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ABSTRACT

The effects of vertical wind shear, radiation and ice microphysics on precipitation efficiency (PE) were
investigated through analysis of modeling data of a torrential rainfall event over Jinan, China during July
2007. Vertical wind shear affected PE by changing the kinetic energy conversion between the mean and
perturbation circulations. Cloud-radiation interaction impacted upon PE, but the relationship related to
cloud radiative effects on PE was not statistically significant. The reduction in deposition processes as-
sociated with the removal of ice microphysics suppressed efficiency. The relationships related to effects of
vertical wind shear, radiation and ice clouds on PEs defined in cloud and surface rainfall budgets were more
statistically significant than that defined in the rain microphysical budget.
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1. Introduction

Precipitation intensity is gauged by the surface
rain rate, whereas the so-called precipitation efficiency
(PE) is a measure of how efficiently rainfall sources, i.e.
dynamic and thermodynamic processes as well as rain
and cloud microphysical processes, are consumed to
form precipitation. Generally, PE is defined by the ra-
tio of the rain rate and the associated rainfall source.
Sui et al. (2007) demonstrated that PE should be de-
fined in a closed budget in which the rain rate is a term
for which all the rainfall sources are properly counted
and all the rainfall sinks are excluded, thus avoiding
nonphysical values of PE, such as negative values and
values of larger than 100%. Therefore, PE is budget
dependent. For example, large-scale precipitation effi-
ciency (LSPE) is defined in the surface rainfall budget
(e.g. Auer and Marwitz, 1968; Heymsfield and Schotz,
1985; Chong and Hauser, 1989; Doswell et al., 1996),
which originated from the first PE calculation by Bra-
ham (1952) who counted the inflow of water vapor into
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the precipitation system through the cloud base as the
rainfall source. Later, with the development of precip-
itation modeling, the cloud-microphysics precipitation
efficiency (CMPE) was defined in the cloud microphys-
ical budget (e.g. Weisman and Klemp, 1982; Lipps and
Hemler, 1986). Recently, Gao and Li (2011) defined
the rain-microphysics precipitation efficiency (RMPE)
in the rain microphysical budget, since rain micro-
physics is directly responsible for the production of
precipitation. Gao and Li (2011) argued that RMPE
is the “true” PE since rain microphysical processes are
directly responsible for the production of rainfall and
found a large difference between RMPE and LSPE.
The three PE types are different because they are mea-
sured in different frameworks. From the derivations of
surface rainfall and cloud and rain microphysical bud-
gets, it is known that the rain microphysical budget
is included in the cloud microphysical budget, which
is then included in the surface rainfall budget. Thus,
the rainfall source in the rain microphysical budget is
a part of the rainfall source in the cloud microphysical
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budget, which in turn is a part of the rainfall source in
the surface rainfall budget. Therefore, CMPE is larger
than LSPE, but is smaller than RMPE.

The development of a precipitation system relies on
many physical factors and processes, such as vertical
wind shear (e.g. Wang et al., 2009b; Shen et al., 2011),
radiation (e.g. Wang et al., 2010a; Shen et al., 2011)
and ice clouds (e.g. Wang et al., 2010a, b). However,
the effects of these on PE have not yet been studied. In
the present reported work, sensitivity experiment data
associated with a torrential rainfall event over Jinan,
Shandong, China, during July 2007 from Zhou and Li
(2011) were analyzed to investigate the effects of verti-
cal wind shear, radiation and ice microphysics on PE.
The model, experiment, forcing data, and definitions
of PE are set out in the next section. The results are
then presented in section 3, and a summary provided
in section 4.

2. Model, experimental design, and defini-
tions of PE

The sensitivity simulation data from Zhou and
Li (2011) were analyzed in this study. It is impor-
tant to note that the sensitivity experiments were car-
ried out using a 2D cloud model because 2- and 3D
cloud-resolving models produce similar cloud and rain-
fall simulations (e.g. Tao and Soong, 1986; Tao et
al., 1987; Grabowski et al., 1998; Tompkins, 2000;
Khairoutdinov and Randall, 2003; Sui et al., 2005).
The same 2D cloud model was also used to simulate
the surface rainfall processes associated with a torren-
tial rainfall event over Hubei, China, during July 2007
(Zhou and Cui, 2011) and analyze thermally-related
surface rainfall budgets associated with convective and
stratiform rainfall (Zhou and Li, 2011). The model
was integrated from 0200 LST 18 July to 1400 LST
19 July 2007 (a total of 36 hours) with forcing data
averaged over a rectangular box of (113°-121°E, 36°—
37°N) (Fig. 1), when severe weather and heavy rainfall
developed near the Jinan area as a result of the interac-
tion between a humid and warm air mass transported

Table 1. Summary of the sensitivity experiments.
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Fig. 1. Horizontal distributions of geopotential height
(solid), temperature (dashed), and wind vector at 700
hPa on 1400 LST 18 Jul. 2007. Contour intervals are 20
m for geopotential height and 2°C for temperature.

by a southwesterly jet and a dry and cold air mass
transported by northerly winds from the northern re-
gions of Lake Baikal (Zhou and Li, 2011). The rainfall
simulation was validated by rain gauge observations
as indicated by the calculation of the RMSE differ-
ence in surface rain rate between the simulation and
observation (0.84 mm h™1), which was lower than the
standard deviation of the observed surface rain rate
(1.10 mm h~!). Zhou and Li (2011) carried out the
control experiment (CTL) and four sensitivity experi-
ments that excluded vertical wind shear (CNVWS),
radiation (CNCR), cloud-radiation interaction (CN-
CRI) and ice microphysics (CNIM) (summarized in
Table 1) to show the effects of these parameters on
heavy rainfall. Thus, hourly grid-scale simulation data
were analyzed in this study.

The cloud resolving model used in Zhou and Li
(2011) has five prognostic equations to predict mixing

Experiment Vertical wind shear Radiation Ice microphysics
CTL Yes Yes Yes
CNVWS Mass-weighted Yes Yes
mean zonal wind
is imposed in the model
CNCR Yes No Yes
CNCRI Yes Model domain Yes

CNIM Yes

mean vertical profile
of radiation from CTL is
imposed in the model
Yes No
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ratios of cloud water, raindrops, cloud ice, snow, and
graupel through single-moment cloud microphysical
parameterization schemes, and also includes solar and
thermal infrared radiation parameterization schemes
to resolve cloud-radiation interaction processes. The
model is furnished with cyclic lateral boundary condi-
tions. The model setup also includes a model domain
of 768 km with a horizontal grid mesh of 1.5 km, 33
vertical layers, and a time step of 12 s. This 2D model
setup has been used to study tropical rainfall events
(e.g. Li et al., 1999) and mid-latitude torrential rain-
fall events (e.g. Wang et al., 2009a; Shen et al., 2011).
Detailed model descriptions, modeling, and analysis
can be found in Li and Gao (2011) and Gao and Li
(2011).

RMPE, CMPE and LSPE can be respectively de-

RSWVCB = H(Qwvrt)Qwvt + H(Qwvr)Qwvr + H(Qwve)Qwve + H(Qcm)Qcwm ,
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fined as
RMPE = %, (1a)
CMPE = RéD(SJ]]DS’ (1b)
LSPE = peivven: 1)
where

12
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PI=1
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=1
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Here, Ps is the surface rain rate; u and w are the zonal
and vertical components of wind, respectively; Rpg
denotes rainfall source/sink terms from rain micro-
physical processes; and Sy denotes rainfall source/sink
terms from cloud microphysical processes, which are
defined in Li and Gao (2011). For the Eqgs. (la—1c)
and microphysical processes represented by Egs. (2¢)—
(2e), see Gao and Li (2011). ¢, is specific humidity;
@ = gc+ G + ¢ +gs + gy, where dc; 4r, 9i, gs, qg are
the mixing ratios of cloud water, raindrops, cloud ice,
snow, and graupel, respectively; E; is the surface evap-
oration rate; and Ty means the temperature equals

[Psacr(T < Tp)], —[Parr(T < Tv)] ,
(2d)

zero, namely, Ty = 0°C. Overbars represent the do-
main mean, and primes the perturbation from the do-
main mean; subscript “o” denotes imposed observed
large-scale variables in the model; and

with z; and zp, being the heights of the top and bot-
tom of the model atmosphere, respectively. RSRB,
RSCB and RSWVCB are the rainfall sources from
rain, cloud and surface rainfall budgets, respectively.
H is the Heaviside function, H(F) = 1 when F > 0,
and H(F) = 0 when F < 0. The rainfall sources
used to compute precipitation efficiencies are calcu-
lated by accumulating rainfall sources from each model
grid over the model domain each hour.

3. Results Analyses

The control experiment and CNVWS showed sim-
ilar RMPEs and CMPEs, whereas LSPE was larger
in CNVWS than in CTL (Fig.2). The exclusion of
vertical wind shear may enhance LSPE. RMPE was
larger in CNCR than in CTL when RMPE was smaller
than 40%, but both experiments showed similar RM-
PEs when RMPE was larger than 40%. CNCR tended
to have a larger CMPE than the control experiment,
especially for smaller CMPEs. LSPE was generally
larger in CNCR than in CTL, implying that the exclu-
sion of cloud radiative effects leads to larger PEs. The
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Fig. 2. (a) RMPE in sensitivity experiments vs. RMPE in CTL; (b) CMPE in sensitivity experi-
ments vs. CMPE in CTL; and (¢) LSPE in sensitivity experiments vs. LSPE in CTL. Numbers 1,
2, 3 and 4 denote sensitivity experiments CNVWS, CNCR, CNCRI and CNIM, respectively. Units:
%.

control experiment and CNCRI showed similar large  tion may affect smaller PEs. PEs were generally larger
PEs, but the PEs were larger in CNCRI than in CTL  in CNIM than in CTL for large PEs, whereas they were
for small PEs, suggesting that cloud-radiation interac-  smaller in CNIM than in CTL for small PEs, indicat-
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Fig. 3. (a) RMPE in sensitivity experiments versus Ps in CTL; (b) CMPE in sensitivity experi-
ments vs. Ps in CTL; and (¢) LSPE in sensitivity experiments versus Ps in CTL. Numbers 1, 2, 3
and 4 denote sensitivity experiments CNVWS, CNCR, CNCRI and CNIM, respectively. Units are
% for RMPE, CMPE, and LSPE, and mm h™! for Ps.

ing that the exclusion of ice clouds enhances small PEs  rainfall sources, it was proportional to the rain rate as
but suppresses large PEs. indicated in Fig.3; all the PEs increased as the rain
Since PE is defined as the ratio of rain rate to all  rate increased. The differences in PEs between sensi-
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Table 2. Linear correlation coefficients of differences in PEs between the sensitivity experiments and the control exper-
iment with differences in rain rates. The correlation coefficients that were larger than the critical correlation coefficient

are marked bold.

Diff. in RMPE Diff. in CMPE Diff. in LSPE
Diff. in Ps for CNVWS-CTL 0.43 0.48 0.54
Diff. in Ps for CNCR-CTL 0.42 0.35 0.25
Diff. in Ps for CNCRI-CTL 0.56 0.72 0.74
Diff. in Ps for CNIM-CTL 0.33 0.55 0.64

tivity experiments and the control experiment versus
the differences in rain rates in Fig.4 further showed
linear correlations. Student’s t¢-tests on the signifi-
cance of the correlation coefficients were conducted
and the critical correlation coefficient at the 5% signif-
icant level was 0.33. Calculations of linear correlation
coefficients showed that most of the linear relation-
ships were statistically significant (Table 2). Thus,
the effects of vertical wind shear, radiation, and ice
microphysics on PE could be studied through analy-
sis of the rainfall responses to these physical processes
and factors.

Vertical wind shear may affect rainfall by changing
the barotropic conversion [C(K, K')] between mean ki-
netic energy (K) and perturbation kinetic energy (K')
as secondary circulation is directly responsible for the
production of rainfall, which is measured by perturba-
tion kinetic energy (Wang et al., 2009b; Shen et al.,
2011; Zhou and Li, 2011). C(K, K') can be expressed
by

P 3)

Thus, the conversion is determined by the covari-
ance between the perturbation zonal wind (v') and the
vertical velocity (w’) under vertical shear of the im-
posed zonal wind (0t,/0z). The difference in rain rate
between CNVWS and CTL was positively correlated,
with a coefficient of 0.45 (Fig. 5a). The conversion van-
ishes for CNVWS due to the exclusion of vertical wind
shear. The positive correlation implies that rainfall in-
creases as conversion from mean kinetic energy to per-

C(K,K')=— [u’w’auo] :

turbation kinetic energy increases. As a result, the
differences in precipitation efficiencies between CN-
VWS and CTL were positively correlated with the
differences in kinetic energy conversion (Figs.6al—cl
and Table 3). Note that the correlation coefficients
for RMPE and LSPE only marginally exceeded the
critical correlation coefficient (Table 3). The vertical
profiles of imposed large-scale zonal wind were aver-
aged for C(K,K’) > 0 and C(K,K') < 0, respec-
tively. The positive vertical shear of zonal wind from
2 km to 10 km was weaker for C(K, K') > 0 than for
C(K,K') < 0 (Fig.7). Below 2 km, vertical shear of
zonal wind was positive for C(K, K') > 0 but negative
for C(K,K') < 0.

The difference in the mean radiation (Sgap) was
generally negative, indicating that the exclusion of
cloud radiative effects increases the mean radiative
cooling. The difference in the mean radiative cool-
ing between CNCR and CTL was calculated and their
linear correlation with the differences in the rain rate
between CNCR and CTL analyzed. Figure 5b shows
a negatively linear correlation with a coefficient of
—0.20, which is statistically insignificant. This in-
significant negative correlation led to statistically in-
significant negative correlations between the differ-
ences in the PEs for CNCR-~-CTL and the difference in
Srap (Figs.6a2—c2). Although statistically insignifi-
cant, the negative correlation suggests that the rain
rate may increase as the radiative cooling increases.

The exclusion of cloud-radiation interaction was
able to increase or decrease the mean latent heat and

Table 3. Linear correlation coeflicients of differences in PEs between sensitivity experiments and the control experiment
with C(K,K’) for CNVWS-CTL, Sgap for CNCR-CTL, and Spu for CNCRI-CTL and CNIM-CTL. The correlation
coefficients that were larger than the critical correlation coefficient are marked bold.

Diff. in RMPE Diff. in CMPE Diff. in LSPE

Diff. in C(K, K') for 0.37 0.46 0.35
CNVWS-CTL

Diff. in Srap for —0.01 —0.08 —0.07
CNCR-CTL

Diff. in Spu for 0.49 0.67 0.65
CNCRI-CTL

Diff. in Spu for 0.23 0.59 0.58

CNIM-CTL
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thus the rain rate (Fig.5c), as indicated by the lin-
ear correlation coefficient of 0.85. The high degree of
linear correlation between the rainfall and latent heat
(Spn) differences for CNCRI-CTL led to the statisti-
cally significant linear correlation between the differ-
ences in PEs and latent heat (Figs.6a3-c3 and Ta-
ble 3). The linear correlation coefficient between the
RMPE and latent-heat differences was smaller than
those between the CMPE and latent-heat differences
and between the LSPE and latent-heat differences.
The effects of cloud-radiation interaction on heat bal-
ance can be analyzed through the difference in heat
budget between CNCRI and C. The mass-weighted
mean heat budget can be written as

Sut + Sur + Sus + Svu + Srap =0, (4)

where

SHT = — % , (4&)

SHF = — <ﬂoaaz;;)> — <7T’Lﬂogz> , (4b)

Sus =Fs , (4c)

SLH :i<@cn> ) (4d)
Cp

SRADL<@R>' (4e)
Cp

Here, T' and 6 are air temperature and potential tem-
perature, respectively; ¢, is the specific heat of dry air
at constant pressure; F'g is surface sensible heat flux;
Qcn denotes the net latent heat release through phase
changes among water vapor and cloud species; Qg is
the radiative heating rate due to the convergence of
net flux of solar and infrared radiative fluxes, and

0= p0az/ [ pdz

Heat budget [(Eq. (4)] states that the local heat change
(Sur) is determined by heat divergence (Sur), surface
sensible heat flux (Sug), latent heat release (Spm) and
radiation (Sgrap). Figure 8a shows that the difference
in Spy for CNCRI-CTL was negatively correlated with
the difference in Syr. This implies that the local heat
change is associated with the latent-heat response to
the cloud-radiation interaction.

The removal of ice microphysics could enhance or
suppress latent heat and thus the rain rate (Fig.5d),
and the linear correlation coefficient between the rain-
fall and latent-heat differences for CNIM-CTL was
0.72, which far exceeded the critical correlation coeffi-
cient. The difference in the latent heat for CNIM-CTL
was linearly correlated with the differences in CMPE
and LSPE, but was not well correlated with the dif-
ference in RMPE (Figs. 6ad—c4 and Table 3). The ex-
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clusion of ice microphysics reduced the latent heat re-
lease associated with vapor condensation and deposi-
tion rate, and also changed the latent heat related to
the evaporation of precipitation hydrometeors. The
positive difference in Sp,g from CTL to CNIM demon-
strates that the reduction in the latent heat associated
with evaporation was larger than the reduction in the
latent heat associated with condensation and deposi-
tion. Figure 8b reveals that the difference in Spy was
negatively correlated with Syp. This suggests that
the difference in heat divergence between CNIM and
C mainly corresponds to the difference in the latent
heat caused by the elimination of ice microphysics.

20
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-5 0 5 10 15 20 25
Zonal wind (m s7)

Fig. 7. Vertical profiles of imposed large-scale zonal
wind (m s™') averaged for C(K,K') > 0 (solid) and
C(K,K') < 0 (dashed).

4. Summary

The effects of vertical wind shear, radiation, and ice
microphysics on PE associated with torrential rainfall
over Jinan, Shandong, China, during 18-19 July 2007
were examined in this study. A series of sensitivity
cloud-resolving model experiments forced by National
Centers for Environmental Prediction (NCEP)/Global
Data Assimilation System (GDAS) data from Zhou
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Fig. 8. Differences in Spu vs. differences in other terms
in mass-weighted mean heat budget [Sut (crosses), Sus
(open circles), Sur (closed circles), and Srap (open
squares) | for (a) CNCRI-CTL and (b) CNIM-CTL.
Units: °C h~ 1.

and Li (2011) were analyzed. Three PEs were de-
fined; namely, RMPE in the rain microphysical bud-
get, CMPE in the cloud microphysical budget, and
LSPE in the surface rainfall budget. The major
results can be summarized as:

(1) Vertical wind shear affected PE by changing
conversion between the mean kinetic energy and per-
turbation kinetic energy as the rainfall was linked to
secondary circulation. PE increased as the mean ki-
netic energy was converted into perturbation kinetic
energy by relatively weak positive vertical wind shear.
The correlation between CMPE and the vertical wind
shear was more statistically significant than those of
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RMPE and LSPE.

(2) A statistically significant relationship related to
cloud radiative effects on PE could not be established
for this torrential rainfall case since the variation in ra-
diation resulting from the exclusion of cloud radiative
effects could not account for the variation in rainfall.

(3) Cloud-radiation interaction impacted upon PE
via changing net latent heat. The correlation between
the differences of RMPE and net latent heat caused by
the removal of cloud-radiation interaction was less sta-
tistically significant than those of CMPE and LSPE.

(4) Ice microphysics affected PE through a change
in net latent heat. The reduction in net latent heat
due to the exclusion of deposition processes led to a
decrease in PE. The relationship related to the effects
of ice microphysics on RMPE was not statistically sig-
nificant.
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