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Abstract:    24 

During the 2012 deployment of the NASA Hurricane and Severe Storm Sentinel (HS3) field 25 

campaign, several flights were dedicated to investigating Hurricane Nadine.  Hurricane Nadine 26 

developed in close proximity to the dust-laden Saharan Air Layer, and is the fourth longest-lived 27 

Atlantic hurricane on record, experiencing two strengthening and weakening periods during its 28 

22-day total lifecycle as a tropical cyclone.  In this study, the NASA GEOS-5 atmospheric 29 

general circulation model and data assimilation system was used to simulate the impacts of dust 30 

during the first intensification and weakening phases of Hurricane Nadine using a series of 31 

GEOS-5 forecasts initialized during Nadine’s intensification phase (12 September 2012).  The 32 

forecasts explore a hierarchy of aerosol interactions within the model: no aerosol interaction, 33 

aerosol-radiation interactions, and aerosol-radiation and aerosol-cloud interactions 34 

simultaneously, as well as variations in assumed dust optical properties.  When only aerosol-35 

radiation interactions are included, Nadine’s track exhibits sensitivity to dust shortwave 36 

absorption, as a more absorbing dust introduces a shortwave temperature perturbation that 37 

impacts Nadine’s structure and steering flow, leading to a northward track divergence after 5 38 

days of simulation time.  When aerosol-cloud interactions are added, the track exhibits little 39 

sensitivity to dust optical properties.  This result is attributed to enhanced longwave atmospheric 40 

cooling from clouds that counters shortwave atmospheric warming by dust surrounding Nadine, 41 

suggesting that aerosol-cloud interactions are a more significant influence on Nadine’s track than 42 

aerosol-radiation interactions.  These findings demonstrate that tropical systems, specifically 43 

their track, can be impacted by dust interaction with the atmosphere.   44 

 45 

 46 
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1.  Introduction 47 

During northern hemisphere summer, African Easterly Waves (AEWs) originating from 48 

continental North Africa can develop into tropical disturbances that propagate westward to the 49 

tropical North Atlantic (Burpee et al. 1974; Thorncroft et al. 2001; Kiladas et al. 2006; Chen et 50 

al. 2008).  Often, these disturbances develop in close proximity to the dry Saharan Air Layer 51 

(SAL), which is frequently laden with dust aerosols (Carlson and Prospero, 1972; Karyampudi, 52 

1999) and are advected westward as part of propagating AEWs (Jones et al. 2003; Wong et al. 53 

2009; Knippertz et al. 2010).  Recently, there has been increased interest in understanding how 54 

dust aerosols within the SAL interact with developing tropical disturbances originating from 55 

Africa (Dunion and Velden 2004; Reale et al. 2009; Reale et al. 2011).   However, despite 56 

several efforts to determine how dust interacts with these disturbances, our understanding 57 

remains uncertain, as there are conflicting findings as to whether dust acts to inhibit or enhance 58 

tropical cyclogenesis, and to the specific mechanisms that drive dust-tropical cyclogenesis 59 

interaction. 60 

The dust laden SAL can impact tropical cyclogenesis interacting directly with radiation 61 

and indirectly with cloud processes.  Aerosol-radiation impacts include perturbations to storm 62 

dynamics caused by the scattering and absorption of light by dust within or near a tropical 63 

system. Dunion and Velden (2004) suggested that the warm and dry SAL serves as a mechanism 64 

for increased atmospheric stability, which can be augmented by heating within the SAL dust 65 

layer by dust absorption of solar and infrared radiation, with dust thus acting to inhibit tropical 66 

cyclogenesis.  Similarly, Reale (2009, 2011) found that dusty SAL intrusions into a developing 67 

tropical system increase atmospheric stability by inducing a heating dipole with warming aloft 68 

and cooling below due to absorption within the elevated dust layer.  Evan et al. (2006, 2008) and 69 
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Lau and Kim (2007) found that Saharan dust outbreaks and tropical cyclogenesis were anti-70 

correlated and both Evan et al. (2008) and Lau and Kim (2007) suggested that solar absorption 71 

by dust reduces sea surface temperatures (SSTs), serving as a mechanism for inhibiting tropical 72 

cyclogenesis.  In contrast, Bretl et al. (2015) found that permitting dust aerosol-radiation 73 

interaction had no influence on the number of developing versus non-developing tropical 74 

disturbances using an aerosol-climate model.   Similarly, Braun et al. (2013) found observational 75 

evidence that the dusty SAL had little apparent impact on the development of Hurricane Helene 76 

(2006), despite a significant presence during storm development.  77 

 Aerosol-cloud interactions between dust and tropical cyclogenesis include modification 78 

of cloud and precipitation processes due to the presence of dust.  Rosenfeld et al. (2001), DeMott 79 

et al. (2003), and Twohy (2015) found observational evidence that dust readily serves as cloud 80 

condensation nuclei (CCN) or ice nucleating particles (INP), thereby providing a mechanism for 81 

dust to impact cloud microphysics and precipitation.  Rosenfeld et al. (2001) found that dust-82 

produced CCN reduce cloud-particle effective radii and, ultimately, impact precipitation.  More 83 

recently, however, several studies have been focused on understanding the interaction between 84 

dust and cloud processes for tropical systems.  In a series of idealized model simulations, Zhang 85 

et al. (2007) showed that dust acting as CCN can reduce mean cloud droplet diameter, impacting 86 

storm diabatic heating, thermodynamic structure, and intensity.  On the other hand, Jenkins et al. 87 

(2008) and Jenkins and Pratt (2008) found observational evidence that Saharan dust can 88 

invigorate precipitation by serving as CCN and IN, suggesting that dust entrainment serves as a 89 

mechanism for enhancing tropical convection. 90 

 In this study, we investigate aerosol-radiation and aerosol-cloud interaction between dust 91 

and Hurricane Nadine (2012) during its first intensification and weakening phases.  Hurricane 92 
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Nadine developed from an AEW in close proximity to a dust-laden SAL, and was the fourth 93 

longest-lived Atlantic hurricane on record, experiencing two strengthening and weakening 94 

periods during its lifetime (Braun et al. 2016).  We focus on Hurricane Nadine because it was 95 

coincident with the first deployment of the NASA Hurricane and Severe Storm Sentinel (HS3) 96 

field campaign, which provided airborne observations of dust vertical profiles in conjunction 97 

with in-situ meteorological observations.  While Munsell et al. (2015) explored the sensitivity of 98 

Nadine’s simulated track to an ensemble of dynamically perturbed boundary conditions, the 99 

impacts of dust on Hurricane Nadine have yet to be explored.   100 

We investigate the impacts of dust on the first intensification and weakening phases of 101 

Hurricane Nadine using simulations performed with the NASA Goddard Earth Observing 102 

System version 5 (GEOS-5) atmospheric general circulation model and data assimilation system 103 

to explore the impacts of dust during the first intensification and weakening phases of Hurricane 104 

Nadine.  In a series of high spatial resolution GEOS-5 simulations, we initialize from the 105 

meteorological analysis state and simulate Nadine without any aerosol-atmosphere interaction, 106 

with only direct (aerosol-radiation) interaction (i.e. absorption and scattering) with the 107 

atmosphere, and with both direct and indirect (i.e. aerosol-cloud interaction) interaction using a 108 

two-moment cloud microphysics scheme that has recently been implemented within GEOS-5 109 

(Barahona et al. 2014).  Additionally, we explore the sensitivity of Nadine to dust absorption by 110 

varying the assumed dust optical properties in the simulations that permit aerosol-radiation 111 

interaction and both aerosol-radiation and aerosol-cloud interaction in order to explore the 112 

sensitivity of Nadine to dust absorption.  This work is novel in that it presents global high-113 

resolution simulations of a tropical system with various considerations for how dust is permitted 114 

to interact with the atmosphere.  Moreover, while several previous studies have been focused on 115 
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dust interactions during the development phase of tropical cyclogenesis, our results are the first 116 

to focus on exploring the role of dust during the intensification and weakening phases of a 117 

tropical system. 118 

 In Section 2, we present an overview of the NASA HS3 field campaign.  Section 3 119 

provides a description of the data products used in our analysis, and Section 4 provides a 120 

description of the GEOS-5 modeling system and an overview of our simulation setup.  Results 121 

and a subsequent discussion of the radiative impacts of dust on Hurricane Nadine are provided in 122 

Sections 5 and 6, respectively.  Conclusions are provided in Section 7. 123 

 124 

2. The NASA HS3 Field Campaign 125 

From 2012-2014, the NASA HS3 Earth Venture Suborbital (EV-S) airborne field 126 

campaign (https://espo.nasa.gov/hs3/) was based at the NASA Wallops Flight Facility (WFF) in 127 

Wallops Island, Virginia.  HS3 was focused on improving the understanding of the processes that 128 

impact tropical cyclogenesis and intensity change and utilized two NASA unmanned Global 129 

Hawk aircraft flying at a high altitude (~20 km) with long range (~20,000 km), equipped with 130 

“environmental” and “over-storm” payloads, respectively (Braun et al. 2016).  During the 2012 131 

deployment, the environmental payload flew over Hurricane Nadine 5 times (11-12, 14-15, 19-132 

20, 22-23, and 26-27 September) with the goals of examining the impact of the SAL on intensity 133 

change, the interaction of the storm with environmental shear, and outflow-layer characteristics.  134 

Owing to the long flight range provided by the Global Hawk and duration of up to 26 hours, the 135 

environmental payload was able to observe the evolution of Hurricane Nadine from an AEW off 136 

the coast of Africa through its two strengthening and one of its weakening phases.  For our 137 

analysis, we utilize two instruments from the environmental payload, the Cloud Physics Lidar 138 
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(CPL) (McGill et al. 2002) and the Advanced Vertical Atmospheric Profiling System (AVAPS) 139 

dropsonde system (Hock and Franklin 1999). 140 

 141 

3. Data Sources 142 

3.1  CPL 143 

CPL is a multi-wavelength (355, 532, 1064 nm) high-repetition rate (5 kHz) elastic 144 

backscatter lidar developed at NASA Goddard Space Flight Center (GSFC) to measure the 145 

vertical profiles of clouds and aerosols from high altitude aircraft (McGill et al. 2002).  Primary 146 

CPL measurements include the total attenuated backscatter at each wavelength and 147 

depolarization ratio at 1064 nm.  CPL data is provided at 200 m resolution in the horizontal and 148 

30 m in the vertical (McGill et al. 2002).  During the HS3 campaign, CPL provided observations 149 

of dust vertical profiles and their proximity to developing tropical systems. 150 

3.2  AVAPS 151 

AVAPS dropsondes provide vertical profiles of temperature, pressure, relative humidity, 152 

wind speed, and wind direction with a sampling frequency of 0.5 seconds at altitudes up to 24 153 

km (Hock and Franklin 1999). During HS3, up to 88 dropsondes were used per flight to 154 

characterize storm intensity, storm outflow, and environmental characteristics, including 155 

identification of the SAL.   156 

3.3  MODIS 157 

The Moderate Resolution Imaging Spectroradiometer (MODIS) instruments onboard the 158 

sun-synchronous, polar orbiting NASA Terra (10:30 A.M. local equator crossing time) and Aqua 159 

(13:30 P.M. local equator crossing time) satellites provide column retrievals of aerosol optical 160 

thickness (AOT) at a nominal 10  10 km2 horizontal resolution.  Here we use gridded MODIS 161 
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Terra Level 3 AOT retrievals at 550 nm from collection 5.1 algorithms (Remer et al., 2005; Levy 162 

et al., 2010).    163 

 164 

4. The NASA GEOS-5 Model and Simulation Setup 165 

The NASA GEOS-5 Earth system model and data assimilation system, developed by the 166 

NASA Goddard Global Modeling and Assimilation Office (GMAO), provides simulations of 167 

weather and climate for NASA instrument teams and the scientific community (Rienecker at al. 168 

2008).  In addition to traditional meteorological quantities, such as winds and temperature, 169 

GEOS-5 simulates atmospheric composition, notably aerosols (Colarco et al. 2010), which can 170 

be radiatively coupled to the atmosphere (Chou and Suarez 1994; Colarco et al. 2014).  A near-171 

real time forward processing (FP)  and data assimilation system is run at GMAO, which includes 172 

traditional meteorological data assimilation (Reinecker et al. 2008) and assimilation of aerosols 173 

based on satellite-derived AOT products (Buchard et al. 2015; Nowottnick et al. 2015; Randles 174 

et al. 2017; Buchard et al. 2017 ).  Additionally, Nowottnick et al. (2015) describes the GEOS-5 175 

lidar signal simulation capability.  Owing to these forecasting and data assimilation capabilities, 176 

GEOS-5 forecasts were a valuable resource for guiding mission operations and flight planning 177 

involving dusty SAL outbreaks during HS3, and the same modeling system forms the basis of 178 

the subsequent scientific analysis presented here.  179 

Aerosols are simulated in GEOS-5 with an online version of the Goddard Chemistry, 180 

Aerosol, Radiation, and Transport (GOCART) model (Chin et al. 2002; Colarco et al. 2010).  181 

GOCART simulates emission and removal processes of five aerosol species: dust, sea salt, 182 

sulfate, black carbon, and organic carbon.  Dust is partitioned into 5 non-interacting size bins that 183 

span 0.1 and 10 m in radius.  A more in-depth description of the treatment of dust in GEOS-5 is 184 
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provided in Nowottnick et al. (2010, 2011) and Colarco et al. (2014).  Dust optical properties are 185 

derived by assuming a spheroidal particle shape distribution and are drawn from a pre-computed 186 

database of non-spherical dust particle properties (Meng et al. 2010), as described in Colarco et 187 

al. (2014).  For the Nadine simulations, we consider two sets of refractive indices for dust, an 188 

observationally derived set of refractive indices described in Colarco et al. (2014), and refractive 189 

indices from the Optical Properties of Aerosols and Clouds database (OPAC) (Hess et al. 1998), 190 

the latter of which are more absorbing at shortwave wavelengths with a 550 nm single scattering 191 

albedo of 0.88 compared to 0.92 for the dust optical properties derived from observations 192 

(Colarco et al. 2014).  Our consideration of two sets of dust optical properties are meant to 193 

explore the sensitivity of Nadine to dust absorption and represent uncertainty associated with 194 

measurements of the dust refractive index (Balkanski et al. 2007) owing to different minerology 195 

associated with various dust source regions, as well as external and internal dust mixtures.  196 

Aerosol optical quantities (e.g. extinction, backscatter) are determined from the simulated 197 

aerosol mass using pre-computed look-up tables that provide mass and backscattering 198 

efficiencies, particulate depolarization ratio, and phase function, all as a function of wavelength, 199 

relative humidity, and dry particle size.   200 

Recently, efforts have been made to parameterize aerosol-cloud interaction via an 201 

implementation of a two-moment cloud microphysics scheme for stratiform (Morrison and 202 

Gettelman, 2008) and convective clouds (Barahona, et al. 2014) in GEOS-5, which explicitly 203 

calculates the microphysical processes that impact cloud droplets and ice crystals.  Simulated 204 

aerosol mass is converted to number concentrations for activation using log-normal size 205 

distribution parameters from Lance (2004).  In the two-moment cloud microphysics scheme 206 

formulation, both homogenous and heterogeneous freezing is permitted, and the ice number 207 



 10 

concentrations are functions of the atmospheric state, updraft velocity, deposition coefficient, 208 

and aerosol number concentrations (Barahona et al., 2010a).   209 

In the current formulation of the two-moment microphysics scheme in GEOS-5, dust is 210 

activated as ice nuclei in the immersion and contact modes (Barahona et al. 2014). This means 211 

that the partitioning between liquid and ice within convective and stratiform clouds is linked to 212 

the presence of dust and other INP. It should be noted that other aerosol species in the model can 213 

serve as cloud condensation nuclei (Barahona et al. 2014), and the number concentrations of 214 

sulfate, sea salt and organic CCN exceeds those of dust by several orders of magnitude. 215 

Therefore, in this configuration, it is expected that dust would serve a more significant role 216 

acting as INP than as CCN during the storm development.  217 

To investigate dust impacts on Hurricane Nadine, we consider five baseline aerosol forecast 218 

experiments, all initialized from the same GEOS-5 FP assimilation analysis state of aerosols and 219 

meteorology.  The subsequent evolution of the aerosol distributions in each forecast experiment 220 

is then controlled by emission, transport, and removal processes simulated in GOCART, and not 221 

impacted by any further aerosol or meteorological data assimilation.  Our forecast experiments 222 

were run at a global ~25 km horizontal resolution on a cubed-sphere grid (Putman and Suarez 223 

2011), with 72 vertical levels that are terrain following near the surface and transitioning to 224 

pressure-following at about 180 hPa, with a model top of ~85 km.  We also use results from the 225 

GEOS-5 FP analysis over the period of this event. 226 

The specific aerosol-atmosphere interactions considered are outlined in Table 1.  The first 227 

simulation was run with no interaction (NI) between aerosols and the atmosphere.  Next, 228 

interaction between aerosols and radiation is considered, using weakly absorbing observation-229 

based (WA) and strongly absorbing OPAC (SA) dust optical properties.  Finally, simulations that 230 
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use both the radiation and two-moment cloud microphysics scheme are conducted in order to 231 

investigate aerosol-cloud-radiation interaction with our weakly (WACM) and strongly (SACM) 232 

absorbing dust optical properties.  It should be noted that the simulations do not permit 233 

interaction between the atmosphere and ocean, and that simulations are forced with sea surface 234 

temperatures (SSTs) from the Operational Sea Surface Temperature and Sea Ice Analysis 235 

(OSTIA) (Donlon et al. 2012). 236 

Our free-running forecast experiments are initialized from the GEOS-5 FP assimilation 237 

state at 2100 UTC 12 September 2012, and are run for 10 days.  Several hours prior to our 238 

forecast experiment initialization time, the HS3 “environmental” Global Hawk flew over Nadine 239 

for the first time during its transition from a tropical depression to a tropical storm from 11-12 240 

September 2012.  Figure 1 depicts the dust near developing Nadine, showing the daily composite 241 

550-nm total aerosol optical thickness (AOT) on 12 September from MODIS Terra (Fig. 1a) and 242 

vertical profiles of 532-nm total attenuated backscatter from CPL onboard the Global Hawk (Fig. 243 

1c).  We note that neither the MODIS Terra nor Aqua sensors were able to observe dust on the 244 

western side of Nadine due to sun glint, or directly over Nadine due to the presence of clouds.  245 

Additionally, CPL was affected by glass moisture condensation on the instrument window and 246 

telescope, as well as attenuation by clouds during the first 4 legs of the flight over Nadine and 247 

the SAL, therefore only the components of the flight where dust was observed and CPL was not 248 

affected by lens condensation is shown.  Despite these limitations, MODIS Terra observed a 249 

broad region of dust to the east of Nadine, which was also observed by CPL on the latter legs of 250 

the flight.  Figure 1b shows the 550-nm total AOT from the GEOS-5 FP assimilation state 251 

nearest the MODIS Terra observation time at 1300 UTC 12 September, and Figure 1d shows the 252 

GEOS-5 simulated 532 nm total attenuated backscatter sampled along the Global Hawk track.  253 
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Where coincident with MODIS Terra, the GEOS-5 FP assimilation produces a similar spatial 254 

distribution and magnitude of AOT as shown in the MODIS data.   Compared with CPL, GEOS-255 

5 captures the magnitude and vertical extent of the elevated dust between 2-5 km, and when 256 

combined with the comparison to MODIS Terra, the GEOS-5 FP assimilation used to initialize 257 

the free running forecast simulations provides a realistic representation of the horizontal and 258 

vertical distribution of dust near Nadine. 259 

The 10-day GEOS-5 simulation period covers the period of Nadine’s strengthening from 260 

a tropical storm (30 m s-1) to a hurricane (36 m s-1) on 14 September, followed by the first 261 

weakening phase (15-22 September), notably weakening back to a tropical storm strength (30 m 262 

s-1) on 17 September.  The simulations are initialized on 12 September to allow aerosol feedback 263 

to Nadine to emerge during the first weakening phase, as Reale et al. (2014) found statistically 264 

significant aerosol impacts on storm vorticity after 5 days of simulation time.   265 

 266 

5. Evaluation of Hurricane Nadine Simulations 267 

Figure 2 shows the simulated track, minimum surface pressure, and maximum wind 268 

speed for the GEOS-5 forecasts and FP assimilation compared to the best track provided by the 269 

National Oceanic and Atmospheric Administration (NOAA) National Hurricane Center (NHC) 270 

(http://www.nhc.noaa.gov/data/tcr/AL142012_Nadine.pdf).  Comparing GEOS-5 simulated 271 

tracks (Fig. 2a), we see that the FP assimilation matches the observed track very well, while 272 

there is variability between our forecasts both with respect to the observations and with each 273 

other.  The NI and WA simulated tracks are comparable to one another and simulate Nadine 274 

farther to the east than observed.  Additionally, this result shows that the less-absorbing dust has 275 

little impact on the simulated track compared to the NI simulation.  However, comparing our 276 
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WA and SA simulations, we find a divergence in the simulated track beginning on 17 277 

September, where the SA track turns to the north, showing that when only aerosol-radiation 278 

interaction is simulated, Nadine’s track is indeed very sensitive to dust absorption, which is 279 

explored further in Section 6.  The simulations that included two-moment microphysics 280 

(WACM, SACM) move more slowly to the east between 15-18 September compared to the NHC 281 

best track and the NI, WA, and SA simulations, but have better agreement with the NHC best 282 

track at the end of the 10 day simulation period.  Most notably, unlike the simulations with only 283 

aerosol-radiation interaction, the WACM and SACM simulations showed little sensitivity to dust 284 

optical properties.  Simulated GEOS-5 minimum surface pressure (Fig. 2b) and maximum wind 285 

speed (Fig. 2c) for the free-running forecast simulations are comparable to each other and the FP 286 

assimilation during the first 5 days of simulation, but then exhibit considerable variability 287 

coincident with divergence in their simulated tracks (Fig. 2a).  Compared to observed intensity 288 

and minimum surface pressure, the simulated storms never reach Category 1 intensity and obtain 289 

their maximum wind speed and minimum surface pressure 3 days later than observed.  290 

Comparisons between simulated track, minimum surface pressure, and maximum wind speed 291 

show that our 25-km horizontal-resolution simulations reasonably represent the NHC best track 292 

track, but struggle to capture the timing of simulated minimum surface pressure and maximum 293 

wind speeds.  We speculate that higher resolution simulations would improve the representation 294 

of storm dynamics, but we did not explore this here because of the computational expense.   295 

On 14-15 September, the Global Hawk overflew Nadine (1500 UTC 14 September-1100 296 

UTC 15 September) for a second time, immediately following Nadine’s transition from a tropical 297 

storm (30 m s-1) to a category 1 hurricane (36 m s-1), despite strong environmental vertical wind 298 

shear and a notable SAL presence surrounding the system.  Figure 3 shows the observed vertical 299 
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profile of total attenuated backscatter from CPL along the flight track, and the co-located profiles 300 

from the GEOS-5 FP assimilation and free-running simulations.  During the flight, segments of 301 

the CPL observations were again affected by lens condensation issues and attenuation by clouds, 302 

as indicated on the figure.  Figure 4 shows the flight track overlaid on the corresponding 303 

simulated AOT. Due to similarity between the NI and WA simulations, we only show the WA 304 

simulation in both Figures 3 and 4.  CPL observed elevated dust layers on several legs of the 305 

flight (Fig. 3), with the three regions of strongest backscatter near the eastern ends of the flight 306 

legs (Fig. 4). The variability of the CPL backscatter is captured in the GEOS-5 FP assimilation 307 

and the free running simulations.  Additionally, the simulations exhibit little variability between 308 

one another during this time, as only 24-36 hours of simulation time has elapsed, but all indicate 309 

the presence of the elevated SAL near Nadine.  We note that enhanced total attenuated 310 

backscatter near the surface in each GEOS-5 simulation is due to the presence of seasalt aerosol, 311 

resulting from strong surface winds over the ocean.   312 

Figure 4 shows the dust AOT and surface pressure at 1700 UTC 14 September, and 850-hPa 313 

winds sampled at dropsonde locations and times along the Global Hawk track for the GEOS-5 314 

simulations.  In Fig. 4a, we show the observed AVAPS dropsonde winds at the 850-hPa pressure 315 

surface, with the GEOS-5 FP assimilation dust AOT and surface pressure overlaid (as in Fig. 316 

4b), as MODIS observations of AOT surrounding Nadine were limited due to the presence of 317 

clouds on this day.  Figure 4 shows the similarity between the GEOS-5 FP assimilation and all of 318 

the forecast simulations, showing the proximity of the dust-laden SAL near Hurricane Nadine, 319 

with dust wrapping from east to west along the northern side of the storm.  While only 36 hours 320 

into the simulations, subtle differences between the experiments begin to emerge.  First, there is 321 

more dust to the north and west of Nadine in the FP assimilation than in any of the forecasts.  322 
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This higher AOT is a direct result of assimilating AOT in prior days in the GEOS-5 FP 323 

assimilation, which corrects the simulated column mass loading when and where MODIS AOT 324 

observations are available.  Next, there is less dust to the west of Nadine’s center in the 325 

simulations that use the two-moment cloud microphysics (WACM and SACM) than in the 326 

simulations that do not (WA and SA).  Finally, comparing the 850-hPa winds in Fig. 4, we find 327 

that while the wind fields between the forecasts are quite similar, subtle differences in wind 328 

speed and direction begin to emerge to the east and southeast of Nadine, where the dust AOT 329 

within the SAL is in close proximity to Nadine.    330 

In Fig. 5, we show the wind profile for an AVAPS dropsonde (see triangle in Fig. 4) and the 331 

GEOS-5 simulated profiles within Nadine’s tropical environment  to the west of the boundary 332 

with the SAL, where we see subtle differences in simulated wind fields in close proximity to the 333 

SAL.  While only a single dropsonde profile is shown, other nearby dropsonde profiles that 334 

sampled southerly flow associated with Nadine’s tropical environment along the boundary with 335 

the SAL provided similar results.  Comparing the GEOS-5 profiles to AVAPS, the two 336 

simulations that include the two-moment microphysics scheme (WACM, SACM) best match the 337 

observed wind speeds and directions, followed by the FP assimilation, which does not include 338 

two-moment microphysics but is impacted by the assimilation of meteorological observations. 339 

The simulations that do not include two-moment microphysics fail to capture the observed wind 340 

structure, and instead simulate a broad region of enhanced winds from near the surface to about 5 341 

km.   342 

 343 

6. Dust Impacts on the Track of Hurricane Nadine 344 
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While the Global Hawk flight on 14-15 September provide useful observations for validating 345 

our GEOS-5 forecasts, substantial differences between the simulated tracks are not evident until 346 

17 September (Fig. 2), where the SA simulation diverts to the northwest compared to the other 347 

simulated tracks, demonstrating a sensitivity to the assumed dust optical properties in our 348 

simulations that only permit aerosol-radiation interaction.   Here, we investigate the dynamical 349 

response responsible for the divergence in the SA track by performing a series of ensemble-like 350 

perturbations to the dust optical properties in the simulations that only permit aerosol-radiation 351 

interactions.  We first replace the less absorbing dust with the more absorbing dust optical 352 

properties at 24-hour increments into the WA simulation.  Similarly, we then replace the more 353 

absorbing dust with the less absorbing dust at 24-hour increments into the SA simulation.  In Fig. 354 

6, we show the sensitivity of Nadine’s simulated track to these perturbations. All of the 355 

simulations starting with more absorbing dust (SA) move to the northwest late in the simulations 356 

no matter when the optical properties are switched to less absorbing dust. For the WA 357 

simulations, all move to the east no matter when the optical properties are switched to more 358 

absorbing dust. Thus, there is little impact on the simulated track, demonstrating that in both 359 

cases the perturbation to the dynamical environment occurs within the first 24 hours of the 360 

simulation, even though significant impacts on the track do not emerge until days 4-5.   361 

We further targeted the source of the perturbation to Nadine’s track in the SA experiment by 362 

performing additional ensemble-like perturbations, where the weakly absorbing dust was 363 

replaced with the strongly absorbing dust at 3 hour increments within the first 24 hours of 364 

simulation time.  From these additional perturbations, we found that the simulation in which 365 

weakly absorbing dust was replaced with strongly absorbing dust at 0900 UTC 13 September 366 

yielded a track that followed the SA track, while a simulation making this switch at 1200 UTC 367 
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13 September yielded a track that followed WA (Fig. 7a).  This result suggests that the difference 368 

in simulated tracks between the WA and SA simulations results from a shortwave radiative 369 

perturbation, as sunrise occurs between 0900 and 1200 UTC 13 September at the position of 370 

Nadine. Figure 7b shows the dust AOT from the simulation in which weakly absorbing dust was 371 

replaced by strongly absorbing dust at 1200 UTC 13 September (AOT is similar for all 372 

simulations at this time) and the 0-5 km vertically averaged 0900-1300 UTC total temperature 373 

difference [K] (shaded) due to aerosol shortwave radiative effects between WA simulations 374 

switched to more absorbing dust at 0900 and 1200 UTC at 1300 UTC 13 September 2012.  We 375 

find an increase in temperature throughout the horizontal and vertical extent of the SAL due to 376 

shortwave absorption by dust where the highest dust AOT is in close proximity to Nadine in our 377 

simulation initialized at 0900 UTC, suggesting that the track deviation in the SA simulation 378 

results from a dynamical response related to the additional absorption by dust near sunrise. 379 

We next explore the impact of the shortwave radiative temperature perturbation in the WA 380 

and SA simulations on the dynamical structure of Hurricane Nadine.  Figure 8 shows Nadine’s 381 

dynamic response to  dust radiative forcing for both sets of dust optical properties by showing 382 

the storm centric meridional winds and shortwave radiative temperature tendency due to aerosols 383 

for west-east transects through the center of Nadine at times of notable storm structure difference 384 

during 13 – 17 September period for the WA and SA simulations.  At 1800 UTC on 13 385 

September, the vortex depth, meridional winds and dust concentrations are similar between the 386 

simulations, however, the SA aerosol shortwave temperature tendency within the dusty SAL is 387 

notably stronger when compared to the WA simulation.  Two days later at 1800 UTC on 15 388 

September, a secondary wind maximum above the aerosol shortwave temperature perturbation is 389 

evident in the SA simulation that is not yet present in the WA simulation.  One day later at 1200 390 
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UTC 16 September, the secondary wind maximum emerges in the WA simulation, while there is 391 

a broad region of enhanced low-level southerly winds in the SA simulation.  At this time, the 392 

WA and SA tracks begin to diverge (Fig. 2).  Fig. 9, which shows the dust AOT, 850-hPa winds, 393 

and 850-hPa heights at 1200 UTC 16 September, and here we find greater westerly flow to the 394 

east of Nadine in close proximity to the SAL in the WA simulation, compared to the more 395 

southerly flow in the SA simulation.  At 1200 UTC on 17 September, the storm structure in the 396 

WA simulation is similar to the SA structure on 16 September, while low-level southerly winds 397 

in the SA simulation extend to higher altitudes compared to the previous day.  Owing to similar 398 

vortex depth between the WA and SA simulations between 13 – 17 September, storm centric 399 

meridional and zonal steering winds below 7 km within an 8 latitude by longitude box are 400 

shown in Fig. 10.  Consistent with the timing of divergence between the WA and SA tracks, we 401 

find enhanced southerly steering flow beginning on 16 September in the SA simulation, one day 402 

prior to the WA simulation.  The timing of the enhanced SA southerly steering flow coincides 403 

with the timing of the secondary wind maximum, suggesting that the storm is impacted by 404 

different steering currents owing to the size and structure of the storm.  This result is consistent 405 

with previous studies by Fiorino and Elsberry (1989) and Chan and Gray (1982), who showed 406 

that the steering flow experienced by a tropical storm has a dependence on the size of the storm.  407 

Prior to 16 September, the zonal steering flow is comparable between the simulations, then 408 

diverge when the SA storm changes direction from an eastward to northwest trajectory.   409 

Comparing the WA and SA simulations, simply varying dust absorption can impact storm 410 

size by introducing a larger shortwave temperature perturbation that induces a secondary wind 411 

maximum approximately 24 hours earlier than the simulation using the weakly absorbing dust, 412 

which has implications for the steering flow that the storm experiences.  In this case, the impacts 413 
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on the storm track are drastic, as the enhanced westerly and reduced southerly steering flow to 414 

the east of Nadine in the WA simulation on 16 September steers the system to interact with the 415 

trough to the east of Nadine in Fig. 9 on 17 September, leading to a rapid eastward track.  In the 416 

case of the SA simulation, enhanced southerly steering flow on 16 September reduces Nadine’s 417 

interaction with the trough on 17 September (Fig. 9), but rather steers the storm to the north, 418 

where the Azores High steers the storm to the northwest.  Combining this with the sensitivity 419 

experiments presented in Fig. 7a, the shortwave temperature perturbation that impacts storm 420 

structure and steering flow that the storm experiences can be traced to the first few hours of 421 

sunlight on 13 September, with a dynamical response of the storm to the shortwave aerosol 422 

temperature perturbation delayed by approximately 2.5 days, followed by impacts on the storm 423 

track 2 days later. 424 

In contrast to the simulations that only permitted aerosol-radiation interaction, the 425 

simulations that also included two-moment microphysics did not exhibit sensitivity to dust 426 

optical properties and best matched the observed track at the end of the 10 day simulation period.  427 

We now explore the mechanisms responsible for the differences between simulated tracks in the 428 

simulations with and without two-moment microphysics.  To reiterate, the two-moment 429 

microphysics scheme predicts cloud and ice particle number concentration in response to 430 

simulated aerosol loading, in contrast to the single moment cloud microphysics scheme used in 431 

the WA and SA simulations that prescribes the particle size, number, and concentration of the 432 

condensate (Barahona et al. 2014).  For dust, which was treated as an INP in the forecasts, the 433 

effect of implementing the two-moment microphysics is shown in Fig. 11, where the MODIS 434 

Terra ice cloud effective radius at 1330 UTC on 13 September 2012 is compared to simulated 435 

retrievals of MODIS cloud products for the SA and SACM simulations using the Cloud 436 
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Feedback Model Intercomparison Project Observation Simulator Package (COSP, Bodas-437 

Salcedo et al. 2011).  Comparing the simulated retrievals of MODIS ice cloud effective radius 438 

between the SA and SACM simulations (Fig. 11), the spatial distribution of simulated ice cloud 439 

effective radii better represents the observations (Fig. 11a) in the SACM simulation (Fig. 11c) 440 

than in the SA simulation (Fig. 11b).  Modifications to ice cloud effective radius are known to 441 

impact the radiative budget of the atmosphere (Quaas et al. 2008; Rotstayn 1999; Jones and 442 

Slingo 1996), and in Fig. 12, the shortwave aerosol, longwave cloud, and net (shortwave + 443 

longwave) total atmospheric radiative forcings are shown for the SA and SACM simulation at 444 

1300 UTC on 13 September 2012.  The shortwave forcing is nearly identical in both simulations, 445 

but there is enhanced longwave cooling in the SACM simulation owing to the two-moment 446 

microphysics scheme.  In the SA simulation, the relatively lower longwave cooling from clouds 447 

means the net atmospheric radiative forcing has a larger contribution from the shortwave forcing, 448 

while in the SACM simulation the net effect near Nadine is dominated by longwave cooling 449 

which overcomes the shortwave warming that introduces the temperature perturbation and 450 

subsequent dynamical response impacting the storm track in the SA simulation.     451 

The effects of including the two-moment microphysics scheme is also evident in the vertical 452 

structure of Nadine beginning on 14 September (not shown), as a deeper vortex with thicker ice 453 

and water clouds at higher altitudes is simulated in the two-moment microphysics simulations.  454 

This has implications for the steering winds in the WACM and SACM simulations, as we see 455 

reduced zonal steering flow (Fig. 10) in the simulations that include two-moment microphysics 456 

from 14 September to 17 September.  The reduced zonal steering flow allows Nadine to remain 457 

over warmer SSTs (Fig 2a.) for a longer period of time, leading to further vertical development 458 

and a more intense storm in the WACM and SACM simulations (Fig. 2b & Fig. 2c). 459 
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Additionally, the reduced zonal steering flow in the WACM and SACM simulations delays the 460 

interaction between Nadine and the trough to the east of the system (Fig. 9), slowing its eastward 461 

translational speed, allowing for the Azores High to steer Nadine to the south at the end of each 462 

simulation (Fig. 2a).   463 

Finally, as added perturbation experiments, we performed two additional SACM simulations, 464 

one where the number concentration of dust INP was reduced to 10% and another where dust 465 

was permitted to act as a CCN in addition to INP with a CCN efficiency similar to the more 466 

hygroscopic dust from Asian deserts (=0.2, Kumar et al., 2009).  Figure 13 shows the simulated 467 

tracks for the perturbations compared to the observed, SA, and baseline SACM tracks, and we 468 

find that while enabling dust as a CCN has little impact on simulated track, while reducing the 469 

number of available dust INP to 10% yields a track that diverts to the northwest, though later 470 

than the SA simulation.  Combined with Figs. 11 and 12, this result shows that the lack of track 471 

sensitivity to dust optical properties in the WACM and SACM simulations results from indirect 472 

effects of dust acting as an efficient INP, yielding a more realistic representation of clouds.  473 

 474 

7. Conclusions 475 

In this study, we used the NASA GEOS-5 atmospheric general circulation model and 476 

assimilation system to simulate the impacts of dust on the first intensification (12– 15 477 

September) and weakening phases (15 – 22 September) of Hurricane Nadine (2012) during HS3.  478 

Compared to MODIS and CPL observations from the first HS3 flight on 11-12 September, the 479 

GEOS-5 FP assimilation accurately characterized the horizontal and vertical distribution of dust 480 

near Nadine.  Several forecast experiments were initialized from the GEOS-5 FP assimilation 481 

where the nature of the aerosol-atmosphere interaction was varied (no interactive, aerosol-482 
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radiation interaction, aerosol-radiation and aerosol-cloud interaction via two-moment 483 

microphysics), as well as the absorption of our assumed dust optical properties. 484 

We found that when only aerosol-radiation interactions were permitted, Nadine’s track 485 

exhibited sensitivity to dust optical properties.  Through a series of ensemble-like perturbations 486 

where our weakly absorbing dust optical properties were replaced with strongly absorbing dust 487 

optical properties (and vice versa) we found that this sensitivity was established in the first hours 488 

following the initialization of the simulation, coincident with the first sunrise after simulation 489 

initialization (Figs. 6 and 7).  Further analysis showed that dust optical properties with stronger 490 

absorption in the shortwave induced a temperature perturbation that impacted the timing of 491 

Nadine’s structure and size, which had implications for the steering winds that Nadine 492 

experienced (Figs. 8, 9, and 10), and consequently, the interaction of Nadine with large-scale 493 

synoptic features, ultimately affecting the track.  Our findings demonstrated that the shortwave 494 

aerosol temperature perturbation incurred during the first sunrise after initialization resulted in a 495 

dynamical response in Nadine’s structure approximately 2.5 days later, followed by subsequent 496 

impacts on Nadine’s trajectory 5 days after initialization.  These findings support Reale et al., 497 

(2014), who demonstrated that impacts on tropical cyclogenesis from aerosol-radiation 498 

interaction were significant after 5 days of simulation time.  499 

Our best match with the observed wind structure was obtained by implementing two-moment 500 

microphysics in conjunction with aerosol-radiation interaction.  In these simulations, we found 501 

very little sensitivity to assumed dust optical properties and comparing the shortwave aerosol 502 

atmospheric forcing to the longwave cloud atmospheric forcing showed enhanced longwave 503 

cooling from clouds that negates shortwave aerosol atmospheric forcing surrounding Nadine 504 

resulting from to the implementation of the two-moment microphysics scheme, suggesting that 505 



 23 

radiative effects resulting from aerosol-radiation interaction are secondary to aerosol-cloud 506 

interaction for this case study.  Finally, as added perturbations, the impacts of permitting dust to 507 

act as a CCN and reducing the number of dust INP by 10% in simulations using two-moment 508 

microphysics with a more absorbing dust were explored.  We found that permitting dust to act as 509 

a CCN had little impact on Nadine’s track, while reducing the number of dust INP by 10% 510 

yielded a diverted track similar to our aerosol-radiation simulation (SA) using the more 511 

absorbing dust.  This finding demonstrated that the lack of sensitivity of Nadine’s track to dust 512 

optical properties using the two-moment microphysics scheme results from a more realistic 513 

representation of clouds when dust acts as an effective INP.  In contrast, the simulations that use 514 

the single moment scheme simulate less realistic clouds and consequently, owing to a reduced 515 

cloud radiative forcing, exhibit a greater sensitivity to aerosol radiative effects compared to the 516 

real atmosphere.  This finding highlights the importance of including dust interactions as an INP 517 

in simulations of tropical systems developing near the SAL. 518 

We acknowledge that our findings are the result of one series of forecast simulations for a 519 

specific case and that more robust results would be found considering additional case studies 520 

where dust was in close proximity to developing tropical systems.  However, for this specific 521 

case, our series of ensemble-like perturbations where dust optical properties were modified at 522 

different times during the simulation helps to give significance to our finding that absorption by 523 

dust can impact storm tracks when only aerosol-radiation interaction is permitted in global 524 

aerosol simulations.  Finally, our findings highlight the importance of including dust-atmosphere 525 

interactions, particularly dust-radiation and aerosol-cloud interactions, when simulating tropical 526 

systems in proximity to the SAL.  This may be a particular consideration for operational 527 

forecasting centers that do not include aerosol interaction in their forecasts, as our simulations 528 
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demonstrate that the degree of dust interaction can have significant impacts on the track of 529 

tropical systems.     530 

 531 

Acknowledgements.  We would like to thank Oreste Reale for valuable discussion on simulating 532 

tropical systems with aerosol interactions using GEOS-5.  This work and the HS3 mission was 533 

funded by NASA’s Earth Venture Suborbital program at NASA Headquarters.  Simulations were 534 

performed at the NASA Center for Climate Simulation (NCCS).  535 



 25 

8. References  536 

Balkanski, Y., M. Schulz, T. Claquin, and S. Guibert, 2007: Reevaluation of Mineral aerosol 537 

radiative forcings suggests a better agreement with satellite and AERONET data, Atmospheric 538 

Chemistry and Physics, 7(1), 81-95. 539 

 540 

Barahona, D., J. Rodriguez, and A. Nenes, 2010a: Sensitivity of the global distribution of cirrus 541 

ice crystal concentration to heterogeneous freezing, J. Geophys. Res., 115, D23213, 542 

doi:10.1029/2010JD014273.  543 

 544 

Barahona, D., Molod, A., Bacmeister, J., Nenes, A., Gettelman, A., Morrison, H., Phillips, V., 545 

and Eichmann, A., 2014: Development of two-moment cloud microphysics for liquid and ice 546 

within the NASA Goddard Earth Observing System Model (GEOS-5), Geosci. Model Dev., 7, 547 

1733-1766, doi:10.5194/gmd-7-1733-2014. 548 

 549 

Bodas-Salcedo, A., and Coauthors, 2011: COSP: Satellite simulation software for model 550 

assessment. Bulletin of the American Meteorological Society, 92(8), 1023-1043. 551 

 552 

Braun, S. A., Newman, P. A., and Heymsfield, G. M., 2016: NASA’s Hurricane and Severe 553 

Storm Sentinel (HS3) Investigation. Bulletin of the American Meteorological Society, (2016). 554 

 555 

Braun, S. A., Sippel, J. A., Shie, C. L., and Boller, R. A., 2013: The evolution and role of the 556 

Saharan Air Layer during Hurricane Helene (2006). Monthly Weather Review, 141(12), 4269-557 

4295. 558 



 26 

 559 

Bretl, S., Reutter, P., Raible, C. C., Ferrachat, S., Poberaj, C. S., Revell, L. E., and Lohmann, U., 560 

2015: The influence of absorbed solar radiation by Saharan dust on hurricane genesis. Journal of 561 

Geophysical Research: Atmospheres, 120(5), 1902-1917. 562 

 563 

Buchard, V., da Silva, A. M., Colarco, P., Krotkov, N., Dickerson, R. R., Stehr, J. W., Mount, 564 

G., Spinei, E., Arkinson, H. L. and He, H, 2014: Evaluation of GEOS-5 sulfur dioxide 565 

simulations during the Frostburg, MD 2010 field campaign, Atmos Chem Phys, 14(4), 1929–566 

1941, doi:10.5194/acp-14-1929-2014. 567 

 568 

Buchard, V., da Silva, A., Colarco, P., Darmenov, A., Govindaraju, R., Torres, O., Campbell, J., 569 

and Spurr, R., 2015: Using OMI Aerosol Index and Aerosol Absorption Optical Depth to 570 

Evaluate the NASA MERRA Aerosol Reanalysis, Atmos. Chem. Phys., 15, 5743-5760, doi: 571 

10.5194/acp-15-5743-2015. 572 

 573 

Burpee, R. W., 1972: The origin and structure of easterly waves in the lower troposphere of 574 

North Africa. Journal of the Atmospheric Sciences, 29(1), 77-90. 575 

 576 

Carlson, T. N., and Prospero, J. M., 1972: The large-scale movement of Saharan air outbreaks 577 

over the northern equatorial Atlantic. Journal of applied meteorology, 11(2), 283-297. 578 

 579 

Chan, J. C., and Gray, W. M., 1982: Tropical cyclone movement and surrounding flow 580 

relationships. Monthly Weather Review, 110(10), 1354-1374. 581 



 27 

 582 

Chen, T. C., Wang, S. Y., and Clark, A. J., 2008: North Atlantic hurricanes contributed by 583 

African easterly waves north and south of the African easterly jet. Journal of Climate, 21(24), 584 

6767-6776. 585 

 586 

Chin, M., and Coauthors, 2002: Tropospheric aerosol optical thickness from the GOCART 587 

model and comparisons with satellite and Sun photometer measurements. Journal of the 588 

atmospheric sciences, 59(3), 461-483. 589 

 590 

Chou, M.-I. and M. Suarez, 1994: An efficient thermal infrared radiation parameterization for 591 

use in general circulation models. NASA Tech. Mem. 104606, 3, Technical Report Series on 592 

Global Modcling and Data Assimilation. 85 pp.  593 

 594 

Colarco, P., da Silva, A., Chin, M., and Diehl, T., 2010: Online simulations of global aerosol 595 

distributions in the NASA GEOS-4 model and comparisons to satellite and ground-based aerosol 596 

optical depth, J. Geophys. Res., 115, D14207, doi:10.1029/2009JD012820. 597 

 598 

Colarco, P. R., Nowottnick, E. P., Randles C. A., Yi, B., Yang, P., Kim, K.-M., Smith, J. A., and  599 

Bardeen, C. G., 2014: Impact of radiatively interactive dust aerosols in the NASA GEOS-5 600 

climate model: Sensitivity to dust particle shape and refractive index, J. Geophys. Res. Atmos., 601 

119, 753–786, doi:10.1002/2013JD020046. 602 

 603 



 28 

DeMott, P. J., Sassen, K., Poellot, M. R., Baumgardner, D., Rogers, D. C., Brooks, S. D., Prenni, 604 

A. J., and Kreidenweis, S. M., 2003: African dust aerosols as atmospheric ice nuclei, Geophys. 605 

Res. Lett., 30, 1732, doi:10.1029/2003GL017410, 14. 606 

 607 

Donlon, C. J., Martin, M., Stark, J., Roberts-Jones, J., Fiedler, E., and Wimmer, W., 2012: The 608 

operational sea surface temperature and sea ice analysis (OSTIA) system, Remote Sens. Environ., 609 

116, 140–158, doi:10.1016/j.rse.2010.10.017. 610 

 611 

Dunion, J. P., and Velden, C. S., 2004: The impact of the Saharan air layer on Atlantic tropical 612 

cyclone activity. Bulletin of the American Meteorological Society, 85(3), 353-365. 613 

 614 

Evan, A. T., Dunion, J., Foley, J. A., Heidinger, A. K., and Velden, C. S., 2006: New evidence 615 

for a relationship between Atlantic tropical cyclone activity and African dust outbreaks. 616 

Geophysical Research Letters, 33(19). 617 

 618 

Evan, A. T., and Coauthors, 2008: Ocean temperature forcing by aerosols across the Atlantic 619 

tropical cyclone development region. Geochemistry, Geophysics, Geosystems, 9(5). 620 

 621 

Fiorino, M., and Elsberry, R. L., 1989: Some aspects of vortex structure related to tropical 622 

cyclone motion. Journal of the atmospheric sciences, 46(7), 975-990. 623 

 624 

Hess, M., Koepke, P., and Schult, I., 1998: Optical properties of aerosols and clouds: The 625 

software package OPAC. Bulletin of the American meteorological society, 79(5), 831-844. 626 



 29 

 627 

Hill, C., DeLuca, C., Balaji, V., Suarez, M., da Silva, A., and the ESMF Joint Specification 628 

Team, 2004: The Architecture of the Earth System Modeling Framework, Computing in Sci. and 629 

Eng., 6, 1-6. 630 

 631 

Hock, T. F., and Franklin, J. L., 1999: The ncar gps dropwindsonde. Bulletin of the American 632 

Meteorological Society, 80(3), 407-420. 633 

 634 

Jenkins, G. S., and Pratt, A., 2008: Saharan dust, lightning and tropical cyclones in the eastern 635 

tropical Atlantic during NAMMA‐06. Geophysical Research Letters, 35(12). 636 

 637 

Jenkins, G. S., Pratt, A. S., and Heymsfield, A., 2008: Possible linkages between Saharan dust 638 

and tropical cyclone rain band invigoration in the eastern Atlantic during NAMMA‐06. 639 

Geophysical Research Letters, 35(8). 640 

 641 

Jones, A., and Slingo, A., 1996: Predicting cloud‐droplet effective radius and indirect sulphate 642 

aerosol forcing using a general circulation model. Quarterly Journal of the Royal Meteorological 643 

Society, 122(535), 1573-1595. 644 

 645 

Jones, C., Mahowald, N., and Luo, C., 2003: The role of easterly waves on African desert dust 646 

transport. Journal of Climate, 16(22), 3617-3628. 647 

 648 



 30 

Karyampudi, V. M., and Coauthors, 1999: Validation of the Saharan dust plume conceptual 649 

model using lidar, Meteosat, and ECMWF data. Bulletin of the American Meteorological 650 

Society, 80(6), 1045-1075. 651 

 652 

Kiladis, G. N., Thorncroft, C. D., and Hall, N. M., 2006: Three-dimensional structure and 653 

dynamics of African easterly waves. Part I: Observations. Journal of the Atmospheric Sciences, 654 

63(9), 2212-2230. 655 

 656 

Knippertz, P., and Todd, M. C., 2010: The central west Saharan dust hot spot and its relation to 657 

African easterly waves and extratropical disturbances. Journal of Geophysical Research: 658 

Atmospheres, 115(D12). 659 

 660 

Kumar, P., Nenes, A., and  Sokolik, I. N., 2009: Importance of adsorption for CCN activity and 661 

hygroscopic properties of mineral dust aerosol. Geophysical Research Letters, 36(24). 662 

 663 

Lance, S., Nenes, A., and Rissman, T. A., 2004: Chemical and dynamical effects on cloud 664 

droplet number: Implications for estimates of the aerosol indirect effect, J. Geophys. Res., 109, 665 

D22208, doi:10.1029/2004JD004596. 666 

 667 

Lau, K. M., and Kim, K. -M., 2007: Cooling of the Atlantic by Saharan dust. Geophysical 668 

Research Letters, 34(23). 669 

 670 



 31 

Levy, R. C., Remer, L. A., Kleidman, R. G., Mattoo, S., Ichoku, C., Kahn, R., and Eck, T. F., 671 

2010: Global evaluation of the Collection 5 MODIS dark-target aerosol products over land, 672 

Atmos. Chem. Phys., 10, 10,399–10,420, doi:10.5194/acp-10-10399-2010. 673 

 674 

McGill, M. J., Hlavka, D. L., Hart, W. D., Scott, V. S., Spinhirne, J., and Schmid, B., 2002: 675 

Cloud physics lidar: Instrument description and initial measurement results, App. Opt., 41, 3725–676 

3734. 677 

 678 

Meng, Z., Yang, P., Kattawar, G. W., Bi, L., Liou, K. N., and Laszlo, I., 2010: Single-scattering 679 

properties of tri-axial ellipsoidal mineral dust aerosols, A database for application to radiative 680 

transfer calculations, Journal of Aerosol Science, 41(5), 501-512. 681 

 682 

Morrison, H., and Gettelman, A., 2008: A new two-moment bulk stratiform cloud microphysics 683 

scheme in the Community Atmosphere Model, version 3 (CAM3). Part I: Description and 684 

numerical tests. Journal of Climate, 21(15), 3642-3659. 685 

 686 

Munsell, E. B., Sippel, J. A., Braun, S. A., Weng, Y., and Zhang, F., 2015: Dynamics and 687 

predictability of Hurricane Nadine (2012) evaluated through convection-permitting ensemble 688 

analysis and forecasts. Monthly Weather Review, 143(11), 4514-4532. 689 

 690 

Nowottnick, E., Colarco, P., Ferrare, R., Chen, G., Ismail, S., Anderson, B., and Browell, E., 691 

2010: Online simulations of mineral dust aerosol distributions: Comparisons to NAMMA 692 



 32 

observations and sensitivity to dust emission parameterization. Journal of Geophysical 693 

Research: Atmospheres, 115(D3). 694 

 695 

Nowottnick, E., Colarco, P., da Silva, A., Hlavka, D., and McGill, M., 2011: The Fate of 696 

Saharan Dust Across the Atlantic and Implications for a Central American Dust Barrier, Atmos. 697 

Chem. Phys., 11, 8415-8431, doi:10.5194/acp-11-8415-2011. 698 

 699 

Nowottnick, E. P., Colarco, P .R., Welton, E. J., and da Silva, A., 2015: Use of the CALIOP 700 

vertical feature mask for evaluating global aerosol models, Atmos. Meas. Tech., 8, 3647–3669, 701 

doi:10.5194/amt-8-3647-2015. 702 

 703 

Quaas, J., Boucher, O., Bellouin, N., and Kinne, S., 2008: Satellite‐based estimate of the direct 704 

and indirect aerosol climate forcing. Journal of Geophysical Research: Atmospheres, 113(D5). 705 

 706 

Randles, C. A., da Silva, A., Buchard, V., Colarco, P. R., Darmenov, A. S., Govindaraju, R. C., 707 

Smirnov, A., Ferrare, R. A., Hair, J. W., Shinozuka, Y., and Flynn, C., 2016: The MERRA-2 708 

Aerosol Reanalysis, 1980-onward, Part I: System Description and Data Assimilation Evaluation. 709 

J. Clim. 710 

 711 

Reale, O., Lau, K. M., Kim, K. -M., and Brin, E., 2009: Atlantic tropical cyclogenetic processes 712 

during SOP-3 NAMMA in the GEOS-5 global data assimilation and forecast system, J. Atmos. 713 

Sci., 66, 3563–3578, doi:10.1175/2009JAS3123.1. 714 

 715 



 33 

Reale, O., Lau, K. M., and da Silva, A., 2011: Impact of an interactive aerosol on the African 716 

easterly jet in the NASA GEOS-5 global forecasting system, Weather Forecast., 26(4), 504–519, 717 

doi:10.1175/WAF-D-10-05025.1. 718 

 719 

Reale, O., Lau, K. M., da Silva, A., and Matsui, T., 2014: Impact of assimilated and interactive 720 

aerosol on tropical cyclogenesis, Geophys. Res. Lett., 41, 3282–3288, 721 

doi:10.1002/2014GL059918. 722 

 723 

Remer, L. A., and Coauthors, 2005: The MODIS aerosol algorithm, products, and validation, J. 724 

Atmos. Sci., 62, 947–973, doi:10.1175/JAS3385.1. 725 

 726 

Rienecker, M. M., and Coauthors, 2008: The GEOS-5 Data Assimilation System—727 

Documentation of versions 5.0.1 and 5.1.0, and 5.2.0. NASA Tech. Rep. Series on Global 728 

Modeling and Data Assimilation, NASA/TM-2008-104606, Vol. 27, 92 pp.  729 

 730 

Rosenfeld, D., Rudich, Y., and Lahav, R., 2001: Desert dust suppressing precipitation: A 731 

possible desertification feedback loop. Proceedings of the National Academy of Sciences, 98(11), 732 

5975-5980. 733 

 734 

Rotstayn, L. D., 1999: Indirect forcing by anthropogenic aerosols: A global climate model 735 

calculation of the effective‐radius and cloud‐lifetime effects. Journal of Geophysical Research: 736 

Atmospheres, 104(D8), 9369-9380. 737 

 738 



 34 

Thorncroft, C., and Hodges, K., 2001: African easterly wave variability and its relationship to 739 

Atlantic tropical cyclone activity. Journal of Climate, 14(6), 1166-1179. 740 

 741 

Twohy, C. H., 2015: Measurements of Saharan dust in convective clouds over the tropical 742 

eastern Atlantic Ocean. Journal of the Atmospheric Sciences, 72(1), 75-81. 743 

 744 

Wong, S., Dessler, A. E., Mahowald, N. M., Yang, P., and Feng, Q., 2009: Maintenance of lower 745 

tropospheric temperature inversion in the Saharan air layer by dust and dry anomaly. Journal of 746 

Climate, 22(19), 5149-5162. 747 

 748 

Zhang, H., McFarquhar, G. M., Saleeby, S. M., and Cotton, W. R., 2007: Impacts of Saharan 749 

dust as CCN on the evolution of an idealized tropical cyclone. Geophysical Research Letters, 750 

34(14). 751 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 



 35 

9.  Tables 762 

 763 

Table 1 764 

Experiment 

Name 

Experiment 

Description 

Dust Optical Properties 

NI Non-Interactive Aerosols N/A 

WA Aerosol Direct Interaction w/Less Absorbing Dust Observation Based 

[Colarco et al., 2014] 

WACM Aerosol Direct Interaction w/Less Absorbing Dust 

and 2-Moment Microphysics 

Observation Based 

[Colarco et al., 2014] 

SA Aerosol Direct Interaction w/More Absorbing Dust OPAC 

[Hess et al., 1998] 

SACM Aerosol Direct Interaction w/More Absorbing Dust 

and 2-Moment Microphysics 

OPAC 

[Hess et al., 1998] 

 765 

Table 1.  Experiment name, description, and dust optical properties for GEOS-5 aerosol 766 

perturbation forecasts of Hurricane Nadine.  767 

 768 

  769 
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10.  Figure Caption List 770 

Figure 1.  MODIS Terra 550 nm AOT on 12 September 2012 (a), GEOS-5 FP assimilation total 771 

AOT at 1400 UTC on 12 September (b), CPL 532 nm total attenuated backscatter from the 11-12 772 

September HS3 flight (c), and GEOS-5 FP assimilation 532 nm total attenuated backscatter 773 

sampled coincident 11-12 September HS3 flight (d).  The portion of the Global Hawk flight track 774 

depicted in the CPL and GEOS-5 cross sections is indicated by the red lines in (a) and (b).  The 775 

red “x” indicates the position of Nadine at 1200 UTC on 12 September 2012 from the National 776 

Hurricane Center (a) and in the GEOS-5 FP assimilation (b).   777 

 778 

Figure 2.  NHC Best Track and GEOS-5 simulated tracks over simulation averaged OSTIA SSTs 779 

[K] (a), minimum surface pressure (b), and storm intensity (c) for Hurricane Nadine (12-22 780 

September 2012). 781 

 782 

Figure 3.  CPL (a), GEOS-5 FP assimilation (b), WA (c), SA (d), WACM (e), and SACM (f) 783 

simulated profiles of total attenuated backscatter from the 14-15 September 2012 HS3 flight.  784 

Global Hawk track and GEOS-5 FP assimilation dust AOT is inset in (b).  Components of CPL 785 

observations affected by lens condensation  and signal attenuation by clouds is indicated by “C” 786 

and “A”, respectively.  Portions of the flight where CPL observed elevated dust layers are 787 

indicated by the red line. 788 

 789 

 790 

Figure 4.  AVAPS 850-hPa winds over GEOS-5 FP assimilation dust AOT and surface pressure 791 

contoured at 1010 and 1000 hPa (a); 850-hPa winds, dust AOT, and minimum pressure for the 792 
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GEOS-5 FP assimilation (b), WA (c), SA (d), WACM (e), and SACM (f) simulations for the 14-793 

15 September HS3 flight.  The location of the individual dropsonde profile in Fig. 5 is indicated 794 

by the black triangle.  Half-barb, full-barb, and flags indicate wind speeds of 2.5 m s-1, 5 m s-1, 795 

and 25 m s-1, respectively. 796 

 797 

Figure 5.  Wind profiles from AVAPS (a), the GEOS-5 FP assimilation (b), NI (c), WA (d), SA 798 

(e), WACM (f), and SACM (g) simulations at the drop location indicated on Figure 3 during the 799 

14-15 September 2012 HS3 flight.  Half-barb, full-barb, and flags indicate wind speeds of 2.5 m 800 

s-1, 5 m s-1, and 25 m s-1, respectively. 801 

 802 

Figure 6.  WA and SA sensitivity experiment track where dust optical properties were changed at 803 

24-hour increments in each simulation overlaid on mean (12-22 September) OSTIA SSTs [K].  804 

 805 

Figure 7.  (a) WA experiment track where weakly absorbing dust optical properties were 806 

replaced with strongly absorbing dust optical at 0900 (dash) and 1200 UTC (solid) on 13 807 

September 2012 over mean (12-22 September 2012) OSTIA SSTs [K]. (b) Dust AOT (contour) 808 

at 1200 UTC and the 0-5 km vertically averaged 0900-1300 UTC total temperature difference 809 

[K] (shaded) due to aerosol shortwave radiative effects between WA simulations switched to 810 

more absorbing dust at 0900 and 1200 UTC at 1300 UTC 13 September 2012.  811 

 812 

Figure 8.  WA (left) and SA (right) west-east storm-centric transects of meridional winds 813 

(shaded) and shortwave temperature tendency perturbation due to aerosols (dashed-dot contour 814 

0.25 K dy-1; solid 0.5 K dy-1; dashed 1 K dy-1). 815 
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 816 

Figure 9.  WA (left), SA (center), and SACM (right) dust aerosol optical thickness (shaded 817 

contours), 850-hPa winds (arrows), and 850-hPa height (meters, black contour) at 1200 UTC on 818 

16 September 2012. 819 

 820 

Figure 10.  WA, SA, WACM, and SACM meridional (a) and zonal (b) steering winds. 821 

 822 

Figure 11.  MODIS Terra (a), COSP simulated SA (b), and COSP simulated SACM (c) ice cloud 823 

effective radius at 1330 UTC on 13 September 2012.  1010 hPa contours (black) from the 824 

GEOS-5 FP assimilation, SA, and SACM simulations to indicate the position of Nadine are 825 

provided in (a), (b), and (c), respectively. 826 

 827 

Figure 12.  SA (top) and SACM (bottom) shortwave aerosol atmospheric forcing (left), 828 

longwave cloud atmospheric forcing (center), and net total atmospheric forcing (right) at 1300 829 

UTC on 13 September 2012.  1010 hPa contours (black) indicate the position of Nadine in the 830 

SA and SACM simulations at 1300 UTC on 13 September 2012. 831 

 832 

Figure 13.  Simulated tracks for SACM with dust as a CCN (yellow) and SACM with the 833 

concentration of dust INP reduced by 90%  (orange) relative to NHC Best Track (black), SA 834 

(blue), and SACM (purple) tracks over mean (12-22 September 2012) OSTIA SSTs [K]. 835 

 836 

 837 

 838 
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11. Figures 839 

Figure 1. 840 

 841 

Figure 1.  MODIS Terra 550 nm AOT on 12 September 2012 (a), GEOS-5 FP assimilation 842 

total AOT at 1400 UTC on 12 September (b), CPL 532 nm total attenuated backscatter from 843 

the 11-12 September HS3 flight (c), and GEOS-5 FP assimilation 532 nm total attenuated 844 

backscatter sampled coincident 11-12 September HS3 flight (d).  The portion of the Global 845 

Hawk flight track depicted in the CPL and GEOS-5 cross sections is indicated by the red 846 

lines in (a) and (b).  The red “x” indicates the position of Nadine at 1200 UTC on 12 847 

September 2012 from the National Hurricane Center (a) and in the GEOS-5 FP assimilation 848 

(b).   849 

850 
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Figure 2. 851 

 852 

Figure 2.  NHC Best Track and GEOS-5 simulated tracks over simulation averaged OSTIA SSTs 853 

[K] (a), minimum surface pressure (b), and storm intensity (c) for Hurricane Nadine (12-22 854 

September 2012). 855 
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Figure 3. 856 

 857 

 858 

 859 

Figure 3.  CPL (a), GEOS-5 FP assimilation (b), WA (c), SA (d), WACM (e), and SACM (f) 860 

simulated profiles of total attenuated backscatter from the 14-15 September 2012 HS3 flight.  861 

Global Hawk track and GEOS-5 FP assimilation dust AOT is inset in (b).  Components of CPL 862 

observations affected by lens condensation and signal attenuation by clouds is indicated by “C” 863 

and “A”, respectively.  Portions of the flight where CPL observed elevated dust layers are 864 

indicated by the red line. 865 

 866 

 867 

 868 

Figure 4. 869 
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 870 

 871 

Figure 4.  AVAPS 850-hPa winds over GEOS-5 FP assimilation dust AOT and surface pressure 872 

contoured at 1010 and 1000 hPa (a); 850-hPa winds, dust AOT, and minimum pressure for the 873 

GEOS-5 FP assimilation (b), WA (c), SA (d), WACM (e), and SACM (f) simulations for the 14-874 

15 September HS3 flight.  The location of the individual dropsonde profile in Fig. 5 is indicated 875 

by the black triangle.  Half-barb, full-barb, and flags indicate wind speeds of 2.5 m s-1, 5 m s-1, 876 

and 25 m s-1, respectively. 877 

 878 

Figure 5. 879 
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 880 

 881 

 882 

Figure 5.  Wind profiles from AVAPS (a), the GEOS-5 FP assimilation (b), NI (c), WA (d), SA 883 

(e), WACM (f), and SACM (g) simulations at the drop location indicated on Figure 3 during the 884 

14-15 September 2012 HS3 flight.  Half-barb, full-barb, and flags indicate wind speeds of 2.5 m 885 

s-1, 5 m s-1, and 25 m s-1, respectively. 886 

  887 
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Figure 6. 888 

 889 

 890 

Figure 6.  WA and SA sensitivity experiment track where dust optical properties were changed at 891 

24-hour increments in each simulation overlaid on mean (12-22 September) OSTIA SSTs [K].  892 

  893 
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Figure 7. 894 

 895 

 896 

 897 

Figure 7.  (a) WA experiment track where weakly absorbing dust optical properties were 898 

replaced with strongly absorbing dust optical at 0900 (dash) and 1200 UTC (solid) on 13 899 

September 2012 over mean (12-22 September 2012) OSTIA SSTs [K]. (b) Dust AOT (contour) 900 

at 1200 UTC and the 0-5 km vertically averaged 0900-1300 UTC total temperature difference 901 

[K] (shaded) due to aerosol shortwave radiative effects between WA simulations switched to 902 

more absorbing dust at 0900 and 1200 UTC at 1300 UTC 13 September 2012.  903 
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Figure 8. 904 

 905 

Figure 8.  WA (left) and SA (right) west-east storm-centric transects of meridional winds 906 

(shaded) and shortwave temperature tendency perturbation due to aerosols (dashed-dot contour 907 

0.25 K dy-1; solid 0.5 K dy-1; dashed 1 K dy-1). 908 
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Figure 9. 909 

 910 

 911 

 912 

 913 

 914 

Figure 9.  WA (left), SA (center), and SACM (right) dust aerosol optical thickness (shaded 915 

contours), 850-hPa winds (arrows), and 850-hPa height (meters, black contour) at 1200 UTC on 916 

16 September 2012. 917 

 918 

 919 

 920 

 921 

 922 

 923 

 924 

 925 

 926 

 927 
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Figure 10. 928 

 929 

 930 

 931 

Figure 10.  WA, SA, WACM, and SACM meridional (a) and zonal (b) steering winds. 932 

 933 

 934 

 935 

 936 

 937 

 938 

 939 
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Figure 11. 940 

 941 

 942 

 943 

Figure 11.  MODIS Terra (a), COSP simulated SA (b), and COSP simulated SACM (c) ice cloud 944 

effective radius at 1330 UTC on 13 September 2012.  1010 hPa contours (black) from the 945 

GEOS-5 FP assimilation, SA, and SACM simulations to indicate the position of Nadine are 946 

provided in (a), (b), and (c), respectively. 947 

 948 

 949 

 950 

 951 
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Figure 12. 952 

 953 

 954 

 955 

 956 

Figure 12.  SA (top) and SACM (bottom) shortwave aerosol atmospheric forcing (left), 957 

longwave cloud atmospheric forcing (center), and net total atmospheric forcing (right) at 1300 958 

UTC on 13 September 2012.  1010 hPa contours (black) indicate the position of Nadine in the 959 

SA and SACM simulations at 1300 UTC on 13 September 2012. 960 

 961 

 962 

 963 

 964 

 965 

 966 
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Figure 13. 967 

 968 

 969 

 970 

 971 

Figure 13.  Simulated tracks for SACM with dust as a CCN (yellow) and SACM with the 972 

concentration of dust INP reduced by 90% (orange) relative to NHC Best Track (black), SA 973 

(blue), and SACM (purple) tracks over mean (12-22 September 2012) OSTIA SSTs [K]. 974 

 975 

 976 

 977 

 978 




