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ABSTRACT
This study investigates the impacts of different types of Cloud Condensation
Nuclei (CCN) on the extreme of precipitation and updraft (above the 99th percentile
threshold) of a mesoscale convection system occurred over the southwest coast of
Taiwan Island under the moist southwesterly monsoon environment using cloudpermitting simulations. The convection system over the Taiwan Strait was observed
during the SoWMEX/TiMREX IOP#8 in 2008. Simulations with the maritime type
(clean) and the continental type (polluted) CCN are carried out and compared. The
polluted simulation exhibits stronger extreme precipitation and updraft. The stronger
extreme precipitation is associated with the enhanced size of snow and graupel. The
enhanced latent heat release from faster diffusion growth of cloud drops contributes
to stronger extreme updraft in the polluted simulation. With smaller rain evaporation
rate, cold pool is weaker in the polluted simulation, which also leads to a more optimized convection structure and enhanced extreme updraft. The current results highlight the potential impacts of aerosol loadings on the extreme rainfall of monsoon
coastal convection through microphysical, thermodynamics, and dynamical effects.

1. INTRODUCTION
The aerosols-cloud interactions play an important role
in the atmospheric radiation budget and hydrological cycle,
and the associated processes contribute to the highest uncertainty in the anthropogenic climate forcing (Boucher et al.
2013). By acting as cloud condensation nuclei (CCN), the
number of aerosol particles is a key component of the cloud
microphysics that can potentially modulate the size of cloud
drops (Twomey 1977; Twomey et al. 1984), cloud lifetime
(Albrecht 1989; Hansen et al. 1997; Ackerman et al. 2000),
and the collision and coalescence processes of raindrop formation (Rosenfeld 1999). For convective clouds, the aerosol-induced microphysical changes become more complex
if the mixed-phase processes are involved. The altered microphysical processes and the associated latent heat release
may lead to the invigoration of deep convection (Rosenfeld
et al. 2008). However, the overall response in clouds and
precipitation is also determined by subsequent changes in
* Corresponding author
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convective structure, cloud dynamics, and radiative effects,
and therefore highly depends on the regimes of the precipitating system being investigated (Stevens and Feingold
2009; Tao et al. 2012; Fan et al. 2013; Tao and Li 2016), the
ambient environment condition such as humidity and vertical wind shear (Fan et al. 2012b, 2013; Kalina et al. 2014;
Lebo and Morrison 2014; Grant and van den Heever 2015),
and the choice of microphysics scheme (Fan et al. 2012a).
The coastal areas over the Asian monsoon region are
the occurrence hotspots of mesoscale convection systems
with intense extreme rainfall and expansive system size
(Hamada et al. 2014). These are also the metropolitan and
industrial areas with high urban and/or industrial emissions
of aerosols. The impacts of aerosols on the deep convective systems over these areas have been investigated by Fan
et al. (2012a, b, 2013) using regional model simulations
at cloud-permitting resolutions (~2 km) over southeastern
China. Their analyses, which only explored the averaged
changes in convection intensity and total precipitation,
showed enhancement of these properties under a polluted
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aerosol condition, especially under weak wind shear. On the
other hand, the modulation of extreme precipitation and updraft by aerosol/CCN loadings over the coastal organized
convection in the monsoon environment, which can provide
valuable insights to disaster prevention and urban planning,
has not yet been systematically studied.
The goal of the current study is to investigate the response of the extreme precipitation and updraft to the different CCN profile in the mesoscale convective system near
Taiwan. Here the term “extreme” in this study is defined as
instantaneous precipitation (or updraft) intensity above the
top 1% (99th percentile) threshold in the frequency distribution. The studied case is a mesoscale convective line embedded in the moist southwesterly monsoon flow observed
by the Southwest Monsoon Experiment/Terrain-influenced
Monsoon Rainfall Experiment (SoWMEX/TiMREX) in
2008. The intensive radar observations during this case has
been applied to understand its mesoscale structure, microphysical characteristics, and precipitation efficiency (Chang
et al. 2015; Xu and Zipser 2015), as well as to evaluate and
improve a microphysics scheme in the Weather Research
and Forecasting (WRF) model (Gao et al. 2011). We carried
out two convection-permitting simulations for this case with
a horizontal resolution of 1 km at the inner-most domain to
resolve the convective processes, each with different CCN
scenario using the Chen-Liu-Reisner (CLR) two-moment
bulk microphysics scheme (Cheng et al. 2010). Section 2
introduces the synoptic environment and observation for the
studied case and the model setup. The simulated results are
presented in section 3, while section 4 provides the summary and discussion.
2. METHODOLOGY
2.1 Case Description

The SoWMEX/TiMREX campaign was conducted
from 15 May to 26 June in 2008 at the western coastal plain
and mountain slope regions of southern Taiwan (Jou et al.
2011). The convection system of interest here occurred on
14 June (IOP#8), embedded in the moist southwesterly
monsoon flow after the passage of the Mei-Yu front. The
synoptic environment at 0600 UTC from the National Centers for Environmental Prediction (NCEP) final analyses
data and the hourly accumulated precipitation from 0300
to 0600 UTC (local time 1100 to 1400) from the Tropical
Rainfall Measuring Misson (TRMM) 3B42 are shown in
Fig. 1. A Mei-yu front was located in the west side of southern Taiwan stretching from the northern South China Sea
through Taiwan Strait to central Taiwan (Wang et al. 2014).
A strong southwesterly low-level jet (~25 m s-1) with abundant water vapor appeared between 850 and 700 hPa over
the Taiwan Strait, which encountered the mountain slope
region of southern Taiwan.
Between 0900 - 1400 UTC on 14 June 2008, a meso-

scale convective system in a squall line form propagated
southeastward crossing the Taiwan Strait through cold-pool
dynamics, mainly due to a strong low-level vertical wind
shear environment (Chang et al. 2015; Xu and Zipser 2015).
The system was well observed by the National Center for
Atmospheric Research S-band dual-polarization (S-POL)
radar deployed at the southwest part of Taiwan. Figure 2a
shows the observed radar reflectivity at 3 km altitude at 1000
UTC. The signal of radar reflectivity larger than 40 dBZ
shows a convective line stretching between 119°E, 22°N
and 120.3°E, 23°N, which is the system to be simulated and
perturbed by the cloud-permitting model. The northern tip of
this system passed the southwestern part of Taiwan around
1200 UTC. During this event, the peak intensity of surface
rain rate measured at the Cigu supersite (120.5°E, 22.7°N)
reaches 50 mm hr-1.
2.2 Model Configuration and Experimental Setup
The simulations are carried out using the WRF version
V3.4.1. There are four two-way nested domains in the simulations (Fig. 1), with spatial resolutions of 27, 9, 3, and 1 km
from the outer to the inner domains, respectively. The outer
domain covers the whole east Asia (86 - 152°E, 2.5 - 45°N)
and the inner domain includes southeastern China, Taiwan
Strait, and Taiwan island. The vertical coordinate has 30
layers and the time steps from the outer to the inner domains
are 90, 30, 10, and 3.333 seconds, respectively. Kain-Fritsch cumulus parameterization scheme (Kain 2004) is used
in the outer domain (27 km), while in the other domains
of higher resolution the convective processes are resolved
instead of using cumulus parameterization at sub-grid scale.
Shortwave and longwave radiation options are Goddard
schemes (Chou and Suarez 1999; Chou et al. 2001). The
surface layer adopts the MM5 Monin-Obukhov scheme
(Beljaars 1995), the boundary layer scheme is the Yonsei
University (YSU) scheme (Hong et al. 2006) and the landsurface option is thermal diffusion scheme (Dudhia 1996).
The microphysics scheme used in this study is the
Chen-Liu-Reisner (CLR) scheme (Cheng et al. 2010). This
is a two-moment bulk microphysics scheme containing
the warm cloud processes from the CL scheme (Chen and
Liu 2004) and the mixed cloud processes from the Reisner
scheme (Reisner et al. 1998). The predicted hydrometeors
are mixing ratio of water vapor, mixing ratio and number
concentration of cloud water, rain, snow, graupel, and cloud
ice. The CCN is assumed to be composed of ammonium sulfate, and its size spectrum is represented by three log-normal
distribution (including fine mode, accumulation mode, and
coarse mode). The aerosol is initialized as homogeneous in
horizontal. Activation of the CCN follows the Kohler theory,
with supersaturation resolved with an embedded parcel model. Aerosol restoration from the droplets’ evaporation is also
calculated in the CLR scheme. The raindrops are generated
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Fig. 1. The synoptic environment during the SoWMEX/TiMREX IOP8 on 14 June 2008: the 500 hPa geopotential height (black lines) and the
700 hPa wind fields (gray arrows) at 0600 UTC from NCEP final operational global analysis data, and the accumulated precipitation (green shading
in mm hr-1) between 0300 and 0600 UTC from TRMM 3B42 observations. The blue rectangles show the three inner nested domains used in the
WRF simulations.

(a)

(b)

(c)

Fig. 2. Radar reflectivity (color shading in dBZ) at 3 km altitude at 1000 UTC on 14 June 2008 from (a) S-Pol radar observations, and the simulations at 1100 UTC with (b) maritime CCN and (c) continental CCN at 2.88 km altitude. The resolution of S-Pol radar observations is 0.01 degree.
The red circle represents the detective range of the radar.
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by auto-conversion as well as from giant CCN. Two CCN
conditions are used in the simulations, namely, the maritime
type and the continental type referred to Whitby (1978), to
represent the clean and the polluted environment, respectively. The two CCN conditions have different number concentration, modal value of radius, and geometric width of
distribution in size spectrum of each mode. The aerosol scale
height in the two CCN conditions is also different. As the
representative of the discrepancy, the number concentration
at standard temperature and pressure for the fine, accumulation, and coarse modes are 340, 60, and 3 cm-3 for the maritime type, and 6400, 230, and 3.2 cm-3 for the continental
type.
The simulations utilize the 1° × 1°, 6-hourly NCEP
global analyses data as initial and boundary conditions,
starting at 1200 UTC 13 June. The integration is initially
carried out using the maritime type CCN, and at 0800 UTC
14 June, the simulation is restarted. One simulation continues to use the maritime type CCN (hereafter CLRM) to represent the clean condition. The other simulation switches to
the continental type CCN (hereafter CLRC) after the restart
to represent the perturbation by the polluted condition. Both
simulations are terminated at 0000 UTC 15 June, and the
period to be analyzed and discussed in the next section is between 1030 - 1200 UTC on 14 June 2018, before the system
interacts with the complex terrain in Taiwan.
3. RESULT
Figures 2b and c show the simulated radar reflectivity
at 3 km altitude in the two simulations at 1100 UTC, the
time when the location of the simulated convective line is
close to the observation. We note that the simulated system
propagates slower compared to the observation. The overall
locations of the simulated system in the two simulations with
different CCN types are similar. The result suggests that perturbation of the polluted scenario has a small impact on the
propagation of the convective system since the synopticscale environment is controlled by the initial and boundary
condition. The response of the convection features, such as
precipitation intensity, hydrometeor vertical profiles, and
updraft velocity, to the perturbation of the polluted scenario
under similar synoptic-scale environment will be analyzed
next over the dashed box in Fig. 2 at 1030 - 1200 UTC.
The probability distribution of precipitation intensity
over the convective line is shown in Fig. 3. The precipitation intensity at probability over the top 1 % (99th percentile) ranges from 20 to 90 mm hr-1 in the two simulations. Such intensity is close to the definition of “extremely
heavy rain” by the Central Weather Bureau in Taiwan (i.e.,
24-hr accumulated rainfall exceeds 200 mm or 3-hr accumulated rainfall exceeds 100 mm). The CLRC simulates
stronger extreme precipitation intensity compared to the
CLRM. The convective line is then separated to convective

and stratiform region based on the radar-based partitioning
algorithm (Feng et al. 2011). The extreme precipitation in
both the convective and stratiform regions is stronger in the
CLRC compared to the CLRM, and the strongest precipitation intensity (> 50 mm hr-1) is mostly contributed from the
convective region. The production of extreme precipitation
is considered to be related to the strength of the updraft.
The contoured frequency with altitude diagram (hereafter CFAD) (Yuter and Houze 1995) of vertical velocity is
shown in Fig. 4 to show the impacts of different CCN types
on the extreme updraft. The CLRC has the stronger updraft
at the three probability intervals (top 0.001 - 0.01%, 0.01
- 0.1%, 0.1 - 1%) compared to the CLRM. The strongest updraft in the CLRC (CLRM) is 22 (20) m s-1 for probability of
top 0.001 - 0.01%, 20 (15) m s-1 for probability of top 0.01
- 0.1%, and 10 (8) m s-1 for probability of top 0.01 - 0.1%.
Next, the hydrometeors profiles and the dynamical
structure of the extreme events are analyzed to understand
the potential mechanism that the polluted CCN condition
leads to stronger extreme rainfall and updraft in the simulated convective line. Figure 5 shows the vertical profiles of each hydrometeor type conditionally sampled for
precipitation intensity stronger than the 99th percentile.
Figures 5a and b show the composite mean mass mixing ratio
and number concentration, respectively, and Fig. 5c shows
the composite mean volume radius ratio (CLRC/CLRM).
For cloud water, the mass mixing ratio and the number concentration in the CLRC are higher, and the radius is smaller
compared to the CLRM. The result is consistent with the
Twomey effect that more cloud droplets can be activated
under a more polluted scenario, which leads to smaller size
due to the insufficient water vapor. The conversion rate of
collision and coalescence from cloud drops into raindrops
are mitigated due to smaller cloud drops, and more cloud
drops are found ascending above the freezing level.
However, the mixing ratio and the radius of raindrops in
the CLRC is still larger compared to the CLRM, which is the
source of the stronger extreme precipitation. The larger raindrops could be contributed by the melting of the larger icephase particles (i.e., snow and graupel) that are also found
in the CLRC. The CLRC has larger snow compared to the
CLRM. This is related to the higher number concentration
of cloud drops and cloud ice, which leads to the enhancement of the Wegener-Bergeron-Findeisen process. Also, the
graupel size in the CLRC is larger, which is associated with
the excessive number of cloud drops and cloud ice and conversion from snow. The mixing ratio of graupel is increased
while the number concentration of graupel is decreased, owing to the smaller radius of cloud drops and cloud ice which
suppresses the conversion of cloud ice to graupel through the
riming process. Therefore, although the warm rain processes
are suppressed due to the excessive cloud drops, the stronger
extreme precipitation can still be found in the CLRC by the
melting of the large frozen particles.

CCN Impact on Monsoon Coastal Convection

The changes in microphysical processes between the
two simulations can alter the dynamical structure of the extreme convection through the variation in the latent heating budget. Figure 6 shows a snapshot of the vertical crosssection of perturbation equivalent potential temperature and
vertical velocity of the single convective cell in the two simulations, highlighting the relationship between the cold pool
and the extreme updraft. In CLRC, which exhibits stronger
extreme updraft, the cold pool strength is weaker compared
to the CLRM. The lower number concentration of raindrops
in CLRC leads to a slower evaporation rate.
In addition, among the microphysical processes, the
diffusional growth rate of cloud drops contributes the most
to the difference in latent heat budget between the two simulations (figure not shown). Figure 7 demonstrates the difference between the two simulations in latent heating profiles
contributed by cloud drop diffusion growth (positive values
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correspond to higher latent heating in CLRC). The vertical profiles are binned by the vertical velocity at 5.7 km altitude, where the maximum difference in vertical velocity
between the two simulations occurs (see Fig. 4). The largest difference in latent heating is found for the vertical velocity stronger than its 99.9th percentile, and the difference
becomes small when the vertical velocity is weaker than
its 95th percentile. The excessive cloud drops in the CLRC
caused stronger latent heat release via diffusion growth than
the CLRM, then the intensification of the extreme updraft
increases the supersaturation to cloud drops, which leads
to the positive feedback further enhancing the latent heat
released by diffusion growth of cloud drops. We also note
that the latent heating from ice deposition, which is mainly
associated with the Wegener-Bergeron-Findeisen process,
also contributes to the difference in latent heating, but the
magnitude is not as significant as the drop diffusion.

Fig. 3. Probability of precipitation rate intensity with an interval of 1 mm hr-1 over the dashed line box in Fig. 2 from 1030 to 1200 UTC simulated
using maritime CCN (filled circles) and continental CCN (open circles), probability of precipitation rate intensity over the convective (red) and
stratiform (green) regions are also presented.

(a)

(b)

Fig. 4. Vertical velocity CFADs (color shading) over the dashed line box in Fig. 2 on 14 June 2008 constructed from the (a) CLRM and the (b)
CLRC from 1030 to 1200 UTC.
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(a)

(b)

(c)

Fig. 5. Vertical profiles of averaged (a) mixing ratios and (b) number concentrations in the CLRM (solid line) and the CLRC (dashed line) and vertical profiles of averaged (c) mean volume radius ratio of the CLRC to the CLRM of various types of hydrometeors where the precipitation rate at
the surface is bigger than 99% percentile within the dashed box in Fig. 2 from 1030 to 1200 UTC: rain (green), cloud (blue), ice (red), snow (light
blue), and graupel (purple).

(a)

(b)

Fig. 6. Snapshots of vertical cross-sections of vertical velocity (color shading) and perturbation equivalent potential temperature (contours) in the
CLRM (left) and the CLRC (right).

Fig. 7. Difference of the vertical profile of averaged latent heating rate generated by diffusional growth of cloud drops at different percentile interval
of vertical velocity at 5.7 km altitude between the CLRC and the CLRM within the dashed box in Fig. 2 from 1030 to 1200 UTC.

CCN Impact on Monsoon Coastal Convection

4. SUMMARY AND DISCUSSION
This study investigates the impacts of CCN on the extreme (above the 99th percentile threshold) precipitation and
updraft in the coastal convective system embedded in the
moist southwesterly monsoon flow. The case, which occurred near the southwest coast of Taiwan during the SoWMEX/TiMREX in 2008, is simulated using the WRF model
with the CLR two-moment microphysics scheme. Sensitivity to the CCN type is analyzed, focusing on the extreme
rainfall and updraft. The results show that the polluted continental CCN condition exhibits stronger extreme precipitation and extreme updraft at the 99th percentile, compared
to the cleaner maritime CCN condition. The hydrometeors
profiles and the dynamical structure associated with the extreme updraft are summarized in Fig. 8 using the composites
of vertical cross-section where vertical velocity at 5.7 km
altitude is above the 99.9th percentile. Although the warm
rain process is suppressed by the excessive cloud drops in
the CLRC, it still has stronger extreme precipitation due to
the melting of the large frozen particles.
The cold pool in the CLRC is found to be weaker than
the CLRM due to the less raindrop evaporation rate, while
the extreme updraft in the CLRC is found being stronger.
The result can be explained by the Rotunno-Klemp-Weisman (RKW) theory that the strength of the convection
among the convective line is influenced by the relationship
between the cold pool strength and the vertical wind shear
in the environment. Although the weaker cold pool is found
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in the CLRC, the favorable combination of vorticity contributed by near-surface temperature gradient and low-level
vertical wind shear could be more likely to occur. The tendency of vorticity associated with extreme updraft requires
further investigation. Another factor to the stronger extreme
updraft in the CLRC is that the diffusion growth rate of
cloud drops is faster due to the excessive cloud drops, which
contributes to more latent heat compared to the CLRM. The
updraft enhanced by the latent heating will increase the supersaturation to cloud drops, which increase the diffusion
growth rate of cloud drops again.
We note that the results presented in this study can be
sensitive to the microphysics scheme, as revealed in earlier
studies (e.g., Fan et al. 2012a). In the future, observations
of detailed CCN, hydrometeors, and diabatic profile will be
highly useful to evaluate and compare the results of different microphysics scheme. Also, as the response of extreme
precipitation to CCN can involve interactions among microphysical, thermodynamic, dynamical, and radiative processes, the piggy-backing method, as proposed by Grabowski
(2014), will be applied in the future to delineate the effects
between the perturbed microphysics and the subsequent
feedbacks.
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(a)

(b)

(c)

(d)

Fig. 8. Composited mean vertical cross-sections of vertical velocity (color shading, negative correspond to downdrafts), latent heating rate caused by
cloud drops diffusional growth (contours between 1 and 4 K min-1 at an interval of 1 K min-1), radar reflectivity greater than 15 dBZ (red contour),
cooling rate caused by raindrop evaporation (purple contours of -0.02, -0.05, -0.1, -0.12 K min-1) and perturbation equivalent potential temperature
(black dashed contours between -1 and -3 K at an interval of 1 K). The composite conditionally samples where the vertical velocity at 5.7 km altitude
is above 99.9 percentile from 1030 to 1200 UTC on 14 June 2008 simulated in the (a) CLRM and the (b) CLRC. x = 0 corresponds to the location
of the strongest updraft at 5.7 km altitude in each simulation. Average precipitation rate in the (c) CLRM and the (d) CLRC. Error bars represent
the range between the 10th and 90th percentile, the whiskered boxes represent the range between the first and the third quartile, and lines represent
the mean value.
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