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Abstract
Using the large-eddy simulation version of the Weather Research and Forecasting (WRF) model coupled with a detailed bin
microphysics scheme, the effects of turbulence-induced collision enhancement (TICE) on precipitation and cloud radiative properties
in shallow cumulus are investigated. Similar to previous studies, the enhanced droplet collision results in an increase in rainwater
content and surface precipitation amount. However, under low aerosol number concentration, the relative frequency of large surface
precipitation amount is decreased mainly due to the decreased condensation amount. Due to TICE, the mean drop size increases and
the drop number concentration decreases, which results in a decrease in evaporation and hence increasing cloud fraction. However,
these changes induce a decrease in cloud optical thickness which largely offsets the increased cloud fraction when the domain-
averaged albedo is calculated. Similarly, a decrease in cloud top height caused by the decreased in-cloud vertical velocity largely
offsets the increased cloud fraction when the domain-averaged outgoing longwave radiation is calculated. Therefore, the effects of
TICE on cloud radiative properties in shallow cumulus do not appear prominently. In addition, TICE results in a decrease in the shear
production of turbulent kinetic energy, which indicates that TICE acts to produce a negative feedback.

Keywords Turbulence-induced collision enhancement (TICE) . Bin microphysics . Shallow cumulus . Precipitation . Cloud
radiative properties

1 Introduction

Warm clouds, which consist of liquid drops, cover a large
portion of the atmosphere and greatly influence the Earth’s
weather and climate. Despite their seeming simpleness, how-
ever, uncertainties in treating warm clouds in weather and

climate models are large because complex and various phys-
ical processes occur inside and around the clouds and many
environmental conditions affect the development of the
clouds. There are many factors that make accurate simulations
of warm clouds difficult. Turbulence is regarded as one of the
factors because a few millimeter of grid size is required to
fully resolve turbulence.

Turbulence can enhance the collision rate of drops mainly by
1) introducing a difference in velocity of drops which have a
similar or the same size and hardly collide with each other, 2)
causing a change in airflow around drops and aerodynamic in-
teraction between drops, and 3) generating a preferential drop
concentration. A more detailed discussion can be found in
Grabowski and Wang (2013). Turbulence is known to enhance
the collision rate between drops up to several times depending
on turbulence intensity and drop size (Franklin et al. 2005;
Pinsky et al. 2008; Ayala et al. 2008; Wang and Grabowski
2009; Kunnen et al. 2013), hence affecting precipitation inwarm
clouds (Franklin 2008, 2014; Seifert et al. 2010; Riechelmann
et al. 2012; Wyszogrodzki et al. 2013; Lee et al. 2015).
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Using a large-eddy simulation (LES) model with bulk mi-
crophysics, Seifert et al. (2010) demonstrated that this turbu-
lence effect in shallow cumulus is evident on rain measures
but other cloud-related properties (e.g., cloud cover, cloud
water path, cloud top height) are less affected by the turbu-
lence effect. Using an LES model with bin microphysics,
Wyszogrodzki et al. (2013) also showed that the surface pre-
cipitation in shallow cumulus increases up to several times by
the turbulence effect but the cloud water path exhibits similar
levels regardless of whether the turbulence effect is consid-
ered. Using a two-dimensional cloud model with bin micro-
physics, Lee et al. (2015) demonstrated that the impacts of
turbulence effect on surface precipitation in shallow cumulus
depend on aerosol number concentration and low-level hu-
midity. According to Lee et al. (2015), the surface precipita-
tion can be reduced by the turbulence effect under the condi-
tions of low aerosol number concentration and high humidity.
Wyszogrodzki et al. (2013) and Grabowski et al. (2015) ar-
gued that the turbulence effect produces a positive feedback,
i.e., the turbulent kinetic energy increases due to the turbu-
lence effect by increased buoyancy and raised cloud top height
in maritime shallow cumulus. Franklin (2014) noted that
whether the turbulence effect produces a positive or negative
feedback depends on cloud type (stratocumulus or shallow
cumulus) and the vertical location in the clouds.

Many previous studies have focused on the impacts of the
turbulence effect on surface precipitation (e.g., Seifert et al.
2010; Wyszogrodzki et al. 2013; Franklin 2014), but there
have been relatively few studies that investigate the impacts
of the turbulence effect on cloud radiative properties. This
study aims to examine how the turbulence effect affects not
only surface precipitation but also cloud radiative properties,
such as cloud fraction, albedo, and outgoing longwave radia-
tion of shallow cumulus. This study also aims to examine the
impacts of the turbulence effect on the feedback between
cloud and precipitation (e.g., Xue et al. 2008; Feingold et al.
2010; Koren and Feingold 2011) and on the feedback between
cloud and turbulence (Wyszogrodzki et al. 2013; Franklin
2014). For these purposes, using an LES model coupled with
a detailed bin microphysics scheme, shallow cumulus under
idealized atmospheric conditions and in the presence of a tem-
perature inversion layer is simulated and analyzed in detail.

The numerical model used in this study and the experimen-
tal setup are described in Section 2. The simulation results are
presented and discussed in Section 3. A summary and conclu-
sions are provided in Section 4.

2 Model Description and Experimental Setup

The LES version of the Weather Research and Forecasting
(WRF) model version 3.7.1 (Skamarock et al. 2008) is used
in this study. The bin microphysics scheme of the Hebrew

University Cloud Model (HUCM, Khain et al. 2011) is incor-
porated into the WRF model (Lee and Baik 2016, 2017). This
microphysics scheme uses 43 mass-doubling bins to represent
the size distribution of each hydrometeor type and aerosol.
Although the original version of this microphysics
scheme includes many ice microphysical processes, the
modified version used in this study considers only warm
cloud microphysical processes, that is, nucleation, vapor
diffusion (condensation and evaporation), collision,
breakup, and sedimentation processes.

All aerosol particles are assumed to serve as cloud conden-
sation nuclei (CCN). Aerosol particles whose radii are larger
than a critical radius are activated into droplets, and the radius
of the activated droplet is determined by the radius of aerosol
particle (Khain et al. 2000). The Köhler equation (Köhler
1936) is used to calculate the critical aerosol radius for a given
grid-scale supersaturation. The typical equation of vapor dif-
fusion process (Pruppacher and Klett 1997; Houze Jr. 2014)
with the curvature and solution effects neglected is used. An
analytic approach to consider a change in relative humidity
within a time step is utilized (Khain et al. 2008). A redistribu-
tionmethod that conserves both the number and mass of drops
is applied to treat the drops that have arbitrary mass due to the
vapor diffusion process in the regular mass bin grid. The
exponential flux method developed by Bott (2000) which is
numerically efficient, conserves mass exactly, and reduces
numerical diffusion is applied to solve the stochastic collec-
tion equation with the pressure-dependent collision efficien-
cies obtained by Pinsky et al. (2001). The coalescence effi-
ciencies provided by Low and List (1982) and Beard and Ochs
(1995) are used. The parameterization of breakup process is
realized using the method proposed by Bleck (1970). An im-
plicit time integration method and sub-time steps are consid-
ered in the breakup process to ensure that the drop concentra-
tion remains positive and to conserve the total water mass,
respectively. The breakup process in the HUCMmicrophysics
scheme is described in detail by Seifert et al. (2005). Drop
sedimentation is evaluated using a forward explicit upwind
scheme with the drop terminal velocity parameterized as a
function of drop radius following Beard (1976).

To consider the turbulence-induced collision enhancement
(TICE) between drops, the result of Pinsky et al. (2008),
which is obtained using a turbulence statistical model, is
adopted by the microphysics scheme. The result of Pinsky
et al. (2008) is similar to that obtained using direct numerical
simulation models (Grabowski and Wang 2013). TICE is tab-
ulated in 11 tables according to the combinations of the tur-
bulence dissipation rate and the Taylor microscale Reynolds
number. The turbulence parameters (turbulent dissipation rate
and Taylor microscale Reynolds number) are diagnosed using
the turbulent kinetic energy (TKE). The 1.5th order turbulent
closure scheme is used to predict TKE in the WRF model
(Skamarock et al. 2008). A detailed procedure to calculate
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the turbulence parameters from TKE is described by
Benmoshe et al. (2012), except that in this study the external
cloud length scale and the total (cloud scale) TKE are replaced
by the turbulent mixing length and TKE at each grid point,
respectively (Lee and Baik 2016).

In this study, the thermodynamic sounding over the tropical
ocean for typical maritime shallow cumulus in Ogura and
Takahashi (1973) is adopted. The original sounding is slightly
modified so that water vapor mixing ratio is nearly constant
with height above the inversion layer (Fig. 1). A strong

temperature inversion layer is lain on z = 3–3.4 km, where
the temperature is ~6 °C. The basic-state wind is set to be calm
in the entire model domain (Wang and Feingold 2009). A
constant surface heat flux of 1.2 × 10−2 K m s−1 and a constant
surface water vapor flux of 3.4 × 10−5 m s−1 (approximately
15 and 100 W m−2, respectively) are applied for bottom
boundary conditions. Large-scale subsidence is provided
using a uniform horizontal divergence of 3.75 × 10−6 s−1 mul-
tiplied by the altitude (Wang and Feingold 2009). The subsi-
dence velocity at higher altitudes is limited to 0.5 cm s−1

Fig. 1 Vertical profiles of the
initial (a) potential temperature
and (b) water vapor mixing ratio
used in this study, which are
slightly modified from those of
Ogura and Takahashi (1973)

Fig. 2 Time evolution of
horizontally averaged rainwater
content in (a) T30, (b) G30, (c)
T300, (d) G300, (e) T3000, and
(f) G3000
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(vanZanten et al. 2011). Random perturbations of [−0.3 K,
0.3 K] are added to the initial potential temperature field at
the lowest 4 model levels. The Coriolis force is neglected.

The initial aerosol size distribution follows the Twomey
equation (Twomey 1959), as in Khain et al. (2000) and Lee
et al. (2015). The aerosol number concentration is set for the
CCN number concentration at 1% supersaturation (N0) to be
30, 300, and 3000 cm−3. Six numerical experiments (T30,
G30, T300, G300, T3000, and G3000) are conducted accord-
ing to the collision kernel type (‘T’ and ‘G’ denote the turbu-
lent and gravitational collision kernel, respectively) and the
aerosol number concentration (N0 of 30, 300, and
3000 cm−3). The aerosol number concentration is constant
below z = 2 km and decreases exponentially with height above
z = 2 km with an e-folding depth of 2 km. The aerosol replen-
ishment scheme proposed by Jiang and Wang (2014) is
adopted with a time scale of 1 h.

To examine the effects of TICE reliably, it would be better
to perform many numerical simulations and make an ensem-
ble averaging. In this study, each of the six experiments is
performed three times by changing only the initial random
perturbations to the potential temperature field. Although the
number of ensemble members is somewhat limited, the trend
of the effects of TICE is found to be the same across all the
ensemble members. All quantities are analyzed with the en-
semble averaging.

The domain size is 20 km × 20 km × 4.2 km. Periodic
boundary conditions are applied in both the x and y directions.
A sponge layer is put from z = 3.4 to 4.2 km. The grid size is
100 m in the horizontal and 30 m in the vertical, similar to that
used in previous studies (e.g., Seifert et al. 2010;
Wyszogrodzki et al. 2013; Franklin 2014). The integration
period is 12 h from 18:00 LT (local time). The time step is
1 s except for the vapor diffusion process (0.5 s) and the
breakup process (variable). Except the microphysics scheme,
only the RRTM longwave radiation scheme (Mlawer et al.

1997) is employed for physics parameterization. Note that a
simple discussion on the effects of shortwave radiation on
shallow convection is found in Feingold et al. (2015).

3 Results and Discussion

3.1 Effects of TICE on Precipitation

Figure 2 shows the time evolution of horizontally averaged
rainwater content. In T30 and G30, the rainwater content is
generally large compared to the other cases and the vertical

Fig. 3 Amount of accumulated surface precipitation averaged over the
domain for t = 2–12 h

Fig. 4 Probability density function of accumulated surface precipitation
amount for t = 2–12 h.N0 = (a) 30 cm

−3, (b) 300 cm−3, and (c) 3000 cm−3
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extent of raindrop distribution does not reach 3 km that is the
base height of the inversion layer. The amount of rainwater
content is larger in T30 than in G30, but the difference is
small. On the other hand, when N0 = 300 and 3000 cm−3, the
vertical extent of raindrop distribution is relatively high and
the rainwater content is relatively small compared to the cases
with N0 = 30 cm−3. It is clearly observed that TICE increases
rainwater content under these relatively high aerosol number
concentrations.

The increase in rainwater content can be explained by the
enhanced drop growth, which agrees with the results of pre-
vious studies (e.g., Seifert et al. 2010; Wyszogrodzki et al.
2013; Franklin 2014; Lee et al. 2015). The TICE-induced
increase in rainwater content is more distinct as the aerosol
number concentration is higher, which agrees with the result
of Lee et al. (2015). According to Lee et al. (2015), in the
highly humid environmental conditions, the effects of TICE
on the rainwater content are less pronounced under lower
aerosol number concentration because raindrops can be
formed more easily even without the consideration of
TICE. It is shown in Fig. 2 that the effects of TICE
on the rainwater content tend to be opposite to the
effects of increase in aerosol number concentration on
the rainwater content, which agrees with the results of
Benmoshe et al. (2012) and Lee et al. (2015).

Figure 3 shows the surface precipitation amount accumu-
lated over almost the entire integration period, t = 2–12 h. First
an increase in aerosol number concentration substantially de-
creases surface precipitation amount. It is also clearly seen that
the surface precipitation amount increases due to TICE under

all aerosol number concentrations considered in this study,
which agrees with the results of some previous studies
(Seifert et al. 2010; Wyszogrodzki et al. 2013). The relative
increase in surface precipitation amount due to TICE is larger
as the aerosol number concentration is higher; it is approxi-
mately 5% when N0 = 30 cm−3, whereas it is approximately
40% when N0 = 3000 cm−3.

The relative frequency distribution of accumulated surface
precipitation amount is shown in Fig. 4. When N0 = 300 and
3000 cm−3, the relative frequency of accumulated surface pre-
cipitation amount is higher in the case with TICE than in the
case without TICE across almost the whole range of surface
precipitation amount. This is reflected in the TICE-induced
increased surface precipitation amount (Fig. 3). However,
when N0 = 30 cm−3, in the range where the accumulated sur-
face precipitation amount is relatively large (between 3.4 mm
and 4.4 mm), the relative frequency of accumulated surface
precipitation amount is lower in T30 than in G30, although the
averaged surface precipitation amount is larger in T30 than in
G30. Lee et al. (2015) suggested that the surface precipitation
amount can be decreased due to TICE in a humid and clean
environmental condition, mainly because TICE induces more
rapid drop growth but it causes a decrease in condensational
growth that is proportional to the first moment of drop size
distribution (see Appendix). In this study, the condensation
amount in the strong updraft core areas (vertical velocity ex-
ceeding 2 m s−1) decreases due to TICE by approximately
4.5% when N0 = 30 cm−3, which is similar to the result in
Lee et al. (2015). Because strong surface precipitation is af-
fected by not only collision but also condensation, the

Fig. 5 Drop size distributions at
z = (a) 1.0, (b) 1.6, (c) 2.2, and (d)
2.8 km averaged over the cloudy
grids and the last 3 h
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decreased condensation due to TICE in the strong updraft core
areas plays a role in decreasing the relative frequency of large
surface precipitation amount.

Drop size distributions at certain selected altitudes are
shown in Fig. 5. The effects of TICE on the drop size distri-
bution are easily observed at all the selected altitudes. The
differences due to TICE become smaller as the altitude is
closer to the cloud base (Fig. 5a) because the clouds consist
mainly of nucleated small droplets and the turbulence intensi-
ty is relatively weak near the cloud base (Seifert et al. 2010;
Lee et al. 2015). When N0 = 30 cm−3, the effects of TICE on
the drop size distribution is relatively small (Fig. 5b–d). When
N0 = 300 and 3000 cm−3, in the radius range of relatively small

droplets, the critical point at which the local maximum of drop
number concentration appears is almost unchanged although
TICE is considered. Instead, TICE makes another critical
point in the radius range of relatively large drops so the drop
size distribution has a bimodal form due to TICE. Note that
Berry and Reinhardt (1974) have shown that a bimodal form
of drop size distribution can be seen in a condition favorable
for drop collision. On the other hand, when TICE is not con-
sidered, the effects of aerosol number concentration on the
drop size distribution appear to shift the critical point so the
form of the drop size distribution remains unimodal.
Therefore, the effects of TICE on the drop size distribution
are different from the effects of decrease in aerosol number

Fig. 6 (a) Cloud optical
thickness, (b) albedo, (c) cloud
top height, (d) outgoing longwave
radiation (OLR), and (e) cloud
fraction averaged over the last 3 h.
Cloud optical thickness and cloud
fraction are averaged over the
cloudy columns in which the
liquid water path is larger than
10 g m−2. Albedo and OLR are
averaged over the domain
assuming that the albedo of
cloud-free surface is 0.08
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concentration on the drop size distribution, although
both effects on the rainwater content and on the surface
precipitation appear similarly (Figs. 2 and 3; Benmoshe
et al. 2012; Lee et al. 2015).

3.2 Effects of TICE on Cloud Radiative Properties

To examine the effects of TICE on cloud radiative properties,
the domain-averaged albedo and outgoing longwave radiation
(OLR) and the properties related to them are analyzed.
Although it is thought that high clouds are more important
for OLR than low and middle clouds due to their high cloud
top height and that low and middle clouds play a role in scat-
tering shortwave radiation, some studies have pointed out that
low and middle clouds also contribute to the Earth’s OLR
budget (e.g., Costa and Shine 2006). Figure 6 shows the cloud

optical thickness, albedo, cloud top height, OLR, and cloud
fraction averaged over the last 3 h. Cloud optical thickness and
cloud fraction are averaged over the cloudy columns in which
the liquid water path is larger than 10 g m−2. Albedo and OLR
are averaged over the domain with assuming that the surface
albedo is 0.08 (Feingold et al. 2016). The cloud albedo is
diagnosed using the cloud optical thickness proposed in
Zhang et al. (2005). The cloud top height is determined as
the height of the top of cloudy grids in which the cloud water
content is larger than 0.01 g kg−1.

Due to TICE, the cloud optical thickness is slightly de-
creased (Fig. 6a). First this is because of the more rapid growth
of small droplets to large drops and consequent increased sed-
imentation. Moreover, the decrease in cloud optical thickness
due to TICE is also caused by a decrease in the second mo-
ment of drop size distribution because in the cases with TICE

Fig. 8 Time evolution of
horizontally averaged evaporative
cooling rate in (a) T30, (c) T300,
and (e) T3000. (b), (d), and (f)
show the differences between T30
and G30, T300 and G300, and
T3000 and G3000, respectively

Fig. 7 (a) Cloud droplet number
concentration and (b) mean cloud
droplet radius averaged over the
cloudy grids and the last 3 h
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the mean drop radius increases but the drop number concen-
tration decreases (Fig. 7, also see Appendix). Combining these
two factors, the cloud optical thickness decreases due to TICE,
and the decrease is more pronounced under higher aerosol
number concentration.

In spite of the decrease in cloud optical thickness, however,
the domain-averaged albedo increases due to TICE, but the
increase is very small (Fig. 6b). This increase in the domain-
averaged albedo is largely due to the increase in cloud fraction
(Fig. 6e). Note that cloud fraction shows a local minimum
when N0 = 300 cm−3 mainly due to competing of sedimenta-
tion and evaporation. Under higher aerosol number concen-
tration, cloud fraction can be either larger due to decreased
sedimentation or smaller due to increased evaporation.

To investigate possible reasons for the increase in cloud
fraction, evaporation is examined. Figure 8 shows the time
evolution of horizontally averaged evaporation in the cases
with TICE and differences in evaporation between the cases
with and without TICE. It is seen that the evaporation is gen-
erally concentrated near the cloud top and is larger for higher
aerosol number concentration. Although an alternating struc-
ture is seen, evaporation generally decreases due to TICE. The
decrease in cloud water content and the decrease in the first
moment of drop size distribution to which evaporation is pro-
portional are largely responsible for the decrease in evapora-
tion. Because evaporation mainly occurs in the peripheral of
clouds, the decrease in evaporation contributes to the increase
in cloud fraction.

The increase in cloud fraction offsets the decrease in cloud
optical thickness for diagnosing the domain-averaged albedo.
In other words, the cloud optical thickness of individual
clouds tends to decrease but the area occupied by clouds in-
creases due to TICE. Thus, the domain-averaged albedo is
hardly affected by TICE. The relative frequency distribution
of cloud albedo shows that although the overall difference is
very small, the relative frequency of large cloud albedo (larger
than ~0.85) decreases but that of small to moderate cloud
albedo (smaller than ~0.85) increases due to TICE (Fig. 9).

Due to TICE, the cloud top height is slightly decreased
(Fig. 6c). The decrease in cloud top height due to TICE can
be caused by the increased drop size and the subsequent in-
creased sedimentation. To investigate possible dynamic
causes for the decrease in cloud top height in addition to the
increased sedimentation, vertical velocity is examined.
Figure 10a shows the in-cloud vertical velocity averaged over
the last 3 h. While the vertical velocity averaged over the
clouds are positive except near the cloud top under relatively
high aerosol number concentrations, TICE decreases the ver-
tical velocity, hence contributing to the decrease in cloud top
height. It is also shown that the vertical velocity variance is
also slightly decreased due to TICE (Fig. 10b). This causes a
decrease in in-cloud turbulence motion, which will be
discussed in section 3.3.

Figure 11 shows the vertical profiles of temperature differ-
ence between the cloudy grids and cloud-free grids and in-
cloud temperature difference induced by TICE. The evapora-
tive cooling near the cloud top is remarkable (Figs. 11a–c),
and TICE reduces the evaporative cooling (Figs. 11d–f, also
see Fig. 8). Therefore, the in-cloud atmosphere is less
destabilized in the cases with TICE than in the cases without
TICE, hence decreasing the in-cloud vertical velocity and
cloud top height. Wyszogrodzki et al. (2013) and Grabowski
et al. (2015) noted that the cloud top height is raised by TICE
due to the decreased hydrometeor drag in shallow cumulus
whose depth is ~1 km developing in the inversion-free

Fig. 9 Probability density function of cloud albedo calculated for the last
3 h. N0 = (a) 30 cm

−3, (b) 300 cm−3, and (c) 3000 cm−3
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atmosphere. On the other hand, Franklin (2014) showed that a
decrease in cloud top height is seen in shallow cumulus whose
depth is ~2 km. In this study, the cloud depth is approximately
2–3 km, which is similar to that in Franklin (2014).

The decrease in cloud top height due to TICE can
induce an increase in OLR. However, it is shown that
the change in OLR is not large (Fig. 6d). Although the
cloud top height decreases, the cloud fraction increases
(Fig. 6e). This increase in cloud fraction offsets the
decrease in cloud top height so the OLR averaged over
the domain is almost unchanged by TICE.

In summary, due to TICE, the cloud optical thickness
and the cloud top height decrease, but the cloud fraction
increases. Because of the offsets, the effects of TICE on
the domain-averaged albedo and OLR are revealed to be
small under the environmental conditions considered in
this study.

3.3 Effects of TICE on Feedback

Recently, there have been a few studies that reports whether
turbulence intensity increases or decreases due to TICE.
Wyszogrodzki et al. (2013) and Grabowski et al. (2015) re-
ported a positive feedback, that is, turbulence intensity in-
creases by considering TICE. On the other hand, Franklin
(2014) reported that the feedback depends on the cloud thick-
ness; it is positive in relatively shallow warm clouds but neg-
ative in relatively deep warm clouds.

The feedback of TICE is examined in this study. Figure 12
shows the turbulent kinetic energy (TKE) averaged in the
clouds and the terms that contribute to the tendency of in-
cloud TKE. The governing equation for TKE is expressed as
(Skamarock et al. 2008)
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Here, k is TKE, u is the velocity vector, Ps, Pb, and ε represent
the shear production, buoyancy production (or loss), and tur-
bulence dissipation rate, respectively, u, v, and w are the ve-
locities in the x, y, and z directions, respectively, and N is the
buoyancy frequency. Following Skamarock et al. (2008), K,
C, and l are determined using

K ¼ Cklk1=2; ð5Þ

C ¼ 1:9Ck þ 0:93−1:9Ckð Þ l
Δs

; ð6Þ

l ¼ min Δs; 0:76k1=2=N
� �

; for N2 > 0

Δs; for N2≤0

(
ð7Þ

where Ck = 0.2 and Δs = (ΔxΔyΔz)1/3 in which Δx, Δy, and
Δz are the grid sizes in the x, y, and z directions, respectively.

Figure 12 shows that TKE is smaller in the cases with TICE
than in the cases without TICE. This means that TICE acts as a
negative feedback, which agrees with the result in Franklin
(2014). The contribution of each term to TKE exhibits that the
shear production is predominant over the advection and the

Fig. 10 Vertical profiles of (a)
mean vertical velocity and (b)
vertical velocity variance
averaged over the cloudy grids
and for the last 3 h
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buoyancy production. The magnitude of shear production is
approximately 10 times the magnitude of advection, and the
magnitude of buoyancy production is much smaller than that
of shear production. The shear production decreases due to
TICE under all aerosol number concentrations, whereas the
difference in buoyancy production due to TICE is small and
varies depending on the aerosol number concentration.
Therefore, it can be concluded that the decrease in TKE due
to TICE is largely caused by the decrease in shear production.
The decreased evaporative cooling due to TICE induces the
more stabilized atmosphere and the decrease in vertical mo-
tion in the clouds (Figs. 10a and 11). In addition to the vertical
velocity, the variance of vertical velocity averaged in the
clouds is also decreased (Fig. 10b). These decreases in the

average and variance of vertical velocity are likely to induce
the decrease in the shear production of TKE.

Aerosol-cloud-precipitation interactions comprise impor-
tant problems in shallow convection (e.g., Xue et al. 2008;
Feingold et al. 2010; Koren and Feingold 2011). Recent
modeling studies have shown that precipitation organizes an
open cellular structure and induces new convection around the
precipitating area (e.g., Xue et al. 2008). Because TICE in-
creases the surface precipitation (Fig. 3), it might be possible
that the increased precipitation affects the precipitation-
induced cloud development.

Figure 13 shows the snapshots of low-level vertical veloc-
ity, albedo, and surface precipitation rate at an arbitrary in-
stance in the latter part of the model integration (t = 9 h). It

Fig. 11 Vertical profiles of temperature difference between cloudy grids and cloud-free grids. N0 = (a) 30 cm
−3, (b) 300 cm−3, and (c) 3000 cm−3. (d)–(f)

are the same as (a)–(c) but for the in-cloud temperature difference between the cases with and without TICE
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is clearly seen that precipitation induces downdrafts and a
wide cloud-free area which is centered at the downdraft area
and surrounded by the ring-type updrafts. This is similar to the
results of previous studies (e.g., Xue et al. 2008; Wang and
Feingold 2009). However, unlike the results of previous stud-
ies (e.g., Xue et al. 2008; Franklin 2014), the destabilization
induced by the evaporative cooling and the increase in TKE in
the sub-cloud layer is very small in this study (Figs. 8 and 12).
In addition, when the time evolution of the low-level vertical
velocity and surface precipitation rate fields are examined, it is
revealed that the TICE-induced increased precipitation hardly
affects the cloud structure. The ring-type updrafts form around
the cold pool induced by precipitation, but those updrafts do

not seem to develop enough to produce secondary convection
and precipitation when N0 = 300 or 3000 cm−3.

One possible reason for these small changes is related to the
precipitation intensity. The average precipitation rate in the
aforementioned studies is of the order of a few millimeters
per day, while that in this study has orders of 10−1 and 10−3–
10−2 mm per day when N0 = 300 and 3000 cm−3, respectively.
Therefore, the precipitation intensity under these aerosol num-
ber concentrations is weak compared to that of previous stud-
ies, and the continuous reactions (secondary convection and
precipitation) might be rarely observed. The precipitation in-
tensity when N0 = 30 cm−3 has an order similar to that of
previous studies, but the difference in precipitation rate

Fig. 12 (a) Turbulent kinetic
energy (TKE), (b) advection of
TKE, (c) shear production of
TKE, (d) buoyancy production of
TKE, and (e) turbulence
dissipation rate averaged over the
cloudy grids and for the last 3 h
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induced by TICE is so small that the difference can produce
little differences in cloud structure and morphology. As a re-
sult, TICE-induced increased precipitation affects minimally
the development of the shallow cumulus in this study.

4 Summary and Conclusions

The effects of turbulence-induced collision enhancement
(TICE) on precipitation and cloud radiative properties in pre-
cipitating shallow cumulus were numerically investigated
through large-eddy simulations. Similar to some previous
studies, the rainwater content is increased due to TICE, and
moreover, TICE induces larger surface precipitation amount
under all considered aerosol number concentrations. The rel-
ative increase in surface precipitation amount becomes more
pronounced as the aerosol number concentration increases.
The relative frequency of moderate to large surface precipita-
tion amount is increased due to TICE when N0 = 300 and
3000 cm−3, whereas the relative frequency of largest surface
precipitation amount is slightly decreased whenN0 = 30 cm−3.
This decrease in the relative frequency of largest surface pre-
cipitation amount is likely to be related to the decrease in
condensation amount in the strong updraft core areas due to
a decrease in the first moment of drop size distribution. The
drop size distributions at certain selected levels showed that
TICE tends to decrease the number of small droplets and
makes another critical point in the radius range of large drops,
exhibiting a bimodal form of drop size distribution. On the
other hand, a decrease in aerosol number concentration tends
to shift the critical point in the radius range of small droplets to
the radius of larger drops.

The increased mean drop radius and the decreased drop
number concentration due to TICE result in a decrease in the
first moment of drop size distribution, hence decreasing evap-
oration. This decrease in evaporation in turn increases the
cloud fraction. At the same time, the cloud optical thickness,
which is proportional to the second moment of drop size dis-
tribution, decreases due to TICE. These two changes offset
each other so the domain-averaged albedo is little affected
due to TICE. In addition, the decrease in evaporation particu-
larly near the cloud top induces the less destabilized atmo-
sphere in the clouds, hence causing a decrease in in-cloud
vertical velocity and also a decrease in cloud top height. The
decreased cloud top height and the increased cloud fraction
offset each other so the change in domain-averaged outgoing
longwave radiation due to TICE is not large.

On the feedback of TICE, in addition to the averaged ver-
tical velocity, the variance of vertical velocity is also decreased

due to TICE mainly because of the reduced evaporative
cooling. The decrease in the averaged and variance of vertical
velocity induces a decrease in shear production of turbulent
kinetic energy (TKE). While the shear production is predom-
inant over the buoyancy production, the decrease in shear
production results in a decrease in TKE. Therefore, TICE acts
to produce a negative feedback.

Complex interactions among aerosols, clouds, and precip-
itation have been considered important in understanding the
development of shallow cumulus. Particularly, aerosol-
induced changes in precipitation are known to affect the evo-
lution of secondary convection and precipitation. It seems that
TICE-induced changes in precipitation have relatively small
effects on the changes in cloud structure, mainly because rel-
atively large changes in precipitation due to TICE are ob-
served when the precipitation amount is very small and rela-
tively small changes in precipitation due to TICE are observed
when the precipitation amount is moderate.

Overall, the effects of TICE are clearly observed in precip-
itation, and the effects tend to be larger as the aerosol number
concentration increases. However, the effects of TICE on
cloud radiative properties are shown to be small. These small
changes are partially due to offsets or negative feedback
among numerous processes that affect the cloud radiative
properties. However, these changes certainly depend on envi-
ronmental conditions and further studies are needed. In addi-
tion, the turbulence-induced entrainment/detrainment around
the cloud edges remains poorly understood. More follow-up
studies are required to investigate the effects of turbulence
more distinctly.
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Appendix

The Moments of Drop Size Distribution

In this study, the kth moment of drop size distribution Mk is
defined as

Mk ¼ ∑
Λ

i¼1
rki N i;

where Λ is the largest bin number and ri and Ni are the drop
radius and drop number concentration in the ith bin, respec-
tively. It is noted that the moments of drop size distribution are
defined either for the drop mass or for the drop radius. In this

�Fig. 13 Snapshots of (left column) vertical velocity at z = 180 m, (middle
column) albedo, and (right column) surface precipitation rate at t = 9 h for
each simulation case
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study, the moments of drop size distribution are defined for the
drop radius due to usefulness. TICE enhances the collision
between drops, thus resulting in an increase in drop size but
a decrease in drop number concentration. Therefore, assuming
that the liquid water content (the third moment of drop size
distribution) is unchanged, the kth moment of drop size distri-
bution for k smaller than 3 decreases but that for k larger than 3
increases due to TICE. For example, the zeroth moment (the
drop number concentration), the first moment (the sum of
drop radius), and the second moment (proportional to the
sum of drop cross section) decrease, but the sixth moment
(the radar reflectivity) increases due to TICE.
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