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Abstract

Saharan Dust Impact on Radiative Heating Rate Errors Inherent in
Reanalysis Data in the African Easterly Wave Development Region

by Ruby W. Burgess

Saharan dust outbreaks strongly impact the atmosphere’s energy balance, as their ra-
diative effects can alter atmospheric heating rates by several degrees per day. However,
numerical weather prediction models often struggle to accurately represent aerosol ver-
tical distribution, leading to forecast errors driven by biases in heating rates. Utilizing
a four-stream radiative transfer model and data from reanalysis as well as dropsonde
profiles and lidar observations from NASA’s CPEX-CV field campaign, this study exam-
ines the impact of Saharan dust on atmospheric heating rates over the North Atlantic
Ocean, with a specific focus on the African Easterly Wave (AEW) development region.
The performance of two reanalyses, MERRA-2 and CAMS, is evaluated, and results re-
veal notable differences in aerosol-induced shortwave heating of over 1.5 K/day between
reanalysis and field observations. These findings underline the persistent challenges in
accurately representing aerosol effects in the atmosphere, even after the assimilation of
observational data. A case study of three developing AEWs during the CPEX-CV field
campaign highlights a difference in aerosol-induced heating on the order of 1 to 2 K/day
between two AEWSs developing into major hurricanes and one developing into a short-
lived tropical storm, raising the question of the role of dust-induced heating in AEW

development.
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Chapter 1

Introduction

1.1 Aerosol Properties

1.1.1 Aerosol Background

Aerosol particles, or aerosols, are particles that are small enough to remain suspended in
the atmosphere for a significant amount of time, from several hours to weeks or more.
They are defined as particles in the solid or liquid phase, dispersed in a gaseous medium
such as the atmosphere. These particles typically range from sizes on the order of 1073
nm to 100 pm (Prospero et all [1983), and examples of aerosols include sea salt, mineral
dust, black carbon, and volcanic ash. Aerosols are either classified as fine mode, which
comprises Aitken particles of radius less than 0.2 pm and large (or accumulation-mode)

particles of radius 0.2 to 2 pm, or as coarse mode, which comprises giant particles of



2
radius greater than 2 pm and ultragiant particles of radius greater than 20 pm (Prospero

et al., 1983).

1.1.2 Atmospheric Impact of Aerosols

Aerosols directly affect the Earth’s radiative balance by absorbing or scattering solar ra-
diation, depending on their physical and optical properties. They also indirectly affect
the Earth’s radiative balance by impacting cloud microphysics and precipitation (e.g.,
by acting as cloud condensation nuclei (CCN) or ice condensation nuclei (ICN)) (Bauer
and Menon, 2012, Ramanathan et al., 2001)) as well as by altering atmospheric energy
balances and stability by heating or cooling the atmosphere which alters weather systems
(Grogan et al., 2016). Aerosol concentration, composition, hygroscopicity, size distribu-
tion, vertical distribution and mixing state act to influence heating rates in the Earth’s
atmosphere, in turn affecting the development of weather systems. Size distribution as
well as composition determines single scatter albedo, which describes the relative amounts
of scattering and absorption of an aerosol. Aerosol concentration affects the amount of
scattering and absorption of solar radiation, directly impacting the total amount of at-
mospheric heating or cooling. Vertical distribution determines the atmospheric heating
profile, which in turn can impact energy balance and weather dynamics. Understanding
these properties is essential to improving numerical weather prediction (NWP) models
and the accuracy of reanalysis data outputs, as well as strengthening our understanding

of the impact of aerosols on weather systems.



January February March

40° 40°

40°

200 7 = y - o TS

. \‘% . \%"*
" G 2R

e
-60

40°

20°

40°

20°

40°

20° %

-80° -60° -40° -20° 0° -80° -60° -40° -20° 0° -80° -60° -40° -20° 0°

5e.05 2004  3e-:04 4e04  5e04  6e-04  7e04  8e04  9e-04  1e03
Column Mass Density (kg/m?)

FiGURE 1.1: MERRA-2 monthly climatology of dust column mass density from 1980
to 2023.

1.2 Saharan Dust

1.2.1 Saharan Dust Transport and Modeling

Saharan dust is primarily transported into the Atlantic Ocean from the northwest coast
of Africa via Saharan dust outbreaks. Approximately 102 kg of dust is transported across

the Atlantic each year, making North Africa the largest dust source in the world (Huang
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et al., 2010). Saharan mineral dust particles range from 0.1 pm to 10 pm in radius,
with the distribution of finer, further traveling transported mode dust peaking between
0.4 pm and 0.5 pm, whereas coarse mode particles peak in size distribution around 2 pm
(Dubovik et al.,[2002). The strength and location of Saharan dust storms depend strongly
on the time of year. Such outbreaks can last for several days (Carlson, |1979)), traveling at
a speed of 8 to 10 degrees longitude per day (on the order of 1000 km/day), considerably
affecting radiative heating in the atmosphere (Carlson and Benjamin, |1980). The location
of Saharan dust outbreaks follows the season pattern of the inter-tropical convergence
zone (ITCZ, [Prospero et al., [1983). During the winter months, dust plumes travel off
the west coast of Africa across the Atlantic to the northeastern coast of South America,
centered between 5°N and 10°N. During the summer months, dust plumes shift northward
and travel across the Atlantic into the Caribbean, centered around 17°N (Huang et al.,
2010, [Prospero et al., (1983} [Swap et al.,[1996). While the strongest dust outbreaks occur
during June or July, outbreaks are common throughout the year, especially in winter,
spring and summer (Huang et al., [2010). A reanalysis-based climatology of dust column
mass density (mass density of dust in kg/m? integrated over height) from 1980 to 2023
is shown in [Figure 1.1} and illustrates the seasonal shift in the location of dust outbreaks
found in research over the past several decades. Saharan dust plumes are usually located
below 5 or 6 km in altitude as they move off the West African coast in boreal summer
(3 to 4 km in boreal winter) and decrease steadily in altitude during transport across the
Atlantic, to below 3 km by the time they reach America (1 to 2 km in boreal winter)

(Huang et al., 2010, Swap et al. {1996). The altitude of the dust layer is higher during
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summer months than in winter months because of strong sensible heating causing low-level
convergence over the Sahara which acts to lift the dust (Huang et al., 2010). The vertical
distribution of the dust layer is a key factor in its radiative effects on the atmosphere
(Carlson and Benjamin| [1980). Because of its strong absorptive properties, dust at the
surface can increase daytime heating, and dust aloft can trigger temperature inversions
(whereas a strongly scattering aerosol would cause cooling). Significant progress has been
made in recent years in the development of precise 3-D aerosol models as well as in data
assimilation of aerosol data for NWP. Such improvements have led to a more accurate and
reliable representation of aerosols in NWP and reanalysis, significantly improving forecast
accuracy (Mulcahy et al.| 2014} Toll et al., 2016]). These enhancements have allowed for
more thorough research on aerosol effects on the atmospheric system. However, there
remain many uncertainties in these effects, specifically in terms of atmospheric responses
to aerosol effects. The effects of the physical properties of aerosols on weather patterns,
especially on daily timescales, remain difficult to predict (Mulcahy et al., 2014} Toll et al.|
2016, [Zhang et al., 2016]), due to limitations in aerosol characterization. Solving these
issues remains a crucial step to improving the understanding and forecasting of the effect

of mineral dust aerosols on the evolution of weather systems, especially in tropical regions.

1.2.2 Radiative Effects of Mineral Dust

Saharan dust affects Earth’s radiation budget by both absorbing and scattering radia-
tion. Scattering and absorption by aerosols are governed by the wavelength of incident

radiation, particle size, and the complex refractive index of the particle, where the real
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part of the refractive index is responsible for scattering and the imaginary part for ab-
sorption. For Saharan dust particles, these properties can depend on their size, mineral
composition, and shape (Linke et al.| [2006). The amount of scattering and absorption
by aerosols depends on the absorption and extinction efficiencies which can be calculated
using Mie theory, under the assumption of sphericity. The scattering and absorption
properties of mineral dust therefore influence their interaction with shortwave (SW) and
longwave (LW) radiation, which leads to negative or positive radiative forcing in the at-
mosphere depending on the single scatter albedo. The mineral composition of Saharan
dust causes it to absorb both SW and LW radiation (Takemura et al., |2002)), mainly due
to the presence of hematite (Quijano et al., 2000)), a dark-colored mineral with strong
absorptive properties. The extinction properties of Saharan dust have been investigated
in both laboratory studies and fieldwork. The extinction efficiency of mineral dust is
almost constant in the solar band (Takemura et al. [2002). The single scatter albedo of
mineral dust has been measured experimentally from field studies and found to range
between 0.70 and 0.99 (Carlson and Benjamin, 1980} [Eck et al., 1999, Takemura et al.
2002)). The impact of Saharan dust has been found to be largest in the SW by (Carlson
and Benjamin (1980), which aligns with the findings of (Grogan et al. (2016). SW radi-
ation is found to cause strong heating within the dust layer, while strong LW heating is
found to typically occur below the dust layer due to trapped outgoing LW radiation from
the Earth (Carlson and Benjamin, |1980). A radiative transfer model (RTM) can be used
to quantify the LW and SW effect of mineral dust on the atmosphere, by calculating SW

and LW fluxes and heating rates.



1.3 African Easterly Waves

1.3.1 Development of African Easterly Waves

African Easterly Waves (AEWSs) are synoptic systems that are generated over tropi-
cal North Africa due to a combined baroclinic and barotropic instability in the African
Easterly Jet (Burpee, |1972, (Charney and Stern, [1962). These disturbances in the jet
propagate westward during the boreal summer (Burpee, |1972), and have been shown to
be the main precursors of tropical cyclones (TCs) occurring in the North Atlantic basin
(Landsea;, 1993). AEWSs have been understood to grow through a barotropic instabil-
ity (Pytharoulis and Thorncroft, |1999) which evolves into a mixed barotropic—baroclinic
instability (Burpeel [1972 Norquist et al., 1977, Pytharoulis and Thorncroft], |1999)). How-
ever, increasing attention has been given to the role of heating in AEW genesis, as latent
heating (Thorncroft et al., 2008) and SW and LW radiation (Ma et al., 2012) have been

shown to play an important role in the development of these waves.

1.3.2 Influence of Saharan Dust on AEWs

The heating caused by Saharan dust has a direct impact on the energy balance of the
atmosphere in the tropical East Atlantic where aerosol heating can reach several K/day
(Ma et al.,[2012). The effect of Saharan dust heating on the atmosphere in this region has
been investigated over the last several decades, as the location of Saharan dust storms
coincides with the development region of AEWs. However, the study of the effects of

Saharan dust on the development of AEWs has yielded conflicting results. The effects of
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Saharan dust are often studied in conjunction with the Saharan Air Layer (SAL), a layer
of warm dry air that forms over the Saharan Desert and moves over the tropical North
Atlantic Ocean. The dry air introduced by the SAL causes subsidence and stabilization

of the atmosphere. This phenomenon has been observed to suppress the development of

AEWSs (Dunion and Velden|, [2004, Pratt and Evans| 2009, [Reale et al.l 2009, |Zipser et al.|

2009). However, when the SAL is coupled with Saharan dust, the effects of this system

on the atmosphere remain uncertain. Several studies have argued that Saharan dust

plays a role in suppressing AEW development (Ismail et al. 2010, |Jury and Santiagol

2010, [Karyampudi et al. [1999). Other studies have found that Saharan dust can act

to enhance AEW development (Grogan et al., |2016, Jones et al., 2004} [Lavaysse et al.,

2011} [Ma et al., [2012)). Recently, much work has been done in investigating how Saharan

dust affects energy conversions in AEWs and impacts their development (Bercos-Hickey]

let al., 2017, \Grogan et al. 2017, 2019, |Grogan and Thorncroft, 2019, (Grogan et al.,

2022, Nathan et all 2017). |Grogan et al. (2016) specifically focuses on how interactions

between the wave fields in dust, wind, and temperature are important to the growth
and structure of AEWs, finding that dust effects increase baroclinic energy conversions
(which are necessary to maintain the AEW), and that dust modified wave amplitudes are

stronger at mid-levels but weaker at low levels of the atmosphere.

1.3.3 Current challenges and areas for further investigation

Past investigations into Saharan dust effects on AEWSs have primarily relied on total

aerosol optical depth (AOD), a measure of total extinction coefficient integrated over a
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column in the atmosphere, to characterize the spatial distribution of dust. This limitation
may contribute to the observed disparities in the conclusions of previous studies. A major
constraint in these studies is the absence of investigation of the relationship between
AEWSs and alterations in the vertical distribution of dust aerosols. Further limitation
arises from the failure to explicitly examine the dust impact throughout the development
of the AEW into a TC. Previous research has been limited by the challenge of retrieving
high-resolution measurements of vertical profiles of atmospheric parameters (moisture,
wind, temperature) in Saharan dust events, particularly in the lower atmosphere, as
most of these retrieval techniques are biased due to the presence of dust (Nalli et al.|
2011} Oyolal 2015)). Furthermore, accurate retrievals of aerosol vertical distribution are
rare, and limited to satellite instruments such as the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP), part of the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) mission (Winker et al., 2009), which is no longer operational,

and rare observational measurements from field campaigns.

1.4 Research questions addressed in this study

Obtaining high-resolution aerosol profiles from observations has proven challenging, par-
ticularly over oceanic regions. However, when such data is available, it can contribute sig-
nificantly to addressing unanswered questions. This work aims to combine high-resolution
field campaign datasets, aerosol vertical profiles from reanalysis, and radiative transfer
modeling to shed light on the importance of accounting for the vertical distribution of

Saharan dust in the context of AEW development.
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The following research questions are addressed:

1. What is the impact of anomalous dust loadings on modifying atmospheric heating

rates at different atmospheric levels during AEW development?

2. Is this impact accurately captured in models such as reanalysis datasets?

3. How does the vertical structure of heating evolve throughout the development of

an AEW?

To answer these questions, we integrate data collected during the airborne National Aero-
nautics and Space Administration (NASA) Convective Processes Experiment — Cabo
Verde (CPEX-CV) and profiles from two different global reanalyses into a four-stream
radiative transfer model. The CPEX-CV datasets provide a unique opportunity for this
study, comprising collocated aircraft measurements of high-resolution vertical aerosol pro-
files and atmospheric profiles from dropsondes in the AEW development region. We ex-
amine radiative heating rates within Saharan dust plumes associated with AEWs during
the field campaign for different dust concentration scenarios and evaluate dust radiative

impacts in the context of AEW development.
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Chapter 2

Methodology

2.1 Datasets

This study makes us of data obtained from the CPEX-CV field campaign collocated with
data from two reanalyses: The Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2) and the Copernicus Atmosphere Monitoring Service
(CAMS) to evaluate heating rates in the AEW development region using the Fu-Liou-Gu

(FLG) radiative transfer model. The datasets ingested into this RTM are outlined below.

2.1.1 CPEX-CV

The CPEX-CV field campaign (Nowottnick et al., 2024)) was conducted between 1 and
30 September 2022 out of Cabo Verde over the North Atlantic Ocean off the northwest

coast of Africa. Its objectives included examining the interplay of atmospheric dynamics,
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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 com-
prehension and predictive capabilities regarding the lifecycles of systems such as AEWs;,
aiming to increase understanding of such processes in this data-sparse region. During the
field campaign, data were collected during thirteen research flights from the NASA DC-8
aircraft by several instruments including the ones described below. We utilize data from

the seven research flights that coincided with an AEW that developed into a TC.

2.1.1.1 AVAPS Dropsondes

The Advanced Vertical Atmospheric Profiling System (AVAPS, |[Hock, [1999), is a drop-
sonde system providing vertical profiles of pressure, temperature, specific humidity, and
winds that was used onboard the DC-8 during CPEX-CV. Dropsondes were launched at
multiple locations during each flight. The profile altitude was limited to the DC-8 air-
craft’s maximum altitude of 42,000 ft, and most profiles did not contain data above 200
hPa. We employ 64 dropsonde profiles of pressure, temperature, and specific humidity

throughout seven research flights to characterize atmospheric conditions in our analysis.

2.1.1.2 HALO

The NASA Langley High Altitude Lidar Observatory (HALO, Bedka et al., [2021) is a

lidar system operated from an airborne platform to provide nadir-viewing profiles of water



13
vapor, methane columns, and aerosol and cloud optical properties. The HALO profiled

the vertical distribution of aerosol in the atmosphere during each of the research flights
used in our analysis. The 532 nm aerosol extinction coefficient, 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 dust extinction coefficient. The latitude and longitude data
from the HALO dataset were used to determine the flight track and location for each

flight used in the analysis.

2.1.2 MERRA-2

MERRA-2 (Buchard et al., [2017, |Gelaro 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 Meteo-
rological Fields dataset (or inst6_3d_ana_Nv on 72 levels) to generate profiles of pressure,
temperature, specific humidity, and ozone mixing ratio. For aerosol profiles, we utilize
the inst3_3d_aer_Nv collection, which includes instantaneous 3-dimensional 3-hourly data
within MERRA-2. This dataset encompasses assimilated aerosol mixing ratio parame-
ters at 72 model layers, including dust, sulfur dioxide, sea salt, black carbon, and organic

carbon. Similarly, we also obtain 3-hourly AOD Analysis from the inst3_2d_gas_Nx.

Additional treatment is required in order to obtain extinction coefficient profiles from
dust concentration. We calculate volume extinction coeflicient at each level from dust

mixing ratio for each of the five size-bins provided in the aerosol mixing ratio dataset,
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using the following equation:
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where k. is the mass extinction coefficient in m? kg=!, pu;, is the air density in kg m=3, Rpy
is the dust mass mixing ratio for a specific bin in kg kg=!, Q.. is the extinction efficiency,
7 is the particle radius in m, and p, is the particle density in kg m™>. The air density is
provided by the MERRA-2 analyzed meteorological fields. The particle radius used for
each of the five size-bins is 0.73 pum, 1.4 um, 2.4 um, 4.5 pm, 8.0 um respectively. The
particle density is 2500 kg m~3 for particles of mean radius of 0.73 um, and 2650 kg m ™3
for the rest of the size-bins (GMAO, 2023)). The extinction efficiency is approximated for
each size-bin using values from the Goddard Chemistry Aerosol Radiation and Transport
(GOCART) module (GMAO, 2023) that correspond to the closest particle radius for each
bin. The total dust aerosol extinction coefficient is calculated from the sum across all
size-bins. HALO data was assimilated into MERRA-2 for select flights, and dropsondes
were assimilated into MERRA-2 across the entire campaign (Nowottnick et al., 2023)),

and our analysis sheds light on the performance of the assimilation.

2.1.3 CAMS

Because the CPEX-CV data were assimilated into the MERRA-2 reanalysis dataset used
in this study, we use the CAMS reanalysis (Inness et al., 2019), which did not assim-

ilate data from CPEX-CV, as a reference to assess the impacts of the observational
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data assimilation on the reanalysis. CAMS is a reanalysis dataset that comprises 3D

time-consistent atmospheric composition fields, including aerosols, chemical species, and
greenhouse gases. We utilize the 3-hourly datasets on 25 pressure levels for temperature,
specific humidity, and dust aerosol mixing ratio at three different particle size ranges
(0.03 - 0.55 um, 0.55 - 0.9 pm, 0.9 - 20 pm), as well as the total column AOD at 550 nm.
Similar to the MERRA-2 dataset, we calculate the extinction coefficient at each level for

the 3 dust size-bins listed above using the following formula:

56 - kepair = 3R5UQ€IM : b
TPp RdTv

(2.2)

where T, = (1+0.61¢)7T" and p is the pressure in hPa, R, is the gas constant for dry air in
J kg=! K~1, T, is the virtual temperature in K, ¢ is the specific humidity in kg kg~!, and
T is the temperature in K. The pressure, specific humidity, and temperature are provided
by the CAMS dataset. Since CAMS also uses GOCART aerosol properties, the values for
extinction efficiency, 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 pm, 0.8 um, and 8 um.
Similarly to the MERRA-2 dataset, the values for extinction coefficient were summed to
calculate the total dust aerosol extinction coefficient. Because each size-bin represents a
range of particle sizes and the extinction efficiency depends on particle size, the accuracy

of the extinction coefficient remains limited for both the MERRA-2 and CAMS datasets.



16

2.1.4 Fu-Liou-Gu Radiative Transfer Model

The Fu-Liou-Gu RTM calculates heating rates and irradiances (or fluxes) from profiles
generated from the datasets described above. The FLG RT scheme, as proposed by (Gu
et al| (2011)), represents an upgraded iteration of FLG originally developed by Fu and
Liou in 1992 and 1993 (Fu and Liou, 1992, 1993). This refined model offers improved
parameterizations for aerosol properties, which enable more accurate simulation of ra-
diative effects, aligning more closely to real-world observations. The delta-four-stream
approximation is utilized for solar radiative flux calculations (Liou et al., [1988) and the
delta-two-and-four-stream approximation is employed for LW (or infrared, IR) radiative
flux calculations (Fu et al., [1997) in the model. The model divides the SW and LW /IR
spectra into 6 and 12 bands respectively, determined by the locations of absorption bands,
and the calculations incorporate the effect of absorption by the H20 continuum and var-
ious minor absorbers within the solar spectrum in addition to the principal absorbing
gases. The FLG RTM assumes the sphericity of aerosols, using Mie theory to model their
optical properties. The mineral transported dust mode is used in this study to represent
dust transported over the Atlantic. This mode favors smaller particles, able to remain

suspended in the atmosphere over longer transport times.

2.1.4.1 OPAC

The current FLG radiation scheme contains a total of 18 aerosol types parametrized

by the Optical Properties of Aerosols and Clouds (OPAC, Hess et al., 1998) database.
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This database provides humidity-aware single-scattering properties for spherical aerosols
computed from Lorenz Mie theory, for 60 wavelengths in the spectral region between 0.3
pm and 40 pm. These 60 bands are interpolated into the 18 bands of the FLG RT scheme.
The 18 types of aerosol include maritime, continental, urban, five size-bins for mineral
dust, insoluble, water soluble, soot (black carbon), sulfate droplets, sea salt in two modes
(accumulation and coarse mode), and mineral dust in four different modes (nucleation,
accumulation, coarse, and transported mode). For the purposes of this study, we employ

the mineral dust transported mode.

2.1.5 AEW Tracking

2.1.5.1 Maps of Precipitation and Dust Mixing Ratio

To visualize the location of dust in relation to convection and precipitation, we superim-
pose daily maps of MERRA-2 total dust mixing ratio onto maps of daily accumulated
precipitation (e.g. [Figure 2.1)). We use the Integrated Multi-satellitE Retrievals for Global
Precipitation Measurement (IMERG, Huffman et al., 2020) a dataset developed and pro-
vided by NASA offering global precipitation data by merging and integrating data from
the Global Precipitation Measurement (GPM) satellite constellation. The MERRA-2
total dust mixing ratio is derived by summing the dust mixing ratio from five distinct
particle size-bins. The flight track from the research flight corresponding to the day plot-
ted on each map was overlaid to show the location of data collection relative to the AEW.

These maps provided valuable insights into the interplay between dust and AEWs. In the
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process of our analysis, we leveraged these maps, in conjunction with the daily forecast

reports from CPEX-CV to identify specific days of interest for our study. Furthermore,
we utilized these maps to track the temporal evolution of dust concentration throughout

the field campaign.

2.1.5.2 AEW Tracking

We use the AEW tracker described in [Lawton et al.| (2022)) to track the center of several
developing AEWSs 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 AEW at a 6-hour time step to collocate the center of the

AEW with the nearest MERRA-2 and CAMS reanalysis datasets.

2.2 Radiative Transfer Modeling

2.2.1 Data processing

We use the positional data from the CPEX-CV HALO dataset to collocate data from
the two reanalyses (MERRA-2 and CAMS) with the CPEX-CV dataset. We process the
AVAPS dropsonde data to select profiles of pressure, temperature, and specific humid-
ity with sufficient information to be run in the FLG RTM. We generate profiles from
MERRA-2 and CAMS reanalysis at the each dropsonde profile location. Similarly, we

process extinction coefficient profiles from HALO to select profiles providing sufficient



19

25 1 ‘f 25 1

201 201

151 15 1

10 10
| 3

51 i 51

0 1 0 1

09 September 2022 10 September 2022 14 September 2022

25 1
20 1
15
10

5 -/1. g

O.

35 —30 —25 -20 —15 —10 -35 —-30 -25 —20 —15 —-10 —-35 —30 —-25 —20 —15 —10
16 September 2022

25 25

201 20
=1

15 15

101 101

51 51

0 1 0 1

23 September 2022
251 ;

201

—-35 -30 -25 -20 -15 —-10 -35 —-30 -25 —-20 —-15 —-10 -35 —30 —25 —-20 —15 —10

Precipitation (mm)

154

10

5

15

40 100 250 500

Dust Mixing Ratio (kg kg™1)

—-35 -30 -25 -20 -15 -10

1.0

1.5

20 25 3.0 35 40 45 5.0

le-7

FIGURE 2.1: Flight tracks (blue) with overlaid total dust mixing ratio from MERRA-
2 and daily accumulated precipitation from IMERG for seven of the research flights
during the CPEX-CV field campaign.

aerosol extinction coefficient data to be run in the FLG RTM. We select extinction coef-

ficient profiles from the HALO, MERRA-2, and CAMS datasets matching the location of

the selected dropsonde profiles. We interpolate all profiles to 72 vertical levels, restricting
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TABLE 2.1: FLG Input parameter datasets for PT(Q (atmospheric profile of pressure,
temperature, and humidity) and extinction coefficient (see text for further details on
parameter calculations).

Dataset PTQ Extinction coefficient
CPEX-CV AVAPS Dropsondes HALO Extinction Coefficient
MERRA-2 6-hourly Analyzed Meteorological Fields Extinction coefficient from 3-hourly Dust Mixing Ratio

CAMS 3-hourly pressure, temperature, specific humidity Extinction coefficient from 3-hourly Dust Mixing Ratio

both the atmospheric and extinction coefficient profiles to below the 100 hPa level. Values
of AOD are retrieved for each location using the 532 nm Total Optical Thickness from
CPEX-CV, Aerosol Optical Depth Analysis from MERRA-2 and Total Aerosol Optical
Depth at 550 nm from CAMS. These profiles, along with AOD values, are used for the
calculation of heating rates using the FLG RTM. A summary of datasets used as inputs
in the FLG RTM is given in[Table 2.1 To investigate dust radiative effects in the context
of different developing AEWSs, we calculate a mean pressure, temperature and specific
humidity profile from the AVAPS dropsonde dataset and a mean extinction coefficient
profile from the HALO extinction coefficient dataset for each flight. We generate a corre-
sponding mean atmospheric profile and extinction coefficient profile from both reanalyses
using the collocated dataset. These mean profiles are used in the case study of daily mean

heating rates during different developing AEW events.

2.2.2 FLG Input Parameters

Profiles of mean temperature in Kelvin (top row) and specific humidity in kg kg™ (bottom

row) which were utilized in the radiative transfer calculation are depicted in |[Figure 2.2|

The shading shows the spread of all profiles ingested in the RTM, for both background and
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anomalous aerosol concentrations. CPEX-CV data are shown in the left column (where
temperature and humidity data are from the AVAPS dropsonde dataset), while the other
two columns show the collocated mean profiles and corresponding spread obtained from
MERRA-2 and CAMS reanalysis. The temperature profiles across the three datasets
exhibit strong similarities. However, the specific humidity profiles exhibit more variability
across the three datasets (CPEX-CV, MERRA-2, and CAMS), particularly below the 800
hPa level where values differ more strongly in range. Values in specific humidity drop
lower in the CPEX-CV dataset than in the two reanalyses at the lower levels of the
atmosphere. In the CAMS dataset, there is a sharp spike in specific humidity above
900 hPa on the lower end of the spread, whereas for MERRA-2, the values of humidity
between 900 hPa and 750 hPa remain fairly consistent. This variability impacts heating
rate profiles, which is especially noticeable at these levels for heating rates calculated

from the CAMS dataset.

Profiles of aerosol extinction coefficient in km™! for background AOD (top row) and

anomalous AOD (bottom row) as defined in [subsection 2.2.4| which were utilized in the

radiative transfer calculation are depicted in [Figure 2.3 The shading shows the spread
of all profiles ingested in the RTM, for either the background and the anomalous AOD
experiments. Once again, CPEX-CV data is shown in the left column (where extinc-
tion coefficient data is from the HALO dataset), while the other two columns show the
collocated mean profiles and corresponding spread obtained from MERRA-2 and CAMS
reanalysis. The extinction coefficient profiles exhibit more similarities across the three

datasets in the background AOD case, with a peak near the surface and another in the
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FIGURE 2.2: Temperature (top) and specific humidity (bottom) mean (black) and
range for all CPEX-CV (teal), MERRA-2 (purple) and CAMS (red) profiles used in
the study, including background and anomalous dust concentrations.

mid-levels of the atmosphere. However, in the anomalous AOD case, the extinction co-
efficient reaches much higher values (close to 4 km™!) in the CPEX-CV dataset than
in MERRA-2 and CAMS, which underestimate extinction coefficient by several K/day
at several different levels of the atmosphere. The CPEX-CV observations of extinction

coefficient are consistent with satellite observations in this area (Sauter et al., 2019)).
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FIGURE 2.3: Extinction coefficient mean (black) and range for CPEX-CV (teal),
MERRA-2 (purple) and CAMS (red) background AOD profiles (top) used in the study
and anomalous AOD profiles (bottom), including background and anomalous dust con-
centrations (note the difference in the x-axis scale between the top and bottom panels).
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2.2.3 Calculation of heating rates

Extinction Coefficient (km~1)

Following a similar approach to Oyola et al.| (2019), we run the FLG RTM ingesting

atmospheric profiles from the three datasets (MERRA-2, CAMS, and CPEX-CV) to

retrieve heating rates throughout the vertical layer at each of the selected dropsonde

locations. Simulations are performed after accounting for the solar zenith angle at the

corresponding local time and location. Heating rates are calculated in the FLG RTM by
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an equation similar to |Petty| (2008):

H(z) = - p(zl)Cp{ - (F1(0) - Ane () T
— [F(00) — AvmBy(2)] 8”(5;00) (2.3)
— Ay /W[Bl(z’) — Bz(z)}a ;;(/3;’)61 /
— Af;lﬂ' /OZ[BZ(Z/) - _l( )]a g;(/z/’zZ)d ,}

where p(z) is the air density at level z, C,,= 1005 J kg~! K~ is the specific heat capacity
of air at constant pressure, 7; is the band average flux transmittance, ¥; represents the
spectral interval or band (SW, LW/IR), F, F, F'(0), F*(co) are fluxes where the
arrows represent the direction of incoming flow (from surface up from top of atmosphere to
surface), and the indices 0 and oo represent the surface and TOA respectively. The heating
rate is dominated in magnitude by the first two terms: the first term quantifies radiative
exchange with the boundary layer and is generally a heating term, while the second term
quantifies radiative exchange with the top of the atmosphere and thus predicts LW/IR

cooling to space. In its summarized form, the heating rate equation can be stated as:

1 O0F,
p(2)C, 0z

(2.4)

Here, F,; is the net flux given by the difference between upward and downward-directed

fuxes.
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2.2.4 Heating rate experiments

We analyze the impact of dust on atmosphere heating during the seven research flights
that coincided with an AEW that developed into a TC. We distinguish between back-
ground AOD and anomalous AOD to investigate the impact of dust concentration on
atmospheric heating rates. We define a threshold of AOD < 0.2, a standard AOD level
below which the presence of aerosol is not considered anomalous. This threshold is de-
termined from the CPEX-CV 532 nm total optical thickness to select background dust
concentration profiles. We obtain 32 dropsonde locations which fit the condition of back-
ground AOD (AOD < 0.2), and we collocate thermodynamic profiles and extinction
profiles from all three datasets (MERRA-2, CAMS, CPEX-CV) at these locations. We
then select the top 32 dropsonde locations with highest AOD calculated from CPEX-CV
532 nm total optical thickness and define these as anomalous dust concentration profiles,
once again collocating profiles from the three datasets at each location. The minimum
AOD that meets the anomalous criteria was 0.335. This approach results in an equal
parts data split, where 50% of the profiles are labeled as anomalous or high dust, while
the lower 50% was classified as low or background dust. The profiles selected for the
background and anomalous cases for MERRA-2 and CAMS are based on the CPEX-CV
AOD threshold, not MERRA-2 and CAMS AOD values: this results in the three datasets
having differing distributions of AOD values corresponding to background and anomalous
AOD. The distribution of AOD values for the background and anomalous cases for each

dataset (CPEX-CV, MERRA-2, CAMS) is shown in [Figure 2.4, A total of 64 different
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FIGURE 2.4: AOD Distribution for CPEX-CV (teal), MERRA-2 (purple) and CAMS
(red) at the locations of the 32 profiles used in the background (BKGD) dust case and
the 32 profiles used in the anomalous (ANOM) dust case.

profiles corresponding to CPEX-CV dropsonde deployment locations are thus selected,
all within a developing AEW or its environment. For each one of these profiles, we run
the FLG RTM for the three datasets (CPEX-CV, MERRA-2, and CAMS), and for each
of them, two RTM runs are performed: one without the aerosol effect (the RTM only
initialized with pressure, temperature, specific humidity, and ozone), which we refer to
as the control run, and another one using the same initialization with an added aerosol
extinction coefficient profile and corresponding AOD, which we refer to as the aerosol-
aware run, for a total of 384 runs. We use the FLG RTM to calculate radiative fluxes (in

W /m?) and heating rates (in K/day) for each one of the 384 cases.
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Chapter 3

Aerosol Heating in Reanalysis

3.1 Impact of Aerosol on Heating Rates

3.1.1 Methodology

The shortwave (SW), longwave/infrared (LW/IR), and total heating rate are calculated
for 32 background AOD locations and 32 anomalous AOD locations in both a control
run and and aerosol-aware run. A flowchart of the experiment is pictured in [Figure 3.1}
A mean SW, LW/IR and total heating rate are calculated for the background AOD case
and for the anomalous AOD case for the control runs and aerosol aware-runs. To quantify
the radiative effect of dust on atmospheric heating, the difference in heating between the

aerosol-aware runs and the control runs is calculated. This results in a mean background
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FiGURE 3.1: Flow chart of the experiment quantifying radiative effect of dust on
atmospheric heating rates.

AOD profile for the control experiment and the aerosol-aware experiment and a mean

anomalous AOD profile for the control experiment and the aerosol-aware experiment.

3.1.2 Background Aerosol Case

shows the mean heating rate differences (aerosol-aware minus control) for
background AOD. Heating rate differentials are provided in three panels: SW, LW/IR,
and total heating rate differences between the aerosol-aware run and the control run.
reveals notable discrepancies between the reanalysis datasets and CPEX-CV
in the calculated heating rate differences, particularly in the SW where differences are
on the order of 1 to 2 K/day below 800 hPa. Both reanalysis profiles exhibit higher
SW heating rates at the surface than CPEX-CV, exceeding 1 K/day, while the CPEX-
CV heating is no larger than 0.4 K/day at the surface. The differences in SW heating

rate profiles, especially at the lower levels of the atmosphere, can be attributed in part
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to variations in aerosol vertical distribution and concentration, which are weighted by

the input AOD. These differences in AOD are detailed in [Figure 2.4 and show higher
AQOD values for the renalysis datasets than for CPEX-CV in the background AOD case.
However, the peak in CAMS SW heating below 900 hPa was found to be driven by
differences in the water vapor profile. This was tested by running the RTM with the
CAMS extinction profile and a temperature and humidity profile from CPEX-CV, in

which case the heating rate no longer displayed a large peak at those levels.

Most of the contribution to total heating rates comes from SW rather than IR. This is
in part due to the fact that most of the CPEX-CV sampling used in this study occurred
during the morning and close to solar noon, but is also an artifact of the choice of
optical properties within the FLG RTM. Saharan dust, often composed of mineral-rich
particles, is very active in the SW (Carlson and Benjamin, [1980). Consequently, the
presence of Saharan dust in the atmosphere causes strong absorption of SW radiation,
resulting in the localized heating effects we observe in the heating rate differential. The
much smaller disparity observed between aerosol and control runs in the LW/IR radiation
can be explained by the inherent characteristics of the optical properties for transported
dust within the model. Unlike certain aerosols such as sulfates and nitrates that highly
influence LW /IR radiation, mineral dust aerosols, including those from Saharan dust,
tend to exhibit lower absorption efficiency in the LW/IR spectrum. The contribution of
LW/IR radiation to radiative forcing is further limited by the dominance of the scattering

effects of SW radiation by dust. Additionally, the interaction of various radiative forcing
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FIGURE 3.2: Heating rate difference between aerosol-aware and control run for

MERRA-2 (purple), CAMS (red) and CPEX-CV (teal) for the background dust case.

The left panel shows SW heating, the center panel shows LW/IR heating and the right
panel shows total heating.

components, including water vapor and greenhouse gases, may overshadow the specific

impact of dust aerosols in the LW/IR region.

3.1.3 Anomalous Aerosol Case

displays the same calculation as but for heating rates calculated
for anomalous dust profiles with AOD exceeding 0.335 as defined previously. The im-
pact of anomalous dust concentrations on heating rates is evident when compared with
[Figure 3.2} higher AOD values result in higher heating rates, specifically in the SW. The
MERRA-2 SW heating difference reaches up to 2.2 K/day, while the CAMS SW heating
rate difference reaches up to 3.8 K/day. Heating rates from reanalysis are higher than

those calculated from CPEX-CV data below 800 hPa but lower than those calculated from
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FIGURE 3.3: Heating rate difference between aerosol-aware and control run for

MERRA-2 (purple), CAMS (red) and CPEX-CV (teal) for the anomalous dust case.

The left panel shows SW heating, the center panel shows LW/IR heating and the right
panel shows total heating.

CPEX-CV data between 700 and 250 hPa. The CPEX-CV observations of extinction co-

efficient for the anomalous case are consistent with multiple years of satellite observations

(Sauter et all, 2019), showing that the heating rate differences in the anomalous case in

September 2022 are not unusual and are likely present throughout time. The differences

between reanalysis and CPEX-CV heating rates are shown in [Figure 3.6/ and [Figure 3.7

and discussed below. There is also a notable increase in LW/IR cooling below 800 hPa
in both MERRA-2 and CAMS in comparison with the findings in [Figure 3.2 and an in-
crease in LW/IR heating at surface levels. However, the impact of dust on total heating

remains driven by the SW heating.
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3.2 Comparative Analysis: The 2020 Godzilla Dust
Storm

3.2.1 Methodology

To elucidate the differences in aerosol representation and subsequent impacts on heating
rates between the MERRA-2 and CAMS reanalyses, specifically in the absence of cloud-
related influences as encountered in the context of AEWSs, we conducted a comparative
analysis. This investigation focused on a notable event known as the Godzilla dust storm,
an extreme dust storm that peaked on 18 June 2020 in a cloud-free environment within
the same geographic region. Notably documented in the literature (Yu et al., [2021)), the
event showcased record AOD levels, as depicted in for 18 June 2020. Profiles
from MERRA-2 and CAMS were generated at the respective grid point closest to 15 and
20 at 12:00Z. Values of AOD were 2.70 in the MERRA-2 reanalysis and 2.01 in CAMS.
The FLG RTM was employed to compute heating rates from each of these profiles for an
aerosol-aware run and a control run as described before. The difference in heating rates

between the two runs was calculated to illustrate the aerosol impact on heating rates and

is displayed in

3.2.2 Heating Rates in Extreme Dust Loading

The resultant aerosol impact, as illustrated in accentuates the high SW heating

impact caused by heavy dust loading. However, the two reanalyses present differences in
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FiGURE 3.4: MERRA-2 total dust mixing ratio and IMERG daily accumulated pre-
cipitation on 18 June 2020. The location of the profile used in the analysis is marked
in black.

the vertical distribution of heating. CAMS exhibits pronounced SW heating concentrated
between 950 hPa and 900 hPa, while MERRA-2 displays lower peak values but a broader
range extending from the surface to around 800 hPa. The heating is on the order of 4
times larger than in the anomalous dust loading profiles calculated for the CPEX-CV
field campaign, which is driven by the substantially larger aerosol loading (see values of

AOD for the respective cases). The peak in CAMS SW heating between 900 hPa and 950

hPa is driven by the water vapor profile, as was the case in [Figure 3.2 and [Figure 3.3|

The LW/IR heating differences are positive at surface levels (2.5 K/day for MERRA-2,
1.5 K/day for CAMS), These values become negative above 950 hPa and remain near

0 K/day at higher levels in the atmosphere. The aerosol heating is thus mainly driven
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FIGURE 3.5: Heating rate difference between aerosol-aware and control run for
MERRA-2 (purple) and CAMS (red) at 15, 20 on 18 June 2020. The left panel shows
SW heating, the center panel shows LW/IR heating and the right panel shows total

heating.

20

by SW radiation. The findings from this comparative analysis align with our analysis of

heating rates during the CPEX-CV campaign, reinforcing the robustness of the observed

profiles and the utility of the FLG RTM in capturing the nuances of aerosol-induced

heating variations outside of cloud-influenced scenarios associated with AEWs.

3.3 Reanalysis Dataset Comparison

3.3.1 Methodology

Using the heating rate profiles calculated via the methodology described in

tion 3.1.1, we calculated the difference between heating rates from CPEX-CV and each

reanalysis, for both the background aerosol and anomalous aerosol case. This resulted
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in four measurements: the difference between MERRA-2 and CPEX-CV for the back-

ground aerosol case, the difference between CAMS and CPEX-CV for the background
aerosol case, the difference between MERRA-2 and CPEX-CV for the anomalous aerosol
case, and the difference between CAMS and CPEX-CV for the anomalous aerosol case.
This experiment allowed us to examine the impact of the assimilation of CPEX-CV data
into the MERRA-2 reanalysis, by comparing MERRA-2 outputs with CAMS, which did
not include any assimilation of CPEX-CV data. This comparison is studied in both a

background AOD scenario and an anomalous AOD scenario.

3.3.2 Background Aerosol Case

The differences between CPEX-CV and reanalysis for background AOD (AOD < 0.2) are
depicted in[Figure 3.6, where the purple line represents the heating rate difference between
MERRA-2 and CPEX-CV (MERRA-2 minus CPEX-CV), and the red line represents the
heating rate difference between CAMS and CPEX-CV (CAMS minus CPEX-CV). The
solid lines correspond to the aerosol-aware run, while the dotted lines represent the control

rumn.

For the MERRA-2 background AOD case in [Figure 3.6 the difference in SW heating
reaches 0.9 K/day at the surface in the aerosol-aware run (solid purple line), and drops
considerably around 825 hPa. The largest dust-induced SW heating differences between
MERRA-2 and CPEX-CV are thus at these lower levels of the atmosphere. The control
run SW profile is close to 0 K/day at those levels for MERRA-2, meaning that the heating

shown in the aerosol-aware run is mainly driven by aerosol forcing. Strong differences in
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LW/IR heating are seen for MERRA-2 in the mid-level atmosphere, exceeding 1.55 K/day

around 600 hPa. The control run LW/IR profiles are very similar to the aerosol-aware
profiles, and thus the differences between MERRA-2 and CPEX-CV cannot be attributed

to aerosol forcing.

For background AOD, the SW heating difference between CAMS and truth is at its
highest around 1.7 K/day between 975 hPa and 900 hPa in the aerosol-aware run. This
discrepancy with MERRA-2 is mainly driven by differences in the CAMS humidity profile
at this atmospheric level. Once again, the control run SW profile is close to 0 K/day in
the areas of strongest SW heating for CAMS, showing that overall the SW heating is
mainly driven by aerosol interactions. Large discrepancies in LW/IR between CAMS
and truth are evident between 700 hPa and 500 hPa for both aerosol-aware and control
runs, reaching up to 0.75 K/day for background AOD. The LW/IR heating difference
between CAMS and CPEX-CV is smaller between 700 hPa and 550 hPa than the one
observed between MERRA-2 and CPEX-CV, but is larger above 500 hPa. However, these
differences are not driven by differences in dust aerosol profiles since there are minimal

differences between the control run and the aerosol-aware run.

3.3.3 Anomalous Aerosol Case

The differences between CPEX-CV and reanalysis for anomalous AOD are depicted in
[Figure 3.7, where the purple line represents the heating rate difference between MERRA-
2 and CPEX-CV (MERRA-2 minus CPEX-CV), and the red line represents the heating

rate difference between CAMS and CPEX-CV (CAMS minus CPEX-CV).
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FIGURE 3.6: Heating rate difference between reanalysis and observation for the back-
ground dust case. Differences between MERRA-2 and CPEX-CV are plotted in purple
and differences between CAMS and CPEX-CV are plotted in red. The solid lines cor-
respond to the aerosol-aware run and the dotted lines correspond to the control run.

For MERRA-2, the aerosol-aware run exhibits a similar SW heating structure to the back-
ground dust profile in[Figure 3.6 below 825 hPa, but with a lower maximum heating value
of 0.6 K/day at the surface. This suggests that MERRA-2 represents the the observa-
tional data better at higher dust concentrations, since the difference between CPEX-CV
and MERRA-2 is smaller in the anomalous AOD case. The LW/IR heating profile ex-
hibits similar features to the background dust case depicted in|[Figure 3.6| consistent with

the fact that dust does not interact as much with LW /IR radiation.

The SW heating difference between CAMS and CPEX-CV is around 2.05 K/day between
975 hPa and 900 hPa in the aerosol-aware run, which is higher than for the background

AOD case. Unlike MERRA-2, CAMS SW heating is further from observation in the
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FIGURE 3.7: Heating rate difference between reanalysis and observation for the anoma-

lous dust case. Differences between MERRA-2 and CPEX-CV are plotted in purple and

differences between CAMS and CPEX-CV are plotted in red. The solid lines correspond
to the aerosol-aware run and the dotted lines correspond to the control run.

anomalous AOD case than in the background AOD case, with differences with observa-

tion nearly 4 times larger than MERRA-2. As mentioned above, the discrepancy with

MERRA-2 at these lower levels is mainly driven by the CAMS humidity profile. Large

discrepancies in LW /IR between CAMS and CPEX-CV are evident between 700 hPa and

500 hPa for both aerosol-aware and control runs, reaching up to 1.2 K/day. The LW/IR

heating difference between CAMS and CPEX-CV is smaller between 700 hPa and 550

hPa than the one observed between MERRA-2 and CPEX-CV, but is larger above 500

hPa. However, as mentioned previously, these differences are not likely driven by errors

in dust aerosol characterization since there are minimal differences between the control

run and the aerosol-aware run.
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A major result from [Figure 3.6| and [Figure 3.7]is that despite the assimilation of CPEX-

CV data into the MERRA-2 reanalysis dataset, large errors in SW heating rates persist
throughout the atmosphere between MERRA-2 and what was observed during CPEX-
CV. The average aerosol-aware MERRA-2 SW heating difference with CPEX-CV is 0.37
K/day, and the average aerosol-aware CAMS SW heating difference with CPEX-CV is
0.54 K/day. While MERRA-2 performs better than CAMS at representing observations,
heating rate differences of the magnitude shown in these figures have a non-negligible

impact on the atmosphere and cannot be ignored.
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Chapter 4

Developing AEW Case Study

4.1 Overview of AEW events leading to named storms

during CPEX-CYV field campaign.

During the CPEX-CV field campaign, the thirteen DC-8 research flights sampled 10
different AEWSs identified as AEW 1 through AEW 10. Four of these waves developed
into named tropical storms (AEW 4, 5, 6, 8), with two intensifying into hurricanes (AEW
4, 6). We analyze three cases where the DC-8 flew in proximity to the AEW which
later developed into a named storm: Fiona, Ian and Hermine. The progression and
development of these AEWSs were identified by the CPEX-CV team and verified using

the AEW tracker described in |Lawton et al. (2022).
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FIGURE 4.1: Tracks for AEWs leading to Hurricane Fiona, Hurricane Ian and TS
Hermine.

4.1.1 AEW 4 / Fiona

On 07 September 2022, AEW 4 moved off the west coast of Africa and was located
in the area of the CPEX-CV flight on 09 September 2022. As it progressed west, it
evolved into Tropical Storm Fiona on 14 September 2022 and intensified into a hurricane
on 18 September 2022. Fiona reached Category 4 with the highest 1-minute sustained

winds of 140 mph (220 km/h) and produced catastrophic damage to many islands in the

Caribbean (National Hurricane Center, 2022c). On 23 September 2022, it transitioned

into an extra-tropical cyclone, directly impacting the Atlantic portion of Canada and

becoming the costliest cyclone in Canadian history. It finally dissipated on 27 September

2022 (National Hurricane Center} [2022¢). The DC-8 aircraft sampled the early stages

of this storm on 09 September 2022, and the resulting data are analyzed in our study.
shows the DC-8 flight track on that day, overlaid with MERRA-2 dust mixing

ratio and IMERG daily accumulated precipitation.
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FIGURE 4.2: CPEX-CV DC-8 flight track (blue) with overlaid total dust mixing ratio
from MERRA-2 and daily accumulated precipitation from IMERG on 09 September
2022.

4.1.2 AEW 6 / Ian

AEW 6 began moving off the west coast of Africa on 14 September 2022, coinciding with a

CPEX-CV flight in the vicinity of the wave. The storm progressed west and transformed
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into Tropical Storm Ian on 24 September 2022 and intensified into a hurricane on 26
September 2022 (National Hurricane Center, [2022a). The research flight on 14 September

2022 flew between AEW 5 (which later became T'S Gaston) and AEW 6. The DC-8 flight

track is pictured in

4.1.3 AEW 8 / Hermine

On 22 September 2022, AEW 8 moved off the African coast and intensified much more
rapidly than Fiona and Hermine by turning into Tropical Storm Hermine a day later
on 23 September 2022 (National Hurricane Center} 2022b)). However, this hurricane was
short-lived and weakened to a tropical depression on 24 September 2022. This storm,
coinciding with the highest concentrations of Saharan dust sampled during the CPEX-

CV field campaign, was sampled on 22 and 23 September 2022. The DC-8 flight track

on 22 September 2022 is shown in |[Figure 4.4}

4.2 Aerosol heating in early stages of the AEWs

4.2.1 Methodology

We analyze the effect of aerosol on heating rates in the early stages of the AEW, compar-
ing all three datasets (CPEX-CV, MERRA-2 and CAMS) on the three days of interest
corresponding to the sampling of the early stages of Pre-Fiona, Pre-lan and Pre-Hermine
(09 September 2022, 14 September 2022 and 22 September 2022, respectively). The RTM

simulations are performed after accounting for the solar zenith angle (SZA) at the mean
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FIGURE 4.3: CPEX-CV DC-8 flight track (blue) with overlaid total dust mixing ratio
from MERRA-2 and daily accumulated precipitation from IMERG on 14 September
2022.

local time and location of the flight which are listed in [Table 4.1 [Table 4.2] shows the

mean, maximum, and standard deviation of AOD on the three case study days measured

by the three datasets used in the case study, where the MERRA-2 and CAMS values
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FIGURE 4.4: CPEX-CV DC-8 flight track (blue) with overlaid total dust mixing ratio
from MERRA-2 and daily accumulated precipitation from IMERG on 22 September
2022.

are calculated from the collocation with the CPEX-CV flight path. The mean AOD was
highest for the three datasets on 22 September 2022, and is most pronounced in the

CPEX-CV dataset. Of note is also the maximum AOD of 3.34 measured by CPEX-CV,
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TABLE 4.1: Coordinates and time used to calculate SZA in FLG RTM.

Case Study Day  Latitude Longitude Time (UTC)

09 September 2022 17.11°N  22.49°W 16:30
14 September 2022 12.54°N  19.41°W 12:00
22 September 2022 14.85°N  19.55°W 09:00

TABLE 4.2: Mean, maximum and standard deviation of AOD for CPEX-CV, MERRA-
2 and CAMS on 09, 14 and 22 September 2022.

09 September 2022 14 September 2022 22 September 2022

Dataset  Mean Max STD Mean Max STD Mean Max STD
CPEX-CV 025 1.69 0.16 0.06 1.02 0.07 1.02 334 0.64
MERRA-2 0.33 0.72 0.16 0.23 0.63 0.10 0.59 249 0.48
CAMS 0.32 0.69 0.17 0.22 0.55 0.08 0.59 130 0.34

which is considerably larger than the maximum AOD in the MERRA-2 dataset (2.49)

and the CAMS dataset (1.30) on 22 September 2022. As described in [subsection 3.1.1]

the FLG RTM is run for all 3 datasets (CPEX-CV, MERRA-2, and CAMS), and for
each of them, two RTM runs are performed: one without the aerosol effect (RTM only
initialized with pressure, temperature, specific humidity, and ozone), which we refer to
as the control run, and another one using the same initialization with an added aerosol
extinction coefficient profile and corresponding AOD, which we refer to as the aerosol-
aware run. The aerosol-induced heating rate is then calculated by taking the difference

between the aerosol-aware heating rate and control run heating rate.
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Heating rate difference between aerosol-aware and control run for

MERRA-2 (purple), CAMS (red) and CPEX-CV (teal) on 09 September 2022. The left
panel shows SW heating, the center panel shows LW/IR heating and the right panel

4.2.2 AEW 4 / Fiona

shows total heating.

illustrates the difference in mean aerosol-induced heating rates during the

research flight on 09 September 2022, where the average AOD value measured by CPEX-

CV was 0.25. The strongest heating and the greatest difference between CPEX-CV and

reanalysis datasets are seen in the SW heating profile.

The CPEX-CV shows a SW

heating of 1 K/day at the surface which decreases nearly linearly with height. This SW

heating rate is greatly overestimated by both the MERRA-2 and CAMS reanalyses below

800 hPa, with a heating rate of 2 K/day at the surface for MERRA-2 and a heating rate

of 1.6 K/day at the surface and reaching up to 3 K/day between 950 hPa and 900 hPa for

CAMS. Differences in aerosol-induced LW/IR heating between CPEX-CV and reanalysis

are minimal and mainly present between 950 hPa and 800 hPa.



100

2001

3001

400 -

Pressure (hPa)

700 1

800 1

900 1

1000

FIGURE 4.6:

SW HEATING

500 1

600 -

== CAMS (Aerosol - No Aerosol)

== MERRA-2 (Aerosol - No Aerosol)

== CPEX-CV (Aerosol - No Aerosol)

T
-1

T
0

T T T T
1 2 3 4

Radiative Heating (K/day)

T
5

Pressure (hPa)

100

200 4

300 4

400 A

500 A

600 -

700 A

800 1

900 1

1000

IR HEATING

== MERRA-2 (Aerosol - No Aerosol)

== CAMS (Aerosol - No Aerosol)

== CPEX-CV (Aerosol - No Aerosol)

T
-1

4

0

T T T T
1 2 3 4

Radiative Heating (K/day)

T
5

Pressure (hPa)

100

2001

3001

400 A

5001

600 A

700 A

800 1

900 1

1000

48

TOTAL HEATING

== MERRA-2 (Aerosol - No Aerosol)
== CAMS (Aerosol - No Aerosol)
== CPEX-CV (Aerosol - No Aerosol)

T 13 3 a3
Radiative Heating (K/day)

Heating rate difference between aerosol-aware and control run for
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4.2.3 AEW 6 / Ian

shows total heating.

illustrates the difference in mean aerosol-induced heating rates during the

research flight on 14 September 2022, where the average AOD value measured by CPEX-

CV was 0.06. The greatest difference between CPEX-CV and reanalysis datasets is once

again seen in the SW heating profile, but the CPEX-CV aerosol-induced SW heating is

much lower (0.3 K/day) than on 09 September 2022 (1 K/day) due to the lower AOD

value. The SW heating rate is again strongly overestimated by both the MERRA-2 and

CAMS reanalyses below 800 hPa, with a heating rate of 1.6 K/day at the surface for

MERRA-2 and a heating rate of 1.2 K/day at the surface and reaching up to 2.4 K/day

between 950 hPa and 900 hPa for CAMS. Because the AOD values are so low, differences

in aerosol-induced LW /IR heating between CPEX-CV and reanalysis are close to zero.



49

4.2.4 AEW 8 / Hermine

Figure 4.7 shows striking differences in aerosol mean heating rates between the aerosol-
aware and control run during the research flight on 22 September 2022, where the average
AOD value measured by CPEX-CV was 1.02, over 4 times larger than on 09 September
2022. The CPEX-CV dataset shows a SW heating of 1.9 K/day at the surface, remaining
between 1.9 K/day and 2.4 K/day up to 700 hPa, and decreasing with height above 800
hPa. This SW heating rate is once again overestimated by the MERRA-2 reanalysis
below 800 hPa, with a heating rate of 2.3 K/day at the surface. The SW heating rate
at the surface from CAMS is nearly identical to the heating rate from CPEX-CV, but
the same increase in SW heating for CAMS between 950 hPa and 900 hPa attributed to
the humidity profile as seen in previous cases reaches 4.4 K/day. Above 800 hPa, the
two reanalyses greatly underestimate the SW heating rate in this case, with differences
of over 1 K/day between CPEX-CV and reanalysis. The CPEX-CV data reveals that
the heating is more evenly distributed throughout the column, whereas the reanalyses

overestimate heating at the lower levels and underestimate heating at the upper levels.

4.2.5 Discussion

High dust concentration has the potential to strongly alter the heating profile, as illus-
trated in [Figure 4.7] exacerbating differences between reanalysis and observation. In the
context of developing AEWSs, the heating rate differences between observation (CPEX-

CV) and reanalysis represent a significant deficiency in atmospheric characterization,
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FIGURE 4.7: Heating rate difference between aerosol-aware and control run for

MERRA-2 (purple), CAMS (red) and CPEX-CV (teal) on 22 September 2022. The left

panel shows SW heating, the center panel shows LW/IR heating and the right panel
shows total heating.

which must be addressed to avoid impacts on modeling outputs of such systems. Fur-
thermore, indicates the differences in AOD between CPEX-CV and reanalysis
datasets are even greater at some locations, where CPEX-CV captured AOD values of
up to 3.34 (as opposed to 2.49 and 1.30 for MERRA-2 and CAMS respectively), meaning

that the differences captured in the mean heating rate profile in may be even

larger at locations with higher AOD.
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4.3 SW heating throughout the AEW development

4.3.1 Methodology

We analyze the structure of the dust-induced shortwave heating throughout the pro-
gression of Fiona, lan and Hermine. We use the AEW tracker described in
to collocate MERRA-2 and CAMS profiles with the center of the storm, and
calculate dust-induced (aerosol-aware minus control) SW heating rates following the cen-
ter of the storm as it progresses. As shown previously, the dust-induced total heating

rates are driven primarily by SW radiation. Because there is no SW activity during

nighttime only daytime profiles are studied. The profiles shown in [Figure 4.8| [Figure 4.9

and correspond to profiles at the closest gridpoint to the center of the storm
as determined by the AEW tracker. The first profile corresponds to the first time-step
where the center of the developing AEW was located over the ocean rather than land.
The heating rate evolution is plotted from when the storm is intensifying over the Ocean
to when it reaches land or begins to weaken. The last profile for Fiona corresponds to
the last time-step before the storm made landfall over Puerto Rico, the last profiles for
[an corresponds to the last time step before it reached the Windward Islands, and the
last profile for Hermine corresponds to the last time-step before the storm became a

post-tropical remnant low.
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4.3.2 Fiona

Figure 4.8 shows the vertical distribution of aerosol-induced SW heating throughout the
evolution of the AEW leading to Hurricane Fiona. The heating rates are only shown
during daytime, when SW heating is present. The strongest heating is concentrated
between 1000 hPa and 800 hPa for the MERRA-2 dataset and varies between values of
0.52 K and 1.59 K/day throughout the progression of storm, with a first peak in heating
on 12 September 2022 at 12:00 UTC caused by high dust loading in the Atlantic. The
peak in heating on 18 September 2022 at 12:00 UTC is caused by high aerosol loading
as the system approach the coast of Puerto Rico, with an anomalously high AOD value
(0.64), while in previous time steps, AOD remained between 0.07 and 0.20. For the CAMS
dataset, the heating peaks in the vertical around 900 hPa, as seen in previous figures,
due to the differences in the humidity profile. The heating first peaks on 10 September
2022 at 12:00 UTC rather than on 12 September at 12:00 UTC as seen in the MERRA-2

dataset.

4.3.3 Ian

Similarly to [Figure 4.8| [Figure 4.9 shows the vertical distribution of aerosol-induced SW

heating throughout the evolution of the AEW leading to Hurricane Ian. The structure of
the heating resembles what is seen for Fiona, where the strongest heating is concentrated
between 1000 hPa and 800 hPa for the MERRA-2 dataset. For both the MERRA-2
and CAMS reanalyses, the SW heating peaks at these levels on 17 September 2022 at

12:00 UTC, with a maximum heating rate of 1.26 K/day for MERRA-2 and a maximum
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FIGURE 4.8: Vertical profiles of aerosol-induced SW heating rates (K/day) at the
center of the AEW which developed into Hurricane Fiona for two reanalysis datasets
(MERRA-2, top and CAMS, bottom).

heating rate of 2.54 K/day for CAMS. Once again, CAMS displays a strong peak in the
vertical around 900 hPa. After the peak in heating, there is an overall decreasing trend

in aerosol-induced shortwave heating as the storm progresses.
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FIGURE 4.9: Vertical profiles of aerosol-induced SW heating rates (K/day) at the center
of the AEW which developed into Hurricane Ian for two reanalysis datasets (MERRA-
2, top and CAMS, bottom).

4.3.4 Hermine

Figure 4.10shows that SW heating at 12 UTC on 23 September 2022 reaches 2.78 K/day
according to MERRA-2. The CAMS profiles show similar results to the MERRA-2
dataset, but still overestimate the SW heating around 900 hPa, with a maximum heating

value of 4.89 K/day. The peak heating at 12 UTC on 24 September 2022 is however lower
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FIGURE 4.10: Vertical profiles of aerosol-induced SW heating rates (K/day) at the cen-
ter of the AEW which developed into T'S Hermine for two reanalysis datasets (MERRA-
2, top and CAMS, bottom).

for CAMS with a peak heating value of 1.34 K/day versus 2.64 K/day for MERRA-2.
Overall, the strong SW heating in this case is noteworthy in the context of the short lifes-
pan of Hermine, which was unable to intensify to the scale of Fiona (Category 4 hurricane)
or lan (Category 5 hurricane). The maximum AOD value calculated by MERRA-2 at the
center of the AEW for the profiles plotted during the development of Hermine was 0.4.
However, as noted in previous sections, the CPEX-CV dataset measured values of AOD

reaching up to 3.34 on 22 September 2022 in the environment of the developing AEW.
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4.3.5 Discussion

Over the ocean, |Sun and Zhao (2020) finds that dust tends to reduce specific humidity
in the lower troposphere, particularly in regions with high aerosol loading, while simulta-
neously augmenting midlevel moisture levels. They also find that dust warms the lower
troposphere, promoting convection and generating positive vorticity between approxi-
mately 800-1,000 hPa, where most of the aforementioned SW-induced heating rates in
both reanalysis prevail. This warming effect can enhance vertical wind shear and conse-
quently impacts environmental conditions in TC genesis regions. While we recognize this
is not enough to draw a conclusion, since microphysics are not considered, and isolating
the impact of thermodynamics to just aerosols is difficult, the large differences in heating
at the lower levels of the atmosphere between the two cases raise the question of the

impact of dust-induced radiative heating on AEW development.
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Chapter 5

Summary and Conclusions

5.1 Summary

This study explores the impact of Saharan dust plumes on atmospheric heating rates
in the context of African Easterly Wave (AEW) development using radiative transfer
calculations based on reanalysis and airborne observations. It makes use of data from the
Convective Processes Experiment — Cabo Verde (CPEX-CV) and two reanalysis datasets
(MERRA-2 and CAMS). The study examined data from seven DC-8 flights during the
CPEX-CV field campaign, with a special emphasis on three AEWSs that developed into
named tropical storms, two intensifying into hurricanes. The primary objectives include
assessing the accuracy of reanalysis in depicting aerosol radiative properties, comparing
the impact of Saharan dust on atmospheric heating rates in different AEW scenarios, and

investigating the impact of observational data assimilation on model representation. The
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methodology integrates observational data from CPEX-CV with a four-stream radiative
transfer model (Fu-Liou-Gu RTM), utilizing aerosol profiles from MERRA-2 and CAMS

reanalyses.

The research revealed notable differences in aerosol-induced heating rates between ob-
servational data (CPEX-CV) and reanalyses (MERRA-2 and CAMS). The reanalyses
exhibited strong differences in extinction and atmospheric profiles compared to observed
data, impacting the calculation of total heating rates. Both MERRA-2 and CAMS ra-
diative transfer runs consistently overestimated shortwave (SW) heating rates below 800
hPa, with differences up to 2.05 K for the CAMS dataset in anomalous dust cases, and
differences up to 0.6 K for MERRA-2 despite assimilating CPEX-CV data. These differ-
ences were driven by disparities in the representation of aerosol in extinction coefficient
and AOD. MERRA-2 exhibited higher surface extinction coefficient than what was mea-
sured by CPEX-CV at the surface but failed to represent the variability throughout the
tropospheric column that was captured by the observational data, revealing challenges in
accurately representing aerosol effects in models. Differences in CAMS humidity and ex-
tinction profiles resulted in an overestimation of heating around 900 hPa. Both reanalyses
also exhibited too high AOD values in background cases as contrasted with CPEX-CV
data and too low values in the anomalous cases. A comparative analysis of an extreme
dust event (June 2020 Godzilla dust storm) reinforced the findings, showcasing differences
of over 5K in SW heating profiles between MERRA-2 and CAMS. This analysis provided
further evidence of the robustness of observed profiles and the model’s ability to capture

aerosol-induced heating variations. Finally, a case study focusing on Hurricane Fiona,
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Hurricane Tan and Tropical Storm Hermine illustrated the impact of aerosols on heating
rates during specific research flights. Both reanalyses exhibited notable discrepancies in

SW heating rates compared to observed data, with potential implications for forecasting

the development of AEWs.

When considering the impact of heating rates on tropical cyclone development, a notewor-
thy observation emerges regarding varying dust concentrations and heating rates during
different AEW events. The difference in aerosol-induced heating between flights with
lower dust concentrations (mean AOD of 0.25 on 09 September and mean AOD of 0.06
on 14 September) and the flight with the highest dust concentrations (mean AOD =
1.02 on 22 September 2022) is on the order of 1 to 2 K/day, depending on the dataset.
TS Hermine, which developed during the highest dust concentration day was a much
shorter-lived storm and quickly weakened, as opposed to hurricanes Fiona and Tan which
developed into major hurricanes. This raises the question of the role of dust induced
heating in the development of these storms. Furthermore, the vertical structure of the
heating was inaccurately represented by the reanalyses, specifically in the case of Her-
mine, where heating was overestimated below 800 hPa but underestimated above 800 hPa,
the CPEX-CV dataset revealing a much more uniform heating distribution than the two
reanalyses. Such errors in the heating profile are likely to impact the forecasting of the
AEW development. This analysis only addresses one portion of a complex system, and
a more comprehensive examination of environmental factors such as weather dynamics
and dust and cloud microphysics is imperative for a comprehensive understanding of this

problem. Recent studies using satellite data have also found that storms both remove
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aerosol through precipitation scavenging as well as loft aerosol to higher levels, poten-
tially influencing the vertical structure of aerosol heating in the atmosphere (Sauter and
L’Ecuyer, 2017, Sauter et al., 2019). Despite these limitations, the observed patterns in
this study underline the significance of incorporating dust-related variables in hurricane

modeling studies.

5.2 Conclusions and Future Directions

This study emphasizes the importance of considering the vertical distribution and com-
position of aerosols in assessing their impact on AEWs. The research highlights the
limitations of current reanalysis datasets in accurately capturing aerosol properties and
their radiative effects, particularly at atmospheric levels critical for forecasting (1000-500
hPa). Despite the assimilation of observational data in the MERRA-2 reanalysis, sub-
stantial differences persist, indicating the need for further refinement in modeling aerosol
distribution. Discrepancies in heating rates between reanalysis and airborne observa-
tions at key atmospheric levels, revealed by advanced radiative transfer modeling, have
implications for weather forecasting. This points to the need for improved aerosol param-
eterizations in NWP models and provides an opportunity for refining our understanding

of aerosol-AEW interactions in the Atlantic basin.

This study focused exclusively on aerosols and their impact on AEW development, with-
out considering cloud-aerosol interactions. By isolating aerosol properties and their ra-

diative impacts, the research provides a clearer understanding of how different types
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and distributions of aerosols influence atmospheric heating rates and weather forecast-

ing. This approach allows for more precise identification of discrepancies in reanalysis
data and highlights the need for improved aerosol parameterizations in NWP models.
However, incorporating cloud feedback is essential for a comprehensive understanding of
atmospheric dynamics. Cloud interactions with aerosols can significantly alter radiative
transfer and heating rates, impacting weather patterns and forecasting accuracy. Future
studies should integrate cloud feedback mechanisms to fully capture the complexity of

aerosol effects on AEW development and improve predictive models.

Moreover, future work on the impact of vertically resolved aerosols on atmospheric heat-
ing should explore the effects of various aerosol types globally, not just dust, by employing
high-resolution models validated against observations. The tropical Atlantic AEW devel-
opment region is also affected by biomass burning and tropospheric ozone enhancement,
both of which could have significant implications for weather predictions and long-term
climate projections. Integrating satellite-derived aerosol products with reanalysis data
will improve aerosol representation, providing a more accurate depiction of their spa-
tial and temporal distribution (Matus et al., [2019). Additionally, studying the broader
impacts of aerosols on atmospheric dynamics, including cloud formation, precipitation
patterns, and storm development, is necessary. A critical area to achieve these research
needs is aerosol vertical profiling, which is currently lacking. Implementing detailed meth-
ods for vertical profiling will address this significant gap and provide deeper insights into
aerosol behavior. To accomplish this, long-term observational campaigns across diverse

regions or continuous spaceborne monitoring are needed. Currently, satellite profiling
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of aerosol observations is very limited. Only NASA’s CALIPSO mission could capture

this variability, but this mission ended in 2022. Recently, the European Space Agency’s
EarthCARE satellite has been launched with similar aerosol vertical profiling capabilities
via spaceborne lidar; however, like CALIPSO, its temporal coverage is limited to once
every few weeks. Other satellite sensors capable of this type of measurement will not be
launched until 2032 or later (National Academies of Sciences, Engineering, and Medicine),

2024).

Within the context of developing AEWs and subsequent storms, future observational cam-
paigns should be enhanced with more frequent and extensive measurements. Real-time
data assimilation and advanced tracking algorithms, potentially incorporating machine
learning, could improve the accuracy of AEW position and intensity estimates. Addition-
ally, detailed microphysical studies on aerosol composition, size distribution, and optical
properties within AEWSs are essential and could help refine similar studies to the one

presented in this thesis.
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