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Abstract: A lag correlation analysis is conducted with a 21-day TOGA COARE cloud-resolving model
simulation data to identify the phase relation between surface rainfall and convective available potential
energy (CAPE) and associated physical processes. The analysis shows that the maximum negative lag
correlations between the model domain mean CAPE and rainfall occurs around lag hour 6. The minimum
mean CAPE lags mean and convective rainfall through the vapor condensation and depositions, water
vapor convergence, and heat divergence whereas it lags stratiform rainfall via the transport of hydrometeor
concentration from convective regions to raining stratiform regions, vapor condensation and depositions,
water vapor storage, and heat divergence over raining stratiform regions.
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1 INTRODUCTION

Surface rainfall is a result of release of unstable
energy during convective development. The buildup of
unstable energy usually occurs in favorable
environmental thermodynamic conditions when the
rainfall is absent. The release of unstable energy
triggered by large-scale circulation, topography, and
interactions with other weather systems leads to the
growth of cloud systems, with the aid of water vapor
transport, and thus the torrential rainfall. The torrential
rainfall is usually associated with strong weather
systems such as tropical cyclones (tropical storms and
typhoons in tropical western Pacific). The buildup of
unstable energy and rainfall cannot occur
simultaneously. The phase relation between the
unstable energy and surface rainfall is an important
issue in developing cumulus parameterization
schemes'?.  Xu and  Randall”  analyzed
two-dimensional ~ (2D)  cloud-resolving  model
simulations, demonstrated that the minimum convective
available potential energy (CAPE) lags the rainfall
peak by a few hours, and argued that the phase lag is
the adjustment time scale from disequilibrium to
equilibrium  states in  the  presence  of
temporally-varying large-scale forcing. Li et al.”!
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examined budgets of mean moist available potential
energy and perturbation kinetic energy that represent
CAPE and surface rainfall, respectively, and conducted
process study associated with the phase lag between
mean moist available potential energy and perturbation
kinetic energy.

Recently, Gao et al.”” and Gao and Li "' derived a
set of surface rainfall equations by combining water
vapor and heat budgets with cloud budget. The direct
linkage of water vapor, heat, and cloud processes to
surface rainfall allows us to directly revisit the phase
difference between CAPE and surface rainfall, without
the aid of energy analysis. In this study, a lag
correlation analysis between CAPE and surface rainfall
is conducted using a 2D cloud-resolving model
experiment that is forced by the large-scale forcing
derived from Tropical Ocean Global Atmosphere
Coupled Ocean-Atmosphere Response Experiment
(TOGA COARE). In the next section, the cloud model,
forcing, and experiment are described. The results are
presented in section 3. The summary is given in section
4.

2 MODEL AND EXPERIMENT
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The data analyzed in this study is from the 2D
cloud-resolving model simulation conducted by Li et
al.™. The model is forced by zonally-uniform vertical
velocity, zonal wind, and thermal and moisture
advection based on 6-hourly TOGA COARE
observations within the Intensive Flux Array (IFA)
region and hourly sea surface temperature (SST) at the
Improved Meteorological (IMET) surface mooring
buoy (1.75°S, 156°E)” (Fig. 1). The model is
integrated from 0400 LST 18 December 1992 to 1000
LST 9 January 1993 (A total of 486 hours). The model
simulation data have been used to study surface rainfall
processes[(” 71002 precipitation efﬁciency[& 13, 14
convective, moist, and dynamic vorticity vector!'™ 1(’],
effects of ice clouds on rainfall'”), rainfall responses to
large-scale forcing '™ "), cloud clusters and merging
diurnal variations of tropical oceanic rainfall 21 and
é(zn%ective and stratiform rainfall and partitioning
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Fig.1 Time-height cross sections of (a) vertical
velocity (cm s™), (b) zonal wind (m s™), and
time series of (c) sea surface temperature
(°C) observed and derived from TOGA
COARE for the 21-day period. Upward
motions in (a) and westerly winds in (b) are
shaded.

The cloud resolving model used in the paper has
prognostic equations of potential temperature, specific
humidity, mixing ratios of cloud water, raindrop, cloud
ice, snow, and graupel, and perturbation momentum.
The model also includes the cloud microphysical
parameterization schemes, and interactive solar and
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Fig.2 Lag correlation between model domain mean CAPE
and mean surface rain rate (solid), mean CAPE and
stratiform rain rate (dash), and mean CAPE and convective

rain rate (dot dash).

thermal infrared radiation parameterization schemes.
The model uses cyclic lateral boundaries, and a
horizontal domain of 968 km, a horizontal grid
resolution of 1.5 km, 33 vertical levels, and a time step
of 12 s. The detailed descriptions of the model can be
found in Gao and Li™. The validated model simulation
data have been analyzed for process studies such as
effects of vertical wind shear™ and cloud radiative
processesm] on rainfall of Tropical Storm Bilis (2006),
sensitivities of cloud and rainfall simulations to
uncertainties of initial conditions®*>", tropical climate
equilibrium states®>" and diurnal variations of
tropical convective and stratiform rainfall %7

3 RESULTS

The phase difference between surface rainfall (Pg)
and convective available potential energy (CAPE) is
examined by calculating lag correlation coefficients
between Ps and CAPE. Positive lag hour denote CAPE
lags Ps and negative correlation means correlation of
minimum CAPE with maximum Ps. Figure 2 shows
that minimum model domain mean CAPE lags
maximum Pg by about 6 hours. This indicates that the
maximum release of CAPE is responsible for the
rainfall peak. The CAPE is calculated under reversible
moist adiabatic processls]. The lag correction is —0.33.
A Student’s t-test on the significance of the lag
correlation coefficients is further conducted using 474
degrees of freedom and a critical correlation coefficient
at the 1% significant level is 0.13. Thus, the lag
correlation of maximum mean surface rainfall by
minimum mean CAPE is statistically significant.

The mean surface rainfall consists of stratiform
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and convective rainfall. The convective-stratiform
rainfall partitioning scheme used in this study is
developed by Tao et al.”™ and modified by Sui et al.’l.
This scheme separates each vertical column containing
clouds in a 2D x-z framework into convective or
stratiform based on the following criterion. Model grid
point is identified as convective if it has a rain rate
twice as large as the average taken over the
surrounding four grid points, the one grid point on
either side of this grid point, and any grid point with a
rain rate of 20 mm h™ or more. All non-convective
cloudy points are considered as stratiform. In addition,
grid points in the stratiform region are further checked
and identified as convective when the following
conditions are met. In the raining stratiform region,
cloud water below the melting level is greater than 0.5
g kg or the maximum updraft above 600 hPa exceeds
5ms’, or in the non-raining stratiform region, cloud
water of 0.025 g kg or more exists or the maximum
updraft exceeds 5 m s” below the melting level. The
minimum mean CAPE lags maximum stratiform
rainfall by 7 hours with the maximum negative
correlation of —0.28, whereas it lags maximum
convective rainfall by 6 hours with the maximum
negative correlation of —0.32. Both are above the 1%
significant level.

To examine dominant rainfall processes that are
responsible for the phase differences between CAPE
and surface rainfall, surface rainfall budgets are
analyzed. The surface rainfall equation can be written
in cloud budget, which is expressed by

R? = QWVOUT + QWVIN + QCM > (D

where

8
[q,] Cu 6ql] [w 66]1] (1a)

QCM = ot

QWVOUT = [PCND] + [PDEP] + [PSDEP] + [PGDEP] 2 (lb)

QWVIN:_[ EVP] [P LTG] [P, LTS] (lo)

Here, P is surface rain rate; u and w are zonal

and vertical wind components, respectively;

ql = qc +qr +q1’ +qs +qg ’ qc’qr’qi’qs’qg are
the mixing ratios of cloud water, raindrops, cloud ice,

snow, and graupel, respectively; [()] = _[ K p(Odz, z

and z, are the heights of the top and bottom of the
model  atmosphere  respectively;  the  cloud
microphysical processes in Egs. (1b) and (1c) can be
found in Table 1. In cloud budget, surface rainfall is
determined by vapor condensation and deposition

(Ouyour )» evaporation of precipitation hydrometeor

(Oyyy ) and hydrometeor storage minus convergence

(O )- The surface rainfall equation can be derived

by combining water vapor budget with cloud budget as
proposed by Gao et al.'’], which is written as

Ps=Opir + Oy + Oy + Qs » ()
where
0
Opyr = ——gqt”], (2a)
004, ., 0q,, Oug,)
Oyyr = —u 6x] [w 52] [ ox ]
—o0 aqv' —o0 8qv' ! 8qv
- —I- — |- —, 2b
[u 8x][W 82][Waz] (2b)
QWVE = Es (20)

Here, g, is specific humidity; £ is surface evaporation;

the overbar denotes a model domain mean; the prime is
a perturbation from model domain mean; and the
superscript “°” is an imposed COARE-observed value.
The surface rainfall is determined by water vapor

storage (O, ), water vapor convergence ( Oy, ),
surface evaporation (0, ), and hydrometeor storage

minus convergence ( O, ) in the surface rainfall
equation derived from cloud and water vapor budgets.
The surface rainfall equation can be derived by
combining heat budget with cloud budget as proposed
by Gao and Li”!, which is written as

Fs=Sur +Sur *Sus tSpmr *Spap T Qerr > 3)

where

¢, 0[T]
SHT:?i?’ (3a)
S = i—p[%(m +u )T+ i 20
+ o’ — (9_+9')+7rw'@], (3b)
Oz 0z
Cp
S, =— T (30)
Lf
SLHLF =——< By >, (3d)
1
SRAD=—?<QR>, (3e)

P PDEP+RS‘DEP+PGDEP PMLTS_PMLTG
+ Boyow (T <T,) + Poy (T <T) + By (T < 1)
IACR(T<T)+ GACR(T< )+ SACR(T<T:))

GFR (T < ) RACS (T > ) SMLT (T > 7"0)
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_PGMLT(T>To)+P1H0M(T<Too)_P1MLT(T>To)
+ Py (T, <T <T,), (3

where 7 and 0
temperature, respectively; /1

are temperature and potential
is surface sensible heat
flux; ¢, is the specific heat of dry air at constant
pressure; L,, L, and Ly are latent heat of vaporization,
sublimation, and fusion at 7,=0°C, respectively,
L=L+Ls; T,, = —35°C; and cloud microphysical
processes in Eq. (3g) can be found in Table 1. Q, is
the radiative heating rate due to the convergence of net
flux of solar and infrared radiative fluxes. The surface
rainfall is determined by heat storage (.S, ), heat
divergence (S, ), surface sensible heat (.S, ), latent
heat associated with ice microphysical processes
(S, ), and radiative heating (S, ).

To elucidate the dominant rainfall processes
that are responsible for the maximum negative
lag correlation coefficients between mean
CAPE and surface rainfall, the lag correlation
coefficient can be expanded into

n
Commer =Y 25C 4
CAPE P _z CAPE ,Pg; ( )

i-1 O
i=1 ¥ P

where o is a standard deviation and

Py; . . . .
—Crypg. p, 1s @ weighted lag correlation coefficient
Py

between CAPE and P, . In Eq. (4), n=3, B

=( Owvour » Dwv » Ocy ) for lag correlation of
CAPE with Eq. (1), n=4, Rg =( QWVT > QWVF > QWVE >
Oy, ) for lag correlation of CAPE with Eq. (2), and

n=6, P =(Syr Sur+Sus»Siuwr »Spap» Oer) Tor
lag correlation of CAPE with Eq. (3).

The maximum negative lag correlation of mean
CAPE with mean surface rainfall is determined by the
maximum negative lag correlation of mean CAPE with

mean Oy, (-0.47 at lag hour 6) (Fig. 3a) when

the surface rainfall is accounted for by cloud
microphysical processes in Eq. (1). When the surface
rainfall is accounted for by the water vapor budget in
Eq. (2) and by the heat budget in Eq. (3), only the lag

correlations between mean CAPE and mean Q.

and between mean CAPE and mean S pr  are

statistically significant (Fig. 3b & 3c¢). The negative lag
correlation coefficients increase their magnitudes with
increasing lag hours (~ —0.3 at lag hour 9), which are
mainly responsible for the lag of maximum mean
surface rainfall by minimum mean CAPE. The mean
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Oyyr also lags mean P; by 3 hours, and mean

S,r lags mean P, by 2 hours. The correlation
coefficients are about —0.1, which are below the 1%
level of significance. However, O, and S, are

as important as (), in regulating the lag hours

between CAPE and F.

Table 1 List of microphysical processes and
parameterization schemes from RH83[42], RH84[43],
LFO™, TSM™, and KFLCM!,

Notation Description Scheme

Pyt Growth of vapor by evaporation of liquid RH84
from graupel surface

Puirs Growth of vapor by evaporation of melting ~ RH83
Snow

Prevp Growth of vapor by evaporation of RH83
raindrops

P Growth of cloud water by melting of cloud ~ RH83
ice

Pcewnp Growth of cloud water by condensation of TSM
supersaturated vapor

Povir Growth of raindrops by melting of graupel RH84

Psyrr Growth of raindrops by melting of snow RH83

Praci Growth of raindrops by the accretion of RH84
cloud ice

Pracw Growth of raindrops by the collection of RHS83
cloud water

Pracs Growth of raindrops by the accretion of RH84
Snow

Praur Growth of raindrops by the autoconversion LFO
of cloud water

Pipw Growth of cloud ice by the deposition of KFLC
cloud water

Pricr Growth of cloud ice by the accretion of RH84
rain

Pirom Growth of cloud ice by the homogeneous
freezing of cloud water

Ppep Growth of cloud ice by the deposition of TSM
supersaturated vapor

Psur Growth of snow by the conversion of cloud ~ RH83
ice

Psucr Growth of snow by the collection of cloud RH83
ice

Psacw Growth of snow by the accretion of cloud RHS83
water

Psew Growth of snow by the deposition of cloud KFLC
water

Py Depositional growth of snow from cloud KFLC
ice

Psacr Growth of snow by the accretion of LFO
raindrops

Pspep Growth of snow by the deposition of vapor ~ RH83

Poucr Growth of graupel by the collection of RH84
cloud ice

Pgacr Growth of graupel by the accretion of RH84
raindrops

PGucs Growth of graupel by the accretion of snow ~ RH84

Poacw Growth of graupel by the accretion of RH84
cloud water

Pwcs Growth of graupel by the riming of snow RH84

PGDEP Growth of graupel by the deposition of RH84
vapor

PGFR Growth of graupel by the freezing of LFO
raindrops
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e different dominant rainfall processes associated with
03 stratiform rainfall. The maximum negative lag
o correlation of mean CAPE with convective rainfall is

determined by the maximum negative lag correlations
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pp e lag hour 6) in Eq. (3) (Fig. 5¢). This suggests that the
b vapor condensation and deposition, water vapor
o convergence, and heat divergence mainly account for

S E T 5 5 5 2 6 7 3 5 T 5§ T F the lag of mean CAPE with convective rainfall. The
= Time (Hour) important roles water vapor convergence and heat
03 divergence play in determining the phase relation
ol e between mean CAPE and convective rainfall imply
; - dominant updraft in water vapor and heat budget

-0.1
during convective development.
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Fig.3 Lag correlations of model domain mean CAPE é ol
with means of Ps (solid), QOwrour (dash), Qwrin RS
(long dash), and Qcw (dot dash) in (a), Ps (solid), e
Owrr (dash), Owrr (long dash), Opye (dot), and C T e Gouny
Qcwu (dot dash) in (b), and Ps (solid), Sur (dash), RO
Sur (long dash), Sg4p (dot), and Qcur (dot dash) in g o
(c). Lag correlations of model domain mean < o
CAPE with means of Sys and Sz are presented £ ol
in (c) because they are negligibly small. !
The maximum negative lag correlation of mean 7“,9 T —
CAPE with stratiform rainfall is determined by the Time (Hour)
maximum negative lag correlations of mean CAPE e 1@
with the components of Oy, (—0.37 at lag hour 9) ;;j ol
and O, (-0.16 at lag hour 6) in Eq. (1) (Fig. 4a), S o
with the components of O, (-0.15 at lag hour 9) =
and O, (-0.16 at lag hour 6) in Eq. (2) (Fig. 4b), - S O B

and with the components of S, (-0.15 at lag hour 9)

and QCM (0.16 at lag hour 6) in Eq. (3) (Fig. 4c) Fig.4 Lag correlations of model domain mean CAPE with
over raining stratiform regions. This indicates that the raining stratiform components of Ps (solid), Owvour
vapor condensation and deposition, water vapor storage, (dash), Oy (long dash), and Qcy (dot dash) in (a),
heat divergence, and transport of hydrometeor Ps (solid), Qyyr (dash), Qyvr (long dash), Oy (do),

. . . .. and QOcu (dot dash) in (b), and Ps (solid), Syr (dash),
concentration from convective regions to raining Sur (long dash), Sgap (dot), and Qcwr (dot dash) in

stratiform regi0n§ are responsible fqr the lag of mean (¢). Lag correlations of model domain mean CAPE
CAPE with stratiform rainfall. The important roles the with means of Sys and Spur are presented in (c)
transport of hydrometeor concentration from convective because they are negligibly small.

regions to raining stratiform regions plays in the phase
relation between unstable energy and stratiform rainfall
are consistent with the water budget analysis of
tropical and midlatitude convective systems (20, 40, 41]
The water vapor storage and heat divergence are

crucial in determining the phase relation, suggesting
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Fig.5 Lag correlations of model domain mean CAPE with
convective components of Ps (solid), Oprour (dash),
Owvin (long dash), and Qcu (dot dash) in (a), Ps
(solid), QOwyr (dash), Owyr (long dash), Owye (dot),
and Qcwu (dot dash) in (b), and Ps (solid), Sur (dash),
Sur (long dash), Sgap (dot), and Qcur (dot dash) in (c).
Lag correlations of model domain mean CAPE with
means of Sys and Sy are presented in (c) because
they are negligibly small.

4 SUMMARY

The dominant physical processes responsible for
the phase relation between surface rainfall and
convective available potential energy (CAPE) are
examined by conducting a lag correlation analysis on
cloud-resolving model simulation. The model is
integrated for 21 days with the large-scale forcing from
TOGA COARE. The maximum negative lag
correlations between the model domain mean CAPE
and surface rainfall occur around lag hour 6, showing
that the minimum mean CAPE lags maximum mean,
convective, and stratiform rainfall by about 6 hours.
The major processes that control the phase lag of the
minimum mean CAPE from the mean rainfall peak are
the mean vapor condensation and depositions, mean
water vapor convergence, and mean heat divergence.
The water vapor and heat storage are important in
determining lag hour, although their lag correlations
with the mean CAPE are not statistically significant.
Since the mean water vapor convergence and heat
divergence are mainly associated with imposed
large-scale vertical velocity, the imposed large-scale
forcing plays a crucial role in determining the
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maximum negative lag correlation. The transport of
hydrometeor concentration from convective regions to
raining stratiform regions, vapor condensation and
depositions, water vapor storage, and heat divergence
over raining stratiform regions are mainly responsible
for the maximum negative lag correlation between the
mean CAPE and stratiform rainfall. The vapor
condensation and depositions, water vapor convergence,
and heat divergence over convective regions mainly
account for the maximum negative lag correlation
between the mean CAPE and convective rainfall.
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