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ABSTRACT
The radiative and microphysical properties of Saharan dust are believed to impact the Atlantic regional
climate and tropical cyclones (TCs), but the detailed mechanism remains uncertain. In this study, atmosphereonly simulations are performed from 2002 to 2006 using the Community Atmospheric Model, version 5.1, with
and without dust emission from the Sahara Desert. The Saharan dust exhibits noticeable impacts on the
regional longwave and shortwave radiation, cloud formation, and the convective systems over West Africa
and the tropical Atlantic. The African easterly jet and West African monsoon are modulated by dust, leading
to northward shifts of the intertropical convergence zone and the TC genesis region. The dust events induce
positive midlevel moisture and entropy deficit anomalies, enhancing the TC genesis. On the other hand, the
increased vertical wind shear and decreased low-level vorticity and potential intensity by dust inhibit TC
formation in the genesis region. The ventilation index shows a decrease in the intensification region and an
increase in the genesis region by dust, corresponding to favorable and unfavorable TC activities, respectively.
The comparison of nondust scenarios in 2005 and 2006 shows more favorable TC conditions in 2005 characterized by higher specific humidity and potential intensity, but lower ventilation index, wind shear, and
entropy deficit. Those are attributable to the observed warmer sea surface temperature (SST) in 2005, in
which dust effects can be embedded. Our results imply significant dust perturbations on the radiative budget,
hydrological cycle, and large-scale environments relevant to TC activity over the Atlantic.

1. Introduction
Atmospheric aerosols profoundly impact cloud and
precipitation processes (IPCC 2013; Zhang et al. 2015).
For example, light scattering and absorption of the solar
radiation by aerosols influence the atmospheric stability through cloud thermodynamics, convective development, and direct radiative forcing (Fan et al. 2007a;
R. Zhang et al. 2007; Fan et al. 2008; Li et al. 2008a, 2009;
Wang et al. 2013, 2014a,b; Peng et al. 2016). Also, by
serving as cloud condensation nuclei (CCN) or ice nuclei
(IN), aerosols modify cloud microphysical processes,
which affect the cloud properties (i.e., lifetime, albedo,
vertical extent, and fraction), precipitation efficiency,

and lightning activities (Nesbitt et al. 2000; Orville et al.
2001; Rosenfeld et al. 2008; Li et al. 2008b; Wang et al.
2011). Presently, the direct and indirect effects by
aerosols represent the largest uncertainty in projection
of future climate by anthropogenic activity (IPCC 2013;
Wu et al. 2016; Wang et al. 2018).
Dust, as one of the major natural aerosol types, exerts
broad impacts on regional climate and the Earth energy
balance (IPCC 2013). A range from 1000 to 4000 teragrams (Tg) of dust is injected into the atmosphere on an
annual basis (Zender et al. 2004; Huneeus et al. 2011),
and about 500 Tg is deposited in the ocean (Kaufman
et al. 2005; Shao et al. 2011). The natural and anthropogenic dust sources account for 75% and 25%, respectively, of the total emissions (Ginoux et al. 2012). In
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the semiarid area of North Africa, the mean column burdens of anthropogenic and natural dust are 0.21 and
0.20 g m22, respectively, where the anthropogenic dust
emission accounts for 51% of the local dust emission
(Guan et al. 2016). Of the estimated 1150 Tg of dust particles lifted annually from the Saharan desert, approximately 25% are transported westward to the Atlantic
Ocean (d’Almeida 1986; Kaufman et al. 2005; Schepanski
et al. 2009; Shao et al. 2011). There are still large uncertainties in the estimations of regional or global dust emissions. Using radon-222 as a long-range-transport tracer,
Prospero and Carlson (1970) found that the Saharan dust
is transported across the Atlantic Ocean within a period
of a week. Saharan dust emission exhibits a strong seasonal cycle with the heaviest emission during boreal
summer (Kaufman et al. 2005), which is in phase with the
active season for African easterly waves (AEWs) and the
Atlantic hurricane season from June to November.
Dust particles directly absorb and scatter solar radiation and perturb the atmospheric vertical temperature
profile (Huang et al. 2015), causing cooling at the surface
but warming aloft (Carlson and Benjamin 1980; Chen
et al. 2010). It has been shown that the relative importance of the absorption and scattering properties of dust
particles plays an important role in the determination of
the regional radiative budget that perturbs the regional
climate (Strong et al. 2015). The radiative effects of dust
stabilize the atmosphere and suppress convective development (Wong et al. 2009). Lau and Kim (2007a)
have found that dust attenuation of the solar radiation
(i.e., the dust dimming effect) accounts for 30%–40% of
the observed SST change over the Atlantic Ocean between 2005 and 2006. Wong et al. (2008) have shown
that a positive SST anomaly increases the temperature
at 850 hPa, which strengthens the anticyclonic flow at
700 hPa through the thermal wind balance and modifies
the dust outflow from West Africa and the downwind
SST. The resulting SST variation subsequently triggers a
series of feedbacks on the atmosphere–ocean system,
altering the large-scale circulation and perturbing the
regional climate and tropical cyclone (TC) activities
(Evan et al. 2006). Furthermore, recent modeling studies have shown that the dust radiative effect enhances
the rainfall and increases cloudiness of the east Atlantic
ITCZ, but reduces the precipitation and cloud fraction
over the west Atlantic and Caribbean region (Lau et al.
2009). Dust also perturbs the large-scale flow (e.g.,
AEWs) and precipitation associated with the West
African monsoon (Lau et al. 2009; Kim et al. 2010;
Wilcox et al. 2010) and weakens the westerly flow of the
West African monsoon (Yoshioka et al. 2007).
In addition to the radiative effect, dust particles also
serve as CCN, IN, and giant CCN (GCCN) that modify
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the cloud macro- and microstructures and further perturb the hydrological cycle and cloud radiative forcing
(Seigel et al. 2013). Although less water soluble compared to sea salt, dust can activate as CCN (Karydis et al.
2011; Logan et al. 2014), especially when coated with
sulfate and organic species (Logan et al. 2014). Numerous CCN suppress the growth of raindrops and
precipitation efficiency due to the inhibited collision and
coalescence process (Rosenfeld et al. 2001; Fan et al.
2007b; Lin et al. 2016). In addition, the condensational
heat released from water vapor increases the updraft
velocity in convective systems, which enhances the surface precipitation efficiency in the mixed-phase clouds
yet decreases the accumulated surface precipitation
(van den Heever et al. 2006). Moreover, previous
modeling and observational studies have suggested that
dust particles coated with sulfate during transportation
over polluted regions can serve efficiently as GCCN
(Levin et al. 1996; van den Heever et al. 2006). An increased GCCN concentration enhances the collision and
coalescence processes (Posselt and Lohmann 2008) and
increases the warm precipitation rate (Levin et al. 1996;
Rosenfeld and Nirel 1996; Yin et al. 2000; Yuan et al.
2008). On the other hand, Lohmann (2002) and Cziczo
et al. (2004) have shown that mineral dust serves efficiently as IN. DeMott et al. (2003) have demonstrated
that the IN concentration within the dust layer is two
orders of magnitude higher than the typical median
concentration of IN. Dust acting as IN further influences
the precipitation initiation, cloud lifetime, cloud-scale
dynamics, and cloud radiative effect (Prenni et al. 2009).
The aerosol impacts on TCs have been an active research topic since Project Stormfury from 1962 to
1983 (Willoughby et al. 1985). Rosenfeld et al. (2012)
have shown that aerosols invigorate convection and
strengthen the downdraft, by cutting off the air spirals
into the center of TCs and weakening the TC development. Wang et al. (2014c) have illustrated that anthropogenic aerosols profoundly impact TCs; the coupled
microphysical and radiative effects of anthropogenic
aerosols result in delayed development, weakened intensity, and early dissipation of TCs, but an enlarged
rainband and increased precipitation under polluted
conditions. Saharan dust has been shown to play an
important role in perturbation of the TC activities over
the Atlantic Ocean. H. Zhang et al. (2007) have evaluated the influence of Saharan dust as CCN on the
development of idealized TCs using the Regional Atmospheric Modeling System (RAMS) and found that
dust induces variations in the hydrometeor properties,
modifying the storm diabatic heating distribution, thermodynamic structures, and dynamical responses. The
mean sea level pressure (MSLP) at the peak intensity
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increases by about 25 hPa in the dust-polluted case
(2000 cm23), as a result of invigorated precipitation in
the rainband (H. Zhang et al. 2007; Zhang et al. 2009).
On the other hand, the dust radiative effect increases the
static stability of the atmosphere and reduces the upward moisture flux from the lower to middle troposphere, leading to a lesser conductive atmosphere for
TC genesis (Reale et al. 2014). Using an atmospheric
general circulation model (ECHAM6), Bretl et al.
(2015) have shown that the radiative properties of dust
increase vertical wind shear but decrease moisture in the
lower troposphere, both inhibiting the genesis of TCs.
The atmospheric and oceanic conditions (i.e., SST,
atmospheric temperature, and moisture) are the key
factors that determine the hurricane activities (Arguez
et al. 2007). The year of 2005 with 28 named storms
represented one of the most active hurricane seasons
over the past decades, including the devastating Hurricane Katrina (Beven et al. 2008), whereas the 2006 Atlantic hurricane activity was rather near average with 10
tropical storms and no hurricane landfalls (Franklin and
Brown 2008). Several previous studies have provided
possible explanations for the different hurricane activities between 2005 and 2006. Franklin and Brown (2008)
suggested that the development of El Niño in the late
summer of 2006 likely enhanced the subsidence over the
western Atlantic basin, which fostered an unfavorable
condition for the genesis of TCs. On the other hand, Lau
and Kim (2007b) have found a positive anomaly of dust
loading and indicated a robust negative correlation between the dust-loading and Atlantic SST in 2006. The
cooling of SST by dust in 2006 likely triggered a series of
atmospheric responses to suppress the hurricane activities. In addition, dust can act as CCN and IN (Fan et al.
2014), changing the cloud microphysics and macrophysics in TCs. Moreover, the dust radiative effect
could alter the regional radiative budget and change
the large-scale environment (Zhao et al. 2011) and
TC activities.
In this study, we perform simulations over a 5-yr
(2002–06) period using the National Center for Atmospheric Research (NCAR) Community Atmospheric
Model, version 5.1, (CAM5.1) driven by the observed
SST. Model evaluations over the tropical Atlantic are
performed by comparing the aerosol optical depth
(AOD) and precipitation between the observations and
simulations. By comparison of the dust and nondust
simulations, we evaluate the dust impacts on the regional
climate and discuss the implications for TC genesis over
the tropical Atlantic. Specifically, the model results are
analyzed for the dust impacts on hydrological cycle, radiative budget, and large-scale environmental conditions
relevant to TC activities. In addition, an examination of
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the nondust scenarios between the 2005 and 2006 seasons provides insights into the impacts of the climate
states (i.e., SST variation) on the regional climate and
hurricane activities.

2. Methodology
CAM5.1 is the atmospheric component of the stateof-art Community Earth System Model and contains an
active community land model (CLM), a thermodynamiconly sea ice model (CICE), and a data ocean model
(DOCN) using the prescribed monthly climatological
SST from 1850 to 2008 (Neale et al. 2010). The performance of CAM5.1 has been previously evaluated (Ghan
et al. 2012; Park et al. 2014; Wang 2015; Wang et al. 2016).
The SST and sea ice concentration data are from the
merged HadISST optimal interpolation (OI) dataset
prior to 1981 and the Smith/Reynolds EOF dataset post1981 ranging from January 1850 to March 2009 (Neale
et al. 2010). Simulations using CAM5.1 are performed
from 2002 to 2006 with a 1.98 3 2.58 horizontal resolution
and 30 vertical layers in the sigma-coordinate. The
greenhouse gas (GHG) concentrations are represented
by the global annual mean values until the end of 2005
and are identical for the years of 2005 and 2006. The
anthropogenic aerosol emission data are those of the
IPCC AR5 by Lamarque et al. (2010), which covers
the monthly emission data in the period from 1850 to
2005. The anthropogenic aerosol emission beyond 2005 is
prescribed as the 2005 level. Black carbon and organic
carbon emissions are represented similarly to those by
Bond et al. (2007) and Junker and Liousse (2008). Sulfur
dioxide emission is from Smith et al. (2001, 2004). The
emission of NH3 is prescribed from the Model for Ozone
and Related Chemical Tracers version 4 (MOZART-4)
dataset (Emmons et al. 2010). The emission of sea salt
follows Mårtensson et al. (2003), where the emission is
determined by wind speed and water temperature.
The aerosol representations have been significantly
improved in CAM5.1, capable of simulating important
aerosol processes, including aerosol nucleation, coagulation, condensational growth, gas and liquid phase
chemistry, emission, dry deposition, and wet deposition
(Liu et al. 2012). The aerosol properties are simulated by
the three-mode version of the Modal Aerosol Model
(MAM3) and categorized into the accumulation, Aitkin,
and coarse modes. Aerosol is assumed to be internally
mixed in each size mode and externally mixed among the
different modes. Dust is internally mixed with primary and
secondary organic matter, black carbon, and sea salt in the
accumulation mode, and mixed with sea salt and sulfate
in the coarse mode in the MAM3. The size of each aerosol mode is assumed to follow the lognormal distribution
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with a prescribed geometric deviation in each mode
(Easter et al. 2004).
The dust emission and transportation are calculated
based on the Dust Entrainment and Deposition Module
(DEAD) (Zender et al. 2003) in the CLM (Mahowald
et al. 2006). The dust emission is dominated by the
sandblasting processes, which is represented by the total
dust vertical mass flux Fj (kg m22 s21) in Eq. (1):
I

Fj 5 TSfm aQs å Mij ,

(1)

i51

where T is a global tuning factor that equals 5 3 1024, S
is the source erodibility factor, which is set to 1, and fm
represents the grid cell fraction of exposed bare soil,
which is determined by the surface coverage of lake,
wetland, snow, and vegetation cover. Also, a (m21) is
the sandblasting mass efficiency, which is determined by
the fraction of clay in the soil; Qs represents the total
horizontal saltating dust mass flux, which is determined
by environmental surface wind friction velocity and the
friction velocity threshold for dust particles; and Mij is a
3 3 4 matrix representing the mass fraction that maps
from three source bins to four transported bins in the CLM.
The four-bin transported modes are 3.8% 0.1–1.0 mm,
11% 1–2.5 mm, 17% 2.5–5 mm, and 67% 5.0–10 mm in
calculation of the dust vertical mass flux (Grini and Zender
2004). The dust flux is partitioned into two of the three
modes (accumulation mode 0.1–1.0 mm and coarse mode
1.0–10 mm) in the MAM3 when the dust flux outputs from
the CLM to the CAM.
Clouds in CAM are categorized into three groups by
their cloud-top pressure (CTP) based on the International Satellite Cloud Climatology Project (ISCCP):
high clouds (CTP , 440 hPa), middle clouds (440 hPa ,
CTP , 680 hPa), and low clouds (CTP . 680 hPa) (see
Fig. S1 in the online supplemental material). Four types
of clouds are treated using different cloud macro- and
microphysical schemes, including the liquid and ice
stratus and shallow and deep cumulus. Simulations of
deep convection follow Zhang and McFarlane (1995)
and Neale et al. (2008). The shallow convective scheme
is described in Park and Bretherton (2009). The stratus
cloud microphysics is simulated using the two-moment
microphysics by Morrison and Gettelman (2008).
This scheme accounts for the aerosol–cloud interaction, including activation of cloud droplets, precipitation processes, and explicit radiative interaction of
cloud droplets (Neale et al. 2010). Heterogeneous ice
nucleation is included according to Liu et al. (2007),
and ice nucleation by dust accounts for deposition/
condensation (Meyers et al. 1992), contact freezing
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(Young 1974), and immersion freezing for cirrus. Note
that CAM5.1 only includes the aerosol–cloud interactions for stratiform clouds (Park et al. 2014).
Longwave and shortwave radiative transfer are parameterized using the Rapid Radiative Transfer Model
for GCM applications (RRTMG). Both cumulus and
stratus clouds are radiatively active. The dust radiative
properties are according to the parameterizations by
Hess et al. (1998) [i.e., the Optical Properties of Aerosols and Clouds (OPAC) database]. The dust consists
of a mixture of quartz and clay minerals. Dust over
desert has a single-scattering albedo of 0.888, an asymmetry factor of 0.729, and extinction coefficient of 0.145
at 550 nm. The transported dust has a single scattering
albedo of 0.837, an asymmetric factor of 0.775, and extinction coefficient of 0.064 at 550 nm. The dust optical
properties are derived from Mie calculation for each size
bin. Absorption from aerosols and clouds is included in
the longwave and shortwave radiations, whereas the
scattering of aerosols and cloud is only accounted for the
shortwave radiation. The net refraction index is estimated from the volume fractions and refraction indices
of all aerosol components as well as water (Ghan and
Zaveri 2007).
The dust impacts are evaluated from the differences
between the dust and nondust scenarios. The dust scenario includes the online dust emission from the CLM
and CAM5 physics (see Table S1 in the online supplemental material), whereas the vertical dust mass flux is
turned off for the nondust scenario [i.e., when the total
vertical mass flux of dust Fj in Eq. (1) is zero]. It is worth
noticing that dust effect may be embedded in the variations of the observed SST, which are prescribed as the
boundary conditions of CAM5. Simulations are spun up
from 1 January 2001 to 1 January 2002 and are integrated from 1 January 2002 to 30 November 2006.
Each scenario consists of five ensemble members. The
model ensembles are performed by introducing small
temperature perturbations (10214 K) at the initialization
of the model simulations. The ensemble simulations are
analyzed by the 95% Student’s t test. The test results,
along with the ensemble mean, are analyzed in the result
section. To investigate the dust impacts on tropical cyclogenesis, two regions relevant to the TC genesis and
intensification are defined following Lau and Kim
(2007a) (see Fig. 1). Additional simulations with a finer
0.98 3 1.258 horizontal resolution using CAM5.1 are
performed from 2001 to 2006 without ensemble runs.
The model physics components are similar to those
of the coarse-resolution (1.98 3 2.58) simulations. All
simulations are performed on an EOS supercomputer,
which is an IBM iDataPlex commodity cluster with nodes based on Intel’s 64-bit Nehalem and Westmere
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FIG. 1. AOD averaged from July to September in 2005 and 2006 from (a),(b) CAM simulations and (c),(d)
MODIS observations. Locations of GNR (508–208W, 58–158N; the bottom-right rectangular region) and ITR (708–
408W, 158–308N; the top-left rectangular region), following Lau and Kim (2007a).

processor. In this paper, we focus on analyses of
simulations for the periods of 2005 and 2006. To elucidate the dust impacts on the large-scale environments for TC activity, several dynamical and
thermodynamic parameters are analyzed, including
the midlevel wind shear, low-level vorticity, midlevel
moisture, entropy deficit, potential intensity (PI), and
the ventilation index (VI). In particular, the spatial
average of each parameter in the TC intensification
region (ITR; 708–408W, 158–308N) and the TC genesis region (GNR; 508–208W, 58–158N) is examined. A
comparison of the nondust scenarios between 2005
and 2006 provides insight into the SST impacts on the
regional climate.

3. Results and discussion
a. Dust distribution
Saharan dust is the dominant aerosol species over the
West Africa and east Atlantic region during the boreal
summer (Shao et al. 2011). Wong et al. (2009) have
shown that the dust AOD contributes to 61%–93% of
the total observed AOD over the West Africa and east
Atlantic region. Thus, the AOD over West Africa and

east Atlantic is employed to represent atmospheric dust
loading through the extinction of solar radiation. Model
simulated monthly AOD at 550 nm is compared with the
MODIS global monthly Deep Blue (over land) and
Dark Target (over ocean) AOD products (i.e., the
MOD08 level 3 version 5.1 dataset) (Platnick et al.
2015). Both modeled and observed AOD are averaged
from July to September in 2005 and 2006. Figures 1a and
1b show the simulated ensemble mean of AOD in July,
August, and September. The high MODIS AOD
(greater than 0.4) is located to the north of 108N with
maximum AOD greater than 0.6 over the coastal West
Africa region in the observed AOD. CAM captures the
dust outflow from West Africa to the mid-Atlantic
Ocean. In general, the simulated AOD in CAM is
comparable to that in MODIS over the ocean. The
maximum dust AOD in CAM over land is higher than
that in MODIS. The differences between simulated and
observed AOD are likely explained by an overestimation of the dust outflow in the Saharan region,
inefficient dry deposition of fine particles (Zender et al.
2003), or overestimation of wet removal for dust
(Nowottnick et al. 2011) in CAM. In contrast, the polarorbiting satellite may not capture the peak dust events
that occur between the satellite overpasses, resulting in a
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FIG. 2. Precipitation rate (mm day21) averaged from July to September in 2005 and 2006 from (a),(b) CAM simulations and (c),(d) GPCP observations.

relatively low MODIS AOD (Ginoux et al. 2012). Also,
CAM-simulated AOD over the heavy precipitation region along the ITCZ is about 0.2 lower than the MODIS
AOD. Figure S2 shows the comparison between simulated and observed AOD in the ITR and GNR: the
differences are within about 16% in the ITR and about
29% in the GNR, determined from the ratio of the AOD
difference between the regional-averaged MODIS and
CAM5 to the MODIS AOD. Nevertheless, a robust
comparison of modeled and observed AOD in the GNR
and ITR subregions is difficult, considering the limited
sampling frequency of satellites over a smaller domain.
The simulated and CALIPSO aerosol extinctions
(Winker et al. 2009; CALIPSO Science Team 2015) on
August of 2006 along 228W are provided in Fig. S3. The
geographic distributions are similar, although there are
differences in the extinction values. In particular, the
model successfully captures the maximum extinction
values near the surface. Overall, CAM is able to capture
the long-range transport of Saharan dust, especially
with a reasonable performance over the ocean. Additionally, Liu et al. (2012) have provided a comprehensive evaluation on the MAM3 performance in CAM5.1.
The dust concentration is calculated according to Eq. (1)
and is different between 2005 and 2006. However, the differences in the monthly averaged AOD (July–September)

between 2005 and 2006 over the ITR and GNR are insignificant from both model simulations (Fig. S4e) and
satellite observations.
The extinction of solar radiation by dust particles is
represented by the dust optical depth (DOD) in
Figs. S4a and S4b. The high DOD region is located to
the north of 158N and further extends to the midtropical
Atlantic Ocean, consistent with the dust emission and
transport pathway. The maximum DOD reaches 1.0 at
the source region over the western Sahara. The vertical
dust distribution is represented by the dust mixing ratio
cross section at 228N in Figs. S4c and S4d, showing that
dust accumulates in the lower troposphere and concentrates over the western Sahara (208–108W) region.
The dust plume even reaches up to 500 hPa and transports westward to the Caribbean region (808W).
The fine-resolution simulation of the dust mixing ratio
(Figs. S5c,d) shows less dust transport westward at
700 hPa than in the coarse-resolution simulation, possibly due to the change of model surface input data
between the two resolutions. The simulated DOD
(Figs. S5a,b) with fine resolution is relatively lower
in the emission region than that with coarse resolution, while the spatial distribution is similar. The
surface pressure with the fine-resolution simulation
(Fig. S6) exhibits the same pattern as that with the
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FIG. 3. Large-scale precipitation (mm day21) in August (top) 2005 and (middle) 2006. (a),(c) The dust scenario.
(b),(d) The difference between the dust and nondust scenarios in 2005 and 2006, respectively. (bottom) The difference between 2005 and 2006 for the (e) dust and (f) nondust scenarios. The dotted regions label the 95%
significant level of the Student’s t test.

coarse-resolution simulation, showing that dust both
intensifies the SHL and increases the low-level moist
advection over West Africa.

b. Total precipitation rate
The simulated mean precipitation rate in July, August, and September is compared with the corresponding Global Precipitation Climatology Project (GPCP)
mean precipitation rate (Adler et al. 2003), as shown
in Fig. 2. At 108N near the West African coast, the
maximum simulated precipitation rate by CAM is 14–
16 mm day21, comparable to the maximum precipitation
of 10–12 mm day21 from GPCP. The GPCP precipitation rates averaged spatially over GNR and ITR are 1.92
and 5.86 mm day21, compared to 2.87 and 6.6 mm day21
from simulations in 2006. The ITCZ along 108N is

clearly evident from the simulations, but the precipitation rate is 1–6 mm day21 larger in CAM than that in
GPCP. This difference is due to overestimations on the
frequency of deep convection over land during the boreal summer and the autoconversion efficiency of deep
convective clouds (Park et al. 2014). Overall, despite the
differences between the simulated and observed precipitation rate, the CAM model successfully captures
the precipitation distribution and the maximum precipitation region over the ITR and GNR.
We analyze the dust, SST, and the overall impacts on
the various climate and TC parameters in August of
2005 and 2006. Figure 3 shows the large-scale precipitation rate, with Figs. 3a and 3c showing the large-scale
precipitation rate in dust scenarios in 2005 and 2006,
respectively. Figures 3b and 3d present the differences
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FIG. 4. Sea level pressure (hPa) and wind at 827 hPa in August (a)–(c) 2005 and (d)–(f) 2006 for (left) the dust scenario, (center) the nondust
scenario, and (right) the difference between the dust and nondust scenarios. Surface pressure contours are from 1006 to 1021 hPa with 3-hPa intervals.
The gray shaded regions in (c) and (f) represent the 95% significance level of the Student’s t test.

between dust and nondust scenarios, indicating the dust
impacts on the large-scale precipitation rate. Figures 3e
and 3f show the differences between 2005 and 2006, indicating the impact of SST variations as well as the
combined dust and SST impacts on the large-scale precipitation trend. The maximum large-scale precipitation
is located near the coast of West Africa along 108N for
both the dust and nondust cases (Figs. 3a,c). Dust absorbs solar radiation and heats the troposphere, enhancing the Saharan heat low (SHL) (Fig. 4) and
strengthening the westerly monsoon flow and the lowlevel moisture advection from the tropical Atlantic
Ocean. The SHL corresponds to a deep, dry-convective
atmospheric boundary layer (Lafore et al. 2011), which
is located to the north of 208N between 108W and 108E
over the Saharan region. The strengthened westerly
monsoon flow leads to an up to 1.2 mm day21 precipitation anomaly to the north of 108N in the dust scenario
(Figs. 3b,d). The magnitude of the negative large-scale
precipitation rate anomaly is distinct in the mid-Atlantic
between 2005 and 2006, indicating a high dependence
on SST. In addition, the large-scale precipitation rate
(Figs. 3e,f) is up to 1.2 mm day21 higher along 108N in
2005 than that in 2006. The higher precipitation rate is
explained because of the higher SST in 2005 (Fig. S7)
that increases the atmospheric moisture content in the
east Atlantic. For the combination of dust and SST effects, we found that Saharan dust (Figs. 3b,d) increases
the large-scale precipitation rate along 108N over the
east Atlantic. Over the west Atlantic, the dust effects on
the precipitation can be offset by the SST interannual
variations (Fig. 3f). Saharan dust impacts the large-scale

circulation and enhances the West African monsoon,
consistent with a previously proposed elevated heat
pump hypothesis by Lau et al. (2006). Note that the
strength of the elevated heat pump is impacted by both
the shortwave radiative heating and the longwave radiative cooling by dust.
Figure 5 shows the simulated convective precipitation rates for 2005 and 2006. The heavy rainband (more
than 12 mm day21) extends westward with a decreasing
trend and curving to the north across the North Atlantic
Ocean. An ITCZ northward movement is evident in
Figs. 5b and 5d because of dust, resulting in a dipole
structure along the West African coast. The similar dipole structure along 108N over the east Atlantic and
decreasing trend in the mid-Atlantic indicate the robustness of dust impacts for 2005 and 2006 (Figs. 5b,d).
In Figs. 5e and 5f, the warm SST in 2005 induces more
than 4 mm day21 higher convective precipitation rate
along 108N toward west Atlantic than that in 2006,
possibly because of the enhanced low-level convergence
and African easterly jet (AEJ) in 2005 (Figs. S8c,f).
However, the spatial patterns and the magnitude of the
increase in convective precipitation rate in the west
Atlantic due to higher SST in 2005 are likely canceled
out by the suppression of the convective precipitation by
dust in the west Atlantic. The cross section at 158W in
Fig. 6 depicts the AEJ at 600 hPa around 158N, the
tropical easterly jet (TEJ) at 200 hPa around 108N, and
the subtropical jet at 200 hPa near 308N. The Saharan
dust elongates the AEJ at 158N and shifts the AEJ
center northward (the bottom panels in Fig. 6; see also
Fig. S8), since dust warms the middle atmosphere and
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FIG. 5. As in Fig. 3, but for convective precipitation rate (mm day21) in August 2005 and 2006.

increases the temperature contrast between land and
ocean. The shift of the AEJ moves the lifting branch of
the Hadley circulation northward (Fig. 6), thereby
shifting the ITCZ northward. This finding agrees with
the observed northward shift of the ITCZ by Wilcox
et al. (2010). In addition, similar results on the movement of the Hadley cell by natural aerosols have been
found in Randles et al. (2013) and Colarco et al. (2014).
Similarly, simulations of both resolutions show that
the convective precipitation rate in 2005 is greater than
that in 2006 over the western Caribbean region, with a
dipole structure for the difference between the dust and
nondust cases (Figs. S9c,f). However, there is less precipitation over the western Caribbean with the fineresolution simulation.

c. Cloud fraction
Figures 7a and 7c show the low cloud fraction labeled
with 827-hPa wind. The maximum low cloud fraction is

near the West African coast and along 108N in the Sahel
region, corresponding to maritime stratus and shallow
cumulus. Dust induces positive anomalies along the
West African coast and along 108N over the east Atlantic, and a negative anomaly to the north of 208N over
the mid-Atlantic (Figs. 7b,d). This is explained because
dust induces a cyclonic thermal wind anomaly to the
north of 208N near the West African coast that decreases
the offshore wind speed and leads to low clouds moving
closer to the land. The largest decrease in temperature
between the dust and nondust scenarios is located at
208N over the West African continent, similar to the
region with the maximum dust mixing ratio (Fig. S10).
The temperature anomalies in Figs. S11c and S11d show
that shortwave warming by dust dominates in the upper
dust layer around 700 hPa. The warming in the atmosphere by absorbing dust intensifies the SHL and enhances the moist advection and West African monsoon,
in agreement with Lau et al. (2009). Moreover, our
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FIG. 6. Wind cross section at 158W in August (left) 2005 and (right) 2006. The contours represent the zonal wind
speed (m s21); wind barbs are the summation of the meridional and vertical wind. Shown are the (top) dust and
(middle) nondust scenarios, and (bottom) the differences between them. The dotted regions label the 95% significant level of the Student’s t test.

finding agrees with that of Wong et al. (2008), indicating
that the dust-induced temperature anomaly (Figs. S10
and S11) perturbs the circulation at 700 hPa by the
thermal wind balance and modulates the cloud fraction and long-range transport of dust. Additionally,
Figs. 7b and 7d show a consistent increase of a low
cloud fraction over West Africa and an onshore low
cloud fraction along the West African coast, indicating
that dust effects on low clouds are independent of SST. In
Figs. 7e and 7f, there are insignificant differences in the
low cloud fraction and 827-hPa wind due to the SST
variations.
Figure 8 shows the fraction of high clouds, including
cirrus, cirrostratus, and deep convective clouds. Cirrus
and cirrostratus trap the outgoing longwave radiation and
thus warm the atmosphere. Deep convective clouds, on the
other hands, reflect the shortwave radiation, trap the
longwave radiation, and cool the surface. In Figs. 8a and 8c,
the maximum high cloud fraction (greater than 0.8) is located along 108N to the east of 358W, corresponding to
the deep convective clouds in the ITCZ. Dust decreases

(increases) the high cloud coverage in the west Atlantic
(West Africa) (Figs. 8b,d). As mentioned previously, dust
shifts and elongates the AEJ, changing the secondary circulation of the AEJ. The fraction of deep convective clouds
decreases over the west Atlantic in the dust scenario due to
the suppressed vertical motion but increases in the north–
south direction over West Africa due to the northward
shift of the ITCZ. In addition, the enhancement of TEJ by
dust (Fig. 6, bottom; see also Fig. S12) further inhibits the
convective development in the jet region (Chen and van
Loon 1987) over the west Atlantic. Moreover, the enhanced TEJ also contributes to the invigoration of the West
African monsoon (Chen and van Loon 1987). The enhanced TEJ and elongated AEJ both decrease the high
cloud fraction in the west Atlantic. In contrast, Colarco et al.
(2014) found significant surface and tropospheric cooling at
500 hPa due to dust, suggesting that the upper-level temperature anomaly enhances the AEJ through the thermal
wind balance. The differences between our present work
and that by Colarco et al. (2014) are likely caused by the
variations of dust radiative properties employed in CAM5.
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FIG. 7. As in Fig. 3, but for low cloud fraction labeled with 827-hPa wind in August 2005 and 2006.

The similar trends in Figs. 8b and 8d show that dust significantly decreases the high cloud fraction in the west Atlantic and increases the high cloud fraction along 158N in
West Africa, independent of SST. In Figs. 8e and 8f, there
is a larger high cloud fraction over the eastern Caribbean
along 108N extending to the mid-Atlantic because of the
warm SST in 2005, which enhances the AEJ (Figs. S8c,f)
and the indirect circulation associated with the AEJ in 2005
with enhanced vertical motion in the eastern Caribbean.
Overall, dust decreases the high cloud fraction whereas
warmer SST increases high clouds in the eastern Caribbean.
The high cloud anomaly caused by warm SST and dust
likely counterbalance each other in this region.

d. Radiation
Figure 9 shows the clear-sky net solar flux at the top of
the atmosphere (TOA). The lowest net flux (300 W m22)

is located over the Sahara, where there is the maximum
dust extinction and surface reflection from the desert.
Examination of the difference between the dust and
nondust scenarios (Figs. 9b,d) shows that the lifted dust
near the source region absorbs the surface-reflected
solar radiation, decreasing the upward solar flux and
increasing the net solar flux at TOA. On the other hand,
the long-range transported dust over the ocean scatters
solar radiation, decreasing the net solar flux at TOA.
Hence, the clear-sky net radiative effect of dust at TOA
depends on the surface reflectivity, exhibiting more absorption over the high albedo surface and more reflection on the low albedo surface. Our findings are
consistent with those of Huang et al. (2014), Miller and
Tegen (1998), and Mahowald et al. (2014). Moreover,
the clear-sky radiative flux at TOA follows a similar
trend under different SST conditions. In Fig. 9e, there is
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FIG. 8. As in Fig. 3, but for high cloud fraction in August 2005 and 2006.

an up to 4 W m22 positive clear-sky net solar flux
anomaly to the north of 158N along the coast of West
African, due to the decrease (increase) of dust emissions
from the Sahara over the area south (north) of 208N in
2006 (Fig. S4e). A decreased flux of 4 W m22 to the south
of 158N over the east Atlantic (Fig. 9e) is caused by the
high aerosol loading and scattering in this region in
2005 (Fig. S4f). The increased clear-sky radiative flux in
the eastern Caribbean is possibly due to the lower
aerosol loading (Fig. S4f) in 2005, which decreases the
absorption by aerosols and decreases the upward radiative flux. Overall, the dust effects are counterbalanced
by the positive clear-sky radiative flux anomalies induced
by warm SST over the eastern Caribbean. Moreover, the
dust radiative effect decreases the clear-sky net solar flux
at TOA and is more pronounced than the SST impact.
Figure 10 shows the surface net radiative flux under
the all-sky condition, which is calculated by the sum of
net solar radiation and the net longwave radiation. The

positive net radiative forcing indicates a net radiative
heating in the column. The minimum net radiative flux
(530 W m22) is associated with deep convective clouds in
the ITCZ, since the clouds reflect the solar radiation and
trap the longwave radiation. Dust reduces the net radiative flux at surface by up to 30 W m22 to the north of
158N along the coast of West Africa and Sahel as well as
the eastern tropical Atlantic (Figs. 10b,d) by expanding
the deep convective cloud fraction along the north–
south direction. An increase in the high cloud fraction by
dust increases the upward radiative flux at the TOA and
decreases the net radiation at surface. Dust decreases
the solar flux at the surface by 4 W m22 a l o n g 1 0 8 N
to the east of 408W (Fig. 9e). In addition, clouds decrease
the net radiative flux up to 30 W m22 in this region.
Figures 10e and 10f show that the warm SST in 2005
decreases the surface net radiative flux by about
30 W m22 along 108N over the east Atlantic, due to the
more intense convective precipitation rate along 108N in
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FIG. 9. As in Fig. 3, but for clear-sky solar flux (W m22) at TOA in August 2005 and 2006.

2005. Qualitatively, there is a larger (smaller) area with
negative (positive) radiative flux induced by the dust in
2006 (Fig. 10d) compared with those in 2005 (Fig. 10b).
These findings agree with Lau and Kim (2007a,b) on
more dust loading in 2006 that decreases the surface
solar radiation. Dust, together with the warm SST, decreases the surface net radiative flux along 108N over the
east Atlantic. Moreover, dust shows similar impacts on
the surface net radiative flux between 2005 and 2006,
indicating its independence on SST.
A previous study by Zhao et al. (2013) investigated
the sensitivities of the net radiative flux on the variations
of dust visible imaginary refractive index in CAM5.1 and
found a high sensitivity of the net radiation at TOA over
the dust source region to the variation of dust visible
imaginary refractive index. Overall, the absorption and
scattering of shortwave radiation by dust modify the net
radiation at surface by changing atmospheric moisture

and cloud distributions, significantly reducing the surface net radiative flux over the east Atlantic region.

e. Large-scale environments relevant to TC activity
In addition to the vital roles in the regional hydrological cycle and radiative budget, dust also influences
the tropical cyclogenesis by modifying the dynamics and
thermodynamics conditions over the GNR and ITR
regions of the Atlantic basin. Several key variables, including low-level vorticity, midlevel vertical wind shear,
moisture, entropy deficit (Emanuel and Nolan 2004), PI
(Bister and Emanuel 2002), and VI (Tang and Emanuel
2012) are examined. The low-level vorticity induces
rotation to the convective systems and increases the air
spirals into the storm center. A positive vorticity represents the cyclonic motion, which is favorable for the
TC genesis and development. The vertical component of
the relative vorticity is calculated using
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FIG. 10. As in Fig. 3, but for surface net radiative flux (W m22) in August 2005 and 2006.

z5
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where i and j represent the grid index, and Dx and Dy are
the grid space in the x and y direction, respectively. The
925-hPa relative vorticity is shown in Fig. 11. The positive vorticity region is located to the north of the ITCZ
and adjacent to the SHL. The negative vorticity is located to the south of the ITCZ (Figs. 11a, c). The positive vorticity anomaly around the western Sahara in
Figs. 11b and 11d further supports our previous point
that dust enhances the SHL. The decreasing vorticity in
the GNR by dust likely suppresses the development of
TCs (Gray 1998). The enhancement of the West African
monsoon by dust increases the positive vorticity north
of the ITCZ and decreases the negative vorticity to the
south of the ITCZ. Hence, the increase in the positive

vorticity by dust likely increases the low-level convergence and favors the development of TCs (Zehr 1992)
to the north of 108N, especially in the ITR. Figures 11e
and 11f show an insignificant variation of low-level
vorticity by SST. The combined effects of dust and SST
in this region are not clear, seeing the noisy responses of
low-level vorticity to dust and insignificant variations by
SST. Simulations using the finer resolution show similar
patterns in the low-level vorticity, although the decrease
(increase) of the low-level vorticity in the GNR (ITR) region is less pronounced compared to the coarse-resolution
simulations.
The vertical wind shear is calculated from the absolute
differences of wind vectors between 850 and 200 hPa. A
relatively weak vertical wind shear (10–15 m s21) favors
the vertical development of tropical vortices (Bracken
and Bosart 2000). Figure 12 shows that the maximum
wind shear (20 m s21) is distributed along 108N over the
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FIG. 11. As in Fig. 3, but for low-level vorticity at 925 hPa (1026 s21) in August 2005 and 2006.

east Atlantic and West Africa. In the dust scenario, the
maximum wind shear increases more than 7 m s21 along
108N (Figs. 12b,d), due to the enhanced TEJ at 200 hPa
and West African monsoon around 850 hPa by dust. This
increase in wind shear further suppresses the development of TCs in the GNR. The minimum wind shear
region, located near the central tropical Atlantic, represents the favorable condition for generation and invigoration of TCs. The vertical wind shear difference in
Figs. 12b and 12d indicates that dust significantly increases the vertical wind shear by up to 7 m s21 in the
GNR but decreases the wind shear (from 27 to 23 m s21)
in the ITR, corresponding to unfavorable and favorable TC genesis in the GNR and ITR, respectively. In
Figs. 12e and 12f, the warm SST in 2005 induces a negative wind shear anomaly in the ITR, consistent with an
active hurricane season in 2005. The effects of dust and
SST decrease the wind shear in the ITR, providing

favorable conditions for TC activities. On the other
hand, the wind shear condition in the GNR is insignificantly varied by SST and dominated by the dustinduced positive wind shear anomaly, which suppresses
the TC development in this region.
In addition, the midlevel moisture represents the latent energy supplies to TC genesis and intensification
from the thermodynamics perspective and is represented by the specific humidity at 827 hPa (Fig. 13). The
maximum specific humidity is distributed along the
ITCZ, whereas the minimum specific humidity is located
around 308N in the northeastern Atlantic and North
Africa. In Figs. 13b and 13d, dust increases the water
vapor content along 208N, likely explained by the enhanced moist advection to West Africa due to the enhancement of SHL. The increased moisture content
potentially increases the latent energy resource for the
development of TCs in the GNR and ITR regions. In
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FIG. 12. As in Fig. 3, but for vertical wind shear (m s21) between 850 and 200 hPa in August 2005 and 2006.

Figs. 13e and 13f, the specific humidity in 2005 is higher
than that in 2006 in the GNR to the north of 158N over
the west Atlantic, due to the relatively warm SST. Dust
and warm SST both induce positive specific humidity
anomalies in this region. On the other hand, the warm
SST decreases the specific humidity on the north of 208N
over the east Atlantic, offsetting the dust-induced positive anomaly in this region.
The entropy deficit xm is defined as the ratio of the
low-level energy supply to the midlevel moisture (Tang
and Emanuel 2012) by
xm 5

* 2 Sm
Sm
,
* 2 Sb
SSST

(3)

where Sm is the environmental entropy, and S*
m is the
saturation entropy in the middle atmosphere (600 hPa);
* is the saturation entropy at SST, and Sb is the
also, SSST

entropy of the boundary layer. The denominator is the
air–sea entropy difference, which represents the entropy gradient to the convective system. The numerator illustrates the midlevel moisture by comparing
the saturated and environmental entropies. A small
entropy deficit means either a large air–sea entropy
difference (i.e., sufficient energy support) or a moist
middle atmosphere that favors the TC genesis.
Figures 14a and 14c show that the minimum entropy
deficit is collocated along the ITCZ, where there is a
significant amount of moisture in the middle troposphere due to the deep convection. The difference
between the dust and nondust scenarios shows that
dust decreases the entropy deficit along 108N by increasing the liquid water content in the midtroposphere.
Moreover, the entropy deficit increases significantly
to the north of 108N along the West African coast,
corresponding to a decrease of moisture and entropy
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FIG. 13. As in Fig. 3, but for specific humidity (g kg21) at 827 hPa in August 2005 and 2006. The units in (b) and
(d) are 1021 g kg21.

in the planetary boundary layer by dust. Hence, the
entropy deficit is decreased in the GNR, which favors
the genesis of TCs. In Figs. 14e and 14f, the entropy
deficit is lower in both the ITR and GNR in 2005 than
in 2006, consistent with an inactive hurricane season in
2006. Both dust and warm SST induce a negative entropy deficit in the GNR, providing a favorable condition for TC development. On the other hand, the dust
and warm SST show a similar magnitude of entropy
deficit in the west Atlantic and Caribbean regions and
likely exhibit an offset effect. Interestingly, there is a
significant decrease in the entropy deficit over the west
Atlantic in 2005 compared to 2006 (Fig. 14f), suggesting
the likelihood of westward TC movement toward the
Gulf of Mexico in 2005.
The PI, which represents the possibly maximum intensity of the TC, is calculated according to Bister and
Emanuel (2002) under pseudoadiabatic assumptions by

Vmax2 5

Ts Ck
(CAPE* 2 CAPE)m ,
T 0 CD

(4)

where Ts is the SST, and T0 is the mean outflow temperature; Ck is the exchange coefficient for enthalpy,
and CD is the drag coefficient. CAPE is the convective
available potential energy of air lifted from the boundary layer in reference to the environmental sounding,
where CAPE* is that lifted from the saturation at sea
level. Both values are evaluated from the radius of the
maximum wind speed. The maximum velocity (Vmax) is
employed for the representation of the PI. In Figs. 15a
and 15c, the relatively high PI values extend along the
ITCZ toward the west Atlantic and reach a maximum
(85 m s21) in the Caribbean region. Comparing 2005 and
2006 (Figs. 15e,f), there is a higher maximum velocity
over the ITR and Caribbean in 2005, corresponding to a
favorable condition for TC activities. On the other hand,
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FIG. 14. As in Fig. 3, but for entropy deficit x m in August 2005 and 2006.

dust plays an opposite role in determining PI (Figs. 15b,d)
by decreasing the PI value up to 15 m s21 near the dust
source region in the east Atlantic and 2–4 m s21 in both
the ITR and GNR. Overall, dust decreases the PI and
results in unfavorable conditions for TC activity especially near the dust source region, whereas the warmer
SST has a major impact over the Caribbean region and
increases the PI in that region, providing a favorable
condition for the TC activities.
VI 5

wind shear 3 x m
.
Vmax

(5)

The VI is defined as the ratio of the product of wind
shear with entropy deficit to PI (Tang and Emanuel
2012) in Eq. (5), which combines the dynamics and
thermodynamics components that determine the favorability of TC activities. A low to moderate vertical
wind shear, a high PI, and a low entropy deficit favor the

TC development, corresponding to a low VI value.
Figures 16a and 16c show a VI value of less than 0.1 over
the west Atlantic, corresponding to favorable TC activities in this region. In Figs. 16b and 16d, dust increases
the VI in the GNR but decreases VI in the ITR, suppressing and enhancing TC activities over the GNR
and ITR, respectively. In Figs. 16e and 16f, the VI value
in the ITR is lower by 0.1 in 2005 than in 2006, representing a relatively favorable condition for TCs in
2005 due to the warm SST. Overall, the dust effects and
warmer SST both favor TC activities in the ITR, while
the dust effects dominate in the GNR and suppress TC
activities, since the warmer SST does not show a significant impact over this region. The vertical wind shear
represents the dominant term for the VI in both the ITR
and GNR.
Overall, Saharan dust significantly impacts the TC
genesis by modulating the thermodynamic and dynamic conditions of the environment. In the GNR, the
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FIG. 15. As in Fig. 3, but for potential intensity (m s21) in August 2005 and 2006.

increased midlevel moisture and decreased entropy
deficit by dust increase the favorability for TC genesis,
but the increased vertical wind shear, decreased lowlevel vorticity, and decreased PI by dust suppress the TC
genesis. Moreover, in the ITR, dust increases the TC
favorability by decreasing the vertical wind shear and
increasing the midlevel moisture, but decreases the TC
possibility by decreasing PI in maximum velocity. An
examination of VI reveals that dust increases and decreases the TC favorability in the ITR and GNR, respectively. In general, there is a favorable TC condition
in ITR in 2005 with an increasing midlevel moisture and
PI in maximum velocity, and decreasing vertical wind
shear and entropy deficit, due to the relatively warm
SST. Both dust and warm SST favor the TC activities in
the ITR, but dust likely suppresses TC activities in the
GNR. Additionally, there are similar spatial distributions of the low-level vorticity, vertical wind shear,
specific humidity, PI, VI, and entropy deficit in both the

ITR and GNR, indicating that dust impacts are independent on SST.
For the TC genesis parameters, the low-level vorticity
(Fig. S13) is higher with the fine-resolution model in the
North Atlantic region and along West African coast.
The patterns in the midlevel moisture, vertical wind
shear, and entropy deficit simulated with the finer resolution are similar to those from the coarse-resolution
simulations (Figs. S14–S16).

4. Conclusions
In this study, the simulations using the Community
Atmospheric Model, version 5.1, (CAM5.1) are performed over a 5-yr period (2002–06). Two scenarios are
set up with and without the dust emission from the
Sahara. Our analyses are focused on the influences of
Saharan dust on the Atlantic regional climate and its
implications for TCs in 2005 and 2006. The simulated
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FIG. 16. As in Fig. 3, but for the ventilation index in August 2005 and 2006.

AOD and precipitation are comparable with the satellite observations.
Comparisons between the dust and nondust simulations indicate that dust plays a substantial role in the
regional climate of West Africa and the North Atlantic
by intensifying the SHL over the heavy dust-loaded region (north of 158N) and shifting the AEJ and the ITCZ
northward. The perturbation of the large-scale flow redistributes clouds and further modifies radiative fluxes.
Also, dust decreases the regional radiative energy in the
atmosphere. Dust fosters a more favorable environment
for the genesis of TCs by increasing the midlevel moisture and decreasing the entropy deficit in the GNR. On
the other hand, dust creates unfavorable conditions for
TC activities through the increased vertical wind shear
and decreased low-level vorticity and PI, especially in
the GNR. In the ITR, dust favors TC development by
decreasing the vertical wind shear and increasing the
midlevel moisture, but suppresses TC by decreasing PI.

Overall, there is an increased VI in the GNR but a decreased VI in the ITR. Hence, the dust effects increase
(decrease) the TC activities in the ITR (GNR). Also, the
region of TC genesis is shifted northward because of the
northward movement of the convergence zone.
Comparison of the simulations between 2005 and 2006
reveals a higher precipitation rate, high cloud fraction,
specific humidity, PI, and VI, but lower surface net radiative flux, wind shear, and entropy deficit in 2005, attributable to warmer SST (Fig. S7). However, there are
insignificant differences in the low cloud fraction and the
low-level vorticity between the two years. The conditions
of higher specific humidity, PI, VI, lower wind shear, and
entropy deficit are favorable for TC activities in 2005.
By comparing the SST and dust impacts, we find that
dust significantly decreases the convective precipitation
rate in the mid-Atlantic, shifts the ITCZ northward,
increases the onshore low cloud and low cloud fraction
over West Africa, and decreases the high cloud fraction
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along 158N and in the mid-Atlantic, indicating robust
dust impacts on the regional climate. On the other hand,
the impacts of dust on the large-scale precipitation rate
are dependent on SST. Overall, dust amplifies the impacts of warm SST by reducing the surface radiative flux
along 108N over the east Atlantic, wind shear in the ITR,
and entropy deficit in the GNR. On the other hand, dust
dampens the warm-SST-induced large-scale and convective precipitation increase over the west Atlantic,
with a high cloud fraction increase over the eastern
Caribbean along 108N and specific humidity decrease at
925 hPa north of 208N over the east Atlantic.
Future studies using a vertically and horizontally highresolution model configuration are necessary to more
realistically simulate the tropical cyclones. To alleviate
both the resolution deficiency and computing expense for
long-term simulations in global climate models, the use of
high-resolution regional model simulations is an efficient
approach to investigate the detailed dust microphysical
processes on the genesis and development of individual
tropical cyclones. In addition, the combined effects of
dust dimming on SST and the ocean feedback need to be
assessed using high-resolution atmosphere–ocean coupled models, although it is challenging to evaluate the
interannual variabilities on a short time scale. Additional
model sensitivity studies of the dust radiative properties
over West Africa and the east Atlantic are also necessary.
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