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Abstract: The impacts of different moisture profiles on the structure and vertical motion of squall lines were
investigated by conducting a set of numerical simulations. The base state was determined by an observational sounding,
with high precipitable water representing moist environmental conditions in the East Asian monsoon region. To reveal
the impact of moisture at different levels, the moisture content at the middle and low levels were changed in the
numerical simulations. The numerical results showed that more convective cells developed and covered a larger area in
the high moisture experiments, which was characteristic of the convection during the Meiyu season in China. In addition,
high moisture content at low levels favored the development of updrafts and triggered convection of greater intensity.
This was demonstrated by the thermodynamic parameters, including Convective Available Potential Energy (CAPE),
Lifted Index (LI), Lift Condensation Level (LCL), and Level of Free Convection (LFC). Dry air at middle levels led to
strong downdrafts in the environment and updrafts in clouds. This could be because dry air at middle levels favors the
release of latent heat, thereby promoting updrafts in clouds and downdrafts in the environment. Therefore, high relative
humidity (RH) at low levels and low RH at middle levels favors updrafts in the cloud cores. Additionally, moist air at
low levels and dry air at middle levels promotes the development of convective cells and the intensification of cold pool.
The squall line can be organized by the outflow boundary induced by cold pool. The balance of cold pool and
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environmental wind shear is favorable for the maintenance and strengthening of squall lines.
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1 INTRODUCTION

In China, mesoscale convective systems (MCSs)
often induce heavy precipitation, thunderstorms, high
winds, and hail in large areas (Chen et al.['l; Yang et
al. @ Li et al.B). However, it is difficult to predict
MCSs accurately because their initiation and
development mechanisms are yet to be understood fully
(Zheng et al. ¥; He et al. P); Houze ). Among MCSs,
squall lines have attracted much attention because of
their organized nature and the severe weather they
induce (Liang and Sun l; Meng and Zhang ©¥; Meng et
al. 1% Zheng et al. 'l; Yang and Sun ). Although
many studies have investigated various aspects of squall
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lines in certain specific regions of the world, few have
investigated the environmental conditions that favor
squall lines in China. However, the environments for
development and evolution of squall lines are diverse in
various climate regions.

Given the warm and moist air in the East Asian
monsoon  region  (Tao '), the environmental
characteristics of squall lines differ considerably from
those in North America (Meng et al.['”; Zheng ['!]).
Many studies have investigated the environmental
moisture of squall lines in North America (Bluestein and
Jain"¥;  Klimowski '3;  Parker and Johnson ['%]),
demonstrating that the precipitable water (PWAT) is 20—
35 mm, which is consistent with the dry-environment
cases in central east China (Zheng et al. '), However,
most squall lines are characterized by high PWAT (~60
mm) in southern China (Meng and Zhang ®!; Meng et
al. PY) and central east China (Meng et al. '"l; Zheng et
al. "), A major difference between the dry and moist
cases is the severe weather events that they bring. The
MCS-induced severe weather differ significantly
between dry and moist environments. High winds and
hail events are observed mainly in dry environments,
whereas short-term intense precipitation occur more
frequently in moist environments (Zheng et al. '), In
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addition, the synoptic and surface circulations that
trigger MCSs are different in dry and moist
environmental conditions (Zheng and Sun!”). Tt is
therefore necessary to investigate the impacts of
moisture on squall lines in the East Asian monsoon
region (in the present study, we focus on east China) and
the mechanisms behind those impacts.

Many studies have investigated the impacts of
moisture on MCSs. Weisman and Klemp !# (hereinafter
WKZ82) demonstrated that the moisture at low levels has
a considerable impact on the convective available
potential energy (CAPE). Other observational and
numerical results have shown that dry air has a
significant impact on the strength of MCSs. Dry air
conditions at middle levels lead to strong downdrafts,
producing high surface winds and cold pools (Zipser ['*);
Ogura and Liou %), Observational studies have verified
the results and have suggested the associated mechanism
(Lu et al. 1), namely that lower relative humidity (RH)
attenuates entrainment by increasing the buoyancy in the
cloud cores and by strengthening the downdrafts near
the cloud cores. However, some studies believed that dry
air at middle levels accelerates the evaporation of
precipitation parcels in convection, which is unfavorable
for the development of cumulous convection (Brown
and Zhang ?; Redelsperger *1; Ridout ?¥; Takemi ),
These studies focused mainly on the impacts of moisture
on MCSs in either dry or tropical environments.
However, the impacts of moisture on MCSs, especially
squall lines, in eastern China remain to be investigated.

Some studies focused on how the moisture profile
affects the evolution and organization of squall lines
(Takemi 2281 hereinafter T06 %1, T07a ), and T14 2%,
respectively). T06 %1 and TO07a " suggested that
moister conditions in the boundary layer are more
favorable for squall line strength increase than moister
conditions above the boundary layer do, as long as the
overall available column moisture is similar. The
moisture profiles used in Takemi %, Takemi "), and
Takemi ¥ were determined mostly based on analytical
sounding (WK82 !8)),  which represented typical
conditions for convective storms over the continental
plains of the United States. However, as is well known,
the environmental conditions in China differ from those
in the United States. Therefore, the effects of
environmental moisture on the structure and intensity of
squall lines, especially based on observations in China,
need to be investigated. Squall line is a special subset of
MCSs. How the MCSs line up is an issue being studied
for a long time. Many previous studies have investigated
the important roles of boundary convergence line on the
initiation of convection, especially for squall lines
(Carbon et al.®); Zhang et al.BY%). Boundary
convergence lines include cold front, dry line, sea-land
wind convergence zone, outflow boundary (gust front)
and convergence zone caused by inhomogeneous spatial
distribution of surface characteristics such as soil

moisture (Wilson and Schreiber BY; Wilson et al. 1),
Additionally, many studies investigated squall line
related to tropospheric shear (Parker and Johnson [
LeMone et al. ®%; Johnson et al.*). The relationship
between squall line and environmental shear is complex.
Some squall lines are parallel to the shear, while others
are perpendicular (Johnson et al. B4).

In addition, many simulated studies have revealed
that the role of vertical wind shear is one of the
important ingredients in the squall line dynamics
(Rotunno et al. % Weisman et al.P%; Fovell and
Ogura 7). Zheng and SunP* demonstrated that
changing the vertical wind shear in the entire layer had
the greatest impacts on the intensity and organizational
mode of MCSs in eastern China. Therefore, the
remaining question is how the squall lines sustain.
There is an influential theory known as Rotunno-Klemp-
Weisman (RKW) theory (Rotunno et al. B%;
Weisman B; Weisman and Rotunno ). The theory is
that in the balance of horizontal vorticity induced by
environmental shear and cold pool, the squall lines can
sustain.

The impacts of the vertical distribution of moisture
on MCSs will be discussed in the present paper. The
purpose of the present study is to investigate the
sensitivity of the initiation and vertical motion of squall
lines to the vertical profile of moisture in eastern China.
We conduct a set of idealized numerical experiments on
squall lines under conditions with various vertical
profiles of moisture using a non-hydrostatic model at a
convection-resolving resolution. In section 2, we
introduce the numerical model and the design of the
moisture profiles in each experiment. The results of the
experiments are discussed in section 3, and finally, the
conclusions and discussions are given in section 4.

2 NUMERICAL MODEL AND EXPERIMEN-
TAL DESIGN

The atmospheric model used in the present study
was a version of the Weather Research Forecasting
(WRF) model, namely the Advanced Research WRF
(ARW) model (version 3.3), which was a non-
hydrostatic compressible atmospheric model. The
numerical experiments were configured for an observed
sounding with idealized numerical experiments. The
idealized experimental design used in the present study
followed that of Weisman and Rotunno % T06 [,
T07a 2, Takemi ! (hereinafter TO7b ), Takemi [+?]
(hereinafter T10), and TI142.  The idealized
experiments were configured with no Coriolis force, no
surface fluxes, and no atmospheric radiation. The
microphysics scheme was the Lin scheme, which was a
sophisticated scheme that integrated ice, snow, and
graupel processes. The grid spacing in the numerical
experiments was 2 km in the horizontal direction and 41
levels in the vertical direction. The computational
domain was 360 km (east-west, referred to as the x-axis)
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by 360 km (north-south; y-axis) by 18 km (vertical; z-
axis). The boundary conditions were open at the east,
west, south, and north boundaries. The lower boundary
was free slip while the upper boundary was rigid, with a
Rayleigh-type dumping layer imposed at the upper 5 km
layer, in accordance with T14 2%,

The East Asian summer monsoon brings warm and
moist air from the Indian and Western Pacific Ocean to
east China (Tao [¥); short-term intense precipitation
events tend to be associated with PWAT greater than 50
mm (defined as a moist environment), whereas PWAT
less than 50 mm (defined as a dry environment) favors
the generation of high winds and hail events (Zheng et
al. "), Numerical experiments were conducted on a
squall line that developed in dry environment and
produced high winds and hail which occurred from June
3 to June 4, 2009 in the Henan, Anhui, and Jiangsu
provinces of China (Sun et al. ™). The results of that
study showed that linear MCSs and high winds tended to
occur when the mid-level air was dry and there was
moist air at low levels.

To investigate the impacts of vertical distribution of
moisture on the intensity, development, morphology, and
vertical motion of MCSs in moist environments, a
sounding in a moist environment was selected with
which to perform idealized simulations. The base state
was determined by using the observed sounding from
Jinan station in Shandong province at 0000 UTC August
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8, 2010 modified by the surface temperature from
Lingxian County station observed at 0600 UTC,
hereinafter referred to as the modified sounding (Fig.
la). This modified-sounding technique was based on
Johnson and Bresch *, Pan et al. ®l. The modified
sounding was characterized by high CAPE (4471 J kg™")
and PWAT (68 mm) and high moisture at low levels
(PWAT= 32 mm for heights of 1.5 km down to the
surface). This sounding for all the experiments
represented the major characteristics of the moist
environmental conditions (Table 1 in Zheng et al. ['!),
High hourly precipitation (102 mm) was observed near
Lingxian County station during 2200-2300 UTC August
8, 2010 (figure not shown).The observed rainfall amount
from 1200 UTC on 8 August to 0300 UTC on 9 August
2010 are shown in Fig. 2.

In accordance with the WKS82 [ sounding, the
disturbance in the experiments was a warm bubble
located at the center of the model region, 1.5 km above
the surface, and with a horizontal diameter of 10 km and
a vertical diameter of 1.5 km. In other words, the center
of the bubble was located 1.5 km above the surface. The
temperature perturbation of the bubble was calculated
(when B<1) by

AT = T, X cos* (Bm/2), (1)
where 7,=3K is the amplitude of the temperature
perturbation and
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Figure 1. (a) The skew-T diagram of the modified sounding data from Jinan station at 0600 UTC, 8 August 2010; (b, c, d) The verti-
cal profiles of specific humidity (units: g kg-1) in the PWAT experiments, where the dew point profile was changed over (b) the

whole levels, (c) at low levels, and (d) at middle levels.
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where x,=y,=10km and z,=1.5km are the diameters of the
bubble and (x,, y., z.) are the coordinates of its center.
Various moisture profiles were used in the
experiments by changing the dew-point profile while the
temperature profile remained unchanged. One reference
experiment (CTRL) and nine experiments (PWAT) were
conducted (Table 1). The dew-point profile was changed

at all levels (Fig. 1b), at low levels (surface-1.5 km, Fig.
Ic), or at middle levels (3—6 km, Fig. 1d). The specific
method is to set a precipitable water value, change
(increase or decrease) the dew point uniformly at the
specified levels (eg. 3—6 km or surface—1.5 km) while
keeping dew point at other levels not changing. Increase
in the moisture content at all or low levels led to an
increase in CAPE (Table 1), also shown in WK82 "8 and
T07a 7. By contrast, the thermodynamic parameters
changed either a little or not at all when the moisture
content was changed at middle levels (Table 1).

Table 1. The configurations (PWAT) and thermodynamic parameters of the CTRL and precipitation water (PWAT) experiments.

Experiments PWAT (mm) MUCAPE  MUCIN LI LCL LEC ..
Whole levels Surface-1.5km  3-6 km (kg™ (Jkg™) (XK) (m) (m)

CTRL 66 32 13 4659 5 9 767 1032 66
PWAT 68 68 33 16 5149 4 9 703 939 68
PWAT 62 62 30 14 3863 8 -8 882 1214 62
PWAT 55 55 26 12 2448 15 ~6 1110 1588 55
PWAT B68 68 34 13 5541 3 -10 652 861 68
PWAT B62 62 28 13 2855 13 ~6 1035 1555 62
PWAT BS55 55 21 13 1148 78 -3 2243 2806 55

PWAT M68 68 32 15 4652 5 -8 767 1032 68
PWAT M62 62 32 9 4712 5 9 767 1032 62
PWAT MS5S5 55 32 2 4774 5 9 767 1032 55

Notes: MUCAPE, most unstable convective available energy; MUCIN, most unstable air parcel convective inhibition; LI, lifted in-

dex; LCL, lift condensation level; LFC, level of free convection.

3 RESULTS

3.1 Structure and intensity of squall lines

The characteristics of the structure and intensity of
squall lines under different moisture profiles are
investigated. The PWAT 55 and PWAT BS55
experiments failed to trigger convection during the
simulation time period because of a weak unstable
stratification at low levels, with a high level of free
convection (LFC) and large most-unstable convective
inhibition (MUCIN) of air parcels (Table 1).
Consequently, the figures of those two experiments will
not be shown in the follows. In the other experiments,
convective cells that developed from the warm bubble
generally became linearly organized (standard defined
by Zheng et al. ') after 2 h of simulation, and linear
systems oriented in the northwest-southeast direction
developed after 4 h of simulation (figure not shown).

Composite radar reflectivity was used to
demonstrate the structure of the squall lines. Fig. 3
shows the radar reflectivity at 5 h (the mature stage of
convection) from the initial time of all experiments,
except for PWAT 55 and PWAT B55. More or / and
larger convective cells developed in the high-moisture
experiments (i. e., PWAT 68, PWAT B6§, and
PWAT M68) than in the low-moisture experiments (i.e.,

PWAT 62, PWAT B62, PWAT M62, and PWAT MS55).
However, it is meaningful to compare similar PWAT
experiments. Among the experiments with PWAT=
62 mm (i.e., PWAT 62, PWAT _M62, and PWAT B62),
the convection intensity was the strongest and the
convectional area was the largest in PWAT M62. This
demonstrates that the intensity of convection is more
sensitive to vertical distribution of moisture at low
levels. Few studies have focused on the impacts of
moisture profile on the intensity of convection, with the
same PWAT over the whole levels. The present study
demonstrates that the intensity of convection is sensitive
to both the vertical distribution of moisture and the
PWAT over the whole level.

As a measure of the intensity of squall lines, the
vertical velocity at 3 km AGL at 5 h simulation time is
shown in Fig. 4 for the PWAT experiments. The vertical
velocity was relatively strong in the high moisture
experiments (PWAT 68, PWAT M68, and PWAT B68)
compared with the corresponding low moisture
experiments (PWAT M55, PWAT M62, PWAT 62 and
PWAT B62). The vertical velocity was the strongest in
PWAT B68, and weakest in PWAT B55 (not shown).
The results indicate that the intensity of squall lines
appeared more sensitive to moisture at low levels
because of CAPE, lift condensation level (LCL) and
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LFC (Table 1), which then affected the intensity of
squall lines. This is consistent with WK82 [8,

The comparison among experiments with different
PWAT was consistent with some studies (Brown and
Zhang 1?2; Redelsperger et al. **!; Ridout **; Takemi et
al. ®), but inconsistent with other studies (Zipser [");
Ogura and Liou P%). However, it is meaningful to
compare similar PWAT experiments. Few previous
studies focused on comparing the impacts of the
moisture profile on convection, but kept the PWAT over
the whole level constant. Among the experiments with

PWAT 62 mm, the vertical velocity in PWAT M62 was
stronger than that in PWAT B62 (Fig. 4), indicating that
the intensity of the squall lines was less sensitive to
moisture at middle levels, and the moisture at low levels
had the greatest impacts. Among the experiments with
PWAT 68 mm, the vertical velocity was stronger in
PWAT B68 than in PWAT M68, which indicated that
stratification, with moist conditions at low levels and dry
conditions at middle levels favored stronger convection
intensities.
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Figure 2. The observed rainfall (units: mm) from 1200 UTC on 8 August to 0300 UTC on 9 August, 2010.

Table 2. The 0-6 km wind shear, height and intensity of cold pool for PWAT B68 and PWAT M68 experiments.

Height of cold pool (km) Intensity of cold pool (m s™) 0-6 km wind shear (m s™")
PWAT M68 1.1 13 16
PWAT B68 1.3 16 16

3.2 Updraft speed and precipitation intensity

The updraft speed and precipitation intensity were
calculated to demonstrate how the moisture profile
affects squall lines, as done previously (Weisman et
al. B%; Weisman and Rotunno *”; McCaul et al. [);
TO07a2; TI10 "%, TI1412%). The mean and standard
deviations of the model outputs for the areal maximum
updraft speed and the maximum precipitation intensity
were calculated statistically from 2 h to 12 h of the
simulation period (Fig. 5a, b). The maximum updraft
speed (Fig. 5a) was relatively large in the high-moisture
experiments (i. e., PWAT 68, PWAT M68, and
PWAT B68) and relatively small in the low-moisture
experiments (i.e., PWAT M55, PWAT 62, PWAT M62,
and PWAT B62).The maximum updraft speed was most

sensitive to moisture at low levels, as demonstrated by
PWAT B62 and PWAT B68, which is consistent with
the reflectivity intensity analyses in section 3.1. Because
changes in the moisture content at low levels had the
greatest impacts on the thermodynamical parameters,
CAPE, LI, LCL, and LFC differed greatly between
PWAT B62 and PWAT B68 (Table 1).

The vertical distribution of the areal maximum
updraft speed is shown in Fig. 6a, demonstrating that
updraft speed was generally the strongest in PWAT B68
followed by PWAT 68 and CTRL, and weakest in
PWAT B62 (Fig. 6a). This distribution indicates that
there were large differences in the updraft speed at 7-11
km above ground level (AGL) among different
experiments, where the largest updraft speed was located
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Figure 3. The composite radar reflectivity (units: dBZ) of the CTRL and precipitation water (PWAT) experiments at 5 h.
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and where Seeley and Romps ¥ suggested that the
buoyancy was the strongest. The proportional areal
coverage of updraft was calculated as the number of grid
cells with an updraft speed greater than or equal to 1 m
s! divided by the total number of grid cells simulated.
The areal coverage of updraft was the greatest in the
high-moisture experiments (i. e., PWAT 68 and
PWAT B68) above 2 km AGL, and the areal coverage of
updraft in PWAT M68 was less than those in PWAT 68
and PWAT B68 (Fig. 6b). This indicates that high
moisture at low levels favors the initiation of
convection. The wupdraft speed was stronger in
PWAT B68 and PWAT M62 than that in PWAT M68
and PWAT B62, respectively (Fig. 6a), thereby
indicating that moisture concentrated at low levels (Fig.
Ic, d) favors the development of convective updraft.
Corresponding to the updraft speed, the maximum
precipitation intensity (Fig. 5b) was relatively large in

the high-moisture experiments (i. e., PWAT 68,
PWAT M68, and PWAT B68) and relatively small in
the low-moisture experiments (i. e., PWAT MS5S5,
PWAT M62, PWAT 62, and PWAT B62). Under
similar CAPE and high-PWAT conditions (i.e., PWAT _
68, PWAT B68, and PWAT M68; Table 1), the
precipitation intensity was roughly the same. The largest
differences in areal maximum precipitation were those
between PWAT B68 and PWAT B62 (Fig. 5b). These
results are consistent with T10 ™21, which demonstrated
that the maximum precipitation intensity was regulated
by moisture in the tropospheric lower layer. In general,
the stability of the atmosphere was affected most by
moisture at low levels. The moisture content at low
levels had a significant effect on the updraft speed,
which in turn had large impacts on the initiation of
squall lines and on their intensity and precipitation.
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Figure 5. The mean (boxes) and standard deviation (bars) of (a) the maximum updraft speed, (b) the maximum precipitation intensi-
ty, and (c) the maximum downdraft speed, across the computational domain from 2 to 12 h for each numerical experiment.
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3.3 Downdraft speed

The downdraft speed was investigated to show the
impacts of moisture profiles on squall lines, because
there are different views on how dry air at middle levels
affects the convection intensity, as mentioned in section
1.Fig. 5¢ shows the mean and standard deviation of the
areal maximum downdraft speed, averaged over the
simulated domain from 2 to 12 h of the simulation
period. Generally, the downdraft speed was strong in the
high-moisture ~ experiments  (i. e., PWAT 68,
PWAT M68, and PWAT B68) and weak in the low-
moisture experiments (i. e., PWAT 62, PWAT M62,
PWAT B62, and PWAT MS55) (Fig. 5¢). The downdrafts
were the strongest in PWAT M55 among the low-
moisture experiments and in PWAT B68 among the
high-moisture experiments. This indicates that dry air at
middle levels and moist air at low levels can lead to
stronger downdrafts. In particular, the maximum
downdraft speed was larger in PWAT M55 than in
PWAT M62, which indicates that the strength of
downdraft velocity was not only affected by PWAT,
especially with drier conditions at middle levels. Fig. 5¢
shows the maximum downdraft, which can be located at
different levels, thereby making it necessary to
investigate the downdraft profiles.

The vertical profiles of maximum downdraft speeds
and their areal coverage are shown in Fig. 6c¢c, d,
respectively. The maximum downdraft speeds located at
3-4 km AGL, resulting in the maximum areal coverage
at 2-3 km AGL. The downdraft speed and its areal
coverage dropped sharply below 3 and 2 km AGL,
respectively. The downdraft speed is not only affected
by PWAT, but also by the profile of specific humidity.
For a given PWAT, the downdraft speed was the largest
in PWAT B68 and smallest in PWAT M68 in the high-
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moisture experiments but the largest in PWAT M55 and
the smallest in PWAT B62 in the low-moisture
experiments. The profile of specific humidity showed
moist middle levels with dry low levels in PWAT M68
and PWAT B62 and dry middle levels with moist low
levels in PWAT B68 and PWAT M62 (Fig. lc, d).
Therefore, the results indicate that an environment with
dry middle levels and moist low levels favors higher
downdraft, especially so for the dry middle levels (e.g.,
PWAT MS55). Moreover, the maximum downdraft speed
in PWAT M55 was located at lower levels (2-3 km
AGL) than that in PWAT B68 (3-4 km AGL), and
below the maximum height the downdraft speed
decreased more slowly in PWAT_MS55. This indicates
that a dry environment favors downdrafts being
sustained at middle-to-low levels, which may be a
reason for the associated high surface wind.

4 THEORETICAL DISCUSSION

4.1 Impact of sensible heat and latent heat on buoyancy

We have shown that moisture located at low levels
favors the development of convective updrafts, while
dry air at middle levels favors downdrafts being
sustained at middle-to-low levels. Lu et al. ?lsuggested
that positive correlations existed between cloud
buoyancy and W, (W in the cloud cores, hereinafter
referred to as updraft). In addition, a larger downdraft
(more negative W,) corresponds to a larger updraft,
which may be related to the coherent structures or
internal circulations between updrafts and downdrafts
(Park et al.™; Sherwood et al. ). Buoyancy is a
physical parameter that reflects the updraft intensity in
cumulus clouds (Lu et al. !5 namely
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Figure 6. The temporally averaged vertical profiles of (a) the maximum updraft speed, and (b) the fractional area of updraft, (c) the
maximum downdraft speed and (d) the fractional area of downdraft, from 2 to 12 h for each numerical experiment.
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where g is the acceleration due to gravity and T, is the
virtual temperature (Wallace and HobbsP), and T, =

T(l + 0.608(1,,). Here, T, is the maximum temperature

in cloud and T, is the average temperature of a 20 km x
20 km area located 40 km away from the edge of the
cloud core where there is no contamination due to
convection.

As shown in Fig. 7a, the buoyancy below 3 km
AGL was the largest in PWAT B68, while the buoyancy
at 3-6 km AGL was the largest in PWAT MS55. Being
consistent with Lu et al. D% negative correlation
between buoyancy and RH in the middle levels of
troposphere was verified in PWAT M55, PWAT M62,
and PWAT M68. RH affects cloud buoyancy through its

18 000

[

impacts on the evaporation rate of cloud droplets, and
then the lower temperature in environments affects the
cloud buoyancy (Lu et al. P). By contrast, buoyancy
and RH at tropospheric low levels have positively
correlations, and this may because of that buoyancy
energy, such as CAPE (Table 1) increases with low-level
moisture, which is also demonstrated by TO061. The
vertical profiles of buoyancy demonstrated that high RH
at low levels and low RH at middle levels favor updraft
in the cloud cores. Consequently, low RH at middle
levels favors high downdrafts in environments, which is
suggested by the mechanism of coherent structures or
internal circulations between updrafts and downdrafts
(Park et al. “8); Sherwood et al. [*),
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Figure 7. Vertical profiles of (a) buoyancy, and parcel-environment differences of (b) latent enthalpy (blue lines) and sensible heat

(red lines) for 5h integration of each numerical experiment.

The mechanism of RH at middle levels negatively
correlated with buoyancy can be explained by the parcel-
environment difference in moist static energy (MSE)
(Ah = C,AT + LAq,, Seeley and Romps™”). This is
because the RH influences the updraft in clouds, and
updraft is driven by two processes, namely parcel-
environment differences in sensible heat (SH) and latent
enthalpy (LH). Here, Ak, AT, and Aq, are the differences
in MSE, temperature, and specific humidity,
respectively, between clouds and environments. C,AT is
a parcel-environment difference term known as the SH,
and LAq, is the LH. As shown in Fig. 7b, the parcel-
environment differences of LH at 3-6 km AGL was
larger in PWAT M55 than in PWAT B68. The result
indicated that dry environmental air at middle levels can
generate faster and stronger evaporation cooling in
environment, which led to larger parcel-environment
differences of temperature. These results are consistent
with those of Lu et al. B that more dry air promotes
downdrafts in environments as well as updrafts in clouds
induced by the coherent structure between updraft and
downdraft (Park et al. ¥8; Sherwood et al. 7). However,
the parcel-environment differences of latent heat at low
levels in PWAT B68 was slightly larger than that in
PWAT M55 (Fig. 7b). This indicates that the impacts on
buoyancy at low levels are more complex because of
complex near-surface physical processes. For example,

the downdraft and evaporation of a convection line
produce cold pool near the surface. However, the
temperature and moisture in environments are
represented herein by those in the area uncontaminated
by convection, so the role of cold pools was not
considered. Moreover, cold pools can have opposite
effects on convection in different stages (e.g., active and
suppressed). For example, Feng et al. Y showed that the
characteristics of cold pools can trigger new convection.
Convectively generated cold pools can suppress
convection by cooling and/ or drying the surface and
boundary layers during suppressed convections stages
(Chen et al. #2!). The roles of cold pools are complex and
should be studied further, but the present paper focuses
more on the impacts of environmental moisture, i.e., that
uncontaminated by convection.
4.2 The formation and development of squall line

For the same PWAT experiments, environmental
humidity profile has impact on the formation of squall
line. The squall line was formed in PWAT B62
experiment (Fig. 8a3), but was not formed in
PWAT M62 experiment (Fig. 8b3). As for PWAT B62
experiment, high humidity and low pseudo phase
temperature located at the lower levels associated with
higher MUCAPE (Table 1) which leads to stronger
convection and formation of cold pool. At the junction
of cold pool and ambient air, a new cell B is triggered
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(Fig. 8al). The superimposition of B and A’ s cold pool
increased the strength and range of the original cell A,
and then triggered new cells C and D (Fig. 8a2, a3). The
continuously triggered cells arranged in a line along
outflow boundary of cold pool. The intensity of initial
convection and cold pool are strong enough (Fig. 8),
leading to convergence line between the cold pool and
the environmental air; at the convergence line, new cells
are constantly triggered and organized into squall lines,
which is also noted by Wilson et al. 2,
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The intensity of squall line is also affected by
vertical distribution of humidity (T06 ¢, T07a 7, and
T14 %), For the same PWAT experiment, the intensity
of squall line is stronger in PWAT B68 experiment than
that in PWAT M68 experiment (Fig. 3, 4, 5). On the one
hand, the high humidity located at the lower levels is
conducive to the enhancement of upward velocity (Fig.
9d) and positive buoyancy (Fig. 7a), which leads to
stronger convective cells. On the other hand, the middle
level dry air favored the strengthening of cold pool,
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332 Journal of Tropical Meteorology

Vol.26

which is verified by result that PWAT B68 expriment
has a stronger cold pool (blue area in Fig. 9a, b, purple
dotted part in Fig. 9c, d). The stronger cold pool is
favorable for triggering new convection. According to
RKW theory (Rotunno et al. 33; Weisman %, Weisman
and Rotunno M%), when the horizontal vorticity induced
by the intensity of cold pool and vertical wind shear

become to a balance, it is most beneficial to maintain the
squall line. The 0-6 km wind shear in PWAT M68 and
PWAT B68 experiment is 16 m s, and the strength of
cold pool in PWAT B68 experiment is equivalent to that
of wind shear, while the strength of cold pool in
PWAT M68 experiment is smaller than that of wind
shear (Table 2).
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Figure 9. The same as Fig. 8, but for 5h integration of (a) PWAT M68 and (b) PWAT M68 experiment. Composite reflectivity
(black contour, units: dBZ), negative perturbation of pseudo-equivalent potential temperature (purple dashed line, units: K), horizon-
tal wind speed (shaded area, units: m s™') and wind vector (arrow, units: m s™', vertical wind speed amplified 10 times) at AB cross
section in (a) and (b) for Sh integration of (¢) PWAT M68 and (d) PWAT M68 experiment.

5 SUMMARY AND DISCUSSION

By conducting idealized numerical simulations
based on an observational sounding, the present study
investigated the sensitivities of the initiation and
intensity of squall lines to different moisture profiles in
east China. Based on the studies of T06 2%, TO7a 7!, and
T14 P8, we focused specifically on moisture profiles that
represented wet environmental conditions in east China.
The results showed that the initiation and intensity of
squall lines are very sensitive to the vertical distribution
of moisture.

The moisture at different levels has complicated
impacts on the stabilities of the atmosphere and squall

lines. In high-moisture experiments with the low-
moisture ones, more convective cells developed and
covered a larger area in the high-moisture experiments,
which is characteristic of the convection during the
Meiyu season in China. Nevertheless, the initiation of
convection was more sensitive to moisture at low levels.
This was demonstrated by the thermodynamic
parameters (CAPE, L1, LCL, and LFC).

As for updraft in clouds, it was relatively strong in
the high moisture experiments compared with that in
corresponding low moisture experiments. In addition,
with the same PWAT, the intensity of squall lines was
more sensitive to moisture at low levels than that at
middle levels. Corresponding to the wupdraft, the
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precipitation intensity was strong in the high moisture
experiments and weak in the low moisture experiments.
In environments with more moist air at low levels,
stratification becomes more unstable (Table 1), and
buoyancy increases with the increase of low level
humidity.

In general, the maximum downdraft as well as
updraft speed occurred in environments with high
PWAT, which may be related to the coherent structures
or internal circulations between updrafts and
downdrafts. However, the downdraft speed is affected
by more than just PWAT: dry middle levels can also lead
to downdrafts being sustained at middle-to-low levels,
even with low PWAT. Dry middle levels favor stronger
downdrafts because dry air at middle levels favors the
release of latent heat, which promotes updrafts in clouds
and downdrafts in environments.

Moist air at low levels is favorable for the
formation of squall line, which is mainly induced by the
formation or enhancement of boundary layer
convergence line. The reason may be that low-level
moisture can strengthen both convective updraft and
cold pool and dry middle-level moisture enhances cold
pool. The outflow boundary of cold pool is a type of
boundary layer convergence line which can organize
squall line. The balance of cold pool and environmental
wind shear favored the maintenance of squall line,
which is consistent with RKW theory. Thus, moist air at
low levels and dry air at middle levels are conductive to
the maintenance and strengthening of squall line.

The present study focused on moist environmental
conditions in China, and the numerical simulations also
indicated that the intensity of squall lines is affected
significantly by moisture at low levels and that dry air at
middle levels favors the formation of squall lines. The
mechanisms behind these trends should be investigated
further. However, squall lines probably develop during
dry environmental conditions in China. Therefore, the
impacts of thermodynamics on squall lines under dry
environmental conditions should also be investigated in
east China and compared with results from the United
States.
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