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Abstract A series of model simulations were conducted to investigate the effects of cloud condensation
nuclei (CCN) loading and convective available potential energy (CAPE) on tropical maritime and
midlatitude continental deep convection. Dynamical downscaling from global aerosol reanalysis was used to
represent aerosol fields for the two convective regimes. We describe a control run and multiple sensitivity
experiments using a limited‐area model, employing spectral‐bin cloud microphysics. The CCN loading is
perturbed between the target maritime and continental conditions, roughly 40–2,000 cm−3 at 850 hPa and
1% supersaturation. Surface precipitation rates monotonically increase with increasing CCN loading for
both the maritime and continental situations, while these monotonic increases are disrupted in the
simulations with reduced CAPE. The increase in precipitation is in the form of convective precipitation, at
the expense of stratiform precipitation. CCN increases promote increases in supercooled cloud water, in
agreement with previous modeling studies. However, in the simulations investigated herein, the changes in
supercooled water have different impacts on the cloud microphysics in the maritime and continental
simulations. Increased supercooled water contents lead to more hail and less graupel in the continental
simulation. For the maritime simulation, enhanced supercooled cloud water contents promote an increase
in graupel since little or no hail is produced. This distinction is due to the difference in relative magnitudes
and peak altitudes of supercooled water and snow amounts, which is further attributable to moisture and
dynamical differences in the two cases.

1. Introduction

Thermodynamics (CAPE; convective available potential energy) and aerosol concentrations, specifically
cloud condensation nuclei (CCN) are two distinct factors that impact the characteristic differences of mid-
latitude continental and tropical maritime convection (e.g., Rosenfeld & Lensky, 1998; Xu & Zipser, 2012;
Matsui et al., 2016). The vertical distributions of temperature and moisture fundamentally impact atmo-
spheric instability necessary for the development of convection. Vertical wind shear also exerts a strong con-
trol on convective structure (e.g., Rotunno et al., 1988; Weisman & Klemp, 1982, 1984). Although CAPE is
sometimes similar between midlatitude continental and deep tropical maritime locales, the vertical distribu-
tions of thermal buoyancy are distinctly different, resulting in weaker updrafts and sharper reflectivity gra-
dients in tropical convection versus midlatitude convection (Lucas et al., 1994a, 1994b; Xu & Randall, 2001;
Zipser & Lutz, 1994). Another substantial factor is the distinct difference in the concentration of soluble
aerosols between continental and maritime conditions, dictating first‐order differences in cloud microphy-
sical processes (e.g., Hudson & Yum, 2001; Squires, 1956, 1958; Squires & Twomey, 1960).

Sensitivity simulations with aerosol loading perturbations between typical maritime and continental condi-
tions have been a subject of many previous studies (e.g., Jouan & Milbrandt, 2019; Loftus & Cotton, 2014;
Noppel et al., 2010; Phillips et al., 2002). For example, Seifert and Beheng (2006; SB06, hereafter) provided
a systematic modeling study regarding the evolution of convective systems under typical maritime and con-
tinental aerosol loadings, using a two‐moment cloud microphysical scheme. They perturbed the initial CCN
concentrations ranging from maritime (~100 cm−3) through continental (~1,000 cm−3). Parameters in a
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power law function of supersaturation approximated observed CCN concentrations (e.g., Hegg et al., 1991),
that is, NCCN = N0S

k (wherein NCCN is the CCN concentration activated at supersaturation with respect to
water S). The configuration based on the power law function for sensitivity experiments has been widely
adopted in similar modeling studies with various cloud microphysical schemes to explore the responses of
simulated convective clouds, not limited to typical maritime and continental differences in CCN but ranging
from pristine to highly polluted conditions (e.g., Khain et al., 2004; Khain & Pokrovsky, 2004; Khain
et al., 2008, 2009, 2010; Fan et al., 2009, Fan, Leung, et al., 2012; Fan, Rosenfeld, et al., 2012; Kalina
et al., 2014, Lynn et al., 2005a, 2005b; , 2013; Seifert et al., 2006; Tao et al., 2007; Van den Heever et al., 2006;
Wang, 2005). Some other studies altered the aerosol number concentration following size distribution func-
tions (typically, unimodal or multimodal log‐normal distribution) (e.g., Grabowski, 2011; Igel et al., 2013;
Lee, 2017, Lebo & Morrison, 2014; Lebo & Seinfeld, 2011; Morrison & Thompson & Eidhammer, 2014;
Saleeby et al., 2016). Yet other studies directly changed prescribed cloud droplet number concentration with-
out explicit calculation of droplet nucleation from aerosol or CCN concentrations (e.g., Morrison, 2012;
Rosenfeld, et al., 2008).

A possible key mechanism regarding the microphysical effect of aerosol particles on convective clouds with
warm‐cloud bases (>0°C) is as follows: In condition with enriched hygroscopic aerosol particles, cloud dro-
plet number concentration is high and cloud droplet size distribution is narrow as compared to that with
fewer particles. Because smaller cloud droplets have reduced efficiency for coalescence, the formation of
precipitation‐sized drops is suppressed and so‐called warm rain is delayed (e.g., Andreae et al., 2004;
Rosenfeld & Lensky, 1998). When the convection is sufficiently deep to penetrate the 0°C isotherm, the
impact on mixed‐phase cloud microphysics is significant. Rosenfeld et al. (2008) proposed a conceptual
model suggesting that more supercooled water as a result of the delayed warm‐rain process caused more
latent heat release via freezing, leading to invigoration of convection above the freezing level. On the other
hand, changes in the duration and elevation of latent heat release were proposed as a mechanism for con-
vective invigoration in studies using cloud‐resolving simulations (e.g., Khain et al., 2005; 2015). Also, ultra-
fine CCN could be activated well above cloud base in some conditions, and the condensation growth of
droplets from these CCN may lead to additional latent heat release (Khain et al., 2012; Khain &
Pinsky, 2018). Recently, Fan et al. (2018) proposed the possibility of increase in condensation and associated
latent heat release even for temperatures above 0°C when abundant ultrafine aerosol particles are ingested
into deep convection.

Previous studies have discussed the microphysical impact of aerosol or CCN concentrations on cloud struc-
ture as well as precipitation. A central question among these studies is as follows: “Do increased CCN con-
centrations suppress or enhance precipitation, and what are their respective impacts on convective and
stratiform precipitation?” The discussion has been reviewed and/or summarized by Rosenfeld et al. (2008),
Levin and Cotton (2008), Khain et al. (2009), Khain and Lynn (2009), Lebo and Seinfeld (2011), and Tao
et al. (2013), among others. Simulation‐based studies in the literature have formed a consensus that both
suppression and enhancement of precipitation occur, according to the type of cloud system simulated, the
degree of the atmospheric instability, the structure of wind fields, etc. An important conclusion is that the
sign and magnitude of the precipitation response varies depending on the numerical model specification
and the specific experimental design. Observational studies are also conflicted as to the sign of the aerosol
forcing in terms of increasing or decreasing precipitation. A well‐known example of observed mechanism
for precipitation suppression in maritime stratiform clouds is aerosol emission from ships, producing
long‐lived clouds marking the ship tracks (e.g., Albrecht, 1989; Radke et al., 1989). In contrast, the evidence
of precipitation enhancement was extracted statistically from extensive sampling of satellite measurements
for precipitation (e.g., Bell et al., 2008) and from long‐term measurements for aerosol, cloud, precipitation,
and other meteorological quantities at a field site (e.g., Li et al., 2011). However, several studies suspect
the causality in the precipitation response to CCN changes, even though the correlation between precipita-
tion and aerosol can be found in modeling or observational studies (e.g., Grabowski, 2015, 2018). The argu-
ment is based on the shortcomings of modeling studies, particularly sensitivity experiments with limited
domains and short integration times for aerosol effects on deep convection, as well as limitations of meteor-
ological observations. Grabowski (2018) showed that small changes in meteorological conditions that might
be missed in the present observations could have similar or even larger impacts on convective systems than
those due to changes in CCN loading from clean to polluted conditions.
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This study organizes a series of model simulations for an intercomparison study of maritime and continental
deep convective systems. Two case studies are undertaken, a midlatitude continental case and a tropical
maritime case. Each case has a wealth of observations such as Doppler and polarimetric radars that provide
important validation fields for the simulations. This study is just one of many studies on this topic, as dis-
cussed above. However, our study is unique in that we implement a method to provide and perturb requisite
aerosol fields for numerical weather prediction (NWP) style cloud‐resolving simulations. Simultaneously,
vapor mixing ratio and consequently CAPE are perturbed in the simulations to investigate relative contribu-
tions of thermodynamics and aerosols on the deep convective systems as a follow‐up of previous modeling
(e.g., SB06, Storer et al., 2010; Grant & van den Heever, 2015) and observational (e.g., Stolz et al., 2015, 2017)
studies.

In the series of aerosol sensitivity experiments we perform, three intermediate conditions are addition-
ally configured between specific maritime and continental aerosol conditions. These experiments allow
us to examine CCN impacts over a range of concentrations, rather than just two extremes (i.e., maritime
vs. continental). Indeed, previous numerical studies (e.g., Fan et al., 2007; Jeon et al., 2018; Khain
et al., 2011; Li et al., 2008; Wang, 2005) reported a nonmonotonic response to CCN concentrations
and one goal of this study is to examine this further.

Descriptions of numerical experiments including overviews of the convective systems, model configurations,
and experimental designs are presented in section 2. The simulation results are discussed in sections 3 and 4.
Finally, summary and conclusions are provided in section 5.

2. Descriptions of Numerical Experiments
2.1. Synopses of Convective Systems for Simulations

One tropical maritime and one midlatitude continental deep convective cases have been selected from the
Tropical Warm Pool International Cloud Experiment (TWP‐ICE; May et al., 2008) and the Midlatitude
Continental Convective Clouds Experiment (MC3E; Jensen et al., 2016) for model simulations, respectively.
2.1.1. The 23 January 2006 in TWP‐ICE
TWP‐ICE was conducted around Darwin, Northern Australia in January and February 2006. The deep con-
vective system observed on 23 January 2006 was one of several mesoscale‐convective systems (MCS) over the
course of several days that produced significant rainfall (e.g., Boyle & Klein, 2010). The particular MCS was
triggered by the passage of a low‐pressure system from the east during an active monsoon period. Figure 6 of
May et al. (2008) shows that the multicell convective system was widespread around the Darwin site on 23
January. Several previous studies have conducted model intercomparisons using cloud resolving models
(CRMs) and/or limited‐areamodels (LAMs) for this MCS case (e.g., Fridlind et al., 2012; Mrowiec et al., 2012;
Petch et al., 2014; Varble et al., 2011; Varble et al., 2014a, 2014b; Zhu et al., 2012). These model intercompar-
ison studies are reviewed by Krueger et al. (2016).

Figure 1a is a skew‐T log‐p plot of an atmospheric column sampled from the initial atmospheric condition
(00 UTC 23 January 2006) of theWeather Research and Forecasting (WRF) model simulation, whose experi-
mental design is described in section 2.4.1. The location of this atmospheric column is near the point with
the highest CAPE in the simulation domain. The skew‐T log‐p plot depicts a low level of free convection
(LFC; the bottom of the red dotted line) and very high equilibrium level (EL; the top of the red dotted line).
The difference between the air temperature (black line) and the air‐parcel temperature (red dotted line) is
nearly constant throughout the column. The atmospheric column is partially saturated from ~1,000 to
500 hPa.
2.1.2. The 23–24 May 2011 in MC3E
MC3E took place from 22 April to 6 June 2011 around the Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) South Great Plains (SGP) central facility in Oklahoma, under joint sup-
port from DOE and the National Aeronautics and Space Administration (NASA). The deep convective
system observed on 23 May 2011 was one of three major convective events highlighted in Jensen
et al. (2016). Pu and Lin (2015) provided a short description about the evolution of the system and sum-
marized here. Isolated convection initiated along a strong dry line over western Oklahoma (Figure 10 of
Jensen et al., 2016). Over the next few hours from 2100 UTC 23 May, these cells developed into a large
multicell MCS over the SGP. The mature stage of the system lasted for a few hours (0000–0400 UTC 24
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Figure 1. Skew‐T log‐p diagram of an atmospheric column near the horizontal grid point with the maximum CAPE in the initial condition field of the WRF
model simulations for (a) the TWP‐ICE case (00 UTC 23 January 2006) and (b) the MC3E case (12 UTC 23 May 2011).
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May), and the system slowly moved eastward as it dissipated. This convective complex has also been the
subject of previous modeling studies (e.g., Fan et al., 2015; Marinescu et al., 2016; Pu & Lin, 2015;
Saleeby et al., 2016; Tao et al., 2013).

Figure 1b shows a skew‐T log‐p plot sampled from the initial condition (12 UTC 23 May 2011) of the WRF
model simulation for this MC3E case. Compared to that of the TWP‐ICE case (Figure 1a), the atmospheric
structure of this case is drier throughout the column and is characterized by a higher LFC and a lower EL.
Although the CAPE is smaller than the TWP‐ICE case, there is more instability over a shallower layer. In
addition to these factors, the cold and dry air mass in the middle troposphere is suitable to the development
of continental severe storms.

2.2. The WRF Model and the Spectral‐Bin Microphysics Scheme

The version 3.6.1 of WRF Advanced Research configuration (WRF‐ARW; Skamarock et al., 2008) is
employed in this study. The SBM scheme of the Hebrew University Cloud Model (HUCM; e.g., Khain
et al., 2011) was implemented into WRF‐ARW 3.6.1 through our own coding work (Iguchi et al., 2012, 2014).
The specification of the SBM scheme is slightly different from two SBM schemes in WRF‐ARW (so‐called
Fast‐SBM, e.g., Khain et al., 2010, and Full‐SBM, e.g., Khain et al., 2004) which are also from HUCM.

In the SBM used herein, 43 bins with incremental particle masses are used to explicitly calculate the evolu-
tion of particle‐size distribution (PSD) of each cloud particle type without assuming bulk size distribution
functions. Cloud particle types are categorized into the following seven classes: water droplets (ranging from
small cloud droplet to large raindrop sizes), three types of ice crystals (plate, column, and dendrite), snow
aggregates, graupel, and hail (Figure 2). The change of PSD of each type is calculated considering advection
and gravitational sedimentation as well as various cloud microphysical processes. Details of the parameter-
izations used to calculate themicrophysics conversion terms can be found in, for example, Khain et al. (2011),
Iguchi et al. (2012), and Iguchi et al. (2014).

Additional sets of 43 bins to explicitly compute the rimed mass portion of snow aggregates and the liquid
mass portion of melting ice particles (snow, graupel, and hail) are also included in prognostic variables of
the SBM scheme (Figure 2). These additional variables enable smooth transitions between specific cloud par-
ticle types by representing these intermediates states owing to riming and melting. Previous studies (Iguchi
et al., 2012; Iguchi et al., 2014) showed that these functions for riming and melting were useful in investigat-
ing rimed snow in a lake effect snowstorm and bright band structure in mixed‐phased precipitation.

Figure 2. Conceptual diagram of the coupling between the NASA MERRA aerosol reanalysis (MERRAero) and WRF coupled to the SBM through dynamic
aerosol downscaling. *The horizontal axis denotes half of the maximum diameter for ice crystals and the bulk radius of the others.
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Snow particles with bulk radii less than ~550 μm are transformed to hail when the rimed mass fraction is
over 95%; the rimed fraction of snow increases when smaller supercooled droplets are accreted by the snow.
Snow particles over 550 μm bulk radius transition to graupel when their bulk densities are larger than
0.2 g cm−3. The bulk density of a snow particle with rimed parts is calculated as a mass‐weighted mean of
the bulk densities of rimed parts with 0.9 g cm−3 and of dry snow parts with density prescribed according
to the mass (shown, e.g., in Figure 1 of Iguchi et al., 2012). Graupel particles change to hail if their diameters
are over 10 mm or if wet growth begins at subfreezing temperatures (Khain et al., 2011). The change of grau-
pel to hail through the wet growth process occurs under condition with enriched supercooled water. Details
of this wet growth parameterization can be found in the appendix of Khain et al. (2011). A threshold dia-
meter of graupel for wet growth initiation (Dennis & Musil, 1973) is determined according to a heat balance
condition on the wet graupel. Graupel particles of diameters larger than the threshold are transferred to hail.

Several recent updates of HUCMhave not been implemented in the SBM used in this study yet. For example,
time‐dependent process of raindrop freezing and wet growth of hail/graupel (Ilotoviz et al., 2016, 2018;
Phillips et al., 2014, 2015) are not included. In the SBMwe used, freezing of droplets with bulk radii less than
~250 μm leads to the formation of plate‐type ice crystals, while those over the bulk radius are transformed to
hail particles immediately.

The ice‐melting parameterization is basically identical to that in Phillips et al. (2007). Liquid water fractions
of snow, graupel, and hail are explicitly predicted, while those of ice crystals are excluded and these crystals
melt instantaneously. The theoretical model and equations for the melting of snow are based on those in
Mitra et al. (1990) and are used to describe the thermodynamics and the conservation of mass among the
three phases of water. The corresponding model and equations in Rasmussen and Heymsfield (1987) are
used to calculate the melting processes of graupel and hail with water shedding.

2.3. Dynamical Downscaling of Aerosol Concentration From MERRA Global Aerosol Reanalysis
to WRF With SBM

Dynamical downscaling of aerosol variables from the NASAModern Era Retrospective analysis for Research
and Applications Aerosol Reanalysis (MERRAero; da Silva et al., 2015) to WRF coupled with SBM (WRF‐
SBM, hereafter) has been implemented in this study. This downscaling approach from global‐/large‐scale
aerosol (and chemical) transport model simulations to LAM cloud‐resolving simulations is based on those
in Iguchi et al. (2008) and Choi et al. (2014). The scientific background and merits of this approach are
reviewed in Iguchi et al. (2015). Similar approaches have been proposed and developed for aerosol‐cloud
interaction study using bulk cloud microphysics (e.g., Li et al., 2009) and also bin microphysics (e.g., Gao
et al., 2016). This approach provides spatial and temporal variability in the aerosol compositions into
LAM simulations through downscaling. Although more realistic aerosol compositions and CCN concentra-
tions can be obtained from in‐situ measurements, they have limitations in the sampling for space and time
and hence cannot address the spatial and temporal variability throughout a simulation domain and period.

MERRAero is produced by the Goddard Earth Observing System version 5 (GEOS‐5; e.g., Molod et al., 2015)
Atmospheric Global Climate Model coupled to the Goddard Chemistry, Aerosol, Radiation, and Transport
(GOCART; Chin, Rood, et al., 2000; Chin, Savoie, et al., 2000) aerosol module. MERRAero contains 15 types
of aerosol, that is, dust (five noninteracting size bins), sea salt (five noninteracting size bins), black and
organic carbon (each type has both hydrophobic and hydrophilic components; thus four in total), and sulfate
in the form of an externally‐mixed aerosol mass mixing ratio (e.g., Randles et al., 2017). MERRAero has a
horizontal grid spacing of 0.5° latitude by 0.625° longitude with 72 hybrid sigma‐pressure vertical layers
up to 0.01 hPa at 3‐hourly intervals. It includes assimilated composites of cloud‐clear reflectances derived
from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on both the Terra and Aqua
satellites and calibrated aerosol optical depth (AOD) obtained from Aerosol Robotic Network
(AERONET) observations.

The module to process downscaling from MERRAero to WRF‐SBM (hereafter, Aero2SBM) is based on an
implementation of WRF coupled to chemistry (WRF‐Chem) in NU‐WRF (e.g., Peters‐Lidard et al., 2015).
It adds aerosol variables to WRF initial and lateral boundary conditions through a process of an offline
one‐way nesting.
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In Aero2SBM, a gridded field of the mass mixing ratio for each aerosol
variable in MERRAero is regridded to match that of WRF for the initial
and lateral boundary conditions. Then, the aerosol mass mixing ratios
are converted to bulk number concentration (integrated over all particle
sizes) of dry particles for the five aerosol types. The bulk number concen-
tration for each aerosol type is further converted into a series of discrete
number concentrations in 13 particle‐size bins using assumed trimodal
size distributions described in Choi et al. (2014). WRF‐SBM predicts con-
centrations of the 13 size bins of the 5 aerosol types (65 in total), dynami-
cally downscaled from MERRAero (Figure 2). The trimodal size
distributions are different from the log‐normal size distributions used in
the GEOS‐5 GOCART model (Chin et al., 2002; P. Colarco, personal com-
munication 2017) to calculate aerosol optical thickness in the global aero-
sol transport simulations. The use of the different size distributions is
based on better reproduction of CCN number concentrations in the com-
parison to observations at the ARM SGP central facility, described in
section 3.1.1. (only the result using the trimodal size distributions is
shown in this study).

The treatment of these aerosols in WRF‐SBM is almost the same as in
HUCM as well as Fast‐SBM and Full‐SBM in WRF‐ARW:
Heterogeneous nucleation of cloud droplets is initiated by aerosol parti-
cles in a supersaturated environment. A critical particle radius for each
aerosol type in a supersaturated environment is determined on the basis
of the Köhler curve theory (Köhler, 1936). Different hygroscopicity para-

meters for the five aerosol types (Table 1 in Ghan et al., 2001) are assumed to calculate the critical particle
radius. The critical radius is calculated separately for the size distribution of each aerosol type. All aerosol
particles larger than the critical radius for each aerosol type are allowed to nucleate, and then they are added
up to the droplet size distribution.

Currently, heterogeneous nucleation of ice particles and heterogeneous freezing of droplets are parameter-
ized independently of the predicted aerosol concentrations in the SBM. Also, aerosol concentrations have no
impact on atmospheric radiation processes, and chemical and aerosol microphysical processes do not affect
the aerosol concentration. No emission of aerosol particles from sea or land surfaces is considered, nor is
their regeneration from completely evaporated or sublimated cloud particles. Hydrometeor particle size dis-
tributions calculated in the SBM are not linked to those in WRF atmospheric radiation schemes. For exam-
ple, in the Goddard shortwave and longwave radiation schemes (Chou et al., 2001; Chou & Suarez, 1999), a
fixed cloud droplet radius of 10 μm and ice effective radius that is a function of the air temperature are
assumed. In summary, the present specification of aerosol particles in the SBM is limited to focusing on
the impact of CCN, and it is suitable only for limited‐area and short‐period case studies.

2.4. Experiment Design of Simulations Using WRF‐SBM
2.4.1. Base Configuration
Figure 3 illustrates geographical coverages of the WRF simulations for the TWP‐ICE 23 January 2006 and
MC3E 23–24 May 2011 cases. A simulation domain for each case is characterized by three nested domains.
The three nested domains for the TWP‐ICE case comprise 300 × 300, 286 × 286, and 334 × 334 grid points
with horizontal grid intervals of 9, 3, and 1 km, respectively. The three nested domains for the MC3E case
have 513 × 389, 496 × 424, and 673 × 595 grid points with the same set of horizontal grid intervals. The ver-
tical columns extending through a top pressure of 50 hPa are divided into 60 layers with sigma‐coordinate
intervals increasing with altitude for the terrain‐following bottom. In both TWP‐ICE and MC3E cases, the
innermost domains were subject to a series of sensitivity simulations using WRF‐SBM. Prior to the sensitiv-
ity simulations, preliminary WRF simulations were conducted to calculate the lateral boundary meteorolo-
gical conditions of the innermost domains.

The preliminary WRF simulation for the TWP‐ICE case calculated the evolution of the atmospheric fields of
the three nested domains simultaneously through two‐way interactive grid nesting, from 00 UTC 21 January

Table 1
Configurations of Sensitivity Simulations for the TWP‐ICE and
MC3E Cases

Abbreviation Case CCN conc. (cm−3) at 850 hPaa Vapor

TC1 TWP‐ICE 39.3 100%
TC2 TWP‐ICE 85.3 100%
TC3 TWP‐ICE 215.0 100%
TC4 TWP‐ICE 618.9 100%
TC5 TWP‐ICE 1963.7 100%
TD1 TWP‐ICE 39.3 95%
TD2 TWP‐ICE 85.3 95%
TD3 TWP‐ICE 215.0 95%
TD4 TWP‐ICE 618.9 95%
TD5 TWP‐ICE 1963.7 95%
MC1 MC3E 47.8 100%
MC2 MC3E 88.0 100%
MC3 MC3E 239.7 100%
MC4 MC3E 660.7 100%
MC5 MC3E 2000.7 100%
MD1 MC3E 47.8 80%
MD2 MC3E 88.0 80%
MD3 MC3E 239.7 80%
MD4 MC3E 660.7 80%
MD5 MC3E 2000.7 80%
a

Representative CCN concentrations of several other pressure levels are
shown in Tables 2 and 3 also.
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through 00 UTC 26 January 2006. The initial meteorological condition of all the three domains and the
lateral boundary condition of the outermost domain were calculated from the interim reanalysis of the
European Centre for Medium‐Range Weather Forecasts (ECMWF) model (ERA‐Interim; Dee, 2011) with
a spectral T255 horizontal resolution with 6‐hourly intervals. The following physics parameterizations
were used in this preliminary WRF simulation: the Goddard Cumulus Ensemble (GCE) single‐moment
four‐ice bulk microphysics (Lang et al., 2014; Tao et al., 2016) for grid‐scale cloud microphysics, the
Grell‐Freitas ensemble scheme (Grell & Freitas, 2014) as subgrid convection parameterization only in the
domain with 9‐km grid intervals, the Goddard shortwave and longwave radiation schemes (Chou
et al., 2001; Chou & Suarez, 1999) for radiative flux and heating, the Mellor‐Yamada‐Janjic scheme
(Janjic, 1994) for the planetary boundary layer and subgrid‐scale turbulence calculation, the unified
community Noah land surface model (Tewari, 2004) for the land surface processes and surface heat
fluxes. Note that dynamic aerosol downscaling from MERRAero was not applied to this preliminary WRF
simulation.

We tested three different global reanalysis, ERA‐Interim, the National Center for Environmental Prediction
(NCEP) Final (FNL) operational global analysis data set (NOAA/NCEP, 2000), and the NASA Modern‐Era
Retrospective analysis for Research and Applications, Version 2 (MERRA‐2; Bosilovich et al., 2015) to drive
the maritime simulation. In addition, the Morrison 2‐moment cloud microphysics scheme (Morrison
et al., 2009) in place of the GCE four‐ice bulk microphysics was tested with ERA‐Interim. Figure S1 (a sup-
porting information) shows time series of hourly rainfall amounts from 00 UTC 21 through 00 UTC 26
January over the innermost domain (Figure 3a), which is comparable to time series of observed rainfall esti-
mates in Boyle and Klein (2010); their Figure 2a). Within this set of four simulations, only the one using
ERA‐Interim with the GCE 4‐ice bulk microphysics shows very high rainfall amounts (late on 23
January) that are consistent with the observation estimates. The difference in the simulations with the var-
ious data sets is depicted in animations for time series of surface rainfall over each simulation domain
(Movie S1 in the supporting information). The animations show that the strong convective complex causing
the very high rainfall amounts on 23 January over the innermost domain is an extension of a very large scale
maritime storm system across the outermost domain (Figure 3a). The counterclockwise‐rotating strong

Figure 3. Domain configuration of the WRF simulations for (a) the TWP‐ICE case and (b) the MC3E case.
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convective complex moves to the southwest across the second domain.
The position and timing of the development of the strong convective com-
plex as well as its spatial pattern are quite sensitive to the selection of the
reanalysis data sets used to drive the simulation.

Three‐hourly outputs of the intermediate domain with grid spacings of
3 km in the preliminary simulation were used to establish the lateral
boundary condition of the WRF‐SBM simulations for the innermost
domain only through an offline one‐way nesting. The same physical para-
meterizations as in the preliminary simulation were adopted, except for
the grid‐scale cloudmicrophysics scheme.Massmixing ratios of hydrome-
teors output from the GCE 4‐ice bulk microphysics in the preliminary
simulation were excluded from the lateral boundary condition such that
its output did not directly affect the simulated cloud fields of the inner-
most domain with the SBM. Aero2SBM added the 65 aerosol variables

into the initial and lateral boundary conditions. Then, WRF‐SBM simulated the atmospheric fields from
00 UTC 23 January through 00 UTC 24 January (24 hr).

The simulations for theMC3E case were conducted on the basis of almost the same two‐step process as in the
TWP‐ICE case. Both preliminary and WRF‐SBM simulations were integrated from 12 UTC 23 May through
12 UTC 24 May 2011. NCEP FNL was used for the initial and lateral boundary conditions in the MC3E case,
selected on the basis of intercomparison of the simulations with the three global reanalysis data sets, similar
to the TWP‐ICE case.

Table 1 lists sensitivity experiments using WRF‐SBM for the innermost simulation domains. Each TWP‐ICE
or MC3E case has a set of 10 simulations including the baseline simulations (TC1 and MC5) and those with
perturbed aerosol and/or thermodynamics conditions given in the subsections below.
2.4.2. Aerosol Perturbation
The initial and lateral boundary conditions of the aerosol concentrations inWRF‐SBM are determined using
the downscaling from MERRAero described in section 2.3. The baseline simulations (TC1 and MC5) use
aerosol fields derived from the times and domains corresponding to the TWP‐ICE or MC3E case. Four addi-
tional aerosol conditions are prepared to form a series of sensitivity experiments for both the TWP‐ICE and
MC3E cases (Table 1). The range of aerosol concentrations spans the range of CCN loadings between the
(low) tropical maritime TWP‐ICE and the (high) continental midlatitude MC3E case.

The aerosol concentrations are perturbed while preserving the patterns in the spatial and temporal distribu-
tion downscaled fromMERRAero in the series of sensitivity simulations. The distribution of aerosol concen-
tration may be correlated with the meteorological fields as well as the distribution of land surface types.
Implementation of realistically inhomogeneous aerosol fields results in better simulations of the distribution
of cloud microphysical properties (e.g., Iguchi et al., 2008).

Tables 2 and 3 show CCN number concentrations at 1% supersaturation at several pressure levels (regridded
from theWRF sigma‐vertical coordinate) calculated from horizontally‐averaging the initial conditions of the
aerosol sensitivity simulations shown in Table 1. The concentrations at 925 hPa levels in the simulations of
both ends are similar to some of representative values observed from maritime and continental air masses
shown in Pruppacher and Klett (1997). The three additional conditions correspond roughly to quarterly

intermediates on a logarithmic scale between these both ends.
2.4.3. Thermodynamics Perturbation
Themethod to perturb the thermodynamic condition is basically based on
that in Weisman and Klemp (1982) as well as SB06. Thermodynamic
fields are perturbed by altering water vapor mixing ratios. In subsets of
the sensitivity experiments (Table 1), the water vapor mixing ratios are
homogenously reduced to 95% of the original values in the TWP‐ICE case
and to 80% of the original values in the MC3E case for both initial and lat-
eral boundary conditions. As a result, CAPE values representing the
domain average in the WRF domain get roughly a 15% reduction in the
original CAPE values for both cases. Figure 4 shows time series of

Table 2
CCN Number Concentrations at 1% Supersaturation (cm−3) at Specific
Pressure Levels Calculated From the Initial Conditions of the Aerosol
Sensitivity Simulations for the TWP‐ICE Case (Table 1)

Pressure
level
(hPa)

TC1 TC2 TC3 TC4 TC5

TD1 TD2 TD3 TD4 TD5

925 77.2 123.4 229.4 493.1 1187.5
850 39.3 85.3 215.0 618.9 1963.7
700 3.5 10.7 36.7 141.8 610.2
500 2.7 6.7 17.6 49.4 148.9

Note. The values are horizontally averaged over the innermost WRF
domain for the TWP‐ICE case (Figure 3).

Table 3
Same as Table 2 but for the MC3E Simulations

Pressure
level
(hPa)

MC1 MC2 MC3 MC4 MC5

MD1 MD2 MD3 MD4 MD5

925 159.8 235.8 391.8 716.2 1398.5
850 47.8 99.0 239.7 660.7 2000.7
700 3.8 11.6 39.7 151.7 638.2
500 2.5 6.2 16.4 47.0 146.8
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domain‐averaged and maximum CAPE and normalized CAPE (NCAPE; CAPE divided by the depth from
the EL to the LFC) calculated from the baseline and the vapor‐reduced (dry) WRF simulations. From the
start of the simulations, all CAPE and NCAPE values increase until convection develops. The time
variations of CAPE and NCAPE in the MC3E case are larger than those of the TWP‐ICE case. The peak
values of maximum CAPE of the TWP‐ICE and MC3E baseline simulations are similar and ~4,500 J kg−1.
However, the peak value of maximum NCAPE in the MC3E case is much larger than that in the
TWP‐ICE case. This NCAPE difference is attributed to the difference between their atmospheric structure
shown in Figure 1, notably a smaller depth between the LFC and EL in MC3E compared to TWP‐ICE.

3. Results
3.1. Comparison With MC3E Aerosol Observations
3.1.1. Observed Versus Simulated CCN Concentrations at the ARM SGP Site
The performance of the MERRAero downscaling in calculating CCN concentrations for WRF‐SBM is first
checked via comparison to CCN measurements at the ARM SGP central facility. Unfortunately, no

Figure 4. Time series of domain‐averaged and maximum values of (a) CAPE and (b) NCAPE calculated in the WRF
simulations with the baseline and the reduced vapor (CAPE) configurations for each TWP‐ICE and MC3E case. The
simulations names in the legends correspond to the abbreviations in Table 1.
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observed CCN data were available from the TWP‐ICE field campaign. A time series of CCN number
concentrations active at several supersaturations at the ARM SGP central facility is shown in Figure 5a
from 12 UTC 23 May through 12 UTC 24 May 2011. The observed values (solid lines in Figure 5a) were
derived from ARM aerosol observation system (AOS) CCN particle counter data collected at the SGP
central facility site. The modeled CCN number concentrations (dotted lines) were calculated from
concentrations of the 65 aerosol variables downscaled from MERRAero to the WRF‐SBM simulation and
sampled at the lowest vertical level in the atmospheric column, geographically centered in the SGP site.

Figure 5a shows that the modeled CCN number concentrations roughly align with the observed values.
Overall, the observed values exhibit high variability between concentrations at lower and higher supersa-
turations in the time series, while the model values have an almost constant ratio between concentrations
at different supersaturations. This discrepancy comes from limitations in the present application of
Aero2SBM as well as in GEOS‐5 and GOCART used for MERRAero. Changes in PSD of organic

Figure 5. (a) Time series of CCN number concentrations (cm−3) active at the approximate supersaturation values
(0.26, 0.3, 0.47, 0.64, 0.8, 0.97, and 1.08%) at the ARM SGP central facility from 12 UTC 23 May 2011 through 12
UTC 24 May 2011, derived from measurements of aerosol observation system (AOS) CCN particle counter (solid
lines; 1‐hr intervals) and from series of initial conditions for WRF‐SBM models downscaled from MERRAero (dotted
lines; 6‐hr intervals). (b) Vertical profiles of aerosol number concentration (cm−3) with a diameter larger than 10 nm
on 23 May 2011. The red, blue, and green lines denote values derived from airborne CPC out‐of‐cloud measurements
(Fridlind et al., 2012, Figure 4), calculated from modeled aerosol fields downscaled from MERRAero through
Aero2SBM, and a referential profile with an exponential decrease with increasing altitude (details can be found in
text), respectively.
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carbonaceous and sulfate aerosols, which are main contributors to continental CCN, are not predicted in
GOCART, so those PSDs are totally prescribed in Aero2SBM.

Within the period shown in Figure 5a, the maximum difference between the observed and modeled CCN
concentrations is ~1,000 cm−3; at 12 UTC 23 May (the initial time for the WRF MC3E simulations) the dif-
ference is ~500 cm−3. Averaging the concentrations every 6 hr (not shown) made the differences between the
observed and modeled concentrations smaller compared to Figure 5a, and the maximum difference between
the observed and modeled CCN concentrations is ~500 cm−3. These results suggest that a fraction of the dif-
ferences in Figure 5a may originate from the differences in the record intervals between the CCN observa-
tions and the MERRAero, although we cannot be sure that the GEOS‐5 simulation for MERRAero
captured the temporal variation. The 24‐hr averages of the CCN concentrations (Table S1) show themodeled
concentration at 1.08% supersaturation is in good agreement with the observed one (~3% difference),
although the differences are larger at smaller supersaturation values. These discrepancies from the observed
concentrations may be due to limitations in MERRAero itself and assumptions for aerosol PSD prescribed in
Aero2SBM. However, this difference is considerably smaller compared to the difference in representative
CCN number concentrations at 1% supersaturation between TWP‐ICE and MC3E at 925 and 850 hPa (i.e.,
the lower troposphere) shown in Tables 2 and 3. Therefore, the downscaled model aerosol fields are suffi-
ciently representative of the continental conditions, and the sensitivity simulations for the maritime and
continental CCN loadings are perturbed beyond the peak magnitude of the CCN number concentration
error inherited from the aerosol downscaling.
3.1.2. Observed Versus Modeled Aerosol Vertical Profiles
Profiles of aerosol number concentration were observed by the University of North Dakota (UND) Citation II
using a TSI model 3,010 condensation particle counter (CPC) on 23May (Fridlind et al., 2012, as a part of the
MC3E field campaign. An observed vertical profile of aerosol number concentrations is compared with a
profile derived from the downscaled MERRAero aerosol fields for the MC3E 23 May WRF simulations
(Figure 5b). The observed values (red line) represent median values over each 1‐km layer calculated for
out‐of‐cloud measurements of aerosol number concentration from the CPC (Figure 4 of Fridlind et al.
2017), which counts aerosol particles with diameters exceeding 10 nm. This profile was collected at ~21
UTC, over the MC3E domain. The model profile (blue line) represents the vertical distribution of particles
with diameters over 10 nm. For reference, Figure 5b includes a vertical profile (green line) starting with
the same concentration at 0.5 km of the blue line but exponentially decreasing with increasing altitude above
2 km, which is consistent with a profile conventionally assumed in HUCM SBM (e.g., Khain et al., 1999).

In Figure 5b, the observed aerosol concentrations (red line) are nearly constant from the lowest levels
through an altitude of 7 km. Above this level, concentrations are reduced significantly. The modeled values
obtained from the MERRAero downscaling (blue line) are close to the observed ones from 0.5 to 2 km, but
are significantly less above 2 km. The values of the blue and green lines are similar at all vertical levels and
indicate that the model aerosol concentration approximately decreases exponentially with altitude above
2 km. Vertical profiles of aerosol number concentration with an exponential decrease have been similarly
adopted in many model aerosol‐cloud interaction studies (e.g., Saleeby et al., 2016). However, Figure 5b
shows such profiles may not always be representative. A profile obtained from MERRAero dynamic down-
scaling may not necessarily provide a proper representation either. One possible reason for the MERRAero
underprediction in this case is that it maymiss enriched Aitken‐mode particles transported into or produced
in the middle troposphere via gas‐to‐particle conversion. The assimilation of MODIS‐derived reflectances
into MERRAero may not be sufficient for correcting vertical profiles of aerosol concentrations. This under-
prediction of aerosol concentration in themiddle tropospheremay result in underprediction of CCN concen-
tration at these high levels, although CCN concentrations at these levels are likely less important than those
below the cloud base level in the case of deep convection. Nevertheless, it is also possible that the difference
between the observations and the model is due to a high variability in the aircraft measurement data. Amed-
ian vertical profile obtained from multiple MC3E flights does show a linear decrease on a log‐scale with
increasing altitude (Figure 5 of Fridlind et al., 2012).

3.2. Overviews of the Baseline Simulations and Comparison With Radar Observations

Results of the baseline WRF simulations (TC1 and MC5 in Table 1) are compared to radar observations to
confirm that the baseline simulations capture contrasting characteristics in the maritime and continental
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deep convective systems in the TWP‐ICE and MC3E cases, prior to the sensitivity simulations. Observations
from the Bureau of Meteorology (BoM) Darwin C‐band polarimetric radar (CPOL) and the DOE
polarimetric C‐band scanning ARM precipitation radar (CSAPR) are used. Radar variables are compared
to corresponding fields computed from the WRF simulations using an offline radar simulator module in
the Goddard Satellite Data Simulator Unit (G‐SDSU; Matsui et al., 2013, 2019). The method to calculate
radar reflectivity follows Masunaga and Kummerow (2005). The particle backscattering cross sections are
calculated on the basis of the full solution of Mie‐based routine with dielectric constant determined via
the Maxwell‐Garnet assumption and assuming the particles to be spherical with particle density and size
assumed in the SBM for each mass bin. The PSD of hydrometeors as well as rimed mass fractions
simulated in the WRF–SBM are input directly into the radar simulator module.

Composite reflectivity (the largest reflectivity in the column at each grid point) at 3 times shows the storm
structure and evolution (Figures 6 and 7). The Steiner et al. (1995) radar‐reflectivity‐based classification algo-
rithm was applied in the same manner to both observations and simulations, using 36 dBZ (40 dBZ) as the
convective threshold in TWP‐ICE (MC3E). During the time period from 17–19 UTC 23 January 2006, a con-
vective complex was present in the radar domain in both observations (Figures 6a–6c) and simulations
(Figures 6d–6f). Both show similar characteristics of convective system that convective areas of irregular
shapes and various sizes are surrounded wide stratiform areas. The convective complex evolved into a more
linear system that moved west later in the time period, although the orientation of convective complex in the
simulations is rotated compared to the observations. The maximum convective reflectivities were larger in
the observations (>55 dBZ) compared to simulations (>50 dBZ). Widespread stratiform precipitation
encompassed nearly the entire domain in both observations and simulations, although the simulated reflec-
tivities had a larger area >35 dBZ compared to the observations.

As shown in section 2.4.1 (and associated rainfall animations in the supporting information), convective
cores over the domain of Figure 6 are elements of a large‐scale maritime storm system ~1,000 km in dia-
meter. Thus, it is very difficult to accurately reproduce the position of each convective core within this

Figure 6. Composite radar reflectivity from the TWP‐ICE case, 23 January 2006 at 17, 18, and 19 UTC from (a–c) CPOL observations and (d–f) WRF C‐band
simulations. Convective area (Steiner et al., 1995) using a convective threshold of 36 dBZ is contoured in black.
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small domain and the current result represents our best effort to reproduce the convective complex as a
result of testing the three global reanalysis data sets to drive the simulation. Varble et al. (2014a, 2014b)
showed errors in spatial patterns of radar reflectivity in LAM model simulations for the same domain and
day, and they suggested that the errors in location and timing of the convective system event might be
linked to large‐scale forcing biases.

In the MC3E 23 May 2011 case, convective cells with leading stratiform regions organized into MCS fea-
tures by 2200 UTC, followed by easterly propagation (Figure 7). Maximum observed reflectivities were
in excess of 60 dBZ. Large areas of stratiform precipitation (<20 dBZ) were present in the observations
(Figures 7a–7c), while stratiform areas were smaller and weaker in the simulation (Figures 7d–7f). This
narrower stratiform coverage in model simulation has also been noted in simulations with different
cloud microphysics schemes in the same MC3E case (Pu & Lin, 2015). Even though the simulated strati-
form areas are smaller in areal coverage, the simulation shows basic characteristics of the observed con-
tinental system with clustered convective areas accompanied by stratiform areas, which is distinct from
the maritime system.

Figure 8 shows hourly time series of area fractions of radar reflectivity coverage and domain averaged pre-
cipitation rates to demonstrate consistency in temporal evolution between the observed and simulated con-
vective systems. Observed precipitation rates were calculated using the polarimetric blended algorithm
outlined in Dolan et al. (2013). During TWP‐ICE (Figures 8a and 8c), a large fraction of the radar domain
was covered by echo, predominantly stratiform, especially after 12 UTC. By 19 UTC, nearly the entire radar
domain in both the observations and simulation was covered with echo. In both observations and simula-
tions, the convective area reaches 20% of the domain around 18 UTC, after which the observed convective
area decreases while the overall simulated area continues to increase and peaks at 20 UTC before

Figure 7. Composite radar reflectivity from MC3E case on 23 May 2011 at ~21, 22, and 23 UTC from (a–c) CSAPR observations and (d–f) WRF C‐band
simulations. Convective area (Steiner et al., 1995) using a convective threshold of 40 dBZ is contoured in black.
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decreasing. Average convective rain rates are similar between observations and the simulations, peaking
over 30 mm hr−1 around 18 UTC before falling off by 20 UTC. Stratiform rain rates were higher
(5 mm hr−1) and peak later (19 UTC) in the simulation. Both MC3E time series (Figures 8b and 8d) show
that convection entered the radar domain around 21 UTC 23 May 2011 and moved out of the domain by 4
UTC 24 May 2011. The relative echo coverage area is similar between the simulation and observation.
However, mean convective precipitation rates were over two times larger in the simulation compared to
observations, reaching nearly 50 mm hr−1.

Figure 9 shows observed vertical velocities derived from dual‐ (TWP‐ICE) and multiple‐Doppler (MC3E)
techniques using the CEDRIC package (Mohr & Miller, 1983) compared to simulated wind fields. The
updraft and downdraft percentiles between the observations and simulations were calculated in the same
manner employing the same bin spacings and percentiles. Although the grid spacings were similar between
them (~ 1 km), there are some differences in coverage area that could lead to sampling differences. The
observations were constrained to be within the dual‐Doppler area, which might not capture all, or even
the most intense cores in the domain. The simulations were constrained to the overall radar coverage area,
which is larger than the dual‐Doppler area. The storm orientation and location may not be exactly as
observed during the simulation. The point of these vertical draft profiles is to illustrate in a statistical sense
how well represented the convection was by the simulations in comparison to the observations.

During TWP‐ICE (Figure 9a), the simulated 99th percentiles were underpredicted in the middle‐ and low‐
levels, while 50th percentiles of both observations and simulations were below 1 m s−1. The observations
show peak magnitudes around 10‐km height above mean sea level (MSL). However, the peaks of the simu-
lated velocities were higher, around 14 km MSL. This discrepancy suggests that the simulated convective
system may be more intense locally at upper levels compared to observations.

Figure 8. (a) Time series of radar reflectivity coverage (dBZ > 0) and (c) area‐averaged mean surface precipitation rate (mm hr−1) for TWP‐ICE derived from
C‐pol radar observations and the WRF baseline simulation; the convective/stratiform types are classified using Steiner reflectivity‐based algorithm. (b and d)
As in (a) and (c) but derived from SGP CSAPR radar and the WRF baseline simulation for the MC3E case.
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The vertical profiles of updraft and downdraft percentiles (Figure 9a) are quite different from those
shown in Varble et al. (2014a); their Figures 9 and 10). The difference is due to the different sampling
criteria. In Varble et al. (2014a), percentile profiles were calculated only for columns with vertical velo-
cities exceeding 1 m s−1 from 1 to 15 km in altitude. This biased the sampling to deep convective cores,
whereas our percentile profiles are calculated for all positive or negative points without restrictions. The
sampling periods are different also, 1310Z–1750Z (around the peak time of strong convection) in Varble
et al. (2014a) and 06–24 UTC in ours.

In the MC3E case (Figure 9b), observed and simulated 99th percentile updraft speeds were similar, reaching
14–16 m s−1 and peaking around 8 kmMSL, while downdrafts were smaller in the simulations, except in the
upper levels (> 13 km). Differences above 15 km could be related to relatively few observations at such alti-
tudes. However, 90th and 50th percentiles were smaller in magnitude in simulations compared with obser-
vations. Again, the vertical profiles of updraft and downdraft percentiles in this study are different from
those shown in Fan et al. (2015); their Figure 7a) for the same MC3E case, because their study sampled only
convective cores that were defined by continuous updrafts and reflectivity over certain threshold in columns.

Overall, the model simulations underpredicted the magnitudes of the updraft and downdraft speeds at the
90th and 50th percentiles. Although the grid spacing is similar between the radar measurements and the
model simulations (~1 km), these results suggest that the simulations do not have a fine enough grid spacing
to resolve the variability in the observed vertical velocity. Skamarock (2004) showed that the effective reso-
lution of the WRF model was generally 7 times the grid spacing based on the analysis of the kinetic energy
spectra. Thus, a finer grid spacing such as several hundred meters is probably required to solve this
underprediction.

3.3. Intercomparison of Sensitivity Experiments to the Aerosol and
Thermodynamics Perturbations
3.3.1. Surface Precipitation
Here we address initially the response in surface precipitation to both aerosol and thermodynamic perturba-
tions in a series of sensitivity experiments. Table 4 shows the accumulated precipitation amounts averaged
over the entire model domains for 24 hr (the entire simulation periods) and the last 18 hr (excluding the
6 hour model spin‐up period). The table also includes normalized differences (relative changes) of the accu-
mulated precipitation for both regimes, from that in the lowest CCN loading run in each subset, defined fol-
lowing Equation 7 in SB06:

Figure 9. Vertical profiles of the 50th, 90th, and 99th updraft and downdraft percentiles over the radar coverages derived from the radar observations and the
model simulations for the (a) TWP‐ICE and (b) MC3E cases. The sampling periods are 6–24 UTC 23 January 2006 and 20 UTC 23 May to 06 UTC 24 May 2011.
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ΔP¼ P − PLowestð Þ=PLowest; (1)

where P is the precipitation as a function of CCN loading; the subscript, “Lowest,” indicates the value of
the lowest CCN loading run, that is, TC1, TD1, MC1, or MD1 in Table 1.

Table 4 shows that the accumulated precipitation in the lowest CCN concentration is the smallest in the five
simulations in all four subsets. The change of the CCN loading from the lowest to the highest concentrations
causes increases in precipitation amounts by ~15–30%. These increases are similar across the 18–24 hr simu-
lation period. In each subset of the two control‐run sets for the TWP‐ICE (TC1–5) andMC3E (MC1–5) cases,
the precipitation amount is the highest in the highest CCN loading run (TC5 and MC5), and the values
increase monotonically in response to CCN increases through the intermediate runs. In each subset of the
dry‐run (reduced CAPE) simulations, interestingly, an intermediate run (TD4 and MD3) yields the largest
surface precipitation. Evidently, with reduced CAPE, the impact of increasing CCN differs as the monotonic
increase is disrupted. The highest CCN loading run in TWP‐ICE dry (TD5) produces a precipitation amount
similar to that of TD4, while MD5 has considerably less surface precipitation compared to MD3 and MD4.
The reduction rates of the precipitation due to the CAPE change are ~60% in the TWP‐ICE runs and 70%
in the MC3E runs. These rates tend to be larger in the lowest and highest CCN loadings and smallest in
an intermediate in both the TWP‐ICE and MC3E cases.

The normalized differences (relative changes) of accumulated precipitation in Table 4 are compared to those
derived frommany previous modeling studies listed in Table 1 of Tao and Li (2016). A few studies show posi-
tive values of the order of 10% that are similar to those obtained in this study. Tao et al. (2007) and Lee
et al. (2008a, 2008b, 2009) simulated tropical maritime (The Tropical Ocean‐Global Atmosphere Coupled

Figure 10. Surface precipitation amounts averaged over the entire model domains for the last 18 hr of the simulation periods in the series of sensitivity
experiments. Red and blue lines denote precipitation from convective and stratiform areas (Steiner et al., 1995) to the total (black line), respectively. Note
that the y axis scales are different in the plot panels. The x axis labels correspond to experiment abbreviations listed in Table 1 with aerosol concentration
perturbing between maritime and continental environments.
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Ocean Atmosphere Response Experiment; TOGA COARE) and mid-
latitude continental (ARM SGP) cases, respectively. Although these
two studies are based on two‐dimensional model simulations, the
precipitation sensitivities we find are in agreement with these studies,
lending confidence to our results.

The normalized differences of the accumulated precipitation
(Table 4) are also compared with those obtained in SB06, Storer
et al. (2010), and Grant and van den Heever (2015), in which aero-
sols and vapor (consequently CAPE) were perturbed simulta-
neously. These three modeling studies basically follow the
simulation design in Weisman and Klemp (1982, 1984); the forms
of the simulated convective systems vary according to vapor con-
tent and wind shear. In SB06, the normalized precipitation differ-
ence for increasing CCN is positive for multicell systems (higher
CAPE and weaker wind shear) and negative for both single, ordin-
ary cells (lower CAPE and weaker wind shear), and supercells
(stronger wind shear); the results in the other two studies roughly
follow these findings. Our simulated systems are multicellular con-
vection (Figures 6 and 7), and the positive values of the normal-
ized difference (Table 4) are consistent with those in SB06.
However, the decreases in vapor (consequently CAPE) in our
study do not lead to a change from positive to negative normalized
differences as shown in Figure 12a of SB06. Perhaps the vapor per-
turbation in our study is sufficiently small that the system stays in
a range of positive normalized differences (upper left part of
Figure 12a of SB06).

The changes in surface precipitation are further investigated using
convective and stratiform precipitation separation based on Steiner

et al. (1995). This investigation is motivated by analysis of surface rain rate PDFs (not shown), in which
the probability of weak (strong) surface rainfall rates decreases (increases) with increasing CCN concen-
tration. The domain‐averaged surface precipitation amounts from convective and stratiform areas aver-
aged for the last 18 hr of the simulation are shown in Figure 10; the amounts and their relative changes
(Equation 1) are also listed in Table S2 in the supporting information. The precipitation amounts in
convective areas generally increases with increasing CCN. The change in the CCN loading from the
lowest to the highest concentrations yields an increase of the precipitation within convective areas by
~40–50% (Figure 10 and Table S2). However, precipitation within stratiform areas stays approximately
constant or substantially decreases. The reduction rates are ~0–40%, and the changes largely differ
according to the selection of the TWP‐ICE or MC3E case and the control or dry (reduced CAPE) simu-
lations. The changes in the total precipitation (black lines in Figure 10) generally follow those in the
convective precipitation (red lines), because the precipitation amounts in convective areas are consider-
ably larger than those from stratiform areas (blue lines).

The changes in convective and stratiform precipitation areal coverages are shown in Figure 11 in the form of
the percentages to the TWP‐ICE or MC3E model domain averaged for the 18 hr. Unlike the changes in the
surface precipitation amount or rate (Figure 10 and Tables 4 and S2), the responses to the CCN loading per-
turbations differ considerably depending on the cases and the types of simulations. Relative changes
(Equation 1) vary within a range of ±20%. In the TWP‐ICE runs, the reduction in CAPE yields the opposite
response of the changes in convective and stratiform precipitation areas to the CCN loading perturbations:
both convective and stratiform precipitation areas decrease slightly in the control runs with higher CCN
loadings, while those areas tend to increase in the CAPE‐reduced runs. However, the MC3E runs show a
similar response of the changes in convective and stratiform precipitation areas in the control and
CAPE‐reduced simulations: the convective area shows non‐monotonic changes, while the stratiform area
roughly decreases by ~20% in the relative change.

Table 4
Accumulated Precipitation of Sensitivity Simulations for the TWP‐ICE and
MC3E Cases (Table 1) Averaged Over the Simulation Domains for the 24 hr
and the Last 18 hr and Their Relative Change in % From Those in Simulations
With the Lowest CCN Loading Condition (TC1, TD1, MC1, and
MD1) (Equation 1)

Simulations

24‐hr
precip.
(mm)

24‐hr relative
change (%)

18‐hr
precip.
(mm)

18‐hr relative
change (%)

TC1 48.860 0.0 44.637 0.0
TC2 53.604 9.7 48.770 9.3
TC3 55.770 14.1 50.575 13.3
TC4 58.764 20.3 53.162 19.1
TC5 60.958 24.8 55.273 23.8
TD1 18.623 0.0 17.278 0.0
TD2 21.258 14.1 19.821 14.7
TD3 23.220 24.7 21.654 25.3
TD4 24.318 30.6 22.691 31.3
TD5 24.251 30.2 22.671 31.2
MC1 8.904 0.0 8.774 0.0
MC2 9.104 2.3 8.966 2.2
MC3 10.225 14.8 10.079 14.9
MC4 10.236 15.0 10.089 15.0
MC5 10.531 18.3 10.387 18.4
MD1 2.302 0.0 2.302 0.0
MD2 2.682 16.5 2.682 16.5
MD3 2.825 22.7 2.825 22.7
MD4 2.815 22.3 2.815 22.3
MD5 2.682 16.5 2.682 16.5

Note. Values exhibiting monotonic increase or decrease in series of runs in
each subset are represented by bold fonts.
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The hourly variations of the convective and stratiform precipitation areal coverages and the surface precipi-
tation rates (Figure S2 in supporting information) indicate that general features of the development of the
convective systems are not strongly affected by the variation in the CCN loading, at least over the current
short integration periods. This result supports that time‐ and domain‐averaged values shown in Tables 4
and S2 and Figures 10 and 11 work as metrics that are suitable to represent the sensitivity of the convective
systems to the CCN and CAPE perturbations.
3.3.2. Cloud Microphysics and Vertical Motions
Discussion on the response to the CCN loading changes is extended to cloud microphysics as well as updraft
and downdraft statistics. Hourly variations of domain‐averaged vertically integrated mass concentration (i.e.
water paths of hydrometeor particles) are similar to each other in each subset of sensitivity experiments
(Figures S3 and S4). Therefore, comparing time averages of these water paths is an effective means to eval-
uate overall changes in the concentration of each hydrometeor type in response to the CCN changes.

Table 5 shows time and domain averages of the water path of each hydrometeor type for the last 18 hr of the
simulation periods in the form of their relative changes (Equation 1). The monotonic increase in hail in
response to increasing CCN loading is highlighted in all four subsets in the sensitivity simulations, although
the amounts of hail are negligible compared to those of other hydrometeor types in the TWP‐ICE case
(Figure S3). This increase in hail is consistent with the hypothesis suggested by Rosenfeld et al. (2008):
Higher CCN loading conditions promote more supercooled water above the freezing level, aiding the devel-
opment of rimed particles such as hail and graupel.

Overall increase in cloud ice in Table 5 may be related to the freezing of supercooled water, although the
MC3E dry runs do not show a monotonic increase. MD3 and MD4 show larger accumulated surface preci-
pitation thanMD5 (Table 4). Supercooled water and cloud ice inMD3 andMD4may be consumedmore effi-
ciently for rain production than in MD5.

Figure 11. Percentages of precipitation areal coverages in the entire model domains averaged for the last 18 hr of the simulation periods in the series of sensitivity
experiments. Red and blue lines denote convective and stratiform precipitation areas (Steiner et al., 1995) to the total (black line), respectively. Note that the y axis
scales are different in the plot panels. The x axis labels correspond to simulation name abbreviations listed in Table 1 with aerosol concentration perturbing
between maritime and continental environments.
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The changes in graupel are different between the TWP‐ICE and MC3E
simulations (Table 5). Graupel monotonically decreases in the two subsets
of the MC3E case. In the TWP‐ICE case, however, graupel increases from
the lowest CCN loading runs (TC1 and TD1) through the other runs,
although the increases are not monotonic. Since little hail form in the
TWP‐ICE case, graupel is the main consumer of supercooled cloud water.

To extend the discussion on the changes reported in Table 5,
Figures 12 and 13 show vertical profiles of relative changes
(Equation 1) in mixing ratios of the hydrometeor particle types. The
mixing ratios are conditional means over the convective (Figure 12)
and stratiform precipitation areas (Figure 13) based on the classifica-
tion of Steiner et al. (1995). The original mixing ratio vertical profiles
are shown in Figures S5 and S6 in the supporting information.

Overall, the control and modified‐CAPE runs share similar features in
both TWP‐ICE and MC3E cases (Figures 12 and 13). The profiles of
cloud water (qc) show monotonic increases in response to the increases
in CCN loading in all subsets of the simulations for both convective
and stratiform precipitation regions, especially at levels close to freez-
ing level heights (~4.5 km in the TWP‐ICE case and 4 km in the
MC3E case). The changes in rain (qr) are different in the convective
and stratiform precipitation areas; particularly, rain mixing ratios
decrease in stratiform areas with increasing CCN. The changes in
cloud ice (qi) are characterized by significant increases at upper levels
and slight decreases at middle levels in both convective and stratiform
areas. Upper level increases are associated with freezing of increased
supercooled water at low temperatures. The profiles in snow (qs)
changes are different in the TWP‐ICE and MC3E cases. The

TWP‐ICE runs show overall decreases in convective areas and increases in stratiform areas, although
these changes are modest at best. The MC3E runs show slight decreases at most levels above the freez-
ing heights, while slight increases occur in the midlevels in both convective and stratiform areas. The
changes in graupel (qg) in the TWP‐ICE runs show interesting structures at upper levels in both convec-
tive and stratiform precipitation areas: Graupel increases in TC2–3 and TD2–3 and decreases in higher
levels in TC4–5 and TD4–5. However, the MC3E runs show a different trend in the changes in graupel,
that is, overall decreases at most levels above the freezing level heights.

Vertical profiles of updraft and downdraft statistics in the sensitivity simulations are shown in Figures 14
and 15 separately for convective and stratiform precipitation areas in the form of 50th, 90th, and 99th per-
centiles. In convective areas in the TWP‐ICE control and dry runs, these updraft (downdraft) percentiles
increase (decrease) monotonically with increasing CCN. These changes in vertical velocity are due to
changes in latent heating through cloud microphysical processes and buoyancy, which are discussed in
the next subsection. The positive (negative) responses in the percentiles are disrupted in convective areas
in the MC3E control and dry runs as well as stratiform areas in all runs. In particular, MC3E runs show com-
plicated structures wherein relative magnitudes of the percentiles are quite different in most vertical levels.
3.3.3. Latent Heating Budget
Khain et al. (2009) analyzed the mass and heat budgets in sensitivity simulations for various cloud simula-
tions to classify the effects of the change in aerosol loading on the precipitation. Following Khain et al. (2009),
Figure 16 shows vertical profiles of domain‐averaged temperature change averaged over the whole simula-
tion periods due to latent heating and cooling in our sensitivity experiments; Figures S7 and S8 in the sup-
porting information illustrate profiles of six heating/cooling components (condensation, evaporation,
deposition, sublimation, freezing, and melting). Overall, the appearances of the vertical profiles in the con-
trol and dry runs in each TWP‐ICE and MC3E case are similar. The vertical profiles of the control and dry
runs in the TWP‐ICE case (Figures 16a and 16c) are generally characterized by monotonic changes for the
CCN loading changes. Heating, cooling, and net profiles generally increase with CCN increases, except

Table 5
Time‐ and Domain‐Averaged Water Path of Each Hydrometeor Type in the
Sensitivity Simulations for the TWP‐ICE and MC3E Cases (Table 1) Over
the Simulation Domains for the Last 18 hr of the Simulation Periods,
Represented in the Form of Their Relative Change in % From Those in
Simulations With the Lowest CCN Loading Condition (Equation 1)

Simulations Liquid Cloud ice Snow Graupel Hail Total

TC1 0.0 0.0 0.0 0.0 0.0 0.0
TC2 6.4 7.6 −5.3 24.8 18.6 6.0
TC3 7.8 21.0 −18.7 32.9 94.9 5.7
TC4 7.3 45.9 −17.8 5.0 233.9 4.9
TC5 8.3 49.8 −18.3 4.8 288.1 5.7
TD1 0.0 0.0 0.0 0.0 0.0 0.0
TD2 10.0 17.3 2.9 42.0 44.4 13.2
TD3 14.7 38.8 −4.4 80.1 122.2 21.4
TD4 14.8 70.1 3.2 26.7 294.4 22.7
TD5 13.8 84.1 −4.5 26.8 361.1 22.5
MC1 0.0 0.0 0.0 0.0 0.0 0.0
MC2 0.0 5.5 −4.3 −31.3 44.4 −13.8
MC3 5.7 16.1 0.4 −47.4 130.0 −16.6
MC4 2.0 24.2 −7.8 −55.2 185.5 −19.8
MC5 5.9 50.8 −9.1 −58.2 263.7 −14.3
MD1 0.0 0.0 0.0 0.0 0.0 0.0
MD2 2.8 17.3 12.0 −23.6 84.4 −6.3
MD3 2.4 10.8 9.6 −48.8 193.8 −19.8
MD4 0.8 16.0 6.3 −55.9 262.5 −22.4
MD5 −2.6 18.4 −10.2 −61.2 315.6 −26.6

Note. Values exhibiting monotonic increase or decrease in series of runs
in each subset are represented by bold fonts.
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for a decrease in cooling below ~1 km height and slightly larger net budget in TD4 than that in TD5 at several
heights. In contrast, the vertical profiles of the MC3E runs (Figures 16b and 16d) are more complicated. The
heating and cooling, particularly cooling from 4 km through 8 km heights, change nonmonotonically in
response to the CCN changes. Profiles of net heating show overall increases below 5 km and decreases
around 8 km when CCN concentrations increase, which are attributed to the changes in condensation
and deposition heating at these heights, respectively (Figures S7).

The vertical profiles of latent heat budgets from our TWP‐ICE and MC3E simulations in Figure 16 share
characteristics with those in Khain et al. (2009) for the GATE‐74 deep maritime cloud simulation (Figure
4 in Khain, 2009, and Khain et al., 2004) and for a midlatitude hail storm in southern Germany (Figure 14

Figure 12. Vertical profiles of relative changes (Equation 1) in mixing ratios of the hydrometeor types (qc: Cloud water, qr: Rain, qi: ICE crystals, qs: Snow, qg:
Graupel, and qh: Hail). The mixing ratio is the conditional mean over convective precipitation areas (Steiner et al., 1995). The relative changes are masked‐out
for mixing ratios less than 10−5 (kg kg−1) in the lowest CCN run. The threshold particle radius between the cloud water (qc) and rain (qr) is ~90 μm. The black
dashed lines denote approximate altitudes of 0°C isotherm (4.7 km in TWP‐ICE and 4 km in MC3E cases).
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in Khain, 2009, and Khain et al., 2011), respectively. The former is characterized by increases in heating,
cooling and net heating for the change from maritime through continental CCN conditions. In humid con-
ditions like our maritime cases, increases in aerosol concentrations cause increases in the net condensate
generation, which could lead to increase in precipitation (Khain, 2009). The latter is characterized by rela-
tively complicated profiles with increase in the net heating budget in most middle vertical levels and
decreases in limited upper levels with increasing CCN concentrations.

The changes in updraft and downdraft structures (Figures 14 and 15) are attributable to the changes in the
total buoyancy as a result of competition between thermal buoyancy and condensate loading (e.g., Fan
et al., 2017); changes in the thermal buoyancy are tied to the changes in the latent heating and cooling bud-
gets (Figure 16). The competition between the thermal buoyancy and condensation loading effects in con-
vective regions are evaluated (plots are not shown) based on Equation 2 of Fan et al. (2017). The thermal

Figure 13. As in Figure 12 but for stratiform precipitation areas.
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Figure 14. Vertical profiles of the 50th, 90th, and 99th updraft and downdraft percentiles over convective precipitation areas (Steiner et al., 1995) in the sensitivity
simulations. The sampling is over the entire simulation domains for the last 18 hr (except for the first 6 hr as a spin‐up time). The numbers in the graph legend
correspond to the last digits of the sensitivity experiment abbreviations in Table 1, which show relative magnitude in the aerosol concentrations in the experiment
configurations, and denote the ordinal numbers of the percentiles. The black dashed lines denote approximate altitudes of 0°C isotherm.
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Figure 15. As in Figure 14 but for stratiform precipitation areas.
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buoyancy overall overwhelms the condensation loading effects, and the changes in the total buoyancy
follows the changes in the thermal buoyancy. Thus, the changes in latent heating and cooling have large
impact on the updraft and downdraft structures. The monotonic increases in heating and cooling in the
TWP‐ICE runs with increases in CCN concentrations are consistent with monotonic increases in updrafts
and downdrafts, especially in convective precipitation areas. This positive correlation is not evident in
stratiform areas, particularly in the TWP‐ICE dry runs wherein 99th updraft percentiles decrease with
increasing CCN concentrations. In contrast, both heating/cooling and up/downdrafts change in complex
ways in those MC3E runs, which is caused by consistent with relatively complicated profiles of heating
and cooling.

Figure 14 shows that the increase in updrafts in the convective regions with increasing CCN in the TWP‐ICE
simulations is significant at 2–8 km altitudes across the freezing level. These updraft increases are attributa-
ble to the increase in condensation heating at these levels (Figure S7). The increase in condensation heating
is simulated even for the first few hours from the start of the simulations (not shown), in which feedback due
to evaporative cooling through cool pool formation is not significant. Thus, these results suggest that the
increase in the updrafts is due to the warm‐phase invigoration process. This is consistent with Fan
et al. (2018). In contrast, the same analysis for the first few hours (also not shown) illustrates that the
warm‐phase invigoration is not effective in the MC3E simulations. The increase in condensation heating
near the surface is simultaneous with evaporation cooling at the same levels (Figures S7 and S8). The differ-
ence between the TWP‐ICE and MC3E simulations is attributable to the difference in humidity below the
freezing level (Figure 1). The dry condition below the freezing level in the MC3E case is unsuitable to the
warm‐phase invigoration process.

Figure 16. Vertical profiles of horizontally‐averaged temperature change (K hr−1) due to latent heating/cooling calculated for the entire simulation periods. The
black dashed lines denote approximate altitudes of 0°C isotherm. The altitudes near the surface in the MC3E case are excluded in the calculation (all values are
zero) to remove the influence of grid points under the orographic heights. The simulation name abbreviations in the graph legends are listed in Table 1.
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4. Discussion
4.1. Differing Sensitivity of Convective and Stratiform Precipitation to CCN Changes

In the results shown in section 3.3.1, the surface precipitation rates in convective and stratiform precipitation
areas show different sensitivity to the CCN concentration changes in both TWP‐ICE andMC3E simulations.
This subsection analyzes these changes in more detail. Figures 17 and 18 illustrate vertical profiles of time‐
and domain‐averaged downward precipitation flux calculated from predicted hydrometeor PSD and its
terminal fall velocity in convective and stratiform precipitation areas, respectively. They are comparable
to surface precipitation rates.

In the convective precipitation areas (Figure 17), the differences in the precipitation fluxes (with CCN
changes) above the freezing level are consistent with those below; this characteristic is same across all sets
of the TWP‐ICE/MC3E and control/dry runs. Thus, processes above the freezing level (mostly
mixed‐phase processes) control the surface precipitation changes in the convective precipitation areas.
Figure 12 shows that these increases in the precipitation fluxes above the freezing level with increasing
CCN concentrations are attributable to the increases in graupel in TWP‐ICE and to hail in MC3E. An oppo-
site effect was found in stratiform precipitation areas. For the TWP‐ICE and MC3E simulations (Figure 18),
the precipitation fluxes decrease with increasing CCN concentrations. Evidently, heavier convective rainfall
reduces the amount of hydrometeors advected into the stratiform region, leading to lesser amounts of strati-
form precipitation with increasing CCN concentrations.

Figure 17. Vertical profiles of precipitation flux (mm hr−1) in convective precipitation areas averaged over the entire model domains for the last 18 hr of the
simulation periods. The black dashed lines denote approximate altitudes of 0°C isotherm. The simulation name abbreviations in the graph legends are listed
in Table 1.
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4.2. Competition Between Graupel and Hail Production

As described in section 2.2, hail particles are initiated through the following four pathways in the present
model when the ambient temperature is below 0°C: (1) by snow particles with a bulk radius less than
~550 μm and with rimedmass fractions over 95% consistent with bulk densities near 0.9 g cm−3 (rimed snow
to hail), (2) through wet growth on graupel particles with diameters over a threshold determined according
to environmental factors (Khain et a. 2011) (rimed graupel to hail), (3) when graupel particles achieve dia-
meters >10 mm (giant graupel to hail), and (4) freezing of droplets with a bulk radius larger than ~250 μm
(frozen drop to hail). Once hail particles are initiated, the particle masses and sizes increase by accretion of
supercooled water. On the other hand, graupel particles can be initiated if snow particles with a bulk radius
exceeding ~550 μm have a bulk density larger than 0.2 g cm−3. This graupel initiation process through rim-
ing on snow is posterior to the process of rimed snow to hail because of the difference in the snow particle
size ranges subjected to the transformation.

We conducted three types of additional simulations to check the various hail production processes. The SBM
was modified as it excluded the processes of (a) rimed graupel to hail, (b) both rimed graupel to hail, and
giant graupel to hail, and (c) frozen drop to hail. Figure 19 shows differences in hail mixing ratios in the three
additional and baseline simulations. In summary, the two processes from graupel to hail is not prevalent in
both cases, and the other two processes, i.e., rimed snow to hail and frozen drop to hail (particularly, in the
MC3E) are predominant. The dominance of the frozen drop to hail process in the MC3E case is consistent
with the dominant hailstone embryo type in Oklahoma in Knight (1981), in which frozen drop embryos
in hailstones were much more frequent than graupel embryos.

Results in section 3.3.2 show that the increase in supercooled water with increasing CCN causes increase in
hail in both the TWP‐ICE and MC3E cases. This increase in hail is mainly contributed by the hail

Figure 18. As in Figure 17 but for precipitation flux (mm hr−1) in stratiform precipitation areas.
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initialization through the processes of rimed snow and frozen drop to
hail and subsequent increase by accretion of supercooled water. In
the MC3E case, the increases in supercooled water with increasing
CCN effectively shifts the supercooled water to hail rather than to
graupel production. In the TWP‐ICE case, however, hail production
is considerably small via any of the four pathways as compared to
production of snow and graupel, and graupel dominates the accretion
of supercooled water. This distinction between the TWP‐ICE and
MC3E simulations is attributable to the difference in relative magni-
tudes and the peak altitudes of supercooled water and snow mixing
ratios above the freezing level in convective precipitation regions
(Figure S5). The conditionally averaged mixing ratios of cloud water
and snow are similar at ~6–8 km height in convective regions in the
MC3E simulations (Figure S5). Thus, supercooled water can generate
large drops that quickly freeze to serve as hail embryos below the alti-
tudes with significant snow. In contrast, in the TWP‐ICE simulations,
supercooled water is scavenged by abundant snow near the freezing
level, so that supercooled water is used for production of graupel
through riming of snow prior to satisfying the conditions for hail pro-
duction. Furthermore, this difference in the TWP‐ICE and MC3E
simulations may be attributable to the difference in humidity in the
middle troposphere and updraft strengths, which are related to snow
and supercooled water amounts and their dominant altitudes above
the freezing level.

5. Summary and Conclusions

A series of simulations were conducted to investigate the impact of
CCN and CAPE on two different deep convective systems, one devel-
oped under maritime (TWP‐ICE) and the other under continental
(MC3E) environment. Aerosol perturbations were configured within
the framework of dynamic aerosol downscaling from global aerosol
reanalysis data. This approach enabled reasonable simulations to be
performed wherein horizontal anomalies in the aerosol concentra-
tion fields were similar when perturbing the maritime and continen-
tal aerosol fields.

Aerosol number concentrations calculated from the downscaling
were compared to those observed from a ground‐based CCN particle
counter and an airborne CPC in the MC3E case. The former compar-

ison showed that the modeled CCN number concentrations near the surface agreed overall with the obser-
vations with maximum CCN number concentration error of roughly 1,000 cm−3 over the MC3E simulation
period. This value is less than the difference in near‐surface CCN concentrations between the MC3E and
TWP‐ICE cases calculated from the downscaling. The latter comparison showed that the modeled aerosol
concentrations were considerably lower than those of the airborne observations in the middle and upper tro-
posphere. These discrepancies may be due to limitations in the aerosol reanalysis data set for downscaling
and assumptions for prescribed aerosol PSD.

The results of the baseline simulation for each TWP‐ICE and MC3E case were each compared with radar
observations to overall confirm that the simulations captured contrasted characteristics in the maritime
and continental deep convective systems, prior to investigating contrasted differences in the sensitivities
to the aerosol and thermodynamics perturbations. The simulations contained errors in comparison to the
observations such as differences in radar reflectivity spatial patterns, wider convective precipitation areas,
higher precipitation rates, etc. However, both maritime observations and simulation showed similar charac-
teristics that convective areas of irregular shapes and various sizes were surrounded by wide stratiform areas.

Figure 19. Vertical profiles of hail mixing ratio (kg kg−1) averaged over the entire
model domains for the last 18 hr of the simulation periods in (a) TWP‐ICE and (b)
MC3E cases. Black, purple, blue, and red lines denote the profiles in the baseline
simulations (TC1 and MC5 in Table 1) and simulations excluding the change
process of graupel to hail through wet growth, the change both through the wet
growth and for graupel particleswith the diameters over 10mm, and the change of
droplets with a bulk radius larger than ~250 μm to hail by freezing, respectively.
The black dashed lines denote approximate altitudes of 0°C isotherm.
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In contrast, the continental simulation reproduced overall character-
istics of the observed system with clustered convective areas accom-
panied by stratiform areas.

Several physical quantities related to cloud and precipitation ele-
ments were intercompared in the sensitivity experiments to investi-
gate their responses to the aerosol and/or thermodynamics
perturbations. The results are schematically summarized in
Figure 20. The effects on surface precipitation were similar overall
for the TWP‐ICE and MC3E cases and in the control and vapor
reduced simulations. The precipitation from convective areas
increased with increasing CCN concentrations, and its change had
a more significant impact on the total precipitation than stratiform
precipitation. The increase in CCN loading yielded the opposite
impacts on the changes in the convective and stratiform precipitation
areal coverages in the TWP‐ICE control and vapor‐reduced runs,
while they were similar in theMC3E runs. The analysis on latent heat
budgets, which could be tied to condensate budgets for precipitation,
showed that the changes in the latent heating/cooling with the CCN
concentration changes in our simulations were consistent with those
for maritime and continental case simulations in previous studies
(Khain, 2009).

Changes in supercooled water due to the CCN loading changes had
different impacts on the cloud microphysics in the TWP‐ICE and
MC3E simulations. The increase in supercooled water with increas-
ing CCN caused overall increases in graupel in the TWP‐ICE simula-
tions, whereas the reverse was true in the MC3E simulations. The
increase in supercooled water enhanced the hail production in the
MC3E simulations, which worked counter to the graupel production
from snow through consumption of supercooled water. However,
this process was not effective in TWP‐ICE simulations, because
supercooled water was scavenged by abundant snow near the freez-
ing level and was used for production of graupel from snow. This dis-
tinction is attributable to the differences in relative magnitudes and
the peak altitudes of supercooled water and snow amounts above
the freezing level, and maybe also to the moisture and dynamics
between the two cases.

This study showed complex and variable responses in the cloud and
precipitation elements of specific maritime and continental deep con-
vective systems to CCN and thermodynamic perturbations. However,
it is still uncertain as to whether these findings are robust as the sen-
sitivity experiments herein were configured only for a single mari-
time and a single continental case. Expanding the investigation to

other cases not limited to deep convection is a task for future study. For example, previous studies (e.g.,
Fan et al., 2007; Li et al., 2008) showed optimal aerosol concentration that maximized physical variables
such as surface precipitation amounts; the optimal concentrations in these two previous studies were very
high in the ranges they tested. Our simulation results did not show such optimal aerosol concentration
and variables, rather most impacts in our simulations changed monotonically. A possible reason for this
behavior is that the range of aerosol concentration tested in this study was limited to those between the
two specific cases and did not include extremely polluted situations so that the simulations did not capture
the optimal aerosol concentration which may be outside the range tested herein.

The simulation results, particularly the interplay between graupel and hail are likely largely dependent on
the definitions of the hydrometeor particle categories and the mutual transformations designed in the

Figure 20. Schematic diagram summarizing the changes in various physical
quantities to the increasing CCN concentration and the thermodynamics
perturbations in the sensitivity experiments. The red upward (blue downward)
arrows denote monotonic increase (decrease) in quantity with increasing
modeled CCN concentrations; the white upward arrows show monotonic
increase, but the mixing ratio is very small compared to others. The purple
arrows mean nonmonotonic changes. The brackets denote results from the dry
runs. The abbreviations correspond to the following physical quantities: Area:
Area of convective or stratiform precipitation region; Prec: Surface precipitation
rate of convective or stratiform precipitation region; Qi, Qs, Qg, Qh, Qc, and Qr:
Mixing ratios of cloud ice, snow, graupel, hail, cloud water, and rain,
respectively.
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model microphysics. The model used in this study did not include more detailed initiation processes of hail
and graupel particles (Ilotoviz et al., 2016, 2018; Phillips et al., 2014, 2015). Including these processes may
largely change the balance in graupel and hail production in response to aerosol and subsequent super-
cooled water changes.

Data Availability Statement

The MC3E radar data are available in the Kinematic and hydrometer data products from scanning radars
during MC3E (HKSR; https://www.arm.gov/data/data-sources/hksr-117). WRF‐SBM simulation output
files are available through NASA GSFC Cloud Library (https://portal.nccs.nasa.gov/cloudlibrary/) managed
by NASA GSFC NCCS.
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