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Abstract Climate in the tropical North Atlantic and West Africa is known to be sensitive to both the
atmospheric burden and optical properties of aerosolized mineral dust. We investigate the global climatic
response to an idealized perturbation in atmospheric burden of Saharan-born mineral dust, comparable
to the observed changes between the 1960s and 1980s, using simulations with the high-resolution,
fully coupled Geophysical Fluid Dynamics Laboratory Climate Model 2.5, Forecast-oriented Low Ocean
Resolution version, across a range of realistic optical properties, with a specific focus on tropical cyclones.
The direct radiative responses at the top of the atmosphere and at the surface along with regional
hydrologic and thermodynamic responses are in agreement with previous studies, depending largely
on the amount of aerosol absorption versus scattering. In all simulations, dust causes a decrease in tropical
cyclone activity across the North Atlantic Ocean, as determined by a tropical cyclone tracking scheme,
with the largest response occurring in the most absorbing and scattering optical regimes. These changes
are partially corroborated by common local genesis potential indices. However, no clear-cut explanation
can be developed upon inspection of their constituent variables. There are also nonnegligible anomalies
in the North Pacific and Indian Oceans in these simulations. A relationship between accumulated
cyclone energy and top of the atmosphere radiative flux anomalies is used to explain the North Atlantic
anomalies, while analogy to known climate variations can help us understand the far-field response
to the dust forcing.

1. Introduction

Mineral dust primarily originates from arid or semiarid regions of the world (Prospero et al., 2002) where sur-
face winds lift soil particles into the atmosphere (Gillette et al., 1980). Once suspended, these particles can
be advected thousands of kilometers away from their point of origin (Grousset et al., 2003). North Africa,
and in particular the Sahara desert, is the largest contributor to global, aeolian dust in the world (Ginoux,
Prospero, et al., 2012). Dust emissions from North Africa have a distinct seasonal cycle with the greatest areal
extent occurring in Boreal summer and autumn (Adams et al., 2012). There is also evidence for significant
interannual (Ridley et al., 2014) and multidecadal scale variability (Mahowald et al., 2010) in dust transport
from North Africa. For example, surface dust concentrations as measured at Barbados increased almost five
times between the 1960s and 1980s (Prospero & Lamb, 2003). In addition, Saharan-born dust is commonly
not of a single homogeneous composition but is instead a combination of multiple regional mineral deposits
(Caquineau et al., 2006).

The choice of mineralogy data set has been shown to considerably affect the calculated interaction of dust
with radiation (Sokolik & Toon, 1999). In general, dust increases the shortwave attenuation of the atmo-
sphere due to both scattering and absorption, which leads to a decrease in net shortwave radiative flux
at the surface (Tegen & Lacis, 1996). Simultaneously, mineral dust also affects the longwave radiative flux
through the atmosphere (Volz, 1973). These effects combine and lead to a redistribution of radiative heat-
ing of the atmospheric column (Miller et al., 2014). This direct radiative effect has been modeled and shown
to influence the climate in numerous studies (Colarco et al., 2014; Miller & Tegen, 1998; Miller et al., 2014;
Strong et al., 2015; Yoshioka et al., 2007). In addition, mineral dust has been shown to affect cloud micro-
physics (DeMott et al., 2003; Levin et al., 1996) and biogeochemistry of both the land (Swap et al., 1992)
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and ocean (Jickells et al., 2005). These climatologically important changes can further modulate the impact of
dust on such human-important phenomena as air pollution (Liu et al., 2009) and tropical cyclone frequency
(Dunion & Velden, 2004).

There is growing evidence of the impact of mineral dust on individual tropical cyclone genesis and develop-
ment both observationally (Braun, 2010; Evan et al., 2006; Sun et al., 2008) and with models (Bretl et al., 2015;
Karyampudi & Pierce, 2002; Reale et al., 2014; Zhang et al., 2007, 2009). Due to the large-scale influence of min-
eral dust, it can potentially have both positive and negative impacts on the development of tropical cyclones.
For instance, the development of thermally driven easterly jets can act to increase the genesis frequency of
tropical cyclones along the jet’s southern border (Braun, 2010). Conversely, the significant drying and heat-
ing aloft, surface cooling, and increased wind shear can dampen the probability of tropical cyclone genesis
(Dunion & Velden, 2004). There is also a growing body of evidence attempting to link atmospheric dust load
and tropical cyclone frequency on climatological timescales (Wang et al., 2012). However, there has been little
work in modeling these relationships in a fully coupled framework on climatologically relevant timescales.

The purpose of this study then is to investigate the coupled atmospheric and oceanic climatological effect
of Saharan dust’s radiative forcing on tropical cyclones. To this end, we will use a state of the art general cir-
culation model run at a high enough resolution to adequately resolve tropical cyclones. Based on the results
shown in previous literature that increased attenuation of solar radiation by dust aerosols leads to strong
local surface cooling and the significant correlation between hurricane activity and sea surface temperature
anomalies, our hypothesis is that Saharan-born dust will cause a significant decrease in tropical cyclone fre-
quency across the North Atlantic Ocean for the full range of investigated optical regimes and with diminishing
significant results farther from the main dust plume.

The paper is organized as follows. In section 2 we describe the model, computations, and data sets used in
this study as well as the experimental design. In section 3 we discuss the global radiation, surface tempera-
ture, and precipitation response to perturbations in Saharan-born dust, principally for comparison with other
studies. In section 4 we analyze the global changes to tropical cyclone density and compare them with the
observational record as well as several common genesis forecast indices. In section 5 we explore changes to
several regional factors, which could influence the modeled anomalies in tropical cyclogenesis and develop-
ment and craft several hypotheses for the modeled changes. In section 6 we present a discussion of the results
and our concluding remarks.

2. Methodology

Our study follows, in most parts, the same experimental protocol set forth by Strong et al. (2015). It features
improvements to both the modeling framework and sensitivity range of optical properties used for modeling
dust’s radiative forcing as well as streamlining the calculation of dust’s impact on the climate.

2.1. Coupled Model
For this study, we used the Geophysical Fluid Dynamics Laboratory’s (GFDL) Coupled Model CM2.5
Forecast-oriented Low Ocean Resolution version (CM2.5-FLOR; Vecchi et al., 2014) to calculate the effect of
perturbations to the atmospheric aerosol burden of dust under various optical regimes. GFDL’s CM2.5-FLOR
is an offshoot of the previous Coupled Model v2.5 (CM2.5; Delworth et al., 2012) developed at GFDL and
uses many of the same model configurations. The atmosphere and land components have a horizontal
resolution of 0.5∘ by 0.5∘ using a cubed-sphere, finite-volume dynamical core. This resolution has been
shown to adequately resolve the distribution of tropical-cyclone-like vortices (TCs; Vecchi et al., 2014) but
is deficient in its ability to resolve the most intense TCs (Murakami et al., 2015). Atmospheric aerosol and
gas concentrations as well as land cover are specified. Only the direct radiative effect of aerosols is cal-
culated in the model. The ocean and ice components use a lower 1∘ horizontal resolution that enhances
to 1∕3∘ near the equator. This model framework shows substantial improvement to its climate simula-
tions relative to the previous Coupled Model v2.1 and marginal improvements relative to CM2.5 (Jia et al.,
2015). However, CM2.5-FLOR still suffers from some common TC-resolving general circulation model (GCM)
issues (Vecchi et al., 2014). For example, there are too many cyclones in the central North Pacific, Southern
Hemisphere, and Indian Ocean and too few cyclones In the North Atlantic particularly in the Caribbean and
Gulf of Mexico.
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Figure 1. The optical properties of all regimes of dust used in this experiment. The values are averaged over the fine
(small) dust bin sizes (0.1, 0.2, 0.4, and 0.8 𝜇m; dashed lines) and the coarse (large) dust bin sizes (1, 2, 4, and 8 𝜇m; solid
lines). The top panel (a) shows the extinction coefficient (m2/g) as a function of wavelength. The middle panel (b) shows
the single scattering albedo of the dust as a function of wavelength. The bottom panel (c) shows the asymmetry
parameter of the dust as a function of wavelength.
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Figure 2. A schematic diagram of the layout of model simulations
conducted for this experiment. Stage 1 consists of the model “spin-up”
period. Stage 2 is when six different control simulations, based on the dust
optical properties, are run to equilibrium. Stages 3 and 4 include the
principal model simulations where the model is run with both base and
reduced dust emissions in parallel.

2.2. Dust Forcing
We use the same prescribed climatological annual cycles of monthly,
global mineral dust aerosol burden as in Figure 2 of Strong et al. (2015;
Figure S1 in the supporting information). Both climatological cycles were
calculated using the Model of Ozone and Related Chemical Tracers, ver-
sion 2 (Horowitz, 2006; Horowitz et al., 2003; Tie et al., 2005) forced by
the National Centers for Environmental Prediction-National Center for
Atmospheric Research reanalysis of 1990 (Jickells et al., 1996). The base
cycle used the full emission values over North Africa whereas the reduced
cycle lowered emission values over the entirety of North Africa to 20%
of their calculated values. These climatologies are meant to represent the
high and low dust concentrations of the 1980s and 1960s, respectively.

We increased the range of optical properties used to calculate the mod-
eled radiative forcing of dust from the two values of Strong et al. (2015) to
now incorporate six optical regimes, the properties of which are detailed
in Figure 1. The first regime (V&P) is derived from a combination of the in
situ observations of Volz (1973) and Patterson et al. (1977). This combina-
tion has been used in previous GFDL climate models (Anderson et al., 2004)
and is the same as the absorbing-dust case of Strong et al. (2015). How-

ever, this optical regime has been found to be overly absorbing (Sinyuk et al., 2003), and so the remaining
optical regimes are calculated using Mie theory with the refractive indices given by Balkanski et al. (2007). We
consider the cases of 2.7% (2.7hem), 1.5% (1.5hem), and 0.9% hematite concentration by volume (0.9hem),
the first of which has been used in a previous GFDL climate model (Donner et al., 2011). In addition, we cre-
ate two other artificial optical regimes aimed at replicating extremely scattering mineral dust. For the first
regime, we multiply the imaginary part of the refractive index of the 0.9hem case by 0.1 (0.1 × 0.9hem), and
for the second regime, we set the longwave refractive index of the 0.1 × 0.9hem case to a constant value
(0.1×0.9hem fixed longwave [LW]). This latter optical regime is the same as the scattering-dust case of Strong
et al. (2015).

2.3. Experimental Design
The model is initialized in a spun-up state following 100 years of forcing with an invariant 1990 climatology
of insolation, gas and aerosol concentrations, and land cover as described by Vecchi et al. (2014) (Stage 1,
Figure 2). We create a control state for each of the six optical regimes using the base dust climatology and run
each individually for 100 years to allow the climate system to further equilibrate (Stage 2, Figure 2). We then
run each control simulation for a further 200 years. Using the climate state at years 100 and 200 as initializa-
tion we create two perturbation simulations for each optical regime where we keep the optical properties the
same but change the dust climatology for the annual cycle of atmospheric dust load to the reduced emis-
sion state. Each of these perturbations is allowed to run for 100 years in parallel to their respective control
simulations (Stages 3 and 4, Figure 2). To calculate the impact of dust, we align the control and perturbation
simulations by equivalent model year and then subtract the perturbation simulations from their respective
control simulations to arrive at a value representative of the impact of adding a realistic amount of Saharan
dust aerosol burden to the atmosphere.

2.4. Tropical Cyclone Tracker
Using the model’s 6-hourly output, we track simulated TCs with the method described by Zhao et al. (2009)
and the parameter settings of Kim et al. (2014). The tracker has three steps that we briefly describe here. The
first is to tag potential TCs by colocating local maxima in lower tropospheric relative vorticity and upper tro-
pospheric temperature and local minima in sea level pressure. These colocated anomalies are then tracked
in the output data. If they persist long enough, they are finally categorized by their wind speed as a tropical
cyclone. In calculating the density of TCs, we first create a 1∘ by 1∘ global grid and then define the TC track
density as the number of days with a TC present in a box 10∘ by 10∘ centered on each 1∘ grid cell. This is
for several reasons as described by Vecchi et al. (2014): The size of the 10∘ × 10∘ grid is much smaller than
the scale of the basins, on a scale comparable to the average diameter of observed TCs (Chavas & Emanuel,
2010) and is large enough to include most of the areas where impacts of individual TCs in models are evi-
dent (Lin et al., 2010). The choice of grid size also minimizes the impact of the edges of larger discrete boxes
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in computing density, effectively smoothing the field of TC density. Similarly, we define the TC genesis density
as the number of TCs whose first registration by the TC tracking scheme occurs in the same 10∘ by 10∘ box
centered on each 1∘ grid cell.

To focus on the mean response, we implement a bootstrap, without replacement, style calculation to deter-
mine the dust-induced changes in TC density and genesis. For each grid cell, we construct a time series of the
annual sum of TC density or genesis in both the base and reduced dust cycle experiments. The order of these
time series is randomized, and then the reduced dust series is subtracted from the base dust series, and the
result is averaged. This process is repeated 1,000,000 times on the original time series, and the resultant set
of 1,000,000 values is averaged to produce a single value for that grid cell. The results are not fundamentally
different from doing a strict anomaly calculation between the base and reduced dust climatologies but do
highlight the most significant responses.

3. Mean Climate State Anomalies

For comparison with other studies, we begin by analyzing the Saharan dust induced changes to the global
climate as detailed in several common radiative and thermodynamic variables. The responses in the areas
directly under the dust plume were more thoroughly analyzed in a previous paper (Strong et al., 2015) and
will be noted here for model intercomparison purposes. The following results are all averaged over the Boreal
summer and autumn seasons (June–November) as this time frame contains the entirety of and is roughly
centered on the active seasons for both the areal extent of the Saharan dust plume (Adams et al., 2012) as well
as the Northern Hemisphere tropical cyclone season. The general results do not change significantly when
considering the annual average.

3.1. Top of the Atmosphere Net Radiative Flux Anomalies
We observe in our model simulations that Saharan-born dust causes significant anomalies in the net clear-sky
radiative flux at the top of the atmosphere (ToA; Figures 3a–3f and Table S1, first column). The largest anoma-
lies, and simultaneous largest discrepancies between optical regimes, occur over much of North and West
Africa in regions most directly influenced by the changes in atmospheric dust burden.

In the most absorbing cases (Figures 3a–3d) we note a strong positive anomaly along the western
Sahara/Sahel boundary, peaking to the north of Lake Chad at over 20 W/m2 in the V&P regime (Figure 3a).
This is largely due to the shortwave component of the net radiative flux. The increased absorption relative to
scattering of shortwave radiation by dust decreases the net column albedo over the relatively high albedo
Sahara desert. This allows less shortwave radiation to be reflected back to space and leads to the positive
ToA anomaly.

This positive anomaly begins to slowly transition as the optical regime becomes more scattering. As the scat-
tering ability of dust increases, the dust aerosol plume brightens relative to the surface. Beginning in the
1.5hem (Figure 3c) and 0.9hem (Figure 3d) dust cases, we note a negative ToA radiative flux anomaly devel-
oping in the region between 5∘N–15∘N and 15∘W–15∘E, hereafter referred to as the West African monsoon
(WAM) region. This occurs as the dust aerosol becomes more reflective than the surface.

As we continue to increase the scattering ability of the dust to the 0.1 × 0.9hem (Figure 3e) and 0.1 × 0.9hem
(fixed LW; Figure 3f ) cases, we develop a strong negative anomaly across much of North and West Africa,
peaking around −20 W/m2 along the southern Sahara desert. This negative anomaly is primarily due to the
shortwave scattering of dust increasing the net column albedo over these regions, beginning with the rela-
tively low-albedo WAM region in the 1.5hem and 0.9hem cases and extending to much higher albedo over
the Sahara desert in the most scattering cases.

In all optical regimes, we observe a strong negative anomaly across much of the tropical North Atlantic
Ocean, even stretching across the Caribbean Sea and portions of Central America. The largest anomalies
are focused in the eastern tropical North Atlantic, just off the coast of West Africa, and fade both westward
and poleward/equatorward the farther we look from the main atmospheric dust plume. This is again due to
the increased brightness of dust relative to the low albedo ocean surface. This effect is emphasized as the
anomalies increase in magnitude as the dust becomes more scattering.

There are also far-field ToA radiative flux anomalies, particularly across the Himalayas, Indian subcontinent,
and in the polar regions. These anomalies are due to changes in surface temperature affecting the column
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Figure 3. The global radiative anomalies due to an increase in Saharan dust, comparable to the observed changes
between the 1960s and 1980s, with differing optical properties. The values are averaged over June–November and only
those values that pass a Student’s t test to 95% are shaded. The columns, from left to right, show the net radiative
flux anomalies at the top of the atmosphere (positive downward; watts per square meter) and the net radiative flux
anomalies at the surface (positive downward; watts per square meter). The rows, from top to bottom, show the response
in the V&P, 2.7hem, 1.5hem, 0.9hem, 0.1 × 0.9hem, and 0.1 × 0.9hem (fixed longwave [LW]) optical regimes and are
ordered by increased scattering of dust.
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Figure 4. The global anomalies due to an increase in Saharan dust, comparable to the observed changes between the
1960s and 1980s, with differing optical properties. The values are averaged over June–November and only those values
that pass a Student’s t test to 95% are shaded. The columns, from left to right, show the 2-m air temperature anomalies
(K) and the precipitation anomalies (mm/day). The rows, from top to bottom, show the response in the V&P, 2.7hem,
1.5hem, 0.9hem, 0.1 × 0.9hem, and 0.1 × 0.9hem (fixed longwave [LW]) optical regimes and are ordered by increased
scattering of dust.
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radiative budget. In the Himalayas, the surface warming/cooling (Figures 4a–4f ) decreases/increases the
snowpack and alters the surface albedo leading to an increased/decreased net radiative flux at the ToA. The
similar ToA radiative flux anomalies over the lowlands of the Indian subcontinent arise from the opposite sur-
face temperature response in this region. The surface warm/cool anomalies lead to an increase/decrease in
outgoing longwave radiation, which in turn causes a negative/positive ToA radiative flux anomaly. A quick
approximation with the Stefan-Boltzmann law applied to the simulated changes in surface temperature give
a radiative anomaly of the same order of magnitude.

Meanwhile, the polar responses in several polar seas are described by changes in surface temperature
(Figures 4a–4f ) and sea ice concentration in those areas. A decrease/increase in surface temperature leads to
increased/decreased sea ice concentration, which in turn causes an increased/decreased surface albedo and
a respective decrease/increase in net radiative flux at the ToA. These regional anomalies are beyond the scope
of the current paper but deserve a more detailed analysis in later work.

3.2. Surface Net Radiative Flux Anomalies
Transitioning now to the surface radiative balance (Figures 3g–3l and Table S1, second column), we note
the similarity in major spatial patterns between the net radiative flux at the surface and that at the ToA. The
largest and most homogeneous response is negative and occurs across much of North and West Africa and
stretches out across the tropical North Atlantic Ocean into Central America. This negative response is strongest
in the most absorbing (Figure 3g) and the most scattering (Figure 3l) optical regimes with anomalies just off
the West African coastline reaching over −30 W/m2. The cause of these negative anomalies is the increased
atmospheric attenuation of radiation provided by the aeolian dust particles. In all of the optical regimes, dust
will both absorb and scatter shortwave radiation leading to a decreased radiative flux at the surface. In our
model simulations, this effect is maximized when either the absorption or scattering properties of dust are
maximized, thus leading to the largest anomalies being in the V&P and 0.1 × 0.9hem (fixed LW) cases.

We observe the same far-field anomalies in radiative flux at the surface as we did in the radiative flux response
at the ToA. This includes the increased radiative flux over the Himalayas and Indian subcontinent in the most
absorbing regimes (Figures 3g–3i), the decreased radiative flux over the Himalayas and Indian subcontinent
in the most scattering regimes (Figures 3j–3l), and the assortment of anomalies across various polar seas.
These anomalies appear in the surface budget as well as the ToA budget because they rely on the surface
radiative budget changing, as stated prior, and not any associated radiative effects in the atmosphere.

3.3. Surface Temperature Anomalies
The 2-m surface air temperature anomalies due to changes in Saharan-born dust (Figures 4a–4f and Table S1,
third column) extend across much more of the globe than the previous radiative anomalies and in general
are more heterogeneous. On average, these anomalies lead to a global warming of around 0.02K in the most
absorbing case (Figure 4a) or lead to a global cooling of around−0.07K in the most scattering case (Figure 4f ).
However, some of the largest surface air temperature anomalies are still centered on North Africa and the
Tropical Atlantic Ocean.

Looking first at North Africa, we observe a tripole-like feature where the WAM region and much of
Mediterranean coastline are out of phase with the central Sahara desert. In the most absorbing optical
regime (Figure 4a), this takes the form of negative anomalies over −1K across the WAM region, Sahel, and
Mediterranean Basin with a weaker positive anomaly up to 0.25K covering the rest of North Africa. As we
increase the amount of scattering, this anomaly pattern slowly changes sign until the 0.1×0.9hem and
0.1×0.9hem (fixed LW) regimes where there is a positive anomaly of around 0.25K in the WAM region and a
negative anomaly, peaking near −1K, across much of the Sahara desert (Figures 4e and 4f). These responses
were investigated by Strong et al. (2015) and explained in part by changes to the evaporative flux over this
region from associated dust-induced precipitation anomalies.

Across the tropical North Atlantic Ocean, we see a negative surface air temperature anomaly in all optical
regimes, reaching up to −1K in the V&P and 0.1 × 0.9hem (fixed LW) optical regimes. This is due in large
part to the decreased radiative flux from the attenuation by dust and emphasized by the largest temperature
anomalies occurring in the most absorbing and most scattering regimes. However, in nearly all cases there is
also a slight warming of the surface air temperature to the east of the North American continent in addition to
a similar pattern across the western North Pacific, albeit of opposite sign. These anomalies could be indicative
of larger-scale circulation features such as a shifting of the jet stream in these principal storm tracks.
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Figure 5. The Saharan dust–induced zonally averaged anomalies in the Northern Hemisphere zonal circulation.
The shading shows the zonal wind component anomalies (m/s) and the contours show the air temperature anomalies
(K, intervals of 0.05 K). The values are averaged over June–November and only those values that pass a Student’s t test
to 95% are shaded. The columns, from left to right, show the anomalies averaged over the Atlantic Basin (80W–0W) and
Pacific Basin (120E–120W). The rows, from top to bottom, show the response in the V&P and 0.1 × 0.9hem (fixed
longwave [LW]) optical regimes.

Looking at the zonal structure of these Northern Hemisphere regions in our most extreme cases, we do indeed
see noticeable shifts in the jets (Figure 5). Plotted alongside air temperature anomalies, the zonal wind com-
ponent follows the thermal wind relationship for much of the regions between 10N and about 50N. In the
V&P case the anomalies westerlies in both the Atlantic and Pacific lay over the regions of increased gradi-
ent in equator-to-pole surface temperature (40N–50N). Meanwhile, the anomalous equatorial easterlies in
the Atlantic occur over a region of surface cooling from the added dust plume (10N–30N), while those in
the Pacific occur over a region of anomalous surface warming (20N–40N). Together, these anomalies are all
centered on low- to middle-tropospheric warm anomalies.

Conversely, in the 0.1 × 0.9hem (fixed LW) case, the anomalous midlatitude easterlies overlay regions of
decreased gradient in equator-to-pole surface temperature for both the Atlantic (30N–50N) and Pacific
(40N–60N) Basins. Simultaneously, the subtropical anomalous westerlies occur over regions of decreased sur-
face temperature for both basins. Again, these anomalies are centered on midtropospheric cool anomalies, in
proper balance with the thermal wind relationship.

3.4. Precipitation Anomalies
The simulated precipitation anomalies due to an increase in Saharan-born dust (Figures 4g–4l and Table S1,
fourth column) are again much more heterogeneous than the previous anomalies. While unsurprisingly most
of the precipitation anomalies appear to be focused in the tropics, the lack of a significant globally averaged
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Figure 6. The Saharan dust–induced zonally averaged, latitudinal anomalies in the position of the Intertropical
Convergence Zone (ITCZ), as defined by the latitudinal maxima in convective precipitation over the ocean. The shading
of each line represents the relative scattering of dust in each optical regime with warmer colors representing less
scattering dust and cooler colors representing more scattering dust. LW = longwave.

change in precipitation suggests a regional balance of total precipitation. When taken as a whole, it appears
that more absorbing dust causes an increase in tropical precipitation in the Northern Hemisphere and a
decrease in the Southern Hemisphere while more scattering dust causes a decrease in Northern Hemisphere
tropical precipitation and an increase in Southern Hemisphere precipitation. While the response under the
dust plume is also due to a local convective changes (Strong et al., 2015), these global equator-centric anoma-
lies could be due to larger-scale changes in the location of the Intertropical Convergence Zone (ITCZ) (Wilcox
et al., 2010; Woodage & Woodward, 2014) as it follows the warmer hemisphere. In fact when tracking the
annual position of the ITCZ, as defined by the zonally averaged latitudinal maxima in convective precipita-
tion over the oceans (Figure 6), we see that for absorbing dust the global ITCZ shifts northward across all
months while for the more scattering dust regimes the ITCZ shifts generally southward. Interestingly, the
largest responses do not occur in the most absorbing or scattering regimes.

The largest regional changes occur in the area of the WAM and have been the subject of multiple studies
(Mahajan et al., 2012; Miller et al., 2004; Solmon et al., 2012; Strong et al., 2015; Yoshioka et al., 2007). Here
we observe in the most absorbing optical regimes (Figures 4g–4i) that we get a general increase in the pre-
cipitation across the WAM region, up to 2.5 mm/day in the V&P case. However, as we increase the scattering
properties of the dust, we drastically change the sign of this response to negative in the 0.1 × 0.9hem and
0.1× 0.9hem (Fixed LW) regimes, exceeding −1.5 mm/day (Figures 4k and 4l). These anomalies can feed onto
the strength or weakness of the WAM, respectively.

Moving to the Tropical Atlantic Ocean, we observe a significantly negative precipitation anomaly in every opti-
cal regime, with various spatial patterns. In the most absorbing V&P and 2.7hem cases there is a strong neg-
ative anomaly focused on the Western Atlantic Ocean and Caribbean Sea with anomalies up to −4 mm/day
across Central America (Figures 4g and 4h). This negative anomaly stretches north into the Central Atlantic
Basin and slightly south of the equator, enveloping the weaker positive eastern Atlantic and Gulf of Guinea
precipitation anomalies. As the scattering of dust increases, the pattern begins to shift such that there is a
negative anomaly along the southern border of the dust plume, extending from West Africa to the Lesser
Antilles, abutting a positive anomaly extending from South America (Figures 4j–4l). These summertime pre-
cipitation anomalies can be indicative of changes to major tropical ocean precipitating systems such as
tropical cyclones.
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Of final note, we observe that the Indian subcontinent has significant changes to its simulated precipitation.
In the most absorbing regimes there is a net increase in precipitation of almost 2 mm/day (Figures 4g and
4h), while in the most scattering cases there is a net decrease of up to −1 mm/day (Figures 4k and 4l). These
anomalies could be indicative of changes to the Indian monsoon system and would have significant impact
on any circulation features in the region but are outside the main interest of this study.

4. Tropical Cyclone Anomalies
4.1. Simulated Anomalies
The global tropical cyclone genesis and track density anomalies due to an increase in Saharan-born dust, as
determined by our TC tracking routine, are plotted in Figure 7 where the contours represent anomalies in
genesis or track density while the shading represents the percent change as given by the formula:

Percent Change =
2 × (DensityFull Dust − DensityReduced Dust)

DensityFull Dust + DensityReduced Dust
× 100% (1)

Similarly, the anomalous accumulated cyclone energy (ACE) for various basins is provided in Table S2 and is
defined by the formula:

ACE =
∞∑

TC=1

∞∑

t=1

vmax,TC(t)2 (2)

where the first summation is over every storm in a given basin in a given season, the second summation is
over the length of time a given storm is active, and vmax,TC(t) is the maximum sustained wind velocity of the
active tropical-cyclone-like vortex at a given time (t) using 6-hourly data. Seasonal ACE is a useful measure of
basin-wide tropical cyclone activity as it incorporates changes to storm quantity, storm intensity, and storm
duration providing a qualitative measure of basin-wide total TC activity (Bell et al., 2000).

We observe that in our simulations an increase of Saharan-born dust has substantial impacts to the global TC
climatology. In every optical regime, there is a significant decrease in North Atlantic TC genesis events with
the strongest response in the most absorbing and most scattering cases (Figures 7a–7f ). In the V&P optical
regime, dust causes over 0.5 fewer storms per year, which is over 75% of the modeled climatology (Figure 7a).
In the 0.1 × 0.9hem (Fixed LW) optical regime, dust causes a little over 0.25 fewer storms per year, which
is around 50% of the model’s climatology (Figure 7f ). This effect is weakened in the more moderate optical
regimes of 1.5hem and 0.9hem where there are less than 0.25 fewer storms per year and only about a 20%
change from the model’s climatology (Figures 7c and 7d). These anomalies are primarily focused in the main
development region (MDR) of the North Atlantic, between 10∘N–25∘N and 80∘W–20∘W, with an emphasis
towards its easternmost boundary.

The genesis anomalies translate to decreased TC activity across the North Atlantic where again, we have the
largest changes in the most absorbing and most scattering optical regimes (Figures 7g–7l). There are anoma-
lies up to −2 storm days per year in the MDR for the V&P regime, which is over 75% of the climatology in
that region, and additional negative anomalies, which overlay the traditional northwestward track of most
Cape Verde style storms up to the southeastern United States (Figure 7g). Interestingly, while the negative
anomalies in the 0.1 × 0.9hem (fixed LW) regime are of comparable magnitude, the peak anomalies appear
to be shifted farther west from North Africa than the previous example but still maintain a similar westward
extent (Figure 7l). And again, the weakened impact of the 1.5hem and 0.9hem dust means there is a weak-
ened response in the TC track density (Figures 7i and 7j). These results are corroborated by the anomalies in
ACE (Table S2), which show a significant decrease in tropical cyclone activity for each optical regime and with
maximum anomalies occurring in the V&P regime.

Surprisingly, there are also significant anomalies in other basins around the globe, particularly in the northern
Pacific and Indian Oceans. Focusing first on the northeast Pacific Basin, we see a strong east/west dipole
develop in the V&P regime with decreased activity directly off the west coast of Central America amounting
to over 0.25 less storms per year and over 1.5 less storm days per year (Figures 7a and 7g). These anomalies
are balanced by those just west of 240∘E and into the central North Pacific Basin where we see anomalies
exceeding 0.25 more storms per year and over 1.5 more storm days per year, in a band focused tightly around
15∘N. However, the spatial scale of the positive anomalies far outweighs that of the negative anomalies,
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Figure 7. The TC genesis and lifetime-track density anomalies due to an increase in Saharan dust, comparable to the observed changes between the 1960s
and 1980s, with differing optical properties. The shading denotes the percent change while the contours represent the absolute anomaly with a contour interval
of 0.25 storm per year for TC genesis density and 0.5 day per year for TC track density. The values are indicative of changes over a 10∘ × 10∘ grid centered
on each grid cell, and only those values with absolute magnitude larger than 0.1 storm per year for TC genesis density or 0.25 day per year for TC track density
are shaded. The left column shows the TC genesis density anomalies (storms spawned per year), while the right column shows the TC lifetime-track density
anomalies (days with storm present per year). The rows, from top to bottom, show the response in the V&P, 2.7hem, 1.5hem, 0.9hem, 0.1 × 0.9hem, and
0.1 × 0.9hem (fixed longwave [LW]) optical regimes and are ordered by increased scattering of dust.

leading to a net increase in TC activity as measured by ACE (Table S2). The density anomalies slowly decrease
in magnitude as we transition to more scattering optical regimes with the far eastern negative anomalies
decreasing by the 1.5hem optical regime, allowing for the largest increase in basin-wide TC activity as mea-
sured by ACE (Figures 7c and 7i and Table S2). Unlike in the North Atlantic, the largest and most homogeneous
anomalies exist in only the most absorbing dust cases. While we get positive track density anomalies above
1 more storm day per year in the 0.1 × 0.9hem (fixed LW) case (Figure 7l), the overall pattern is much more
heterogeneous than in the V&P, 2.7hem, and 1.5hem cases.

In the northwestern Pacific Basin our simulations show an interesting trend in TC activity. Despite TC genesis
density anomalies never exceeding ±0.5 storms per year, we note some of the largest global anomalies in TC
track density, indicating a change primarily in storm lifetime and not storm occurrence. In both the V&P and
2.7hem optical regimes values can exceed 2 more storm days per year (Figures 7g and 7h). There is also an
interesting spatial pattern that develops as we transition to more scattering regimes. In the V&P dust case,
there is a large north/south gradient in TC track density anomalies with negative anomalies generally between
15∘S–15∘N and positive anomalies generally north of 15∘N, signifying a potential shift in TC activity northward

STRONG ET AL. 5549



Journal of Geophysical Research: Atmospheres 10.1029/2017JD027808

into the subtropical Northern Hemisphere (Figure 7g). This spatial pattern flips signs by the 0.1× 0.9hem and
0.1× 0.9hem (fixed LW) cases where there are now positive anomalies generally between 15∘S and 15∘N and
negative anomalies generally north of 15∘N, although these are weaker in the 0.1 × 0.9hem (fixed LW) case,
potentially implying a shift of TC activity into the deep tropics and toward the south (Figures 7k and 7l).

Lastly, in the Indian Ocean we note relatively large changes in TC genesis density as well as TC track density,
primarily in the most extreme optical regimes with absolute maximum values centered in the region between
0∘S–15∘S and 60∘E–100∘E. Again, there is an interesting transition as we move from more absorbing to more
scattering dust. For the most absorbing dust cases we get a significant decrease of −0.5 storms per year and
upward of−2 storm days per year (Figures 7g and 7h) in parts of the basin. But as we move to the 0.1×0.9hem
and 0.1×0.9hem (fixed LW) regimes, we get significant increases of over 0.5 storms per year and well over 3.5
storm days per year in these same areas (Figures 7k and 7l). When taken together with the anomalies across
the West Pacific, it appears as if there is a transition from shifting TC genesis and development to the north in
the most absorbing cases (V&P and 2.7hem) and to the south in the most scattering cases (0.1 × 0.9hem and
0.1 × 0.9hem [fixed LW]). It is important to note that while some of these absolute anomalies in the northern
Pacific and Indian Oceans are on the order of or larger than those in the North Atlantic, they represent only a
small percentage change from the model’s climatology, usually at most around 25%.

4.2. Comparison to Observations
As was stated in the methodology section, our choice of dust atmospheric loading climatology was influenced
by the period of low dust transport away from the Sahara in the late 1960s compared with the period of high
dust transport in the mid-1980s through early 1990s as measured at Barbados (Prospero & Lamb, 2003). These
two periods represent the extremes in the direct observational record and as such presented a rich opportu-
nity for a sensitivity study. While not an exact comparison, our simulations can be viewed as idealizations of
the climate state in these two periods and thus lead us to compare our modeled TC anomalies with those of
the real world.

We collect the observed TC record from the International Best Track Archive for Climate Stewardship data set
(Schreck et al., 2014) and calculate the percent change from the 5-year periods 1965–1970 and 1983–1988,
periods roughly centered on the maximum and minimum dust transport over Barbados in the observational
record (Prospero & Lamb, 2003). These results are compared with the total percent change between the
200-year full and reduced dust simulations for each optical regime and presented in Figure 8.

While incorrect for much of the Pacific Basin, the most striking comparison occurs in the North Atlantic where
our simulated TC anomalies explain between 10% and 150% (depending on the optical properties of the dust)
of the observed trend of 30% fewer storm days per year. Interestingly, the most similar percent difference
occurs in our most artificial optical regime of 0.1 × 0.9hem (fixed LW), while the optical regimes regarded as
most accurate of Saharan dust, V&P and 2.7hem, either over or under estimate the observed trend, respec-
tively. A possible explanation of this result may be due to the mixing of dust aerosols with purely scattering
aerosols such as sulfate or nitrate. It has been shown that the extinction efficiency of dust decreases from
observations as ammonia concentrations increase (Ginoux, Clarisse, et al., 2012)

As to be expected, the more middle-of-the-road optical regimes of 1.5hem and 0.9hem display minimal per-
cent changes when compared with the observations as they were also the simulations with the smallest
climate perturbations. On the whole, however, every optical regime simulates a negative trend in TC activity
across the North Atlantic as was observed between the late 1960s and mid-1980s.

Other basins around the world do not share the same relationship between our simulations and the observed
trend. In the northeast Pacific Basin, our simulations show an increase in TC activity anywhere between 3%
and 7%, which is of the same sign as the observations but dwarfed by the substantial 40% increase in observed
TC activity. This may indicate that while Sahara dust has a nonnegligible impact on northeastern Pacific TCs,
it is not the primary driving mechanism. Interestingly, the largest changes occur in the most intermediate of
optical properties, 2.7hem, 1.5hem, and 0.9hem. Meanwhile, in the northwestern Pacific our simulations have
the complete opposite sign from the observed trend in every optical range, which was originally expected
considering the distance between the forcing and response regions.

Lastly, in the Southern Hemisphere the observations of both the South Pacific and Indian Oceans show a
general increase in TC activity. Meanwhile, our simulations show a common pattern of decreasing TC activ-
ity for the most absorbing optical regimes and increasing TC activity for the most scattering optical regimes,
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Figure 8. A comparison between the observed anomalies in total TC activity and the simulated anomalies due to an
increase in Saharan dust, comparable to the observed changes between the 1960s and 1980s, with differing optical
properties across several basins. The observations are drawn from the IBTrACS data set (Schreck et al., 2014) and
calculated as the percent difference between the periods 1960–1965 and 1983–1988 for each basin. Each bar represents
the percent difference in total TC activity across individual basins with the shading representing the single scattering
albedo of 1 𝜇m dust at 550 nm of each optical regime. The bars, from left to right, show the response in the observations
and V&P, 2.7hem, 1.5hem, 0.9hem, 0.1 × 0.9hem, and 0.1 × 0.9hem (fixed LW) optical regimes and are ordered by
increased scattering of dust. IBTrACS = International Best Track Archive for Climate Stewardship; LW = longwave.

with the obvious exclusion of the V&P dust case in the South Pacific. This means that the closest our simula-
tions get to representing the observed trend in Southern Hemisphere TC activity is in the 0.1 × 0.9hem and
0.1 × 0.9hem (fixed LW) regimes. In fact, the 0.1 × 0.9hem case in the Indian Ocean is the closest to resolv-
ing the actual observed trend, which again may be explained by the decreased extinction efficiency of dust
aerosols when mixed with purely scattering aerosols, a trait not accounted for in these simulations.

5. Impact of Dust on Tropical Cyclone-Related Parameters

Understanding what drives changes in individual tropical cyclones, let alone their basin-wide climatologies, is
a monumental task and the subject of numerous prior studies. Much of this research has pointed toward the
influencing effects of low-level vorticity, vertical wind shear, midlevel vertical velocity, midlevel moisture, and
sea surface temperature anomalies. In addition, several other quantities have shown utility in TC development
prediction such as the presence of convective precipitating systems as well as upper ocean heat content, max-
imum potential surface wind speed, surface to midlevel entropy deficit, and lower-level atmospheric thermal
structure anomalies.

These metrics have been compiled into empirically derived formulations of the likelihood for a tropical storm
to develop given the local conditions, called genesis potential indices (GPIs). In addition to examining the
individual metrics, we will also explore the GPIs developed by Emanuel and Nolan (2004), Emanuel (2010),
Tippett et al. (2011), Gray (1979), and Royer et al. (1998). Hereafter, these will be referred to as EN04, E10, T11,
G79, and R98, respectively. To focus on the regions in which our model simulates tropical cyclogenesis, we
follow the protocol of Held and Zhao (2011) and genesis weight the GPIs and metrics using the formula:

[M(x, y)]G =
G(x, y)M(x, y)

G(x, y)
(3)

where M(x, y) is the spatial map of monthly means of the metric of choice, G(x, y) is the spatial map of
monthly means of the genesis density for the reduced dust simulation, and the overline is an average over the
12 months. As these GPIs are point forecast formulas and we are interested in more regional scale changes,
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Figure 9. A comparison between the simulated anomalies in North Atlantic TC genesis events and the simulated
anomalies in genesis potential indices due to an increase in Saharan dust, comparable to the observed changes
between the 1960s and 1980s, with differing optical properties across several basins. Each bar represents the
basin-averaged anomalies in TC genesis events from the tropical cyclone tracking scheme or as predicted from several
genesis-weighted genesis potential indices. The bars, from left to right, show the response in the TC tracking scheme
and as predicted from the genesis potential indices of Emanuel and Nolan (2004), Emanuel (2010), Tippett et al. (2011),
Gray (1979), and Royer et al. (1998). Each set of bars is normalized by its maximum absolute value across the six dust
optical regimes. CM2.5-FLOR = CM2.5 Forecast-oriented Low Ocean Resolution version.

we average over each individual basin and compare them to the results from our TC tracking routine. Our goal
is to find a basin-wide explanation for each basin’s simulated tropical cyclone anomaly rather than focus on
subregions of individual basins.

5.1. North Atlantic
We begin in the North Atlantic by calculating the basin average of the genesis-weighted GPI anomalies
(Figure 9). Our aim is to find an index that not only is the same sign as the simulated TC genesis density
anomalies but also get the relative magnitudes between optical regimes correct, namely, the largest anoma-
lies in the most absorbing and most scattering regimes and the smallest anomalies in the middle-of-the-road
regimes. To this end, we normalize the anomalies of each index by their absolute maximum values across the
optical regimes.

We note that, save for two instances of the E10 index in the most scattering regimes, all GPIs predict a decrease
in North Atlantic tropical cyclone activity. Similarly, all but the G79 index predict the largest decrease in basin-
wide TC activity in the V&P optical regime. However, none of the common GPIs are able to predict the
simulated pattern of largest decreases occurring in the V&P and 0.1 × 0.9hem (Fixed LW) regimes while
simultaneously lowest in the most moderate of optical regimes. The closest is the G79 index; however, it is
monotonically decreasing as the scattering by dust increases from 2.7hem to 0.1×0.9hem regimes. Instead, we
must turn to each of the individual TC development parameters mentioned above, which the basin-averaged,
genesis-weighted values are listed along side the basin-averaged TC track density anomalies in Table S3. Our
goal with this analysis is to find a parameter that has a sign consistent with what is expected from the literature
for a given change in TC activity across all optical property regimes (e.g., increased TC activity generally occurs
with increased sea surface temperatures, not the opposite) and whose relative magnitude across the optical
regimes is the same as the relative magnitudes of the TC track density anomalies (e.g., the largest change in
TC activity should occur in the same optical regime as the largest change in the TC development parameters
and vice versa).

For the purely dynamics-related variables (Table S3), given a decrease in tropical cyclone activity, we should
expect a decrease in absolute vorticity anomalies as well as an increase in vertical wind shear. However, we
see that neither of these parameters consistently have the correct sign given the simulated basin-wide TC
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anomalies across optical property regimes. This is further emphasized at the local level (Figure S2, first and
second columns) where, even though the largest changes occur in the tropical North Atlantic, the patterns
largely flip sign as dust goes from more absorbing to more scattering, which in turn leads to inconsistent
comparisons with the simulated TC density anomalies. Conversely, the midlevel vertical pressure velocity,
which should increase for a given decrease in TC activity as suggested by Held and Zhao (2011), does in
fact have the correct sign across all optical regimes. However, the vertical velocity values are monotonically
decreasing with increasing scattering, which is not in line with the pattern of TC density anomalies. At the
local level, this is evidenced by large-scale, and fairly strong, subsidence anomalies across the North Atlantic
in the V&P case, which decrease in extent and magnitude with increasing scattering by dust (Figure S2, third
column). These same issues with consistent trends also arise in the moisture (Figure S3) and vertically inte-
grated quantities (Figure S5) where we should expect general midlevel drying, decreased convective rainfall,
decreased maximum potential wind speed, increased entropy deficit, and decreased gradient of equivalent
potential temperature for a given decrease in TC activity with the largest anomalies in the most absorbing and
scattering cases.

Interestingly, the most consistent set of variables are the temperature-related relative sea surface temperature
and upper ocean heat content (Figure S4), which, for a given decrease in TC activity, should be expected to
decrease in tandem. Both get the correct sign of anomalies to match those expected from the TC density
anomalies, but the relative magnitudes between the 0.9hem and 0.1×0.9hem cases cause an exception. This
may suggest a strong ocean influence on Atlantic TC variability as suggested by Wang et al. (2012).

As none of the common TC development parameters can consistently explain the anomalies we see in TC track
density across the North Atlantic, we must search for another answer. Dust’s impact to climate is highly depen-
dent on its ToA net radiative flux anomaly (Miller et al., 2014). This would suggest that if we compare dust’s ToA
radiative perturbation with the basin-averaged TC statistics, we may find a possible relationship. To narrow in
on the predictive behavior of this relationship, we calculate dust’s LW and SW radiative flux anomaly over the
North Atlantic MDR and plot it against the basin-wide ACE anomalies for each optical regime (Figure 10).

What we observe is a strictly monotonic relationship between the net ToA radiative imbalance over the MDR
and the ACE anomaly for the entire basin. The most scattering and most absorbing regimes cause the largest
ToA radiative anomalies as well as have the largest ACE anomalies. Meanwhile, the more moderate optical
regimes of 1.5hem and 0.9hem have the smallest ToA radiative flux anomalies in addition to the smallest
ACE anomalies. This would appear to suggest that dust’s radiative effects over the main TC-generating region
of the North Atlantic affect the entire TC climatology of the basin. It also appears that the basin-wide ACE
anomalies also show the most sensitivity to the ToA longwave anomalies in the most scattering cases and the
most sensitivity to the ToA shortwave anomalies in the most absorbing cases.

5.2. Northeast and Central Pacific
While our original focus was on the impacts across the North Atlantic Basin, the simulated anomalies across
the Indo-Pacific Basins demand an investigation. Despite their apparent disagreement with the observations,
we may be able to glean information about the larger-scale impact of dust on the tropics. A full examination
of this would require a separate study, so we will only provide a brief overview of some possible explanations
here. Looking first at the northeast Pacific, we again look at the aforementioned TC development parameters
averaged across the basin and compare them to the basin-averaged TC track density anomalies (Table S4).

In the northeast Pacific, the TC track density anomalies are all positive and actually largest for the more
moderate optical regimes of 2.7hem, 1.5hem, and 0.9hem. As was common in the North Atlantic, no one
basin-averaged parameter consistently explains the simulated basin-wide TC track density anomalies, and in
fact each variable has the wrong sign at least once for each optical regime. However, it appears that the ver-
tical shear (Figure S3, second column), midlevel vertical velocity (Figure S3, third column) and relative sea
surface temperature (Figure S4, first column) come closest to the simulated TC track density anomalies. This
can be seen at the regional level where in the V&P case we have strong shear and subsidence along the Central
American coastline and weakened shear, general ascent, and surface warming in the central Pacific, which
becomes more insignificant with increasing scattering by dust. This perhaps suggests a nonlocal atmospheric
bridge-type response reminiscent of Ham et al. (2013) and Kucharski et al. (2015).

In this situation, the drastic cooling of the North Atlantic in the spring months leads to a central Pacific
ENSO-like state the following fall by setting up a low-level anticyclonic circulation across Central America
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Figure 10. The accumulated cyclone energy anomalies across the North Atlantic due to an increase in Saharan dust,
comparable to the observed changes between the 1960s and 1980s, with differing optical properties. The x axis is the
top of atmosphere shortwave anomaly (positive downwards; W/m2) averaged across the North Atlantic main
development region, while the y axis is the top of atmosphere longwave anomaly (positive downwards; W/m2)
averaged across the North Atlantic main development region. The size of each circle represents the North Atlantic
basin-averaged accumulated cyclone energy anomaly for each optical regime with each number being the exact value
(104 kts−2). The shading of each circle represents the single scattering albedo of 1-𝜇m dust at 550 nm of each optical
regime. ACE = accumulated cyclone energy; MDR = main development region; ToA = top of the atmosphere; SSA =
Single Scattering Albedo.

and a cyclonic circulation over the central to western Pacific Ocean. As the largest TC density anomalies are in
the V&P and 0.1 × 0.9hem (Fixed LW) regimes, we examine the potential for this type of nonlocal response in
those two regimes (Figure 11).

In the V&P case, we see the strong relative cooling of the tropical North Atlantic Ocean across all seasons. There
is a semipermanent cyclonic circulation that sets up off the coast of Northwest Africa. Across the northeastern
Pacific there are easterly winds reaching west of Central America, which are strongest in the boreal summer
months and a weaker cyclonic circulation in the central Pacific, which is strongest in the boreal spring and
summer months. These wind anomalies would lead to a central Pacific ENSO-like state, which is associated
with TC density anomalies in the central Pacific and decreased amounts off the western Central American
coastline (Kim et al., 2011).

In the 0.1×0.9hem (fixed LW) case, there is again persistent surface cooling across much of the tropical North
Atlantic but instead a semipersistent anticyclonic circulation off the coast of Northwest Africa and almost
no surface anomalies across the tropical North Pacific Ocean. Thus, the atmospheric bridge hypothesis does
not seem to be as accurate for the most scattering regimes, possibly due to a general atmospheric cooling
response as shown by Strong et al. (2015), which may offset any increase in convective activity.

5.3. Northwest Pacific and Indian
Finally, transitioning to the Indo-Pacific Basins, we once again calculate individual basin-averaged TC parame-
ters (Tables S5 and S6). Focusing first on the northwest Pacific Basin, there is even more disagreement between
the listed parameters and the TC track density anomalies. No single parameter is able to capture the large
increase in TC track density for the 2.7hem case and the lowest values for the 0.9hem and 0.1 × 0.9hem cases
while simultaneously capturing the correct sign of the anomalies. Although on a regional scale, the low-level
absolute vorticity (Figure S2, first column) in the most absorbing and scattering cases does seem to come
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Figure 11. The Saharan dust–induced anomalies across the North Atlantic and northeast Pacific Basins during boreal
spring, summer, and fall seasons. The shading represents tropical relative sea surface temperature anomalies (K),
the vector arrows represent the 2-m reference level wind anomalies (m/s), and the contours represent TC lifetime-track
density as described in Figure 7. The left column shows the seasonal anomalies in the Volz & Patterson optical regime,
while the right column shows the seasonal anomalies in the 0.1 × 0.9hem (fixed longwave [LW]) optical regime. From
top to bottom, the rows display the March-April-May (MAM), June-July-August (JJA), and September-October-November
(SON) anomalies, respectively.

closer to the regional patterns of TC density anomalies with a north-south seesaw in the tropical northwest
Pacific. Meanwhile, in the South Indian Basin there are two potential candidates, namely, the vertical wind
shear and the convective precipitation. While both do not perfectly match the pattern of a generally increas-
ing level of TC activity or show similar patterns at a local level to the simulated TC density anomalies (Figure S2,
first column and Figure S3, second column), they do consistently get the signs correct and could suggest
a larger-scale atmospheric-based mechanism, perhaps one which could also explain the anomalies in the
northwest Pacific Basin.

Looking for nonlocal explanations of the simulated TC track density anomalies, we again return to Figure 7 and
note that while focusing on the Indo-Pacific region, it appears that there is a general shift of TC activity from the
north in the most absorbing cases to the south in the most scattering cases. For the V&P optical regime,
this means an increased level of TC activity to the North in the Northern Hemisphere and decreased activity
through the equator and into the Southern Hemisphere. However, as we increase the level of scattering, this
trend reverses and instead we have increased convective activity in the Southern Hemisphere and decreased
activity farther to the north. This may be due to the substantial heating or cooling we are imposing with our
Saharan dust perturbations, respectively, affecting the general hemispheric energy balance and associated
circulation features.

We calculate the dust-induced anomalies in the zonally averaged meridional heat transport by both the atmo-
sphere and ocean (Figure 12) and indeed see a reversal in cross-equatorial heat transport between the most
absorbing and most scattering dust optical regimes. For the most absorbing dust regimes, there is a strong
southward transport of heat out of the Northern Hemisphere deep tropics from about 0∘–10∘N, split approx-
imately equally between atmosphere and ocean components. The atmosphere component would indicate
an increase in Northern Hemisphere tropical convection to initialize this heat transport. In the most scattering
regimes, there is a strong cross-equatorial heat transport into the Northern Hemisphere tropics. This would
need to be offset by an increase in Southern Hemisphere tropical convection. These anomalies would lead to
a shift in the main convecting regions, and thus opportunities to generate tropical cyclones, into the relatively
warmer hemisphere. In general, this also tracks the position of the ITCZ, and the meridional heat transport
anomalies here are in line with the changes we saw in Figure 6. They additionally manifest themselves in the
far-field simulated changes to TC density across the Indo-Pacific Basins.
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Figure 12. The Saharan dust–induced zonally averaged, meridional heat transport anomalies. From top to bottom,
the rows show the total, atmosphere-only, and ocean-only meridional heat transport anomalies, respectively, in units of
terrawatts (TW). The shading of each line represents the relative scattering of dust in each optical regime with warmer
colors representing less scattering dust and cooler colors representing more scattering dust.

6. Conclusions

Saharan dust accounts for one of the largest regional aerosol forcings in the world. Due to its climatological
advection westward, dust can induce substantive direct interactions with the climate across the tropical North
Atlantic. In particular, it can lead to significant anomalies in the North Atlantic’s main development region for
tropical cyclones and thus has the potential to alter North Atlantic hurricane statistics. We have explored this
impact from a climate perspective using the fully coupled GFDL CM2.5-FLOR model using realistic variations
in atmospheric burden of Saharan dust across a wide range of aerosol optical regimes.

We found that Saharan-born dust affects the climate state in a similar fashion to previous studies. There is a dis-
tinctly opposite response from our most absorbing regimes to our most scattering regimes in several common
variables. The more absorbing dust leads to a net positive radiative flux anomaly at the ToA over North Africa,
whereas the more scattering dust causes a net negative radiative flux anomaly at the ToA over North Africa.
Saharan-born dust in all optical regimes causes a significant negative radiative flux over the North Atlantic
at the ToA. In addition, due to the solar dimming effect of dust, all cases see a negative net radiative flux at
the surface underneath the dust plume anomaly. These radiative anomalies lead either directly or indirectly
to other global anomalies in surface air temperature and precipitation. And while many of these anomalies
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are strongest in the area directly influenced by the dust plume, there are significantly large anomalies in other
regions such as the equatorial Pacific and the Indian subcontinent.

We utilized a TC tracking scheme to determine how Saharan-born dust affects the climatological TC statistics
in various basins of the world. As was predicted, we saw that Saharan-born dust causes a significant decrease in
TC activity across the North Atlantic Basin in nearly every optical regime, to varying magnitudes. In comparison
to observations over the period idealized by our model simulations, we found that our variations in Saharan
dust could explain nearly all of the observed trend depending on the optical regime used. Simultaneously,
there were unexpectedly large TC anomalies in nearly every other basin across the globe with some of the
largest anomalies occurring in the West Pacific and Indian Oceans, albeit anomalies that only accounted for
a small percentage of the model’s natural climatology. The agreement with observations for these anomalies
was less striking than those in the North Atlantic.

To understand these TC anomalies, we examined several common predictive variables for TC activity. Many
of the most common GPI’s failed to coherently predict TC changes in the North Atlantic. An examination of
their constituent variables similarly led to inconclusive results. However, when considering other uncommon
utilities, we found that there was a monotonic relationship between North Atlantic Basin–wide ACE anomalies
and Saharan dust–induced ToA radiative anomalies across the MDR. In other basins of the world, we put forth
several theories to explain the observed TC anomalies. In the East and central Pacific, we hypothesize that the
simulated TC anomalies are due to the established linkage between East Pacific circulations and the North
Atlantic whereby certain ENSO-like states are stimulated. Conversely, in the West Pacific and Indian Oceans,
we theorize that the TC anomalies are due in part to large-scale hemispheric shifts of the primary zones of
convective activity.

This study, while interesting in results, has a number of important limitations. First is the prescribed aerosol
forcing, which neglects the aerosol-induced changes on dust emissions through varying surface winds and
aridity, which can be an important feedback on the climate system. Similarly, the lack of a time-evolving
aerosol atmospheric loading limits the ability to directly compare this study’s results to observations. The
model itself is limited both by dynamics and parameterizations. The resolution of CM2.5-FLOR is high enough
to get a reasonable TC climatology but is not high enough to have a proper distribution of storm intensity,
instead preferentially simulating weaker TCs. Additionally, the lack of including the aerosol indirect effect in
the model limits the results of this study as dust-cloud microphysical interactions have the potential for redis-
tributing energy within tropical cyclones, which could impact their duration and strength. Finally, while the
inclusion of a fully dynamic ocean is novel for this study, the simulation time would have to be extended
substantially to include any deeper ocean impacts, which may be of consequence for paleoclimate work.

Due to dust’s regional mineralogical heterogeneity, it would be a worthwhile venture to explore how imple-
menting several concurrent dust aerosols with differing optical properties in a single model simulation would
affect our results. This could be initiated by studies focusing on how altering emissions of dust from various
source subregions, rather than the entire Sahara, affects the climate state. Additionally, a more realistic histori-
cal simulation could help in the comparison of Saharan dust’s impact on tropical cyclones to the observational
record.

Our findings support several notions of Saharan-born dust’s impact to the climate as well as illuminate some
new global-scale impacts. They also reinforce the notion that dust’s climate impact is highly dependent on
the choice of optical regime, leading to nearly opposite climate states given the balance between a dust
aerosol’s absorption and scattering abilities. While a direct comparison to observations is not possible given
the idealized nature of this work, our findings relating a modeled decrease in TC activity across the North
Atlantic to a similar trend in the observational record has significant implications for future simulations and
predictive work.
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