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ABSTRACT

Two field campaigns, the African Monsoon Multidisciplinary Analysis (AMMA) and the Tropical Warm
Pool-International Cloud Experiment (TWP-ICE), took place in 2006 near Niamey, Niger, and Darwin,
Northern Territory, Australia, providing extensive observations of mesoscale convective systems (MCSs)
near a desert and a tropical coast, respectively. Under the constraint of their observations, three-dimensional
cloud-resolving model simulations are carried out and presented in this paper to replicate the basic charac-
teristics of the observed MCSs. All of the modeled MCSs exhibit a distinct structure having deep convective
clouds accompanied by stratiform and anvil clouds. In contrast to the approximately 100-km-scale MCSs
observed in TWP-ICE, the MCSs in AMMA have been successfully simulated with a scale of about 400 km.

These modeled AMMA and TWP-ICE MCSs offer an opportunity to understand the structure and
mechanism of MCSs. Comparing the water budgets between AMMA and TWP-ICE MCSs suggests that
TWP-ICE convective clouds have stronger ascent while the mesoscale ascent outside convective clouds in
AMMA is stronger. A case comparison, with the aid of sensitivity experiments, also suggests that vertical wind
shear and ice crystal (or dust aerosol) concentration can significantly impact stratiform and anvil clouds (e.g.,
their areas) in MCSs. In addition, the obtained water budgets quantitatively describe the transport of water
between convective, stratiform, and anvil regions as well as water sources/sinks from microphysical processes,
providing information that can be used to help determine parameters in the convective and cloud parame-
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terizations in general circulation models (GCMs).

1. Introduction

Mesoscale convective systems (MCSs), a common
weather phenomenon in the tropics (e.g., Mohr and
Zipser 1996; Schumacher and Houze 2006; Yuan and
Houze 2010), consist of convective, stratiform, and anvil
clouds (e.g., Houze 1977; Zipser 1977). Convective clouds
therein become organized into cloud clusters that in turn
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generate cloud shields (or stratiform and anvil clouds) in
their mature and later stages (Zipser 1969; Houze 1977,
1982). Since cloud shields are widespread (10*-10° km?
in area; Houze 1982; Nesbitt et al. 2000), they modulate
atmospheric radiation and consequently impact large-
scale vertical circulations as well as radiative forcing
(e.g., Houze 1982; Zeng et al. 2009a). However, many
issues remain regarding MCSs [see Houze (2004) for
review], such as the factors that determine their geo-
graphic distribution (e.g., Yuan and Houze 2010).

Two field campaigns, the African Monsoon Multi-
disciplinary Analysis (AMMA) and the Tropical Warm
Pool-International Cloud Experiment (TWP-ICE), took
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FIG. 1. Schematic vertical cross section of an idealized MCS with
convective region (CONV.), associated stratiform precipitation
region, and nonprecipitating cirriform anvil. Adapted from Houze
et al. (1980). The horizontal dimensions of the convective, strati-
form, and anvil regions are indicated by Ax,, Ax,, and Ax,, re-
spectively. The various terms in the schematic represent sources
and sinks of condensate in the convective, stratiform, and anvil
regions. These terms represent the amount of convective region
condensation C,, and the portions of the convective region con-
densation that are rained out R, evaporated in the convective
downdrafts E,, detrained to an anvil £, and transported into the
stratiform region C7. Condensate in the stratiform region includes
C7 plus the amount of condensate generated by the stratiform
updraft Cy,. Part of (Cy + Cy,) is rained out Ry, part is evaporated
into the downdraft E,,, and part is detrained to or left aloft in
a thick anvil or ice cloud Ej,.

place in 2006 near Niamey, Niger, and Darwin, Northern
Territory, Australia, providing extensive observations
of MCSs near a desert and a tropical coast, respectively
(Redelsperger et al. 2006; May et al. 2008). Under the
constraint of the observations, cloud-resolving model
(CRM) simulations are carried out first to characterize,
as examples, the differences between MCSs from the
two campaign locations and then to infer the possible
factors that impact the geographic distribution of MCSs.
The water budget for an MCS describes the transport
of water between convective, stratiform, and anvil cloud
regions as well as water source(s)/sink(s) from micro-
physical processes. Figure 1 displays a schematic of an
MCS water budget from Houze et al. (1980). The terms
in the schematic have been discussed using observational
data (e.g., Houze 1977; Zipser et al. 1981; Gamache and
Houze 1983; Rutledge and Houze 1987; Johnson and
Hamilton 1988; Frederick and Schumacher 2008; Guy
et al. 2011) and CRM simulations (e.g., Tao et al. 1993;
Chin 1994; Caniaux et al. 1994; Lang et al. 2003), re-
vealing some important factors in a water budget such as
vertical wind shear and the depositional growth associ-
ated with upward motion [see Tao (2003) for review].
Recent high-quality observational datasets from AMMA
and TWP-ICE as well as three-dimensional (3D) CRM
simulations offer a new opportunity to study MCS water
budgets. Since dust particle amounts are higher in AMMA
than in TWP-ICE, can the difference in the water budgets
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FIG. 2. Field campaign stations for AMMA and NASA AMMA

(NAMMA). Observational data from Niamey, Tamale, Cotonou,

Abuja, and Parakou during the SOP are used to drive the present

AMMA CRM simulations.

between AMMA and TWP-ICE MCSs be attributed
(partially) to the difference in dust aerosols? With this
question in mind, the water budget analysis is revisited
in the present paper following Tao et al. (1993).

The paper consists of six sections. In section 2, the
field campaigns and the CRM used are briefly intro-
duced. In section 3, AMMA and TWP-ICE numerical
simulations are described and their results are compared
with radar and satellite observations. In section 4, the
water budgets from the AMMA simulations are ana-
lyzed and contrasted with those from the TWP-ICE
simulations. In section 5, the effects of vertical wind
shear and ice crystal concentration on MCSs are ad-
dressed by comparing the AMMA and TWP-ICE sim-
ulations. Concluding remarks are offered in section 6.

2. Setup for the AMMA and TWP-ICE simulations
a. Observations of AMMA and TWP-ICE MCSs

Observations from field campaigns (in this case,
AMMA and TWP-ICE) can be used to drive and eval-
uate CRM simulations. AMMA was a large interna-
tional project undertaken to improve the understanding
of the West African monsoon (e.g., Redelsperger et al.
2006). Its special observing period (SOP) focused on
specific processes and weather systems near Niamey,
Niger, between 1 June and 15 September 2006. Figure 2
shows the sounding network during the AMMA SOP.
The results for AMMA presented in this paper focus on
the budget network consisting of five sounding stations:
Niamey, Tamale, Cotonou, Abuja, and Parakou (indi-
cated with a polygon in Fig. 2). During the SOP, 4 day '
sonde observations were taken at these sites except for
two 2-week periods in which the sonde launch frequency
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FIG. 3. Meteosat-8 infrared brightness temperature at 0319 UTC 11 Aug 2006. The MCS on the left is
simulated in the paper.

was increased to 8 day '. Soundings from this network
were corrected for humidity biases as described in Nuret
et al. (2008) and were quality controlled as in Loehrer
et al. (1996). This sounding budget array encloses an
area of about 600 km? with its center near (9°N, 2.5°E).
Owing to the large amounts of dust present in the
northern vicinity of the SOP network (e.g., Zipser et al.
2009), observations in this region are ideal for inves-
tigating the effects of dust aerosols on MCSs.

The two MCSs chosen for study in this paper swept
westward over the sounding network on 18-19 July and
10-11 August 2006, respectively. The two systems were
well organized and had a distinct structure with deep
convective clouds accompanied by stratiform clouds and
nonprecipitating ice anvil clouds (Cetrone and Houze
2011; Powell et al. 2012). Their structure was captured
well by observations from the radars at Niamey as well
as CloudSat (Stephens et al. 2002) and the Tropical
Rainfall Measuring Mission (TRMM) satellite. The MCS
on 10-11 August, for example, is described here briefly

to summarize the basic characteristics of MCSs in the
AMMA region. A Meteosat-8 infrared (IR) brightness
temperature at 0319 UTC 11 August 2006 is shown in
Fig. 3. It exhibits two MCSs. The left one, which crossed
the sounding network, is modeled in this paper. This
MCS was captured by the W-band Atmospheric Radi-
ation Measurement (ARM) cloud radar located at Nia-
mey as it passed over the radar. It exhibited clear leading
and trailing anvils, and since the MCS propagated west-
ward over the radar, an effective east-west vertical
cross section of the MCS was obtained (Powell et al.
2012). CloudSat flew southward over the MCS at about
0131 UTC 11 August 2006, obtaining a north—south ver-
tical cross section of attenuating W-band radar reflec-
tivity across the MCS. Figure 4 displays the vertical cross
section from CloudSat and shows that the MCS had an
anvil that extended on the order of 400 km.

The TRMM satellite flew over the easternmost of the
two MCSs shown in Fig. 3 at about 0433 UTC 11 August
2006, providing a reference for the western MCS that is

FIG. 4. Vertical cross section of attenuating W-band radar reflectivity (dBZ) from CloudSat
at about 0131 UTC 11 Aug 2006. The image corresponds to the satellite overpass from 13°N,
5°E at 0131 UTC on the left side to 6°N, 3.5°E at 0133 UTC 11 Aug 2006 on the right side.
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FI1G. 5. (a)-(c) Three-dimensional images from TRMM satellite PR data received at about 0433 UTC 11 Aug 2006
over west-central Africa. They are overlaid on an infrared image from TRMM’s Visible and Infrared Scanner (VIRS)
instrument. Temperature values range from red for the coldest to blue for the warmest. White lines, drawn at an
interval of 2.5 km, show the height of TRMM PR features. The top line indicates an altitude of 20 km. The surfaces of
cloud tops defined as (a) 15, (b) 30, and (c) 40 dBZ, respectively. (d) A vertical cross section of reflectivity values
within the highest cloud.

modeled here. The TRMM Precipitation Radar (PR)
provided data for 3D images of convective clouds in the
MCS. Figure 5 displays cloud-top surfaces at 15, 30, and
40 dBZ, respectively. As the magnitude of reflectivity
increases, the cores of convective clouds become sepa-
rated from their neighbors. Such separation in convec-
tive cells is also clear in the vertical cross section of radar
reflectivity shown in Fig. 5 as well as the hourly IR im-
ages from the geostationary satellite Meteosat-8. This
suggests that the MCS was generated by horizontally
separated convective cells although the cells had a ten-
dency to be organized within the MCS. This separation
in convective cells resembles ““connected active MCSs,”’

which is an MCS subcategory of Yuan and Houze
(2010), where active convective systems are separated
but their precipitation areas are connected (Houze
1997).

The MCSs observed in AMMA are different from
those in TWP-ICE (e.g., Protat et al. 2010). TWP-ICE
was conducted around Darwin, Northern Territory,
Australia, in January and February of 2006 during the
northern Australian monsoon (May et al. 2008). Its
sounding network enclosed a region with a scale of
210 km centered at 12°S, 131°E (e.g., Xie et al. 2010).
Several squall lines, which occur in a typical monsoon
break period, crossed the sounding network from 4 to
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12 February 2006. Radar observations show that the
MCSs during this period had a scale of about 100 km
(Frederick and Schumacher 2008), which is much smaller
than those from AMMA shown in Figs. 3-5. Since National
Aeronautics and Space Administration (NASA) satel-
lite observations (http://eosweb.larc.nasa.gov/HPDOCS/
misr/misr_html/global_aerosols.html) show that the dust
concentrations near Niamey in summer are much higher
than those near Darwin in spring, the MCSs observed in
AMMA and TWP-ICE are modeled here with a CRM
to investigate the effects of aerosols on the MCSs.

b. Model setup

The Goddard CRM (e.g., Tao and Simpson 1993; Tao
et al. 2003) is used in this study to simulate the MCSs.
The model is nonhydrostatic and anelastic. It has an
option to change cloud microphysics from the three-
class ice formulations of Rutledge and Hobbs (1984) to
a bin microphysical representation. It takes account
of the absorption/scattering for solar radiation and the
emission/absorption of infrared radiation. Its cloud-
radiation interaction has been assessed (Tao et al.
1996). Subgrid-scale (turbulent) processes in the model
are parameterized using a scheme based on Klemp and
Wilhelmson (1978) and Soong and Ogura (1980). The
effects of both dry and moist processes on the generation
of subgrid-scale kinetic energy have been incorporated.
All scalar variables (temperature, water vapor, and all
hydrometeors) are calculated with a positive definite
advection scheme (Smolarkiewicz and Grabowski 1990).
Model results can be used to mimic radar and satellite
observations using the Goddard Satellite Data Simula-
tor Unit (G-SDSU), and subsequently be compared with
radar and satellite observations (Matsui et al. 2009).

The model in the paper has the same structure as that
in previous studies (e.g., Grabowski et al. 1996, 1998; Xu
and Randall 1996; Wu et al. 1999; Wu and Moncrieff
2001; Johnson et al. 2002; Xu et al. 2005; Blossey et al.
2007; Zeng et al. 2011). The observed large-scale hori-
zontal and vertical advection terms of potential tem-
perature and water vapor mixing ratio are used to drive
model simulations (e.g., Grabowski et al. 1996; Wu et al.
1999). The horizontal wind components in the model are
relaxed to the observed so that the vertical wind shear
for clouds is accurate (e.g., Grabowski et al. 1996; Xu
and Randall 1996).

Three numerical experiments analyzed in the paper
are listed in Table 1. All of the numerical experiments
are 3D, using a 1-km horizontal grid spacing and the
microphysical scheme based on Rutledge and Hobbs
(1984) with the addition of ice crystal concentration
(Zeng et al. 2008). The model therefore has five prog-
nostic hydrometeor variables: the mixing ratios of cloud
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TABLE 1. Numerical experiments.

Experiment Field campaign Date Grid points

MO811MH AMMA 10-11 Aug 2006 1024 X 1024 X 63
MO0719MH AMMA 18-19 Jul 2006 1024 X 1024 X 63
TO6MH TWP-ICE 4-12 Jan 2006 256 X 256 X 41

water, rainwater, cloud ice, snow, and graupel. Ice
crystal concentration is also introduced as an input fac-
tor. The ice crystal concentration in the TWP-ICE nu-
merical experiment is assigned such that the modeled
water species agree with radar observations (Zeng et al.
2011). The same value is used in the AMMA experi-
ments so that the modeled ice water contents are also
close to those derived from the W-band radar observa-
tions (see section 3b for further discussion).

The three numerical experiments for TWP-ICE and
AMMA follow the same model setup except for the
forcing because of the different sounding networks. The
TWP-ICE experiment (or TO6MH) uses 41 layers with
vertical resolution ranging from 42.5 m at the bottom to
1 km at the model top. It uses 256 X 256 X 41 grid points
to cover the region surrounded by the TWP-ICE sound-
ing network. In contrast, the two AMMA numerical ex-
periments (i.e., MO719MH and M0811MH) use 1024 X
1024 X 63 grid points to cover the region surrounded by
the AMMA sounding network and to allow a vertical
resolution of 300 m in the upper troposphere to better
resolve anvil clouds.

The forcing data used in the TWP-ICE and AMMA
numerical experiments come from their corresponding
field campaigns, respectively. The AMMA forcing data
were derived from 6-hourly observations at the five
network sounding sites shown in Fig. 2. Since it is diffi-
cult to obtain accurate mean spatial surface fluxes over
the entire budget arrays for long-term CRM simulations
(Zeng et al. 2007), the horizontally averaged tempera-
ture and humidity at the lowest three model levels
(378.5-m layer) are relaxed to the observed values with
a time scale of about 10 min. Specifically, a scalar vari-
able ¢ (i.e., potential temperature or the mixing ratio of
water vapor) is relaxed to ¢ops the observed value from
the sounding network via an additional source term.
That is,

0lot =" — (& — by, )IT,

where ¢ is the horizontal average of ¢ and 7, the
time scale for relaxation. In the present simulations,
7=10 X [200/(p — 800)] minutes when p > 800 hPa,
where p represents the horizontal average of atmo-
spheric pressure. This relaxation is sufficiently strong
that the model results are not sensitive to the imposed
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surface fluxes. Besides, the additional source term is
horizontally uniform and consequently the relaxation
does not restrain the simulation of ¢ perturbations
caused by convective downdrafts.

3. AMMA simulations

Two numerical experiments MO719MH and M0811MH
are carried out to simulate two MCSs that occurred
during AMMA on 18-19 July and 10-11 August 2006,
which are referred to here as the 19 July and 11 August
cases (or MCSs), respectively. The two numerical ex-
periments start at 0600 UTC 18 July and 10 August 2006,
respectively, and last for 30 h. Their initial condition is
chosen based on satellite observations. Hourly station-
ary satellite images show that the 19 July MCS evolved
as follows. Four individual convective systems (two
smaller and two larger) reached the eastern edge of the
sounding network at 0100 UTC 19 July 2006. The sys-
tems then merged to form a long MCS that became
mature at 0400 UTC and dissipated thereinafter. The 11
August MCS resembled the 19 July one. It swept over
the sounding network with its southern part. It consisted
of several small convective cloud systems in a line at
2119 UTC 10 August 2006 before reaching the north-
eastern edge of the network at 0019 UTC 11 August. It
reached maturity (Leary and Houze 1979) at 0419 UTC
and left the northwestern edge of the network at
0719 UTC.

To mimic the advection of convective systems into the
sounding network, four warm bubbles are introduced
into the model with a scale of 50 km in the right part of
the domain. The bubbles are introduced gradually within
the first 14 h with accumulated temperature perturba-
tions of 4°C. Gradual introduction of the bubbles pre-
vents the formation of strong artificial gravity waves.
Next, the modeled MCSs are compared with satellite-
and ground-based radar observations, respectively.

a. Comparison with satellite observations

Figure 6 displays the simulated rainfall rate in
MO719MH from day 0.5 to 1.2. Also shown are rainfall
estimates based on a TRMM satellite algorithm and
sounding budget residuals. The satellite estimate comes
from the TRMM 3B42v6 rainfall product (Huffman
et al. 2007), which is available at 3-h intervals and 0.25°
resolution. The high temporal resolution of this product
is achieved by combining TRMM 2A-12, Special Sensor
Microwave Imager (SSM/I), Advanced Microwave Scan-
ning Radiometer (AMSR), and AMSR for Earth Ob-
serving System (AMSR-E) precipitation estimates along
with hourly IR data from geostationary satellites. Gener-
ally speaking, the modeled rainfall rates agree well with
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FIG. 6. Modeled and observed AMMA rainfall rates vs time
starting at day 0.5 or 1800 UTC 18 Jul 2006. The thin line represents
the modeled results. The thick solid and dashed lines denote the
results derived from the TRMM satellite and the sounding net-
work, respectively.

the budget-derived estimates because the 19 July MCS
developed within the sounding network. In contrast, the
modeled rainfall rates in MO§11MH do not agree well
with the budget-derived estimates (not shown) because
only the southern portion of the 11 August MCS crossed
the sounding network.

Both of the AMMA numerical experiments are able
to replicate the large observed MCSs. The modeled 11
August MCS is compared with observations in detail
in the paper while the modeled 19 July MCS is used
to provide additional background for the analysis.
Figures 7 and 8 display a snapshot of MOS11MH at
0400 UTC 11 August. Figure 7 displays the horizontal
distribution of the modeled MCS in terms of cloud ice
and graupel mixing ratios at a height of 8.6 and 5 km,
respectively. The figure shows that the modeled MCS
has a scale of 400 km. Since the cloud ice at 8.6 km and
the graupel at 5 km approximately measure the cloud
anvil and convective cores, respectively, the figure in-
dicates that the modeled anvil/stratiform clouds are
much larger in area than the convective cores. In addi-
tion, the modeled convective cells are separated horizon-
tally, whereas they appear organized into two connected
parts (or sub-MCSs) based on their precipitation areas.
The two-sub-MCS pattern resembles the satellite image
shown in Fig. 3.

Figure 8 displays the volumes of precipitating parti-
cles (i.e., rainwater, snow, and graupel) as well as cloud
ice at 0400 UTC 11 August. Because of the cyclic
boundary conditions in the model, in the figure, the first
half of the domain is moved right after the second half
in the east-west direction so as to provide a better 3D
view of the clouds. Since the precipitating particles ap-
proximately represent convective— and precipitating—
stratiform clouds and cloud ice represents anvil clouds,
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FIG. 7. Horizontal distribution of (left) cloud ice mixing ratio at 8.6 km and (right) graupel mixing ratio at 5 km at
hour 22 or 0400 UTC 11 Aug 2006. The results come from experiment M0O811MH.

the figure shows that deep convective cores (evidenced
by overshooting domes) are horizontally separated but
share the same cloud anvil, which resembles the satellite
observations shown in Figs. 3-5. In addition, the mod-
eled leading anvil is higher than the trailing one, just as
was observed by the W-band radar (Powell et al. 2012).
Strong reflectivity beyond the convective regions occurs
below 5 km, which resembles the observations shown in
Fig. 5 and the TRMM PR observations over West Africa
(Cetrone and Houze 2009).

b. Comparison with W-band radar observations

Anvil clouds are further divided into thin, medium,
and thick based on thicknesses of 0-2, 2—-6, and >6 km,
respectively (e.g., Yuan and Houze 2010; Cetrone and
Houze 2011; Powell et al. 2012). Since the ARM W-band
radar can detect anvil clouds with a high degree of
sensitivity (e.g., —35 dBZ at 10 km), its data are used to
characterize thin, medium, and thick anvils that can be
used to evaluate the simulated anvils.

Anvil clouds are sensitive to the ice crystal concen-
tration in the mixed-phase region (e.g., Zeng et al.
2009b). Thus, different ice crystal concentrations can be
assigned in different CRM simulations in contrast to
observations to infer the in situ ice crystal concentration
(e.g., Zeng et al. 2009a, 2011; Morrison et al. 2011).
Numerous sensitivity experiments have been performed
with the same setup as MO811MH except for different
ice crystal concentrations, indicating an increase in anvil
ice water content with increasing ice crystal concen-
tration (see section 5b for further discussion). When
MO811MH is run with the same ice crystal concentration
as was used in TO6MH to properly duplicate TWP-ICE
clouds, its modeled ice water content (IWC) in the anvil
clouds is close to the observations. Figure 9 displays the
vertical profiles of IWC modeled in thick, medium, and
thin anvils. The profiles can be compared quantitatively
with those derived from the W-band radar (Powell et al.
2012). The modeled IWC for thick anvil is quite close to
the observational results shown in Powell et al. (2012),

FIG. 8. A snapshot of the modeled AMMA clouds at 0400 UTC 11 Aug 2006 in experiment MO811MH. (left) The volume of precipitating
particles, and (right) the volume of cloud ice, depicting the cloud anvil.
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FIG. 9. Vertical profiles of ice water content in thick (dash—
dotted), medium (solid), and thin anvils (dashed) in experiment
MO811MH.

whereas modeled IWCs for thin and medium anvils are
lower than observations in the upper troposphere (e.g.,
between 10 and 14 km).

c¢. Comparison with the TWP-ICE simulation

The TWP-ICE numerical experiment TO6MH was
introduced in Zeng et al. (2011). It is discussed here
briefly to contrast against the AMMA experiments.
TO6MH was initialized at 2100 UTC 4 February 2006
and run for 8 days. Figure 10 displays a snapshot of the
modeled clouds at 1424 UTC 11 February 2006, showing
that the MCS had a scale of 100 km, which is close to the
radar observations of Frederick and Schumacher (2008).
The figure shows the volume of precipitating water
particles (or the sum of rainwater, snow, and graupel
mixing ratios) and nonprecipitating ones (or the sum of
cloud water and ice mixing ratios) where the total
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mixing ratio of water species at the surfaces is defined
as 0.01 times its maximum value in the domain (i.e.,
0.01 g kg~ ! for nonprecipitating particles and 0.1 g kg~*
for precipitating particles). Since precipitating particles are
much larger in size than nonprecipitating ones, reflectivity
associated with the precipitating particles is much larger
than those for the latter. Hence, the two panels roughly
depict convective clouds and the cloud shield, respectively.
Generally speaking, the modeled TWP-ICE anvil clouds
are much larger in area than convective clouds.

4. Water budget analysis

In contrast to the preceding qualitative comparison
between the modeled AMMA and TWP-ICE clouds,
a quantitative comparison is presented in this section by
analyzing the water budget. Following the schematic of
Houze et al. (1980) in Fig. 1, the model domain is divided
into convective, stratiform, and anvil (or nonprecipi-
tating) cloud regions and clear sky (or the cloud envi-
ronment). Two isothermal surfaces at temperatures of
0° and —35°C are used to divide the troposphere into
three layers: warm, mixed-phase, and icy cloud layers.
As aresult, the horizontal and vertical fluxes of all water
species (except for water vapor) between the regions
and layers can be computed as well as the sources of all
water species owing to microphysics in each subregion
(see the appendix for the water budget computation
algorithm).

The convective—stratiform separation scheme used in
the present study is the same as that in Churchill and
Houze (1984) with two additional criteria: one on ver-
tical velocity and another on cloud water content (Tao
et al. 1993). Since 3D simulations generate larger verti-
cal velocity than their two-dimensional (2D) counter-
parts (e.g., Phillips and Donner 2006; Zeng et al. 2008),
two parameters in the two criteria are tuned for 3D

FIG. 10. A snapshot of the modeled TWP-ICE clouds at 1424 UTC 11 Feb 2006. The volume of (left) precipitating and (right)
nonprecipitating particles.
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FIG. 11. Water budgets for (left) MO811MH and (right) TO6MH. All of the quantities are normalized by the total surface precipitation.
Horizontal arrows indicate water fluxes between the convective, stratiform, and anvil cloud regions, and vertical arrows the water fluxes
between warm, mixed-phase, and icy cloud layers. Variables in boxes represent the water sources due to microphysical processes.

simulations so that the cloud separation in the model
is close to that from radar observations (see the com-
parison in stratiform precipitation percentage below).
Specifically, a pixel is made convective if cloud water
exceeds a threshold of 0.88 g kg~ ' below the melting
level or 1.76 g kg~ ' above the melting level, or if the
updraft exceeds 3 ms~'. Once the parameters are
chosen, they change with neither clouds nor their stages
so that results are comparative between cases.

In the present study, the water fluxes and microphysical
water sources are computed every 5 min and then accu-
mulated over the entire modeling period. Figure 11 dis-
plays the water budgets obtained for MOS811MH and
TO6MH, where all variables are normalized by the total
surface precipitation amount [or convective and strati-
form precipitation (R, + Ry) in Fig. 1] for comparison.

The water budget for MO811MH, which is similar to
that for MO719MH, is discussed here as being repre-
sentative of Niamey. The modeled convective (strati-
form) rain amount is 48.6% (51.4%), which is close to
the 51% (49%) that was derived from C-band radar
observations collected at Niamey during the AMMA
SOP (Guy et al. 2011). In contrast, the modeled TWP-
ICE convective (stratiform) rain amount in TO6MH is
58.6% (41.4%). The difference in stratiform precipita-
tion percentage between the AMMA and TWP-ICE
cases is possible because stratiform precipitation per-
centage varies significantly from case to case (Cetrone
and Houze 2009).

a. Convective water budgets

The convective water budgets in Fig. 11 are compared
between TO6MH and MO811MH to contrast the differ-
ence in their deep convection. The microphysical water
source in the convective region in TO6MH is stronger

than that in MO811MH. Since the microphysical water
source measures the amount of vapor condensation/
deposition, the difference in water source between the
two experiments suggests that deep convection in TO6MH
is stronger than in MO811MH.

This conclusion on the difference in deep convection
is supported by other water variables. The modeled
vertical water fluxes at 0° and —35°C in the convective
region are larger in TO6MH than in MO811MH. These
modeling characteristics are attributed to stronger ver-
tical velocities in the TWP-ICE convective clouds than
those in the AMMA MCSs. Figure 12 displays proba-
bility density functions (PDFs) of vertical velocity w
from TO6MH and M0811MH; it shows that for strong
vertical velocities (i.e., in the convective clouds), the
frequency of occurrence is larger in TO6MH than in
MO811MH. Also, the height of the maximum vertical
velocities (e.g., at 10 m s~ ') is lower in TO6MH than in
MO811MH. These differences in the water variables and
vertical velocities suggest that the convection in TO6MH
is stronger than in MO811MH and is consistent with the
high level of lightning activity observed in the break-
period storms near Darwin (May et al. 2008).

The budgets in Fig. 11 represent the ensemble average
of all clouds in the numerical experiments. Suppose that
all of the clouds in the model have the same structure as
that in Fig. 1 with E. = 0.! Water balance would be

! MCS propagation affects the computation of water budget.
Figure 1 depicts the water budget on a framework that moves with
the MCS. Suppose that the MCS in Fig. 1 is steady and propagates
to the left. An advective water flux from a nonprecipitating to
a convective region occurs in a stationary framework. This flux is
directly proportional to the MCS propagation speed and the water
content in the nonprecipitating region.
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FIG. 12. PDFs of vertical velocity for (left) MO811MH and (right) TO6MH.

expected in each region (i.e., box) in Fig. 11: outward
minus inward water fluxes would equal the microphys-
ical water source inside. However, the clouds in the
model include not only MCSs but also non-MCS clouds
such as isolated convective clouds that can transport
water directly to the nonprecipitating cloud region and/
or the cloud environment. As a result, water ‘“‘imbal-
ance” arises in some of the regions in Fig. 11.

The water imbalance in the convective regions ap-
proximately measures the contribution of non-MCS
clouds to the water budget. Looking at the water budget
in the convective region for TO6MH, for example, there
is balance in the warm cloud layer but not above it. To be
specific, 27% of the water source (or 0.13/0.49) in the
mixed-phase cloud layer flows out into the nonprecipi-
tating cloud region and/or the cloud environment, and
38% of the water (or 0.06/0.16) that is transported from
the mixed-phase to the icy layer flows out into the
nonprecipitating cloud region. This difference in the
water budget implies that about one quarter of deep
convection (in terms of midtropospheric upward water
flux) comes from isolated storms, which is consistent
with observations that many isolated storms occur dur-
ing the monsoon break near Darwin (e.g., May et al.
2008).

In contrast to TOGMH, MO0811MH has little water
imbalance in the convective region, which implies that
isolated storms contribute little to precipitation and
therefore agrees with observations that 92% of the
precipitation at Niamey came from MCSs during the
AMMA SOP (Le Barbé and Lebel 1997; Guy et al.
2011). Because of the propagation of MCSs and strong

stratiform precipitation (or water content in the strati-
form clouds), an advective water flux occurs from the
nonprecipitating to the convective region, which ex-
plains the water imbalance in MO811MH (see footnote 1
for more discussion).

b. Stratiform water budgets

Precipitation amounts and areas between stratiform/
anvil and convective clouds are contrasted using model
and observational data. As shown in Table 2, the ratio
between modeled stratiform and convective cloud areas
is 4.1 in MO811MH, which is close to the value derived
from the C-band radar at Niamey (i.e., 4.9 for 11 August
and 5.7 for the whole SOP). The ratio in TO6MH is 5.0,
which is close to the 3.4 value estimated from TWP-ICE
radar observations (Frederick and Schumacher 2008).
Moreover, the ratio between anvil and convective cloud
area in TO6BMH is 15.5—much larger than that in
MO811MH (1.8), which is consistent with the radar-lidar
observations of Protat et al. (2010) that the frequency of
ice cloud occurrence is much larger over Darwin than
over Niamey.

TABLE 2. Stratiform/anvil vs convective cloud ratios.

Ratio between Ratio between
stratiform and anvil and

Percentage of convective cloud convective cloud

Case stratiform rain areas areas
MO811MH 51.4% 4.1 1.8
MO0O719MH 59.5% 14.0 7.5
TO6MH 41.4% 5.0 15.5
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Although the stratiform area is relatively smaller in
MO811MH than in TO6MH, the water source (or de-
position rate) in the mixed-phase cloud layer in the
stratiform region is large (see Fig. 11). Since the de-
position rate is directly proportional to vertical ve-
locity, the difference in deposition amount in the
mixed-phase cloud layer implies that the mesoscale as-
cent around deep convection is stronger in M0811MH
than in TOGMH.

The preceding analysis of water budgets depicts a
difference in cloud ensembles between Niamey and
Darwin. Deep convection near Darwin is relatively strong
and is associated with extensive anvil area, whereas
stratiform clouds around deep convection near Nia-
mey are relatively stronger in terms of vertical velocity.
CloudSat observations consistently show that West
African anvils tend to be closely tied to the convective
regions of MCSs (Cetrone and Houze 2009; Frey et al.
2011).

5. Discussion

The difference in convective, stratiform, and anvil
clouds between the modeled AMMA and TWP-ICE
MCS:s is related to many factors. Two of them are ver-
tical wind shear and dust particle concentration. Next,
the three numerical experiments in Table 1 are com-
pared with additional sensitivity experiments, address-
ing the effects of the two factors on stratiform and anvil
clouds.

a. Vertical wind shear

Figure 13 displays vertical profiles of observed zonal
and meridional velocity components averaged over
the modeling periods. Since vertical wind shear at
different heights affects stratiform and anvil clouds
differently (e.g., Rotunno et al. 1988; Moncrieff 1992),
two additional TWP-ICE experiments (i.e., TO6MH1S
and TO6MH?2S) are carried out to help examine the ef-
fects of the observed vertical wind shear on stratiform/
anvil cloud area in AMMA and TWP-ICE MCSs.

To study the effect of upper-tropospheric (UT) ver-
tical wind shear, experiment TO6MHIS is conducted
using the same setup as TO6MH except for a vertical
wind shear of zero above 290 hPa or 10 km (i.e., the
horizontal wind components above the height of 290 hPa
equal those at 290 hPa, respectively). In the experiment,
the modeled convective, stratiform, and anvil clouds have
slightly smaller, smaller, and almost the same areas as
those in TO6MH, respectively. Such differences in cloud
areas between TO6MH1S and TO6MH imply that the UT
vertical wind shear favors the formation of wide strati-
form clouds.
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FIG. 13. Vertical profiles of the (top) zonal and (bottom) meridional
wind components averaged over the modeling periods.

In contrast to TO6MHI1S, experiment TO6MH2S uses
the same setup as TO6MH, but its vertical wind shear is
decreased by half (or the horizontal wind components
from the model bottom to top equal half of the observed,
respectively). In this experiment, the modeled convec-
tive, stratiform, and anvil clouds have larger, obviously
larger, and slightly smaller areas than those in TO6MH,
respectively. Such differences in cloud areas between
TO6MH2S and TO6MH imply that the vertical wind
shear in the middle and lower troposphere does not fa-
vor the formation of wide stratiform clouds.

Results from these two experiments are consistent
with those from MCS observations and previous CRM
simulations. Since deep convection brings about long-
lasting stratiform clouds, the length (and therefore area)
of stratiform clouds is directly proportional to the rela-
tive horizontal displacement of an UT air parcel with
respect to deep convective cores or

Vi Vg =V = V) H(V, — V), 1)

where v, and v,,, denote the horizontal wind in the upper
and middle troposphere, respectively, and v, the prop-
agation velocity of deep convective cores.

The first term on the right-hand side of (1), v,, — v,,,
denotes the effect of vertical wind shear on stratiform
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clouds (e.g., Moncrieff 1992), and its effect is shown by
the contrast between TO6MH and TO6MH1S. With the
aid of this term, the difference in UT vertical wind shear
shown in Fig. 13 can be used to partly explain the dif-
ference in stratiform and anvil clouds between AMMA
and TWP-ICE MCSs.

The second term on the right-hand side of (1), v,,, — v,
can also be used to explain the difference in stratiform
and anvil clouds between the modeled MCSs. Pre-
vious CRM simulations at radiative—convective equi-
librium showed that clouds become organized and that
these organized cloud systems propagate horizontally
even without environmental vertical wind shear (e.g.,
Grabowski and Moncrieff 2004; Bretherton et al. 2005;
Zeng et al. 2010). This suggests a complex relationship
between MCS propagation (or v,) and vertical wind
shear. The area of stratiform clouds in TO6MH2S is
larger than that in TO6MH, which implies that the prop-
agation speed (or stratiform cloud area) of MCSs in-
creases with decreasing vertical wind shear in the middle
(and lower) troposphere.

Satellite observations of the 11 August and 19 July
MCSs support the effect of vertical wind shear on MCS
propagation speed. Figure 13 shows that vertical wind
shear between 2 and 11 km in the 11 August MCS is
larger than that in the 19 July MCS. Meanwhile, hourly
Meteosat-8 images show that new convective cells formed
far ahead of the 19 July MCS (e.g., at 0200 UTC 19 July)
so that the apparent propagation speed of the 19 July
MCS is larger than that of the 11 August MCS. Such
a difference in propagation speed can be used to explain
the difference in stratiform cloud area between the 11
August and 19 July MCSs (see Table 2). Similarly, the
vertical wind shear between 2 and 11 km in TWP-ICE is
smaller than those in the two AMMA MCSs, which can
be used to partly explain the larger area of stratiform
and anvil clouds in TO6MH (Protat et al. 2010; Table 2).

b. Ice crystal concentration

Ice crystal concentration (ICC) or mineral particle
concentration can affect MCSs, too. Dust particles were
abundant over the Saharan desert during the SOP (Zipser
et al. 2009). They were carried into the sounding net-
work by northerly winds above about 2 km (see Fig. 13)
and then entrained into clouds via low-level conver-
gence below about 10 km (see Fig. 12). Aircraft obser-
vations showed that the highest ice particle concentrations
observed at —44°C occurred in the strongest updrafts
and correlated well with observations of high aerosol
loading in the boundary layer (Heymsfield et al. 2009;
Bouniol et al. 2010). Hence, it is inferred that the ice
nuclei concentrations (or ICC) in the AMMA clouds
were higher than in those from TWP-ICE.
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The effects of ICC on MCSs are revealed in the dif-
ferences in MCS sizes and water budgets between
AMMA and TWP-ICE, which is discussed next, begin-
ning with an additional numerical experiment MO811L
that follows the same setup as MO811MH except for
using a low ICC. The microphysics scheme for MO811L
is equivalent to the original Rutledge—Hobbs scheme
that works well in midlatitudinal cloud simulations (e.g.,
Zeng et al. 2009b). Figure 14 displays the horizontal
distributions of cloud ice at 8.6 km and graupel at 5 km
at 0400 UTC 11 August from MO811L. It is contrasted
against the results from MO811MH (Fig. 7), showing the
effect of ICC on MCSs. Namely, a decrease in ICC leads
to a significant decrease in the UT cloud ice amount and
subsequently a decrease in MCS anvil/stratiform area,
which suggests that abundant ice nuclei, such as was
observed in AMMA, is one of the factors contributing to
extensive MCSs over West Africa, in addition to other
thermodynamic and dynamic factors.

The contrast of Figs. 7 and 14 shows a sensitivity of
MCS size to ICC. Thus, the difference in ICC between
AMMA and TWP-ICE clouds can be identified using
MCS scale (instead of UT ice water content?) as a com-
parison standard. Radar and satellite observations show
that the size of AMMA MCSs is larger than those in
TWP-ICE (e.g., Frederick and Schumacher 2008), im-
plying that the ICC in AMMA clouds is higher than that
in TWP-ICE clouds.

The inferred difference in ICC between AMMA and
TWP-ICE clouds is supported by the difference in water
budgets between them. The water source in the mixed-
phase region in the AMMA stratiform clouds, as shown
by Fig. 11, is larger than that in the TWP-ICE ones. If an
air parcel is used to understand the difference, its ver-
tical velocity (or the mesoscale ascent around deep
convection) in AMMA stratiform clouds must be larger
than in those for TWP-ICE.

The difference in mesoscale ascent between AMMA
and TWP-ICE stratiform clouds can be related to the

2 In section 3b, the ice water content derived from the W-band
radar was used to estimate the ICC just as was done in Zeng et al.
(2011). When a high ice crystal concentration was used in
MO811MH, the modeled UT ice water content is close to the ob-
served. Such a high concentration, in comparison to the small one
in MO811L, indicates that the ICC in AMMA clouds is much larger
than that in midlatitudinal clouds, supporting the conclusion of
Zeng et al. (2011). On the other hand, the estimated ICC in
AMMA clouds is close to that in TWP-ICE, which implies that
such estimation of ICC is not accurate enough to identify the dif-
ference in ICC between AMMA and TWP-ICE clouds. The in-
accuracy of ICC estimation is attributed mainly to errors from the
microphysics parameterization, such as that discussed in Powell
et al. (2012) and section 3b.
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FIG. 14. As in Fig. 7, but for experiment MO811L that uses the Rutledge and Hobbs (1984) scheme, which results in
a low ice crystal concentration.

difference in ICC between AMMA and TWP-ICE
clouds. At the radiative—convective equilibrium in hor-
izontally uniform environments, mesoscale ascent works
as a dynamic factor to organize clouds no matter how
they draw energy from their environment (e.g., Grabowski
and Moncrieff 2004; Bretherton et al. 2005; Zeng et al.
2010). Owing to the connection between cloud organi-
zation and mesoscale ascent, the effect of cloud mi-
crophysics on cloud organization provides information
on the effect of cloud microphysics on mesoscale ascent.
The sensitivity experiments of Zeng et al. (2010) showed
that clouds are organized well when the microphysics
parameterization for cold clouds (with “high”” ICC) is
used and are organized weakly (or isolated) when the
parameterization for warm clouds (with zero ICC) is
used. This result implies that mesoscale ascent around
deep convection becomes stronger with increasing
ICC, which is consistent with the difference in water
budgets,’ the difference in mineral dust concentration
between AMMA and TWP-ICE clouds (see http://eosweb.
larc.nasa.gov/HPDOCS/mist/misr_html/global_aerosols.
html), and the satellite observations of Cetrone and
Houze (2009) that West African anvils tend to be closely
tied to the convective regions of MCSs.

3 Suppose that mineral particle concentration (or ICC) can im-
pact atmospheric temperature and humidity via clouds. Thus, the
AMMA sounding network can detect information on the effect of
mineral particles on atmospheric variables that will be reflected in
the computed water budgets.

6. Concluding remarks

Two climatological regimes, West Africa and the
Maritime Continent, possess different cloud ensembles
with West African anvils tending to be closely tied to
the convective regions of MCSs (Cetrone and Houze
2009). Ground-based radar and lidar from two sites
(Niamey and Darwin) within these two regimes reveal
that the frequency of ice cloud occurrence is much
lower over Niamey when compared to Darwin (Protat
et al. 2010).

Two international field campaigns, AMMA and
TWP-ICE, with upper-air sounding networks took place
around the two sites, respectively, providing observa-
tional data to drive and evaluate CRM simulations. If
the corresponding CRM simulations can duplicate the
cloud characteristics observed in the two climatological
regimes, they can then be used, as examples, to infer the
factors that cause the difference in clouds between the
two regimes.

In this paper, two MCSs observed during AMMA are
modeled and contrasted against a population of MCSs
from TWP-ICE. The modeled AMMA MCSs have a
scale of about 400 km, consisting of convective, strati-
form, and anvil clouds. They evolve from several smaller
cloud systems. In their mature stage, each MCS has two
deep convective regions, connected by anvil clouds (i.e.,
the two convective regions share the same cloud shield).
These modeling characteristics resemble the radar and
satellite observations of the real MCSs.

Water budgets for all of the modeled AMMA and
TWP-ICE clouds are analyzed to show their difference
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in clouds. The budgets are expressed in terms of horizontal
water fluxes between the convective, stratiform, and
anvil regions; the vertical water fluxes between warm,
mixed-phase, and icy cloud layers; and water sources
due to microphysical processes. The budgets were nor-
malized by the total precipitation amount to facilitate
a comparison of the water budget between the different
geographic regions as well as to provide information
to help determine the parameters in convective and
cloud parameterization in general circulation models
(GCMs).

A comparison of the water budgets between the
modeled AMMA and TWP-ICE clouds showed that
MCSs dominated the precipitation in AMMA while
other cloud systems (e.g., isolated convective clouds)
contributed significantly to the precipitation in TWP-
ICE. This agrees with satellite and radar observations
that most of the precipitation came from MCSs at Nia-
mey during the AMMA SOP (Guy et al. 2011) while
many isolated storms occurred during the monsoon break
near Darwin (e.g., May et al. 2008). The water budget
comparison also suggests that ascent in TWP-ICE con-
vective clouds is stronger while the mesoscale ascent
outside of convective clouds in AMMA is stronger, which
is consistent with the observations of Cetrone and Houze
(2009) and Protat et al. (2010) that the frequency of ice
cloud occurrence is much lower over Niamey when
compared to Darwin.

The numerical experiments are also compared with
additional sensitivity tests to examine the effects of
vertical wind shear and ice crystal concentration on
MCS:s. Strong vertical wind shear in the upper tropo-
sphere and weak shear in the middle and lower tropo-
sphere in TWP-ICE can explain the high frequency of
ice clouds observed at Darwin. An increase in ice crystal
concentration can bring about an increase in cloud
shield area, which implies that high ice crystal concen-
trations are one of the key factors that contribute to the
large MCSs in AMMA.
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APPENDIX

Computing Water Budgets

This appendix presents the algorithm on how to
compute water budgets. Consider a governing equation
for a water species

o™, y

[wpp"™]
o z

(A1)
where ¢™ is the mixing ratio of a water species, with
m=1,2, 3,4, and 5 for cloud water, rainwater, cloud ice,
snow, and graupel, respectively; p is air density; v, the
horizontal wind vector; w the vertical velocity of a water
species that includes its terminal velocity; S ) the
source term of ¢ from microphysical processes;  time;
and z height. The equation ignores the term from sub-
grid turbulence or motions.

Integrating (A1) over a given volume (e.g., those in
Fig. 1) and a period yields the equation for the water
budget. With the aid of the divergence theorem, in-
tegrating (A1) from time 0 to 7, height z; to z,, then over
a horizontal area enclosed by line L, and finally sum-
ming the resulting equation with m from 1 to 5 gives

z=z,
dx dy dt

7=z,

(A2)
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where dL represents an infinitesimal element of line L,
whose magnitude is the length of the element and whose
direction is perpendicular to the element. The first term
on the left-hand side of (A2) is negligible for long-term
integration, especially when the modeling period spans
the life cycles of cloud systems.

The total precipitation amount that reaches the
ground R (or R, + R, in Fig. 1) is expressed as

1 r i - 1
— wp"” dxdydt — —
TR .[.L,y JO m:1[ P ] =z Y TR
2
T 5
L ZZJ 4} 3 [v,pb™] - dLdz dt
TR z, JO m=1
lineL

where a term corresponds to a number in the water
budgets of Fig. 11. Specifically, the term on the right-
hand side of (A4) represents the water source from
microphysical processes. The first two terms on the left-
hand side represent the vertical transport of water at the
top and bottom of a given volume, respectively. The
third term on the left-hand side represents the hori-
zontal transport of water from the given volume, and is
further broken into several terms next.

The model domain is divided into four regions: con-
vective, stratiform, anvil cloud, and clear-sky regions.
When (A4) is applied to a region, there is a budget
balance of water for the region. Since the current model
is represented in the Cartesian coordinate system (x, y,
z) and its cells are cubical, dL in (A4) is chosen to follow
the edge of the boundary cells of a given region on
a horizontal plane, simplifying the computation of the
water budgets.

The third term on the left-hand side of (A4), or the
horizontal transport of water between regions, can be
further divided into terms from one region to another.
Once the domain is divided into convective, stratiform,
and anvil cloud and clear-sky regions, the horizontal
transport of water between the regions is marked with its
source and target regions and is then output in the form
of Fig. 11.
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