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1. INTRODUCTION

Cumulus convection over the warm pool region
in the tropical western Pacific (TWP) plays an
important role in driving the global atmospher-
ic circulation and heat transport. Recent studies
on tropical convection have been focused on the
various types of cumulus clouds: not only shal-
low trade cumulus and deep cumulonimbus, but
also cumulus congestus. It has been known that
congestus clouds exhibit a significant part of trop-
ical convection over the TWP warm pool region
(e.g., Johnson et al. 1999), and that these cloud-
s can have a role in contributing to moistening
and preconditioning the tropical atmosphere for
deep organized convection. They suggested that
the mid-level stable layer is relevant to the height
of cumulus clouds. On the other hand, Brown and
Zhang (1997) showed that the mid- to upper-level
dryness limit the vertical development of cumu-
lus convection. Redelsperger et al. (2002) exam-
ined the factors that control the height of trop-
ical convection by using a cloud-resolving model
and found that mid-level inversions and dry-air
entrainment into clouds both limit the vertical ex-
tent of convection. Their simulations were carried
out in realistic TOGA-COARE settings including
the effects of large-scale circulation. The numeri-
cal experiments in rather idealized settings, how-
ever, would be more useful in order to elucidate
the mechanisms of the interaction between cumu-
lus convection and its environment.

This study investigates the relationship between
tropical cumulus convection and environmental
temperature and moisture profiles by use of ob-
servational data over TWP and conducts a series
of numerical experiments with a cloud-resolving
model to examine the sensitivity of tropical con-
vection to temperature and moisture profiles in
idealized conditions.

2. OBSERVATIONAL ANALYSIS
2.1 Data

The observational data used in this study were
obtained by a Japanese research vessel called Mi-
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rai at stationary locations in TWP area during
four cruises in 1999-2001. R/V Mirai has many
capabilities for carrying out meteorological and o-
ceanographic observations, and this study uses da-
ta obtained by radiosonde, ceilometer, and surface
air observations. Radiosonde observations were
carried out every three hours. The ceilometer and
surface meteorological data were obtained every
one minute.

The duration time of the each observation was
two to four weeks, and the four observation pe-
riods are listed in Table 1. These periods are
classified into three categories considering rainfall
amount: DRY1 (almost no rain, little cloud ap-
pearance); DRY?2 (little rain, occasionally some
cloud appearance); and RAINY (a lot of rain).
The whole period of the 1999 observation is clas-
sified as DRY1, and the other periods are classi-
fied both into DRY2 and RAINY depending on
the rainfall amount.

In addition to these in-situ data, multi-band
infrared brightness temperature data from the
Japanese Geostationary Meteorological Satellite
(GMS) are used. The spatial resolutions of these
data are 0.1 degree, and the data are obtained ev-
ery one hour.

TABLE 1: List of the observation periods.

Year Location Period
1999 0°N, 165°E 20 Jun-5 Jul
2000 7°N, 140°E 19 Jun-1 Jul
2000 2°N, 138°E 27 Nov-11 Dec
2001 2°N, 138°E 9 Nov-9 Dec

2.2 Cumulus cloud distribution

Multiple infrared-channel data (at 11, 12, and
6.7 pm wavelengths) are useful in classifying cloud
types. We use the techniques of Inoue (1987) and
Tokuno and Tsuchiya (1994) to diagnose and clas-
sify cumulus-type clouds, i.e., cumulus, cumulus
congestus, and cumulonimbus, and examine the
cumulus distribution in TWP. In the each obser-
vation period, the analysis area extends 10 degrees
by 10 degrees centered at the R/V Mirai loca-
tion. Figure 1 shows the frequency distribution
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Fic. 1: Cloud-top height distributions as the frequency of
the IR1 and cloud-classified data.

of infrared data (at 11 um wavelength, denoted as
IR1) as well as cumulus-type clouds in the DRYT1,
DRY2, and RAINY periods. Comparing the three
IR1 distributions, the distribution shifts toward
cold temperatures from DRY1 to RAINY, which
demonstrates a similar feature found in the previ-
ous studies (e.g., Brown and Zhang 1997).

The cumulus-cloud distribution feature appears
to be more remarkable if a cloud-classification
scheme is used for the satellite data. Figure 1
clearly indicates that in DRY1 the most frequent
cloud type is shallow cumulus, while in DRY2 and
RAINY middle-topped congestus clouds can be i-
dentified and in RAINY a pronounced cold peak
(cumulonimbus clouds) is also found.

This analysis clearly reveals the existence of
three modes of tropical cumulus convection and
suggests that the development of these cumulus
clouds is related to dry or rainy conditions of trop-
ical atmosphere.

2.3 Environmental variability

In this section the analysis of the sounding data
is presented.

Figure 2 shows the vertical profiles of relative
humidity averaged over the each category of the
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FiG. 2: The vertical profiles of the averaged relative hu-
midity and its standard deviation in the DRY1, DRY2,
and RAINY periods. AV denotes the averages, and SD the
standard deviations.

periods. In DRY?2 and RAINY the middle to up-
per levels are in a moist condition, while in DRY'1
those levels are quite drier that those in the oth-
er two. Comparing the time series of the vertical
profiles of relative humidity in the DRY1, DRY2,
and RAINY periods with the time variation of IR
temperatures (figure not shown), good correlation
between cloud-top height and mid- to upper-level
relative humidity can be identified.
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F1G. 3: The same as Fig. 2, except for stability (dT'/dz).

Figure 3 shows the temperature profiles aver-
aged over the three periods. At the heights of
around 2 and 6 km, layers of high stability are
found; however, the difference among the three
periods seems not to be significant, except at
the 2-km level in the DRY1 case. Comparing
the frequency of the appearance of stable layers
(> —4 K/km), no significant difference among the
three periods was identified in the middle levels at
around 5-6 km heights.



Comparing Figs. 2 and 3, the most significant
difference among the DRY1, DRY2, and RAINY
periods is the variance of mid- to upper-level hu-
midity. Thus, the development of the type of cu-
mulus convection seems to be more relevant to
moisture profile, especially at mid- to upper levels,
than to temperature profile.

3. NUMERICAL EXPERIMENTS
3.1 Model setup and experimental design

Numerical experiments with a cloud-resolving
model are performed to investigate in an idealized
fashion the sensitivity of the vertical developmen-
t of cumulus convection to moisture profile and
stability. The model used here is the Advanced
Regional Prediction System (ARPS). The model
is configured in a two-dimensional domain of 200
km (horizontal) by 25 km (vertical) with cyclic lat-
eral boundaries. Physics processes in our simula-
tions include cold-rain microphysics, subgrid-scale
turbulence parameterization, atmospheric short-
wave and long-wave radiation scheme, and sur-
face physics. For simplicity, Coriolis effect is not
included. The grid resolutions are 1 km in the
horizontal and 50-950 m (stretched) in the verti-
cal. The initial temperature and moisture profiles
are set based on the observations, but the initial
atmosphere is assumed to be at rest due to our
philosophy of the idealized simulations. Time in-
tegrations are conducted for five days in order for
the simulations to reach their equilibrium states,
and the results during the last two days are ana-
lyzed.

First, in order to check the performance of the
model we have conducted simulations initialized
with the temperature and moisture profiles in the
DRY1, DRY2, and RAINY periods and confirmed
that the basic features in the three periods were
well-represented even in rather idealized condi-
tions of resting atmosphere.

After these basic simulations, two series of sen-
sitivity experiments, i.e., sensitivities to moisture
and temperature profiles are carried out. In all
the following sensitivity experiments, temperature
profiles are given by the DRY1 profile with some
modifications for the stability-sensitivity experi-
ments. In the moisture-sensitivity experiments
the moisture profiles are given by setting a hu-
mid layer from the surface to the height H (which
is taken from the RAINY moisture profile) and a
dry layer above H (which is taken from the DRY1
profile). The height H is gradually increased from
1 km to 12 km at 1-km interval (see Fig. 4 for the
initial profiles).

In the stability-sensitivity experiments the tem-
perature lapse rate is varied from —5.7 (K/km) to
—3.7 in the 4.5-5.5 km layer. The moisture pro-
file used in this series of experiments is the same
with the RAINY profile in the lowest 6 km and
the DRY1 profile in the above (i.e., H = 6 km).
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F1G. 4: The initial vertical profiles of relative humidity for
the moisture-sensitivity experiments. H denotes the top
height of the lower moist layer.

3.2 Sensitivities to moisture profiles

Figure 5 shows the vertical profiles of total wa-
ter condensates mixing ratio averaged over the
computational domain for the last two days. Re-
sults from the cases of DRY1 and H = 1, 4, 5,
6, and 8 km are chosen in the figure. Although
the lowest 1 km is moistened (the case H = 1
km), cloud development is limited below the 6-
km level. When H is increased over 4 km, cloud
development can be seen in middle and upper lev-
els. Further increase in H above 6 km results in
pronounced frequency of condensation above the
10-km level.
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F1G. 5: Vertical profiles of water condensate mixing ratio
(g/kg) averaged over the computational domain for the last
two days in the moisture-sensitivity experiments.

The features shown in Fig. 5, however, may not
account well for thin clouds near cloud tops, be-
cause in this figure high cloud mixing ratio with-
in the main body of cloud would be highlighted.
Thus, we examine the cloud-top distribution by
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Fic. 6: The same as Fig. 5, except for the stability-
sensitivity experiments.

defining clouds as total water mixing ratio exceed-
ing 0.1 g/kg, and verified the existence of the three
major cumulus peaks.

Our close examinations of the results indicated
that the development of cumulus clouds was sup-
pressed due to the entrainment of dry air in mid-
to upper levels.

One might argue that increasing moisture re-
sults in the increase in precipitable water content
and so the increase in cloud formation, and there-
fore the feature of the vertical cloud development
in increasing H shown in Fig. 5 seems to be tak-
en for granted and only a reflection of increased
precipitable water content. However, examining
the relationship between the environmental pre-
cipitable water content and the simulated total
precipitation, it was demonstrated that in the cas-
es of H > 6 km total precipitation amount re-
markably increases as compared to the cases of
H < 5 km in which nearly linear correlations be-
tween precipitable water and precipitation can be
identified. Therefore, the results shown in the
moisture-sensitivity experiments take into account
the effects of moisture profile on the mode of cu-
mulus development.

3.3 Sensitivities to mid-level stability

Figure 6 shows the vertical profiles of water con-
densate amount for the stability-sensitivity exper-
iments. As the stability in the mid-layer increases,
the upper-level peak corresponding to deep cumu-
lus clouds disappears. As the stability increas-
es above —4.5 (K/km), middle-topped clouds be-
come more and more significant. The observation-
al evidence shows that the standard deviations of
temperature lapse rates at the 4.5-5.5 levels are
1-2 (K/km), and thus the value of —4.5 seems to
be a significantly stable state.

4. SUMMARY

Moisture profiles at mid- to upper levels play an
important role in the vertical development of trop-
ical convective clouds, and mid-level moist layer is
favorable for the development of cumulus conges-
tus and cumulonimbus clouds. The entrainment
processes around cloud tops is a vital mechanism
for the vertical development of convective clouds,
and thus dry-air entrainment seems to be unfavor-
able for that development.
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