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Abstract

The interannual variability and long-term trend of the drought conditions over southeastern China during early spring (from
February to April) are investigated by analyzing the standardized precipitation evapotranspiration index in 1979-2020.
Results from an attribution analysis show that precipitation deficiency and atmospheric water demand contributes about 96.5
and 6.7% to the drought conditions on interannual time scale, and about 72.8 and 22.3% to the long-term trend, respectively.
The precipitation deficiency is primarily contributed by moisture divergence via the descending anomalies throughout the
troposphere over southeastern China. A further diagnosis with the omega equation reveals that the descending anomalies
are dominated by the strong negative zonal vorticity advection in the upper troposphere and the enhanced meridional cold
advection throughout the troposphere. They are controlled by a barotropic anomalous anticyclone over the eastern Tibetan
Plateau and an anomalous cyclone over the western North Pacific. Non-negligibly, the contribution of potential evapotran-
spiration to the drying trend in early spring over southeastern China is about four times larger than that to the interannual
variability. Given that potential evapotranspiration may increase in a warming climate, it may be critical for the change in
drought conditions in future. This study serves as a basis for fully understanding the severity of recent droughts and for model
simulation of the drought conditions over southeastern China.
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1 Introduction

Droughts are one of the most damaging natural disasters
(Keyantash and Dracup 2002). They destructively results
in severer water shortage and crop yield reduction or fail-
ure (Montaseri and Amirataee 2017). Generally, droughts
can be classified into meteorological droughts, agricultural
droughts, hydrological droughts, and economical-social
droughts (Mishra and Singh 2010). The latter three types
of droughts are usually originated from meteorological
droughts (Gu et al. 2020; Ding et al. 2021). Associated with
global warming, more frequent and severe meteorological
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drought events have occurred over arid and relatively humid
regions such as Africa, East and South Asia, southern
Europe, eastern Australia, and many places of the Americas
(Dai and Zhao 2017; Spinoni et al. 2020).

Southeastern China (SE China), one of the most popu-
lated regions and an important grain base, is vulnerable to
drought risk (Zhang et al. 2019; Zhou et al. 2020). During
the past decades, drought hazards have notably increased
in SE China, causing increased agricultural and economic
losses (Zhang et al. 2019). Spinoni et al. (2020) suggested
that SE China was one of the meteorological drought hot
spots with more frequent, severe, and extreme droughts in
the future. Observations show that SE China has experi-
enced a drying trend in spring (Fig. 1; Li et al. 2017). During
the transitional period from dry to wet, the surface water
balance between precipitation and potential evapotranspi-
ration (PET) changes from deficiency (from September to
February) to surplus (from Mar to August) in early spring
(Fig. 1b). The drought conditions over SE China generally
peak in early spring when following a dry winter (Xie et al.
2007; Sun and Yang 2012). Thus, spring droughts in SE
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Fig.1 a Linear trends of precipitation minus PET in FMA (unit: mm
day™! decade™"). Significant values exceeding the 0.1 and 0.05 sig-
nificance levels are marked by gray and black dots, respectively; b the
annual cycle of monthly anomalies (left vertical axis; red bars; unit:
mm day‘l) and linear trends (right vertical axis; blue bars; unit: mm

China are more intense and last longer, and substantially
more destructive than other seasons (Oh et al. 2014; Park
et al. 2020). In 2011, a long-lasting severe drought from the
peak winter to late spring in southern China destroyed more
than 98.9 million hectares of crops and leaved more than 4.9
million people lack of potable water (Sun and Yang 2012).
Considering the enormous adverse effects of early spring
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day~! decade™") of precipitation minus PET averaged over SE China.
The significant values of trends exceeding the 0.05 significance level
are indicated by hatched lines. The positions of stations in SE China
are represented by green asterisks

droughts in SE China, it is necessary to further investigate
the variations of early spring drought conditions and the
responsible mechanisms.

Meteorological droughts are related to surface water bal-
ance. In relatively humid regions, precipitation deficiency
plays a crucial role in the development of droughts (Xin
et al. 2006; Chen and Sun 2015), and the fluctuation in
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precipitation is adequate to represent the temporal variabil-
ity of droughts in wet season (Xu et al. 2015; Suroso et al.
2021). However, in relatively dry season, atmospheric water
demand (e.g., PET) also plays an important role since its
variability is comparable to that of precipitation (Song et al.
2014; Sun et al. 2018). Thus, it deserves further investiga-
tion that whether atmospheric water demand plays an impor-
tant role in the drought conditions in the relative dry sea-
son over SE China. Especially in the warming climate, the
significantly increasing temperature and atmospheric water
demand are critical to the change in drought conditions (Dai
et al. 2004; Milly and Dunne 2016). Li et al. (2020) sug-
gested that the increasing drought severity, area, and fre-
quency in China during the recent decades were mainly due
to the increasing PET. Thus, it is necessary to quantify the
contributions of atmospheric water supply (e.g., precipita-
tion) and demand to the variations of early spring drought
conditions over SE China.

Much effort has been devoted to studying the develop-
ment of spring drought conditions over SE China with
a focus on precipitation. El Nifio-Southern Oscillation
(ENSO) is a powerful modulator of the precipitation in
southern China (Wang et al. 2000; You and Jia 2018; Jia
et al. 2019; Xu et al. 2021). In La Nifia years, the anoma-
lous cyclonic circulation over the western North Pacific can
lead to a deficiency of spring precipitation by weakening
the warm and moist southwesterlies and the water vapor
convergence over SE China (Li et al. 2010; Sun and Yang
2012; Park et al. 2020). These southwesterlies may be also
modulated by the snow cover and thermal forcing over the
Tibetan Plateau (Wan et al. 2009; Zhang et al. 2022) and
by the thermal contrast between land and oceans (Tian and
Yasunari 1998; Zhao et al. 2009). In other words, the lower-
tropospheric southwesterlies and horizontal moisture trans-
port are crucial for transporting abundant moisture to SE
China (Wu et al. 2012). In addition, the spring precipitation
deficiency may also be driven by the anomalous descend-
ing motions modulated by the convergence anomalies at the
upper troposphere, which affected by the weakened or south-
ward-shifted East Asian subtropical jet (Wen et al. 2007,
Deng et al. 2014; Jia et al. 2020). The descending motions
may also be related to the local meridional circulation over
the western Pacific associated with the heating in the Mari-
time Continent (Qiang and Yang 2013; Li et al. 2016) or an
anomalous cross-equatorial vertical circulation induced by
the positive sea surface temperature (SST) anomalies in the
southern Indian Ocean (Jia et al. 2021).

In summary, previous studies have shown that both
lower-tropospheric moisture convergence and vertical
motions are important for the spring precipitation in SE
China. Moreover, the lower-tropospheric moisture conver-
gence is not only modulated by horizontal wet air advec-
tion, but also modulated by vertical motions. Thus, the

roles of horizontal wet air advection and vertical motions
in spring precipitation deserve further investigations.
Furthermore, vertical motions are also affected by the
precipitation itself. The precipitation-associated diabatic
heating can induce ascending motions and thus affect the
lower-level circulation, which in turn change atmospheric
moisture transportation (Sampe and Xie 2010; Wang et al.
2021). Thus, the dry dynamics that affect vertical motions
should be further investigated to clarify the modulation of
large-scale atmospheric circulation on vertical motions.

In this study, we investigate the drought conditions in
SE China in early spring. The relative contributions of pre-
cipitation and PET to the drought conditions are quantified
on interannual and long-term time scales. The dominant
processes for moisture budget and vertical motions are also
identified. Furthermore, we discuss the performance of these
dominant processes in the drying trends over SE China.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the data and methodology used in this study.
Section 3 quantifies the contributions of precipitation and
PET to the interannual variability and long-term trend of the
drought conditions over SE China in early spring. The key
dynamical processes for the vertical motions and moisture
transport in the drought conditions are also diagnosed in
Sect. 3. The main findings are summarized and discussed
in Sect. 4.

2 Data and methodology
2.1 Datasets

The monthly mean sea level pressure and geopotential
height, horizontal winds, vertical velocity, air temperature,
and specific humidity from 1000 to 100 hPa are obtained
from the European Centre for Medium-range Weather Fore-
casts fifth major global reanalysis (ERAS) with a horizontal
resolution of 1.0x 1.0° (Hersbach et al. 2020).

Monthly precipitation, air temperature, maximum and
minimum temperatures, wind speed, relative humidity, and
sunshine hours for 1979-2020 were collected from 825
meteorological stations from the National Climate Center
of the China Meteorological Administration (http://www.
cma.gov.cn/en2014/). There are 215 stations in SE China
(20-30°N, 105-123°E, red box in Fig. 1a). Spatial interpola-
tions of these gauge data were performed using an inverse-
distance weighting method to correspond to the reanalysis
data with a horizontal resolution of 1.0x 1.0°. In this study,
we define the early spring as the months from February to
April (FMA).
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2.2 Standardized precipitation
and evapotranspiration index

In this study, we focus on the variations of meteorological
drought conditions, which are caused by a deficiency of
precipitation and other meteorological conditions related
to atmospheric water demand, such as high temperatures
and desiccating winds (Palmer 1965). Thus, drought con-
ditions are estimated based on the surface water balance
between water supply (i.e., precipitation) and demand
(i.e., PET). Precipitation can be obtained directly from
observational data, while the PET needs to be estimated.
Previous studies emphasize that the physically realistic
PET formulations (e.g., the FAO Penman—Monteith equa-
tion) in conjunction with the abundance of in situ data
sources, which are better for estimating the drought vari-
ations and its relationship with climate change (Trenberth
et al. 2014). Therefore, the Penman—Monteith equation is
used in this study (Allen et al. 1998):

0.408A(R, — G) + 7775 Us (e, — )

PET = 1)

A+y(1+0340,)

where R, is the difference between the incoming net short-
wave radiation and the outgoing net longwave radiation
(unit: MJ m~2 day™"), which is estimated by the actual dura-
tion of sunshine. y is psychometric constant (unit: kPa “C™!);
A is the slope vapor pressure curve (unit: kPa °‘C!), and G is
the soil heat flux density (unit: MJ m~ day™") and is usually
set as O at longer time scale (e.g., monthly). T, is the mean
air temperature at 2 m height (unit: ‘C); U, is the wind speed
at 2 m height (unit: m s™'); e, is the measured vapor pressure
(unit: kPa) and e, is the saturation vapor pressure (unit: kPa).
For more descriptions about these variables, one may refer
to Allen et al. (1998).

The climatology and variance of seasonal surface water
balance (precipitation minus PET) are highly different
between humid and relatively arid regions, or between wet
and dry seasons. Hence, they need to be standardized by
calculating the standardized precipitation evapotranspiration
index (SPEI). Following the procedure of Vicente-Serrano
et al. (2010), we calculate the probability of accumulated
water balance according to a three-parameter log-logistic
distribution. Stagge et al. (2015) has discussed the applica-
bility of this probability distribution and parameter estima-
tion. We calculate the SPEI at 3-month time scale (SPEI-3)
to estimate the drought conditions, which benefits for captur-
ing the drought conditions at seasonal time scale. The SPEI
at one month (SPEI-1) is also used to reveal the annual cycle
and subseasonal characteristics of the drought conditions.

In this study, the drought conditions in early spring are
estimated by April SPEI-3, which is calculated based on
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early-spring accumulated water balance in FMA. Addi-
tionally, we employ the standardized precipitation index
(McKee et al. 1993), another well-known drought index,
to emphasize the dominant role of precipitation in the
drought conditions over SE China. The calculation pro-
cedures are similar with those for the SPEI, but solely
dependent on precipitation and use a Pearson III distribu-
tion to calculate the probability of accumulated precipi-
tation. The complete calculation procedures of SPI and
SPEI are available in Vicente-Serrano (2006) and Vicente-
Serrano et al. (2010), respectively. The SPEI and SPI were
multiplied by — 1 in this study to facilitate the analysis of
the drought conditions.

2.3 Attribution method

Drought conditions are caused by the variability of both
precipitation and PET, but these two factors are not inde-
pendent from each other. In order to quantify their respec-
tive contributions, we use an attribution method based on a
series of numerical experiments following Du et al. (2019;
2021). The fundamental hypothesis of this method is that the
anomalous SPEI-3 is jointly caused by the driving factors
and thus equals to their linearly accumulative contributions.
This method includes two procedures. First, we recalculate
the SPEI-3 using a series of combinations of input vari-
ables based on observations and climatology, and construct
an equation set according to the difference in those SPEI-3
results (see Fig. Slc). Then, by solving the equation set,
we can determinate every section of the effects shows in
Fig. Sla. Thus, the individual effect of each variable, the
interaction effect among the variables, and their total effect
on SPEI-3 anomalies can all be quantified (Fig. S1b). With
this method, we can also quantify the effects of precipita-
tion and PET on the long-term trend of SPEI-3 by using
the detrended input variables, instead of the climatology,
and construct the equation set according to the difference in
SPEI-3 trend slopes (see Fig. S1d). In this study, the “Sen’s
slope” method (Sen 1968) is applied to detect time-series
trend, as it does not require a specific sample distribution nor
it is influenced by outliers. The significance of the trend is
examined further based on the nonparametric Mann—Kendall
(MK) method (Mann 1945; Kendall 1975).

2.4 Moisture budget and omega equation
diagnosis

We perform a moisture budget analysis to quantify the con-
tributions of the horizontal wet air advection and the vertical
transport of moisture to the drought conditions. As in previ-
ous studies (Chou et al. 2013; Li et al. 2017; Oueslati et al.
2019), moisture budget is diagnosed as follows:
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where overbars indicate the climatology from 1979 to 2020,
and primes indicate the departures from the climatology. P
represents precipitation, E evaporation, g specific humidity,
o the vertical pressure velocity, and V), the horizontal wind
vector. g represents gravitational acceleration, p, denotes
surface pressure and py is the pressure of the tropopause,
taken as 100 hPa. The residual term 6’ involves transient and
nonlinear processes.

The first and second terms on the right-hand side of Eq. (2)
represent the horizontal moisture advection anomalies induced
by anomalous water vapor or anomalous horizontal velocity.
The third and fourth terms represent the vertical moisture
advection anomalies induced by anomalous water vapor or
anomalous pressure velocity, respectively. The residual term
o involves transient and nonlinear processes.

To further clarify the mechanisms for the anomalous
descending motion, we analyze the related dynamics through
diagnosing the linearized omega equation as follows (Hu et al.
2017; Wei et al. 2017; Liu et al. 2019):
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where overbars indicate the climatology from 1979 to 2020,

and primes indicate the departures from the climatology.

f denotes the Coriolis parameter, u the zonal wind, and v

the meridional wind. { denotes the vertical component of

relative vorticity. ¢ = R/ [RT/ cpp] — (0T /dp) represents the
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background static stability; R=287 J kg~! K~! represents the
gas constant for dry air; ¢,=1004J kg~! K7!is the specific
heat of dry air at constant pressure. The vertical velocity
anomalies are induced by the vertical gradient of horizontal
vorticity advection and the horizontal temperature advec-
tion, marked as terms A and B, respectively.

3 Results
3.1 Early spring drought conditions over SE China

The early spring (FMA) is a transitional period from dry
to wet conditions (Fig. 2a). Following the dry season, the
droughts in early spring may lead to more destructive con-
ditions due to the cumulative effect of drought. Figure 2b
shows that significant drying trends in the SPEI-1 appear
in February and April over SE China. The strongest dry-
ing trend in the SPEI-3 is about 0.22 per decade, which
appears in April (Fig. 2b). The spatial distribution of the
April SPEI-3 also shows significant drying trends over SE
China in early spring from 1979 to 2020 (Fig. 3a). The most
obvious drying trend is more than 0.3 decade™" in the south-
east coastal region (Fig. 3a). These results indicate that the
drying conditions are severe in early spring and last from
February to April over SE China.

Drought conditions are associated with precipitation and
PET. On interannual time scale, regressed FMA-accumu-
lated precipitation and PET against the April SPEI-3 show
that both precipitation deficiency and increased PET are
significantly related to the drought conditions (Figs. 4a, b).
Besides, the correlation coefficient between the detrended
SPEI and SPI is 0.98, indicating the important role of pre-
cipitation in the drought conditions on interannual time
scale. Due to the non-independence between precipitation
and PET, we apply a new attribution method developed
by Du et al. (2019, 2021) to quantify the contributions of
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Fig.2 a The annual cycle of monthly mean of SPEI-1 over SE China. b The annual cycle of the linear trends of SPEI-1 and SPEI-3 over SE
China. The significant values of trends exceeding the 0.05 significance level are indicated by asterisks
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@ Springer



Quantitative attribution of vertical motions responsible for the early spring drought...

2661

precipitation and PET on the drought conditions. Precipita-
tion contributes more than 90% of the April SPEI-3 vari-
ability over SE China, while PET contributes less than 10%
(Fig. 4c, d). The domain average contributions of precipita-
tion and PET over SE China are 96.5% and 6.7%, respec-
tively. The interaction between precipitation and PET con-
tributes — 3.2%. These results indicate that precipitation
deficiency is the dominate factor for the interannual vari-
ability of drought conditions even in the transitional season.

For the long-term trend, most of SE China has suffered from
significantly decreased precipitation and increased PET during
1979-2020 (Fig. 5a, b). The long-term trend in the decreased
precipitation over SE China is -0.23 mm day~! decade™!,
which is larger than the increased PET (0.10 mm day™~!
decade™). Furthermore, the April SPI-3 (Fig. 3c, blue line)

shows a significant positive tendency of 0.17 decade™!, which
is comparable to that of SPEI-3 (Fig. 3c, black line, 0.22
decade™'). According to the attribution method developed
by Du et al. (2019, 2021), the contribution of the decreased
precipitation accounts for 72.8% of the decreasing trend of
April SPEI-3 (Fig. 5¢), and the contribution of PET is 22.3%
(Fig. 5d). It may be caused by the accumulated rainfall defi-
ciency and water demand from winter to spring. Although the
decreased precipitation still plays a primary role in controlling
the drying trend, the contribution of PET to the drying trend
(22.3%) is much larger than that to the interannual variabil-
ity of early spring drought conditions (6.7%). The increasing
trend of PET is dominated by the warming surface air, which
contributes about 60.0% of the trend (Fig. S6). This feature
implies the change in PET cannot be neglected in the future

(@) Reg. P (b) Reg. PET
40N e Z 40N SR
I 1.2 0.18
| | ] 06 1e.. 0.12
30N - T soNf i 4[]0
S H o APy H o
| | —-0.2 1 : WIREd -1-0.06
20N—. L -0.6 20N - ’ ‘ il L g -0.12
I-1 2 : I-0-18
' T ' | ' ' T ' | '
100E 110E 120E 130E 100E 110E 120E 130E

(c) Contributions of P
1 I

40N =

40N

30N

(d) Contributions of PET
|

20N - 20N
—— ' | ' | | ' | '
100E 110E 120E 130E 100E 110E 120E 130E
2 20 40 60 80 98

Fig.4 Regression of detrended a precipitation and b PET onto the
detrended SPEI-3 over SE China (unit: mm day™"). Significant values
exceeding the 0.1 and 0.05 significance levels are marked by gray and

black dots, respectively. Contributions of ¢ precipitation and d PET
to the April SPEI-3 (unit: %) at interannual time scale are also shown
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Significant values exceeding the 0.1 and 0.05 significance levels are
marked by gray and black dots, respectively. The contributions of ¢

change in early spring drought conditions in a warming cli-
mate. Following the significantly increasing temperature in a
warming climate, the PET may tend to increase and contribute
to the worse drought conditions. Moreover, the meteorologi-
cal drought tendency in both the last century and the end of
the twenty-first century strongly depends on whether PET
is included as a climate driver (Vicente-Serrano et al. 2010;
Cook et al. 2014; Spinoni et al. 2020). Thus, it is necessary to
consider the role of the PET in the change in drought condi-
tions over SE China in the future. However, the drying trend is
still dominated by the decreased precipitation over SE China
in the recent decades.
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P and d PET to the linear trend of April SPEI-3 (unit: %) are also
calculated, but only the regions with the linear trend of April SPEI-3
exceeding the 0.1 significance level are shown

3.2 Dynamical processes for interannual variability
of drought

The drought conditions in early spring in SE China is domi-
nated by the precipitation deficiency, which may be caused
by the moisture deficiency in the atmospheric column and
descending motions over SE China (Qiang and Yang 2013;
Hu et al. 2017). Climatologically, SE China is dominated
by westerlies in early spring (Fig. S2a and S2c), and the
associated moisture convergence and ascending motions are
conducive to increased precipitation over SE China (Fig.
S2b and S2d). However, in the drought condition, SE China
is controlled by a barotropic high anomaly over the eastern
TP (Fig. 6a, c), which prohibits the ascending motions over
SE China (Fig. 6d and Fig. S2d). The anomalous descending
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motions could provide an unfavorable dynamic condition for
precipitation by suppressing the vertical convection. Mean-
while, they could also provide an unfavorable moisture envi-
ronment for precipitation by weakening the vertical transport
of moisture and leading to moisture divergence anomalies
(Fig. 6b). Accompanying with the high anomaly over the
eastern TP, intense northeasterly anomalies appear along its
eastern flank between this anomalous high and the anoma-
lous low pressure over the western North Pacific, where the
height gradient is strong. The intense northeasterly anoma-
lies may prevent wet air flow from the lower latitudes to SE
China and benefit moisture divergence anomalies. Signifi-
cant moisture divergence can be observed over SE China
and the northern South China Sea (Fig. 6b). Besides, the
northeasterly anomalies may lead to the cold advection to
SE China, which is unfavorable for the ascending motion
in situ (Fig. 6d). However, does the horizontal wet air advec-
tion or the vertical motion play a more important role in the

y LN YV aaAs RN CS e s e
— PSS BD DB SR DRSS S LSSy <

80E 100E 120E 140E

(c) Reg. UV&GPH (200hPa)
!'é | | L | L/ | | L

S A 2 e
[ S TR A

Fig.6 Regression of detrended variables onto the detrended SPEI-3
over SE China. a is for horizontal wind (vectors; unit:m s~') and
geopotential height (shading; unit: m) at 700 hPa, b is for vertical
integral of specific humidity (contours; unit: kg m~2), and vertical
integral of water vapor flux (vectors; unit: kg m™! ') as well as its
divergence (shading; unit: kg m™2 s™"), ¢ is the same as a except for
200 hPa, and d is for omega (unit: 107 Pa s™!) at 500 hPa. Signifi-
cant values exceeding the 0.1 and 0.05 significance levels are marked

moisture divergence anomalies? To quantify the contribu-
tions of these two factors on the moisture divergence anoma-
lies, we perform a moisture budget analysis.

Figure 7a shows that the precipitation deficiency over
SE China is mainly induced by negative vertical mois-
ture advection anomalies as supported by the anoma-
lous descending motions. These anomalous descending
motions appear throughout the troposphere with peak val-
ues around 500 hPa in the middle troposphere (Fig. 7b).
These features are generally consistent with those of the
study by Li et al. (2017) on spring persistent precipitation
over SE China. Besides, the negative horizontal moisture
advection associated with horizontal wind anomalies also
dries out the troposphere by transporting dry air into SE
China, but this effect is much smaller compared to the ver-
tical moisture advection. The contribution of evaporation
is also negligible. Moreover, the correlation coefficients of
the SPEI-3 with the precipitation and the vertical motion
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by gray and black dots, respectively. Significant zonal or meridional
values exceeding the 0.1 and 0.05 significance levels are marked by
green and black vectors, respectively. The shading or contour areas of
exceeding the 0.1 and 0.05 significance levels are marked by gray and
black dots, respectively. Only the vertically-integrated moisture flux
convergence exceeding the 0.1 significance level is plotted. The TP
region with elevations exceeding 3000 m is shaded gray
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Fig.7 a Regression of (a) Reg. moisture budget
detrended precipitation and
other components of moisture I I | | I I |
budget onto the detrended 0.3 — -
SPEI-3 over SE China (unit: . -
mm day~!). b Longitude—alti- o I
tude section of vertical velocity —
(unit: 1072 Pa s71) averaged 0.0 i . - [ L
between 21 and 29 °N, in which i B
the significant values exceeding 0.3 — |
the 0.1 and 0.05 significance ) | i
levels are marked by gray and
black dots, respectively I B
-0.6 — —
-0.9 — —
| I I l I I l
P’ E -<vdq’> -<v'dg> -<wdq’> -<w'dg> residual
(b) Reg.®
100 : ' ' 16
150 .
— 200 — I . T T T ) . s . B 1 2
q>) . . - - . - . . . - . . . . - . —
D 250 S
- -
I =
O 300 a—
5 Ny
a 8 .%’
400
g T
500 —
: 4
700 .
: :
850 —
1000 : : ;

P nEEEn

1.8 1.2

induced vertical moisture advection anomalies over SE
China are 0.91 and 0.88, respectively. The descending
motion anomalies are dominate in the precipitation defi-
ciency and drought conditions in early spring.

The linearized omega equation is diagnosed to clarify
the dynamics for the anomalous descending motion. Fig-
ure 8 shows that term B (w;;, black solid line), the horizon-
tal temperature advection, is more important in the lower
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troposphere, but term A (a);, red solid line), the vertical gra-
dient of horizontal vorticity advection, is more important in
the upper troposphere. Especially, o, , and e/, are the domi-
nant terms responsible for anomalous descending motions,
which further lead to the early spring drought-prone condi-
tions over SE China. Moreover, we quantify the contribu-
tions of individual term by calculating the vertical-averaged
vertical velocity anomalies from surface pressure to 200 hPa



Quantitative attribution of vertical motions responsible for the early spring drought... 2665

(a) Reg. ® (b) vertical-averaged of Reg. @
100 1 fl ’
— ()4 — ) g
-— W)y == Wpy | | | | |
oo | 0401 i
W3 —- Wp3
200 g g
0.20- -
300 - I
400 i - 0 - - |
v
500 ¢ -
¢
700 “*.. L -0.20 -
so| . S N A Y A S
1000 . Wy Wy Wa3 Wps Wp1 Wz Wpz Wpy

T
-0.30

Fig.8 a Vertical profiles of the regression of detrended omega (unit:
1072 Pa s™!) and its components (unit: 1072 Pa s™!) onto the detrended
SPEI-3 over SE China. Dots on lines indicate the significant values

(Fig. 8b). The vertical-averaged cu:13 is 0.35 102 Pas™!, con-
tributing about 108.8% of the dry-dynamics-related descend-
ing motion anomalies. The positive contribution of these
terms is partially offset by the negative contribution of the
terms @',,, @',,, and wgg. On the other hand, the vertical-
averaged @/, is 0.14 10~ Pa s~!, accounting for about 42.0%
of the dry-dynamics-related descending motion anomalies.
The term co:13 is the primary term responsible for the
anomalous descending motion below 200 hPa. It is closely
related to the vertical gradient of the anomalous vorticity

advection — u <0C’/ 0x> induced by the variation of zonal

vorticity gradient. As shown in Fig. 9a, associated with the
early spring drought-prone conditions over SE China, there
is a large positive vertical gradient of horizontal vorticity
advection (Fig. 9a, black line). The related circulations and
dynamical processes are further investigated. In Fig. 9c and
d, a barotropic anticyclonic anomaly dominates over the
eastern TP, which leads to positive zonal vorticity gradient
anomalies over SE China, with a slight variation in the trop-
osphere (Fig. 9a, blue line). Besides, the climatology of 200-
hPa zonal wind features the spring East Asian subtropical
jet (EASJ) over SE China (Fig. 9b, shading). Accompanying
the positive zonal vorticity gradient anomalies, the westerly
wind leads to negative anomalous vorticity advection
throughout the troposphere. Furthermore, the vertical shear
of the westerly wind is strong beneath the jet since the west-
erly wind is much weaker in the lower troposphere than in
the upper troposphere (Fig. 9a, red line). This strong vertical

exceeding the 0.05 significance level. b The vertical averages of vari-
ous omega components in the troposphere

shear of westerly wind drives the evident vertical gradient
of negative anomalous vorticity advection, which peaks in
the upper troposphere and is close to zero in the lower tropo-
sphere. These configurations create strong positive vertical

gradient of horizontal vorticity advection —u (ac'/ax)

(Fig. 9a, black line), which could lead to anomalous
descending motions over SE China.

The term w7, is the second-most significant term respon-
sible for the anomalous descending motions, and it is closely
related to the anomalous horizontal temperature advection
- (67/ 6y> induced by the variation of meridional wind.

As shown in Fig. 9b, there are significant cold advection
anomalies throughout the troposphere over SE China (black
line). A further investigation onto the related dynamical pro-
cesses shows that SE China is controlled by the significant
northerly anomalies throughout the troposphere (Fig. 9b,
blue line), which is dominated by a barotropic anticyclonic
anomaly over the eastern TP and an anomalous cyclone over
the western North Pacific (Fig. 6a and c). Additionally, the
climatology of meridional temperature gradient is negative
below 200 hPa over SE China. These configurations create
significant cold advection (Fig. 9b, black line), which could
induce anomalous descending motions over SE China.
These results emphasize the dominant roles of vertical
motions and the associated vertical moisture advection in
the interannual variability of early spring drought conditions
over SE China. The anomalous descending motions benefit
from the atmospheric circulation pattern with a barotropic
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Fig.9 a Vertical profiles of the climatology of zonal wind (red line; unit:
m s™!) and the regression of detrended vorticity advection —ﬁ(a{ '/ 0x)
(black line; unit: 1072 s72) and zonal vorticity gradient d¢’ /dx (blue line;
unit: 107 m™! s™) onto the detrended SPEI-3 over SE China. b is same
as a, but for the climatology of meridional temperature gradient 07 /dy
(red line; unit: 10~ 7 m~! s71) and the regressed meridional temperature
advection —v' <6T/ 6y) (black line; unit: 1077 s72) and the regressed

meridional wind v/ (blue line; unit: 102 m s™"). Dots indicate signifi-

anomalous anticyclone over the eastern TP and an anoma-
lous cyclone over the western North Pacific. This circulation
pattern favors the negative zonal vorticity advection and the
cold advection over SE China in early spring, leading to the
anomalous descending motions and resulting in the drought
conditions over SE China.

Several mechanisms have been suggested for these
large-scale circulation anomalies. The anomalous cyclone
over the western North Pacific is considered to be associ-
ated with La Nifia (Wang et al. 2000; Gao and Yang 2009;
Xie et al. 2016; Li et al. 2022). The regressed SST anoma-
lies onto the April SPEI-3 of SE China appears a La Nifia-
like pattern with significantly negative SST anomalies in
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cant values exceed the 0.1 significance level. ¢ Regression of detrended
horizontal wind (vectors; unit:m™" s‘l) onto the detrended SPEI-3 over
SE China and the climatology of zonal wind (shading; unit:m™' s at
200 hPa. d is same as ¢, but at 700 hPa. Significant zonal wind or meridi-
onal wind exceeding the 0.1 and 0.05 significance levels are marked by
green and black vectors, respectively. The Tibetan Plateau region with
elevations exceeding 3000 m is shaded gray

the central eastern tropical Pacific (Fig. S3). In addition,
the anomalous anticyclone over the eastern TP may also
contributed by the La Nifia-like pattern through the pole-
ward Rossby wave train associated with the heating over
the Maritime Continent (Zheng et al. 2012; Abdillah et al.
2017). Moreover, the anomalous anticyclone could be con-
tributed by the positive thermal forcing over the TP during
winter and spring (Zhang et al. 2004; Duan et al. 2013; Jia
et al. 2020). The warming appears over the TP land sur-
face (Fig. S4a), which increases the upward sensible heat
fluxes (Fig. S4b) and upward longwave radiation fluxes
(Fig. S4c), and further leads to anomalous high pressure
over the eastern TP.
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3.3 Dynamical processes for long-term trend
of drought

It is revealed above the interannual variability of drought
conditions in early spring is dominated by the barotropic
anomalous anticyclone over the eastern TP and an anoma-
lous cyclone over the western North Pacific through sup-
pressing ascending motions. This section further investigates
whether these dynamic processes dominate the drying trend
of drought conditions.

Result of a moisture budget diagnosis confirms that the
weakened vertical moisture advection (@’ 6[,6) associated
with the descending trend throughout the troposphere
(Fig. 10b) dominates the drying trend over SE China
(Fig. 10a). The descending trend is investigated with a lin-
earized omega equation diagnosis. Figure 11 shows that the
descending trend induced by the horizontal temperature
advection (a);;, black solid line), is more important in the
lower troposphere, but the descending trend induced by the
horizontal vorticity advection (@', red solid line) is more
important in the upper troposphere. Especially, the
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Fig. 10 a Time series of precipitation and other components of mois-
ture budget over SE China (unit: mm day™"). b is same as Fig. 7b, but

for the linear trends in vertical velocity (unit:107 Pa s~ decade™).
c-d are same as Fig. 6a and 6c, respectively, but for the linear trend

descending trend is dominated by @/,, and @/,. As demon-
strated in Fig. 10c and d, accompanying the stronger positive
trend in geopotential height surrounding the eastern TP,
there is a barotropic anticyclonic anomaly over this region
and northeasterly wind anomalies over SE China. This anti-
cyclonic anomaly could induce a positive trend of zonal
vorticity gradient over SE China (Fig. 11b, blue line), which
in conjunction with the spring EASJ leads to the obviously
decreased vertical gradient of vorticity advection (Fig. 11b,
black line) and the weakened ascending motions (a);w).
Additionally, these northeasterly wind anomalies contribute
to the significant enhanced meridional cold advection

- (aT/ay> (Fig. 11c, black line), which could also lead to

the weakening ascending motions over SE China (w/,,). The
contribution of latter process to the troposphere-averaged
descending anomalies is 0.08 1072 Pas~! decade™!, account-
ing for about 29.6% of the dry-dynamics-related descending
trend, which is much weaker than the former process (0.23
102 Pas~! decade™!, 85.2%). These results suggest that the
barotropic anomalous anticyclone over the eastern TP and
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Fig.11 a is same as Fig. 8a, but for the linear trend in omega and
its components (unit: 10 Pa s™! decade™!). b—c are same as Fig. 9a
and b, respectively, but for the linear trends in b vorticity advection
—u(a¢’ /0x) (black line; unit: 1072 s72 decade™") and zonal vorticity

the anomalous cyclone over the western North Pacific domi-
nates the drying trend over SE China in early spring by lead-
ing to the weakened ascending motions and the decreased
precipitation. These dynamics are responsible for the
drought conditions for both the interannual variability and
the long-term trend.
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gradient 0¢' /dx (blue line; unit: 107 m™!' s™! decade™") and ¢ tem-
perature advection —v'(aT/dy)(black line; unit: 1077 s72 decade™)
and meridional wind v’ (blue line; unit: 107 m s~! decade™")

The strong positive trend in the geopotential height over
the eastern TP may benefits from the land-atmospheric
interaction. The land skin temperature strengthens rapidly
in East Asia in early spring, compared with SST in the ocean
(Fig. S4d), which may lead to the rapid increases in upward
sensible heat and longwave radiation fluxes (Figs. S4e and



Quantitative attribution of vertical motions responsible for the early spring drought... 2669

S4f). These features can induce a rapidly warming in the
troposphere and a strong positive geopotential height with
the center over the TP (Fig. 10c). The positive geopoten-
tial height in turn inhibits the convection in situ and further
strengthen the warming. This positive feedback loop may
lead to more intense and significant positive trend in the geo-
potential height over the TP, and result in the anticyclonic
trend at the upper level (Fig. 10c). In the eastern flank of
the anticyclone, the trend in the northerly wind is signifi-
cant over SE China, due to the strong zonal thermal contrast
between the TP and the western North Pacific. The signifi-
cant northerly trend over eastern China and the anticyclonic
trend over the TP can lead to the descending trend over SE
China by enhancing the cold advection and the negative vor-
ticity advection, respectively.

At the lower level, the trends in the northeasterly wind
over SE China may be partially associated with the quasi-
barotropic anticyclone over the TP with the northeasterly in
the southeastern flank (Fig. 10c and d). Besides, the north-
easterly trends may also be associated with cyclonic trend
over the western North Pacific at the lower troposphere,
which may intensify the northeasterly in its northwestern
flank over SE China (Fig. 10d). The northeasterly trend can
contribute to the cold advection over SE China and lead
to the drying trend in over SE China in early spring. The
cyclonic trend in the western Pacific can benefits from the
warming trend in situ in early spring (Li et al. 2016, 2022).

4 Summary and discussions

The drought conditions in early spring and their related
dynamic processes on interannual and long-term time
scales are investigated for SE China. The precipitation
in early spring shows a significant negative trend about
-0.23 mm day~' decade™!. The precipitation deficiency
dominates the variations of drought conditions over SE
China and contributes about 96.5% and 72.8% of the interan-
nual variability and the drying trend of drought conditions,
respectively. On the other hand, the contribution of PET to
the drying trend (22.3%) is about four times larger than that
to interannual variability (6.7%). In a warming climate, the
significantly increasing temperature may increases the PET
and contributes to the worse drought conditions. It may play
a more important role in the change in drought conditions in
the future than in the recent decades. The PET amplification
effect is especially pronounced in SE China and it plays a
critical role in the drought tendency in the end of the twenty-
first century (Cook et al. 2014).

On interannual time scale, accompanying with the pre-
cipitation deficiency over SE China, anomalous descend-
ing motions and moisture divergence appear in this region,

which provide unfavorable dynamic conditions and moisture
environments for precipitation. The result from moisture
budget analysis shows that weakened ascending motions
and hindered ascending moisture advection play critical
roles in controlling the precipitation deficiency and drought-
prone conditions. Besides, a significant weakening trend of
ascending motions appears throughout the troposphere over
SE China, which also plays a vital role in contributing to
the drying trend.

Further investigation into the vertical motions shows that
the dominant dynamics responsible for the anomalous
descending motions are the positive vertical gradient of
zonal vorticity advection anomalies —it(d¢’/0x) and the
enhanced meridional cold advection —v' 07‘/()y , which

account for about 108.8% and 42.0% of the dry-dynamics-
related descending motion anomalies, respectively. Addi-
tionally, the descending trend of vertical motions over SE
China is also dominated by the same factors that account for
about 85.2% and 29.6% of the dry-dynamics related descend-
ing trend, respectively. These factors are controlled by the
barotropic anomalous anticyclone over the eastern TP and
the anomalous cyclone over the western North Pacific. These
circulations dominate the descending motions over SE China
for both the interannual variability and the long-term trend,
and result in the drought conditions in early spring in SE
China.

As the interannual variability and drying trend of the
drought conditions are dominated by similar atmospheric
circulations and dynamics, the drying trend over SE China
during recent decades may also be controlled by the internal
climate variability. Further study is deserved to reveal the
role of internal dynamics in the decreasing trend of pre-
cipitation in early spring over SE China. Several previous
studies suggested that the negative Pacific decadal oscilla-
tion (PDO) phase and the positive Atlantic decadal oscilla-
tion (AMO) phase may drive the interdecadal decrease in
spring precipitation over southern China (Wu and Mao 2016,
2018; Wen et al. 2021). From 1979 to 2020, the PDO/AMO
changes from positive/negative phase to negative/positive
phase (Fig. S5). The correlation coefficient between the
9-month running means of the April SPEI-3 and the PDO/
AMO index is 0.88/— 0.87. It indicates that the drying trend
in recent decades may be part of the interdecadal change
in SE China. How do AMO and PDO affect the change in
drought conditions? Which one is more important? These
questions need to be further investigated using climate
models. Besides, it has been successfully detected that the
anthropogenic forcing has increased the drought risk over
Southeast Asia (including SE China), both in historical sim-
ulation and the future projection under all scenarios (Zhang
et al. 2021). Further study is deserved to clarify the role
of different external forcings and the specific SST change
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patterns in the decreasing trend of precipitation, and the
related dynamics and thermodynamics.

The current analysis emphasizes the close relationship
between vertical motions and the drought conditions in early
spring over SE China and presents an observational metric
for examining the driving processes. It may serve as a fun-
damental basis for a better explanation of the variations of
drought conditions and for effectively monitoring and fore-
casting future drought conditions.
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