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The diurnal variation of radiation plays a key role in determining the diurnal variations of tropical oceanic con-
vective and stratiform rainfall, and the examination of such a relationship requires a direct link between the radiation
term in a heat budget and the surface rain rate in a cloud budget. Thus, the thermally related surface rainfall budgets
derived from the combination of cloud and heat budgets are analysed with two-dimensional equilibrium cloud-resolving
model simulation data to study the effects of sea surface temperature (SST) and cloud radiative, and microphysical
processes on the diurnal variations of convective and stratiform rainfall. The results show that the increase in SST, the
inclusion of diurnal variation of SST and the exclusion of cloud radiative processes increase negative diurnal anomalies
of heat divergence over rainfall-free regions during the nighttime through changing the vertical structures of diurnal
anomaly of radiation in the troposphere. The strengthened negative diurnal anomalies of heat divergence over rainfall-
free regions enhance positive diurnal anomalies of heat divergence over convective regions, which intensifies the positive
diurnal anomaly of convective rainfall. The exclusion of microphysical effects of ice clouds increases the negative diurnal
anomaly of heat divergence over rainfall-free regions during the nighttime through reducing latent heat; this appears to
enhance the positive diurnal anomaly of heat divergence over raining stratiform regions, and thus stratiform rainfall.

Keywords: thermal aspects, diurnal variation, tropical convective and stratiform rainfall

PACS: 92.60.0x, 92.40.Ea, 92.05Fg, 92.60.Nv DOI: 10.1088/1674-1056,/20/10/109201

1. Introduction

As one of the most important meteorological cy-
cles, the diurnal cycle of oceanic deep convective ac-
tivity and associated rainfall has been intensively de-
bated both observationally and numerically for over
half a century.l!'=1% Studies have concentrated on the
relationship between radiative cooling and the noc-
turnal rainfall peak, the main component of diurnal
rainfall variation.

Rainfall comes from convective and raining strat-
iform regions. Compared to stratiform rainfall, con-
vective rainfall is associated with higher rain rates,
stronger upward motion and horizontal reflectivity
gradients. The accretion of cloud water by raindrops
via collisions in strong updraft cores mainly accounts
for convective rainfall, whereas the vapor deposition

on ice particles is mainly responsible for the develop-

ment of stratiform rainfall.'!] Nesbitt and Zipser!*?

conducted an observational study and found that the
magnitude of the diurnal cycle of convective rainfall is
larger than that of stratiform rainfall. To study the ef-
fects of water vapor on rainfall, the surface rain rate in
the cloud budget is directly linked to water vapor pro-
cesses in the water vapor budget. Thus, Gao et al.['?!
combined water vapor and cloud budgets to derive
the water vapor-related surface rainfall budget. Wa-
ter vapor-related surface rainfall budgets have been
examined by Cui,l'¥ Gao and Li,"® Cui and L,
and Ping and Luol'” to study the effects of sea sur-
face temperature and cloud radiative and microphys-
ical processes on the diurnal variations of convective
and stratiform rainfall. Cuil'¥ carried out the diur-
nal analysis of the surface rainfall budget and found
that a higher convective rain rate is associated with

more vapor convergence, and a higher stratiform rain
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rate is related to more vapor convergence and more
local atmospheric drying in the early morning than
in the afternoon. Cui and Lil'f! studied the effects
of diurnal variation of the imposed sea surface tem-
perature (SST) on the diurnal variation of convective
and stratiform rainfall, and revealed that a high SST
in the afternoon transports a large amount of water
vapor from rainfall-free regions to convective regions
and increases afternoon rainfall. Ping and Luol'™ ex-
amined the microphysical and radiative effects of ice
clouds on diurnal variations of tropical convective and
stratiform rainfall and found that the exclusion of ice
radiative effects generally increases convective rain-
fall during the morning and the evening, and reduces
convective rainfall in the afternoon. However, the ex-
clusion of ice microphysical effects generally reduces
convective and stratiform rainfall during the morning
and increases convective and stratiform rainfall in the

afternoon and the evening.

The above studies revealed the important effects
of water vapor processes on the diurnal variation of
tropical rainfall, but they did not provide a clear phys-
ical picture of how nighttime radiative cooling deter-
mines the nocturnal rainfall peak, the key component
of diurnal variation of tropical rainfall. The examina-
tion of such a relationship requires an equation that
directly links the radiation term in a heat budget and
the surface rain rate in a cloud budget. Recently, Gao
and Lil'® derived a thermally related surface rainfall
equation by combining heat and cloud budgets, and
applied the equation to the analysis of the diurnal vari-
ation of tropical rainfall during the Tropical Ocean
Global Atmosphere Coupled Ocean Atmosphere Re-
sponse Experiment (TOGA COARE). The objective
of the present study is to apply the thermally related
surface rainfall budget to the analysis of rainfall data
to reveal how SST and cloud radiative and microphys-
ical processes influence diurnal variations of convec-
tive and stratiform rainfall by changing the diurnal
variation of radiation. To achieve this, the thermally
related surface rainfall budget will be analysed using
data from two-dimensional (2D) equilibrium sensitiv-
ity cloud-resolving model simulations. The model and
the experiments are briefly described in the next sec-
tion. The results are presented in Section 3. A sum-

mary is given in Section 4.

2. Model and experiment

The simulation data analysed in this study are
from Gao et al,'”) Ping et al,?°! and Gao and
Zhou.2!l The cloud-resolving model used in these sim-
ulations is a 2D version of the model used by Sui et
al.l"22 and further modified by Li et al.*®. The model
was originally developed by Soong and Ogura,[*
Soong and Tao,?® and Tao and Simpson.!2¢! The
model has cyclic lateral boundaries and includes five
prognostic equations for the mixing ratios of cloud
water, raindrops, cloud ice, snow and graupel, and
a prognostic equation for potential temperature, spe-
The

model also includes cloud microphysical parameteri-

cific humidity and perturbation momentum.

zation schemes?” 31 and solar and thermal infrared
radiation parameterization schemes.2~34 The model
uses a horizontal domain of 768 km, a horizontal grid
resolution of 1.5 km, 33 vertical levels and a time step
of 12 s. The cloud-resolving model has been applied to
the study of tropical convection.['416:18:35] A detailed
model description can be found in Ref. [15] by Gao
and Li.

All simulations from Gao et al.,['”! Ping et al.,[*"]
and Gao and Zhou[® are integrated for 40 days with
the 2D cloud-resolving model with a constant, uni-
form zonal wind and zero large-scale vertical velocity.
The vertical profiles of temperature and specific hu-
midity observed at 156° E and 1.75° S during TOGA
COARE at 0400 LST 19 December 19926 are used
as the initial conditions. The increase in SST leads to
the increase in mass-weighted mean air temperature
and precipitable water, whereas the diurnal variations
of SST cause cooling.!'9 The diurnal variation of the
solar zenith angle produces atmospheric warming and
moistening.['%2! The exclusions of ice radiative and
microphysical effects?’! and cloud radiative effects(*"]
generate atmospheric cooling and drying.

The model simulations are summarized in Ta-
ble 1. SST29 and SST31 use the same model setup
except that different time-invariant SSTs of 29 °C
and 31 °C are used, respectively. These experiments
are used to study the effects of SST on the diur-
nal variation of rainfall. SST29D has diurnally var-
ied SSTs with a mean of 29 °C and a diurnal am-
plitude of 1 °C. The comparison of SST29D with
SST29 shows the effects of the diurnal variation of
SST on the diurnal variation of rainfall. Experiments
SST29NIR and SST29NWR are identical to SST29
except that SST29NIR and SST29NWR exclude the
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radiative effects of ice and water clouds, respectively,
by setting the mixing ratio of ice and water hydrom-
eteors to zero in the calculations of optical depth
and radiation. The comparisons between SST29NCR
and SST29, SST29NIR and SST29, SST29NWR and
SST29, respectively, reveal cloud, ice and water ra-
diative effects. Experiment SST29NIM excludes ice-
cloud variables and associated ice microphysical and
radiative processes by turning off the ice microphysics
scheme during the model integration. The compar-
ison between SST29NIM and SST29NIR shows the
microphysical effects of ice clouds under the condi-

tions of no ice radiative effects. The hourly instan-
taneous grid data from day 21 to day 40 are used to
study the diurnal variations in the following discus-
sion. The diurnal variations of convective and strat-
iform rain rates in the control experiment (SST29)
and their sensitivities to the diurnal variation of SST
(SST29D),1*6] microphysical and radiative effects of
ice clouds (SST29NIR and SST29NIM),!'") and cloud
radiative effects (SST29NCR)!*! have been studied
with the analysis of vapor-related surface rainfall bud-

gets. The local time is used in the following discussion.

Table 1. Summary of experiments.

Experiment SST Solar zenith angle Radiation Ice microphysics
SST29 time-invariant (29 °C) diurnally varied yes yes
SST31 time-invariant (31 °C) diurnally varied yes yes

SST29D diurnally varied with diurnally varied yes yes
mean of 29 °C and
maximum diurnal
difference of 1 °C

SST29NCR time-invariant (29 °C) diurnally varied no for both water yes

and ice clouds

SST29NIR time-invariant (29 °C) diurnally varied no for ice clouds yes

SST29NWR time-invariant (29 °C) diurnally varied no for water clouds yes

SST29NIM time-invariant (29 °C) diurnally varied no for ice clouds no

To study the diurnal variation of rainfall, the di-
urnal anomaly of rainfall is calculated by removing the
time-mean from the diurnal composite of the rainfall.
The maximum positive diurnal anomaly of model do-
main mean rain rate in SST29 (0.055 mm-h~!) oc-
curs around hour 5 (not shown here). The maxi-
mum positive diurnal anomaly of the 150-km averaged
rain rate in disturbed period of the TOGA COARE
(0.13 mm-h~1) appears around hour 3 [see Fig. 4(a)
in Sui et al.[%), whereas the maximum rain rate dur-
ing the 21-day period of the COARE from 18 Decem-
ber 1992 to 9 January 1993 occurs at around hour 1
[see Fig. 5 in Ref. [36] by Gao et al. The observed
nocturnal rainfall peaks may be affected by large-
scale circulations and their timings may be different.
However, maximum nocturnal rainfall peaks usually
occur from midnight to hour 7 since it results pri-
marily from infrared radiative cooling, which reduces
the saturation specific humidity and makes condensa-
tion easier.>718] The model with temporally varying
large-scale forcing from COARE simulates the maxi-
mum rainfall around hour 1 in the control experiment

of Gao et al.’® The model is capable of simulating

the diurnal variations of tropical oceanic rainfall. Gao
and Lil*® showed that the maximum positive diurnal
anomaly of the model domain mean surface rain rate
(0.18 mm-h~1) is at around hour 5 in their experiment
CR when the model is imposed with time-mean large-
scale forcing during the 21-day COARE period from
18 December 1992 to 9 January 1993. The difference
in the timing of the nocturnal rainfall peak between
the simulations with time-invariant large-scale forcing
and with time-dependent large-scale forcing may re-
sult from the diurnal variations of large-scale vertical
velocity [see Fig. 2 in Ref. [36] by Gao et al. To
focus on the effects of the diurnal variation of radi-
ation on the diurnal variation of rainfall, the control
experiment in SST29 and sensitivity experiments are
conducted using a model imposed with zero large-scale
vertical velocity.

The maximum positive diurnal anomaly of 150-
km averaged rain rate in an undisturbed period of
TOGA COARE (0.02 mm-h~!) appears around hours
13-18 while the negative diurnal anomaly of rain rate
occurs during the nighttime (see Fig. 12 in Ref. [6]

by Sui et al). The nocturnal rainfall during an
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undisturbed period may be suppressed by large-scale
subsidence. The model imposed with zero large-
scale vertical velocity in SST29D produces a higher
model domain mean surface rain rate than in SST29
from hour 16 to midnight (0.02 mm-h=!-0.05 mm-h~!
for SST29D-SST29) while both experiments produce
large nocturnal rainfall (see Fig. 2 in Ref. [16] by
Cui and Li). The diurnal variation of SST imposed
in SST29D has a maximum around hour 16, which
lags the maximum solar zenith angle by 4 hours
(not shown) because the ocean surface is continuously
heated by solar radiation after the solar zenith angle
has reached its maximum.

To study these effects on the diurnal variations
of convective and stratiform rainfall, the convective-
stratiform cloud partitioning method is employed.
The method was originally developed by Tao et
al.B3738] and modified by Sui et al.?? In this study,
each vertical column containing clouds is partitioned
into convective or stratiform based on the following
criteria. Model grid points in the surface rain field,
which have a rain rate twice as large as the average
taken over the surrounding four grid points are taken
as the cores of convective cells. For each core grid
point, the grid point on either side is also considered
convective. In addition, any grid point with a rain rate
of 20 mm-h~! or more is designated as being convec-
tive regardless of the above criteria. All nonconvective
cloudy points are regarded as being stratiform. Grid
points in the stratiform regions are further checked
and classified as being convective if (i) in the precipi-
tating stratiform regions, cloud water below the melt-

L or the maximum

ing level is greater than 0.5 g-kg™
updraft above 600 hPa exceeds 5 m-s~!, or (ii) in the
nonprecipitating stratiform regions, cloud water ex-
ists (cloud water is greater than 0.025 g-kg=!) or the
maximum updraft exceeds 5 m-s~! below the melting
level.

Precipitation is intimately associated with both
water vapor and heat processes. Thus, combinations
of cloud budget with water vapor and heat budgets
through the net condensation term lead to vapor-
related and thermally related surface rainfall budgets,
respectively. Following Gao et all'3l and Cui and
Li,139 the vapor-related surface rainfall budget can be
written as

P, =Qwvr + Qwvr + Qwve + Qom, (1)

_ _ 0la/]
Qwvt = — 5 (1a)

e - 2] 222
) o

Qwve = Es, (1c)

on=- 2 .28] [u22]

Following Li*®) and Gao and Li,['8) the thermally-
related surface rainfall equation can be expressed as

Ps = Syt + Sur + Sus + Suurr + Srap + Qom, (2)

where
cp O[T]
% I 2
S L, ot (22)
Cfp ﬁ —0 / ! —Oaé0
SHF_LV Bx(u +uT' + 7u 5
_ 9
+7rw°%(9+9’)+ w’%},
(2b)
Suis = — 7= H,, (2¢)
L
SLuLF = — ff<P18>a (2d)
1
SRAD = — f<QR>- (2e)

P1g = Ppep + Pspep + Papep — Purrs — Pyvra

+ Psacw (T < T,) + Psrw (T < T,)

+ Poacw(T < Tp) + Piacr(T < To)

+ Paacr(T < Tp) + Psacr(T < T,)

+ Parr(T < T5) — Pracs(T > 1)

— Psynr (T > To) — Povmur(T > Ty)

+ PrroM(T < Too) — Povrr (T > T5,)

+ Pipw(Too < T < T5). (2f)

In Egs. (1) and (2), v and w are zonal and vertical
components of wind, respectively; total hydrometeor

mixing ratio ¢s = qc + ¢ + ¢ + s + g, Ges Ir, G5 s dg

are the mixing ratios of cloud water, raindrop, cloud

—1.
)

ice, snow and graupel, respectively; ©u° = 4 m-s
T and 6 are air temperature and potential temper-
ature, respectively; m = (p/po)”®, K = R/cp, R is
the gas constant, c, is the specific heat of dry air
at constant pressure; Hg is the surface sensible heat
flux; Ly, Lg, and L¢ are latent heats of vaporization,
sublimation and fusion at T, = 0 °C, respectively,
Ly = Ly+L¢,; T,,o = —35 °C; cloud microphysical pro-
cesses in Eq. (2f) can be found in Table 2; Qg is the ra-
diative heating rate due to the convergence of net flux
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of solar and infrared radiative fluxes; overbar denotes
a model domain-mean; a prime refers to a perturba-
tion from the model domain mean; the symbol ° is an
imposed forcing; mass integration [( )] = f: p()dz,
and z; and z}, are the heights of the top and bottom
of the model atmosphere, respectively. The vapor-
related surface rainfall budget (1) states that the sur-
face rain rate (Ps) is determined by local atmospheric
moistening (Qwvyr < 0)/drying (Qwvyt > 0), water
vapor convergence (Qwvyr > 0)/divergence (Qwvr <
0), surface evaporation (Qwvg), and decrease of lo-
cal hydrometeor concentration/hydrometeor conver-

gence (Qcm > 0) or increase of local hydrome-
teor concentration/hydrometeor divergence (Qcm <
0). The thermally related surface rainfall budget (2)
states that the surface rain rate (Ps) is determined
by local atmospheric cooling (Sur < 0)/warming
(ST > 0), heat divergence (Suyr > 0)/convergence
(Sur < 0), surface sensible heat (Sug), latent heat
due to ice-related processes (Spurr), radiative cool-
ing (Srap > 0)/heating (Srap < 0) and a decrease of
local hydrometeor concentration/hydrometeor conver-
gence (Qcm > 0) or an increase of local hydrometeor
concentration/hydrometeor divergence (Qcym < 0).

Table 2. List of microphysical processes and parameterization schemes from Rutledge and Hobbs 1983 (RH83),[28]
1984 (RH84);1?% Lin et al. 1983 (LFO),[27] Tao et al. 1989 (TSM),[3% and Krueger et al. 1995 (KFLC).[31

Notation Description Scheme
Puvrra growth of vapor by evaporation of liquid from graupel surface RH84
PyrTs growth of vapor by evaporation of melting snow RH83
PreEvP growth of vapor by evaporation of raindrops RHS&3
Prvirr growth of cloud water by melting of cloud ice RHS83
PcnD growth of cloud water by condensation of supersaturated vapor TSM
PoymLT growth of raindrops by melting of graupel RH84
PsymLr growth of raindrops by melting of snow RH83
Prac1 growth of raindrops by the accretion of cloud ice RH84
Pracw growth of raindrops by the collection of cloud water RHS83
PrAcs growth of raindrops by the accretion of snow RH84
PrAuT growth of raindrops by the autoconversion of cloud water LFO
Pipw growth of cloud ice by the deposition of cloud water KFLC
PiAcRr growth of cloud ice by the accretion of rain RH84
Prnom growth of cloud ice by the homogeneous freezing of cloud water
Ppgp growth of cloud ice by the deposition of supersaturated vapor TSM
Psaur growth of snow by the conversion of cloud ice RHS83
Psacr growth of snow by the collection of cloud ice RHS83
Psacw growth of snow by the accretion of cloud water RH83
Pspw growth of snow by the deposition of cloud water KFLC

Pspr Depositional growth of snow from cloud ice KFLC
Psacr growth of snow by the accretion of raindrops LFO
Pspep growth of snow by the deposition of vapor RHS&3
Paact growth of graupel by the collection of cloud ice RH84
PaaAcr growth of graupel by the accretion of raindrops RH84
Pcacs growth of graupel by the accretion of snow RH84

Poacw growth of graupel by the accretion of cloud water RH84
Pwacs growth of graupel by the riming of snow RH84
PcpEP growth of graupel by the deposition of vapor RH84
Porr growth of graupel by the freezing of raindrops LFO

3. Results clear sky) regions are averaged in the 12-hour night-

The diurnal anomalies of convective and strati-
form rain rates and associated thermally related sur-
face rainfall budgets over convective, raining strat-

iform and rainfall-free (non-raining stratiform plus

time (hours 1-6 and 19-24) in all experiments (Ta-
ble 3). The corresponding diurnal anomalies of rain-
fall and budgets averaged over the daytime (hours 7—
18) are not shown because they simply have the op-
posite signs to the diurnal anomalies of rainfall and
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budgets averaged over the nighttime. Thus, only the
diurnal anomaly of rainfall and its processes will be

analysed in the following discussion. Cuil*4

analysed
the vapor-related surface rainfall budget in SST29 and
showed that more water vapor convergence yields a
higher convective rain rate and that more vapor con-
vergence and more local vapor loss cause higher strat-
iform rain rate in early morning than in the afternoon.
The positive diurnal anomaly of convective rain rate in
SST29 is nearly twice as large as that of the stratiform

rain rate (Table 3). The positive diurnal anomaly of

the convective rain rate is primarily associated with
the positive diurnal anomaly of heat divergence (Sur)
over convective regions, whereas the positive diurnal
anomaly of the stratiform rain rate is mainly related
to the positive diurnal anomalies of radiation (Sgrap)
and heat divergence over raining stratiform regions.
The positive diurnal anomaly of heat divergence over
convective regions is mainly balanced by the negative
diurnal anomaly of heat divergence over rainfall-free
regions, which is in turn offset by the positive diurnal
anomaly of radiation.

Table 3. Diurnal anomalies of surface rain rate (Pg), local heat change (Syr), heat convergence (Syr), radia-

tive heating (Srap), and hydrometeor convergence minus storage (Qcm) over (a) convective regions, (b) raining

stratiform regions, and (c) rainfall-free regions averaged in the nighttime (hours 1-6 and 19-24) in SST29, SST31,
SST29D, SST29NIR, SST29NIM, SST29NCR, and SST29NWR. Sys and Spupr are not shown due to negligibly

small diurnal anomalies. Unit is mm-h~1.

(a) SST29 SST31 SST29D SST29NIR SST29NIM SST29NCR SST29NWR
Ps 0.0130 0.0258 0.0176 0.0210 0.0216 0.0220 0.0213
SHT —0.0006 0.0002 —0.0034 —0.0006 —0.0018 —0.0001 —0.0008
SHF 0.0148 0.0277 0.0227 0.0315 0.0262 0.0318 0.0208
SRAD 0.0041 0.0047 0.0042 0.0045 0.0040 0.0048 0.0036
Qcm —0.0053 —0.0065 —0.0058 —0.0141 —0.0067 —0.0140 —0.0022
(b) SST29 SST31 SST29D SST29NIR SST29NIM SST29NCR SST29NWR
Ps 0.0072 0.0118 0.0085 0.0064 0.0103 0.0077 0.0065
SHT —0.0005 —0.0011 —0.0010 —0.0022 0.0004 —0.0013 —0.0012
SHF 0.0025 0.0043 0.0027 —0.0053 0.0067 —0.0050 0.0019
SRAD 0.0045 0.0045 0.0045 0.0039 0.0017 0.0035 0.0050
Qcm 0.0007 0.0041 0.0022 0.0097 0.0015 0.0099 0.0008
(c) SST29 SST31 SST29D SST29NIR SST29NIM SST29NCR SST29NWR
SHT —0.0751 —0.0610 —0.0721 —0.0637 —0.0608 —0.0648 —0.0703
SHF —0.0173 —0.0320 —0.0254 —0.0263 —0.0329 —0.0268 —0.0227
SRAD 0.0935 0.0930 0.0946 0.0894 0.0894 0.0904 0.0927
Qcwm —0.0007 0.0003 0.0023 0.0006 0.0043 0.0012 0.0007

The positive diurnal anomaly of the convective
rain rate in SST31 is about twice as large as that in
SST29 because the positive diurnal anomaly of heat
divergence over the convective regions in SST31 is
nearly twice as large as that in SST29 (Table 3(a)).
The positive diurnal anomaly of the stratiform rain
rate in SST31 is also larger than that in SST29, due
mainly to the increase in the positive diurnal anoma-
lies of Qcym and Spr (Table 3(b)).
the case of SST29, the larger positive diurnal anomaly

Compared with

of heat divergence over convective regions in SST31
is balanced mainly by the larger negative diurnal
anomaly of heat divergence over rainfall-free regions.
While the positive diurnal anomalies of radiation in
the two experiments are similar, the larger negative di-

urnal anomaly of heat divergence leads to the smaller
negative diurnal anomaly of local heat change (Sur)
in SST31 than in SST29. Although the two experi-
ments have similar positive diurnal anomalies of radi-
ation, they have different vertical structures of radia-
tion, as indicated by Fig. 1(a). The response of diur-
nal anomaly of heat divergence to the diurnal anomaly
of radiation is limited below 15 km due to negligibly
weak vertical motion above 15 km. While the mass
integration of diurnal anomaly of radiation is about
zero, the large negative difference in diurnal anomaly
of heat divergence between SST31 and SST29 below
10 km and the small positive difference above 10 km
yield negative difference in diurnal anomaly of heat
divergence between SST31 and SST29.
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Fig. 1. Diurnal anomalies of vertical profiles of radiation (Sgap) (solid lines) and heat divergence (Sur) (dash
lines) averaged over the nighttime (hours 1-6 and 19-24) in the rainfall-free regions for (a) SST31-SST29, (b)
SST29D-SST29, (c) SST29NTR-SST29, (d) SST29NCR-SST29, and (e) SST29NWR-SST29. Unit is 1073 h—1.

Cui and Lil'® conducted a comparison study of
vapor-related surface rainfall budgets and cloud mi-
crophysical budgets over convective regions between
SST29 and SST29D and showed that in the late after-

noon, a larger amount of water vapor is pumped into

rainfall-free region through the larger surface evapo-
ration associated with the warmer SST. More water
vapor is then transported into convective regions to
produce more vapor condensation and more collec-

tion of cloud water by raindrops and larger convec-
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tive rainfall in SST29D than in SST29. The inclusion
of diurnal variation of SST in SST29D increases pos-
itive diurnal anomalies of convective and stratiform
rain rates, respectively, by 35.4% and 18.1% (Table 3).
The increase of positive diurnal anomaly of convec-
tive rainfall is associated primarily with the increase
in positive diurnal anomaly of heat divergence over
convective regions, whereas the increase of positive di-
urnal anomaly of stratiform rainfall is related mainly
with the increase in positive anomaly of Qcn. The in-
crease in positive diurnal anomaly of heat divergence
over convective regions is nearly balanced by the in-
crease in negative diurnal anomaly of heat divergence
over rainfall-free regions. The dominant negative dif-
ference in diurnal anomaly of heat divergence between
SST29D and SST29 corresponds to the positive dif-
ference in diurnal anomaly of radiation below 8 km,
which is nearly offset by the negative differences above
8 km in mass integration (Fig. 1(b)).

Ping and Luol'” examined the radiative and mi-
crophysical effects of ice clouds on vapor-related sur-
face rainfall budgets and revealed that the difference
in the diurnal anomaly of convective rainfall is as-
sociated primarily with the difference in the diurnal
anomaly of water vapor convergence over convective
regions. The analysis of thermally related surface
rainfall budgets in the two experiments here shows
that the exclusion of radiative effects of ice clouds in
SST29NIR increases positive diurnal anomaly of con-
vective rain rate by 61.5% and decreases positive di-
urnal anomaly of stratiform rain rate by 11.1% (Ta-
ble 3). The increase of positive diurnal anomaly of
convective rainfall corresponds to the increase in pos-
itive diurnal anomaly of heat divergence over convec-
tive regions, whereas the decrease of positive diurnal
anomaly of stratiform rainfall is related primarily to
the change in heat divergence from the positive diur-
nal anomaly in SST29 to the negative diurnal anomaly
in SST29NIR. The exclusion of radiative effects di-
rectly influences vertical structure of difference in ra-
diation between SST29NIR and SST29 over rainfall-
free regions. The IR cooling is stronger below 6 km in
SST29NIR than in SST29 (Fig. 1(c)) because the ex-
clusion of radiative effects of ice clouds in SST29NIR
enhances more IR cooling than in SST29 by allowing
more IR radiation to space. The difference in the di-
urnal anomaly of heat divergence between SST29NIR,
and SST29 over rainfall-free regions generally becomes
negative, which corresponds to the diurnal anomaly

of radiation. The increase in the negative diurnal

anomaly of heat divergence over rainfall-free regions
leads to the increase in the positive diurnal anomaly
of heat divergence over convective regions, and thus
the increase in the positive diurnal anomaly of con-
vective rainfall in SST29NIR.

The positive diurnal anomaly of convective rain-
fall is insensitive to microphysical effects of ice clouds
because the decrease in the positive diurnal anomaly
of heat divergence by the exclusion of microphysi-
cal effects of ice clouds over convective regions in
SST29NIM is nearly balanced by the decrease in the
negative diurnal anomaly of Qcy (Table 3). In con-
trast, the exclusion of microphysical effects of ice
clouds increase the positive diurnal anomaly of strat-
iform rain rate by 60.9%, due primarily to the change
in heat divergence over raining stratiform regions from
the negative diurnal anomaly in SST29NIR to the
positive diurnal anomaly in SST29NIM, which is in
turn associated with the increase in negative diurnal
anomaly of heat divergence over rainfall-free regions.
The exclusion of microphysical effects of ice clouds
in SST29NIM directly removes ice-related latent heat
and deposition processes from the model. Thus, the
latent heat that is approximated by the sum of Sy,
Sur, and Sgap in heat budget is calculated. The di-
urnal anomalies of latent heat are —0.0043 mm-h~!
in SST29NIM and —0.0006 mm-h~! in SST29NIR.
The exclusion of microphysical effects of ice clouds in
SST29NIM causes the larger negative diurnal anomaly
of latent heat over rainfall-free regions in SST29NIM
than in SST29NIR, which is responsible for the in-
crease in the positive diurnal anomaly of stratiform
rainfall.

Gao and Lil" found the positive difference in
convective rainfall and similar stratiform rainfall be-
tween SST29 and SST29NCR (see their Figs. 8.8 and
8.9). The comparison of vapor-related surface rain-
fall budgets between SST29 and SST29NCR reveals
that the positive difference in convective rainfall is as-
sociated primarily with the positive difference in wa-
ter vapor convergence over convective regions, which
is balanced mainly by the negative difference in wa-
ter vapor convergence in raining stratiform regions.
The negative difference in water vapor convergence
in raining stratiform regions is balanced by the posi-
tive difference, i.e. local water vapor storage and hy-
drometeor convergence minus storage, which leads to
In this study, the in-
crement of the positive diurnal anomaly of convective

a similar stratiform rainfall.

rain rate by the exclusion of cloud radiative effects
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(both ice and water radiative effects) in SST29NCR
and by the exclusion of radiative effects of water clouds
in SST29NWR is similar to the increment of the posi-
tive diurnal anomaly of convective rain rate by the ex-
clusion of radiative effects of ice clouds in SST29NIR,
while the positive diurnal anomalies of stratiform rain
rate are less sensitive to cloud, water, and ice ra-
diative effects (Table 3). Over rainfall-free regions,
the similar vertical structures of difference in diur-
nal anomalies of radiation between SST29NCR and
SST29 (Fig. 1(d)) and between SST29NIR and SST29
(Fig. 1(c)) produce similar vertical structures of nega-
tive difference in the diurnal anomalies of heat diver-
gence, whereas the negative difference in the diurnal
anomaly of heat divergence between SST29NWR and
SST29 corresponds to the positive difference in the di-
urnal anomaly of radiation between the mid and lower
tropospheres (Fig. 1(e)). The increases in the negative
diurnal anomaly of heat divergence over rainfall-free
regions for SST29NCR, SST29NIR and SST29NWR
lead to the increase in positive diurnal anomaly of heat
divergence, and thus the increase of positive diurnal
anomaly of convective rainfall.

4. Summary

Diurnal variations of convective and stratiform
rainfalls are intimately associated with the diurnal
variations of water vapor and heat processes. The
effects of sea surface temperature and cloud radiative
and microphysical processes on the diurnal variations
of water vapor processes have been intensively investi-
gated with the analysis of water vapor-related surface

[14—17] How-

rainfall budgets in the previous studies.
ever, the diurnal variation of radiation, an important
part in thermal balance, plays a key role in deter-
mining the diurnal variation of surface rainfall.[7-18:36]
The examination of this key thermal relationship with
surface rainfall requires a direct link between the ra-
diation term in the heat budget and the surface rain
rate in the cloud budget. Thus, the two budgets were
combined by Gao and Lil'®! to form the thermally re-
lated surface rainfall budget. In this study, thermally
related surface rainfall budget is applied to the anal-
ysis of equilibrium sensitivity cloud-resolving model
simulation data to study the effects of sea surface
temperature and cloud radiative and microphysical
processes on the diurnal variations of convective and
straitiform rainfall. The analysis of thermally related
surface rainfall budgets shows that although the SST

and cloud radiative and microphysical processes have
little influence on the diurnal anomaly of the mass-
integrated radiation term, they significantly affect the
vertical structures of the diurnal anomaly of radia-
tion. The responses of the vertical structures of the
diurnal anomaly of heat divergence and their mass-
integrations to radiation are regulated by the vertical
structure of the vertical velocity and are sensitive to
the effects of sea surface temperatureand cloud radia-
tive and microphysical processes, which leads to the
sensitivity of surface rainfall to these effects.

The analysis of these sensitivity experiments is
conducted by taking the averages of diurnal anomalies
of convective and stratiform rain rates and associated
thermal processes in the 12 hours of the nighttime (lo-
cal hours 1-6 and 19-24). The increase in SST, the in-
clusion of diurnal variation of SST and the exclusion of
the radiative effects of water clouds and ice clouds in-
crease the positive diurnal anomaly of convective rain
rate during the nighttime, mainly through increas-
ing the positive diurnal anomaly of heat divergence
over convective regions. The increases in positive di-
urnal anomaly of heat divergence over convective re-
gions are nearly balanced by the increases in negative
diurnal anomaly of heat divergence over rainfall-free
regions, which correspond to the change in diurnal
anomaly of radiation in the troposphere. In contrast,
these effects have a less important effect on the diurnal
anomaly of stratiform rain rate. The exclusion of mi-
crophysical effects of ice clouds removes ice-related la-
tent heat over rainfall-free regions (in particular, over
non-raining stratiform regions) and so enhances the
negative diurnal anomaly of heat divergence there and
the positive diurnal anomaly of heat divergence over
raining stratiform regions, and thus increases the pos-
itive diurnal anomaly of stratiform rainfall. The diur-
nal anomaly of convective rainfall is insensitive to the
microphysical effects of ice clouds.

Note that these experiments are conducted with
an imposed zero large-scale vertical velocity in a 2D
model and are highly idealized in comparison to ob-
servations in which non-zero large-scale forcing usu-
ally interact with convective systems.[®l Gao et al.[3%
conducted the cloud-resolving model simulations that
are imposed by large-scale forcing during the selected
periods of TOGA COARE and zero large-scale verti-
cal velocity, separately, to study the diurnal variation
of tropical rainfall and found that the diurnal varia-
tions of radiation in the simulation with imposed zero
vertical velocity is responsible for the nocturnal rain-
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fall peak but non-zero large-scale forcing may affect
the diurnal amplitudes of rainfall. The interaction be-
tween large-scale forcing and convective systems may
affect the diurnal amplitudes of tropical rainfall in the
sensitivity experiments.

While 2D and three-dimensional (3D) model
simulations are similar in the aspects of collective
thermodynamic feedback effect, vertical transport of
mass, sensible heat and moisture, thermodynamic
field, surface heat flux, surface precipitation, precip-
itation efficiency, and convective and moist vortic-
ity vectors,*=49 their comparison reveals differences.
Tompkins®® showed that 2D model simulations pro-
duce stronger convective cold pools than those pro-
duced by 3D model simulations. Petch®! found that
the use of a 2D model has the largest effect on the de-
velopment of convection. Stephens et al.l’?) revealed
the differences in precipitable-water and precipitation
variability and upper-tropospheric cloud fraction and
condensate amount between 2D and 3D model sim-
ulations. Therefore, the effects of sea surface tem-
perature and cloud radiative and microphysical pro-
cesses on diurnal variation of rainfall and associated
processes needs further study by using a 3D cloud-
resolving model imposed by a non-zero large-scale ver-
tical velocity.
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