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[11 The effects of spectral dispersion on clouds and precipitation in mesoscale convective
systems have been studied by conducting 10 numerical simulations with different
values of spectral dispersion (¢ = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0) in
the clean, semipolluted, and polluted backgrounds. The simulation results show that
spectral dispersion affects cloud microphysical properties markedly in each aerosol
regime. With an increase in spectral dispersion, both the raindrop concentration and the
rainwater content increase, while the mean radius of the raindrops diminishes substantially.
Moreover, it is found that the effects of spectral dispersion on simulated precipitation
differ in these three aerosol backgrounds and relative humidity. In the clean background
and at relatively lower humidity, the average accumulated precipitation is reduced
significantly with an increase in spectral dispersion. Precipitation varies nonmonotonically
in the semipolluted background, increasing with spectral dispersion at smaller values,
while decreasing at larger values. In the mean time, precipitation is continuously enhanced
with increasing spectral dispersion in the polluted background. Furthermore, sensitivity
tests demonstrate that the possible impacts of spectral dispersion on precipitation varies
depending on the relative humidity. For instance, at high relative humidity, an increase in
spectral dispersion even in a clean atmosphere leads to more precipitation. Our results
could shed light on understanding the influences of aerosols on clouds and precipitation,

especially the second aerosol indirect effect.
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1. Introduction

[2] Many studies indicate that atmospheric aerosols affect
clouds and precipitation, including cloud microphysical
properties, cloud lifetime, albedo and electrification, and the
onset and amount of precipitation [e.g., Ramanathan et al.,
2001]. The first aerosol indirect effect (effect on cloud
droplet sizes for a constant liquid water path) [Twomey,
1977] and the second aerosol indirect effect (effect on pre-
cipitation processes) [Albrecht, 1989] are attracting great
attention owing to their complexity and uncertainty.

[3] The impact of aerosols on surface precipitation re-
presents one of the most important issues of anthropogenic
climate change, which remains highly uncertain. Based on
both satellite and in situ aircraft observations, Rosenfeld
[1999] found that air pollution from industrial and urban
areas can reduce cloud droplet size, inhibit droplet coales-
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cence, and suppress precipitation from tropical clouds. On
the other hand, some studies have shown that precipitation
enhancement was observed around heavily polluted coastal
urban areas [e.g., Shepherd and Burian, 2003]. Both the
suppression and enhancement of precipitation by air pollu-
tion—induced aerosols have been documented in many pre-
vious numerical studies [e.g., Khain and Pokrovsky, 2004;
Wang, 2005]. Recently, Li et al. [2008] pointed out that
the aerosol concentration exhibits distinct effects on the pre-
cipitation efficiency under different aerosol conditions: with
increasing aerosol particles (ammonium sulfate), precipita-
tion is enhanced at lower cloud condensation nuclei con-
centrations, while precipitation is decreased at higher cloud
condensation nuclei concentrations. Some studies indicate
that the thermodynamic factors have an important influence
on the aerosol-cloud-precipitation systems. Relative humid-
ity has been identified as one of the important thermody-
namic factors to affect the relationship between aerosols
and precipitation [e.g., Khain et al., 2005; Fan et al., 2007;
Tao et al., 2007; Lynn et al., 2007]. More recently, Fan
et al. [2009] claimed that the vertical wind shear determines
whether aerosols suppress or enhance convective strength
and precipitation.

[4] Spectral dispersion represents the relative dispersion
of cloud droplet size distribution which is a measure of size
distribution of cloud droplets. Spectral dispersion can be
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affected by anthropogenic aerosols [Liu and Daum, 2002],
is closely related to cloud radiative properties and the pre-
cipitation process. The variation of spectral dispersion is
very complex, depending on the aerosol chemical compo-
sition, aerosol size distribution, dynamical effect (the verti-
cal velocity and entrainment mixing) and other environment
parameters that determine the process of formation of droplet
size distribution [Khain et al., 2000; Yum and Hudson, 2005;
Liu et al., 2006a; Lu and Seinfeld, 2006, Peng et al., 2007].
Considering spectral dispersion-cloud droplet number con-
centration relationship, analytical and modeling studies show
that spectral dispersion exerts a warming effect to reduce
the first aerosol indirect effect, which may reconcile with
observed temperature records [Anderson et al., 2003]. Liu
and Daum [2002] analytically estimated that the indirect
effect caused by including the dispersion effect is reduced,
depending on the magnitude of the dispersion. On the basis
of global circulation model (GCM) results, the magnitude of
this reduction is estimated as 15% by Peng and Lohmann
[2003], and between 12 and 35% by Rotstayn and Liu
[2003]. Recently, several theoretical studies have indicated
that spectral dispersion can markedly affect the auto-
conversion process, which determines the onset of precipi-
tation associated with warm clouds [Liu and Daum, 2004;
Liu et al., 2006b, 2007; Xie and Liu, 2009]. This series of
autoconversion parameterization schemes including spectral
dispersion is analytically derived without employing the
unrealistic assumption of constant collection efficiency, and
can also investigate the effects of spectral dispersion on the
second aerosol indirect effect [Rotstayn and Liu, 2005]. At
present, however, most models with bulk microphysics
schemes do not consider the effects of spectral dispersion on
aerosol-cloud-precipitation interactions. In this paper, we
coupled the autoconversion parameterization including spec-
tral dispersion to the Morrison two-moment bulk micro-
physics scheme in the Weather Research and Forecast model
(WRF), and performed a series of sensitivity experiments
to explore the effects of spectral dispersion on clouds and
precipitation in mesoscale convective systems.

[5] The outline of the paper is as follows. In section 2, we
review the concepts of spectral dispersion and the auto-
conversion parameterization. Section 3 briefly describes the
WRF model and the Morrison two-moment bulk micro-
physics scheme. Section 4 contains results and discussions
of the numerical experiments. Finally, the summary and
conclusion are given in section 5.

2. Spectral Dispersion and Autoconversion
Parameterization

[6] Spectral dispersion ¢ represents the relative dispersion
of cloud droplet size distribution, defined as the ratio of
standard deviation o and mean radius 7.. A large value of
spectral dispersion indicates a mixture of large and small
cloud droplets, while a small value indicates a relative uni-
form distribution of the droplet size. It can be described as

c=Z- Mwl "
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where 7 is the radius of a cloud droplet, N, is the total
droplet number concentration, and N.(») is the cloud droplet
size distribution described by the gamma distribution func-
tion. The variation in spectral dispersion has a large range
from 0.1 to 1.0 [e.g., Liu and Daum, 2002; Zhao et al.,
2006].

[7] In order to study the effects of spectral dispersion, we
first need to review the analytical parameterization for the
autoconversion process [Liu et al., 2006b]. By applying the
generalized mean value theorem for integrals to the general
collection equation, the parameterization used in our study is
derived as

P=PyT,
Py=1.1x10" (1 +352)(1 +452)(1 +552) N-13

. (1+&2)(1 +2¢2) ¢ e
T=1- exp(—xc_“)7 )

where P is the autoconversion rate (in g cm > s '), P, is the
rate function describing the conversion rate after the onset of
the autoconversion process, and 7 is the threshold function
which describes the transition behavior of the autoconver-
sion process. N, and L. stand for the total cloud droplet
number concentration (cm °) and the total cloud water
content (g cm "), respectively. The ratio of the critical to
mean masses x, is defined as x, = 9.7 x 1017 N>2 2. ©w=0
is introduced as an empirical constant, which is often chosen
by =2 [Sundqvist et al., 1989] and 1 = 4 [Del Genio et al.,
1996].

[8] In the parameterization scheme, we choose the
empirical constant y = 2, then the autoconversion parame-
terization becomes

P:1Jx1wﬂ“+3¥XI+%%u+séq

(1+e2)(1 +2e2)
-2
-)%fng{],—-exp{——<9.7 X 10—17A€/2L;2) } 3)

Hence the two-moment parameterization of the auto-
conversion process is given as

dL, dL.
= Te_p
dt dt @)
an, _ _dN._ 3,
dt — dt  4mpuryd

in which the indices ¢ and r stand for cloud droplets and
raindrops, respectively, p,, is the water density and 7 is a
constant that is approximately equal to 3.1413. All new
drizzle/raindrops have the same radius ry, which has the
value of 25 um from Khairoutdinov and Kogan [2000].

3. Model and Case Descriptions

[9] The Weather Research and Forecast (WRF) model is
an up-to-date, fully compressible, Euler nonhydrostatic meso-
scale numerical weather prediction system, which is suitable
for a broad spectrum of applications across scales ranging
from meters to thousands of kilometers [Skamarock et al.,
2005]. The version used in this study is the WRF Model
Version 2.2. The two-moment bulk microphysics scheme
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Figure 1. Atmospheric sounding in Beijing (39.80°N, 116.47°E) at 1400 Beijing Time on 31 March 2005.
The solid line corresponds to the temperature, and the dotted line represents the dew point temperature.

used is the Morrison microphysics scheme described by
Morrison et al. [2005] and Morrison and Grabowski [2007]
(the latest version V2.0). This bulk microphysics scheme
makes predictions for the mass mixing ratio and the number
concentration of five hydrometeor species: cloud droplets,
raindrops, ice crystals, snow, and graupel. In order to study
the effects of spectral dispersion on clouds and precipita-
tion, we adopt the analytical autoconversion parameteriza-
tion as described in section 2 instead of the parameterization
originally implemented into the WRF model [Khairoutdinov
and Kogan, 2000].

[10] We used the Morrison two-moment bulk parameter-
ization scheme coupled with the WRF model to simulate an
idealized supercell storm. This model had an 80 km x 80 km
domain with 1 km horizontal resolution and 41 vertical
sigma levels with the model top at 20 km. The initial con-
ditions from a mesoscale convective system that occurred at
1400 Beijing Time on 31 March 2005 at Beijing (39.80°N,
116.47°E) was used to set the boundary conditions for the
idealized supercell (Figure 1). Periodic boundary conditions
were applied. The vertical temperature and dew point pro-
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Figure 2. Vertical profiles of relative humidity in the dif-
ferent relative humidity levels; the blue plus labels RH0%,
and the red cross represents RH60%.
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Figure 3. Warm cloud microphysical properties for different values of spectral dispersion in the clean,
semipolluted, and polluted backgrounds, including (a) cloud droplet number concentration, (b) cloud
water content, (¢) mean radius of cloud droplet, (d) raindrop number concentration, (e) rainwater content,
and (f) mean radius of raindrop. Note that the coordinate axis of acrosol backgrounds is in reverse order in
Figure 3c.
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Table 1. Rates of Rain/Drizzle Microphysical Processes in the Clean Background

g, Autoconversion, N,. Autoconversion,

¢, Accretion,

g, Evaporation, N, Self-Collection,

€ le-10 kg/kg/s 1/kg/s le-10 kg/kg/s le-10 kg/kg/s 1/kg/s
0.1 0.86 1.32 30.6 16.4 0.73
0.2 1.01 1.55 31.0 16.5 0.88
0.3 1.23 1.89 315 16.6 1.15
0.4 1.53 2.35 31.8 16.6 1.51
0.5 1.85 2.84 32.1 16.7 1.99
0.6 2.19 3.36 325 16.8 2.52
0.7 2.56 3.92 32.8 17.0 3.09
0.8 2.93 4.49 327 17.1 3.59
0.9 3.33 5.10 324 17.0 4.08
1.0 3.74 5.73 32.1 17.1 4.56

files indicated instability in the atmosphere, with an esti-
mated convective available potential energy of 1133 J kg™’
integrated from the surface, and the corresponding convec-
tion inhibition was at approximately zero. The triggering of
convection was made using the warm bubble method by a
temperature pulse of 3°C, decreased exponentially both
horizontally and vertical with the distances from the trig-
gering location, and was similar in all the simulations. The
model was integrated for 3 h with a time step of 6 s.

[11] In the present work, the simulations were carried out
for the clean, semipolluted, and polluted backgrounds. The
initial dependence of cloud nuclei of supersaturation was
given by a well-known expression: N, = CoS*, where S
is the supersaturation in %, (the clean background: C, =
100 cm ™2 and & = 0.308; the semipolluted background: C, =
500 cm > and k = 0.462; the polluted background: C, =
1500 cm > and k = 0.462). These aerosol background con-
ditions are exactly in keeping with Khain and Lynn [2009].
We also added two other aerosol backgrounds, C, =
300 cm > and k = 0.462; as well as Co = 1000 cm ° and k =
0.462. In these aerosol backgrounds, 10 numerical experi-
ments with different values of spectral dispersion (¢ = 0.1,
0.2,0.3,0.4,0.5,0.6,0.7, 0.8, 0.9, and 1.0) were conducted
to investigate the effects of spectral dispersion on clouds
and precipitation. Additionally, sensitivity tests were made
that included the original case (RH0%) and the case with
increasing the relative humidity from the surface to 2 km
to 60%, and from 2 to 5 km to 30% (RH60%) in the clean
background; Figure 2 depicts the corresponding vertical
profiles of relative humidity for these two cases. These were
referred to as Clean-RH0% and Clean-RH60%.

4. Results and Discussion of the Numerical
Simulations

4.1.

[12] We first examine the simulated warm cloud micro-
physical properties, including number concentration, water
content, and mean radius of cloud droplets and raindrops,
for the different values of spectral dispersion in the clean,
semipolluted, and polluted backgrounds (Figure 3). It is
noted that, in order to make the three-dimensional images
add detail, the results of the two additional aerosol back-
grounds (Cy =300 em > and k= 0.462, and Cy = 1000 cm >
and k = 0.462) are added in Figure 3. At a given spectral
dispersion, the cloud droplet concentration and the cloud
water content are enhanced with increasing concentrations

Microphysical Properties

of aerosol particles, while the mean radius of cloud droplets
decreases markedly (Figures 3a, 3b, and 3c). As for the
raindrops, the number concentration and the water content
both decrease with an increase in aerosol particle con-
centrations (Figures 3d and 3e). It is known that more acti-
vation of aerosols forms more cloud droplets with smaller
radius hindering the conversion of cloud droplets to rain-
drops, which has also been confirmed in many numerical
studies [e.g., Wang, 2005]. In contrast to the case of cloud
droplets, a comparison of the mean radius of raindrops in
the different backgrounds indicates that the mean radius of
raindrops increases with increasing concentrations of aero-
sol particles (Figure 3f). It is most likely caused by a more
efficient raindrop accretion process owing to the existence
of more cloud water in a polluted background, eventually
resulting in larger mean radius of raindrops. Aerosols can
increase the radius of raindrops, which was consistent with
several previous works [Cheng et al., 2007; Li et al., 2008,
2009; Khain et al., 2008]. This result can contribute to the
understanding of the precipitation variations induced by
spectral dispersion in the different aerosol backgrounds as
discussed in section 4.2.

[13] For the effects of spectral dispersion on cloud micro-
physical properties, it is shown that the cloud water content
decreases with increasing values of spectral dispersion
(Figure 3b). This is because a larger value of spectral dis-
persion indicates a higher degree of mixture of large and
small cloud droplets, which makes the autoconversion and
accretion processes more efficient, hence much more cloud
droplets are converted to rainwater. As shown in Table 1,
the autoconversion rate (g, autoconversion) and accretion
rate (g, accretion) increase with an increase in spectral dis-
persion. One can see that as the cloud droplet concentration
increases, the mean radius of droplets decreases slightly
(Figures 3a and 3c), possibly because less cloud water
content results in lower efficiency of self-collection of cloud
droplets. Figures 3d and 3e indicate that the raindrop con-
centration and the rainwater content are both enhanced
with an increase in spectral dispersion. Moreover, Figure 3f
shows that the mean radius of raindrops decreases with
increasing values of spectral dispersion. This suggests that
the increase of the accretion rate is less efficient than the
autoconversion rate with an increase in spectral dispersion
owing to the existence of less cloud water, which leads to
the decrease of the raindrop sizes. The above mechanism
can be seen from Table 1. The autoconversion rate grows by
335% (from 0.86 to 3.74) with the increasing spectral dis-
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Figure 4. Mass content of the hydrometeor species of ice
phase including (a) ice, (b) snow, and (c) graupel for dif-
ferent values of spectral dispersion in the three aerosol
backgrounds.

persion from 0.1 to 1.0, while the accretion rate only grows
by 5% (from 30.6 to 32.1).

[14] Figure 4 displays the hydrometeor species of the ice
phase including ice, snow, and graupel for the different values
of spectral dispersion in each aerosol regime. Figure 4a
shows that the ice crystal mass does not change systemati-
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cally with spectral dispersion, which may be related to the
anomalous variation in the maximum vertical velocity
(see the following paragraph for details). From Figures 4b
and 4c, one can see that the snow mass decreases and the
graupel mass increases with an increase in spectral disper-
sion. A large amount of raindrops at higher values of
spectral dispersion are transported and frozen in the cold
regime to form graupel. It is suggested that more raindrops
are formed (Figure 3d) from higher autoconversion effi-
ciencies induced by increasing spectral dispersion. Snow
mass decreases with an increase in spectral dispersion,
because of less extensive riming at lower cloud water con-
tent with a larger spectral dispersion (Figure 3b). The model
also predicts an increase in snow and a decrease in graupel
with increasing aerosols. In the polluted air, more snow can
be presumably formed by riming of much cloud water
content, while a decrease in graupel suggests fewer rain-
drops are frozen in the cold regime.

[15] Figure 5 depicts the maximum vertical velocity for
the different values of spectral dispersion in these three
aerosol backgrounds. It indicates that the maximum vertical
velocity is insensitive to the changes in spectral dispersion.
The maximum vertical velocity is 6.5 + 0.2 m/s for those
10 values of spectral dispersion in the clean background,
and it is 6.4 = 0.1 m/s in both the semipolluted and polluted
backgrounds. This is because the maximum vertical velocity
is directly connected with the largest local latent heat
release, while the spectral dispersion mainly affects the colli-
sion and coalescence of cloud droplets. Such anomalous var-
iations in the maximum vertical velocity may make the ice
production process more complex. Hence, the ice crystal
mass does not change systematically with spectral dispersion.

4.2. Surface Precipitation

[16] In this section we demonstrate the differences in the
effects of spectral dispersion on the average accumulated
precipitation in these three aerosol backgrounds. Figure 6
displays the dependencies of the model-estimated domain
average accumulated precipitation on the different values of

6.8+
- e Clean
€ = Semi-polluted
> 67+ Polluted
S * .
k) °
> 6.6
E [ ]
2
5
QL 651 N
5 .
[ ]
E 6.4 8 .
% LI R u =
= .
6.3 v T T T T T g T T T
0.0 0.2 04 0.6 0.8 1.0

Spectral Dispersion

Figure 5. Maximum vertical velocity for different values
of spectral dispersion in the clean, semipolluted, and pol-
luted backgrounds.
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Figure 6. Dependencies of the model-estimated domain
average accumulated precipitation (millimeters) on different
values of spectral dispersion in the (a) clean, (b) semipol-
luted, and (c) polluted backgrounds.

spectral dispersion in the clean, semipolluted, polluted back-
grounds. In the clean background (Figure 6a), the average
accumulated precipitation is reduced significantly with an
increase in spectral dispersion. In comparison, the change of
precipitation induced by spectral dispersion is nonmonotonic
in the semipolluted background (Figure 6b). It increases with
increasing values of spectral dispersion at the lower values,
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but it decreases at the higher values. Figure 6c indicates
that the average accumulated precipitation is continuously
enhanced with spectral dispersion in the polluted back-
ground. An increase in spectral dispersion may either enhance
precipitation by increasing rainwater content or suppress
precipitation by decreasing the radius of raindrops, because
the increasing rainwater content (the decreasing radius of
raindrops) can increase (decrease) the total amount of pre-
cipitation. Consequently, the net change in precipitation will
depend on these two competing factors. We believe that the
decreasing radius of raindrops plays a more important role
than the increasing rainwater content in the clean back-
ground, since the mean radius of raindrops has smaller
values than those in the other backgrounds (Figure 3f). In
the polluted background, the mean radius of raindrops is
significantly larger relative to the clean background and,
hence, the increasing rainwater content is a more important
factor in controlling precipitation compared to the decreas-
ing radius of raindrops with an increase in spectral disper-
sion. Therefore, the net effect of an increase in spectral
dispersion will bring more precipitation. In the semipolluted
background, at the lower values of spectral dispersion, the
increasing rainwater content mainly determines the variation
in precipitation, while the decreasing radius of raindrops
reduces precipitation at the higher values.

4.3. Effects of Relative Humidity

[17] Relative humidity can impacts the convective storm
intensity and also change the aerosol effects on precipitation
[e.g., Khain et al., 2005; Fan et al., 2007; Tao et al., 2007,
Lynn et al., 2007], which is a very important factor in
aerosol-cloud-precipitation systems. We will address how
relative humidity impacts the effects of spectral dispersion
on surface precipitation as follows.

[18] Figure 7 displays the dependencies of the precipita-
tion standardized variables (see details in the Appendix A)
on the spectral dispersion for the different relative humidity
levels. It is found that the average accumulated precipitation
increases markedly with an increase in relative humidity
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Figure 7. Dependencies of the precipitation standardized
variables on spectral dispersion for the different relative
humidity levels.
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Table 2. The Average Accumulated Precipitation (PRE,
Millimeters) and the Corresponding Precipitation Standardized
Variable (PRESV) in Clean-RH0% and Clean-RH60%

PRE in
€ Clean-RH0%

PRESV in
Clean-RH0%

PRE in
Clean-RH60%

PRESV in
Clean-RH60%

0.1 0.082 1.542 2.149 —1.582
0.2 0.081 1.331 2.179 —1.415
0.3 0.079 0.908 2.303 -0.727
0.4 0.077 0.486 2.312 —0.677
0.5 0.075 0.063 2.446 0.067
0.6 0.074 —0.148 2.507 0.405
0.7 0.072 —-0.570 2.544 0.610
0.8 0.070 —0.993 2.608 0.966
0.9 0.069 —1.204 2.580 0.810
1.0 0.068 —1.415 2.712 1.543

(Table 2). Figure 7 shows that precipitation is reduced sig-
nificantly with the increasing spectral dispersion in Clean-
RH0%, while precipitation increases with spectral dispersion
in Clean-RH60%. It is suggested that higher relative humidity
leads to the larger size of raindrops, which further makes the
increasing rainwater content with spectral dispersion play a
more important role to enhance the surface precipitation.
However, these results and the related mechanisms about
relative humidity are preliminary and need be improved in
future studies by including varieties of aerosol backgrounds,
relative humidity levels, and initial conditions in the WRF
model.

5. Summary and Conclusion

[19] By presenting the results of sensitivity analysis on the
effects of spectral dispersion on clouds and precipitation
in the clean, semipolluted, and polluted backgrounds, we
illustrated that the variation in spectral dispersion markedly
affects not only the cloud microphysical properties but
also surface precipitation. Both the raindrop concentration
and the rainwater content increase with increasing values
of spectral dispersion. More interestingly, the mean radius
of raindrops diminishes substantially, suggesting that the
increase of the accretion rate is less efficient than the auto-
conversion rate with an increase in spectral dispersion
owing to the existence of less cloud water. Moreover, the
effects of spectral dispersion on precipitation differ in these
three aerosol backgrounds and relative humidity, which may
be related to the variation in mean radius of raindrops. The
average accumulated precipitation is reduced significantly
with an increase in spectral dispersion in the clean back-
ground. The change of precipitation induced by the variation
in spectral dispersion is nonmonotonic in the semipolluted
background, increasing with increasing spectral dispersion
at the lower values, while decreasing at the higher values.
In the polluted background, the average accumulated pre-
cipitation continuously increases with increasing values of
spectral dispersion. Furthermore, sensitivity tests demon-
strated that the possible impacts of spectral dispersion on
precipitation varies depending on the relative humidity.
For instance, at high relative humidity, an increase in spec-
tral dispersion even in a clean atmosphere leads to more
precipitation.

[20] We also performed sensitivity tests for different
threshold functions including 1« = 2 and p = 4 in equation (2),
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and the threshold function 7 = 1(x? + 2x. + 2)(1 + x.)e >
given by Liu et al. [2005], with the results showing that
the domain average accumulated precipitation is not sensi-
tive to these different threshold functions (figures omitted).
However, these threshold functions are not related to spec-
tral dispersion, that is, spectral dispersion is fixed in these
threshold functions, and thus the effect of spectral disper-
sion on the threshold function has not been applied in this
study. It should be pointed out that the threshold function
with spectral dispersion can effectively change the instan-
taneous cloud fraction, cloud fraction, and aerosol indirect
effect [Guo et al., 2008].

[21] Owing to the importance of spectral dispersion
on clouds and precipitation, in-depth explorations of the
relationships between spectral dispersion and cloud micro-
physical properties will help further the knowledge on
aerosol-cloud-precipitation interactions, especially the aero-
sol indirect effect on precipitation processes.

Appendix A: Precipitation Standardized Variable

[22] In order to compare the average accumulated pre-
cipitation of the different relative humidity levels at the
same scale (because the average accumulated precipitation
at high humidity is much lager than at low humidity, pre-
cipitation in Clean-RH0% is 0.075 + 0.007 mm, while the
value in Clean-RH60% is 2.431 + 0.282 mm (Table 2)), the
precipitation standardized variable is defined as

NSt e

where i =1 - - - N, and N = 10, which labels 10 values of
spectral dispersion, x; is the variable of the average accu-
mulated precipitation, X is the average value for the variables
of precipitation. The average accumulated precipitation and
the corresponding precipitation standardized variable from
equation (Al) in Clean-RH0% and Clean-RH60% are
summarized in Table 2.

Xz =

(A1)
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