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Abstract Typhoon Saomai (2006) was simulated using the Weather Research and Forecasting (WRF)
model with explicit spectral bin microphysics to investigate the effects of aerosol from mainland China on
the intensity, structure, and precipitation of the landfalling storm. MAR (maritime), MIX (semicontinental), and
CON (continental) experiments were conducted with different initial aerosol concentrations. Varying aerosol
concentrations had little influence on the storm track but resulted in pronounced deviations in intensity
and structures. The experiment with a high initial aerosol concentration showed invigorated convection at the
periphery of the tropical cyclone (TC), which interfered with the reformation of the eyewall, leading to TC
weakening. The minimum pressures in the CON and MIX experiments were increased by more than 30 hPa
and 14.6 hPa, and their maximum wind speeds were 20 m s�1 and 13 m s�1 weaker than that in the MAR
experiment, respectively. The rain rates in the MIX and CON experiments were 16.6% and 56.2% greater than
that in the MAR run, with the differences mainly occurring in the outer rainbands. These results indicate that
the aerosol concentration substantially affects the spatial distributions of cloud hydrometeors and rainfall.
The increase of rainfall was triggered by an increase in the melting of graupel and cloud droplets collected by
raindrops. Similarly, the graupel melting process also enhanced in the outer rainbands with increasing
aerosol. Furthermore, a positive microphysics feedback associated with the rainwater in the outer rainbands
played an important role in increasing the rain rate in more aerosol scenarios.

1. Introduction

Typhoons are one of the major natural disasters that occur in the coastal and some inland regions of China
(Yu, 2015). Well-known factors affecting typhoon intensity include heat andmoisture fluxes, which in turn are
determined by the sea surface temperature (SST) and wind shear (e.g., Anthes, 1982; Emanuel, 2005; Khain,
1984). Landfalling typhoons are notorious for causing huge economic losses as well as death and injuries.
For example, Typhoon Saomai (2006) affected 6,655,000 people in the Zhejiang, Fujian, and Jiangxi provinces,
and approximately 483 people were killed by the storm. The economic losses in these provinces reached
196.5 billion yuan (U.S. $24.65 billion) (Zhang et al., 2009). In recent years, many improvements have been
made in tropical cyclone (TC) forecasting, owing to advancements in observational technologies and
numerical modeling. However, the operational intensity forecasts are considerably less accurate than the
track forecasts (DeMaria et al., 2005). The prediction of typhoon intensities and structures remains a
challenge. Uncertainty in the parameterization of cloud microphysics creates a large bias in numerical
forecasts, especially for the forecasts of the intensity, gale force winds, and rainfall of a typhoon. It is believed
that improving the microphysics parameterization in the forecast models is necessary for the advancement
(Duan et al., 2012; Fritsch & Carbone, 2004). A comparison of the microphysical processes and predicted
hydrometeor distributions between the model simulations and observations is essential (Stoelinga
et al., 2003).

Over recent decades, aerosol particles have been found to serve as cloud condensation nuclei (CCN) or ice
nuclei (IN), which can substantially affect the microphysics, rate of latent heat release, dynamics, and precipi-
tation amount of a cloud. These influences depend on the concentrations of CCN, as well as the environmen-
tal conditions (Khain, 2009; Tao et al., 2012). On the one hand, some observations suggest that elevated
aerosol can affect TC development via their influences on the microphysics of TC clouds (Jenkins & Pratt,
2008; Jenkins et al., 2008; Lau & Kim, 2007). Evan et al. (2011) used a combination of observational, reanalysis,
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and model data to demonstrate that the anomalous circulation in Arabian Sea was forced by anthropogenic
aerosol. This work discovered that aerosol in the Arabian Sea decreased the basin-wide vertical wind
shear, creating more favorable conditions for TC intensification. On the other hand, simulations show that
high concentrations of CCN can substantially affect the TC intensity and structure (Cotton et al., 2007;

Figure 1. Monthly mean aerosol optical depth (AOD) at 550 nm in August 2006, given by the SPRINTARS (Spectral Radiation-Transport Model for Aerosol Species)
model (http://sprintars.riam.kyushu-u.ac.jp/archive.html). The 6-hourly best track of Typhoon Saomai from the Joint Typhoon Warning Center (JTWC) is also shown.

Figure 2. The initial position of the nested domains used for the WRF-SBM simulations: domain 1 (D1), with 12 km grid spacing; domain 2 (D2), with 4 km grid
spacing; and domain 3 (D3), with 1.33 km grid spacing. D2 and D3 are automatic vortex-following moving nest grids. No represents the measured constant
determining the number of condensation of aerosol particles. The 600 km and 1380 km are the distances from the coastline to the boundaries of the aerosol particles
in the MIX simulation.
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Hazra et al., 2013; Khain et al., 2010; Rosenfeld et al., 2011). The impact of CCNs on the TC intensity depends
on the time when CCNs are transported to the outer rainbands, the intensity, and the lifecycle stages of the
convection over the outer rainbands (Krall & Cottom, 2012). Khain, BenMoshe, and Pokrovsky (2008) and
Khain et al. (2010) simulated the landfalling Hurricane Katrina (2005) using the explicit spectral bin micro-
physics (SBM) scheme in the Weather Research and Forecasting (WRF) model. They found that the higher
concentrations in the semicontinental case (maritime-continental (MAR-CON)) led to a weaker storm. The
minimum pressure changed by ~15 hPa, and the lightning activity was increased. They proposed that seed-
ing TCs with pollution-sized aerosol particles could produce more small cloud droplets, reducing collision
and coalescence, and possibly inhibiting further intensification of the TCs. Rosenfeld et al. (2012) showed
that CCNs could weaken warm rain processes but would strengthen cold rain processes. They indicated that
CCNs could decrease the intensities of TCs by enhancing convection in their outer rainbands and weakening
the convection in the eyewall. Additionally, the increased CCNs could change the size distribution of the
cloud droplets, which determined the precipitation-formation processes (Rosenfeld et al., 2008). Krall and
Cottom (2012) used the Regional Atmospheric Modeling System with an advanced two-moment bin-
emulating microphysics scheme to show that precipitation was reduced due to the suppressed collisions
and coalescences that occurred soon after the ingestion of enhanced CCN, but more precipitations were
produced afterward. Hazra et al. (2013) investigated two TCs over the Bay of Bengal using a two-moment
mixed-phase bulk cloud microphysics scheme and found that regardless of whether the TC was intense

(a)

(b) (c)

09 August

10 August

Figure 3. (a) The simulated tracks of Saomai in the three experiments and the best track (black line) from the JTWC from 1200 UTC on 7 August to 0000 UTC on 11
August. (b) The track errors of the three simulations in comparison with the best track. (c) The solid arrows are velocity vectors averaged over time- (6 h) and
tropospheric-averaged steering flows of Typhoon Saomai at 0600 to 1200 UTC on 9 August and 0600 to 1200 UTC on 10 August, and the dashed arrows are the
difference vectors: MAR (blue), MIX (green), and CON (red).
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(the first case) or weak (the second case), an increased CCN concentration
led to a weakened storm and a different precipitation efficiency. In addi-
tion, different approaches of microphysical modeling showed various
results (Khain et al., 2016; Ming et al., 2012). The microphysical structures
of the clouds in simulated TCs were sensitive to the microphysical
schemes used in the model.

In general, there are twomain approaches to describe the cloudmicrophy-
sical properties and processes in themodel: bulk microphysical parameter-
ization schemes (e.g., Fierro et al., 2007; Kessler, 1969; Thompson et al.,
2006; Zhang et al., 2007; Zhang et al., 2009) and explicit bin schemes
(e.g., Fan et al., 2009; Fan et al., 2012; Fan et al., 2013; Igel & van den
Heever, 2014; Iguchi et al., 2014; Khain et al., 2010, 2015; Lynn et al.,
2016; Tao et al., 2007; Yin et al., 2000). In bulk schemes, the exponential
Marshall-Palmer or gamma distribution is used to describe the shape of
the size distribution functions. Due to the simplified size distributions in
this case, the computation of bulk schemes is efficient and therefore more
popular. However, bulk schemes are much less sensitive to aerosol than
SBM scheme (Khain et al., 2015; Khain et al., 2016). The microphysical
details in the bulk scheme are not as precise as that in the SBM scheme.
Fan et al. (2012) used theWRFmodel with different microphysical schemes
to study the indirect aerosol effects in the warm and cold seasons in
Southeast China. They found that compared with SBM, the bulk schemes
generated much higher cloud droplet numbers and the opposite CCN
effects on convection and heavy rain. Moreover, Lynn et al. (2016) applied
the WRF-SBM scheme to simulate Hurricane Irene (2011), and they
successfully analyzed the reason why the time of minimum pressure
occurred approximately 40 h later than the time of maximum speed.
Based on their work, Khain et al. (2016) applied several bulk parameteriza-
tion schemes versus the SBM scheme to examine the sensitivity of hurri-
cane simulations to aerosol and the choice of microphysical schemes.
They found that the bulk schemes could not predict the time differences
between the maximum wind and minimum pressures.

Asia is a primary source of emissions of diverse species of aerosol from
both anthropogenic and natural origins (Li et al., 2016). Wang et al.
(2014) demonstrated that the increasing aerosol from Southeast China

probably inhibited the development of TCs. The bulk parameterization schemes have been used to examine
the effects of aerosol on the Western Pacific TCs (e.g., Jiang et al., 2016; Li et al., 2008; Zhang et al., 2007).
However, few studies have examined the microphysical effects of the aerosol by quantitatively considering
the microphysical processes using the SBM scheme. Indirect aerosol forcings on precipitation could be eval-
uated by means of WRF coupled with the SBM scheme (Khain et al., 2004). This study aims to investigate and
quantify the influence of aerosol distributions and concentrations on the storm track, intensity, structures,
and precipitation of Typhoon Saomai (2006). Section 2 includes themodel setup. Section 3 presents the simu-
lation results and discussion and shows the microphysical mechanisms for the changes in TC intensity and
structure. The summary and conclusions are given in section 4.

2. Model and Experimental Design

Figure 1 shows the observed 6-hourly track of Typhoon Saomai from the Joint Typhoon Warning Center
(JTWC) and the monthly mean aerosol optical depth (AOD) at 550 nm, with the average in August 2006 from
the Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS) (Takemura et al., 2000; Takemura
et al., 2002; Takemura et al., 2005). The AODwas markedly high over mainland China and gradually decreased
toward the sea. After the TC genesis, Saomai moved northwestward and made landfall in the Zhejiang

(b)

(a)

Figure 4. Time series of the intensity of Typhoon Saomai from three simula-
tion experiments and the JTWC: (a) minimum central pressure (b) maximum
surface velocity on the finest grid for the MAR (blue line), MIX (green line),
and CON (red line) simulations.
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Province. The AOD pattern shown in Figure 1 provides the basis for designing the initial distribution of the
aerosol in the semicontinental (MIX) simulation (see below).

To investigate the impacts of aerosol on the intensity, structure, and microphysical processes of Typhoon
Saomai (2006), the WRF model (version 3.6.1) (Skamarock et al., 2008) with the SBM scheme was used; this
spectral bin scheme is based on the SBM scheme included in the Hebrew University Cloud Model in Khain
et al. (2004) and was described by Lynn and Khain (2007), Khain et al. (2009), and Khain (2009). The SBM
scheme is based on the size distributions of seven classes of cloud hydrometeors: water drops, three types
of crystals (columnar, plate-like, and dendrites types), aggregates (snow), graupel, and hail. Each spectrum
is defined on a logarithmically equidistant doubling mass grid, which contains 33 mass bins, where the mass
of the drop mass in the (i + 1)th bin is twice as large as that in the ith bin (Khain et al., 2009). The minimum
mass in the hydrometeor mass grid (except CCN) corresponds to that of a 2 μm radius droplet, and the
maximum bin of hydrometeors corresponds to the mass of a 4 mm radius drop. In contrast to the standard
bulk parameterization schemes, the size distributions of the hydrometers and aerosol are not prescribed a
priori but are calculated during the model integration. To increase the efficiency of the calculations, Lynn
et al. (2005a, 2005b) proposed the first fast version of the SBM scheme (FAST-SBM). The FAST-SBM retains
the main advantages of the SBM, in that a kinetic equation system is solved using the nonparameterized
basic equations (Khain et al., 2009). However, in the FAST-SBM, the ice crystals (of different types) and snow
(aggregates) are calculated on one mass grid, where the smallest ice particles, with sizes under 150 μm, are
regarded as small crystals, while larger particles are assumed to be snow (aggregates). Graupel and hail
particles are also combined into one size distribution (graupel) as high-density particles. The maximum
velocity of the falling high-density particles is 8 m s�1 (33 bin), i.e., the intermediate value between graupel
and hail. Accordingly, the number of size bins decreases from eight to four, including water drops (cloud
droplets and raindrops), low-density ice (ice crystals and snow), high-density ice (graupel and hail), and
CCN. The ability of the WRF with FAST-SBM to simulate squall lines, TCs, deep convective clouds, and

(a) (b) (c)

(e)(d) (f)

Figure 5. Fields of the radar reflectivity (dBZ) at 1 km at (top row) 0500 UTC on 8 August and (bottom row) 1000 UTC on 9 August for the (left column) MAR, (middle
column) MIX, and (right column) CON simulations.
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stratiform clouds has been shown in the literature (e.g., Fan et al., 2012; Khain et al., 2009, 2010, 2016; Lynn &
Khain, 2007; Lynn et al., 2016).

Two-way interactive nested grids with horizontal grid sizes of 12, 4, and 1.33 km were used, as shown in
Figure 2. The horizontal grid points for the outer, intermediate, and inner domains were 240 × 180,
181 × 181, and 241 × 241, and the corresponding time steps were 20, 6.67, and 2.23 s, respectively. The inter-
mediate and inner grids were structured as automatic vortex-following moving nests: the minimum geopo-
tential height at 500 hPa was found every 20 min to ensure that the center of the domain was always located
at the TC center. Forty unevenly spaced vertical levels extending from the surface to 10 hPa were used, with a
minimum grid size of approximately 60 m within the boundary layer. The initial and boundary conditions
were taken from the 6-hourly National Centers for Environmental Prediction (NCEP) final analysis (FNL) data
sets, available at 1° × 1° resolutions. The simulations began at 1200 UTC on 7 August, 1800 UTC on 7 August,
and 0000 UTC on 8 August 2006 for the outer, intermediate, and inner domains, respectively. All simulations
ended at 0000 UTC on 11 August 2006.

The physical schemes adopted for this study include the Yonsei University planetary boundary layer scheme,
Dudhia shortwave scheme, and Rapid Radiative Transfer Model longwave radiation schemes. Themodel used
the Kain-Fritsch cumulus parameterization (Kain, 1993) on the outer grid, and the FAST-SBM scheme was
used on all three domains.

The CCN size distribution contains 33 bins, and the maximum radius of CCN is equal to 2 μm. The CCN field
can be advected within the entire computational area, such as other cloud hydrometeors. Supersaturation

(c) (d)

(a) (b)

Figure 6. Fields of the radar reflectivity (dBZ) at 2000 UTC on 9 August at 1 km: (a) observational and (b) MAR, (c) MIX and (d) CON simulations.
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was calculated using an accurate analytical method at each time
step, and the critical CCN size for drop activation was also calculated.
No aerosols were returned to the atmosphere in case of evaporation
(cloud/raindrop). The concentration of CCN, NCCN, can often be
expressed by an empirical relation of the form (Pruppacher &
Klett, 1997)

NCCN ¼ NoSwk;

where Sw is the supersaturation with respect to water (%)and No and k
are the constant parameters describing the CCN concentrations at a
supersaturation level of 1% and the slope of the CCN size distribution,
respectively.

Three sensitivity experiments were carried out to investigate the aero-
sol effects on the simulated Saomai and are referred to as the MAR,
CON, and MIX experiments. The experiments only differed in the
concentrations of CCN to investigate the effects of CCN on the struc-
ture and intensity of TCs. These experiments correspond to clean
maritime, polluted continental, and mixed-continental aerosol condi-
tions, respectively. The MAR simulation had only maritime aerosol
over the entire computational domain, with No = 100 cm�3 and
k = 0.4. The polluted continental aerosols were specified as
No = 4,000 cm�3 and k = 0.9 over the entire domain. In the mixed-
continental case, the ideal horizontal distribution of the CCN concen-
tration was constructed based on the SPRINTARS data. There were
polluted continental aerosol over the mainland, with
No = 4,000 cm�3 and k = 0.9, and maritime aerosol over the sea, with
No = 100 cm�3 and k = 0.4. Between the mainland and the open sea
were two transition areas where No was set to 2,000 and 800 cm�3,
respectively (the shading in Figure 2 represents the CCN concentra-

tions in the MIX simulation). The MIX simulation was aimed at investigating the effects of the nonuniform
horizontal aerosol distribution, caused by aerosol being transported from mainland China to the sea. The
initial vertical CCN concentration distribution was assumed to be constant within the lowest 2 km layer
but to decrease exponentially with height above 2 km, with a characteristic scale of 2 km.

3. Results and Discussions
3.1. Effect of Aerosol on the Intensity and Track of Saomai

Figure 3a compares the simulated tracks from three experiments with different aerosol concentrations and
the best track from the JTWC at 6 h intervals. The simulated tracks were created from the data in domain

(b)

(a)

Figure 7. (a) Average precipitation rate (mm h�1) for the three experiments aver-
aged over an area of 320 km by 320 km for the 73 h in domain D3. (b) Azimuthally
averaged and time-averaged precipitation rates (mm h�1) from 1200 UTC on 9
August to 0000 UTC on 10 August in theMAR (blue line), MIX (green line), and CON
(red line) simulations.

(a) (b) (c)

Figure 8. Horizontal fields of the column-maximum concentrations of aerosol in the domain D3 at 1700 UTC on 9 August (units: cm�3) in the (a) MAR, (b) MIX,
and (c) CON simulations.
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D1. Three simulated tracks agreed well with the observed track for the first 48 h. Each simulated TC moved
northwest, but the simulations were slightly southwestward of the best track. Furthermore, the landfall
locations of three simulated TCs all occurred slightly southward. The track errors from 1200 UTC on 7
August to 0000 UTC on 11 August are shown in Figure 3b. TheMIX andMAR simulations had slightly less track
errors than the CON simulation. Figure 3c depicts the tropospheric-averaged steering flows, averaged from
0600 to 1200 UTC on 9 August and from 0600 to 1200 UTC on 10 August in the D3 domain, as well as the
difference vectors. The tropospheric-averaged steering flow in the deep-layer mean wind vector was defined
as in Yang and Ching (2005):

VSDLM ¼ ∫200 hPa
ps VS pð Þdp
∫200 hPa
ps dp

;

where Vs(p) is the horizontal wind averaged over the fine grid (320 km by 320 km). It is noted that the steering
flows mainly determine the simulated TC tracks. The CON (MAR) run had the most (least) westward steering
flow and thus the most (least) westward simulated track. There occurred Typhoon Bopha (2006) in the south-
ern of Typhoon Saomai. The small differences between three TC tracks were possibly due to the strong
environmental control of the track of Typhoon Bopha (2006).

Figure 4 shows the time evolution of the minimum central pressure (Figure 4a) and 10 m maximum wind
speed (Figure 4b) in domain D3 from three experiments and the observations in the JTWC data set. After
the model spun up for 12 h in the outer two grids, the simulated TC had a lower intensity during the first
36 h in domain D3 compared to that of the actual Saomai. Furthermore, the model was capable of reprodu-
cing the TC intensification. As shown in Figure 4, TC intensified in CON simulation during the first 18 h. After

(a) (b) (c)

(d) (e) (f)

Figure 9. Horizontal fields of the column-maximum mass concentrations (colored) in g m�3 and with the maximum number concentrations (in units of cm�3) of
(top row) rainwater (contour, 0.05) and (bottom row) graupel (contour, 0.01) at 1700 UTC on 9 August on the fine grid in the (left column) MAR, (middle column)
MIX, and (right column) CON simulations.
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1800 UTC on 8 August MAR simulation produced stronger TC than the other two. Similar results have also
been reported in previous simulations (e.g., Krall & Cottom, 2012; Rosenfeld et al., 2012). The explanation
of these results was about the time when CCNs were intruded into the eyewall and rainbands (shown
below in section 3.2). When the TC reached its maximum intensity, the minimum surface pressure
(maximum wind speeds) of the CON and MIX simulations were approximately 30 hPa (20 m s�1) and
14.6 hPa (13 m s�1) weaker than that in the MAR simulation, respectively. Furthermore, the typhoon
intensity was found to be sensitive to the aerosol concentration. The mechanisms of aerosol effects
weakening TCs were discussed in detail by Rosenfeld et al. (2012).

3.2. Effect of Aerosol on the Structure of Saomai

The fields of the radar reflectivity at 1 km at 0500 UTC on 8 August and 1000 UTC on 9 August are shown in
Figure 5. Before 1800 UTC on 8 August, the CON simulation produced a stronger TC than the other two
because the increased aerosol in this experiment invigorated the convections in the eyewall. The dramatic
intensification of convection caused by aerosol can be clearly observed in Figure 5c. For example, at 0500
UTC on 8 August (Figures 5a–5c), the MIX and MAR simulations had similar reflectivities because the aerosol
particles had not been ingested into their circulations at the beginning (both storms developed in relatively
pristine environments). As a result of aerosol effects in CON, a pronounced eye was formed. Later on aerosol
was not only intruded into the eyewall but also into the rainbands. At 1000 UTC on 9 August, the CON and
MIX simulations had stronger reflectivities in their peripheries than the MAR simulation (shown in
Figures 5d–5f). Strong rainbands formed in the MIX and CON experiments, particularly for the CON simula-
tion. The stronger convections in the eyewall and rainbands competed with each other; that is, the vertical
updrafts in these two areas were competitive. The convective updrafts in eyewall were weakened, leading
to weaker typhoon after 1800 UTC on 8 August.

The inner rainbands occurred in the inner-core region, inside a radius of approximately 3 times the radius of
the maximum wind (RWM), as defined by Wang (2009). The outer rainbands were active outside 3 times the
RWM (Li & Wang, 2012). The RMWs in the MAR, MIX, and CON simulations were 12 km, 15 km, and 20 km,
respectively. In this paper, the area within the inner rainbands represents the region from eye area to the

(d) (e) (f)

(a) (b) (c)

Figure 10. The vertical cross section of the azimuthally averaged (top row) mass concentrations of cloud water, (bottom row) mixing ratios of graupel (black line, at
0.01, 0.1, 0.5, and 1), rainwater (orange line, in 0.02 and 0.05), and ice/aggregates (colored) in units of g kg�1, averaged over 0600 UTC on 9 August and 1800 UTC on
10 August in the (left column) MAR, (middle column) MIX, and (right column) CON simulations.
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inner rainbands. At the developing stage (from 1800 UTC on 8 August to 1200 UTC on 9 August) and mature
stage (from 1200 UTC on 9 August to 0000 UTC on 10 August), the invigorated convection in the outer
rainbands competed with those within the inner rainbands, leading to a weaker typhoon in the MIX and
CON experiments than that in the MAR experiment. This weakening can be seen in the increase of the radius
of the eyewall in the CON run. The “convection-competition” effect ultimately led to a weaker TC in the MIX
and CON runs, which agreed with the conceptual model proposed by Khain et al. (2009); specifically, an
increase in the vertical velocity (updraft) at the TC periphery produced a competition for environmental
moisture between the TC eyewall and the periphery, leading to a suppressed TC.

Figure 6 shows the comparison of the simulated and observed radar reflectivities at 1 km at 2000 UTC on
9 August. Overall, the three simulations showed weaker reflectivities than those observed, especially over
the outer rainbands. Moreover, their comparison indicates that the MIX run simulated better radar echoes
in the eyewall and secondary eyewall than the other two runs. Moreover, the evolution of the simulated
storm intensity in the MIX run was the closest to that observed (shown in Figure 4). Note that the eye in
the CON experiment was wider than those in the other two simulations, causing the weakest intensity at
the mature stage. The simulated TC eye area with the FAST-SBM scheme in this study was smaller and
closer to the observed than that simulated using bulk microphysics schemes (Ming et al., 2012).
Therefore, the FAST-SBM scheme is better at simulating the structure of Saomai than the bulk microphy-
sical schemes to an extent. The strong intensity of simulated TC could be attributed to the fact that the
sea surface temperature (SST) cooling below the TC center was not considered by our calculations.

3.3. Precipitation

Figure 7a shows the precipitation rate for the three experiments, which is averaged over the area of 320 km
by 320 km from 0000 UTC on 8 August to 0000 UTC on 11 August. Three simulations showed similar rain rates
over the first several hours. However, the rain rate in CON simulation clearly increased (compared with those
of the other two simulations) in the following hours, especially during the developing andmature stages. The
rain rate in the CON simulation was 16.6% and 56.2% higher than those in the MIX and MAR experiments,
respectively. Figure 7b compares the radial distribution of the azimuthally averaged rain rate, which was aver-
aged from 1200 UTC on 9 August to 0000 UTC on 10 August. The simulations (MIX and CON) with higher CCN
concentrations had wider eyewalls, and lower rain rates in the eyewalls, but in outer rainbands, they had
higher rain rates than that of the MAR simulation.

The cloud microphysics precipitation efficiencies (CMPE) defined by Sui et al. (2007) in domain D3 were
54.15%, 54.55%, and 54.77% for the MAR, MIX, and CON simulations, respectively. The CMPE did not
change significantly with different CCN concentrations, although the CMPE in the CON simulation is
slightly higher than those in the other two simulations. The MIX simulation was found to have a higher
CMPE within the inner rainbands than the other two simulations. This CMPE tendency within the inner
rainbands agreed well with the tendency of rain rate there (not shown). However, in the outer rainbands,
more aerosols led to higher rain rates and lower CMPEs because much more water vapor condensed to
cloud droplets with higher CCN concentrations. The two main sources of rainwater were graupel melting
and the collection of cloud droplets by raindrops. More details of the microphysical comparisons will be
discussed in section 3.5.

3.4. Distribution of Aerosol

To better understand the effects of aerosol on Saomai, we focus on the period from 1200 UTC on 9 August to
0000 UTC on 10 August. During this period, Saomai was affected by continental aerosol while approaching
the mainland (Figure 1). Figure 8 shows the fields of the column-maximum number concentration of aerosol
in the D3 domain at 1700 UTC on 9 August. The aerosol concentrations of the CON experiment were always
higher than those in other two simulations; all three simulations had a new portion of CCN being activated
and producing droplets when the typhoon approached the mainland. The aerosol concentration decreased
when approaching the TC center, as a result of aerosol activation (acting as CCN) through nucleation scaven-
ging of cloud droplets, similar to the results in Khain et al. (2010).

3.5. Effects of Aerosol on the Cloud Microphysics of Saomai

Figures 9a–9c show the fields of the column-maximum mass concentration and number concentration of
rainwater in domain D3 in the three simulations at 1700 UTC on 9 August. Note that there were more
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raindrops within the inner rainbands of the MAR and MIX simulations. The larger amount of CCN in the CON
simulation led to a corresponding decrease in cloud droplet size, which decreased the autoconversion rate of
the cloud droplets to raindrops. Thus, the number concentration of raindrops decreased in the experiment
with higher CCN concentrations. The CON simulation had broader rainbands and a larger eye than the other
two experiments. The CON simulation had a higher rainwater mixing ratio in its outer rainbands, but the num-
ber concentration of raindrops was lower; thus, the raindrops were larger (not shown). More cloud water
could be collected by the raindrops, leading to larger raindrops. The aerosol-induced changes in the warm
rain microphysics resulted in corresponding changes in the ice microphysics (Khain et al., 2009).
Figures 9d–9f show the column-maximum mass and number concentration of graupel at 1700 UTC on 9
August. With higher CCNs, there was a higher graupel content in the outer rainbands and a lower one within
the inner rainbands. The larger graupel particles in the CON simulation resulted in more graupel melting, which
could explain the similar horizontal distribution of rainwater and graupel. The MIX and CON simulations had
more ice-phase contents in their outer rainbands, indicating more efficient mixed-phase processes to produce
rainwater (Figures 9a–9c).

To better understand the vertical distribution of the various hydrometeors, Figure 10 presents a vertical cross
section of the azimuthally averaged contents of each hydrometeor in domain D3, averaged from 1200 UTC
on 9 August to 0000 UTC on 10 August. The maximum heights of cloud water in three simulations (shown
in Figures 10a–10c) are distinctly different. In the MAR and MIX simulations, the cloud water could reach
heights of 5 km. However, cloud droplets could rise above 10 km in the CON simulation, especially within
the inner rainbands, producingmore supercooled cloud droplets. The CON simulation clearly hadmore liquid
water content and was wider in the radial direction. An increased number of smaller-sized cloud droplets
were easily transported upward by strong updrafts. In the FAST-SBM scheme, the ice crystals and snow
(aggregates) are calculated in one mass grid. The MIX simulation had a higher content of aggregates than
the other two experiments. The consistent increase of the aggregate content continued until the CCN
reached higher values, after which a “tipping-point” was verified that prevents further increases in CCN
concentrations leading to a greater production of aggregates (shaded in Figures 10d–10f). More droplets
in the MIX and CON simulations grew via vapor diffusion, ascending with more efficient freezing. The sources
of the cloud ice include deposition growth, homogeneous freezing of cloud water, and the freezing process.
However, the amount of cloud ice was much smaller than that of snow. Thus, snow accounted for the vast
proportion of aggregates. The snow was mainly generated from deposition growth and riming process,
and the decreased deposition growth in the CON simulation led to fewer aggregates. As shown in
Figures 10d–10f, for higher CCNs, the horizontal distribution of graupel extended further from the TC center,
similar to the results of Lynn et al. (2016). The major source of graupel in the outer rainbands was the liquid
riming to graupel. With higher CCN concentrations (MIX and CON simulation), the rainwater mixing ratio
within the inner rainbands was decreased, which agreed with the horizontal distribution results
(Figures 9a–9c). However, the rainwater mixing ratios of the outer rainbands were increased, and the
raindrops could reach higher heights than those in the MAR simulation. Thus, with higher CCNs, the
enhanced precipitation processes in the outer rainbands led to more TC rainfall.

3.6. Effects of Aerosol on the Microphysical Conversion Processes

Quantifying the conversion processes between all types of hydrometeors is important to understand the
cloud microphysics and precipitation processes. More details of the mass contents of the hydrometeors
and the production rate of the major microphysical processes averaged across different areas (within the
inner rainbands, in the outer rainbands, and the whole D3 domain) are shown in Figures 11–13. The units
of the hydrometeor contents and conversion rates are kg m�2 and kg m�2 h�1, respectively. If the contents
of the hydrometeors and their production rates increased (decreased) with higher amounts of CCN concen-
trations, they were denoted in red (blue).

Figure 11 shows the diagram of each hydrometeor and its corresponding production rate of microphysi-
cal processes in the FAST-SBM scheme, averaged from 1200 UTC on 9 August to 0000 UTC on 10 August
within the inner rainbands. The symbol definitions are shown in Table 1. With higher CCNs, the cloud
water and cloud ice contents and their major generation processes increased; on the other hand, the
contents of other hydrometers (rainwater, snow, and graupel) and their production processes were all
suppressed. This indicates that aerosol-induced precipitation processes were suppressed within the
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inner rainbands. Figure 12 shows the same information except for the
average in the outer rainbands. Note that the averaged values within
the inner rainbands (Figure 11) were larger than those in the outer rain-
bands (Figure 12) because the area of inner rainbands was small and
the hydrometeors were mainly concentrated in this area. In the outer
rainbands, most of the microphysical processes were invigorated by
additional CCNs. Cloud water and cloud ice were also increased in the
CON outer rainbands. However, the trends of the rainwater and graupel
contents were different from those within the inner rainbands, mainly
because more riming occurred and led to more graupels. Thus, these
more graupels would melt to more rainwaters, and more collections of
cloud water by additional rainwater were found, leading to more
precipitations in the CON outer rainbands. That is, there was a positive
microphysics feedback in the outer rainbands. The rainwater contents
in the MIX and CON simulations were 12% and 21.7% larger than that
in the MAR simulation, respectively. With higher CCN concentrations
within the inner rainbands, there were decreasing growth rates of the
deposition and riming processes. In the outer rainbands, more graupels
were found; graupel contents in the MIX and CON simulations were
32% and 78.6% larger than that in the MAR experiment, because the
locally riming processes in the MIX and CON experiments were 1.5
and 3 times that in the MAR experiment, respectively.

Figure 13 presents the averaged values for the domain D3. Most hydrome-
teors increased with higher CCNs in domain D3, except for those aggre-
gates that had a “tipping-point” (i.e., the MIX run had the highest snow
content). This indicates that most of the microphysical processes were
reinforced. The cloud water content in the CON run was approximately 4
times larger than that in the MAR run, mainly because of the increased
water vapor condensing to cloud droplets. Although there wasmore liquid
water rimed to aggregates in the CON simulation, the mass produced from
that riming was approximately 10 times less than that from deposition
growth (shown in Figure 13). The riming process coupled the deposition
growth to form aggregates, leading to the “tipping-points” in aggregates.
In the outer rainbands, the riming process played a dominant role in grau-
pel formation. The melting rate of the graupel in the CON simulation was
2.7 and 1.3 times larger than those in the MAR and MIX simulations,
respectively, and was mainly concentrated in the outer rainbands. In the
CON simulation, the distribution of the larger graupel particles was rela-

tively sparse, and the larger graupel particles were found mostly in the outer rainbands (not shown), leading
to higher mass concentrations of graupel there. Although the graupel amounts in the outer rainbands were
smaller, overall, the outer rainbands agreed well with those averaged in the whole domain D3 (the colors in
Figures 12 and 13 are similar).

4. Summary and Conclusions

In this study, the effects of aerosol on Typhoon Saomai (2006) were studied using the fast version of the expli-
cit spectral bin microphysics (FAST-SBM) scheme implemented with the Weather Research and Forecasting
(WRF) model over a 1.33 km horizontal grid spacing. For the first time, the FAST-SBM scheme was utilized
to quantify the microphysical processes for varying amounts of aerosol in a typhoon over the Western
Pacific. The evolution of Typhoon Saomai was simulated from 1200 UTC on 7 August to 0000 UTC on 11
August 2006. Three sensitivity experiments were conducted to examine the indirect effects of the aerosol
on the structure, intensity, track, and precipitation of Saomai, namely, the MAR (No was set equal to
100 cm�3), MIX (No was set to have gradients of 4,000; 2,000; 800; and 100 cm�3, respectively), and CON
(No was set equal to 4,000 cm�3) experiments. The initial aerosol distributions over the inner grid could be
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Figure 11. Diagram of each hydrometeor and the corresponding rate of
change of the microphysical process in the FAST-SBM scheme, averaged
from 1200 UTC on 9 August to 0000 UTC on 10 August in the inner rainbands.
The meanings of the acronyms are shown in Table 1; the values are vertical
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red (blue).
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entrained into the TC circulation and serve as cloud condensation nuclei
(CCN), influencing the microphysical processes and precipitation. The
main conclusions are summarized as follows:

1. The intensity of the typhoon was sensitive to the CCN concentration.
Before 1800 UTC on 8 August, the CON simulation had the strongest
TC of the three experiments. Then, from 1800 UTC on 8 August to
1200 UTC on 9 August, more CCNs added to the CON and MIX simula-
tions ultimately weakened the TC via the “convection-competition”
effect between the eyewall and rainbands. The minimum sea level
pressures were increased by 30 hPa and 15 hPa in the CON and MIX
simulations, and the maximum surface wind speeds were weakened
by approximately 20 m s�1 and 13 m s�1, respectively. The three
experiments had similar TC tracks due to the strong control of the
environmental flows, although the CON (MAR) run simulated the most
(least) westward track because the CON (MAR) run had the most (least)
westward steering flow.

2. The CCN concentrations affected the structure and precipitation of the
TC. The CON simulation had a stronger convection in its eyewall than
the other two experiments during the beginning period. However, in
the developing and mature stages, the “convection-competition”
effect ultimately led to weaker TCs in the MIX and CON runs.
Moreover, the MIX run was the most realistic simulation in terms of
TC intensity and structure. Thus, including the observed aerosol con-
centrations may improve TC simulations. Many more TC cases remain
to be tested in the future. The rain rate in the CON simulation was
16.6% and 56.2% higher than those in the MIX and MAR runs, respec-
tively. The precipitation efficiency in the CON run was slightly larger
than those in the other two, which agrees with their rain rates. The
main microphysical processes producing raindrops in the outer rain-
bands were graupel melting and the accretion of cloud droplets by
raindrops.

3. With high CCNs, the most obvious microphysical feature was the increase of the cloud water mixing ratio.
An increased number of smaller-sized cloud droplets had lower efficiency in collisions and coalescences,
leading to fewer raindrops within the inner rainbands. However, in the outer rainbands, more raindrops
and graupel particles were found. The enhanced riming process in the outer rainbands led to an increase
in the amount of larger-sized graupel particles. In addition, the efficient riming conversion of liquid
droplets to graupel in the outer rainbands played a crucial role in graupel formation. Aggregates had
two main formation processes: depositional and riming growth, the combination of which led to a
“tipping-point” in the aggregate content when more CCNs were added.

4. A conceptual model of the distribution of the cloud hydrometeors and airflow in the inner and outer rain-
bands of a TC over maritime and continental environments, which is based on the above three sensitivity
experiments, is shown in Figure 14. Convection in outer rainbands was enhanced by increased CCN
contents. “Convection-competition” is the effect leading to weaker convection in inner rainbands, and
the boundary layer inflow into the inner rainbands is partially blocked. In the continental environment,
the melting level was raised and the rainbands spread wider; within the inner rainbands, there were smal-
ler cloud droplets, smaller aggregates, fewer raindrops, and fewer graupel particles; in the outer
rainbands, increased numbers of large graupel particles were found, some of which could melt into larger
raindrops. These larger raindrops could collect more cloud droplets, leading to more rainfalls over the
outer rainbands. On the one hand, the paper resulted similar conclusions with those of previous studies;
e.g., the increase in CCN concentrations could intensify the convections in the outer rainbands but
suppress the eyewall development, leading to weaker TCs ultimately. On the other hand, the microphysi-
cal processes were quantitative analysis, which also explained higher rain rate in CON simulation. Higher
rain rates in the CON simulation are attributed to the enhanced coalescence and melting processes.
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Figure 12. Same as in Figure 11 except for those averaged in the outer
rainbands.
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More CCNs can lead to more condensation and thereby release
more latent heat. And the effects of CCN on the rainfall difference
between different CCN scenarios mainly concentrated in the
outer ranbands. In addition, the melting level in this study is
higher than those in previous hurricane simulations. The simu-
lated environment in this typhoon case study is warmer and
moister than that in other hurricane cases. This may be due to
the different environmental conditions between the previously
studied TCs and current typhoon. For example, Ming et al.
(2015) used dropsonde data from several typhoon and hurricane
cases and found that typhoons are moister at lower levels than
hurricanes, especially in their outer regions.

5. The processes of cloud condensation/evaporation, the autocon-
version of the cloud water, and the collection of the cloud droplets
by raindrops, liquid water riming, graupel melting, and rain rates
were all increased in the D3 domain as the number concentration
of CCN increased. In general, CCN affected themicrophysical struc-
ture of the TC mainly through its effects on the outer rainbands.
More graupels were shown in the outer rainbands, leading to
more graupel melting, larger raindrops, and an increased collec-
tion of cloud droplets by raindrops. Thus, a positive microphysics
feedback of rainwater was shown in the outer rainbands. With
higher CCN concentrations, the balance of the microphysics bud-
get in the outer rainbands was similar to that across the entire
D3 domain.

In summary, we conclude that aerosol acting as CCNs can significantly
affect the microphysical processes of clouds and the intensity, struc-
ture, and precipitation distribution of Typhoon Saomai, even with
minor effects on the storm track. Although conclusions drawn in this
paper are based on a landfalling typhoon, another typhoon Talim
(2005) has also been operated with sensitivity experiments under dif-
ferent aerosol concentration conditions applying the same approach

with Typhoon Saomai, including the experiment design and physical schemes. Typhoon Talim (2005) was
simulated under maritime and continental aerosol environment to compare the variability of microphysics.
Figure 15 shows the hydrometeors and microphysical processes averaged within the inner rainbands, in
the outer rianbands, and the whole domain D3 of Typhoon Talim (2005). The colors in the three regions
were similar to those in Saomai, which represented the trends of microphysics with more aerosols. The
consistent findings are achieved with those in Typhoon Saomai (2006), i.e., CON simulated weaker
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Figure 13. Same as in Figure 11 except for those averaged in the whole
domain D3.

Table 1
Meaning of Each Symbol in Figures 11–13 and 15

Symbol Meaning Symbol Meaning

Cloud Content of cloud water Pfrzs Rain freezing to ice and snow
Rain Content of rainwater Pmltg Graupel melting to rain
Snow Content of snow Pmlts Ice and snow melting to rain
Ice Content of cloud ice Pconc Condensation to cloud water
Graupel, hail Content of graupel and hail Pevac Evaporation of cloud water
Rain rate Precipitation rate Pconr Condensation to rainwater
Placr Accretion of water by ice and snow Pevar Evaporation of rainwater
Placg Accretion of water by graupel Pdeps Deposition to ice and snow
Psacg Accretion of ice and snow by graupel Psubs Sublimation of ice and snow
Pcacr Collection of cloud water by rain and autoconversion of cloud to rain Pdepg Deposition to graupel
Pfrzg Rain freezing to graupel Psubg Sublimation of graupel
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typhoon than MAR simulation. The rain rate averaged within the inner rianbands was suppressed by more
aerosols; however, precipitation was invigorated in the outer rainbands, so did it in the whole domain D3.
There was more cloud water and ice in CON simulation. The riming processes were enhanced in the outer
rainbands by more aerosols, which resulted in more graupels, more rainwaters, and higher rain rate in
CON experiment.

Many issues will require further research. For example, the results about aerosol-induced effects on the
dynamics and thermodynamics of typhoons need more explanations. Maybe future work based on the
Saywer-Eliassen balanced equation will be helpful to explain the effects. Another one is the impact of aerosol
acting as ice nuclei on TCs. Further simulations of the microphysics processes within the TCs are necessary to
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Figure 14. The conceptual model of the distribution of the cloud hydrometeors and airflows in the inner and outer rainbands of Typhoon Saomai (2006) for (top)
maritime and (bottom) continental environments. The smaller cloud droplets have lower collision-coalescence efficiency, leading to fewer raindrops in the inner
rainbands. Larger graupel or hail particles in the outer rainbands melt into larger raindrops in the outer rainbands. The convection of the outer rainbands in the
continental environment was stronger, so the boundary layer inflow air in the inner rainbands was weaker.
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verify our modeling results based on a single TC case. Additionally, future work on this topic, such as
quantifying the effects of sea-salt aerosol, which play an important role in the maritime environment as
giant aerosol, is needed. TC Saomai (2006) is an axis-symmetric TC; thus, additional future research should
investigate the indirect effects of CCNs on asymmetric TCs by more experiments in the future.
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