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Abstract. This study thoroughly examines the impact of aerosols on atmospheric heating rates over the North Atlantic Ocean,

with a specific focus on developing African Easterly Waves (AEWs). It utilizes
:::
The

:::::::
analysis

::::::::
leverages

:
data from the NASA

DC-8 aircraft, dropsonde profiles, lidar observations, and satellite-based precipitation data obtained during NASA’s CPEX-CV

field campaign, as well as
::
the

:
MERRA-2 and CAMS reanalyses. Using a four-stream radiative transfer model, the research

focuses specifically on days characterized by Saharan dust coinciding with AEWs and tropical storm development and also
:
a5

:::::::::
developing

:::::
AEW

:::
and

:
contrasts its findings with a notable dust-only event in June 2020. The findings reveal notable differences

in shortwave (SW) heating rates of over 1.5 K/day between reanalysis and observations, underlining the persistent challenges in

accurately representing aerosol effects in the atmosphere, even after assimilating observational data. These discrepancies were

present on days with both background and high dust concentrations, emphasizing the challenges in accurately representing

aerosol radiative effects in models and highlighting the urgent need for improved aerosol representation in reanalysis datasets.10

A
:::::::::
Differences

::
in
:::::::

heating
::::
rates

:::::
were

::::::::
analyzed

::
in

:
a
:
case study of two developing AEWshighlights a difference in heating rate

on the order of 1 to 2 K/day between an AEW developing into ,
::::
one

::::::
leading

::
to
:

a Category 4 Hurricane (Fiona) and
::::::
another

::::::
leading

::
to a short-lived tropical storm (TS Hermine).

1 Introduction

Over the past two decades, substantial advancements have been made in characterizing aerosol properties, as well as in identi-15

fying their spatiotemporal distribution and their influence on the planet’s radiative equilibrium (Ramanathan et al., 2001). This

research has culminated in the recognition that aerosols have both a "direct effect" on climate by altering the Earth’s radia-

tive budget and redistributing heat throughout the atmosphere, as well as an "indirect effect" by impacting cloud formation,

precipitation, and optical properties (IPCC, 2023). These effects are contingent on the concentration and altitude of aerosols

(Lyapustin et al., 2011; Bauer and Menon, 2012; Xu et al., 2017). In the same period, significant strides have been made in20

aerosol modeling, data assimilation techniques for Numerical Weather Predictions (NWP) applications, and the development

of precise 3-D aerosol models. These developments have enabled a more accurate representation of aerosols in weather mod-

els and reanalysis, leading to improvements in forecast accuracy (Mulcahy et al., 2014; Toll et al., 2016). Furthermore, these

advancements have opened new avenues for advanced research on aerosol effects and provided the potential for monitoring air

quality events. Nevertheless, uncertainties persist, especially concerning the atmosphere’s response to various physical prop-25
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erties of aerosols, particularly on daily timescales that affect weather patterns (Mulcahy et al., 2014; Toll et al., 2016; Zhang

et al., 2016). This is due to significant limitations in accurately characterizing aerosols, which are crucial for forecasting and

understanding the evolution of weather systems and processes.

Aerosols, with characteristics such as concentration, size distribution, composition, vertical distribution, hygroscopicity, and

mixing state, dynamically influence heating rates in the Earth’s atmosphere. This influence stems from their complex role in or-30

chestrating radiative processes within large-scale weather systems. For example, aerosol concentration significantly dictates the

scattering and absorption of solar radiation, leading to regional variations in heating rates. Similarly, size distribution of aerosol

particles governs their efficacy in scattering or absorbing radiation, impacting temperature gradients and atmospheric stabil-

ity. Composition is pivotal, inducing localized atmospheric heating or cooling. Vertical distribution intricately shapes aerosol

radiative effects across distinct atmospheric levels. Hygroscopic properties alter aerosol optical characteristics as they interact35

with water vapor, and mixing state complicates their radiative consequences. Therefore, understanding these aerosol-induced

changes in heating rates is crucial for enhancing the accuracy of weather forecasting models and the reliability of reanalysis

data. This knowledge enables a more precise representation of atmospheric processes and the development of weather systems.

The North Atlantic basin provides the setting for these processes to coexist. On a protagonist role are the African Easterly

Waves (AEWs, Burpee, 1972; Reed et al., 1988; Thorncroft and Blackburn, 1999). Along with the African Easterly Jet (AEJ),40

they are the primary triggers of regional and synoptic weather events over the Atlantic basin (Reed et al., 1977), having devas-

tating societal consequences over Africa, the Caribbean and the United States. Studies show, for example, that the AEJ-AEW

system influences convection and rainfall over West Africa (Carlson, 1969; Reed et al., 1977), while more than half of the

tropical cyclones
:::::
(TCs) that have been observed to develop over the eastern Atlantic Ocean have AEW origins (Landsea et al.,

1998). Another important phenomenon is the Saharan dust (and associated Saharan Air Layer, SAL), a prominent aerosol fea-45

ture that covers a vast portion of the Atlantic Ocean during boreal Spring and Summer (Carlson and Prospero, 1972; Dunion

and Velden, 2004). The Saharan dust is believed to alter both short wave (SW) and longwave/infrared (LW/IR) solar radiation

(Dunion and Velden, 2004) as well as temperatures at the surface and aloft (Nalli and Stowe, 2002; Oyola, 2015), decrease ver-

tical wind shear, induce thermodynamic stability, and most notably, influence the genesis of tropical storms
::::
(TS) and hurricanes

(Dunion and Velden, 2004; Pratt and Evans, 2009). Given that they share similarities in seasonality and geographical extent,50

the AEWs and Saharan dust are consequently coupled to influence each other. The United States Geostationary Operational

Environmental Satellites (GOES) satellite imagery on Fig. 1 depicts an example of these interactions. On
:
:
::
on

:
larger timescales,

processes like the AEW trigger Saharan dust lofting by enhancing diurnal emission mechanisms (Dunion and Velden, 2004).

On the other hand, dust atmospheric feedbacks influence the AEWs through direct and indirect radiative effects (Grogan and

Thorncroft, 2019).
:::
The

::::::
United

:::::
States

::::::::::::
Geostationary

::::::::::
Operational

::::::::::::
Environmental

::::::::
Satellites

:::::::
(GOES)

:::::::
satellite

:::::::
imagery

::
in
::::
Fig.

::
155

::::::
depicts

::
an

:::::::
example

:::
of

::::
these

:::::::::::
interactions. We have advanced our understanding of how Saharan dust affects AEW’s structure

and evolution, however, despite more than two decades of studies, no conclusive evidence has been agreed upon. From the

observational/reanalysis standpoint, most studies examining the effects of Saharan dust on AEWs using analytical approaches

have produced contradictory results, and/or have only focused on attributing AEW growth or decay to dust-induced changes

in the static stability alone (e.g. Karyampudi et al., 1999; Jones et al., 2004; Reale et al., 2009; Jury and Santiago, 2010; Reale60
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Figure 1. GOES-16 image of dust
:::
Dust

:
interacting with an African Easterly Wave on 22 September 2022 during the CPEX-CV field

campaign
::
as

:::::::
captured

::
by

:::::::
GOES-16

:
(GOES-R Series Program, 2019).

et al., 2011; Ma et al., 2012). A significant limitation with these studies, and a possible reason behind their discrepancies, is that

most focus on total column aerosol loading (or AOD) but have failed to properly address the relationship between the AEWs

and changes in the vertical distribution of dust aerosols. Also, these studies do not directly address the dust impact at different

stages of the AEW, nor clearly discretize changes in airmass in both systems with transatlantic passage. Although it seems a

straightforward issue to address, previous research has been limited because retrieving good-quality measurements of vertical65

profiles of atmospheric parameters (moisture, wind, temperature, and vertical information of aerosols) in Saharan dust events

remains an extremely challenging endeavor, particularly in the lower atmosphere, as most of these techniques are biased due

to changes in atmospheric composition itself (Nalli et al., 2011; Oyola, 2015).

There is an opportunity to characterize the impact of dust aerosols in AEWs, aiming to enhance our comprehension of their

feedback mechanisms. This can be achieved by leveraging radiative transfer, aerosol vertical data from reanalysis, and, when70
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accessible, utilizing existing �eld campaign datasets for atmospheric closure experiments. Obtaining high-resolution aerosol

pro�les from observations poses a signi�cant challenge, particularly over oceanic regions, however,
:
.
::::::::
However,

:
when such data

is accessible, it can contribute signi�cantly to addressing some of the questions that remain unanswered.

In this study, we shed light on the importance of accounting for the vertical distribution of Saharan dust in the context of AEW

development by showing the impact of anomalous dust loadings on modifying atmospheric heating rates atcritical atmospheric75

levelsduringAEW development
::::
levels

::::::
critical

::
to

:::::
AEW

:::::::::::
development

:::::::::
(1000-500

::::
hPa). We show that these impacts are not well

captured by reanalysis, a key factor in improving the modeling of AEW development. We integrate data collected during

the airborne National Aeronautics and Space Administration (NASA) Convective Processes Experiment – Cabo Verde (CPEX-

CV) and pro�les from two different global reanalyses into a four-stream radiative transfer model. We examine radiative heating

rates within Saharan dust plumes associated with AEWs during the intensive observation period (IOP). The CPEX-CV datasets80

provide a distinctive opportunity for this model evaluation, featuring collocated aircraft instrumentation that simultaneously

measured high-resolution vertical aerosol pro�les and atmospheric pro�les via dropsondes over AEWs. Utilizing this in situ

instrumentation, our goal is to assess the reanalyses' accuracy in depicting aerosol radiative properties. Speci�cally, within the

observational constraints of the limited dataset available for this study, our objectives include quantifying the magnitude of

aerosol-induced heating rates—particularly those associated with high dust loading—and shedding light on their potential to85

in�uence model representation of AEW development.

2 Data and methods

The analysis was conducted over the North Atlantic Ocean, in a box spanning 0� to 25� N and 15� W to 35� W to the west of the

Sahara Desert. Data from several reanalyses and the CPEX-CV �eld campaign were used to analyze the effects of aerosols on

atmospheric pro�les and their role in the development of AEWs.90

2.1 CPEX-CV

CPEX-CV was conducted between 1 and 30 September 2022 out of Cabo Verde over the North Atlantic. Its objectives included

examining the interplay of atmospheric dynamics, properties of the marine boundary layer, convection, the Saharan Air Layer

and Saharan dust, and their interactions at different spatial scales. The mission aimed to enhance our comprehension and

predictive capabilities regarding the lifecycles of processes such as AEWs, aiming to increase our understanding of such95

processes in a data-scarce region such as the tropical East Atlantic. During the �eld campaign, data were collected during

fourteen
::
13

:
research �ights from the NASA DC-8 aircraft by several instruments including the ones described below. We make

use of data from the seven research �ights that coincided with a developing AEW.

2.1.1 AVAPS dropsondes

The Advanced Vertical Atmospheric Pro�ling System or AVAPS (Hock, 1999), is a dropsonde system providing vertical100

pro�les of pressure, temperature, speci�c humidity, and winds that was used onboard the DC-8 during CPEX-CV. Dropsondes
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were launched at multiple locations during each �ight. The pro�le altitude was limited to the DC-8 aircraft's maximum altitude

of 42,000 ft, and most pro�les did not contain data above 200 hPa. We employ 64 dropsonde pro�les of pressure, temperature,

and speci�c humidity throughout seven research �ights to characterize atmospheric conditions in our analysis. We use mean

daily pro�les of pressure, temperature, and speci�c humidity from the AVAPS dropsonde dataset to calculate mean heating105

rates for two days of interest (09 and 22 September).

2.1.2 HALO

The NASA Langley High Altitude Lidar Observatory or HALO (Bedka et al., 2021) is a lidar system operated from an air-

borne platform to provide nadir-viewing pro�les of water vapor, methane columns, and pro�les of aerosol and cloud optical

properties. The HALO pro�led the vertical distribution of aerosol in the atmosphere during each of the research �ights used in110

our analysis. The 532 nm aerosol extinction coef�cient, inferred from the aerosol backscatter (Carroll et al., 2022; Lei et al.,

2022; Lenhardt et al., 2022) is used in our experiments as a measure of extinction coef�cient. The latitude and longitude data

from the HALO dataset were used to determine the �ight track location for each �ight used in the analysis.

2.2 MERRA-2

The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2, Buchard et al., 2017; Gelaro115

et al., 2017; Randles et al., 2017) is a reanalysis dataset developed by NASA that provides comprehensive and high-quality

atmospheric data from 1980 onward, including the assimilation of aerosols and a representation of their interactions with other

physical processes. We utilize the 3D 6-hourly Analyzed Meteorological Fields dataset (or inst6_3d_ana_Nv on 72 levels)

for pro�les of pressure, temperature, speci�c humidity, and ozone mixing ratio. For aerosol, we utilize the inst3_3d_aer_Nv

collection, which includes instantaneous 3-dimensional 3-hourly data within MERRA-2. This dataset encompasses assimilated120

aerosol mixing ratio parameters at 72 model layers, including dust, sulfur dioxide, sea salt, black carbon, and organic carbon.

Similarly, we also obtain 3-hourly Aerosol Optical Depth (AOD) Analysis from the inst3_2d_gas_Nx.

Additional treatment is required to be able to obtain extinction coef�cient pro�les from dust concentration. We calculate

volume extinction coef�cient at each level from dust mixing ratio for each of the �ve size-bins provided in the aerosol mixing

ratio dataset, using the following equation:125

� e = ke� air =
3RDU Qext

4r� p
� air (1)

whereke is the mass extinction coef�cient in m2 kg� 1, � air is the air density in kg m� 3, RDU is the dust mass mixing ratio

for a speci�c bin in kg kg� 1, Qext is the extinction ef�ciency,r is the particle radius in m, and� p is the particle density in

kg m� 3. The air density was provided by the MERRA-2 analyzed meteorological �elds. The particle radius used for each

of the �ve size-bins is 0.73�m , 1.4 �m , 2.4 �m , 4.5 �m , 8.0 �m respectively. The particle density is 2500 kg m� 3 for130

particles of mean radius of 0.73�m , and 2650 kg m� 3 for the rest of the size-bins (GMAO, 2023). The extinction ef�ciency

was approximated for each size-bin using values from the Goddard Chemistry Aerosol Radiation and Transport (GOCART)

moduleGMAO (2023)
:::::::::::::
(GMAO, 2023) that correspond to the closest particle radius for each bin. The HALO data collected
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during the CPEX-CV campaign were assimilated into the MERRA-2 reanalysis (Nowottnick et al., 2023), and our analysis

sheds light on the performance of the assimilation.135

2.3 CAMS

Because the CPEX-CV data were assimilated into the MERRA-2 reanalysis dataset used in this study, we use the Copernicus

Atmosphere Monitoring Service reanalysis (CAMS, Inness et al., 2019), which did not assimilate data from CPEX-CV, as

a reference to assess the impacts of assimilation on the reanalysis. CAMS is a reanalysis dataset that comprises 3D time-

consistent atmospheric composition �elds, including aerosols, chemical species, and greenhouse gases. We utilize the 3-hourly140

datasets on 25 pressure levels for temperature, speci�c humidity, and dust aerosol mixing ratio at three different particle size

ranges (0.03 - 0.55� m, 0.55 - 0.9� m, 0.9 - 20� m), as well as the total column AOD at 550 nm. Similar to the MERRA-2

dataset, we calculate the extinction coef�cient at each level for the 3 dust size-bins listed above using the following formula:

� e = ke� air =
3RDU Qext

4r� p
�

p
RdTv

(2)

whereTv = (1 + 0 :61q)T andp is the pressure in hPa,Rd is the gas constant for dry air in J kg� 1 K � 1, Tv is the virtual145

temperature in K,q is the speci�c humidity in kg kg� 1, andT is the temperature in K. The pressure, speci�c humidity, and

temperature were provided by the CAMS dataset. Since CAMS also uses GOCART aerosol properties, the values for extinction

ef�ciency, particle radius, and particle density for each of the three size-bins are the same used for MERRA-2 for particle radii

sizes of 0.24�m , 0.8�m , and 8�m respectively. Similarly to the MERRA-2 dataset, the values for extinction coef�cient were

added together to calculate the total dust aerosol extinction coef�cient. Because each size-bin represents a range of particle150

sizes and the extinction ef�ciency depends on particle size, the accuracy of the extinction coef�cient remains limited for both

the MERRA-2 and CAMS datasets.

2.4 AEW Tracking

The IntegratedMulti-satellitE Retrievalsfor Global PrecipitationMeasurement(IMERG, Huffman et al., 2020)is a dataset

developedand providedby NASA that offers global precipitationdataby mergingand integratingdata from the Global155

PrecipitationMeasurement(GPM) satellite constellation.We leveragethe daily meandatawithin the IMERG datasetto

identify and follow the progressionof the sampledAEWs within our designatedgeographicregion.To delve deeperinto

thedust-AEWintricateinterplay,we superimposeIMERG datawith theMERRA-2 total dustmixing ratio datasetasin Fig.

2. This integratedapproachallowsusto explorehowandwheredustaerosolsmaybein�uencing AEW dynamics,providinga

morecomprehensiveview of thefactorsaffectingAEW behavior.160

We use the AEW tracker described in Lawton et al. (2022) to track the center of several AEWs of interest. The tracker

calculates curvature vorticity at 700 hPa using the nondivergent component of the 700-hPa wind averaged within a radius of

600 km of each grid point. We use the positional dataset which supplies an approximation of the location of the center of the

storm
:::::
AEW at a 6-hour time step to collocate the center of thestorm

::::
AEW

:
with the nearest MERRA-2 and CAMS reanalysis

datasets./165
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