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ABSTRACT

The Central American Monsoon (CAM) is closely linked to the seasonal migration of the Intertropical Convergence Zone (ITCZ)
during summer, and its onset is correlated with tropical cyclone (TC) activity in the western hemisphere, comprising the north-
ern tropical eastern Pacific and the tropical Atlantic ocean basins. We find that an early (late) CAM onset is generally associated
with reduced (enhanced) May-November TC activity in the eastern Pacific, but with increased (reduced) activity in the eastern
Caribbean and western tropical North Atlantic. Similarly, variations in CAM onset are connected to changes in tropical easterly
wave (TEW) activity, as identified from multiple reanalysis datasets. These relationships appear to be mediated through concur-
rent anomalies in mid-level relative humidity, vertical wind shear, sea surface temperatures (in the eastern Pacific) and North
Atlantic subtropical high. We also evaluate the teleconnections of the Oceanic Nifio Index (ONI), which represents ENSO vari-
ability, with seasonal TC activity in both basins. While the ONI exhibits a stronger and more direct influence on TC variability
than CAM onset, the onset variations provide an important additional source of predictability. CAM onset leads the seasonal TC
activity in the western hemisphere by 15-30days, unlike ENSO, whose teleconnections are largely contemporaneous. Notably,
the association between CAM onset and ONTI is weak, suggesting that these drivers act partly independently. Our results indicate
that CAM onset timing can modulate ENSO-related teleconnections, either reinforcing or offsetting them depending on ENSO
phase. This highlights the role of CAM onset as a precursor for seasonal TC variability in the western hemisphere.

1 | Introduction stems from the implied modulation of the Walker Circulation
by the evolution of ENSO. This modulation results in the asso-

El Nifio and the Southern Oscillation (ENSO) is one of the main ciated changes to vertical wind shear, large-scale subsidence,

sources of seasonal predictability of seasonal Tropical Cyclone
(TC) activity in the western hemisphere that includes the oceanic
basins of Tropical North Atlantic (TNA) and northern Tropical
East Pacific (TEP; Gray 1984; Bell and Chelliah 2006; Camargo
et al. 2008; Klotzbach 2011; Balaguru et al. 2013). Warm or cold
ENSO events are known to be associated with weaker or stronger
seasonal TC activity in the TNA basin, while stronger or weaker
TC activity in the TEP basin respectively. This association

© 2026 Royal Meteorological Society.

mid-level relative humidity, large-scale atmospheric stability
and disturbances such as Tropical Easterly Waves (TEWSs) em-
anating from west Africa that affect the TC activity in the TNA
(Goldenberg et al. 2001; Gray 1984; Klotzbach 2007; Ruti and
Dell'Aquila 2010; Shapiro 1987; Tang and Neelin 2004; Vecchi
and Soden 2007). Similarly, ENSO variations affect the SST
anomalies, vertical wind shear and low-level vorticity from the
variations in the ITCZ that affect the seasonal TC activity in the
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TEP, along with the generation of TEWs in the TEP or their sus-
tenance from the TNA (Camargo and Sobel 2005; Collins 2007;
Frank and Young 2007; Klotzbach 2011).

In this study, we are examining an additional predictor of sea-
sonal TC activity in the western hemisphere from the variations
of the Central American Monsoon (CAM). CAM is regarded as
the bridge between the North and the South American Monsoon
(Vera et al. 2006). In a recent study, Rodgers et al. (2024) report
the complex evolution of the CAM rainfall and show that the
onset date of CAM relates very strongly to its seasonal length
and rainfall. The study indicates that early or late onset com-
pared to climatology is associated with longer and wetter or
shorter and drier CAM season respectively. They used this local
relationship to successfully demonstrate that a reliable seasonal
outlook could be provided across Central America by monitor-
ing the onset date of CAM. Other studies have suggested that
variations of CAM are also associated with corresponding vari-
ability of the North Atlantic Subtropical High (NASH), SST vari-
ations and TEWs in the TNA (Duran-Quesada et al. 2017, 2020;
Misra et al. 2014).

The relation of ENSO with CAM is complex. For instance, the
ENSO impact on moisture transport and rainfall of CAM is
different between its Caribbean and Pacific coasts (Amador,
Rivera, et al. 2016; Duran-Quesada et al. 2020). Waylen
et al. (1996) indicate that the orography of Central America on
either side of the Central Cordillera constrains the ENSO tele-
connections over CAM. Furthermore, ENSO teleconnection
with CAM evolves over the season, with competing influence
from TNA (Amador, Rivera, et al. 2016; Enfield and Alfaro 1999;
Giannini et al. 2000). As a result, Rodgers et al. (2024) show
that ENSO teleconnection on the total seasonal anomalies of
CAM is obfuscated and appears insignificant. However, CAM
seasonal rainfall displays significant interannual variability,
strongly related to the local variations of the onset date of CAM
(Rodgers et al. 2024). Therefore, it is worthwhile to examine the
potential influence of CAM variations on the TC activity of the
western hemisphere, as it could provide an additional source of
predictability on seasonal TC activity in the western hemisphere
from monitoring the onset date of CAM. Furthermore, it may be
noted that the CAM onset occurs in the April/May timeframe,
which is prior to the beginning of the TEP and TNA hurricane
seasons, providing a natural lead time of 15days to a month for
seasonal predictions.

2 | Datasets and Methodology

The period of the analysis conducted in this study is from 1981 to
2023 (=43years). The analysis is confined to the TC seasons for
the TEP and the TNA from May to November. In this study, en-
vironmental variables analysed included winds at 850 and 200,
850 hPa geopotential heights and mid-level (700 hPa) relative hu-
midity, from the European Center for Medium-Range Weather
Forecasts ReAnalysis version 5 (ERAS5; Hersbach et al. 2020).
This is available on a monthly time scale on a 0.25°%x0.25°
grid. Similarly, NOAA OISSTv2 (Huang et al. 2021; Reynolds
et al. 2007) was also used at the same temporal and spatial res-
olution from 1982 to 2023 as ERA5. We examine the variations
of the basin-wide statistics of TCs in the TNA and TEP from

Colorado State University (2025). We adopt partial correlations
(Radok and Brown 1993) to isolate the influence of ENSO and
CAM variations on the basin-wide TC metrics like Accumulated
Cyclone Energy (ACE; the square of the maximum sustained
winds at each 6-h fix integrated over the lifetime of each TC
and for all TCs in the season), total number of tropical storms,
hurricanes, major hurricanes, etc., and environmental param-
eters such as bulk wind shear, mid-level moisture and 850hPa
geopotential heights. Partial correlations reveal the correlation
between the focal variables after removing the effect of the con-
founding variable. For example, the partial correlation between
ENSO variations and total number of tropical storms in one of
the basins is revealed after the impact of CAM variations on the
total number of tropical storms is removed. The partial correla-
tion (r,p ¢) is computed as:

(rAB - rACrBC)

(Vo-ro-vomna) @

where r,p - is the partial correlation between variables A and B
after the effect of C is removed. Similarly, 7., rz- in Equation (1)
refers to correlations between variables A and C, and between B
and C respectively.

Tapc =

The TEWs are identified at 600hPa at 6-hourly intervals
using an objective tracking algorithm following Belanger
et al. (2017). This algorithm uses the advection of curvature
vorticity anomalies derived from the 2-D wind field to track
TEWs along with the following additional criteria applied at
600hPa: (1) advection of curvature vorticity anomaly equal-
ling 0 s72, (2) curvature vorticity anomaly exceeding the 66th
percentile of all the anomalies, (3) zonal wind being less than
2.5ms™!, (4) median speed being between —25m/s and —2m/s
to ensure westward propagation and (5) TEW lasting at least
2days. The five different reanalyses utilised in this study in-
clude ERAS5 (Hersbach et al. 2020), Climate Forecast System-
Reanalysis (CFS-R; Saha et al. 2010), ECMWF Reanalysis
Interim (ERA-Interim; Dee and Coauthors 2011) and ECMWF
Reanalysis-40 (ERA-40; Uppala and Coauthors 2005) and
National Centers for Environmental Prediction/National
Center for Atmospheric Research Reanalysis (NCEP-NCAR;
Kalnay and Coauthors 1996). The resolution and period
of analysis for each dataset are listed in Table 1. NOAA
HURDAT?2 (Landsea and Franklin 2013) was utilised to de-
termine the number and track densities of named storms.

We used the Oceanic Nifio Index (ONT) metric for ENSO variations
following Barnston et al. (1997). The ONI is seasonally averaged
SST anomalies over the Nifio3.4 region (5°N-5°S, 120°-170°W) in
the eastern equatorial Pacific Ocean and is extensively utilised by
NOAA's Climate Prediction Center for characterising ENSO vari-
ations (Huang et al. 2017; Webb and Magi Webb and Maggi 2022).

Following the methodology in Rodgers et al. (2024), we com-
pute the onset date of CAM based on area-averaged rain-
fall over the terrestrial regions of Panama, Costa Rica and
Nicaragua available from the high-resolution (0.05°x0.05°)
daily Climate Hazards Group Infrared Precipitation with
Station (CHIRPS; Funk et al. 2015) from 1981 to 2023. The
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TABLE1 | Spatial and temporal resolutions and periods of analysis for each dataset utilised in the TEW analysis.

Dataset Spatial resolution = Temporal resolution  Period of analysis References

ERAS 0.25°x0.25° 6 hourly 1986-2022 Hersbach et al. (Hersbach et al. 2020)
CFSR 0.5°%0.5° 6 hourly 1979-2010 Saha et al. (2010)
NCEP-NCAR 210x210km 6 hourly 1974-2010 Kalnay et al. (1996)
ERA-Interim 1°x1° 6 hourly 1979-2010 Dee et al. (2011)

ERA-40 120%x120km 6 hourly 1965-2001 Uppala et al. (2005)

n — Onset i resorted to computing an area-averaged onset date to have a
& 220 | — Seasonal Length - 2800 single index to represent CAM variations. We also restricted
- J-—  Seasonal Rainfell L 2600 - the area average to the southern half of the CAM region (in-
2 - £ cluding Panama, Costa Rica and Nicaragua) as it accounts for
g 180 [ 2400 2 most of the seasonal rain of CAM and occurs slightly earlier
‘2 160 - - 2200 = than the northern half, which would present itself as a pre-
g 2 dictor with greater lead time for seasonal TC activity in the
g 140 - 2000 @ western hemisphere.
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FIGURE 1 | The time series of the onset date, seasonal rainfall and
seasonal length of the Central American Monsoon (CAM) averaged
over Panama, Costa Rica and Nicaragua. The correlation between on-
set date and seasonal length is —0.75 and that between onset date and
seasonal rainfall is —0.53. [Colour figure can be viewed at wileyonlineli-
brary.com]
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FIGURE 2 | The scatter between the Central American Monsoon
(CAM) onset date (in Julian Days) and May to November averaged
Oceanic Nifio Index (ONI) with a fitted regression line. The correspond-
ing correlation (R) and its p value (P) are indicated in the legend. [Colour
figure can be viewed at wileyonlinelibrary.com]

onset date is objectively defined as the first day of the year
when the daily rain rate exceeds the annual mean climato-
logical rain rate. Instead of computing the local onset dates of
CAM at every grid point as is done in Rodgers et al. (2024), we

3 | Results
3.1 | The CAM Onset Date Variations

As noted earlier, the onset date of the CAM has a significant
influence on the length of the CAM season and the seasonal
rainfall (Rodgers et al. 2024). An early or a later onset of the
CAM is associated with longer or shorter and a wetter or a drier
CAM season respectively. This is demonstrated in Figure 1,
which shows the time series of the onset date overlaid with the
corresponding timeseries of the seasonal rainfall and seasonal
length. The correlations of the timeseries of the onset date with
the corresponding timeseries of seasonal rainfall and seasonal
length in Figure 1 are —0.75 and —0.53 respectively.

The association of CAM onset date variations with ENSO varia-
tions is rather weak (Rodgers et al. 2024; Figure 2). Figure 2 shows
a scatter between the ONI and onset date variations of CAM,
which are weakly related to each other with a weak correlation
of 0.19 and a p of 0.23. Rodgers et al. (2024) argue that the weak
ENSO teleconnections in CAM variability—contrary to findings
in other studies (e.g., Amador, Rivera, et al. 2016; Durdn-Quesada
et al. 2020)—arise from how the CAM season is defined. ENSO-
related influences change over the course of the season: the early
CAM period is more strongly linked to TNA variability, whereas
the later period in the CAM season shows a clearer connection
to ENSO (Amador 2008; Amador, Rivera, et al. 2016; Duran-
Quesada et al. 2017; Enfield and Alfaro 1999; Giannini et al. 2000).
Furthermore, Rodgers et al. (2024) report that other large-scale
variations like the inter-basin SST gradient between the TNA and
TEP, the Atlantic and the TEP warm pools, also show similar in-
significant relationships with the onset date variations of CAM.
Therefore, Rodgers et al. (2024) indicate that CAM onset date vari-
ations are largely dictated by local, internal variations and their
strong relation to the CAM seasonal rainfall variability implies
that it offers a stiff challenge to the seasonal predictability of the
CAM rainfall. It should be noted that CAM onset dates that nom-
inally occur between mid-April and mid-May offer a short lead
time for the seasonal outlook of CAM, which was successfully
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FIGURE 3 | (a) The climatology (1981-2023) of track density of all named May to November tropical cyclones from HURDAT?2. The partial cor-
relations of the track density of all May to November named tropical cyclones from HURDAT?2 with (b) corresponding Oceanic Nifio Index (ONI)
and (c) Central American Monsoon (CAM) onset dates. The stippled values signify statistical significance at 5% significance level according to t-test.

[Colour figure can be viewed at wileyonlinelibrary.com]

demonstrated in Rodgers et al. (2024). Likewise, we intend to uti-
lise this lead time offered by the CAM onset date variations to un-
derstand its influence on TCs in the western hemisphere.

TABLE2 | Partial correlations of basin-wide tropical cyclone metrics
for northern tropical Atlantic Ocean.

CAM onset date ENSO variations

Basin- s
. variations (ONI)

3.2 | Western Hemisphere Tropical Cyclone w1de. 5 X
Activity Variability metric Correlation p Correlation p

Named -0.12 0.45 -0.36 0.02
Figure 3a shows the track density or number of TCs per 2°x2° storms

rid per year of all named TCs in the TNA and TEP from

gHURDA”l}’Z over the 1981-2023 period (43years). The compar- Named —0.21 0-19 —0.34 0.03
atively high density of TCs in the TEP (west of 90°W) in the storm days
domain is apparent (Figure 3a). The regions of high TC activ- Hurricanes -0.27 0.09 -0.48 0.001
ity i.n the tropi.cal Atlaptic Ocea.n were captured in t.he western Hurricane —0.32 0.04 —0.43 0.01
Caribbean region and in the Main Development Region (MDR), days
albeit less than that over TEP (Figure 3a). The corresponding
correlations of this track density with ONT in Figure 3b suggest Major —0.32 0.04 —-0.39 0.01
significant negative correlations in the Caribbean Sea, parts of Hurricanes
the western Atlantic Ocean, the western Gulf of Mexico, along Major —032 0.04 —031 0.05
the Caribbean coast of Central America and Pacific coast of Hurricane
Nicaragua. This teleconnection suggests that positive or nega- days
tive ONI, meaning El Nifio or La Nifia conditions, are related

ACE -0.3 0.05 -0.4 0.01

to weaker or stronger TC activity over these regions in the TNA
respectively. Similarly, in Figure 3b we observe positive correla-
tions of the ONI with track density in the TEP and along Pacific
coasts of Mexico and Guatemala, which suggests increased or
decreased TC activity with El Nifio or La Nifia conditions re-
spectively. These correlations over TEP are less spatially exten-
sive than in TNA (Figure 3b).

The correlations shown in Figure 3c with the CAM onset
date variations indicate significant negative correlations with
Atlantic TC activity, which is largely in the western Atlantic
region, through and north of the Leeward Islands, and in the
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TABLE3 |

Partial correlations of basin-wide tropical cyclone metrics

for the northern tropical eastern Pacific Ocean.

. CAM onset date ENSO variations

Basin- e e
. variations (ONI)

wide
metric Correlation P Correlation P
Named 0.5 0.001 0.45 0.003
storms
Named 0.44 0.004 0.37 0.02
storm days
Hurricanes 0.41 0.01 0.38 0.01
Hurricane 0.35 0.02 0.32 0.04
days
Major 0.36 0.02 0.43 0.01
Hurricanes
Major 0.25 0.11 0.41 0.01
Hurricane
days
ACE 0.36 0.02 0.41 0.01

Latitude

Latitude

==
buowm

Latitude
o= NN
uouvouwm

Bay of Campeche in the Gulf of Mexico. These negative cor-
relations with the CAM onset are linked to an early or later
onset, leading to higher or lower TNA TC activity respectively.
In addition, the significant correlations in Figure 3c are rel-
atively sparse in the Caribbean region compared to those in
Figure 3b. However, the region of significant positive correla-
tions (implying later or early onset of CAM leads to more or
less TC activity) over the TEP in Figure 3c is more spatially
extensive in the open ocean away from the coast compared to
Figure 3b.

The partial correlations of TNA TC activity with ONI and CAM
onset date variability indicate that the teleconnections are com-
parable between the two indices. For instance, the correlations
in Table 2 of onset date of the CAM and ONI with hurricane
days is —0.32 and —0.43, major hurricanes (TCs with sustained
wind speeds 111 mph or 178km/h) is —0.32 and —0.39, major
hurricane days is —0.32 and —0.31 and Accumulated Cyclone
Energy (ACE) is —0.3 and —0.4 respectively. However, the cor-
relations of onset date variations of CAM are weak and insignif-
icant for named storms, named storm days and hurricanes in the
TNA while it is relatively stronger and statistically significant
with ONTI (Table 2).

30
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FIGURE4 | The climatological track density of tropical easterly waves at 600 hPa from May to November in (a) ERAS, (b) CFS-R, (c) ERA-Interim,
(d) ERA-40 and () NCEP-NCAR. The years used in computing the climatology are indicated in the title of each panel. [Colour figure can be viewed

at wileyonlinelibrary.com]|
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The partial correlations of TEP TC activity in Table 3 also show
a comparable and strong relationship with both ONI and CAM
onset date variations. An exception, however, is the weak and
insignificant correlation of major hurricane days with onset
date variations of CAM (Table 3). These relationships in Tables 2
and 3 have practical significance as CAM onset date variations,
which typically occur in late April or May, precede the TC activ-
ity in both ocean basins by a couple of weeks to a month, and it
also supplements the teleconnections with ONTI (as will be illus-
trated and explained later in the paper). It may be noted that the
CAM onset date variations are slightly more strongly correlated
with most of the basin-wide TC metrics over the TEP in Table 3
than with the corresponding metrics in the TNA in Table 2.
However, the ENSO teleconnections with the basin-wide TC
metrics are comparable in the two ocean basins.

3.3 | Relation With Tropical Easterly Wave
Activity

As pointed out in Section 2, the TEWs are diagnosed at
600hPa in five different global atmospheric reanalysis data-
sets (Figure 4). There are significant differences in the track
densities of the TEWS across these five atmospheric reanalyses

over the TNA and TEP. Figure 4a shows that ERAS5 produces
more TEWs in the east Pacific than other reanalyses, extend-
ing from the Panama Bight region in the east to west of 100°W.
Likewise, ERA-40 in Figure 4d shows comparatively weaker
TEW activity in the tropical Atlantic but higher TEW activity
over the TEP than most other reanalyses with the exception of
NCEP-NCAR and ERAS5. CFS-R in Figure S1b and ERA-Interim
in Figure 4c show comparable TEW activity in the two ocean
basins. Belanger et al. (2017) similarly noted a higher density
of TEWs in the eastern Pacific basin relative to the Caribbean
Sea. Many studies point out that in situ generation of TEWs in
the TEP is a dominant feature in addition to their translation
across the Atlantic from West Africa (Serra et al. 2008; Toma
and Webster 2010a, 2010b; Rydbeck et al. 2017; DeLaune et al.
2025). In contrast, Figure 4e shows that NCEP-NCAR has rel-
atively far less TEW activity in both the TNA and TEP basins
relative to other reanalyses. Similarly, the five reanalyses show
large diversity in the track density of TEWs over northern Africa
(Figure 4).

The correlations of the ONT with TEW track density in Figure 5
show significant negative correlations, which consistently ap-
pear in the Caribbean region and over continental regions of
the Americas west of 50°W and roughly between the latitudes
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FIGURE 5 | The partial correlations of the track density of all May-to-November tropical easterly waves (TEWs) at 600hPa in (a) ERAS, (b)
CFS-R, (c) ERA-Interim, (d) ERA-40 and (¢) NCEP-NCAR reanalysis with contemporaneous May-to-November averaged Oceanic Nifio Index (ONI).
The stippled values signify statistical significance at 5% significance level according to t-test. [Colour figure can be viewed at wileyonlinelibrary.com]
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of 5°N and 20°N with significant positive correlations over the
open TEP, west of ~85°W. This relationship of the ONI index
with the TEW activity broadly coincides with its relationship
with the named TC activity shown in Figure 3b that exhibited
negative correlations over the Caribbean region and positive
correlation in the TEP. The correlations exhibited by NCEP-
NCAR reanalysis over the TEP in Figure 5e, however, are not
consistent with the other reanalyses, which is not surprising
given its under-reported TEWs (Figure 4e). Furthermore, the
correlations between ONI and TEW track density in the rest of
the regions outside of the Caribbean Sea and TEP are not con-
sistent across the reanalyses and are spatially not as coherent
(Figure 5).

The correlations of the onset date variations of CAM with
track density of TEWs in Figure 6 show a relatively consistent
negative correlation across the five reanalyses over the west-
ern Atlantic Ocean, Bay of Campeche and over the Caribbean
Sea, which is broadly coincident with similar correlations with
named TCs in Figure 2c. In other words, early or later onset of
the CAM is likely to be associated with higher or lower TEWs
in regions with negative correlations in Figure 6 respectively.
Over the TEP, the correlations are positive in ERA5, CFSR and
ERA-Interim but appear weaker and interspersed with negative

correlations in ERA-40 and NCEP-NCAR reanalyses. Many of
the earlier studies have suggested that the diabatic heat release
from convection in the Panama Bight region can generate in situ
TEWs in the TEP (e.g., Rydbeck et al. 2017; DeLaune et al. 2025).
Seasonally, convection in the Panama Bight region is most ac-
tive during the CAM season (Gonzalez et al. 2025). However, the
appearance of the positive correlations in the TEP (in Figure 6)
suggests that an early or later onset of CAM seasons is associ-
ated with less or more TEW activity respectively. This positive
correlation could be suggestive of the CAM interfering with the
progression of the TNA TEWs into the TEP. In the following
sub-section, we will show the potential influence of the CAM
on vertical shear, which could explain some of these observed
facts. It may be noted that the correlations in Figures 5 and 6
are similar, suggesting the compounding influence of CAM and
ENSO variations on TEWs.

3.4 | Teleconnections With the Large-Scale
Variables

The May-to-November averaged ONI index has a well-known
association with the North Atlantic Subtropical High (NASH;
Figure 7a), mid-level (700hPa) relative humidity (Figure 7b),
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FIGURE 6 | The partial correlations of the track density of all May-to-November tropical easterly waves at 600hPa in (a) ERAS, (b) CFS-R, (c)
ERA-Interim, (d) ERA-40 and (¢) NCEP-NCAR reanalysis with Central American Monsoon onset dates. The stippled values signify statistical signif-

icance at 5% significance level according to t-test. [Colour figure can be viewed at wileyonlinelibrary.com]
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bulk vertical shear (Figure 7c) and sea surface temperature
(Figure 7d; Gray 1984; Goldenberg and Shapiro 1996; Enfield
and Mayer 1997; Li et al. 2012; Colbert and Soden 2012). The
correlations in Figure 7a suggest that with positive (El Nifio)
or negative (La Nifia) ONI conditions, the NASH strengthens
(higher 850hPa gpm) or weakens (lower 850hPa gpm) respec-
tively. This is also illustrated from the composites of 850hPa
geopotential height anomalies shown in Figure S1. Like other
studies, Figures 7a and S1 also suggest that NASH is located
further eastward or is strengthened eastward during El Nifio
summers. On the other hand, in the TEP, ONI teleconnections
with the 850 hPa height variations are contrary to those over the
TNA (Figure 7a), with 850hPa heights reducing or increasing
during positive (El Nifio) or negative (La Nifia) phases of ONI
respectively. Similarly, the correlations in Figure 7b show that
mid-level relative humidity at 700 hPa decreases or increases in
the Caribbean Sea and in the TEP under El Nifio or La Nifia
conditions respectively.

The westerly vertical wind shear in the tropical western Atlantic
and in the Caribbean region increases or decreases with positive or
negative ONI (Figure 7c) respectively. The impact of ENSO on the
wind shear over the western Atlantic can be assessed from the cor-
responding wind composite anomalies at 200hPa (Figure S2) and
at 850hPa (Figure S3). This enhancement of westerly wind shear
can be further understood from Figures S2b and S3b, which show
the increase in the westerly wind anomalies at 200hPa and east-
erly wind anomalies at 850hPa over the western Atlantic during

El Nifio seasons respectively. Likewise, the easterly wind shear
in the TEP decreases or increases with positive or negative ONI
(Figure 7c) respectively. These changes in the vertical shear over
TEP are associated with the corresponding appearance of westerly
wind anomalies at 200hPa (Figure S2b) and lower-level easterly
anomalies (Figure S3b) during El Nifio seasons. May-to-November
ONI has a strong relationship with the corresponding SST anom-
alies only in the TEP (Figure 7d), which essentially reflects El
Nifio or La Nifia conditions with positive or negative ONI respec-
tively. These relationships in Figure 7a-d are consistent with well-
known ENSO teleconnections on TC variations of the western
hemisphere (e.g., Balaguru et al. 2013; Bell and Chelliah 2006;
Camargo et al. 2008; Gray 1984; Klotzbach 2007, 2011).

The corresponding partial correlations of the onset date variations
of CAM with these large-scale variables are shown in Figure 8.
Generally, the correlations in Figure 8 are comparable to those
with ONT in Figure 7, with slightly weaker magnitudes and are
less spatially extensive. Furthermore, the ONI has a stronger re-
lationship with some of these large-scale variables over the con-
tinental regions of North Africa (Figure 7) that is largely absent
with onset date variations of CAM (Figure 8). The modulation of
the NASH by onset date variations of the CAM in Figure 8a in-
dicates essentially the association of the variations of the NASH
with CAM seasonal rainfall, with the latter being a wetter or a
drier season in an earlier or later onset season, from a weaker or
a stronger NASH respectively. In comparing Figure S1d,e, it can
be clearly seen that NASH is weaker in early than late onset CAM
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FIGURE 7 | The partial correlations of May to November Oceanic Nifio Index (ONI) with corresponding May to November mean (a) 850hPa geo-
potential height, (b) 700 hPa relative humidity, (c) 200-850hPa bulk shear from ERAS5 and (d) SST anomalies from OISSTv2. The significant values
at 5% significance level according to t-test are indicated by slanted lines. [Colour figure can be viewed at wileyonlinelibrary.com]
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seasons. Misra et al. (2014) point out that a weakened or a strength-
ened NASH associated with weaker or enhanced trade wind east-
erlies enhances or reduces the moisture flux convergence over the
Central American isthmus resulting in a wetter or a drier CAM
season respectively. It may be noted that the changes in NASH be-
tween early and late onset CAM seasons are larger than positive
or negative ONI seasons (Figure S1). Similarly, mid-level (700hPa)
relative humidity in the Caribbean region and TEP is enhanced
or reduced from earlier or later onset of the season, which is re-
lated to a wetter or a drier CAM season (Figure 5b) respectively.
The correlations with the vertical shear in Figure 8c, indicate that
the westerly vertical wind shear is decreased or increased in the
Caribbean region, while the prevalent easterly shear in the TEP
is raised or reduced with early or later onset of the CAM season
respectively. The composite of the 200hPa wind anomalies in
Figure S2d for early onset CAM seasons clearly shows easterly
wind anomalies over the western Atlantic and over TEP, with the
corresponding appearance of westerly wind anomalies at 850hPa
in the western Atlantic and in the TEP in Figure S3d.

3.5 | TC Activity Relations With CAM Onset Date
and ONI Variations

We now reexamine the May-to-November TC track density varia-
tions as composite anomalies for the various combinations of ENSO
phases and variations of CAM in this sub-section. Figure 9a shows
the composite TC track density for La Nifia years, which indicates

Latitude
= NN
Lmmoummowm

a) 850 hPa Geopotential Height
T 1.7 8% 77 T T

an excess of them in the western TNA, eastern Caribbean and in
the western Gulf of Mexico. However, for a combination of La Nifia
and early onset of CAM seasons, we observe that the significant
positive anomalies in the TNA are further enhanced in Figure 9b
relative to Figure 9a. For instance, more TCs form in the western
TNA, Caribbean Sea and the Bay of Campeche (Figure 9b). In con-
trast, for La Nifia and late onset of the CAM seasons, the strongest
positive anomalies are observed in the far eastern TNA and south-
western Caribbean Sea (Figure 9c). However, at the same time, we
also observe fewer TCs in the Bay of Campeche and western TNA
(west of 50°W) in Figure 9c relative to Figure 9a,b. It may be noted
that in the TEP there are insignificant TC anomalies for La Nina
seasons (Figure 9a), with slightly enhanced TC anomalies for La
Nifa and early onset of CAM seasons just off the southern Pacific
coast of Mexico (Figure 9b), which gets diminished to insignificant
anomalies for La Nifia and late onset of CAM seasons (Figure 9c).

In contrast, the TC anomalies are largely insignificant for El
Nifio seasons in Figure 9d over both tropical ocean basins except
in a small region west of 100° W, which shows a southward shift
of increased TC activity around 15°N. The TC anomalies in the
TEP are largely similar for El Nifio and early onset of CAM sea-
sons (Figure 9e) compared to the El Nifio seasons (Figure 9d),
although there is a slight enhancement of TC anomalies in the
Gulf of Tehuantepec. In Figure 9f, for El Nifio and late onset of
CAM seasons, the southward shift of the TC anomalies across
15°N and west of 100°W is slightly enhanced compared to
Figure 9d,e.
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FIGURE 8 | The partial correlations of the onset date of the Central American Monsoon (CAM) with the May to November mean (a) 850hPa
geopotential height, (b) 700 hPa relative humidity, (c) magnitude of (200-850hPa) bulk shear from ERAS5 and (d) SST anomalies from OISSTv2. The
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4 | Discussion and Conclusions

The teleconnection of ENSO with the seasonal TC activity in
both ocean basins is well known through its influence on ver-
tical wind shear, mid-level humidity, low-level vorticity and
TEWs. This is reiterated in this study. But we also find that
the onset date variations of the CAM have teleconnections
with the NASH in the TNA, mid-level relative humidity and
vertical wind shear over the Caribbean Sea and TEP and sea
surface temperature in the TEP. We find, for instance, early
onset of the CAM is associated with weakening of NASH,
an increase in mid-level relative humidity across the Central

American isthmus and adjacent oceans and weaker vertical
wind shear across the Caribbean Sea, stronger vertical shear
over the TEP and colder SST anomalies in the TEP. These
teleconnections of the onset date of CAM with the large-scale
variables associated with TC activity in the western hemi-
sphere are largely a result of the robust association of the for-
mer with the seasonal rainfall anomalies of CAM shown in
Rodgers et al. (2024). In terms of teleconnections with track
densities of TCs, warm and cold ENSO events produce more
and less TCs in the TEP respectively. In contrast, El Nifio and
La Nifia events are associated with less and more TCs in the
Caribbean and western Gulf of Mexico region respectively.
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Similarly, the teleconnections of La Nifia yield more TCs in
the western Caribbean Sea and Gulf of Mexico. But the re-
sponse of TC activity over TEP is much weaker in La Nifia
seasons. The onset date variations of CAM show similar mod-
ulation of TC activity in the TNA and TEP as ENSO. We find
that early or late onset of CAM is related to more or less TCs in
the TNA and less or more TCs in the TEP respectively.

The strongest response of increased seasonal TC activity in
the western TNA, western Caribbean Sea and western Gulf of
Mexico is observed when La Nifia overlaps with seasons of early
CAM onset. In such seasons, we find that there are more TCs
forming in the western TNA, eastern Caribbean and in the west-
ern Gulf of Mexico relative to just La Nifia seasons. It is also
observed that overlapping La Nifia and early CAM onset sea-
sons also reinforce each other in the weakening of the westerly
vertical wind shear and raising mid-level relative humidity in
the western Atlantic. In contrast, the response of the seasonal
TC activity over TNA is weak to insignificant during El Nifio
years with either early or late onset of CAM season but appears
slightly significant in the TEP.

This modulation of seasonal TC activity by ENSO and variations
of CAM appears to be more robust than TC density anomalies
assessed at discrete grid points when basin-wide metrics like
ACE, total number of TCs or number of TC days are examined.
This is more a reflection of the limited sample size of TC track
densities, which is significantly ameliorated in basin-wide ag-
gregated TC statistics. We find that the variation of CAM onset
date has a larger impact on the variations of basin-wide metrics
of hurricanes and major hurricanes in both the TNA and TEP
compared to basin-wide metrics associated with just tropical
storms. In contrast, ENSO has an impact on basin-wide metrics
for all TCs in both basins. From the analysis of the basin-wide
statistics of the TCs, it is clear that in seasons when La Nifia and
early onset of the CAM coincide, the enhancement of the TC
activity in the TNA is more likely than in other seasons, as the
signals from the two sources are likely to reinforce each other.
This stems from similar teleconnections that yield weaker
NASH, and increased mid-level relative humidity, reduced ver-
tical wind shear and increased TEW activity in the Caribbean
region. In the TEP, however, the coincidence of El Nifio with
the late onset of CAM is likely to yield an active TC season from
warmer in situ SSTs and reduced vertical wind shear. Similarly,
our analysis suggests that La Nifia and early onset of the CAM
are likely to produce a suppressed TC activity in the TEP.

The study highlights an important source of modulation of
seasonal TC activity in the western hemisphere by the CAM
onset date variations. This supplements the existing telecon-
nection of ENSO variations with seasonal TC activity in the
western hemisphere. However, variations in CAM onset have
relatively weak correlations with the ENSO variations, which
suggests that they offer an independent source of modula-
tion of the seasonal TC activity in the western hemisphere.
Furthermore, the onset date variations of CAM offer a predic-
tive value to the seasonal TC and TEW activity by appearing
in advance or nearly at the start of the TC season in the west-
ern hemisphere. Therefore, we believe exploring leveraging
the onset date variations of the CAM with the much-improved

seasonal ENSO prediction skills from the current climate
models could yield more beneficial seasonal prediction skills
of TC activity in the western hemisphere.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: (a) The climatology of
850hPa geopotential height for May-to-November and the correspond-
ing composite means for (b) El Niiio, (c) La Niiia, (d) early and (e) late
onset CAM seasons. The 1520m geopotential height is indicated by the
bold black contour line to illustrate the impact on the North Atlantic
Subtropical High. Figure S2: (a) The climatological 200hPa wind and
the corresponding composite anomalies for (b) El Nifio, (c) La Nifia,
(d) early and (e) late onset CAM seasons and La Nifia and (c, d) early
and late onset CAM seasons. Figure S3: (a) The climatological 850hPa
wind and the corresponding composite anomalies for (b) El Nifio, (c) La
Nifia, (d) early and (e) late onset CAM seasons and La Nifia and (c, d)
early and late onset CAM seasons.
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Figure S1: a) The climatology of 850hPa geopotential height for May-to-November and the
corresponding composite means for b) El Niflo, ¢) La Nifia, d) early and e) late onset CAM seasons.
The 1520 m geopotential height is indicated by the bold black contour line for illustrating the impact
on the North Atlantic Subtropical High.
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Figure S2: a) The climatological 200 hPa wind and the corresponding composite anomalies for b)
El Nifio, ¢) La Nifia, d) eatly and e) late onset CAM seasons. and La Nifia and (c, d) early and late

onset CAM seasons.
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