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Abstract The impacts of enhanced heterogeneous ice nucleation (HET) on the properties of deep
convective clouds (DCCs) have been investigated in cloud-resolving simulations with the WRF-CHEM
model. The study focuses on a case observed during the Deep Convective Clouds and Chemistry (DC3) field
campaign. For the simulated DCCs, which had cold cloud-base temperatures, an inverse relationship exists
between ice crystal mass produced through HET and anvil ice crystal number concentrations. This seems to
be due to the indirect competition between HET and subsequent homogeneous freezing (HOM) for liquid
droplets. Furthermore, our simulations suggest that HET enhancements at warmer temperatures are more
efficient in depleting liquid droplets below and hence have larger impacts on anvil properties than HET
enhancements at colder temperatures do. This temperature dependence indicates that similar increases in
the number of ice nucleating particles (INPs) may potentially have different impacts on DCCs, depending
on the INP type and at which temperatures they can nucleate ice crystals. We also found that the reduced
anvil ice number concentrations due to the enhanced HET may lead to optically thinner anvil clouds. The
reduction in cloud optical depth comes from a decrease in ice crystal mass concentrations, and in some
runs also from an increase in ice crystal sizes. These results suggest potentially large impacts of INPs on the
properties of DCCs, especially if precipitation is predominantly produced through ice processes in the DCCs.
The results underscore the importance of fully understanding the temperature-dependent ability of aerosol
particles to nucleate ice crystals.

1. Introduction

The following subsections introduce heterogeneous and homogeneous ice formation mechanisms and their
relationships (section 1.1) and present the motivations of this study (section 1.2).

1.1. Heterogeneous Ice Nucleation and Homogeneous Freezing
Ice formation in the atmosphere occurs either via heterogeneous nucleation or homogeneous freezing,
depending on the ambient temperature and supersaturation; at temperatures above about −38 ∘C, ice crys-
tals form by heterogeneous nucleation, that is, with the aid of ice nucleating particles (INPs) around which
freezing of liquid drops (contact/condensation/immersion freezing) or deposition of water vapor (deposition
nucleation) occurs. The heterogeneous ice nucleation (HET) rate is therefore heavily dependent on the exis-
tence of INPs, which has a significant temporal and spatial variability. At temperatures below about −38 ∘C
and with sufficient humidity (Kanji et al., 2017), the homogeneous freezing (HOM) process rapidly converts
liquid droplets to ice, yielding many relatively small ice crystals. Which of the two mechanisms dominates
inside mixed-phase/cold clouds varies from case to case but it is controlled mainly by vertical velocities and
INP availability (see Figure 18 in Heymsfield et al., 2005; Figure 4 in Eidhammer et al., 2009; and Figure 1 in
Kärcher, 2017): In deep convective clouds (DCCs), higher vertical velocities may lead to higher supersatura-
tion rates that can retain more liquid droplets up to the HOM level (i.e., about −38 ∘C) and hence make clouds
more HOM-dominated. On the other hand, high INP concentrations may enhance HET and make clouds more
HET-dominated.

In in situ cirrus clouds, the competition between HOM and HET for moisture is known as the negative Twomey
effect (Kärcher & Lohmann, 2003; Kärcher et al., 2006). The transformation of high cirrus clouds into a more
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Figure 1. Locations of the simulation domains with topography height
contours (m) based on MODIS data: Domain 1, outlined by the outer edge of
this map, has a 3-km horizontal grid length for the 1,197 km (zonal)
× 594 km (meridional) domain and 100 vertical levels. Domain 2, outlined
by the black line in the map, has a 1-km horizontal grid length for the
600 km (zonal) × 300 km (meridional) domain and 100 levels.

HET-dominated state with anthropogenic INPs may reduce their
warming effect, which has been a topic of intense research among
the geoengineering community (e.g., Mitchell & Finnegan, 2009).

In DCCs, however, the relationship between HET and HOM usually can-
not be simply explained by the negative Twomey effect: Increases in INPs
may occur concurrently with increases in other aerosol particles that can
serve as cloud condensation nuclei (CCN). Changes in the abundance of
CCN may affect droplet sizes and hence warm-rain processes (e.g., Khain
et al., 2008), which in turn influence the availability of liquid droplets for
subsequent freezing (either HET or HOM). Also, due to large amounts of
condensed liquid, enhanced HET in DCCs may increase latent heat release
in the middle/upper troposphere, potentially leading to invigoration of
convection. Although it has been proposed to occur due to increased CCN
rather than INPs, such invigoration of convection by enhanced freezing
has been discussed intensively in recent years (e.g., Altaratz et al., 2014;
Fan et al., 2016; Rosenfeld et al., 2008; Tao et al., 2012). This mechanism,

however, is still under discussion (e.g., Grabowski & Morrison, 2016; Varble, 2018) and may require further
investigations. Furthermore, secondary ice production processes may produce numerous ice crystals in DCCs
if temperature, droplet, and ice crystal conditions are favorable (Field et al., 2017), although this remains highly
uncertain. Thus, due to warm-rain processes and also secondary ice production processes, HET and HOM may
not necessarily compete against each other for moisture in DCCs but instead be related in a different way
depending on dynamical and microphysical conditions.

Due to high vertical velocities inside DCCs and according to aforementioned studies such as Heymsfield et al.
(2005), the dominant ice nucleation mechanism in DCCs is expected to be HOM for the range of typical INP
concentrations. Indeed, aircraft measurements by Rosenfeld and Woodley (2000) showed the existence of
high concentrations of supercooled liquid droplets near the HOM level inside DCCs. Some modeling stud-
ies have found larger impacts of modifying CCN concentrations rather than changing INP abundance on
microphysical and dynamical characteristics of DCCs, which indicates the predominant importance of liquid
processes and subsequent HOM rather than HET processes. Reisin et al. (1996), for example, presented an ide-
alized modeling study of convective clouds in which various amounts of new droplets or ice crystals, instead
of CCN or INPs, were added to the simulated convective cloud at different locations and timings to test how
that “seeding” may impact the amount of precipitation. They concluded that additional “INPs” at the right
time (i.e., when natural ice formation initiates) may greatly enhance precipitation, though adding “CCN” had
overall larger impacts than adding “INPs” did. Similarly, some recent modeling studies have shown a dominant
importance of CCN over INPs in determining the microphysical characteristics of DCCs (Carrió et al., 2007; Fan
et al., 2010a; Phillips et al., 2007). On the other hand, some modeling studies have shown large impacts of HET
on DCC microphysics: A cloud-resolving modeling study by Ekman et al. (2007), for example, found a signifi-
cant impact of increased INPs on updrafts in a DCC through enhanced freezing and latent heat release. This
strengthened updraft in turn increased the areal coverage of the anvil cloud, which is consistent with Fan et al.
(2010b), and ultimately increased the total amount of precipitation. Teller and Levin (2006) used 2-D idealized
simulations to find a similar expansion of anvil coverage with a tenfold increase in INP concentrations, though
they also found that changes in the amount of precipitation depended on the background aerosol concentra-
tions. Hiron and Flossmann (2015) found immersion freezing (one of the HET processes) and HOM to be most
important in determining the total number of ice crystals in convective clouds while testing multiple param-
eterizations in their model. In some of the very few observational case studies on the INP-DCC relationship
to date, large impacts of a dust (effective INPs) layer from the Sahara were found based on the data set from
the Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus Experiment (CRYSTAL-FACE)
(Jensen et al., 2004) in 2002 (Carrió et al., 2007; DeMott et al., 2003; van den Heever et al., 2006); van den
Heever et al. (2006), for instance, found that a prescribed increase in the number of INPs at around 3 km in
altitude (representing dust plume from the Sahara) in their simulations resulted in increased updrafts during
the mature stage and an initial increase in the amount of surface rainfall, due to enhanced glaciation. These
studies suggest a potentially very strong influence of INPs on DCCs’ microphysical, dynamical, and radiative
properties, and thus highlight the potential significance of HET in determining the overall properties of DCCs.
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1.2. Motivation
Increases in INP abundance may enhance HET in DCCs and eventually modify the anvil properties and surface
precipitation. According to a recent review study by Kanji et al. (2017), predominant INP types are biological
particles at warmer temperatures (> −10 ∘C) and dust at colder temperatures (<−15 ∘C). However, the avail-
ability of these INPs is geographically quite heterogeneous and in some regions other aerosol particles, such
as biomass burning and marine aerosols, may play a significant role in HET (e.g., DeMott et al., 2016; Kanji
et al., 2017; McCluskey et al., 2014).

While it is still debatable, some earlier studies have shown that particles from forest fires may potentially
serve as INPs (Hobbs & Locatelli, 1969; Sassen & Khvorostyanov, 2008; Petters et al., 2009; Prenni et al., 2012).
Especially a fraction of black carbon (BC), which is also emitted during biomass burning, has been shown in
laboratory studies to have a moderate ability to serve as INPs (e.g., DeMott, 1990; DeMott et al., 1999; Diehl &
Mitra, 2015). Furthermore, Jolly et al. (2015) found a globally increasing trend in fire season duration in recent
decades, and some other observational studies, such as Westerling et al. (2006) and Dennison et al. (2014),
found an increasing trend for large fires in the western United States. Using a numerical model, Liu et al. (2013)
projected an increase in fire potential and also duration of fires over the United States due to future warming.
In addition to aerosols from increasing forest fires including BC, abundant dust particles are also present in
the western United States (Achakulwisut et al., 2017; Hallar et al., 2015; Wells et al., 2007). That is, there exist
a number of INP sources in the western United States, and therefore, one of our motivations is to investigate
how variations in INPs may affect microphysical characteristics of DCCs in this region.

In numerical models, HET is often parameterized by empirically derived equations. These equations, how-
ever, vary significantly in terms of their dependence on temperature, humidity, and INP concentrations (e.g.,
Eidhammer et al., 2009). Here we specifically focus on parameterizations for immersion freezing (IMM), which
recent studies have suggested to be the most important HET process in DCCs (e.g., Hiron & Flossmann, 2015;
Kanji et al., 2017). Hiron and Flossmann (2015) found changes in the timing and intensity of precipitation from
a DCC due to simply switching the IMM parameterization in their simulations. A modeling study by Fan et al.
(2010b) compared simulations of DCCs with two INP-independent IMM parameterizations and found that
simulations with larger IMM rates produced DCCs with enhanced latent heat release, updraft velocities, and
anvil size. Similar results were obtained in a modeling study by Ekman et al. (2007), in which the sensitivity of
DCCs to varying INP availability was tested. Thus, even with the identical ambient conditions, simulated HET
rates may vary considerably with the choice of parameterization. This potential variation of the results with
parameterizations is also investigated in this study.

The present study explores (1) the relative importance of HOM versus HET in the simulated DCCs for a range of
different HET/INP profiles and (2) the effects of enhanced HET on the ice-phase microphysics and the optical
properties of the DCCs through numerical simulations. Such process studies are indispensable for ultimately
disentangling the complex aerosol-DCC interactions with numerical models in the future (see section 5.7 in
Rosenfeld et al., 2014). We use different types of HET parameterizations for 3-D cloud-resolving simulations
of DCCs observed in Colorado as an example to explore (1) and (2). Besides the aforementioned increasing
wildfires, there are multiple reasons to investigate the simulated impacts of varying HET rates on DCCs in the
western United States, as stated above (e.g., significant variations in HET rates depending on the parameter-
ization). Therefore, rather than modifying INP abundance in the simulations, we directly vary HET rates and
intentionally leave the cause of such HET open. They could be attributed to a wide range of reasons (e.g., dust
and biological particles). The results of this study may shed light on what changes in microphysical, dynam-
ical, and also radiative characteristics of DCCs might be expected due to modified HET rates for DCCs in the
western United States or comparable environments.

The remainder of the paper is structured as follows: Section 2 describes the setup of our numerical simula-
tions (section 2.1), along with the two different types of HET parameterizations applied in the sensitivity tests
(section 2.2). The results of the experiments and their analyses are presented in section 3, and the applicabil-
ity (section 4.1) and implications (section 4.2) of the findings are discussed in section 4. Finally, we summarize
the study and draw overall conclusions in section 5.

2. Methods

The following subsections describe the setups of the cloud-resolving simulations (section 2.1) and the
parameterization of HET for the sensitivity tests (section 2.2).
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2.1. Cloud-Resolving Simulations by WRF-CHEM
The numerical simulations are carried out by the Weather Research and Forecast (WRF) model (Skamarock
et al., 2008) coupled with Chemistry (WRF-CHEM) (Grell et al., 2005) version 3.6.1. We utilize the global anthro-
pogenic emission data set from the REanalysis of the TROpospheric chemical composition over the past 40
years (RETRO) (Schultz et al., 2008) and the Emission Database for Global Atmospheric Research (EDGAR)
(http://edgar.jrc.ec.europa.eu) provided by PREP-CHEM-SRC (available at ftp://aftp.fsl.noaa.gov/divisions/taq/
global_emissions/) (Freitas et al., 2011), along with the background data produced by the NAL-
ROM numerical chemistry model for gases and prescribed initial concentrations for aerosols (see
WRF-CHEM user guide for details; http://www2.mmm.ucar.edu/wrf/users/docs/user_guide_V3.6/
contents.html). The aerosol scheme for the simulations is the Modal Aerosol Dynamics Model for Europe
(MADE) (Ackermann et al., 1998) including the Secondary Organic Aerosol Model (SORGAM) (Schell et al.,
2001). The MADE/SORGAM scheme assumes a lognormal size distribution for each of three aerosol modes
(Aitken, accumulation, and coarse): The initial geometric mean diameters (GMDs) assumed for background
particles are 10 nm (Aitken), 70 nm (accumulation), and 1.0 μm (coarse), whereas the initially assumed
volume GMD for emitted particles (including fire particles) are 30 nm (Aitken), 300 nm (accumulation), and
6.0 μm (coarse). The volume-weighted bulk hygroscopicity approach is used, which means that particles
within the same mode are assumed to be internally mixed and share the same hygroscopicity value, based
on the volume ratios of aerosol species. Interaction of aerosols with radiation is turned off for the inner
domain in order to isolate microphysical impacts of aerosols. For the calculations of cloud microphysical
processes, the Morrison two-moment microphysics scheme (Morrison et al., 2009) is used: HOM occurs
instantaneously at T ≤ −40 ∘C in the scheme. The parameterizations of HET are explained in detail in the
next subsection. Note that the upper limit on the number of ice crystals in the original scheme (300 L−1)
has been eliminated. Also, this scheme uses a saturation adjustment for the calculation of condensed cloud
mass, which may potentially be problematic as some studies have shown (e.g., Grabowski & Morrison, 2017).
However, assessing this impact is beyond the scope of this study. Other physics and chemistry options
chosen for this study are the RRTMG longwave and shortwave radiation schemes (Iacono et al., 2008), the
MM5 similarity surface layer scheme (Beljaars, 1995; Dyer & Hicks, 1970; Paulson, 1970; Webb, 1970; Zhang
& Anthes, 1982), the unified NOAH land surface model (Tewari et al., 2004), the University of Washington
boundary layer scheme (Bretherton & Park, 2009), the RADM2 gas-phase chemical mechanism (Stockwell
et al., 1990), and the Guenther scheme for biogenic emissions (Guenther et al., 2006). Photolysis is turned off.

We simulate DCCs observed over northeast Colorado on 22 June 2012 during the Deep Convective
Clouds and Chemistry (DC3) field campaign (Barth et al., 2015). The simulation period is 24 hr (from
18 UTC on 21 June to 18 UTC on 22 June) for spin-up and 8 hr (from 18 UTC on 22 June to 02 UTC
on 23 June) for analysis. We use adaptive time steps, which start with 18 s (6 s) and may go up to 36 s
(12 s) for the outer (inner) domain without any lower limit imposed. The initial and boundary meteoro-
logical conditions are provided by the North American Mesoscale Forecast System (NAM) data set with
a 12-km horizontal grid length (available at https://www.ncdc.noaa.gov/data-access/model-data/model-
datasets/north-american-mesoscale-forecast-system-nam). Figure 1 shows the simulation domains for this
study: The outer domain has a 3-km horizontal grid length for the 1,197 km (zonal) × 594 km (meridional)
domain, the inner domain has a 1-km grid length for the 600 km× 300 km domain, and the number of vertical
levels is 100 for both domains. The analyses presented in this paper focus on the model output from the inner
domain, except for the analysis on anvil coverage and cloud albedo. Note that moist air density, instead of dry
air density, is used for the conversion of mixing ratios to concentrations in this study, but this is expected to
have a minimal influence on the results. Since the area of the simulations (i.e., Figure 1) experienced a number
of forest fires during the year of 2012 (e.g., Rippey, 2015), we turn on the forest fire emission input from the
Fire Inventory from NCAR (FINN) (Wiedinmyer et al., 2011) data set with a 1-km grid length (turned on after
simulation initialization). Fire particles from the FINN are added to the all three modes.

In situ observations of hydrometeors in the size range of 10 to 1,280 μm at a 10-μm resolution by the SPEC Inc.
2D-S (stereo) probe (2DS hereinafter) (Lawson, 2014; Lawson et al., 2006) and also the DC-8 merged data set
(Chen et al., 2014) from the DC3 campaign are used as reference data throughout this paper. Also, sounding
data from the National Center for Atmospheric Research (NCAR) Mobile Integrated Sounding System (MISS)
(UCAR/NCAR [Earth Observing Laboratory], 2013), obtained during the DC3, is used in this paper. These data
sets are available on the DC3 website (http://data.eol.ucar.edu/master_list/?project=DC3).
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Table 1
Setups of the Simulations Carried Out in This Study

Name HET Description

1 HET0a Off HET rates are set to 0

2 B0 Bigg equation × 0.1

3 B1a Based on Bigg (1953) Bigg equation

4 B10 (T < −4∘C) Bigg equation × 10

5 BLO “BIGG runs” Bigg equation × 10 at T ≤ −26 ∘C

6 BHI Temperature function constant at T > −26 ∘C

7 D10_0 D10_1 × 0.1

8 D10_1 Based on DeMott et al. (2010) Equation in DeMott et al. (2010)

9 D10_10 (−40 ∘C < T < 0 ∘C) D10_1 × 10

10 D10_100 "D10 runs" D10_1 × 100

11 D10_1000 D10_1 × 1000

12 D10_10000 D10_1 × 10000

13 D15_0 D15_1 × 0.1

14 D15_1 Based on DeMott et al. (2015) Equation in DeMott et al. (2015)

15 D15_10 (−40 ∘C < T < 0 ∘C) D15_1 × 10

16 D15_100 “D15 runs” D15_1 × 100

17 D15_1000 D15_1 × 1000

18 D15_10000 D15_1 × 10000

19 ALLa Freeze all droplets (T < −4 ∘C) Instantly convert all droplets to ice

aAn additional simulation has been carried out over a slightly shifted domain (section 2.2).

2.2. Parameterization of Heterogeneous Ice Nucleation
As recently reviewed by Kanji et al. (2017), there are mainly two types of parameterizations for HET:
time dependent (“stochastic”) and time independent (“deterministic”). In this study we test the sensitivity of
DCCs to varying HET rates using both types.

The parameterization of IMM by Bigg (1953) is time dependent and used for the first set of the simulations. It
is embedded in the original Morrison microphysics scheme (Morrison et al., 2009) that all of the simulations in
this study employ. The Bigg parameterization provides IMM rates for the temperature range of T <−4 ∘C that
subsequently get multiplied by the lengths of time steps. This parameterization, however, has been shown
to produce unrealistically high numbers of ice crystals according to Khain et al. (2000). Nevertheless, it is still
frequently used in cloud microphysics schemes. It should also be noted that the Bigg parameterization is
INP independent: Its formulation is a function of temperature and liquid droplet mass and number, but not
a function of INP concentrations. This is equivalent to assuming perpetual INP supply in the atmosphere,
which is unlikely to occur in reality. For the sensitivity tests using this parameterization, the Bigg equations
(for both mass and number) are multiplied by 0.1 and 10 (called “B0” and “B10” hereinafter, respectively).
These simulations are compared to a baseline simulation without any modification (“B1”). In other runs, HET
is enhanced only for a cold (≤ −26 ∘C, “BLO”) or warm (>−26 ∘C, “BHI”) temperature range. These simulations
are carried out in order to test the dependence of the impacts of HET enhancement on the temperatures at
which HET is enhanced. Table 1 lists the descriptions of the simulations. Even though HET in the runs using
the Bigg parameterization (these are called the “BIGG runs” hereinafter) is not based on INP concentrations,
these simulations reveal (1) the impacts of varying HET rates especially prominent at cold temperatures due
to the strong temperature dependence of the equation and (2) their dependence on altitudes at which HET is
most enhanced.

In contrast to the Bigg parameterization, the HET parameterization by DeMott et al. (2010) is time indepen-
dent and INP dependent. This DeMott parameterization predicts a number concentration (not a rate) of INPs
based on temperature and the concentration of aerosol particles larger than 0.5 μm. In this study, we use
this equation while assuming the following: (1) Newly nucleated ice crystals have a radius of 10 μm, and (2)
lognormal size distributions apply not only to interstitial aerosols but also to in-hydrometeor (wet) aerosols.
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Figure 2. Observed (black) and simulated (red) profiles of temperature
(solid), due point temperature (dotted), and wind (wind barb) in a skew-T
log-P diagram: Observation was made at (lat, lon) = (40.329, −103.806) at
1856 UTC by the NCAR MISS sounding (UCAR/NCAR [Earth Observing
Laboratory], 2013) on 22 June 2012 during DC3, whereas the simulation
data is from the HET0 run at (lat, lon) = (40.3302, −103.805) at 1900 UTC
on 22 June.

The baseline simulation is named D10_1. In additional simulations, HET
is forced to be either weakened or enhanced by multiplying the entire
equation in DeMott et al. (2010) by 0.1, 10, 100, 1,000, and 10,000
(“D10_01,” “D10_10,” “D10_100,” “D10_1000,” and “D10_10000”). Such
a variety of enhancements are able to cover a wide range of INP con-
centrations available in the atmosphere. It is especially relevant here
given the finding of McCluskey et al. (2014) that the parameterization by
DeMott et al. (2010) underestimated INP concentrations in the presence
of wildfires. In the simulations based on the equation by DeMott et al.
(2010) (or the “D10 runs”), HET occurs within the temperature range of
−40 ∘C < T < 0 ∘C. Note that if ice crystals already exist, their number
concentrations are subtracted from what is predicted by the equation of
DeMott et al. (2010) (or its product with factors above) to obtain the num-
ber of newly nucleating ice crystals. Also, the number of newly nucleated
ice crystals is constrained not to exceed the number of liquid droplets
available to freeze. Since these calculations give number concentrations,
the HET rates are obtained by dividing the number of newly nucleated
ice crystals by the length of time steps. The D10 simulations represent a
variety of HET rates consistent with the wide range of INP concentrations
possible in the atmosphere and reveal their relation to DCC microphysical
properties. In order to evaluate the robustness of the results, an identical
set of simulations but with the equation of DeMott et al. (2010) replaced
by the one in DeMott et al. (2015) have been carried out (the “D15 runs”).
The equation in DeMott et al. (2015) parameterizes the dependence of the
number of INPs on the abundance of dust particles larger than 0.5 μm. In
this study, number concentrations of all particles (not only dust) that are
≥ 0.5 μm in the accumulation and coarse modes are used for the calcula-
tion. Because the HET parameterization for the D15 runs is quite similar to
that for the D10 runs in this case, the D15 simulations are mainly used for
checking the robustness of the results in the D10 runs.

In all of the runs, any other primary ice nucleation processes, such as contact freezing and deposition nucle-
ation, are turned off (i.e., their rates are set to 0). This is justified by the findings from Hiron and Flossmann
(2015) and also Kanji et al. (2017) that IMM is the dominant ice nucleation process in mixed-phase clouds. We
also run two extreme simulations in which any HET processes are set to zero (“HET0”) or all droplets instantly
turn into ice crystals at T <−4 ∘C (“ALL”). These simulations represent extremes that are used for assessing the
relative importance of HET and HOM in the BIGG runs and the D10/D15 runs. Likely due to the extremely unre-
alistic assumption, however, the ALL simulation terminated at about 2300 UTC on 22 June due to numerical
instability, and hence, the analysis time for the ALL run is shorter than that for the other simulations. To eval-
uate the robustness of the results, simulations with slightly shifted domains (i.e., moved eastward by 0.01∘)
have been carried our for HET0, ALL, and B1. The results from these simulations are shown in selected figures.
The simulations conducted for this study are listed in Table 1.

3. Results

The DCCs of interest developed in a relatively dry environment, as Figure 2 shows. As a result, the cloud-base
temperature is close to the 0 ∘C level and the fully liquid part of the clouds (i.e., T≥0 ∘C) is therefore expected to
be shallow.

Throughout the paper, “convective cores” are defined as grid boxes with vertical velocity w ≥ 1.0 m/s and
water content (liquid droplets + ice crystals) ≥ 0.1 g/m3, and “convective anvils” as grid boxes with water
content (liquid droplets + ice crystals) ≥ 0.001 g/m3 at T ≤ −40 ∘C (excluding convective cores), referring to
Giangrande et al. (2016) and Table 1 in Hess et al. (1998). Figure 3 shows the cumulative numbers of grid boxes
categorized as (a) “convective cores” and (b) “anvils” in the BIGG runs (qualitatively similar results are obtained
from the D10 and D15 runs, while not shown here). Except for ALL, the numbers of “convective cores” show
their peaks at around 11.5 km, which is the altitude of spreading anvil clouds (Figure 3b). This indicates that
some grid boxes that are somewhat away from the center of vigorous convective cores may be categorized
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Figure 3. Cumulative numbers of grid boxes that are categorized as (a) convective cores and (b) anvils in the BIGG runs
between 20 and 23 UTC on 22 June. The average altitudes of mixed-phase temperature range inside convective cores in
HET0 are indicated by gray shading. These profiles are vertically interpolated at every 100 m.

Figure 4. Estimated number concentrations of heterogeneously nucleated ice crystals (L−1) in the D10 runs (top, left
axis) and estimated HET rates (L−1/s) in the BIGG runs (bottom, right axis) averaged between 20 UTC on 22 June and 00
UTC on 23 June (10-min interval), along with their ± temporal standard deviation (shading; its lower half is not shown if
its lower edge is a non-positive value). These are estimated from the model output, instead of directly output by the
simulations, for the grid boxes of “convective cores.” As a reference, ground-based observational data of INPs from Table
1 of McCluskey et al. (2014) is shown with boxes (the reported data were for standard temperature and pressure, and
hence, an approximate density correction has been performed, using mean temperature and pressure data at about
−22.29, −26.04, and −30.67 ∘C in HET0). This observational data and simulated ice crystal number concentrations are
directly comparable if there is no preexisting ice crystals in the simulations, since preexisting ice number concentrations
are subtracted from what is predicted by the equation in DeMott et al. (2010) to obtain the number of newly nucleated
ice crystals that is shown in this figure. In order to obtain the rates for the BIGG runs, approximate lengths of the
simulation time steps were used (e.g., a time step length at 20 UTC is used for estimating the nucleation rates between
20 UTC and 2050 UTC).
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Figure 5. Hydrometeor number concentrations (L−1) observed by the 2DS (black) during the flight on 22 June, along with their ± standard deviation (shading),
and simulated mean frozen hydrometeor (ice + snow + graupel) number concentrations (L−1) in the (a) BIGG, (b) D10, and (c) D15 runs. The observed data come
from the 2DS measurement on 22 June during the DC3, only at T ≤ −40 ∘C and ice water content ≥0.001 g/m3 to avoid liquid droplets and cloud-free data,
respectively. For the simulated data, the sum of ice, snow, and graupel masses/numbers, horizontally averaged between 20 UTC on 22 June and 02 UTC on 23
June (10-min interval), is used. The ALL run is not included in this figure, due to the lack of data for the last 3 hr. Any simulated data points with T > −40 ∘C or out
of the vertical velocity or altitude range measured on DC-8 are excluded. Furthermore, simulated data points with water content <0.001 g/m3 or above the
maximum ice water content observed by the 2DS are also excluded. Since our simulations have approximately 200-m vertical grid interval around this height, the
2DS data are binned into five 200-m bins (10.25–10.45, 10.45–10.65, 10.65–10.85, 10.85–11.05, and 11.05–11.25 km) and averaged within each bin. On the
other hand, the simulated data are vertically interpolated at five altitude levels (10.35, 10.55, 10.75, 10.95, and 11.15 km). The total count of valid 2DS data in each
of the five bins is shown in (d).

as “convective cores”, as long as water content is high enough (e.g., thick anvils) and some updraft exists
(e.g., gravity waves, see some wave-like patterns in Figure S1 in the supporting information). The ALL run has
fewer “convective cores” around the anvil height due to generally lower ice mass concentrations as shown
later in section 3.3. Thus, the potential contribution of thick anvils to “convective cores” must be kept in mind
in this study when the data from “convective cores” around 11.5 km is considered. The larger numbers of
“convective-core” grid boxes in the ALL run between 6 and 10 km are likely because of extremely efficient ice
nucleation followed by the growth of ice, which may increase the number of grid boxes with water content
≥ 0.1 g/m3 (see Figure S2 for generally increased cloud cover between 6 and 10 km in ALL).

The following subsections present the impacts of enhanced HET on the microphysical properties of the DCCs
in the BIGG runs (section 3.1) and the D10/D15 runs (section 3.2), and the resultant impacts on the radiative
properties of the DCCs (section 3.3).

3.1. Microphysical Impacts of Enhanced HET in the BIGG Runs
Figure 4 (bottom, right axis) shows the approximate HET rates in convective cores, estimated from the simula-
tion output of the BIGG runs. Except for temperatures near −40 ∘C, ice nucleation rates show almost a simple
tenfold increase from B0 to B1 and B1 to B10. The comparison of their results, therefore, simply provides the
impacts of enhanced HET at all temperatures. On the other hand, the comparison of BLO and B1 (or BHI and
B1) shows the impacts of enhancing HET only at cold (or warm) temperatures.

Validation of the simulated results against observations is not trivial for the DCCs of interest, since in situ
measurements inside convective cores are not available. Figure 5a shows the observed and simulated
hydrometeor number concentrations at T ≤ −40 ∘C, within the same ranges of ice water content and verti-
cal velocities. All of the profiles in the BIGG runs lie within the ± standard deviation of the 2DS observation.
Although this suggests that the simulated cloud properties may be similar to the observation, the spatial
and temporal coverage of the observational data is limited (Figure 5d), and therefore we cannot conclude
how well our simulations represent the specific DCCs observed on 22 June. For this reason, this study aims to
investigate the simulated impacts of enhanced HET on DCCs that develop in a realistic environment over the
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Figure 6. Mean vertical profiles of (a) liquid droplet number (cm−3), (b) ice number (cm−3), (c) ice mass [g/m3], and (d) snow mass (g/m3) concentrations,
averaged between 20 UTC and 23 UTC on 22 June (about early development stage) for (a)–(c) and 20 UTC on 22 June and 02 UTC on 23 June (includes later in
storm lifetime) for (d). Note that (d) does not have ALL due to the lack of data for the last few hours of the run. These are all averages inside “convective cores”
(see text for the definition). The average altitudes of mixed-phase temperature range inside convective cores in HET0 are indicated by gray shading. These
profiles are vertically interpolated at every 100 m.

area, but the simulations are not suited to quantitatively assess the actual impacts on the specific DCCs on
22 June 2012.

Figure 6 shows mean vertical profiles of key hydrometeor mass/number concentrations inside convective
cores averaged from 2000 UTC to 2300 UTC on 22 June (relatively early in the storm development) for droplets
and ice and from 2000 UTC on 22 June to 0200 UTC on 23 June (includes later in the storm lifetime) for snow.
According to this figure, ALL is clearly an extreme case, whereas HET0 is similar to some of the other simula-
tions, especially in terms of droplet numbers (Figure 6a) and ice mass (Figure 6c). This indicates that ice crystals
in the BIGG runs are produced mainly through HOM rather than HET, though this dominance of HOM clearly
varies with HET rates below. This is evident from Figure 6b which shows significant increases in ice number
concentrations at around 10.5 km near the HOM level and also a large variation aloft. In Figure 6, it is clear
that B10 and BLO are quite similar. Because of the strong temperature dependence of the Bigg equation (e.g.,
Figure 4), most of the enhancement effect in B10 and BLO comes from the enhanced HET at cold temperatures.
When the enhancement at warm temperature is strong enough as in BHI, however, significant differences
relative to B1 are evident, especially in snow mass (Figure 6d). Snow mass systematically increases as HET is
enhanced, and shows an especially large increase when HET is enhanced at warm temperatures as in BHI.
This emphasizes the importance of the altitude at which INP enhancement occurs in determining the overall
response of the storm.

In order to further reveal the relationship between HET processes and the properties of the convective anvils,
we investigate ice crystal number concentrations in the convective anvils in relation to multiple cloud vari-
ables inside the convective cores (Figures 6b and 6c show very small ice mass/number below 9 km in HET0,
which means that below this height we can expect very small impacts of ice crystals falling from above after
HOM). Figure 7a shows the relationship between ice crystal number concentrations below 9 km in convective
cores and ice crystal numbers in anvils. Even though it generally shows an inverse relationship between the
two variables, it should be noted that HET0 has a nonzero ice number below 9 km, which must be due to falling
ice crystals. The inverse relationship becomes even clearer for ice crystal mass below 9 km in Figure 7d. From
these figures, it is evident that HOM and HET have an inverse relationship due to their indirect competition
for droplets. Indeed, anvil ice number concentrations generally increase as droplet number concentrations
in convective cores increase (Figure 8a). Mean snow mass shown in Figure 8d increases as HET is enhanced
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Figure 7. Mean ice (a–c) number (L−1) and (d–f ) mass (g/m3) concentrations inside convective cores below 9 km
(x-axis), plotted against mean ice number concentrations (L−1) in convective anvils (y-axis) for the (a and d) BIGG,
(b and e) D10, and (c and f) D15 runs. These are averages between 20 UTC and 23 UTC on 22 June (10-min interval),
along with their ± temporal standard deviation indicated by lines. The original data are vertically interpolated at every
100 m before the averaging. The results from the simulations with shifted domains (section 2.2) are shown by the
hollow circles (“-east”).

and anvil ice number concentrations decrease, which is similar to ice mass below 9 km (Figure 7d). There-
fore, as HET is enhanced, ice mass at warmer temperatures and overall snow mass increase, which enhances
droplet depletion and reduces ice crystal number concentrations in the anvil since HOM is (not completely
but) more suppressed. This may be the reason why ice crystal mass (Figure 7d) rather than ice crystal numbers
(Figure 7a) shows a clearer inverse relation to anvil ice numbers, as depletion of liquid droplets occurs mainly
due to ice crystal (and snow) growth by riming and the Wegener-Bergeron-Findeisen process (represented
by ice mass) rather than HET itself (represented by ice numbers). Furthermore, these effects of enhanced HET
are more “efficient” if the enhancement takes place at warmer temperatures: Vertically integrated ice nucle-
ation rates are higher in BLO or B10 than those in BHI (Figure 4), and yet the earlier nucleation of ice (i.e.,
at warmer temperatures) in BHI allows for greater growth of ice and snow at the expense of liquid droplets
(Figures 6a and 8a).

Changes in the amounts of precipitation with increasing HET rates are, however, not as systematic as ice
and snow (Figure 9d). This is likely because of nonlinear changes of graupel mass with HET rates (Figure 9a),
which may result from the combination of multiple variables that change simultaneously with enhanced
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Figure 8. Same as Figure 7 but with mean (a–c) droplet number concentrations (cm−3) and (d–f ) snow mass
concentrations (g/m3) both in convective cores on the x-axis. Note that the snow mass concentrations are averaged
between 20 UTC on 22 June and 02 UTC on 23 June.

HET and have competing effects on graupel production, such as the abundance of snow and droplets.
Note that the anvil ice number concentrations presented in Figures 7–9 are highly correlated with ice num-
ber concentrations in convective cores above 11 km (e.g., Figure 6b), as shown in Figure S3. Also, snow
mass concentrations inside convective cores represent its domain-mean mass well, and hence, its relation to
anvil ice number concentrations still holds even when Figures 8d–8f are plotted against the domain-mean
snow mass instead of in-core averages (Figures S4a–S4c). In the same manner, the unsystematic response
of in-core graupel mass (Figures 9a–9c) is also seen even if domain-mean graupel mass is plotted instead
(Figures S4d–S4f ).

The simulations with shifted domains show very similar tendencies in Figures 7–9. Furthermore, very similar
results are obtained even when frequency-based averaging (i.e., sum of all data divided by the total num-
ber of grid boxes integrated over time), instead of temporal averaging (as in Figures 7 and 8), is done (see
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Figure 9. Same as Figure 7 but with (a–c) mean graupel mass concentrations (g/m3) in convective cores averaged
between 20 UTC on 22 June and 02 UTC on 23 June and (d–f ) domain-average accumulated surface precipitation
between 18 UTC on 22 June and 02 UTC on 23 June (mm) on x-axis.

Figures S5 and S6). In other words, the results are robust both to the choice of averaging methods and to small
perturbations of the cloud dynamics.

3.2. Microphysical Impacts of Enhanced HET in the D10/D15 Runs
As introduced in section 2.2, heterogeneously nucleated ice crystal number concentrations, rather than rates,
are calculated in the D10 runs according to INP availability. Figure 4 (top, left axis) shows estimated ice crys-
tal number concentrations (in convective cores) produced through HET in the D10 runs: the temperature
dependence is much weaker than that in the BIGG runs, and the enhancement of HET is comparable across
all temperatures. The ground-based INP observations by McCluskey et al. (2014) lie between D10_1000 and
D10_10000 (Figure 4), and hydrometeor concentrations in D10_1 and D10_10 seem to match relatively well
with what was measured in situ by the 2DS (Figure 5b). Figure 10 shows vertical profiles of droplet and ice
numbers and ice and snow masses for the D10 runs, all inside convective cores. As in the BIGG runs, droplet
number concentrations in the convective cores and ice crystal number concentrations above the HOM level
decrease as HET is enhanced (Figures 10a and 10b). On the other hand, ice mass below the HOM level and
snow mass seem to increase with HET enhancement (Figures 10c and 10d), as expected. These relationships
are even clearer in Figures 7b, 7e, 8b, and 8e. That is, enhanced HET increases ice below the HOM level and
snow mass, which leads to more depletion of liquid droplets available for subsequent HOM. As a result, ice
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Figure 10. Same as Figure 6 but for the D10 runs.

crystal number concentration in anvils is reduced as HET is enhanced. These relationships are consistent with
what is found in the BIGG runs.

The main differences between the BIGG runs and the D10 runs seem to stem from the altitudes at which
HET is enhanced: according to Figure 4, the temperature dependence of HET is much stronger in the BIGG
runs than that in the D10 runs. Although it is challenging to compare the BIGG runs and the D10 runs due to
their different dependence on time and INPs (section 2.2), the D10 and D15 runs can be compared to each
other. Figure 11 shows the estimated numbers of heterogeneously nucleated ice crystals in the D15 runs, in
comparison to those in the D10 runs. This figure suggests that the temperature dependence of HET in the D15
runs is somewhat stronger than that in the D10 runs (i.e., less HET at warmer temperatures and more HET at
colder temperatures). Likely because of this weaker HET at warm temperatures, the overall droplet depletion

Figure 11. Heterogeneously nucleated ice number concentrations (L−1) in
the D15 runs averaged between 20 UTC on 22 June and 00 UTC on 23 June
(10-min interval), along with their ± temporal standard deviation (shading;
its lower half is not shown if its lower edge is a non-positive value). The
same concentrations but in the D10 runs (presented in Figure 4) are shown
by the dashed lines. These are estimated from the model output. As a
reference, ground-based observational data of INPs from Table 1 of
McCluskey et al. (2014) is shown with boxes.

is weaker in the D15 runs (Figures 12a and 8c) than that in the D10 runs
(Figures 10a and 8b). However, the stronger HET at cold temperatures
in D15 can efficiently deplete droplets near the HOM level (Figure 12b)
as in the BIGG runs (Figure 6b), and therefore, the overall microphysical
response of the DCCs in D15 (Figures 7–9 and 12) is qualitatively the same
as that in D10. This result indicates the robustness of the response of the
DCCs to HET enhancements.

3.3. Impacts of Enhanced HET on the Radiative Properties of the
DCCs
In this subsection, differences in the radiative properties of the DCCs
among all the simulations are discussed. According to the previous sub-
sections, ice crystal number concentrations above the HOM level change
considerably with enhanced HET. This is confirmed by the vertical profiles
of anvil ice crystal number concentrations shown in Figures 13a–13c. Fur-
thermore, Figures 13d–13f show a reduction in ice mass concentrations in
the anvils with enhanced HET. This can be explained by the enhanced snow
production when HET is enhanced (e.g., Figure 6d). The numbers of grid
boxes with either convective cores or anvils seem to be almost unaffected
by the perturbations in HET (Figure 14). This insensitivity also applies to
the horizontal coverage of anvil clouds (Figure 15); it should be noted that
the differences in the cumulative counts of “anvil” grid boxes until 23 UTC
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Figure 12. Same as Figure 6 but for the D15 runs.

Figure 13. Vertical profiles of ice crystal (a–c) number (L−1) and (d–f ) mass (g/m3) concentrations, both averaged inside “anvils” between 20 and 23 UTC on 22
June, in the (a and d) BIGG, (b and e) D10, and (c and f) D15 runs. The average altitudes of mixed-phase temperature range inside convective cores in HET0 are
indicated by gray shading. These profiles are vertically interpolated at every 100 m.
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Figure 14. Temporal evolution of the percentages (%) of grid boxes in the inner domain (see Figure 1) that are
categorized as (a–c) convective cores and (d–f ) convective anvils in the (a and d) BIGG, (b and e) D10, and (c and f)
D15 runs.

Figure 15. Temporal evolution of the percentages (%) of columns in the outer (a–c) and the inner (d–f ) domains (see
Figure 1) that contain convective anvils in the (a and d) BIGG, (b and e) D10, and the (c and f) D15 runs.

TAKEISHI AND STORELVMO 13,410



Journal of Geophysical Research: Atmospheres 10.1029/2018JD028889

Figure 16. Box plots of estimated COD, from 20 to 23 UTC on 22 June (10-minute interval), in the (a) BIGG, (b) D10, and
(c) D15 runs. The boxes show the upper and lower quartiles. Note that CODs are estimated from the model output (mass
and number of hydrometeors) instead of directly output by the model. The calculation was done only for grid boxes of
either convective cores or anvils, assuming droplet and ice size distributions described in Morrison et al. (2009). For
(b) and (c), “D10_” and “D15_” are omitted from the x-axis labels, respectively.

in Figure 3b can be seen in Figure 15, but the differences are very small compared to the total numbers of
“anvil” grid boxes that continue to grow after 23 UTC. From Figures 14 and 15, it is also evident that our simu-
lation period and domains are not long and large enough, respectively, to fully capture the entire lifetime of
the anvils.

In contrast, cloud optical depths (CODs) that are based on cloud droplet and cloud ice mass and number
concentrations change significantly among the runs, as Figure 16 shows. It is clear from this figure that COD
decreases as HET is enhanced. This reduction in COD can be explained by a reduction in ice mass, as shown
in Figures 13d–13f and 17a–17c. In addition, an increase in ice crystal sizes with enhanced HET seems to
also contribute to the decrease in COD, as Figures 17d–17f show. This is especially evident in the BIGG runs
(Figure 17d) and not as clear in most of the D10/D15 runs (Figures 17e and 17f). There are several possible
reasons for such a difference between the BIGG and D10/D15 runs; for instance, the strong HET at colder
temperatures in BIGG (Figure 4) may efficiently deplete most of the droplets before HOM. It may be partly due
to the differences in the way heterogeneously nucleated ice mass is calculated; the D10/D15 runs use a fixed
ice crystal radius of 10 μm at the time of nucleation (section 2.2), whereas in the BIGG runs, it is parameterized
as a function of droplet mass and numbers and also ambient conditions (e.g., temperature). While there are
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Figure 17. Same as Figure 16 but for (a–c) ice water path (kg/m2) and (d–f ) vertically averaged ice effective radius (μm)
in the (a and d) BIGG, (b and e) D10, and (c and f) D15 runs.

slight differences in detailed mechanisms like this among the runs and their exact reason cannot be easily
identified, we still find that an enhancement in HET generally leads to a decrease in the number and mass of ice
crystals aloft, and also an increase in ice crystals sizes to varying extent, which all eventually reduce COD. As a
result, the estimated cloud albedo (𝛼cloud = COD∕(COD+ 7), see Seinfeld and Pandis (1997) and Wood (2012))
also decreases with enhanced HET (Figure 18). The time series of mean cloud albedo in Figure 19 shows that
its decreasing tendency with enhanced HET may potentially last for an extended period of time. Note that
Figures 16–19 show either COD or cloud albedo and are hence based only on cloud droplets and ice crystals.
The reason for showing COD or cloud albedo here, instead of total optical depth or total albedo (i.e., based on
all hydrometeors), is to infer the varying radiative impacts of the DCCs on the global climate scale. On a local
scale (e.g., our simulation domain), precipitating hydrometeors (i.e., snow, graupel, and rain) also contribute
to optical depth (see Figure S7) and hence, there is not much difference in total albedo on a local scale among
the simulations (Figure S8). However, this scale is too small/short to have significant impacts on climate. In
order to estimate the long-term radiative impacts of DCCs on a larger scale from our regional simulations
(which could not capture the entire life cycle of the DCCs), we investigate the cloud albedo based on cloud
droplets and cloud ice, which typically remain much longer in the atmosphere and compose a significant part
of convective anvils. The differences in microphysical and radiative properties between HET0-like and ALL-like
DCCs are schematically depicted in Figure 20.

The microphysical differences among the simulations lead to dynamical differences, which are noticeable in
Figure 18. It should be emphasized here that the differences among the simulations in this study may be
due to both microphysical and dynamical differences, while both of them are initially triggered by the small
microphysical perturbations. In order to fully separate the two impacts, state-of-the-art methods (such as the
piggy-backing approach, Grabowski, 2015) need to be employed.
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Figure 18. A top-down view of estimated cloud albedo at 23 UTC on 22 June, right before the ALL run terminates, in the (a) HET0, (b) B1, (c) D10_100, (d) BHI,
(e) D10_10000, and (f ) ALL runs. The calculation was done only for grid boxes of either convective cores or anvils and used model-output mass and number of
hydrometeors, as in Figure 16.

4. Discussions

The following subsections discuss the applicability of the findings above (section 4.1) and the general
implications for future studies of INP impacts on DCCs (section 4.2).

4.1. Relevance to Previous Studies
As introduced in section 1.1, the modeling studies by Ekman et al. (2007) and Fan et al. (2010b) have sug-
gested invigoration of updrafts in DCCs as HET is enhanced, accompanied by an increase in anvil size. In our
simulations, such an increase in updraft speed with enhanced HET exists, but is very small. Figure 21 shows
vertical profiles of updraft speed averaged inside convective cores. A small increase in updraft speed due to
enhanced freezing in the ALL run is seen between about 5 and 7 km, which is consistent with the altitudes of
enhanced freezing shown in Figure 6b. The enhancement between about 10 and 14 km seems to be related
to the number of “convective-core” grid boxes, since averaging is done over a fewer number of grid boxes that
are closer to the center of the cores in ALL (Figures 3a and S1). An increase in updraft speed due to enhanced
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Figure 19. Time series of estimated cloud albedo averaged over (a–c) the inner domain and (d–f ) the outer domain
in the (a and d) BIGG, (b and e) D10, and (c and f) D15 runs. The calculation is done only over the columns in which
either convective cores or anvils exist. This is estimated from the model output of hydrometeor mass and numbers,
instead of directly output by the model. The results from the simulations with shifted domains (section 2.2) are shown
by dashed lines (“-east”). Note that the ALL runs terminate around 23 UTC due to numerical instability (section 2.2).

freezing (5–7 km) is, therefore, small in our simulations. It is possible that this small change in updraft speed
with enhanced HET is the reason for the unchanged anvil coverage in Figure 15.

We now discuss the potential reason why the inverse relationship between HET and HOM, as in Figure 7, is
seen in our simulations but not necessarily in others. Such an inverse relationship, which can be thought of
as the negative Twomey effect, is often applicable to cirrus clouds, and other clouds with weak vertical veloc-
ities where HET has large impacts (Eidhammer et al., 2009; Heymsfield et al., 2005). That is, the potential for
a strong impact of HET is a necessary condition for the inverse relationship to be seen, and hence, clouds
must form in conditions where either HET or HOM can dominate, depending on the INP availability. Accord-
ing to Eidhammer et al. (2009) (especially their Figure 4), however, the combination of strong updrafts and
general scarcity of INPs seems to usually make HOM a dominant process inside DCCs, and this dominance
cannot be easily perturbed by changes in INPs. Therefore, in a lot of DCCs, the inverse relationship cannot be
seen as there is little room for HET to play a significant role. However, this view has been challenged by an
observational study by Cziczo et al. (2013), which found a dominance of HET as a cirrus (including convective
cirrus) formation mechanism. While updraft speed and INPs (or heterogeneously nucleated ice mass) seem
to be the two most important factors in determining the dominance of HET and HOM (e.g., Eidhammer et al.,
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Figure 20. Relative characteristics of the DCCs found in this study, for the (left) HET0-like and (right) ALL-like DCCs. The
optical depths of the clouds are similar between the two near the convective cores due to the contribution of
precipitating hydrometeors (e.g., Figures S7 and S8) but may be different in the anvil part of the clouds as represented
by different transparency of the clouds in this figure. Note that the size of ice crystals below the HOM level (relative to
that above) depends on the case and is not discussed in this study.

2009), Heymsfield et al. (2005) (and their Figure 18 specifically) have suggested the importance of liquid water
content as well: As liquid water content decreases, the dominance of HET may increase for the same updraft
speed and preexisting ice water content, likely because the same amount of liquid depletion has more signif-
icant impacts on the total ice/liquid partitioning. In our simulations, the mean vertical velocities in convective
cores (about 5–10 m/s, Figure 21) are high enough to have HOM-dominated DCCs where perturbations in HET
should not play much of a role. However, liquid water content is very low as indicated by the high cloud base
(at about 5 km and 0 ∘C, Figure 2), which enables varying HET to play a significant role in determining the anvil
properties. As can be seen in Figure 22, most of the hydrometeor mass is frozen in the DCCs, and warm-rain
processes by liquid hydrometeors seem to play a very small role. Therefore, the inverse relationship between
HET and HOM in DCCs with strong updrafts may be seen if low liquid water content allows for the transition of

Figure 21. Mean updraft speed (m/s) inside convective cores in the (a) BIGG, (b) D10, and (c) D15 runs, averaged
between 20 UTC and 23 UTC on 22 June (10-min interval). The average altitudes of mixed-phase temperature range
inside convective cores in HET0 are indicated by gray shading. These profiles are vertically interpolated at every 100 m.
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Figure 22. Mean percentages (%) of liquid hydrometeor masses (liquid droplets and rain) in total hydrometeor masses
(liquid droplets, rain, ice crystals, snow, and graupel) in the (a) BIGG, (b) D10, and (c) D15 runs, averaged between 20 UTC
and 23 UTC on 22 June (10-min interval). These are calculated only in grid boxes with nonzero liquid/solid hydrometeor
mass. The average altitudes of mixed-phase temperature range inside convective cores in HET0 are indicated by gray
shading. These profiles are vertically interpolated at every 100 m.

the dominance between HET and HOM. A low cloud-base height (i.e., warm cloud-base temperature) in Fan
et al. (2010b) (see their Figure 2), for example, suggests a larger liquid water content, and hence, its complete
depletion by HET may be unlikely. Instead, varying HET may modify latent heat release during freezing quite
significantly, unlike our simulations, owing to the large liquid water content. This is qualitatively in agreement
with a finding in Storer et al. (2010) that clouds developing with weaker CAPE (e.g., drier low level) may be
subject to more significant aerosol effects.

4.2. Implications
The cold cloud base in our simulations may be common in the region of our simulations (Figure 1), according
to generally low dew point temperatures in the western half of the United States (see Figure 1 in Rosenfeld
& Bell, 2011). Our findings may be applicable to convective clouds in the western United States and similar
environments, as well as DCCs with limited liquid availability. If aerosol perturbations by the projected increase
in wildfires in the western United States predominantly lead to increased CCN concentrations, for example,
convective anvil clouds may have more ice crystals, depending on the dominance of HET and HOM. On the
other hand, if aerosol perturbations include significant contributions of INPs that greatly enhance HET, the
anvils may have fewer ice crystals. We would like to emphasize the importance of liquid water content in
determining the dominance of HET and HOM, as has been indicated in Figure 18 of Heymsfield et al. (2005) for
DCCs and in Figure 1 of Kärcher (2017) for cirrus clouds. The dominance of HET or HOM matters significantly
when aerosol impacts on clouds are considered, while the relative importance of HET and HOM may also itself
be impacted by aerosols (i.e., INPs) to some extent.

5. Conclusions

The sensitivity tests of enhanced HET in cloud-resolving WRF-CHEM simulations have revealed the following
features of the simulated DCCs:

1. Enhanced HET generally results in reduced ice crystal number concentrations in the anvils, likely due to
enhanced depletion of liquid droplets by ice and snow growth (Figures 7 and 8).
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2. The HET enhancements at warm temperatures (low altitudes) are more efficient in depleting liquid droplets
than those at cold temperatures (high altitudes), according to the comparison of the BHI run and the BLO
run. This indicates the importance of the types/properties of INPs (i.e., active at different temperatures), in
addition to their amounts, in determining their impacts on DCCs. This needs to be taken into consideration
when aerosol-cloud interactions are investigated.

3. COD and cloud albedo that are based on cloud droplets and cloud ice generally decrease with enhanced
HET. This is partly due to the decreased mass of ice aloft (Figures 13d–13f ). In the BIGG runs and the ALL
run, increased ice crystal sizes also contribute to the reduced COD and cloud albedo (Figure 17).

4. The results of this study suggest that cloud-base temperature (or liquid water content) is crucial in deter-
mining the relative dominance of HET and HOM in DCCs, in addition to updraft speed and INP availability
as suggested by previous studies.

5. An inverse relationship between HET and HOM, which may be typically applicable to high cirrus clouds, is
seen in our simulations of DCCs. We speculate that the conditions for the simulated DCCs, such as the cold
cloud-base temperature and the limited availability of liquid water, led to the indirect competition between
HET and HOM for cloud droplets. Our findings, therefore, may be applicable to DCCs with cold cloud-base
temperatures that are more prevalent in the western United States and other dry and/or elevated regions.

On the other hand, the following points are beyond the scope of this study and need further investigation in
the near future:

1. Understanding exactly how the dominance of HET and HOM is determined by vertical velocities, INP avail-
ability, and liquid water content requires further analyses of numerous DCCs both in model simulations and
in observational data sets.

2. Sensitivities of convective anvils to varying droplet concentrations seem to depend on the relative domi-
nance of HET and HOM, but the detailed dependence was not explored in this study.

3. Changes in the impacts of DCCs on climate through their radiative properties were not rigorously analyzed
in this study.

4. For the complete isolation of microphysical impacts from dynamical impacts, simulations with the piggy-
backing approach (e.g., Grabowski, 2015) are necessary.

While ice microphysical processes in DCCs still remain poorly understood, the results of this study suggest
a strong dependence of aerosol effects on the relative dominance of HET and HOM, which in turn may be
controlled by INP availability. Overall, understanding the ability of aerosol particles to serve as INPs emerges
as a crucial theme for disentangling aerosol-cloud interactions that include ice microphysical processes.
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