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A B S T R A C T   

Central Asia is experiencing an increase in the occurrence of extreme flood events while still featuring in scarce 
precipitation. These extreme events are governed by weather systems of various scales as well as complex terrain 
effects. It is therefore difficult to analyze and forecast precipitation with traditional methods. In this study, an 
approach is designed by decomposing water vapor flux divergence (Qv

all) under model’s terrain following co
ordinates following the Helmholtz theorem. The traditionally used but important variable for depicting anom
alous precipitation, Qv

all, is partitioned into three components, i.e., flow divergence (Qv
div), moisture advections 

by large-scale motion (Qv
L) and by sub-synoptic motion (Qv

S). Applications to a blizzard event occurred over Ili 
Valley during 30 Nov to 1 Dec 2018 is performed as an example. The eastward water vapor flux brings moisture 
from Balkhash Lake to Ili Valley during the entire precipitation event, while Qv

all fails to indicate the initiation 
and weakening of precipitation. Temporal and spatial evolutions of the three decomposed components are 
analyzed with comparison to precipitation on both windward slope and lee side. Qv

div with dominant magnitude 
always converges no matter precipitation intensifies or weakens, and therefore leads to false moisture aggre
gation signals in Qv

all. The other two components, Qv
L and Qv

S, converge prior to precipitation and diverge or 
weaken before the event ends. Besides, Qv

L performs better than Qv
S on windward slope and shows moisture 

transport from upper levels while Qv
S achieves better on lee side. Future applications of this flow decomposition 

approach may thus extend to improving precipitation predictions with negligible computational costs over 
complex topography in other places around the world.   

1. Introduction 

Featuring in scarce precipitation, Central Asia (CA) is one of the 
largest drylands which suffers tremendous social and economic losses 
from severe droughts (Schiemann et al., 2008). Upstream of China, 
weather and climate in CA have critical impact on regional climate 
change. Sensitive to global climate change, precipitation in CA responds 
in the form of increasing trend in the occurrence of extreme events 
(Bothe et al., 2012; Duan et al., 2015). In the past 10 years, local 

rainstorms account for 36% of the meteorological disasters in Xinjiang 
province which is a key area of the Silk Road Economic Belt over CA, and 
average of 45 local rainstorms and floods are recorded every year. 
Improving understanding and forecasting techniques of extreme pre
cipitation over CA induced by multi-scale systems is therefore of great 
importance. 

Sub-tropical westerly jet and its forced secondary circulation and 
interactions among troughs at high and low levels trigger extreme pre
cipitation with environmental background of synoptic scale. Distinct 
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from extreme precipitation events over regions governed by typical 
monsoon climate, Central Asian vortices of sub-synoptic scale along 
with Tianshan Mountain stationary front account for 60% torrential 
precipitation events over Xinjiang (Yang et al., 2015; Guo et al., 2021). 
In addition, mesoscale-β convective clouds, mesoscale-γ convective 
clouds and mesoscale convergence lines are directly responsible for local 
extreme rainstorms in Xinjiang. Characterized by a combination of these 
weather systems of different scales and fast evolving mesoscale systems, 
torrential precipitation events over CA are hard to predict with 

traditional weather analysis tools. 
Flow decomposition approach is a powerful technique to separate 

multi-scale flows. For synoptic up to climatic analysis, statistical tools 
are utilized by averaging over time or space to partition stationary and 
transient components (Zhou and Yu, 2005; Yuan et al., 2020). Barnes 
filter (1964) is adopted to extract synoptic or geostrophic components 
from total flow in the study of diurnal precipitation in Meiyu front (Xu 
et al., 2017; Xue et al., 2018). For mesoscale to synoptic studies, flow 
decomposition firstly originates from PV concept by Hoskins et al. 

Fig. 1. (a) Wind vector and velocity greater than 30 m s− 1 (shaded) at 200 hPa at 12 UTC 30 Nov, 2018; (b) geopotential (solid contours, units: gpm), temperature 
(dashed contours, units: K), and relative vorticity (shaded, units: 10− 4 s− 1) at 500 hPa; (c) wind vector and equivalent temperature (shaded, units: K) at 700 hPa; (d) 
Water vapor transport (vector, units: g cm− 1 hPa− 1 s− 1) and its divergence (shaded, units: 10− 7 g cm− 2 hPa− 1 s− 1); (e) terrain height from WRF’s simulated data 
(shaded, units: km) with targeted domains marked in W for windward slope and L for lee side in blue rectangular. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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(1985) with solid physical foundation. However, mathematical diffi
culties in solving balanced models and choices of dynamic approxima
tions for extreme events limit its applicability and popularity in 
operational predictions. The Helmholtz theorem as a simple decompo
sition method separates wind into rotational and divergent components 
(Hawkins and Rosenthal, 1965). The rotational flow component de
scribes the large-scale movement and can directly be linked to geo
potential, while the divergent one depicts ageostrophic or sub-synoptic 
motions. It has been widely used in atmospheric and oceanic circulations 
(Krishnamurti, 1968; Fu et al., 2017; You and Fung, 2019; Ullah et al., 
2020, 2021), and data assimilations (Daley, 1991; Parrish and Derber, 
1992; Xu et al., 2006, 2007). 

Anomalous precipitation is directly related to the moisture supply, 
and can be represented by water vapor transport which is well studied 
and widely used over the global (Trenberth and Guiliemot, 1995) and 
over East Asia and South Asia (Ding, 1994; Huang et al., 1998; Sim
monds et al., 1999; Zhang, 2001; Zhou and Yu, 2005; Wang et al., 2021). 
Dimego and Bosart (1982) partition the water vapor flux components to 
examine the relative importance of moisture budgets in a tropical storm. 
Shi et al. (2008) quantitatively investigate the input, output and net 
water vapor transports at different levels in troposphere over Xinjiang 
Province from the perspective of annual and seasonal scales. Case 
studies also show influences of interactions between water vapor 
transport channels and governing weather systems on locations and 
intensities of precipitation (Zeng and Yang, 2020). 

As we know, terrain effects on extreme precipitation have been 
investigated theoretically and numerically (Tripoli and Cotton, 1989; 
Schumacher and Johnson, 2008; Wang et al., 2016; Adhikari and Liu, 
2019; Hua et al., 2020) with conclusions of mountainous flows differing 
worldwide due to the geometry of terrain as well as distinct environ
mental circulations. Studies in East China and North China are more 
mature with intense observations, while orographic precipitation events 
over Xinjiang have recently been investigated. Since the mountainous 
area of Tianshan accounting for 40.4% of the total precipitation in 
Xinjiang (Shi et al., 2008), terrain effects are not negligible. Ili Valley is a 
typical region in CA featuring in a trumpet-like topography facing west 
which is easier to gather water vapor. Distributions and characteristics 
of water vapor transports and aggregations on both windward slope and 
lee side are diagnosed with decomposed water vapor flux divergence to 
identify terrain influences. 

In this study, water vapor flux divergence will be partitioned and 

analyzed in the perspective of relative importance of its decomposed 
components on a blizzard over different regions of the complicated Ili 
Valley. Methodology of flow decomposition technique in water vapor 
flux divergence under terrain-following coordinate systems is derived in 
next section. Case overview of the extreme snowstorm is described in 
Section 3. In Section 4, relationships between partitioned water vapor 
flux divergence and locations and intensity of precipitation are investi
gated in comparisons to the original undecomposed one. Conclusions 
and discussions are in Section 5. 

2. Methodology 

According the Helmholtz theorem, a horizontal velocity field v can 
be partitioned into rotational and divergent components represented by 
streamfunction ψ and velocity potential χ, respectively, as follows: 

v = vr + vd, (1)  

vr = k×∇ψ, (2a)  

vd = ∇χ, (2b)  

where k is the unit vector in the vertical direction and ∇ is the horizontal 
gradient operator. For a limited domain D, the following relationships 
hold as: 

∇2ψ = ζ in D, (3a) 
∇2χ = α in D, (3b) 
∂nψ+ ∂sχ = vs along ∂D, (4a) 
∂nχ–∂sψ = vn along ∂D. (4b) 

Here ζ and α are the vorticity and divergence, respectively. ∂D de
notes the boundary of domain D. vs and vn are the boundary-tangential 
and boundary-normal velocity along ∂D. The accurate integral scheme 
(Xu et al., 2011) is used to solve for ψ and χ. Applicability and efficiency 
for flows with boundary values of arbitrary spatial variations are the 
strength of this method which is suitable for limited areas over complex 
terrains such as Ili Valley in the next subsection. 

The Eulerian atmospheric water budget equation for an atmospheric 
column of unit area (Yanai et al., 1973; Ninomiya and Kobayashi, 1999; 
Sun and Wang, 2014, 2015) is adopted as follows: 

Fig. 2. (a) The 12 h accumulated observed precipitation, and (b) the simulated one at 00UTC on 1 Dec. Units are mm.  

S. Ma et al.                                                                                                                                                                                                                                       



Atmospheric Research 270 (2022) 106079

4

Fig. 3. The simulation of 1 h accumulated precipitation at (a) 1600UTC, (b) 1800UTC, (c) 20UTC, (d) 22UTC on 30 Nov, and at (e) 00UTC, (f) 02UTC on 1 Dec. Units 
are mm. 

S. Ma et al.                                                                                                                                                                                                                                       



Atmospheric Research 270 (2022) 106079

5

(1/g)
∫

ps

0

∂tq dp+(1/g)
∫

ps

0 [
∇⋅(qv)+ ∂p(qω)

]
dp = P–E, (5)  

where q represents specific humidity, P and E indicate the precipitation 
and the evaporation from the underlying surface, respectively. Vertical 
integration is performed between the surface pressure, ps, and top. Due 
to the impenetrability of the atmosphere, ω vanishes at the surface and 
the top. Eq. (5) becomes: 

(1/g)
∫

ps

0

∂tq dp+(1/g)
∫

ps

0

∇⋅(qv) dp+E = P. (6) 

The first term in the left-hand-side of Eq. (6), ∂tq, represents the 
difference between q at two successive times. According to the litera
tures on the water vapor flux budget (Murakami, 1959; Ninomiya and 
Akiyama, 1971; Ding, 1993; Ninomiya and Kobayashi, 1999), it is 
relatively small over an area bounded within two meridians and latitude 
circles. The third term in the left-hand-side of Eq. (6) can be calculated 
using the bulk aerodynamic formula (Fairall et al., 2003; Gao et al., 
2017): 

E = ρaCEU [qsat (SST)–qa ],

where ρa is the air density, CE is the turbulent exchange coefficient for 
moisture, U is the 10-m wind speed, qsat (SST) is the saturation specific 
humidity at the SST, and qa is the 10-m specific humidity. For the studies 
of the winter precipitation over a small domain with short duration, the 
influence of E on Eq. (6) is less important than the vertically integrated 
water vapor flux divergence. In this study of mesoscale analysis with 
short duration, the other terms in Eq. (6) are less important to P and thus 
will not be considered from now on. The second left-hand-side term is 
the vertically integrated water vapor flux divergence which is directly 
related to moisture budgets and responsible for anomalous precipitation 
(Dimego and Bosart, 1982; Zhou and Yu, 2005). The expression for the 
integrand under pressure coordinates is: 

∇⋅(qv) |p (7) 

Here, the subscript p represents variables in pressure coordinate 
systems. Substituting Eq. (1) into Eq. (7) leads to: 

∇⋅(qv)
⃒
⃒p = q∇⋅v

⃒
⃒

p + vr⋅∇q
⃒
⃒p + vd⋅∇q

⃒
⃒

p (8) 

Fig. 4. Vertical integral of (a) Qv
all, (b) Qv

div, (c) Qv
L, (d) Qv

S in the unit of 10− 8 g cm− 2 hPa− 1 s− 1, and (e) streamlines of wind field at 0.9558 overlaid by terrain 
heights (shaded, units: mm) at 1700UTC, black contours are the simulation of 1 h accumulated precipitation (units: mm) at 1900 UTC on 30 Nov. 
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Use the coordinate conversion formula (Cao and Xu, 2011) to write 
(8) into the terrain-following pressure coordinate system, 

∂pA = (∂ηA)
(
∂pη

)
(9)  

(∂sA)|η = (∂sA)
⃒
⃒p +

(
∂pA

)
(∂sp)

⃒
⃒

η (10) 

Here the subscript η is the vertical axis in terrain-following coordi
nate system. Substituting Eqs. (9) and (10) into Eq. (8) leads to: 

∇⋅(qv) |p =(∂xqu)
⃒
⃒p +

(
∂yqv

)⃒
⃒

p

=(∂xqu)
⃒
⃒η +

(
∂yqv

)⃒
⃒

η −
[(

∂pqu
)
(∂xp)

⃒
⃒η +

(
∂pqv

)(
∂yp

)⃒
⃒

η

]
(11)  

(q∇⋅v)
⃒
⃒p=q∂xu

⃒
⃒

p+q∂yv
⃒
⃒p=q∂xu

⃒
⃒

η+q∂yv
⃒
⃒
⃒

η
− q

[(
∂pu

)
(∂xp)

⃒
⃒η+

(
∂pv

)(
∂yp

)⃒
⃒

η

]

(12)  

(vr⋅∇q)|p = ur∂xq
⃒
⃒p + vr∂yq

⃒
⃒

p

= ur∂xq
⃒
⃒η + vr∂yq

⃒
⃒

η − ur
(
∂pq

)
(∂xp)

⃒
⃒η − vr

(
∂pq

)(
∂yp

) ⃒
⃒

η (13)  

(vd⋅∇q)|p = ud∂xq
⃒
⃒p + vd∂yq

⃒
⃒

p

= ud∂xq
⃒
⃒η + vd∂yq

⃒
⃒

η − ud
(
∂pq

)
(∂xp)

⃒
⃒η − vd

(
∂pq

)(
∂yp

) ⃒
⃒

η (14) 

The non-divergent property of vr is used in the above derivation. 
Water vapor flux divergence (denoted by Qv

all) is thus partitioned into 
three components as: flow divergence (denoted by Qv

div), moisture 
convection term by non-divergent or large-scale motions (denoted by 
Qv

L) and by divergent or sub-synoptic scale motions (denoted by Qv
S). 

The locations and intensities of Qv
all are commonly used to represent 

precipitations in many cases of traditional weather analysis and clima
tological studies. However it fails in extreme events influenced by multi- 
scale weather systems and complex terrains. In the following sections, 
their quantitative values on windward slope and lee side of mountain 
will be evaluated to see their relative importance to moisture aggrega
tions in different periods during a specific blizzard event. 

3. Case overview 

A snowstorm hits Xinjiang Province during 30 November to 1 
December 2018 and brings heavy precipitation to Ili Valley in 8 h before 
heading eastwards. The severe blizzard over Ili Valley is the target of the 
following analysis with the hourly reanalysis dataset ERA5 (Hersbach 
et al., 2018). Large-scale environmental allocations at 1200 UTC 30 Nov 
are depicted in Fig. 1. The exit region of high level jet dominates most 
parts of Xinjiang province with divergent flow at 200 hPa. The south
west warm moist air flow in front of the trough at 500 hPa passes 

Fig. 5. Domain averaged (a) Qv
all, (b) Qv

div, (c) Qv
L, and (d) Qv

S (shaded) in the unit of 10− 7 g cm− 2 hPa− 1 s− 1. Brown curves represent precipitation with values in 
the right y-axis in the unit of mm. The target domain is marked in solid lines in Fig. 1e. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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through Ili Valley when precipitation starts. Westerly at 700 hPa is 
prevailing with convergent regions distributing over Ili Valley and south 
slope of Tianshan Mountain due to orographic lifting. Cold front can be 
seen from the dense contours of equivalent potential temperature. The 
eastward water vapor transport path brings moisture from Balkhash 
Lake to Ili Valley. Allocations of these large-scale systems are favorable 
for the initiating of blizzard, but weak negative Qv

all zones are not finely 
associated with precipitation. 

National Center of Atmospheric Research’s WRF model (Skamarock 
and Coauthors, 2008) is used to reproduce this blizzard. This simulation 
takes the US NCEP GFS (National Centers for Environmental Prediction 
Global Forecast System) forecast field data as the background field and 
side boundary conditions and uses GSI (Gridpoint Statistical Interpola
tion analysis system) to assimilate the GDAS (Global Data Assimilation 
System) observation data. The model area adopts a single-layer grid 
design with a horizontal resolution of 3 km. The simulation time is from 
00UTC 30 Nov to 00UTC 2 December with output once every 30 min. 
Thompson (cloud microphysics scheme), RRTMG (longwave and 
shortwave radiation scheme), Yonsei University scheme (planetary 
boundary layer scheme), Mellor-Yamada-Janjic TKE scheme (Surface 
layer scheme) and Noah Land Surface Model (land surface scheme) are 
used in this simulation. Detailed configurations and accuracy tests of 
this simulation may refer to Ma et al. (2021). Though stronger in in
tensity than the observed precipitation (Fig. 2), the temporal evolution 
of the simulated snowstorm well resembles observations 

(Figures omitted). Simulated storm at 1600UTC 30 Nov first arises at the 
north slope of Tianshan Mountain in the upstream of Ili Valley (Fig. 3a). 
The snowstorm moves eastward to Ili Valley changing its pattern parallel 
to terrain in the next 2 h with maxima precipitation locating on wind
ward slope. At 2000UTC, precipitation zones expand with maxima snow 
centers arising to the east of the Valley. The extreme precipitation oc
cupies Ili Valley during 2100UTC to 23UTC. On Dec. 1, the simulated 
snowstorm moves out of the target domain encircled by solid black lines 
in Fig. 1e. 

4. Analyses of decomposed water vapor flux divergence 

4.1. Horizontal variations 

Correlations between allocations of 1 h accumulative precipitation 
(Fig. 3) and Qv

all and its decomposed components are investigated 
during the entire life cycle of the blizzard over Ili Valley. Similar to Qv

all 

at 850 hPa as shown in Fig. 1d, vertically integrated Qv
all from near 

surface to around 3 km above surface (Fig. 4a) diverges in the precipi
tating area at 1700 UTC while precipitation arises on windward slope 
north and west to Ili Valley at 1900 UTC 30 Nov. At that time, negative 
values of Qv

div (Fig. 4b) aggregate along the lee side corresponding to 
strong convergence after flow climbs across the mountain (Fig. 4e). The 
alignment of snowstorm 2-h lagging is identical to distributions of Qv

L 

(Fig. 4c) with extreme precipitation centers lags by 2 h overlapping large 

Fig. 6. Same as Fig. 4, but for the target domain in dashed lines in Fig. 1e.  
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negative centers of Qv
L and Qv

S. As the westerly continues to climb the 
slope, precipitation belt moves across Ili Valley and distributes east and 
south to the mountainous region. Main convergent areas of Qv

div (figures 
omitted to avoid repetition) still occupy lee side instead of the main rain 
belt, while Qv

L remains the same pattern with precipitation zone with 
maximum values overlapping lagging snow centers. 

As a short conclusion, both Qv
L and Qv

S are indicative of the begin
ning and weakening of precipitation. The convergent flow induced by 
topography over Ili Valley occupies large area mostly on lee side and 
fails to represent moisture convergences when precipitation arises or 
moves eastward. It is larger in magnitude than the summation of the 
other two components and therefore eliminates their indications for 
moisture aggregations, and results in failing to reveal precipitation from 
undecomposed Qv

all. 

4.2. Time-height variations 

As analyzed in last subsection, horizontal evolutions of decomposed 
water vapor flux convergence are better associated with intensity and 
movement of the blizzard. Temporal variations of their vertical distri
butions may give more clues to mechanisms of water vapor transports 
among different levels since this blizzard is under favorable synoptic 
backgrounds up to 200 hPa. As can be seen in Fig. 5a, distributions of 
domain averaged Qv

all over the solid black rectangular present evident 
convergent features at lower and middle levels whether the precipita
tion starts or weakens. Vertical transports of divergent Qv

all at middle 
and high levels are obstructed by large and intense convergent regions at 
lower and middle levels. It is mainly caused by the convergent flow field 
at lower and middle levels during the entire blizzard event and divergent 
flow at middle and high levels depicted by Qv

div (Fig. 5b). Qv
L (Fig. 5c) at 

lower and middle levels presents large areas of intense negative values 
before the precipitation reaches its maximum. This convergence is 
mainly due to the jet exit at 200 hPa, northwest warm moist airflow by 
trough at 500 hPa, and secondary circulations triggered by cold front at 
700 hPa. Qv

L weakens when the snowstorm moves out of the target 
domain since 2000 UTC 30 Nov. Strong convergence is seen in Qv

S 

(Fig. 5d) at lower and middle levels before the precipitation reaches its 
maximum. While the snowstorm in the target domain becomes weaker, 

a divergent lid blocks the relatively large convergent center at middle 
levels and convergence in lower level becomes weaker. 

Similar conclusions for Qv
all and Qv

L remain after enlarging the 
target domain to the dashed rectangular. As seen in Fig. 6, the conver
gent regions of Qv

all are still at lower and middle levels weather before 
storm arises or after precipitation weakens. Qv

L presents consistent 
negative or positive values prior to the increase or decrease of precipi
tation. Similar to the smaller domain, deep and massive convergent 
wind fields in Qv

div at lower and middle levels are the reason for the 
convergence in Qv

all during the entire blizzard event. When the 
convergent flow weakens as the rain belt moves out of the larger 
domain, Qv

div is dominated by weaker convergent flow. The convergent 
regions of Qv

S are strong before precipitation starts and diminish 
instantly when the snowstorm moves out of the domain with water 
vapor flux convergence occupying at lower levels subsequently. 

The similarity among the two target domains proves the necessity for 
decomposing Qv

all to see relative importance of Qv
L, Qv

S, and Qv
div in 

identifying moisture aggregation and dispersion at different heights. 
Differences are resulted from the complicity of terrains over Ili Valley. 
The smaller domain only contains Valley and windward slope, while the 
larger one contains both windward slope and lee side of Tianshan 
Mountain. Vertical integrals of decomposed terms over different types of 
topography will be analyzed individually in the next subsection. 

4.3. Characteristics on windward slope and lee side 

From Fig. 7a, we can see that the undecomposed Qv
all remains pos

itive prior to the blizzard, which fails to indicate moisture convergence 
on windward slope. Moisture convergence during the blizzard is mainly 
due to the excessively large divergence of Qv

div which counteracts the 
contributions of convergent Qv

L and Qv
S. The latter two components 

have the same magnitude which is a half of Qv
div. All three components 

increase or decrease as precipitation arises or abates. Qv
L represents 

large-scale weather systems which are favorable for precipitation from 
conventional analysis shown in Fig. 1a–c. It can also be seen from 
simulated black body temperature (denoted as TBB in Fig. 8) that a large 
convective banded structure is moving eastward across the target 
domain. The horizontal extension of the cloud cap seen from the 

Fig. 7. Vertical integral of Qv
all (dashed green lines), Qv

div (blue lines), Qv
L (red lines), and (d) Qv

S (purple lines) in the unit of 10− 8 g cm− 2 hPa− 1 s− 1 on (a) 
windward slope and (b) lee side. Precipitation is depicted in light blue histogram in the unit of 10− 1 mm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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precipitable hydrometeor mixing ratio (solid contours in Fig. 9) on 
windward slope also indicates the approach of large-scale systems to the 
terrain. Qv

S is consistent with the allocation of vertical velocity on 
windward slope induced by orographic gravity waves (Ma et al., 2021) 
as shown in Fig. 9. 

Flow converges after climbing across the mountain, leading to large 
negative values of Qv

div on lee side in Fig. 7b. Qv
L suppresses local 

moisture convergence with positive values 1 h prior to precipitation 
mainly due to the topographic blocking. It can be seen in Fig. 9 that the 
cloud cap fails to extend to the lee side by downhill wind. A slight 
decreasing trend can be seen in Qv

L when the blizzard event starts. The 
contribution of Qv

S to precipitation ahead of the event is due to the 
vertical lifting induced by orographic gravity waves as shown in Fig. 9. 
For the same reason, snow terminates as vertical lifting weakens on lee 
side. Same as on windward slope, the magnitude of Qv

div doubles the 
summation of Qv

L and Qv
S. The undecomposed Qv

all on lee side is 
therefore still dominated by Qv

div while well depicts water vapor ag
gregation and thus fails to indicate the end of the blizzard. On the 
contrary, Qv

L and Qv
S contribute to the moisture divergence as 

snowstorm gradually weakens. 
Therefore decomposition of Qv

all is of significant importance in 
analyzing moisture aggregation on windward slope governed by diver
gent flow, and moisture dispersion on lee side governed by convergent 
flows. 

5. Conclusions and discussions 

Central Asia is one of the largest arid and semi-arid regions in the 
world where precipitation plays a vital important role in agricultural 
and economic developments. Intensive studies have been performed on 
characteristics of precipitation over Central Asia from the perspective of 
climatic scale and diurnal evolutions. Xinjiang Province, as an important 
region in CA, is experiencing an increase in occurrence of extreme 
precipitation events which lead to severe hydrological threats, tremen
dous social and economic losses. Caused by multi-scale weather systems 
and complex topography, extreme events are hard to predict with 
traditionally used tools. Detailed comprehension of the relationship 
between water vapor transport by different scales of motions and severe 

Fig. 8. Simulated Black body temperature (TBB) at (a) 1800UTC, (b) 2000UTC, (c) 2200UTC on 30 Nov, and at (d) 0000 UTC on 1 Dec. Units are K.  
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storms under complex terrains over Ili Valley, a typical region in Central 
Asia, has been an issue of considerable urgency. 

Flow decomposition technique is powerful in both climatic and 
synoptic analysis. By utilizing the Helmholtz theorem, the total water 
vapor flux divergence (Qv

all) is partitioned into three components as: 
flow divergence (Qv

div), moisture transport by large-scale motions (Qv
L) 

and by sub-synoptic scale motions (Qv
S). Traditionally used successive 

over-relaxation method is adopted in the mathematical calculation. In 
this study, a blizzard event over Ili Valley in the winter of 2018 is 
analyzed first with synoptic background and then with high-resolution 
numerical simulation. Decomposed components are investigated 
focusing on their relative importance in identifying water vapor aggre
gation on windward slope and lee side of Tianshan Mountain. 
Comparative analyses to the convergence of total water moisture bud
gets are concluded as follows:  

(1) Both Qv
L and Qv

S converge prior to precipitation, and diverge or 
weaken as the blizzard ends. Qv

L performs better on windward 
slope and represents vertical transports from upper levels, while 
Qv

S achieves better in indicating precipitation occurring on lee 
side.  

(2) Qv
div diverges ahead of precipitation starts on windward slope 

and thus eliminates the favorable moisture convergent environ
ment provided by Qv

L and Qv
S. On the other hand, Qv

div con
verges on lee side of mountainous regions and thus destructs the 
suppression of precipitation seen from Qv

L and Qv
S.  

(3) As for practical weather forecasting, the arise of negative values 
in Qv

L at lower and middle levels on windward slope calls for 
more attention while its vertical integral is similar to the pattern 
of rain belt in the next 1 or 2 h. Qv

S which relates to orographic 
gravity waves is more important on lee side. 

As intensive observational experiments of the mesoscale systems and 
cloud physical characteristics of extreme precipitation have been con
ducted over Ili Valley with a standard sharing platform, the relative 
importance of partitioned water vapor flux components with high res
olution observations is supposed to have more forecast applications to 
extreme precipitation events. Applications of this flow decomposition 
method to summer extreme events in other places with complex terrains 
and comparative studies of different flow decomposition methods are 
under research. 

Fig. 9. Cross section of the precipitable hydrometeor mixing ratio (black lines, units: 10− 4 kg/kg), vertical velocity (shaded, units: m s− 1), and wind vector of (u, w) 
at (a) 1700UTC, (b) 1730UTC, (c) 1800UTC, and (d) 1830UTC along the dashed blue line in Fig. 1e. Terrain heights of the cross section are attached below the last 
panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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