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Abstract: The influence of moisture recycling and transport on major drought events
is poorly understood, but essential to enhance our knowledge of the atmospheric
water cycle. Here, we investigate this for two record-breaking droughts over the Mid-
to-Lower Reaches of the Yangtze River (MLRYR), the winter-spring (WS) drought of
2011 and summer-autumn (SA) drought of 2019. Using a land-atmosphere water
balance framework, we find the precipitation recycling ratio (the percentage of
precipitation in a region derived from the same region’s evaporation) increased during
both droughts, especially for the SA drought (from 14.5% to 22.9%). The WS drought
was characterized by a 27.8% reduction in external advected moisture, originating
principally from the northeast China and Bohai Sea (reduced by 22.3%) and from the
northwest Pacific and South China Sea (25.7%). The SA drought was driven by a 43.8%
reduction in external advected moisture, originating mainly from a southwesterly path,
i.e. the Bay of Bengal and the South China Sea (reduced by 26.8%). From a regional
viewpoint, moisture transportation from the Pacific Ocean (and South China Sea)
decreased during the WS (SA) droughts, mainly resulting in moisture deficit over the
MLRYR. Analyses reveal that this reduction was driven by strong negative
convergence, which was unfavorable for precipitation formation and enhanced air
flow out of the MLRYR. The weakened moisture transport was principally driven by
seasonal mean flow rather than transient eddies. Changes in wind (i.e. dynamic
processes), rather than specific humidity (i.e. thermodynamic processes) were
dominant in regulating the seasonal mean moisture transport. Our study helps
understand the atmospheric water cycle anomalies driving extreme drought events,

and advances knowledge on moisture transportation and its controlling processes.
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Highlights:

® The atmospheric water cycle behind two droughts is quantified based on the land-
atmosphere water balance;

® Moisture sources, pathways and transport are tracked for both droughts by using
the HYSPLIT model;

® The controls of moisture transportation during the two droughts are identified and

quantified.

1. Introduction

The Mid-to-Lower Reaches of the Yangtze River (MLRYR; see Fig. 1a and b)
are one of the most developed and densely populated regions in China. Droughts in
the MLRYR cause serious social and economic losses (Gu et al., 2019a, 2019b, 2019c;
Li et al., 2020; Zhang et al., 2017, 2019). In the last decade, this region suffered two
record-breaking drought events (Jin et al., 2013; Ma et al., 2020; Sun and Yang, 2012;
Wang and Yuan, 2021; Xu et al., 2020): one in the winter-spring season (i.e. January-
May) of the year 2011 (WS drought for short) and the other in the summer-autumn
(i.e. July-November) season of the year 2019 (SA drought for short). The WS drought
destroyed crops over more than 98.9 million hectares and led to water shortages for
more than 4.9 million people and 3.4 million livestock (Sun and Yang, 2012). The SA
drought affected more than 2.4 million hectares of crops, with direct economic losses
exceeding 15.1 billion Chinese yuan (Wang and Yuan, 2021).

Given the severe socio-economic impacts of these two droughts, previous studies
have paid much attention to their generation mechanisms, such as large-scale
circulation patterns (Sun and Yang, 2012), sea surface temperature (SST) anomalies

(Jin et al., 2013; Xu et al., 2020), and anthropogenic climate change (Ma et al., 2020;
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Wang and Yuan, 2021). Precipitation in the winter-spring/summer-autumn season over
the MLRYR is significantly impacted by the East Asian winter/summer monsoon
(EAWM/EASM; Chen et al., 2015; Ding and Chan, 2005; Huang et al., 2012; Zhou,
2011; Zhou and Wu, 2010). A La Nina winter usually witnesses a strong EAWM,
resulting in decreased winter-spring precipitation over eastern China (Yang et al.,
2002; Zhang and Sumi, 2002). Sun and Yang (2012) indicated that the La Nina event
in 2010-2011 played an important role in the decrease of wet-warm moisture
translation from the tropical oceans to southern China, resulting in the WA drought.
Jin et al. (2013) further pointed out that the quasi-stationary Rossby wave-related
teleconnection combined with persistent anomalous thermal forcing over the
Maritime Continent led to a divergence of water vapor from the MLRYR into tropical
oceans during the WA drought. For the SA drought, the decreased moisture transport
from the South China Sea was associated with a strong El Nino event in the central
Pacific (Ma et al., 2020), and the large-scale circulation anomalies associated with
this El Nino event explained 60% of its intensity (Xu et al., 2020). The other 40
percent could be explained by the positive Indian Ocean Dipole event via a
teleconnection linkage (Xu et al., 2020).

Although the above studies characterized water vapor flux anomalies during the
two droughts, there is still limited understanding of their moisture supply, i.e. remote
moisture fluxes and local evaporation. Quantifying moisture transport and
precipitation recycling (i.e. the percentage of precipitation in a region derived from
the same region’s evaporation; Zhao and Zhou, 2021) is essential for understanding
the atmospheric water cycle and forecasting the severity of extreme events such as
droughts (Findell and Eltahir, 2003; Roy et al., 2019). Both hydrological and
meteorological approaches can be used to track the moisture supply quantitatively
(Brubaker et al., 1993; Eltahir and Bras, 1996; Guo et al., 2018). From a hydrological
viewpoint, the water cycle processes over a region involve external moisture

advection, local evaporation, precipitation, moisture outflow, and land water
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availability (i.e. runoff and terrestrial water storage fluctuations) (Eltahir and Bras,
1996; Guo et al., 2018; Li et al., 2019; Zhao and Zhou, 2021). Hydrological
assessments of moisture supply tend to focus on the sources governing a region’s
precipitation (i.e. advected moisture and local evaporation). For example, Guo et al.
(2018) employed the Bulk model (Brubaker et al., 1993; Curio et al., 2015) to
separate the contributions of advected moisture and local evaporation to mean
precipitation and its variability over southeast China, and found that they were
dominated by the moisture flux. Curio et al. (2015) indicated that precipitation from
local evaporation accounted for around 60% of local total precipitation over the
Tibetan Plateau.

In contrast, meteorological assessments of moisture supply tend to focus more on
moisture pathways and transport processes. Several moisture tracking models have
been developed to depict moisture trajectories in time, such as FLEXPART (Sun and
Wang, 2014), Hybrid-Single Particle Lagrangian Integrated Trajectory (HYSPLIT;
Chu et al., 2017), the Water Accounting Model (Van der Ent et al., 2013), and the
Dynamical Recycling model (Cheng and Lu, 2020). Each of these models has its
strengths and weaknesses. For example, the HYSPLIT model is based on the
Lagrangian approach and can analyze multiple moisture trajectories in space and time
(Stein et al., 2015), while the Water Accounting Model is based on the Eulerian model
and can track the evaporative source backward for all precipitation (Zhang, 2020).
Despite these differences, all these moisture tracking models have an ability to track
moisture sources and pathways. Cheng and Lu (2020) found that terrestrial
evaporation plays an equal or even competitive role to warm-season precipitation in
some EASM land regions by using the Dynamical Recycling model to investigate
moisture sources. Hao et al. (2020) used the HYSPLIT model to track the
precipitation sources during the rainy season in Southwest China, and found that
moisture from the Bay of Bengal (South China Sea) contributes the most to

precipitation in Yunnan (Guangxi). Besides tracking the moisture transport, some
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studies further decomposed it into dynamic and thermodynamic processes (i.e. wind
and specific humidity changes, respectively) (Li et al., 2013; Roxy et al., 2017; C
Zhang et al.,, 2017). Zhang et al. (2017) found that decreasing July-September
precipitation in Southwest China can be attributed to weakening moisture transport
from the extended west region, which is dominated by dynamic processes.

These hydrological and meteorological methods are usually used to quantify the
influence of atmospheric moisture supply on the variability of precipitation over a
region (Cheng and Lu, 2020; Chu et al., 2017; Gao et al., 2014; C. Zhang et al., 2019;
Chi Zhang et al., 2017; Zhao and Zhou, 2021). Although some studies extended these
methods to quantify moisture origins and transport processes for extreme climatic
events (Roxy et al., 2017; Sun and Wang, 2013; Zhang et al., 2021; Zhao et al., 2016),
almost all these studies focused on heavy precipitation events, such as the 2020
Yangtze River record-breaking precipitation (Zhang et al., 2021), widespread snowfall
in northeastern China (Sun and Wang, 2013), or regional extreme precipitation in
central India (Roxy et al., 2017). Only few studies have linked moisture recycling and
transport to droughts: Roy et al. (2019) used the Dynamical Recycling model to
investigate the role of moisture transport in two drought events in the United States.
Zhang (2020) employed the Water Accounting Model to identify the moisture source
anomalies dominating two extreme droughts in Southwest China.

Here, we employ both the hydrological and meteorological approaches to
investigate the role of moisture recycling, sources, and transport in two record-
breaking droughts over the MLRYR. We aim to fill knowledge gaps concerning the
moisture supply of the two droughts by addressing the following questions:
® \What were the roles of remotely transported and locally evaporated moisture

anomalies during the two droughts?
® \Which moisture sources and transport processes contributed to the two droughts?
® \\ere the moisture transport anomalies dominated by dynamic (i.e. wind) or

thermodynamic (specific humidity) processes?
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2. Study region and data

The MLRYR mainly convers the provinces of Hubei, Hunan, Jiangxi, Anhui,
Jiangsu, Zhejiang, and Shanghai city. The gross domestic product and population in
these six provinces and one city in the year 2020 accounted for 31.2% and 24.3% of
the total in China, respectively. Rain-fed agriculture in the MLRYR is essential for
food security, with several plains producing the majority of commaodity grain, such as
the Jianghan plain. Streamflow in the MLRYR is extracted for local water needs, but
8.9 billion m2 is also diverted to the Henan and Hebei provinces and to Tianjin and
Beijing cities through the middle route of the South-to-North Water Diversion Project
in 2020 (Ministry of Water Resources of the People's Republic of China,
http://www.mwr.gov.cn/xw/sjzs/202111/t20211108_1550510.html). Annual mean air
temperature over the MLRYR is around 14°C~18°C, and precipitation fluctuates
substantially, with annual totals of 1000~1500 mm. The uneven spatio-temporal
distribution and temporal variability of precipitation lead to a high risk of drought in
the MLRYR. During the past six decades, extreme droughts have occurred during the
summer-autumn season in the years 1966, 1967, 1978, 2001, 2003 and 2019 and
during the winter-spring season in the years 1973, 1979, and 2011 (Qian et al., 2011).
The 2011 WS drought and the 2019 SA drought were the most severe and intense of
these events.

Gridded daily precipitation observations with a 0.5° spatial resolution during the
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period of 1961-2021 were obtained from the China Meteorological Data Service
Centre. This gridded dataset is produced by using a thin-plate spline method to
interpolate precipitation values at 2472 stations, and its quality has been evaluated by
previous studies (Zhao et al., 2019). Monthly terrestrial water storage anomalies
(TWS; units: cm) with a 0.5° resolution during the period of 1979-2019 are
reconstructed based on satellite observations by using machine learning methods (Li
et al., 2021). The quality of this dataset has been evaluated and is considered to be
more reliable than other products (Li et al., 2021).

Hourly meridional and zonal winds (units: m/s), specific humidity (units: kg/kg),
surface pressure (units: Pa), total precipitation (m), evaporation (m), vertically
integrated moisture divergence (units: kg/m?), vertical integral of northward water
vapor flux (units: kg/(m-s)), and vertical integral of eastward water vapor flux (units:
kg/(m-s)) were obtained from the ERAS reanalysis data. These variables have a
spatial resolution of 0.25° and cover the period 1961-2019. We aggregated the hourly
values into daily ones.

Six-hourly surface pressure (units: Pa), 2-m air temperature (units: K), 10-m
wind field (units: m/s), and precipitation (units: kg/m?/s) data, as well as six-hourly
geopotential height (units: m), air temperature (units: K), meridional and zonal winds
(units: m/s), vertical velocity (units: Pa/s), and specific humidity (units: kg/kg) at 17
levels from the surface to top of the atmosphere (i.e. 1000 hPa-10 hPa), during the

period of 1961-2019 are sourced from the National Centers for Environmental



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

Prediction- National Center for Atmospheric Research (NCEP-NCAR). The National
Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory (ARL)
has processed them as the HYSPLIT model inputs to track moisture sources and

pathways.

3. Model and methods
3.1 Land-atmosphere water balance
On a region over land, the water balance equation is:

P—E=R+CMS (1)
where P is precipitation (units: mm), E is evaporation (units: mm), R is runoff (units:
mm), and CMS is the change of land moisture storage (units: mm). Brubaker et al.
(1993) proposed a conceptual model of the atmospheric vapor fluxes over a land
region. In this conceptual model, precipitation originates from external advected
moisture (Fin) and local evaporation (E). The external moisture and local evaporation
are assumed to be well-mixed in the atmosphere (Burde and Zangvil, 2001), and
partly fall as precipitation (P), while the remainder is transported out the region (Fout).
This means precipitation consists of an advective component (Pa; the remaining
advected moisture flows out of this region, i.e. Fouta) and an evaporative component
(Pe; the remaining evaporation flows out of this region, i.e. Foute). Based on this
atmospheric moisture budget (see Fig. 3), any changes in vertically integrated vapor

moisture for a unit area are equal to (Guo et al., 2018; Zhao and Zhou, 2021):
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ax dy

a_

J+E-P )

0F,
dx

where F is the vertically integrated vapor moisture (units: mm), and ( + Z—I;’) is the

horizontal moisture flux divergence (units: mm). The change in vertically integrated
vapor moisture is assumed to be negligible due to its small magnitude relative to the
moisture flux (Burde and Zangvil, 2001). Then, precipitation (P) and precipitation
from the external advected moisture (Pa) are equal to (Guo et al., 2018; Zhao and

Zhou, 2021):

OF, | OF,
P——G§+aﬂ+E

a a 3
== (54 %) ?

In Equation 3, P, E, and Pa are assumed to be constant across the region (Burde
and Zangvil, 2001). Based on this assumption and Gauss’s divergence theorem,
Equation 3 is applied over a region with area of A (units: m?) (Guo et al., 2018; Zhao

and Zhou, 2021):
0F, 0F,
_(E-'_E) |A = Fin _Fout = (P —E)A

JFy = OF%
_(E‘Fg)lfl = Fin — Fout—a = P, A

(4)

Due to the assumed well-mixed external moisture and local evaporation, the ratio
of evaporative and advective water vapor is equal in both precipitation and moisture
flux. Therefore, the contribution of the advective and evaporative water vapor to

precipitation is estimated as (Guo et al., 2018; Zhao and Zhou, 2021):

Py 2Fp
P 2F;,+EA
P, EA (%)
a
p=1-"2=

P 2Fi,+EA

where % and p are the contributions of the advected moisture and local evaporation,

respectively. p is also taken as the precipitation recycling ratio. Further details on the
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land-atmosphere water balance and associated equations can be found in Brubaker et
al. (1993) and Burde and Zangvil (2001).

The moisture transport process in the Brubaker model is dominated by parallel
flow, which is affected by terrain conditions. The MLRYR region is a plain area with
elevations in most of areas below 50 m; hence, impacts of terrain conditions on
moisture process are relatively small. The Brubaker model assumes that moisture
from external transport and local evaporation are well mixed in the atmosphere, and
this assumption requires a sufficiently long period of time for the moisture to be well
mixed. The two droughts in our study lasted longer than 4 months, meeting the

mixing conditions of moisture.

3.2 Moisture tracking model: HYSPLIT model

The Lagrangian-based HYSPLIT model, developed by NOAA’s ARL (The Air
Resources Laboratory of the National Oceanic and Atmospheric Administration) and
one of the most commonly used atmospheric transport and dispersion models (Stein et
al., 2015), is used to track moisture sources and pathways for precipitation over the
MLRYR. After more than 30 years of development and applications, HYSPLIT can
achieve multiple objectives, such as computing air parcel trajectories, determining the
origin of air masses, and establishing source-receptor relationships.

In the Lagrangian method, moisture changes in an air parcel within a time

interval are the difference between evaporation into and precipitation out of this air
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parcel (Zhang et al., 2021; Zhao and Zhou, 2021):

E-P= mi—‘t’ (6)
where m is the air mass (units: kg/m?), q is the specific humidity (units: kg/kg), and
At is the time interval (i.e. 6 hours in this study). We use the HYSPLIT model to
backward track all the air parcel trajectories that precipitated over the MLRYR. These
back-trajectories are tracked for 10 days which is the time water vapor is generally
retained in the atmosphere (Zhang et al., 2021). We employ the Curve Clustering
Toolbox (Gaffney et al., 2007) to cluster the identified trajectories into several groups
and then detect the main moisture pathways from their sources to the target region
(Chen and Luo, 2018; Li et al., 2016).

Trajectories with Ag > 0 indicate moisture-uptake and are taken as moisture
origin; otherwise, moisture in the locations is lost. The contribution from these
moisture origins is the ratio of the net moisture uptake from these sources and
moisture loss during transport processes to the total water content released from all
parcels in the target areas. Thus, we attribute precipitation in the MLRYR to the
evaporation locations along these trajectories as well as to the regions from which the
moisture originates, based on the moisture source attribution method (see specific
calculation processes in Sodemann, 2008). It should be noted that the HYSPLIT
model only tracks the transport of moisture through the atmosphere, which can not

track precipitation falling to the ground (the WAM-2layers can achieve this purpose;

Van der Ent et al., 2013).
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3.3 Moisture transport decomposing
Understanding moisture flux is essential for understanding moisture recycling in
the land-atmosphere water balance as well as moisture tracking. Moisture flows over
a region in two ways: through advection and convergence of water vapor transport
(Banacos and Schultz, 2005; Roxy et al., 2017):
Q== [ qvdp,
dq dq du

0=_yda_ da_ du dv (7)
v Q_ udx vdy qu+dy)

Advection Convergence

where Q is vertically integrated moisture transport (units: kg/(m-s)), V- is the
divergence operator, g is the gravitational acceleration (units: m/s?), pyo/pey IS
pressure (i.e. p,) at the top/bottom of the troposphere (units: Pa), q is the specific
humidity (units: kg/kg), and V is the mean wind field (meridional wind v and zonal
wind u; units: m/s). The —uj—i— ”3_5 indicates the horizontal advection of specific
humidity, while —q(z—z + j—;) is the moisture convergence, which depends on specific
humidity and horizontal mass convergence.

In Equation 7, Q consists of two components, i.e. stationary and transient (Li et

al., 2013; C Zhang et al., 2017):

A _ 1 (P77 1 b1 7y’
Q=2 /0 aVdpe+ [ tq V' dp, 8

Stationary Transient

where Q is the monthly mean value of Q, g is the monthly mean specific humidity, V

is the monthly mean wind field, and gV’ are the corresponding anomalies of daily

values to the monthly mean. In Equation 8, the stationary (transient) term indicates
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moisture transport caused by seasonal mean circulation (transient eddies). Since g =
g. +q,and V=V, +V, (where g, and V, are the climatological mean of specific
humidity and wind field, respectively, and g, and V, are corresponding deviations
relative to the climatological mean), the stationary component is then decomposed as
(Li et al., 2013; Seager et al., 2010):
(79 @Dydpe| = [V @+ G) Ve + Vaddpe| = [ 79V - @V o) dpe | +
(1029 - @Vadpe] + [0V @Vodp] + [ 77 V- @Vadpe] @)
Among the four decomposed components in Equation 9, [f;:v . (qCVC)dpt] is
constant during the study period and [f;;l V- (c‘;aVa)dpt] can be neglected due to the
small deviations of both g, and V, relative to their climatological mean. Therefore,
the variation of the stationary component is determined as (Li et al., 2013; Zhang et

al., 2017):

[V @dpe| ~ [[)2 V- @Vadpe| + |27V @Vo)dp]  (10)

Dynamic Thermodynamic

where § denotes the variation of the stationary component. In Equation 10, the
dynamic (thermodynamic) component only depends on the change in wind field

(specific humidity).

4. Results and discussion
4.1 Features and atmospheric water cycle of the two droughts
The MLRYR witnessed two record-breaking droughts: a WS drought in Jan. 11-

May 19, 2011, and a SA one in Jul. 21-Nov. 26, 2019. Using the gridded precipitation,
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we identified the areas with negative precipitation anomalies during the two droughts
relative to the climatological WS/SA period (1981-2010) (Fig. 1a and b). Extreme
precipitation anomalies (less than -50 mm) are found in the area enclosed by the
dashed blue lines in Fig. 1a and b (i.e. 25.25°N to 32.75°N and 110.25°E to 120.25°E;
hereafter, referred to as MLRYR with an area of 855,227 km?). Spatially, the
precipitation anomalies are distributed unevenly, with the maximum deficit (i.e. -
471.2/-451.2 mm for the WS/SA drought) in the central part of the MLRYR for both
droughts. The slightly higher precipitation deficit of the WS drought implies a larger
severity, which is reflected in the precipitation anomalies over the entire MLRYR (Fig.
1c and d). Specifically, the precipitation total during the WS drought was 240.2 mm
lower than the climatological mean for the WS season, and this precipitation deficit is
almost twice as large as the second highest WS drought (i.e. 140.2 mm in the year
1971); for the SA drought, the precipitation anomaly is 213.2 mm, and 33.1 percent
higher than the second highest SA drought (i.e. 160.1 mm in the year 1992).

The temporal evolution of the two droughts are also different (Fig. 1e and f). The
WS drought started in Jan. 2011 over the MLRYR, and intensified progressively until
May 2011 (Fig. 1e). Several precipitation events in June (see positive precipitation
anomalies in Fig. 1e) terminated the WS drought. Inversely, in the case of the SA
drought, multiple precipitation events occurred in the first half of Jul. 2019, then the
SA drought struck suddenly, and persisted and weakened gradually (Fig. 1f). It should

be noted that air temperature during the SA drought was 1.8°C higher than the
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climatological mean of SA season and also ranked the highest over the past six
decades (Ma et al., 2020). The abnormal warming-induced evaporation rapidly
enhanced the severity of the SA flash drought over the MLRYR; its onset was found
to have been accelerated by 24 + 16% through anthropogenic climate change (Wang
and Yuan, 2021). Overall, the WS and SA droughts occurred in different seasons and
had different temporal evolution processes that WS drought gradually evolved from
the light drought to the severe drought and SA drought showed the sudden change
from flooding to the severe drought and gradual mitigation.

The anomalies of vapor flux during the two droughts show strong dry northerly
flows over the MLRYR (see arrows in Fig. 2a and b). Climatologically, the warm-wet
moisture from the northwest Pacific and Indian Ocean and the cold-dry moisture from
the Siberian regions was transported (and merged) over the MLRYR (Jin et al., 2013;
Ma et al., 2020; Sun and Yang, 2012). The strong dry northerly air fluxes over the
MLRYR indicate that the vapor moisture transported from the ocean was weakened
during the two droughts (Fig. 2a and b). Sun and Yang (2012) found that the northerly
flow (humidity) was 2-3 m/s higher (at least 0.9 g/kg lower) than the climatological
mean. During the WS drought, two anomalous cyclones were located over the South
China Sea and Bay of Bengal, such that vapor moisture flows formed a strong
divergence over the MLRYR and were then transported into the South China Sea and
Bay of Bengal, i.e. the two moisture convergence regions (Fig. 2a and c). During the

SA drought, an anomalous cyclone occurred in the northwest Pacific, with two strong



371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

anticyclones in the east of Japan and Bay of Bengal (Fig. 2b; also see Ma et al., 2020).
Due to these circulation patterns, northeasterly wind anomalies and southwestward
moisture transport were prevalent (Fig. 2b), resulting in a strong moisture divergence
over the MLRYR (Fig. 2d), detrimental to the formation of precipitation.

The climatology and anomalies of the atmospheric water cycle during the two
droughts are further estimated based on the ERA5 reanalysis data (Fig. 3). It can be
seen from Fig. 3a that during the Jan. 11-May 19, the climatic total precipitation was
48.0x10% kg/s and the precipitation recycling ratio was 4.8%, suggesting that the
precipitation was evidently dominated by the external advected moisture (i.e.
190.3x10° kg/s). During the WS drought in 2011, the external advected moisture over
the MLRYR was 137.4x10° kg/s, 27.8% lower than the climatological mean. More
importantly, the percentage of precipitation from external advected moisture (i.e.
Pa/Fin) decreased from 24.0% to 15.6%. Due to the terrestrial water storage deficit,

evaluated by the standardized drought severity index ( DSlyeqrmontn =

TWSAyear,month_TWSAmonth

— , Where TWSA is terrestrial water storage anomalies, and
negative DSI represent drought and positive DSI represent humidness; see colored
areas in Fig. 2a; Zhao et al., 2017; Hu et al., 2021), the evaporation increased slightly
from 19.2x10° kg/s (climatological mean) to 19.4x10° kg/s of which only 1.5x10°
kg/s was recycled as precipitation. These processes indicate that 84.4% of external

advected moisture and 92.2% of local evaporation were transported out of the

MLRYR, hence the severity of the WS drought.
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For the SA drought (Fig. 3b), the total precipitation was only 52.5% of the
climatological mean (21.6 vs. 41.6x10° kg/s), while the evaporation was 33.5%
higher than the total precipitation (at 29.2x10° kg/s). Although the terrestrial water
storage deficit also limited evaporation induced by the high temperature, the actual
evaporation was high due to the availability of runoff and CMS was -7.3x10° kg/s
during the SA drought. The contribution of evaporation to precipitation also increased
from 14.5% (climatological mean) to 22.9% (the SA drought), implying that the SA
drought was not driven by precipitation recycling but rather by a decrease in external
moisture. Specifically, the external moisture flowing over the MLRYR was only of
43.8% relative to the climatology (49.1 vs. 87.5x10° kg/s) during the SA drought.
These results indicate that the remarkable reduction in external moisture was

responsible for the SA drought.

4.2 Anomalies in moisture sources and transport

The atmospheric moisture budget during the two droughts indicates that moisture
transport played a key role in their generations. Hence, we quantify the anomalies in
moisture sources and transport by using the HYSPLIT model (Figs. 4-6). During the
WS periods of 1961-2019 (Jan. 11-May 19), we tracked 281020 moisture trajectories
over the MLRYR and classified them into five groups: three continent-originating and
two ocean-originating paths (Fig. 4a). Climatologically, we find that the three

continent-originating paths contribute the most to the total number of trajectories and
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total moisture (i.e. 60% and 52%, respectively). Specifically, the northwesterly path
(Group 1) originating from Eurasia provides 21% of the trajectories and 25% of the
moisture, while the westerly path (Group 2) originating from northern Africa and
passing through the Middle East produces 22% of the trajectories but only 10% of the
moisture (Fig. 4a and b). Because of the blocking effect of the Tibetan Plateau, most
of the moisture carried by the air particles in the westerly path is lost. The
northeasterly path (Group 5) originates from northeast China and the Bohai Sea, with
17% of the trajectories and 16% of the moisture. The two ocean-associated paths are
from the Arabian Sea and Bay of Bengal (Group 3) and another from the South China
Sea and the Northwest Pacific (Group 4). The moisture from the South China Sea and
Northwest Pacific in particular plays a dominant role for WS precipitation, with 20%
of the trajectories and 32% of the moisture.

In comparison with the climatology, an enhanced frequency of trajectories and
moisture were found in the two continent-originating paths (i.e. northwesterly and
westerly; see Group 1 and Group 2 in Fig. 4c and d). Due to an anomalous anti-
cyclonic circulation over Siberia (Sun and Yang, 2012), more dry northerly air flowed
over the MLRYR. Specifically, the trajectory frequency of Groups 1 and 2 increased
from 943 and 973 (climatology) to 1442 and 1478 (the WS drought), i.e. by 52.9%
and 51.9%, respectively; however, the moisture carried by Group 1 and Group 2 only
increased by 11.9% and 20.1% (Fig. 4e and f). A decrease in the number of

trajectories and moisture anomalies occurred over the Pacific (Fig. 4c and d), which
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can be explained by an abnormal cyclone over the northwestern Pacific and a weaker
eastward western Pacific subtropical high (Sun and Yang, 2012). The authors also
reported an anticyclone over the western Tibetan Plateau which would weaken the
westerly moisture transport from the South China Sea. Based on our results, the
trajectory frequency from the southerly (Group 4) and northeasterly (Group 5) paths
was reduced by 18.5% and 11.1%, respectively, with a corresponding reduction for
moisture of 25.7% and 22.3%. Thus, the notable reduction in moisture from the
Pacific played a dominant role in generating the WS drought.

For the SA drought, similarly, we tracked 287736 trajectories during Jul. 21-Nov.
26 over 1961-2019 (Fig. 5). These trajectories were classified into four groups: Group
1, a northerly path originating from Siberia and China’s coastal areas; Group 2, a
northwesterly path originating from Europe and passing through Central Asia; Group
3, a southwesterly path originating from the Bay of Bengal and passing through the
South China Sea; and Group 4, a southeasterly path originating from the northwestern
Pacific. The two ocean paths comprise the largest number of tracks (52% of all the
trajectories), but the two land paths contributed 57% of the moisture (Fig. 5a and b). It
should be noted that Group 1 (Group 3) provided 22% (30%) of all the trajectories
and 34% (25%) of the moisture. These two groups played a dominant role in the
MLRYR SA precipitation.

During the SA drought, we also observed enhanced (weakened) air particle

transportation from the land (ocean) (Fig. 5c¢c and d). Although the number of
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trajectories from the two continental paths increased by 21.2% and 25.2% (Fig. 5e and
f), the moisture only increased by 11.8% and 9.0%. The number of trajectories from
both oceanic paths decreased (by 25.2% for Group 3 and 11.9% for Group 4), while
moisture decreased most notably in Group 3 (i.e. 26.8%). An anomalous cyclone over
the northwest Pacific and an anomalous anti-cyclone (see Fig. 2b) over the Bay of
Bengal are detrimental to moisture transportation to the MLRYR. The resulting
reduction of moisture from Group 3 was thus responsible for the generation of the SA
drought.

Due to the impacts of evaporation and precipitation along the trajectories, the
specific humidity carried by air parcels may increase or decrease repeatedly before
they arrive in the target region. Therefore, we further quantified the moisture
transported from six relevant regions (Fig. 6): the MLRYR, Pacific ocean (PO), South
China Sea (SCS), Bay of Bengal (BOB), India ocean (10), and Eurasia (EU). This
division is consistent with previous studies (Chen and Luo, 2018; Li et al., 2016), and
the moisture from the MLRYR is also an important source for the local moisture
supply. The contribution of local moisture increased slightly, from 18.1% to 20.6% for
the WS drought and from 16.6% to 20.5% for the SA drought. Beside the MLRYR,
the Pacific Ocean, South China Sea, and Eurasia are three other important moisture
sources for the MLRYR. We find the WS drought was dominated by the decrease of
moisture from the Pacific Ocean (a relative decrease of 32.8%), while the SA drought

was driven by the decrease of moisture from the Pacific Ocean and South China Sea
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jointly (a relative decrease of 12.2% and 17.2%, respectively).

4.3 Controls of moisture transport

After elucidating the moisture sources and pathways behind the two droughts,
the next logical question is understanding what controls this moisture transport.
Therefore, the role of moisture transport in the two droughts is further investigated by
analyzing the moisture divergence and associated components (Figs. 7-9). During the
two droughts, we find strong moisture divergences over the MLRYR (Fig. 2c and d)
which can be further decomposed into moisture advection and convergence (Fig. 7).
During the two droughts, both the advection and convergence exhibit negative
anomalies, leading to strong moisture divergence over the MLRYR. The horizontal
advected moisture over the MLRYR is slightly lower during the two droughts than
during the climatology. Specifically, the accumulated moisture divergence anomalies
during the two droughts are -3.5x103g/m?-s and -0.4x103g/m?-s (Fig. 2c and d), and
12.6% and 1.6% of this moisture is advected, respectively. The moisture
transportation during the two droughts is dominated by convergent transport, which is
-24.4x10%g/m?-s and -25.8x103g/m?.s, and accounts for 87.4% and 98.4% of the
total moisture transport for the WS and SA droughts, respectively. This strong
negative convergent transport reveals a downward motion of air flow over the
MLRYR (Jin et al., 2013), which is not conducive to the formation of precipitation.

Further, this strong wind field divergence is likely to have transported both the local
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and external moisture out of the MLRYR.

The reduction of vertically integrated moisture transport over the MLRYR during
the two droughts was driven by both stationary and transient components (i.e.
seasonal mean flow and transient eddies; Fig. 8). The MLRYR was impacted mainly
by the stationary moisture transport than by transient component for both droughts.
Specifically, the stationary component was -30.7x103g/m?-s (-27.3x103g/m?-s) and
7.4 (16.2) times higher than the transient component for the WS (SA) drought. This
result shows that the contribution of moisture transport to the two droughts in the
MLRYR occurred mainly through a notable reduction in seasonal mean flow rather
than transient eddies. In other work, transient eddies systems were also found to play
a small role in precipitation variability during the summer over the southeastern
United States (Li et al., 2013). Further, seasonal mean flow was found to play a
dominant role in explaining the decrease in warm-season precipitation over southwest
China (Zhang et al. 2017).

The above results suggest that convergent transport and stationary moisture
transport controlled the moisture flux anomalies during the two droughts. However,
the role of specific humidity and wind is still unknown, because they jointly affect the
convergent transport and the stationary component. We therefore decomposed the
stationary moisture transport into thermodynamic and dynamic components to
separate the effects of specific humidity and wind (Fig. 9). The thermodynamic

component was -0.3x103g/m?.s and -1.8x10-3g/m?-s during the two droughts, which
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explains only 0.9% and 5.7% of the stationary moisture transport. The dynamic
component was -33.9x103g/m?-s and -29.1x103g/m?-s, namely 117 and 16.6 times
than the thermodynamic component, indicating that the moisture transport anomalies
during the two droughts were controlled by dynamic processes. In other words,
changes in atmospheric circulation (wind) played a dominant role in regulating the

precipitation anomalies during the two droughts over the MLRYR.

5. Conclusions

In this study, we focused on the two record-breaking droughts in the MLRYR (i.e
the WS and SA droughts). We used the land-atmosphere water balance framework to
investigate the role of local and external moisture during these two droughts.
Additionally, the HYSPLIT model was employed to track moisture sources and
pathways, and we quantified the processes controlling moisture transport during the
two droughts.

Both droughts were substantially affected by a notable reduction in external
transport moisture (i.e. -52.9x10° kg/s for the WS drought and -38.4x10° kg/s for the
SA drought) over the MLRYR. The external and local moisture contributions were
well-mixed in the atmosphere before most of the moisture (84.4% and 61.9% for the
WS and SA drought, respectively) flowed out of the MLRYR, due to a strong
moisture flux divergence over the MLRYR. However, the specific atmospheric water

cycle processes driving the two droughts differed. For the WS drought, the external
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moisture transport was reduced by 27.8% relative to the WS climatology, and the
percentage of this moisture falling as precipitation decreased from 24.0% to 15.6%. In
contrast, the SA drought was dominated by a precipitous decrease in external moisture
transport (by 43.8%), with an increase in the precipitation recycling ratio from 14.5%
to 22.9%.

Continental moisture pathways contributed to approximately half (52%) of the
winter-spring moisture over the MLRYR. The northeasterly path originating from the
northeast China and Bohai Sea and southeasterly path originating from the northwest
Pacific and South China Sea, contributed 16% and 32% of the moisture. The
reduction of moisture from the two paths (by 22.3% and 25.7% relative to climatology,
respectively) played a major role in the WS drought. In contrast, the oceanic pathways
contributed 57% of the summer-autumn moisture, and the reduction of moisture
(26.8%) from the southwesterly path (originating from the Bay of Bengal and the
South China Sea) played an important role in the SA drought. From a regional
viewpoint, the notable reduction in moisture from the Pacific (and South China Sea)
was the major reason for the WS (SA) drought.

The strong moisture flux divergence during both droughts over the MLRYR was
dominated by convergent transport. This anomalous convergent transport not only
caused the downward motion of air flow but also enhanced air flow out of the
MLRYR. The reduced moisture transport was mainly caused by the negative

anomalies of the stationary moisture transport, i.e. changes in the seasonal mean flow
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which is controlled by dynamic processes (i.e. changes in wind) rather than by

thermodynamic processes (changes in specific humidity).

Data Availability Statement:
The gridded precipitation observations were obtained from the China

Meteorological Data Service Centre and are available at http://www.nmic.cn/en. The

terrestrial water storage anomalies were produced by Li et al. (2021) and available at

https://doi.org/10.5061/dryad.z612jm6bt. The ERAS reanalysis data are provided by

the European Centre for Medium-Range Weather Forecasts and available at

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. The data used

for the HYSPLIT model are provided by the National Oceanic and Atmospheric
Administration Air Resources Laboratory and available at
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