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ABSTRACT

The surface rainfall processes and diurnal variations associated with tropical oceanic convection are ex-
amined by analyzing a surface rainfall equation and thermal budget based on hourly zonal-mean data from
a series of two-dimensional cloud-resolving simulations. The model is integrated for 21 days with imposed
large-scale vertical velocity, zonal wind, and horizontal advection obtained from the Tropical Ocean Global
Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE) in the control experiment.
Diurnal analysis shows that the infrared radiative cooling after sunset, as well as the advective cooling associ-
ated with imposed large-scale ascending motion, destabilize the atmosphere and release convective available
potential energy to energize nocturnal convective development. Substantial local atmospheric drying is as-
sociated with the nocturnal rainfall peak in early morning, which is a result of the large condensation and
deposition rates in the vapor budget. Sensitivity experiments show that diurnal variations of radiation and
large-scale forcing can produce a nocturnal rainfall peak through infrared and advective cooling, respectively.
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1. Introduction

The diurnal variation of tropical oceanic convec-
tion is one of the important signals in tropical vari-
ability and plays a crucial role in regulating tropical
hydrological and energy cycles. The dominant diurnal
signal exhibits a nocturnal peak in rainfall that oc-
curs in the early morning over the tropical open ocean
and land. Kraus (1963) analyzed observational rain-
fall data and showed nocturnal rainfall peaks, suggest-
ing that solar heating suppresses convection during the
daytime, whereas infrared cooling enhances convection
during the nighttime. Gray and Jacobson (1977) found
that heavy rainfall is much larger in the morning than
in the late afternoon and evening, and argued that
the radiational differences between cloudy regions and

clear-sky regions play an important role in enhancing
a secondary circulation and thus the nocturnal rain-
fall. Randall et al. (1991) carried out sensitivity exper-
iments using a general circulation model and showed
that in the absence of cloud radiative effects, the phase
of simulated diurnal rainfall cycle is not changed but
the amplitude is much weakened. Xu and Randall
(1995) conducted sensitivity experiments with a cloud-
resolving model and revealed that the diurnal variation
is not sensitive to interactive radiation and that Gray
and Jacobson’s mechanism plays a secondary role in
diurnal processes.

Tao et al. (1996) carried out a series of cloud-
resolving simulations to study cloud-radiation interac-
tion mechanisms and emphasized that the nocturnal
precipitation is enhanced by infrared cooling through
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increasing relative humidity. The surface rainfall is
not sensitive to cloud-top cooling, cloud-base warm-
ing, or the differential cooling between clear-sky and
cloudy regions. Sui et al. (1997) conducted an observa-
tional analysis during the Tropical Ocean Global At-
mosphere Coupled Ocean-Atmosphere Response Ex-
periment (TOGA COARE) to study the diurnal rain-
fall processes and suggested that the nocturnal rainfall
peak is a result of the destabilization by radiative cool-
ing during the nighttime, with the falling temperature
increasing the available precipitable water for precip-
itation. Liu and Moncrieff (1998) found from their
cloud-resolving simulations that the simulated diurnal
rainfall variation is primarily caused by direct cloud-
radiation interaction, and that Gray and Jacobson’s
mechanism is a secondary factor. Sui et al. (1998) con-
ducted cloud-resolving simulations to test their noc-
turnal rainfall mechanism and their numerical exper-
iments support Sui et al. (1997) suggestions. Petch
and Gray (2001) conducted sensitivity studies using a
cloud-resolving model and showed that the simulated
diurnal rainfall cycle of the tropical west Pacific is de-
termined by large-scale forcing but is not enhanced
by radiation. Dai (2001) analyzed 3-hourly precipi-
tation data from Global Telecommunication System
(GTS) stations and from the Comprehensive Ocean-
Atmosphere Data Set (COADS) and emphasized the
importance of land-ocean contrast in the formation of
a nocturnal precipitation peak over the coastal areas.
Thus, the diurnal variations of radiation and large-
scale forcing account for the nocturnal rainfall peak
over the tropical ocean.

Although numerical experiments highlight impor-
tant processes that qualitatively determine the di-
urnal rainfall cycle, important diurnal rainfall pro-
cesses have not been studied quantitatively. Gao et al.
(2005) derived a diagnostic surface rainfall equation to
study precipitation processes. The surface rain rate is
simply formulated with the sum of water vapor and
cloud sources/sinks. They analyzed the surface rain
rate using hourly zonal-mean simulation data from a
two-dimensional (2D) cloud-resolving model and found
that although the water vapor sink (water vapor con-
vergence, surface evaporation, and local atmospheric
drying) largely accounts for the variation of the surface
rain rate, cloud sources/sinks could significantly mod-
ify the surface rain rate. Their results show that this
surface rainfall equation can be used to quantitatively
identify the dominant physical processes in precipita-
tion.

In this study, a series of experiments are conducted
using a 2D cloud-resolving model to examine physical
processes such as radiation and large-scale forcing that
are responsible for the nocturnal rainfall peak. In the

control experiment, large-scale forcing data derived
from TOGA COARE are imposed. Since zonally aver-
aged large-scale forcing (vertical velocity, zonal wind,
and horizontal advection) and SST may include diur-
nal signals and the model includes an interactive ra-
diation calculation, a series of sensitivity experiments
are carried out. With the analysis of the cloud, wa-
ter vapor, and heat budget, the sensitivity experiments
are compared with the control experiment to quantita-
tively evaluate the effects of diurnal variations of verti-
cal velocity, SST, and radiation on the formation of the
nocturnal rainfall peak. In the next section, the cloud
model, forcings, and experiments are described and
the surface rainfall equation and thermal budget are
presented. The control case is discussed and compared
with the observations in terms of thermodynamics and
surface rainfall, and the analysis of physical processes
associated with the diurnal rainfall variation is car-
ried out in section 3. The dominant physical processes
that are responsible for the nocturnal peak of surface
rainfall are further identified with additional sensitiv-
ity experiments in section 4. The summary is given in
section 5.

2. Model and experimental design

The Goddard Cumulus Ensemble Model (Soong
and Ogura, 1980; Soong and Tao, 1980; Tao and Simp-
son, 1993) used here is the 2D version (Sui et al., 1994,
1998) modified by Li et al. (1999). The model has five
prognostic equations for the mixing ratios of cloud hy-
drometeors (cloud water, raindrops, cloud ice, snow,
and graupel). The model also includes the cloud mi-
crophysical parameterization schemes from Rutledge
and Hobbs (1983, 1984), Lin et al. (1983), Tao et al.
(1989), Krueger et al. (1995), as well as interactive
radiation calculations performing solar (Chou et al.,
1998) and thermal infrared (Chou et al., 1991; Chou
and Suarez, 1994) radiation parameterization schemes
every 3 minutes. The model uses cyclic lateral bound-
aries. The vertical velocity, vertical gradients of po-
tential temperature, specific humidity, and mixing ra-
tios of cloud hydrometeors in the model are set to
zero at both the upper and lower boundaries (Soong
and Ogura, 1980). The surface momentum, heat, and
evaporation fluxes are calculated from bulk formula-
tions using predicted wind, temperature, and specific
humidity (Soong and Ogura, 1980). The basic model
parameters include a horizontal domain of 512 grid
points, a horizontal grid resolution of 1.5 km, a top
model level of 42 hPa, and a time step of 12 s. The
vertical grid resolution ranges from about 200 m near
the surface to about 1 km near 100 hPa. The 2D
cloud-resolving model simulation has been validated
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   Fig. 1. Temporal and vertical distributions of (a) vertical velocity (cm s−1),
(b) zonal wind (m s−1), and time series of (c) sea surface temperature (◦C)
observed and derived from TOGA COARE for the 21-day period.

with observations in terms of atmospheric thermody-
namic profiles, surface fluxes, and surface rain rate in
the tropics during TOGA COARE (Li et al., 1999).
This model and other cloud resolving models have
been applied to tropical thermodynamic, cloud, and
surface rainfall studies during the Global Atmo-
spheric Research Program Atlantic Tropical Experi-
ment (GATE) (e.g., Xu and Randall, 1996; Grabowski
et al., 1996) and TOGA COARE (e.g., Wu et al., 1998;
Li et al., 2002a,b,c; Gao et al., 2004, 2005, 2006a,b).

In the control case, the zonally-uniform vertical
velocity, zonal wind, and thermal and moisture ad-
vection (Fig. 1) observed and derived from 6-hourly
TOGA COARE observations within the Intensive Flux
Array (IFA) region are linearly interpolated and im-
posed in the model at every time step during the in-
tegrations. This observational data is provided by the
research group of Prof. M. Zhang at The State Uni-
versity of New York at Stony Brook. They applied a
constrained, variational method to column-integrated
budgets of mass, heat, moisture, and momentum in
their data analysis (Zhang and Lin, 1997). Hourly SST
at the Improved Meteorological (IMET) surface moor-
ing buoy (1.75◦S, 156◦E) from Weller et al. (1996) is
also imposed in the model. The model was integrated
from 0400 LST 18 December 1992 to 1000 LST 9 Jan-
uary 1993 (a total of 21.25 days or 486 hours). The 21-
day study period covers the life span of a westerly wind
burst with strong ascending motion during the onset

and decay phases, with weak descending motions dur-
ing the peak phase. A portion of study period (20–26
December 1992) has been intensively analyzed and dis-
cussed by the Global Energy and Water Cycle Exper-
iment (GEWEX) Cloud System Study (GCSS) Work-
ing Group 4 (Moncrieff et al., 1997; Krueger, 1997). A
diurnal composite of vertical profiles of imposed large-
scale vertical velocity (Fig. 2) shows a strong diurnal
variation with maximum ascending motion of 3 cm s−1

at 1600 LST around 340 hPa, and minimum ascending
motion of less than 1 cm s−1 at 0400 LST. Note that
the maximum ascending motion is not in phase with
nocturnal rainfall peak.

Since the diurnal rainfall variations may be caused
by various factors including large-scale forcing, radia-
tive process, and SST, four additional sensitivity ex-
periments were designed (Table 1). In the radiation-
only case, the model uses diurnally varying interactive
radiation calculations and imposed time-mean large-
scale vertical velocity, zonal wind, horizontal advec-
tion, and SST. In the large-scale forcing-only case, a
time-invariant solar zenith angle with a daily average
cosine value is used in interactive radiation calcula-
tions, and time-mean SST and diurnally varying large-
scale vertical velocity, zonal wind, and horizontal ad-
vection are imposed in the model. In the SST-only
case, a time-invariant solar zenith angle is used in in-
teractive radiation calculations, and time-mean large-
scale vertical velocity, zonal wind, and horizontal ad-
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Table 1. A summary of experiments.

Radiation Large-scale Large-scale SST
vertical velocity zonal wind

Control case Diurnally varying Varied Varied Varied
Radiation-only case Diurnally varying Time-mean Time-mean Time-mean
Large-scale forcing-only case A constant with a daily Varied Varied Time-mean

average cosine value
SST-only case A constant with a daily Time-mean Time-mean Varied

average cosine value
Radiation-only case with Diurnally varying Zero A constant of Time-mean
zero large-scale vertical velocity 4 m s−1

vection and diurnally varying SST are imposed in the
model. Thus, the radiation-only, large-scale forcing-
only, and SST-only cases are each compared to the
control case to examine the effects of diurnal varia-
tions of radiation, vertical velocity, and SST on the
formation of the nocturnal rainfall peak. Since verti-
cal velocity is a major forcing imposed in the model
and may vary when it is derived from different regions
and periods or averaged over different sizes of areas,
another radiation-only case is tested with imposed zero
vertical velocity, horizontal advection, and mean zonal
wind. The mean zonal wind is 4 m s−1 since the min-
imum wind speed in the calculations of surface heat
fluxes is 4 m s−1.

Following Gao et al. (2005), zonal-mean surface
rain rate (Ps) can be symbolically expressed as

Ps = QWVT + QWVF + QWVE + QCM. (1)

Here, QWVT = −∂[qv]
∂t

is local water vapor tendency.

QWVF = −[uo ∂qo
v

∂x
]−[wo ∂qv

∂z
] is water vapor advection,

and a major forcing comes from the vertical advective
moistening/drying term, since the imposed horizon-
tal vapor advection is smaller than vertical advection.
QWVE = Es is the surface evaporation rate. QCM =

 

   Fig. 2. Diurnal composite of vertical profile of vertical
velocity (cm s−1) imposed in the model simulation.

−∂[q5]
∂t

is the local hydrometeor change in the
cloud microphysical budget, where the condition that

−[u
∂q5

∂x
] − [w

∂q5

∂z
] = 0 is used as a result of cyclic

boundary conditions. In Eq. (1), qv is atmospheric
specific humidity, u and w are zonal and vertical wind
components, respectively, q5 = qc + qr + qi + qs + qg,
and qc, qr, qi, qs, qg are the mixing ratios of cloud wa-
ter, raindrops, cloud ice, snow, and graupel, respec-
tively. Overbars and superscripts (o) denote a zonal-
mean and an imposed observed value, respectively. A
zonal-mean mass integration of a variable F is defined
by

[F ] =
1

512

512∑

i=1

∫ zt

0

Fiρdz, (1a)

where zt is the model top.
The thermal budget can be expressed as

SH + SHF + SHS + SLH + SRAD = 0. (2)

Here, SHT = −∂ < T >

∂t
is local heat tendency. SHF =

− < uo T
o

∂x
> − < πwo ∂θ

∂z
> is thermal convergence,

including a major forcing from vertical advective cool-
ing/warming, since imposed horizontal thermal advec-
tion is much smaller than vertical advection. SHS is

surface sensible heat flux. SLH =
1
cp

< Qcn > is the

net latent heat release through phase changes among

different cloud species. SRAD =
1
cp

< QR > is the ra-

diative heating rate due to the convergence of net flux
of solar and infrared radiative fluxes. In Eq. (2), T
and θ are air temperature and potential temperature,
respectively, and is the specific heat of dry air at con-
stant pressure. A zonal and mass-weighted mean of a
variable < F > is defined by

< F >=
1

512

512∑

i=1

∫ zt

0

Fiρdz

∫ zt

0

ρdz. (2a)

The variance of zonal-mean surface rain rate can
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be expressed by

Var(Ps)=Var(QWVT)+Var(QWVF)+Var(QWVE)+
Var(QCM) + 2CoVar(QWVT, QWVF)+
2CoVar(QWVT, QWVE)+
2CoVar(QWVT, QCM)+
2CoVar(QWVF, QWVE)+
2CoVar(QWVF, QCM)+
2CoVar(QWVE, QCM) , (3)

where

Var(A) =
1

486

486∑

i=1

(Ai −A)2, (3a)

CoVar(A,B) =
1

486

486∑

i=1

(Ai −A)(Bi −B), (3b)

A =
1

486

486∑

i=1

Ai. (3c)

3. Analysis of diurnal variations with control
simulation

The control simulation is compared with the obser-
vations in terms of temperature, specific humidity, and
surface rain rate. The root-mean-squared (RMS) dif-
ferences in temperature and specific humidity between
the observations and control experiment over vertical
and horizontal model domains are 1.66◦C and 0.5 g
kg−1, respectively, which are slightly larger than those
in the 7-day comparison during TOGA COARE (Li et
al., 1999). The observed surface rain rate is derived
by averaging over a 150×150 km2 area using radar re-
flectivity data taken from the Massachusetts Institute
of Technology’s Doppler radar and the TOGA radar
located within the Intensive Flux Array (IFA) region
(Short et al., 1997). The RMS difference in surface
rain rate between the observations and control experi-
ment is 0.43 mm h−1, which is similar to the standard
deviation of simulated surface rain rate (0.43 mm h−1)
and is larger than the standard deviation of observed
surface rain rate (0.37 mm h−1). The large RMS differ-
ence may be caused by the inconsistency between the
surface rain rate and imposed vertical velocity. For
example, the surface rain rate on 20 December 1992
is larger than that on 21–22 December 1992 (Fig. 3a),
whereas the upward motion on 20 December 1992 is
weaker than that on 21–22 December 1992 (Fig. 1a).
The diurnal composites of observed and simulated sur-
face rain rates show that the largest periods of rain-
fall occur during early morning, late afternoon, and
evening (Fig. 5). The differences in the diurnal com-
posites of surface rain rates between the observations

and control experiment are that the simulated surface
rain rate is larger than the observed surface rain rate
and that the simulated surface rain rate reaches its
minimum 3 hours earlier than does the observed sur-
face rain rate. The comparison reveals that the 21-day
model simulation agrees reasonably well with the ob-
servations.

Figure 3 shows the time series of Ps, QWVT, QWVF,
QWVE and QCM. The time-means of Ps, QWVT,
QWVF, QWVE and QCM are 0.37, 0.03, 0.12, 0.2, and
0.02 mm h−1, respectively. QWVT, QWVF, QWVE and
QCM contribute 8.1%, 32.4%, 54.1%, and 5.4% to Ps,
respectively. The amplitudes of variations of QWVT

and QCM are much larger than for QWVE. QWVE is
always positive, whereas QWVT and QCM change signs
frequently, which leads to cancellations in time-mean
calculations. Thus, QWVE is the largest term con-
tributing to the time-mean of Ps. The surface evapo-
ration rate and vapor convergence associated with the
imposed vertical velocity mainly contribute to the tem-

   Fig. 3. Time series of (a) Ps, (b) QWVT, (c) QWVF, (d)
QWVE, and (e) QCM simulated in the control case during
the 21-day integration. Units are mm h−1. Dashed line
in (a) denotes observed Ps.
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   Fig. 4. Time series of (a) SRAD, (b) SHT, (c) SHF , (d)
SHS, and (e) SLH in the control case during the 21-day
integration. Units are ◦C h−1.

poral and zonal mean surface rain rate. Cui and
Li (2006) analyzed the data from 2D cloud-resolving
model simulations with an imposed zero vertical ve-
locity and found that the temporal and zonal-mean
surface evaporation mainly comes from rainfall-free re-
gions. Surface evaporation pumps water vapor into
rainfall-free regions and the divergence transports the
vapor from rainfall-free regions to heavier rainfall re-
gions.

The variance of surface rain rate (0.18 mm2 h−2) is
dominated by the variances of the local vapor change
(0.109 mm2 h−2), vapor convergence (0.124 mm2 h−2),
and the local condensate change (0.03 mm2 h−2), and
the magnitudes of other variances and co-variances are
small (<0.01 mm2 h−2). The linear correlation coeffi-
cients between QWVT, QWVF, QWVE and QCM each
individually with Ps are 0.54, 0.62, 0.01 and 0.16, re-
spectively. Thus, the variation of surface rain rate
can be largely explained by the variances of the local
vapor change and vapor convergence. There is no sta-
tistically significant correlation between Ps and QWVE

because the imposed vapor convergence is responsible

for the variation of Ps.
Figure 4 shows the time series of terms related to

heating. The time means of SRAD, SHT, SHF, SHS

and SLH are −0.036, 0.0002, −0.063, 0.007, and 0.092
◦C h−1, respectively. In the zonal-mean mass-weighted
mean thermal budget, condensational heating (SLH) is
nearly balanced by advective cooling (SHF) and radia-
tive cooling (SRAD). The standard deviations of SRAD,
SHT, SHF, SHS and SLH are 0.031, 0.08, 0.11, 0.002,
and 0.105 ◦C h−1, respectively. The local temperature
variations are mainly caused by advective cooling, con-
densational heating, and radiative cooling. The small
standard deviation of SHT denotes little temperature
variability in the tropical deep convective regime due
to a free tropospheric quasi-equilibrium between con-
vection and large-scale forcing (Zhang, 2003; Donner
and Phillips, 2003).

The diurnal composite of Ps in the control case in
Fig. 5 shows that the largest surface rain rates (>0.4
mm h−1) occur during early morning (hours 0–7), late
afternoon, and evening (hours 16–24). The surface
rain rate (∼0.2 mm h−1) reaches a minimum around
hour 13. The comparison of diurnal variations between
imposed vertical velocity (Fig. 2) and surface rain rate
(Fig. 5) shows that the maximum imposed ascending
motion is in phase with the afternoon surface rainfall
peak. Since the model in the control case includes the
diurnal signals of the large-scale forcing, interactive
radiation calculations, and SST, the question is what
causes a nocturnal rainfall maximum.

Since the cloud budget contains surface rain rate,
the cloud budget is analyzed first. The cloud budget
can be expressed by

Ps −QCM = QWVS, (4)

   
Fig. 5. Diurnal composites of Ps in the control case (dark
solid), radiation-only case (light solid), large-scale forcing-
case (dashed), radiation-only case with zero vertical veloc-
ity (dotted), and SST-only case (dot-dashed). Units are
mm h−1. Dark dashed line denotes observed Ps.
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  Fig. 6. Diurnal composites of (a) Ps (dark solid), QWVT

(light solid), QWVF (dashed), QWVE (dot), QWVS (long
dashed), and QCM (dashed dot) in water vapor and cloud
budgets and (b) SHT (light solid), SHF (dashed), SHS

(dot), SLH (dashed dot) and SRAD (dark solid) in heat
budget and CAPE (long dashed) simulated in the con-
trol case. Units are mm h−1 in (a) and ◦C h−1 for heat
budget and 102 J kg−1 for CAPE in (b).

where

QWVS =([PCND] + [PDEP] + [PSDEP] + [PGDEP])−
([PREVP] + [PMLTS] + [PMLTG]). (4a)

Here QWVS is a cloud source or water vapor sink; PCND

is the vapor condensation rate; PDEP, PSDEP, and
PGDEP are vapor deposition rates for growths of cloud
ice, snow, and graupel, respectively; PREVP, PMLTS,
and PMLTG are the evaporation rates of rain, melting
snow, and liquid from the graupel surface, respectively.
In the cloud budget (Fig. 6a), Ps and QWVS have sim-
ilar diurnal variations in both phase and magnitude,
while QCM does not have a significant diurnal varia-
tion, but instead fluctuates around 0 with amplitudes
of 0.1 mm h−1 or less. Thus, the diurnal variation of
surface rain rate is intimately associated with that of
the cloud source. To further examine the diurnal vari-
ation of the cloud source, the water vapor budget is
next analyzed. The water vapor budget can be writ-
ten as

QWVT + QWVF + QWVE = QWVS. (5)

In the water vapor budget (Fig. 6a), QWVE has a
constant value of roughly 0.2 mm h−1. QWVF has its
maximum of 0.2 mm h−1 at hour 16 when the max-
imum imposed ascending motion occurs (Fig. 2) and
decreases during nighttime, reaching its minimum at
hour 10, which is a forced diurnal variation associated
with the imposed large-scale vertical velocity. QWVT

attains its maximum of 0.2 mm h−1 during hours 5–7
and decreases to its minimum of −0.1 mm h−1 at hour
14. Maximum local atmospheric drying (QWVT > 0)
occur during hours 5–7 when QWVF approaches zero.
Thus, the peak of QWVS in early morning is associ-
ated with local atmospheric drying, whereas the peak
in the late afternoon is caused by the large water va-
por convergence associated with the imposed ascend-
ing motion.

To analyze the diurnal thermal processes associ-
ated with the nocturnal peak of surface rainfall, the
diurnal composites of zonal-mean mass-weighted mean
thermal budget and zonally-averaged convective avail-
able potential energy (CAPE) for reversible moist adi-
abatic process (Li et al., 2002c) are shown in Fig.
6b. The solar radiative heating reaches its maximum
around noon, and it starts to decrease in magnitude
in the afternoon. The net radiation becomes cooling
around hour 15 when the infrared cooling rate is larger
than the solar heating rate. The net radiative cooling
reaches its maximum rate after hour 18 after the sun-
set. The advective cooling (QHF) associated with the
imposed ascending motion in the afternoon also acts
to lower local temperature. Similar cooling rates from
QHF and QRAD occur from hour 18 to hour 8. Thus,
the radiative and advective cooling lower local temper-
ature (QHT > 0) from noon to midnight. Significant
cooling appears in the mid-troposphere from noon to
late afternoon (not shown), which halts the increase of
CAPE around hour 20. Continuous radiative and ad-
vective cooling causes a significant release of CAPE,
a clear signal for destabilizing the atmosphere. The
CAPE is transferred to energize nocturnal convective
development.

4. Analysis of diurnal variations with sensitiv-
ity simulations

To examine the effects of diurnal variations of
radiation, vertical velocity, and SST on the for-
mation of the nocturnal rainfall peak, three addi-
tional cases (radiation-only, large-scale forcing-only,
and SST-only) are conducted and compared with the
control case (see Table 1 and section 2 for the designs
of these sensitivity experiments). The diurnal compos-
ites in Fig. 5 show that the surface rain rates in the
large-scale forcing-only case and the control case have
similar diurnal evolution in both their phases and am-
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  Fig. 7. As in Fig. 6 except for the radiation-only case.

 

 

  Fig. 8. As in Fig. 6 except for the large-scale forcing only
case.

   Fig. 9. As in Fig. 6 except for the SST-only case.

plitudes. The surface rain rate in radiation-only is
similar to that in the control case during the first half
of the day, whereas it becomes much smaller in af-
ternoon. The surface rain rate in the SST-only case
shows relatively large values in morning, at noon, and
in late afternoon.

To examine the physical processes that are respon-
sible for the differences and similarities, diurnal com-
posites of cloud, water vapor, heat budget terms, and
CAPE in the three sensitivity simulations are calcu-
lated and shown in Figs. 7–9. The cloud budgets
show that in the three sensitivity simulations, the di-
urnal variations of surface rain rates are highly corre-
lated with those of vapor condensation and deposition
(QWVS) in both phase and amplitude. The nocturnal
peaks of vapor condensation and deposition are asso-
ciated with those of local atmospheric drying in the
water vapor budgets (Figs. 7a, 8a, 9a). The nocturnal
enhancement of condensation and deposition is associ-
ated with the reduction of saturation mixing ratio by
the atmospheric cooling. Thus, the diurnal variations
of heat budgets in the three sensitivity experiments
will be analyzed next.

In the radiation-only case (Fig. 7b), the latent heat
and solar radiative heating overcome the advective
cooling due to the imposed time-mean upward mo-
tion around noon that results in a local atmospheric
warming (QHT < 0). When the solar heating gradu-
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ally weakens in the afternoon, the local atmospheric
heating rate switches to a cooling. The dominant in-
frared cooling after sunset maintains the local atmo-
spheric cooling. Thus, the local atmospheric cooling
(QHT > 0) lasts from hour 16 to hour 22. The lo-
cal atmospheric cooling continues in the early morn-
ing as the advective cooling and infrared cooling are
stronger than the latent heating. The atmospheric
cooling causes a significant release of CAPE. In the
large-scale forcing-only case (Fig. 8b), the weakening
of latent heat causes the local atmospheric cooling in
the later morning. The cooling reaches its peak around
hour 15 mainly due to intensification of the advective
cooling associated with the imposed upward motion.
The peak of the atmospheric cooling leads the peak
of the advective cooling by 1–2 hours because of the
enhancement of the latent heating associated with the
peak of the advective cooling. The overall cooling is
mainly maintained by the advective cooling. The at-
mospheric cooling reduces the CAPE as the unstable
energy is consumed for convective development. In the
SST-only case (Fig. 9b), the local atmospheric cooling
and warming rates and the amplitudes of CAPE are
much lower than those in the radiation-only case and
the large-scale forcing-only case as the latent heat is
nearly balanced by the advective and radiative cooling.

The simulations in this study are only for a tropical
oceanic deep convective regime. The budget statistics
could be different for other synoptic situations. To
examine the impact of large-scale forcing on the noc-
turnal rainfall peak, another radiation-only case (Fig.
10) is tested with imposed zero vertical velocity and
horizontal advection, and mean zonal wind (see Ta-
ble 1 and section 2) and compared with the radiation-
only case to study the genesis of the nocturnal rainfall
peak. The nocturnal rainfall peak occurs at midnight
with a secondary maximum at hour 7 (Fig. 5), which
is similar to that in the radiation-only case although
the magnitudes of time-mean surface rain rates are dif-
ferent due to different vertical velocities. The similar
diurnal variations of surface rainfall, cloud, and water
vapor budgets result from the similar diurnal varia-
tions of heat budgets between the two experiments,
while the atmospheric cooling in the later afternoon is
much weaker as a result of the lack of advective cooling
associated with the large-scale upward motion. The
similarity of diurnal variations in surface rain rates
in the two cases shows that the diurnal variation of
radiation is an important process in the development
of nocturnal rainfall when diurnal variations of large-
scale forcing are absent. The difference in time-mean
surface rain rates between the two cases suggests that
the time-mean large-scale vertical velocity impacts the
amplitude of time-mean surface rain rate.

 

 

   Fig. 10. As in Fig. 6 except for the radiation-only case
with zero large-scale vertical velocity. The units of CAPE
are 10 J kg−1.

5. Summary

The surface rainfall processes and associated di-
urnal variations in the tropical convective regime are
examined by analyzing hourly zonal-mean data from
a series of two-dimensional cloud-resolving model sim-
ulations. The water vapor and cloud budgets, ther-
mal budget, and convective available potential en-
ergy are examined to quantitatively identify the roles
of the diurnal variations of radiation and large-scale
circulations on the formation of the nocturnal rain-
fall peak. In the control experiment, the model is
forced by the imposed large-scale vertical velocity,
zonal wind, and horizontal advection obtained from
TOGA COARE data. The model is integrated for
21 days in the control and sensitivity experiments.
A comparison of the observations and control experi-
ment shows that the model simulates thermodynamics
and surface rain rate reasonably well. Four sensitiv-
ity experiments with diurnally-varying radiation only,
diurnally-varying large-scale forcing only, diurnally-
varying SST only, and diurnally-varying radiation only
using zero large-scale vertical velocity are conducted
and compared to the control simulation. The main
results include:

(1) The results in the control experiment show that
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21-day mean surface rain rate is mainly contributed to
by the surface evaporation rate and vapor convergence
associated with the imposed large-scale vertical veloc-
ity. The 21-day mean thermal budget shows that the
condensational heating is nearly balanced by advec-
tive and radiative cooling. The variance of the surface
rain rate is mainly contributed to by the variances of
local vapor change and vapor convergence. Standard
deviations of each case reveal that radiative cooling,
advective cooling, and condensational heating are im-
portant in thermal variability.

(2) Comparison between the sensitivity experi-
ments and the control experiment shows that the ex-
periments with diurnally varying radiation and diur-
nally varying large-scale forcing produce a nocturnal
rainfall peak. Further analysis of heat budgets reveals
that the infrared cooling after sunset and advective
cooling associated with imposed upward motion are
major processes that are responsible for falling air tem-
peratures, which reduces saturation specific humidity
and enhances vapor condensation and deposition. The
increased vapor condensation leads to the nocturnal
peak of surface rainfall.

It should be noted that the high-frequency tempo-
ral variability, along with spatial distributions such as
individual clouds and associated dynamic and ther-
modynamic patterns, might be distorted in a 2D
model setup. Although Grabowski et al. (1998)
compared three-dimensional (3D) and 2D simulations
and showed similar evolution in their thermodynamic
fields, surface heat fluxes, and precipitation, 3D model
simulations may be needed to compare with 2D model
simulations to identify dominant processes in diurnal
rainfall variations. Another limitation of this study is
that the diurnal variation of surface rain rate is only
analyzed for a tropical deep convective regime over the
open ocean. Therefore, further simulations of diur-
nal variations with 3D cloud-resolving models should
be carried out over different regions to study whether
these 2D results for tropical oceanic convection can be
applied to 3D simulations over different regions.
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