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Abstract

Saharan dust events, having great ecological and environmental impacts, are the largest
producers of the world’s dust by far. Identifying the mechanisms by which the dust is
transported across the Atlantic is crucial for obtaining a complete understanding of these
important events. Of these events, the so-called “Godzilla” dust intrusion of June 2020 was
the largest and most impactful in the last two decades and underwent a particularly inter-
esting transport pattern. By uncovering dominant, organizing structures derived from the
wind velocity fields, known as Lagrangian coherent structures, we demonstrate the ability to
describe and qualitatively predict certain aspects related to the evolution of the dust plume
as it traverses the atmosphere over the Atlantic. In addition, we identify regions of high
hyperbolicity, leading to drastic changes in the shape of the plume and its eventual splitting.
While these tools have been quite readily adopted by the oceanographic community, they
have still yet to fully take hold in the atmospheric sciences and we aim to highlight some of
the advantages over traditional atmospheric transport methods.

1 Introduction

On the third week of June 2020, Aerosol Optical Depth (AOD) measurements of numerous
AErosol RObotic NETwork (AERONET) sun photometers located in the Caribbean recorded
levels above the long-term background AOD. The observed increase in AOD was caused by a
plume of dust, which departed from the western coast of Africa on June 17. The unusual extent
and concentration of this African dust plume gave it the “Godzilla” nickname and pushed the
24h average PMjy 5 concentration far above the U.S. Environmental Protection Agency’s (EPA)
35 ug/m? air quality standard in more than 70 air quality measurement stations located in the
southeast U.S. on June 26-27 [1]. The Godzilla dust plume traveled across the Atlantic Ocean,
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sliding above the marine boundary layer with a maximum plume altitude of 6-8 km and an
approximate layer thickness of 3.4 km, showing the characteristics of the Saharan Air Layer
(SAL) [2, 3]. Back trajectory analysis of the receptor regions impacted by this plume denote
an average travel speed of 15 m/s, which enabled the plume to travel across the Atlantic Ocean
in approximately 8-9 days [4]. Outside the African continent, the plume maximum density
was reached on June 18 with average AOD value reaching as high as 1 and a maximum AOD
value above 1.5 (unitless), over an area between 5 N 30 N and 50 W 10 W based on NASA
Moderate Resolution Imaging Spectroradiometer (MODIS) data. For the mentioned area, such
high amounts of AOD were unprecedented during the month of June since 2002 [5].

It would be challenging to locate the exact origin of the emissions leading to the Godzilla
dust plume but a deep look into the MODIS satellite imagery of days prior to the incident
hints at central and western regions of North Africa as the origin of the plume [6]. Even
though the Godzilla dust intrusion into the Caribbean is categorized as a historic event, dust
emissions leading to the formation of the plume did not show such extreme characteristics. Yu
et al. [1] suggests the modulation of synoptic meteorological conditions as the reason behind the
accumulation of dust near the coast of Africa. In their study, the location of a North Atlantic
Sub-tropical High (NASH) synoptic system is probed via the NASA Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA-2) reanalysis geopotential height
at 600 hPa on the days prior to the release of the Godzilla dust plume toward the Caribbean.
They note that June 2020 NASH geopotential heights are on average 80 m higher than the
1980-2020 climatology. This study concludes that the specific location of the NASH system,
north of the plume and co-occurrence of this geopotential anomaly combined with strong dust
emissions from Africa have led to the historic Godzilla dust intrusion. This example of the
synoptic condition role in historic dust intrusions further motivates the analysis of air flow over
the Atlantic Ocean to determine the inter-connectedness between the flow regime and dust
intrusions.

Organizing Structures in the Atmosphere. Identifying the organizing structures within
a geophysical flow is an important part of understanding the transport of a given material
under the action of that flow. For example, in the ocean, to know how warm water from the
Gulf of Mexico is transported to higher latitudes in the Atlantic ocean, it is important to iden-
tify the Gulf Stream and understand its mixing process [7]. Similarly, in the atmosphere, the
spread of wildfire smoke over large distances is determined by atmospheric structures, which
may not have a specific nomenclature associated with them [8, 9]. To identify these struc-
tures and understand how they evolve, an ensemble air parcel trajectory-based—or so-called
Lagrangian—point of view must be taken; this incorporates the time evolution of the flow as the
material is transported in it. Streamlines, vector fields, and wind barbs come from velocity data
at only an instant in time and often provide little insight for material transport over some finite
time window in highly time-dependent flows, like wind velocity fields [10, 11]. In addition, these
quantities are frame-dependent and conclusions drawn from them can be skewed based on the
frame of reference. As pointed out by Bujack and Middel in a review of flow visualization tech-
niques in the environmental sciences [12], these instantaneous (or so-called Eulerian) techniques
are commonplace within the atmospheric science community. But they suggest atmospheric
flow visualization could benefit from using feature-based extraction techniques and topological
methods, like Lagrangian coherent structures.

In fact, transport feature-based methods (LCS and finite-time coherent sets) have been applied
to atmospheric applications. The applications have ranged from transport of microbes and
aerosols [13, 14, 15, 16, 17, 18, 8|, to hurricane intensification and entrainment [19, 20, 21, 22],
and the dynamics of the Arctic and Antarctic polar vortices [23, 24, 25, 26]. However, most of
these listed studies were performed by nonlinear dynamicists rather than atmospheric scientists,
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demonstrating that the atmospheric community has not adopted these methods as readily as the
oceanographic community. With this work, we seek to add to the growing body of literature
demonstrating the usefulness of these techniques for atmospheric science in the hopes that
practitioners will integrate them into their toolboxes. We refer the reader to Giinther et al. [11]
for a more detailed comparison of some of the common methods in quantifying atmospheric
transport and the benefits of using coherent structure methods.

To study the transport of African dust across the Atlantic Ocean, studies have incorporated a
trajectory-based approach to either isolate the source region of dust plumes [4, 27, 28] or study
the transport pattern and geographic region impacted by transported dust [29]. To establish
a connection between source and receptor regions, either backward trajectories are computed
from locations downwind along the prevalent dust transport path or forward trajectories are
computed from known source regions during an intense dust emission incident. The robustness
of the linkage between the source and receptor regions can be further evaluated using retrievals
of dust plumes from satellite remote sensing [30, 31, 32]. In addition, some groups take an
Eulerian approach in an attempt to discover the underlying mechanisms of trans-Atlantic dust
transport. In this approach, the focus of analysis is on the synoptic conditions from a few days
prior to the the emission of dust until the dust plume has reached the receptor region. In studies
done on the Godzilla storm [1, 33], comparison of anomalies in geopotential height and wind
velocity fields relative to the long-term historic climatology (1991-2020) in conjunction with the
analysis of the governing streamlines reveals the underlying atmospheric circulation patterns
responsible for emission and transport of dust incidents. In most cases, these patterns point
to an anomaly in seasonal weather patterns as possible indicators of historic dust transport
incidents. While not a study specific to dust, Chakraborty et al. [34] identified major aerosol
transport pathways across the globe by extending the concept of atmospheric rivers (ARs) for
water vapors to aerosol atmospheric rivers (AARs). By doing so, the authors were able to
develop a framework to identify extreme aerosol transport events for different major aerosol
species and identified AARs specific to dust at the time of the Godzilla storm. Similar to the
Lagrangian approach, remote sensing retrievals serve as a real world evaluation for the Eulerian
analysis [35].

Regardless of the approach, identifying possible indicators of anomalous dust incidents can
facilitate prediction of them in the future. While these studies are all useful and make major
contributions towards the goals they set out to achieve, none tackle the problem of understanding
these dust events through the lens of Eulerian and Lagrangian coherent structures. In this paper,
we look at the Godzilla dust event and focus mainly on the Lagrangian approach, coupled with
some Eulerian diagnostics, with the aim of obtaining a large-scale template for transport while
the dust plume was present. By identifying key attracting, repelling, and bounding structures
(described below), we obtain a qualitative road map for dust transport during this historic
event.

2 Methods

For this work, we mainly focus on methods which we will refer to as “coherent structure meth-
ods” which will be described more thoroughly below. We present these tools and their applica-
tions in a high-level manner to familiarize the reader with the simplest implementation of these
methods. There is a good deal of nuance relating to how certain methods are implemented,
differences between some methods, and when it is appropriate to use one over another. We omit
most of this discussion from the main text but provide more details for the interested reader in
supplemental material.



137 2.1 Finite Time Coherent Structures

w

138 Lagrangian techniques for uncovering patterns related to material transport have become pow-
139 erful tools over the last few decades [36, 37, 38, 39, 40, 41, 13, 42, 43, 10, 44, 45, 46]. These
140 techniques were born out of the desire to generalize asymptotic methods from autonomous dy-
141 hamical systems theory [47, 48] and transfer them to the nite time, nonautonomous setting,
142 appropriate for realistic geophysical ows. Of these methods, the nite-time Lyapunov expo-
143 nent (FTLE) and closely related Lagrangian coherent structures (LCS) have emerged as among
144 the most widely used. These methods provide objective (i.e., frame-invariant) diagnostics for
145 extracting the most in uential material curves (in a 2D ow) or surfaces (in a 3D ow). The

us hyperbolict structures derived from the mentioned methods can produce a skeleton for trans-
147 port in unsteady time-dependent ows, identifying material curves or surfaces responsible for
148 attracting, repelling, and bounding regions of the ow over a time window of interest. To de ne
149 them, rst consider the following initial value problem, viewed as a dynamical system over some
150 generaln-dimensional smooth manifoldM (e.g. R3 or S?),

(;jtxzv(x;t); x2U M ; t2l R

X(to) = Xo

(1)

151 Then, there exists a family of di eomorphisms f Fﬁog (known as the ow maps) associated with
152 the dynamical system given by,

Fi,:] I Ul U @)
: X (to; to;Xo) 7! X(t;to; Xo)

153 in which either t >t o (mapping forward in time) or t <t o (mapping backwards in time). The

154 OW maps, as depicted in Figure 1, take pointsxg (or regions Ag) in the uid at an initial time

155 tg and map them to their locations at some other timet = to+ T (where T can be positive or

156 hegative). To extract features from the ow map, we de ne the right Cauchy-Green deformation

157 tensor in terms of the linearized ow map (again see Figure 1),

CP" T(xo)=(r F2" 1)1 FI¢" T (xo): ©)

158 Wherer represents the derivative with respect to the initial position xgo and T =t tg is the
159 OW map duration or so-called integration time (which could be positive or negative). The
160 mMatrix C{g”(xo) is symmetric and positive-de nite with real eigenvalues ; and corresponding
161 orthonormal eigenvectors ; with i 2 f 1;2;:::; ng such that,

1 n > 0 and, (4)
hi; ji= j: %)

12 There is a variational theory for hyperbolic LCS [42] wherein the structures are found by
163 identifying solution curves of the maximum and minimum eigenvector elds ofC{g+T(x0) which
164 Satisfy certain conditions relating to their in uence on material deformation relative to nearby
165 Solution curves. The variational LCS method provides a way to nd the precise surfaces which
166 dominate uid-parcel deformation over the interval T of interest, but such surfaces are often
167 quite costly to compute, can be challenging to implement, and have recently been shown to lack
168 robustness to uncertainty in velocity data relative to other coherent structure methods [49].
10 Alternatively, the FTLE (a nite-time analogue of the classic Lyapunov exponent) eld is a

170 scalar eld that is related to the average exponential rate of stretch of initially (in nitesimally)

i1 hearby particles over the time window of interest. Note that the maximum eigenvector of

IHyperbolic' means that the structures exponentially attract or repel nearby material.

4
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Figure 1: Left: Action of the ow map on a point xo and enclosing setA( over the time window
[to;to+ T]. F{g+T acts on elements of the domain and maps them to the domain. Its action on

a set can be de ned in the following manner: FES*T(AO) = fF{g”(xo) 2 Ujxp 2 Agg. Right:
Action of the linear approximation of the ow map acting on an in nitesimal circle de ned by
vectors vyi; v, over the time window [tg;to + T]. The derivative of the ow map, r F§8+T, acts
on elements of the tangent space (i.e., vectors) based atp and maps them to elements of the
tangent space downstream atx = F{g”(xo). The meaning of the eigenvalues and eigenvectors
of C{o*T can equivalently be seen through the SVD off Fi¢*" = UV . The singular values
(diag(U)) are equal to the square root of the eigenvalues ( ;) and the right singular vectors

(v;) are equal to the eigenvectors (j).

C{g”(x) gives the direction in which an in nitesimal perturbation will undergo the maximum
growth (given by = 1 or equivalently e IT}) over the nite time window [ to;to + T] where is
the FTLE, de ned as,
1
to+ T -
Xg) = ——lo 6

g (Xo) 27T a( 1) (6)
While the FTLE eld still requires a signi cant amount of particle integration, the numerical
implementation can be optimized via parallel computing, signi cantly reducing the computation
time. We use an in-house python package, that makes use of parallelization and just-in-time
compilation, that allows for quick computation even with very large data sets, and in spherical
coordinates appropriate for global geophysical ows.

Often, ridges of the FTLE eld can be used as a proxy for hyperbolic LCS [37] and the easiest
way to identify ridges is to simply use a thresholding method which only looks at FTLE values
above a certain threshold, yielding regions of high stretching in forward or backward time.
Other methods exist to extract curves (in 2D) that usually coincide with hyperbolic LCS. Care
should be taken when implementing these methods and one should be aware of potential pitfalls
as they can sometimes result in false positives in regions of high shear if additional criteria is
not satis ed along the ridge [42] (see S1 for more details).

For this work, we start by focusing on backward time FTLE elds, yielding attracting coherent
structures (see Figure 2). The main reason we do this is to elucidate the predictive capabilities of
these methods and demonstrate their usefulness for real-time decision making. These structures
are computed over the time window [g T;tg] wheretg is the current time. Attracting structures
are computed using only current and past velocity data and therefore can be implemented
in (essentially) real-time to inform decision making in time-sensitive applications, since the
velocity data is readily available. By contrast, repelling structures (think the inverse behavior
of Figure 2) are computed over the time window {o; to+ T] and therefore require future velocity
data for their computation. This necessitates forecasting of the velocity elds to make use of
them for real-time decision making, introducing further error and uncertainty. While attracting
structures are computed from the backward time system, due to the continuity of the ow

5
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and their dominance relative to nearby material lines, they tend to persist for at least some
portion of the future time window, preserving their usefulness in the predictive setting, as will
be demonstrated. In addition, in recent work [8], attracting structures have been shown to act
as \air bridges" (see Figure 2, left) in large-scale ( 1,000 km) atmospheric ows, behaving as
pathways for material to be transported along. We were interested to see if these air bridges
persisted on much larger scales (a few thousand kilometers). What we found suggests that the
\air bridge" concept may still be relevant, but its role in transport depends on which side of
the bridge the material of interest began on (see Figure 2).

Figure 2: Behavior of initial blob Ag straddling an attracting LCS (left) which acts as an \air
bridge" and an initial Ao below the same attracting LCS (right) after some nite time window
of interest.

2.2 Instantaneous Coherent Structures

In addition to computing the structures mentioned above which require a certain duration T,
one can computeinstantaneous structures, requiring the velocity only at a single instant t.
These instantaneous structures are the nite-time coherent structures as the nite-time T goes
in nitesimally to zero and like their nite time counterparts, they are also objective, providing an
attractive alternative to other common Eulerian quantities. Using only the current data frame,
they are simple to compute and often can illuminate important short time structures/regions
within the ow. These structures arise out of the eigenvalues and eigenvectors of the Eulerian
rate-of-strain tensor, given by:

S0 = 3 1 V(gD *+ (1 V(Xit)” ©

where S(x;t) is a symmetric matrix with real eigenvalues s; and corresponding orthonormal
eigenvectorse; with i 2 f 1;2;:::; ng such that,

s; i spand (8)
hei;gi = j: (9)

Following Nolan et al. [50], in a n = 2 dimensional ow, denote s; (respectively, s;) by s
(resp., s+ ), which are instantaneous Lyapunov exponents (iLEs). The iLE eld is the limit of
the FTLE eld as integration time goes to O,

Jim 07T (x0)= s (xo;to) (10)
where the superscript on 0 denotes whether the limit is from above (+) or below ( ). In this
work, we compute the iLE eld to identify a region of the plume which undergoes signi cant

instantaneous hyperbolic deformation.
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2.3 Vortex ldenti cation

Throughout our analysis, we identify vortex structures in the FTLE eld that play an important

role in the evolution of the dust plume. Identifying vortices by way of FTLE is not standard and
we make an attempt to use more common methods to con rm the structures we are focusing on
are indeed vortices. In addition, while we make no claims that the storms we nd are cyclones,
we show that they exhibit some common characteristics of cyclones, further demonstrating the
strength of these storms. We look at a few basic diagnostics for identifying storms. Mean sea
level pressure (MSLP) maps are looked at during the formation of these vortices to see if low
pressure systems can be identi ed. Low level (850 hPa) vorticity is also probed to nd highs in
these elds, a common characteristic of strong storms and cyclones. Cyclone identi cation is
obviously much deeper than this and there are many di erent schemes to detect these storms [51,
52, 53, 54] but we are not concerned with whether or not the structures we identify are properly
de ned cyclones. Our main focus is on how other structures in the FTLE eld interact with
and in uence these storms. To this end, we simply aim to con rm that these storms behave like
vortices. With this in mind, the nal diagnostic we look at is the Lagrangian averaged vorticity
deviation (LAVD), an objective quantity used to nd rotationally coherent vortices in a ow,
known as elliptic LCS [55]. Assuming we have a system (1) with corresponding ow map (2),
the vorticity at any point x will be given by ! (x;t) = r  v(x;t). Then, the instantaneous
spatial mean of vorticity is given by:

R .
u! (v

Y= i) 1D

where vol() represents the volume (3d) or area (2d) anddV represents either a volume or area
element. From there, the LAVD is de ned as
Z t

j' (x(s;x0);8) ! (9)jds (12)

to

LAVD ! (xp) = - .
to (Xo0) jt to]

which can be computed either forward or backward in time but, Haller notes that the di erent
time direction calculations will generally result in di erent elliptic LCS [56]. To identify the
boundaries of these coherent vortices, the outermost closed, convex contour surrounding a local
maxima is extracted to serve as the elliptic LCS. In this work, we are less interested in extracting
the curves themselves and use the LAVD eld as a diagnostic for identifying coherent vortices.

2.4 Data and Software

NASA MERRA-2 data (see Figure 3) is used to create the wind velocity elds with a G5
0:625 horizontal resolution, 42 pressure levels of vertical resolution, and a 3-hourly temporal
resolution. MERRA-2 is a continuation of the former NASA MERRA reanalysis dataset with an
improved meteorology and atmospheric model, generated by the NASA Global Modelling and
Assimilation O ce [57, 58]. MERRA-2 wind data [59] is chosen due to nominal coverage and
widespread application and validation in the literature [60, 61]. MSLP and low level vorticity
is obtained from the ERA5S dataset [62, 63], which is the European Centre for Medium-Range
Weather Forecasts (ECMWF) fth-generation reanalysis dataset for the global climate and
weather of the past eight decades. Datasets are available hourly in a gridded format with a
spatial resolution of 0.25 x 0.25° and vertical coverage of 1000 hPa to 1 hPa on 37 vertical
pressure levels. For streamfunction and vorticity calculations from MERRA-2 data shown later,
the windspharm python package [64] is used which utilizes spherical harmonics to compute
these quantities. All other diagnostics (FTLE, iLE, and LAVD) and feature extraction (LCS)

is performed by an in-house software package available on GitHub.
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Figure 3: From MERRA-2 for 2020-06-18-15:00:00. Left: Velocity eld in region of interest.
Right: Corresponding streamfunction

To isolate the dust plume, the ultraviolet Aerosol Index (Al) values from the Ozone Mapping
and Pro ling Suite (OMPS), installed on the Suomi-NPP satellite are used, which is the o cial

Al product provided by NASA [65] (see Figure 4). Suomi-NPP has a sun-synchronous orbit,
meaning that it passes the equator at the same local mean solar time on each pass with multiple
swathes covering Earth's surface on each day. Hence, to create daily dust plume images, multiple
swathes covering a region between & 45 N and 100 W 35 E on each day are selected and
averaged to a pixel size of & . The OMPS Al product is a unitless columnar value representing
the atmospheric aerosol concentration from Earth's surface up to the sensor height, with higher
Al values representing higher aerosol concentrations. Both dust and smoke aerosols are UV
absorbing and therefore contribute to the Al values [66] but considering our latitudes of interest
and extent of the dust plume, we believe the impact from other types of aerosols are negligible.
As we seek a comparison with 2D vertical column-averaged aerosol index data, we use column-
averaged vector elds [18] where the averaged velocity elds come from pressure surfaces ranging
from 500 hPa - 800 hPa. These pressure surfaces are where the dust was mostly present, as
estimated from a previous study [35].

2.5 Caveats with Implementation

The approach mentioned above results in a 2D time-varying column averaged quasi-velocity
eld. This vector eld is no longer a true velocity eld as it does not describe the velocity of
a true uid parcel anymore. Care should be taken when employing an approach like this. The
resulting vector eld need not be incompressible anymore and it is perhaps possible, depending
on the velocity elds being averaged, to obtain structures in the FTLE eld which are artifacts

of the averaging. In addition, this vector eld no longer exists on a well-de ned manifold and
therefore we are not actually solving (1). In our case, we show that the eld is indeed incom-
pressible and the main structures we focus on are not artifacts of the averaging by comparing
with FTLE obtained from a common pressure surface used in the literature for this event (600
hPa). For more details on why we chose this approach and potential problems this could cause
if due diligence is not performed, we refer the reader to S2.

The dust concentration we focus on evolves due to the both advective and di usive processes.
FTLE and standard LCS were developed solely in the context of advective transport. More
recently, theory has been developed which takes di usion into account in the weakly di usive
case [67]. Out of this work comes the Di usive barrier strength (or sensitivity) eld (DBS),
which acts as a di usive counterpart to FTLE. While using this would be more accurate and
perhaps more appropriate, we aim to present the simplest and most widely known application
of the coherent structure methods, the FTLE. That is not to say DBS is complicated, it is
just a few more steps than FTLE (along with some memory overhead and a slight increase
in computational cost) but being that we aim to reach a wide audience with this work, the
reader may want to use some already available code instead of writing their own and there exist
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