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ABSTRACT
We examine the influence of intraseasonal variability (10–90 days) on hydroclimatic variables across Northern South America, 
Central America and Mexico. This variability is driven by planetary and tropical oscillations, including Kelvin waves, Tropical 
Easterly Waves, Mixed Rossby-Gravity Waves and the Madden–Julian oscillation, all of which display distinct signals in the 
wavenumber–frequency power spectra. Our findings reveal that intraseasonal variability accounts for 10%–35% of the total 
variance, depending on the specific location, with Kelvin waves being the largest contributors to the outgoing longwave radi-
ation variance in the study region. Additionally, we observed positive and negative precipitation anomalies across the region 
associated with each oscillatory process, which can be linked to anomalies in moisture transport and convection within 
the atmospheric column. The Madden–Julian oscillation contributes 10%–12% of precipitation over continental areas, while 
Tropical Easterly Waves and Mixed Rossby-Gravity waves account for approximately 40% of the precipitation over the con-
tinent. These findings offer new insights into the spatial and temporal patterns within the region. A deeper understanding, 
diagnosis and prediction of this timescale are crucial for economic sectors such as agriculture, energy generation, risk man-
agement and water resources.

1   |   Introduction

The intraseasonal variability lies between the time scale asso-
ciated with weather forecasts (ranging from a few days up to 
around a week) and scales associated with climate predictions 
(seasonal, annual and longer time scales) (Lau and Waliser 2012). 
In particular, tropical intraseasonal variability refers to a wide 
spectrum of phenomena that includes quasi-periodic and 

non-periodic modes over synoptic (~1000 km, ~1–10 days) and 
global scales (~10,000 km, ~10–100 days) (Serra et al. 2014). The 
tropical intraseasonal variability includes the Tropical Easterly 
Waves (TEW) (2.5–12 days) (Valencia et al. 2024), Kelvin waves 
(KWs) (2.5–17.5 days) (Peyrillé et  al.  2023), Equatorial Rossby 
Waves (10–48 days) (Wheeler and Kiladis 1999), Mixed Rossby-
Gravity waves (MRG) (3–10 days) (Suhas et  al.  2020) and the 
Madden–Julian oscillations (MJO) (30–90 days) (Zhang  2015), 
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which impact regional weather, short-term climate patterns, 
and atmospheric chemical transports, among others (Serra 
et al. 2014; Dominguez et al. 2020; Peyrillé et al. 2023; Teruya 
et al. 2024).

The TEWs are the main synoptic system observed in tropical 
regions and their importance lies in two fundamental reasons: 
(i) the transport of humidity and its relationship with convec-
tive rain (Fink and Reiner 2003; Gu et al. 2004); and (ii) their 
influence on tropical processes at different scales (Pasch and 
Avila 1994; Berry and Thorncroft 2005; Cornforth et al. 2017). 
Seasonally, TEWs show stronger activity during June to 
November (Serra et al. 2010). TEWs influence precipitation and 
streamflow in Northern South America (NSA) (Dominguez 
et al. 2020; Cárdenas et al. 2017; Salas et al. 2022). They have 
been shown to significantly impact both diurnal and seasonal 
rainfall, modulated by large-scale climatic oscillations such 
as El Niño Southern Oscillation (ENSO). On seasonal scales, 
Dominguez et al. (2020) find that TEWs can account for up to 
50% of seasonal rainfall, particularly in northern South America, 
and highlight the role of ENSO in modulating the frequency of 
TEWs with an increase (decrease) of TEWs activity during La 
Niña (El Niño) conditions. Moreover, at diurnal scales, TEWs 
significantly enhance the frequency of rainfall over Costa Rica 
during convectively active periods while the intensity of rainfall 
varies more subtly with the TEWs phases, where active condi-
tions tend to slightly delay the diurnal peak intensity and extend 
the duration of heavier rainfall (Wiggins et al. 2023).

KWs are one of the most dominant atmospheric waves in 
the tropics (Matsuno  1966) and characterised by periods of 
15 days, length scales between 20,000 km and 40,000 km 
(numbers of zonal waves 2 and 1) and vertical scales ranging 
from 6 to 10 km (Lau and Waliser 2012; Herman et al. 2016; 
Chien and Kim 2023). KW influence global atmospheric cir-
culation, zonal wind, temperature and residual meridional 
circulation (Koval et al. 2023). They contribute to the forma-
tion of dynamic and temperature regimes in the middle and 
upper atmosphere (Koval et  al.  2023). Furthermore, KWs 
show stronger activity during westerly quasi-biennial oscilla-
tion (QBO) phases (Fathullah et  al.  2017) and ENSO during 
its warm phase (KW with Pacific origin) (Mayta et al. 2021). 
Besides, KW have a stronger seasonal cycle with pronounced 
patterns during JJA and SON (Tiyas et al. 2022). Specifically, 
Convectively Coupled Kelvin Waves (CCKW) are associated 
with convection and extreme precipitation (Senior et al. 2023; 
Ferrett et  al.  2020; Straub and Kiladis  2002). Moreover, 
CCKW modulate the diurnal cycle of precipitation (Lubis and 
Respati 2021) and synoptic time scale streamflow variability 
(Salas et al. 2022). Also, CCKW superimposed with MJO and 
Rossby waves lead to devastating floods (Latos et  al.  2021). 
Over South America, CCKW shift their amplitude and verti-
cal structure due to MJO altering precipitation patterns (Guo 
et  al.  2014). Over the Amazon region, KW originating from 
the Pacific Ocean, arising from South American extratropics, 
and triggered by pre-existing convection contribute to 40%, 
35% and 25% of precipitation events, respectively (Mayta 
et al. 2021).

Likewise, Equatorial Rossby Waves, Equatorial Inertia-
Gravity Waves and MRG are important in tropical dynamics 

due to their coupling and effect on different climatic variables 
(Nakamura and Takayabu  2022a, 2022b; Fahrin et  al.  2024; 
Gelbrecht et al. 2018; Suhas et al. 2020), the initiation of cy-
clonic activity (Latos et al. 2023; Feng et al. 2023) and the in-
teraction between waves (Takasuka and Satoh 2020; Takasuka 
et  al.  2021). Hereafter, we will focus on MRG waves, which 
exhibit westward propagation (Hendon and Liebmann  1991; 
Kiladis et al. 2016) and are characterised by symmetrical cross-
equatorial meridional winds over the Pacific during boreal 
summer and fall (Suhas et  al.  2020). Furthermore, MRG ex-
hibit a mixing dynamics of Rossby and inertia-gravity waves, 
which contributes to the formation of tropical depressions and 
cyclones (Mahó et al. 2024; Aiyyer and Molinari 2003). They 
are influenced by dynamic and convective backgrounds, with 
increased frequency during La Niña and varying altitude based 
on vertical wind shear (Feng et  al.  2016), and causing some 
disruptions over the QBO (Lin et al. 2022). While many stud-
ies focus on convectively coupled MRG waves (Wheeler and 
Kiladis 1999), some regions show weak convection-circulation 
coupling (Chen et al. 2016). Their seasonality is marked from 
May to October, with significant MRG events associated with 
extratropical disturbances (Shreya and Suhas 2024).

The MJO is described as an oceanic-atmospheric process that 
exhibits coherent eastward propagation along the equator 
with a quasi-periodicity between 40 and 50 oscillation days or 
30–60 days (Lau and Waliser 2012; Li 2014; Zhang et al. 2020; 
Lin  2022). The MJO influences precipitation patterns and 
atmospheric circulation across South America and Central 
America (das Chagas Vasconcelos Junior et al. 2021; Peatman 
et  al.  2014; Grimm  2019; Seiki et  al.  2021). This oscillation 
impacts the South American monsoon during its active sea-
son (December–February), enhancing precipitation anom-
alies during the MJO Phases 3 and 4 (Alvarez et  al.  2016). 
Furthermore, the MJO modulates rainfall in remote areas 
of the Southern Hemisphere by triggering tropical and ex-
tratropical wave trains, which lead to intensify precipitation 
anomalies over South America during the Phases 1 and 4 of 
the MJO and the easterly QBO (Sena et  al.  2022). The MJO 
increases average daily precipitation by more than 30% in re-
lation to climatology and doubles the frequency of extreme 
events over central-east South America and the South Atlantic 
Convergence Zone (SACZ) (Sena et  al.  2022). Moreover, the 
MJO affects the Pacific Ocean Walker Circulation's de-
scending branch, which is located near Western Tropical 
South America, driving zonal and vertical motions that in-
fluence regional precipitation (Recalde-Coronel et  al.  2020). 
Additionally, the MJO produces a region of enhanced precip-
itation that travels eastwards along the Equator, perturbing 
both tropical and high-latitude winds. This modulation of 
winds contributes to extreme weather events, such as flooding 
and heat waves, across Central America (Maloney et al. 2019).

While existing global studies shed light on the influence of 
intra-seasonal processes on precipitation in diverse regions 
(Worku et al. 2020; Lawton et al. 2022; Gelbrecht et al. 2018; 
Recalde-Coronel et  al.  2020), a significant gap exists in un-
derstanding the intricate interplay among KW, MRG, TEWs 
and the MJO in Central America, Northern South America 
and Mexico. This endeavour can significantly contribute 
to multidisciplinary knowledge, bridging the gap between 
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atmospheric systems and local events (Tarasova et al. 2019). 
The purpose of this study is (i) to characterise the main intra-
seasonal oscillatory patterns over Northern South America, 
Central America and Mexico, (ii) to provide evidence of the in-
fluence of the main intraseasonal oscillations on precipitation 
in the region of study and (iii) to analyse the spatial structure 
of oscillations and their influence on the hydroclimate of the 
region of study.

2   |   Datasets and Methodology

Our approach is based on the filtering of the main atmospheric 
oscillatory processes at the intraseasonal timescale in the trop-
ics. To this end, we use the Wheeler–Kiladis Space-Time Spectra 
and Regional Tapering methods over the outgoing longwave ra-
diation (OLR) in the study region for the 1981–2022 period. Once 
we computed the OLR anomalies in each one of the filtering 
bands, we performed a Spatial Empirical Orthogonal Function 
and OLR anomaly reconstructions based on the first two SEOFs. 
With this reconstruction, we extract standardised OLR anoma-
lies as indices of oscillatory activity in the regions with greater 
OLR variance in each filtering band. Indices are then used to 
perform a composite analysis based on the dates of oscillatory 
activity (Figure 1).

2.1   |   Study Region and Datasets

Our study region spans from 120° W–40° W; 30° N–15° S, encom-
passing Mexico, Central America and Northern South America 
(Figure  1, top panel). For this region, we use daily data from 
the ERA5 atmospheric reanalysis (Hersbach et al. 2019) for the 
following variables: OLR, zonal and meridional wind speeds 
at 850 hPa, specific humidity, vertically integrated moisture 
divergence (VIMD), vertical integrals of eastward and north-
ward water vapour flux, and daily precipitation. To contrast the 
results obtained with the ERA5 precipitation dataset, we used 

daily precipitation from the Climate Hazards Group InfraRed 
Precipitation with Station—CHIRPS (Funk et al. 2015) which 
provides insights with a complementary dataset over the conti-
nental region, the analysis made with this dataset is included in 
Supporting Information.

2.2   |   Wave Number–Frequency Power Spectra 
and Fourier Filters

To understand the main tropical atmospheric phenomena 
affecting precipitation variability in the study area, we an-
alysed the regional frequency–wavenumber power spectra 
of ERA5 OLR using the method developed by Wheeler and 
Kiladis  (1999). This approach, combined with the regional 
tapering approach from Dias et  al.  (2013), helped identify 
the tropical wave phenomena responsible for precipitation 
variability in the region. Specifically, we focused on the 
NSA, covering the longitudinal sector from 160° W to 20° E. 
To achieve a smooth synoptic signal distribution and re-
duce intraseasonal noise, we used 64-day window segments 
overlapping by 13 days and applied a Hann window, as in 
Huaman et al. (2020). We filtered the ERA5 OLR data to iso-
late the variability linked to the KW, MRG, TEWs and MJO 
waves coupled with convection. This was done using inverse 
Fourier transforms, keeping only the variability within the 
frequency–wavenumber boxes associated with each wave, fol-
lowing Wheeler and Kiladis (1999) and using boxes similar to 
Kiladis et al. (2009). The filtered data were then used to map 
the variance distribution and its annual cycle for each wave in 
the study region.

2.3   |   Waves Structures and Their Association With 
Hydroclimatic Variables

We use composite analysis based on Mounier et al. (2007) and 
linear regression analysis according to Knippertz et al. (2022) 

FIGURE 1    |    Methodological scheme of the present work. Each section is labelled with a numbered circle, illustrating the sequence from filtering 
techniques used to extract OLR anomalies for each wave frequency, to the methods for identifying wave activity and compositing key times. [Colour 
figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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to elucidate the relationship between the intra-seasonal waves 
and the hydro-climatic fields. The composite analysis begins 
with a spatial EOF analysis for the period of analysis on the 
wave-filtered OLR values over the study region. We select only 
PC1 and PC2, after using the Scree test (Cattell 1966) and the 
North et  al.  (1982) rule of thumb as proposed by (Mounier 
et al. 2007), as they are the most important modes to represent 
the filtered intraseasonal variance. Furthermore, this selection 
enables us to focus on the main modes of intraseasonal waves, 
removing some background signal or noise retained in the 
filtering procedure (Mounier et al. 2007; Sakaeda et al. 2020) 
Particularly, these two first eigenvectors are in spatial quadra-
ture and depict an approximate wavelength for the wave types. 
Furthermore, it is possible to build a new OLR anomalies field 
by using combined SEOF1 and SEOF2 reconstruction (hereaf-
ter “SEOF12”).

Then, we can obtain an OLR index of each wave based on 
the SEOF12 OLR anomalies reconstruction over a region 
defined based on the OLR variance found in Section  3.1. 
This index corresponds to an average time series in the 
rectangular area that is extracted from the OLR anom-
aly field reconstructed for each wave (SEOF12). For this 
end, the regions based on the OLR variance are: (i) TEWs 
(40° W–50° W;5° N–10° N); (ii) KWs (100° W–120° W;2° N–10° N); 
(iii) MRGs (100° W–118° W;5° N–8° N) and (iv) MJOs 
(110° W–120° W;8° N–12° N).

Specifically, the process to synthesise the activity of each oscil-
lation is structured in the following steps: (1) Decompose each 
filtered OLR field for MJO, TW, KW and MRG using SEOFs; (2) 
reduce the dimensionality of each filtered field retaining the 
variance of the first two SEOFs modes; (3) use the filtered and 
dimensionality reduced field to extract the time series that cor-
respond to the cells contained in the key region identified for 
each wave; (4) average and standardise the time series that is 
finally the SEOF12 index of each wave.

Moreover, we designate a wet (dry) wave phase when the re-
constructed SEOF12 OLR index is negative (positive), meaning 
a higher (weaker) convective activity in the base region. The 
wet (dry) cases have been selected when the standardised re-
constructed OLR index is minimum (maximum) and weaker 
(higher) than minus (plus) 1.5. Then, with the dates provided by 
the SEOF12 OLR index, we carry out composites of the desea-
sonalised fields of interest (e.g., precipitation, VIMD, total wind 
speed (W), vertically integrated eastward and northward water 
vapour fluxes, which are computed based on the key times as-
sociated to the wet (dry) cases found for each wave type. Those 
results do not consider time lags and are presented as maps in-
cluding the statistical significance using a t-test.

3   |   Results

3.1   |   Wave Number–Frequency Power Spectrum

Figure 2 presents the regional wave number–frequency power 
spectrum of the symmetric and antisymmetric components of 
ERA5 OLR for a region centred in Northern South America. This 
figure illustrates the ratio between the raw power and the power 
of a smoothed red noise background spectrum, with contours 
starting at 1.1 above the background level. The figure reveals 
a strong signal above the background in the spectral regions 
associated with KWs, MRG waves, easterly waves (EWs) and 
the MJO. The boxes in Figure 2 represent the wave number–fre-
quency regions corresponding to these waves, which are used 
for filtering, as described by Kiladis et  al.  (2009). This figure 
provides a clear view of the dominant tropical wave phenomena 
in the study area. The presence of these waves indicates their 
significant role influencing the variability of OLR in the region. 
By identifying these spectral regions, we can better understand 
the contributions of each wave type to intraseasonal variability 
in the region. This approach enables the isolation and analysis 
of specific wave-related variabilities in the OLR data.

FIGURE 2    |    Regional wave number–frequency power spectrum of the (a) symmetric and (b) antisymmetric component of ERA5 OLR, plotted 
as the ratio between raw power and the power in a smoothed red noise background spectrum. Light dotted lines show the dispersion curves for the 
Matsuno solutions to equatorial-trapped waves. Boxes represent regions of wave number–frequency filtering for the Kelvin waves, Mixed Rossby-
Gravity (MRG) waves, Easterly waves (EWs), and Madden–Julian oscillations (MJOs). The dispersion curves (dashed lines) denote equatorial wave 
dispersion curves equivalent depths of h = 8, 12, 25, 50 and 90 m. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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3.2   |   OLR Variance

Figure 3 shows the total variance of OLR for the period 1981–
2022, which exhibits the highest values over northern South 
America (northernmost Colombia and the Colombian Pacific 
western coast), Central America, the eastern Pacific Ocean 
(around the latitude 10° N), and South-eastern South America 
(over the Amazon River basin). At intra-seasonal time scales, 
the variance explained by TEWs, KWs, MRGs, and MJOs consti-
tutes around 16% of the total variance for all the study regions. 
From this 16% intraseasonal variance, each wave type's contri-
bution is as follows: KWs are the biggest contributor with 37%, 
followed by the MJO with 23%, MRG with 20%, and TEWs with 
15% of the total variance, respectively.

Conversely, lower variance in OLR was observed in the tropical 
Pacific and Atlantic Oceans, both oceanic regions, and at the 
continental level in northern and central Mexico and northern 
South America. The minimum variance observed in these loca-
tions could be related to various factors. In the case of the tropi-
cal Pacific and Atlantic, the presence of warm and stable waters 
likely contributes to lower variability in longwave radiation. 
These regions typically experience more uniform atmospheric 
conditions with fewer abrupt changes in OLR. Regarding con-
tinental areas like Mexico and northern South America, factors 
such as topography and land cover can influence OLR variabil-
ity. Mountain ranges or dense vegetation may alter radiation 
distribution, reducing variability. Additionally, cloud cover, at-
mospheric humidity, and stability may also play roles, creating 

FIGURE 3    |    (a) Variance of the unfiltered OLR over the region of study. The variance of the filtered OLR over the study region at frequency bands 
associated with intraseasonal oscillations: (b) Tropical Easterly Waves (TEWs), (c) Kelvin waves (KWs), (d) Mixed Rossby-Gravity (MRGs) and (e) 
Madden–Julian oscillations (MJOs). The base regions for the OLR reconstructions are depicted in dashed rectangles. [Colour figure can be viewed 
at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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more stable and predictable atmospheric conditions, thus reduc-
ing longwave radiation variability (Smith and Rutan 1994; Fung 
et al. 1984).

The Figure 3 also shows the desaggregated variance of the OLR 
anomalies for each intraseasonal oscillation associated with 
TEWs, KWs, MRGs, and MJOs, separately. The filtered OLR 
at time scales of the TEWs exhibits its higher variance in a re-
gion of the tropical Atlantic (40° W–50° W;5° N–10° N), the KWs 
over the tropical Pacific Ocean (100° W–120° W;2° N–10° N), the 
MRGs over the tropical Pacific (100° W–118° W;5° N–8° N), and 
the MJOs show their maximum variance in the Pacific Ocean 
(110° W–120° W;8° N–12° N). It is important to mention that all 
intraseasonal tropical waves exhibit high variance values over 
the Pacific Ocean around 10° N.

These results align with the analysis by Salas et  al.  (2022), 
who demonstrated that the highest variance is associated with 
KWs during June–July–August in northern South America. 
Additionally, our findings highlight two significant regions for 
KW over South America: the Eastern Pacific and the Amazon. 
These regions are consistent with previous studies (Liebmann 
et al. 2009; Mayta et al. 2021) identifying them as Kelvin waves' 
origin points.

This intraseasonal variance influences atmospheric moisture 
patterns and the propagation of intraseasonal atmospheric os-
cillations (DeMott et al. 2024; Chrisler and Stachnik 2023). It 
also represents the variability of intraseasonal tropical waves 
(Keshav and Landu 2020), which may be influenced by oce-
anic interactions such as sea surface temperature (SST) and 
ENSO, as they play a crucial role in the variability of intrase-
asonal tropical waves, including Kelvin, Rossby, TD (tropical 
depression waves) and MJO (Keshav and Landu 2022; Webber 
et al. 2010). The detection of this variability has also provided 
the basis for the simulation of intraseasonal oscillations in 

general circulation models (GCMs) (Liu et al. 2015), improv-
ing the predictability of global teleconnections associated 
with the intraseasonal variability of different oscillations 
(Straus et al. 2023).

3.3   |   Annual Cycle of Waves Activity 
and Associated Precipitation

Figure 4 shows the activity of oscillations based on the total 
number of events (wet+dry) for each type of intraseasonal 
wave over the regions depicted in Figure 3b–e during the 1981–
2022 period. In general, the TEWs events show their activity 
from May to December, with the highest activity occurring 
during the boreal summer (July–August). These results are 
consistent with previous studies, which state that the number 
of TEWs in the northern hemisphere peaks between July and 
September (JAS) (Russell et al. 2017; Dominguez et al. 2020; 
Hollis, Stachnik, et  al.  2024; Hollis, McCrary, et  al.  2024). 
KWs exhibit peak activity during April and May, with an av-
erage of five events per month. This agrees with Rakhman 
et al. (2017), who found that KWs are detected in symmetrical 
components across seasons and under all ENSO conditions. 
They also noted that a strong KW signal occurs from DJF to 
MAM, with the strongest activity during MAM. Additionally, 
these findings align with Wheeler and Kiladis  (1999), who 
identified equatorial planetary wave activity in the Southern 
Hemisphere summer (November–April) and the Northern 
Hemisphere summer (May–October).

MRGs exhibit an unimodal annual cycle with peak activity 
from May to October and lowest activity from November to 
April, consistent with the peak activity reported by Roundy 
and Frank  (2004) during the boreal summer. These results 
corroborate findings by Shreya and Suhas  (2024), which indi-
cate that most westward-propagating MRG wave events in the 

FIGURE 4    |    Activity of oscillations based on the number of wet + dry events along the year associated with Tropical Easterly Waves (TEWs), 
Kelvin waves (KWs), Mixed Rossby-Gravity (MRGs) and Madden–Julian oscillations (MJOs). Box-plots represent the variation in the distribution 
of the number of wave events for each month during the years of analysis. Dots represent atypical values while the horizontal lines within the box 
denote the median. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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upper troposphere occur from May to October. They also reveal 
clear seasonality in amplitude, wavenumber, and trapping scale, 
suggesting a distinct peak season. Moreover, 61% of the MRG 
events identified by Shreya and Suhas  (2024) occurred during 
May–October, with 65% observed over the central–east Pacific 
and Atlantic Ocean regions. Regarding MJOs, the highest activ-
ity occurs from May to July and September to October. However, 
previous studies have indicated that the tropical MJO is more 
active during the boreal winter and relatively weak during the 
boreal summer (Lu and Hsu 2017). Specifically, this work found 
that MJO events exhibit higher activity, stronger intensity, and 
longer duration during the boreal winter (Dec.–Feb.) and spring 
(Mar.–May). Although there is evidence of MJOs influencing 
precipitation in the study region (Recalde-Coronel et al. 2020), 
there is no consensus on their seasonality.

Figure 5 shows the percentage of total precipitation during the 
1981–2022 period associated with wet and dry wave phases iden-
tified using the SEOF12 OLR index. This figure indicates that 
TEWs account for 30% to 40% of precipitation over northwest-
ern Mexico, Central America, Venezuela, the eastern Pacific 
Ocean between 5° N and 20° N, and the tropical Atlantic around 
10° N–15° N and 70°W–50° W. For KWs, the highest percentage 
of precipitation is found in the northern Amazon (12%–18%), 
the Pacific coasts of northern Peru (up to 40%), and the tropical 
Pacific (5° N-3° S / 100° W-120° W). MRGs show higher precipi-
tation percentages over the Baja California peninsula (approx-
imately 40%), western Mexico, the Pacific coasts of Central 
America, northern South America, and central Venezuela. The 
MJO accounts for approximately 10% to 12% of precipitation 
across all continental regions.

Overall, TEWs and MRGs contribute most to the precipitation 
activity in the study region, while KWs are more representative 
over the Amazon basin. It is important to note that each wave is 
active in different seasons throughout the year (Figure 4), which 
can lead to overlapping precipitation events. However, the iso-
lated influence of these waves does not explain most of the re-
gion's precipitation, which is heavily influenced by seasonal and 
annual variability components. Similar results were found using 
the CHIRPS dataset (Figures S1–S3). Additionally, differences 
in the number of events detected may be associated with the se-
lection method, which is based on the maximum and minimum 
values of the OLR index as explained in Section 2.3.

Previous results agree with the regression analysis proposed 
in Section 2.3 (Figure S4). For the TEWs (with an activity re-
gion 40° W–50° W;5° N–10° N), there is a positive correlation 
between the index and precipitation over the tropical Atlantic 
offshore Venezuela, the plains between the Andes and the 
Guiana Shield, Peru, northeastern Brazil, southern Mexico, 
Guatemala, Belize, and Honduras, while a negative correla-
tion predominates in the Caribbean, northern Colombia, 
Panama, and Costa Rica. For KWs, with an activity region of 
100° W–120° W; 2° N–10° N over the Tropical Pacific, there is 
a positive correlation in northern South America, including 
northern/central Amazonia, and a negative correlation with 
the precipitation in Mexico and the Pacific coasts of southern 
Colombia and northern Ecuador. For MRGs, with an activity 
region of 100° W–118° W; 5° N–8° N over the tropical Pacific, 
there is a positive correlation with precipitation in northern 
South America, Panama, Costa Rica (offshore the Pacific 
Ocean), and a negative band of correlation over the Pacific 

FIGURE 5    |    Percentage of precipitation during episodes of TEWs, KWs, MRGs and MJOs. [Colour figure can be viewed at wileyonlinelibrary.
com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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Ocean around 5° N–12° N facing Central America. For MJO, 
with an activity region 110° W–120° W; 8° N–12° N over the 
tropical Pacific, a negative correlation predominates between 
the MJOs and precipitation, although some regions over the 
Atlantic and Pacific Oceans exhibit positive correlation.

Hereafter, based on the SEOF2 OLR index, we estimate com-
posite fields of precipitation anomalies, wind speed anomalies at 
850 hPa, VIMD, and vertical integral of eastward and northward 
water vapour flux to aim to understand the circulation associ-
ated with the dry and wet events for each wave-type examined 
in the next section.

3.4   |   Composites for TEWs

Figure 6 (upper row) shows the composite anomalies of precip-
itation during wet and dry days according to the OLR index at 
TEWs time scales over the region defined in Figure 3b. Across 

northern South America and Central America, a wave-like pat-
tern of alternating positive and negative precipitation anomalies 
is evident, consistent with wind speed anomalies at 850 hPa and 
VIMD. During wet days, regions with positive precipitation 
anomalies agree with areas of negative VIMD (convergence), 
and vice versa during dry days. The VIWVF highlights water 
vapour pathways associated with these conditions.

On wet days, positive precipitation anomalies are observed 
over the Caribbean Sea, the Pacific coast of Central America, 
and a region in the tropical Atlantic between 40° W–55° W and 
5° N–15° N. Convergence zones appear over the Panama Bay 
and the Guianas, driven by winds from the Pacific, Caribbean 
and Amazon regions. Conversely, dry conditions prevail along 
the eastern Andes and the eastern Pacific coast of Guatemala. 
During dry days, negative precipitation anomalies are found 
over the Atlantic Ocean and the Caribbean coasts of Colombia 
and Panama, while positive anomalies occur over Venezuela, 
eastern Colombia, and parts of the North Atlantic. Notably, a 

FIGURE 6    |    Composites of precipitation anomalies (top row), vertically integrated moisture divergence anomalies (middle row) and percentage 
of precipitation during wet and dry episodes (bottom row) associated with TEWs. Coloured areas represent composite values with statistical signif-
icance at the 0.95 confidence level. Wind speed anomalies at 850 hPa are shown in the top row, and vertically integrated moisture transport vectors 
are displayed for wet and dry episodes in the middle row. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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wave-like trough is observed over northern South America and 
the Caribbean Sea.

Valencia et  al.  (2024) reported similar findings during the 
OTREC campaign, noting enhanced precipitation during 
wet TEW days due to intensified cross-equatorial flow and 
a stronger meridional ChocoJet. In contrast, dry TEW days 
were associated with a stronger Caribbean low-level jet (CLLJ) 
and a weaker ChocoJet. Our results agree with these obser-
vations, suggesting that a stronger CLLJ may be linked to dry 
TEWs, although further research is needed. Moreover, previ-
ous studies have linked the cyclonic circulation of TEWs to an 
increase in the CLLJ at 850 hPa (Molinari and Vollaro 2000; 
Serra et  al.  2010). Our analysis shows that during wet days, 
VIWVF from the Pacific to the Caribbean, along with nega-
tive VIMD, supports enhanced precipitation, while during dry 
days, positive VIMD (divergence) does not organise precipita-
tion similarly. We hypothesise that wet days benefit from sta-
bilised wind shear due to the ChocoJet, promoting convection, 
whereas an enhanced CLLJ favours destabilisation during 
dry days.

Figure 7 (bottom row) indicates that TEWs account for around 
20% of precipitation in the central Pacific coast of Mexico, more 
than 16% in the Caribbean, 12% in Southern Mexico, the Pacific 
coast of Central America, Guatemala, El Salvador and cen-
tral Venezuela, potentially contributing up to 30% combined. 
Despite methodological differences, our findings are consis-
tent with previous studies by Hollis, Stachnik, et al. (2024) and 
Dominguez et al. (2020).

3.5   |   Composites for Kelvin Waves

Figure  7 (upper row) shows the composite anomalies of pre-
cipitation during the wet and dry days according to OLR over 
the region defined in Figure 3c. During dry days, the eastern 
Pacific around 10° N, between 100° W and 120° W, exhibits 
negative anomalies (indicating dry conditions), with strong 
patches around 8° N, 92° W and the southern Colombian 
Pacific (2° N, 78° W). In contrast, positive precipitation anom-
alies (indicating wet conditions) are observed over large parts 
of Northern South America including the northern Amazon, 

FIGURE 7    |    Same as Figure 6 for KWs. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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Orinoco region, eastern and central Colombia, with anomalies 
extending over portions of the Caribbean Sea. The regions of 
wet (dry) conditions over northern South America correspond 
well with the areas of moisture convergence (divergence) 
(Figure 7) and the low-level wind anomalies (850 hPa) converg-
ing towards wet regions and diverging from the dry regions.

During wet days, a strong dipole is observed between the 
eastern Pacific Ocean and Northern South America: positive 
precipitation anomalies in the former and negative anomalies 
in the latter region. The figure also shows that in the east-
ern Pacific, a region of wet conditions, low-level winds (at 
850 hPa) converge, while over the Amazon, winds diverge into 
two branches: one flows southward, and the other reaches the 
Caribbean Sea before joining the Pacific Ocean (Figure  7). 
Notably, opposite anomalies are seen during dry and wet 
events in the regions of high variance for KW: the Amazon 
and the eastern Pacific. Liebmann et  al.  (2009) and Mayta 
et al. (2021) suggest that KWs originating from the Pacific and 
South America have different characteristics; the latter shows 
strong signals of wave trains at upper levels. In this study, we 

only consider the waves with Pacific precursors, and our re-
sults suggest that wet (dry) events over the Pacific coincide 
with dry (wet) events in the Amazon.

Figure 7 presents the percentage of precipitation associated with 
KWs during wet and dry days. The highest percentages (up to 
20% combined) are found in the Amazon and Orinoco River 
basins (eastern Colombia, western Venezuela and northern 
Brazil), while during wet days, the highest percentages are ob-
served in the tropical eastern Pacific. This result highlights the 
importance of KWs in Northern South America's hydroclimate, 
as they account for up to 20% of the precipitation in portions of 
the two greatest basins in the region (Figure 5 and Figure S3).

3.6   |   Composites for MRG Waves

Figure 8 (upper row) shows the composite anomalies of precip-
itation during the wet and dry days according to the OLR index 
at MRG time scales over the region defined in Figure 3d. During 
both wet and dry days, a dipole pattern is evident, indicating the 

FIGURE 8    |    Same as Figure 6 for MRGs. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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westward propagating signal of these MRGs originating in the 
central-east Pacific, as described by Shreya and Suhas  (2024). 
On wet days, positive anomalies (indicating wet conditions) 
dominate over the eastern Pacific (around 10° N), while negative 
anomalies (indicating dry conditions) extend across the Panama 
gap and the Colombian Pacific Ocean, reaching as far as 100° W. 
These spatial patterns are consistent with those shown in the 
VIMD (Figure 8, middle row), where regions with positive (neg-
ative) anomalies of precipitation correspond to areas with posi-
tive (negative) VIMD. Similarly, regions with positive anomalies 
(in both precipitation and VIMD) are linked to areas of conver-
gence, while regions with negative anomalies are associated 
with divergence areas. Notably, the anticyclonic circulation over 
the eastern Pacific is characterised by winds flowing from a re-
gion of divergence (the Panama gap) into a convergence area (the 
eastern Pacific around 100° W).

During dry days, we observed patterns opposite to those on wet 
days. Negative precipitation anomalies (indicating dry condi-
tions) prevail over the Pacific Ocean between 100° W and 120° W 
around 8° N, while positive anomalies (indicating wet condi-
tions) dominate over the Colombian Pacific Ocean, extending 
as far as 100° W. Interestingly, the Colombian Pacific Ocean ap-
pears as a convergence area, with winds coming from divergent 
and dry regions of the Peruvian coast and the eastern Pacific 
around 10° N. It is important to note the possible modulation of 
the cross-equatorial flow via the Orinoco Low-Level Jet (OLLJ) 
over the MRG. We hypothesise that during wet days, northerly 
winds (from the tropical Atlantic Ocean) remain active along the 
OLLJ corridor, while during dry days, southerly winds (from the 
Amazon) prevail along the OLLJ pathway. To our knowledge, 
this is the first time that the relationship between the OLLJ and 
the MRG has been highlighted, and it warrants further research.

Additionally, Figure  8 (bottom row) presents the percentage of 
precipitation accounted for by MRGs during dry and wet days. 
During wet days, the highest percentages are found in south-
western Mexico and the eastern Pacific Ocean between 8° N 
and 15° N, eastern and western Colombia, and both Pacific and 
Caribbean in NSA (up to 8%). During dry days, areas of high 
precipitation include the Pacific coast of Central America, east-
ern Pacific, Colombia and central Venezuela, and nearly 20% of 
the precipitation over the Gulf of California. Horinouchi  (2013) 
suggests that MRGs are highly anti-correlated with precipitation 
over the tropical western to Central Pacific Ocean during boreal 
summer and that there is no year-round effect of these oscillations 
over precipitation, while on the other hand, we found that there is 
a clear correlation between MRGs and precipitation in the eastern 
Pacific, enhancing our understanding of the regional distinct im-
pact of MRGs in the Pacific region. In this context, when the MRG 
generates positive anomalies in OLR, we observe higher precipi-
tation over the region. However, according to Fahrin et al. (2024), 
these percentages should be interpreted with caution due to the 
broad spectral band of MRGs and its relationship with the posi-
tion of the Intertropical Convergence Zone in the region.

3.7   |   Composites for MJO

Figure 9 (upper row) shows the significant precipitation anom-
alies during wet and dry days according to the OLR index 

developed at MJO time scales. Notably, wet (dry) days corre-
spond to positive (negative) precipitation anomalies centred over 
the Eastern North Pacific Ocean (ENP). This oceanic pattern 
also connects to continental regions from southern Mexico to 
Colombia (from 20° N, 0° N). The positive precipitation anoma-
lies associated with wet days are higher and more extensive than 
the negative anomalies during dry days. During wet days, anom-
alies of up to +6 mm/day reach the Caribbean coasts of Mexico, 
Central America, northern and western Colombia, and even 
some regions of the Orinoco and Amazon River basins. During 
dry days, anomalies of up to −2 mm/day remain significant over 
Central America and northern Colombia without reaching the 
Caribbean Sea.

These significant patterns of positive (negative) precipitation 
anomalies correspond to strong convergence (divergence) of 
atmospheric moisture flux over the ENP, continental Central 
America, and western/northern Colombia (Figure  9 mid-
dle row). Anomaly vectors of VIWVF also reveal that during 
wet (dry) days, the ENP acts as a sink (source) of atmospheric 
moisture coming from (going to) the tropical central Pacific 
(5° S–15° N). Finally, Figure  9 (bottom row) presents the per-
centage of precipitation accounted for by MJOs during wet and 
dry days. Consistent with the results on precipitation and VIMD, 
wet days concentrate a higher percentage of precipitation than 
dry days. During wet days, the highest percentage of precipita-
tion is centred over the ENP, from 15° N to 20° N off the coasts 
of southern Mexico and Guatemala (reaching up to 20%), as well 
as over eastern Mexico, the Caribbean and Central America 
(around 15%), and western Colombia (up to 10%). During dry 
days, the highest percentages of precipitation are found over the 
Pacific Ocean, the Gulf of Mexico, southern Mexico, the Yucatán 
Peninsula, Central America, the far eastern Pacific from 10° N 
up to 15° N, and northwestern Colombia.

Maloney and Hartmann  (2000) found that during boreal sum-
mers, MJO events amplify locally over the ENP near Central 
America, which aligns with our findings (Figures 4 and 9). Clearly, 
the MJO significantly influences precipitation and atmospheric 
moisture flux over the ENP by modulating SST anomalies and 
enhancing off-equatorial convection (Maloney and Kiehl 2002). 
Increased convection in the ENP is driven by westerly wind 
anomalies, causing cyclonic low-level shear and enhancing con-
vergence north of the maximum winds. Furthermore, convection 
inflow over Central America, Mexico and the western Caribbean 
Sea further strengthens ENP circulation, with additional topo-
graphic effects over land (Maloney and Hartmann 2000).

4   |   Final Remarks and Future Work

We studied the spatiotemporal intraseasonal variability using 
regression coefficients, variance analysis and empirical orthog-
onal function spectra through daily OLR data spanning 42 years 
(1981–2022). Our analysis reveals that the largest contributions 
to OLR variability are associated with convectively coupled 
KWs and the MJO, with smaller contributions from TEWs and 
MRG waves.

Our findings present a clear wave-type structure for the TEWs 
over the study region, showing consistency between the wet 
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(dry) events classification based on the OLR index and moisture 
convergence (divergence). Furthermore, these patterns reveal 
interesting coherence with water vapour sources and low-level 
interactions over the study region. Notably, during wet days, 
two areas of convergence were identified: the Panama Bay and 
the Guianas. It is important to note that the TEW events can 
be associated with an increase in precipitation of up to ~20% 
in some locations. Specifically, wet TEW days coincide with an 
increase in precipitation (compared to days without TEWs) by 
15%–20% over the tropical Atlantic, the Caribbean Sea, the far-
eastern Pacific near Colombia, and the southern Pacific coast of 
Mexico. Conversely, dry TEW days also exhibit an increase in 
precipitation of around 10%–15% but in different locations, such 
as the northeastern Atlantic coast and continental Venezuela, 
as well as the southern coasts of Nicaragua, El Salvador, and 
Guatemala. Interestingly, the eastern Pacific emerges as an area 
of significant precipitation contribution during both dry and wet 
events.

For Kelvin waves, a notable dipole of precipitation anoma-
lies during wet days is observed between the eastern Pacific 

(positive anomalies) and northern South America (negative 
anomalies). The opposite pattern occurs during dry days. This 
dipole aligns with two sources of Kelvin waves identified in 
the region: the eastern Pacific and the Amazon (Liebmann 
et al. 2009). During wet (dry) days, precipitation exhibits sig-
nificant positive (negative) anomalies over the Amazon and 
northeastern South America. Most of these patterns can be 
associated with regions of low-level wind convergence (diver-
gence) or VIMD. However, some regions experiencing signif-
icant hydroclimatic changes, like the Caribbean and Mexico, 
cannot be explained solely by these variables. In general, 
Kelvin waves can be associated with a precipitation increase 
of around 15% over the far-eastern Pacific Ocean during wet 
days, while precipitation increases by around 10% over the 
Amazon, eastern Colombia, Venezuela, the Caribbean islands 
and the Central Pacific.

For MRGs, we identified what appears to be an oscillation-like 
pattern travelling from the Central Pacific, as noted by Suhas 
et  al.  (2020). This MRG wave-like pattern exhibits a dipole 
over the eastern Pacific around 10° N. An interesting moisture 

FIGURE 9    |    Same as Figure 6 for MJOs. [Colour figure can be viewed at wileyonlinelibrary.com]
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pathway exists between the Colombian Pacific (reaching 90° W) 
and the eastern Pacific (100° W-120° W, 10° N), with the latter 
region acting as a convergence area during wet MRG days, while 
the opposite occurs during dry days. Unlike TEWs and KWs, 
MRGs colocate their precipitation regions in correspondence 
with the convergence areas and precipitation anomalies. During 
wet days, the highest contribution of precipitation is observed 
over the southwestern Pacific coast of Mexico, accounting for up 
to 20%. This study provides novel findings regarding the influ-
ence of MRGs on the hydroclimate of Southern North America, 
Central America and Northern South America.

For MJOs, we found that precipitation anomalies are centred 
over the Eastern North Pacific, being positive (negative) for 
the wet (dry) MJO days. This result agrees with previous stud-
ies that have demonstrated the influence of MJOs in modulat-
ing the precipitation in Mexico and Central America (Barlow 
and Salstein 2006; Perdigón-Morales et al. 2019, 2021). During 
wet days, we observed higher convergence and precipitation 
along the Pacific Ocean coasts from northern Ecuador to cen-
tral Mexico. During wet MJO days, the highest contribution to 
precipitation is observed over the ENP region and the coasts of 
southern Mexico and Guatemala, corresponding to up to 16%.

TEWs and MRGs are highlighted as important sources of precip-
itation in three particular regions: Mexico, Central America and 
Venezuela. These regions not only contain the majority of the 
population within the study area but also encompass basins of 

great ecohydrological relevance, such as the Orinoco, Northern 
Amazon and the Usumacinta basins. For tropical basins, there 
are processes of great importance, such as the recycling of at-
mospheric moisture within the 3 to 20-day timescales (van der 
Ent and Savenije  2011; Zemp et  al.  2014; Enciso et  al.  2022), 
which can be strongly influenced by intraseasonal oscillations 
and maintain the stability of the water cycle and the tropical 
ecosystems (Zemp et al. 2017; Beveridge et al. 2024). Then, our 
findings related to MRGs present new insights into how these 
oscillatory processes influence long-term precipitation.

Figure 10 presents a schematic representation of the areas within 
the study region where there are positive or negative precipita-
tion anomalies during the wet and dry days defined with the 
SEOF12 OLR index. This figure gives us a general glance over 
the possible interaction between oscillatory processes in the 
study region in this long-term analysis and opens new research 
avenues regarding the quantification of the temporal and spatial 
interaction of these processes over the year or the study period.

This study raises new questions for future research such as 
follows: (i) Are rainfall extremes in the region related to the 
intraseasonal oscillation activity?; (ii) What is the influence of 
each intraseasonal wave type on the streamflows?; (iii) How 
are oceanic circulation patterns, precipitation anomalies, and 
sea surface temperatures related during the active phases of 
each oscillation?; (iv) Is there synchronisation between in-
traseasonal oscillations that might influence precipitation 

FIGURE 10    |    Schematic representation of the intraseasonal oscillations interaction when there is a positive or negative precipitation anomaly in 
the region during wet and dry days. [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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patterns over the region?; (v) How is the spatial interaction 
of intraseasonal oscillations, revealed with local indices, 
over other tropical regions such as the Indian Ocean and 
Australia?; (vi) How is the role of the Tropical Pacific EWs in 
the modulation of precipitation over Northern South America, 
Central America and Mexico?
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