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Tropical anvil characteristics and water vapor of the tropical
tropopause layer: Impact of heterogeneous and homogeneous
freezing parameterizations
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[1] Two isolated deep convective clouds (DCCs) that developed in clean‐humid and
polluted‐dry air masses, observed during the Tropical Pacific Warm Pool International
Cloud Experiment (TWP‐ICE) and U.K. Aerosol and Chemical Transport in Tropical
Convection (ACTIVE) campaigns, respectively, are simulated using a three‐dimensional
cloud‐resolving model with size‐resolved aerosol and cloud microphysics. We examine the
impacts of different homogeneous and immersion freezing parameterizations on the anvil
characteristics and the water vapor content (WVC) in the tropical tropopause layer (TTL) for
the two DCCs that developed in contrasting environments. The modeled cloud properties
such as liquid/ice water path and precipitation generally agree with the available radar and
satellite retrievals and in situ aircraft measurements. We find that anvil microphysical
properties such as ice number concentration and ice effective radius (rei) are sensitive to the
homogeneous freezing parameterizations (HomFPs) under both the clean‐humid and
polluted‐dry conditions, while upper level convection and WVC in the TTL air are only
sensitive to HomFPs under the polluted‐dry condition. Specifically, the cloud anvil with the
Koop et al. (2000) relative humidity dependent scheme has up to 50% and 70% lower ice
number than those with other schemes (temperature dependent) for the clean‐humid and
polluted‐dry cases, respectively. Consequently, the rei is increased by 20–30 mm in both
cases. As a result, extinction coefficient of cloud anvils is reduced by over 30%. Anvil size
and evolution are also much affected by HomFPs. Higher immersion‐freezing rate (Bigg,
1953) leads to a stronger convective cloud due to larger latent heat release resulted from
much higher freezing rates, with larger ice water path but less precipitation in both humid
and dry conditions. Consequently, the domain‐averaged homogeneous freezing rates are
enhanced by over 15%. Also, the higher immersion‐freezing rate results in over 1.5 times
higher ice number concentrations, much reduced rei in the cloud anvil, and larger anvil size.
The moistening effect of deep convection on the TTL clear air is very significant, with
increases of a few times relative to the WVC before convection under both humid and dry
conditions. Different HomFPs does not make much difference in WVC and upper level
convection in the clean‐humid case, but in the polluted‐dry case, the HomFPs with lower
nucleation rates predict about 25% lower WVC relative to the HomFPs with higher
nucleation rates. Under both humid and dry conditions, the Bigg (1953) immersion freezing
predicts about 25% higherWVC relative to the Vali (1975) parameterization, due to stronger
transport and the larger anvil area in the domain.
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1. Introduction

[2] Deep convective systems and their associated cloud
anvils dominate the rainfall and cloudiness over much of the
tropics [Futyan and Del Genio, 2007]. They affect the radi-
ation budget and moisture perturbation in the tropics, which,
in turn, affects the large‐scale circulation. It has been found
that the radiative forcing of a modeled convective cloud by a
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cloud‐resolving model (CRM) generally increases with
increasing aerosols, and the increase appears to have a
stronger correlation with changes in cloud coverage than
other cloud properties (e.g., particle effective radius) [Wang,
2005a; Ekman et al., 2007]. The evolution and lifetime of
convective systems has great implications for the radiative
and hydrological budgets. Recently, satellite radar observa-
tions were used to observe the convective life cycle and find a
correlation between the convective intensity and the lifetime,
size, and depth of the resultant anvil [Futyan and Del Genio,
2007]. Certainly, the net effect of convective systems on the
radiation budget also depends on cloud microphysical prop-
erties such as hydrometeor shapes and sizes [Stephens and
Tsay, 1990; Takano et al., 1992]. The microphysical prop-
erties of tropical anvils are related to their parent deep con-
vective turrets, and this relationship has been of strong
interest in recent years [Frederick and Schumacher, 2008;
McFarquhar et al., 2007; Connolly et al., 2007, 2008].
[3] In addition to their radiative and hydrological impacts,

deep convective clouds (DCCs) potentially influence the
water vapor content (WVC) entering the stratosphere through
convective overshoots [Sherwood et al., 2003]. The tropical
tropopause layer (TTL), the layer between the main convec-
tive outflow (∼12–14 km) and the cold point tropopause
(∼17–19 km), acts as a “gate to the stratosphere.” The WVC
in the TTL affects Earth’s climate by modifying the radiative
heating rates and atmospheric chemistry by providing a
source of OH− radicals, which are the main oxidizing agents
in the atmosphere and, as such, affect the rates of production
and loss of many species [Fueglistaler et al., 2009]. Therefore
understanding what factors significantly affect the WVC in
the TTL is vitally important. The role of deep convection in
transporting aerosol, chemical species, and water vapor to the
upper tropical troposphere from the planetary boundary layer
(PBL) is crucial to climate science [Dickerson et al., 1987],
yet the effect of convection on the TTL water vapor budget is
currently not well quantified [Fueglistaler et al., 2009]. A
number of observational and modeling studies suggest a net
moistening effect on the TTL [e.g., Corti et al., 2008; Jensen
et al., 2007;Grosvenor et al., 2007], while some other studies
found evidence that convective overshoots induce drying
[Sherwood and Dessler, 2000;Kuang and Bretherton, 2004].
Clearly, moremeasurements andmodeling studies are needed
to constrain the effect of DCCs on the TTLWVC. Moreover,
most previous modeling studies were performed using CRMs
with bulk microphysics schemes including certain simplified
ice nucleation mechanisms. Since the latent heat released
from heterogeneous and homogeneous freezing processes
could enhance convective strength [Khain et al., 2005], and
potentially affect cloud properties and the transport of water
vapor from lower levels to the TTL, the impact of different
freezing parameterizations on WVC in the TTL needs to be
explored.
[4] The ice nucleation mechanism can have a significant

impact on the microphysical properties of cloud anvils in
DCCs.Homogenous freezing is themajor source of ice crystals
in cloud anvils and cirrus clouds [Heymsfield et al., 2005].
At temperatures between 238 and 233 K, cloud droplets of
diameter several microns or larger will freeze spontaneously,
and droplets smaller than 1 mm will freeze at lower temper-
atures [Sassen and Dodd, 1988;Heymsfield and Sabin, 1989;
Heymsfield et al., 2005]. A few parameterizations of homo-

geneous nucleation rates have been developed based on labo-
ratory experiments or field measurements [e.g., Bigg, 1953;
Heymsfield and Miloshevich, 1993; Koop et al., 2000] (see
section 3.2 for details). In many models, all droplets are
assumed to freeze instantaneously at temperatures below
235 K [e.g., Khain et al., 2004; Tao et al., 2004; Fan et al.,
2007a, 2007b; Zhang et al., 2007]. Different homogeneous
freezing parameterizations (HomFPs) applied in the numer-
ical models could change the formed ice crystal number due
to different freezing rates. The impacts of the different HomFPs
on these anvil properties have not been investigated.
[5] Although homogenous freezing is very important in

forming anvil cirrus clouds [Ekman et al., 2007], the ice
crystals in the mixed‐phase clouds at relatively lower levels
are formed through heterogeneous freezing, which can poten-
tially affect the microphysical properties and radiative impact
of ice clouds at higher levels [Heymsfield and Sabin, 1989;
DeMott et al., 1997; Heymsfield et al., 2005]. The param-
eterizations of the heterogeneous nucleation mechanisms
such as immersion‐freezing are not even consistent in mag-
nitude [Archuleta et al., 2005]. The commonly used Vali
[1975] immersion‐freezing parameterization gives much
lower freezing rates than Bigg [1953] [Khain et al., 2000].
The effect of these heterogeneous nucleation parameteriza-
tions on the cloud anvils and the homogenous freezing pro-
cess at higher levels is still not well constrained, although
some studies indicated that heterogeneously formed ice crys-
tals may significantly alter the homogenous freezing process
[Heymsfield et al., 2005; Ekman et al., 2007].
[6] Two recent major field campaigns, the Tropical Pacific

Warm Pool International Cloud Experiment (TWP‐ICE) [May
et al., 2009], funded by the U.S. Department of Energy’s
Atmospheric Radiation Measurement (ARM) program, and
the U.K. Aerosol and Chemical Transport in Tropical Con-
vection (ACTIVE) campaign [Vaughan et al., 2008], were
designed to provide well‐focused data sets to address scien-
tific questions related to tropical DCCs.We examine the anvil
characteristics of two isolated DCCs observed during the
TWP‐ICE and ACTIVE campaigns. These two cases provide
unique environmental conditions in which to explore the
impacts of DCCs; one occurs under polluted‐dry conditions,
while the other occurs under clean‐humid conditions. We
explore the impacts of different immersion and homogeneous
freezing parameterizations on anvil properties and WVC in
the TTL by combining model simulations with observations
from aircraft and remote‐sensing instruments. The effects of
the immersion‐freezing parameterizations on the homoge-
nous freezing process are also examined. A CRM referred to
as SAM‐SBM [Fan et al., 2009], i.e., the System for Atmo-
spheric Modeling (SAM) [Khairoutdinov and Randall, 2003]
coupled with a spectral‐bin microphysics scheme (SBM)
based on that of Khain et al. [2004], is used to simulate the
DCCs. Model simulations are evaluated using aircraft in situ
observations and a radar simulator that has been coupled with
SAM‐SBM to facilitate the comparisons with remote‐sensing
measurements [Fan et al., 2009].

2. Case Descriptions and Observations

[7] The thunderstorms considered in this study occurred
over the Tiwi Islands, north of Darwin, Australia, on
16 November 2005 during ACTIVE (referred to hereafter as
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NOV16) and on 6 February 2006 during TWP‐ICE (referred
to hereafter as FEB06). The ACTIVE campaign was con-
ducted during the 2005–2006 wet season (November–
February) in Darwin, Australia (12.47°S, 130.85°E), and
used two aircraft: the Dornier 228–101 operated by the
Natural Environment Research Council (NERC) Airborne
Research and Survey Facility, and the Grob G520T Egrett
aircraft operated by Airborne Research Australia. Instru-
mentation on the Dornier measured the aerosol and chemical
background of the boundary layer and lower free troposphere
between 100 and 4000 m, while the Egrett measured cirrus
cloud microphysics and outflow from deep convection up to
an operational ceiling of 15 km. TWP‐ICE was carried out in
the same region as ACTIVE from January to February 2006
during the Australian monsoon. Two of the five research
aircraft (the Scaled Composite’s Proteus, carrying the ARM
Unmanned Aerial Vehicle (UAV; now known as the ARM
Aerial Facility) suite of instruments and the Airborne
Research Australia’s (ARA’s) Egrett) were high‐altitude
aircraft capable of in situ measurements in the anvil outflow
up to ∼15 km.
[8] Thunderstorms over the Tiwi Islands are among the

world’s tallest, with cloud tops often reaching 20 km [Crook,
2001]. These regularly occurring afternoon thunderstorms in
the premonsoon and monsoon break periods which are col-
loquially known as “hectors,” produce massive anvils and
heavy rainfall [Wilson et al., 2001] and have been the subject
of many observational and modeling studies [e.g.,May et al.,
2009; Allen et al., 2008;Connolly et al., 2006]. These hectors
are strongly correlated to the diurnal heating [Crook, 2001],
since the synoptic‐scale changes are small in magnitude
[Wilson et al., 2001]. This provides a natural laboratory‐type
situation where changes in storm evolution can be easily
isolated from large‐scale conditions [Wilson et al., 2001].
NOV16 and FEB06 are two hector storms with contrasting
atmospheric conditions [Allen et al., 2008]. The former
occurred under the premonsoon conditions and during a
period of intense local and regional biomass burning. The
low‐level easterly flow around Darwin brought polluted air
masses containing biomass burning products from the large‐
scale land clearing burning over Arnhem Land [Vaughan
et al., 2008]. The middle‐tropospheric air was especially
dry in this case [Connolly et al., 2008]. A single‐cell thun-
derstorm formed around 0540UTC onNOV16. Its anvil soon
detached and was advected southward by the prevailing
northerly wind at 150–200 hPa. The contrasting case on
FEB06 occurred during a monsoon break period and the
airflow was strongly easterly. Air masses were clean and
humid [May et al., 2009]. An isolated single‐cell storm broke
out around 0450UTC, with radar echoes reaching 17 km. The
anvil was advected northwestward over the next 2 h.
[9] Extensive in situ and remote‐sensing measurements are

used to constrain simulations and validate model results.
Aerosol properties measured on the Dornier and microphys-
ical properties of anvils from the Egrett for NOV16 and
Proteus for FEB06 are used in this study. Aerosol instruments
on board the Dornier included (1) a Droplet Measurement
Technologies (DMT) ultrahigh sensitivity aerosol spectrom-
eter (UHSAS), measuring dry fine mode aerosol size spectra
of 55–800 nm; (2) a prototype DMT aerosol spectrometer
probe (ASP, 0.21–4.5 mm), and (3) a wing‐mounted forward
scattering spectrometer probe (FSSP‐100, 0.5–32 mm) for

measuring coarse aerosols. The Proteus was equipped with a
cloud aerosol spectrometer (CAS) sizing between 0.5 and
50 mm, a cloud droplet probe (CDP, 2 to 50 mm), a cloud
imaging probe (CIP, nominally sizing between 25 to
1550 mm), a cloud particle imager (CPI, 15–1500 mm), a
Nevzorov probe measuring liquid water content (LWC), and
a cloud spectrometer and impactor probe (CSI) measuring
total water content (TWC), the sum of LWC and ice water
content (IWC). A CAS, CIP, and CPI were also mounted on
Egrett to measure anvil microphysical properties for NOV16.
[10] Ground‐based measurements from the C‐band

polarimetric/Doppler meteorological radar system (C‐POL)
(5.67 GHz) [Keenan et al., 1998] located at Gunn Point,
which typically scanned with a radius of 140 km covering
Tiwi Islands, are also used to evaluate the model perfor-
mance at simulating the properties of the deep convection.
For FEB06, measurements from the upward looking NASA
94 GHz airborne cloud radar (ACR) (94 GHz) on board the
Twin Otter aircraft, which flew under the cloud anvil, are
further used to evaluate the simulated anvil clouds. We also
compare the model results with the Minnis Satellite Cloud
Products Using the Visible Infrared Solar‐Infrared Split
Window Technique (VISST) algorithm [Minnis et al., 2006].
The data streams are pixel‐level (4 km) retrievals and
averages on a 0.3° or 0.5° latitude‐longitude grid.

3. Descriptions of Model and Numerical
Experiments

3.1. SAM‐SBM

[11] The SAM‐SBM used in this study is based on the
model described by Fan et al. [2009]. Here some highlights
and newmodifications are presented. SAMhas the dynamical
framework of a large‐eddy simulation (LES) model and
solves the equations of motion using the anelastic approxi-
mation [Khairoutdinov and Randall, 2003]. The finite dif-
ference representation of the model equations uses the
Arakawa C staggering, with stretched vertical and uniform
horizontal grids. The advection and diffusion of momentum
are second‐order accurate. Advection of all scalar prognostic
variables is done using a monotonic and positive‐definite
advection scheme [Smolarkiewicz and Grabowski, 1990].
[12] The SBM [Khain et al., 2004] has been applied to

various dynamical frameworks and to simulate DCCs in
many prior studies [e.g., Khain et al., 2005, 2008; Fan et al.,
2007a, 2007b; Tao et al., 2007; Lynn et al., 2005a, 2005b].
The model is based on solving a system of equations for eight
number size distributions for water drops, ice crystals
(columnar, plate‐like and dendrites), snowflakes, graupel,
hail/frozen drops, and cloud condensation nuclei (CCN). An
additional size distribution (SD) has been added for ice nuclei
(IN) to investigate the IN effects on clouds [Fan et al., 2009].
Each SD is represented by 33 mass doubling bins. Cloud
droplets and raindrops are separated by the bin radius of 100
um. The smallest bin for droplets is 2 mm in radius. All rel-
evant microphysical processes/interactions including droplet
nucleation, primary and secondary ice generation, conden-
sation/evaporation of drops, deposition/sublimation of ice
particles, freezing/melting, and mutual collisions between the
various hydrometeors are calculated explicitly. The depen-
dence of the collision efficiencies on height, as well as effects
of turbulence on the rate of collisions is taken into account
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[Khain et al., 2005]. An updated remapping scheme has been
used that conserves three moments of the hydrometeor
SDs (concentration, mass, and radar reflectivity) to reduce
numerical spectral broadening [Khain et al., 2008]. Scav-
enging CCNby precipitation is not considered, and there is no
flux of CCN from the boundaries. The regeneration of the
CCN from droplet evaporation is considered, and the total
particles recycled from droplet evaporation for each time step
are counted and then distributed over the CCN spectra by
keeping the shape of the initial CCN size distribution [Fan
et al., 2009]. In literature, an alternative approach has been
used so that 90% of the released aerosols from evaporation
are introduced into the accumulation mode assuming growth
due to in‐cloud processing and 10% of them are put back to
the coarse mode [Engström et al., 2008]. The calculations of
saturation vapor pressures with respect to water and ice are
replaced with formula fromMurphy and Koop [2005], which
predicts lower saturation vapor pressures at T < 273 K
compared with the original formula developed by Tzivion
et al. [1989]. Details about the radar simulator used in this
study are given by Fan et al. [2009].

3.2. Homogeneous Nucleation and Immersion‐Freezing
Parameterizations

[13] A few homogeneous freezing parameterizations such
as those of Koop et al. [2000] and Bigg [1953] are commonly
used in the model simulations. However, drop freezing
described by Koop et al. [2000] is both temperature and rel-
ative humidity dependent, while it is only temperature‐
dependent in many other parameterizations [e.g., Bigg,
1953]. The commonly used heterogeneous freezing para-
meterizations such as those of Bigg [1953] and Vali [1975]
have very large differences in temperature dependency
[Khain et al., 2000]. To explore the impact of different het-
erogeneous and homogeneous ice nucleation parameterizations
on anvil properties and WVC in the TTL, we incorporated
them into the SAM‐SBM in this study. A brief description of
these schemes is provided here. Additional information can
be found in corresponding references.
[14] Koop et al. [2000] (referred to as KOOP hereafter)

developed a homogeneous freezing parameterization based
on laboratory data giving the nucleation rate (J) as a function
of water activity and temperature (independent of the nature
of solute). This scheme has been widely used in recent years
for cirrus cloud simulations [e.g., Jensen et al., 2005; Jensen
and Ackerman, 2006; Kärcher, 2003; Lin et al., 2002]. Water
activity of a solution is defined as the ratio between the water
vapor pressure of the solution and of pure water under
the same conditions. It is equivalent to RH for the solution
droplets in equilibrium in the atmosphere. The ice nucleation
rate (J) is calculated by Koop et al. [2000, Table 1, equations
1–7]. Although the scheme was developed based on the
freezing of hazy aerosols, it should work for diluted droplets
(T. Koop, personal communication, October 2009) and it has
been applied to the freezing of cloud droplets in the cloud
simulations of Heymsfield et al. [2005]. The calculation of
water activity for supercooled cloud droplets in this studywas
taken fromHeymsfield et al. [2005], i.e., it is calculated based
on water vapor pressure and the saturated vapor pressure
over supercooled liquid that is derived using the saturated
vapor pressure over ice divided by the activity of water in
equilibrium with ice (A. Hemysfield, personal communica-

tion, October 2009). The homogeneous freezing parameter-
ization from Heymsfield and Miloshevich [1993] (referred
to as HEYM) is based on the statistical molecular approach
of Eadie [1971], applied to both cloud droplets and solution
aerosol drops and tested against aircraft observations in wave
clouds. In this parameterization, J depends on temperature
only [Heymsfield and Miloshevich, 1993, equation 1], but
includes the depression of the freezing point due to solute and
curvature effects. Note that these effects are only significant
when droplets are less than 1–2 mm. Another parameteriza-
tion used in this study is from the stochastic hypothesis for-
mulated by Bigg [1953] based on laboratory experiments of
the freezing of water drops (D > 10 mm), in which J also
depends on temperatures only (referred to as BIGG). The
equation for calculating J is presented here since Bigg [1953]
could be hard to access: J = −a exp(−bTc), where a = 10−4 s−1

g−1, b = 0.66 (°C)−1, and Tc is temperature (°C). BIGG can
serve as both an immersion and homogeneous freezing
parameterization, depending on temperature regimes. At T <
237 K, this parameterization is used for homogeneous ice
nucleation in many models [e.g., Reisner et al., 1998; Reisin
et al., 1996; Khain et al., 2004]. The same formula is also
used as an immersion‐freezing parameterization at T > 237 K
[Khain et al., 2000]. The freezing rate from this scheme in-
creases rapidly with height above the freezing level, and it is
notorious for producing enormous amounts of small ice
crystals in the mixed‐phase cloud temperature regimes
[Khain et al., 2000]. Another commonly used immersion‐
freezing parameterization is from Vali [1975] (referred to as
VALI): Nim = Nimo(0.1Tc)

g, where Nim is a number of active
nuclei per unit volume of liquid water, Nim0 = 107 m−3, g =
4.4. This formula reveals much less temperature dependence
of active IN than BIGG. Therefore the ice production from
this scheme is much less effective [Ovtchinnikov and Kogan,
2000; Khain et al., 2000].
[15] To demonstrate differences in the above mentioned

homogeneous nucleation parameterizations, we plot the
freezing probabilities in the model integration time step (i.e.,
2 s) as a function of temperature and relative humidity with
respect to water (RH) for droplets with diameters of 4 and
10 mm (Figure 1). For KOOP, the freezing probability
depends on both temperature and RH (Figure 1, top). Over
the homogeneous freezing temperature range (T < 236 K),
freezing from KOOP is not possible when RH is less than
80%, even for 10 mm droplets. The freezing probability is
close to 1.0 when RH is 100% and it is very similar to HEYM,
meaning that freezing of droplets would be instantaneously
inside clouds.When RH is less than 98% that could happen in
the entrainment and downdraft region, the freezing proba-
bility is very low by KOOP at relatively warmer temperatures
(T > 232 K). Therefore those droplets would evaporate
completely before freezing happens. A recent experimental
study from Kuhn et al. [2009] showed the low freezing rate
(about 10−3 s−1) for 4 mm droplets at low temperature about
235 K. However, those droplets will freeze and become ice
crystals in HEYM since freezing only depends on temper-
ature and the freezing probability is high at T < 236 K
(Figure 1, middle). The freezing probability is close to 1.0
even for small droplets (4 mm). BIGG also has freezing
probabilities as low as KOOP (when RH is less than 100%)
at the relatively warmer temperatures (Figure 1, bottom). The
freezing probability is less than 0.1 for 4 mm droplets at T >
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229 K, meaning small droplets also cannot freeze instanta-
neously and could evaporate completely before freezing. As
stated above, both HEYM and BIGG are only temperature‐
dependent, whereas KOOP also depends on RH. Droplet
freezing process could be very different under dry and humid
conditions. Therefore it is necessary to test those param-
eterizations with the two cases of humid (FEB06) and dry
(NOV16) conditions, respectively.

3.3. Designs of Numerical Experiments

[16] Table 1 summarizes the major simulations we con-
ducted. Four simulations were run for different HomFPs.
Three of them are referred to as HOMK,HOMH, andHOMB,
with the homogeneous nucleation schemes KOOP, HEYM,
and BIGG, respectively. TOPFZ was run to test the assump-
tion that the freezing probability of all droplets is 1.0 at
homogeneous nucleation levels (i.e., T < 237 K). This

assumption has been commonly used in many cloud models
[e.g., Khain et al., 2005; Wang, 2005a, 2005b]. In these four
simulations, the Meyers et al. [1992] parameterization for
condensation‐freezing/deposition and Vali [1975] parame-
terization for immersion freezing were used at T > 237 K. To
explore the impact of the immersion freezing parameteriza-
tion on anvil properties, IMMB was conducted in which the
BIGG scheme served as both immersion and homogenous
freezing parameterizations. Therefore the only difference
between HOMB and IMMB is in the type of immersion
freezing parameterization used. All above simulations were
run for both cases, FEB06 andNOV16. It should be noted that
the homogeneous freezing parameterization is only applied
to droplets in the simulation. Freezing of solution aerosols is
of very low significance in deep convection [Phillips et al.,
2005; Connolly et al., 2006] and is not considered in this
study. In addition, droplet nucleation is only considered at

Table 1. Ice Nucleation Parameterizations Used in the Numerical Experiments for Both 6 February 2006 and 16 November 2005

Simulations Condensation‐Freezing/Deposition Immersion‐Freezing Homogeneous Freezing

HOMK Meyers et al. [1992] Vali [1975] Koop et al. [2000]
HOMH Meyers et al. [1992] Vali [1975] Heymsfield and Miloshevich [1993]
TOPFZ Meyers et al. [1992] Vali [1975] freezing probability of 1.0
HOMB Meyers et al. [1992] Vali [1975] Bigg [1953]
IMMB Meyers et al. [1992] Bigg [1953] Bigg [1953]

Figure 1. Freezing probability of (top) Koop et al. [2000] (KOOP), (middle) Heymsfield and Miloshevich
[1993] (HEYM), and (bottom) Bigg [1953] (BIGG) as a function of T (T < 237K) and relative humidity with
respect to water (RH) for droplets with diameter of (a) 4 mm and (b) 10 mm.
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temperature not less than 233 K since solution aerosols would
freeze before being activated at very low temperatures.
[17] The initial sounding data for FEB06 and NOV16 are

shown in Figure 2. It is shown that NOV16 is a much dryer
case than FEB06 and has a very large middle‐level dry layer.
The RH at 500 m is about 87% in the case FEB06 and 66% in
NOV16. For FEB06, the radiosonde measurements from
Garden Point located at the Tiwi Islands were used to drive
the model. The data includes the correction of daytime dry
bias [Vömel et al., 2007] and a solar zenith angle correction
factor, as documented by Hume [2007]. The forcing data of
water vapor, temperature and wind fields, and surface sen-
sible and latent heat flux data were from the subdomain
forcing generated for the Tiwi Islands based on the variational
objective analysis of Zhang et al. [2001]. In addition, for both
cases, the large‐scale forcing data of temperature and water
vapor above 10 km were not applied because (1) those data
are not considered reliable [Suortti et al., 2008] and (2) we
want to separate the transport ofWVC by convection from the
large‐scale sources. For NOV16, the large‐scale forcing data
of water vapor, temperature, and wind fields and surface flux
data were from the simulations of European Centre for
Medium Range Weather Forecasts (ECMWF) available
through the ARM archive (http://www.ecmwf.int/products/
data/operational_system/index.html). The nudging of the
horizontal wind fields was applied using 3 h timescale during
the simulations of the both cases.
[18] Aerosol size distributions and compositions for both

FEB06 and NOV16 were obtained from the Dornier aircraft
measurements. Data from the ASP, FSSP, and UHSAS were

analyzed and averaged over the two flights that coincided the
closest with each convection event. Ammonium sulfate and
organics are the major aerosol components [Allen et al.,
2008]. For the clean maritime aerosol case FEB06, the
mass mixing ratio between the two aerosol components was
about 1:1. However, for the polluted biomass burning aerosol
case NOV16, there were more organics, constituting about
70% of the total mass [Allen et al., 2008]. Since the speciation
of organic aerosols was not measured, we used the typical
organic components for maritime and biomass burning
aerosols from Svenningsson et al. [2006] to calculate the
aerosol density andmolecular weight for FEB06 andNOV16,
respectively. Measured aerosol SDs (Figure 3a) indicate the
polluted case (NOV16) had up to 10 times higher small
aerosol particle concentrations than the clean case (FEB06),
but had fewer large particles. Since UHSAS data had prob-
lems during TWP‐ICE, for aerosols with diameter (D) <
0.27 mm on FEB06, we obtained the values based on NOV16
but decreased by a factor calculated from the total concen-
tration over 0.27 <D < 0.32 mmwhich was measured by ASP
from FEB06 divided by the similar quantity from NOV16.
Thus the total number concentration in the lowest layer for
FEB06 is about 210 cm−3, about 7 times lower than the
polluted case NOV16. It should be noted that only data above
500 m were analyzed to exclude the aircraft takeoff and
landing data. An exponential decrease of aerosol concentra-
tions with height was assumed above about 3 km as shown in
Figure 3b [Fan et al., 2007a]. The decreasing slopes of the
empirical fits to the aircraft data are different for these two
cases within 4 km near ground (Figure 3b). Following Fan

Figure 2. Skew‐T figures of the initial sounding data used for (a) 6 February 2006 (FEB06) and (b) 16
November 2005 (NOV16).
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et al. [2007a], CCN activation was calculated using a modi-
fied Köhler theory for multiple aerosol components from
Shulman et al. [1996].
[19] All simulations were run on a three‐dimensional

computational domain comprising 288 × 288 horizontal grid
points with the grid spacing of 500 m. The stretched ver-
tical coordinate contained 73 layers with the grid spacing
increasing from the bottom (100 m) to top (400 m). Periodic
lateral boundary conditions were used. The dynamic time
step was 2 s. The longwave and shortwave radiation schemes
from the National Center for Atmospheric Research (NCAR)
Community Atmospheric Model (CAM3.0 [Kiehl et al.,
1998]) were called every 3 min during the simulation.
Simulations were run for 3 h for FEB06 and 6 h for NOV16,
starting right before the storm. Heat bubbles were used to
initialize the convection. The maximum temperature pertur-
bation of 4°C was applied to the heat bubbles used in FEB06
and 2°C for NOV16 (weaker heating temperature is needed
for NOV16 because of the much larger CAPE relative to
FEB06 [Connolly et al., 2008]). The bubble radii were 10 km
in the x‐direction, 5 km in the y‐direction, and 3.0 km verti-
cally (centered at the altitude of 3.0 km). For NOV16, two
identical adjacent heat bubbles were used in order to mimic
the observed convection. The locations of the bubbles in the
domain for the two cases were different and were determined
based on the storm movements during the simulation time.

4. Results

4.1. Case FEB06

4.1.1. Cloud Properties
[20] The deep convection in the simulations starts at about

20 min, and secondary clouds, which form from the out-
flow of downdrafts of the previous convection, start to form
and interact with the initially formed primary clouds after
about 4 h. The C‐POL radar observations also indicate that
convective cells keep popping up after the primary cell. To
simplify, we only analyze the model results for the primary
cloud. The simulated cloud properties are compared with
the aircraft, ground‐based radar, and satellite measurements.
Figure 4 compares the simulated and observed radar reflec-
tivity (Ze) for the cloud above 10 km. The predicted maxi-
mum C‐POL Ze for clouds above 10 km generally agrees
with the observations (Figure 4a) (clouds above 10 km are
compared since our focus is on the upper level clouds). The
overprediction of Ze in the beginning is probably due to the

Figure 4. Radar reflectivity for cloud above 10 km from
the simulations and observations for FEB06: (a) time series
of the maximum C‐POL radar reflectivity and (b) normalized
frequency distribution of the airborne cloud radar (ACR)
reflectivity over the 1 h time period (50–110 min). Only the
convective cell observed over Tiwi Island is examined.

Figure 3. Aerosol (a) size distributions and (b) vertical distributions for FEB06 (solid curve) and NOV16
(dotted curve).
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strong heat bubble initialization of the simulations. The
higher observed radar reflectivity after 70min is probably due
to the interactions of the secondary clouds. The radar echo top
heights with Ze of about 30 dBZ for the convective core in the
initial 30 min after convection starts from all the simulations
are very close and about 1–2 km higher than those from the
C‐POL observations, also attributed to the heat bubble ini-
tialization. The modeled cloud radar Ze for the anvils also
reasonably agrees with the airborne radar observations except
that all simulations have a lower frequency over Ze > 0 and
between −35 and −25 dBZ and a higher frequency at Ze from
−25 to −5 dBZ and less than −35 dBZ (Figure 4b) (time series
of ACR is not shown because the aircraft only sampled the
clouds over a short time period).
[21] The averaged cloud properties from the different

simulations are shown in Table 2. The surface precipitation
averaged over the precipitating grids from HOMK, HOMH,
TOPFZ, and HOMB is very close (within 0.5% difference)
and in good agreement with the observed value of 2.57 mm,
calculated from the C‐POL radar reflectivity. The precipita-
tion from IMMB is only 6% lower, also in good agreement
with the observation. The averaged satellite‐retrieved liquid
water path (LWP) and ice water path (IWP) from the Minnis
Cloud Products (VISST) over 2 time steps are about 15–20%
larger than model simulations. Note that the satellite mea-
surements are available every hour for this case. The values
were averaged over the columns with cloud top height larger
than 10 km in a selected domain where the deep convection is
located. Considering the large uncertainty of the satellite‐
retrieved data (over 50%), the model results still fall within
the observational uncertainty. These comparisons with the
available observations indicate the simulated clouds gener-
ally agree with the observed cloud case.
[22] As shown in Table 2, the averaged cloud quantities for

the entire cloud such as concentrations of droplet number (Nc)
and mass (Qc), raindrop number (Nr) and mass (Qr), and ice

crystal number (Ni) and mass (Qi) from the simulations with
different HomFPs are similar, with differences within 10%
(throughout the paper, “ice mass” and “ice number” are
referred to all ice particles). However, different immersion‐
freezing parameterizations make large differences in cloud
properties. IMMB in which BIGG immersion‐freezing
scheme is used predicts about 25% higher Ni and Qi than
HOMBwith the VALI immersion‐freezing scheme. Although
the number concentration of precipitating ice particles (snow +
graupel + hail) (Npi) is more than 2 times larger relative to
HOMB, the mass concentration (Qpi) even decreases a little
because of smaller particle size. The substantial increase in
ice particles is explained by the order of magnitude higher
nucleation rate in BIGG relative to VALI (Table 2). Themuch
larger number of small ice crystals formed through the BIGG
immersion‐freezing scheme in IMMB leads to more colli-
sions and riming [Connolly et al., 2006], resulting in the
above mentioned 2 times higherNpi (snow, graupel, and hail).
However, because the much higher immersion freezing rates
extensively transform droplets into ice at the middle‐level
layers that reduce the warm rain and the precipitating ice mass
does not increase due to smaller size, the precipitation in
IMMB is actually decreased by about 10%. The average
Ze during the temperature range where immersion freezing
operates (i.e., 5–10 km) from IMMB is actually lower by
about 1–2 dBZ relative to HOMB, because the ice particle
sizes in IMMB are reduced by about 46 mm on average
mainly resultant from more than 2 times higher Npi but lower
Qpi (Ze is proportional to size to the sixth power and only
proportional to number). Considering the effect of heat bubble,
the differences in Ze between IMMB and HOMB are not large
enough to justify which one is better.
[23] The following analyses focus on anvil properties only.

To exclude the convective core area, the anvil is defined as
(1) cloud bases higher than 6 km [Frederick and Schumacher,
2008], and (2) cloud after the maximum updraft velocity has

Table 2. Cloud Properties From the Simulations for February 2006

Quantitya Observations HOMK HOMH TOPFZ HOMB IMMB

Qc (g m−3) 6.20E‐02 6.15E‐02 6.16E‐02 6.18E‐02 6.11E‐02
Nc (cm

−3) 15.92 15.82 15.88 15.90 15.74
Qr (g m−3) 1.06E‐02 1.08E‐02 1.07E‐02 1.07E‐02 9.42E‐03
Nr (cm

−3) 3.93E‐04 3.97E‐04 3.98E‐04 3.96E‐04 3.76E‐04
Qi (g m−3) 9.43E‐03 1.07E‐02 1.09E‐02 9.99E‐03 1.25E‐02
Ni (L

−1) 12.70 13.11 14.15 12.85 15.21
Qpi (g m−3) 4.11E‐02 4.5E‐02 4.48E‐02 4.57E‐02 4.46E‐02
Npi (L

−1) 0.57 0.58 0.59 0.58 1.14
Precipitation (mm) 2.57 2.68 2.69 2.69 2.67 2.41
LWP (g m−2) 1000.89 842.01 841.41 840.67 848.74 830.23
IWP (g m−2) 900.5 700.50 709.92 708.75 704.92 780.05
Updraft velocityb (m s−1) 4.04 (16.7) 4.07 (16.9) 4.06 (16.8) 4.05 (15.6) 4.28 (17.6)
rei (mm) 393.88 360.02 356.50 366.94 320.56
Homogeneous freezing rate (m−3 s−1) 9.1E‐02 8.5E‐02 1.21E‐01 5.50E‐02 6.48E‐02
Immersion freezing rate (m−3 s−1) 5.01E‐05 4.82E‐05 4.90E‐05 4.84–05 2.0E‐04
Latent heat rate (K h−1) 0.16 0.22 0.20 0.17 0.28
WVCc (g kg−1) 3.42E‐03 3.53E‐03 3.56E‐03 3.48E‐03 4.55E‐03

aAveraged over all of the cloudy grids over 1 h period after the maximum updraft velocity (50–110 min). The threshold with total condensates of 10−5 g
cm−3 is used to distinguish in‐cloud and out‐of‐cloud grids. The observed precipitation is calculated from the C‐POL radar reflectivity, and a threshold of rain
rate >0.01 mm/h is used for both observations and simulations. The observed LWP and IWP are averaged over two available time steps with an interval of 1 h.
The immersion and homogeneous freezing rates are averaged over the domains at 7–10 km and 10–12 km, respectively. The latent heat rates and rei are
averaged over the domains at 10–15 km.

bUpdraft velocity is averaged over all the grids with an updraft velocity of larger than 3 m s−1 over 1 h period (50–110 min). Values in parentheses are
averaged over the domain maxima at each 10 min during 30–90 min.

cAveraged values over 14.5–17 km in Figure 10 (the differences in WVC are very small below 14.5 km as shown in Figure 10).
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been reached (i.e., at developed stage). Figure 5 provides the
profiles of the microphysical properties of the cloud anvils
from the simulations and the available observations. The
aircraft observations on Proteus which sampled the anvil
outflow (above 12 km) are used here to compare with the
simulated anvil clouds. The ice water content (IWC) in
Figure 5 was obtained using the CSI probe, which provides
bulk measures of total water content (TWC) greater than 1mg
m−3 [Twohy et al., 2003]. The CSI TWC, which is equivalent
to IWC in cirrus when no liquid is present, is accurate within
approximately 15% (G. Kok, personal communication,
2007). The CSI data were only used for locations in cloud
with total number concentrations greater than 10 m−3, due
to the hysteresis effect whereby the TWC exponentially
decayed after the Proteus exited cirrus during TWP‐ICE.
[24] The measured ice number concentrations come from

the CPI rather than from the more standard CIP because the
CIP malfunctioned on 6 February. In the past, CPI images
have been primarily used to analyze particle shapes [e.g.,
Um and McFarquhar, 2009] because of an uncertain sample
volume, especially for particles with maximum dimensions
(D) < 100 mm. Connolly et al. [2007] recently used a labo-
ratory calibration to determine a scaling factor for the CPI,
suggesting the CPI could accurately measure size distribu-
tions and concentrations given sufficiently large averaging
times. However, their scaling factor determined for a Version
1 CPI cannot be applied to the Version 2 CPI used in TWP‐
ICE. The resulting uncertainty in the scaling factor means
that there are large uncertainties in the concentrations of ice

crystals, especially for D < 100 mm. Thus the concentrations
shown from the CPI in Figure 5a only include ice particles
with D > 100 mm. Although these concentrations have less
uncertainty than those with D < 100 mm, there are still large
differences between the CPI and CIP concentrations for D >
100 mm, with the CIP concentrations being an average of
7.7 times greater than those of the CPI for flights on 27 and
29 January and 2 February during TWP‐ICE when both
the CIP and CPI were working. These uncertainties must
be considered when comparing the simulations against the
observations.
[25] First, the averaged ice number (Ntoti) for particles

of D > 100 mm and IWC from the observations fall in the
interquartile range of the modeled values from HOMK (black
dotted lines in Figures 5a and 5b). Different HomFPs predict
noticeably different Ntoti and IWC between 9 and 12 km.
Compared with HOMH and TOPFZ, HOMK predicts up to
50% lower Ntoti and 30% lower IWC, corresponding to the
lower homogeneous nucleation rates given in the KOOP
scheme (Figure 6a). The results from HOMH are similar to
those from TOPFZ, which has freezing probabilities of 1.0.
This is explained by Figure 1, which shows HEYM has
freezing probabilities of about 1.0 at T < 236 K. The largest
differences are from the immersion‐freezing parameteriza-
tions. Compared with HOMB (the VALI scheme), IMMB
(the BIGG scheme) predicts up to 2 times higher Ntoti at 9–
13 km relative to HOMB. Since the aircraft measurements
are concentrated over 12–15 km, have more than 1 order of
magnitude variability, and are highly uncertain because of the

Figure 5. Vertical profiles of (a)Ntoti and (b) ice water content (IWC) in cloud anvils from the simulations
and from cloud particle imager (CPI) (squares) and cloud spectrometer and impactor probe (CSI) (circles)
observations for FEB06 averaged over time period of 40–100 min. Ntoti only includes ice particles withD >
100 mm to compare with CPI observations. IWC for the simulations is processed with the detection limit of
0.001 g m−3 for CSI. The observed data are presented as the mean values with one standard deviation uncer-
tainty bars. The modeled Ntoti and IWC are presented as the median values. The interquatile range is shown
as black dotted lines for HOMK.
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differences between the CPI and CIP concentrations and
the lack of a calibration for the DOE CPI, they are not use-
ful to identify which simulation is most consistent with the
observations.
[26] Ice particle size is especially important in terms of

radiative properties of anvil clouds. The profiles of ice par-
ticle effective radius (rei) for cloud anvils are presented in
Figure 7a. The rei is calculated based on the well‐known

expression for spherical particles, given by the ratio of the
integration of the third and secondmoments of the ice particle
size distribution [Wyser, 1998, equation 1]. The ice effective
radii calculated from the assumed sizes for the bins of ice
particles in the SBM model are much larger than the values
shown in Table 2 and Figure 7a, which seems not be rea-
sonable (the assumed sizes are not used in the microphysical
calculations and do not affect any other quantities). To be
consistent with the rei calculation in the other modeling
studies [e.g., Morrison et al., 2008], we present the results
calculated from the well‐known expression for spherical
particles. On average, rei in HOMK is about 30 mm larger than
those in HOMHand TOPFZ, and about 70mm larger than that
in HOMB (Table 2). Note the averages of rei are obtained by
averaging over the grids with total ice particle concentrations
larger than 10−6 L−1. These trends correspond to the increase
in ice number shown in Figure 5. The BIGG immersion‐
freezing (IMMB) results in the largest difference: rei is
reduced by up to 100 mm at 10–14 km (Figure 7a). Compared
with HOMB where the VALI immersion‐freezing scheme is
used, the average rei over 10–15 km in IMMB is about 46 mm
smaller (Table 2). To examine the radiative influences of
those different sizes of ice particles, we calculate the extinc-
tion coefficients at the visible wavelength based on the ice
effective radius and IWC using the formula developed by Fu
[1996]. Note that the ice effective radius used here is calcu-
lated based on IWC and total projected area of all particles
(the projected area of ice particles is obtained by assuming the
spherical shape), to be consistent with that used by Fu [1996].
Neither of the ice effective radius calculations is used in the
radiation scheme in which the ice effective radius is an
assumed and fixed value. This should be improved in the
future versions of the model. HOMK has the smallest
extinction coefficients and IMMB has the largest values
below 12 km (Figure 7b), corresponding to the largest
and smallest ice particle size, respectively. The extinction

Figure 6. Profiles of (a) the homogeneous freezing rate and
(b) the immersion‐freezing rate averaged over the entire hor-
izontal domain and the 1 h time period of 40–100 min from
the simulations for FEB06.

Figure 7. Profiles of (a) ice particle effective radius and (b) extinction coefficient averaged over the cloud
grids and time period of 60–80 min from the simulations.
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coefficients in HOMK is about 40% lower than those in
HEYM and TOPFZ, and about 70% lower than those in
HOMB. The extinction coefficients in IMMB are up to
2 times larger compared with those in HOMK, and up to
50% larger than HOMB (the VALI scheme). Therefore the
cloud albedo and radiative forcing of the anvils is much
affected by different homogeneous and heterogeneous freez-
ing parameterizations.
[27] The averaged simulated ice particle SDs for cloud

anvils shown in Figure 8 are compared with CPI measure-
ments forD > 100mm. Except HOMK, other simulations tend
to over‐predict ice particles with D between 100 and 200 mm
and predict reasonably good ice number for D between 200
and 500 mm. Since the CPI concentrations for D < 200 mm
may be biased low, the overprediction of the small crystals by
the simulations must be interpreted with some caution. The
simulation with KOOP predicts about 50% fewer ice particles
compared with the simulations with other HomFPs and is in
poorer agreement with the presented observations. Again,
because of the larger variability of the observations relative to
the differences among simulations and shattering problem
related to the probes, we want to be cautious in judging a
better simulation here.
4.1.2. Anvil Updraft Velocity
[28] The updraft velocity averaged over all clouds does

not show significant differences among the simulations with
different HomFPs, as shown in Table 2. Note that changes
less than 10% are too small and considered as insignificant for
the results presented in this paper. The latent heat release from
droplet freezing and deposition processes should increase
air buoyancy and enhance convection [Khain et al., 2005].
Therefore updraft velocity in cloud anvils with different
HomFPs could have larger differences. Figure 9a shows the
averaged updraft velocities for cloud anvils. Below 14.5 km,
HOMKhas the lowest averaged updraft velocities and IMMB
has the highest, with the difference up to 20%. The differ-
ences in anvil updraft velocity among the simulations with
different HomFPs are less than 10%. The relatively lower
homogeneous freezing rates in HOMK result in less latent
heat release (Table 2). However, in IMMB, the order of
magnitude higher immersion‐freezing rates (Table 2) release
much higher latent heat relative to the other simulations and
enhance the convection. The homogeneous freezing rates in

the anvil increase on average by over 15% relative to those in
HOMB (Figure 6b and Table 2), because stronger convection
transports more droplets to the upper levels. Eventually, the
latent heat release averaged over the domain over 10–15 km
from the freezing and deposition processes increases by 60%
from HOMB to IMMB (Table 2), explaining why convec-
tion in the cloud anvil is much stronger in IMMB than that
in HOMB. Again, results from HEYM and TOPFZ are very
similar.
4.1.3. Anvil Size
[29] As stated in section 1, the anvil size and lifetime are

very important parameters that determine the radiative forc-
ing of deep convective systems. Because of the interactions
with the secondary clouds after about 4 h of simulation time,
the final dissipation of cloud anvils cannot be examined in
this case. Figure 9b shows the evolution of the anvil size from
all simulations. Anvil size is calculated by the total columns
with total water path greater than 25 g m−2 multiplied by the
area of a column (square of the horizontal grid spacing).
Except HOMK, the simulations from the other HomFPs
predict very similar anvil sizes. The smaller anvil size around
90 min in HOMK is primarily due to the relatively weaker
convection. After 2 h, HOMK predicts up to 25% larger anvil
size than those from the other HomFPs. By examining the
3‐Dpictures of the cloud anvil, we found that the shrinkage of
the anvil is much slower at 10–13 km probably because of the
larger ice particle size in HOMK. For IMMB, the convection
for the entire cloud is stronger due to the larger latent heat
release resulted from the larger immersion‐freezing rates,
which leads to the larger spread of the cloud anvil. Therefore
IMMB predicts the largest anvil size, with an increase of over
30% on average compared with HOMB.
4.1.4. Water Vapor Content in the TTL
[30] Deep convection can transport water vapor from the

lower troposphere directly to the TTL and moisten the air in
the TTL [e.g., Smith et al., 2006]. Figure 10 shows the
moistening effect of deep convection on the air of the TTL
(i.e., clear‐sky WVC) from all the simulations. The red curve
is the profile of WVC right before convection starts, and the
other profiles from the simulations are averaged over the out‐
of‐cloud grids in 1 h time periods (40–100 min) after active
convection starts. The moistening effect of the deep con-
vection is seen above 15 km (Figure 10), and increases WVC
by about a factor of 2–3 on average compared with the WVC
of 1.56 × 10−3 g kg−1 before convection (Table 2). Consid-
ering the dehydration via cloud formation in the TTL, this
could represent the minimum amount of water vapor trans-
port by deep convection. Note that values presented here are
only averaged over a 1 h period mostly at the mature con-
vection stage. The longer the time after the active convection,
the less moistening effect could be seen because dehydration
processes such as cirrus formation and chemical reactions
would deplete water vapor [Fueglistaler et al., 2009]. As
expected, the WVC of clear sky in the TTL from different
HomFPs has no significant difference because both con-
vection and anvil size are similar among those simulations.
The BIGG immersion freezing (IMMB) makes the largest
differences and predicts about 30% higher WVC relative
to HOMB. The much higher WVC in IMMB results from
stronger transport due to stronger convection and larger anvil
size (i.e., more cloudy grids) as shown in Figure 9b.

Figure 8. Particle size distribution averaged over the cloud
anvil between 12 and 15 km where most of the observations
were made and over time period of 60–80 min from the simu-
lations and CPI observations (diamonds) for FEB06.
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[31] In summary, for the clean and humid case, the different
HomFPs have little impact on the entire convection, precip-
itation, and anvil size, but some anvil properties such as ice
particle number and mass, effective radius, and extinction
coefficient are much changed. The BIGG immersion‐freezing
parameterization gives much higher droplet freezing rates,
leading to stronger deep convection, a larger anvil, more ice
number, reduced ice particle size, and less precipitation.

4.2. Case NOV16

4.2.1. Cloud Properties
[32] Contrasting with the previous clean and humid case,

NOV16 is a polluted and dry case. The deep convection also
starts at about 30 min also because of the triggering by the
warm bubbles. The lifetime of the entire DCC has been

simulated for this case because no secondary clouds interact
with the primary clouds. The anvil base is also at about 10.2–
10.6 km. The overall cloud properties are summarized in
Table 3. The simulated clouds are also compared with C‐POL
radar retrievals, satellite measurements, and aircraft mea-
surements. The time dependence of the maximum Ze above
10 km from the simulations has a similar pattern with the
observations but is over‐predicted by all the simulations in
the initial 30 min (Figure 11a). The over‐prediction is asso-
ciated with the strong bubble initialization. The observed
radar echo top for Ze of about 30 dBZ shown in Figure 11b
is also in good agreement with those from the simulations
testing different HomFPs except in the initial 30 min. The
surface precipitation averaged over the precipitating grids
from HOMK, HOMH, TOPFZ, and HOMB is about 0.31–

Figure 9. Profiles of (a) updraft velocity in cloud anvils averaged over the cloud grids and the 1 h time
period (40–100 min), and (b) time series of the anvil size from the simulations for FEB06. Anvil size is cal-
culated by the total columns with total water path greater than 10 g m−2 multiplied by the area of a column
(square of the horizontal grid spacing).
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0.34 mm, over 20% higher than the observed value of
0.24mm as shown in Table 3, while the precipitation in IMMB
is very close to the observed value. The satellite‐observed
LWP and IWP are only available at one time for this case,
which is at the time of active convection. Compared with the
observed IWP, IMMB gives about 15% higher IWP and
HOMB predicts about 15% lower IWP. Since the retrieved
precipitation and IWP have large uncertainties and no
simulation consistently agrees with both quantities, it is
difficult to fully justify a better simulation.
[33] The ice crystal and precipitating ice number con-

centrations averaged over the entire cloud in the simulations
with different HomFPs differ by more than they did for the
FEB06 case, although the cloud droplet concentrations are
still very similar (Table 3). The Ni is over 20% and Npi is over

Figure 10. Profiles of water vapor content averaged over the
out‐of‐cloud grids (with total cloud condensates <10−5 g kg−1)
during the 1 h time period (40–100 min) from the simulations
for FEB06.

Table 3. Cloud Properties From the Simulations for 16 November 2005

Quantitya Observations HOMK HOMH TOPFZ HOMB IMMB

Qc (g m−3) 3.94E‐03 3.92E‐03 3.90E‐03 3.94E‐03 3.88E‐03
Nc (cm

−3) 3.75 3.72 3.73 3.74 3.71
Qr (g m−3) 2.67E‐02 2.64E‐02 2.63E‐02 2.67E‐02 2.25E‐02
Nr (cm

−3) 1.26E‐04 1.26E‐04 1.25E‐04 1.26E‐04 1.32E‐04
Qi (g m−3) 1.15E‐02 1.37E‐02 1.40E‐02 1.18E‐02 1.31E‐02
Ni (L

−1) 234.76 314.58 351.80 206.69 146.89
Qpi (g m−3) 4.28E‐02 4.20E‐02 4.22E‐02 4.31E‐02 4.15E‐02
Npi (L

−1) 0.51 0.60 0.62 0.49 1.02
Precipitation (mm) 0.24 0.34 0.32 0.31 0.34 0.28
LWP (g m−2) 1878 1493.8 1488.8 1488.3 1451.4 1519.6
IWP (g m−2) 1929 2057.1 2107.4 2113.5 1605.3 2488.5
Updraft velocityb (m s−1) 6.64 (18.7) 6.66 (19.2) 6.66 (19.8) 6.67 (19.1) 6.78 (20.1)
rei (mm) 290.10 252.06 267.41 264.34 232.45
Anvil lifetime (min) 350 370 370 320 370
Homogeneous freezing rate (m−3 s−1) 2.86 5.68 6.42 2.22 4.48
Immersion freezing rate (m−3 s−1) 1.19E‐02 1.16E‐02 1.15E‐02 1.19E‐02 0.19
Latent heat rate (K h−1) 0.59 1.20 1.37 0.69 0.49
Water vaporc (g kg−1) 3.11E‐03 3.69E‐03 3.73E‐03 3.18E‐03 3.63E‐03

aAveraged over all of the cloudy grids over 1‐h period after the maximum updraft velocity (40–100min). The same threshold is used for in‐cloud grids as in
Table 2. The observed LWP and IWP are the averaged values at only one timestep, which is at the active convection. The immersion and homogeneous
freezing rates are averaged over the domains at 7–10 km and 10–12 km, respectively. The latent heat rates and rei are averaged over the domains at 10–15 km.

bUpdraft velocity is averaged over all the grids with an updraft velocity of larger than 3 m s−1 over 1 h period (40–100 min). Values in the parentheses are
averaged over the domain maxima at each 10 min during 30–90 min.

cAveraged values over 14.5–17 km in Figure 15 (the differences in WVC are very small below 14.5 km as shown in Figure 15).

Figure 11. Comparison of simulations against observed
C‐POL radar data: (a) time series of the maximum C‐POL
radar reflectivity for cloud above 10 km for NOV16, and
(b) time series of radar echo top with Ze of about 30 dBZ.
Radar echo tops are defined as the highest altitudes for a cer-
tain value of radar reflectivity (here for 30 dBZ).
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15% higher in HOMH and TOPFZ compared with those in
HOMK. Although Npi increases by over 100% from HOMB
to IMMB,Qpi decreases because smaller sizes of precipitating
ice particles (deposition growth is not efficient for smaller ice
particles and under dry condition). The lower ice particle
number concentrations in HOMK are explained by 50%
lower homogeneous freezing rates (Table 3) due to the low
freezing probabilities at low RH shown in Figure 1. Since the
freezing probabilities determined by KOOP highly depend on
RH, differences between the simulation with KOOP and those
with other HomFPs are expected to be greater in this dry case
than the previous humid case (FEB06). Similar to FEB06, the
BIGG immersion‐freezing scheme (IMMB) leads to a stronger
convective cloud. Compared with the VALI parameterization
(HOMB), the order of magnitude higher immersion‐freezing
rates given by BIGG result in over 2 times higher precipi-
tating ice particle number and stronger convection (Table 3).
Similar to the clean‐humid case FEB06, the precipitation
is also decreased by the higher immersion‐freezing rate in
this polluted‐dry case. The decrease is 18% compared with
HOMB,more significantly relative to the previous case due to
the dry condition at the middle levels in this case.
[34] Figure 12 provides the profiles of anvil microphysical

properties from the simulations and the available aircraft
measurements. The Ntoti with the RH‐dependent HomFP
(HOMK) are up to 70% lower than those with the temperature‐
dependent HomFPs (HOMH, HOMB, and TOPFZ)
(Figure 12a). The much lowerNtoti in HOMK results from the
low freezing probabilities given by KOOP because of low RH
and/or small droplet size in this polluted‐dry case. The KOOP
scheme makes larger differences around 12 km where the
observations are absent. In addition, CIPmeasurements could
overpredict Ntoti because of some artificial factors such as
shattering [McFarquhar et al., 2007]. All simulations seem to
under‐predict IWC (Figure 12b), but the very large variability
of themeasurements and the large uncertainty associated with
the retrieved IWC make it less conclusive. Nevertheless, the
simulation with the BIGG immersion freezing gives up to
2.5 times higher ice particle number and mass concentrations
below 11 km compared with the simulations with the VALI
scheme (HOMB).

[35] The ice particle effective radius is also sensitive to the
different HomFPs in this dry case. Because of much less ice
nucleated in HOMK, the rei is up to 50 mm larger than those
in HOMH and TOPFZ (Figure 13a). On average, it is about
30 mm larger (Table 3). IMMB has the smallest rei and the
averaged rei is over 30 and 50 mm smaller relative to HOMB
and HOMK, respectively, due to the largest immersion
freezing rate and the enhanced homogeneous nucleation rate
as shown in Table 3. Extinction coefficients are also cal-
culated as in FEB06, but large differences are found in this
case. Relative to HOMH, TOPFZ, and HOMB, the extinction
coefficient in HOMK is about 30% smaller on average. The
BIGG immersion freezing scheme (IMMB) predicts the largest
extinction coefficients due to smallest ice particle sizes and
the largest ice water content (Figure 13b). The extinction
coefficients in IMMB are doubled on average compared with
those in HOMK, and about 60% larger than HOMB (the
VALI scheme) below 13 km. Therefore the cloud albedo and
radiative forcing of the anvils is also very sensitive to different
homogeneous and heterogeneous freezing parameterizations
in this case.
4.2.2. Anvil Updraft Velocity
[36] Although the BIGG immersion freezing parameteri-

zation enhances the homogeneous freezing rates by 100% on
average (from HOMB to IMMB) (Table 3), the latent heat is
about 30% lower relative to HOMB because the latent heat is
more sensitive to the deposition growth and the deposition
growth is inefficient due to the smaller ice particles and the
dry condition as mentioned two paragraphs before. As a
result, updraft velocity in the cloud anvil is close to HOMK
and about 20% lower than HOMB around 13–15 km. HOMK
gives about 20% lower updraft velocity around 13–15 km
relative to HEYM and TOPFZ (not shown). Those changes
correspond to the changes in latent heat release from freezing
and deposition processes as shown in Table 3. The latent heat
release averaged over the domain in HOMK and HOMB is
only about 50% of those in HOMH and TOPFZ.
4.2.3. Anvil Size and Lifetime
[37] Figure 14 shows the size and evolution of anvils from

the simulations. HOMH and TOPFZ have very similar
anvil size and lifetime with differences <5%. As in FEB06,

Figure 12. As in Figure 5, but for NOV16 over the 1 h period (40–100 min) to compare with the CIP
measurements.
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the smaller anvil size in HOMK in the beginning is due
to relatively weaker convection compared with HOMH and
TOPFZ, and the cloud anvil in HOMKdissipates more slowly
because ice particles are larger and evaporate more slowly.
Faster evaporation for smaller ice particles in the anvils in
HOMH, TOPFZ, and HOMB results in faster shrinkage of
cloud anvils. Note that the effect of ice crystal sedimentation
would be negligible because ice crystal sizes in the anvils are
small so that they have very small fall velocity. After 4 h,
HOMK predicts up to 20% larger anvil size than HOMH and
TOPFZ, although the anvil lifetime is still about 20 min
shorter. The anvil size in HOMB dissipates the fastest, related
to smaller ice particle size and lower IWC at 11–13 km. Its
anvil lifetime is about 20 min shorter relative to HOMK and
40 min shorter relative to HOMH and TOPFZ. Certainly,
the simulation with the BIGG immersion‐freezing parame-
terization (IMMB) makes the largest anvil size in the initial
4 h induced by the stronger convection. However, the cloud
anvil shrinks faster compared with HOMH and TOPFZ,

which is associated with smaller ice particle size and rela-
tively weaker updraft velocity in the cloud anvils, and end up
with similar anvil lifetime with HOMH and TOPFZ. Com-
pared with HOMB, the anvil size is up to 2.5 times larger
about 2 h later and the lifetime is about 40 min longer.
4.2.4. Water Vapor Content in the TTL
[38] The moistening effect on the TTL clear air by deep

convection is also very significant in this polluted‐dry case,
because of stronger convection and larger cloudy‐area in the
domain relative to the previous case (Figure 15 and Table 3).
The averaged values from the simulations are shown Table 3
(see Table 3 footnotes for details) and the WVC before
convection is close to zero. Similar to FEB06, relative large
differences are seen over 15–16 km where the main con-
vection outflows locate as shown in Figure 15: HOMK and
HOMB predict about 25% lower WVC around 15–16 km
relative to HOMH and TOPFZ mainly due to smaller anvil
area (transport is not the main reason since the convective

Figure 14. As in Figure 9b, but for NOV16.

Figure 13. Profiles of (a) ice particle effective radius and (b) extinction coefficient averaged over the cloud
grids and time period of 60–80 min from the simulations.

Figure 15. As in Figure 10, but for NOV16 over the 1 h time
period (40–100 min).
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strength in HOMB is similar as HOMH and TOPFZ). Dif-
ferent from FEB06, the BIGG immersion‐freezing parame-
terization (IMMB) does not predict the much higher WVC
than any other simulations in this polluted‐dry case. Although
the WVC is still up to 25% higher than that in HOMB with
the VALI immersion‐freezing scheme, it is close to those in
HOMH and TOPFZ because of the offset of the effects from
weaker convection and relatively larger anvil area.

5. Conclusions and Discussion

[39] Two isolated deep convective clouds observed during
the TWP‐ICE and ACTIVE campaigns have been simulated
using a 3‐D cloud‐resolving model with size‐resolved aero-
sol and cloud microphysics. The TWP‐ICE case represents a
clean and humid air mass, while the ACTIVE case represents
a polluted and dry air mass. The impacts of different homo-
geneous (i.e., KOOP, HEYM, TOPFZ, and BIGG) and
immersion freezing (i.e., VALI and BIGG) parameterizations
on the anvil characteristics and the water vapor content of the
TTL are examined for these two deep convective clouds that
developed in the contrasting environments. The modeled
cloud properties generally agree with the available radar and
satellite retrievals and in situ aircraft measurements.
[40] Although the homogeneous freezing parameteriza-

tions have little impact on the overall convection strength and
precipitation, the effects on the anvil microphysical properties
are noticeable in both cases. The cloud anvil with the KOOP
parameterization has much lower ice particle number con-
centrations than those with other schemes, and this effect is
larger in the polluted‐dry case (up to 50% and 70% lower in
the clean‐humid and polluted‐dry cases, respectively). This
decrease results from the lower droplet freezing rates deter-
mined by the KOOP scheme at lower RH and/or for small
droplets.
[41] As expected when ice particle number concentrations

are smaller, the ice particle effective radius in cloud anvils is
increased with the KOOP scheme. On average, the increase is
about 20–30 mm relative to the other HomFPs in the both
case. The ice particle effective radius by BIGG immersion
freezing is reduced by about 40 mm compared with that from
the VALI scheme. The changes of extinction coefficient at the
visible wavelength are also significant in both cases: The
KOOP scheme predicts more than 30% smaller extinction
coefficient compared with other HomFPs; the BIGG immer-
sion freezing predicts 50–60% larger extinction coefficient
relative to the VALI scheme. As a result, cloud albedo and
radiative forcing of anvils would be significantly affected by
the homogeneous and immersion freezing parameterizations
applied in the model.
[42] Convective strength in cloud anvils changes within

5% with different HomFPs in the clean‐humid case. The
KOOP homogeneous nucleation scheme gives about 15%
lower updraft velocity in the anvils than other HomFPs in the
polluted‐dry case due to lower freezing rates. Anvil size is
determined by the convective strength in the initial 2 h, and its
dissipation is determined by ice particle size and upper level
convection. With the KOOP scheme in both cases, the anvil
size is smaller initially due to relatively weaker convection
and the anvil dissipates slowly due to slower evaporation
resulted from larger ice particle size.

[43] It is found that the higher immersion‐freezing rate
(such as BIGG) leads to a stronger convective cloud due to
larger latent heat release mainly resulted from much higher
freezing rates, with larger ice water path in both humid and
dry conditions. Consequently, the domain‐averaged homo-
geneous freezing rates are enhanced by over 15%. This
enhancement is consistent with the studies by Heymsfield
et al. [2005] and Ekman et al. [2007] that showed an increase
in ice nuclei increases the homogeneous nucleation rates
through higher updraft velocities. Ice number concentrations
in the cloud anvil increase by over 1.5 times and ice particle
effective radius is much reduced. Also, higher immersion
freezing rate results in less precipitation and larger anvil size.
While the higher immersion‐freezing rate leads to the stron-
ger upper level convection in the clean‐humid case, it makes
the upper level convection weaker in the polluted‐dry case
because of less latent heat release associated with inefficient
deposition due to smaller ice particles and the dry condition.
[44] The deep convection moistens the TTL clear air with

increases of a few times in WVC under both the clean‐humid
the polluted‐dry conditions. Different HomFPs does not make
significant difference in WVC in the clean‐humid case, but
in the polluted‐dry case, the HomFPs with lower nucleation
rates (e.g., KOOP and BIGG) predict about 25% lower WVC
relative to the HomFPs with higher nucleation rates (e.g.,
HEYM) at the altitudes of the main convective outflows
relative to other HomFPs mainly due to smaller anvil area
(i.e., less cloudy grids) in the domain. Under both humid and
dry conditions, the BIGG immersion freezing scheme pre-
dicts about 25% higher WVC relative to the VALI scheme at
the altitudes of the main convective outflows, due to stronger
transport from the lower levels and the larger anvil area in
the domain.
[45] In summary, the anvil microphysical properties such

as ice number concentration and ice particle effective radius
are sensitive to the homogeneous freezing parameterizations
under both the clean‐humid and polluted‐dry conditions,
while the upper level convection and WVC in the TTL clear
air are only sensitive to HomFPs under the polluted‐dry
condition. Higher immersion‐freezing rates lead to a stronger
convective cloud with much different cloud anvil properties.
Also, the domain‐averaged homogenous freezing rates are
greatly enhanced by the higher immersion‐freezing rate under
both humid and dry conditions. The HEYM homogeneous
freezing scheme predicts similar results as the assumption of
freezing probability of 1.0. The effects of different freezing
parameterizations on convection and anvil properties shown
in this work could be underestimated because of the quick
development of convection due to heat bubble effect. Last, the
spread in the aircraft observations is so large that it is hard to
quantify the cloud anvil properties, which makes it difficult
to further constrain model simulations with different freezing
parameterizations. We have the following suggestions on the
point of how measurements can be used to constrain model
results and perhaps to distinguish a better parameterization
based on this study: Develop more accurate calibration for
CPI measurements, reduce the effects of artificial factors such
as shattering from CIP measurements, conduct intensive mea-
surements at 10–13 km in the tropical deep convective cases,
and more accurately retrieve or measure ice particle sizes.
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