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Abstract: A simulation of an extreme precipitation event in southern Xinjiang, which is the driest area
in China, seizes the whole initiation process of the intense convective cell responsible for the high
hourly rainfall amount. Considering the inner connection between convection and vertical motions,
the characteristics and mechanisms of the vertical accelerations during this initial development of
the deep convection are studied. It is shown that three key accelerations are responsible for the
development from the nascent cumuli to a precipitating deep cumulonimbus, including sub-cloud
boundary-layer acceleration, in-cloud deceleration, and cloud-top acceleration. By analyzing the
right-hand terms of the vertical velocity equation in the framework of the WRF model, together with
a diagnosed relation of perturbation pressure to perturbation potential temperature, perturbation-
specific volume (or density), and moisture, the physical processes associated with the corresponding
accelerations are revealed. It is found that sub-cloud acceleration is associated with three-dimensional
divergence, indicating that the amount of upward transported air must be larger than that of hor-
izontally convergent air. This is favorable for the persistent accumulation of water vapor into the
accelerated area. In-cloud deceleration is caused by the intrusion or entrainment of mid-level cold
air, which cools down the developing cloud and delays the deep convection formation. Cloud-top
acceleration is responsible for the rapid upward extension of the cloud top, which is highly correlated
with the convergence and upward transport of moisture.

Keywords: vertical velocity; convection initiation; southern Xinjiang; extreme precipitation

1. Introduction

Southern Xinjiang, which is the driest area in China, is experiencing an increase in
extreme precipitation, making the accompanying flood disasters much more frequent than
ever before [1,2]. Located in the south part of Xinjiang Province in China (Figure 1a),
southern Xinjiang is characterized by very complex terrain with large mountains on three
sides, the largest desert in China—Taklimakan Desert—and very unevenly distributed
annual precipitation. The precipitation decreases from the west to the east and is mainly
concentrated in the piedmont area between the desert and the high mountains [3]. In the
long term, disastrous precipitation in southern Xinjiang has not been a big concern due to
the arid environment and rare strong precipitation events [4]. However, historical records
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show that once there is strong precipitation, serious floods occur more easily in arid areas
due to the low vegetation coverage, the fragile ecological environment, and the influence
of the snow-melting water from mountains [5]. This circumstance also occurs in other arid
areas in the world, such as the recent floods in Pakistan from mid-June to August 2022, in
the United Arab Emirates on 30 July 2022, and in the east of South Africa in April 2022.
The increasing number of serious disasters indicates the urgent necessity for research on
extreme precipitation in arid areas [6,7].
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Figure 1. (a) Accumulated 24 h precipitation on 15 June 2021. (b) Bar chart of hourly precipitation
over several automatic observation stations in southern Xinjiang.

Extensively large peak rain rates (hourly rainfall amount), which can sometimes be
several times larger than the local annual precipitation amount, are an important feature of
extreme precipitation in southern Xinjiang [8,9]. The city of Ruoqiang, which is one of the
driest cities in southern Xinjiang, received 49 mm of precipitation in 6 h on 17 July 2005,
which is approximately two times the local annual average precipitation amount. The recent
extreme precipitation on 14–17 June 2021 which happened in Hotan in the west of southern
Xinjiang had an hourly precipitation of 29.8 mm, which is nearly half of the local average
annual precipitation amount [10]. When and where the extreme hourly precipitation tends
to occur have thus become some of the most important questions needing to be solved to
give a reliable early warning of disastrous rainstorm events.

Precipitation and convective clouds are intricately correlated. Cloud size, thickness,
and lifetime, as well as the in-cloud liquid water content, microphysical processes, and
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entrainment, have significant influences on rain intensity [11]. The positive feedback of
cloud volume, larger updrafts, and higher liquid water content was regarded as a basic key
process for strong precipitation formation. Considering the complex covariate relationship
between rain intensity and convection, a fundamental task for the profound understanding
of extreme precipitation is to discover how the associated convection is initiated and thereby
how to predict the possible time and location of extreme rain rates in advance.

Convection initiation (CI) is also at present one of the most challenging subjects that
have great impacts on severe weather predictions [12,13]. A central problem is the large
uncertainty and limited predictability on the time and location of CI [14,15]. Basically, it is
controlled by three factors, including moisture, instability, and lift, corresponding to the
definition of deep convection initiation (DCI) [16,17]. However, in most cases, they are not
sufficient for three major reasons. (1) CI is sensitive to minor changes in surface moisture
and temperature, but the boundary-layer small-scale processes such as turbulence and
horizontal convective rolls tend to disturb low-level moisture and temperature, especially
over complex terrain and heterogeneous land surfaces; these processes are difficult to
observe or accurately represent in numerical models [18–22]. (2) The entrainment, which is
also hard to measure and parameterize, exerts significant influence on the nascent growth
of cumuli [23]. (3) Microphysical processes in clouds are responsible for the positive
buoyancy forming deep convections, but they are also complex and difficult to describe
accurately and can be greatly influenced by, for example, the nucleus number and in-cloud
turbulence [24,25]. Through decades of studies and large observation experiments, the
improvement of CI predictions is still lagging.

Limited understandings and representations of the above unresolved physical pro-
cesses are important reasons to resolve CIs. According to their effects on CI, they can
roughly be divided into two categories: positive-effect processes and negative-effect pro-
cesses. In most cases, when conducting a prediction, we tend to pay more attention to
the positive effects, such as moisture convergence, frontogenetical lifting, and positive
buoyancy by condensation latent heating [26,27]. The convective parameters that con-
tribute positively to identify CI include convective available potential energy (CAPE),
lifting index (LI), Severe Weather Threat (SWEAT) Index, etc. However, the importance
of incorporating negative-effect processes, such as the entrainment of both surrounding
and upper-level dry air, cooling induced by the melting and evaporation, etc. [28,29], into
CI diagnostics is comparably important. Grabowski and Morrison [30] showed that pos-
itive supersaturation noticeably reduced buoyancy and CAPE in the lower troposphere.
Peters et al. [31] explained the occurrence of thermal chains by considering the influence
of organized entrainment below the updraft’s vertical velocity maximum to the cumulus
updraft structure. Peters et al. [32] derived a new general lapse rate formula to consider
entrainment in CAPE and found that warm biases are evident in previous formulas due to
the hydrostatic balance assumption, which neglects the energy sink from buoyancy. All
these studies illustrated that the CI is not just passing over the Level of Free Convection
(LFC) level for lifted air but occurs when the positive effects are strong enough to overcome
the negative effects and thus sustain the upward rushing of unstable air. Recently, Pow-
ell [33] studied the criticality of the transition of shallow-to-deep convection and indicated
that vertical acceleration inside cloudy updrafts between the cloud base and the zero level
was a key quantity controlling the deep convection formation. It is obvious that vertical
acceleration is the only quantity that can accurately represent the net effect of the positive
and negative processes, thus clearly stating when the positive effects are larger than the
negative effects to increase the positive vertical velocity. It is a basic driving force to bring
the moist parcel to a “deep” height. At present, there have been extensive studies on the
mechanisms and dynamics of deep moist convection (DMC) formation, including the main
weather systems, such as cold pools, convergence lines, sea breeze, fronts, and small-scale
horizontal convective rolls, and the main controlling dynamic factors, such as the scale of
the cloud base, vertical wind shear, humidity, turbulence, and so on [34–36]. However, few
studies are concerned with the characteristics of vertical accelerations during the process
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of DMC initiations. Powell [33] gave a statistical analysis, but this was for tropical marine
convection, which tends to be very different from the convection in dry areas.

In this paper, to study the mechanism of CI during extreme precipitation in southern
Xinjiang, the extreme precipitation case that happened on 15 June 2021 in southern Xinjiang
(denoted as the “6.15” case) is studied. The vertical acceleration, as the net effect of pressure
gradient force (PGF) and Archimedean buoyancy (B), according to the vertical velocity
equation, is the focus, with the purpose of finding the main associated physical processes
influencing CI in the arid areas in Xinjiang.

The paper is arranged as follows. Section 2 gives an overview of the “6.15” extreme
rainfall case in southern Xinjiang, and Section 3 presents the process of the simulation
on this case. The general features of vertical accelerations during CI and the associated
physical processes are analyzed in Section 4. Conclusions and discussions are presented
in Section 5.

2. Case Overview

Features of the precipitation during the “6.15” case are shown in Figure 1. The rainfall
data come from the Climate Prediction Center Morphing Technique (Figure 1a, CMORPH,
0.1◦ × 0.1◦ grids) and the automatic observation stations’ precipitation (Figure 1b) to
illustrate the extreme character of the precipitation.

As in Figure 1a, the 24 h precipitation of 15 June 2021 was distributed along the Kunlun
Mountains and had an irregular banded structure. Four distributed precipitation centers
with 24 h rainfall greater than 50 mm were present, which were much larger than the
heavy rainfall standard in Xinjiang (24.1 mm/24 h) [37]. According to the statistics of the
local meteorological bureau, the maximum rainfall amount across the whole event reached
121.6 mm, and the daily precipitation reached 74.1 mm in Lop (80.23◦ E, 37.05◦ N), which is
collocated to the precipitation center (81 mm/24 h, 80.05◦ E, 37◦ N) in Figure 1a. The hourly
precipitation of five automatic stations in southern Xinjiang is presented in Figure 1b. It
shows that strong precipitation mainly appeared during 1200 UTC to 1400 UTC with a
maximum value of 20.6 mm in Lop and 28.8 mm in Sampoulu (80.09◦ E, 36.99◦ N). The
annual average of hourly extreme precipitation was less than 5 mm in this area in the south
part of southern Xinjiang. However, from Figure 1b, we see a persistent high precipitation
over several hours, which thus caused the extreme precipitation.

Figure 2 shows the radar reflectivities from the local C-band radar in Hotan. It
presented a development of the convective cell that is associated with the extreme hourly
precipitation in Figure 1b during 1000–1300 UTC. It was found that the cell was produced at
approximately (80.75◦ E, 36.8◦ N) in the black box in Figure 2a–d embedded in a meso-scale
convective system (MCS). The cell reached 30 dBz at 1115 UTC and gradually intensified
and moved northwestward through the Sampoulu station (indicated by “1” in Figure 2a) at
approximately 1156 UTC with a maximum intensity up to 50 dBz. The extreme precipitation
was created by the passing of several such intense convective cells. As is in the red ellipses
in Figure 2f–i, they were moving southwestward embedded in another MCS.

Figure 3 presents the synoptic conditions at 0600 UTC 15 June to illustrate several
typical weather systems in southern Xinjiang responsible for the extreme precipitation.
The most important system is the South Asia High (Figure 3a), the location of which
has large influences on Xinjiang precipitation [38,39]. It was near 30◦ N in this case, and
it was coupled with two upper-level westerly jet (ULJ) in its north and a low trough
between the two jets. The precipitation region (black box in Figure 3a) was located on
the entrance region of the east ULJ with approximately 8 × 10−5 s−1 divergence. The
trough-jet pattern sustained deeply to the 500 hPa level where the trough region become a
low-pressure zone over Xinjiang and its surrounding areas characterized by three short-
wave troughs (black dotted lines in Figure 3b). Each trough has contributed to the focused
precipitation. The east–west-oriented trough along 40◦ N transports the cold, dry air from
high latitude to southern Xinjiang (yellow arrow), and the north–south-oriented-trough
along 72◦ E approximately has a relatively warm, moist flow from the low latitude toward
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the precipitation region (pink arrow), while the other east–west-oriented trough over the
mountain near 35◦ N directed the flow moist easterly (green arrow in Figure 3b) into
southern Xinjiang along the north edge of Kunlun Mountain. In the lower levels, southern
Xinjiang was characterized by a strong easterly moist wind which entered Xinjiang from its
north and went through the Taklimakan Desert to the west of southern Xinjiang. As one of
the most important systems for heavy precipitation in southern Xinjiang, the easterly was
called the “Tarim easterly jet” locally, which contributes to the transport of moist warm air
into the dry area. The jet mostly appears over the boundary layer of 850–700 hPa, which has
evident seasonal and daily variations [40,41]. Usually, it is veered in the west of southern
Xinjiang under the impact of the surrounding topographies and the pressure structure
in the basin. In the current case, the jet moved cyclonically and thus formed a strong
convergence with the Kunlun Mountain, which was a main reason for the occurrence of
the extreme precipitation.

Figure 2. (a–i) Observed composite radar reflectivity from the C-band radar in Hoton in southern
Xinjiang. The stations indicated by the black stars are, respectively, Sampoulu (“1”), Lop (“2”), Hoton
(“3”), and Moyu (“4”). The black box and the red circle indicate the focused convective areas.
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Figure 3. The weather pattern at 1100 UTC on 15 June 2021. (a) Geopotential height (black contours,
unit: 1 gpm), wind speed (color shaded, unit: m s−1) and horizontal divergence regions (red contours,
unit: 10−5 s−1, 4 interval) at 200 hPa; (b) geopotential height (black contours, unit: 10 gpm) at 500 hPa,
and wind speed (color shaded) and water vapor flux (red arrows, unit:) at 800 hPa. The symbol
“H” means the high-pressure system and “L” means the low-pressure system, which is denoted by
geopotential height in the figures. The black dotted short lines are trough regions. The black boxes
indicate the focused precipitation region. The yellow arrow box indicates the flow from the east–west-
oriented shallow trough, the pink arrow box indicates the flow from the north–south-oriented shallow
trough and the green arrow indicates the flow from the east–west-oriented shallow trough over the
mountain. The black thick arrows indicate the main directions of the moisture transportation.

3. Methods

A high-resolution simulation of the “6.15” case is conducted considering the limited
observations in southern Xinjiang. The configuration of the model can be found in the
Supplement Files. Although the simulated extreme precipitation is more west than the
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observations (also see Supplement Files), an examination of the successive hourly pre-
cipitation and radar reflectivities indicates that the long-lasting characteristic of strong
precipitation over a limited area to produce the rare disastrous precipitation is well ex-
pressed in the model, which is similar to the observations (Figure 2). Figure 4 presents a
development of a strong convective cell in the simulation that highly resembles the cell
development in Figure 2. It was produced at approximately 0800 UTC with maximum
radar reflectivity larger than 35 dBz (the box in Figure 4d). Then, it experienced the growth
and reached the largest intensity at approximately 1200 UTC. The convective cell had a
sedentary life and contributed to the largest precipitation in the extreme precipitation center
in WRF simulation. As in Figure 4, the hourly rainfall accompanying the cell showed a
maximum intensity of 24 mm/h. 

3 
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The convections in Xinjiang have a common feature in that they are often dispersedly
distributed and looking unorganized due to the influence of complex terrain, the complex
gravity waves induced by the terrain and the special oasis-desert-coexisted land surfaces,
which can be seen in both the observation and simulations [27]. Thus, the associated
precipitation is often not large. However, in the “6.15” case appeared the slow-moving
and intense extreme-precipitation-producing convective cell. So, how did this strong
convection develop in such dry areas where the annual precipitation is only 30–50 mm?
In the following research, we will focus on the inner dynamics of the initiation process of
the strong convection and thus find the key mechanism controlling the occurrence of the
extreme precipitation in southern Xinjiang.
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4. Results
4.1. Vertical Acceleration as a Basic Force for CI

Deep convection is essentially the development of vertical updraft, and vertical ac-
celeration is a basic force to the vertical updraft and also an essential process that the
convection must experience to reach a sufficient height. The dynamics controlling CI are
thus naturally described by the vertical velocity equation [42]:

dw
dt

= −1
ρ

∂p
∂z

− g (1)

where dw/dt is the vertical acceleration of an air parcel with unit mass, −1/ρ(∂p/∂z) is
the acceleration due to vertical pressure gradient force, and g is gravitational acceleration.
Equation (1) attributes the vertical acceleration of air particles to the net effect of the vertical
pressure gradient force and gravity. Here, we use Net_WAz1 to denote this net effect.

By extracting a horizontally homogeneous, static-balanced base state from the to-
tal pressure p and density field ρ (p′ = p − p(z), ρ′ = ρ − ρ(z)), the vertical velocity
equation becomes

dw
dt

= −1
ρ

∂p′

∂z
− ρ′

ρ
g, (2)

in which the acceleration is determined by the net effect of a vertical perturbation pressure
gradient force (PGF) −1/ρ(∂p′/∂z) and the buoyancy B = −gρ′/ρ (denoted
as Net_WAz2) [17].

The above framework has been extensively used to diagnose the dynamics of convec-
tive phenomena, including squall lines, downbursts, rear inflow jet as well as CI [43,44].
They present many important physical processes that implicitly act on the convection.

In principle, no matter how to treat the right-hand side of the above vertical velocity
equations, the vertical acceleration dw/dt should be unchanged. To calculate the above
equations with WRF data, a usual treatment is first remapping the model’s fields in the
WRF η coordinate into the height coordinate and then calculating the terms associated
with PGF and B with a proper base state [44]. However, interpolation errors are likely to
appear during the remapping and the vertical differential calculations, especially around
complex high terrains. These errors may be reasonably small when the terrain is flat or
the accelerations dw/dt are large such as in the rapid-development stage of the storm.
However, in southern Xinjiang where it is difficult for the convection to become large and
deep, plus the presence of very complex and steep topography, it is difficult to obtain
balanced results of the Net_WAz1 or Net_WAz2 to the dw/dt in Equations (1) and (2).

To avoid the interpolation error problem, an alternative method is to analyze the
vertical velocity equation directly from the model in the WRF η coordinate which controls
the details of the cloud development [42]:

∂W/∂t + mx
[
∂x(Uw) + ∂y(Vw)

]
+ ∂η(Ωw)

= m−1
y g(α/αd)

[
∂η p′ − µd(qv + qc + qr)

]
− m−1

y µ′
dg

. (3)

where U = µdu/my, V = µdv/my, W = µdw/my are the redefined prognostic vari-
ables, µd = ∂pd/∂η, mx and my are the map-scale factors, p′ and µ′

d are perturbations
to the domain-averaged pressure p(z) and µd; qv, qc and qr are, respectively, the mix-
ing ratios of water vapor, cloud water and rain water; αd is the inverse density of the
dry air (1/ρd) and α is the inverse density taking into account the full parcel density
α = αd(1 + qv + qc + qr + qi + qs)

−1; the vertical diffusion has been ignored due to its
small value.

Since the mass-based quantity µd satisfies [45]:

∂µd/∂t + mxmy
(
Ux + Vy

)
+ my∂ηΩ = 0, (4)
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it can be derived that the terms on the right-hand side of Equation (3) denote the
net accelerations (denoted as Net_WAη) in the η coordinate by a magnitude of µd, that
is dw/dt = (Net_WAη)/µd = Net_WAz1 = Net_WAz2. The PGF values in
Equations (2) and (3) can also find their own corresponding form. Moreover,

g(α/αd)∂η p′ = g(α/αd)∂ηz∂z p′ = µd
(
α∂z p′

)
≈ µd

1
ρ

∂z p′. (5)

Then, the residual part of the terms

m−1
y g(α/αd)[−µd(qv + qc + qr)]− m−1

y µ′
dg (6)

on the right-hand side of Equation (3) can be attributed to the buoyancy − ρ′

ρ g, including the
drag of hydrometer mixing ratios. By a minor change in the WRF model output procedure,
we are able to output Net_WAη, and PGF and B in Equations (5) and (6).

A difference of Net_WAz1 and Net_WAz2 calculated from Equations (1) and (2) to
Net_WAη which is directly output from the WRF model is shown in the Supplementary
Files. It verifies that using the WRF output Net_WAη best matches the accelerations within
the model. In the following analysis, we will use the Net_WAη to analyze the vertical
accelerations during CI for extreme events.

4.2. Global Features of Vertical Accelerations During CI

According to the height of the cloud top which is denoted by the total mixing ratio of
cloud and ice particles, the development of the focused convective cell (Figure 4) is divided
into two stages: the nascent stage and the deep-convection stage.

In the nascent stage, as shown in Figure 5, a cumulus grows over the north side of
Kunlun Mountain between 37 and 37.2◦ N (Figure 5c,d). This stage continued about 2.5 h
from 0600 UTC to 0830 UTC during which the development is dilatory. Although the
composite radar reflectivity reached the 35 dBz standard for CI, it is actually not “triggered”
to form the deep convection, as the cloud top is only 2 km to the surface. The vertical
velocity is confined to 0.5–2 m/s with the largest value mainly located near the cloud base
(Figure 5c,d).

After this stage, from 0900 UTC, the cloud top rushed up to 8 km height in 30 min,
after which it is considered that the deep convection is initiated (Figure 6). This formed a
sharp comparison to the slow-developing nascent stage. The vertical velocity is 3–4 m/s
(Figure 6d–f), and the ascending center is much higher than the nascent stage, locating on
the upper part of the cumulus. Meanwhile, the descending in the lower levels appears
beneath the ascending areas.

Vertical accelerations denoted by Net_WAη corresponding to the above process are
given in Figures 5 and 6. In the nascent stage, we see two types of Net_WAη in the sub-
cloud layer and within the cloud with two representative times, respectively, at 0750 UTC
and 0820 UTC (Figure 5e,f). At 0750 UTC (Figure 5e), Net_WAη performs a strong positive
value in the sub-cloud layer, which indicates strong acceleration of the ascending air into
the cloud. However, at 0820 UTC (Figure 5f), Net_WAη exhibits unanimous negative values
both in and below the cloud. Most of the negative Net_WAη corresponds to a downward
motion (Figure 5d) beneath the cloud center, but some extends the ascending areas, thus
inhibiting the upward development of the cloud.

In the deep convection stage (Figure 6g–i), Net_WAη all becomes positive over the
height of the cloud with two large positive centers. One center is below the cloud top,
which is responsible for accelerating the upper-level cloud air to form the deep convection,
while the other is in the lower levels between the cloud base and 0 °C level (black dotted
line), which can accelerate and sustain the low-level upward motions to draw in the moist
air from the boundary layers.
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Figure 5. (a,b) Maximum radar reflectivity (shaded, unit: dBz); (c,d) radar reflectivity (shaded,
unit: dBz) and vertical velocity (contour, unit: m s−1); and (e,f) vertical accelerations denoted by
Net_WAη (shaded, unit: 10−3 s−1) and sum of mixing ratios of ice and cloud particles (0.05, 0.1, 0.2,
0.3, 0.4 black contours, unit: g/kg) at 0750 UTC along 78.5◦ E (left column) and 0820 UTC along
78.6◦ E (right column). The purple contour in (f) is 35 dBz radar reflectivity. The thick black line is
0 ◦C isotherm contour.

From the above analysis, during the whole development process of the focused con-
vection, a significant signature of CI is the formation of the persistent positive Net_WAη

within the cloud, meaning the appearance of the positive force for the vertical motions
in the cloud. Before the persistent positive Net_WAη, the development of the cumulus is
tardy, as indicated above, which is a shallow or nascent convection stage. With the in-cloud
positive Net_WAη appearing, the convection rapidly becomes deep. This implies that
vertical acceleration may be a dominant feature for the transition of the shallow to the
deep convection. Powell [33] noticed the relation of the vertical acceleration (they called it
“effective buoyancy” by ignoring the effect of dynamic pressure) and the criticality of the
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shallow-to-deep transition of simulated marine convection. He found that there is a critical
value of vertical accelerations between the cloud base and 0 °C level to control the deep con-
vection initiation and, moreover, a robust relationship exists between vertical acceleration
and rain rate. The results of Powell [33] are clearly demonstrated in Figures 5 and 6. But
the difference is the strong acceleration in the levels between the cloud top and 0 ◦C level,
which is considered to be responsible for the height that the convection can develop. The
transition of shallow to deep convection of the focused cumulus occurs at approximately
0900–09100 UTC (Figure 6g) when Net_WAη between the cloud base and the 0 ◦C level
reaches about 5 × 10−3 s−1 and that between the cloud top and the 0 ◦C level also reaches
up to 5 × 10−3 s−1. This amount is equal to a 0.3 m/s acceleration of vertical velocity in
10 min. 

5 

 
Figure 6. (a–c) Maximum radar reflectivity (shaded, unit: dBz); (d–f) radar reflectivity (shaded, unit:
dBz) and vertical velocity (contour, unit: m s−1); and (g–i) vertical accelerations denoted by Net_WAη

(shaded, unit: 10−3 s−1) and the sum of mixing ratios of ice and cloud particles (0.05, 0.1, 0.2, 0.3,
0.4 values, unit: g/kg) at 0910 UTC (left column), 0920 (middle column) and 0930 UTC (right column)
along 78.8◦ E. The purple contour in (g–i) is 35 dBz radar reflectivity. The thick black line is the 0 ◦C
isotherm contour. The green lines in (d–f) indicate 1 h precipitation (unit: mm) with magnitude on
the right side of the y-axis.

4.3. Possible Processes Influencing the Convection Initiation

From the point view of forecast, a critical value that is able to distinguish the shallow
to deep transitions is of great use. However, the transition is more like a process, not just
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a point, which is closely related to when the in-cloud positive Net_WAη becomes strong
enough to break through the inhibition of strong negative Net_WAη. In Figures 5 and 6, the
process of CI has three evident vertical acceleration stages: the sub-cloud acceleration; then
the negative Net_WAη denoting deceleration in cloud; finally the cloud-top accelerations.
It is worth finding the implied physical processes associated with these accelerations, thus
giving a deeper understanding of CI in the extreme rainfall process in southern Xinjiang.

4.3.1. The Sub-Cloud Vertical Acceleration

The sub-cloud lifting is necessary by bringing the air parcel to the height of LFC. In the
nascent stage, as in Figure 5e, the strong positive Net_WAη in the sub-cloud layer under
the height of LFC performs as a lifting force for accelerating the ascending parcel into the
cloud. However, about 40 min ago at 0710 UTC, when the most initial cloud appears, there
is no such strong acceleration.

The components of Net_WAη including the PGF (Equation (5), denoted as PGF_WRF)
and B (Equation (6), denoted as B_WRF) are shown in Figure 7, respectively, at 0710 UTC
and 0750 UTC, including the difference of these two times. Here, the PGF and B are denoted
as PGF_WRF and B_WRF because they are directly output from WRF simulation. The
perturbations in them are relative to the initial fields of the model rather than the real
environment generally represented by the so-called base state. Due to this reason, B_WRF
here is also not a true buoyancy that exerts to an air parcel. Therefore, as in Figure 7b,e,
B_WRF performs strong negative values over the Kunlun Mountain either within or out of
the cloud. On the contrary, the PGF_WRF is mostly positive values (Figure 7a,d), which
are cancelled with B_WRF. In Figure 7c,f, three regions are enclosed by the boxes with
different colors, respectively denoting the in-cloud area (orange box), the sub-cloud area
(blue box) and the boundary-layer area in front of the convection (green box). At 0710 UTC,
PGF_WRF and B_WRF are almost all offset in the piedmont boundary-layer area (green
box) and the in-cloud area (yellow box), indicating nearly hydrostatic balance in these two
areas, while the magnitude of PGF_WRF is a little larger than B_WRF in the sub-cloud layer
(blue box), indicating a weakly non-hydrostatic state. Then, at 0750 UTC, the piedmont
boundary layer (green box in Figure 7f) is still hydrostatic with PGF_WRF and B_WRF all
offset, while the sub-cloud layer and in-cloud layer become strongly non-hydrostatic with
large accelerations. Therefore, it may be concluded that PGF_WRF performs a larger effect
on the sub-cloud strong acceleration in Figure 7c, f because it is positive.

However, the change in the PGF_WRF and B_WRF from 0710 UTC to 0750 UTC in
Figure 7g,h reveals that B_WRF also makes contributions. As in Figure 7g, the PGF_WRF
difference presents strong positive values in both the piedmont boundary layer (green box
in Figure 7g), the sub-cloud layer (blue box in Figure 7g) and the in-cloud layer (orange box
in Figure 7g), while the B_WRF difference (Figure 7h) mainly shows a negative value in the
corresponding areas. But the B_WRF difference is strongly negative in the cloud (orange
box in Figure 7h) and in the piedmont boundary layer (green box in Figure 7h), largely
offsetting the positive PGF_WRF difference. The B_WRF in the sub-cloud layer is nearly
zero (blue box in Figure 7h), making a larger difference of Net_WAη in the sub-cloud layer
(blue box in Figure 7i). Thus, we believe that the large positive change in PGF_WRF and
the small near-zero change in negative B_WRF in the sub-cloud layer from 0710 UTC to
0750 UTC (Figure 7g) both contribute to the sub-cloud acceleration.

To find the inner physical processes associated with PGF_WRF, the linear diagnostic
relation for perturbation pressure reference to the initial base state is involved,

p′ =
cp

cv
p
(

θ′

θ
−

α′d
αd

+ 1.61∗qv

)
(7)

where cp and cv represent the specific heat at constant pressure and constant volume,
respectively, θ is the potential temperature and θ′ is its perturbation. The equation is
derived from the state equation and is consistent with the pressure diagnostic relation of
the WRF model [45]. It shows that the perturbation pressure (reference to the initial state)
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is composed of three parts: the thermodynamic pressure (p′θ =
cp
cv

p θ′

θ
), the density-related

pressure (p′ρ = − cp
cv

p α′d
αd

) and the moisture-related pressure (p′m = 1.61 cp
cv

pqv). Any factors
in the WRF model can influence the perturbation pressure as long as they affect the pertur-
bation potential temperature, perturbation density and moisture, such as diabatic heating
and cooling (according to the thermodynamic equation), divergence and convergence
(according to the continuity equation), and also moistening of the air. The perturbation
pressure calculated from Equation (7) is verified to be almost identical to the WRF-output
perturbation pressure. Therefore, we are able to decompose the perturbation pressure
into three parts. Figure 8 directly presents the pressure difference between 0710 UTC and
0750 UTC (pressures at 0750 UTC minus those at 0710 UTC) of each part. 

6 

Figure 7. (a) PGF_WRF, (b) B_WRF and (c) Net_WAη at 0710 UTC along 78.5◦ N (contours, unit:
10−3 s−1); (d–f) same as (a–c) but for 0750 UTC; (g) PGF_WRF difference, (h) B_WRF difference, and
(i) Net_WAη difference between 0750 UTC and 0710 UTC along 78.5◦ N. The shaded areas are radar
reflectivities. The red contours are the sum of mixing ratios of ice and cloud particles (0.05, 0.1, 0.2,
0.3, 0.4 values, unit: g/kg) to indicate the cloud. The “difference” means the fields at 0750 UTC
minus those at 0710 UTC. The colored boxes indicate the areas with evident differences between
0710 and 0750 UTC. The areas enclosed by the orange box, blue box and green box are, respectively,
the in-cloud area, the sub-cloud area and the boundary-layer area in front of the convection.
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Figure 8. (a) Difference of perturbation pressure between 0710 UTC and 0750 UTC (contours,
unit: hPa) along 78.5◦ N; (b) same as (a) but for p′θ ; (c) same as (a) but for p′ρ; (d) same as (a) but for
p′ρ + p′θ ; (e) same as (a) but for p′m. The shaded areas are radar reflectivities. The red contours are the
sum of mixing ratios of ice and cloud particles (0.05, 0.1, 0.2, 0.3, 0.4 values, unit: g/kg) to indicate the
cloud area. The “difference” means the fields at 0750 UTC minus those at 0710 UTC. The red thick
arrows indicate the direction of PGF due to the change in the corresponding perturbation pressure.

In Figure 8a, it can be found that the convective areas that we are concerned with
presented a decrease in perturbation pressure between 0710 UTC and 0750 UTC. Since
the pressure decrease in the boundary is not as large as that in the cloud, an upward PGF
change is induced (red arrow in Figure 8a), which is consistent with the PGF_WRF change
in Figure 7g.

p′θ shows a positive change in the cloud and a negative value in the boundary layer,
as indicated by the difference between 0710 and 0750 UTC in Figure 8b. It is related to an
in-cloud heating and a sub-cloud cooling during the cloud development, thus forming the
downward PGF change from 0710 UTC to 0750 UTC (red arrow in Figure 8b). For p′ρ, the
circumstance is inverse with a decrease in density (increase in specific volume) in cloud
and increase in density in the sub-cloud layer (decrease in specific volume), resulting in
an upward PGF difference (Figure 8c). However, the sum of these two terms induced a
downward PGF change in Figure 8d, representing a whole change in the PGF of the dry
air and opposite to the total change in PGF, as shown in Figure 8a. p′m presents an evident
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increase in the boundary layer (Figure 8e) from 0710 UTC to 0750 UTC, which thus induced
an upward PGF change. This upward PGF increment is a main source of the positive
PGF_WRF and Net_WAη in the sub-cloud layer at 0750 UTC in the nascent stage, which
indicates a significant and direct role of moisture concentration in the vertical accelerations.

The change in p′m is due to the moistening of the boundary layer (Figure 9a,b). The
moisture distribution and its flux around the focused cumulus are shown in Figure 9. From
0710 UTC to 0750 UTC, the moisture presents an evident increase by about 0.6 g/kg with
its vertical gradient enhanced (black boxes in Figure 9). The magnitude of the horizontal
water vapor flux shows a maximum near the surface layer at about 37.4◦ N, indicating
a strong moisture transportation by a boundary-layer jet which climbs up the mountain
(Figure 9e,f).

As indicated above, apart from the positive PGF_WRF change, the other factor con-
tributing to the sub-cloud acceleration is the near-zero change in B_WRF, which actually
highlights the positive PGF_WRF by diminishing negative effects by B_WRF. According
to Equation (6), this is likely to be related to µ′

d, which is further attributed to the di-
vergence as in Equation (4). Figure 9g–j presented both the two-dimensional (2D) and
three-dimensional (3D) wind divergence along the developing cumulous. For 2D diver-
gence, one can find the typical picture of low-level convergence superposed by mid-level
divergence, corresponding to an ascent. However, for the 3D divergence, the pattern is
nearly reversed with a low-level 3D divergence superposed by mid-level 3D convergence,
indicating a high compressibility property of the convective atmosphere. Moreover, a high
correlation of the 3D divergence pattern to the B_WRF difference in Figure 7h can be found
with 3D convergent areas mostly having large negative B_WRF differences, such as the
in-cloud layer and the boundary layer. In the sub-cloud layer where there is 3D divergence,
the B_WRF difference is weak positively. This is consistent with Equations (4)–(6), because
a 3D convergence tends to cause an increase in µ′

d, making a decrease in B_WRF; while a 3D
divergence can decrease the mass in the column, which can then increase the B_WRF, such
as in the sub-cloud layer. A minus of µ′

d at 0750 and 0710 UTC ( µ′
d

∣∣
0750UTC − µ′

d

∣∣
0710UTC,

green lines in Figure 9h,j) demonstrates the above result, as it shows a strong negative
value in the convective area.

The above analysis indicates a significant role of the moisture and the 3D divergence
to the nascent development of the cumulous before CI from the altitude of the vertical
accelerations. Different from the previous studies which emphasized the effect of moisture
on the buoyancy by heating the atmosphere through condensation, this study found that
in the WRF model, moisture can directly influence the vertical acceleration by PGF. Also
different from a common understanding of the role of the 2D convergence by concentrating
the moisture and affecting the lifting, it is found that 3D divergence is more directly related
to vertical acceleration.

4.3.2. The In-Cloud Decelerations to Inhibit the Convection Initiation

With a strong sub-cloud acceleration, it was anticipated that the convection could
rapidly develop deep to produce strong precipitation. However, as stated in Section 4,
despite the 35 dBz maximum radar reflectivity during the nascent stage, the cloud top
did not develop high to form deep convection until 0910 UTC. So, what did the cloud cell
encounter during the following hour after a favorable development at 0700–0800 UTC?
Figure 8f presents a relatively small positive or even negative Net_WAη within the cloud
which inhibits the upward development of the convection. A detailed understanding of
this negative Net_WAη is important because it influences the convection initiation time by
restraining the convection development.
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Figure 9. (a,b) Water vapor mixing ratio (shaded and black contours, unit: g/kg); (c,d) magnitude of
water vapor flux (shaded) and wind vectors of (v, w) (unit: m/s); (e,f) horizontal wind speed; (g,h) 2D
horizontal divergence (shaded, unit: 10−4 s−1) and wind vectors of (v, w) (unit: m/s); and (i,j) 3D
horizontal divergence (shaded, unit: 10−4 s−1) and wind vectors of (v, w) (unit: m/s) in the section at
0710 UTC (left column) and 0750 UTC (right column) along 78.5◦ N. The red contours are the sum of
mixing ratios of ice and cloud particles (0.05, 0.1, 0.2, 0.3, 0.4 values, unit: g/kg) to indicate the cloud.
The blue line in (e,f) is the free convection level, and the orange line is the condensation level. The
green line in (j) is the minus of the mass in column at 0750 and 0710 UTC ( µ′

d

∣∣
0750UTC − µ′

d

∣∣
0710UTC).



Atmosphere 2024, 15, 1406 17 of 28

Figure 10 gives a distribution of PGF_WRF and B_WRF along the cloud core at
0820 UTC through 76.6◦ E. A comparison of Figure 7d–f to Figure 10 shows that the
decrease in PGF_WRF in the cloud, which thus makes it smaller than the magnitude of
B_WRF, may be a main reason for the negative Net_WAη at 0820 UTC. Compared to B_WRF
near the cloud core at 0750 UTC, the negative B_WRF in Figure 10b at 0820 UTC presents
an increase from approximately −19~−17 s−1 (orange box in Figure 7e) to −19~−15 s−1

(orange box in Figure 10b), which cannot contribute to the negative Net_WAη (Figure 10c).
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Figure 10. (a) PGF_WRF, (b) B_WRF and (c) their sum for Net_WAη at 0820 UTC (contours,
unit: 10−3 s−1) along 78.6◦ N. The shaded areas are radar reflectivities. The red contours are the
sum of mixing ratios of ice and cloud particles (0.05, 0.1, 0.2, 0.3, 0.4 values, unit: g/kg) to indicate
the cloud.

To find the responsible factor, Figure 11 presents the perturbation pressure and its
components at 0820 UTC along the cloud core. A comparison of Figure 11e to Figure 8n at
0750 UTC shows that the sub-cloud p′m is sustainably increasing due to the greater moisture
accumulation in the boundary layer, thus further enhancing the upward PGF. However,
the sum of p′θ and p′ρ in Figure 11d presents an enhancement of downward PGF compared
to Figure 8k as the pressure contours near the cloud core become dense in the vertical
direction. Then, a comparison of Figure 11b,c and Figure 8b,e shows that this is mainly
related to a decrease in p′θ within the cloud, which is most evident at 4–5 km levels near
37.1–37.2◦ N (black box in Figure 11b). From the definition of p′θ , this is related to an
in-cloud decrease in θ′ from 0750 UTC to 0820 UTC, which is thus a main factor responsible
for the in-cloud negative Net_WAη or in-cloud deceleration at this time.

The temperature perturbation T′ corresponding to θ′ is shown in Figure 12. In
Figure 12a,b, one can find a relatively cold layer superposing on a warm boundary layer
below 6 km. The cloud core is becoming warmer than its surrounding area with the de-
velopment of the cloud from 0750 UTC to 0820 UTC with a cold cloud top. However,
compared to 0750 UTC, an evident temperature decrease is presented near the cloud core
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in the black box at 0820 UTC, corresponding to a descending flow and an in-cloud pressure
decrease (Figure 12b).

Atmosphere 2024, 15, x FOR PEER REVIEW 20 of 30 
 

 

 

Figure 11. (a) Perturbation pressure, (b) pθ′ , (c) pρ′ , (d) p pρ θ′ ′+ ; (e) mp′  at 0820 UTC along 78.6° 

N (contours, unit: hPa). The shaded areas are radar reflectivities. The red contours are the sum of 
mixing ratios of ice and cloud particles (0.05, 0.1, 0.2, 0.3, 0.4 values, unit: g/kg) to indicate the cloud. 

The temperature perturbation 'T  corresponding to 'θ  is shown in Figure 12. In 
Figure 12a,b, one can find a relatively cold layer superposing on a warm boundary layer 
below 6 km. The cloud core is becoming warmer than its surrounding area with the de-
velopment of the cloud from 0750 UTC to 0820 UTC with a cold cloud top. However, 
compared to 0750 UTC, an evident temperature decrease is presented near the cloud core 
in the black box at 0820 UTC, corresponding to a descending flow and an in-cloud pres-
sure decrease (Figure 12b). 

 

 

 

(a) (b) 

(c) (d) 

(e) 

Figure 11. (a) Perturbation pressure, (b) p′θ , (c) p′ρ, (d) p′ρ + p′θ ; (e) p′m at 0820 UTC along 78.6◦ N
(contours, unit: hPa). The shaded areas are radar reflectivities. The red contours are the sum of
mixing ratios of ice and cloud particles (0.05, 0.1, 0.2, 0.3, 0.4 values, unit: g/kg) to indicate the cloud.

From the vertical distributions of microphysical diabatic heating and divergence along
the same section, it is found that the cold temperature perturbation is caused by a mid-level
convergence area, which leads a descending of the mid- and upper-level cold, dry air
downward into the cloud. The descending appears in the negative Net_WAη areas between
two cloud centers, corresponding to a cooling associated with the evaporation and melting.
So why does the convergent descending just appear or pass over the developing cumulous?
Figure 13 displays the convergence distribution at 7 km height at the several times that are
concerned in the paper. In the 7 km height, we found a persistent convergence–divergence
dipole in the Tarim Basin, which is northeast–southwest oriented (dotted box). It is inter-
esting that this dipole has existed before the development of the focused cumulous, and
the focused convection just appears at the southwest end of the convergence belt, meaning
the mid-level convergence has influenced the convection ever since its very initial stage.
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It is after 0910 UTC that the mid-level convergence began to separate with the focused
convective as the formation of the deep convection. The convergence belt performs as a
cap over the cloud. It is difficult to predict when the “cap” can be taken off to make the
cloud develop vertically freely.
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Figure 12. (a) Perturbation temperature at 0750 UTC (shaded and contours, unit: K), (b) perturbation
temperature at 0820 UTC (shaded and contours, unit: K), (c) diabatic heating and cooling associated
with the microphysical process at 0820 UTC (shaded, unit: 10−3 K s−1), (d) the 2D divergence field at
0820 UTC (shaded, unit: 10−4 s−1) along 78.6◦ N. The red contours in (a,b) and black contours in
(c,d) are the sum of mixing ratios of ice and cloud particles (0.05, 0.1, 0.2, 0.3, 0.4 values, unit: g/kg)
to indicate the cloud. The vectors are the wind vectors of (v, w) (unit: m/s) in the current section.
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Figure 13. (a) The 2D divergence fields (shaded, unit: 10−4 s−1) and horizontal wind vectors (arrows,
unit: m/s) at 7 km height at 0750 UTC, (b) 0820 UTC, (c) 0910 UTC and (d) 0930 UTC. The purple
contours are 35 dBz radar reflectivity.

4.3.3. The In-Cloud Acceleration for Deep Moist Convection Formation

After a nearly two-hour nascent stage, the height of the cloud-top undergoes an
evident vertical expansion from 0900 to 1000 UTC, and deep convection is formed. From
the above analysis, and from the point view of a typical development picture of deep
convection, the CI process needs a large positive Net_WAη in the cloud to take off the “cap”
or to break its inhabitation. This condition is just satisfied from 0910 UTC, as shown in
Figure 8g–i, in which a strong positive Net_WAη appears both near the cloud top and the
low-level area.

Figure 14 presents a comparison of PGF_WRF, B_WRF and their sum at 0850 UTC
and 0910 UTC to reveal the mechanism of positive Net_WAη, especially those near the
cloud top, which obviously has a main contribution to the following upgrowth of cloud
height. In Figure 14a–c, at 0850 UTC, there is still a negative in-cloud Net_WAη because
the magnitude of the negative B_WRF is larger than the PGF_WRF. However, 20 min
later at 0910 UTC, in Figure 14d–f, the two positive in-cloud Net_WAη centers appear
(enclosed by the thick black lines). Meanwhile, a deceleration region characterized by
negative Net_WAη develops near the positive region (enclosed by the thick rose red lines).
From 0850 to 0910 UTC, PGF_WRF shows an evident increase all over the convective areas
with a larger increase in the boundary layers near the cloud base but an evident positive
increase center in the cloud top (Figure 14g). On the contrary, the B_WRF presents an
opposite change pattern with a larger decrease in the boundary layers and a very small-
value center in the cloud top (Figure 14h). From the sum of the PGF_WRF difference and
B_WRF difference in Figure 14i, it is easily found that the cloud-top and low-level positive
Net_WAη are due to the larger increase in the positive PGF_WRF, and the in-cloud negative
Net_WAη is attributed to the negative B_WRF.
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Figure 14. Same as Figure 7 except for the time of 0850 UTC and 0910 UTC. The “difference” means
the fields at 0910 UTC minus those at 0850 UTC. The area enclosed by the thick black line is the
positive Net_WAη area, while that enclosed by the rose red line is the negative Net_WAη area. “PGF”
is the pressure gradient force, and “B” is buoyancy.

Here, we focus on the in-cloud positive Net_WAη due to its most important effect
to CI. The difference in the perturbation pressure and its components between 0850 UTC
and 0910 UTC along the cloud core are shown in Figure 15. The perturbation pressure
presents a whole increase over the cloud area but with two increase centers, respectively,
near the cloud base over the surface ground and near the cloud top. The direction of PGF
caused by the change in perturbation pressure from 0850 UTC to 0910 UTC is indicated by
the red arrows in Figure 15a, which is consistent with the two positive centers of vertical
accelerations.

p′θ (Figure 15b) has an evident increase in the cloud core and a strong decrease in the
boundary layer, which is mainly related to the diabatic heating (condensation) and cooling
(melting) (Figure 16a,b). The structure of p′θ is consistent with our general understanding
that the diabatic heating due to the moisture condensation or other microphysical processes
is a basic process for the formation of DMC, because it makes the convective atmosphere
less dense or hotter than the surrounding area. However, from the attitude of the pressure,
lighter air means lower pressure. Similar to the previous time, as shown in Figure 15c,
p′ρ mostly presents an opposite pattern to p′θ . The sum of these two pressures still caused
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a downward PGF change both over the cloud top and in the lower levels as shown in
Figure 15d. Naturally, the significance of p′m on the upward PGF_WRF and thus the in-
cloud positive Net_WAη is prominent. In Figure 15e, p′m presents an evident increase in
the boundary layer and in the cloud area, displaying a main contribution to the pressure
and pressure change in Figure 15a.
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Figure 16c,d present distributions of water vapor mixing ratio along the same section
as in Figures 14 and 15 at 0850 and 0910 UTC. In Figure 16, one can find an evident increase
in moisture in the convective areas in 20 min with a noticeable bulge of qv contours over
the convective atmosphere. The water vapor mixing ratio in the sub-cloud boundary layers
increases from 7.2 g/kg at 0850 UTC to 9.0 g/kg at 0910 UTC. It is interesting that this value
is consistent with the conventional values of the magnitude of the water vapor mixing
ratio for most heavy rainfall cases in north China. Recalling the whole process of CI for
the focused convection from 0600 UTC, there is a conveying and gathering of the moisture
accompanying the entire CI process, indicating the remarkable role of moisture for the
extreme precipitation in dry areas. In addition, the above analysis is also different from the
traditional view about CI; it illustrates the reason the moisture must reach a certain amount
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to support the development of deep convective clouds. The cloud needs the pressure
gradient force caused by the gradient of moisture to provide a positive force to resist the
negative force in both the lower levels and cloud-top levels. 

8 

 
Figure 16. (a,b) Diabatic heating and cooling associated with the microphysical process (shaded,
unit: 10−3 K s−1); (c,d) water vapor mixing ratio (shaded and black contours, unit: g/kg) in the
section at 0850 UTC (left column) and 0910 UTC (right column) along 78.8◦ N. The black contours in
(a,b) and red contours in (c,d) are the sum of the mixing ratios of ice and cloud particles (0.05, 0.1, 0.2,
0.3, 0.4 values, unit: g/kg) to indicate the cloud. The purple contours are 35 dBz radar reflectivity.

The process associated with the moisture transport and accumulation is shown in
Figure 17. In Figure 17a,e, a northwesterly wind blowing toward the Kunlun Mountain
appears in the presented area, which was formed by the anticlockwise rotation of the
easterly wind in the Tarim Basin as in Figure 2b. The wind was accelerated to about
12 m/s and formed a barrier jet while converging with the northwest-southeast-oriented
high terrain. It was evidently shown that the convection has a close relationship with the
interaction of the jet and small-scale terrain in which there is convection development or
enhancement where the large wind belt reached. The colored tringles indicated four small
ridges in Figure 17a. Figure 17e–g present that during the whole initiation process of the
focused convection, it strengthened each time it meets the small-scale ridge as indicated in
each of the black boxes in Figure 17b–e. Then, after 0930 UTC, the head of the jet separates
from the focused jet, but it initiates another convection with the ridge in the purple tringle
area. The water vapor corresponding to the jet is shown in Figure 17f–j, which also clearly
presents how the moisture front accompanying the jet interests the terrain and accumulates
to a small moisture pool due to the small-scale terrain after 0850 UTC at Figure 17i–j. It
was approximately from that time that the height of the cloud began to enlarge to form
deep convection.
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Figure 17. Horizontal wind speed (left column, shaded, unit: m/s) and water vapor mixing ratio (right
column, shaded and contours, unit: 10−3 g Kg−1) at 2 km height at (a,b) 0610 UTC, (c,d) 0700 UTC,
(e,f) 0800 UTC, (g,h) 0850 UTC, and (i,j) 0930 UTC. The white, purple and red contours, respectively,
represent the 10, 35 and 50 dBz radar reflectivity. The arrows are wind vectors. The black box
indicates the location of the focused convection. The colored tringles indicate the small-scale ridges.
The thick arrow in (a,b) indicates the moving direction of the topographic clouds.

5. Conclusions

In the above sections, we gave a detailed analysis on the characteristics of verti-
cal accelerations and the physical processes associated with the accelerations during an
extreme-rainfall producing deep convection formation in the most dry areas of China.
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Although it is vertical velocity that is responsible for the air transport in the cloud, here
we analyze vertical accelerations because a strong vertical velocity for deep convection
formation inevitably needs a process of accelerations. Different from the usual criterion
for deep convection such as radar reflectivity larger than 35 dBz and mid-level vertical
velocity larger than 1 m/s, we focus on the cloud-top height, which is partly because of the
very-high terrain in the Kunlun Mountain in southern Xinjiang and the large difficulty of
forming deep convection in such dry areas. Also, we hold the view that the lifting of the air
passing the free convection level is just a first step in the deep convection formation. When
and where the deep convection is formed largely relies on the possible processes it may
experience in the cloud.

It is found that the formation of the large-rainfall producing convection cell has three
prominent accelerations: the sub-cloud acceleration, the in-cloud deceleration and the
cloud-top acceleration. The sub-cloud acceleration was responsible for accelerating the
transport of the boundary-layer moist air into the cloud. It may be the very first signal
indicating the cloud will go into a rapid development stage. The in-cloud deceleration
inhabits the upward development of the convection, which just explains why the unstable
air parcel is lifted passing LFC but does not form deep convection. It largely postpones the
formation time of deep convection. The cloud-top acceleration contributes to the transition
of shallow convection to deep convection by accelerating the vertical motion in the upper
part of the cloud.

Different from the previous study which focus on the contributions of the vertical
gradient of dynamic perturbation pressure and effective buoyancy (a sum of buoyancy and
processes associated with buoyancy vertical gradient) to vertical motions, we directly use
the framework of vertical acceleration in the WRF model, finding the key ingredients that
promote the deep convection formation in the model. Therefore, although the PGF_WRF
and B_WRF are used, they are different from the traditional understanding of PGF and
B because they are relative to the initial fields of the model instead of the so-called base-
state environment for convection. We use a linear diagnostic relation for perturbation
pressure to find the key ingredients. The diagnostic perturbation pressure shows that
any change in perturbation pressure is highly determined by the thermodynamic factors
such as perturbation potential temperature, specific volume and moisture. It is found
that both PGF_WRF and B_WRF contribute to the upward sub-cloud acceleration. They
are, respectively, related to an accumulation of moisture in the sub-cloud layer and a
three-dimensional divergence. Moisture is not a decisive factor for cloud development
because most parts of the low-level jet have high water content. But the upward PGF_WRF
associated with moisture offsets the possible negative effects caused by the heating (or
cooling) and density change for cloud development in the WRF model. In addition, it is
found that three-dimensional divergence in the sub-cloud boundary layer is quite favorable
for the rapid development of cloud because it needs a rapid upward transport of moist air
out of the sub-cloud layers considering the horizontal convergence in those areas, that is,
∂w/∂z > −(∂u/∂x + ∂v/∂y).

The in-cloud deceleration is mostly related to a mid-level downward cold air, which is
entrained into the cloud and causes the downward change in PGF_WRF due to diabatic
cooling. It is found that the downward cold air was due to a mesoscale mid-level conver-
gence area, which has no evident direct relation to the main weather systems of the studied
case. However, it does greatly delay the formation of the deep convection by decelerating
the vertical motion.

The acceleration pattern during the formation of deep convection is more complex
than its nascent stage with both accelerations in the cloud-top and boundary layers and
decelerations on the cloud edges. But the cloud-top acceleration shows a central influence
which moves the cloud-top upward. It shows that the moisture-related pressure contributes
mostly to the cloud-top acceleration, which actually demonstrates the importance of mois-
ture structure to the cloud development in the WRF model. Thus, in the dry areas in
southern Xinjiang, once the cyclonically rotated low-level strong wind belts encounters
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the small-scale ridges that are favorable for the local rapid concentration of moisture, deep
convections obtain evident development.

From the study, we may obtain several tips for the prediction of extreme weather in
advance. There are some signals from the very beginning of deep convection development.
The most evident is the change in the boundary layer that a positive three-dimensional
divergence may activate the rapid upward development of deep cloud. Under a scan
of wind-profile radars, this may be observed before convection. The upward air can be
decelerated by unexpected high-level cold air, which is a factor that may change the time
and location of convection initiation. It may be caused by small-scale processes and is
possibly the most difficult factor for CI forecast, because there have not been effective
tools to observe and measure the possible mid-level as unfavorable. Then, finally, the
zigzag trend of the mountains should be noticed. This small-scale changes of terrains may
strengthen the convection by converging the moisture.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/atmos15121406/s1, Figure S1: Model domain for the
simulation superposed by the terrain height (unit: km); Figure S2: The 6-h accumulated precip-
itation from the CMORPH and WRF simulation: (a,c) 0600-1200 UTC; (b,d) 1200-1800 UTC. The
black tringle marked the observed extreme precipitation center of CMORPH; Figure S3: Vertical
cross sections of (a) simulated radar reflectivity (shaded, unit: dBz) and vertical velocity (contours,
unit: m/s); (b) dw/dt calculated with the left-hand side of Equation (1) in height coordinate, namely
∂w/∂t + v·∇w, in which ∂w/∂t is calculated with vertical velocity in 10-min interval; (c) WRF output
Net_WAη without interpolation to height coordinate; (d) Net_WAη calculated with the right-hand
side of Equation (1) using the WRF output fields interpolated to height coordinate; (e) same as (d) but
calculated with the right-hand side of Equation (2) with an average over a small-region as the base
(34.6–40.6 ◦N, 76–82.9 ◦E); (f) Net_WAη calculated with the WRF output fields in η coordinate with
the right-hand terms of Equation (3); (g) same as (c) but interpolated into height coordinate. All
the units of (b–g) is 10−3 s−1 and all the pictures are along the cloud core at 78.8◦ E at 0900 UTC,
15 June 2021. The black contours in (b–g) is mixing ratios of cloud and ice particles (0.05, 0.1, 0.2,
0.3, 0.4 values, unit: g/kg), representing the cloud area. The purple contour in (b–g) is 35-dBz
radar reflectivity.
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