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ABSTRACT
The authors demonstrate that an appropriate treatment of convective entrainment is essential for determining spatial distributions of and temporal variations in precipitation. Four numerical experiments are
performed using atmospheric models with different entrainment characteristics: a control experiment (Ctl),
a no-entrainment experiment (NoEnt), an original Arakawa–Schubert experiment (AS), and an AS experiment with a simple empirical suppression of convection depending on cloud-layer humidity (ASRH). The
fractional entrainment rates of AS and ASRH are constant for each cloud type and are very small in the lower
troposphere compared with those in the Ctl, in which half of the buoyancy-generated energy is consumed by
entrainment. Spatial and temporal variations in the observed precipitation are satisfactorily reproduced in the
Ctl, but their amplitudes are underestimated with a so-called double intertropical convergence zone bias in
the NoEnt and AS. The spatial variation is larger in the Ctl because convection is more active over humid
ascending regions and more suppressed over dry subsidence regions. Feedback processes involving convection, the large-scale circulation, free tropospheric moistening by congestus, and radiation enhance the variations. The temporal evolution of precipitation events is also more realistic in the Ctl, because congestus
moistens the midtroposphere, and large precipitation events occur once sufficient moisture is available. The
large entrainment in the lower troposphere, increasing free tropospheric moistening by congestus and
enhancing the coupling of convection to free tropospheric humidity, is suggested to be important for the
realistic spatial and temporal variations.

1. Introduction
Tropical convection plays a crucial role in the climate
system and drives atmospheric circulations. It is well
known that convection over tropical oceans has a ‘‘trimodal structure’’ consisting of deep convection, congestus, and shallow convection (Johnson et al. 1999).
Deep convection, with its cloud top above 300 hPa,
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is most frequently observed where the sea surface temperature (SST) is very high (.288C), because a high SST
supplies considerable heat and moisture from the sea
surface, fueling convective activity. On the other hand,
shallow convection and congestus are more dominant
over large-scale subsidence regions where SST is relatively lower. Trade cumulus, an example of shallow
convection, is confined below temperature inversions at
approximately 800 hPa, while congestus has its cloud top
at approximately 600 hPa, where the stable melting layer
occurs. The latent heating of fusion is considered to play
an important role in separating the congestus cloud-top
height from the deep convection cloud-top height
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(Redelsperger et al. 2002; Zipser 2003; Takemi et al.
2004; Jensen and Del Genio 2006). A convective parcel
above the freezing level at approximately 600 hPa can
gain additional buoyancy from the latent heating of
fusion that contributes to the development of deep
convection.
Recent studies suggest that free tropospheric humidity is important in the dynamical suppression of deep
convection over large-scale subsidence regions (Zipser
2003; Jensen and Del Genio 2006; Wang et al. 2007;
Holloway and Neelin 2009; Lin et al. 2012). For example, Takayabu et al. (2010) explained that, because the
midtroposphere is very dry over subsidence regions, the
entrainment of dry environmental air into a convective
parcel effectively decreases the parcel’s buoyancy, thus
suppressing deep convection. Jensen and Del Genio
(2006) performed sensitivity tests using a simple convective parcel model, and their results support the
quantitative importance of buoyancy reduction by
entrainment.
In most general circulation models with horizontal
resolutions of over 10 km, convective activities are represented by convective parameterizations. Convective parameterization schemes, using either the moist adjustment
approach (e.g., Manabe et al. 1965) or the mass flux approach (e.g., Arakawa and Schubert 1974), are designed to
remove atmospheric instability produced by large-scale
forcing with consideration of convective entrainment
(Arakawa 2004). Such entrainment is responsible for interactions between convection and environment.
Entrainment formulations in convective parameterizations have been extensively examined and compared
with observations, cloud-resolving models (CRMs), and
large-eddy simulations (LESs). Based on studies of
convective plumes in water tank experiments conducted
by Simpson and Wiggert (1969), the fractional entrainment rate (later simply called the entrainment rate) was
set to be inversely proportional to cloud radius in many
schemes (e.g., Arakawa and Schubert 1974; Tiedtke
1989; Gregory and Rowntree 1990). However, the entrainment values suggested for use in such methods
are an order of magnitude smaller than those inferred
from observations, CRMs, and LESs (Esbensen 1978;
Siebesma and Cuijpers 1995; Del Genio and Wu 2010;
de Rooy et al. 2013). The models using smaller entrainment values showed that the sensitivity of convection depth to environmental humidity is insufficient
(Derbyshire et al. 2004).
Weak sensitivity of convection to humidity is suggested to be a probable cause of the so-called double
intertropical convergence zone (ITCZ) bias (Song
and Zhang 2009; Zhang and Song 2010; Chikira 2010;
Bellucci et al. 2010; Hirota et al. 2011), which has long
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been recognized as one of the major deficiencies in climate models (Meehl et al. 2005). Double ITCZ bias is
the overestimation of precipitation over the southeastern Pacific by a model, corresponding to an ITCZ in the
Southern Hemisphere alongside the observed ITCZ in
the Northern Hemisphere. Hirota et al. (2011) and
Hirota and Takayabu (2013) examined output from
climate models from phases 3 and 5 of the Coupled
Model Intercomparison Project (CMIP3 and CMIP5),
respectively, and demonstrated that models with a weak
convection sensitivity to midtropospheric humidity tend
to suffer from the double ITCZ bias. The dynamical
suppression of deep convection is insufficient in these
models, and convection is too active over the southeastern Pacific despite the dry troposphere.
Furthermore, several feedback processes involving
convective activities, the large-scale circulation, surface
evaporation, and radiation are suggested to be important for the formation of the double ITCZ bias (Bellucci
et al. 2010; Kim et al. 2011; Oueslati and Bellon 2013;
Möbis and Stevens 2012). Latent heating of convective
activities drives upward motion, and the associated lowlevel convergence of the large-scale circulation supplies
moisture that further enhances convective activities
(Oueslati and Bellon 2013). The low-level winds also
affect surface evaporation, which connects back to the
convective activities (Möbis and Stevens 2012; Kim et al.
2011). Convective clouds cause a significant radiative
warming that adds to the latent heating and enhance the
dynamical response (Oueslati and Bellon 2013).
Although this study uses an atmospheric model and
concentrates on understanding the role of convective
entrainment, air–sea interactions are also known to be
important to the formation of the double ITCZ bias
(Mechoso et al. 1995; Xie et al. 2007; de Szoeke and Xie
2008). For example, Philander et al. (1996) suggested
that low-level stratus clouds, by reducing the incoming
solar radiation, decrease the SSTs and therefore lead to
a suppression of convection over the southeastern Pacific. In fact, the double ITCZ bias is somewhat smaller
in atmospheric models, in which the observed SST is
prescribed, than in coupled atmosphere–ocean models.
The sensitivity of convection to atmospheric humidity
has also been suggested to be important to some other
aspects of climate variations. For example, the dominant
intraseasonal oscillation (30–90 days) over the tropics
known as the Madden–Julian oscillation (MJO) is better
represented in models that have a strong link between
convection and humidity (Tokioka et al. 1988; Lin et al.
2006; Bechtold et al. 2008; Kim et al. 2011, 2012; Del
Genio et al. 2012; Miura et al. 2012; Hirons et al. 2013).
The diurnal cycles over the continental tropics in most
global models show peak rainfall near noon, which is

Unauthenticated | Downloaded 01/09/23 05:44 AM UTC

1 DECEMBER 2014

8709

HIROTA ET AL.

2–3 h earlier than is observed (Dai 2006). This discrepancy is mitigated when the entrainment rates are increased in convective parameterizations (Wang et al.
2007; Del Genio and Wu 2010; Bechtold et al. 2014).
Emori et al. (2001) improved baiu front simulations by
introducing the empirical suppression of convection for
dry environments. Hirota and Takayabu (2012) examined global warming projections and suggested that the
coupling strength of convection and tropospheric humidity systematically affects the magnitude of circulation changes in the tropics.
As described above, convective entrainment seems to
be a critical process that affects various aspects of climate variations. In the present study, we examine the
role of convective entrainment in the spatial distributions and temporal variations of precipitation using
numerical experiments in a global atmospheric model.
We use the atmospheric part of the Model for Interdisciplinary Research on Climate, version 5 (MIROC5;
Watanabe et al. 2010). This is the current version developed for the CMIP5 at the Atmosphere and Ocean
Research Institute (The University of Tokyo), the National Institute for Environmental Studies, and the Japan Agency for Marine-Earth Science and Technology.
Previous studies have shown that MIROC5 satisfactorily reproduces many aspects of the tropical climate,
including the climatological mean field (Hirota et al.
2011; Hirota and Takayabu 2013), the El Niño–Southern
Oscillation (Watanabe et al. 2011), and the MJO
(Chikira and Sugiyama 2013; Chikira 2014).
This study is complementary to those published by
Hirota et al. (2011) and Hirota and Takayabu (2013), in
which output data from the CMIP models were analyzed
and a general tendency that models with weak convection sensitivity to midtropospheric humidity suffer from
the double ITCZ bias was observed. Here we verify their
conclusions more directly using sensitivity experiments
in which only convective entrainment is altered. We also
improve our understanding of associated processes using more detailed experimental data (only daily data are
available for the major variables in the CMIP archive).
In particular, we show how entrainment affects the
double ITCZ bias through the feedback processes of
convection, the large-scale circulation, and radiation.
We also examine the time evolution of precipitation
events and clarify how convection interacts with the
environment. We try to identify vertical profiles of entrainment rates necessary for reproducing realistic spatial and temporal variations of the precipitation in
MIROC5. The model and the data used in our analyses
are described in section 2, the results are provided in
section 3, and a discussion and summary are stated in
section 4.

2. Methodology
We use the atmospheric part of MIROC5 with horizontal resolution of T42 spectral truncation (;2.88) and
40 vertical levels of hybrid sigma–pressure (s–p) vertical
coordinates. The convective scheme is based on that
published by Arakawa and Schubert (1974), and a new
entrainment scheme developed by Chikira and Sugiyama
(2010) has recently been added. In this scheme, the cloudbase mass flux of a convective parcel is determined using
a prognostic convective kinetic energy closure (Pan and
Randall 1998). The ascending convective parcel entrains
environmental air until it reaches the cloud top, where its
vertical velocity becomes negative. Detrainment occurs
only at the cloud top. These calculations are performed
for an ensemble of cumulus cloud types with different
entrainment characteristics. Detrainments and mass flux–
induced compensating subsidence influence the largescale environment, and these constitute the grid-scale
convective effects of the cumulus ensemble.
The entrainment rate varies depending on the cloud
types involved, but it is constant for each cloud type in
the original Arakawa and Schubert (1974) scheme.
However, recent studies (including results from observations, LESs, and CRMs) have indicated that entrainment rates vary widely, especially with respect to height
(Lin 1999; Siebesma and Cuijpers 1995; Gregory 2001;
Del Genio and Wu 2010; de Rooy et al. 2013). Chikira
and Sugiyama (2010) have used the entrainment rates
proposed by Gregory (2001), formulated as
 5 C

aB
,
^2
w

^ and B are the updraft velocity and the buoywhere w
ancy of the convective parcel, respectively, and a and C
are dimensionless constants. The parameter a represents
a buoyancy force ratio that is used to accelerate the
mean updraft velocity, whereas C represents the fraction by which buoyancy-generated energy is decreased
by entrainment. The underlying concept of this formulation is supported for both shallow convection and deep
convection by comparisons with LESs (Grant and
Brown 1999) and CRMs (Del Genio and Wu 2010).
MIROC5 includes several other schemes, such as a
probability distribution function (PDF)-based prognostic cloud scheme (Watanabe et al. 2009), a two-stream
k-distribution scheme for radiation with 111 channels
(Sekiguchi and Nakajima 2008), level 2.5 of the Mellor–
Yamada turbulence scheme (Mellor and Yamada 1982)
revised by Nakanishi and Niino (2004), an orographic
gravity wave drag scheme, a land surface model (Takata
et al. 2003), and a prognostic aerosol scheme with direct
and indirect effects (Takemura et al. 2005).
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TABLE 1. Summary of entrainment schemes, the double ITCZ
indices (DI; mm day21), precipitation P differences of subsidence
and ascending regions (P[ 2 PY; mm day21), and temporal standard deviations (std dev; mm day21) for TRMM, Ctl, NoEnt, AS,
and ASRH.
Expt

Entrainment

DI

P[ 2 PY

Std dev

TRMM
Ctl

Observed
Chikira and
Sugiyama (2010)
None
Arakawa and
Schubert (1974)
AS using method from
Emori et al. (2001)

1.4
2.5

3.9
3.7

6.1
6.5

3.4
2.9

3.1
3.1

5.0
4.7

2.8

3.4

9.1

NoEnt
AS
ASRH

Four experiments with different entrainment characteristics are performed in this study (summarized in
Table 1): a control experiment (Ctl), a no-entrainment
experiment (NoEnt), an original Arakawa–Shubert experiment (AS), and an AS using an empirical suppression method (ASRH) published by Emori et al. (2001).
The entrainment rates of convection over the tropical
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oceans (308S–308N) realized in the experiments are
shown in Fig. 1. The Ctl uses the entrainment scheme
published by Chikira and Sugiyama (2010) with standard MIROC5 parameters used in CMIP5. The value of
C is 0.52, suggesting that about half of the buoyancygenerated energy is consumed by entrainment. An ensemble of 14 cumulus clouds with different cloud-base
updraft velocities (and, therefore, different entrainment
characteristics) is assessed, with an updraft velocity
range of 0.1–1.4 m s21. The entrainment rate in the Ctl is
largest in the lower troposphere with 1 km21 because the
^ is small. Entrainment rates in the AS
updraft velocity w
and ASRH are vertically constant for each cloud type
(but vary slightly with the cloud-top height depending
on environmental conditions), ranging from 0.01 to
2 km21, whereas the entrainment rates in the NoEnt are
zero. The entrainment rate of the Ctl in the lower troposphere is significantly larger than those of the AS and
ASRH, especially for convection with middle-to-high
cloud-top height, which is consistent with the results
from CRMs and LESs. The only difference between the

FIG. 1. Vertical profiles of fractional entrainment rate (color; km21) for convection with different cloud-top heights
(abscissa; hPa) over the tropical oceans (308S–308N) realized in model experiments: (a) Ctl, (b) NoEnt, (c) AS, and
(d) ASRH. The right-hand side panels in (a)–(d) show the average profile of all convection.

Unauthenticated | Downloaded 01/09/23 05:44 AM UTC

1 DECEMBER 2014

HIROTA ET AL.

AS and the ASRH is that the ASRH employs the empirical suppression of cumulus convection when the
relative humidity averaged over the cloud layer is below
80%, which is intended to enhance the link between
convection and tropospheric humidity (Emori et al.
2001). More information on the Ctl, AS, and ASRH has
been published by Chikira and Sugiyama (2010). Note
that the MIROC was first developed with the convective
parameterization of AS, the empirical suppression in the
ASRH was introduced to MIROC3.2 in CMIP3, and
further improvements in the MIROC5 (Ctl) in CMIP5
were achieved by Chikira and Sugiyama (2010). In this
study, we compare an additional NoEnt in an attempt to
understand the role of entrainment more clearly.
The observational precipitation datasets from the
Tropical Rainfall Measuring Mission (TRMM PR2A25
and 3B42 datasets) and SST compiled by the Hadley
Centre are utilized in this study. They are linearly interpolated onto the spectral T42 (;2.88) horizontal grid.
Each model experiment is run for six years, and the last
five years are analyzed. We have confirmed that extending the experiment periods does not influence our
results, the differences between the four experiments
being significantly larger than the internal variations in
the atmospheric model (not shown). The climatological
average SST from observations is prescribed in the experiments. Temporal precipitation variabilities are
compared between 6-hourly snapshots obtained from
the experiments and orbital snapshots obtained from the
TRMM PR2A25, except for the calculation of power
spectrum in section 3c, where the TRMM 3B42 is used.

3. Results
a. Spatial variations
The mean annual climatological precipitation observed over tropical oceans using TRMM PR2A25 along
with SST contours is shown in Fig. 2a. Heavy precipitation is observed over the warm pool stretching
from the Indian Ocean to the western Pacific, and two
convergence zones, the ITCZ and the South Pacific
convergence zone (SPCZ), extend eastward and southeastward, respectively. The general similarity between
the precipitation distribution and the SST distribution
suggests that the SST controlled the convection. However, some exceptions are identified over subsidence
regions, such as the southeastern Pacific (indicated by
a black box in Fig. 2), where moderate precipitation associated with congestus and shallow convection is observed despite relatively high SSTs being encountered.
The climatological precipitation and SST distributions
from the four experiments are shown in Figs. 2b–e. The
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FIG. 2. Climatological annual precipitation (color; mm day21)
and SST (black contours; contour interval : 38C) from (a) observations (TRMM PR2A25 and Hadley SST) and from model experiments (b) Ctl, (c) NoEnt, (d) AS, and (e) ASRH.

Ctl satisfactorily reproduces the precipitation distributions, including the SPCZ extending southeastward
from the western Pacific. However, in NoEnt and AS,
the SPCZ extends eastward rather than southeastward,
showing the double ITCZ structure. The double ITCZ
index, defined as regional average precipitation over the
southeastern Pacific (1508–1008W, 208S–08; Bellucci et al.
2010), is 1.4 mm day21 in the TRMM data, 2.5 mm day21
in the Ctl, 3.4 mm day21 in the NoEnt, and 2.9 mm day21
in the AS (Table 1), indicating that convection over
the southeastern Pacific is more realistically suppressed
in the Ctl. Generally, NoEnt and AS overestimate precipitation over subsidence regions in the subtropics
and underestimate precipitation in ascending regions,
such as the Maritime Continent and ITCZ. The difference between precipitation over subsidence regions
(where the vertical velocity at 500 hPa is downward)
and ascending regions (where the vertical velocity at
500 hPa is upward) in the tropical oceans (308S–308N)
is 3.88 mm day21 in TRMM data, 3.71 mm day21 in
Ctl, 3.10 mm day21 in NoEnt, and 3.10 mm day21 in AS
(Table 1). These results indicate that the spatial precipitation variations are underestimated in NoEnt and
AS and are enhanced by convective entrainment in Ctl.
Furthermore, we have performed an additional experiment. The entrainment rate realized in the Ctl is averaged climatologically and is averaged horizontally over
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the tropics (308S–308N), removing its horizontal and
temporal variations. We prescribe the averaged entrainment rate and run the model. The experiment
shows similar performance with the Ctl, suggesting the
importance of the vertical profile of entrainment rate.
The magnitudes of the spatial variations in ASRH
are in between those in Ctl and NoEnt/AS; the double
ITCZ index is 2.8 mm day21, and the precipitation difference between subsidence and ascending regions is
3.4 mm day21. Compared with AS, the empirical suppression of convection in ASRH decreases precipitation
over some subsidence regions, including the southeastern Pacific, and increases precipitation over some ascending regions, such as the central Pacific ITCZ and
SPCZ. However, the large dry bias over the Maritime
Continent remains similar to that observed in NoEnt
and AS.
It should be noted that precipitation distribution over
the Indian Ocean shows similar biases in all of the experiments, suggesting that they are not considerably
affected by convective entrainment. In fact, the reproducibility of the Indian Ocean precipitation is largely
improved when the model is coupled with the ocean
component (not shown).
The convective activities are interacting with the
large-scale circulations, radiative processes, and environmental humidity. Figure 3 shows longitude–height
cross sections of pressure vertical velocity, relative humidity, total diabatic heating, radiative heating, and
cumulus detrainment mass flux for the Ctl and for differences between the NoEnt and the Ctl. Furthermore,
the moist static energy and wind field at 850 hPa from
the Ctl and differences with the NoEnt are shown in
Fig. 4.
In the Ctl, the negative and positive vertical pressure
velocity over the western and eastern Pacific, respectively, represents the Walker circulation (Fig. 3a),
and is consistent with the east–west contrast of diabatic
heating (Fig. 3e). Relative humidity in the free troposphere is higher in the western Pacific compared to the
eastern Pacific (Fig. 3c). The maxima of relative humidity at 600 hPa over the western Pacific is located
where large detrainment of congestus occurs (Fig. 3i).
Feedback processes involving convective activities,
the large-scale circulation, and environmental humidity
may be at work (Oueslati and Bellon 2013). Convection
is more active over the western Pacific than over the
eastern Pacific; the associated diabatic heating drives the
large-scale circulation with the dry descending branch
and the moist ascending branch; thus, the convection is
further enhanced over the western Pacific and suppressed over the eastern Pacific. Since the Ctl has large
entrainment rates in the lower troposphere (Fig. 1a),
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convection is more active in humid environment and
more suppressed in dry environment. The moistening by
congestus in the western Pacific plays a role in creating
the east–west contrast of the free tropospheric humidity.
The cloud associated with convective activities also affects radiation. The radiative heating is everywhere
negative, and its vertical profile with minima around 850
and 600–500 hPa (Fig. 3g) are associated with shallow
convection and congestus, respectively.
The difference of the NoEnt minus the Ctl shows that
the east–west contrast of the circulation, humidity, and
total diabatic heating is weaker in the NoEnt (Figs. 3b,d,f).
Meanwhile, the detrainment in the free troposphere and
the radiative cooling at 850–500 hPa are smaller in the
NoEnt, corresponding to smaller cloud amount in the
lower troposphere (Figs. 3h,j). These results suggest that
the feedback process described in the previous paragraph is also weaker for two reasons. The first reason
is that the convection is not sensitive enough to environmental humidity, so deep convection is not much
suppressed over the dry eastern Pacific, and the anomalous subsidence over the western Pacific dries the
atmosphere, suppressing deep convection. The other
reason is that the moistening by congestus over the
western Pacific is insufficient.
The large-scale circulation also affects surface evaporation, which influences the boundary layer moist static
energy, which couples back to the convective activities
(Möbis and Stevens 2012; Kim et al. 2011). Compared to
the Ctl, the NoEnt shows weaker trade easterlies over
the tropical Pacific with maxima of the weakening located over the southeastern Pacific (Figs. 4a,b). The
anomalous westerlies advect moist static energy from
the western Pacific to the southeastern Pacific, favoring
the convection.
The anomalies of the NoEnt described above are
similar to those of the AS and the ASRH, but those of
the ASRH are about 50% smaller in magnitude (not
shown). The ASRH produces deep clouds instead of
congestus clouds because its midtropospheric entrainment rate is too small (Fig. 1d). This suggests that the
coupling of convection and free tropospheric humidity
in the ASRH is stronger than that in the NoEnt and AS
but not as strong as that in the Ctl.
It is worth discussing which type of heating is responsible for driving the large-scale circulation anomaly
shown in Fig. 3b. The total diabatic heating in the free
troposphere mainly corresponds to the latent heating
and the radiative cooling, whereas the heating associated with turbulent mixing contributes only in the
boundary layer. To examine the relative contribution,
we calculate linear responses to each heating anomaly
using a linearized dry primitive model described in
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FIG. 3. (a),(b) Vertical pressure velocity (hPa day21); (c),(d) relative humidity (%); (e),(f) diabatic heating
(K day21); (g),(h) radiative heating (K day21); and (i),(j) detrainment mass flux (kg m22 s21) for (left) Ctl and (right)
difference between NoEnt and Ctl. Vectors in (a),(b) show zonal wind (m s21) and vertical pressure velocity
(hPa day21).
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FIG. 4. Horizontal advection of moist static energy (J kg21 s21) at 850 hPa for (a) Ctl and (b) difference between NoEnt and Ctl. Vectors
show zonal and meridional winds (m s21).

Hirota and Takahashi (2012). The governing equations
of the model are the primitive equations linearized
about the climatological basic state in s coordinates
(p divided by surface pressure). The horizontal resolution of the model is spectrally truncated at T21 (;5.68),
and the model has 20 levels. Rayleigh friction, Newtonian cooling, and =4 horizontal diffusion are included.
The e-folding time of friction and cooling is set to 3 days
below the s 5 0.85 level and 30 days for the other levels,
whereas that of horizontal diffusion is 1 day for the
largest wavenumber. The linear model is integrated for
20 days, with prescribed heating imposed at each time
step. A quasi-stationary solution is obtained after
around 15 days; therefore, results are presented as an
average of days 15–20.
The linear responses to each heating anomaly (e.g.,
Figs. 3f,h) are shown in Fig. 5. The model well captures

the weakening of the Walker circulation in response to
the total diabatic heating anomaly (Figs. 3b, 5a). This
response is mostly explained by the response to the latent heating anomaly (Fig. 5b). The radiative heating
also contributes mainly in the lower troposphere over
the eastern Pacific (Fig. 5c), whereas the turbulent
mixing shows almost no contribution (Fig. 5d).

b. Temporal variations
Temporal precipitation variations are examined in
this subsection. The standard deviations of the 6-hourly
precipitation are shown in Fig. 6. The average standard
deviations over the tropical oceans (308S–308N) are
6.1 mm day21 in TRMM PR2A25 data, 6.5 mm day21 in
Ctl, 5.0 mm day21 in NoEnt, 4.7 mm day21 in AS, and
9.1 mm day21 in ASRH (Table 1). Similar to the spatial
variations discussed in the previous subsection, the

FIG. 5. Linear responses of vertical pressure velocity (hPa day21) to (a) total diabatic heating, (b) latent heating,
(c) radiative heating, and (d) heating associated with turbulent mixing for NoEnt minus Ctl.
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FIG. 6. Temporal precipitation standard deviation (interval:
2 mm day21) for (a) TRMM PR2A25, (b) Ctl, (c) NoEnt, (d) AS,
and (e) ASRH. Values larger than 5.5 mm day21 are shaded.

temporal variations are significantly underestimated in
NoEnt and AS, whereas Ctl shows reasonable agreement with the TRMM data, and ASRH shows excessive
temporal variations.
Next, we examine time scales of the precipitation time
series by comparing the power spectra for TRMM 3B42
and for each experiment. The power spectra are calculated for each year and for each grid over the tropical
oceans (308S–308N), and their averages are shown in
Fig. 7. Note that the statistical errors in the averaged
spectra are very small because of the large number of
samples (5 yr multiplied by the number of ocean grids).
All the spectra show large peaks corresponding to the
semidiurnal and diurnal variations. In addition, another
peak, with a period of approximately 4–10 days is found
in the observation. A similar peak is identified around
the period of 5–15 days in the Ctl but not in the other
experiments. The power of the ASRH is similar to that
of the Ctl for periods longer than 7 days, but it is very
large for periods of 0.5–7 days, corresponding to the
large overestimation of the precipitation standard deviations shown in Fig. 6e. We have also examined the
space–time spectrum of the symmetric component, as
described by Wheeler and Kiladis (1999) [see Fig. 10 in
Chikira and Sugiyama (2010) and Fig. 1 in Chikira and
Sugiyama (2013)]. The Ctl reasonably reproduces the
spectral maxima of the MJO, the Kelvin waves, and
the equatorial Rossby waves, though the maxima of the
MJO and the Kelvin waves with the period of 1–4 days

are smaller compared to observations. The underestimation of the high-frequency Kelvin waves corresponds
to the underestimation of the power around the period
of 1–4 days in Fig. 7b.
The differences in the temporal variations are more
clearly illustrated using weighted PDFs of precipitation
intensity (Fig. 8). PDFs are derived by binning all
snapshot grid data (T42 spectral truncation is ;2.88
horizontal resolution) from the tropical oceans (308S–
308N) according to grid precipitation using a dBR scale,
defined as 10 log10(precipitation rate). The bin interval is
set to 2 dBR (. . . , 4, 6, 10, 16, 25, 40, 63, . . . mm day21).
The PDFs are then weighted by the precipitation
amount. The weighted PDFs indicate the contribution
of each bin to the total precipitation, and the sum of all
bins is unity because of normalization to the total precipitation. The weighted PDF for the TRMM PR2A25
observation has a maximum at 14 dBR (25 mm day21),
and approximately 65% of the total precipitation is
contributed by the bins with precipitation intensities of
10–18 dBR (10–63 mm day21). The weighted PDF for
the Ctl is very similar to the weighted PDF for the TRMM
data, with a maximum at 14 dBR (25 mm day21). However, NoEnt and AS underestimate heavy precipitation
above 14 dBR (25 mm day21) and overestimate weaker
precipitation at approximately 10 dBR (10 mm day21),
which is consistent with the results shown in Figs. 6 and 7
and those in Fig. 3b of Hirons et al. (2013). Interestingly,
the ASRH shows two maxima at 6 dBR (4.0 mm day21)
and 16 dBR (40 mm day21), reflecting the simple empirical suppression condition. The larger maximum is obtained from the convective scheme with relative humidity
above 80%, and the smaller maximum is obtained from
a large (grid)-scale condensation scheme with relative
humidity below 80% (not shown).

c. Temporal evolution
Finally, we compare the temporal evolution of precipitation events to examine the interactions between
convection and free tropospheric humidity associated
with convective entrainment. The following analyses are
performed for the four experiments. Given the agreements in the spatial and temporal variations between the
Ctl and TRMM data (Figs. 2, 6–8), we expect the temporal evolution to also be more realistic using the Ctl.
The precipitation events discussed here are defined as
minima in outgoing longwave radiation (OLR), which is
a measure of convective activity, in the 8-day running
periods over the 22.58 3 22.58 running domains. For
example, a grid point of 11.258E, 11.258N on 5 January is
considered an event if its OLR is minimum with respect
to the domain of 08–22.58E, 08–22.58N and minimum
over the 8 days during 1–8 January. Each grid point over
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FIG. 7. Power spectra of the precipitation time frequency (mm day21)2 for (a) TRMM 3B42, (b) Ctl,
(c) NoEnt, (d) AS, and (e) ASRH. The abscissa indicates the period (days) in a logarithmic scale. Note
that the ordinate scale values in (e) are 4 times larger
than those in (a)–(d).

the tropical oceans (308S–308N) of the five years is
tested. Then the top 90 selected events (about once every 20 days) are averaged, and the lag composites are
shown in Fig. 9. Day 10 indicates the events of OLR
minima. This definition selects precipitation events associated with large-scale atmospheric phenomena, such
as MJO, Kelvin waves, and Rossby waves. We have
tested many other definitions with different running
periods and domains and confirmed that our results are
robust and not sensitive to the details of the definitions
(not shown).

The composite variable precipitation, probability
density of the cloud top, detrainment mass flux, relative
humidity, and temperature anomalies from climatological average are shown in Fig. 9. The probability
density is shown in units of percent per 100 hPa. For
example, the value of 10% (100 hPa)21 at 300 hPa observed in Figs. 9c,d indicates that approximately 1.4
cloud types have top heights at approximately 250–
350 hPa because an ensemble of 14 cloud types is considered in each grid in the model (see section 2). Note
that the vertical integrals of the probability density are

Unauthenticated | Downloaded 01/09/23 05:44 AM UTC

1 DECEMBER 2014

HIROTA ET AL.

FIG. 8. Weighted probability distribution functions for precipitation intensity [abscissa: dBR 5 10 log10(precipitation rate)]
for TRMM PR2A25, Ctl, NoEnt, AS, and ASRH.

below 100% because some cloud types do not have
enough buoyancy for the given profiles and are not
allowed to occur.
In Ctl (Figs. 9a,c,e,g,i), shallow convection and congestus with cloud tops at approximately 850 and 600 hPa,
respectively, are dominant, and deep convection and
precipitation are mainly suppressed before the events.
Large detrainment mass flux is identified around
600 hPa. Dry layers with relative humidity less than 70%
are located in the free troposphere at 800–250 hPa. In
this model, the relative humidity at 700–600 hPa gradually increases as the events develop because of the
cumulus detrainment from the congestus, whereas horizontal convergence of moisture is negative at 600 hPa
(not shown). Temperature also increases around day
10. Precipitation rapidly increases from day 24, as deep
convection with a cloud top at approximately 400–
100 hPa appears, and reaches a maximum of 37 mm day21
at day 10. The events then decay after day 14 as the
midtropospheric humidity decreases. These results suggest that cumulus detrainment increases midtropospheric
humidity, and the increase in humidity in turn causes
deepening of the convection. This feedback process will
be further verified by sensitivity analyses described below. The deep convection maximum is separated from
that of the congestus because of the latent heating of
fusion, as suggested in previous studies (Zipser 2003;
Jensen and Del Genio 2006). The trimodal structure
(shallow convection, congestus, and deep convection) is
consistent with the structure shown by Johnson et al.
(1999).
On the other hand, deep convection with a cloud top at
200 hPa is always dominant in the NoEnt (Figs. 9b,d,f,h,j),
and only a small amount of shallow convection and
congestus are identified. Minor cumulus detrainment is
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observed in the midtroposphere, leading to a smaller
increase in midtropospheric humidity. The mean maximum precipitation of the top 90 events at day 10 is
12 mm day21, which is very small compared with the
mean obtained during the Ctl.
As for the AS (Figs. 9k,m,o,q,s), although congestus
and some variations in midtropospheric humidity are
identified, they are not as large as those identified in
the Ctl. Correspondingly, maximum precipitation of
18 mm day21 at day 10 is relatively small, which is more
comparable with the results of the NoEnt than those of
the Ctl. Deep convection is always identified, and
therefore, the transition from congestus to deep convection is unclear. The AS entrainment rate in the lower
troposphere was smaller than the Ctl entrainment rate,
suggesting that entrainment in the lower troposphere is
more important for the transition and occurrence of
large precipitation events.
The cloud top in the ASRH is similar to that in the
NoEnt; deep convection is always dominant, and only
little shallow convection and congestus exist. However,
the ASRH shows an increase in tropospheric humidity
as the events develop. As cumulus detrainment in the
midtroposphere is small compared with the Ctl, this
moistening is partially due to horizontal advection (not
shown).
We perform additional sensitivity analyses to explore
the feedback process between humidity and cloud-top
height as well as the transition from congestus to deep
convection in the Ctl. In the model, the cloud top of the
cumulus ensemble is diagnosed at every time step in the
cumulus scheme using the instantaneous input variables,
such as the grid average (environmental) humidity and
temperature. In this sensitivity test, we substitute each
instantaneous input variable in the free troposphere
(above the cloud base) with the climatological average
variable, one by one. The composites of cloud-top PDFs
rediagnosed using climatological humidity and climatological temperature are shown in Fig. 10. A composite
of the substituted relative humidity is shown in Fig. 10c,
which indicates only small seasonal variations of the
climatological average in the free troposphere. Note
that this is an offline convective scheme calculation;
thus, the rediagnosed clouds do not influence the next
time step. Although this is an unrealistic test, this helps
us understand behavior of the cumulus scheme under
a different environment.
The cloud top diagnosed using climatological humidity shows only shallow convection and congestus, and
deep convection is mainly suppressed, even around the
event (Fig. 10a). This is a clear difference from the Ctl
(Fig. 9c), supporting the conclusion that the increase in
midtropospheric humidity, which is absent in the
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FIG. 9. Composites of the precipitation events for (a),(c),(e),(g),(i) Ctl; (b),(d),(f),(h),( j) NoEnt; (k),(m),(o),(q),(s) AS;
and (l),(n),(p),(r),(t) ASRH: (a),(b),(k),(l) precipitation (mm day21); (c),(d),(m),(n) probability density of cloud-top height
[contour interval (CI): 7% (100 hPa)21]; (e),(f),(o),(p) detrainment mass flux (CI: 0.001 kg m22 s21); (g),(h),(q),(r) relative
humidity (CI: 5%); and (i),(j),(s),(t) temperature anomaly from the climatological average (CI: 0.5K). Values .7 in (c),(d),
(m),(n); .0.003 in (e),(f),(o),(p); .70 in (g),(h),(q),(r); and .0 in (i),(j),(s),(t) are shaded. The time evolution of the events
is shown in (a),(b),(k),(l) and the left-hand panels in (c)–(j) and (m)–(t). The right-hand panels in (c)–(j) and (m)–(t) show
the average from day 220 to day 120.
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FIG. 9. (Continued)

climatological average (Fig. 10c), is a critical factor in
the deepening of convection for the events in the Ctl. In
contrast, using the climatological temperature further
deepens the cloud top (Fig. 10b) because the substituted
climatological environment is cooler (Fig. 9t) and the
convective parcel is more buoyant.

4. Summary and discussion
This study examines the role of convective entrainment in precipitation variations over tropical oceans
using numerical MIROC5 experiments. The entrainment rate in the Ctl, utilizing a new entrainment scheme
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FIG. 10. (a),(b) As in Fig. 9c, but for the cloud top diagnosed
using climatological humidity in (a) and temperature in (b). (c) As
in Fig. 9g, but for a composite of the climatological humidity.

proposed by Chikira and Sugiyama (2010), directly
varies with parcel buoyancy and inversely varies with
the square of the updraft speed, and about half of the
buoyancy-generated energy is consumed by entrainment. The entrainment in the AS and ASRH is constant
for each cloud type, as in the original Arakawa and
Schubert (1974) scheme, and is significantly smaller in
the lower troposphere than in the Ctl (Fig. 1). The only
difference between the AS and ASRH is that the ASRH
employs empirical suppression of cumulus convection
when the relative humidity over the cloud layer is below
80% (Emori et al. 2001). We also perform the NoEnt
with zero entrainment to understand the role of entrainment more clearly.
The Ctl satisfactorily reproduces the observed precipitation distributions over tropical oceans, including
the southeastward extending SPCZ with realistic spatial
variations. The NoEnt and AS overestimate precipitation
over subsidence regions and underestimate precipitation

VOLUME 27

over ascending regions, resulting in spatial variations that
are too small. The precipitation overestimation over the
southeastern Pacific corresponds to the double ITCZ
bias. Similarly, the temporal variations are satisfactorily
simulated in Ctl and are underestimated in the NoEnt
and AS. In the Ctl, congestus gradually moistens the
midtroposphere, and large deep convection precipitation
events occur once sufficient moisture is available. Such
large precipitation events are absent in the NoEnt and
AS, and relatively weak precipitation occurs more frequently. A comparison of the spatial and temporal variations as well as the weighted precipitation intensity
PDFs between the experiments and the TRMM observations verifies that the Ctl is a more realistic experiment.
The behaviors of AS and NoEnt are very similar to each
other and different from observations and the Ctl. Since
the difference between the Ctl and the AS is the entrainment rate, especially in the lower troposphere for
congestus and deep convection, the latter is suggested to
be important for the spatial and temporal variations of
precipitation. The behavior of ASRH is somewhat complicated; while the spatial variations are smaller than in
the observations, the temporal variations are excessive.
Comparing the Ctl to the NoEnt and the AS, we
conclude that convective entrainment enhances the
magnitudes of spatial and temporal precipitation variations. This is attributed to stronger entrainment in the
Ctl that increases free tropospheric moistening by congestus and strengthens the coupling of convection with
free tropospheric humidity. When the deep convection
is more active over the western Pacific than over the
eastern Pacific, the associated diabatic heating drives the
large-scale circulation with the dry descending branch
and the moist ascending branch; thus, the convection is
further enhanced over the western Pacific and suppressed over the eastern Pacific. The congestus play
a role in the free troposphere moistening over the
western Pacific. The diabatic heating that drives the
large-scale circulation mostly corresponds to the latent
heating, whereas the radiative cooling strengthens the
subsidence over the eastern Pacific. Although the
ASRH empirically suppresses convection over the dry
regions, it does not produce congestus because the entrainment is small. This suggests that the coupling of
convection and humidity in the ASRH is stronger than
that in the NoEnt and AS but not as strong as that in the
Ctl. The importance of congestus is also suggested by
Chikira (2010). Here, we further discussed its role in the
feedback processes. Similarly, the precipitation time
series in the Ctl shows suppressed periods with a dry
midtroposphere and large deep convection precipitation
events when sufficient moisture is available with the
moistening by congestus. However, in the NoEnt and
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AS, deep convection occurs easily even where (when)
the midtroposphere is very dry, and relatively weak precipitation occurs more frequently. This is consistent with
Oueslati and Bellon (2013), who showed that frequency
of weak-to-moderate ascending regimes and that of
subsidence regimes are over- and underestimated, respectively, in models with the double ITCZ bias.
We observed that the coupling of convection and
tropospheric humidity is essential in the transition from
shallow to deep convection in the Ctl. Detrainment from
shallower convection increases midtropospheric humidity, and the humidity increase in turn causes deepening of the convection by decreasing the buoyancy of
the entrainment. This deepening convection by midtropospheric moistening is consistent with the results of
previous studies (e.g., Maloney and Hartmann 2001; Del
Genio et al. 2012; Hirons et al. 2013).
This study showed the spatial and temporal variations
in precipitation are more realistic in the Ctl and suggested the importance of entrainment rate in the lower
troposphere for congestus and deep convection. However, there are still many important issues left for the
future work. For example, some previous studies using
CRM results have suggested that downdraft-driven cold
pools are important for decreasing entrainment (Kuang
and Bretherton 2006; Khairoutdinov and Randall 2006;
Del Genio and Wu 2010). Downdrafts from shallower
convection create cold pools, and the associated gust
fronts produce larger convective plumes with less entrainment, which develop into deep convection. Furthermore, Kim et al. (2011) suggested that changing rain
reevaporation rate in the convective scheme has similar
impacts when changing entrainment rate. These processes
should be examined in future.
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