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Abstract:  35 
This study incorporates time-varying aerosols into satellite radiance calculations within the 36 

Global Data Assimilation System (GDAS) to investigate its impact on African easterly waves 37 

(AEWs) and their environment. Comparison of analysis fields from the aerosol-aware experiment 38 

and an aerosol-blind control during August 2017 showed that the aerosol-affected radiances 39 

accelerated the African easterly jet and West African monsoon flow; warmed the Saharan 40 

boundary layer; and modified the AEW vorticity structure, with increases in the northern 41 

circulation and decreases in the southern circulation. Analysis fields from each experiment were 42 

used in the Global Forecast System (GFS) to examine differences in forecasting two AEW cases 43 

that developed hurricanes over the Atlantic, but were structurally different over North Africa. The 44 

aerosol-aware experiment reduced errors in forecasting the AEW case whose northern circulation 45 

interacted with a large-scale Saharan dust plume; neutral improvement was found for the other 46 

AEW, which did not contain a northern circulation nor interacted with a dust plume.  47 

The changes to the analysis fields by the aerosol-aware assimilation are reminiscent of dust 48 

radiative effects that operate on AEWs and their environment. That is, the aerosol-affected 49 

radiances produce corrections to the brightness temperatures that modify the analysis fields like 50 

dust aerosols that are radiatively coupled to the atmospheric variables in the forecast model. We 51 

show qualitatively that dust radiative effects are captured by the aerosol-affected radiances for the 52 

AEW case that interacted with a dust plume, which served to improve forecasts of the wave 53 

downstream.  54 

 55 

 56 

 57 

 58 
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1. Introduction 59 

Despite contributing less than 1% of the total mass to the atmosphere, aerosols can have a 60 

profound impact on weather and climate. This is especially the case in aerosol-rich regions, such 61 

as North Africa, which is home to the largest loadings for mineral dust aerosols in the world. On 62 

average, approximately 1000 Teragrams of dust are emitted from the Saharan Desert each year 63 

(Huneeus et al. 2011). The emissions are driven by enhanced surface winds over extremely dry 64 

and erodible regions (Knippertz and Todd 2012). Once emitted, the dust mixes within the deep 65 

Saharan boundary layer (up to 500 hPa) and can form plumes that span thousands of kilometers.  66 

In summer, Saharan dust plumes are transported westward toward the Atlantic by the 67 

African easterly jet (AEJ) and African easterly waves (AEWs). The AEJ is a mid-tropospheric jet 68 

(~650 hPa) whose axis is centered on the southern edge of the Saharan Desert (~15°N), while 69 

AEWs are synoptic-scale waves that develop along the AEJ. The AEWs can have two cyclonic 70 

circulations, which reside on either side of the AEJ axis. The circulation south of the AEJ peaks at 71 

~650 hPa and is frequently coupled to moist convection, while the northern circulation peaks at 72 

~850 hPa, is dry, and can be immersed in Saharan dust. Over the East Atlantic, the two circulation 73 

centers often merge into a single circulation, which can produce a favorable environment for 74 

tropical cyclogenesis (Ross and Krishnamurti 2007). Meanwhile the dust moves westward over 75 

the Atlantic within the Saharan air layer (SAL), which is an elevated layer of dry air that originates 76 

from the Saharan boundary layer. The dust-laden SAL can infiltrate the AEW’s oceanic 77 

circulation, which suppresses convection and thus tropical cyclone development (Dunion and 78 

Velden 2004; Reale et al. 2009; Braun et al. 2016; Brammer et al. 2018).  79 

Dust directly affects AEWs through changes in the scattering and absorption of the 80 

incoming and outgoing radiation of the atmosphere. This produces dust-induced heating rates that 81 
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can influence AEWs through two distinct pathways (Bercos-Hickey et al. 2017). The first is 82 

through the average (in time or space) dust fields, which modify the ambient temperature and wind 83 

fields (i.e., the AEJ) that in turn affects the AEW structure and development (Jones et al 2004; 84 

Wilcox et al. 2010; Jury and Santiago 2010). The second is through the formation of large-scale 85 

episodic dust plumes, which when correlated with the wind and temperature of the wave can 86 

directly affect several AEW properties, including its growth rates, phase speeds, energetics, and 87 

spatial structures (Grogan et al. 2016, 2017, 2019; Nathan et al. 2017).  88 

To incorporate the above-mentioned dust radiative effects into a numerical weather 89 

prediction (NWP) system, it is important to represent the realistic nature of the aerosols. Studies 90 

have done this by including prognostic aerosol fields in the forecast model, which has shown to 91 

improve forecast skill in dust-affect regions, such as over North Africa and the East Atlantic (e.g., 92 

Perez et al. 2006; Mulcahey et al. 2014; Reale et al. 2014). But simulating prognostic aerosols is 93 

often not feasible in an operational setting due to computational costs. Thus, most operational 94 

NWP systems use prescribed aerosol climatologies, such as the NCEP operational Global Forecast 95 

System (GFS; Hou et al. 2002) and the ECMWF integrated forecast system (IFS; Bozzo et al. 96 

2017). Consequently, the NWP system sacrifices the ability to represent the episodic aerosol 97 

signals.  98 

Few other studies have incorporated aerosols into the NWP system through the data 99 

assimilation system. For example, Kim et al. (2018) included 3-hourly aerosol fields from the 100 

Goddard Chemistry Aerosol Radiation and Transport (GOCART) model into the radiance 101 

calculations within the Goddard Earth Observing System (GEOS)-atmospheric data assimilation 102 

system (ADAS). They showed that when aerosols were considered, the fit to observations from 103 

satellite infrared (IR) sounders improved by accounting for the aerosol cooling effect in the 104 
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brightness temperatures (BT), which has been documented in previous studies (e.g., Sokolik 2002).  105 

As a result, Kim et al. (2018) showed that the aerosol cooling on the BT led to heating of the 106 

analyzed surface temperature in the Tropical Atlantic. 107 

 Similar to Kim et al. (2018), Wei et al. (2020, 2021) included aerosols from the NOAA 108 

Environmental Modeling System (NEMS) GFS Aerosol Component (NGAC) into NCEP’s global 109 

data assimilation system (GDAS). As a result, they found warmer analyzed sea surface 110 

temperatures in the Atlantic and warmer low-level analyzed air temperatures over Africa and the 111 

transatlantic region. Wei et al. (2020) also showed that the aerosols improved the forecasting of 112 

vector winds and geopotential heights at multiple levels in the tropical region. Most operational 113 

NWP systems, however, ignore this process despite its relatively low computational cost.  114 

Motivated by the results in Kim et. al. (2018) and Wei et al. (2020, 2021) and the impacts 115 

of dust radiative effects on AEWs, this study examines how aerosols in the satellite radiance 116 

calculations of the data assimilation system can affect analyses and forecasts of the atmosphere 117 

over North Africa and the East Atlantic. We focus on two AEWs during August 2017 that are 118 

structurally different over North Africa but later developed hurricanes over the Atlantic. In Section 119 

2, we describe the model experiments and the methods used to track the AEWs. Section 3 presents 120 

the analysis differences and forecast performances from each experiment. Section 4 discusses the 121 

results of the aerosol-aware experiment and its relationship to dust radiative effects on AEW within 122 

the analysis fields. Section 5 provides concluding remarks. 123 

2. Experiments and Methods 124 

 2.1 Model Experiments 125 

To investigate the impact of incorporating aerosols into the assimilation of satellite 126 

radiances, this study employs version 14 (v14) of NCEP’s GFS forecast model and the 127 
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corresponding GDAS. Briefly, the GFS v14 is a global spectral model that accounts for aerosol 128 

direct radiative effects using prescribed monthly aerosol climatologies from the Optical Properties 129 

of Atmospheric Composition (OPAC) software package (Hess et al. 1998). Meanwhile, the GDAS 130 

is a Gridpoint Statistical Interpolation (GSI) based four-dimensional ensemble-variational 131 

(4DEnVar) assimilation system that excludes any explicit treatment of aerosols. For our study, the 132 

NWP system is run at coarser resolution than NCEP’s operational settings: we use T670 (~30km) 133 

resolution for the GFS forecast model and 80 ensemble members running at T254 (~80km) 134 

resolution for GDAS.  135 

The schematic in Fig. 1 illustrates the workflow of each experiment in this study. Two 136 

experiments were conducted, spanning from July 25th – August 28th, 2017. The first experiment 137 

is an aerosol blind run (CTL), where the aerosol effects on radiance are not considered in GDAS 138 

(as is by default). The second experiment is an aerosol-aware run (AER), which incorporates time-139 

varying aerosol information into the radiance calculations within GDAS. Both cases are fully-140 

cycled runs, meaning that each 6-hour analysis is constructed using forecasts from the prior cycle 141 

of the respective experiment.   142 

To enable the aerosol-aware option in AER, mixing ratios of dust, sea-salt, sulfate, organic 143 

carbon and black carbon aerosols from the NGAC, v2 model (Wang et al. 2018) are ingested into 144 

GDAS and passed to the Community Radiative Transfer Model (CRTM, v2.2.4), which is the 145 

radiance observation operator in GSI. Briefly, the CRTM contains a fast-forward radiative model, 146 

which generates simulated BTs for the observations in the same space-time domain, and also 147 

contains Tangent-Linear, Adjoint, and K-Matrix models, which together compute the radiance 148 

sensitivities with respect to the state variables (Han et al. 2006). More details on the 149 
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implementation of aerosols in GDAS can be found in Wei et al. (2021), which uses the same 150 

methodology as this study. 151 

In addition to the fully cycled analyses, we also produced 34 consecutive GFS forecasts 152 

for CTL and AER during the period of interest (July 25th-August 28th). Each forecast was 153 

initialized at 00Z of the respective analysis and ran for 120 hours. Despite having differences in 154 

the GDAS configuration, both experiments use the same forecast model (i.e., the GFS v14), which 155 

is radiatively coupled to prescribed OPAC aerosol climatologies. This means that differences 156 

between the two sets of forecasts arise solely by the initial conditions via the incorporation of 157 

aerosols in the GDAS radiance calculations, rather than adjustments to the physics within the GFS 158 

forecast model. 159 

2.2 Wave tracking 160 

To identify the synoptic wave patterns during the period of interest, we used an objective 161 

tracking algorithm similar to that in Brammer and Thorncroft (2015). Briefly, the tracking 162 

algorithm involves analyzing mass-weighted centers of vorticity at multiple levels (i.e., curvature 163 

vorticity at 850, 700, and 500 hPa; relative vorticity at 850 and 700 hPa). The wave center is then 164 

determined from a weighted average of the centers within a specified radius (500 km). For each 165 

experiment, the wave centers were extracted using the 6-hourly analysis fields, which identified 166 

several systems that traversed Africa and the east Atlantic. This included waves that later 167 

developed hurricanes, which we focus on in this study given their long lifetimes and downstream 168 

implications.  169 

For our time period of interest, two hurricanes developed from AEWs: Gert (2017) and 170 

Harvey (2017). Figure 2 shows the objective track locations for the AEWs that developed 171 

hurricane Gert and Harvey in CTL (blue) and AER (red) over North Africa and the East Atlantic. 172 
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For Gert (Fig. 2a), the tracks show that the storm originates over Northeast Africa, at 5 – 10°N, 173 

and moves northwestward over North Africa and the East Atlantic. In contrast, Harvey (Fig. 2b) 174 

originates from two circulations over North Africa, at 25 – 29°N and 8 – 12°N, which merge into 175 

one circulation near the coast that moves west/southwest over the East Atlantic. Both waves 176 

developed hurricanes while over the western portion of the Atlantic Ocean.  177 

Comparison of the track locations for CTL and AER show little difference in the storm 178 

positions during their evolution over North Africa and the East Atlantic. After the initial 179 

development, the track locations among the two cases are less than 250 km. Given the wavelength 180 

of the AEWs span 2000 – 5000 km (Burpee 1974), the aerosol-aware assimilation does not appear 181 

to have a significant influence on the wave tracks. Therefore, we use track locations from CTL to 182 

investigate the storm structures in the analyses and forecasts for both cases in the next section.  183 

3. Results 184 

3.1 Analysis Differences: Time-average fields 185 

Before investigating the AEW cases shown in Fig. 2, we first examine the aerosol impacts 186 

on the time-averaged fields that the waves propagate through. Figure 3 shows cross-sections of the 187 

zonal wind and temperature for CTL (contours) and the AER –  CTL difference (colors) averaged 188 

over August 2017.  189 

Consider first the CTL run. The experiment captures the main summertime circulation 190 

features over the region, including the well-defined AEJ (Fig. 3a: 15°N, 600 hPa) that extends 191 

across North Africa and the East Atlantic (Fig. 3b: 20°W – 25°E, 10 – 15°N) and the low-level 192 

westerlies associated with the West African Monsoon (WAM) flow (Fig. 3a: 1000 – 800 hPa). The 193 

CTL experiment also accurately positions the warmest air temperatures near the surface over the 194 
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Saharan Desert, which consequently sets up a strong meridional temperature gradient in the Sahel 195 

that drives the AEJ (Fig. 3c: 10 – 20°N, 1000 – 650 hPa; Fig. 3d: 15°W – 20°E, 10 – 15°N).  196 

The AER – CTL differences in Fig. 3 indicate how the aerosol-affected radiances impact 197 

the time-averaged analysis fields. For the zonal wind, the differences indicate that AER accelerates 198 

the AEJ core by ~0.5 m/s across North Africa and the Eastern Atlantic (blues in Fig. 3a: 14 – 16°N, 199 

700 – 600 hPa, and Fig. 3b: 20°E – 30°W, 10 – 15°N), accelerates the WAM flow by ~0.5 m/s 200 

(reds in Fig. 3a: 12 – 22°N, 1000 – 800 hPa), and accelerates the easterly flow by ~0-2-0.5 m/s 201 

south of the AEJ axis (blues in Fig. 3a:  12 – 22°N, 1000 – 600 hPa). The accelerated flows infer 202 

a structural change in the AEJ, including intensifying the low-level vertical shear north of the AEJ 203 

core (15 – 22°N, 900 – 700 hPa) and weakening the mid-level horizontal shear south of the AEJ 204 

axis (8 – 12°N, 800 – 600 hPa).  205 

For AER – CTL difference in ambient temperature, the aerosol impacts warm the Sahara 206 

and Sahel in the boundary layer (reds in Fig. 3c: 10 – 30°N, 1000 – 500 hPa) and cool the marine 207 

boundary layer below the SAL (blues in Fig. 3d: 15 – 25°W, 15 – 30°N). Over the Sahara, the 208 

heating peaks at 800 hPa, which in turn, infers a region of reduced static stability below the peak 209 

heating (15 – 25°N, 1000 – 800 hPa). These temperature changes are qualitatively consistent with 210 

enhanced aerosol heating in the boundary layer over the continent and in the SAL offshore. The 211 

temperature changes also support the corresponding zonal wind changes via thermal wind. For 212 

example, the additional warming in the Saharan boundary layer will enhance the meridional 213 

temperature gradient in the Sahel (10 – 20°N). This increases the vertical shear at low- and mid- 214 

levels (1000-500 hPa), driving accelerations in the WAM below and AEJ above.  215 

Changes to the AEJ and temperature can affect the structure and development of AEWs. 216 

Therefore, we next examine the AEW activity over the time period. To do this, Fig. 4 shows time-217 
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averaged cross-sections of the relative vorticity amplitude modulus; this quantity is a proxy for 218 

AEW activity but has limitations as it includes the cyclonic and anticyclonic vorticity from all 219 

scales in its computation.  220 

Figure 4 shows the vorticity modulus for CTL (contours), which picks up the two AEW 221 

tracks over the interior of North Africa. The wave structures peak at levels consistent with AEWs 222 

examined in previous studies (southern: 8 – 13°N, 800 – 600; northern: 18 – 22°N, 950 – 700 hPa). 223 

Moreover, the AER – CTL differences (colors) show that AER modified the two tracks by 224 

increasing vorticity by ~15% in the northern circulation (800-1000 hPa) and decreasing it by ~10% 225 

in the southern circulation (700-900 hPa). To determine if these changes are associated with the 226 

AEWs, we next investigate our cases identified in section 2. 227 

3.2 Analysis Differences: AEW cases 228 

Figures 5-8 shows the horizontal and vertical structures of the AEW cases as they 229 

transverse across North Africa. The horizontal structures in Figs. 5 and 7 respectively show the 230 

700 hPa and 850 hPa CTL streamlines (contours) and the AER – CTL differences in the cyclonic 231 

vorticity at the level of the streamlines (colors); the wave centers are denoted by X’s. Figures 6 232 

and 8 show the corresponding vertical structure of the vorticity, circular averaged around the wave 233 

centers (radius 500 km). Because the AEW that developed Harvey has two circulations, Fig. 8 234 

shows the vertical structures of the northern and southern wave centers for Aug 9th – 10th, which 235 

are the times when the AEW amplitudes were largest over Africa  236 

For the AEW that developed Gert, Fig. 5 shows the wave structure is confined south of the 237 

AEJ (i.e., south of 15ºN) as it crosses North Africa. This region is largely aerosol-free during this 238 

time of year, but the aerosol-aware assimilation still clearly affects the evolution of the wave 239 

structure (colors surrounding the X’s). For example, on Aug 2nd and 3rd, Figs. 5b and 5c show the 240 
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AER run decreases the cyclonic vorticity (blues surrounding the X’s). Looking at the average 241 

vertical structure of the AEW vorticity, Fig. 6 shows that amplitudes for CTL (blue) are as much 242 

as 20% larger than AER (red) from 600 – 800 hPa. Thus, the reduced vorticity in AER for this 243 

case is consistent with the time-averaged vorticity moduli shown for the AEW southern track (Fig. 244 

4). 245 

For the AEW that developed Harvey, Fig. 7 shows that the wave has two prominent 246 

cyclonic circulations and a broad structure that covers a large portion of North Africa. The AER 247 

run produces changes to both circulation centers, which include increasing the vorticity around the 248 

northern circulation structure (reds at 18°N) and decreasing the southern circulation (blues at 249 

14°N). During August 9th and 10th, which are times when the AEW amplitudes are largest, Fig. 8 250 

shows that the vorticity at 600-850 hPa is, on average, ~20 – 35% larger for the northern circulation 251 

(Figs. 8a and 8c), and ~20 – 35% smaller for the southern circulation (Figs. 8b and 8d). Therefore, 252 

the changes to the vorticity for this case are also consistent with those from the time-averaged 253 

vorticity moduli shown in Fig. 4. Moreover, the aerosol impacts on this AEW are more intense 254 

than for the AEW that developed Gert. 255 

3.3 Forecast Differences: AEW cases 256 

To examine the impact of the aerosol-aware assimilation on the forecasts for our AEW 257 

cases, we compared the Root-Mean-Square-Error (RMSE) in vorticity for CTL and AER; the 258 

forecasts were verified against their respective analysis. Table 1 shows the RMSE relative 259 

differences between AER and CTL for the 1000 – 500 hPa vorticity following the AEWs that 260 

developed Gert and Harvey. To compute the RMSE following the AEW at each forecast time, we 261 

used the CTL wave locations shown in Section 2. For Gert, a 10° latitude by 10° longitude window 262 

was centered on the circulation. For Harvey, our window over North Africa had a fixed latitude of 263 
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5 – 25°N and a 15° longitude range that was centered on the two circulations; over the Atlantic 264 

Ocean, a 10° latitude by 10° longitude window was centered on the merged circulation.  265 

Table 1 shows the AER run produced neutral improvement in the forecasting of the AEW 266 

that developed Gert, as evidenced by the mixture of red and green values in the RMSE relative 267 

differences. Inspection of the forecasts show that both AER and CTL underestimated the 268 

intensification of the AEW when initialized onshore, on July 31st – Aug 2nd, and overestimated the 269 

intensification when initialized offshore, on Aug 3rd. As a result, there were several instances 270 

where the RMSE forecast differences did not produce statistically significant results (i.e., crossed 271 

out values for Gert in Table 1).  272 

In contrast to the AEW that developed Gert, Table 1 shows the AER run produced 273 

statistically significant improvement in forecasting the AEW that developed Harvey. The largest 274 

improvements were found on the forecasts initialized on August 10th and 11th, with the forecast on 275 

August 10th showing reductions in RMSE on every forecast day (errors reduced by ~15-49%). For 276 

the initialized times examined for Harvey (Aug 8th -11th), both the analyzed amplitudes and AER 277 

– CTL vorticity differences were larger than Gert while onshore (cf. Figs. 6 and 8). Inspection of 278 

the forecasts revealed that the CTL run continued to suppress the storm downstream while the 279 

AER run better maintained the intensity of the storm as the two circulations merged over the East 280 

Atlantic and traveled downstream.  281 

4. Discussion 282 

In this section, we discuss the relationship between the analysis differences shown in 283 

section 3.1 and 3.2 to the impacts of dust when aerosols are radiatively coupled to the forecast 284 

model, as well as the implications of the analysis differences on the forecasting of our AEW cases 285 

shown in section 3.3. 286 
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Consider first the time-averaged results in section 3.1. Analysis differences showed that 287 

the AER run accelerated the AEJ and WAM, and warmed the Saharan boundary layer. These 288 

changes, in turn, affect the structure of the wind shear and static stability that, in part, can explain 289 

the structural changes in the time-averaged vorticity amplitudes associated with the AEWs. This 290 

can be inferred from local wave energetics (Norquist et al. 1977; Grogan et al. 2019). For example, 291 

enhanced low-level vertical shear and reduced static stability setup below the AEJ core will 292 

increase local baroclinic energy conversions and thus vorticity in the north circulation. 293 

Additionally, reduced horizontal shear south of the AEJ axis will decrease local barotropic energy 294 

conversions in the southern circulation. Thus, the aerosol-aware assimilation modifies the existing 295 

dust radiative effects coupled to the forecast model (i.e., from the OPAC aerosol climatology) that 296 

operate on the analyzed AEJ, temperature, and AEW structures. 297 

Consider next the analysis fields for the AEW cases examined in section 3.2. For the AEW 298 

that developed Gert, we found average values of aerosol optical depth (AOD) over the Sahara 299 

during the wave’s passage over North Africa. In contrast, the AEW that developed Harvey 300 

interacted with a strong Saharan dust plume as it crossed North Africa. This can be seen in Figure 301 

9, which shows a snapshot of the AOD (brown contours) surrounding the AEW northern 302 

circulation center (13.5°W, 20°N) on August 10th, at 12:00Z. Figure 9 also shows observations 303 

from the Infrared Atmospheric Sounding Interferometer (IASI) that were assimilated over the 304 

region at the same time; the observations are AER – CTL differences in the BT at 12.95µm 305 

(circles). Most of the differences are negative (blue circles) meaning that the BTs are cooler in the 306 

AER run. Additionally, the cooling is largest surrounding the northern circulation (up to 9 K), 307 

where AODs are large (over 1.0). This produced warmer analyzed temperatures throughout the 308 
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boundary layer of the northern circulation in AER (not shown), which is broadly consistent with 309 

the results in Kim et al. (2018) and Wei et al. (2020).  310 

The positioning of the dust plume with the AEW northern circulation shown in Fig. 9 is 311 

remarkably similar to the dust signal that forms and interacts with dust-coupled AEWs examined 312 

in Grogan and Thorncroft (2019). In their study, Grogan and Thorncroft (2019) found that the 313 

correlation between the enhanced heating rate from the dust signal and warm temperature 314 

anomalies from the wave generated available potential energy that previous idealized studies 315 

showed can amplify the local wave structure (Grogan et al. 2016, 2019; Nathan et al. 2017). Given 316 

the amplified vorticity shown in the northern circulation for our case (Fig. 8), this implies that the 317 

aerosol-aware assimilation captures the dust radiative effects on the AEW associated with the 318 

episodic dust plume in the analysis. 319 

The aerosol-aware assimilation adjusting and augmenting the synoptic patterns of the 320 

analyzed AEWs can have implications on the subsequent forecasting of the waves. In section 3.3, 321 

the aerosol-affected radiances showed neutral changes to the forecast error in the 1000-500 hPa 322 

averaged vorticity for the AEW that developed Gert, but dramatic reductions in the forecast error 323 

for the AEW that developed Harvey. This marked improvement is likely associated with the 324 

aerosol-aware assimilation capturing the realistic representation of the large-scale Saharan dust 325 

plume, and its corresponding radiative effects on the AEW. Therefore, this implies that the 326 

treatment of episodic aerosols within the assimilation of the NWP system can improve forecasting 327 

the evolution of AEWs. 328 

5. Conclusions 329 

In this study, we examined how incorporating time-varying aerosols into the assimilation 330 

of satellite radiances affected the analyses and forecasts using GFS v14 and the corresponding 331 
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GDAS. In particular, we investigated the aerosol impacts of Saharan dust on AEWs and their 332 

environment over North Africa and the East Atlantic during August 2017.  333 

Analysis differences showed that the aerosol-aware assimilation affected several fields 334 

over North Africa and the East Atlantic. For example, the aerosols warmed the Saharan boundary 335 

layer, accelerated the AEJ and WAM, and modified the AEW vorticity structure, with amplitudes 336 

increasing within the northern circulation and decreasing in the southern circulation. These 337 

vorticity changes in the AEW were also shown in individual cases examined, which were 338 

structurally different over North Africa but later developed into hurricanes over the West Atlantic. 339 

The impact of the analysis differences on forecasting the individual AEW cases was also 340 

examined. For the AEW that developed Gert, RMSE differences showed that the aerosol-aware 341 

experiment produced neutral improvement to the vorticity field among the forecasts tracking the 342 

wave over North Africa and the Atlantic. In contrast, the aerosols improved the vorticity field in 343 

most forecasts for the AEW that developed Harvey; the largest reductions in RMSE occurred when 344 

analysis differences in the AEW structures were largest.  345 

In exploring the results, we showed qualitatively that the aerosol-aware assimilation 346 

captured dust radiative effects on the AEW structure that are associated with the time-varying 347 

aerosols in the radiance observation operator (i.e., CRTM). For example, the assimilation modified 348 

the existing dust radiative effects operating on the analyzed AEJ and temperature, which in turn 349 

modified the analyzed AEW vorticity structure. Additionally, the formation of an episodic plume 350 

within the northern circulation of the AEW that developed Harvey enhanced warming and vorticity 351 

in the region, which is a similar response shown previously for AEWs (e.g., Grogan et al. 2016; 352 

Grogan and Thorncroft 2019). Consequently, the analysis changes significantly improved the 353 
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forecasting of the AEW downstream. Forecast improvements such as these can be critical for 354 

determining the timing and location of tropical cyclogenesis that originate from developing AEWs. 355 

Aerosol radiative effects can be incorporated into the NWP system through the assimilation 356 

system and the forecast model. Though fewer studies focus on the assimilation aspect, this study 357 

has demonstrated the importance of incorporating time-varying aerosols into the satellite radiance 358 

calculations to capture dust radiative effects on the analyzed AEWs and environment. More work, 359 

however, is needed to better understand how to optimize the aerosol-aware assimilation, such as 360 

adjusting the bias-correction and quality-control procedures. Moreover, future work should 361 

investigate how much complexity is needed to represent aerosol processes adequately and 362 

accurately, and thus effectively account for aerosol effects within the NWP system. 363 
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 495 

Figure 1. Schematic flow chart of the aerosol-blind (CTL) and aerosol-aware (AER) experiments for this study. 496 
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 498 
Figure 2. Daily locations of the AEWs corresponding to Gert and Harvey from the tracking algorithm in CTL (blue), AER (red).  499 

 500 
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 502 

Figure 3. Horizontal and vertical plots of the CTL analysis (contours) and the AER – CTL analysis difference (colors) of the (a, 503 
b) zonal-wind, U, and (c, d) temperature, T. The vertical sections (top) are zonally-averaged from 10°W – 10°E, while horizontal 504 
sections (bottom) are taken at specified pressure levels. Contour/color units: (a,b) ms-1 and (c,d) K. The fields are computed from 505 
August 1st – August 28th. 506 
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 508 
Figure 4. As in Fig. 3, but for the relative vorticity amplitude moduli, VORT=(𝜁 ∗ 𝜁)&/(, where 𝜁 is the relative vorticity. 509 
Contour/color units: x10-5 s-1. 510 
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 518 
Figure 5. The evolution of the AEW associated with Gert. The panels show the 700 hPa CTL streamlines (black) and the AER – 519 
CTL 700 hPa relative vorticity differences (red/blues) from 00:00Z, Aug 1st – 4th. The ‘X’ marks the storm location from the 520 
tracking algorithm. To reduce clutter, the colors are only shown when the CTL flow is cyclonic (i.e., 𝜁 >0) and the AER – CTL 521 
difference is more than ± 0.5x10-5s-1. 522 
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 524 

 525 
Figure 6. Vertical structures of the circular average vorticity (radius 500 km) for the AEW associated with Gert for CTL (blue) 526 
and AER (red) during August 1st – 4th. The circular averages are taken at the X’s shown in Fig. 5, which are determined from the 527 
wave tracking algorithm. 528 
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530 
Figure 7. As in Fig. 5, but for the AEW associated with Harvey at 850 hPa. The date range is Aug 9th – 12th. 531 
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 533 
Figure 8. As in Fig. 6, but for the vertical structures of the northern (top) and southern (bottom) circulations of the AEW associated 534 
with Harvey during August 9th – 10th. 535 

 536 

 537 
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 539 
Figure 9. AER – CTL differences in simulated BT at 12.39µm from the IASI (circles) with the AOD on Aug 10th 12:00Z (brown 540 
contours). The X’s mark the location of the wave centers for the AEW that developed Harvey (at 12°N,17°W and 20.5°N,13°W).  541 
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 550 

Gert 
Initialization 1 day 2 day 3 day 4 day 5 day 
July 31st 0.13 0.21 0.19 0.38 0.03 
August 1st 0.17 0.27 0.25 0.10 0.08 
August 2nd 0.19 0.04 0.24 0.10 0.08 
August 3rd 0.06 0.20 0.23 0.09 1.02 
 

Harvey 
Initialization 1 day 2 day 3 day 4 day 5 day 
August 8th 0.23 0.05 0.23 0.32 0.27 
August 9th 0.08 0.07 0.06 0.33 0.32 
August 10th 0.35 0.32 0.17 0.31 0.49 
August 11th 0.22 0.39 0.49 0.46 0.64 

 551 
Table 1. RMSE relative differences in the 1000 – 500 hPa relative vorticity between the AER and CTL forecasts for the AEWs 552 
that developed Gert and Harvey. For each forecast day, the relative differences are calculated by taking (AER-CTL)/CTL of the 553 
RMSEs over the region following the AEW (see text for more details). The green values indicate AER improved the forecast, while 554 
red values indicate AER degraded the forecast; crossed-out values were not significant to the 99% confidence interval. The staircase 555 
border in each case separates times when the waves are onshore (upper left) and offshore (lower right). 556 
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