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ABSTRACT

Differences in rainfall budgets between convective and stratiform regions of a torrential rainfall event were investigated
using high-resolution simulation data produced by the Weather Research and Forecasting (WRF) model. The convective and
stratiform regions were reasonably separated by the radar-based convective—stratiform partitioning method, and the three-
dimensional WRF-based precipitation equation combining water vapor and hydrometeor budgets was further used to analyze
the rainfall budgets. The results showed that the magnitude of precipitation budget processes in the convective region was
one order larger than that in the stratiform region. In convective/stratiform updraft regions, precipitation was mainly from
the contribution of moisture-related processes, with a small negative contribution from cloud-related processes. In convec-
tive/stratiform downdraft regions, cloud-related processes played positive roles in precipitation, while moisture-related pro-
cesses made a negative contribution. Moisture flux convergence played a dominant role in the moisture-related processes
in convective or stratiform updraft regions, which was closely related to large-scale dynamics. Differences in cloud-related
processes between convective and stratiform regions were more complex compared with those in moisture-related processes.
Both liquid- and ice-phase microphysical processes were strong in convective/stratiform updraft regions, and ice-phase pro-
cesses were dominant in convective/stratiform downdraft regions. There was strong net latent heating within almost the whole
troposphere in updraft regions, especially in the convective updraft region, while the net latent heating (cooling) mainly ex-
isted above (below) the zero-layer in convective/stratiform downdraft regions.
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Article Highlights:

e Precipitation budget processes in the convective region were one order of magnitude larger than those in the stratiform
region.

e Moisture-related processes mainly contributed to precipitation in updraft regions, while cloud-related processes dominated
in downdraft regions.

e Both liquid- and ice-phase microphysical processes were strong in updraft regions, and ice-phase processes were dominant
in downdraft regions.

Introduction

cumulus and cumulonimbus clouds, grow primarily by the

Generally, precipitation can be classified into two types
(i.e., convective and stratiform precipitation) based on dif-
ferences in the nature of precipitation (Houze, 2014). Con-
vective precipitation particles form in the active updraft of
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coalescence and/or riming of cloud droplets, and fall out near
their originating updraft (American Meteorological Society
Glossary of Meteorology, http://glossary.ametsoc.org/wiki/
Convective_precipitation). Whereas, stratiform precipitation
generally falls from nimbostratus clouds in which vertical
motions are weak and precipitation particles grow mainly be-
cause of water vapor condensation and deposition. In well-
developed stratiform precipitation, there is always a bright
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band on radar echo, which is associated with precipitating ice
particles falling and growing by water vapor deposition, ag-
gregating to form large snowflakes, and then melting (http://
glossary.ametsoc.org/wiki/Stratiform_precipitation_area). As
two basic types of precipitation, convective and stratiform
precipitation have remarkable differences between each other
(Houze, 2014). A strong ascending motion throughout the
troposphere is always observed in convective regions, while
there is a relatively uniform weak ascending or descending
velocity in stratiform regions (Houze, 1989; Sui et al., 1994;
Xu, 1995; Sui et al., 2007; Ahmed and Schumacher, 2015).
Many studies (e.g., Morrison et al., 2009; Luo et al., 2010;
Penide et al., 2013; Wu et al., 2013; Thurai et al., 2016)
have indicated that distinct differences exist in the cloud mi-
crophysics between convective and stratiform regions. Wu et
al. (2013) investigated convective and stratiform character-
istics in two high precipitation squall line events and found
that graupel and hail resided largely in the convective region,
while cloud ice and snow resided largely in the stratiform
region. Yang and Smith (2000) analyzed the vertical struc-
tures of averaged latent heat releases for convective and strat-
iform regions derived from SSM/I measurements, and found
that the latent heating is much stronger for convective pre-
cipitation than stratiform precipitation, with maxima of 8.3°
d™! and 4.2° d7!, respectively. Houze (1997) summarized
the characteristic profiles of latent heat releases in convec-
tive and stratiform regions of tropical precipitation: net up-
ward mass transport produces net latent heating at all levels
in convective regions, while net cooling occurs as a result
of melting and evaporation at mid to low levels in stratiform
regions. Based on the considerable differences in the distribu-
tions of latent heat releases between convective and stratiform
regions, convective—stratiform heating algorithms have been
developed to estimate heating profiles and four-dimensional
latent heating structures (Tao et al., 2000, 2001, 2010).
There are large differences in precipitation between con-
vective and stratiform regions because of their obviously dif-
ferent dynamics, thermodynamics and cloud microphysics
(Houze, 1982, 2014; Morrison et al., 2009; Penide et al.,
2013; Rulfova and Kysely, 2013). Houze (2014) indicated
that convective precipitation falls from dynamically active
cumulus and cumulonimbus clouds, while stratiform precip-
itation falls from nimbostratus clouds. Convective precipita-
tion rates are often larger than stratiform precipitation rates,
but with smaller coverage (Wu et al., 2013). Based on ground-
based radar and satellite observations, Ahmed and Schu-
macher (2015) found that empirical relationships between
precipitation and column moisture are markedly different in
convective and stratiform rain systems. Therefore, it is very
important to treat convective and stratiform precipitation sep-
arately in rainfall process analysis. Based on the abovemen-
tioned different features between convective and stratiform
rainfall regions, many methods have been proposed to divide
precipitation into convective and stratiform components, such
as methods based on rain rate (Churchill and Houze, 1984,
Tao et al., 1993; Sui et al., 1994), radar reflectivity (Steiner
et al., 1995; Yang et al., 2013), and vertical motion (Xu,
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1995). Based on the different heating profiles between con-
vective and stratiform regions, Huang et al. (2018) developed
a new scheme to assimilate radar reflectivity data into numer-
ical models, which showed good forecasting performance.

Precipitation is a result of interactions among dynam-
ics, thermodynamics and cloud microphysics (Huang et al.,
2016b). In order to understand the physical processes and
mechanisms in surface precipitation thoroughly, Gao et al.
(2005) combined the water vapor budget with the cloud hy-
drometeor budget to derive a diagnostic equation—a sur-
face rainfall budget equation in a two-dimensional cloud-
resolving model framework (hereinafter 2D CRM-based sur-
face rainfall budget equation). The equation has been widely
applied to quantitatively diagnosing a variety of precipitation
budget processes (Cui and Li, 2006; Li, 2006; Wang et al.,
2007; Cui, 2008; Cui and Li, 2009; Cui and Li, 2009; Gao
et al., 2009; Gao and Li, 2010; Wang et al., 2010; Cui and
Li, 2011; Shen et al., 2011). Huang et al. (2016b) extended
the 2D CRM-based surface rainfall equation to the 3D WRF-
based precipitation equation. They used the newly obtained
equation to examine the rainfall budget of a torrential rainfall
event in Sichuan, China, and found that the moisture-related
processes (especially moisture flux convergence) dominated
the torrential rain event, while the cloud-related processes
played smaller but by no means negligible roles (Huang et
al., 2016Db).

However, Huang et al. (2016b) performed an area-
averaged analysis of the rainfall region. The different bud-
get characteristics of the convective and stratiform precipita-
tion were not investigated. As stated above, convective and
stratiform regions show significant differences in precipita-
tion processes, so it is extremely necessary to investigate pre-
cipitation budgets in convective and stratiform regions sep-
arately. In this study, following Huang et al. (2016b), pre-
cipitation was further partitioned into convective and strati-
form components to investigate the differences in precipita-
tion budgets between convective and stratiform rainfall. Sec-
tion 2 introduces the model setup and method. The analyses
of convective—stratiform rainfall budgets are presented in sec-
tion 3. Conclusions and discussion are given in section 4.

2. Model and method

2.1. Model setup

A torrential rainfall event occurred during 19-20 August
2010 on the western edge of the Sichuan Basin, China, caus-
ing serious debris flows. Li et al. (2014) simulated this tor-
rential rain event successfully using the Weather Research
and Forecasting (WRF) model. The model was integrated
from 0200 LST (Local Standard Time, UTC + 8 h) 18 Au-
gust to 0800 LST 20 August 2010 (54 hours) using three
one-way nesting domains with horizontal grid spacings of
27, 9, and 3 km, respectively. The grid points in the west—
east and south—north directions were 268 x 245, 583 x 292,
and 790 x 610 for the three domains, respectively. The model
domains used 30 vertical levels up to 50 hPa. In the 3-km
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resolution domain, the cumulus convective parameterization
scheme was not activated and only the cloud microphysi-
cal parameterization scheme—the Milbrandt double-moment
scheme (Milbrandt and Yau, 2005a, b)—was used. The Mil-
brandt scheme includes seven water species, i.e., water vapor
(Qy), cloud water (Q.), rain water (Q;), cloud ice (Q;), snow
(Qs), graupel (Qy), and hail (Q). By using this bulk micro-
physics scheme, Milbrandt et al. (2010) successfully repro-
duced an orographic precipitation event during IMPROVE-2
(the second Improvement of Microphysical Parameterization
through Observational Verification Experiment). Huang and
Cui (20152) and Huang et al. (2016a) utilized similar WRF
model setups as Li et al. (2014) to investigate the dominant
cloud microphysical processes and cloud microphysical dif-
ferences with precipitation intensity in the above torrential
rain event. By using the 3D WRF-based precipitation budget
equation, Huang et al. (2016b) studied the physical processes
and mechanisms associated with the heavy rainfall event. Re-
ferring to the aforementioned studies (Li et al., 2014; Huang
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and Cui, 2015a; Huang et al., 2016a, b), the simulation data
were evaluated in the aspects of large-scale circulation, pre-
cipitation, and cloud structures by using the available data
from reanalysis, automatic weather stations, rain gauges, and
radar observation. The simulated radar composite reflectiv-
ity resembled the observed one, especially the distribution
of relatively strong radar echo bands (Fig. 1). The observed
radar echo covered a relatively smaller range because of the
radar detection range and the terrain blocking of the Tibetan
Plateau. Obvious convective and stratiform regions existed in
this event, based on the radar reflectivity distribution (Fig.
1). Therefore, this torrential rain event was selected again to
investigate the differences in precipitation budgets between
convective and stratiform precipitation in this study. For more
details of the model setups and verification, please refer to
Li et al. (2014), Huang and Cui (2015a), and Huang et al.
(2016a, b). Simulation data in the 3-km resolution domain
from 0800 LST 18 August to 0800 LST 20 August 2010 (48
hours, discarding the first six hours of data used for model
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Fig. 1. The (a, c¢) observed and (b, d) simulated radar composite reflectivity (color-shaded; units: dBZ). The times for (a,
b) are 0302 and 0300 LST 19 August 2010, respectively. The times for (c, d) are 0902 and 0900 LST 19 August 2010,
respectively. The red plus sign represents the location of Chengdu radar station. Black contours display the distance

from Chengdu radar station.
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spin-up) were used for statistical analysis in this study.

2.2. Convective and stratiform rainfall partitioning
method

Based on differences in the nature of precipitation, rain-
fall can be classified roughly into convective and stratiform
rain regions, which present different characteristics in dy-
namics, thermodynamics, and cloud microphysics. There-
fore, it is worthwhile to investigate differences in precipita-
tion budgets between convective and stratiform regions.

There are several different convective—stratiform rainfall
partitioning methods proposed in previous studies, such as
methods based on surface rainfall rate (Churchill and Houze,
1984), radar reflectivity (Steiner et al., 1995), and vertical
motion (Xu, 1995). The convective—stratiform rainfall parti-
tioning method used in this study is a method based on radar
reflectivity developed by Steiner et al. (1995), with some of
the thresholds (e.g., reflectivity factor thresholds, background
radius) from Feng et al. (2011). Wu et al. (2013) used the
same partitioning algorithm to investigate characteristics of
precipitation, wind, and microphysical fields in convective
and stratiform regions of two high precipitation squall line
events, and demonstrated that the algorithm can reasonably
identify the WRF-simulated fields in both convective and
stratiform regions. The detailed partitioning steps are as fol-
lows:

(1) Calculate the equivalent radar reflectivity factor (Z.)
in units of dBZ by using the WRF model output data at 3 km
above mean sea level (MSL), which is sufficiently below the
0°C level [~5.5 km above MSL,; Figs. 7-9 in this paper; also
see Fig. 4 in Huang and Cui (2015a) and Fig. 3 in Huang et al.
(2016a)] to minimize bright band contamination. Model grid
points whose Z. are larger than 43 dBZ (Feng et al., 2011)
are identified as convective cores directly.

(2) If the difference between a grid’s Z. and its back-
ground reflectivity factor [Zp,; averaged Z. with a 6-km ra-
dius centered on the grid (Feng et al., 2011)] exceeds its back-
ground intensity threshold value (determined by a function of
Zpg), it is assigned as a convective grid.

(3) Through steps (1) and (2), convective centers are iden-
tified, and their surrounding grid points within a convective
radius (determined by a function of Z,) around the convec-
tive centers are also assigned as convective grids.

(4) As for the rest of the grid points that are not identified
as convective grids, if their Z. exceeds 10 dBZ (Feng et al.,
2011), they are designated as stratiform grids.

(5) Finally, the remaining grid points that are not identi-
fied as either convective or stratiform grids are assigned as
non-classified grids, which are not included in the statistical
range (since this study focuses on differences between con-
vective and stratiform rainfall regions).

2.3. 3D WRF-based precipitation budget equation

Following Gao et al. (2005) and Huang et al. (2016b), the
surface precipitation rate (Ps) can be simply expressed as

ey

Ps = QOwv+0Qcw™m »
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where Qwv represents change rates of moisture-related pro-
cesses (including the water vapor local change rate, mois-
ture flux convergence rate, moisture diffusion rate, and sur-
face evaporation rate) and Qcwm represents change rates of
cloud-related processes (including the local change rate, flux
convergence rate, and diffusion rate of hydrometeors). Equa-
tion (1) can be interpreted as follows: Water vapor must be
converted to cloud hydrometeors first before it can contribute
to precipitation. If Qwy > Ps (i.e., Qwv > 0 and Qcm < 0), it
indicates that water vapor collected by moisture-related pro-
cesses is not only used for precipitation but also to support
cloud-related processes (e.g., increasing the content of cloud
hydrometeors, cloud hydrometeor divergence, etc.). On the
contrary, if Qwv < Ps (i.e., Qwy > 0 and Qcym > 0), it im-
plies that water vapor collected by moisture-related processes
is not enough for surface precipitation, and the remaining
amount (Ps — Owy) needs the supplement of cloud hydrom-
eteors that already exist in the region. Thus, the surface pre-
cipitation budget equation, which connects the water vapor
budget and cloud hydrometeor budget directly to the surface
precipitation rate, is very helpful to quantitatively diagnose
the role of each process in the final surface precipitation.

The change rates of moisture-related processes (Qwy)
can be further broken down into four components, i.e.,

(@)

Similarly, the change rates of cloud-related processes (Qcm)
include six components, i.e.,

Owv = OwvL + Owva + OwvD + OWVE .

3)

All these terms are vertically integrated. The meaning of
each term can be found in Table 1, and the specific expres-
sion of each term can be found in Huang et al. (2016b). In
this study, each term in the 3D WRF-based precipitation bud-
get equation was output directly from the WRF model Huang
et al. (2016b).

Ocm = OcLL + Ocra + QcLp + Qci + Ocia + Ocip -

Table 1. The meaning of each term in the 3D WRF-based precipita-
tion budget equation.

Term Physical meaning

Ps Surface precipitation rate

Owv Net change rate of moisture-related processes

Ocm Net change rate of cloud-related processes

Owvr  Water vapor local change rate (local atmosphere drying
or moistening)

Owva  Moisture flux convergence rate

Owvp Moisture diffusion rate

Owve  Surface evaporation rate

QOcir.  Local change rate of liquid-phase hydrometeors (cloud
water and rain water)

QOcLa  Liquid-phase hydrometeor flux convergence rate

OcLD Diftusion rate of liquid-phase hydrometeors

OciL Local change rate of ice-phase hydrometeors (cloud ice,
snow, graupel and hail)

Ocia Ice-phase hydrometeor flux convergence rate

Ocip Diftusion rate of ice-phase hydrometeors
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3. Results

3.1. Distribution and evolution of convective and strafti-

Jorm rain

Precipitation classification results during 1000 LST 18 to
0800 LST 20 August 2010 at 2-h intervals are shown in Fig.
2. During the early precipitation period (1000-2000 LST 18
August 2010), both convective and stratiform rainfall regions
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were relatively small and scattered. With the precipitation
system development, convective regions (red areas; CC) be-
gan to consolidate, and were surrounded by stratiform regions
(blue areas; SR). Then, both convective and stratiform areas
were expanding. Convective areas began to decrease at 0600
LST 19 August, while stratiform rain remained widespread.
During the latter precipitation period, stratiform rain cover-
age was also shrinking, and the precipitation system gradu-
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Fig. 2. Distribution of different precipitation types from 1000 LST 18 to 0800 LST 20 August 2010 (2-h intervals). Blue shaded
areas (SR): stratiform rain; red shaded areas (CC): convective rain; white shaded areas (NON): non-classified regions; gray
shaded areas represent no radar reflectivity data at 3 km above sea level because of elevated terrain.
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ally weakened and dissipated.

In order to investigate the evolution of convective and
stratiform coverage and precipitation intensity more clearly,
time series of area coverages and surface precipitation rates
for convective and stratiform regions from 0800 LST 18 to
0800 LST 20 August 2010 are shown in Fig. 3. During the
whole period (Fig. 3), the percentages of convective areal
coverage against the area of the study domain (excluding
grids with no radar data; gray areas in Fig. 2) were basi-
cally below 10%, while stratiform coverage was substantially
larger than 10%, and its maximum could reach 45%. On av-
erage for the whole period, convective areal coverage was
5.48%, while stratiform coverage was 22.29%, which was
around four times as much as the convective coverage (Fig.
3). As for averaged surface precipitation rates for convec-
tive and stratiform regions, rain rates in convective regions
had obvious fluctuations with multiple peaks, and reached
its maximum (~13 mm h™") at 0100 LST 19 August, while
rain rates in stratiform regions were relatively smoother and
distinctly smaller, basically around 1 mm h~! (Fig. 3). The
time-averaged precipitation rate for stratiform rain was 1.07
mm h_l, while it was 7.22 mm h~! for convective rain, which
was ~ 5.75 times larger than that of stratiform region.

The characteristics described above show the typical dif-
ferences between convective and stratiform rain (Wu et al.,
2013). Convective rain has smaller areal coverage, a larger
surface rain rate, and is faster changing, while stratiform rain
has larger areal coverage, a smaller surface rain rate, and is
more gently changing. This illustrates that the convective—
stratiform classification result in this study is reasonable.

3.2. Vertical velocity characteristics
downdrafft identification

and  updraft/

To reveal the bulk vertical velocity characteristics,
Contoured-Frequency-with-Altitude Diagrams (CFADs)
Yuter and Houze (1995) of vertical velocity in convective
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Fig. 3. Area coverage (solid lines; units: %) and surface precipi-
tation rate (dashed lines; units: mm h™!) averaged in convective
(red line) and stratiform (blue line) regions from 0800 LST 18
to 0800 LST 20 August 2010.
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and stratiform regions during 0800 LST 18 to 0800 LST 20
August 2010 are shown in Fig. 4. From Fig. 4, the updrafts
in the convective region were much stronger than those in the
stratiform region (almost all the vertical velocities of strati-
form girds were smaller than 4 m g1 ), and the maximum ver-
tical ascending motion in the convective region was located at
~ 8 km above MSL. The downdrafts in the convective region
were also a little stronger than those in the stratiform region,
while their magnitudes were similar (Fig. 4). These distin-
guishable differences are also typical between convective and
stratiform regions, demonstrating once again the convective—
stratiform classification result in this study is reasonable. The
distribution of CFADs of vertical velocities in convective and
stratiform regions in this study is similar to that in reported in
a previous study by Wu et al. (2013).

In previous studies (Houze, 1977, 1989; Zipser, 1977;
Mrowiec et al., 2012), both updrafts and downdrafts have
been found in convective and stratiform regions, which were
also found in this study (Fig. 4). The updraft and down-
draft regions may have different physical processes. There-
fore, the convective and stratiform regions were further sepa-
rated into updraft and downdraft regions. In this study, the
vertically averaged mass flux was used to identify the up-
draft and downdraft columns in convective and stratiform re-
gions, respectively. The vertically averaged mass flux is de-
fined as Fy = fzz' pwdz/(z; — z5), where p is air density, w is
vertical Velocity,b and zg and z; are the height above MSL of
the model surface and top, respectively. The column where
m > 0 is identified as the updraft column, and the column
where m < 0 is identified as the downdraft column. To fil-
ter out the small and insignificant vertical motions that would
dominate the mean conditions, only the data larger than the
10th percentile were used for statistical analysis in this study
(Mrowiec et al., 2012).

Figure 5 shows vertical profiles of averaged vertical ve-
locity in the convective updraft, convective downdraft, strat-
iform updraft, and stratiform downdraft regions during 0800
LST 18 to 0800 LST 20 August 2010. The averaged vertical
velocity in the convective updraft region was much stronger
than that in the stratiform updraft region. The averaged verti-
cal velocity in the convective updraft region was larger than
0.15 m s~} from ~2 to ~13 km, with a maximum over 0.5
m s~ at ~4 km above MSL, while it was less than 0.15
ms~! in the stratiform updraft region (Fig. 5). The magni-
tudes of downdrafts in the convective and stratiform regions
were similar, but the downdraft in the convective region was
a little stronger (weaker) than that in the stratiform region be-
low (above) ~12 km (Fig. 5). The identification of updrafts
and downdrafts in convective and stratiform regions is rela-
tively reasonable (Mrowiec et al., 2012; Kumar et al., 2016).

3.3. Precipitation budget

In order to compare the differences in precipitation bud-
gets between convective and stratiform regions, the averaged

Ps, Owv, Ocm, OwvL, Owva, Owvp, Owve, OcLL, OcLa»
OcLp, QciL, Qcia, and Qcip in the updraft and downdraft
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Fig. 4. Contoured-frequency-with-altitude diagrams (CFADs) for vertical velocity in (a) convective and (b) stratiform
regions within (28°-33°N, 100°-106°E) during 0800 LST 18 to 0800 LST 20 August 2010.
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Fig. 5. Vertical profiles of averaged vertical velocity in con-
vective updraft (red solid curve), convective downdraft (red
dashed curve), stratiform updraft (blue solid curve), and strati-
form downdraft (blue dashed curve) regions within (28°-33°N,
100°~106°E) during 0800 LST 18 to 0800 LST 20 August
2010.

regions of the convective and stratiform regions within (28°—
33°N, 100°-106°E) during 0800 LST 18 to 0800 LST 20 Au-
gust 2010 are shown in Fig. 6. The magnitudes of all these
terms in the convective region were one order larger than

those in the stratiform region (Fig. 6). In the convective re-
gion, the averaged precipitation rate (Ps) could reach 9 and
3 mm h™! in the updraft and downdraft regions, respectively
(Fig. 6a). Plus, they were only 1.2 and 0.8 mm h~! in the up-
drafts and downdrafts of the stratiform region, respectively
(Fig. 6b). However, the main contribution terms to Ps in the
updraft or downdraft regions were similar between the con-
vective and stratiform regions. In the convective or stratiform
updraft regions, Qwy was larger than Ps, and Qcm showed
negative values (Fig. 6). This implies that, in updraft regions,
precipitation mainly results from the combination of the pos-
itive contribution of Qwy and the small negative contribution
of QOcm. In the convective or stratiform downdraft regions,
QOwy was negative, and Qcwp was positive and larger than Pg
(Fig. 6), indicating that Qcy is the contribution term to Pg in
downdraft regions.

Further analysis of each term within the Qwy showed
that, in either convective or stratiform updraft regions, mois-
ture flux convergence rates (Qwva) played a dominant role
in the change rate of moisture-related processes, which was
the main reason that moisture-related processes contributed
significantly to precipitation in the convective or stratiform
updraft regions. Qwvya was much larger in the convective up-
draft region than in the stratiform updraft region (Fig. 6), be-
cause of the distinct differences in vertical ascending motions
between them (Fig. 5). In convective or stratiform updraft re-
gions, the water vapor local change rate made a negative con-
tribution (Qwvr < 0) to precipitation, corresponding to the
effect of local atmospheric moistening processes (water va-
por content increasing and the local atmosphere moistening)
(Fig. 6). In convective or stratiform downdraft regions, Qwva
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Fig. 6. Averaged Ps, Qwv, Ocm, QwvL, Qwva, Owvp, OwvE, QcLL, OcLa,
OcLbs QOcIL, Ocia, and Qcip in updrafts (red bar) and downdrafts (blue bar)
of (a) convective and (b) stratiform regions within (28°-33°N, 100°-106°E)
during 0800 LST 18 to 0800 LST 20 August 2010. Units: mm h~!.

was negative (moisture flux divergence) and Qwy1, was posi-
tive (water vapor content decreasing and the local atmosphere
drying) with |Owval| > |OwvL|, resulting in negative Qwy in
downdraft regions. The Qwva in downdraft regions was not
so dominant as in updraft regions (Fig. 6), because of the
differences in vertical velocity magnitudes between updraft
and downdraft regions in the middle and lower troposphere
(Fig. 5), where most water vapor exists. The surface evapo-
ration rate (Qwvg) played positive roles in moisture supply
in both updraft and downdraft regions, but their magnitudes
were overall quite small. Therefore, the differences in the wa-
ter vapor budget between updraft and downdraft regions in
both convective and stratiform regions were mainly caused
by the big differences in Qwva.

The differences in cloud-related rates (Qcn) between the
updraft and downdraft regions in the convective and strati-
form regions were more complex compared with those of
moisture-related rates (Fig. 6). The total cloud-related rates
in both convective and stratiform updraft regions were nega-
tive (Qcm < 0); however, there were some differences in the
sub-terms of Qcm. All the sub-terms in the convective up-
draft region were negative, indicating that both liquid- and
ice-phase cloud hydrometeors increased and diverged. In the
stratiform updraft region, only Qcrr. and Qcra were nega-
tive, and the other sub-terms of Qcy were relatively small

positive values, indicating that liquid-phase hydrometeors in-
creased and divergence dominated. In convective or strati-
form downdraft regions, Qcm and all its sub-terms were pos-
itive (Fig. 6). QcrL dominated the hydrometeor budget in the
convective downdraft region, indicating that the local change
rate of liquid-phase hydrometeors (liquid-phase hydromete-
ors decreasing) is relatively important to the cloud budget and
precipitation budget in this region. In the stratiform down-
draft region, positive Qcrr., OcrLa, and Qcrr. (ice-phase hy-
drometeors decreasing) were almost equivalently important
to the cloud budget and precipitation budget (Fig. 6).

3.4. Hydrometeor distribution and cloud microphysical
processes

Though plenty of water vapor (same order of magnitude)
existed in both the convective and stratiform regions (not
shown), there were obvious differences in their cloud hy-
drometeors’ vertical distributions (Fig. 7). There was much
more cloud water, rain water, and graupel in the convec-
tive region (Figs. 7a and b), especially in the convective up-
draft region (Fig. 7a), than in the stratiform region (Figs. 7c
and d). On the contrary, the contents of cloud ice and snow
were a little larger in the stratiform than in the convective
regions, especially the contents of snow (Fig. 7), consistent
with Wu et al. (2013). The vertical profiles of the dominant
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Fig. 7. Vertical profiles of averaged mixing ratios (units: 1073 kg kg’l) of cloud water (Q.), rain water (Q;), cloud ice
(Q), snow (Qs), and graupel (Qg) in (a) convective updraft, (b) convective downdraft, (c) stratiform updraft, and (d)
stratiform downdraft regions within (28°-33°N, 100°~106°E) during 0800 LST 18 to 0800 LST 20 August 2010. The

horizontal dashed lines represent the height of 0°C.

microphysical processes revealed in Huang and Cui (2015a)
and Huang et al. (2016a) are shown in Fig. 8. Water vapor
condensation to cloud water (QVD,.), accretion of cloud
water by rain (QCL;), accretion of cloud water by grau-
pel (QCLcg), and melting of graupel to rain (QMLg,) were
one order of magnitude stronger in the convective updraft

region than in the stratiform updraft region, while melting
of snow to rain (QMLy;) was slightly stronger in the strat-
iform updraft/downdraft regions than in the convective up-
draft/downdraft regions (Fig. 8). Plenty of water vapor from
the much stronger moisture flux convergence rate (Qwva)
in the convective updraft region (Fig. 6a) condensed into
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Fig. 8. Vertical profiles of averaged microphysical conversion rates (water vapor condensation to cloud water: QVDy;
accretion of cloud water by rain to form rain: QCLc;; accretion of cloud water by graupel to form graupel: QCLcg;
melting of graupel to rain: OMLyg,; melting of snow to rain: OML;; units: 107% kg kg~! s71) in (a) convective updraft,
(b) convective downdraft, (c) stratiform updraft, and (d) stratiform downdraft regions within (28°-33°N, 100°-106°E)

during 0800 LST 18 to 0800 LST 20 August 2010. The ho
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cloud water (QVD,, Fig. 8a). QVD,, was also one of the
main terms in the stratiform updraft region (Fig. 8c). How-
ever, in both the convective and stratiform downdraft regions
the QOwva was negative (Fig. 6) and the QVD,, was much
weaker (Figs. 8b and d), which resulted in more cloud wa-

rizontal dashed lines represent the height of 0°C. The vertical

ter in the convective updraft region than in other regions
(Fig. 7). The two main pathways for rain water generation
[QVDy — QCL; and QVDy, — QCL, — QML,, (Huang
and Cui, 2015a)] were both remarkable in the convective
updraft region (Fig. 8a), but QMLg was dominant in the
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convective downdraft region (Fig. 8b). In stratiform regions
(Figs. 8c and d), the melting processes (QML,; and QML;,
especially the latter) dominated the rain water generation, es-
pecially in the stratiform downdraft region (Fig. 8d).

The microphysical processes with phase changes can heat
the atmosphere with latent heat release or cool the atmo-

(a) Convective updraft
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sphere with latent heat absorption. The heating processes in-
clude condensation, congelation, deposition, freezing, etc.,
and the cooling processes include evaporation, melting, and
sublimation. Figure 9 shows vertical profiles of the micro-
physical latent heating/cooling rates in the convective up-
draft, convective downdraft, stratiform updraft, and strati-

(b) Convective downdraft
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Fig. 9. Vertical profiles of averaged microphysical latent heating/cooling rates (latent heating/cooling rate of condensa-
tion/evaporation: LHRYV; latent heating/cooling rate of freezing/melting: LHRF; latent heating/cooling rate of deposi-
tion/sublimation: LHRS; total latent heating/cooling rate: LHRT; units: 103K s_l) averaged in (a) convective updraft,
(b) convective downdraft, (c) stratiform updraft, and (d) stratiform downdraft regions within (28°-33°N, 100°~106°E)
during 0800 LST 18 to 0800 LST 20 August 2010. The horizontal dashed lines represent the height of 0°C. The vertical

dashed lines represent 0 K s~!.
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form downdraft regions. The magnitude of the net latent
heating rate in the convective updraft region was one or-
der larger than those in the convective downdraft, stratiform
updraft, and stratiform downdraft regions (Fig. 9). Owing
to the distinct water vapor condensation in the convective
updraft region (Fig. 8a), dominant condensation latent heat
was released around the zero-layer (melting-layer) (positive
LHRV in Fig. 9a), which is very important for the develop-
ment of convective cloud systems as well as positive feed-
back to vertical upward motion. In the stratiform updraft re-
gion, latent heating mainly derived from condensation latent
heating (positive LHRV) around the zero-layer and water va-
por deposition heating (positive LHRS) above the zero-layer,
which was partially balanced out by melting cooling (nega-
tive LHRF) just beneath the zero-layer (Fig. 9¢c). The latent
heating/cooling profiles in the downdraft regions were more
or less similar (Figs. 9b and d). In the downdraft regions,
water vapor deposition heating (positive LHRS) dominated
the net heating above the zero-layer, while both ice-phase
hydrometeor melting cooling (negative LHRF) just beneath
the zero-layer and rain water/cloud water evaporation cool-
ing (negative LHRV) below the zero-layer played important
roles in the net cooling there, and the latter was more distinct
(Figs. 9b and d). Overall, there was strong net latent heating
within almost the whole troposphere in the updraft regions,
especially in the convective updraft region (Figs. 9a and c).
In the downdraft regions, the net latent heating only existed
above the zero-layer and the net latent cooling mainly existed
beneath the zero-layer (Figs. 9b and d). The vertical distri-
butions of latent heating/cooling rates were closely associ-
ated with those of vertical velocity (Fig. 5), indicating cloud
development is closely related to the large-scale dynamics.
These characteristics are similar to those reported in previous
studies (Houze, 1997).

4. Conclusions and discussion

Owing to significant differences in dynamics, thermo-
dynamics and microphysics between convective and strati-
form precipitation, it is necessary to investigate the charac-
teristics of precipitation budgets separately. In this study,
the 3D WRF-based precipitation budget equation (Huang et
al., 2016b) was used to examine the differences in precip-
itation budget processes between the convective and strati-
form updraft/downdraft regions of a torrential rainfall event
in Sichuan, China, using high-resolution simulation data pro-
duced by the WRF model. The major results can be summa-
rized as follows:

(1) The typical differences in terms of areal coverage, sur-
face rain rate, and vertical motion between the convective and
stratiform regions indicated that the radar-based convective—
stratiform partitioning method could classify the convective
and stratiform regions reasonably.

(2) The magnitude of precipitation budget processes in
the convective region was one order larger than that in the
stratiform region. In the convective and stratiform updraft re-
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gions, precipitation mainly resulted from the combination of
the positive contribution of moisture-related processes and
the small negative contribution of cloud-related processes.
In the convective and stratiform downdraft regions, cloud-
related processes played positive roles in precipitation, while
moisture-related processes contributed negatively. Therefore,
not only did distinct differences exist in precipitation budget
processes between the convective and stratiform regions, but
also between the updraft and downdraft regions.

(3) Moisture flux convergence played a dominant role in
the moisture-related processes, either in the convective or
stratiform updraft regions. However, it was much larger in
the convective than stratiform updrafts, corresponding to the
distinct differences in ascending motion between them. The
differences in cloud-related processes between the convective
and stratiform regions were more complex compared with
those in moisture-related processes.

(4) There were significant differences in the cloud hy-
drometeor distribution, cloud microphysical processes, and
latent heating/cooling profiles between the convective and
stratiform updraft/downdraft regions, which was closely re-
lated to the large-scale vertical motion. Both liquid- and ice-
phase processes were strong in the updraft regions, and ice-
phase processes were dominant in the downdraft regions.
In the updraft regions—especially in the convective updraft
region—there was strong net latent heating within almost the
whole troposphere, while in the downdraft regions net latent
heating only existed above the zero-layer and net latent cool-
ing mainly existed below the zero-layer.

Many studies have investigated the different characteris-
tics of convective and stratiform precipitation from different
perspectives, such as microphysics (Gamache, 1990; Cui et
al., 2007; Grim et al., 2009; Niu et al., 2010), latent heat-
ing (Tao et al., 2010; Choudhury and Krishnan, 2011), pre-
cipitation fraction (Romatschke and Houze, 2011; Rapp et
al., 2014), diurnal variation (Cui, 2008), characteristics of
rain integral parameters (Sharma et al., 2009), and radar re-
trieval parameters (Penide et al., 2013; Bringi et al., 2015).
However, to the best of our knowledge, the work reported in
this paper may be the first attempt at investigating the dif-
ferences in precipitation budgets separately in updraft and
downdraft regions between convective and stratiform precip-
itation using the 3D WRF-based precipitation budget equa-
tion, which connects the large-scale water vapor budget and
cloud hydrometeor budget directly to the surface rain rate,
and could describe the dynamics and thermodynamics of the
real atmosphere better (Huang et al., 2016b) compared with
the 2D CRM-based surface rainfall budget equation (Gao et
al., 2005). Also, we found that not only did distinct differ-
ences exist in the precipitation budgets between the convec-
tive and stratiform regions, but also the updraft and down-
draft regions. Therefore, the results are very helpful towards
thoroughly understanding the physical processes and mecha-
nisms in different regions (updraft/downdraft) of convective
and stratiform rainfall. Furthermore, it deepens our under-
standing of rainfall budget processes in the updraft/downdraft
regions of different types of precipitation.
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It should be noted that we also conducted sensitivity ex-
periments with several different cloud microphysics schemes
(i.e., the WSM6, WDM6, Thompson, and Morrison double-
moment schemes). Although there were some differences
in specific values of the results among the different sensi-
tivity experiments, the main conclusions were consistent. It
must be pointed out that, whilst only one event was analyzed
here, previous studies have shown that the type of rainfall
examined in this study is extremely common in summer in
Sichuan (Huang and Cui, 2015a, b). Thus, the conclusions
in this study may be more broadly representative. Nonethe-
less, more torrential rainfall cases featuring different types
and other regions should be analyzed in future to add robust-
ness and statistical significance to the present results.
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