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ABSTRACT
A modified definition of precipitation efficiency (PE) is proposed based on either cloud microphysics
precipitation efficiency (CMPE) or water cycling processes including water vapor and hydrometeor species
[large-scale precipitation efficiency (LSPE)]. These PEs are examined based on a two-dimensional cloudresolving simulation. The model is integrated for 21 days with the imposed large-scale vertical velocity,
zonal wind, and horizontal advections obtained from the Tropical Ocean Global Atmosphere Coupled
Ocean–Atmosphere Response Experiment (TOGA COARE). It is found that the properly defined PEs
include all moisture and hydrometeor sources associated with surface rainfall processes so that they range
from 0% to 100%. Furthermore, the modified LSPE and CMPE are highly correlated. Their linear correlation coefficient and root-mean-squared difference are insensitive to the spatial scales of averaged data and
are moderately sensitive to the time period of averaged data.

1. Introduction
Precipitation is directly produced by cloud microphysics processes at convective temporal and spatial
scales. But the occurrence of precipitation is associated
with environmental dynamics and thermodynamics of
weather and climate events. So precipitation can be
simply assumed to be proportional to the condensation
rate (microphysical view) or the moisture flux in the
convective systems (large-scale view). However, due to
reevaporation of rain and local atmospheric moistening, not all condensation or moisture fluxes are used to
produce precipitation. Therefore, precipitation efficiency is defined to evaluate how efficiently the convective system produces precipitation. This quantity is a
crucial factor in a number of research topics. For ex-
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ample, precipitation efficiency is a key parameter in the
closure assumptions in some cumulus parameterization
schemes (Kuo 1965, 1974; Fritsch and Chappell 1980;
Kain and Fritsch 1993; Grell 1993). Doswell et al.
(1996) proposed an ingredient approach to forecasting
the potential for heavy rainfall and flash floods using
the precipitation efficiency as an essential conversion
rate. In addition to the weather-scale topics, precipitation efficiency is also an important parameter for
cloud–climate feedback processes. For example, Lau
and Wu (2003) analyzed satellite data from the Tropical
Rainfall Measuring Mission (TRMM; Simpson et al.
1988) and found that there is a substantial increase in
precipitation efficiency of light warm rain as the sea
surface temperature (SST) increases, but precipitation
efficiency of heavy rain associated with deep convection is independent of sea surface temperature. This
implies that in a warmer climate, there may be more
warm rain at the expense of less cloud water available
for mid- and high-level clouds. The dependence of precipitation efficiency on environmental warming is a key
issue for the climate change study.
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Because of its fundamental importance, the precipitation efficiency of convective storms has been estimated in many studies in the past five decades (Braham
1952). Precipitation efficiency can be defined as the
ratio of the surface rain rate to the sum of vapor convergence and surface evaporation rates, or large-scale
precipitation efficiency (LSPE; e.g., Auer and Marwitz
1968; Heymsfield and Schotz 1985; Chong and Hauser
1989; Doswell et al. 1996; Ferrier et al. 1996; Li et al.
2002a; Tao et al. 2004; Sui et al. 2005). The LSPE has
been used mostly in observational studies, since the
vapor convergence and surface evaporation can be calculated from the sounding and field experiment data.
Precipitation efficiency can also be defined as the ratio
of the surface rain rate to the sum of vapor condensation and deposition rates, or cloud microphysics precipitation efficiency (CMPE; e.g., Weisman and Klemp
1982; Lipps and Hemler 1986; Ferrier et al. 1996; Li et
al. 2002a; Sui et al. 2005). The CMPE, on the other
hand, is examined mainly in cloud modeling studies,
because the vapor condensation and deposition rates
can be produced during the model integration.
Despite these efforts, precipitation efficiency remains to be defined properly and to be calculated accurately. For example, both LSPE and CMPE could be
greater than 100% and LSPE could be negative (e.g.,
Fig. 4 in Sui et al. 2005). What causes these physically
unreasonable precipitation efficiencies? How should
precipitation efficiency be defined and calculated properly? These are the key questions we want to address in
this paper. We shall demonstrate that despite different
aspects, LSPE and CMPE are fundamentally the same
based on physical considerations; hence, in the present
study we shall investigate the statistical equivalence between LSPE and CMPE in the tropical convective regime for different spatial and temporal scales.
In this paper, the definitions of precipitation efficiency will be discussed using the two-dimensional
cloud-resolving model simulation data during the
Tropical Ocean Global Atmosphere Coupled Ocean–
Atmosphere Response Experiment (TOGA COARE).
In next section, the cloud model and forcing are briefly
introduced and experiments are described. The LSPE
and CMPE are discussed in sections 3 and 4, respectively. The new precipitation efficiencies are compared
in section 5. The summary is given in section 6.

2. Model and experiment designs
The cloud-resolving model used in this study was
originally developed by Soong and Ogura (1980),
Soong and Tao (1980), and Tao and Simpson (1993).
The 2D version of the model used by Sui et al. (1994,

1998) and further modified by Li et al. (1999) is what is
used in this study. The governing equations and model
setup can be found in Li et al. (1999, 2002b). The cloudresolving simulations have been validated with observations in terms of atmospheric thermodynamic profiles, surface fluxes, and surface rain rates in the Tropics
during the Global Atmospheric Research Programme
Atlantic Tropical Experiment (GATE; e.g., Xu and
Randall 1996; Grabowski et al. 1996) and TOGA
COARE (e.g., Wu et al. 1998; Li et al. 1999, 2002a,b).
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 (M. Zhang 1999,
personal communication). The calculations are based
on a constrained, variational method applied to column-integrated budgets of mass, heat, moisture, and
momentum as proposed by Zhang and Lin (1997).
Hourly sea surface temperature at the Improved Meteorological (IMET) surface mooring buoy (1.75°S,
156°E; Weller and Anderson 1996) is also imposed in
the model. The model is integrated from 0400 local
standard time (LST) 18 December 1992 to 1000 LST 9
January 1993 (21.25 days total). Figure 1 shows the time
evolution of the vertical distribution of the large-scale
vertical velocity and zonal wind and the time series of
the SST, which are imposed in the model during the
integrations. In the model setup, the horizontal boundary is periodic. The horizontal domain is 768 km with a
grid resolution of 1.5 km. The vertical grid resolution
ranges from about 200 m near the surface to about 1 km
near 100 mb. The time step is 12 s. Hourly 96-km-mean
simulation data are used in the following analysis unless
the data are indicated otherwise.

3. Cloud microphysics precipitation efficiency
Sui et al. (2005) defined the following precipitation
efficiency based on the hydrometeor budget:
CMPE1 ⫽

Ps
关SIq 兴

⫽1⫺

关SOq 兴 关CONVC 兴
⫹
.
关SIq 兴
关SIq 兴

共1兲

Here a square bracket denotes a vertically integrated
quantity ([F ] ⫽ 兰z0t F dz for any variable F and zt is the
model top); Ps is the surface rainfall rate; SIq ⫽ [PCND]
⫹ [PDEP] ⫹ [PSDEP] ⫹ [PGDEP] represents the sink
term in the water vapor budget that consists of vapor
condensation rate ([PCND]), vapor deposition rates for
the growth of cloud ice ([PDEP]), snow ([PSDEP]), and
graupel ([PGDEP]); and SOq ⫽ [PREVP] ⫹ [PMLTG] ⫹
[PMLTS] represents the source term consisting of the
growth of vapor by evaporation of raindrops ([PREVP]),
melting graupel ([PMLTG]), and melting snow ([PMLTS]).
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FIG. 1. Temporal and vertical distribution of (a) vertical velocity, (b) zonal wind, and (c)
time series of SST observed and derived from TOGA COARE for the 21-day period. Upward
motion in (a) and westerly wind in (b) are shaded. Units of vertical velocity, zonal wind, and
SST are cm s⫺1, m s⫺1, and °C, respectively.

The [CONVC] is the convergence of hydrometeor C ⫽
q5 ⫽ qc ⫹ qr ⫹ qi ⫹ qs ⫹ qg, where qc, qr, qi, qs, and qg
are the mixing ratios of cloud water (small cloud droplets), raindrops, cloud ice (small ice crystals), snow
(density ⫽ 0.1 g cm⫺3), and graupel (density ⫽ 0.4 g
cm⫺3), respectively.
The above definition of CMPE1 in Eq. (1), however,

CMPE2 ⫽

Ps
,
P
⫹
P
⫹
P
关 CND兴 关 DEP兴 关 SDEP兴 ⫹ 关PGDEP兴 ⫹ sgn共QCM兲QCM

where
sgn共F兲 ⫽ 1, when F ⬎ 0;

does not include all source terms for the eventual formation of surface precipitation. This can be seen in the
hydrometeor budget equation, [C] /t ⫽ [CONVC] ⫺
Ps ⫹ SIq ⫺ SOq; the term ⫺[C] /t ⫹ [CONVC] may
contribute to surface precipitation if they are positive.
To count all hydrometeor sources for precipitation, a
more complete precipitation efficiency is defined as

sgn共F兲 ⫽ 0,

F ⱕ 0;

when
共2a兲

and
QCM ⫽ ⫺⭸关C兴Ⲑ⭸t ⫹ 关CONVC 兴.

共2b兲

Here QCM is the sum of local hydrometeor change and
hydrometeor convergence.
Figure 2 shows CMPE1 versus CMPE2, using hourly
96-km averaged data during the 21-day integration.
CMPE1 ranges from 0% to 350%, whereas CMPE2 is

共2兲

between 0% and 100% as expected when all sources
associated with rainfall in cloud microphysical budgets
are counted in the calculations of CMPE. Figure 3 displays CMPE1 and CMPE2 as functions of Ps. For
strong rainfall (Ps ⬎ 5 mm h⫺1), both CMPE1 and
CMPE2 range from 50% to 100%. For weak rainfall
(Ps ⬍ 5 mm h⫺1), CMPE1 ranges from 0% to 350%.
The fact that large CMPE1 appears when Ps is small
(Fig. 3a) suggests that CMPE1 is sensitive to rainfall
sources QCM during light rains. Both CMPE1 and
CMPE2 have a tendency to converge to a finite value as
Ps increases (Fig. 3b).
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FIG. 3. (a) CMPE1 (%) vs Ps (mm h⫺1) and (b) CMPE2 vs Ps
using hourly 96-km averaged data during the 21-day integration.

FIG. 2. CMPE1 (%) vs CMPE2 (%) using hourly 96-km
averaged data during the 21-day integration.

formation of surface rainfall. Thus, a new LSPE based
on Eq. (3) is defined as

4. Large-scale precipitation efficiency
From the water vapor budget, [q] /t ⫽ [CONVq]
⫹ Es ⫺ SIq ⫹ SOq, combined with the hydrometeor
budget, Gao et al. (2005) derived a surface rainfall
equation, which can be expressed by
Ps ⫽ QWVT ⫹ QWVF ⫹ QWVE ⫹ QCM ,

共3兲

where QWVT (⫽ ⫺[q] /t) is the local vapor change,
QWVF is vapor convergence [CONVq], QWVE is the
surface evaporation rate, and QCM is the sum of local
hydrometeor change and hydrometeor convergence defined in Eq. (2). Based on Eq. (3), the following precipitation efficiency originally defined in Sui et al.
(2005),
LSPE1 ⫽
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Ps
Ps
⫽
,
关CONVq 兴 ⫹ Es QWVF ⫹ QWVE
共4兲

neglects the possible contributions by the source terms
of QWVT and QCM when they are positive. We note
here that while QWVE is always a rainfall source because it is positive, QWVT, QWVF, and QCM may not be
rainfall sources when they are negative. Generally
speaking, local vapor loss (QWVT ⬎ 0), vapor convergence (QWVF ⬎ 0), local hydrometeor loss, and hydrometeor convergence (QCM ⬎ 0) all contribute to the

LSPE2 ⫽

Ps
4

兺 sgn共Q 兲Q
i⫽1

i

,

共5兲

i

where Qi ⫽ (QWVT, QWVF, QWVE, QCM).
Figure 4 shows the scatterplot of LSPE1 against
LSPE2. The figure shows that not only can LSPE1 be
larger than 100%, but it can also be negative such that
its values range from ⫺500% to 500%. On the other
hand, LSPE2 ranges between 0% and 100%. Clearly,
including all vapor and hydrometeor sources associated
with surface rainfall in LSPE2 eliminates all negative
values and values larger than 100%. A further examination of LSPE1 and LSPE2 as functions of Ps in Fig. 5
shows that LSPE2 tends to increase with increasing Ps
such that the range of LSPE2 narrows with increasing
Ps. On the other hand, values of LSPE1 have a much
wider range of variability than those of LSPE2 and converge to a finite value with increasing Ps. Figure 5 also
shows that negative values of LSPE1 correspond to
weak rainfall condition (Ps ⬍ 5 mm h⫺1).
The definition of LSPE2 in Eq. (5) shows that LSPE2
is a function of cloud source/sink (QCM). To examine
the impacts of QCM on LSPE2, LSPE2 is calculated by
setting QCM to be zero [LSPE2(QCM ⫽ 0)]. Figure 6
shows LSPE2(QCM ⫽ 0) versus LSPE2. LSPE2(QCM ⫽
0) is generally larger than LSPE2, and could be larger
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FIG. 4. LSPE1 (%) vs LSPE2 (%) using hourly 96-km averaged
data during the 21-day integration.

FIG. 6. LSPE2(QCM ⫽ 0) (%) vs LSPE2 (%) using hourly
96-km averaged data during the 21-day integration.

than 100%, especially when LSPE2 is larger (say,
⬎50%).
LSPE1 may not be an appropriate precipitation efficiency because it may be negative, larger than 100%,
and is unity for the large-scale average. LSPE2 could be
a strong function of both water vapor and cloud hy-

drometeors, though it ranges between 0% and 100%.
This suggests that CMPE may be a more appropriate
parameter for the estimation of precipitation efficiency
in cloud models.

5. CMPE2 versus LSPE2

FIG. 5. (a) LSPE1 (%) vs Ps (mm h⫺1) and (b) LSPE2 vs Ps
using hourly 96-km averaged data during the 21-day integration.

Figure 7 shows CMPE2 versus LSPE2 using the
hourly 96-km averaged data. The root-mean-squared
(RMS) difference between CMPE2 and LSPE2 is
18.5%, which is smaller than the standard deviations of
CMPE2 (28.5%) and LSPE2 (35.1%). The linear correlation coefficient between CMPE2 and LSPE2 is 0.85,
which is well above the 1% significance level of 757
degrees of freedom in the Student’s t test.
To examine the dependence of precipitation efficiency on temporal and spatial scales, LSPE2 and
CMPE2 are calculated using 6-hourly mean and daily
mean 96-km averaged data (Fig. 8) and hourly 48- and
24-km averaged data (Fig. 9), respectively. The linear
correlation coefficients and RMS differences between
CMPE2 and LSPE2 are 0.79% and 22.3% for 6-hourly
mean 96-km averaged data, 0.70% and 23.4% for daily
mean 96-km averaged data, 0.85% and 17.9% for
hourly 48-km averaged data, and 0.84% and 17.8% for
hourly 24-km averaged data, respectively. The results
indicate that the linear correlation coefficient decreases
and RMS difference increases as the time period of
averaged data increases. Figure 8 shows that LSPE2 is
larger than CMPE2 for higher values of precipitation

DECEMBER 2007

SUI ET AL.

4511

FIG. 7. LSPE2 (%) vs CMPE2 (%) using hourly 96-km
averaged data during the 21-day integration.

efficiency, whereas it is the opposite for lower values of
precipitation efficiency. The results in Fig. 9 further
suggest that LSPE2 and CMPE2 are insensitive to spatial scales of averaged data.

6. Summary
Because of its importance in the closure of cumulus
parameterization and prediction of heavy rainfall, the
precipitation efficiency has been investigated in many
studies in the past five decades. Some studies (e.g., Tao
et al. 2004; Sui et al. 2005) show that precipitation efficiency may be larger than 100%. Such physically unreasonable values of precipitation efficiency arise due
to the fact that sources associated with surface rainfall
are not fully counted. The precipitation efficiency in the
tropical convective regime is revisited in this study by
analyzing a two-dimensional cloud-resolving model
simulation. The model is forced by the imposed largescale vertical velocity, zonal wind, and horizontal advections obtained from TOGA COARE data. The
model is integrated for 21 days. More complete definitions of precipitation efficiency are proposed in this study
based on either the moisture budget (LSPE2) or hydrometeor budget (CMPE2) that include all sources related
to surface rainfall processes. The major results include
• LSPE2 and CMPE2 range from 0% to 100%.
• CMPE2 is only associated with cloud microphysical

processes whereas LSPE2 is related to water cycling

FIG. 8. LSPE2 (%) vs CMPE2 (%) using (a) 6-hourly mean and
(b) daily mean 96-km averaged data during the 21-day integration.

processes including both water vapor and hydrometeor species. LSPE2 and CMPE2 are highly correlated. Their linear correlation coefficient and rootmean-squared difference are moderately sensitive to
the time period of averaged data, whereas they are
not sensitive to the spatial scales of averaged data.
• Simplified precipitation efficiencies like LSPE1 and
CMPE1 may be larger than 100% when some source
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ward definition of precipitation efficiency than
LSPE2 (or LSPE1). But the former can only be estimated in models with explicit parameterization of
cloud microphysics, which is model-dependent, while
the latter may be estimated based on currently available assimilation data of satellite and sounding measurements.
Some questions remain unanswered. For example,
why does the precipitation efficiency of CMPE2 approach a constant threshold as Ps increases? Will the
statistical equivalence between CMPE2 and LSPE2 still
be valid for other precipitation regimes? Can we apply
these efficiencies of CMPE2 and LSPE2 to a precipitating system with more three-dimensional structures?
Further studies are needed to answer these questions.
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