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Abstract By conducting idealized experiments in a general
circulation model (GCM) and in a toy theoretical model, we
test the hypothesis that shallow convection (SC) is responsible
for explaining why the boreal summer intraseasonal oscillation
(BSISO) prefers propagating northward. Two simulations are
performed using ECHAM4, with the control run using a stan-
dard detrainment rate of SC and the sensitivity run turning off
the detrainment rate of SC. These two simulations display
dramatically different BSISO characteristics. The control run
simulates the realistic northward propagation (NP) of the
BSISO, while the sensitivity run with little SC only simulates
stationary signals. In the sensitivity run, the meridional
asymmetries of vorticity and humidity fields are simulated un-
der the monsoon vertical wind shear (VWS); thus, the friction-
al convergence can be excited to the north of the BSISO.
However, the lack of SC makes the lower and middle tropo-
sphere very dry, which prohibits further development of deeper
convection. A theoretical BSISO model is also constructed,
and the result shows that SC is a key to convey the asymmetric
vorticity effect to induce the BSISO to move northward. Thus,
both the GCM and theoretical model results demonstrate the
importance of SC in promoting the NP of the BSISO.
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1 Introduction

The Indian summer monsoon (ISM) always experiences a
dominant 20—50-day oscillation, which is controlled by the
boreal summer intraseasonal oscillation (BSISO)
(Krishnamurti and Bhalme 1976; Gadgil 2003). Along
with strong self-induced oscillation in the ISM (Liu and
Wang 2012a, 2014), the northward propagation (NP) of
BSISO is demonstrated to be responsible for these wet
and dry events of the ISM (Annamalai and Slingo 2001).
The BSISO over the western North Pacific, which is often
modulated by El Nifio/Southern Oscillation (ENSO) (Liu
et al. 2016), also can contribute to the intraseasonal varia-
tion in the East Asian monsoon. Although the BSISO has
attracted many years of studying, current climate model
still suffers low ability of BSISO simulation (Lin et al.
2008).

To improve the BSISO simulation, a large amount of
previous works try to explain why the BSISO prefers mov-
ing poleward. Internal atmospheric dynamic processes
have been well studied to understand the BSISO. In the
first time, Lau and Peng (1990) demonstrated the role of
the equatorial Rossby waves in monsoon NP, which is trig-
gered by the interaction between the monsoon mean flows
and the Madden-Julian oscillation (MJO). The NP of the
BSISO can also be caused by the Rossby wave emanation,
which tends to form the northwestward slanted rain band
(Wang and Xie 1997). The general circulation model
(GCM) simulations also confirm this result (Wu et al.
2006). In one landmark study, the barotropic vorticity
(BV) generated by baroclinic-barotropic interaction under
the easterly vertical wind shear (VWS) was found to be
important for the independent poleward migrating event
of the BSISO (Jiang et al. 2004). This north-of-
convection BV was also found to be generated by vertical
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transport of monsoon mean winds (Drbohlav and Wang
2005), by poleward transport of anomalous vorticity
(Bellon and Sobel 2008), and by cumulus momentum
transport (Liu et al. 2015). By using a cloud-resolving
model, the NP of the BSISO was also generated by the beta
drift near the equator, in which the planetary boundary
layer (PBL) will interact with these drifting gyres and en-
hance the low-tropospheric moisture (Boos and Kuang
2010). In the GCM simulations, the cumulus momentum
transport was also found to be the key process to control
the NP of the BSISO (Kang et al. 2010).

Apart from the internal atmospheric processes, external
surface heat fluxes were also found to contribute to the pole-
ward migration of the BSISO. Existences of meridional gra-
dients in seasonal-mean moist static energy and surface heat
flux were found to favor the NP of the BSISO (Webster 1983;
Gyoswami and Shukla 1984). Atmosphere-ocean interaction
was also shown to contribute to the NP, because warm sea
surface temperature (SST) will be favorable for the growing
of new convection in the poleward of the original rain band,
resulting in the NP of BSISO (Fu et al. 2003; Sperber and
Annamalai 2008).

Although affected by external forcing, the BSISO has
been known as an internal mode in the tropical atmosphere
(Madden and Julian 1994; Wang 2005; Ajayamohan et al.
2011). The PBL moisture transport and the role of BV were
found to be keys for inducing the poleward propagation of
the BSISO, as well as the BV effect (DeMott et al. 2013).
Based on recent high-resolution observations, the shallow
convection (SC) has been found to prevail leading the
BSISO convection to the north (Abhik et al. 2013). The
SC is favorable for preconditioning the atmosphere for
deep convection, and the BSISO tilts backward against
its NP (Abhik et al. 2013). Based on the satellite and re-
analysis data (Stephens et al. 2002; Simmons et al. 2007),
this dominant vertical-tilted profile has also been found in
the cloud water for the poleward-propagating BSISO
(Jiang et al. 2011). The multi-cloud structure, consisted
of low-level shallow congestus, deep convection, and
upper-level stratiform, was discovered for the BSISO.
These observations should suggest that the SC should be
important in the NP of the BSISO.

Considering the importance of SC in simulating the boreal
winter MJO by using the atmospheric GCM (Zhang and Song
2009), this paper focuses on the role of SC in the BSISO
simulated by ECHAM4 AGCM. We also use a theoretical
BSISO skeleton model to explain the AGCM results.

In Section 2, the observational data, the atmospheric
GCM simulations, and the theoretical model for the
BSISO are discussed. In Section 3, the model results are
presented. Experiments based on the toy theoretical model
are reported in Section 4. The last section will summarize
the paper.
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2 Models and data
2.1 Data

Monthly mean winds and specific humidity used in this paper
are obtained from the NCEP Reanalysis II (Kanamitsu et al.
2002). The high-frequency Tropical Rainfall Measuring
Mission (TRMM) 3B42 precipitation is also analyzed to ob-
tain the BSISO signal for the period of 1998-2012 (Huffman
et al. 2007). To isolate the intraseasonal signal, the 20—100-
day band-pass filter is performed on each meteorological field.

2.2 GCM experiments

To simulate the BSISO, we employ the ECHAM version 4
(ECHAM4) that has a good simulation of BSISO (Jiang et al.
2004). In this study, a coarse resolution of T30 for horizontal
direction and 19 vertical levels are used. The modified Tiedtke
convection scheme is used (Nordeng 1994). Previous works
have shown a good simulation of NP of the BSISO by using
the ECHAM4 (Fu et al. 2003; Jiang et al. 2004). Two domi-
nant mechanisms, i.e., the BV effect (Jiang et al. 2004) and the
air-sea interaction effect (Fu et al. 2003) for the NP of the
BSISO, can be well captured by ECHAM4. Thus, we still
use this old version of ECHAM. In order to explore how the
SC works in the BSISO, two simulations are carried out in this
study. In the first experiment, referred to as CTL (for control),
the standard ECHAM4 is used. This is the same simulation as
that used by Jiang and his colleagues (Jiang et al. 2004). In the
second experiment, referred to as Exp WS (for weak SC), the
detrainment of cloud water from SC is turned off. After the
spin up, we run this model for 15 years for each case. In these
two case runs, the boundary forcing is the same by using
climatological monthly mean SST for the period of 1990—
2010.

2.3 A theoretical model for the BSISO

To understand the role of SC, we use a two-and-a-half-layer
model that was designed to study the BSISO (Liu et al. 2015).
This model is originally built for the neutral MJO skeleton
(Majda and Stechmann 2009) and developed by Liu and
Wang (2012b) for the unstable eastward moving MJO. This
model includes the dominant mechanisms for the MJO, the
wave, and the moisture feedbacks (Liu and Wang 2016a,
2016b). In order to describe the moisture process, we consider
the full moisture equation. The moisture anomalies, neglected
in the wave dynamics, have been added. The precipitation has
been parameterized based on the observation that the positive
moisture anomaly tends to enhance the precipitation (Majda
and Stechmann 2009).

Cumulus convection has been found to be very sufficient to
mix the VWS (Wu and Yanai 1994); thus, cumulus
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momentum transport is included in this model. In this skeleton
model, the BV induced by cumulus momentum transport will
produce strong moisture convergence in the PBL in the front
of the BSISO rain band, which should induce the NP of the
BSISO (DeMott et al. 2013). In this theoretical model, the
effect of the cumulus convection is parameterized following
the work of Schneider and Lindzen (1976); we assume that the
barotropic cumulus momentum transport is proportional to the
anomalous vertical velocity and the monsoon VWS. In the
monsoon region which has a strong easterly VWS, the anom-
alous upward wind in the positive phase of the BSISO tends to
enhance the barotropic westerly wind anomalies, while the
anomalous downward wind anomalies will enhance the east-
erly winds.

Observational studies have demonstrated the role of SC,
which tends to moisten the low-level atmosphere in front of
the ISO through the positive moisture convergence in the PBL
(Hendon and Salby 1994). To mimic the role of SC, we as-
sume that the moisture anomaly is proportional to the positive
moisture convergence in the PBL in the moisture equation, as
did in the frictional skeleton model (Liu and Wang 2012b).
Thus, deep convection can be enhanced by the moist lower
troposphere in this simple model.

The temporal and spatial scales are represented by
[T]1=(CB) "Y?and [L]1=(C/B)'? where 3(=2.29 x
107" m's™") is the equatorial curvature effect of the earth
for the first order and C(=(gH)"?, 50 ms ') is the gravity wave
velocity. The non-dimensionalized equations for the model
are expressed as follows,

Ou—  yv.— O - = - du_,

yu_— o,T- = 0 ,

or-—- owu— oOv-= P — dT-,

0ig- + O(0xu- + 0yv-) = =P+ ry(T=9.18)wy,

P = T ¢, (1)
Ouy—yv, =0, T+ = CMT—du,.,

yu,— o,T = 0 |,

Oxty + Ovye + wp = 0,

wpy = — (d\V* +dads +ds0,) (T-+T4) ,

where u and v are the horizontal velocities, 7 is the tempera-
ture, P is the diabatic heating associated with deep convection,
and ¢ is the moisture anomaly. w,, is the Ekman pumping in
the PBL, and CMT is the barotropic cumulus momentum
transport. Subscript “—” denotes the baroclinic mode, sub-
script “+” denotes the barotropic mode, and subscript “b”
stands for the PBL.

In this model, the same value of d has been used for the
Rayleigh friction and Newtonian cooling. O demonstrates the
vertical profile of mean humidity in the troposphere. I' is a
precipitation coefficient measuring how strongly the precipi-
tation responds to the anomalous moisture.

rp is a PBL coefficient that represents the efficiency of
moisture transfer from the PBL to the lower troposphere
caused by SC. Large r, means strong SC that moistens the
lower troposphere. The PBL coefficients are d; = H,E/
Hr(E*+y?), dy= = Hy(E* = y*)/H(E*> +y?), and
dy= —2H,Ey/H{(E* +y*)*, where H, is the PBL depth, H;
is the tropospheric depth, and £ measures the PBL friction.
The barotropic cumulus momentum transport is measured by
the anomalous precipitation P and seasonal-mean VWS U.
This transport can by parameterized as CMT = —sUP, where
s is the cumulus momentum transport coefficient, which mea-
sures how strong the momentum transport will be excited by
the anomalous vertical motions. U is the background easterly
VWS. T is the zonally averaged SST. More details of these
parameters are referred to Table 1.

3 GCM results with strong and weak SCs

Figure 1a—c shows the climatological precipitation and VWS
of the boreal summer (June—September) for these 15 years.
VWS is defined as the difference of zonal winds between the
upper (200 hPa) and lower (850 hPa) troposphere in both
observation and model simulations. Compared to the observa-
tion (Fig. 1a), the dominant precipitation distribution has been
simulated by the CTL, for example, the simulated precipita-
tion centers in the western North Pacific as well as in the
equatorial Indian Ocean agree with the observations well, al-
though the model overestimates the precipitation in the Indian
Ocean. A large bias in the rainfall has also been simulated in
the Bay of Bengal region. Exp WS has strong precipitation to
the south of the equator and over the Bay of Bengal. The
seasonal-mean easterly VWS, an essential factor for exciting
the BV by barotropic-baroclinic interaction (Jiang et al. 2004)
or by cumulus momentum transport (Liu et al. 2015), is well
simulated over the Bay of Bengal. Figure 1d—f compares the
observed and simulated BSISO propagation over the Bay of
Bengal in these two runs. By defining the BSISO index as the
box (2.5°-7.5° N, 85°-95° E) averaged 20-100 day filtered
precipitation, the propagation can be calculated through the
lead-lag correlation for the 85°-95° E latitude belt. In the
observation, significant NP is present (Fig. 1d). In CTL
(Fig. le), anomalous convection also shows significant NP
with a speed of about 0.9° day . The NP, however, disappears
in Exp WS; instead, it shows a stationary mode (Fig. 11).
Figure 2 displays the meridional-vertical distributions of
climatological specific humidity for both the observation
and simulations. During the boreal summer, the Bay of
Bengal has more moisture than the equatorial Indian
Ocean in the observation (Fig. 2a), and the CTL simulation
well captures this northward gradient of seasonal-mean
moisture (Fig. 2b). In Exp WS with the SC suppressed
(Fig. 2c¢), although this northward gradient can be
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Table 1 Parameters and their

standard values used in the Parameter ~ Description Typical value utilized
theoretical model here (non-dimensional)
d Tropospheric damping coefficient 0.07 (1/5 day)
Q Vertical gradient of background moisture in lower troposphere 0.9 (7.3 gkg ")
Ty Magnitude of the sea surface temperature 29 °C
T Precipitation coefficient 0.018 (02 K" day™)
7 Coefficient of moisture transfer by SC 0.06
s Cumulus momentum transport coefficient 125(0.5cem )
Uy Magnitude of background VWS 0220ms )
E Ekman number in the PBL 1.1 (1/8 h)
H, PBL depth 1 km
Hr Lower-tropospheric depth 5.1 km

simulated, the simulated lower-tropospheric atmosphere is
much drier than that in the observation and in the Exp
CTL. Since the atmospheric column cannot be moistened
due to the lack of moistening process of SC, all kinds of
convection, from the seasonal mean (Fig. 2c¢) to the
intraseasonal and synoptic scales (figure not shown), are
weak in Exp WS.

Figure 3 gives the meridional-vertical section of the
regressed northward propagation in Exp CTL and the

30N

30N

15N

EQ

158

stationary oscillation in Exp WS. In the Exp CTL
(Fig. 3a—d), the maximum clouds are simulated in the
mid troposphere (near 300 hPa), which is consistent with
the simulated convective center. Because of the convec-
tion, lower-tropospheric convergence and up-level diver-
gence have been simulated. A significant asymmetry has
been simulated in the vorticity and specific humidity.
Strong BV anomalies have been found to lead the convec-
tive center to the north by a phase of 6° (Fig. 3¢). Such BV

40E 60E 80E 100E 120E 140E

2 g 6 8 10

12 14 16 18 20

Climatological Pre. (mm day ™)

(d) Observation (e) CTL (f) ws
e TS
20N ft/ 20N 20N \
10N 10N 10N O
EQ -20 0 20 EQ -20 0 20 EQ -20 0 20
Lead/Lag (days) Lead/Lag (days)
<3 2 3

Fig. 1 Top: June—September averaged climatological precipitation
(mm dayf', shading) and vertical wind shear (m s ', contour) defined
by Usgonpa minus Ugsgnp, from a observation, b CTL, and ¢ Exp WS. The
observational precipitation and wind are obtained from TRMM and
NCEP Reanalysis II. Contour interval is 5 m s ' and zero contours are
not drawn. Positive and negative values are denoted by solid and dashed
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lines. Bottom: latitude-lag regression plots against the BSISO index using
longitude (85°-95° E) averages of precipitation anomalies (mm day ',
shading) with time scales of 20—100 days from d observation, e CTL, and
f Exp WS. Thin black contour represents zero. The BSISO index is
defined by the box-averaged (2.5°-7.5° N, 85°-95° E) precipitation
anomalies with time scales of 20-100 days
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(a) Observation

Fig. 2 Height-latitude cross
section of June—September
averaged climatological specific
humidity (g kg ', shading)
averaged over 85°-95° E from a
observation (NCEP Reanalysis
1), b CTL, and ¢ Exp WS
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Fig. 3 Regressed meridional-vertical structure averaged over 85°-95° E
against the BSISO index in CTL and Exp WS: a, e cloud cover (fract.); b,
f divergence (s'); ¢, g vorticity (s™'); and d, h specific humidity (g kg ™).

1 ¥ 2 a
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The horizontal axis is latitude, and the vertical axis is pressure (hPa).
Thick black vertical line denotes the convective center where maximum
precipitation occurs, and thin black contour represents zero
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Fig. 4 Meridional distributions

(a) Sea surface temperature

of zonal-mean a SST (°C) and b " ¥ o
VWS (m's ") used in the
theoretical model

20N b 20N b
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205} 208
0 5 10 15 20 25 30 0 5 10 15 20
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anomalies tend to produce the moisture convergence in the
PBL. The SC is also found to be increased in the front of
the convective center, which prefers moistening the lower
troposphere, resulting in the NP of the convection
(Fig. 3d).

Figure 3e—h shows the results from Exp WS, in which the
cloud is suppressed in the lower troposphere and the SC is
much prohibited due to the lack of detrainment for SC. The
significant asymmetric structure has also been simulated for
the vorticity and PBL convergence in Exp WS. In front of the
convective center, the BV as well as the PBL moisture con-
vergence has been excited. The moisture, however, cannot be
transported to the lower troposphere due to the lack of strong
SC. The dry lower and mid troposphere prohibits the trigger-
ing of deep convection; thus, no NP can be induced.

(a) Strong shallow convection

4 Theoretical model results

In this section, we tend to explore the role of SC through a
theoretical model developed by Liu et al. (2015). Assuming
that the background easterly VWS U is centered at 10° N and
has a meridional damping scale of 15° (Fig. 4a) centered, thus,
it can be represented as U= — Uy exp (—((y — 0.75)/1.1)%). The
zonally averaged SST is assumed to have a meridional struc-
ture of Ty, exp (—@/2.3)2), which maxima are centered on the
equator and also have a poleward damping scale of 30°
(Fig. 4b).

To study the role of SC, two experiments are carried out
using r,=0.06 K~' (for strong SC, Exp SSC) and
7, =0.006 K (for weak SC, Exp WSC). The experiments
use the same initial baroclinic wavenumber-one disturbances,

(b) Weak shallow convection

N

A~

20N

10N

Ecb‘

40
Model day

50 60 70

Fig. 5 Hovemodller plots of precipitation anomalies (shading) averaged
over 85°-95° E from day 20 through day 70 for different experiments of
the theoretical model: a strong SC (SSC) r, =0.06 K ! and b weak SC
(WSC) r,=0.006 K™'. Black contours denote upward Ekman pumping
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that has a value of one third of its magnitude. The x-axis shows model
days, and the y-axis, latitude. Global precipitation and Ekman pumping
are normalized by their maximum values on each day
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Fig. 6 Regressed meridional-
vertical structure averaged over

85°-95° E against the BSISO 200
index in Exp WD: a cloud cover 400
(fract.), b vorticity (s, and ¢

specific humidity (g kg ). The 600

horizontal axis is latitude, and the
vertical axis is pressure (hPa).
Thick black vertical line denotes

800

(a) Cloud cover (fract.)

100%

the convective center. d Latitude-
lag regression plot using the
longitude average of 85°-95° E
for precipitation anomalies
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which have the maxima at the equator with a meridional
damping scale of 30°. We integrate the model using the finite
difference method.

Figure 5 shows the model evolution in the two experi-
ments. In Exp SSC, a robust NP is simulated (Fig. 5a). The
simulated BSISO shows a NP speed of 0.77°/day, which is
consistent with the observed value of 0.75°/day over the
Bay of Bengal (Kang et al. 2010). The cumulus moment
transport, accelerating the barotropic westerly (easterly)
wind when the precipitation anomalies are positive (nega-
tive), excites a dipole-like barotropic wind tendency in the
meridional direction, resulting in BV anomalies in front of
the precipitation center; thus, the moisture convergence is
excited in the PBL by this vorticity forcing. Because of the
strong SC, the moisture convergence in the PBL prefers
moistening the atmosphere and induces the NP by enhanc-
ing the deep convection.

When the SC is much suppressed in Exp WSC, the NP
disappears (Fig. 5b). The cumulus momentum transport still
accelerates the barotropic zonal velocity and excites the BV
which leads the convective center to the north. Although the
resulting upward Ekman pumping can be excited, the dry
lower troposphere, however, is still caused, since the moisture
cannot be transported upward in front of the convective center.
This means that the deep convection cannot be triggered to
induce the NP. This result confirms that SC is essential for
conveying the asymmetric vorticity effect to induce the NP
of the BSISO.

Since this theoretical model is a linear system, the role of
SC can be easily included or removed by a coefficient setting.
The theoretical model presents a clear figure showing how the
SC affects the NP of the BSISO. In the GCM, the PBL effect is
always included, and why the poleward movement of the
BSISO is suppressed when turning off the SC? From the
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analysis of this linear theoretical model, we can see the reason
is that the PBL effect and the tropospheric circulation are not
coupled without the SC.

In this toy model, only the convective momentum transport
is included to induce the asymmetric BV for the poleward
movement of the BSISO. Another important “VWS
mechanism,” or baroclinic-barotropic interaction within the
monsoon VWS responsible for this NP (Jiang et al. 2004), is
neglected. Relative roles of these two mechanisms in produc-
ing the asymmetric BV need to be investigated through obser-
vation analysis, model simulation and theoretical analysis.

5 Discussion

We investigate the roles of SC in the BSISO simulations using
a GCM of ECHAM4 and the theoretical BSISO model. It is
shown that both complex GCM and simple theoretical model
can simulate the NP of the BSISO, only when they include
strong SC. These results confirm that the SC is critical for the
NP of the BSISO, as shown in the observational study of
Abhik et al. (2013). Within the monsoon region, the BV can
be excited to lead the convection to the north through cumulus
momentum transport (Liu et al. 2015) or by barotropic-
baroclinic interaction (Jiang et al. 2004). Such BV can also
excite PBL convergence. However, it is the SC that acts to
convey this asymmetric structure to induce the NP of the
BSISO. Even with this asymmetric vorticity structure, the
lower troposphere, however, can only be moistened when
the SC is presented; otherwise no NP of deep convection
would appear. Although plenty of previous works have dem-
onstrated the importance of BV in inducing the NP of the
BSISO under the monsoon easterly VWS (Jiang et al. 2004),
our new finding shows that the SC is the key to transfer this
BVeftect to the NP of the BSISO by coupling the tropospheric
circulation and PBL moisture convergence. Recent works also
show that the longwave radiation is important for the MJO
(Chikira 2014; Kim et al. 2015), and the longwave radiation
effect on the BSISO can also be studied through another sen-
sitivity experiment by turning off the longwave radiation in
future works.

Considering the importance of SC in the MJO simulation
(Zhang and Song 2009), SC is shown to be indispensable for
simulating the NP of the BSISO. There is no doubt that deep
convection is critical to simulate the NP of the BSISO. An
experiment, referred to as Exp WD (for weak deep convec-
tion), is carried out using ECHAM4, which is the same as Exp
WS except using default SC detrainment and turning off pen-
etrative convection detrainment. This experiment simulates a
weak equatorward propagation (Fig. 6). Although the asym-
metric BV can be excited to the north of the convective center,
as well as sufficient moisture transport to the lower tropo-
sphere, the deep convection is largely suppressed by the lack
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of detrainment of penetrative convection; so, the NP cannot be
simulated. A good simulation of multi-cloud interaction is a
key to the BSISO simulation.
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