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ABSTRACT

This study presents a large-scale trajectory analysis of African easterly waves (AEWs) across West Africa
and the eastern Atlantic. Back trajectories were initialized at multiple pressure levels from in and around the
vortex center of the AEW troughs to reveal the source regions of environmental inflow. The trajectory
analysis highlights a changing influence of environmental air on AEW troughs. Over West Africa, monsoonal
flow dominates with source regions of air from the southwest and east to northeast influencing the trough. As
the AEW troughs leave West Africa, flow from the northwest becomes increasingly important. Cluster
analysis highlighted that the contribution of trajectories from the northwest increased as the AEW troughs
move westward and that this cluster also had high variability in environmental characteristics.

Correlation analysis of outgoing longwave radiation around the troughs with environmental characteristics
72 h earlier was conducted on 443 AEWs. This analysis reveals that the impact of the various source regions on
convective activity within the AEW troughs is consistent with the cluster trajectory analysis. While the AEW
troughs were over West Africa, convection was sensitive to midlevel equivalent potential temperature 6,
around the trough and to the northeast of the trough axis. Over the West African coast and Cape Verde basin,
the correlation analysis captures the changing flow regime with sensitivity to 6, west of the trough axis at
midlevels and northwest at low levels. These results highlight that the cool and dry low-level northerly trade
winds over the Canary and Cape Verde basin can be a crucial influence on AEWs as they leave West Africa.
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1. Introduction

The structure and evolution of African easterly waves
(AEWSs) have been presented using many different ap-
proaches since the pioneering studies by Carlson (1969),
Frank (1969), Burpee (1972, 1974), and Reed et al. (1977)
among many others. These early papers, though using
limited data, produced useful portrayals of the dynamic
and thermodynamic structure of AEWs through com-
posite analysis over multiple events. Since then global
models and long-term reanalysis products have enabled
further research to reveal more details through both
composite and case study analysis of AEW structures and
evolutions (e.g., Kiladis et al. 2006) as well as confirming
the earlier results (e.g., Fink et al. 2004). This paper will
present the structure of AEWs in a Lagrangian frame-
work relying on back trajectories to analyze how AEW
troughs interact with the environment as they traverse
West Africa and the eastern Atlantic.
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AEWs are the primary synoptic-scale disturbance
over West Africa during the boreal summer months and
their relationship with convection is well documented
(e.g., Carlson 1969; Reed et al. 1977; Fink and Reiner
2003; Kiladis et al. 2006; Janiga and Thorncroft 2016).
While the AEW troughs are over West Africa, the as-
sociated precipitation tends to occur in the northerly
phase of the wave (west of the trough axis) south of the
African easterly jet (AEJ; e.g., Duvel 1990; Diedhiou
et al. 2001; Gu et al. 2004) and in the southerly phase of
the wave north of the AEJ (northeast of the trough axis;
e.g., Fink and Reiner 2003; Kiladis et al. 2006; Poan et al.
2013). Precipitation west of the trough axis is explained
in part by the adiabatic forcing for ascent ahead of the
trough (Thorncroft and Hoskins 1994) as well as the
initiation of mesoscale convective systems and squall
lines in or ahead of the trough that, propagating faster
than the trough, propagate through the northerlies be-
fore dissipating (Janiga and Thorncroft 2016; Payne and
McGarry 1977; Fink and Reiner 2003). As the low-level
baroclinicity weakens west of the African coast, the
precipitation maximum shifts toward the trough axis of
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the AEWs (e.g., Thompson et al. 1979). Over the
ocean, a primary modulator for convection around the
AEW troughs has been shown to be the environmental
relative humidity (e.g., Bretherton et al. 2004). Janiga
and Thorncroft (2016) showed that not only was the
column relative humidity important in modulating the
precipitation in the AEW trough but it was also the main
environmental variable influenced by the AEWs. The
ability for the AEWs to modulate the moisture within
the trough has also been proposed to be a fundamental
process for providing sufficient environmental condi-
tions for tropical cyclogenesis (e.g., Dunkerton et al.
2009; Wang et al. 2010).

Over the Cape Verde basin and across West Africa
there is a substantial meridional gradient of moisture
with dry air from the Sahara and subsidence from mid-
latitudes in close proximity to the AEW troughs and
developing tropical cyclones. The influence of dry air
entrainment into developing tropical cyclones or AEWs
was suggested by Dunion and Velden (2004), who
showed a relationship between dry air from the Sahara
[Saharan air layer (SAL)] and tropical cyclone strength
over the Atlantic. The SAL over the eastern Atlantic is
characterized as a layer of warm, dry, and dusty air ex-
tending from the strong temperature inversion above
the marine boundary layer up to around 500-400 hPa
(e.g., Prospero and Carlson 1972; Carlson and Prospero
1972; Karyampudi and Carlson 1988). While the Sahara
is a major source of dry and dusty air over the eastern
Atlantic, Braun (2010) showed that dry air in the region
is not always associated with SAL outbreaks and that
subsidence in the region can have a large contributing
factor to the relative humidity in the lower troposphere.
There are also dust-free northerly trade winds at low
levels along the West African coast undercutting the
dusty SAL air above (Carlson and Prospero 1972;
Brammer and Thorncroft 2015; Schwendike et al. 2016).
The impact of dry (and dusty) air on tropical cyclones
has been shown to vary across numerical simulation
experiments and observational studies (e.g., Braun et al.
2012; Reale et al. 2014; Rios-Berrios et al. 2016). Both
the origin (dustiness) and the vertical distribution of dry
air are important for understanding the potential ther-
modynamic and microphysical impacts on convective
systems. There has been substantial research in-
vestigating the possible impact of dry air on developing
and developed tropical cyclones yet little in the context
of AEWs over West Africa.

The strong meridional gradients of environmental
moisture over West Africa and the Cape Verde basin
combined with the changing structure of the AEWSs
creates a complex interaction between wave dynamics and
environmental characteristics. The research presented in
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this paper provides a kinematic view of how the propa-
gating AEW troughs and the environment interact. The
research utilizes trajectory analysis across a large number
of waves to identify typical kinematic pathways for en-
vironmental air to reach the trough center. This analysis
will highlight the regions that potentially have the largest
impact on the convective and structural evolution of
AEWs. This paper will present the large-scale trajectory
pathways and source regions for AEWs over West Africa
and the eastern Atlantic (i.e., the Sierra Leone, Cape
Verde, and Canary Island basins) in an Eulerian frame-
work (section 3a) followed by analysis in the Lagrangian
framework (section 3b). Cluster analysis and the evo-
lution of the trajectory pathways will be presented in
section 3c, with the impact of the environmental char-
acteristics shown on a larger set of AEW troughs via a
correlation analysis in section 3d. The significance and
impact of the results are discussed with main conclu-
sions in section 4.

2. Data and methodology
a. Data

This research uses the combined reanalysis datasets
from the National Centers for Environmental Pre-
diction (NCEP): the Climate Forecast System Re-
analysis (CFSR; Saha et al. 2010) for 1979-2011 and
ongoing operational CFS, version 2, for 2011-present
(Saha et al. 2014). These data have a consistent temporal
resolution of 6 h with a horizontal resolution of 0.5° and
33 levels in the vertical, with 25-hPa vertical spacing
between 1000 and 750 hPa. The CFSR, like other re-
analysis products, relies on the assimilation of observa-
tions and short-term forecasts from the previous
initialization time. Because of the relatively sparse ob-
servation network over West Africa reanalysis products
are less constrained by the observations and model
biases are evident. Janiga and Thorncroft (2013) showed
that the CFSR has a wet bias over the eastern Atlantic in
precipitation and an associated overintensification of
low-level vorticity from diabatic heating compared to
the Tropical Rainfall Measuring Mission, version 3b42
(Huffman et al. 2007), precipitation and heating profiles
as well as the European Centre for Medium-Range
Weather Forecasts (ECMWF) interim reanalysis
(ERA-I; Dee et al. 2011). Roberts et al. (2015) also
showed that the CFSR has a systematic southward bias
of the intertropical discontinuity (ITD) over the Sahel;
however, the largest differences shown were likely due
to disagreements in the location of the ITD rather than
large-scale regional biases. The National Climatic Data
Center daily interpolated outgoing longwave radiation
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(OLR) was used as a metric for convective activity. This
dataset also spans 1979—present with 1° horizontal res-
olution and combines multiple bias-corrected radiance
estimates from available satellites over the data period
(Lee 2011; Lee et al. 2014). Anomalies for both datasets
are calculated from a smoothed 1979-2011 climatology
utilizing the first four harmonics of the mean 6-hourly or
daily fields.

b. Wave tracking

AEWs were defined and tracked following the meth-
odology used in Brammer and Thorncroft (2015). This
method involves initially tracking 2-10-day filtered cur-
vature vorticity at 700 hPa using a Hovmoller diagram.
These filtered tracks, which are a function of time and
longitude, are then used to refine the tracked location to
three dimensions using raw 700-hPa curvature vorticity
(averaged over a 500-km radius). The somewhat large
radius helps to smooth out small mesoscale systems and
also filters out weak AEWSs with very short wavelengths.
The subset of AEWs used for the trajectory analysis in
this paper will be further reduced to only include waves
that were defined as ““favorable’ for tropical cyclogenesis
over the eastern portion of the Atlantic main develop-
ment region (east of 45°W). These 86 waves are identical
to those featured in the composite analysis of Brammer
and Thorncroft (2015), which are defined as having a
combination of increased 850-hPa relative vorticity,
upper-level divergence, ascent throughout the middle
troposphere, and a positive upper-level temperature
anomaly as they leave the West African coast during
August or September. These waves are coherent in
structure and were objectively tracked from 5° to 45°W;
therefore, they create a consistent dataset of waves for
the analysis of the evolution of the large-scale flow across
different locations.

c. Trajectories

Trajectories used in this paper were all calculated
using the National Oceanic and Atmospheric Adminis-
tration (NOAA)/Air Resources Laboratory (ARL)
Hybrid Single-Particle Lagrangian Integrated Trajec-
tory model (HYSPLIT; Draxler and Hess 1997, 1998;
Stein et al. 2015) with the reanalysis fields from CFSR
used as input. The trajectories are calculated using the
full three-dimensional (3D) winds from the reanalysis.
The largest source of error in 3D kinematic trajectories
has been shown to be the interpolation of the vertical
velocity field, though using the model vertical velocity is
more accurate for absolute location errors and conser-
vation of variables along the trajectory path compared
to trajectories calculated along either isoeta or isentro-
pic surfaces (Stohl et al. 1995; Stohl and Seibert 1998).
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The CFSR fields used here have 33 vertical levels, ex-
ceeding the recommended minimum of 9 vertical levels
for accurate trajectories when using 6-h temporal and
0.5° horizontal resolution suggested by Stohl et al.
(1995). Consequently, the reanalysis fields should be
able to adequately represent the synoptic-scale motion
analyzed here. Recent papers have shown that CFSR
and other reanalysis products provide sufficient input
data to analyze synoptic-scale meteorological phenom-
ena around tropical cyclones (e.g., Galarneau et al. 2010;
Schenkel and Hart 2015) as well as moisture advection
diagnosed by trajectories (e.g., Pierrehumbert and Roca
1998; Roca et al. 2005; Sjostrom and Welker 2009; Ersek
et al. 2010; Deshpande et al. 2015). Reanalysis products
are, however, not dynamically consistent from one time
to another and therefore substantial errors can arise
from this dynamical inconsistency for the conservation
of thermodynamic variables along the trajectories (Stohl
and Seibert 1998). Given the consistent results provided
by the trajectory calculations and the physical reasoning
behind the results, the authors do not feel like this sig-
nificantly impacts the main results in this research.
Boundary layer processes and interpolation of the ter-
rain also pose further errors. Therefore, in post-
processing, any trajectories that came within 500 m of
the terrain were removed from the analysis. These
surface-interacting trajectories accounted for about
14% of all trajectories launched.

Trajectories were initialized around the center of the
trough for each AEW at three locations across West
Africa. These locations were determined relative to
each trough’s passage at the coast (16°W). The times
chosen were 36 h downstream (west) of the coast, over
the coast (0h), and 36 h upstream (east) of the coast. To
avoid the confusion of having multiple time units, the
locations will be referenced by the mean longitude of the
troughs at each time hereafter (i.e., 25°, 16°, 6°W, re-
spectively). At each location, trajectories were initial-
ized across a 3° X 3° horizontal grid at 0.5° spacing
centered on the trough location and at 11 vertical levels,
spanning from approximately 900 to 400 hPa at 50-hPa
increments. This grid creates 539 trajectories per wave
per location, resulting in a total of over 139000 trajec-
tories. Truncation errors and any errors due to initial
location should therefore be minimized by the large
number of trajectories analyzed (Merrill et al. 1985;
Harris et al. 2005). The composite low-level structure of
the waves at each location used in this analysis along
with the box within which trajectories were initialized is
shown in Fig. 1.

Trajectories were integrated backward for a total of
120h. To clarify terminology, trajectories will be re-
ferred to in the chronological sense and therefore
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FIG. 1. Composite AEWs at three locations. Black contours show 700-hPa streamfunction, thick black contour shows objective trough
line (Berry et al. 2007), and gray streamlines show 850-hPa wave-relative wind. Composite of 86 AEWs are shown as the troughs cross

three locations: (a) 25°W, (b) 16°W, and (c) 6°W.

source/origin will refer to the trajectory locations 120 h
before reaching the trough. Ingestion or initialization
location will refer to the locations within the trough,
where the back trajectories were initialized.

In postprocessing, the trajectories were then also ad-
justed to a wave-relative reference frame. This adjust-
ment involved subtracting the location of each AEW
trough interpolated to 1-h intervals. If the track of the
wave did not extend for the full 120 h, the mean phase
speed of the wave was used to extrapolate the track
backward in time.

For the Eulerian compositing analysis, each trough
was relocated to the mean location of all troughs at
that time. The trajectories were also subject to this
small uniform shift over their entire integration.
Geographical references are with respect to the mean
trough location at that composited time. This trough-
relative adjustment is relatively minor though (=2.5°)
so the general geographical references are still
applicable.

Trajectory compositing was performed to visualize
the mean flow vector of the trajectories relative to a
fixed grid. This compositing method involved calculat-
ing the two-dimensional flow vector of the trajectories at
each time and then compositing the horizontal compo-
nents to a 0.5° grid. The streamlines are then computed
on the resulting mean flow. The streamlines therefore
represent the mean flow of trajectories at a given loca-
tion and time, presenting a unique representation of the
flow approaching the AEW; the only data points in-
cluded are from trajectories that will reach the center of
the trough.

d. Cluster analysis

Cluster analysis has been used across numerous
studies to quantify and analyze the large-scale flow re-
gimes from trajectory analysis in gridded atmospheric
datasets (e.g., Moody and Galloway 1988; Harris and

Kahl 1990; Dorling et al. 1992; Cape et al. 2000;
Kassomenos et al. 2010). The type of clustering algo-
rithm and the variables used to cluster can influence the
resulting clusters; therefore, while it is an objective
technique, there are subjective options in how it is ap-
plied. For this study, a K-means algorithm was used and
the trajectories were clustered on their origin charac-
teristics using the wave relative latitude, longitude, and
equivalent potential temperature 6, for a pseudovertical
coordinate. The K-means algorithm groups data into a
defined number of clusters by minimizing the within-
cluster sum of squares (distance to the cluster mean) and
thus maximizing the distance between clusters as well
(e.g., MacQueen 1967; Witten and Tibshirani 2010).
Because of a lack of objective methodology for choosing
the optimum number of clusters, analysis was conducted
on between four and eight clusters. These tests revealed
that five clusters were optimal for representing the main
pathways and source regions. While increased clusters
provide more detail, the overlap in interpreting the re-
sults also increases.

3. Results
a. Eulerian trajectory composite analysis

The density of the 120-h backward trajectories for
the three trough locations are shown in Fig. 2. This
figure shows the geographical extent of the air being
ingested by the AEW troughs over 5 days, as well as the
predominant large-scale inflow routes toward the
AEW troughs. The boxes in each plot display the re-
gion over which trajectories were initialized within
AEW troughs at hour 0. The dashed line in each plot
represents the mean or extrapolated location of the
troughs 120 h earlier.

When the AEW troughs are around 6°W, the back-
ward trajectories show that air within the trough has
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FIG. 2. Density of trajectories composited over 120-h backward integration from trough centers. Trajectories are shown with respect to
three initialization locations: (a) 25°W, (b) 16°W, and (c) 6°W. Box encompasses 3° X 3° initialization grid around the troughs. Dashed
thick line represents mean location of the AEW troughs 120 h before trajectories were launched. Densities have been normalized by the

area of the underlying 0.5° grid.

been sourced along two main pathways (Fig. 2c). The
primary pathway at this location, extends to the east of
the AEW trough and is then split between ascent and
southerly flow from over the eastern Sahara and sub-
siding easterly flow along the AEJ at 700-600 hPa co-
incident the AEW troughs (Fig. 3c). The secondary
route at this location is air from the south, over the Gulf
of Guinea, associated with the monsoonal southerlies.
Trajectories along this route are on average between 900
and 800hPa over the ocean, approaching the troughs
from the west at low levels (Fig. 3c).

As the AEW troughs leave the West African coast
(Figs. 2a,b), a third pathway for trajectories ap-
proaching the troughs is evident. Trajectories from
the north propagate south along the northwest Afri-
can coastline at low levels with mean pressure be-
tween 900 and 800 hPa (Figs. 3a,b). This low-level flow
is sourced from north of 30°N associated with the

trade winds on the eastern edge of the Atlantic sub-
tropical ridge. Low-level flow along this route is typ-
ically dust free with non-Saharan origins, though
when the flow crosses overland it is able to pick up
small but significant quantities of dust (Carlson and
Prospero 1972). Also, over the eastern Atlantic, on
the western periphery of the streamlines (20°N, 20°W;
Fig. 3a), there is a slight indication of in situ sub-
tropical subsidence after which the trajectories in-
dicate northerly flow into the AEW troughs. This
subtropical subsidence was argued by Braun (2010) to
be an important source of dry dust-free tropical air
not associated with SAL outbreaks.

This composite analysis of the back trajectories has
highlighted the changing kinematics associated with
the large-scale sources of air that enter the AEW
troughs as they propagate over West Africa and the
eastern Atlantic. Over West Africa the primary sources
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FIG. 3. Mean pressure (colored) and vector flow (streamlines) of trajectories along 120-h backward integration from AEW trough center
per 1° grid. Trajectories are shown with respect to three initialization locations: (a) 25°W, (b) 16°W, and (c) 6°W. Annotations for plots as

in Fig. 2.
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FIG. 4. Density of trajectories over a backward integration of 120 h in wave-relative frame. Trajectories have been shifted to be
trough relative throughout the integration. Columns contain plots with respect to three initialization locations: (a) 25°W, (b) 16°W,
and (c) 6°W. Rows contain plots with respect to the initialization level of trajectories [(a)-(c) 600-300 hPa and (d)—(f) 925-600 hPa].
Range rings are shown at 500, 1000, 2000, and 3000 km from center. Densities have been normalized by the area of the underlying
0.5° grid.

of air for the AEW troughs are from the south and east, variability (Figs. 4d-f). Over the eastern Atlantic
while over the eastern Atlantic northerly flow becomes and West African coast, the flow from the northwest
an increasingly dominant source of flow reaching the and southwest quadrants reaches out to 3000km
troughs’ centers. away over the 120-h integration (Figs. 4d,e). How-
ever, in the eastern quadrants, other than the tra-
jectories from due east, there is very little flow from
To visualize the inflow toward the AEW troughs, the the southeast beyond 1000 km or the northeast be-
trajectories have been shifted with respect to the yond 2000 km. When the troughs are over West Af-
framework of the moving troughs at each hour during rica, flow from the northwest beyond 1000 km is also
the backward integration (Fig. 4). This shift therefore very limited, with the main route into the low levels
highlights the air masses, relative to the location of being primarily from southwest of the trough
each trough, which will be ingested by the troughs over  (Fig. 4f).
the following 120h. Trajectories initialized between The previous figures have shown the spatial routes
600 and 300 hPa are shown in Figs. 4a—c. These plots for environmental inflow toward the AEW troughs;
show that the ingested air generally remains within however, by compositing over the whole 120-h in-
about 2000 km of the trough center over the 120-h in-  tegration, the temporal aspect of the inflow has been
tegration. The main trajectory routes toward the masked. Figure 5 shows the median time in hours from
trough center are also relatively consistent across the the trough center along the trajectories, or this can be
three locations shown. The midlevel trajectories within  interpreted as the number of hours it will take for air
the trough are consistently sourced from the southwest at a specific location to reach the AEW trough. Back
and northeast. trajectories initialized between 600 and 300 hPa show a
Trajectories initialized in the lower levels (925- relatively consistent radial gradient for the time it takes
600hPa) of the AEW troughs show more regional trajectories to reach the trough center. Trajectories

b. Lagrangian trajectory composite analysis
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FIG. 5. Median number of hours from trough center for all waves and levels. Columns contain plots with respect to three initialization
locations: (a) 25°W, (b) 16°W, and (c) 6°W. Rows contain plots with respect to the initialization level of trajectories [(a)-(c) 600-300 hPa
and (d)—(f) 925-600 hPa]. Range rings are shown at 500, 1000, 2000, and 3000 km from the center.

from any direction within the inner 1000 km are likely
to reach the center of the trough within 72h. As the
troughs cross the West African coast, trajectories from
the west and southwest have a slightly faster approach
covering up to 1500 km within 72h (Fig. Sa).

At the lower levels, trajectories from the west and
southwest have a faster approach to the center with
trajectories covering up to 2000km within 72h
(Figs. 5d-f). This result is due to the combined west-
ward propagation of the AEW troughs and the back-
ground westerly flow. Over the eastern Atlantic, the
flow from the north is advected equatorward into the
path of the AEW troughs on a relatively fast route to
the center, with the trajectories at 2000 km north of
the trough also reaching the center within 72h
(Figs. 5d,e). The distances in these plots represent the
Euclidean distance between the trajectories at a spe-
cific time and their initialization location. The total
distance traveled by a trajectory is typically around
50% greater than the respective Euclidean distance at
that time.

These figures have shown that over West Africa,
AEW troughs mainly comprise air sourced from over
East Africa that propagates along the easterly jet with

the troughs and from low-level monsoonal inflow from
the Gulf of Guinea. This flow is a typical climatological
view of the West African monsoon, although the tra-
jectories have not shown a substantial source of tra-
jectories from north of the AEW troughs while they are
over the continent. As the troughs move over the coast
and the eastern Atlantic, low-level flow from the
northwest becomes increasingly dominant with a rela-
tively fast route for air to reach the troughs’ centers.
This inflow pathway was predominantly between
800 hPa and the surface, over the ocean and close to the
coastline. This low-level non-Saharan air is likely dust
free and undercutting the typical dusty air from the
Sahara (Carlson and Prospero 1972). A detrimental
impact of this low-level air was recently suggested by
Brammer and Thorncroft (2015) and Schwendike et al.
(2016) for eastern Atlantic tropical cyclogenesis from
AEWs. Although this route for trajectories is low in the
atmosphere, the low-level trade wind flow remains
above the boundary layer and thus separated from the
oceanic surface fluxes due to the very shallow marine
boundary layer; over the Mauritanian upwelling region
the boundary layer can be as shallow as 200-300 m
(Lee et al. 2010).
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FIG. 6. (a) Geographical distribution of clustered trajectory source regions in trough-relative
frame. Cones represent the origin and flow route of each cluster of the 120-h back trajectory.
Cones are calculated as the median trajectory 1 standard deviation of across route variability.
(b) Two-dimensional box-and-whisker plots of pressure and equivalent potential temperature
for trajectory source characteristics within each cluster. Boxes contain the inner quartile range

and whiskers extend to the 5th and 95th percentile.

c¢. Cluster analysis of trajectories

The composite analysis of trajectories highlights dif-
ferent routes toward the troughs at different levels and
how this varies across different regions. To quantify
changes in the characteristics and contribution of the
relative source regions, the trajectories were clustered

into five clusters with respect to the —120-h trough rel-
ative location and equivalent potential temperature 6,
using a K-means algorithm. Figure 6 shows the trough
relative source regions and flow routes for each cluster
of trajectories. As three variables were used to cluster
the trajectories there is some overlap of the clusters in
both the spatial map (Fig. 6a) and the thermodynamic
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plot (Fig. 6b); however, points that overlap spatially
should be distinct thermodynamically and vice versa.

The five cluster source regions can be briefly sum-
marized as follows:

o Trough: Trajectories originate around the level of the
AE]J between 750 and 450 hPa, with relatively high 6,
and remain within the trough circulation.

o Northeast: Trajectories originate around 1000-
2000km away from the trough center between 800
and 500 hPa. These trajectories have lower 6, than the
trough trajectories, consistent with reduced moisture
content farther north.

o West: Low-level trajectories between the surface and
750hPa, with high 6,. These trajectories are mostly
sourced from over the Sahel and tropical eastern
Atlantic.

o Southwest: Trajectories originating between 950 and
800hPa, over the Gulf of Guinea, and equatorial
Atlantic. Low 6, due to the relatively cold sea surface
temperatures of the Gulf of Guinea cold tongue.

o Northwest: Trajectories entrained from 1000 to
4000 km away from the trough center. Lower 6, (due
to low humidity) than the trajectories in the trough
and from the west, originating between 900 and
700hPa over the eastern Atlantic and western edge
of the Sahara.

Figure 7 quantifies the distribution of relative hu-
midity for trajectories from each source region and the
contribution of trajectories from each cluster with re-
spect to the total number of trajectories reaching the
AEW troughs. Trajectories associated with the trough
cluster have consistently high relative humidity across
the three locations, though the percentage of trajecto-
ries that are classified in the trough cluster decreases as
the waves move westward (from a median contribution
of 33%-24%). The relative humidity of trajectories
from the northeast is also consistent across West Africa
(around 40%), with a minor decrease of around 5% in
the total contribution from this cluster as the waves
move westward. The west and southwest clusters both
have high relative humidity values at the source regions
with the no obvious trends in the contribution or hu-
midity from each of the clusters as the AEW troughs
move westward. Trajectories from the northwest have
low relative humidity over West Africa, between 25%
and 40%, with a clear trend toward higher humidity as
the waves move westward, though still limited to below
around 45% as the troughs reach 25°W. The contribu-
tion of trajectories from the northwest, however,
shows a substantial increase as the AEW troughs move
westward. Over West Africa, the northwest cluster only
contributes around 10% of the total trajectories; once
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over the eastern Atlantic this contribution has increased
to around 15% and in some cases up to 30% of the total
trajectories.

Figure 8 shows the time series for the cluster median
and interquartile range (IQR) for pressure (Figs. 8a,b),
6. (Figs. 8c,d), and 0 (Figs. 8e,f). Trajectories clustered in
the trough region show gradual ascent from —120to Oh
with the cluster median pressure decreasing from 625 to
525hPa (Fig. 8a). The distribution of the trajectories
within the cluster also decreases during this time in-
dicating that trajectories are converging to the midlevels
of the trough (Fig. 8b). The evolution of 6, for the trough
cluster shows very little change over the 120h, with a
consistent 337-K median and IQR between 4 and 5K
(Figs. 8c,d). Potential temperature, however, does show
an increase of 7K indicating diabatic processes occur-
ring with the trough of the wave.

Trajectories from the northeast show a similar evolu-
tion in pressure to the trough cluster, with the median
ascending approximately 75 hPa over the 120 h (Fig. 8b).
Converse to the trough trajectories, however, these
northeast trajectories originate with lower 6, (located
geographically over the eastern Sahara) and experience a
slight increase in moisture over time with 6 staying ap-
proximately isentropic over the integration. The 6, in-
crease exhibited in this cluster largely occurs during
hours —120 to —72 of the trajectory calculation. During
this time the IQR of the trajectory pressure falls rapidly
from over 250 to 150 hPa while the median stays steady.
This suggests that there is likely a number of trajectories
being lifted along the isentropes toward the median
pressure of the cluster. This gradual increase in the cluster
median 6, could also be due to subgrid-scale mixing, for
which the reanalysis and trajectory calculations are un-
able to account.

Trajectories from the west, southwest, and northwest
are mostly from lower levels than the clusters for the
trough and northeast, with all three clusters exhibiting
an increase in altitude of 100-200 hPa as the trajectories
approach the trough between hours —48 and 0 (Fig. 8a).
For the trajectories from the west and southwest, this
ascent is coincident with an increase in 0 suggesting that
convection and diabatic heating are associated with
trajectories in this cluster over the last 24h prior to
reaching the trough center. The southwest cluster was
shown to exhibit the lowest 6, at hour —120 in Fig. 6b.
The evolution here shows that while the trajectories in
this cluster are very low in the atmosphere between the
surface and 900 hPa and maintaining a consistent 6 they
are accumulating moisture. During this evolution the
median 6, increases from 323 to 337K, close to the cli-
matological value for boundary layer 6, over the equa-
torial Atlantic and Sahel. However, although the cluster
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F1G. 7. (a) Distribution of trajectory relative humidity at —120h per cluster and per ini-
tialization location. (b) Distribution of the contribution of trajectories from each cluster per
initialization location. Percentages are calculated relative to the trajectories for each individual
wave. Boxplots show interquartile range, median, and 5th and 95th percentiles.

median exhibits an increase in 6,, the northwest cluster
still has the lowest median 60, of 331 K at —48h. In the
last 48h as the trajectories approach the trough, this
cluster also has the largest 6, IQR of 5-8 K (Figs. 6¢,d).
Although the oceanic boundary layer is relatively shal-
low north of Dakar along the African coast, as the tra-
jectories approach the trough they will be over warmer
SSTs as well as the warm and moist Sahel. The cluster
median pressure of 800-700 hPa, with an IQR of over

200 hPa, suggests that trajectories in this cluster begin to
interact with the boundary and their characteristics be-
gin to be modified as they approach the trough center
(Figs. 6a,b).

The previous section has shown the primary path-
ways for trajectories reaching the AEW troughs over
West Africa and the evolution of their properties.
The cluster analysis simplified the routes of inflow
to five distinct regions with different spatial and
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thermodynamic origins. This analysis provides a direct
causal link between how the environment around the
AEW troughs could impact the characteristics and
evolution of the trough and its associated weather.
The cluster analysis has highlighted the potential role
of moisture flux from the west and southwest con-
tributing to precipitation around the trough. The
contribution of dry air from the northeast at midlevels
decreases as the waves move westward while the low-
level contribution of dry air from the northwest
increases.

It is expected that while the moisture flux or the flux
of 6, from the west and southwest clusters are impor-
tant for convective activity, the northwest cluster has
the largest variability and also lowest 6, at low levels
when reaching the trough; therefore, variability in this
area may have the largest impact on trough-scale
characteristics. The influence of this environmental
air was shown over the Atlantic for developing cy-
clones from AEWs by Brammer and Thorncroft
(2015). To assess this hypothesis, a larger-scale analysis
will use the source regions and trajectory routes and
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FI1G. 9. Correlation of layer-averaged anomalous environmental variables at ¢ — 72 h with anomalous daily OLR within 250 km of the
trough centers. Plots show 6, correlations (shaded), geopotential height correlation (contours), and wave-relative layer-averaged wind

(vectors). (a)-(c) Midlevel (600-400 hPa) and (d)—(f) low-level (950~

from west to east. The dashed red circle shows the region at hour 0

600 hPa) fields are shown. Columns show the three trough locations
where the anomalous daily OLR was averaged within 250 km of the

trough center. The dashed red line shows the approximate trough axis at ¢ — 72 h. Only significant correlations are plotted (see text for

details).

correlate variability in the environmental characteris-
tics with OLR activity around the trough 3 days later.

d. AEW wave variability and environmental moisture
differences

To assess whether the environmental characteristics
around the trajectory source regions have significant
impacts on the convection within the AEW troughs, a
larger sample of objectively tracked waves (n = 443)
were used to correlate anomalous OLR around the
trough center with environmental characteristics 3 days
earlier. Analysis here will use the same three locations as
the previous sections to compare whether regional var-
iations in the correlations match the results of the tra-
jectory analysis. Across each location the distribution of
anomalous OLR around the troughs is consistent with a
median of around —10K and an IQR of approximately
25K (not shown).

Comparison of the composite structure of this larger
subset of waves, reveals that qualitatively the two sub-
sets are representative of each other (not shown). Both
composites reveal a developing low-level vortex of the
wave over the coastal region around the 700-hPa trough
axis. The troughs in this composite are slightly weaker,
due in part to the larger sample used and the selection

criteria for the subset of troughs used previously, which
were defined based on intensity at the coastal location.
The large-scale structure is comparable though and
therefore source regions from the trajectory analysis
should apply to these troughs as well.

Lagged correlation between the anomalous OLR ac-
tivity around the AEW troughs and layer-averaged 6,
and geopotential height 3 days earlier is presented in
Fig. 9. These figures only include areas of significant
correlation. The p value for significance is determined
using a false discovery rate of 0.1 for the area shown
(Wilks 2006); the resulting p value varies per variable
and per panel but ranges from 0.006 to 0.003 or 99.4% to
99.7%.

Over the eastern Atlantic (Figs. 9a,d) significant
negative correlations west of the trough axis are ob-
served indicating that the convection within the AEW
trough is sensitive to changes in 6, downstream of the
trough. The sensitivity to 6, at midlevels is generally
spread from the southwest to the northwest (Fig. 9a)
while at low levels the area of significant correlation is
restricted to the northwest of the trough axis (Fig. 9d).
Low-level geopotential height anomalies at this location
show a positive correlation around 2000 km west of the
trough axis. This distance is equal to the approximate
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wavelength of an AEW and suggests that convectively
active AEW troughs are influenced by the strength or
existence of a downstream AEW trough. Positive cor-
relation here indicates that a more intense downstream
AEW trough (negative heights) is related to increased
convection (negative OLR) in the subsequent trough.
An AEW trough in this region would also suggest in-
creased southerly flow, thus increasing the poleward
advection of 6., suggesting that a downstream AEW
may prime the environment for convection in the
following trough.

For trough-based convection over the coastal region,
significant correlation with 6, 72h earlier is concen-
trated around the area of the trough axis (near 0°%
Figs. 9d,e). At low levels, the area of weak but signifi-
cant correlation with 6, also extends to the south. Sig-
nificant positive geopotential height anomalies are
found downstream of the trough axis again indicating
that the downstream trough is related to increased
convection in the subsequent AEW trough. Low-level
0. along the African coast, north of the convection, is
also shown as a region of significant correlation at
this time.

Farther east, for convection located near 6°W, the
72-h correlation shows that sensitivity to midlevel 6, is
located around the trough axis extending from the west
to the north and northeast (Fig. 9c). At low levels, areas
of weak but significant correlation are shown to the
southwest of the trough axis and northeast (Fig. 9f).
Once again the low-level signature of positive correla-
tion between anomalous geopotential height and
anomalous OLR activity 72h later is evident approxi-
mately 2000 km west of the trough axis.

These correlation plots show that convective activity
across 443 AEW troughs has significant sensitivity to
the environmental characteristics over a time lag of at
least 72 h. The maximum correlation values presented,
although significant, are relatively low, showing that
many factors influence the evolution of a synoptic-
scale weather pattern. However, the regional pattern
of correlation and the consistency between this cor-
relation analysis and the trajectory analysis highlights
one factor in how AEW troughs can be influenced by
their surrounding environment. The areas highlighted
in these plots line up with the shifting inflow patterns
revealed by the trajectory analysis, showing that the
sensitivity of the AEWs to the environment is location
dependent. Over Africa the trajectories revealed pre-
dominantly midlevel inflow from the east and north-
east with low-level inflow from the southwest. The
correlation plots also highlight these areas. As the
troughs leave West Africa, this sensitivity switches to
the west and northwest of the trough, comparable to
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the increasing inflow of trajectories shown from
over the eastern Atlantic at low levels.

4. Discussion and conclusions

This study has shown the structure of AEW troughs
through the use of kinematic trajectory analysis. Com-
positing trajectories over multiple events has high-
lighted consistent pathways for air approaching the
AEW troughs and how these change as the AEWs
propagate west. Through the use of cluster analysis, five
distinct sources for environmental air were identified.
Variability in the environmental characteristics of the
trajectory source regions were then shown to be signif-
icantly correlated with convective activity around the
AEW trough 3 days later. This analysis shows both a
direct kinematic route for environmental characteristics
that will be ingested and thus impact the AEW troughs,
and the correlation of those characteristics with con-
vective activity at later times.

The kinematic trajectory analysis highlighted that
troughs over West Africa have different inflow routes
between midlevels and low levels. Over West Africa
midlevel (650-300hPa) flow is primarily from around
the trough (although over a large region of around
1000km) or from the northeast associated with flow
along the AEJ and northerly flow around the eastern
edge of subtropical ridge over the Sahara. At low levels
the main source of air is from the west and southwest
associated with the background monsoonal flow over
the region (Thorncroft et al. 2011; LéI¢ et al. 2015). As
the troughs reach the West African coast, low-level in-
flow from the northwest also becomes a dominant route
for environmental air to reach the trough center.

The trajectory analysis shows that flow from the
northwest, over the eastern Atlantic, is a characterized
by low 6, air, likely not of typical SAL origin and either
from subtropical subsidence over the eastern Atlantic or
midlatitude subsidence then advected south around the
subtropical ridge. This low-level trade wind flow along
the coast of West Africa becomes an increasingly im-
portant source region for trajectories as the AEW
troughs cross the West African coastline. This source of
low equivalent potential temperature air usually un-
dercuts the warm and dry air associated with SAL out-
breaks (Carlson and Prospero 1972). Because of the
relatively shallow marine atmospheric boundary layer
(MABL) over the eastern Atlantic, as low as 200m (Lee
et al. 2010; Fuhlbriigge et al. 2013), the northerly trade
winds are therefore able to remain relatively dry and
cool as they propagate south. This flow is therefore
trapped between the strong vertical moisture gradient
below at the top of the MABL and a strong temperature
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inversion above, associated with the SAL. While the
trajectory analysis in this research does not extend far
enough back in time to determine whether this air is of
tropical or midlatitude origin, trajectories in this region
typically originate from either low-level air over Europe
or subsiding air from North America and over the
Atlantic (Lee et al. 2010; Fuhlbrigge et al. 2013).
Schwendike et al. (2016) highlighted that variability in
this low-level flow was an important factor in the evo-
lution of Tropical Storm Helene (2006), while Brammer
and Thorncroft (2015) showed that variability in the
low-level moisture to the northwest of the AEW troughs
was important for TC genesis over the eastern Atlantic.
The analysis here in addition to the previous studies
highlights the importance of dry air at low levels over the
eastern Atlantic for the evolution of AEWs as they leave
the West African coast. Dry air associated with SAL
outbreaks has received a lot of attention in the litera-
ture; however, the trajectory analysis here shows that
inflow, especially from the northwest, is more common
at lower levels; below the typical base of the SAL
structure. While there is inflow from the northeast, at
midlevels, it takes a relatively long time to circulate
around the trough.

The trajectory analysis here shows that air at mid-
levels, especially east of the trough, will take a longer
route around the circulation and is less likely to be
entrained. In developing cyclones, trajectories that
take a cyclonic route around a strong vortex are either
modified along their path or are not entrained due to
the weak midlevel inflow, such that environmental dry
air does not have a detrimental impact if or when
reaching the vortex center (Braun et al. 2012; Fritz and
Wang 2013). At levels where the circulation is weaker,
however, dry air is able to penetrate the vortex center
and can have negative impacts on the evolution of the
system (e.g., Fritzand Wang 2013). As AEWs leave the
West African coast the vorticity within the trough
typically develops at lower levels (Janiga and
Thorncroft 2013); therefore, the sensitivity of the
troughs to the low-level environment may decrease as
the troughs move over the main development region
(Riemer and Montgomery 2011; Wang and Hankes
2014; Brammer and Thorncroft 2015).

The correlation analysis performed over a larger
subset of waves confirms the impact of various source
regions and levels determined by the trajectory analy-
sis. Over West Africa the areas of greatest sensitivity
for convection within the trough is at midlevels, near
the trough axis, and to the northeast and southwest at
low levels. These regions match the two main pathways
of trajectories highlighted by the trajectory analysis. As
the troughs propagate west, the sensitivity to the
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environmental 6, is observed shifting west of the trough
axis and northwest at low levels, consistent with the
regional changes of the inflow indicated by the trajec-
tory analysis.

At each location positive correlation was also ob-
served in geopotential height approximately 2000 km
or an AEW wavelength downstream of the target AEW
trough. This indicates that either the presence or in-
tensity of a downstream AEW could influence con-
vection in the following trough. Variability in the
moisture field could likely be perturbed by the pres-
ence or intensity of a downstream wave increasing the
southerly flux of high 6, on its eastern edge. Over Af-
rica, the variability in the midlevel 6, field may be
influenced by the strength and location of the Saharan
heat low and/or midlatitude waves influencing the
equatorward transport of dry air over the eastern Sa-
hara (Chauvin et al. 2010).

The analysis does highlight that through kinematic
trajectory analysis dominant trajectory pathways and
source regions can be identified. Correlation analysis of
environmental characteristics and convective activity
within the AEW troughs has then independently linked
these source regions with changes in convective activity
at a lagged time.

The analysis here highlights the wave relative flow of
AEW troughs as they transition from over West Africa
to the Atlantic. This evolution shows the waves tran-
sitioning from a monsoonal flow regime with moist low-
level inflow from the south and drier midlevel flow
associated with the AEJ, to a more complex regime with
low-level convergence of the moist flow from the south
and dry low-level air from the north. It is suggested from
the analysis here, and previous literature that considers
the low-level trade wind flow over the eastern Atlantic,
that the variability in this influx of cool and dry air from
the northwest can be a crucial influence on AEWs as
they leave West Africa. Further analysis utilizing high-
resolution numerical experiments or ensemble-based
guidance is needed to understand how this environ-
mental influence impacts AEWs of varying strengths
and the predictability of this evolution in numerical
weather prediction models.
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