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Abstract The Balkhash‐Junggar (B‐J) region is a typical dryland region with strong sensitivity to climate
change. The snowstorms of the year 2009 caused financial damage worth of 2,516 million RMB. This study
examines the dynamical features and the moisture sources associated with wintertime extreme precipitation
over the B‐J region. The analyses are based primarily on the data set from ERA‐Interim during DJF 1979–
2017. Both Lagrangian and Eulerian approaches are used to examine the moisture sources. An
upper‐tropospheric Rossby wave train that extends from the North Atlantic Ocean to the B‐J region is found
to play a leading role in the formation of 127 wintertime extreme precipitation events in the B‐J region. This
Rossby wave train deepens a cyclonic anomaly in the lower troposphere over the B‐J region, which favors the
development of strong southwesterly moisture transport and strong updrafts there. These conditions are
favorable for the occurrence of extreme precipitation events over the B‐J region. Lagrangian moisture source
analysis indicates that most of the moisture for precipitation during these events comes from terrestrial
sources, with central Asia the key moisture source region. The Eulerian moisture budget analysis further
shows that most of themoisture for extreme precipitation enters the B‐J region through its western boundary
via enhanced southwesterly flow. These dynamical and moisture source analyses establish a set of valuable
precursor conditions for predicting wintertime extreme precipitation events over the B‐J region.

1. Introduction

Drylands, commonly defined as regions with annual precipitation to potential evapotranspiration ratios less
than 0.65, cover nearly 41% of the global land surface and are home to more than 38% of the global human
population (Feng & Fu, 2013; Huang et al., 2017; Mike, 1996; Reynolds et al., 2007). According to observa-
tions and projections from climate models, global drylands have expanded dramatically over the past few
decades, and this expansion is likely to continue in the near future (Feng & Fu, 2013; Guan et al., 2015; J.
Huang, Ji, et al., 2016; J. Huang, Yu, et al., 2016; J. Huang et al., 2017; Ji et al., 2015). There are two possible
causes for this expansion: One is a decreasing trend of precipitation over drylands and their adjoining
regions (A. Dai, 2011, 2012; Dai & Zhao, 2017; Huang et al., 2016), while the other is increases in potential
evapotranspiration due to rising temperatures associated with anthropogenic climate change (Huang et al.,
2017; Scheff & Frierson, 2014; Sherwood & Fu, 2014; Zhao & Dai, 2015). Despite the global trend toward dry-
land expansion, some regions, such as the Junggar Basin, are experiencing dryland retreat. Precipitation
increases and wetting trends have emerged in these regions over recent decades (Q. Li et al., 2011; Peng &
Zhou, 2017; Shi et al., 2007; Wang et al., 2013), gradually transforming arid conditions into semiarid condi-
tions (J. Huang, Ji, et al., 2016; Y. Li et al., 2015). To better understand the dynamics behind these changes,
we must study the variations and formation mechanisms of precipitation over drylands.

The Balkhash‐Junggar (B‐J) region (43°N–52°N, 73°E–90°E; red box in Figure 1) is a typical dryland region
containing Lake Balkhash and the Junggar Basin. According to a drought classification system based on the
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standardized precipitation index (Ionita et al., 2016; McKee et al., 1993, 1995), more than 70% of winter
months in the B‐J region during 1979–2017 met the criteria for drought (supporting information Table
S1). Owing to the location of the B‐J region with abundant topographic features, precipitation in this
region has relatively unique characteristics. The B‐J region is located in the central part of the Eurasian
continent, far from oceanic moisture sources. Further, the high‐altitude Tianshan Mountains and the
Tibetan Plateau (TP) are located to the south of the B‐J region. These geographical barriers impede
moisture import into the B‐J region from evaporative sources over the Indian Ocean (Wang et al., 2017).
As a consequence, the second largest desert in China, the Gurbantunggut, is located in the central
Junggar Basin. The long‐term average annual precipitation over northern Xinjiang (in the eastern B‐J
region) is less than 200 mm, which is relatively scarce (Y. Chen et al., 2014; B. Li et al., 2012; Q. Li et al.,
2011; Peng & Zhou, 2017; Qian et al., 2001; Q. Zhang et al., 2012; C. Zhao et al., 2015). By contrast, the annual
precipitation is much larger over the Ili River Valley, in the southern B‐J region, where cumulative annual
precipitation ranges from 300 to 530mm (H. Wang et al., 2013). The greater precipitation over the Ili River
Valley (southern B‐J region) relative to other parts of the B‐J region is particularly pronounced during winter
(DJF), when cumulative precipitation amounts in the Ili River Valley range from 24 to 60 mm (H. Wang
et al., 2013).

There are two primary sources for water resources in the B‐J region: precipitation and meltwater from gla-
ciers and snow cover. In particular, the Tianshan mountains (south of the B‐J region) contain approximately
9,035 glaciers covering an area of 9,225 km2, with an estimated ice storage capacity of 1,011 km3 (Shi et al.,
2009). About 20% of annual runoff in the B‐J region comes from the melting of glaciers and winter snow
(Cao et al., 2018). However, the ultimate source of almost all water mass in glaciers and snow cover

Figure 1. Horizontal distributions of composite‐mean precipitation (left column; shading; units: mm day−1) and
precipitation anomalies (right column; shading; units: mm day−1) over the Balkhash‐Junggar (B‐J) region and
surrounding areas during all wintertime extreme precipitation events based on (a, b) ERA‐Interim (DJF 1979–2017;
127 events), (c, d) JRA55 (DJF 1979–2017; 127 events), and (e, f) MERRA (DJF 1979–2015; 121 events). The B‐J
region as defined in this work is bounded by the red box. Regions bounded by solid purple lines have surface
altitudes higher than 2,000m.
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remains precipitation. The wintertime precipitation, typically in the form of snow, plays a critical role in the
formation and maintenance of glaciers and snow cover in the B‐J region and its surrounding areas.

Some of the annual precipitation over the B‐J region arrives in the form of extreme snowfall events, which
may in turn lead to severe snow disasters. For example, a series of snowstorms hit the B‐J region between 22
December 2009 and 28 February 2010. Cumulative precipitation over this period exceeded 50mm over most
of the B‐J region and reached 940mm in Altay. This series of extreme snowstorms affected more than 3.14
million people andwas linked to 33 deaths, with estimated economic losses of 2,516million RMB (R. Li et al.,
2015; J. Zhang et al., 2013; S. Zhang & Zhu, 2011). The extent of these damages highlights the need to exam-
ine the formation mechanisms responsible for the occurrence of wintertime extreme precipitation in the
B‐J region.

The characteristic timescale of wintertime extreme precipitation events falls within the synoptic timescale of
several hours to several days. It is therefore natural to study themechanisms behind wintertime extreme pre-
cipitation over the B‐J region on the synoptic timescale. Several studies have examined the circulation pat-
terns responsible for the formation of specific wintertime extreme precipitation events over the B‐J region on
a case‐by‐case basis. Most of these studies revealed that a necessary condition for wintertime extreme preci-
pitation over the B‐J region is a coupling between lower‐tropospheric convergence and middle/upper‐
tropospheric divergence (An & Zhao, 2013; Li et al., 2014; Liu et al., 2011). This coupling is also among
the necessary dynamic conditions for most precipitation around the world. However, these individual case
studies drew rather different conclusions about the large‐scale circulation patterns that favor the occurrence
of wintertime extreme precipitation in the B‐J region. Liu et al. (2011) suggested that coupling between a
shortwave trough separated from a preexisting cutoff low and a persistent blocking high over the Ural
Mountains and western Siberia led to an extreme precipitation event over the northern B‐J region during
4–7 January 2010. An and Zhao (2013) implicated coupling between a shortwave trough around the B‐J
region and the India‐Burma trough as contributing to an extreme precipitation event during 22–23
February 2010. Finally, Y. Li et al. (2014) found that the eastward migration of a cyclonic anomaly originat-
ing from central Asia led to an extreme snowfall event during 21–23 February 2012 over the B‐J region.
Based on these disparate conclusions, a question naturally arises: Can we identify any circulation patterns
that are often favorable to the development of wintertime extreme precipitation events over the B‐J region?
The differences in the circulation patterns documented by these previous studies may be related to case‐to‐
case variability, perhaps compounded by intrinsic dependence on the climate state. Therefore, to answer the
above question, we must first examine a large number of wintertime extreme precipitation events over the
B‐J region under a wide range of climate states.

In addition to a favorable circulation pattern, an abundant supply of moisture is also necessary for the occur-
rence of extreme precipitation (Trenberth, 1999, 2011). There are two common methodologies for diagnos-
ing the sources of moisture for precipitation: Lagrangian moisture attribution analysis and Eulerian
moisture budget analysis. In Lagrangian moisture attribution analysis (Drumond, Nieto, & Gimeno, 2011;
Drumond, Nieto, Hernnández, & Gimeno, 2011; Durán‐Quesada et al., 2010; Salih et al., 2015; Stohl &
James, 2004, 2005; Stohl et al., 2008; Sun & Wang, 2014), precipitation from an air parcel is decomposed
according to moisture uptake (or loss) by the parcel from (or to) its environment along trajectories integrated
backward in time. In Eulerian moisture budget analysis (Howland & Sikdar, 1983; Jin & Zangvil, 2009; Kim
et al., 2019; Simmonds et al., 1999; Tiwari et al., 2017), precipitation is viewed as the sum of local evapotran-
spiration, the (negative) local tendency of precipitable water, and large‐scale moisture convergence. Dai et al.
(2007) used an Eulerian methodology to analyze the moisture supply for precipitation over the Xinjiang
region (within the B‐J region) during 1980–2000. They found that the moisture for the precipitation during
winter, spring, and autumn entered the region mainly through the western boundary, while that during
summer came mainly from the north or northwest. The Lagrangian method is able to construct a
source‐receptor relationship (Chen et al., 2012; Gimeno et al., 2010, 2012; Stohl & James, 2004, 2005,
Stohl et al., 2008; Sun & Wang, 2014; Vazquez et al., 2016; Winschall et al., 2014) and is therefore typically
superior to the Eulerian method with respect to identifying the locations and quantitative contributions of
different moisture source regions. Until now, the Lagrangian method has only been applied to summertime
precipitation over the B‐J region and its surrounding areas (Hua, Zhong, & Ma, 2017; Huang, Chang, et al.,
2017; Wang et al., 2017; Yao et al., 2018). It would be quite valuable to determine the moisture sources for
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wintertime extreme precipitation events in the B‐J region using Lagrangian moisture attribution analysis.
The B‐J region and its surrounding continental areas are colder and drier during winter than during other
seasons. Local evapotranspiration within the B‐J region is thus much weaker during winter than during
other seasons. Consequently, another question arises: Where are the key moisture source regions for
extreme precipitation events over the B‐J region?

In this paper, we examine the formation mechanisms of the wintertime extreme precipitation events by
identifying the favorable circulation patterns and key moisture source regions from a synoptic perspective.
The paper is organized as follows. In section 2, we introduce the data, an algorithm for defining the winter-
time extreme precipitation events over the B‐J region, the calculation of the wave activity flux, and the meth-
ods for heat budget analysis, Lagrangianmoisture source attribution, and Eulerianmoisture budget analysis.
In section 3, we present the basic characteristics of the wintertime extreme precipitation events over the B‐J
region. In section 4, we identify the favorable circulation patterns for wintertime extreme precipitation
events over the B‐J region by constructing the composite evolution of the circulation patterns and wave
activity fluxes around the time of onset of these events. In addition, we analyze composite variations in
lower‐troposphere temperature prior to the onset of extreme precipitation events. In section 5, we examine
the moisture sources for extreme precipitation events over the B‐J region using both Lagrangian and
Eulerian approaches. We close the paper with summary and concluding remarks in section 6.

2. Data and Methods
2.1. Data

This study focuses on extreme precipitation events over the B‐J region (43°N–52°N, 73°E–90°E) during win-
ter months from December 1979 to February 2018. The winter months of a given year refer to December of
that year and January and February of the following year (DJF), so that the study period is referred to as DJF
1979–2017. Diagnostic analyses are based primarily on the European Centre for Medium‐Range Weather
Forecasts (ECMWF) Interim Re‐Analysis (ERA‐Interim; Dee et al., 2011) during DJF 1979–2017.
ERA‐Interim products used include 6‐hourly pressure‐level analyses of geopotential height, temperature,
specific humidity, horizontal winds, and vertical velocity, 6‐hourly analyses of surface air temperature at
2‐m height, total column water vapor, vertical integral of horizontal water vapor flux, 12‐hourly cumulative
estimates of total precipitation and surface evaporation, and monthly means of total precipitation. All vari-
ables are provided on a 1° × 1° latitude‐longitude grid. We also compare ERA‐Interim precipitation to pre-
cipitation estimates from the Japanese 55‐year Reanalysis (JRA‐55; Kobayashi et al., 2015) and the
Modern‐Era Retrospective‐analysis for Research and Applications (MERRA; Rienecker et al., 2011). The
JRA‐55 precipitation is provided 3‐hourly on a 1.25° × 1.25° latitude‐longitude grid. The MERRA precipita-
tion is based on daily averages on a 0.5° × 0.67° latitude‐longitude grid.

Backward trajectories of air parcels initiated over the B‐J region are calculated using version 2.0 of the
LAGRangian ANalysis TOol (LAGRANTO; Sprenger & Wernli, 2015; Wernli & Davies, 1997). These trajec-
tories are then used to determine the moisture source distributions for precipitation over the B‐J region. To
drive the LAGRANTOmodel, we use 6‐hourly horizontal winds, vertical velocity, temperature, and specific
humidity on 60 model η levels together with 6‐hourly surface pressure. All variables are from ERA‐Interim
on a 1° × 1° latitude‐longitude grid. We keep the original temporal resolutions of the variables when con-
ducting the Lagrangian moisture attribution analysis but use daily averages when conducting all other diag-
nostic analyses.

2.2. Definition of Wintertime Extreme Precipitation Events

Wintertime extreme precipitation days are identified as those days with daily precipitation in the B‐J region
exceeding the 95th percentile (2.22 mm day−1) during DJF 1979–2017. The 95th percentile is adopted follow-
ing Peterson et al. (2008) and Zhang et al. (2011), who used this threshold to study extreme precipitation over
North America and global land areas, respectively. An extreme event is defined as a period that includes one
or more consecutive extreme precipitation days. We also allow for one nonextreme precipitation day
between any two extreme precipitation days in defining extreme events. Based on this definition, we obtain
127 extreme precipitation events comprising a total of 191 wintertime days, of which 177 were extreme
precipitation days.

10.1029/2019JD032275Journal of Geophysical Research: Atmospheres

HE ET AL. 4 of 22



2.3. Calculation of the Wave Activity Flux

We calculate the wave activity fluxes using the formulation developed by Takaya and Nakamura (2001). The
horizontal formulation of wave activity flux can be formulated as

W2d ¼ p
p0
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where (ϕ, λ) are the latitude and longitude of the location, (u, v) are the climatological mean horizontal

winds, jUj ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
is the magnitude of horizontal winds, p is pressure, ψ is the geostrophic stream

function, ψ′ is the deviation of ψ relative to the climatological mean (ψ′ ¼ gz′
f
), g is the gravitational accel-

eration, z′ is the low‐pass‐filtered geopotential height anomalies, and f is the Coriolis parameter. The con-
stants p0 and a represent the reference pressure (p0¼ 1,000 hPa) and the radius of the Earth (a¼ 6,371
km), respectively.

2.4. Method for Heat Budget Analysis

The thermodynamic energy equation can be formulated as (e.g., Peixoto & Oort, 1992)

∂T
∂t

¼ −v · ∇T − ω
∂T
∂p

þ ω
R
cp

T
p
þ Q
cp
; (2)

where t and p are time and pressure coordinates, v is the horizontal wind vector, ω is the vertical pressure

velocity
dp
dt

� �
, T is temperature, Q is diabatic heating, R is the specific gas constant, and cp is the specific

heat capacity. The left‐hand side of Equation 2 is the local temperature tendency
∂T
∂t

� �
), while the four

terms on the right‐hand side (from left to right) represent horizontal temperature advection, vertical tem-
perature advection, adiabatic heating due to compression or expansion, and diabatic heating. All terms in
Equation 2 are calculated except the diabatic heating term, which is estimated as the residual (Ling &
Zhang, 2013; Ling et al., 2013; Zhang & Ling, 2012).

2.5. Method for Lagrangian Evaporative Moisture Source Analysis

The Lagrangian approach we use to identify and estimate the sources of evaporative moisture for extreme
precipitation events over the B‐J region contains two steps. The first step is to calculate backward trajec-
tories. The second step is to catalog evaporative contributions along those trajectories to identify and quan-
tify the sources of moisture for extreme precipitation.
2.5.1. Calculating Backward Trajectories
We use version 2.0 of the LAGRANTO, developed by Sprenger and Wernli (2015), to calculate backward
Lagrangian trajectories for all air parcels located over the B‐J region during extreme precipitation events.
Here, the B‐J region is defined as the three‐dimensional volume bounded by (43°N–52°N, 73°E–90°E, and
1,000 to 480 hPa). The upper limit (480 hPa) used here is the same as that used by Sodemann et al. (2008).
Specific humidity decreases with height and is consistently smaller than 0.3 g kg−1 above 480 hPa over the
B‐J region during winter (Figure S1). Air parcels above this altitude therefore contribute little to themoisture
budget overall. Moreover, we focus mainly on evaporative sources, which are best characterized by humidity
changes within the boundary layer (BL). The isobaric surface at 480 hPa is well above the BL in the B‐J
region, so that this upper limit has negligible impact on our ability to capture evaporative sources.
Trajectory starting points are defined to be horizontally and vertically equidistant from each other, with a
horizontal spacing of 100 km and a vertical spacing of 40 hPa. For each of the 191 days associated with the
127 extreme events, air parcel trajectories are initiated four times per day (00:00, 06:00, 12:00, and 18:00
UTC) and integrated 240 hr (10 days) backward in time. The 10‐day calculation time for backward trajec-
tories is chosen to be slightly longer than the average residence time for atmospheric moisture (∼8 days;
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Trenberth, 1998, 1999). The evolutions of specific humidity and relative humidity (RH) are recorded along
each backward trajectory at regular time intervals spaced 6 hr apart (with a total length of 240 hr).
2.5.2. Attributing Evaporative Moisture Sources
Evaporative moisture sources are attributed using information recorded along the backward trajectories.
The moisture source attribution method is based on the assumption that moisture increases along a trajec-
tory correspond to net moisture sources, while moisture decreases correspond to net moisture sinks (James
et al., 2004; Stohl & James, 2004). In practice, we adopt the moisture attribution algorithm developed by
Sodemann et al. (2008), which includes the following three substeps.

First, we estimate the precipitation over the B‐J region based on moisture variations along the backward tra-
jectories during the period from t¼−6 hr to t¼ 0 hr. The estimated precipitation below any atmospheric col-
umn within the B‐J region is calculated as

PLAG ¼ −
Δp
ρwg

∑
k¼ktop

k¼1
Δq0k; (3)

where PLAG is the estimated precipitation produced in the column based on the Lagrangian trajectories, ρw is
the density of water, g is the gravitational acceleration, k is the vertical index of the air parcels (1≤ k≤ ktop;
ktop¼ 14) over this position, Δp is the vertical depth of an air parcel (Δp¼ 40 hPa), and Δq0k is the moisture

decrease recorded for the kth air parcel (Δqtk ¼ qtk − qt − 6 hr
k for t¼ 0 hr). In practice, only air parcels with

moisture decreases (Δq0k<0) and RH exceeding a threshold value of 70% are used to estimate precipitation.

Second, we identify and discount potential moisture sources. For each air parcel initiated over the B‐J region,
locations along its backward trajectory with moisture increases (i.e., Δqtk > 0 for −234 hr≤ t≤−6 hr) are
considered as potential moisture sources. However, moisture gains identified for previous time steps may
be partially released as precipitation before the air parcels reach the B‐J region. To account for this possibi-
lity, an adjustment algorithm is applied to all identified potential moisture sources. In this algorithm, the

adjusted moisture uptake Δ′qik at time step i is calculated as

Δ′qik ¼ Δqik × 1þ Δqjk
qj − 6 hr
k

 !
: (4)

Here, j denotes a time step when precipitation occurred (Δq j
k< 0, j< 0 and jΔq j

kj< qj − 6 hr
k ) prior to the air

parcel reaching its initiation point over the B‐J region, i denotes a time step prior to j with moisture uptake

(Δqik > 0; i< j< 0), and qj − 6 hr
k is the specific humidity of the air parcel at time step j− 6 hr (i.e., 6 hr before

the precipitation at time step j). The adjusted moisture uptake Δ′qik is therefore modified from its original
value by multiplying a coefficient between 0 and 1 that depends on the relative moisture loss during preci-
pitation. A larger loss corresponds to a smaller coefficient. This type of adjustment algorithm can be referred
to as a “discounting algorithm” and the adjusted moisture uptake as “discounted moisture uptake.”

Third, we quantify evaporative moisture sources using only moisture gains that occur within the BL, as only
moisture sources within the BL can be viewed as evaporative sources (Sodemann et al., 2008). To judge
whether an air parcel is located within the BL, we apply the equation

BLHþH0 ≥ 8; 000 × ln
1; 014
p

� �
; (5)

where p is the pressure of the air parcel (units: hPa), BLH is the local BL height from ERA‐Interim (units: m),
and H0 is the altitude of the surface (units: m).

2.6. Method for Eulerian Moisture Budget Analysis

Following Trenberth and Guillemot (1995), we write the Eulerian moisture budget equation as

P ¼ −
∂w
∂t

− ∇ ·
1
g

Z pt

ps

qvdpþ E; (6)
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where P is precipitation, w is precipitable water, t is time, g is the gravitational acceleration, q is specific
humidity, v is the horizontal wind vector, E is evapotranspiration (or evaporation), p is pressure, and ps
and pt are the pressures at the surface and model top, respectively. The precipitable water, w, is defined

as the mass‐weighted vertical integral of specific humidity q through the tropospheric column (i.e., w ¼ 1
gR pt

ps
qdp). The precipitation P over a given region is therefore modulated by the temporal fluctuations in

precipitable water −
∂w
∂t

� �
, large‐scale moisture convergence −∇ ; ·

1
g

R pt
ps
; q; v; d; p

� �
, and surface

evapotranspiration or evaporation (E) that occur within that region. In practice, large‐scale moisture
convergence into the B‐J region is calculated as the sum of the moisture fluxes across the four lateral
boundaries of the region.

3. Basic Characteristics of the Extreme Precipitation Events

Figures 1a and 1b present the composite‐mean (averaged in days) horizontal distribution of ERA‐Interim
precipitation and precipitation anomalies over the B‐J region during the 127 extreme events. The spatial pat-
tern of precipitation is oriented along a southwest‐northeast axis, consistent with the orientation of the
mountains that extend from the northwestern TP to the Altai Mountains. The barrier effect of these moun-
tains evidently plays a central role in shaping the horizontal distribution of wintertime extreme precipitation
within the B‐J region. The precipitation maximum, which exceeds 10 mm day−1, is located in the northeast-
ern portion of the B‐J region, west of the Altai mountains. There are also several localized precipitation max-
ima with values just over 10 mm day−1 located along the northwestern edge of the TP. Meanwhile, evident
positive precipitation anomalies are present over most of the B‐J region with a maximum larger than 7mm
day−1 (Figure 1b). The locations of localized maxima for precipitation anomaly are the same as those for pre-
cipitation. Both of the precipitation and its anomaly suggest that the formation mechanisms for extreme pre-
cipitation over the B‐J region may share similarities with those for extreme precipitation over the
northwestern TP. We find the same characteristics in two other reanalysis data sets (JRA‐55 and MERRA;
Figures 1c–1f), including the orientation of the precipitation band, the geographical position of the maxi-
mum precipitation, and the concurrence with intense precipitation over the northwestern TP. We therefore
use ERA‐Interim alone to examine the formation mechanisms for wintertime extreme precipitation events
over the B‐J region.

Area‐mean precipitation amounts over the B‐J region during the extreme precipitation events ranged from
1.8 to 5.6 mm day−1. Among the identified extreme precipitation events, 81 events (63.8% of the total) had
precipitation rates ranging from 2 to 3mm day−1, 33 events (26.0%) had precipitation rates ranging from 3
to 4mm day−1, 9 events (7.1%) had precipitation rates ranging from 4 to 5mm day−1, and 3 events (2.4%)

Figure 2. Frequency distributions of (a) area‐averaged precipitation intensity (units: mm day−1) and (b) event lifetime
(units: days) among the 127 extreme precipitation events that occurred over the Balkhash‐Junggar (B‐J) region
during DJF 1979–2017.
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had precipitation rates exceeding 5mm day−1 (Figure 2a). Only one event had a mean precipitation rate less
than 2mm day−1 (0.8% of the total). The existence of extreme events with precipitation rates less than the
2.2 mm day−1 threshold for defining extreme precipitation days is due to our allowance of nonextreme pre-
cipitation days within extreme events, as described above. Figure 2b shows the frequency distribution of
event lifetimes among the 127 extreme precipitation events. The lifetimes of extreme precipitation events
ranged from 1 to 5 days, with themajority (90 events; 70.9%) having lifetimes of 1 day. Among the events that
lasted longer than 1 day, 20 events (15.7%) had lifetimes of 2 days, 11 events (8.7%) had lifetimes of 3 days,
and 6 events (4.7%) had lifetimes ranging from 4 to 5 days.

4. Favorable Circulation Patterns

In this section, we identify and describe the circulation patterns that favor the formation of wintertime
extreme precipitation events over the B‐J region.

4.1. Evolution of Upper‐Tropospheric Circulation Anomalies

Figure 3 shows the evolution of geopotential height anomalies and wave activity fluxes on the 300 hPa iso-
baric surface from Day−12 to Day +4 at 2‐day intervals composited on the 127 extreme precipitation events.
A more detailed evolution at daily intervals is provided in Figure S2. Here, Day 0 refers to the first day (i.e.,
the onset) of the extreme event, and anomalies are calculated relative to the climatological mean during
1979–2017. The analysis begins at Day −12 because significant cyclonic and anticyclonic anomalies that
may serve as precursor signals for the occurrence of extreme precipitation events emerge around this time.
The analysis ends at Day +4 because the maximum duration among all identified events is 5 days (Day 0 to
Day +4). The wave activity fluxes are calculated using the formulation introduced in section 2.3. On Day 0
(Figure 3g), the circulation pattern around the B‐J region is characterized by a northwest‐southeast‐oriented
dipole structure with significant cyclonic and anticyclonic anomalies in the northwest and southeast sides of
the B‐J region, respectively. The magnitude of the cyclonic anomaly reaches −150 gpm, while that of the
anticyclonic anomaly reaches 90 gpm. The B‐J region is located at the boundary between the cyclonic and
anticyclonic anomalies.

Figure 4 shows composite vertical cross sections of meridionally averaged geopotential height anomalies,
vertical velocities, zonal wind anomalies, and temperature anomalies on Day 0 during the 127 extreme pre-
cipitation events. Here, meridional averages are calculated across the latitude band corresponding to the B‐J
region (43°N–52°N). At the onset of the extreme events (Day 0), the dipole structure around the B‐J region is
confined to the upper troposphere (Figure 4a). The cyclonic anomalies that dominate the middle and lower
troposphere tilt westward with height, indicating baroclinic energy conversion from available potential
energy to kinetic energy. As shown by Lin et al. (1991), positive energy conversion (from available potential
energy to kinetic energy) in regions of strong winds and large‐scale convergence in cyclonic anomalies tends
to further intensify those anomalies. The cyclonic anomalies associated with wintertime extreme precipita-
tion in the B‐J region favor ascending motion extending upward through almost the entire troposphere
(Figure 4b), which helps to trigger the onset of extreme precipitation. The composite mean also features a
remarkable intensification of the westerly winds in the upper troposphere (Figure 4c) and the formation
of a temperature front in the lower troposphere above the B‐J region (Figure 4d) with a pronounced warm
anomaly upward to the upper troposphere to the east of the B‐J region. A detailed heat budget analysis
for the temperature variations in the lower troposphere is provided in section 4.2. This warm anomaly
together with cyclonic anomaly (Figure 4a) creates an evident poleward heat flux in the lower troposphere
(Figure S3), suggesting a positive baroclinic energy conversion (Dole & Black, 1990).

We further analyze the evolution of geopotential height anomalies and wave activity fluxes on the 300 hPa
isobaric surface to identify any robust precursor signals for the dipole structure over the B‐J region on Day 0.
The cyclonic anomaly within this dipole structure can be traced back to a cyclonic anomaly located near the
coastline of the Barents Sea (around 45°E) on Day−12, while the anticyclonic anomaly can be traced back to
an anticyclonic anomaly centered over the eastern Mediterranean Sea (38°N, 30°E; around the Middle East
region) on Day −12 (Figure 3a). The precursor anticyclonic anomaly is situated to the southwest of the pre-
cursor cyclonic anomaly on Day−12, indicating that the northwest‐southeast orientation of the dipole struc-
ture emerges later. Westerly winds around the precursor anticyclonic anomaly are much stronger than those
around the precursor cyclonic anomaly (not shown), so that the precursor anticyclonic anomaly propagates
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eastward faster than the cyclonic anomaly. The anticyclonic anomaly gradually propagates along the TP
during the period from Day −8 to Day −6. By Day −6, this anticyclonic anomaly is located southeast of
the cyclonic anomaly, thus establishing the northwest‐southeast orientation of the dipole structure
(Figure 3d). Meanwhile, a pair of cyclonic and anticyclonic anomalies (Figure 3d; see also anomalies
within green circles in Figure S4) that emerge over the North Atlantic Ocean combine with the
two precursor anomalies to form a Rossby wave train on Day −6 (Figure 3d; see also the blue arrow in
Figure S4). This Rossby wave train is most evident on Day −4 (Figure 3e). Continuous wave activity
fluxes along this wave train strengthen the development of the two circulation anomalies that constitute
the dipole structure. By Day 0, the cyclone‐anticyclone pair that initially emerged over the North Atlantic
Ocean has disappeared due to Rossby wave energy dispersion (Figure 3g), while the dipole structure has
migrated into position over the B‐J region. The dipole weakens quickly as the Rossby wave energy
propagates downward (Figures 3h and 3i).

4.2. Evolution of Lower‐Tropospheric Circulation and Temperature Anomalies

Figures 5a–5d show the evolution of composite geopotential height anomalies on the 850 hPa isobaric sur-
face. Unlike in the upper troposphere, there is no northwest‐southeast‐oriented dipole structure in the
lower‐tropospheric circulation over the B‐J region on Day 0 (Figure 5c). Instead, the B‐J region is covered
by the southern part of a significant cyclonic anomaly with its peak magnitude exceeding −75 gpm. The
absence of an anticyclonic anomaly in the lower troposphere to the south or southeast of this cyclonic anom-
aly can be explained by the presence of the TP to the south and southeast of the B‐J region. The average alti-
tude of this part of the TP exceeds 4,000m and therefore extends above the 850 hPa isobaric surface.
Compared to the upper‐tropospheric cyclonic anomaly (Figure 3g), the lower‐tropospheric cyclonic anomaly
is located further toward the southeast. This northwestward tilt with increasing height is also evident in the
composite vertical cross section of geopotential height anomalies on Day 0 (Figure 4a).

A Rossby wave train is evident in the lower troposphere on Day −6 (Figure 5a; see also the blue arrow in
Figure S5), extending from the North Atlantic Ocean to the northwestern edge of the B‐J region. This
Rossby wave train consists of three centers of action: the pair of cyclonic and anticyclonic anomalies over

Figure 3. (a–i) Time evolution of composite geopotential height anomalies (contour and shading; units: gpm) and horizontal wave activity fluxes (vector; units:
m2 s−2) on the 300 hPa isobaric surface between Day −12 and Day +4 at 2‐day intervals around the 127 identified wintertime extreme precipitation events over
the Balkhash‐Junggar (B‐J) region. Shading indicates that composite geopotential height anomalies are significant at 95% confidence level based on two‐tailed
Student's t tests. The B‐J region is marked by the red box, and regions with surface altitudes higher than 2,000m are bounded by solid purple lines.
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the North Atlantic and the cyclonic anomaly northwest of the B‐J region. Day −6 also corresponds to the
time when a Rossby wave train consisting of four centers of action forms in the upper troposphere
(Figure 3d; see also Figure S4). Except for the topographically truncated easternmost center in the lower
troposphere, there is a one‐to‐one correspondence between the centers of action in the lower‐tropospheric
and upper‐tropospheric Rossby wave trains, albeit with slight shifts in the geographical positions of the
centers. The lower‐tropospheric signal can thus be regarded as the near‐surface manifestation of the
upper‐tropospheric Rossby wave train. The easternmost center of action in the lower‐tropospheric Rossby
wave train (the cyclonic anomaly northwest of the B‐J region) intensifies and migrates eastward over 6
days immediately prior to onset (Day −6 to Day 0; Figures 5a–5c).

Figures 5e–5h show the evolution of composite temperature anomalies on the 850 hPa isobaric surface. On
Day −6, significant cold anomalies of −1 K are found to the northwest of the lower‐tropospheric cyclonic
anomaly near the B‐J region, with significant warm anomalies exceeding +2 K present to its southeast
(Figure 5e). As the B‐J region is located to the southeast of this anomaly, it is largely covered by warm tem-
perature anomalies of∼1 K. The temperature anomalies on the 850 hPa isobaric surface around the cyclonic
anomaly thus appear as a temperature dipole, which can be partially explained by the antisymmetric struc-
ture of the horizontal wind anomalies associated with the cyclonic anomaly. To the northwest of the anom-
aly, northerly winds advect colder air southward. Conversely, southerly winds to the southeast of the
anomaly advect warmer air northward. Owing to the eastward migration and intensification of the
lower‐tropospheric cyclonic anomaly, the temperature dipole also migrates eastwards and becomes stronger
(Figures 5e–5g). As a consequence, lower‐tropospheric temperatures over the B‐J region drop sharply
around the onset of wintertime extreme precipitation. Specifically, whereas temperature anomalies over

Figure 4. Composite vertical cross sections of meridionally averaged (a) geopotential height anomalies (contour and
shading; units: gpm), (b) vertical velocity (contour and shading; units: Pa s−1), (c) zonal wind anomalies (contour and
shading; units: m s−1), and (d) temperature anomalies (contour and shading; units: K) over the Balkhash‐Junggar
(B‐J) region within 43°N–52°N on Day 0 of the 127 extreme precipitation events. Negative (positive) values are
marked by dashed (solid) lines, while zero values are marked by heavy lines. Shading indicates that composite
anomalies are significant at 95% confidence level based on two‐tailed Student's t tests. The boundaries of the
B‐J region are marked by the two red lines.
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much of the B‐J region are approximately +3 K on Day −2 (Figure 5f), significant negative anomalies set in
on Day 0 and persist until Day +2 (Figures 5g and 5h).

In addition to horizontal temperature advection, processes such as vertical temperature advection, adiabatic
heating, and diabatic heating can also cause temperature variations. Powerful updrafts that emerge around
the onset of the extreme precipitation events (Figure 4b) suggest that both vertical temperature advection
and adiabatic process may play significant roles in temperature variations above the B‐J region around
the onset of extreme precipitation events. To better quantify the contributions of each physical process to
temperature variations over the B‐J region, we conduct a heat budget analysis on the 850 hPa isobaric sur-
face based on the approach as described in section 2.4.

The area‐averaged temporal evolution of each term in the heat budget over the B‐J region from Day −12 to
Day+4 is shown in Figure 6, supplemented by the evolutions of anomalies in specific humidity, temperature,
and geopotential height at selected levels in Figure 7. Conditions over the B‐J region are largely unaffected by
the lower‐tropospheric cyclonic anomaly prior to Day −3 but respond significantly to this anomaly between
Day −2 and Day +1 (Figure 6; solid lines in Figure 7). The primary influence on the lower troposphere over
the B‐J region during winter is the Siberian high, with average conditions characterized by weak downdrafts.
At 850 hPa, these weak downdrafts result in an approximate three‐way balance among heating due to adia-
batic compression (Figure 6d), cooling due to vertical temperature advection (Figure 6c), and cooling due to
diabatic processes (primarily the net emission of longwave radiation; Figure 6e). This balance holds prior to
extreme precipitation events between Day −12 and Day −3 (solid lines in Figures 6c–6e). The prevailing
winds over the B‐J region during winter are southwesterly owing to the mechanical splitting of the subtropi-
cal westerlies enforced by the TP. This southwesterly flow is associated with weak warm horizontal tempera-
ture advection prior to the development of the extreme events (from Day −12 to Day −3; solid line in
Figure 6b).

Figure 5. Evolution of composite geopotential height anomalies (panels a–d; contour and shading; units: gpm) and
temperature anomalies (panels e–h; contour and shading; units: K) on the 850 hPa isobaric surface for Day −6 (top),
Day −2 (second row), Day 0 (third row), and Day +2 (bottom) around the 127 wintertime extreme precipitation
events over the Balkhash‐Junggar (B‐J) region. Negative anomalies are marked by dashed lines; nonnegative
anomalies are marked by solid lines. Shading indicates that composite anomalies are significant at 95%
confidence level based on two‐tailed Student's t tests. The B‐J region is marked by the red box, and regions
with surface altitudes higher than 2,000m are bounded by solid purple lines.
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To better isolate the impact of circulation anomalies associated with the development of the extreme preci-
pitation events, we subtract the long‐term mean for each term in the thermodynamic energy equation
(Equation 2) over the B‐J region during DJF 1979–2017 (dashed lines in Figure 6). Significant warming
appears over the B‐J region on Day −2 and Day −1, with magnitudes of 0.6 and 0.8 K day−1, respectively
(Figure 6a). The warming on Day −2 is primarily due to horizontal temperature advection (1.5 K day−1;
Figure 6b) resulting from enhanced southwesterly inflow driven by the approach of the
lower‐tropospheric cyclonic anomaly. Advective warming remains significant on Day −1 (Figure 6b) but
is supplemented at this point by anomalous diabatic heating (1.2 K day−1; Figure 6e). This diabatic heating
anomaly is likely related to the combined effects of latent heat release due to precipitation formation and the
inhibition of outgoing longwave radiation by extensive cloud cover. Our algorithm for identifying extreme
precipitation events maymiss the initial onset of precipitation if daily precipitation on that day does notmeet
the threshold for defining an extreme precipitation day. Therefore, the diabatic anomaly on Day −1 is still
impacted by enhanced precipitation and deep convective cloud cover associated with the extreme precipita-
tion event over the B‐J region, even though it precedes the onset date according to our algorithm.

Strong cooling tendencies develop over the B‐J region on Day 0 and Day +1, with magnitudes of −3.0 and
−2.1 K day−1 (Figure 6a). The cooling on Day 0 arises from the combined effects of adiabatic cooling due
to strong updrafts (Figure 6d) and horizontal advective cooling (Figure 6b). On Day 0, the cyclonic anomaly
related to extreme precipitation is centered to the northeast of the B‐J region. As a consequence, northwes-
terly wind anomalies drive horizontal advective cooling over the B‐J region on Day 0. The cooling on Day +1

Figure 6. Composite evolution of (a) the area‐averaged local temperature tendency (Tlocal) on the 850 hPa isobaric
surface over the Balkhash‐Junggar region, along with component contributions from (b) horizontal temperature
advection (Thoriadvect), (c) vertical temperature advection (Tveradvect), (d) adiabatic heating (Tadiabatic), and (e) diabatic
heating (Tdiabatic) from Day −12 to Day +4 at daily intervals around the 127 extreme precipitation events. All

temperature tendencies are in units of K day−1. Composite means are shown as solid lines and composite anomalies
(relative to the corresponding DJF 1979–2017 climatologies) as dashed lines. Dots indicate that composite a
nomalies are significant at 95% confidence level based on two‐tailed Student's t tests.
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results primarily from the combined effects of adiabatic cooling due to updrafts (Figure 6d) and diabatic
cooling (Figure 6e). A considerable fraction of precipitation during these wintertime extreme precipitation
events occurs in the form of snow (not shown). The diabatic cooling on Day +1 may be related to the
melting of fresh snowfall after the occurrence of extreme precipitation.

In summary, horizontal advection and diabatic heating play critical roles in the warming of the B‐J region
before the onset of extreme precipitation events, while adiabatic cooling, horizontal advection, and diabatic
processes all play important roles in the rapid cooling of the B‐J region around the onset of extreme
precipitation.

5. Moisture Sources for Extreme Precipitation

In this section, we explore the moisture sources for wintertime extreme precipitation events over the B‐J
region from both Lagrangian and Eulerian viewpoints.

5.1. Lagrangian Moisture Source Analysis

In this section, we use the Lagrangian moisture attribution method introduced in section 2.5 to identify the
key moisture source regions. We further calculate characteristic timescales for moisture transport from each
key moisture source region to the B‐J region in the lead‐up to extreme precipitation events.
5.1.1. Key Moisture Source Regions
Figure 8a shows the mean horizontal distribution of moisture sources for the 127 identified wintertime
extreme precipitation events over the B‐J region. Regions with moisture contributions exceeding 0.002
mm day−1 include the B‐J region, terrestrial areas to the west and southwest of the B‐J region, the northwes-
tern Arabian Sea, and the North Atlantic Ocean. The largest contributors, with contributions exceeding 0.2
mm day−1, are primarily situated southwest of the B‐J region (northwest of the TP). This distribution of sub-
stantial moisture sources is consistent with horizontal moisture advection into the B‐J region via the prevail-
ing southwesterly winds during winter.

To quantify the relative moisture contributions from different regions to the precipitation over the B‐J region
during the 127 extreme events, we divide the latitude‐longitude box bounded by 0°N–75°N and 60°W–100°E
into 12 separate sectors (Figure 8b). When dividing the region, we have considered the horizontal distribu-
tion of moisture sources shown in Figure 8a. We only consider grid points with moisture contributions
exceeding a set threshold (0.0059mm day−1), which collectively account for 95% of the total moisture con-
tributed from anywhere on the globe (not only the region shown in the map). The sectors we consider
include (1) central Asia, (2) the B‐J region, (3) the Middle East, (4) Europe, (5) the TP, (6) northern
Africa, (7) northwestern Asia, (8) the Aral and Caspian Seas, (9) the Mediterranean Sea, (10) the North
Atlantic Ocean, (11) the Indian Ocean, and (12) the Black Sea. Sectors 1–7 are land regions, while Sectors
8–12 are maritime regions. Together, these 12 sectors contribute 94.1% of the moisture for precipitation dur-
ing the 127 extreme events, demonstrating that all key moisture sources are accounted for in this list.

Figure 7. Composite evolution of area‐averaged 850‐hPa geopotential height anomalies (units: 10 gpm; black solid line),
300‐hPa geopotential height anomalies (units: 10 gpm; black dashed line), 850‐hPa specific humidity anomalies (units:
10−1 g kg−1; blue line), and 850‐hPa temperature anomalies (units: K; red line) over the Balkhash‐Junggar region
from Day −12 to Day +4 at daily intervals. Hollow circles indicate composite anomalies that are significant
at 95% confidence level based on two‐tailed Student's t tests.
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Relative moisture contributions (or moisture contribution ratio) from each sector are calculated for each
event as the ratio of the area integral of the contribution from that sector to the total contribution from all
locations around the globe. Figure 8c shows box‐and‐whisker plots of relative moisture contributions from
each of the 12 sectors across the 127 wintertime extreme precipitation events. In the box‐and‐whisker plot,
the upper and bottom boundaries of each box represent the 75th and 25th percentiles, respectively, while the
horizontal line through the box represents the median (50th percentile) across all 127 events. The top and

Figure 8. (a) The composite‐mean horizontal distribution of attributed moisture sources (units: mm day−1) for the 127
wintertime extreme precipitation events over the Balkhash‐Junggar (B‐J) region. The B‐J region is marked by the red box,
and regions with surface altitudes higher than 2,000m are bounded by solid purple lines. (b) Categorical definition of
the 12 sectors used to diagnose and attribute moisture sources, including (1) central Asia (CA), (2) the Balkhash‐Junggar
region (BJ), (3) the Middle East (ME), (4) Europe (EU), (5) the Tibetan Plateau (TP), (6) northern Africa (NA), (7)
northwestern Asia (NWA), (8) the Aral and Caspian Seas (AC), (9) the Mediterranean Sea (MS), (10) the North
Atlantic Ocean (NAO), (11) the Indian Ocean (IO), and (12) the Black Sea (BS). (c) Box‐and‐whisker diagram
summarizing relative moisture contributions from each potential source sector to precipitation in the B‐J
region during the 127 extreme precipitation events.
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bottomwhiskers mark themaximum andminimum contributions, while the dot marks the mean value. Key
moisture source regions for extreme precipitation events over the B‐J region are identified as regions with
mean relative moisture contributions of 5% or more. Given this threshold, the four key moisture source
regions are, in descending order: central Asia (46.2%), the B‐J region (12.0%), the Middle East (9.5%), and
Europe (8.0%). Note that the moisture contribution from the B‐J region itself (12.0%) is less than those from
other regions (88.0%). The relative moisture contributions from these four key moisture source regions exhi-
bit large variations. Contributions from central Asia vary from 6.6% to 76.1%, while contributions from the
B‐J region vary from 2.0% to 43.9%. Contributions from the Middle East vary from 0.0% to 52.3%, while those
from Europe vary from 0.1% to 37.8%. Mean relative moisture contributions from the other eight sectors are
less than 5%. In total, the seven terrestrial sectors contribute 80.1% of the moisture for precipitation during
the 127 extreme events, while the five maritime sectors contribute 14.0%.
5.1.2. Characteristic Timescales
Characteristic transport timescales can be estimated for moisture transport from each source region to the
B‐J region. We define the characteristic timescale for moisture transport as the weighted average of time
elapsed between all moisture uptake episodes exceeding 0.01 mm day−1 within the specified source region
and the arrival of those air parcels at their precipitation locations within the B‐J region. Here, a “precipita-
tion location” is a location in the B‐J region where a backward trajectory is initiated, provided the

Figure 9. Box‐and‐whisker diagrams summarizing the characteristic timescales for moisture transport from (a) the four key moisture source regions and (b) the
other eight moisture source regions to the Balkhash‐Junggar (B‐J) region for the 127 wintertime extreme precipitation events. (c) Composite daily evolution of
globally integrated moisture contribution (units: 1013 kg; red line) and the contribution ratio of moisture uptake from that day (units: %; blue line) to the
total moisture supply for wintertime extreme precipitation events between Day −10 and Day +4.
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corresponding parcel meets the criteria for precipitation (Δq0k<0 and RH≥ 70%; see section 2.5.2). For each
moisture uptake location, the weight assigned for its contribution to the characteristic timescale is the
magnitude of the estimated moisture uptake.

The mean characteristic timescales for moisture transport from the key moisture source regions are 2.8 days
from central Asia, 1.2 days from the B‐J region, 5.8 days from the Middle East, and 4.7 days from Europe
(Figure 9a). The largest moisture contributor, central Asia, has characteristic timescales ranging from 1.5
to 4.8 days across different extreme precipitation events. Characteristic timescales for moisture transport
from the eight source regions with mean contribution ratios smaller than 5% are shown in Figure 9b.

Figure 9c shows the composite‐mean temporal evolution of the globally integrated moisture contributions
(in kg) and the corresponding contribution ratios between Day −10 and Day +4. The contribution ratio
for each day is calculated as the ratio of the global integral of moisture contributions on that day to the total
moisture contribution over Day −10 through Day +4. The existence of moisture contributions between Day
+1 and Day +4 reflects the fact that the extreme precipitation events had lifetimes of up to 5 days. However,
because these longer events are relatively uncommon, the cumulative contribution ratio from these last 4
days is only 4.5%, indicating that moisture contributions during this extended period play negligible roles
in the overall moisture supply for extreme precipitation events over the B‐J region. Only 4 days have mean
moisture contribution ratios greater than 10%: Day−4 (10.9%), Day−3 (13.8%), Day−2 (17.0%), and Day −1

Figure 10. Composite evolution of (a) contributions to the precipitation over the Balkhash‐Junggar region by three physical processes: the local tendency of
precipitable water (−∂w/∂t), convergence of vertically integrated water vapor transport (WVT), and evapotranspiration (E), along with contributions based on
(b) vertically integrated water vapor transport across the western and southern boundaries and (c) vertically integrated water vapor transport across the
eastern and northern boundaries. Composite evolutions are shown for Day −10 to Day +4 at daily intervals around the 127 extreme precipitation events.
All terms are shown in units of 108 kg s−1. Panels (d)–(f) show anomalies for the quantities in panels (a)–(c) relative to their average values during DJF
1979–2017. Hollow circles indicate composite anomalies that are significant at 95% confidence level based on two‐tailed Student's t tests.
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(18.4%). The majority (60.1%) of moisture for extreme precipitation events over the B‐J region during
extreme events is therefore linked to evapotranspiration that occurs within 1–4 days prior to the onset of
the events. This result is consistent with moisture transport from the largest moisture source region (central
Asia) having characteristic transport timescales ranging from 1.5 to 4.8 days.

5.2. Eulerian Moisture Budget Analysis

Figure 10a displays the composite evolution of area‐weighted contributions from the three terms on the
right‐hand side of Equation 6 to precipitation between Day −10 and Day +4 around the 127 extreme preci-
pitation events over the B‐J region. Figure 10d shows anomalies for the same three terms relative to their
climatological means during DJF 1979–2017. The ratio of the cumulative contribution from large‐scale
moisture convergence to that from local evapotranspiration is 6.7 for Day −10 through Day +4
(Figure 10a). The Lagrangian moisture source analysis likewise indicates that the ratio between moisture
contributions from regions outside the B‐J region (88.0%) to moisture contributions from the B‐J region itself
(12.0%) is 7.3 over the same period (Figure 8c). Therefore, both approaches consistently show that local eva-
potranspiration is less influential than large‐scale moisture convergence in supplying moisture for winter-
time extreme precipitation over the B‐J region, by a factor of around 7. The contribution from large‐scale
moisture convergence is only around 0.1 × 108 kg s−1 prior to Day −2 but rapidly doubles to 0.2 × 108 kg
s−1 on Day −2. This doubling of the large‐scale moisture convergence term coincides with the arrival of
the lower‐tropospheric cyclonic anomaly at the northwestern edge of the B‐J region (Figure 5b). Moisture
convergence reaches a peak value of 0.5 × 108 kg s−1 on Day −1, as the cyclonic anomaly continues its east-
wardmigration. As discussed in section 4.2, significant warming occurs in the lower troposphere over the B‐J
region on Day−2 and Day−1 due to the position andmovement of the cyclonic anomaly, with 850‐hPa tem-
perature anomalies exceeding 2 K on both days (Figure 7). According to the Clausius‐Clapeyron relation-
ship, saturation specific humidity increases with temperature at a rate of approximately 7% K−1 in Earth's
present‐day atmosphere (Held & Soden, 2006; O'Gorman &Muller, 2010; Trenberth et al., 2003). The warm-
ing thus allows a considerable fraction of the enhanced large‐scale moisture convergence to be transformed
into precipitable water, resulting in precipitable water tendencies of 0.13 × 108 kg s−1 on Day −2 and 0.06 ×
108 kg s−1 on Day −1. The rapid cooling on Day 0 and Day +1 (as discussed in section 4.2) sharply reduces
saturation specific humidity over the B‐J region. This rapid cooling thus transforms a considerable fraction
of the precipitable water into precipitation, resulting in precipitable water tendencies of −0.16 × 108 kg s−1

on Day 0 and −0.14 × 108 kg s−1 on Day +1. It is worth noting that the cumulative change in moisture con-
tributed by variations in precipitable water over the entire period is only about 0.06 × 1013 kg, much smaller
than the 1.90 × 1013 kg contributed by large‐scale moisture convergence.

Figures 10b and 10c show the temporal evolution of moisture fluxes across the four lateral boundaries of the
B‐J region for Day −10 to Day +4 around the 127 extreme precipitation events. Moisture fluxes across the
western and southern boundaries are positive throughout the period, while those across the eastern and
northern boundaries are negative. These moisture fluxes are consistent with the southwesterly winds that
prevail in this region during winter. However, the cumulative moisture flux entering the B‐J region across
the western boundary over this 15‐day period is 8.8 × 1013 kg, more than an order of magnitude larger than
that entering across the southern boundary (0.7 × 1013 kg). The much weaker moisture transport across the
southern boundary is attributable to the presence of the high‐altitude TP to the south of the B‐J region,
which blocks moisture inflow from this direction.

To summarize, large‐scale moisture convergence plays the dominant role in supplying moisture for extreme
precipitation events over the B‐J region, with most of the moisture for precipitation entering the region
across the western boundary. Variations in temperature are favorable for moisture accumulation over the
B‐J region during the days immediately prior to extreme events but unfavorable after the events begin.
Variations in precipitable water therefore contribute to the enhanced intensity of precipitation during the
extreme events.

6. Summary and Concluding Remarks

In this study, we have examined the formationmechanisms for wintertime extreme precipitation events over
the Balkhash‐Junggar (B‐J) region during DJF 1979–2017. An upper‐tropospheric Rossby wave train forms
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on average 6 days before the onset of these events, with four centers of action that extend from the North
Atlantic Ocean to the B‐J region. This Rossby wave train slowly migrates eastward under the steering influ-
ence of the midlatitude westerlies. At the onset of the extreme precipitation events, a dipole pattern consist-
ing of a cyclonic anomaly (northwest of the B‐J region) and an anticyclonic anomaly (southeast of the B‐J
region) is evident in the upper troposphere above the B‐J region. These anomalies are the two easternmost
centers of action in the upper‐tropospheric Rossby wave train. The Rossby wave train is also evident in the
lower troposphere, although the easternmost cyclonic anomaly in the lower troposphere moves faster than
its counterpart in the upper troposphere. As a consequence, the B‐J region is covered by a lower‐tropospheric
cyclonic anomaly around the onset time of an extreme precipitation event. This cyclonic anomaly not only
favors strong updrafts over the B‐J region but also enhances the prevailing southwesterly winds that repre-
sent the primary moisture supply to the B‐J region.

When identifying the extreme precipitation events, a nonextreme precipitation day is allowed to exist
between two extreme precipitation days. Even after this relaxation of the criteria, almost all days (92.7%) dur-
ing the identified events still qualify as extreme precipitation days (i.e., days with precipitation exceeding
2.22 mm day−1). A set of sensitivity experiments are conducted to investigate whether the definition of
extreme events affects the identification of favorable circulation patterns for extreme precipitation in the
B‐J region. These sensitivity experiments include (A) one nonextreme precipitation day is allowed to exist
prior to the first extreme precipitation day; (B) one nonextreme precipitation day is allowed to exist after
the last extreme precipitation day; (C) one nonextreme precipitation day is allowed to exist between two
extreme precipitation days, but with the 3‐day running mean precipitation used to define extreme precipita-
tion events; and (D) same as (C) but no nonextreme precipitation days are allowed. The evolution of compo-
site geopotential height anomalies on the 300 hPa isobaric surface from Day −6 to Day −2 under each of
these sensitivity experiments is shown in Figure S6. The results all show a significant Rossby wave train
extending from the North Atlantic to the B‐J region on Day −4, similar to the Rossby wave train shown in
Figure 3e. The favorable circulation pattern we identify is therefore qualitatively insensitive to these adjust-
ments in our definition of extreme precipitation events. However, the percentages of days with precipitation
exceeding 2.22 mm day−1 among the days selected under Experiments (A)–(D) are 55.7%, 55.7%, 54.9%, and
53.7%, respectively, far less than that under our selected definition (92.7%). Our definition thus better accent-
uates the conditions associated with the occurrence of extreme precipitation in the B‐J region.

The lower troposphere above the B‐J region warms in the days immediately before an extreme precipitation
event and then cools rapidly after the onset of the event. The warming before onset arises from both horizon-
tal temperature advection downstream of the lower‐tropospheric cyclonic anomaly and diabatic heating
related to cloud radiative effects. The rapid cooling just after onset can be attributed to adiabatic cooling asso-
ciated with the strong updrafts, horizontal advection upstream of the lower‐tropospheric cyclonic anomaly,
and diabatic effects related to the melting of surface snow.

Lagrangianmoisture source attribution analysis reveals four key moisture source regions for precipitation in
the B‐J region during these extreme precipitation events. These regions are, in order of decreasing impor-
tance: central Asia (46.2%), the B‐J region itself (12.0%), the Middle East (9.5%), and Europe (8.0%). The char-
acteristic timescales for moisture transport from these four source regions range from 1 day to 1 week. The
dominant role of central Asia in supplying moisture for wintertime extreme precipitation events is linked
to the enhancement of prevailing southwesterly winds around the onset of these extreme events. The major-
ity (60.1%) of moisture for precipitation during these events can be linked to moisture uptake that occurs
between 1 and 4 days prior to the event. The backward integration timescale used in the Lagrangian analysis
is set to 10 days. Recently, Nieto and Gimeno (2019) developed a database of optimal backward integration
timescales for Lagrangian analysis of atmospheric moisture sources and sinks by comparing precipitation
estimates from the Lagrangian approach across a range of backward integration timescales. Based on their
database, the optimal backward integration timescale for the B‐J region during winter is about 6.3 days. As
shown in Figure 9c, most (∼83.3%) of the moisture uptakes preceding extreme precipitation events over the
B‐J region occur between Day −6 and Day 0, consistent with the optimal timescale suggested by Nieto and
Gimeno (2019).

Eulerian moisture budget analysis indicates that the lower‐tropospheric temperature variations play a key
role in moisture changes as well. The initial warming prior to the onset of extreme precipitation promotes
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the accumulation of precipitable water over the B‐J region, while the subsequent rapid cooling acts to trans-
form excess precipitable water into precipitation. The Eulerian moisture budget analysis also reveals that the
moisture supply for extreme precipitation events over the B‐J region is contributed mainly by large‐scale
moisture convergence.

This study illustrates the formation mechanisms for wintertime extreme precipitation events over a typical
arid/semiarid area from two different viewpoints. The Rossby wave train that extends from the North
Atlantic Ocean to the B‐J region constitutes the favorable circulation pattern for extreme precipitation, as
this wave train leads to stronger southwesterly winds, moisture convergence, ascending motion, and the
sequence of temperature variation that favors the accumulation and subsequent release of precipitable water
over the B‐J region. Given this dynamical backdrop, we identify and quantify the moisture sources for the
resulting extreme precipitation events, finding that terrestrial regions, especially central Asia, contribute
most of the moisture for the extreme events. These findings are of fundamental importance to the prediction
of extreme precipitation events over the B‐J region.

There are several outstanding issues that remain to be addressed in further study. First, we have identified
and described the favorable circulation patterns via composite analysis. However, the favorable circulation
patterns associated with each of the 127 extreme precipitation events may differ in important ways relative to
the composite mean. For example: Does the Rossby wave train actually occur in most or all extreme preci-
pitation events? To be certain, it will be necessary to classify the circulation patterns among the 127 extreme
precipitation events. Second, among the influencing factors that we highlight in this work (such as the
lower‐tropospheric cyclonic anomaly over the B‐J region, the Rossby wave train, increased southwesterly
winds, temperature variations, moisture convergence, and strong ascent), what are the unique factors that
trigger the formation of extreme precipitation rather than moderate precipitation? Third, the orographic
effects of the TP, the TianshanMountains, and the Altai Mountains may play essential roles that are not fully
recognized in this study. Would the favorable circulation pattern still lead to extreme precipitation over a
region like the B‐J region without these orographic effects? These issues are beyond the scope of this study
and will require further investigation as we work to better understand the mechanisms involved in the for-
mation of wintertime extreme precipitation events over the B‐J region and other dryland regions.

Data Availability Statement

The ERA‐Interim reanalysis data set is available online (from https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era-interim). The JRA55 precipitation data set is available online (from https://jra.
kishou.go.jp/JRA-55/index_en.html). The MERRA precipitation data set is available online (from https://
gmao.gsfc.nasa.gov/reanalysis/MERRA/).
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