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Precipitation efficiency and its relationship to physical factors™
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The precipitation efficiency and its relationship to physical factors are examined by analyzing a two-dimensional
cloud-resolving model simulation during TOGA COARE in this study. The basic physical factors include convective avail-
able potential energy, water—vapor convergence, vertical wind shear, cloud ratio, sea surface temperature, air temperature,
and precipitable water. Precipitation efficiencies do not show a close relationship to air temperature nor to sea surface tem-
perature nor to precipitable water. The precipitation efficiency increases as the water—vapor convergence rate increases and
vertical wind shear weakens, whereas it decreases as the convective available potential energy dissipates and anvil clouds

develop.

Keywords: precipitation efficiency, water—vapor convergence, convective available potential energy, cloud

ratio
PACS: 42.68.Ge, 92.60.N-, 92.60.jf, 92.60.Wc

1. Introduction

Since Braham (1952) first calculated precipitation effi-
ciency with the inflow of water vapor into a storm through
the cloud base as the rainfall source more than half century
ago, precipitation efficiency has been used to determine the
rainfall intensity in operational precipitation forecasts!!! and
various precipitation process studies.*~"1 Early calculations of
precipitation efficiency show negative values or beyond a nor-
mal range of 0%—100%!3! because the precipitation efficiency
is not properly defined, nor are all the rainfall sources included
nor are all the rainfall sinks excluded. Sui et al.!®! argued that
the precipitation efficiency should be defined in precipitation-
related budgets that all the precipitation sources can be prop-
erly counted and all the precipitation sinks are excluded. Un-
der these definitions, the precipitation efficiency is shown in
the normal range of 0%—100%. The precipitation efficiency
can be defined in the surface rainfall budget (LSPE), cloud
microphysical budget (CMPE), or rain microphysical budget
(PMPE).

Gao and Lil'" calculated precipitation efficiency using
hourly grid-scale simulation data and found the temporal- and
spatial-scale dependence of the precipitation efficiency. They
also showed the difference between LSPE and PMPE and ar-
gued that water—vapor process data cannot be used to estimate
PMPE. PMPE deals with the final stage of overall precipita-
tion efficiency, but part of the information in the cloud mi-
crophysical budget (CMPE) and the surface rainfall budget
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(LSPE) includes how much water vapor actually turns con-
densed, and of which how much actually forms into precipita-
tion. This means that the precipitation efficiency could be dif-
ferent in different budgets. Recently, Shen e al.l''l analyzed
a series of equilibrium cloud-resolving modeling data to study
the effects of clouds and diurnal variation of sea surface tem-
perature (SST) on precipitation efficiency. They found that the
effect of diurnal variation of SST on precipitation efficiency
depends on the diurnal magnitude, and the radiative and mi-
crophysical effects of ice clouds on precipitation efficiency are
opposite. Precipitation efficiency is insensitive to the radiative
effect of water clouds. The relationship between precipitation
efficiency and basic physical factors such as convective avail-
able potential energy, vertical wind shear, water—vapor conver-
gence, and cloud ratio has seldom been studied, while these
physical factors have an important influence on the develop-
ment of rainfall.

In this study, the precipitation efficiencies and their re-
lationships to physical factors will be examined in the sur-
face rainfall budget and the rain and cloud microphysical bud-
gets, respectively, by analyzing a set of two-dimensional (2D)
cloud-resolving model simulation data. The model is driven
by the large-scale forcing derived from the tropical ocean
global atmosphere coupled ocean—atmosphere response exper-
iment (TOGA COARE). In Section 2, the cloud model, forc-
ing, and experiment are described. The results are presented
in Section 3. The summary is given in Section 4.
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2. Model and experiment

The data analyzed in this study are cited from Li er
al.'®! The simulation is carried out by using the 2D cloud-
resolving model, which was originally developed by Soong
and Ogural'?! and Tao and Simpson!!3 and was modified by
Li et al.'"* The model has prognostic equations for mixing ra-
tios of five cloud species and associated cloud microphysical
parameterization schemes!'>~!° and interactive solar and ther-
mal infrared radiation parameterization schemes.?*??! The
model also has prognostic equations for potential temperature,
specific humidity, and perturbation momentums. The basic pa-
rameters for the model setup include a horizontal grid mesh of
1.5 km over the model domain of 768 km, 33 vertical levels
with a vertical resolution of 40 km near the surface and about
1 km at the top of model, and the time step of 12 s. The exper-
iment is integrated from 0400 LST 18 December 1992 to 1000
LST 9 January 1993 using large scale forcing including verti-
cal velocity, zonal wind, horizontal advections, and sea surface
temperature (see Fig. 1 in Ref. [6]). The simulation data are

[14.23] The simula-

validated with available observational data.
tion data are successfully applied to the analysis of precipita-
tion processes?¥ including the surface rainfall process,?>2¢]

[27

ice microphysics,?’! precipitation efficiency, %19 and diur-

(28,29

nal variation. 1 Hourly grid-scale simulation data are used

in this study.

3. Results

Precipitation sources may be different in different bud-
gets.  Precipitation efficiencies can be defined as rain-
microphysics (PMPE), cloud-microphysics (CMPE), and
large-scale (LSPE), respectively, in rain, cloud and surface
rainfall budgets. The rain, cloud, and surface rainfall budgets

can be written, respectively, as

12
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Here, Ps is the surface rain rate; p is the air density, which

is height-dependent only; wr, is the terminal velocity for
rain (gr), which is the mixing ratio of rain; z is the vertical
coordinate; u# and w are the zonal and vertical components
of wind, respectively; RP; denotes the rainfall source/sink
terms from the rain microphysical process; P; denotes the
rainfall source/sink terms from the cloud microphysical pro-
cess (see Table 1.2 in Ref, [23]); g, is the specific humidity;
q1 = qc + gr + gi + gs + qg, Where qc, qr, gi, gs, and gg are
the mixing ratios of cloud water, raindrops, cloud ice, snow,
and graupel, respectively; Es is the surface evaporation rate;
T,=0°C.[()] = [, p()dz, z and z, are the heights of the top
and bottom of the model atmosphere respectively; Orm and
Qcwm are rain and cloud hydrometeor change/convergence, re-
spectively; Owvr is the local water—vapor change; Qwvr is
the water—vapor convergence; Superscript “o” denotes the im-
posed COARE-observed values; Overbar is a model domain
mean, whereas a prime is the perturbation from the model do-
main mean.

Thus, PMPE, CMPE, and LSPE can be respectively de-
fined as

PMPE = RSRB’ )
CMPE = RSCB’ (6)
LSPE = RSWVCB’ @
where
12
RSRB = Y H(RP))RP; + H(Qrm)QrM, (3a)
=1
7
RSCB =Y H(P;)P;+H(Qcm)Qcw; (8b)
I=1
RSWVCB = H(Qwvt)Owvt + H(OQwvr)OwvE
+H(Qwve)Owve +H(Qcm)Qcm.  (8¢)
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Here, RSRB, RSCB, and RSWVCB are the rainfall sources
from the rain, cloud, and surface rainfall budgets, respec-
tively; H is the Heaviside function, H(F) = 1 when F >0, and
H(F)=0when F <0. Expression (8a) shows that the rainfall
source in the rain microphysical budget mainly includes the
collection of cloud water by rain (Pgacw) and the melting of
graupel (Pgpr) and the rain hydrometeor loss/convergence.
Expression (8b) reveals that the rainfall source in the cloud
microphysical budget mainly contains the vapor condensa-
tion and depositions and cloud hydrometeor loss/convergence.
Expression (8c) states that the rainfall source in the surface
rainfall budget comprises local atmospheric drying, water—
vapor convergence, surface evaporation, and cloud hydrom-
eteor loss/convergence. Precipitation efficiencies analyzed in
this study are calculated using hourly data and accumulating
rainfall sources from each model grid over the model domain.
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Fig. 1. (a) Ps versus RSRB (cross), RSCB (closed circle), and RSWVCB
(open circle), and (b) PMPE versus CMPE (closed circle) and LSPE
(open circle). Units are mm-h~! for Ps, RSRB, RSCB, and RSWVCB,
and % for PMPE, CMPE, and LSPE. The straight line in panel (a) de-
notes Ps=RSRB, Ps=RSCB, and Ps = RSWVCB whereas the straight line
in panel (b) denotes PMPE = CMPE and PMPE = LSPE.

RSRB is smaller than RSCB, whereas these precipitation
efficiencies are much smaller than RSWVCB (Fig. 1(a)). Thus,

LSPE is much smaller than PMPE and CMPE, while PMPE
is larger than CMPE (Fig. 1(b)). Precipitation is much less ef-
ficient in the surface rainfall budget than in the rain and cloud
microphysical budgets, and is less efficient in the cloud micro-
physical budget than in the rain microphysical budget. This
is due to the fact that large-scale water—vapor processes pro-
vide cloud sources through the cloud microphysical budget,
and cloud microphysical processes provide rainfall sources via
the rain microphysical budget. Thus, large-scale water—vapor
sources are stronger than cloud sources, which are stronger
than the rainfall sources. Only part of the large-scale water—
vapor source is used to generate clouds, and part of the cloud
source is used to produce rainfall. The relationship between
PMPE, CMPE, and LSPE studied with large-scale forcing in
tropical rainfall is consistent with those found in the analysis
without large-scale forcing from a series of equilibrium cloud-
resolving simulations.[!!]

The precipitation is associated with various dynamic and
thermodynamic factors. Thus, the relationship between pre-
cipitation efficiency and the physical factors will be exam-
ined in this study. Mass-weighted mean temperature, sea sur-
face temperature (SST) and precipitable water (PW) averaged
over the model domain denote a vertical mean state of envi-
ronmental thermal and vapor-water conditions. Convective
available potential energy (CAPE), calculated for reversible

B9 over model domain, measures en-

moist adiabatic process
vironmental stratification. Model domain mean water—vapor
convergence (Qwvr) is associated with upward motions im-
posed in the model during the model integration. Vertical
wind shear affects precipitation through the conversion be-
tween model domain mean kinetic energy and perturbation ki-
netic energy,*3?] which is calculated by the difference in im-
posed zonal winds between 10.2 km and 2.7 km in this study.
Cloud ratio (CR), defined as the ratio of ice-water path (the
sum of mass integrations of mixing ratio of cloud ice, snow,
and graupel) to liquid water path (the sum of mass integra-

(331 gauges the

tions of cloud water and rain) by Sui and Li,
relative importance of ice and water clouds. PMPE does not
show any relationship to the mass-weighted mean tempera-
ture, nor to PW nor to SST (Figs. 2(a)-2(c)). This implies that
PMPE has a weak relationship to the mean state of environ-
mental conditions. PMPE decreases as CAPE, Qwvr, and CR
increase (Figs. 2(d), 2(e), and 2(g)). PMPE increases as the
negative vertical wind shear weakens (Fig. 2(f)). Since PMPE
is slightly larger than CMPE, and their linear correlation coef-
ficient is 0.92, the relationships between CMPE and the physi-
cal factors (not shown) are similar to those between PMPE and
the physical factors (Fig. 2). The student-t test on the signif-

icance of the correlation coefficients is further conducted and
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CAPE, Qwveg, vertical wind shear, and CR but does not have

the critical correlation coefficient at a 1% significant level is
any relationship to SST (not shown).

0.13. Like PMPE and CMPE, LSPE shows relationships with
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Fig. 2. PMPE (%) versus (a) mass-weighted mean temperature (°C), (b) precipitable water (PW; mm), (c) SST (°C), (d) CAPE
d -kg’l), (e) model domain mean water—vapor convergence (Qwvr; mm-h’l), (f) vertical wind shear (m-s’l), and (g) cloud ratio
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Fig. 3. (a) PMPE versus Ps, (b) CMPE versus Ps, and (c) LSPE versus Ps. Units are % for PMPE, CMPE, and LSPE, and mm-h~! for Ps.

CMPE have similar magnitudes for surface rain rate and rain-
fall source (Fig. 1(a)). This implies that the modification from
the rainfall source severely scatters the linear relation between
PMPE/CMPE and the surface rain rate, which can be seen in
Figs. 3(a) and 3(b). In contrast, the rainfall source (RSWVCB)

To further study the relationship between the precipitation
efficiency and the physical factors, we first examine the defi-
nition of precipitation efficiency. The definition shows that the
precipitation efficiency is proportional to the surface rain rate,
which is largely modified by the rainfall source. PMPE and
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associated with LSPE is much larger than the surface rain rate
(Fig. 1(a)), which leads to a linear correlation between LSPE
and the surface rain rate with a coefficient of 0.92 (Fig. 3(c)).
All precipitation efficiencies generally increase as the surface
rain rate increases.

Rain rate decreases as CAPE increases (Fig. 4(d)) and CR
increases from 1 to 5 (Fig. 4(g)). The rainfall is a result of the
release of CAPE. As the rainfall weakens, CAPE starts to build
up. Such a relationship between rainfall and CAPE forms a ba-
sic scientific promise that parameterizes cumulus and the as-
sociated rainfall for the large-scale circulation model.?*! The
increase of CR from 1 to 5 favors the development of strati-
form clouds. Convective rainfall increases when CR increases
from O to 1. PMPE and CMPE decrease with CR increasing
from O to 1 (Fig. 2(g)), indicating strong effects of the rain-
fall source on the modification of the linear relation between

precipitation efficiencies and rain rates in rain and cloud mi-
crophysical budgets.

The rain rate increases as model domain mean water—
vapor convergence increases (Fig. 4(e)) and negative vertical
wind shear weakens (Fig. 4(f)). Large-scale vertical velocity is
a key force imposed in the cloud model simulation. Thus, the
mean water—vapor convergence associated with imposed up-
ward motions is a key process for the production of precipita-
tion as indicated by the similar magnitudes of Qwvr and Ps in
Fig. 4(e). The rainfall source associated with LSPE (Fig. 1(a))
is much larger than the mean water—vapor convergence due
to a large cancellation between the rainfall source and rain-
fall sink dominated by water—vapor divergence associated with
downward motions in a cyclic later boundary condition fur-
nished in the cloud model used in this study.
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Fig. 4. Ps (mm-h~1) versus (a) mass-weighted mean temperature (°C), (b) precipitable water (PW; mm), (¢) SST (°C), (d) CAPE (J »kg’l),
(e) model domain mean water—vapor convergence (Qwvg; mm-h™1), (f) vertical wind shear (m-s~ 1), and (g) cloud ratio (CR).

Rain rate is associated with the secondary circulation, whose intensity is measured by perturbation kinetic energy (K’).
Thus, the rain rate and perturbation kinetic energy are highly correlated with a coefficient of 0.59 (Fig. 5(a)). Vertical wind

shear may affect rainfall by changing the conversion between the model domain mean kinetic energy and the perturbation kinetic

energy. 3132

I The conversion between the mean (K) and perturbation (K’) kinetic energy (C,(K,K’)) is a term in the budget

of perturbation kinetic energy.!*!*?! The tendency of the perturbation kinetic energy (dK’/dt) is negatively correlated with
Cu(K,K") and their linear correlation coefficient is —0.26. C,(K,K’) is positively correlated with the vertical wind shear and
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their linear correlation coefficient is 0.14, which marginally exceeds the critical correlation coefficient. Thus, the relationship
between rain rate and vertical wind shear cannot be physically explained.

(b)

Ps
dK'/dt
(@)

[\V]
T
®e0 ©

Cu(K, K')

-1 .

-1

Cu(K, K')

1 —20 —10 0

Vertical wind shear

Fig. 5. (a) Ps (mm-h~!) versus K’ (10'! J), (b) dK’/dt (107 J-s1) versus Cy (K, K’)(107 J-s~1), and (c) C,(K,K") versus vertical wind shear (m-s~1).

4. Summary

In this study, precipitation efficiency and its association
with physical factors are examined. The physical factors in-
clude mass-weighted mean temperature, precipitable water,
sea surface temperature, convective available potential energy,
water—vapor convergence, vertical wind shear, and cloud ratio
of the ice—water path to the liquid—water path. The 21-day 2D
cloud-resolving model simulation data during TOGA COARE
are analyzed in this study. The major results are given below.

(i) Precipitation efficiency defined in a cloud microphys-
ical budget is smaller than that defined in a surface rainfall
budget, whereas it is larger than that defined in a rain micro-
physical budget. Since the rain microphysical budget is a com-
ponent of the cloud microphysical budget and the cloud micro-
physical budget is included in the surface rainfall budget, the
direct rainfall source is more efficiently consumed to produce
precipitation than the indirect rainfall sources.

(i1) The rainfall source from the surface rainfall budget is
much larger than those from the cloud and rain microphysical
budgets and the surface rain rate. As a result, the precipitation
efficiency defined in the surface rainfall budget is much more
highly correlated with the rain rate than those defined in the
cloud and rain microphysical budgets.

(iii) Precipitation efficiencies increase as the model do-
main mean water—vapor convergence increases, whereas they
decrease as the convective available potential energy increases
and ice anvil clouds strengthen. The mean water—vapor con-
vergence is caused by upward motions imposed in the model.
The rainfall development is associated with the release of con-
vective available potential energy. The development of the
anvil clouds is usually related to the weakening of deep con-
vective precipitation systems during the decay phase.

(iv) Precipitation efficiencies do not have robust relation-
ships to mass-weighted mean temperature nor to sea surface
temperature nor to precipitable water nor to vertical wind
shear.
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