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Abstract An original coupling between an aerosol scheme and a two-moment microphysics scheme has
been developed in the cloud-resolving model Meso-NH to fully represent the aerosol-microphysics-dynamics
interactions in tropical cyclones. A first evaluation of this coupling is performed through the simulation of
tropical cyclone Dumile (2013) in the South-West Indian Ocean. MACC (Monitoring Atmospheric Composition
and Climate project) analysis and CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations) data agree about the predominance of sea salt aerosols. The aerosol-microphysics coupled
system reproduces the track and intensity of Dumile well, with a transition from a monsoon depression to a
tropical cyclone, and produces ice water contents that compare well with the DARDAR (raDAR/liDAR)
product. Using a one-moment microphysics scheme produces a more intense and symmetric system tracking
too far to the west. In the aerosol-microphysics coupled simulation, sea salt aerosols, themain source of cloud
condensation nuclei (CCN), are preferentially produced in regions with high winds and waves, which
reinforce convective asymmetries compared to the simulation with the one-moment scheme. Using a
two-moment microphysics scheme without explicit sea salt emission led to a dramatic weakening of Dumile
after 24 hr of simulation due to the consumption and scavenging of all interstitial CCN in the inner core. The
importance of explicitly taking account of sea salt aerosol emissions associated with high winds and waves in
tropical cyclones is a critical point for simulating long-lasting systems that need to generate their own CCN.

1. Introduction

Themain issue for tropical cyclone forecasters is to predict the track, the intensity, and the hazards associated
with the passage of storms close to inhabited regions. Track forecasting has been improved recently thanks
to model developments, higher grid resolutions, and data assimilation to better represent large-scale flows.
However, forecasting the intensity and the hazards (wind, precipitation, and marine surge) associated with
tropical storms remains a major issue for the scientific community. The lack of observations over the oceans,
the models’ limitations in terms of physical parameterizations and resolution, and the lack of knowledge of
some physical processes involved in tropical cyclone intensification remain a scientific challenge.

The evolution of tropical cyclone intensity is determined by multiscale factors such as the synoptic environ-
ment, inner-core dynamics, and ocean surface conditions. Among these factors, the key role of microphysics
has been highlighted. Willoughby et al. (1984) and Lord et al. (1984) first showed the importance of ice micro-
physics in the development and structure of a modeled hurricane vortex. The cooling effect associated with
the melting of ice particles was shown to modify the mesoscale vertical velocity structures of the storm.
Thereafter, numerous studies investigated the impact of microphysics on the intensity, structure, and devel-
opment of tropical cyclones in detail.

Microphysical processes have been shown to greatly impact the structure and intensity of a simulated storm.
In particular, evaporation of cloud droplets and raindrops has been pointed out as key processes for the sys-
tem intensification and structure (Li et al., 2013a; Wang, 2002; Zhu & Zhang, 2006) through the formation of
downdrafts and rainbands. Through the computation of budgets in Typhoon Hagupit (2008), Li et al. (2013b)
concluded that the typhoon intensity could be enhanced through latent heat release associated with con-
densation and deposition growth of cloud ice and snow, while the latent heat absorption associated with
sublimation of snow, melting of graupel, and evaporation of rain tended to weaken the intensity. The choice
of the dimensional parameters of the hydrometeors is also of great importance for tropical cyclonemodeling.
In particular, the graupel fall speed has a direct effect on modeled low-level winds and central pressure
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(McFarquhar et al., 2006; McFarquhar & Black, 2004), precipitation structures (Franklin et al., 2005), and light-
ning activity (Barthe et al., 2016).

As a result, using different microphysics schemes can impact the tropical cyclone structure and intensity (Li &
Pu, 2008). Recently, several studies have attempted to evaluate the impact of using a multimoment micro-
physics scheme. Using WRF-ARW (Weather Research and Forecasting-Advance Research WRF), Islam et al.
(2015) investigated the best set of physical parameterizations to reproduce the track and intensity of
Supertyphoon Haiyan (2013). While the track of the systemwas fairly well reproduced by all the combinations
of physical parameterizations, the intensity was systematically underestimated. This may have been due to a
strong underestimation of the intensity (~55 hPa for the minimum sea level pressure, MSLP) in the initial
state. The use of the Milbrandt and Yau’s (2005) double-moment microphysics scheme did not change the
results in terms of intensity. Jin et al. (2014) compared the impact of single- and double-moment microphy-
sics schemes on the prediction of a tropical cyclone environment in the COAMPS-TC model. The single-
moment microphysics scheme based on Rutledge and Hobbs’s work (Rutledge & Hobbs, 1983) produced
an excess of upper-level cloud ice. The hybrid two-moment scheme of Thompson et al. (2008), which treats
rain and cloud ice with two moments and cloud water, snow, and graupel with one moment, led to a reduc-
tion of 2 orders of magnitude in the upper-level cloud ice produced by the single-moment scheme. This
reduction of upper-level cloud ice was attributed to differences of ice nucleation parameterization. The
Fletcher (1962) formulation used in the one-moment scheme tended to produce much higher ice concentra-
tions at cold temperatures than the Cooper (1986) formulation did in the two-moment scheme. This excess of
cloud ice in the upper levels resulted in an upper-level warm bias associated with the longwave radiative
heating at the base of the ice layer. The extension of the 500-hPa subtropical high that controls the tropical
cyclone tracks was also affected. Consequently, the two-moment scheme helps to reduce the track errors and
the occurrence of over intensification of storms. However, in these studies, the differences in tropical cyclone
behavior could not be attributed to the number of moments of the microphysics schemes but rather to dif-
ferences in the representation of some microphysical processes.

More sophisticated microphysical schemes are being developed in cloud resolving models. Recent schemes
treat the effects of aerosol particles in a more realistic and exhaustive manner. Using a multimoment or a bin
microphysical scheme generally requires cloud condensation nuclei (CCN) and ice freezing nuclei (IFN) con-
centrations to predict the cloud water and cloud ice number concentrations, and studies about the effect of
aerosols on clouds in tropical cyclones are thus now possible. In particular, it has been shown that increasing
the CCN number concentration at the periphery of the tropical cyclone tends to decrease its intensity (Carrio
& Cotton, 2011; Hazra et al., 2013; Khain et al., 2008, 2010; Wang et al., 2014; Zhang et al., 2007). As hypothe-
sized by Rosenfeld et al. (2012), dust or pollution aerosols in the vicinity of the outer rainbands act as CCN and
increase the number of cloud droplets while decreasing their size, thus delaying the formation of rain
(Albrecht, 1989; Twomey, 1977) and increasing the formation of ice particles aloft (Carrio & Cotton, 2011;
Van den Heever et al., 2006; Van den Heever & Cotton, 2007). The convection invigoration of the rainbands
associated with this additional latent heat release during liquid water freezing would reduce the low-level
convergence of moist air toward the inner core of the system, lowering the maximumwind speed. This effect
would be amplified by the cooling of the converging low-level air due to the melting and evaporation of the
enhanced ice content. However, using the Regional Atmospheric Modeling System with two-moment bin-
emulating bulk microphysics (Saleeby & Cotton, 2008), Herbener et al. (2014) showed that the tropical
cyclone had a reduced size and was more intense when a source of aerosol particles was located at the per-
iphery of the storm. The penetration of aerosol particles into the inner core of the system and the invigoration
of convection in the eyewall can explain the contradictory results. Lynn et al. (2016) performed several simu-
lations of Hurricane Irene (2011) with the WRF model including a spectral bin microphysics scheme (Khain
et al., 2010) and variable aerosol spatial distributions. Using a uniform spatial aerosol distribution typical of
a maritime environment did not allow the evolution of Irene’s intensity to be reproduced. When continental
aerosols were specified over land in addition to a 3-km-deep Saharan dust band and maritime aerosols over
the sea, an eyewall replacement cycle was reproduced along with the observed 40-hr delay between the
minimum pressure and the maximum wind speed. The concentration of cloud droplets increased in the pre-
sence of continental aerosols and invigorated the convection in the outer rainbands to form a secondary eye-
wall. Khain et al. (2016) also tested a large set of microphysical schemes within WRF to investigate the impact
of aerosols from the continental United States and the Saharan Air Layer on the development of Irene (2011).
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In agreement with previous studies, they showed a strong impact of the choice of the microphysics scheme
on the microphysical structure of clouds, the latent heat release profile, and the storm intensity.

However, the impact of the microphysics on the cyclone track is less recognized (Fovell et al., 2010, 2016).
Fovell and Su (2007) concluded that the microphysics may impact the tropical cyclone track through the
modification of such characteristics as its size and depth, and the radial structure or azimuthal asymmetry,
which are known to control the vortex track. As described by Fovell et al. (2009), the assumptions in
microphysics tend to modulate the temperature gradients. They largely influence the pressure gradients that
indirectly control the track of the system.

Although several studies highlighted the important role of aerosols on the intensity, evolution, structure, or
trajectory of tropical cyclones, most of them did not consider all the processes linked to aerosol lifecycle, such
as emission, scavenging, or aerosol-radiation interactions. Furthermore, most of the schemes assumed a con-
stant and spatially homogeneous concentration of a single-mode aerosol population as stated by Vié et al.
(2016). In particular, tropical cyclones generate their own CCN via sea salt emission under high wind condi-
tions and strong breaking waves. In this context, the objective of this article is to show the importance of
an explicit treatment of aerosols when studying tropical cyclones using high-resolution simulations per-
formed with the nonhydrostatic model Meso-NH. The case of tropical cyclone Dumile, which evolved in
the South-West Indian Ocean in 2013, is presented in section 2. The coupling between an aerosol scheme
(ORILAM, Organic Inorganic Log-normal Aerosol Model; Tulet et al., 2005) and a two-moment microphysical
scheme (LIMA, Liquid Ice Multiple Aerosols; Vié et al., 2016) in the Meso-NH model is described in section 3.
The numerical setup is presented in section 4. Sections 5 and 6 present the results.

2. The Case Study: Tropical Cyclone Dumile (2013)

The best-track of tropical cyclone Dumile is shown in Figure 1a. The classification used hereafter is that of the
Regional SpecializedMeteorological Center (RSMC)—Tropical Cyclone at La Réunion. It is based on an estima-
tion of the 10-min averaged maximum surface wind speed.

Dumile started developing from a pulse of the Madden-Julian Oscillation in the South-West Indian Ocean at
the endofDecember 2012.On27 and28December, the synoptic conditionswere not favorable as strongwind
shear prevented the disturbance from developing while moving west-southwestward. On 29 December, the
low level environment improved, with a strengthening of themonsoon flow resulting in a better convergence
with the trade winds. However, a strong vertical wind shear was still present over the region. On 30 and 31
December, the center of the system was located near Agalega Island. The circulation was far more extended
and disorganized than for a typical cyclonic circulation even though the convective activity was intense.
This particular structure looked like amonsoon depressionwith a large extension of weakwinds, the strongest
winds being pushed away from the clockwise circulation (Baray et al., 2010; Figure 1b). On 1 January 2013, the
track turned toward the south as the steering flow changed due to the development of a midtropospheric
ridge located on the eastern side of the system. As the system came closer to the axis of the altitude ridge,
the vertical wind shear decreased and Dumile finally adopted a typical tropical storm structure. On 2
January, the inner core of the system contracted and the convective activity developed around the center.
The intensity of Dumile continued to increase, reaching the stage of strong tropical storm. During the after-
noonof 2 January an eyebecamevisible (Figure 1c). On3 January, Dumile reached the stage of tropical cyclone
as its center passed 105 kmwest of La Réunion (Figure 1d). On 4 January, a northwestwind shear appeared and
the oceanic energy content decreased, leading to a rapid weakening of Dumile while south of the island.

Because it was compact and had a relatively high displacement speed, the eyewall of Dumile only brushed
past the island, so severe material damage and human casualties were avoided. Winds affected the island
unequally: while themaximumwind gusts peaked at 180 km/hr onmountainous areas, inhabited coasts were
impacted by wind gusts of about 100 km/hr or less. Significant wave height of 6.3 m was measured to the
northwest of the island. Precipitation during Dumile was mainly associated with orographic effects. The max-
imum cumulated rainfall on the Piton de la Fournaise volcano reached 1,189mm (762mm in 12 hr), while less
than 100 mm was reported over coastal areas.

The rest of this study will focus on the period from 1 to 3 January when the cyclone was intensifying and
moving southward.
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3. Aerosol-Microphysics Coupling in Meso-NH

The French nonhydrostatic mesoscale atmospheric model Meso-NH (http://mesonh.aero.obs-mip.fr) was
used in this study. The coupling between the ORILAM lognormal aerosols scheme and the LIMA two-moment
bulk microphysics scheme is detailed below.

3.1. The LIMA Microphysics Scheme

The two-moment microphysics scheme LIMA (Vié et al., 2016) is based on the one-moment microphysics
scheme ICE3 (Pinty & Jabouille, 1998). The schemes treat the evolution of the mixing ratio for six water spe-
cies (water vapor, cloud droplets, raindrops, cloud ice, snow/aggregates, and graupel). Additionally, LIMA pre-
dicts the concentration of cloud droplets, raindrops, and cloud ice.

In addition, LIMA handles the competition between several types of aerosols. These modes are characterized
by their chemical composition and their hygroscopic capability to act as CCN, IFN, or coated IFN. Two modes
of aerosols acting as CCN (sea salt and sulfates), a single mode of aerosols acting as coated IFN (hydrophilic
black carbon and organic matter), and two modes of aerosols acting as pure IFN (dust and hydrophobic
organic matter and black carbon) are considered. Two prognostic variables are associated with each type
of aerosol particle: the number concentration of interstitial aerosols and the number concentration of
activated/nucleated aerosols. Their size distribution follows a lognormal size distribution with fixed modal
diameter and width.

Figure 1. (a) Best-track of Dumile analyzed by RSMC La Réunion (colored line and dots). Four distinct stages are shown:
Area of disturbed weather (ADW) in blue, tropical disturbance and tropical or posttropical depression (TD) in yellow,
tropical storm (TS) in orange, and tropical cyclone (TC) in red. The outer domain of Meso-NH (D1) covers this whole area
while the black box indicates the limits of the inner domain (D2). IR brightness temperature (K) from Meteosat 7 on (b) 1
January 2013 at 00 UTC, (c) 2 January at 17 UTC, and (d) 3 January at 06 UTC.

10.1029/2017JD028125Journal of Geophysical Research: Atmospheres

HOARAU ET AL. 8816

http://mesonh.aero.obs-mip.fr


The CCN activation is parameterized following Cohard et al. (1998) but was extended to handle the competi-
tion between several modes of CCN (Vié et al., 2016). The number of activated CCN is computed from an
extension of the law given by Twomey (1959). The maximum supersaturation is computed from the convec-
tive updraft, the growth of droplets by water vapor condensation, and a cooling rate. The IFN heterogeneous
nucleation is parameterized according to Phillips et al. (2008, 2013). In this empirical parameterization, the
number of nucleated IFN depends on the nucleating efficiency and on the total surface area, larger particles
havingmore nucleation sites, and so a higher nucleation probability. The specific coated IFNmode serves first
as CCN to generated tagged cloud droplets that are subject to ice nucleation by immersion at colder tem-
perature. Homogeneous freezing of cloud droplets is also taken into account and follows Pruppacher
(1995), while homogeneous freezing of interstitial CCN follows Kärcher and Lohmann (2002). Secondary ice
production by the Hallett-Mossop process (Hallett & Mossop, 1974) is included. In-cloud and below-cloud
scavenging of aerosol particles follow Berthet et al. (2010).

3.2. The ORILAM Aerosol Scheme

ORILAM is a three-moment lognormal aerosol scheme (Tulet et al., 2005). Eachmode of the size distribution is
described by up to three moments (0th, 3rd, and 6th moment). ORILAM handles the sources, emission, trans-
port, dry and wet deposition, and chemistry of aerosols. Since the South-West Indian Ocean has a clean aero-
sol environment outside the biomass burning season (Duflot et al., 2011), only aerosols of natural origin were
considered in the aerosol scheme of this study.

Production of both sea salt and dust aerosols depends on the wind speed. Dust aerosols are simulated
using the Dust Entrainment And Deposition (DEAD) model (Zender et al., 2003) developed by Mohktari
et al. (2012), in which they are distributed following three lognormal modes (Grini et al., 2006; Tulet
et al., 2008). The sea salt aerosols source function from Ovadnevaite et al. (2014) has been recently imple-
mented in Meso-NH (Claeys, 2016). Only the inorganic fraction is considered in this study. Their emission
depends not only on the 10-m wind speed but also on the wave height, wind history, friction velocity,
and viscosity. Sea salt aerosols are distributed following five lognormal modes. For each mode i, the num-
ber median radius (ri, in micron) and the geometric standard deviation (σi) are (r1 = 0.009, σ1 = 1.37),
(r2 = 0.021, σ2 = 1.5), (r3 = 0.045, σ3 = 1.42), (r4 = 0.115, σ4 = 1.53), and (r5 = 0.415, σ5 = 1.85). This para-
meterization covers a large range of diameters from submicron (15 nm) to supermicron particles (6 μm)
but does not consider spume drops for which large uncertainties in the generation function remain
(Veron, 2015). Once emitted, aerosols are transported by advection and turbulence and can be lost by
sedimentation, and dry or wet deposition. In-cloud and below-cloud scavenging of aerosols is parameter-
ized following Tulet et al. (2010). The optical properties of aerosols are computed online as described in
Aouizerats et al. (2010): they are deduced from the aerosol chemical composition and the size parameters
corresponding to the particles.

3.3. ORILAM-LIMA Coupling

Although LIMA can deal with interstitial and nucleated CCN and IFN (Vié et al., 2016), it was necessary to cou-
ple it with an aerosol scheme to handle aerosol emission, transport, and deposition in a coherent way. A cou-
pling between LIMA and the ORILAM aerosol scheme was thus developed: the emission, transport, and wet
and dry deposition of sea salt and dust aerosols are treated in the aerosol scheme ORILAM, which are then
transferred into LIMA to be used as interstitial CCN and IFN (Figure 2), at each time step. Note that when
the coupling between ORILAM and LIMA is activated, sea salt and dust aerosol scavenging is performed only
in ORILAM.

The three largest modes of sea salt aerosols in ORILAM are considered as interstitial CCN. These three modes
are gathered together in the interstitial CCN variable associated with sea salt aerosols in LIMA. In ORILAM,
three modes of dust are available with properties based on those defined in the AMMA (African Monsoon
Multidisciplinary Analyses) campaign (Crumeyrolle et al., 2008) in West Africa. The three dust modes in
ORILAM are all included in the interstitial IFN mode associated with dust in LIMA.

3.4. ORILAM-LIMA Initialization

As described in Vié and Pinty (2014), the initial and lateral boundary conditions for the aerosols in LIMA
can be obtained from the European Center for Medium-Range Weather Forecast (ECMWF) Monitoring
Atmospheric Composition and Climate project (MACC; http://www.gmes-atmosphere.eu/). Aerosol
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modeling is part of the ECMWF Integrated Forecasting System (IFS), and 6-hr analyses of aerosol mass
mixing ratio are available. The mass mixing ratio of three bins of sea salt aerosols and dust, and one
bin of sulfate, hydrophilic, and hydrophobic black carbon and organic matter are predicted (Morcrette
et al., 2009). When the aerosol scheme is not activated, the aerosol population of the LIMA
microphysics scheme is directly initialized from the MACC analysis. A single bin is considered in MACC
for sulfate, hydrophobic organic matter, hydrophobic black carbon, hydrophilic organic matter, and
hydrophilic black carbon. Thus, the mass mixing ratio is converted to number concentration to be used
in LIMA. Sulfate, hydrophilic black carbon and organic matter, and hydrophobic black carbon and
organic matter are transferred into the interstitial CCN, coated CCN, and IFN variables, respectively. For
sea salt and dust aerosols, three bins are available in MACC analysis. The three bins of sea salt aerosols
are summed, converted to number concentration and transferred into the LIMA interstitial CCN variable
associated with sea salt chemical and mean-dimensional properties. The same procedure is used for
dust aerosols to be transferred into the LIMA interstitial CCN variable associated with the chemical and
mean-dimensional properties of dust.

If the aerosol-microphysics coupling is activated for aerosols of natural origin, the aerosol initialization must
be adapted (Figure 3). In this study, sulfate, hydrophilic organic matter and black carbon, and hydrophobic
organic matter and black carbon are not handled by the aerosol scheme. Therefore, they are initialized as
described previously; that is, their number concentration in LIMA is directly computed from their mass mixing
ratio in MACC analysis. Concerning dust particles, the mean radius of the three bins in MACC and of the three
modes in ORILAM match quite well. Then the mass of the three individual bins is transferred directly into the
three individual modes and converted in terms of moments. For sea salt aerosols, three bins are available in
MACC analysis, while five modes are used in ORILAM. The sea salt aerosols emission function of Ovadnevaite
et al. (2014) covers a larger range of sea salt aerosols radii than the MACC analysis. The smaller sea salt aero-
sols mode in ORILAM is supposed to be nonefficient for CCN activation, and this range of size is not present in
the MACC analysis: this mode is not initialized from the MACC analysis. The remaining four larger modes in
ORILAM are fed by the three bins of MACC. A given fraction of each bin mass is used to calculate the 0th
moment (total aerosol number of the lognormal distribution) of each ORILAM mode. The interstitial CCN
and IFN variables associated with sea salt and dust aerosols in LIMA are then initialized through ORILAM as
described in section 3.3.

Figure 2. Schematic diagram of the aerosol-microphysics coupling system. OM and BC stand for organic matter and black
carbon, respectively. The first three lines correspond to the name of the scheme (in bold), the purpose of each module, and
the variables (in italics) used in this module. CCN = cloud condensation nuclei; IFN = ice freezing nuclei.
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4. Numerical Setup

The model was set up with double two-way nested domains having horizontal grid spacings of 8 (D1) and 2
(D2) km with grid sizes of 450 × 450 and 400 × 584 points, respectively (Figure 1a). In the vertical, 70 levels
were used, with highest resolution near the surface.

The simulations started on 1 January 2013 at 00 UTC and ended on 3 January 2013 at 03 UTC. The 6-hr
ECMWF operational analyses were used to initialize Meso-NH and to provide the lateral boundary inflow
conditions. A first segment of the simulation with the larger domain D1 was run for 24 hr. After this time,
the higher resolution domain D2 was introduced, encompassing the tropical cyclone inner core and rain-
bands for the next 27 hr. In the inner domain, deep convection is explicitly resolved, whereas it is parame-
terized in the outer domain (Bechtold et al., 2001). A shallow convection parameterization (Bechtold et al.,
2001) was used in both the inner and outer domains. In the two domains, the turbulence parameterization
was based on a 1.5-order closure (Cuxart et al., 2000) with purely vertical turbulent flux computations
using the mixing length of Bougeault and Lacarrère (1989). The radiative scheme was the one used at
ECMWF (Gregory et al., 2000) including the Rapid Radiative Transfer Model (RRTM) parameterization
(Mlawer et al., 1997).

The two-moment microphysics scheme was used and was coupled with the aerosol scheme for sea salt and
dust aerosols as described in section 3. ORILAM was used as a one-moment mode (fixed radius and standard
deviation). Aerosols were initialized by the 6-hr MACC analysis from ECMWF which also monitored the lateral
boundary conditions of the aerosol fields. In this study, the Meso-NH atmospheric model was not coupled to
a wave model. Thus, the significant height of the wave that is part of the sea salt aerosols emission function
was extracted from the 6-hr ECMWF analysis and interpolated at each time step.

The surface-atmosphere interactions were driven by the surface modeling platform SurFex (Masson et al.,
2013). The iterative method of Fairall et al. (1996), revised by Lebeaupin et al. (2006), was used to parameter-
ize the sea fluxes.

In order to highlight the importance of aerosol-microphysics coupling in tropical cyclonemodeling, two addi-
tional simulations were performed as a complement to the reference simulation (hereafter referred to as
2MA). First, the one-moment microphysics scheme ICE3 (Pinty & Jabouille, 1998) was used (hereafter referred
to as 1M). This scheme, derived from Lin et al. (1983), predicts the mixing ratio of five hydrometeor species:

Figure 3. Dust (orange to red colors) and sea salt (blue colors) aerosol mass concentration (μg/m3) at 1,400 m altitude on
(a) 1 January 2013 at 00 UTC and (b) 2 January 2013 at 12 UTC, from the MACC analysis. In (b) the track of the CALIPSO
satellite is overlaid and indicates the aerosol classification (yellow for dust aerosols, blue for sea salt, red for polluted con-
tinental aerosols, brown for polluted dust, and black for smoke) retrieved from the CALIOP vertical feature mask algorithm
at 1,400 m altitude. The gray color corresponds to areas without measurements due to cloud cover. MACC = Monitoring
Atmospheric Composition and Climate project analysis; CALIPSO = Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observation; CALIOP = Cloud-Aerosol Lidar with Orthogonal Polarization.
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cloud droplets, rain, cloud ice, snow, and graupel. Then, the LIMA microphysics scheme was used without
ORILAM (hereafter referred to as 2M). In the latter simulation, the interstitial CCN/IFN in LIMA were initialized
and refreshed at the lateral boundaries with the MACC analysis as described in Vié and Pinty (2014), but no
aerosol replenishment from the surface was considered in the domain during the simulation. An additional
simulation has been performed with the two-moment microphysics scheme with a fixed CCN source. A sea
salt aerosol source was homogeneous over the whole domain. The concentration was 100 cm�3 between
the surface and 1,000 m altitude, then decreased with height, to mimic a clean maritime environment. The
track, intensity, and structure of the simulated tropical cyclone were very similar to the ones simulated with
the one-moment microphysics scheme. Indeed, LIMA was built upon ICE3; thus, the two schemes share the
same parameterizations of the microphysical processes. Then using LIMA with a constant and homogeneous
CCN source (therefore with no limitation of the CCN number) roughly comes back to using the ICE3 scheme.
Consequently, the results of this simulation are not shown here.

5. Results From the Reference Simulation

The model performance in the configuration “aerosol-microphysics coupled system” (2MA) is analyzed in this
section. The aerosol distribution of the environment is first examined. Then, the ability of the model to simu-
late the tropical cyclone evolution and structure is analyzed.

5.1. Aerosol Distribution

Figure 3 shows the sea salt and dust aerosol mass concentrations at 1,400 m altitude fromMACC analysis on 1
January 2013 at 00 UTC, that is, at the beginning of the simulation, and on 2 January 2013 at 12 UTC during a
CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations; Winker et al., 2003) satellite
overpass. The altitude of 1,400 m was chosen because it corresponds to the core of a dusty air mass that is
visible in both MACC analysis and CALIPSO data.

The signature of the high surface winds in the eyewall of Dumile is visible northeast of Madagascar in Figure 3a.
At the beginning of the simulation, the highest mass concentration of sea salt aerosols (~50 μg/m3) is found
in a band centered around 22°S, southeast of the Mascareignes archipelago. This is due to a rough sea driven
by strong trade winds from 27 to 31 December, as suggested by the ECMWF wave model analysis (not
shown). Thirty-six hours later (Figure 3b), the mass concentration of the sea salt aerosols, emission of which
is associated with the strong winds of tropical cyclone Dumile, has significantly increased due to the intensi-
fication of the system. The sea salt aerosol mass concentration is more than twice as high as on 1 January at
00 UTC and exceeds 100 μg/m3 in some parts of the eyewall. The mass of sea salt aerosols generated by the
swell south of the domain has moved westward. It is located south of Dumile but now the mass concentra-
tion of sea salt aerosols generated by the storm is higher. The CALIOP (Cloud-Aerosol Lidar with Orthogonal
Polarization) vertical feature mask product confirms that sea salt aerosols are the main type of aerosols at
1,400 m altitude in the south of the domain, in agreement with the sea salt aerosols generated by the high
trade winds in IFS. Due to the presence of clouds, no data was available between 10°S and 23°S (gray color
along the satellite track). Consequently, the sea salt aerosols emitted by the strong cyclonic winds were prob-
ably not sampled because of the cirrus cloud coverage.

On 1 January at 00 UTC, a dust plume was located 1,000 km northeast of Madagascar (Figure 3a). Thirty-six
hours later, the outflow of dust was transported southward by the monsoon flow and reached the northern
part of Madagascar (Figure 3b). The MACC data at larger scale indicated that the sources of this dusty air mass
were mainly located in East Africa with a secondary contribution from the Middle East (not shown). The pre-
sence of dust aerosol in the environment of Dumile was confirmed by the CALIOP vertical feature mask pro-
duct, showing that this type of aerosol prevailed in the northwestern part of the domain, between the
equator and 10°S, north of Dumile.

On 2 January 2013 at 12 UTC, polluted continental aerosols were observed along the CALIPSO track
(Figure 3b) and were probably emitted in Madagascar. However, because of the large predominance of nat-
ural aerosols (sea salts and dust), it was assumed that Dumile evolved in a cleanmaritime environment. This is
supported by the conclusions of Duflot et al. (2011), who found a clean maritime environment in this region
out of the biomass burning season (July–October).
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5.2. Storm Track and Intensity

Figure 4a shows the trajectory of Dumile from the reference simulation (red line) and the best track from
RSMC La Réunion (black line). Meso-NH with the ORILAM-LIMA coupling reproduces the trajectory of
Dumile well. During the first 24 hr, the simulated track is 30 km to the west of the best track. After this
24-hr spin-up period, the across-track error becomes very low. The simulation is 1 to 2 hr in advance com-
pared to the best track, but this lag was already present at the beginning of the simulation.

Meso-NH tended to overestimate the intensity of Dumile throughout the studied period (Figure 4b). The
MSLP was 2 to 10 hPa lower in the 2 MA simulation than in the best track. However, a 4.5-hPa bias in the
intensity was already present at the initial state. The rate of intensification was well reproduced by the model
(20 hPa in 60 hr for the best track versus 19 hPa in 60 hr in 2MA).

5.3. Storm Structure

The evolution of the storm structure was analyzed through the surface horizontal wind and graupel mix-
ing ratio (Figure 5) at 3 times that were representative of the different stages of the system. On 2
January at 06 UTC (Figure 5a), the surface winds of the tropical storm showed strong asymmetry.
Surface winds approached 28 m/s in some eastern parts of the system, but stayed lower than 19 m/s
in its western part. The deep convection, represented by the presence of graupel at 6-km altitude,
was 150 km from the center and was mainly seen to the north of the system (Figure 5d). A precipitating
band was already reaching La Réunion on 1 January as confirmed by satellite images and meteorological
stations (Caroff et al., 2014).

Fifteen hours later, horizontal surface winds faster than 22 m/s encircled the eye of the system, with values
exceeding 28 m/s in the western and southern parts of the inner core (Figure 5b). Figure 5e clearly shows that
deep convection moved closer to the storm center and was mainly found in the southern and southwestern
parts of the system. Graupel mixing ratios of up to 4 g/kg were found locally to the south of the system center.
Meso-NH was able to capture the observed transition from a monsoon depression to a more typical tropical
storm structure.

On 3 January at 09 UTC, Dumile was grazing La Réunion. Deep convection was mainly active in the front and
left quadrants of the system (Figure 5f). The strongest winds, exceeding 31 m/s were located in the eastern
part of the cyclone (Figure 5c). This is in agreement with the wind gusts of over 100 km/hr recorded on the
western and northern coastal regions of La Réunion (137 km/hr in Le Port and 108 km/hr in Saint Gilles).

5.4. Ice Water Content

The ice distribution inside the storm was investigated using the DARDAR product (Delanoë & Hogan, 2010).
This product takes advantage of the combination of radar and lidar signals, that is, the high sensitivity to low

Figure 4. (a) Trajectory and (b) evolution of the minimum sea level pressure (MSLP, hPa) of tropical cyclone Dumile from
the best-track (BT) and simulated with Meso-NH.
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ice water content of the lidar and the fairly weak attenuation of the radar in ice clouds (even for optical
depths larger than 3). The Varcloud algorithm (Delanoë & Hogan, 2008) uses a variational approach
combining CALIOP/CALIPSO (Winker et al., 2010) lidar, CloudSat Cloud Profiling Radar (Stephens et al.,
2002), and the radiometer data on board MODIS. This product allows ice cloud properties to be retrieved
in the whole tropospheric column.

On 1 January at 09 UTC, the A-Train satellites passed over the cirrus clouds east of the inner core of Dumile
and a primary outer rainband south of the system (Figure 6d). The ice water content (IWC) was retrieved from
the DARDAR-CLOUD product (Figure 6c) and was extracted fromMeso-NH (Figure 6a) along the same section
(Figure 6b). Two distinct structures can be distinguished in the IWC profiles of DARDAR and Meso-NH.
Between 23°S and 14°S, in the outer rainband, high IWC values are found both in the model and in the obser-
vations. DARDAR IWC exceeds 0.1 g/m3 between 4.5- and 11-km altitude, in the convective cores. Note that
convective cores are strongly affected by multiple scattering and the radar measurements must be used cau-
tiously. Multiple scattering could artificially enhance the reflectivity, leading to an overestimation of the IWC.
Meso-NH simulates similar values but between 4.5- and 9-km altitude. Values up to 5 × 10�2 g/m3 are found
between 9 and 12 km both in the DARDAR retrieval and in the Meso-NH simulation. The cirrus clouds
between 15°S and 3°S are 2–4 km thick according to IWC values retrieved with DARDAR between 1 × 10�2

and 5 × 10�2 g/m3 (Figure 6c). In comparison with DARDAR, Meso-NH generally tends to underestimate
the extension of high IWC values in the cirrus clouds. IWC values in Meso-NH are spread over a larger range
of values (1 × 10�4 to 5 × 10�2 g/m3).

The version 2.1 of DARDAR-CLOUD was used in this study. It has been found that the extinction-to-
backscatter a priori information was incorrect for very cold temperatures. This a-priori issue leads to an

Figure 5. Horizontal surface wind (m/s; a–c), and graupel mixing ratio at 6,000-m altitude (g/kg; d–f) on 2 January at 06 UTC
(left), 2 January at 21 UTC (middle), and 3 January at 09 UTC (right).
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overestimation of the extinction when only lidar is used. This can explain a slight overestimation of IWC for
cirrus clouds which was reported by Deng et al. (2013) when comparing DARDAR-CLOUD IWC against in
situ data and other retrievals. Note that this overestimation occurs only if there is no molecular signal
beyond the cloud and therefore this signal cannot be used as an extra constraint (Delanoë & Hogan, 2010).
Combined to uncertainties on the particle size distribution and mass-diameter relationship both in the
Meso-NH simulation and in the satellite retrieval could explain the divergences between the IWC from the
model and that retrieved from satellite observations. Overall, Meso-NH provides good reproduction of
the ice water content distribution and amount in the convective core of a rainband and the cirrus clouds
next to the inner core of Dumile.

6. Sensitivity to Aerosol-Microphysics Coupling

In order to highlight the importance of aerosol-microphysics coupling in tropical cyclone modeling, the two
additional simulations are compared to the reference simulation in this section. First, the impact of using a
coupled aerosol-microphysics scheme instead of a simple one-moment microphysics scheme, as usually
implemented in numerical weather prediction models, is investigated through the comparison between
1M and 2MA. Then the impact of using an aerosol scheme along with a two-moment microphysics scheme
is analyzed by comparing 2M and 2MA.

Figure 6. Vertical profiles of the ice water content (g/m3; a) simulated by Meso-NH with the 2 MA configuration and
(c) retrieved from DARDAR on 1 January 2013 at 09 UTC. (b) Water vapor thickness from Meso-NH (mm) and (d) IR
brightness temperature (K) from Meteosat 7. The vertical cross section is taken along the red segment shown in (b) and
(d) for Meso-NH and DARDAR, respectively. Meso-NH = non-hydrostatic mesoscale atmospheric model; DARDAR =
raDAR/liDAR.
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6.1. One-Versus Two-Moment Microphysical Schemes

Figure 4 shows significant differences in the track and intensity of Dumile in 1M and 2MA. The across-track
error in 1M is a few tens of kilometers to the west, while the track of 2MA is very close to the best track
(Figure 4a). In terms of intensity, the tropical cyclone intensifies during the 60 hr of both simulations
(Figure 4b). However, the two simulations start to diverge after 30 hr: 1M becomes 4–9 hPamore intense than
2MA. Thus, 1M and 2MA differ both in track and intensity. The possible origins of such discrepancies are
now analyzed.

Figure 7 represents the instantaneous precipitation rate given by the simulations and estimated from the
polarimetric microwave radiometer Windsat on board Coriolis on 2 January at 09 UTC. The retrieval relies
on several channels from 10 to 37 GHz (Li et al., 2008). The higher precipitation rates retrieved from
Windsat are concentrated in the northern quadrant of the eyewall (8–16 mm/hr) and in a rainband located
northeast of La Réunion (4–8 mm/hr; Figure 7a). The 2MA simulation (Figure 7b) reproduces the strong pre-
cipitation pattern north of the eyewall, with maximum rates around 20 mm/hr. The southwestern rainband is
simulated by 2MA but is located northeast of its observed position. The 2MA generates a narrow rainband at
17°S that was not observed, but the observed low precipitation rates (<4 mm/hr) are well simulated. The pre-
cipitation rates generated by 1M (Figure 7c) diverge more noticeably from the observations. Even though the
higher precipitation rates in the eyewall are found in the northern quadrant as observed, precipitation is pro-
duced all around the eye. The 1M generates almost exclusively high rain rates (>20 mm/hr) concentrated
over narrow regions and underestimates the low precipitation rates (<4 mm/hr). So, compared to 1M, the
2MA precipitation field exhibits a more asymmetric pattern and manages to produce realistic rainbands
and low rain rates, as observed.

This difference in the tropical cyclone symmetry between 2MA and 1M is also evident in the horizontal wind
structure. Figure 8a shows the evolution of the 47-kt wind speed extent in each quadrant of the system. In
1M, up to 30 hr, the 47-knot wind speed extent varies between 0 and 200 km depending on the quadrant.
After 30 hr, the four curves converge and the 47-kt wind speed extent per quadrant lies between 130 and
190 km. The tropical cyclone in 1M develops a more symmetric structure after 36 hr. In 2MA, the strong asym-
metry in the 47-kt wind speed structure remains until the end of the simulation. The mean 47-kt wind speed
extent increases throughout the simulation, and is 20 to 90 km higher in 1M (blue dots) than in 2MA.
Concerning the evolution of the 33-kt wind speed extent (Figure 8b), the mean radius is larger in 1M than

Figure 7. Instantaneous precipitation (mm/hr) on 2 January at 03 UTC, (a) retrieved fromWindsat and fromMeso-NH in the
(b) 2 MA and (c) 1 M configurations. Meso-NH = non-hydrostatic mesoscale atmospheric model.
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in 2MA (except at 42 hr) but the gap is not as large as for the 47-kt wind speed radius. Between 42 and 60 hr,
the mean 33-kt wind speed extent in 2MA decreases from 350 to 170 km. This decrease is lower in 1M (from
340 to 270 km). In 2MA, there is a significant difference in the 33-kt wind speed extents among the four
quadrants throughout the simulation, while these curves converge after 36 hr of simulations in 1M.
Therefore, the 33-kt wind speed structure of the tropical cyclone in 1M tends to become more symmetric
and larger than in 2MA after 36–42 hr. This difference in the 1M and 2MA wind structure occurs at the
same time as an increase in the direct position error (DPE) in 1M (Figure 8c). While the DPE stays below
80 km between 0 and 36 hr of simulation, it starts to increase after 42 hr and reaches 160 km at 60 hr. In
contrast to 1M, the DPE in 2MA remains smaller than 60 km throughout the simulation and decreases to
30 km at the end of the simulation.

Using a one-moment microphysics scheme for the simulation of tropical cyclone Dumile leads to a larger and
more symmetric system than using a two-moment microphysics scheme coupled with an aerosol scheme.
Tropical storms with more intense winds over a large radial distance tend to have a larger inertial stability
and to be more resilient with respect to environmental influences. Thus, the motion of these systems would
be more sensitive to the beta drift (Fovell et al., 2016; Fovell & Su, 2007), which could partly explain the west-
ward motion of the storm in 1M. The main difference between 1M and 2MA comes from the way cloud dro-
plets and ice crystals are formed. In the one-moment microphysics scheme used in 1M, the formation of
cloud droplets is not limited by CCN availability but by thermodynamical conditions (water vapor saturation).
However, the main source of CCN for the tropical cyclone in a clean maritime environment comes from sea
salt emission by strong cyclonic winds. Therefore, the CCN availability is determined by the location and
strength of the horizontal surface winds. This effect can enhance convective asymmetries in the inner core
of the system, which could also impact the tropical cyclone motion (Fovell et al., 2016). Several studies have
shown that using different microphysics schemes could impact the simulated tropical cyclone intensity
through latent heat release associated with microphysical conversions (Khain et al., 2016; Li et al., 2013a;
Wang, 2002; Zhu & Zhang, 2006). It is likely that the CCN availability in the LIMA microphysics scheme is also
a key point for the horizontal distribution of latent heating profiles.

6.2. Impact of Aerosol-Microphysics Coupling

The importance of careful aerosol processing is illustrated through the comparison between 2MA and 2M.
Figure 4a shows that the track of Dumile is very similar in both simulations and reproduces the analyzed track
well. However, there are large differences in the evolution of the intensity (Figure 4b). The MSLP evolves in

Figure 8. Evolution of (a) the 47-knot (1 knot = 1.85 km/hr) wind speed extent (km), (b) the 33-knot wind speed extent (km),
and (c) the direct positional error (DPE, in kilometer) for 1 M (blue) and 2 MA (red). In (a) and (b), the lines represent the
evolution of the 47-knot radius and of the 33-knot radius in the four quadrants, while the dots show the average values.
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the same way in 2M and 2MA during the first 24 hr. Then, the two curves diverge. Throughout the simulation,
2MA continues to intensify at a rate similar to the analyzed one. However, 2M starts to weaken dramatically
after 24 hr due to the lack of sea salt aerosol emission to feed the microphysics scheme.

Figure 9 shows the number concentration of sea salt aerosols acting as CCN and the cloud droplets and rain
mixing ratio at 2,000-m altitude on 1 January at 12 UTC. In 2MA, the number concentration of interstitial CCN
associated with sea salt aerosols peaks in the inner core of the system, with values exceeding 100 cm�3 in
some regions (Figure 9a). These sea salt aerosols are generated by the strong horizontal winds of the tropical
cyclone primary circulation. CCN activation is very efficient in the eyewall and the inner rainband, where the
number concentration of the interstitial CCN falls to less than 10 cm�3, while the number concentration of
activated CCN exceeds 50 cm�3. In the region with active nucleation, the cloud droplet mixing ratio is
between 0.5 and 1 g/kg (Figure 9c). Aerosols are also efficiently removed by wet deposition in this region
where raindrops are abundant (not shown). Since the scavenging is less efficient for aerosol particles with
diameter between 0.2 and 2 μm (Slinn, 1983), interstitial aerosol particles in this range of values are still avail-
able for activation into cloud droplets.

After only 12 hr of simulation, the number concentration of interstitial CCN in 2M is almost zero in the
inner core of the system (Figure 9b); all interstitial CCN initially present in the domain being activated
or scavenged. In the absence of sea salt emission in 2M, there is no longer a CCN source for cloud dro-
plets to form in the inner core except those transported from the cyclone environment. Relatively low
cloud droplet mixing ratios (<0.5 g/kg) are found in 2M (Figure 9d). Since there are no longer any inter-
stitial CCN in the inner core region, the cloud droplet concentration is low, which is conducive to particles
with larger diameters and thus more prone to coalescence and conversion to raindrops (e.g., Albrecht,
1989; Rosenfeld et al., 2012; Twomey, 1977). In 2M, the raindrop mixing ratio exceeds 1 g/kg at 2,000-
m altitude in the northern part of the eyewall, while it is around 0.5 g/kg in 2MA. Even if there are no
more CCN to be activated into cloud droplets, the mass of cloud droplets can also be produced

Figure 9. (a, b) Number concentration (cm�3) of interstitial (colors) and activated (black isolines at 50 cm�3) CCN asso-
ciated with sea salt particles. (c, d) Cloud droplets (colors) and rain (black isolines at 0.5 and 1 g/kg) mixing ratio (g/kg).
The horizontal cross sections are taken at 2,000-m altitude on 1 January at 12 UTC for the 2 MA (right) and the 2 M (left)
simulations. Meso-NH = non-hydrostatic mesoscale atmospheric model; CCN = cloud condensation nuclei.
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through ice melting and raindrop evaporation. Out of the inner core, the number concentration of inter-
stitial CCN at 2,000-m altitude is between 10 and 30 cm�3 in both simulations.

Up to now, kilometer-scale numerical studies dealing with the impact of aerosols on tropical cyclones (Hazra
et al., 2013; Herbener et al., 2014; Khain et al., 2008, 2010, 2016; Lynn et al., 2016; Rosenfeld et al., 2012; Wang
et al., 2014) have used more or less homogeneous aerosol fields with concentrations that decrease with
height in the domain and at the initial state. Most of the time, arbitrarily fixed aerosol concentrations repre-
sentative of clean maritime, clean continental, or polluted continental values are supplied at the lateral
boundaries and advected under favorable wind conditions. However, the local production of sea salt aero-
sols, which are considered as the most efficient CCN (e.g., Andreae & Rosenfeld, 2008; O’Dowd et al., 1999)
is not considered in these studies, except in Wang et al. (2014). Sea salt aerosols are produced at the sea sur-
face by bubble bursting during wave breaking (Blanchard, 1963) and by the tearing of wave crests at high
wind speeds (Monahan et al., 1986). Thus, they should be preferentially produced in the inner core of the
cyclone where the strongest surface winds and waves are encountered. Therefore, even if aerosols are trans-
ported toward the storm by the flow, they can be activated into cloud droplets in the outer and inner rain-
bands before reaching the eyewall (Khain et al., 2016; Lynn et al., 2016; Rosenfeld et al., 2012). Under clean
maritime conditions, this hypothesis of a continuous aerosol source supplied by advection from the lateral
boundaries cannot be sustained. Moreover, most of the previous studies did not consider aerosol scavenging
while it could prevent aerosol particles from the environment to be ingested in the inner core. This result
shows that it is important to explicitly take account of the local production of sea salt aerosols associated with
the high winds and waves in tropical cyclones to reproduce the aerosol-microphysics-dynamics interactions.
It is important especially when performing simulations of long-lasting systems that need to generate their
own condensation nuclei in clean atmosphere conditions.

7. Conclusions

In this paper, the coupling between the lognormal aerosol scheme ORILAM (Tulet et al., 2005) and the
two-moment microphysics scheme LIMA (Vié et al., 2016) implemented in the Meso-NH model is pre-
sented. A realistic aerosol field is initialized with the MACC analysis, which is also used for the lateral
boundary conditions. A parameterization of the sea salt aerosol emission by high winds and waves
(Ovadnevaite et al., 2014) is also considered. These new features are illustrated through the simulation
of the tropical cyclone Dumile that evolved in the South-West Indian Ocean in 2013. The reference simu-
lation using the aerosol-microphysics coupled system (2MA) represents the analyzed track and intensity
well. The simulated structure of Dumile (rainband position, ice water content in convective and cirrus
clouds, convection, and wind asymmetries) also shows fairly good agreement with satellite observations
(Meteosat, Windsat, CALIPSO and Cloudsat).

Several simulations were performed to analyze the advantages of such a coupled scheme. Using a one-
moment microphysics scheme tends to produce a more intense and more symmetrical tropical cyclone. It
also displays higher winds over a large radial distance, which make it more resilient with respect to external
forcing. It is assumed that, because of the beta drift, its track deviates to the west of the analyzed trajectory.
Moreover, the production of sea salt aerosols (acting as the main source of CCN here) in regions with high
winds and waves may induce or amplify convective asymmetries, which could also impact the storm track.
On the contrary, in the one-moment scheme, aerosols are supposed to be inexhaustible and available homo-
geneously over the domain.

In contrast, using a two-moment microphysics scheme alone without sea salt aerosol regeneration at each
time step leads to a dramatic weakening of the tropical storm after 24 hr of simulation. This is due to the rapid
consumption of almost all interstitial CCN in the inner core of the system. Cloud droplet production drops off
in the inner core. The production of cloud droplets in the outer rainbands and the supply of interstitial CCN
through the lateral boundaries are not sufficient to maintain the cyclone structure and the intensity thus col-
lapses rapidly. A two-moment microphysics schemewhere interstitial CCN are supplied by an aerosol scheme
represents the interaction between the tropical cyclone and its source of cloud particles better in terms of
numbers and location. Hence, it is necessary to take the aerosol-microphysics interactions into account to
improve the tropical cyclone track, intensity, and structure in numerical simulations at kilometer-
scale resolution.
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However, several limitations of this study must be pointed out and should be solved in future studies. First, a
bulk scheme was used in this study. As reviewed by Khain et al. (2015) and Fan et al. (2016), bulk schemes are
less adapted than bin schemes for aerosol-cloud interactions study. The main criticisms about bulk schemes
are that most of them do not include a CCN budget, assume the saturation adjustment and use average fall
velocities. Bin schemes allow to describe the microphysical processes with more accuracy, and no a priori
information about the particle size distribution is needed. However, their extremely high computational cost
prevents them from being used over large domains during long periods of time and in operational models.
Despite their accuracy, these schemes are limited by the lack of theoretical understanding of cloudmicrophy-
sics (Fan et al., 2016). In this context, it was decided to use a new two-moment bulk scheme coupled with an
aerosol budget. Second, as stated by Vié and Pinty (2014), some uncertainties lie in the conversion between
the aerosol mass from MACC and the number concentration in ORILAM or LIMA. This step should be better
evaluated and calibrated. Nevertheless, despite some uncertainties in the aerosol number concentration, the
3-D MACC analysis provides realistic aerosol distributions to serve as initial state and boundary conditions
over this basin. Third, the coupling between the atmospheric model Meso-NH, an oceanic model and a wave
model is not considered. The coupling with an oceanic model is important since the ocean–atmosphere heat
and humidity fluxes are considered as the fuel of the tropical cyclone and, in turn, the tropical cyclone modi-
fies the ocean temperature and currents (Black et al., 2007; D’Asaro et al., 2014, and references therein). In
addition, the sea salt emission parameterizations depend not only on the wind speed but also on the sea sur-
face temperature and the significant wave height (e.g., Grythe et al., 2014). In the case of Dumile, the ECMWF
analysis was in a very good agreement with the best track data. Consequently, the wave field extracted from
ECMWF analysis was in rather good agreement with the Meso-NH surface wind field (not shown), despite a
probable underestimation due to the lower resolution of IFS. Moreover, Dumile moved rather fast (at ~20–
25 km/hr), which limited the negative feedback of the ocean surface cooling (Mei et al., 2012).

In this study, the effect of sea spray on the momentum, heat, and moisture flux was not considered. However,
Andreas (2004) showed that sea spray reduce the air-seamomentum flux at highwinds. Through the latent heat
absorption and water vapor release during evaporation, sea sprays also modify the enthalpy flux (Wang et al.,
2001). In a series of papers, Shpund et al. (2011, 2012, 2014) performed large eddy simulations (LES) of the
marine boundary layer under strong wind, using a spectral bin microphysics including the effects of sea spray.
They highlighted the role of large eddies of the hurricane mixed layer in transporting part of the large sea
spray aerosols upward, toward the cloud base, which could influence the microphysical structure of the cloud.

An ocean-waves-atmosphere coupled system (Pianezze et al., 2018; Voldoire et al., 2017) will be deployed in
future studies of tropical cyclones in addition to the aerosol-microphysics coupling presented in this paper.
The structure and variation of intensity of some intense tropical cyclones that have propagated in the South-
West Indian Ocean recently (e.g., Fantala in April 2016 or Enawo inMarch 2017) will be examined next, using a
fully coupled system.
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