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ABSTRACT: We introduce a simple method to define the start and the end of the rainiest part of the year as the first and
the last day of the year when the daily rain rate is more or less than the annual mean climatological rain rate for a region
or at a given grid point of the rainfall analysis, respectively. A novelty of this work is the adoption of a perturbation tech-
nique to generate a total of 1001 ensemble members to account for observational and analysis uncertainties. This allows
for a probabilistic estimate of the start and retreat dates of the rainy season at the granularity of the Integrated Multi-
satellitE Retrievals for Global Precipitation Measurement (IMERG), version 6, rainfall analysis over Central America.
The seasonal cycle of the IMERG rainfall analysis is also found to verify with in situ observations in the region. Many
large-scale climate drivers affect regional rainfall, often with complex interactions that affect the onset date, retreat date,
and magnitude of the seasonal rainfall cycle, making it difficult to predict the length or total quantity of seasonal rainfall us-
ing climate drivers alone. Once an onset date is established, however, this metric alone can be more indicative of both the
length and total seasonal rainfall anomaly than predicting how the climate drivers will interact to affect the quantity and
duration of upcoming seasonal rainfall. The local relationships of the start date with seasonal length and rainfall anomaly
are leveraged to produce effective seasonal outlooks of the rainy season for the region by just monitoring the start date
variations.

SIGNIFICANCE STATEMENT: The start date and retreat date of the rainy season in Central America are defined
every year, precisely to a specific date from our proposed definition of it. This is possible because the region exhibits a
strong seasonality of the rainfall. As a result, the year-to-year (interannual) variation of the seasonal rainfall during the
rainy season is also determined by the variations in the length of the season that are usually overlooked in fixed calen-
dar seasons. We define the start or retreat date of the rainy season as the first or the last day of the year when the daily
rain rate exceeds or falls below the average daily rainfall from 2001 to 2022, respectively. We also find that both start
and retreat date variations independently influence the length and total seasonal rainfall of the rainy season. Conse-
quently, these relationships are leveraged to provide an outlook of the forthcoming rainy season from the diagnosis of
the variations of its onset date, which is shown to be an effective predictor with significant useful seasonal prediction
skills.

KEYWORDS: Central America; Climate; Climate prediction; Forecast verification/skill; Seasonal forecasting;
Interannual variability

1. Introduction heterogeneous given the region’s complex geography (e.g., a
narrow isthmus oriented northwest—southeast, surrounded by
relatively warm oceans), topography, and location in the vicinity
of the ITCZ. For example, the region’s complex topography in
the narrow isthmus and its interaction with the seasonally vary-
ing easterly trade winds give rise to a differing seasonal precipi-

tation cycle between its Pacific and Caribbean slopes (Fig. 1;

The isthmus of Central America comprising Panama, Costa
Rica, Nicaragua, Honduras, El Salvador, Guatemala, and Belize
has a distinct seasonal cycle of rainfall and a well-recognized
monsoon system that is part of the unified view of the North and
the South American Monsoon systems (Fig. 1; Vera et al. 2006).
The seasonality of rainfall is vital for the region’s economy

(Wani et al. 2009; Alfaro 2014; Giraldo-Mendez et al. 2019;
Loboguerrero et al. 2018; Stewart et al. 2022). However, the sea-
sonal evolution of rainfall over Central America is rather
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Magafia et al. 1999; Alfaro 2002; Taylor and Alfaro 2005;
Amador et al. 2006). Furthermore, the north-south contrast in
the rainy seasons from Panama to Belize is also distinct owing
partly to the movement and extent of the ITCZ and its associ-
ated circulations and the strength and extent of the subtropical
highs in the Pacific and the Atlantic Oceans. Additionally, the
variability of the regional climate system forced by remote fac-
tors like ENSO, tropical North Atlantic SSTs (Duran-Quesada
et al. 2017, 2020), and internal chaotic variations make anticipat-
ing or forecasting the seasonal hydroclimate over the region a
challenging task (Alfaro et al. 2018; Kowal et al. 2023).
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FIG. 1. The regional domain of Central America, which is the focus of this study, is at the center with eight selected NOAA’s GHCN
stations identified on the map. The time series of (top) daily climatology of rainfall (mm day ') and (bottom) its corresponding seasonal
cycle (mm day”'; isolated by harmonic analysis) for GHCN stations (black lines) (a) BHMO00078583, (b) HOMO00078708,
(c) HO000078711, (d) CSM00078762, (¢) NUMO00078741, (f) HO000078720, (g) ES003800510, and (h) MXNO00007172. The corresponding
time series of the nearest grid point in the IMERG rainfall analysis is also plotted in all panels (red lines). The correlation coefficient (CC)
and the RMSE (mm day ) of the seasonal cycle between the GHCN and the nearest IMERG rainfall analysis grid point time series of the
daily climatology of the rainfall are also indicated in each panel.

Several earlier studies have examined the evolution of the mesoscale rain events that are not necessarily associated with
rainy season and its predictability in the region (e.g., Gramzow the seasonal cycle (Flatau et al. 2003). Additionally, the prede-
and Henry 1972; Enfield and Alfaro 1999; Alfaro 2000; Nakae-  termined threshold could potentially change in a changing cli-
gawa et al. 2015; Martinez et al. 2019, 2020; Kowal et al. 2023). mate (Hidalgo et al. 2013). Martinez et al. (2019, 2020) use
A number of these studies identify the start/retreat of the rainy  pentads to reduce the noise in the daily or subdaily rainfall and
season on daily or pentad rain-rate thresholds. For example, define the rainy season between the 17th and the 67th pentad to
many studies use the start date of the rainy season as the first  account for the temporal variations of the season across Central
pentad of the year when it exceeds a threshold of 25 mm or  America. Here, the disadvantage is that the 5-day averaging of
more (e.g., Gramzow and Henry 1972; Enfield and Alfaro the pentad reduces the temporal resolution of the rainfall data
1999). Enfield and Alfaro (1999) define the start date to be the =~ when there is a growing repository of remotely sensed data at
first pentad when the rainfall = 25 mm, with at least one of the  subdaily intervals (Zambrano-Bigiarini et al. 2017).
two succeeding pentads exceeding 25 mm and the two pentads In this paper, we offer a simple but effective way to define
surrounding or following the latter at least have a trace amount  the start and the retreat of the rainy season across Central
of rainfall on average each day. While threshold-based defini- America at the native resolution of the observational dataset
tions can be quite informative for sector-specific applications of rainfall (in our case, it is at 10-km grid). The proposed
like for specific crop planting timing, such threshold-based meth-  methodology has been successfully implemented in other re-
ods are less widely applicable across different applications and  gions like India (Bhardwaj and Misra 2019), northern Australia
large spatial scales. Furthermore, the threshold methodology  (Uehling and Misra 2020; Misra et al. 2023), and Florida (Misra
could detect false start/retreat dates owing to random synoptic/ et al. 2022). This method identifies the “rainiest” period of the
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year objectively as the first and the last day of the year when the
daily rain rate is greater than the corresponding annual mean
climatological daily rain rate. As a result, the methodology is
still able to identify a rainy season even in regions of Central
America along the Caribbean coast that rain for most of the year
and barely display a “dry” season (e.g., Alfaro 2002; Hidalgo et al.
2017). This method also differs from earlier studies that split the
rainy season into an early rainy period (May-July) and a late
rainy period (August-October) (e.g., Alfaro et al. 2018; Kowal
et al. 2023). This splitting of the rainy season is roughly on either
side of the mid-summer drought (MSD). Magaiia et al. (1999)
define the bimodal distribution of rainfall over southern Mexico
and Central America with peaks in June and September—October
and a relative minimum in July and August as MSD. In this study,
we span the entire rainy season including the MSD as our meth-
odology is unable to make the distinction between the two peri-
ods. Furthermore, assessing and providing the seasonal outlook
for the entire rainy season allows for more lead time in planning
to mitigate or adapt to the impacts of the anomalous season
and complements the other efforts to assess the early and late
rain periods.

A localized approximation of the start date could be a sim-
pler option to estimate key wet season characteristics com-
pared to relying on an assessment of the complex interactions
between known rainfall drivers. Unlike some of the other ex-
pansive monsoonal regions (e.g., the Asian monsoon and the
Australian monsoon), the Central American region as men-
tioned earlier has a complex evolution of the wet season that
evolves zonally and meridionally giving rise to sharp spatial
gradients of rainfall (Hidalgo et al. 2015). The large-scale tele-
connections with neighboring ocean basins are also compli-
cated (Duran-Quesada et al. 2020). For example, the role of
ENSO and ITCZ variability in the interannual variability of
Central American rainfall is not uniform. ENSO variations af-
fect the trade winds, the Caribbean low-level jet, and the me-
ridional location of ITCZ, which in turn impact the moisture
transport and consequently modulate rainfall over the Central
American isthmus differently between the Pacific and the
Caribbean coasts (Amador et al. 2016a,b; Durdn-Quesada
et al. 2020). Several studies suggest that with a cold or warm
phase of ENSO, there is an associated increase or decrease of
rainfall along the Pacific coast of Central America, respec-
tively (Dai and Wigley 2000; Giannini et al. 2000; Cid-Serrano
et al. 2015; Hidalgo et al. 2017; Maldonado et al. 2016, 2018;
Sanchez-Murillo et al. 2016). This teleconnection is, however,
impacted by the SST gradient between the tropical Pacific
and tropical North Atlantic Oceans (Enfield and Alfaro
1999). Waylen et al. (1996) suggest that ENSO teleconnec-
tions over Central America are strongly constrained by the
orographic effects on either side of the Central Cordillera giv-
ing rise to local, discrete teleconnection patterns. In this study,
we use a perturbed ensemble of daily rainfall data with a sim-
ple but effective definition of the rainy season (following
Misra et al. 2023) to provide a more granular view of the start
and retreat of the Central American rainy season. We lever-
age this more localized analysis to examine the seasonal predict-
ability of the regional rainfall. In the following section, we
describe the datasets and methodology followed by a discussion
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of the results in section 3. The concluding remarks are provided
in section 4.

2. Datasets and methodology

The daily rainfall data were obtained from the Integrated
Multi-satellitE Retrievals for Global Precipitation Measure-
ment (IMERG), version 6 (Huffman et al. 2019), as the pri-
mary dataset. The IMERG rainfall analysis was made available
at 0.1° grid spacing (~10 km) at half-hourly temporal resolution
from June 2000 to the present. The IMERG data also include
the rainfall analysis that is labeled early, late, and final run prod-
ucts which have a latency of ~4 h, 12 h, and 3.5 months, respec-
tively. The latency of these products is dictated by the time
taken for data ingestion, preprocessing the use of the kinds of
satellite radiances collected by the Global Precipitation Mea-
surement (GPM), the adopted analysis technique, and the avail-
ability and use of the atmospheric reanalysis products for the
release of the final gridded rainfall product (Huffman et al.
2019). Since the methodology introduced in this study to diag-
nose the evolution of the rainy season is also being adapted for
real-time monitoring of the season, we chose to use the 12-h la-
tency (late) product of IMERG. A 12-h latency will not affect
the real-time application and would also take advantage of the
additional preprocessing done relative to the 4-h latency prod-
uct. For this study, we have computed the daily sum of 12-h
latency IMERG product from its half-hourly interval. This
IMERG dataset is also verified for its seasonal cycle for eight
stations from NOAA'’s Global Historical Climatology Network
(GHCN; Menne et al. 2012), shown in Fig. 1. We isolated eight
stations (as indicated in Fig. 1) for this study that covered as
wide an area of Central America as possible and had the lon-
gest record of daily rainfall data in the region with the least
missing data (with at least 10 years available for each day of the
year) to develop a robust climatology. As a result of this latter
criterion, no GHCN stations were identified in Panama. To
compare the IMERG rainfall analysis data to these eight sta-
tions, we choose the nearest grid point. The seasonal cycle from
the time series as indicated in Figs. 1a—f is isolated by summing
the first four harmonics from the daily precipitation climatology
(Murakami et al. 1986; Jayasankar et al. 2015).

The methodology adopted in this study to diagnose the
start and retreat of the rainy season has been widely used for
many of the tropical regions that show strong seasonality of
rainfall (Liebmann and Marengo 2001; Misra and DiNapoli
2014; Dunning et al. 2016; Bombardi et al. 2019; Uehling and
Misra 2020). Essentially, this methodology diagnoses the start
and the retreat dates of the rainy season as the first and the
last day of the year when the daily rain rate is more than the
corresponding average daily rainfall from 2001 to 2022, re-
spectively. This is achieved by isolating the inflection points
on the daily cumulative anomaly curve of the rainfall (Fig. S1
in the online supplemental material). The cumulative anom-
aly curve of the daily rainfall for the ith day of the mth year at
the jth grid point [C,, (i, j)] is given by

G, ) = n;[pmm, N =2l (1)
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where p,,, (n, j) is the precipitation of the nth day in the mth
year at the jth grid point, p(j) = annual mean climatological
rain rate of the jth grid point = (l/MN)Zmzlznzlpm(n,j), M
is the total number of years, and N is the total number of days
in each year.

This methodology is effective only where there is a strong
seasonality of rainfall (Fig. S2). It should be noted that for
this study, the annual mean climatological rain rate at each
grid point was computed over the period of 2001-22. If the
daily rainfall data are averaged over a large area [e.g., over
India in Noska and Misra (2016) or over Northern Australia
in Uehling and Misra (2020)], then the chances of getting false
start and retreat dates are highly unlikely, as spatial averaging
reduces noise in the time series. However, in this study, where
the methodology is adopted at every grid point of IMERG
rainfall analysis which is at 10-km grid spacing, there is a
greater likelihood of obtaining false start and retreat dates of
the rainy season. To preclude diagnosis of false start and re-
treat dates from the excessive bearing of isolated synoptic or
subsynoptic rain-bearing systems, which may be unconnected
to the large-scale seasonality of the rainfall in the region, we
introduce a perturbation technique following Misra et al.
(2023). In a region like Central America, this may be particu-
larly relevant where mesoscale convective systems are abun-
dant (Liu and Zipser 2013, 2015). Additionally, the ensemble
of start and retreat dates obtained from the perturbed time se-
ries also reflects on the uncertainty of observations and analy-
sis techniques of the rainfall data. The uncertainty of the
analysis techniques refers to the production of discretized
rainfall data on regular (10 km) grids from converting the
pixel data of radiance of microwave sensors obtained from
multiple satellite platforms combined with Ku band radar sen-
sors, adjusted with rainfall estimates from several other sour-
ces (Huffman et al. 2019).

Following Misra et al. (2023), the perturbations to the time
series are generated by shuffling the original daily time series
of rainfall on the time scale of 7 days (representing synoptic
scales) with rain rates of every day being replaced by rain
rates occurring within the sequence of +3 days of the chosen
date. We generate 1000 such perturbed time series per year
per grid point. The spread and the ensemble mean of the 1001
(=1000 perturbations + the original) time series for a sample
year and for a sample grid point over Nicaragua are shown in
Fig. S3. The start and retreat of the rainy season is computed
at every grid point of the IMERG product (at its 0.1° grid res-
olution) for all 1001 ensemble members across Central America
for the period of the dataset (2001-22). Therefore, a random
rain event that exceeds the annual mean climatological daily rain
rate and is unconnected with the annual cycle either average out
in the ensemble mean or will yield, for example, an anomalous
start date with very low probability.

Our methodology ignores the MSD phenomenon in the re-
gion, which gives rise to the bimodal peak of rainfall in the re-
gion (Fig. S2). Although significant importance is attached
separately to the variations of the primary peak (May—June)
and secondary maximum (September—October) of rainfall
(Magaiia et al. 1999; Alfaro et al. 2018), there is still significant
rainfall during the July-August period of the MSD in many
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locations (>5 mm day ™ '; Fig. S2) while some locations will re-
ceive almost no rainfall in some years.

Some of the following indices are used in the study to gauge
the remote influence on the variations of the Central American
hydroclimate:

1) ENSO index: The seasonally averaged SST over the
Niflo-3.4 region.

2) Interbasin index: It is the seasonal mean SST difference be-
tween the tropical Atlantic region (80°-40°W and 10°-25°N)
and tropical Pacific region (160°E-160°W and 0°-10°N)
following Kim et al. (2020).

3) Atlantic warm pool index: The area enclosed by the
28.5°C SST in the tropical Atlantic following Wang and
Enfield (2001) and is averaged from the date of onset of
the warm pool to its demise following Misra et al. (2014).
The climatological onset and demise date of the warm
pool is 20 June and 2 November, respectively (Misra et al.
2014).

4) Tropical northeast Pacific warm pool index: The area en-
closed by the 28.5°C SST in the tropical northeast Pacific
following Wang and Enfield (2001) and is averaged from
the date of onset of the warm pool to its demise following
Misra et al. (2016). The climatological onset and demise
date of the warm pool is 22 March and 16 August, respec-
tively (Misra et al. 2016).

5) Tropical North Atlantic index: The area averaged SST
from 60° to 20°W and 10° to 20°N following Misra (2006).

We have also applied the field significance test on the tele-
connection patterns following Livezey and Chen (1983). We
used 500 Monte Carlo simulations to assess field significance
at the 95% confidence interval.

Finally, the verification of the seasonal outlook of the rainy
season presented in section 3d is done using the area under
the relative operating characteristic curve (AROC), which
measures the probabilistic skill of the outlook, obtained from
the 1001-member ensemble of the adopted methodology. The
seasonal outlook at a given grid point in the domain is consid-
ered useful if its corresponding AROC is =0.5 (Narotsky and
Misra 2022; Mason and Graham 1999). The AROC has be-
come part of the World Meteorological Organization (WMO)
standardized verification system for assessing the quality of
forecasts and is widely used to assess the quality of probabilis-
tic forecast systems (Stanski et al. 1989; WMO 2000; Mason
and Graham 2002).

3. Results
a. Verification

The climatological seasonal cycle of rainfall for all eight
GHCN stations is shown in Fig. 1. In this figure, we have also
overlaid the corresponding IMERG rainfall from the closest
grid point to the station for verification. It is to be noted that
the fidelity of the seasonal cycle of the IMERG data is impor-
tant in identifying the start/retreat of the rainy season. The
correlations of the seasonal cycle between the two time series
are over 0.75 for seven of the eight stations. Similarly, the
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FIG. 2. The 22-yr (2001-22) climatological median of (a) start date (Julian day), (b) retreat date (Julian day),
(c) seasonal length (days), and (d) seasonal rain (mm) from 12-h latency IMERG product.

root-mean-square error (RMSE) of the daily climatology of
rainfall of IMERG is relatively small (<2 mm day™!) com-
pared to the corresponding climatology in most of the sta-
tions. However, comparatively, the wet bias at stations over
Honduras (HOMO000078708 and HO000078711) and dry bias
over El Salvador (MXNO000007172) with RMSE of the sea-
sonal cycle at 1.81, 1.76, and 2.19 mm day ™, respectively, are
greater than other stations. In terms of variability, the high-
amplitude peaks of the daily climatological rainfall in all eight
stations are generally underestimated by IMERG (Figs. 1a—f).
Biswas and Chandrasekar (2018) indicate that the dual-
frequency precipitation radar of the GPM underestimates high
rain rates in convective cases. In summary, Fig. 1 suggests that
the IMERG product with 12-h latency is a viable product for
conducting the proposed analysis for the region that has real-
time applications.

b. Climatology

Figures 2a—d show the climatological median from 2001 to
2022 of the start and retreat dates, length, and seasonal rain-
fall of the rainy season. Since an ensemble of 1001 members is
generated from the methodology, we have used the median
value of the diagnosed start, retreat, length, and seasonal rain
for each rainy season to compute this climatology to avoid the
influence of outliers. In Fig. 2a, we observe that the start date
is generally earlier on the Pacific coast than on the Atlantic
coast. Furthermore, the earliest start dates appear in Panama,
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and start dates gradually occur later in the year as we pro-
ceed further north. However, this progression is not uniform
with parts of the Pacific coast of Costa Rica, Nicaragua, and
El Salvador displaying later start dates compared to parts of
Honduras and Guatemala. In fact, the earliest start dates in
Fig. 2a appear to be concentrated over the Central American
Dry Corridor (CADC) region (Gotlieb et al. 2019). The
CADC region is identified along the Pacific littoral from
Western Guatemala through northern Costa Rica that has
long dry seasons in boreal winter (at least 4 months in dura-
tion), is prone to drought, and has a marked MSD (Gotlieb
et al. 2019). The west-to-east progression of the start date of
the rainy season is, however, more uniform across Central
America (Fig. 2a). These patterns of the start date in Fig. 2a
match reasonably well with the mean start dates diagnosed
from rainfall pentads in Gramzow and Henry (1972). For ex-
ample, Gramzow and Henry (1972) find the earliest start
dates occur near the southern Pacific coast of Costa Rica, as
shown in Fig. 2a. Similarly, the coast of Panama along the
Gulf of Parita has the latest start date than the rest of Panama
(Fig. 2a) as in Nakaegawa et al. (2015). Alfaro (2000) also
showed that earlier start dates appear in the south and later
start dates in the north.

Similarly, the retreat date shows a meridional and a zonal
gradient in Fig. 2b. For example, the later retreat dates in
Panama and Costa Rica compared to the rest of Central
America are apparent. Furthermore, the Caribbean coast of
Central America displays a later retreat date than the Pacific
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coast, with interior areas in Nicaragua, Honduras, and Guate-
mala showing some of the earliest retreat dates of the rainy
season (Fig. 2b). Again, the retreat dates in Fig. 2b are consis-
tent with those shown in Gramzow and Henry (1972). For ex-
ample, Gramzow and Henry (1972) show that the earliest
retreat dates occur over the mountains of Guatemala and
Honduras as shown in Fig. 2b.

Consequently, the length of the rainy season is the longest
in Panama and parts of Costa Rica from a relatively earlier
start and a later retreat date of the rainy season (Fig. 2¢). Cli-
matologically, some of the shortest rainy seasons are in Belize
and in the interiors of Guatemala, Honduras, and Nicaragua
(Fig. 2¢). Interestingly, the shortest rainy season in Fig. 2c is
not aligned with the CADC boundary. In fact, many locations
in the CADC region display a similar seasonal length as those
along the Caribbean coast at the same latitudes (Fig. 2c). It is
this spatial variation of the length of the season that is often
missed when rainy seasons are fixed to calendar months
across Central America.

The corresponding climatological seasonal mean rainfall,
accumulated from the start to the retreat day of the rainy sea-
son is shown in Fig. 2d. Generally, longer seasons correspond
to higher seasonal rain in Panama and Costa Rica. However,
the correspondence between the length of the season (Fig. 2c)
and the seasonal rain (Fig. 2d) is not so obvious with parts of
Panama and Costa Rica displaying far less seasonal rain and
is comparable to other northern parts of Central America de-
spite its comparatively longer length of the rainy season. This
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implies that the daily rain rates in the rainy season are rela-
tively weaker in some of these regions in Panama and Costa
Rica. We also observe that the interiors of Nicaragua, Honduras,
and Guatemala besides Belize receive some of the lowest
seasonal rain in the rainy season compared to other parts of
Central America. Many of these regions coincide with CADC
region, which has a distinct MSD that tend to reduce the sea-
sonal total rainfall (Peralta Rodriguez et al. 2012; Gotlieb et al.
2019).

c. Interannual variability

The four variables shown in Fig. 2 display considerable var-
iability as noted by their standard deviation (Fig. 3). Further-
more, the standard deviation exhibits strong spatial gradients
in the variations of the start date, retreat date, length, and sea-
sonal rain of the rainy season (Fig. 3). It is interesting to note
that regions of small and large interannual variations of the
start date (Fig. 3a), retreat date (Fig. 3b), length of the season
(Fig. 3c), and season rain (Fig. 3d) are generally coincident
with the earliest and latest climatological start (Fig. 2a) and
retreat (Fig. 2b) dates, shortest and longest seasonal length
(Fig. 2c), and driest and wettest seasonal rainfall (Fig. 2d), re-
spectively. Therefore, accounting for the variations in the
length of the season and their impact on the seasonal rain of
the rainy season at local or small spatial scales is important. In
Fig. 4a, we show the correlations of the median start date (di-
agnosed from the 1001 ensemble members) with the corre-
sponding median seasonal length of the rainy season. The
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FIG. 4. The correlations of the anomalies of the median start date with anomalies of the median of (a) seasonal length, (b) seasonal rain,
and (c) seasonal retreat date. The statistically significant values at a 5% significance level according to the ¢ test are stippled.

correlations are significantly large and negative except near
the Caribbean coast of Nicaragua and Honduras (Fig. 4a).
The negative correlations in Fig. 4a suggest that a longer or
shorter rainy season is associated with an early or later start
date of the rainy season, respectively. Furthermore, in Fig. 4b,
we show the correlations of the start date with the corre-
sponding seasonal rainfall anomaly of the rainy season, which
yet again highlights the importance of the start date varia-
tions. The regions of Central America that exhibit statistically
significant correlations in Fig. 4b suggest that a wetter or drier
rainy season is associated with an early or a later start of the
rainy season, respectively. Some of the highest correlations
between the start date and seasonal length (Fig. 4a) and total
seasonal rain (Fig. 4b) fall within the CADC region, which is
particularly vulnerable to rainfall variability. However, the
statistically significant correlations between the start and the
retreat dates are isolated and rare (Fig. 4c). This implies that
the influence of the start date variations on the length and the
seasonal rain of the rainy season is relatively independent of
the influence of the retreat date variations. In summary, the
relationships in Fig. 4 suggest that monitoring the start date of
the rainy season has the benefit of providing an outlook of the
forthcoming length and seasonal rainfall anomaly of the rainy
season over most of Central America.

Similarly, the correlations of the retreat date variations
with the corresponding anomalies of the length of the rainy

season are shown in Fig. 5a. On comparing Figs. 4a and S5a,
we notice that there is significant overlap in the regions where
the retreat and start date variations affect the seasonal length.
The fractional number of grid points with significant correla-
tion that overlaps between Figs. 4a and 5a is 86%. However,
more subtly, we find that in some of the regions along the
Caribbean coasts of Nicaragua and Honduras, the retreat
date variations have a significant correlation with the length
of the rainy season (Fig. 5a) compared to the insignificant cor-
relations between the start date and length of the rainy season
in Fig. 4a. In contrast, over western Honduras, the correla-
tions between the start date and the seasonal length are rela-
tively significant (Fig. 4a) while the correlations between
retreat date and length of the season are weak (Fig. 5a). But
given that in many of these regions the covariability between
the start and retreat dates are weak (Fig. 4c), their corre-
sponding influence on the seasonal length and seasonal rain
are independent of each other. The statistically significant
positive correlations in Fig. 5a suggest that early or later re-
treat of the rainy season is associated with shorter or longer
length of the rainy season, respectively.

Likewise, the positive correlations of retreat date with sea-
sonal rain over Panama, Costa Rica, parts of the Caribbean
coast of Nicaragua and Honduras, and Belize suggest that
early or later retreat is associated with drier or wetter rainy
seasons, respectively (Fig. 5b). It is apparent from comparing

1.00

(a) Retreat Date & Seasonal Length

(b) Retreat Date & Seasonal Rain

°
°
3
Correlation

-0.25

—-0.50

-0.75

(c) Seasonal Length & Seasonal Rain

-1.00

FIG. 5. The correlations of the anomalies of the median retreat date with anomalies of the median of (a) seasonal length and
(b) seasonal rain of the rainy season. (c) The correlations of the seasonal length with corresponding seasonal rainfall anomalies of the
rainy season. The statistically significant values at a 5% significance level according to the ¢ test are stippled.
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FIG. 6. The correlation of JJA Nifo3.4 SST index (OISSTv2;
Reynolds et al. 2002) with anomalies of seasonal rain of the rainy
season. The statistically significant values at a 5% significance level
according to the ¢ test are stippled. Field significance at the 95%
confidence level following Livezey and Chen (1983) is verified.

Figs. 4b and 5b that the regions of overlap with significant cor-
relations are relatively small. In fact, the fractional number of
grid points with significant correlation that overlaps between
Figs. 4b and 5b is 10%. For example, the correlations in Fig. 4b
over interior Honduras, Guatemala, and the west coast of
Nicaragua are strong, while it is weak in Fig. 5b, suggesting that
variations in start and retreat dates complement each other in
associating with the corresponding changes in the seasonal rain-
fall. However, from the diagnosed relationships in Figs. 4 and 5,
it is apparent that unlike start date variations which can poten-
tially indicate the length and seasonal anomaly of the upcoming
rainy season, the retreat date variations can only posteriorly ex-
plain the seasonal rainfall anomalies of the wet season. None-
theless, the seasonal length anomalies have a widespread and
significant relationship with seasonal rain of the rainy season
across Central America (Fig. 5c). There are some exceptions,
however, where the length of the season variation does not
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covary significantly with seasonal rain (Fig. 5¢). For example, in
the region bordering between Costa Rica and Nicaragua, parts
of Caribbean coasts of Nicaragua and Honduras, and some
parts of Guatemala, neither the start date (Figs. 4b and 5¢) nor
the retreat date (Figs. 5b,c) variations have a significant influ-
ence on the seasonal rain.

The correlations in Figs. 4a and 4b and in Figs. 5a and 5b
assume significance in the fact that other potential remote
forcings like the ENSO variability (Fig. 6), the tropical Atlantic
warm pool (Fig. S4a), the tropical North Atlantic index
(Figs. S4a,b), interbasin tropical Atlantic-Pacific SST gradi-
ent (Fig. 7), and the tropical northeast Pacific warm pool
(not shown) have comparatively weaker and spatially less
extensive correlations with the seasonal variations of the
rainy season of Central America. In fact, the correlations of
the mean MAM ENSO index with seasonal rain and mean
JJA ENSO index with retreat date and seasonal length fail
the field significance test (not shown). However, like the ear-
lier studies (e.g., Enfield and Alfaro 1999), we find that parts of
the Pacific slope of Central America display a negative correla-
tion between the seasonal rainfall and the preceding seasonal
mean JJA ENSO index (Fig. 6). Earlier studies indicate that
ENSO tends to have a high correlation with rainfall on the
Pacific coast in the late rainy season while the tropical North
Atlantic Ocean has a stronger influence in the early part of the
rainy season (Enfield and Alfaro 1999; Giannini et al. 2000;
Amador et al. 2016a). These signals, however, tend to get obfus-
cated for total seasonal anomalies of rainfall spanning the rainy
season, thereby limiting the seasonal predictability of the wet
season hydroclimate in the region. This could also be a potential
reason for the insignificant relationship between the start and
retreat date variations, reflecting the evolution of the large-scale
teleconnections with the early and later parts of the rainy sea-
son of Central America (Wang 2007; Amador 2008; Duran-
Quesada et al. 2017). We see that correlations between the
seasonal rain and ENSO index strengthen as we use the JJA
season for the latter instead of the MAM season (not shown but
fails the field significance test). This is because the correlations
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Correlation

-0.25

-0.50

-0.75

-1.00

FI1G. 7. The correlation of the seasonal rain of the rainy season with (a) MAM and (b) JJA interbasin tropical Atlantic—
Pacific SST index following Kim et al. (2020) using OISSTv2 (Reynolds et al. 2002) The statistically significant val-
ues at a 5% significance level according to the ¢ test are stippled. Field significance at the 95% confidence level

following Livezey and Chen (1983) is verified.
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are nearly contemporaneous and many studies suggest a
strong modulation of the Caribbean low-level jet by ENSO
in JJA, which is one of the main sources of moisture supply
to the Central American monsoon. It should be noted that
the preceding DJF ENSO index anomalies also have an insig-
nificant relationship to wet season variations of Central
America (not shown).

We also examined the teleconnections of the Central
American rainy season variability with the interbasin gradient
of SST between the tropical Atlantic and Pacific Oceans (Fig. 7;
Alfaro et al. 1998; Enfield and Alfaro 1999; Alfaro and Cid
1999a,b; Kim et al. 2020). The theory for this observed telecon-
nection (Fig. 7) is the modulation of the Walker circulation,
which results in a wetter or a drier rainy season when the north-
ern tropical Atlantic is warmer or colder than tropical Pacific
Ocean (Enfield and Alfaro 1999; Misra et al. 2014), respectively.
We similarly observe positive correlations in Figs. 7a and 7b
between the seasonal rainfall anomalies and the interbasin
SST gradient for MAM and JJA, which develop more strongly
from boreal spring to summer season, respectively. However,
the correlations of the interbasin SST gradient with the start
date, retreat date, and seasonal length fail the field significance
test (not shown). Furthermore, the correlations of the near-
contemporaneous JJA interbasin index (Fig. 7b) are far
stronger than with the MAM interbasin index (Fig. 7a). The
correlations of the seasonal rain with the MAM and JJA tropi-
cal North Atlantic SST in Figs. S4b and S4c also show similar
correlations as Figs. 7a and 7b, respectively, suggesting its domi-
nating influence. A few studies have shown that as the north
tropical Atlantic warms anomalously in boreal spring and sum-
mer seasons, the Caribbean low-level jet weakens and increases
the moisture flux convergence over Central America, thereby
making the Central American monsoon anomalously wetter
(Wang et al. 2008; Misra et al. 2014; Hidalgo et al. 2017). Simi-
larly, as the anomalous SST gradient between the tropical
Atlantic and eastern Pacific develops, the low-level easterlies
also get modulated, thereby affecting the moisture flux conver-
gence in the isthmus. However, the relationships of the tropi-
cal North Atlantic index with the onset/retreat dates and
length of the season are insignificant (not shown). The corre-
lations of the seasonal rain with the Atlantic warm pool index
are limited to Costa Rica and Panama (Fig. S4a), while the
correlations with the tropical northeast Pacific warm pool in-
dex are insignificant (not shown). Therefore, the local corre-
lations in Figs. 4 and 5 in comparison to Figs. 6 and 7, and
Fig. S4 capture the variations that dictate the seasonal evolu-
tion of the rainy season over Central America far more ex-
tensively and robustly. As Figs. 6 and 7 and Fig. S4 suggest,
many large-scale climate drivers affect regional rainfall over
Central America, often with complex interactions, making it
difficult to predict the seasonal anomalies of the length or
seasonal rainfall using these teleconnections alone. However,
once an onset date of the rainy season is established, then
this metric alone can be more indicative of both the length
and total seasonal rainfall anomaly than predicting how the
climate drivers will interact to affect the quantity and dura-
tion of upcoming seasonal rainfall over Central America.
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d. Real-time monitoring

In Central America, the Regional Climate Outlook Forum
(RCOF; set up by the WMO in the late 1990s to produce
consensus-based regional climate outlooks based on climate
predictions from all regional participants; Daly and Dessai
2018) typically uses statistical models using tropical SST as
predictors for seasonal prediction (e.g., Alfaro 2007; Fallas
Lépez and Alfaro 2012a,b) or uses MOS, where statistical
corrections are applied to dynamical model output (e.g.,
Recalde-Coronel et al. 2014; Alfaro et al. 2018). Kowal et al.
(2023) suggest that dynamical climate models also offer rea-
sonable seasonal prediction skills in the region that comple-
ment the statistical models. However, RCOF in Central
America focuses its effort on the May-June-July, August—
September—October, and December—January—February—-March
seasons associated with the first planting (or Primera) season
(Garcia-Solera and Ramirez 2012), annual maximum rainfall
period, and winter seasons, respectively. In this study, we are
targeting the entire rainy season rainfall anomalies that overlap
with the Primera and the annual maximum rainfall periods.
One of the objectives of this paper is to leverage the local rela-
tionships displayed in Fig. 4 to provide a seasonal outlook on
seasonal precipitation anomalies and seasonal length of the
rainy season by monitoring the start date variations of the rainy
season. In Fig. 8, we show the AROC for the outlook of the
seasonal length and seasonal rainfall anomalies based on anom-
alous early and late-start seasons. The anomalous start dates,
length of the season, and seasonal rain are considered when
they are not in the middle but extreme terciles. In Fig. 8a, we
find that the outlook of a long rainy season from an early
start has a very high AROC, well over 0.5 across Central
America, with rare exceptions in pockets over Costa Rica
and along the Caribbean coasts of Nicaragua and Honduras.
Similarly, the outlook of the wetter season in early start sea-
sons also shows AROC = 0.5, widespread across Central
America (Fig. 8b). However, the AROC scores in Fig. 8b are
weaker and slightly less widespread than in Fig. 8a suggesting
that the prognostic skill of early start seasons in dictating lon-
ger length of the season is stronger than the seasonal rainfall
anomaly.

Similarly, the outlook of the short rainy season from the
late start is also promising (Fig. 8c). In comparison to Fig. 8a,
however, Fig. 8c has much higher AROC scores over Guatemala,
El Salvador, and Belize suggesting higher probabilistic skills
in anticipating shorter rainy season from late-start seasons.
Likewise, the outlook of drier rainy seasons during late-start
years has higher AROC and is slightly more widespread
across Central America (Fig. 8d) compared to wetter seasons
in early start years (Fig. 8b). The late-start date seems to be
an especially good warning for a shorter (Fig. 8d) and drier
(Fig. 8e) season in the CADC region, which is especially vul-
nerable to drought and water insecurity (Gotlieb et al. 2019).

The outlook for normal (middle tercile) seasonal length
and seasonal rain has the weakest skill compared to anoma-
lous years (Figs. 8¢,f). The AROC scores for the outlook of a
normal length of the season (in the middle tercile) during a
normal-start (middle tercile) season is the weakest (Fig. 8¢)
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F1G. 8. AROC curve for the outlook of (a) a longer rainy season and (b) a wetter rainy season based on an early
start, (d) a shorter wet season and (e) a drier rainy season based on the late start of the rainy season, and (c) a normal
rainy season length and (f) a normal rainy season rainfall based on normal start of the rainy season. Only regions with
an AROC curve = 0.5, which signifies probabilistic skill that is better than random forecast, are shaded.

compared to anomalous start seasons (Figs. 8a,c). Similarly,
the AROC scores for the outlook of normal seasonal rain
during a normal-start season are weak (Fig. 8f) compared to
anomalous seasons (Figs. 8b,d). Nonetheless, normal-start
seasons do display some useful skill that is widespread across
Central America.

4. Conclusions

Central America with its complex geography of an isthmus,
steep orography, and diverse vegetation features offers a stiff
challenge to predict its hydroclimate at all spatial and temporal
scales. While many climate mechanisms are significant drivers
of rainfall over the region, their complex interactions with each
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other and the diverse topography can make it difficult to pin-
point exactly how rainfall will evolve for a given location. We
show how using a simple but robust estimate of the start date of
the rainy season can provide a useful indicator of the length and
seasonal rainfall of the rainy season. This method is especially
useful for regions like the CADC region, as a delayed start can
serve as a reliable warning for a shorter and drier rainy season
for this drought-prone subregion of the isthmus.

Our study, unlike most other previous studies, spans the en-
tire rainy season across the MSD periods. Many of the earlier
studies target the early and late rain periods of the rainy sea-
son separately with the large-scale climate drivers like tropical
North Atlantic SST, ENSO, and interocean basin index being
strongly leveraged for their predictability. Our study nicely
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complements these earlier efforts as predicting the entire rainy
season is also useful in providing more lead time for planning
for an anomalous season. The proposed methodology includes
the variations in the length of the season in accounting for the
variability of the rainy season that is otherwise ignored in the
fixed calendar month definitions of the season. We show that
the variations in the start and retreat dates of the rainy season
over Central America influence the length and the seasonal
rainfall variations of the rainy season significantly. Furthermore,
the impact of start and retreat date variations on the corre-
sponding seasonal length and seasonal rainfall is found to be
relatively independent of each other. With the availability of
high-resolution rainfall data like IMERG, the proposed meth-
odology can easily and effectively be adapted for real-time
monitoring of the evolution of the rainy season over this region.

In this study, we also verify the seasonal cycle of the IMERG
rainfall analysis in the region with available in situ data. The
IMERG rainfall analysis used in the study shows reasonable
fidelity for its application in monitoring the seasonal evolution
of the precipitation over Central America.

This study offers a very simple but effective tool to provide
a probabilistic outlook of the forthcoming rainy season by
simply monitoring the realization of the start date of the rainy
season. The methodology, by way of generating an ensemble
of time series of daily rainfall from perturbing the original
time series of daily rainfall at each grid point separately, pro-
vides a corresponding ensemble of start and retreat dates, sea-
sonal length, and seasonal rain of the rainy season. We show
that across most of the region in Central America, an early or
later start date of the rainy season is closely associated with a
longer and wetter or a shorter and drier seasonal length and
rainfall anomaly of the rainy season, respectively. The proba-
bilistic skill scores of such an outlook presented in this study
also support the effectiveness of this local teleconnection.
Therefore, the proposed monitoring of the local start of the
rainy season would be beneficial and complimentary to exist-
ing efforts, especially in the presence of stiff challenges to sea-
sonal prediction for the region.
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Figure S1: A schematic illustration of the time series of daily rainfall (blue bars; mm day™') and its corresponding
cumulative daily anomaly curve (see Equation 1 in main text; green line; mm) over a specific grid point over Nicaragua
for the year 2009. The start (Julian Day 111 or April 21) and retreat (Julian Day 310 or November 6) dates of the rainy
season are indicated in the figure.
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Figure S2: The 22-year (2001-2022) daily climatological rainfall which is area averaged to depict the seasonality
of the rainfall over Guatemala (GTM), Belize (BLZ), El Salvador (SLV), Honduras (HND), Nicaragua (NIC), Costa
Rica (CRI), Panama (PAN) from the 12-h latency IMERG product.
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Figure S3: The Ensemble Mean (EM) of 1001 members (solid black line) of daily timeseries of precipitation over a
specific grid point over Nicaragua with the corresponding range of values from the ensemble (spread) shown in the
red shade for the year 2009. The median start and retreat dates of the wet season for 2009 for this grid point are shown
by the vertical, solid black and red lines, respectively.



Correlation

Figure S4: The correlation of anomalies seasonal rain with a) the Atlantic Warm Pool area index (Misra et al. 2014)
and tropical north Atlantic SST in b) April and c) July. The seasonal mean Atlantic Warm Pool area index was
computed from its onset to demise date, which is approximately from July to October. The statistically significant
values at a 5% significance level according to the t-test are stippled. Field significance at the 95% confidence level
following Livezey and Chen (1983) is verified.
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