propagation of all the 30-day-scale heating terms (units: °C day−1) vertically averaged between 925 hPa and surface pressures at the key times 
of the 2019AHD over middle-lower reaches of the Yangtze River (MLYR). Climatic means and anomalies are displayed using contours (intervals: ±0.2°C day−1) 
and shading.
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8. Discussion
This study comprehensively examines both thermal and dynamic processes, as well as regional and large-
scale circulations, to better understand the mechanisms responsible for the evolution of the 2019AHD over 
MLYR. Since this is also a new attempt for this kind of concurrent hot drought event, there are some critical 
aspects to be further explored.

1.  Understanding concurrence of drought and hot extremes from a statistical perspective
 The concurrence of drought and hot extremes is an important but complex topic. There are at least two 
key issues: (a) whether drought always occurs with hot extremes, and (b) whether there is a factor re-
sponsible for their concurrence.
 In the present study, we observed that drought and hot anomalies concurrently occur during the 2019AHD 
over MLYR. Anomalous dynamic subsidence is highly correlated with the evolution of drought and hot 
anomalies, probably with the bridge of associated thermal-related variables (Section  6.2). To further 
explore whether the results obtained by studying this extreme individual event are universal and robust, 
we study statistical relationships among the same variables under historically synchronous dry condi-
tions. Specifically, time slices with daily SPI less than −1 are objectively selected from September 8th to 
October 24th during 1979–2020, whose temporal distribution is shown in Figure S3. Paired plots of SPI, 
STI, and associated SA-based variables (Figure 13) are categorized by three STI-based types: Hot (STI > 
1), Normal (−1≤STI≤1), and Cold (STI < −1). Here are the main conclusions:
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Figure 8. Hovmöller diagrams of land-surface energy flux terms ((a)–(c) represent net downward shortwave flux (NDSF), the net upward longwave flux, and 
surface sensible heat flux, respectively; these vertical fluxes are positive downward; units: W m−2), (d) 0–7 cm soil temperature (units: °C day−1), (e) 0–7 cm 
soil moisture (units: cm3 cm−3), and (f) low cloud cover fraction (LCCF; units (0–1)). All these elements are zonally averaged over 109–122°E. Climatic means 
(contours) and anomalies (shading) are calculated based on 30-day running mean variables. Black lines in each subplot indicate the latitudinal range of middle-
lower reaches of the Yangtze River (MLYR).

(a) net downward shortwave flux (b) net upward longwave flux (c) surface sensible heat flux

(d) 0-7cm soil temperature (e) 0-7cm soil moisture (f) low cloud cover fraction
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 First, dryness signals do not always correspond to hotness. Among the dryness samples, only approxi-
mately 39% belong to the hot type. Regarding hot-type samples ((u) and (u)T), dryness shows complicat-
ed connections with hotness, with low correlation coefficients. Also, the complex relationship between 
dryness and hotness is displayed in Figure 2, suggesting the slight inconsistency of drought and hot 
centers at the grid-scale.
 Second, regional-scale dynamic anomalies, a combination of vertical subsidence and low-level horizon-
tal divergence, may potentially be responsible for the concurrence of dryness and hotness. On the one 
hand, dynamic subsidence and low-level divergence are closely related to dryness. SAs of both 750-hPa 
divergence and 500-hPa omega are significantly correlated with dryness, especially for hot-type samples 
((r) and (r)T). On the other hand, relationships between dynamics and hotness are complicated. 500-hPa 
omega SA is not significantly correlated with STI regardless of type difference ((m)T), despite significant 
correlations with NDSF SA and LCCF SA ((f), (f)T, (i) and (i)T). In comparison, 750-hPa divergence SA 
is significantly correlated with STI and NDSF, especially for hot-type samples ((d), (k), (d) T, and (k)T).
 Third, dryness, hotness, and associated dynamic/thermal-related variables during the 2019AHD over 
MLYR are extreme. The peak time of the 2019AHD is displayed using large red squares in Figure 13. 
Concerning the percentile-based ranks using all the dryness samples, SPI, STI, 750-hPa divergence SA, 
200-hPa rv SA, 500-hPa omega SA, NDSF SA, and LCCF SA are 9.77%, 4.88%, 2.63%, 2.63%, 5.26%, 1.13%, 
and 4.51%, respectively.
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Figure 9. Height-time evolution of Standardized Anomalies (SA) of regional 30-day running mean (a) horizontal 
divergence (shading) and vertical velocity (omega, contours), (b) meridional wind (shading), and relative vorticity (rv, 
contours) before and during the 2019AHD over middle-lower reaches of the Yangtze River (MLYR).
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2.  NC-to-MLYR drought propagation
 Mechanisms of NC-to-MLYR drought propagation need to be further explored. The present study re-
veals that the 2019AHD is not independent, as its early propagation can be detected over adjacent North 
China (NC) two months earlier (Figure 2). Southward displacement of anomalous dynamic subsidence 
branches of meridional circulations (Figure  11a–11e) could be physically responsible for the NC-to-
MLYR propagation to some degree. However, it is not enough for a physical explanation. There are two 
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Figure 10. Temporal evolution of (a) dynamic drought-related indices and (b) thermal heat-related indices before and 
during the 2019AHD over MLYR. (a) displays Standardized Precipitation Index (SPI) over middle-lower reaches of 
the Yangtze River (MLYR), indices based on negative Standardized Anomalies (SA) of 200-hPa relative vorticity (rv), 
850-hPa minus 200-hPa difference in rv SA, and negative 500-hPa omega SA. (b) displays Standardized Temperature 
Index (STI) over MLYR, indices based on SA of 750-hPa divergence, negative SA of low cloud cover fraction, SA of net 
downward shortwave flux, and 500-hPa omega Standardized Anomalies (SA).
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(b) Evolution of thermal hot-related indices

-60d -45d -30d -15d Occurrence Peak Termination-75d

-60d -45d -30d -15d Occurrence Peak Termination-75d

S
T

I 
/ 

S
A

Category Dynamic and thermal indices −60d to T −30d to T O To T

Drought (SPI) negative 500-hPa omega SA 0.63 0.03 0.83

negative 200-hPa rv SA 0.83 0.75 0.16

diff rv SA (850 hPa minus 200 hPa) 0.90 0.79 0.34

Hot anomalies (STI) 750-hPa divergence SA 0.87 0.52 0.30

SA of net downward shortwave flux (NDSF) 0.94 0.62 0.37

negative SA of low cloud cover (LCCF) 0.92 0.71 0.60

500-hPa omega SA 0.87 0.42 0.14

Note. “–60d,” “O,” and “T” herein represent the 60th day preceding drought occurrence, drought occurrence, and 
termination, respectively. Bold values exceed the 95% confidence level according to the Student's t-test.

Table 1 
Correlation Coefficients of Dynamic and Thermal Indices With Standardized Precipitation Index (SPI)/Standardized 
Temperature Index (STI) During the 2019AHD Over Middle-Lower Reaches of the Yangtze River (MLYR)
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Figure 11.
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similar but different questions: (a) Is the drought in NC a necessary condition for drought occurrence in 
MLYR? (b) Does the drought in NC provide any predictability for the 2019AHD in MLYR? The further 
detailed investigation could be conducted through model simulation, comparison with other similar 
events, or verification of testable hypotheses.

3.  Similarities and differences among individual extreme events and compound events
 Further study could examine how these hot droughts are different from other separate drought events or 
hot extremes, and how processes like water vapor transport, heating budgets, and large-scale dynamics 
behave differently for individual extremes and concurrent events. Meanwhile, similarities and differenc-
es in the mechanisms responsible for hot extremes and droughts could be further investigated for more 
universal conclusions. Lagrangian heat-tracking models (Schumacher et al., 2019) and moisture-track-
ing analytical models (Herrera-Estrada et al., 2019) could be considered to keep track of the sources of 
heated air parcels and the associated concurrent moisture transport.
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Figure 11. Vertical cross-sections of meridional circulations averaged over 109–122°E ((a)–(e)) and spatial distributions of anomalous wind fields at 850 hPa 
((f)–(j)) and 200 hPa ((k)–(o)) at the five key times of the 2019AHD. Shading, contours (only those greater than ±1.0 plotted), and vectors in (a)–(e) represent 
Standardized Anomalies (SA) of omega, SA of meridional winds (vwnd), and original wind fields, respectively. Black boxes in (a)–(e) indicate the latitudinal 
range of middle-lower reaches of the Yangtze River (MLYR). Shading, contours (only those greater than ±1.0 plotted), and vectors in (f)–(o) denote SA of 
relative vorticity (rv), Standardized Anomalies (SA) of meridional winds (vwnd), and wind anomalies, respectively.

Figure 12. Anomalous 200-hPa wind fields ((a) and (c)) and associated wave activity flux ((b) and (d); Wave activity 
flux (WAF), vectors) at the occurrence and peak times of the 2019AHD. Shading, contours, and vectors in (a) and (c) 
are the same as in Figure 11 (f)–(o). Solid green and dashed brown contours represent positive and negative stream 
function anomalies (units: 106 m2 s−1), respectively.
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Figure 13. Paired plots of Standardized Precipitation Index (SPI), Standardized Temperature Index (STI), and associated SA-based variables in Section 6.2 
categorized by three typical STI ranges. The panels along the diagonal ((A)–(G)), the left lower panels ((a)–(u)), and the right upper panels ((a)T-(u)T) are 
the histograms, the scatterplots for each pair, and the Pearson correlation coefficients associated with the scatterplots, respectively. All the data herein 
are objectively selected from September 8th to October 24th during 1979–2020, with SPI less than −1. Besides, the red square in each scatterplot ((a)–(u)) 
corresponds to the drought peak of the 2019AHD, while the star symbols in (a)T-(u)T indicate correlation coefficients significant at the 0.001 probability level.
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9. Conclusions
Hot droughts (i.e., concurrent droughts and hot anomalies) are typically compound extreme climate events, 
with amplified disastrous impacts compared with individual droughts or hot anomalies. However, how 
droughts and hot anomalies co-occur and evolve, and whether early propagation signals exist, remain poor-
ly understood. The recent 2019AHD over MLYR is employed herein to investigate it. The precipitation defi-
cit and hot anomalies rank third and first based on contemporary 1979–2020 records. Drought-inducing 
water vapor transport and heating budgets related to hot anomalies are individually diagnosed. Mecha-
nisms behind the evolution and concurrence of hot droughts are investigated from atmospheric dynamic 
perspectives. Main achievements are as follows:

The 2019AHD is a 30-day-scale meteorological drought event lasting for approximately six weeks over 
MLYR, accompanied by concurrent persistent hot anomalies. The 2019AHD is not independent; its early 
propagation can be detected over adjacent North China (NC) two months before the occurrence of the 
2019AHD, and it then covers central MLYR.

Direct physical causes of individual drought and hot anomalies are separately explored. (a) Anomalous 
cyclonic vertically integrated water vapor flux (VIWVF) remains over the East China Sea (nearly along the 
125°E line) before and during the 2019AHD, leading to severe drought over MLYR and concurrent pluvial 
events over northeastern Asia. The southward movement of the divergence of anomalous VIWVF, and 
less-than-normal precipitable water correspond to the early NC-to-MLYR drought propagation. Regarding 
drought development over MLYR, the regional VIWVF budget remains negative from the preceding 30th 
day until drought termination. (b) Diagnosis of heating budgets in the boundary layer shows that anoma-
lously strengthened horizontal advection heating contributes to local low-level hot anomalies over MLYR 
from the preceding 30th day to drought peak. Meanwhile, the decrease in low cloud cover fraction (LCCF) 
and the enhancement of net downward shortwave flux (NDSF) might be closely related to the NC-to-MLYR 
propagation of hot anomalies and the persistence of local near-surface hot anomalies over MLYR.

At the regional scale, the concurrence of droughts and hot anomalies during the 2019AHD might be under-
stood by atmospheric dynamic anomalies. Specifically, amplified vertical subsidence suppresses precipita-
tion formation, and intensified low-level divergence might lead to near-surface warming through less-than-
normal LCCF and greater-than-normal NDSF.

From a large-scale dynamic perspective, the anomalous downward branch of meridional circulations ex-
periences a high-to-low latitudinal shift and enhancement. The displacement is consistent with the NC-to-
MLYR propagation and development of the 2019AHD. Cyclonic anomalies at 200 hPa experience a nega-
tive-to-positive transition from the preceding 30th day, gradually enhance, and then start to weaken around 
drought peak. A clear southeastward wave train across Eurasia, resembling the Silk Road pattern, may be 
closely related to the enhanced 200-hPa cyclonic anomalies over MLYR at drought occurrence. The sharply 
weakened intensity at the drought peak is possibly associated with energy dispersion toward anticyclonic 
anomalies over northeastern Asia.
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