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ABSTRACT: African easterly waves (AEWs) have important impacts on rainfall, drought, and the development of tropi-
cal cyclones in the Atlantic basin. However, the interannual variability of AEWs and their near-environmental characteris-
tics are still poorly understood. Using an object-oriented AEW tracker, this study investigates the interannual variability of
AEW characteristics and its association with El Nifio-Southern Oscillation (ENSO) and Atlantic tropical cyclone activity.
The variability of tracked AEW characteristics was found to be largely comparable across two reanalysis datasets, suggest-
ing these fields are reliable indicators of AEW activity. ENSO is shown to impact AEW strength, moisture content, convec-
tive activity, and vertical structure on interannual time scales. Supporting this finding is an inverse correlation between
these wave attributes and the oceanic Nifio index, as well as vertical composites indicating an enhancement of these attrib-
utes during La Nifia years versus El Nifio years. Additionally, the ENSO-AEW relationship is mostly confined to the
African continent. It is hypothesized that ENSO influences AEW activity through the modification of regional circulations
including the tropical easterly jet, the African easterly jet, and the West African monsoon. These circulations are stronger
and displaced during La Nifia years, potentially increasing convection in the vicinity of AEWs and enhancing thermody-
namic instabilities. Additionally, differences in AEW characteristics between active and inactive Atlantic tropical cyclone
years are similar to the differences found between ENSO phases. Overall, these findings demonstrate that the ENSO-
AEW relationship is a distinct teleconnection that may have important impacts on local weather and downstream tropical
cyclogenesis.

SIGNIFICANCE STATEMENT: African easterly waves (AEWs) are weather systems that can produce extreme
rainfall and tropical cyclones. It is not fully known how the attributes of these waves vary on a year-by-year basis. This
study shows that El Nifio-Southern Oscillation (ENSO), an important climate pattern, has a significant impact on the
yearly variability of AEWs. AEWs are stronger, moister, and more convectively active during La Nina versus El Nifio.
These differences are connected to changes in weather patterns over Africa and hint at a previously unexplored con-
nection between ENSO and tropical cyclone activity through AEWSs. Overall, these results provide important insight
into the ENSO-AEW relationship that may help improve seasonal forecasts and provide context for understanding
climate change.
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1. Introduction driven in part due to barotropic and baroclinic instabilities
along the African easterly jet (AEJ) and over the Atlantic
(Burpee 1972; Thorncroft and Hoskins 1994; Thorncroft and
Blackburn 1999). The AEJ arises from strong meridional tem-
perature gradients between the Saharan Desert and the Sahel,
and it is closely connected to other regional atmospheric fea-
tures like the tropical easterly jet (TEJ) and the West African
monsoon (WAM) (Thorncroft and Blackburn 1999; Nicholson
2013).

In addition to dynamical instabilities, moisture and convec-
tion play a significant role in the initiation, growth, and propa-

ation of AEWSs (Hall et al. 2006; Thorncroft et al. 2008;
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2023; Nuiiez Ocasio et al. 2024). Convection is a necessary

trigger for the growth of thermodynamic instabilities along
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et al. 2008). Diabatic heating from convective processes

also plays an essential role in AEW growth and propagation, in
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African easterly waves (AEWs) are westward-propagating
disturbances that originate over the African continent. During
the boreal summer, AEWs are important drivers of rainfall
variability in the Sahel region of Africa (Lubis and Jacobi
2015). They are also the primary initial disturbance that pre-
cedes tropical cyclone (TC) development in the Atlantic basin
(Landsea 1993; Russell et al. 2017). AEW development is
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(Cornforth et al. 2009; Berry and Thorncroft 2012; Tomassini
2018; Russell and Aiyyer 2020; Russell et al. 2020). Addition-
ally, convection serves as a link between other atmospheric cir-
culations and AEW activity. For example, atmospheric Kelvin
waves can influence AEW activity through their modulation
of convection and moisture (Ventrice and Thorncroft 2013;
Lawton et al. 2022; Lawton and Majumdar 2023). The cou-
pling of the WAM to AEW activity is also thought to occur in
part through convection, due to the strong influence of mon-
soonal flow on moist convection over Africa (Sultan et al.
2003; Sylla et al. 2010; Nicholson 2013). It has been shown that
the strength of this monsoonal flow can influence the phase
locking of convection to AEWs, affecting wave growth and
their favorability to undergo TC genesis (Nuiiez Ocasio et al.
2021, 2024).

Given the known relationships between atmospheric circu-
lations, convection, and AEWs, it has been suspected that
changes to these large-scale environmental factors could influ-
ence the interannual variability of AEWs. For example, the
Atlantic Nifio has been implicated in enhancing AEW activity
and thus the likelihood of TC formation (Kim et al. 2023).
Similarly, the Atlantic meridional mode (AMM) modulates
temperature gradients in the tropical Atlantic on interannual-
to-decadal time scales, impacting TC activity and potentially
their AEW seeds (e.g., Patricola et al. 2014). However, while
there has been a plethora of research documenting the mean cli-
matology of AEWs and their intraseasonal variability (Leroux
and Hall 2009; Hopsch et al. 2010; Alaka and Maloney 2012,
2014; Brammer and Thorncroft 2015; Belanger et al. 2016;
Lawton et al. 2022; Bercos-Hickey and Patricola 2024), less
work has been focused on the interannual variability of wave
characteristics and behavior. Most existing work has either fo-
cused on this variability in the context of TC genesis (Thorncroft
and Hodges 2001), analyzed AEWs in specific oceanic or coast-
line regions (Dominguez et al. 2020), or identified AEW activity
using indirect proxies rather than via tracked AEW centers for
which characteristics of the waves can be directly quantified
(e.g., Ruti and Dell’Aquila 2010; Spinks and Lin 2015).

Nevertheless, a few studies have found an association be-
tween interannual AEW variability and El Nifio-Southern
Oscillation (ENSO). Ruti and Dell’Aquila (2010) used 2-6-
day bandpass-filtered meridional winds to demonstrate a cor-
relation between ENSO phase and AEW activity near the
Guinean coast, with cold ENSO events (La Nifia) associated
with enhanced wave activity. They argued that this behavior
could be explained by the influence of ENSO on the global
east—west circulation pattern in the upper troposphere and its
modification of subsidence over West Africa. Spinks and Lin
(2015) found a similar relationship between ENSO phase and
AEW activity using temporal averages of unfiltered curvature
vorticity. They suggested that ENSO could influence east—
west differential heating over Africa, which maintains the
Saharan and Arabian highs and thus the meridional tempera-
ture gradients important for the AEJ and TEJ. More recently,
Didi et al. (2023) demonstrated that La Nifia years are associ-
ated with enhanced West African rainfall, a stronger TEJ and
WAM, and a poleward shift in the position of the AEJ. While
they did not directly investigate propagating waves, their
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finding hints at the possibility of ENSO-driven changes to
African rainfall and atmospheric circulations influencing
AEW activity through diabatic heating and thermodynamic
growth processes. In fact, a potential ENSO-AEW relation-
ship may not be confined to the African continent; Dominguez
et al. (2020) showed that easterly waves contribute more to
rainfall over northern South America during La Nifia years as
compared to neutral and El Nifio years.

One reason a potential ENSO-AEW connection is intrigu-
ing is due to the importance of AEWs in seeding TC activity
in the Atlantic Ocean (Russell et al. 2017). ENSO has already
been separately implicated in modifying the seasonal favor-
ability of TC development in the Atlantic basin (Shapiro
1987; Gray 1984; Landsea and Gray 1992). On interannual
time scales, the positive phase (El Nifio) of ENSO is associated
with a significant increase in vertical wind shear over large parts
of the main development region (MDR), particularly in the
Caribbean Sea (Shapiro 1987; Aiyyer and Thorncroft 2006).
El Nifio is also associated with a basinwide decrease in midlevel
relative humidity (Camargo et al. 2007). As a result, TC activity
in the Atlantic is generally suppressed during El Niflio years.
Conversely, there is reduced vertical wind shear and enhanced
TC activity during La Nifia years. While the known ENSO
teleconnection to TCs through basinwide vertical wind
shear and moisture is well studied, less is known about the
effects of ENSO on the AEW disturbances that form into
TCs. If ENSO did make AEWs structurally more favorable
to undergo TC genesis, it would represent a separate tele-
connection between ENSO and TC activity from that which
has been previously established. Regardless of the implica-
tions for TC activity, changes to AEW characteristics could
have important implications for flooding and drought in the
Sahel region.

We argue that object-based AEW tracking presents an op-
portunity to better elucidate the interannual variability of
AEW characteristics and their relationship with ENSO and
TC activity. A significant drawback of previous research has
been its utilization of indirect measures of AEW activity and
little focus on important wave characteristics, such as their
vertical structure or surrounding environmental fields (Ruti
and Dell’Aquila 2010; Spinks and Lin 2015). While these
proxies can be informative, they do not provide a complete
picture of wave attributes and behavior and can often conflate
AEWs with other transient disturbances. This is especially im-
portant given widespread evidence that wave-to-wave variabil-
ity in AEW attributes, like their vertical structure, moisture
content, and convective activity, has significant ramifications on
their impacts and the favorability of TC genesis (Agudelo et al.
2011; Brammer and Thorncroft 2015; Brammer and Thorncroft
2017; Nunez Ocasio et al. 2021; Lawton and Majumdar 2023).
In contrast to the use of indirect wave proxies, the use of wave
tracking allows such characteristics to be better quantified and
has been used for other phenomena, like mesoscale convective
systems (e.g., Prein et al. 2024). Such work also presents an op-
portunity to validate object-based AEW tracking metrics across
multiple reanalysis datasets.

In this paper, we investigate the interannual variability of
AEW characteristics and their association with both ENSO
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and Atlantic TC activity using a 40+ year dataset of tracked
easterly wave objects in two reanalysis datasets. Wave track-
ing allows us to more directly quantify wave characteristics
and their seasonal statistics. We first describe the climatology
and variability of AEWs and explore their consistency be-
tween reanalyses (section 3). We then examine how the inter-
annual variability of wave characteristics is associated with
ENSO and TC activity (section 4). Finally, we relate these find-
ings to regional atmospheric circulations in Africa (section 5)
and describe the implications of these results for our under-
standing of ENSO-TC teleconnections (section 6).

2. Materials and methods
a. Data

We utilize two sets of reanalysis data for AEW identification
and environmental analysis: the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERAS dataset (Hersbach
et al. 2020) and NASA’s MERRA-2 dataset (Gelaro et al.
2017). Both reanalyses are obtained with a 6-hourly temporal
resolution from 1981 through 2023 and are conservatively re-
mapped to a 1° X 1° grid. We primarily analyze the months
June-October, which encompass the peak of AEW activity and
their contributions to precipitation variability (Burpee 1972;
Thorncroft and Hodges 2001; Fig. 14a in Lubis and Jacobi 2015).
Satellite brightness temperature 7, data are obtained from the
NOAA GridSat-B1 dataset (Knapp et al. 2011). For efficiency,
T, data are also conservatively remapped to a 1° X 1° grid. Be-
cause this study primarily focuses on AEW-relative averages
and statistics, the lower spatial resolution is unlikely to influence
overall results. However, we acknowledge that reanalyses may
contain uncertainties in data-sparse regions. While no compara-
ble observational dataset is available to fully validate reanalysis
AEWs, this caveat motivates our use of multiple state-of-the-art
reanalysis datasets and is taken into account in our interpreta-
tion of results.

To build AEW-relative composites of environmental fields,
climatological anomalies are computed using the first four
harmonics of the mean annual cycle. To account for the diur-
nal cycle, these four harmonics are removed separately for
each six-hour period (0000, 0600, 1200, and 1800 UTC). Envi-
ronmental variables are then averaged in a 10° X 10° box sur-
rounding the AEW center. This box size is a compromise
between including the most important aspects of the AEWs
while excluding external phenomena, and it is close in size to
the 600-km radial averages used in previous studies of AEW
characteristics (e.g., Brammer and Thorncroft 2015; Lawton
et al. 2022).

b. Easterly wave identification

We utilize the tracker described by Lawton et al. (2022), in
which AEWs are identified using radially averaged curvature
vorticity (CV) fields at 700 hPa. This tracking algorithm is
now available publicly as a Python module named “QTrack”;
the tracks used in this study were generated using version
0.0.4 of this module (Lawton 2024a). Vorticity fields have
frequently been used by AEW trackers to identify AEWs
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(Bain et al. 2014; Brammer and Thorncroft 2015; Hollis et al.
2024; Fischer et al. 2024). However, QTrack differs from
other wave trackers in that its algorithm adapts to the AEW’s
location and incorporates several postprocessing steps to con-
nect and validate AEW tracks. QTrack is especially useful at
identifying AEWs over the African continent and eastern
Atlantic, and it has been successfully used in reanalysis and
modeling studies (e.g., Lawton et al. 2022; Nuiiez Ocasio et al.
2024).

While QTrack v0.0.4 is very similar to the tracker devel-
oped by Lawton et al. (2022), there are a few key changes.
Easterly waves can now initiate and propagate in both the
Atlantic and Pacific basins, and the nondivergent wind calcu-
lation step is skipped. Otherwise, the core algorithm and pro-
cess are unchanged. As in previous studies utilizing this
tracker, easterly waves are classified as “developing” waves if
they are located within 500 km of a TC in the HURDAT da-
tabase at the time of TC genesis (Landsea and Franklin 2013).
Developing waves consist of 14% and 17% of the tracked
waves in ERAS and MERRA-2, respectively. We also note
that initiating waves requires exceeding a CV threshold of
2 X 107%s7!, and the continuation of existing waves requires
exceeding a CV threshold of 1 X 1077 s™'. Of the waves
tracked for this analysis, roughly 65% originated in the Atlantic
and 35% originated in the Pacific. Additional data, Python
scripts, and more information can be found in a GitHub re-
pository (Lawton 2024a).

It is worth pointing out that many of the waves identified
by QTrack, especially in the open Atlantic and Pacific, are not
necessarily African easterly waves. Indeed, AEWs have dy-
namics and characteristics that can differ from easterly waves
in the Pacific and other basins (Vargas Martes et al. 2023;
Hollis et al. 2024). While our focus here is on AEWs over
Africa and the Atlantic, the climatology and statistics of east-
erly waves over the Pacific are also included for completeness.
For simplicity, we refer to waves identified over the Atlantic
and African continents as AEWs and those over the Pacific
more generally as easterly waves. However, we caution that
many waves in the open Atlantic and Caribbean Sea may not
have originated as an AEW and could differ in dynamics and
behavior. In this study, we compute separate statistics for
waves located over the Pacific basin and those located over
the Atlantic basin.

¢. Quantifying ENSO and TC activity

This study uses an approach that compares AEWs and their
characteristics across multiple groupings of years. To do so,
we classify AEW seasons that were concurrent with an ENSO
phase, significantly low TC activity, or significantly high TC
activity. ENSO is defined using the oceanic Nifio index (ONI),
which is computed using a three-month running mean of sea
surface temperature anomalies in the Nifio-3.4 region (NOAA
2009). We chose the ONI value for each year with a running
mean across the months of July-September, overlapping the
seasonal peak of AEW activity. We then follow the NOAA
threshold of =0.5°C in defining warm and cold ENSO events,
with the resulting year categorizations presented in the top
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TABLE 1. Categorization of years based on ENSO phase and
seasons of reduced and enhanced Atlantic TC activity. Bolded
years overlap that of another category, either La Nifia years with
active TC years or El Nifio years with inactive TC years.

Category Primary threshold (0.5 ONI, 25% TC)

1988, 1995, 1998, 1999, 2000, 2007, 2010,
2011, 2016, 2020, 2021, 2022
1982, 1986, 1987, 1991, 1994, 1997, 2002,
2004, 2006, 2009, 2015, 2023
1988, 1989, 1995, 1998, 2000, 2010, 2012,
2016, 2020, 2023
1983, 1992, 1982, 1984, 1985, 1986, 1993,
1997, 2002, 2022

La Nifia years
El Nifo years
Active TC years

Inactive TC years

two rows of Table 1. Neutral years are those classified as nei-
ther El Nifio nor La Nifia. We also generated results using an
ONI threshold that was more (%0.75°C) and less (+0.25°C) re-
strictive; this sensitivity testing did not significantly alter the re-
sults and conclusions presented here.

TC activity is defined as the number of TC genesis events
that takes place over the eastern Atlantic (east of 60°W) dur-
ing the months of June—October and that are associated with
a tracked easterly wave. This region is chosen because most
TC genesis events in this area are primarily seeded by AEWs
(Russell et al. 2017). The top and bottom 25% of yearly
seasonal TC counts are then used to define “active” and
“inactive” TC years, shown in the bottom two rows of Table 1.
As for the ENSO years, results generated using more (15%)
and less (35%) restrictive thresholds were also similar. More
information about these threshold sensitivity tests can be
found in the online supplemental materials (Table S1).

Due to the well-known teleconnection between ENSO and
Atlantic TC activity, more than half of the active TC years
overlap that of the La Nifa years (Table 1). There is a similar
overlap between inactive TC and El Nifio years. As a result,
the ENSO and TC activity year samples are not entirely
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independent of one another, and thus, it is important not to
overinterpret a causal relationship between the two. We also
note that many of the active TC years are concentrated in
more recent years, perhaps due to the increase in recorded
Atlantic TC formation over the past few decades (Vecchi et al.
2021).

3. Variability of African easterly waves
a. Wave climatology

We first examine the climatology of tracked AEWs in
ERAS and MERRA-2 data. As discussed previously, the ver-
sion of QTrack used in this study slightly differs from that
used by Lawton et al. (2022), primarily in that it is able to
propagate easterly waves in both the Atlantic and Pacific ba-
sins. This is evidenced by the track and genesis density plots
shown in Fig. 1. Overall, these track and genesis densities are
similar in pattern across both reanalysis datasets, albeit with
the east and central Pacific having slightly higher track densi-
ties in MERRA-2 than in ERAS (Figs. 1a,c).

As has been shown in previous climatologies (Brammer
and Thorncroft 2015; Lawton et al. 2022; Hollis et al. 2024),
AEWs that propagate into the Atlantic basin typically origi-
nate along the AEJ in West Africa and the eastern Atlantic
(Figs. la—d). In the Pacific, there is a belt of easterly wave
activity extending from the Central American coast to the in-
ternational date line. Many of these waves are first tracked
around 100°-80°W. The generation of tracked waves in this
region is probably a combination of new easterly waves
formed by genesis dynamics over South and Central America
(Torres et al. 2021; Zhou and Maloney 2025), as well as
the reidentification of AEWs that become too weak for the
tracker to capture through the Caribbean. The cause of the
localized region of high genesis densities located around 80°
and 60°W is unclear, but we note that known deficiencies
in AEW tracking due to enhanced background curvature

b) ERA5
40°N

f AEW/Storms
S

Genesis Density o

0°
160°W 140°W 120°W 100°W  80°W

60°W

40°wW 20°wW 0° 20°E 40°E

d) MERRA2
40°N

Density of Points

Genesis Density of AEW/Storms

0°
160°W 140°W 120°W 100°W  80°W

60°W 40°wW 20°wW 0° 20°E

f) MERRA2 - ERA5 Genesis Density of AEW/Storms
40°N =

8 30°N
2

@ |-
5 20°N

o
S
Difference

160°W 140°W 120°W 100°W  80°W

FIG. 1. Track and genesis densities of all tracked AEWs, including developing AEWs before and after TC genesis, using (a),(b) ERAS

and (c),(d) MERRA-2 data for the years 1981-2023 and months July-October. The 2° X 2° bins are used for track densities, and 4° X 4°
bins are used for genesis densities. (e),(f) MERRA-2-ERAS5 differences in the climatology of track and genesis density.
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FIG. 2. (a),(b) Longitude climatology of relative vorticity and (c),(d) specific humidity anomalies averaged in a 10° X 10° box surround-
ing easterly waves tracked at 700 hPa. These AEW-relative averages are composited every 5° of longitude to build a longitudinal climatol-
ogy. Both developing and nondeveloping AEWs are included, but time steps at and after TC genesis are excluded from the composite.
(left) Composites using ERAS data and tracks are compared to (right) those made using MERRA-2.

vorticity over South America may impact this region.! Mean-
while, differences in wave track and genesis densities (Figs. le,f)
illustrate elevated values in MERRA-2 for both basins.
MERRA-2 also has larger densities of formation events in
eastern Africa (~20°-30°W) and a genesis region near Cen-
tral America that is shifted northward.

The average vertical structure of easterly waves also has
a distinct longitudinal pattern. As shown in Figs. 2a and 2b,
AEWs have a relative vorticity signature that is maximized
at midlevels (between 750 and 600 hPa) while transiting the
African continent. When AEWs reach the African coastline,
their average relative vorticity increases and deepens to lower
levels. In contrast, easterly waves over the open Atlantic and
Pacific basins are generally weaker and less vertically exten-
sive. A similar pattern also exists for AEW-relative specific
humidity anomalies (Figs. 2c,d). When AEWs are over the
African continent, their moisture anomalies are generally
confined to midlevels. In contrast, waves near the African
coastline and over the eastern Atlantic have larger specific
humidity anomalies extending to lower levels (925-800 hPa).
Overall, these longitudinal climatologies are quite similar for
waves in ERAS and MERRA-2 data and mirror previous re-
search into AEW characteristics (Janiga and Thorncroft 2013;
Brammer and Thorncroft 2015; Russell and Aiyyer 2020;
Lawton et al. 2022).

b. Variability

We now shift to an analysis of the interannual variability of
AEW characteristics and behavior. Focus is placed on nonde-
veloping AEWs to limit biases that could be introduced from
developing AEWs, though the trends for developing AEWs
were found to be qualitatively similar (not shown). Figure 3
compares total Atlantic AEW count, average AEW strength,
and average AEW latitude at the African coastline. These are
displayed alongside metrics for ENSO activity (ONI; left

! Readers interested in AEW tracking in the Caribbean are en-
couraged to read a recent publication by Downs et al. (2025) con-
textualizing this research problem.

column) and TC activity (TC count; right column), which will
be discussed in more detail in section 4. Compared with
ERAS, the MERRA-2 reanalysis has markedly more Atlantic
AEWs than in the ERAS dataset, especially in the time pe-
riod from 1980 to 2005. In fact, AEW counts in the Atlantic
are not significantly correlated between ERAS and MERRA-2
data at all, with a remarkably small R value of 0.20 (Table 2).
This differs from the eastern Pacific basin, where easterly wave
count is still significantly correlated with an R value exceeding
0.50 (Table 2; Fig. S3). The seasonal average of AEW strength,
defined as the average 700-hPa CV within 600 km, also trends
slightly higher for MERRA-2. Overall, AEW strength and
coastline latitude are still highly correlated between the reanaly-
sis datasets in both the Atlantic (Fig. 1 and Table 2) and Pacific
basins (Fig. S3, Table 2), and the number of captured develop-
ing waves is strongly tied to basinwide TC activity (Table 2).

Annual averages of environmental characteristics sur-
rounding each wave (10° X 10° box), including relative vortic-
ity, specific humidity, and GridSat-B1 7}, are compared in
Fig. 4. In general, there is a high correlation between midlevel
AEW characteristics in ERA5 and MERRA-2 data. Results
are also correlated for low-level wave characteristics and
when using convective coverage instead of average 7), as a
proxy for convective activity (not shown). Of particular note
is that the midlevel vorticity surrounding AEWs appears to
be more consistent between datasets than the AEW strength
metric used in Fig. 3, with a much higher interannual correla-
tion (R of 0.68 vs 0.48) and no clear systematic bias (Fig. 4;
Table 2). Results are similar for the Pacific basin, with one ex-
ception: The correlation between midlevel relative vorticity in
ERAS and MERRA-2 is weak and nonsignificant for Pacific
easterly waves (Table 2). This may be because Pacific easterly
waves can have circulations that are located closer to the sur-
face than AEWs (e.g., more easterly waves are identified at
850 hPa than 700 hPa in Hollis et al. 2024; see their Fig. 2),
with weaker relative vorticity anomalies from 400 to 600 hPa
(Figs. 2a,b). In line with this, using 850-700-hPa average rela-
tive vorticity yields a cross-reanalysis correlation that is rela-
tively strong (R of 0.51) and significant (p < 0.01).
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FIG. 3. Subpanels showing each year’s (a),(b) total AEW count, (c),(d) average AEW strength (average 700-hPa vorticity within

600-km radius), and (e),(f) average coastline AEW latitude (averaged tracked latitude for AEWs as they exist coastline near 17.5°W) for
the Atlantic basin. Data from nondeveloping AEWs tracked in ERAS (solid blue line) and MERRA-2 (dashed blue line) are included as
separate lines and are identical for both panels in each row. (left) The June-September ONI (purple line) are plotted for comparison;

(right) yearly Atlantic TC counts (red) are plotted for comparison.

Another observation is that the average AEW strength
(Figs. 3c,d), AEW-relative vorticity (Figs. 4c,d), and AEW
specific humidity (Figs. 4a,b) in the Atlantic basin all appear to
trend higher with time. In ERAS data, there are statistically sig-
nificant differences in average AEW strength and 700-400-hPa
specific humidity between the first half (1981-2002) and the

TABLE 2. Pearson’s correlation coefficients and associated p
values comparing basic easterly wave characteristics in ERAS vs
MERRA-2 data, separated by basin. Correlations are bolded if
they have a p value below 0.05. Captured TC genesis indicates
the correlation between basinwide TC counts and the number of
developing waves captured by the easterly wave tracker.

Atlantic Pacific

ERAS vs. MERRA-2 correlations R p value R p value
Easterly wave/AEW count 020 0.9 053 <0.01
Easterly wave/AEW strength 048 <0.01 0.37 0.01
Wave latitude at 17.5°W/112.5°W 0.36  0.02 0.40 <0.01
Captured TC genesis 0.65 <0.01 0.60 <0.01
AEW 400-700-hPa average g, 0.80 <0.01 0.87 <0.01
AEW 400-700-hPa average vorticity 0.68 <0.01 0.17 027
AEW average T} 0.76 <0.01 0.81 <0.01

second half (2003-23) of the climatology (Fig. S4). These dif-
ferences are not significant using MERRA-2 data, limiting our
confidence in these trends. We also note that the basinwide
(0°-20°N; 40°W—40°E) variability in humidity and relative vor-
ticity mirrors that of AEWs, making it hard to determine
if AEWs are simply propagating in a changed background
environment or are contributing to these basinwide changes
(Fig. S5). Nevertheless, recent research has indicated there
could be changes to AEW activity in future warming scenar-
ios, with the direction and magnitude of these changes varying
by study (Akinsanola et al. 2025; Hannah and Aiyyer 2017,
Skinner and Diffenbaugh 2014, so forth). While evaluating ob-
served AEW climate trends is outside the scope of this study,
our findings motivate future work to clarify the relationship
between AEWs and climate change in the context of future
projections.

Of the metrics explored here, total AEW count and aver-
age AEW CV strength (Fig. 3) had the weakest correlation
between the ERAS and MERRA-2 datasets. This casts some
doubt on the use of these metrics as a reliable measure of
AEW activity and has implications for the identification of in-
terannual extremes. To highlight this, Table 3 lists the five top
and bottom AEW seasons for each reanalysis as defined via

Unauthenticated | Downloaded 10/23/26 03:43 PM UTC



15 OCTOBER 2025

a) 400-700hPa q, | Atlantic June - October )
0.5

0.4
1
0.3
o 02 03
o
0.1
0.0 -1
-0.1 )
1980 1990 2000 2010 2020
c) 400-700hPa Relative Vorticity | Atlantic June - October )
7
1
- 6
:
' -
< °8
-]
5
-1
4 2
1980 1990 2000 2010 2020
e) Average Gridsat-B1 T, | Atlantic June - October )
279
278
1
277
x 276 ° 3
275
-1
274
273

1980 1990 2000 2010 2020

—e— ERAS Non. Dev.

—*- MERRA2 Non. Dev. !

ONI Index :

FIG. 4. As in Fig. 3, but for (a),(b) the 400-700-hPa average specific

LAWTON ET AL.

5797

b) 400-700hPa q, | Atlantic June - October
0.5

10
0.4

0.3

0.2

TC Count

0.1

0.0

1980 1990 2000 2010
d) 400-700hPa Relative Vorticity | Atlantic

2020
June - October

o
TC Count

IS

1980
f) Average Gridsat-B1 T, | Atlantic

1990 2000 2010 2020

June - October

279

278

277

276

TC Count

275

274

273

1980 1990 2000 2010 2020

—e— ERAS5 Non. Dev.
MERRA2 Non. Dev.

MDR TC Count

humidity ¢,, (c),(d) the 400-700-hPa average relative vorticity, and

average brightness temperature 7}, in a 10° X 10° box surrounding AEW centers.

various measures of AEW activity, including average wave
strength and total wave count. In general, these extreme years
vary wildly between the ERAS and MERRA-2 datasets. For
example, not a single top five or bottom 5 years defined by
ERAS5 AEW count appears in the corresponding list using
MERRA-2 data. Using average AEW strength does result in
more overlapping years. Nevertheless, it is clear that the
choice of reanalysis dataset affects our ability to rank and cat-
egorize extremes in seasonal AEW activity.

We consolidate AEW strength and seasonal count into a
single metric by integrating AEW strength in time during
each season, a metric we refer to as “cumulative strength.”
This cumulative strength is averaged over all tracked years
and shown as a function of day of year for the Atlantic basin
in Fig. 5. The average time derivative of cumulative strength
is also displayed. Figure 5 makes clear that by the end of the
season, average AEW cumulative strength in the Atlantic is
higher in MERRA-2 than in ERAS. This is contributed to by

TABLE 3. The top and bottom 5 years of AEW activity in the Atlantic defined by either the yearly average cumulative AEW
strength, yearly average AEW strength (CV), or the yearly total AEW count. Higher rows indicate more extreme years; for example,
the first top 5 years have the largest value, whereas the first bottom 5 years have the smallest value. These are subset by the
reanalysis dataset. Years are bolded if they exist in the corresponding list for the other reanalysis dataset (e.g., 2010 appears in both

the ERAS5 and MERRA-2 top 5 years as defined by average AEW

strength).

Sorted by cumulative strength

Sorted by average strength

Sorted by total count

ERAS MERRA-2 ERAS MERRA-2 ERAS MERRA-2
Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom
2022 1983 2010 1984 2019 1997 2010 1993 1993 2015 1996 2023
1996 1997 1992 2023 2022 1982 2020 1983 2010 2016 1982 2009
2021 1993 2014 1994 2010 1983 2006 1982 2019 1989 1986 1987
2007 1994 2006 2018 2021 1993 1995 1987 1994 1990 1984 2012
2019 2012 2021 1990 2007 1986 2008 1984 2001 2004 2013 1997
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FIG. 5. (a) Cumulative AEW strength (red lines), defined as the integral of AEW strength (CV), and the average time derivative of cu-
mulative AEW strength (blue lines). Data are averaged across all AEW seasons (1981-2023) for the Atlantic basin. Dashed lines are used
for MERRA-2 data and solid lines for ERAS data. (b) Average wave count (black lines) and strength (orange) computed every half-

month from June to October.

the higher wave counts and average AEW strength seen for
MERRA-2 tracks (Figs. 3a-d). Meanwhile, the time deriva-
tive (blue line in Fig. 5) illustrates that the largest contribu-
tions to cumulative strength occur from mid-July until the
beginning of September. It is at the end of this time period
where ERAS5 and MERRA-2 diverge significantly. MERRA-2
data depict the most active period of AEW activity extending
further into September than ERAS data, largely a result of dif-
ferences in average AEW strength in the month of September
(Fig. 5b). This disagreement between reanalyses is also evident
when cumulative strength is used to determine extremes in
AEW seasons (Table 3).

Additional analysis reveals that reanalysis differences in
wave count and strength during September are most promi-
nent in earlier years and are mostly confined to nondevelop-
ing AEWs (1981-2002; Fig. S6). Waves in MERRA-2 data
also exhibit overall shorter lifetimes and increased track den-
sity over central and eastern Africa (Figs. le,f; Fig. S7). The
cause of these discrepancies is not immediately clear. How-
ever, there exist significant differences in the ERAS and
MERRA-2 data assimilation systems and underlying atmo-
spheric models that may contribute to these early year devia-
tions. For example, ERAS uses 4D-Var data assimilation with
a 41-km/137-level atmospheric model, whereas MERRA-2
uses 3D-Var and a coarser model with reduced vertical levels.
It is possible these differences could alter the representation
of the atmosphere in data-sparse tropical regions and earlier
time periods with reduced observations. We also suspect that
such disagreements may manifest most prominently in the
AEW count due to our use of a fixed CV threshold for wave
initialization across both datasets (see section 2a). While this
reasoning remains just one hypothesis, it is supported by the
shorter MERRA-2 wave lifetimes and increased wave density
over typical genesis regions (like eastern Africa), suggesting
that count differences may be driven by marginal AEWs that
are especially sensitive to the initial wave threshold. Sepa-
rately, there is some evidence that MERRA-2 could overmois-
ten the tropics, which could also impact the representation of
AEWs (Johnston et al. 2021).

This analysis demonstrates that some measures of AEW cli-
matology and interannual variability are more comparable be-
tween ERAS and MERRA-2 than others. In general, averages

of environmental variables surrounding AEWs are relatively
consistent between the reanalyses. In contrast, seasonal AEW
counts and statistics attempting to quantify years of extreme
AEW activity vary significantly between these datasets, espe-
cially in earlier years (1981-2002). It is impossible to verify
which of these reanalysis depictions is the “correct” answer.
However, this finding suggests that these variables may not be
dependable indicators of AEW activity. Such metrics, espe-
cially easterly wave count, will be deemphasized in later sec-
tions, and we recommend users of object-oriented trackers to
interpret AEW count and yearly extremes with caution.

4. Relationship with ENSO and TC activity
a. Basic AEW attributes

We now analyze the association between measures of ENSO,
TC activity, and characteristics of AEW behavior in the Atlantic
basin. In the last section, July—September ONI and seasonal
Atlantic TC counts were displayed alongside the interannual
variability of AEW attributes (Figs. 3 and 4, Figs. S3 and S4). To
elucidate these relationships, Pearson’s correlation coefficients
are calculated between wave attributes, ONI, and Atlantic TC
count in Table 4. It is clear that there are strong, statistically sig-
nificant correlations between AEW characteristics and ONIL
AEW strength, mid- and low-level relative vorticity, and two
measures of convective activity are all inversely correlated with
ONI (R from —0.4 to —0.61) in both the ERA5 and MERRA-2
datasets.” Midlevel specific humidity around AEWs is also in-
versely correlated with ONI, though the correlation is weaker
and only statistically significant for the ERAS dataset. A nega-
tive correlation with ONI signifies that these values are elevated
during La Nifia conditions and reduced during El Nifio condi-
tions. This finding aligns with previous research using non-
object-based identification methods that have shown a connection
between AEW activity and ENSO phase (Ruti and Dell’ Aquila
2010; Spinks and Lin 2015). Strong correlations with AEW

2 Note that brightness temperatures 7T}, largely indicate cloud-
top temperature, with lower values associated indicating more in-
tense convection. Thus, the positive correlation shown for average
T, and ONI/TC count is indicative of a negative correlation be-
tween convective activity and these benchmarks.
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TABLE 4. Pearson’s correlation coefficients and associated p values between AEW characteristics in the Atlantic basin and either
ONI or Atlantic TC count. Each variable is subset by the reanalysis dataset used. Correlations are bolded if they have a p value
below 0.05. Captured TC genesis indicates the correlation between basinwide TC counts and the number of developing waves
captured by the AEW tracker and is not calculated for the Atlantic TC counts.

Correlations with ONI

Correlation with TC count

Atlantic R p value R p value
AEW count ERAS -0.22 0.15 -0.29 0.06
MERRA-2 -0.19 0.22 -0.33 0.03
AEW strength ERAS —0.45 <0.01 0.39 0.01
MERRA-2 -0.47 <0.01 0.31 0.04
AEW latitude at 17.5°W ERAS 0.00 0.99 -0.11 0.47
MERRA-2 —0.07 0.64 —0.02 0.90
TC count ERAS -0.41 0.01 — —
MERRA-2 —-0.33 0.03 — —
400-700-hPa qv ERAS —0.30 0.05 0.57 <0.01
MERRA-2 -0.29 0.06 0.50 <0.01
700-850-hPa qv ERAS -0.11 0.46 0.52 <0.01
MERRA-2 -0.21 0.17 0.51 <0.01
400-700-hPa vorticity ERAS —0.60 <0.01 0.42 <0.01
MERRA-2 —-0.61 <0.01 0.41 <0.01
700-850-hPa vorticity ERAS —0.59 <0.01 0.40 <0.01
MERRA-2 —-0.63 <0.01 0.38 0.01
Average GridSat-B1 T, ERA5 0.41 <0.01 —0.28 0.07
MERRA-2 0.49 <0.01 —-0.39 0.01
Convective coverage ERAS —0.40 <0.01 0.43 <0.01
MERRA-2 —0.47 <0.01 0.49 <0.01

attributes, including relative vorticity, moisture, and convective ac-
tivity, further emphasize that this connection goes beyond AEW
activity itself.

There is also an inverse correlation between the number of
captured TC genesis cases from AEWs and the ONI. This is
not surprising given the known connection between ENSO
phase and TC activity in the Atlantic basin, where El Nifio
conditions reduce TC favorability through large-scale envi-
ronmental changes (Shapiro 1987; Gray 1984; Landsea and
Gray 1992; Aiyyer and Thorncroft 2006). It follows that many
of the variables that are inversely correlated with the ONI are
positively correlated with the Atlantic TC count (Table 4).
Positive correlations indicate that years with increased Atlantic
TC activity have AEWs that are stronger with enhanced near-
wave-relative vorticity, moisture, and convection. This finding re-
sembles previous research on intraseasonal time scales showing
that AEW attributes—especially their lower-level circulation,
convective coverage, and moisture content—can impact their fa-
vorability to undergo TC genesis (Hopsch et al. 2010; Brammer
and Thorncroft 2015; Nuafez Ocasio et al. 2021; Lawton and
Majumdar 2023).

We also note the negative correlation between AEW count
and TC count in the Atlantic basin. It is important to not overin-
terpret this finding given the uncertainties in the easterly wave
count discussed in the previous section. Nevertheless, this could
imply the increased importance of wave characteristics as op-
posed to total wave count in setting TC climatology. Indeed,
recent modeling work has suggested that AEWs are not a lim-
iting factor for TC genesis, instead emphasizing the role of en-
vironmental conditions surrounding TC seeds like easterly
waves (Bercos-Hickey and Patricola 2023, 2025).

AEW-relative moisture, especially at low levels, appears
much more correlated with the Atlantic TC count than ONI
(Table 4). This may hint at the necessity of column moistening
in the TC genesis process, as has been illustrated by previous re-
search (Nolan 2007; Davis 2015). If AEWs are on average more
humid in a given season, more waves could obtain the favorable
moisture profiles necessary for TC genesis. There is also a nega-
tive correlation between AEW count and TC activity, though it
is only significant in MERRA-2 data. This could partially be an
artifact of the AEW tracker. Weaker AEWs may be more
likely to drop below the tracking CV threshold and then
“redevelop” as new waves, causing seasons with weaker aver-
age wave strength to have inflated wave counts. However, we
caution against overinterpretation of this relationship given the
uncertainty in the AEW count discussed in section 3.

We now shift to a more detailed analysis of these interannual
AEW relationships and their regionality. In the following fig-
ures, AEWs are divided into waves that do undergo TC genesis
(“developers”) and those that do not (“nondevelopers”). We
also use a discrete threshold for ONI (0.5) to separate El Nifio
and La Nina years and a percentage threshold (top and bottom
25%) to determine active and inactive Atlantic TC years. As
discussed in section 2c, sensitivity testing was conducted for
these thresholds and yielded similar results and conclusions
(not shown). Results in this section generally complement the
ONI and TC activity correlation measures shown in Table 4. It
should also be reiterated that many of the active TC years over-
lap that of La Nifa years (and vice versa for El Nifio and inac-
tive years), meaning results for these categories are not fully
independent of one another and are thus expected to share
similarities.
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FIG. 6. Comparison of average (a),(b) AEW strength and (c),(d) total AEW count between (left) ENSO phases
(red for El Nifo; blue for La Nifia; and gray for neutral) and (right) active/inactive TC years (purple for inactive and
green for active). The data are subset into nondeveloping and developing AEWs, as well as the reanalysis dataset
used to track and compute wave attributes. Circles indicate either (a),(b) the mean AEW strength or (c),(d) the total

count. Whiskers encompass the 95% confidence interval via a bootstrapping technique.

A comparison of AEW count and strength between ENSO
phases and active/inactive TC years is shown in Fig. 6. These
results demonstrate a statistically significant increase in the
average nondeveloping AEW strength in La Nifia years as
compared to El Nifio years (Fig. 6a). Neutral year AEW
strength is higher than during El Nifio and lower than during
La Nifia, though only the La Nina-neutral year differences
are statistically significant. A similar relationship exists for de-
veloping AEWs, but the limited sample size expands the confi-
dence intervals and results in only the ERAS dataset exceeding

a) Strength for Non-Developing AEWs ERA5

the 95% significance threshold. Nondeveloping AEW count is
not significantly different between the ENSO phases (Fig. 6¢).
However, as expected, there are more developing AEWs in La
Nifia years than in El Nifio and neutral years. AEWs also trend
stronger during active TC years (Fig. 6b).

We also find that the association between AEW strength
and ENSO phase is strongest over the continent of Africa.
AEW strength is binned by longitude and compared between
ENSO phases and active/inactive TC years in Fig. 7. Statistically
significant differences in wave strength are generally confined
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FIG. 7. Nondeveloping AEW strength binned by longitude for (a),(c) ENSO phases (red for El Nifio and blue for La Nifia) and (b),(d)
active/inactive TC years (purple for inactive and green for active). Data are shown for (top) ERAS and (bottom) MERRA-2. Values are
binned every 5° longitude, with solid lines indicating the mean in each bin, and the hatched region depicts the 95% confidence interval us-
ing a bootstrapping technique. Longitude bins where hatched areas do not overlap are statistically significant.

Unauthenticated | Downloaded 10/23/26 03:43 PM UTC



15 OCTOBER 2025

175 a) Latitude for Non-Developing AEWs

LAWTON

5801

175 b) Latitude for Developing AEWs ERAS

B2 El Nifio Years
B3 La Nifia Years

Confidence Interval: 95%

Confidence Interval: 95%

0
120°W 100°W 80°W

s c) Latitude for Non-Developing AEWs

60°W  40°W  20°W 0°

0
120°W 100°W 80°W  60°W 40°W  20°W 0° 20°E

75 d) Latitude for Developing AEWs MERRA2

Latitude

Confidence Interval: 95%

Confidence Interval: 95%

0
120°W 100°W 80°W

60°W  40°W  20°W 0°

0
20°E 120°W 100°W 80°W  60°W 40°W  20°W 0° 20°E

FIG. 8. (a),(c) As in Figs. 7a,c, but for the average latitude of AEWs in each longitude bin. (b),(d) As in (a) and (c), but
for developing AEWs.

from 15°W to 20°E in both reanalyses, with AEWs stron-
gest during La Nifia years (Figs. 7a,c). ENSO differences
persist west through 60°W, though the data over most of
the eastern Atlantic is not statistically significant. A similar
elevation in average wave strength is seen for active TC
years over inactive years, though this is only statistically sig-
nificant in MERRA-2 data over central Africa. Similar results
are found for AEW strength between La Nifia and neutral
years, though the absolute differences are smaller in magni-
tude and the areas of statistical significance are less extensive
(not shown).

Despite the clear relationship between AEW strength and
ENSO phase, the same cannot be said for the latitude of non-
developing AEWs (Fig. 8). No significant differences are seen
with ENSO phase for AEW latitude over Africa and the
Atlantic. Although the apparent lack of ENSO influence on
latitude agrees with the Atlantic-wide correlations shown pre-
viously (Fig. 3e, Table 4), it is at odds with previous work indi-
cating a northward shift in the AEJ-AEW system during La
Niiia (e.g., Spinks and Lin 2015). However, given the typical
variability of the AEJ latitude within a given season and the
large number of AEWs tracked each year, it is possible that
such a relationship is obscured by noise.

In the eastern Pacific, meanwhile, there is a northward shift
in easterly wave latitude during La Nifia. This is especially
true for developing AEWs. One hypothesis is that this pattern
is a result of the unfavorability of the eastern Pacific to TC
genesis during La Nifa years, causing easterly waves that do
become TCs to be preferentially located poleward from the
equatorial region. ENSO is also known to shift the meridional
location of the eastern Pacific intertropical convergence zone,
which often migrates northward during La Nifia years and
could influence these waves (Rodrigues et al. 2011; Abe et al.
2014). As with AEW strength, a similar but less statistically
significant pattern is found when comparing AEW latitude
between La Nifia and neutral years (not shown).

b. AEW environmental characteristics

Given the clear longitudinal dependence of the relationship
between ENSO and AEW strength, it is expected that similar
patterns exist for environmental variables surrounding tracked
AEWs. Figure 9 depicts the difference between AEW-averaged

relative vorticity and specific humidity in the vertical, as well as
GridSat-B1 T, binned by longitude. While only ERAS5 data are
shown, results are similar for MERRA-2 composites and when
comparing La Nifa and neutral years (not shown). During La
Niiia years, midlevel (800-600 hPa) wave-relative vorticity is
enhanced for nondeveloping easterly waves primarily over the
African continent (20°W-30°E), with another region of en-
hancement in the Caribbean and eastern Pacific near Central
America (Fig. 9a; 120°-80°W). Of particular note is the behav-
ior of waves near the coastline of Africa where AEW circula-
tions are known to climatologically deepen (Fig. 2a). There,
differences in relative vorticity extend down to the lower tro-
posphere. A similar pattern exists for AEW-relative specific
humidity. Moisture is enhanced during La Nifia years at midle-
vels over the African continent and at low levels over the east-
ern Atlantic and Caribbean (Fig. 9c). In contrast, easterly
waves over the eastern Pacific appear weaker and drier during
La Nifia, reflecting their proximity to the ENSO region. Un-
like nondeveloping AEWSs, no widespread significant differ-
ences are found for developing AEWs.

Convective activity, meanwhile, is not statistically different
across ENSO years for any individual longitude bin in the
Atlantic. However, AEWs do trend slightly more convec-
tively active (lower values of 7j,) over the continent of
Africa during La Nifia (Fig. 9¢). This may explain the basin-
wide correlation between ONI and AEW-relative T} shown
in section 4a (Table 4). As with specific humidity and low-
level relative vorticity, the convective activity around easterly
waves in the eastern Pacific is reduced during La Nifia.

Differences in AEW characteristics between active and inac-
tive TC years largely follow the patterns found for ENSO and
are shown in Fig. 10. Notably, differences in AEW-relative spe-
cific humidity are more prominent in this figure as compared to
the ENSO figure, especially in the lower troposphere over the
African continent. This aligns with the specific humidity correla-
tions shown in Table 4, which were higher in magnitude and
more likely to be statistically significant when correlated with
the Atlantic TC activity as opposed to ONI.

These results further demonstrate a clear association between
AEW characteristics—including wave strength, vertical struc-
ture, moisture content, and convective activity—and ENSO
phase on interannual time scales. The highest magnitude and
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FI1G. 9. As in Fig. 2, but showing instead the difference in vertical averages of (a),(b) AEW-averaged relative vorticity and (c),(d) specific
humidity between La Nifa and El Nifio years in the ERAS reanalysis dataset. Hatched regions are not statistically significantly different
at a 95% threshold via a bootstrapping method. Data are subdivided into (left) nondeveloping and (right) developing AEWs. (e),(f) As in
Fig. 7a, but computed for AEW-averaged GridSat-B1 7}, and divided into (e) nondeveloping and (f) developing AEWs.

most widespread changes occur when AEWs are located over
Africa. This regionality hints at possible mechanisms connecting
ENSO to AEWs through changes to local atmospheric circula-
tions over Africa.

5. ENSO and atmospheric circulations over Africa
a. Basinwide characteristics

To better contextualize the interannual ENSO-AEW rela-
tionship explored in section 4, we now focus on atmospheric
features over Africa during warm and cold ENSO phases and
their potential influence on AEW characteristics. In particu-
lar, we highlight changes to the TEJ, AEJ, and the WAM,
all three of which have had their interannual variability connected
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to ENSO in previous research (Janicot et al. 2001; Joly and
Voldoire 2009; Spinks and Lin 2015; Vashisht et al. 2021; Didi
et al. 2023). In this section, we limit basinwide averages to July—
September instead of June-October, since these 3 months encom-
pass the peak of AEW activity (Fig. 5). Note that unlike previous
figures, dotted regions on these diagrams indicate that differences
are significant at a 95% threshold.

Figure 11 illustrates average differences in these dynamic
features between the La Nifia and El Nifio years used in our
analysis. The TEJ is clearly much stronger and extends fur-
ther west during La Nifia years (Figs. 11a,b). This is important
because previous work has shown that an enhanced TEJ is as-
sociated with reduced subsidence over the Sahel region and
increased rainfall over central and eastern Africa (Grist and
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FI1G. 10. As in Fig. 9, but for active-inactive TC years.
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FIG. 11. The difference in the July-September average (a) 200-150-hPa zonal winds, (c) 700-600-hPa zonal winds, () 925-hPa zonal
winds, and (g) 925-hPa meridional winds between La Nifia years and El Nifio years. Areas with statistically significant differences at a
95% threshold are hatched. (b),(d),(f),(h) Contours for El Nifio (red) and La Nifia (blue) years to better elucidate specific features over
Africa. This includes (b) the TEJ (from —6to —16 ms ! at 2 m s~ ! intervals), (d) the AEJ (from —7.5to —11.5m s~ " at 1 m s~ ! intervals),
(f) the zonal component of the WAM (1-10 m s~ ' at 2 m s~ ! intervals), and (h) the meridional component of the WAM (1-10 m s~ ' at

2ms ! intervals).

Nicholson 2001; Gleixner et al. 2017; Vashisht et al. 2021).
Meanwhile, the La Nifia AEJ is shifted slightly poleward with
a marginally increased wind maximum (Figs. 11c,d). A north-
ward displacement of the AEJ has been associated with in-
creased AEW activity and precipitation in West Africa (Sylla
et al. 2010; Spinks and Lin 2015; Bercos-Hickey et al. 2020;
Didi et al. 2023). It is also clear that the WAM circulation is
much stronger in La Nifia years as compared to El Nifio years
(Figs. 11g,h). A relationship between ENSO and WAM has
also been noted in previous work and could be consequential
since an enhanced WAM circulation can increase moisture ad-
vection and rainfall in the northern Sahel (Joly and Voldoire
2009).

Figures 12 and 13 show how these ENSO-related changes to
circulation patterns affect vertical wind shear and moisture
over Africa and the Atlantic. During La Nifia years, deep-
layer vertical wind shear is enhanced over most of central and
West Africa, as well as the eastern Atlantic to about 40°W
(Figs. 12a,b). This is primarily driven by changes to the TEJ
(Figs. 11a,b). Low-level wind shear (600-925 hPa) increases in

a Nifia Year:

s. El Nifio Years
K

20°wW

the northern Sahel (10°-20°N) and decreases south of this (from
the equator to 10°N; Figs. 12¢,d). Meanwhile, midlevel specific
humidity is enhanced during La Nifia years for most of continen-
tal Africa (Figs. 13a,b). Given the correspondence of these levels
and latitudes with AEW activity (Fig. 1), the signal in midlevel
specific humidity may be a result of the increased La Nifia AEW
activity itself. There is also a dipole in low-level humidity with in-
creased values between 12° and 20°N and decreased values closer
to the equator during La Nifia (Figs. 13c,d). This is likely the re-
sult of the stronger WAM circulation.

b. Potential connection to AEWs

These basinwide patterns fit with previous theories and our
own results connecting ENSO to interannual AEW variability.
Ruti and Dell’Aquila (2010) argued that El Nifio modifies
large-scale subsidence over Africa. This subsidence is controlled
in part by the TEJ. Additionally, Spinks and Lin (2015) sug-
gested that the influence of ENSO on the TEJ can alter the
strength of an east-west circulation cell that helps maintain the
Saharan and Arabian highs. These highs help set the meridional

La Nifia Years vs. El Nifio Years
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FIG. 12. As in Figs. 11a—d, but for the difference in (a),(b) 200-850-hPa vertical wind shear and (c),(d) 600-925-hPa vertical wind shear.

The contours in (b) are spaced from 14 to 24 ms™' at 2 m s~

intervals.

intervals, and those in (d) are spaced from 8 to 14 ms ' at2ms
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temperature gradients that maintain the AEJ (Thorncroft and
Blackburn 1999; Russell and Aiyyer 2020). We hypothesize that
these changes drive a stronger TEJ (Figs. 11a,b) and a northward
displacement of the AEJ (Figs. 11c,d) during La Nifa years and
are partially responsible for the increase in AEW strength, con-
vective activity, and moisture that we show in section 4 (Figs. 6,
7, and 9). The influence on AEW activity could manifest, in part,
through modifications to baroclinic and barotropic instabilities
along the AEJ. However, as nearly 50% of AEW growth and
propagation over the continent are driven by convective heating
(Russell and Aiyyer 2020), the influence of the TEJ and AEJ on
local wind shear, rainfall, and moisture could also help explain
these differences (e.g., Figs. 7 and 9). Indeed, enhanced vertical
wind shear over Africa, contributed to by regional circulation
patterns, has been linked to long-lived MCSs with colder bright-
ness temperatures and higher rain rates (Baidu et al. 2022).

Another potential factor that could link ENSO to interan-
nual AEW variability is the WAM. A stronger WAM is asso-
ciated with increased rainfall and moisture in the northern
Sahel. Previous work has shown that a stronger WAM can
provide the abundant moisture and wind shear necessary for
the coupling of MCSs to AEWs, promoting their growth and
encouraging downstream TC genesis (Nufnez Ocasio et al.
2020, 2021). Thus, ENSO-driven changes to the WAM could
also help explain the enhancements to AEW strength, mois-
ture content, and convective activity we find during La Nifia
years (Figs. 6,7, and 9).

Several caveats remain in our analysis. While we find an asso-
ciation between ENSO, the noted circulation patterns, and
AEWs, this does not necessarily prove a cause-and-effect rela-
tionship. It is also difficult to disentangle the importance of indi-
vidual factors and mechanisms using reanalysis data. Circulations
over West and central Africa are closely coupled to one another,
and changes to one aspect of the system are likely due to feed-
back on other aspects of the system (Nicholson 2013). We also
note that slightly more La Nifia years occurred in the modern
era, which could be confounded by the observed climatological
uptick in many wave-relative and basinwide environmental
characteristics.

Despite these caveats, however, we note that we found a sig-
nificant correlation between ENSO and AEW characteristics
using a variety of methods and metrics. Such a relationship is
supported by previous work into AEW activity and by the
known impacts of ENSO on local circulation patterns. As a re-
sult, we argue that the totality of evidence presented here and

in previous work strongly suggests that ENSO has an influence
on AEW characteristics. These findings motivate future work
on the connections between atmospheric circulations and
AEWs using other tools, such as numerical models, which al-
low for causality to be more directly explored.

6. Conclusions and implications
a. Summary

Using an object-oriented AEW tracker, we examined the
interannual variability of AEW characteristics and its associa-
tion with ENSO and Atlantic TC activity. An analysis of
tracked AEWs in two reanalysis datasets illustrated pro-
nounced year-to-year variability in wave characteristics and
their surrounding environmental fields. For most wave attrib-
utes, this variability was found to be well correlated between
the reanalyses, implying the reliability of these fields as indica-
tors of AEW activity. However, there are marked differences
in seasonal AEW counts and the classification of “extreme”
AEW years between datasets. This finding suggests that cau-
tion should be used when interpreting such statistics and that
their utility in climatological studies may be limited. It is possi-
ble these differences are related to uncertainty in the reanalysis
datasets, highlighting a need for future validation of reanalysis
AEWs versus observations.

We found that ENSO significantly influences AEWs and
their characteristics on interannual time scales, including their
strength, moisture content, convective activity, and vertical
structure. These AEW attributes are enhanced during La Nifia
years as compared to El Nifio years. This relationship also ap-
pears to have a distinct regionality and is especially pronounced
over the African continent. In contrast, easterly waves in the
eastern Pacific generally exhibit an inverse relationship with
ENSO as compared to Atlantic AEWs. While previous re-
search has established a link between proxies for AEW activity
and ENSO (Ruti and Dell’Aquila 2010; Spinks and Lin 2015;
Dominguez et al. 2020), this is the first study to our knowledge
that specifically describes the relationship between ENSO and
AEW-following characteristics as well as its regionality. Fur-
thermore, our utilization of tracked AEW objects differs from
the indirect proxies for AEW activity used in previous studies
and allows for individual wave features to be more directly
quantified.

Because the strongest ENSO-AEW connections are lo-
cated over the African continent, we hypothesize that several
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regional circulations may link ENSO with interannual AEW
behavior. For one, ENSO influences the TEJ over Africa, with a
stronger and most extensive jet seen in La Nifa years (Figs. 11a,b;
shown previously by Vashisht et al. 2021). Additionally, the
WAM is generally stronger and AEJ is displaced northward
during La Niia years versus El Nifio years (Figs. 11c-h; shown
previously by Janicot et al. 2001; Spinks and Lin 2015). These
circulation changes work together to increase low- and midle-
vel specific humidity, as well as to increase deep and shallow
vertical wind shear, at the latitudes that AEWs typically prop-
agate (Figs. 12 and 13). This may promote long-lived MCSs
with increased rain rates that are more able to couple with
propagating AEWs over Africa, increasing wave-relative
moisture, convective activity, and growth (e.g., Nunez Ocasio
et al. 2020, 2021; Baidu et al. 2022). Previous research has also
suggested that increased TEJ strength during La Nifia years
may reduce large-scale subsidence and could indirectly en-
hance the meridional temperature gradients that drive the
AEJ and its associated instabilities (Ruti and Dell’Aquila
2010; Spinks and Lin 2015). We note that while it is not possi-
ble to identify a dominant pathway or fully establish causality
with the data presented here, previous research has shown
that AEW growth and propagation are driven by both dy-
namic instabilities and diabatic heating from convective pro-
cesses (Burpee 1972; Thorncroft and Hoskins 1994; Berry and
Thorncroft 2012; Russell and Aiyyer 2020; Russell et al. 2020).
Thus, we argue that ENSO-driven changes to the TEJ, AEJ,
and WAM could influence wave dynamics through both of
these growth mechanisms.

We also found that interannual AEW changes during active
and inactive Atlantic TC years generally followed those
shown for La Nifia and El Nifio years, albeit with a stronger
relationship with mid- and low-level specific humidity than
seen for ENSO (Table 4; Figs. 6, 7, and 10). On the one hand,
this is not surprising given that these categories are not neces-
sarily independent of one another (many of the ENSO and
TC year selections used in this study overlap). Changes to
large-scale atmospheric characteristics are known to increase
Atlantic TC activity during La Nifia years and reduce it dur-
ing El Nifio years. On the other hand, the similarity between
AEW attributes in active TC/La Nifia years (and vice versa)
may suggest that ENSO influences seasonal AEW behavior in
a way that affects TC genesis.

b. ENSO-AEW modulation as a distinct TC
teleconnection

While ENSO has primarily been connected to Atlantic TC
activity through its influence on vertical wind shear in the
western Atlantic (Shapiro 1987; Aiyyer and Thorncroft 2006),
there is reason to believe that the influence of ENSO on inter-
annual AEW activity could be an additional teleconnection.
Previous research has demonstrated that AEW characteristics
over West and central Africa are predictive of their favorability
to undergo TC genesis (Hopsch et al. 2010; Agudelo et al. 2011;
Nuiez Ocasio et al. 2021; Lawton and Majumdar 2023). For ex-
ample, Lawton and Majumdar (2023) demonstrated that in-
creased low-level relative vorticity, humidity, and convective
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coverage around AEWs over Africa increase their likelihood of
TC genesis in the eastern Atlantic. Here, we show that similar
AEW attributes were generally larger during La Nifia years, in-
cluding an enhancement of the full vertical circulation of AEWs
as they left the coastline (Fig. 9a). This implies that a larger per-
centage of AEWs may obtain characteristics that make them
favorable to TC genesis during La Nifia years, potentially influenc-
ing Atlantic TC activity.

There are, however, some caveats to this interpretation.
First, it is unclear how changes to the interannual distribution
of AEW characteristics translate to individual AEW character-
istics within a given season. It can be argued that marginal
changes to individual AEWs are unlikely to impact their down-
stream favorability in a pronounced way. Another complica-
tion is that the increase in vertical wind shear over the African
continent during La Nifia, while potentially helpful for convec-
tive activity and MCS duration for AEWs over land, is likely to
have a detrimental influence on TC genesis over the eastern
Atlantic (Fig. 12). As such, it is unknown if ENSO-driven
changes to AEWs can either 1) overcome detrimental vertical
wind shear in the eastern Atlantic or 2) have an influence on
TC genesis further downstream. Recent work has also ques-
tioned whether changes to AEW activity itself have as pro-
nounced an impact on downstream TC genesis as previously
suspected (Bercos-Hickey and Patricola 2025). These caveats
illustrate the need for future research investigating the conse-
quences of AEW variability on Atlantic TC activity.

¢. Other implications and future work

Regardless of the impact it has on downstream TC activity,
interannual fluctuations in AEW behavior have important im-
pacts on rainfall, flooding, and drought in the African Sahel
and Caribbean. AEWs also transport and interact with Saha-
ran dust, which can travel across the Atlantic Ocean and
reach locations in the Caribbean and Americas (Nathan et al.
2017, Burgess and Oyola-Merced 2024). As a result, the
ENSO-AEW connection demonstrated in this study may
have ramifications on seasonal forecasts and could indirectly
affect other atmospheric phenomena. However, causal rela-
tionships are hard to disentangle from historical reanalysis
data. We recommend follow-up work to address the mecha-
nisms driving the ENSO-AEW connection noted here, espe-
cially using modeling frameworks where mechanisms can be
more directly assessed. This would allow a more detailed
analysis of ENSO-driven changes to the position and dynam-
ics of circulation features like the TEJ and AEJ.

There also remains much uncertainty about the impact of
global climate change on AEW activity (e.g., Akinsanola et al.
2025). In our analysis, we found an increasing trend in AEW
strength, relative vorticity, and specific humidity across the
19812023 AEW climatology, though it was not significant using
MERRA-2 data. We suggest the need for future research to bet-
ter quantify how AEWs have changed in the observed record to
better contextualize changes in future climate projections.
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