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Abstract

An ice nucleation parameterization accounting for the deliquescent heterogeneous
freezing (DHF) mode was implemented into the Weather Research Forecast (WRF)
model. The DHF mode refers to the freezing process for internally mixed aerosols with
soluble and insoluble species that can serve as both cloud condensation nuclei (CCN)
and ice nuclei (IN), such as dust. A modified version of WRF was used to examine
the effect of Saharan dust on the early development of Hurricane Helene (2006) via
acting as CCN and IN. The WRF simulations showed the tendency of DHF mode to
promote ice formation at lower altitudes in strong updraft cores, increase the local la-
tent heat release, and produce more low clouds and less high clouds. The inclusion
of dust acting as CCN and IN through the DHF mode modified the storm intensity,
track, hydrometeor distribution, cloud top temperature (hence the storm radiative en-
ergy budget), and precipitation and latent heat distribution. However, changes in storm
intensity, latent heating rate, and total precipitation exhibit nonlinear dependence on
the dust concentration. Improvement in the representation of atmospheric aerosols
and cloud microphysics has the potential to contribute to better prediction of tropical
cyclone development.

1 Introduction

During summer and early fall, North Atlantic tropical cyclones (TCs) and their precur-
sors are often observed to interact with a hot, dry, and dusty air mass originating from
the Sahara Desert. This air mass is often referred to as the Saharan Air Layer (SAL)
(Carlson and Prospero, 1972; Karyampudi et al., 1999; Dunion and Velden, 2004). The
SAL is thought to affect the development of North Atlantic TCs from several aspects.
From a dynamic and thermodynamic perspective, the SAL may affect the TC develop-
ment in multiple ways (Karyampudi and Pierce, 2002; Dunion and Velden, 2004; Wu,
2007; Jones et al., 2007; Sun et al., 2008, 2009; Shu and Wu, 2009; Reale et al.,
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2009; Braun, 2010). Dust embedded in the SAL can modify the atmospheric temper-
ature stratification through interacting with solar and infrared (IR) radiation (Guedalia
etal., 1984; Sokolik et al., 2001; Chen et al., 2010), and thus affect the TC development
(Karyampudi and Carlson, 1988; Karyampudi and Pierce, 2002). Dust is also hypoth-
esized to suppress Atlantic TC activity through reducing the sea surface temperature
(SST) (Evan et al., 2006; Wu, 2007; Wong et al., 2008; Lau and Kim, 2007; Evan et al.,
2009).

In addition to the radiative impacts, dust particles can act as cloud condensation
nuclei (CCN), giant CCN (GCCN), and ice nuclei (IN), affecting the cloud droplet con-
centration and size, precipitation process, and lifetime of clouds (Levin et al., 1996;
DeMott et al., 2003, 2009; Field et al., 2006; Ansmann et al., 2008; Connolly et al.,
2009; Kumar et al., 2009a, 2009b; Pratt et al., 2009; Eidhammer et al., 2010; Wiacek
et al., 2010). The impact of dust as nucleating aerosols on various cloud systems has
been reported by many previous studies based on in situ and remote sensing observa-
tions and modeling. Rosenfeld et al. (2001) found that shallow cumulus clouds forming
in dusty regions contained smaller cloud droplets and produced less precipitation. Ma-
howald and Kiehl (2003) found a positive relationship between the amount of thin low
clouds and mineral aerosols over Africa and the North Atlantic. Increase in shallow cu-
mulus cloud coverage has been found under dusty conditions over the Eastern Atlantic
(Kaufman et al., 2005). During the NASA African Monsoon Multidisciplinary Activities
(NAMMA) field campaign based in Cape Verde (Zipser et al., 2009), it was found that
as much as 79 % of residual particles from liquid cloud droplets in selected clouds em-
bedded in the SAL were composed of mineral dust (Twohy et al., 2009). The cloud
droplet number concentration in dust-polluted clouds was higher than in clean marine
clouds.

The ice nucleating ability of dust has been known for a long time (Isono et al., 1959).
The nucleation ability of dust may vary strongly, depending on temperature and its
mineralogical composition (Field et al., 2006). High correlation between the presence
of dust and ice formation in altocumulus clouds over Asia has been reported by Sassen
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(2002). High concentrations of IN with a maximum value greater than 0.3 cm™ have
been found in a long-lived SAL near Florida (DeMott et al., 2003, 2009) that might
have caused a seeding effect on altocumulus cloud formed at the upper boundary of
the SAL (Sassen et al., 2003). Evidence of high concentrations of cloud ice particles in
deep convective clouds affected by Saharan dust has been reported at altitudes where
heterogeneous ice nucleation prevails (Min et al., 2009; Li and Min, 2010), leading to
higher cloud effective temperature (Min and Li, 2010).

Numerical models have also been used to study the effect of dust on cloud develop-
ment. Levin et al. (2005) found that, without the effect of ice nucleation, dust as GCCN
greatly enhanced the precipitation in continental clouds but not in maritime clouds.
With dust as IN, precipitation in both types of clouds was reduced. Van den Heever
et al. (2006) found that an increase in the aerosol concentration associated with a Sa-
haran dust outbreak led to stronger and more frequent updrafts, which enhanced the
production of supercooled liquid water at upper levels. Freezing of these supercooled
cloud droplets into ice particles released a large amount of latent heat, which in turn
supported intense updrafts. Yin and Chen (2007) suggested that the impact of dust on
cloud development depends on the dust vertical distribution. When the majority of dust
was below 3 km where temperature was greater than -5 °C, introducing more dust as
CCN tended to suppress the precipitation. However, when dust was at temperatures
less than —-5°C, dust acting as IN either enhanced or suppressed the precipitation,
depending upon the concentration and several other factors. The overall impact of
aerosols, including dust, on precipitation is thought to depend upon the cloud type and
meteorological conditions (Khain et al., 2008).

Recently, there have been several studies specifically focusing on the impact of
aerosols on TC development. Rosenfeld et al. (2007) reported that turning off the warm
rain formation in numerical simulations of Hurricane Katrina altered the storm track
and reduced the storm intensity, and hence proposed that seeding of small CCN could
lead to weakening of storms. Khain et al. (2008) proposed that continental aerosols
may contribute to the intense lightning occurrences and modify the development of
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hurricanes that are close to the land. Khain et al. (2010) suggested that continental
aerosols can invigorate convection at TC periphery and lead to weaker storms. Target-
ing at the effect of Saharan dust as nucleating aerosols on TC development, our previ-
ous studies (Zhang et al., 2007, 2009; Zhang 2008) suggested that dust in the eyewall
development region can affect the eyewall evolution by changing the distribution of la-
tent heat, and hence trigger changes in dynamic and thermodynamic processes that
ultimately modify eyewall intensity. Once rainbands formed, large amounts of dust
could not reach the eyewall. In this case dust acting as CCN can affect the eyewall in-
directly by modulating rainband development, as intense convection in rainbands can
adversely affect eyewall intensification by causing latent heat release away from the
eyewall, enhancing cold pools and blocking the surface radial inflow. The major latent
heating from cloud diffusional growth process and convection intensity in both eyewall
and rainbands did not show monotonic relation with the input CCN concentration.
Recently, there has been considerable interest in nucleation ability of aerosols con-
taining both soluble and insoluble part, such as dust particles (Petters and Kreiden-
weis, 2007; Diehl and Wurzler, 2004; Phillips et al., 2008; Kumar et al., 2009a, b;
Khvorostyanov and Curry, 2000). In particular, Khvorostyanov and Curry (2000) pro-
posed that a dust particle can act as CCN to form a cloud droplet first and then serve
as IN to help cloud droplets freeze, which was referred to as the deliquescent hetero-
geneous freezing (DHF) mode. However, most mesoscale numerical models used for
TC forecasting assume a clean environment and the microphysical parameterizations
usually do not consider this mechanism. Here we examine the impact of dust aerosols
on the early development of a real TC, Hurricane Helene (2006), by conducting WRF
simulations with and without the ice nucleation parameterization accounting for the
DHF mode. The goal of this study is to examine the extent to which dust aerosols
can influence the intensity, track, and structure of a developing TC through the cloud
microphysical processes. Remote sensing observations from Cloud-Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO), CloudSat, Moderate Resolution
Imaging Spectroradiometer (MODIS), and Tropical Rainfall Measuring Mission (TRMM)
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were utilized to examine the distributions and characteristics of dust particles, hydrom-
eteors, cloud top temperature, latent heat release and precipitation, as well as to con-
strain and evaluate the WRF model.

2 Development of the pre-Helene mesoscale convective vortex

On 11 September 2006, a massive mesoscale convective system (MCS) associated
with a tropical easterly wave moved off the coast of Africa (Fig. 1a). The diameter
of the MCS was more than 1000 km. By 12:00UTC 12 September, the system was
classified as a tropical depression with an estimated maximum sustained surface wind
speed of 13ms~" and a minimum sea level pressure (MSLP) of 1007 hPa. The storm
slowly strengthened and became Tropical Storm Helene on 00:00 UTC 14 September
with maximum sustained winds of 18 ms™'. While moving westward, Helene continued
to develop and eventually became a category 3 hurricane at 06:00 UTC 18 September
with estimated MSLP of 955 hPa and maximum sustained winds of 54ms™".

Here, we focus on the period between 11-13 September during which an extended
layer of Saharan dust was present to the north and northwest quadrant of the storm
(Fig. 1). The horizontal and vertical distributions of dust were further examined using
remote sensing observations from the NASA A-Train satellites including the Aqua and
CALIPSO. The A-Train satellites cross the equator at around 01:30 p.m. local time, trail-
ing each other by just a few minutes and providing near-simultaneous measurements
of the atmosphere and surface. The MODIS instrument onboard Aqua measures radi-
ances in 36 spectral bands ranging in wavelength between 0.4 to 14.4 uym. Data used in
this study include the MODIS/Aqua Collection 5 Level 2 aerosol product (MYDO04) and
cloud product (MYDO06), which have a horizontal resolution of 10 km. Figure 2a shows
the aerosol optical depth (AOD) and cloud effective radius retrieved by MODIS between
13:55UTC to 15:40UTC on 12 September. A dust plume with AOD greater than 0.5
and a width more than 300 km can be seen immediately north of the storm. Clouds
with small effective radii developed in the midst of dust. The Cloud-Aerosol Lidar with
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Orthogonal Polarization (CALIOP) onboard CALIPSO crossed the dust plume between
15:38 and 15:44 UTC on 12 September. Figure 2b shows the dust layer extending from
near surface to 5km. The presence of abundant Saharan dust made Helene an ideal
case to study the impact of dust on TCs.

During the NAMMA field campaign, the NASA DC-8 aircraft flew into the pre-Helene
tropical depression on 12 September. On the northwest side of the circulation center
adjacent to the dust layer, strong convection was observed with a maximum radar re-
flectivity more than 50dBZ just above the melting level at 4 km (Zipser et al., 2009).
Jenkins et al. (2008) and Jenkins and Pratt (2008) found that vertical velocities, cloud
water content, ice concentrations, and lightning activities were very high. They hy-
pothesized that dust invigorated convection in the region. The concentration of parti-
cles with diameters between 3-50 um at the temperature level of —44°C in the anvil
clouds was as high as 300 cm™> and residual particles from these ice crystals were
mostly dust (Heymsfeld et al., 2009). The highest concentration was found in strong
updrafts that developed from the boundary layer with high aerosol loading. Heyms-
feld et al. (2009), therefore, suggested that ice crystals at temperature level of —44°C
were produced through homogeneous freezing of cloud droplets that formed on dust
particles. Samples of anvil clouds from other parts of the storm were not collected dur-
ing this particular flight. However, dust particles were found in the ice crystal residual
samples from anvil clouds away from the dust source during a NAMMA flight into the
pre-Gordon MCS (Cynthia Twohy, personal communication, 2010). This suggests that
storm circulation may bring dust and hydrometeors containing dust to a much larger
area.

3 Model configuration

To examine the sensitivity of the pre-Helene MCS to the dust particles through ice
nucleation process, numerical experiments were conducted with the Weather Re-
search and Forecast Model (WRF) version 3.1 developed at the National Center for
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Atmospheric Research (NCAR). The WRF dynamics solves fully compressible, nonhy-
drostatic Euler equations formulated on the terrain-following hydrostatic-pressure ver-
tical coordinate (denoted by 7). Our simulations covered the three-day period from
00:00UTC 11 September to 00:00 UTC 14 September during which the pre-Helene
MCS moved off the African coast and gradually intensified into a tropical depression
and then a tropical storm. Two nested domains with a horizontal resolution of 15km
and 5 km were used. The inner Domain 2 was initialized at 12:00 UTC 11 September,
which was 12 h later than the outer Domain 1. The number of horizontal grid points for
Domain 1 and Domain 2 were 357 x 212 and 634 x 412, respectively. There were 31 n
layers in the vertical direction between the surface and 20km a.s.I. The NCEP FNL
(Final) Operational Global Analysis data on a 1° by 1° grid every 6 h were used as the
initial and boundary conditions for Domain 1.

The Yonsei University planetary boundary layer (PBL) scheme was used in the simu-
lations, which features an explicit treatment of entrainment at the top of PBL. The Noah
Land Surface Model (LSM) was selected to provide the vertical transport of sensible
and latent heat fluxes to the PBL scheme. The Goddard shortwave radiation scheme
and the Rapid Radiative Transfer Model (RRTM) longwave radiation scheme were se-
lected for radiative transfer computations. The Betts-Miller-Janjic cumulus convection
scheme was used for Domain 1.

The Morrison double-moment cloud microphysics scheme (Morrison et al., 2005;
Morrison and Pinto, 2005) was chosen. It is a two-moment scheme that predicts the
mixing ratio and number concentration of five hydrometeors: cloud droplets, ice crys-
tals, snow, rain, and graupel. The hydrometeor size distribution follows a generalized
gamma distribution. The Morrison scheme is modified here by inclusion of a heteroge-
neous ice nucleation parameterization that accounts for dust’s ability to serve as both
CCN and IN, which will be discussed below.
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3.1 Inclusion of an ice nucleation parameterization accounting for the DHF
mode

In the Morrison scheme, all aerosols are currently assumed to be ammonium sul-
fate. The activated aerosol number is related to the aerosol size distribution, com-
position and supersaturation through a parameterization developed by Abdul-Razzak
et al. (1998) and Abdul-Razzak and Ghan (2000), which is based on the Kohler theory
(Kohler, 1936). In classical heterogeneous ice nucleation theory, IN can lead to the ice
formation through condensation, immersion, contact and deposition freezing modes
(Vali, 1985; Pruppacher and Klett, 1997). The heterogeneous ice nucleation parame-
terization in the Morrison scheme includes the contact freezing mode (Meyers et al.,
1992), immersion freezing mode (Bigg, 1953), and deposition/condensation freezing
mode (Cooper, 1986). The IN production is a function of temperature.

The current treatment of CCN and IN in the Morrison scheme does not adequately
represent the scenario occurring in clouds formed in dusty conditions. Dust particles
can act as both CCN and IN due to the fact that they contain both soluble and insolu-
ble materials. To address this issue, a heterogeneous ice nucleation parameterization
for internally mixed aerosols based on a series of papers published by Khvorostyanov
and Curry was implemented into the Morrison microphysics scheme. Khvorostyanov
and Curry (2000) proposed a new generalized theory of heterogeneous ice nucleation
for internally mixed aerosols that depends on both temperature and supersaturation.
This theory allows ice crystal formation via condensation freezing at subsaturation over
water but supersaturation over ice, which can be used to explain the observed high nu-
cleation rates at relatively warm temperatures (-5 to —12 °C). Khvorostyanov and Curry
(2004, 2005) extended this theory and developed a framework suitable for cloud-scale
and large-scale models, which will be referred to hereafter as the KC scheme. A freez-
ing mechanism for internally mixed aerosols containing both soluble and insoluble ma-
terial was included, which was referred to as the DHF mode. The DHF mode suggests
that ice nucleation may start on the surface of the insoluble substance of an aerosol
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particle embedded in a cloud droplet that has formed on the soluble substance of the
same particle. This scenario could be applied to all internally mixed aerosols including
dust particles. The classical formulation for condensation-freezing mode allows nucle-
ation only at water saturation and assumes the IN is insoluble (Fukuta and Schaller,
1982), whereas the DHF mode considers internally mixed aerosols with both soluble
and insoluble material, and allows nucleation at subsaturation over water. In other
words, the DHF mode combines the condensation and immersion freezing mode from
the classical heterogeneous ice nucleation theory. Results from a parcel model imple-
mented with the scheme showed good agreement with observations (Khvorostyanov
and Curry, 2005). Detailed comparison of the KC scheme with measurements made
in recent field campaigns, laboratory measurements and several other empirical ice
nucleation parameterizations can be found in Curry and Khvorostyanov (2010).

Based on the results from the parcel model simulations, a simple parameterization
for the ice crystal concentration as function of temperature (T') and vertical velocity (w)
has been derived (Khvorostyanov and Curry, 2005). It is in the form of N(T,w) = C (T -
T)CT WC"", where N is the ice crystal concentration in units of I'1, T,=0°C,and C, =
1.41. When T > -15°C, Cy=04x 1078, and C;r=8.0. When T < -15°C, C,=0.535,
and C; = 1.05. Figure 3 shows the comparison of ice number concentrations predicted
by Cooper (1986), Meyers et al. (1992), and the KC schemes. Both the Cooper and
Meyer schemes are functions only of temperature. A fixed maximum value of IN is
often specified to prevent unreasonable prediction of ice crystals when temperature
is extremely low. For example, the maximum number of ice crystals from the Cooper
scheme is set to 5001~ in the Morrison scheme. On the other hand in the KC scheme,
ice crystal concentration is a function of both temperature and vertical velocity. The
maximum value of ice crystal concentration is not limited by a prescribed number,
but rather by the cloud droplet number concentration that is related to the aerosol
concentration. As shown in Fig. 3, if a model grid point has a vertical velocity greater
than 10cms™' and temperature between —-6°C to —35°C, more ice crystals will be
predicted by the KC scheme than by the Cooper and Meyers schemes. The strong
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dependence of the ice number concentration on vertical velocity is consistent with in
situ measurements made during the NAMMA field campaigns (Heymsfield et al., 2009).
Hence, the KC scheme produces more ice crystals at a lower altitude in strong updraft
cores than the ice nucleation schemes currently employed in the Morrison microphysics
parameterization.

3.2 Design of numerical experiments

To examine the effect of dust as CCN and IN on Helene’s early development and eval-
uate the newly-implemented KC scheme, two groups of WRF simulations with various
aerosol concentrations were conducted: one group used the original Morrison scheme,
and the other used only the KC scheme for heterogeneous ice nucleation. To repre-
sent the storm development under a dust-free maritime condition, a Clean simulation
was established first with the original Morrison scheme. In the Clean case, a constant
aerosol concentration of 100cm™> was prescribed across the domain. Aerosol par-
ticles have a lognormal size distribution with two modes. The mean radius of each
mode was 0.023 and 0.08 um with a standard deviation of 1.6 and 1.5, respectively.
This is consistent with the aerosol size distributions observed over the tropical ocean
(Heintzenberg et al., 2000).

To represent the storm development in dust conditions, the aerosol concentration
was varied within a certain range in the group of simulations with the original Morrison
scheme and the group of simulations with the KC scheme. In the vertical, dust par-
ticles were placed in a layer between 1 and 5km a.s.l. based on the CALIPSO lidar
observations (Fig. 2b). The dust particles were assumed to be horizontally distributed
since a complete dust emission, transportation and depletion module is still under ex-
amination. This assumption may overestimate the storm area affected by dust. Dust
size distribution was assumed to have two modes with the mean radius of 0.05 and
0.35 um and standard deviation of 1.85 and 2.5, respectively, which was based on ob-
servations made in the SAL during the NAMMA (Zipser et al., 2009; Chen et al., 2010).
Below and above the dust layer, aerosol properties in the Clean simulation were used
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to provide the background conditions. According to the NAMMA observations made in
the SAL, the dust total number concentration was primarily between 300 to 800 cm™
(Chen et al.,, 2010). The averaged number concentration for aerosol particles with
a diameter greater than 10 nm was 350 cm™3. Therefore, within each group of simula-
tions, dust concentration was varied from 300, 350, to 400 cm~3 to represent an aver-
age dust loading, and the doubled values 600, 700, to 800 cm™3 to represent a heavy
dust loading. Simulations using the original Morrison scheme were named “Dust_300”,
“Dust_350", “Dust_400”, “Dust_600”, “Dust_700” and “Dust_800”, with the number after
“Dust_” denoting the total dust concentration. Dust aerosols can be activated as CCN
following Abdul-Razzak et al. (1998) and Abdul-Razzak and Ghan (2000). Simulations
with the KC scheme were named in the same manner except a suffix of “.KC” was
used. In this group of simulations, cloud droplets formed from activated dust particles
can freeze through the KC scheme. The grid-scale velocities were used in the KC
scheme to derive the nucleation rate, which were found to be comparable to observa-
tions made in TCs (Black et al., 1996; Heymsfield et al., 2010). Since the dust aerosol
distribution is horizontally homogeneous and does not change with time, activation of
dust particles may be overestimated. In addition, since dust particles were constrained
below 5km and were not able to be transported aloft, the process of dust particles
acting directly as IN will not be included, which may lead to an underestimation of ice
nucleation.

4 Results
4.1 Impact of dust acting as CCN and IN on storm intensity and track

During the three-day period considered here, the pre-Helene MCS first became a trop-
ical depression and then a tropical storm. Since the wind speed and MSLP analy-
sis were only recorded when the MCS reached tropical depression stage, other vari-
ables are needed to track the storm intensity prior to that stage. Therefore, we used
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the integrated kinetic energy (IKE) introduced by Powell et al. (2007), which is an
integration of surface kinetic energy over the storm domain. The IKE is particularly
useful for monitoring the pre-Helene MCS development as it provides a continuous
measure of the storm intensity before and after the storm showed a closed circula-
tion center. The IKE for each simulation was calculated by summing the square of
10-m wind speed (i.e., wind speed at 10 m above surface) over an area of 750 km by
750 km (150 by 150 grids) centered at the storm and within a 1-m thick layer. Figure 4
shows the evolution of IKE for the two groups of simulations (with the original Morrison
scheme and with the KC scheme) during the 60 h period when the inner Domain 2
was turned on. In both cases , IKE started to diverge at 20 h and reached the largest
difference at the end of the simulation. The maximum difference in IKE between the
Clean and all dust cases was 7.3TJ (a 14.3 % deviation from the Clean) for simula-
tions with the original Morrison scheme and 10.7 TJ (a 21 % deviation from the Clean)
for simulations with the KC scheme. Thus, the storm intensity was more sensitive to the
aerosol concentration in simulations with the KC scheme. The final MSLP ranged from
986 hPa (Clean) to 1005 hPa (Dust_350_KC). In both groups, we found non-monotonic
dependence of IKE on dust concentration.

Numerical simulations of TCs are very sensitive to initial conditions (Sippel and
Zhang, 2008, 2010). Sensitivity experiments by varying the simulation starting time
have been conducted. For example, the final MSLP from simulations with the origi-
nal Morrison scheme initialized 6 h later ranged from 989 (Clean aerosol) to 995 hPa
(aerosol concentration of 400 cm'3). For the group with the KC scheme initialized 6 h
later, the final MSLP ranged from 988 (aerosol concentration of 400 cm_3) to 1002 hPa
(aerosol concentration of 800 cm'3). The storm intensity evolution was sensitive to the
initial conditions. Again, non-monotonic dependence of IKE on dust concentration was
found. Clean was not always the strongest storm and adding more aerosols did not
necessarily lead to a weaker storm. This is consistent with conclusions from the ideal-
ized TC simulations (Zhang et al., 2007, 2009; Zhang, 2008) that no clear monotonic
relationship of dust concentration with TC intensity can be drawn.
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Regarding the storm track, all simulated storms moved at a slower speed than the
observed storm. Different combinations of physical parameterizations were tested, but
none was able to increase the storm speed. The slow storm movement was most
likely caused by biases in the steering flow simulated in the inner domain. At the end
of the simulation period (00:00 UTC 14 September), the observed storm was located
at (31.9°W, 12.9°N). The storms from simulations with the original Morrison scheme
reached a final location at (27.5° W, 14.7° N). The storms from simulations with the KC
scheme reached at (28.5° W, 14.2° N). By modifying the heterogeneous freezing mode
in the microphysics scheme, storm final location was changed by 1° in the longitude and
0.5° in the latitude. The changes in the final location were likely caused by variations
in the vertical wind shear induced by asymmetry of convection (Wu and Wang, 2000).

4.2 Impact of dust acting as CCN and IN on hydrometeors distribution

The initial mechanism for dust aerosols to affect the cloud development is through
CCN activation to form cloud droplets. By acting as CCN, more dust led to higher
cloud droplet number concentration in all simulations. Averaged over the entire 60 h,
the cloud droplet number concentration, for instance, at 2 km just above the cloud base
was 34, 52, 55, 57, 64, 67, and 77cm™2 for Clean, Dust_300, Dust_350, Dust 400,
Dust_600, Dust_700, and Dust_800, respectively. Similarly, the cloud number con-
centration for Dust_300_KC, Dust_350_KC, Dust 400_KC, Dust_600_KC, Dust_700_KC,
and Dust_800_KC was 34, 52, 56, 57, 64, 68, and 72 cm'3, respectively. When cloud
droplets reach the 0°C level at about 4.5 km, ice particles can start to form through het-
erogeneous freezing. The supercooled cloud droplets that reach the 10 km level with
temperature of —40°C will immediately freeze into ice particles through homogeneous
freezing.

To evaluate the ice production in the pre-Helene MCS, observations from the Cloud
Profiling Radar (CPR) onboard CloudSat were used. The CPR is a 94-GHz nadir-
viewing radar that measures the power backscattered by clouds as a function of dis-
tance from the radar (Stephens et al., 2002). At 14:54UTC 11 September, CPR
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captured the frontal edge of the pre-Helene MCS (Fig. 5a), when the dust layer was
approaching the storm from the north and northwest (Fig. 1a). Seen from the retrieved
radar reflectivity (Fig. 5b), the cloud top near the frontal edge reached up to 14 km, and
a bright band formed by melting snow and graupel can be seen at 4.5 km. High ice wa-
ter content (IWC) with a value greater than 0.8¢ m~2 was concentrated within a layer
from 7 to 10km (Fig. 5¢), which was below the homogeneous freezing level at 10 km
with temperature of —40°C. The estimated total ice number concentration for high INC
region was more than 300 I (Fig. 5d).

To evaluate the effect of the KC ice nucleation scheme, Fig. 6 compares the verti-
cal cross sections of the simulated ice and cloud properties along the CloudSat path
for Clean and Dust_350_KC. This case represents the average aerosol concentration
(350 cm‘3) in the SAL observed during NAMMA (Chen et al., 2010). Since the ice
properties obtained along a single line may not represent the ice distribution in the
entire storm, domain averaged ice crystal water content and number concentration at
this time were calculated and shown in Fig. 7. Here, the Clean was used to repre-
sent the group of simulations with the original Morrison scheme as the difference in ice
properties among simulations were found to be very small as illustrated in Fig. 7a and
b. A clean environment is also assumed as the default condition in many TC forecast
models. For the ice crystal production, the original Morrison scheme tends to produce
a large area with extremely high ice crystal number concentration above 10 km away
from the updraft cores (Fig. 6e), leading to more prominent anvil clouds (Fig. 6a and
c). This was due to the fact that the heterogeneous nucleation parameterizations in the
original Morrison scheme are mainly function of temperature. On the other hand, be-
cause the ice production in the KC scheme depends on both temperature and vertical
velocity, the ice crystal water content and number concentration were highly correlated
with vertical velocity (Fig. 6d and f), which is more consistent with NAMMA observa-
tions (Heymsfeld et al., 2009). Below the melting level, the cloud droplet concentration
was higher in Dust_350_KC (Fig. 6l) than in Clean (Fig. 6k) due to the effect of dust
aerosols acting as CCN. Above the melting level in the strong updraft cores, cloud
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droplet concentration in Dust_350_KC was reduced since the KC scheme tends to con-
vert cloud droplets into ice crystals through the DHF mode due to the effect of dust
acting as IN.

To compare with the CloudSat retrieval, water content and number concentration
from ice crystal, snow, and graupel were added together to obtain the total IWC and
number concentration. The total IWC was dominated by contribution from snow and
graupel, while the ice number concentration was dominated by contribution from ice
crystals. Compared to the CloudSat retrieval (Fig. 5c¢ and d), the original Morrison
scheme significantly overestimated the amount of IWC (Fig. 69g), although it should be
noted that the CloudSat retrieval below 7 km could be greatly affected by the attenua-
tion of CPR signals due to snow and graupel formed in tropical deep convection (Protat
et al., 2009). The original Morrison scheme also overestimated the ice number concen-
tration above 10km and underestimated it below this level (Fig. 6i). The KC scheme
reduced the amount of ice above 10km (Figs. 6h and 7c) and the area of high ice
number concentration outside of the updraft cores (Fig. 6j), which led to a slightly lower
cloud top height. Averaged over the entire storm, the KC scheme produced fewer ice
crystals above 9 km and more ice crystals between 7 and 9 km (Fig. 7d) than the simu-
lations with the original Morrison scheme (Fig. 7b). The KC scheme tends to suppress
homogeneous freezing at higher altitudes and promote heterogeneous nucleation at
lower altitudes. The ice production in the KC scheme was highly correlated with the
vertical velocity, and the amount of high clouds outside of the updraft cores was re-
duced. In both groups of simulations, the ice number concentration was significantly
reduced below 10 km (Figs. 6i and j and 7b and d). By conducting sensitivity tests with
selected ice to snow processes turned off, the sharp reduction was found primarily due
to aggressive conversion of ice to snow by accretion in the Morrison scheme, with the
autoconversion process playing a minor role.
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4.3 Impact of dust acting as CCN and IN on cloud top temperature

It has been found that high clouds associated with strong convection often precede
TC intensification (Steranka et al., 1986). Using a coupled ocean-atmosphere model,
Emanuel (1999) derived an equation to calculate the TC potential intensity as a function
of cloud top temperature, which shows that if all other parameters remain the same, an
increase in cloud top temperature (7,) implies a lower storm potential intensity. Based
on this theory, a new technique was developed to estimate the TC intensity using high
resolution observations of cloud top temperature and cloud top height (Luo et al., 2008).

To quantify the effect of the KC scheme on high cloud development, simulated cloud
top temperature distributions were compared with retrievals from two MODIS over-
passes on 11 and 12 September. On 11 September, the pre-Helene MCS moved to
the edge of the African coast (Fig. 8a). The frequency of occurrence of the cloud top
temperatures peaked at 218K (Fig. 8d), which appears in color blue in Fig. 8a. The
simulated cloud top temperature did not differ significantly within each group (Fig. 8d
and e). Therefore, horizontal distributions of cloud top temperature from Clean and
Dust_350_KC were chosen to represent the two groups, respectively (Fig. 8b and c).
A clean environment is also the default condition in many TC forecast models. Although
the simulated storm intensities from both groups (Fig. 4) were very similar at this time,
the difference in the cloud top temperature distribution between the two groups was
already noticeable (Fig. 8d and e). Simulations with the original Morrison scheme pro-
duced more area of high clouds with cloud top temperature lower than 215K, and less
area of low clouds with cloud top temperature higher than 215 K. Simulations with the
KC scheme predicted less area of high clouds and more area of low clouds, which is
consistent with the analysis of ice properties (Figs. 6 and 7). Another MODIS image
was available on 12 September (Fig. 9a), when the dust layer can be seen approaching
the storm from north and northwest (Fig. 2a). Similarly, simulations with the KC scheme
predicted a smaller area of high clouds and a larger area of low clouds compared to
the original Morrison scheme (Fig. 9d and e). Even though the storm intensities were
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similar at both times, storm structures have already shown consistent difference be-
tween the group of simulations with the original Morrison scheme and the group with
KC scheme.

To further examine the effect of the KC scheme on cloud top temperature distribu-
tion, two sensitivity experiments were conducted by turning on either homogeneous or
heterogeneous ice nucleation parameterizations in Dust_350_KC. The cloud top tem-
perature distributions from these two simulations are shown in Fig. 8e. Simulation with
only homogeneous freezing produced a larger area with high clouds and a smaller area
with low clouds, while simulation with only heterogeneous freezing (the KC scheme)
produced a smaller area with high clouds and more area with low clouds.

Figure 10 shows the Meteosat IR imagery, cloud top temperature and outgoing
longwave radiation (OLR) distribution from Clean, Dust 350, and Dust 350 KC at
00:00 UTC 14 September. Significant differences in the storm size and cloud top tem-
perature distribution (hence the OLR) can be seen among the simulations with the
original Morrison scheme versus the KC scheme. Consistent with the previous analy-
sis of ice production and cloud top temperature, the original Morrison scheme produced
more area of high clouds with cloud top temperature lower than —55°C, whereas the
KC scheme produced more area of low clouds with increased OLR. The enhanced
OLR also has a cooling effect on the atmosphere (Min and Li, 2010). Modification in
the ice parameterization has led to changes in the cloud structure and the radiative
energy budget of the storm.

4.4 Impact of dust acting as CCN and IN on precipitation

To evaluate the simulated precipitation distributions, near surface rainfall rates (2A12)
obtained by the TRMM Microwave Imager (TMI) were analyzed and compared with
the corresponding model output. The TRMM TMI captured the pre-Helene MCS twice
on 12 September (Figs. 11a and 12a). The simulated surface rain rate distributions
for Clean and Dust_350_KC shown in Figs. 11 and Fig. 12 were obtained at the time
when the simulated storm moved to a similar location as the observed one. Difference
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in precipitation rates among simulations in both groups was not significant (Figs. 11d,
11e, 12d and 12e), except for the area with rainrate of Imm h™'. At both times, simu-
lations with dust aerosols and KC scheme produced 25 % to 30 % area with rainrate
of Immh~", which is slightly more than the 24 % of area produced by the Clean sim-
ulation. The lack of sensitivity of surface rainrate to the aerosol concentration may be
related to the saturation adjustment, a procedure often used in a bulk microphysics
scheme that converts all extra water vapor into cloud water regardless of the cloud
number concentration. In general, the simulated precipitation distributions agreed well
with observations, except that the simulations tend to underpredict the area of rain rate
between 2to 10mmh™" but overestimate the area with rain rate higher than 10 mm h'.
The total precipitation integrated over the entire three days shows very little variation
with aerosol concentration and less than 10 % difference between the original Morrison
versus the KC scheme, with simulations using the original Morrison scheme producing
slightly more total precipitation. This lack of the impact of dust on total precipitation
amount is consistent with the results from idealized simulations (Zhang et al., 2007,
2009) and other previous studies (Levin et al., 2005; Yin and Chen, 2007).

4.5 Impact of dust acting as CCN and IN on latent heat release

Varying aerosol concentration and implementing the KC heterogeneous ice nucleation
scheme ultimately affected the storm evolution through modifying the distribution of la-
tent heat. Figure 13 shows the averaged latent heating profiles from the simulations
with the original Morrison scheme and the KC scheme. The latent heating profiles
from two overpasses of TRMM TMI (2A12) are also presented in Fig. 13. Although
significant variability in heating profiles can be seen among simulations at the selected
TRMM overpasses (Fig. 13a, b, e and f), all simulations reproduced the two heating
maxima observed by TRMM: one between 1 and 4 km, and the other between 5 and
10km. If only accounting for the latent heating within the strong updraft cores (ver-
tical velocity greater than 1 ms’1), simulations with the KC scheme produced more
latent heat between 4 and 10 km than the original Morrison scheme (Fig. 13c and g),
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which was between the melting level and the homogeneous freezing level. This is ex-
pected from the KC scheme, which promotes more ice to form through the DHF mode
in strong updrafts. However when averaged over the entire 60 h period, simulations
with the KC scheme consistently produced less heating than Clean from 1 to 12km
(Fig. 13h) and simulations with the original Morrison scheme did not show significant
difference (Fig. 13d). This is consistent with the fact that simulations with the original
Morrison scheme did not show significant difference in storm intensity (Fig. 4a), while
simulations with the KC scheme produced relatively weaker storms for this particular
group of simulation (Fig. 4b). The averaged latent heating rate was non-monotonically
related with the dust concentration using either parameterization. The lack of sensitivity
of the averaged total latent heating profile and total precipitation to aerosol concentra-
tion indicates that the storm dynamics and total moisture supply (which is abundant
over tropical ocean) maybe more important factors in determining these quantities.

Varying aerosol concentration and introducing the KC scheme not only modified the
vertical profile of latent heating but also changed its horizontal distribution. At the end
of the simulation, the azimuthally averaged latent heating rate and vertical velocity dis-
tribution in the Clean, Dust_350_KC, and Dust_700_KC cases were distinctively different
(Fig. 14). The latent heating and vertical velocity maxima were located near 25 km from
the storm center in the Clean case (Fig. 14a and d) and 50 km in Dust_350_KC (Fig. 14b
and e) and Dust_700_KC (Fig. 14c and f). Even though the IKE of Dust_700_KC was
only 6 % less than the Clean case at this time, their latent heat and vertical velocity
distributions were quite different. The KC scheme accounting for dust’s ability as CCN
and IN has modified the storm intensity, track, hydrometeor distribution, cloud struc-
ture, radiative energy budget and precipitation distribution and latent heating structure
during the three-day simulation.
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5 Conclusions and discussion

The impact of Saharan dust acting as both CCN and IN on Hurricane Helene’s early
development was examined by performing a series of numerical simulations using the
WRF model. An ice nucleation parameterization, which accounts for the DHF mode
based on Khvorostyanov and Curry (2000, 2004, 2005) depending upon both air tem-
perature and vertical velocity (an implicit dependence on supersaturation), was incor-
porated into the Morrison microphysics scheme within WRF. Satellite observations from
MODIS, CALIPSO, CloudSat, and TRMM were utilized to examine the distributions
and properties of dust particles, hydrometeors, precipitation, and latent heat release,
as well as to constrain and evaluate the WRF model. Two groups of simulations with
varying dust concentration using either the original Morrison scheme or KC scheme
were presented in details.

Dust particles led to an increase in the cloud droplet number concentration in both
groups. The KC scheme tends to promote heterogeneous nucleation at lower alti-
tudes and suppress homogeneous freezing at higher altitudes. The ice production was
highly correlated with the vertical velocity and the amount of high clouds outside of
the updraft cores was reduced, which is more consistent with the CloudSat retrieval
and NAMMA observations. This suggests that the ice nucleation parameterization as
a simple function of temperature currently used in the Morrison scheme (and many
other microphysics schemes) may not accurately depict the physical processes occur-
ring in the TCs affected by dust. Comparisons with CloudSat and MODIS retrieval
suggest that the KC scheme produced more low clouds with high cloud top tempera-
ture as it tends to promote ice formation at lower altitudes. Sensitivity tests by turning
off the homogeneous or heterogeneous freezing process further confirmed this con-
clusion. Simulations with the KC scheme tend to produce more ice crystals and latent
heat in strong updraft cores as more cloud droplets formed on dust particles that froze
through the DHF mode, which may potentially enhance lightning activities as observed
during NAMMA. The sensitivity of these conclusions to initial condition uncertainty was
confirmed by simulations conducted with different initialization times.
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In our WRF simulations, we assumed that the dust plume was horizontally homo-
geneous, and no dust radiative feedbacks were considered. Even in this case, storm
intensity and latent heating rates were non-monotonically related to dust concentra-
tions. The complex impact of dust on microphysical and radiative processes and the
non-linear nature of convection make it difficult to define a simple relationship between
dust and storm intensity. We plan to further explore this problem by improving repre-
sentations of three-dimensional dust fields and activation of dust as CCN, as well as
inclusion of the dust radiative impact in the future. Nevertheless, this study shows that
atmospheric aerosols such as dust acting as CCN and IN can influence the early de-
velopment of TC by inducing changes in the storm intensity, track, hydrometeor prop-
erties, cloud top temperature (hence the radiative energy budget) and latent heating
distribution. Traditionally, the evolution of TC intensity is considered mainly depend-
ing on the storm initial intensity, the thermodynamic state of the atmosphere, and the
heat exchange with the upper layer of the ocean (Emanuel, 1999). In many TC fore-
cast models, a clean background condition is often assumed. Our study shows that
aerosols should be considered as another variable that can affect individual TC’s de-
velopment. Future improvement in the representation of the atmospheric aerosols in
cloud microphysical parameterizations has the potential to lead to better prediction of
the track, intensity, and structure of a TC.
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Fig. 1. Meteosat-8 visible imageries at 18:00 UTC on (a) 11, (b) 12 and (c) 13 September.
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Fig. 2. (a) MODIS Aqua AOD and cloud effective radius (um) between 13:55UTC and
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12 September (image courtesy of http://www-calipso.larc.nasa.gov).
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Fig. 3. Ice number concentration as a function of temperature for Meyers et al. (1992), Cooper
(1986), and KC scheme. Four representative vertical velocities (w) of 1, 2, 5, and 10cm s are
chosen to demonstrate the sensitivity of KC scheme to w. Meyers scheme is in the form of N =
exp[-2.8+0.262(273.15-T)] and Cooper scheme is given by N =0.005 x exp[0.304(273.15 -
7)] with the maximum constrained at 50017".
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Fig. 5. (a) CloudSat path from 14:54UTC to 14:56 UTC 11 September overlaid on visible
satellite image from MODIS Aqua. (b) CloudSat retrieved radar reflectivity, (¢) IWC, and (d) ice

number concentration.
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Fig. 6. Simulated ice and cloud properties along the CloudSat track for Clean at 03:00UTC 12 September (left
panels) and Dust_350_KC at 04:00 UTC 12 September (right panels) when the storms moved to a similar geolocation
as observed by the CloudSat. The cross section follows the CloudSat track from south to north and is illustrated by the
red line overlaid on the simulated cloud temperature (a) and (b). The white solid line in (a) and (b) shows the contour
of ims™ updraft.
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Fig. 8. (a) Cloud top temperature retrieved by MODIS between 14:50UTC and 14:55UTC
11 September; (b) Cloud top temperature derived from Clean at 23:00UTC 11 September
when the simulated storm moved to a similar location as the observed one; (¢) The same as
(b) except for Dust_350_KC; (d) Normalized frequency of occurrences for the MODIS retrieved
and simulated cloud top temperature for simulations with the original Morrison scheme using
data within the rectangular boxes shown on (a) and (b); and (e) the same as (d) except for
simulations with the KC scheme.
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Fig. 9. The same as Fig. 8 except for using the data from the MODIS retrieval between
15:30UTC and 15:40UTC 12 September and cloud top temperature from simulations at

23:00UTC 12 September.
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Fig. 10. (a) Meteosat IR imagery at 00:00 UTC 14 September (courtesy of Dr. John Knaff from
the NOAA/NESDIS). Cloud top temperature (left panels) and OLR (right panels) distributions
at the same time are shown for the Clean, Dust_350, and Dust_350_KC.
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Fig. 11. (a) TRMM TMI surface rainrate at 14:06 UTC 12 September; (b) Surface rainrate
from Clean at 23:00UTC 12 September; (¢) Surface rainrate from Dust_350 at 23:00UTC
12 September; (d) Normalized frequency of occurrences of the TRMM TMI and simulated
surface rainrate from simulations with the original Morrison scheme; and (e) the same as (d)
except for simulations with the KC scheme.
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Fig. 12. The same as Fig. 11 except for using the data from TRMM TMI surface rainrate at

23:59 UTC 12 September and model output from 12:00 UTC 13 September.
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Fig. 13. Vertical profiles of the latent heating rate from simulations with the original Morrison
scheme (left panels) and the KC scheme (right panels) at 23:00 UTC 12 September (first row),
at 12:00 UTC 13 September (second row), over the entire 60 h period for region with vertical
velocity greater than 1m s~ (third row) and over the entire 60 h period (fourth row). The latent
heating profile was calculated by averaging within an area of 750 km by 750 km covering the
storm main area. Latent heating profiles retrieved from TRMM TMI at 14:06 UTC 12 September
are plotted on (a) and (e) when simulated storms moved to similar geolocation as shown in
Fig. 11. TMI-retrieved heating profiles at 23:59 UTC 12 September are overlaid on (b) and (f)
when simulated storms reached similar geolocation as shown in Fig. 12.
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