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1 | INTRODUCTION

The Yucatan Peninsula (YP), Mexico, has a tropical,
warm and mainly subhumid climate. Virtually the entire
area (97.2%) belongs to the Aw and Ax'(w) climate types
(0, 1 or 2) of Koppen's climate classification modified for

Eric J. Alfaro?

Abstract

The rainfall regime is a critical factor in the Yucatan Peninsula, as the spatial
and multiannual variability of rainfall is a major concern, particularly for
crops. Variability in the rainy season was examined considering the onset and
demise of the annual rainy season, the total rain volume, the rainfall season
duration and the intense precipitation events recorded in meteorological sta-
tions (1978-2020). We analysed individual time series and calculated the long-
term trend. Additionally, we explored the relationship between each summer
rainfall characteristic and several oceanographic indices using multivariate
techniques. We also developed a Trans-Isthmic Index from the relationship
between the El Nifio-Southern Oscillation and the Atlantic Multidecadal
Oscillation. This index allows for determining the effect of the overall influ-
ence of the ocean on climate. The timeseries analysis revealed a high interann-
ual variability and long-term positive trends concerning the duration of the
rainy season with earlier onset and later demise, and the total rainfall volume
and also a positive trend for the occurrence of heavy precipitation suggesting a
shift in intra-annual patterns. Spatially, the analysis revealed clusters of sta-
tions with a similar variation, probably related to the AMO, NINO3.4 or TII
indices. The spatial pattern was confirmed by analysing CHIRPS gridded pre-
cipitation data. Our results show that wetter conditions are associated with
lower temperatures in the equatorial Pacific and warmer conditions in the
Atlantic.

KEYWORDS
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Mexico by Garcia (Garcia, 2004), while the northwestern
coastal strip (1.4%) is arid and semi-arid with a BS cli-
mate type (0 and 1), and the Campeche zone bordering
Tabasco, as well as Cozumel Island (1.4%) have a more
humid climate (Am) (Vidal, 2005). The rainfall regime in
the area spans from mid-spring to mid-autumn (from
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May to October), almost exclusively in the west of the
peninsula (Aw climate); it is more homogeneous in the
east, with slight intra-annual variations (Vidal, 2005) (Ax’
(w) climate), while the trade winds, constantly flowing
the rest of the year, bring scarce rainfall associated with
convective rain due to the flat relief and the leeward posi-
tion of the peninsula relative to the trade winds
(McGregor & Nieuwolt, 1998).

In the YP, the rural population, which is relatively
abundant—approximately 792,138 inhabitants in 2020,
according to the National Institute of Statistics and Geog-
raphy (INEGI, 2021)—depends on seasonal agriculture,
mainly corn, except in the arid climate zone. The Agri-
food and Fish Information Service (SIAP) reported
396,383 ha of rainfed crops on the peninsula in 2020, of
which 325,845 ha correspond to maize grown in spring-
summer (SIAP, 2021). This sector is adapted to drought
but is subject to significant fluctuations or a more general
nature, likely associated with climate change. Yucatan
farmers report an increase in the incidence of intense
drought events linked to a delayed onset of the rainy sea-
son, which affects crops. In addition, drought substan-
tially impacts livestock; pigs and bovine livestock, which
are highly water-demanding, are gaining increasing
importance in the regional economy.

The rainy season in the YP is characterized by com-
plex spatiotemporal variations that influence the onset,
demise, duration and volume of rainfall during this sea-
son. Understanding these variations is essential for plan-
ning in various sectors, including agriculture, water and
natural resource management.

Recent studies have highlighted the importance of
understanding the spatiotemporal variation of the rainy sea-
son in the Yucatan Peninsula. For the south of the YP, Mar-
dero et al. (2020) detected no changes in the onset of the
rainy season over the past few decades. However, these
authors recorded an increased frequency of intense rainfall
events, leading to higher volumes of rainfall received. Simi-
larly, Mardero et al. (2018) noted a high spatial variability in
the average amount of rainfall across the three states located
in the YP (Yucatan, Chiapas and Campeche), which has
major implications for agriculture and natural resource
management. These studies highlight the need for a detailed
analysis of the spatiotemporal variations of the rainy season
in this region, which is the objective of the present study.

Understanding the spatiotemporal variations of the
rainy season in tropical areas is essential to develop effec-
tive adaptation strategies and policies to mitigate the poten-
tial impacts of climate change (Dunning et al., 2018). An
improved understanding of the spatiotemporal variability
of the rainy season can help farmers and water managers
optimize irrigation strategies and water allocation schemes

to improve water use efficiency and agricultural productiv-
ity in the region (Mardero et al., 2018).

It is important to document the variability of summer
rainfall in the YP with daily and monthly data because
they reflect different time scales that are useful for under-
standing rainfall patterns and their impacts on the region.
According to Duran-Quesada et al. (2017), the main
sources of moisture from the surrounding oceans are the
tropical North Atlantic Ocean and the Caribbean Sea.

Daily data provide a more detailed and accurate picture
of rainfall patterns and their variability, allowing a better
understanding of how rainfall affects the region on a daily
basis. This level of detail is useful to identify short-term fluc-
tuations in rainfall and to explore how these fluctuations
impact the environment, agriculture and society (Romero
et al, 2017, 2020). Daily data also help identify extreme
rainfall events, such as heavy storms or prolonged droughts
that can significantly impact the region. Furthermore, the
YP is a region with mostly flat terrain, and daily data can
help identify spatial variability in rainfall that may go unno-
ticed with monthly data. Understanding daily patterns of
data changes is particularly important for agriculture, where
crops are often sensitive to variations in daily rainfall. The
onset, demise of the rainy season and the number of days
with heavy rainfall can be calculated using monthly data.

On the other hand, monthly data provide a broader
view of the rainfall regime over a longer period. These
data allow for the identification of seasonal and annual
rainfall patterns, which can support predictions of future
changes in rainfall and the development of long-term
strategies to manage water resources and mitigate the
impacts of extreme weather events. Monthly data are also
useful for identifying long-term trends in rainfall, such as
changes in precipitation patterns due to climate change.
Meanwhile, monthly cumulative data are adequate for
investigating seasonal aspects (Mardero et al., 2020).

Given its location on the Central American isthmus
and its flat relief, the YP shows a heterogeneous rainy
season. It may be influenced by atmospheric and marine
circulations in the Atlantic and Pacific oceans. The Atlan-
tic Multidecadal Oscillation (AMO) and El Nifio-
Southern Oscillation (ENSO) are two major climate phe-
nomena that can interact and influence each other
(Levine et al., 2017), affecting global climate variability.
The AMO is a natural climate cycle in the North Atlantic
basin characterized by changes in sea surface tempera-
ture (SST) over decades. ENSO is a coupled ocean-
atmosphere phenomenon in the tropical Pacific Ocean
that shows interannual variations in SST and atmo-
spheric pressure. We did not include the Pacific Decadal
Oscillation in the study because this relationship,
although related to local climatic conditions (Andrade-
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Velazquez et al, 2021), depends on ENSO (Pavia
et al., 2006), with which it is strongly correlated (Kwon
et al.,, 2013), and ENSO has a strong relationship with
regional climate (Rodriguez Morales et al., 2023).

The interaction between AMO and ENSO has been the
subject of several studies in recent years, as understanding
their interaction is crucial to predicting and mitigating the
impacts of climate variability. A study found that the AMO
phase can influence the strength and duration of El Nifio
and La Nifia events, with a positive AMO phase frequently
associated with more intense El Nifio and weaker La Nifia
events (Wang, 2019). In Central America, Maldonado
et al. (2016, 2017) have suggested that SST is higher in the
Atlantic Ocean and lower in the eastern equatorial Pacific;
the rainy season in Central America tends to be wetter,
while it is drier under opposite ocean conditions, particu-
larly, but not exclusively, on the Pacific slope. Another
study suggested that the interaction between AMO and
ENSO may explain some of the changes in rainfall patterns
observed in the Amazon basin (Garcia-Garcia &
Ummenhofer, 2015; Toshie Kayano & Buscioli, 2014) and
Florida (Abiy et al., 2019; Goly & Teegavarapu, 2014). In a
recent study focused on coastal stations and summer rains,
Rodriguez Morales et al. (2023) found that rain is more
abundant in the northern region of the Yucatan Peninsula
during the AMO warm phase. On the west coast of the
Yucatan Peninsula, they observed a few points that exhib-
ited opposite behaviour, with significant differences
between them. The northeastern zone recorded higher pre-
cipitation during La Nifia and a negative AMO phase.

The present work aims to provide an overview of the
spatiotemporal variation of the rainy season in the Yucatan
Peninsula based on recent research and data analysis. We
will examine the onset and demise dates of the rainy sea-
son, its duration, the amount of rainfall during this season,
and the days with heavy precipitation events to determine
the presence of temporal trends and the spatial influence of
oceanographic oscillations. We hypothesize that rainfall
variability during the rainy season at the meteorological sta-
tion level depends on the variability in the oceans surround-
ing the YP by modulating aspects such as heavy rainy days,
onset, demise and accumulated rainfall.

2 | DATA AND METHODS
2.1 | Data
2.1.1 | Data from meteorological stations

Mexico's National Meteorological Service (SMN, in Span-
ish) maintains the national climatological database for

of Climatology

Mexico, integrated into the Climate Computing project
(CliCom). This project consists of a quality-controlled
data set using Climate Computing software developed by
the United Nations Organization and incorporated into
the data set by Dunn et al. (2020) (Sdenz et al., 2023).
Observations at each of the 5459 meteorological stations
in the country are recorded daily at 0800 LST (local stan-
dard time). The daily data represent the previous 24 h,
ending at 0800 LST the next day (1400 UTC, 1300 by
applying daylight-saving time). The CliCom data series
spans from 1902 to 2020; however, the period covered by
each station varies from 30 days to 118 years, with a
median of 38 years, including gaps in the time series;
there are major data lags in the time series before the
mid-1970s. The data included are daily and monthly
values of observed minimum and maximum temperature
(°C), precipitation (mm), evaporation (mm), occurrence
of electrical storms, hail, fog, frost, and two cloudiness
levels.

The variability of summer rainfall on the Yucatan
Peninsula is critical in Group A climate zones, as it sup-
plies water for rainfed agriculture. Consequently, consid-
ering low lag rates and homogeneous time series until
2020, we selected 109 meteorological stations on the
Yucatan Peninsula belonging to Group A climates for
the study; data recorded before 1978 were excluded.

2.1.2 | Gridded data

CHIRPS (Climate Hazards Group InfraRed Precipitation
with Station data) is a gridded precipitation data set
(Funk et al., 2015). The data, derived from satellite data
and ground-station measurements, allow for more accu-
rate and detailed information about precipitation pat-
terns. The CHIRPS data set is also available at different
temporal resolutions (daily to monthly) from 1981 to the
present.

The CHIRPS data set provides gridded precipitation
data at a spatial resolution of 0.05°, corresponding to
approximately 5.5 km at the equator. This high resolution
allows detailed analyses of precipitation patterns at the
local level, which is particularly important for studies on
climate variability and its impact on local communities.
Indeed, CHIRPS provides precipitation estimates in
regions lacking ground stations. These estimates are par-
ticularly useful for studying precipitation in remote
regions, such as the south of the Yucatan Peninsula. An
advantage of the data set is the availability of near-
present data, which is helpful for more robust statistical
timeseries analyses and updated studies on climate vari-
ability and climate change. Furthermore, Centella-Artola
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et al. (2020) evaluated different gridded rainfall databases
for the Caribbean region against gauge station data that
further validated the CHIRPS data set. Their comparison
methods were the modified efficiency index of Kling-
Gupta (KGE') (Kling et al., 2012) and the standardized
precipitation index (SPI) at 3, 6 and 12 months (McKee
et al., 1993). Other authors have also validated the use of
CHIRPS for Central America (Stewart et al., 2022). In the
present study, we also applied KGE' to compare gridded
data for the 109 stations; the mean KGE' value was
0.84 + 0.06. This study used monthly rainfall data for the
whole database period.

2.2 | Data-filling technique

The time series of daily meteorological data from the
109 stations contains information gaps. To fill these gaps,
daily rainfall values in the study area were interpolated
from existing data using the Inverse Distance Weighted
(IDW) method; values were interpolated for locations
corresponding to stations with missing data. To deter-
mine the optimal parameters (inverse distance power
[IDP] for weighting and number of neighbours) for use
in IDW, we randomly extracted 1000 values from the
database. These values were estimated through interpola-
tions using powers ranging from 0 to 5 and varying the
number of neighbours from 1 to 10. Subsequently,
the determination coefficient (+*) between the observed
and the estimated data series was calculated. The mean
standard error (MSE) was computed, and the best valida-
tion parameters were used to fill in the missing values in
the entire database. The best combination of parameters
was IDP = 3 and neighbours = 2, giving r* = 0.998 and
MSE = 0.48.

2.3 | Rainy season onset and demise
estimation

After filling in the daily records for the 109 stations
selected, we smoothed every record using a triangular
31-day moving average, according to Soley (1994), to
reduce the high daily variability. The rainy season onset
date was calculated for every year and station; when it
occurred after April 1, the onset date is defined as the
first of a sequence of 10 consecutive days in the smoothed
data with rain above the 5 mm threshold and at least
0.1 mm in each of the following consecutive 5 days, using
the methodology suggested by Gramzow and Henry
(1972) and Enfield and Alfaro (1999) for tropical regions.
No note, the period before April 1 corresponds to the dry
season, and the rains associated with cool fronts during

this period should not be assimilated with the more con-
vective precipitation typical of the rainy season. With this
technique, we obtained 109 timeseries records of the
onset date, each spanning 41 years. The demise of
the rainy season was calculated similarly but with
smoothed daily records from November 30 to the begin-
ning of the following year. We reviewed the records from
April to November because this is the season with more
convective activity according to the annual precipitation
cycle in the region (Amador, 2008; Magaiia et al., 1999)
and to mitigate the potential influence of late or early
cold-front intrusions with the associated stratiform rain
(Magana & Vazquez, 2000). Onset dates later than June
30 and demise dates earlier than September 1 were
excluded because of the potential confusion with the start
and end of the mid-summer drought (Garcia-Franco
et al., 2023).

Finally, maps showing ranges of the median of each
component of the rainy season for the entire domain
were elaborated.

2.4 | Data analysis

We computed long-term trend analyses for the compo-
nents of the rainy season (onset, demise, duration, rainy
season accumulated precipitation [RSAP] and the num-
ber of days with intense rainfall). We first calculated the
number of days with rainfall >10 mm (dR10) and
>20 mm (dR20) between May and October as modified
Climdex indices (Karl et al., 1999; Peterson et al., 2001).
We then constructed annual boxplots that included all
stations, applying a linear regression model (Wilks, 2019)
to the annual values.

In addition, we conducted a Spearman's rank-order
correlation between annual timeseries data for each sta-
tion and the mean values for the rainy season of the cli-
mate indices that may influence precipitation at the
regional level: Atlantic Multidecadal Oscillation (AMO)
(Enfield et al., 2001) and NINO3.4 (Trenberth &
Stepaniak, 2001). The NOAA Climate Prediction Center
computes the indices and shares them at https://psl.noaa.
gov/data/climateindices/list/. The Spearman correlation
considered a p-value <0.05 as the statistical significance
threshold. Both indices yielded significant results.

To evaluate the effects of the interrelation between
Atlantic and Pacific Ocean temperatures on rainfall in
the YP, a Trans-Isthmic Index (TII) was calculated using
the following Equation (1),

NINO3.4; —NINO3.4; AMO;;—AMO;

SNINO3 4, Samo;

TII; = NGY)
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where TII;, NINO3.4; and AMOy; are, respectively, the
Trans-Isthmic Index, the NINO3.4 index, and the AMO
index for month i and year j. NINO3.4;, AMO;, SniNo3.4;
and Samo, are the mean and the standard deviation
values of, respectively, the NINO3.4 index, and the AMO
index for month i during the baseline period. The years
used for climatology, that is, the computation of the
mean and standard deviation of input indices, were
1971-2000 as a three-decade period is commonly used for
this purpose (Hoerling et al, 2010; Penland &
Matrosova, 1998; WMO, 2017). This particular one is
used for various climate indices (Enfield et al., 1999;
Wang & Enfield, 2001). The selection of a baseline period
for calculating the TII may influence the index results, as
different baseline periods could result in different inter-
pretations of the interrelation between ocean tempera-
tures and rainfall.

Subsequently, the TII was integrated into the multi-
variate analysis. It is important to note that this study
used an unsmoothed AMO version that incorporates an
interannual variability greater than the decadal variabil-
ity. Consequently, the baseline selection for TII comput-
ing should not influence the multivariate analysis.

To improve the evaluation of the local impact of the
different indices, a linear regression was also applied to
the rainy-season rainfall volume for each pixel of the
CHIRPS gridded data. This spatial analysis identified
the index with the greatest relationship with rainy-
season cumulative data and the type of relationship
(positive or negative). Finally, the use of CHIRPS data
was validated by comparing the signs of the Spearman
correlation between station RSAP values and climate
indices with the linear regression estimates from
CHIRPS.

Date

3 | RESULTS

3.1 |
season

Characterization of the rainy

The annual cycle of mean daily precipitation for the sta-
tions included in this work is shown in Figure 1. This
cycle shows a well-defined bimodal rainfall distribution
pattern with peaks in June and September, separated by
a relative minimum in July-August—a common precip-
itation feature in Mesoamerica called the Midsummer
Drought (Garcia-Franco et al., 2023; Perdigén-Morales
et al., 2018). Rains tend to start with a shift in the
inflection point around May 15, with increased precipi-
tation (Figure 1). By contrast, the demise of the rainy
season is not well defined; it occurs around November
1, with a gentle transition due to the occurrence of early
cold fronts (Zarate-Hernandez, 2013). The annual vol-
ume is approximately 1204.8 mm, with a high interann-
ual variation. Martinez et al. (2019) proposed a scheme
to show the interactions of the main climatological fea-
tures in Mesoamerica throughout the seasonal cycle.
The Intra-Americas Sea strongly influences the YP, sur-
rounded by the Gulf of Mexico (west) and the Carib-
bean Sea (east).

The results in Figure 2 show a variation under the
more arid conditions of the northwest YP, with later
onset dates, earlier demise dates and, therefore, shorter
duration. Additionally, the May-October period shows
lower cumulative rainfall and fewer days of heavy rains.
According to the methodology, the rainy season begins
between May 21 and June 30 (Figure 2a) and ends
between September 28 and November 14 (Figure 2b). In
November, despite rains that are part of the summer
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season, the cumulative volume of rainfall is low, as
shown in Figure 1, probably influenced by non-
convective rains such as those associated with early cold
fronts, locally known as Nortes (Magana &
Vazquez, 2000). Consequently, the summer rainfall
period lasts 126-170 days (i.e., 4-6 months) (Figure 2c).
In the south of the YP, the rainy season tends to last
longer in the southeastern zone. On the other hand,
cumulative rainfall is higher in the western plain. The

central area lacks gauge stations, but the few that operate
indicate a shorter season with less cumulative rainfall
(Figure 2c,d).

This spatial pattern is confirmed by the distribution
of median dR10 and dR20 values (Figure 2e,f). Both vari-
ables have similar spatial patterns, showing peaks in the
southwest (up to 45 and 27 days, respectively) and low
values similar recorded for the northern dry zone (<17
and <11 days, respectively).
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dR20. Whiskers represent +1.5 IQR; solid black lines represent the trends.

3.2 | Temporal trends for rainy season
components at gauge stations

For the study area, the long-term trend for the onset date
of the rainy season or the RSAP was negative and the
RSAP was positive (p < 0.05) (Figure 3a,d), with a high
spatiotemporal variation. This finding is consistent with
Mardero et al. (2018, 2020), who did not find a reduction

in rainfall volume in the region. This is a central aspect
to consider when perception studies on the population
are conducted, given that the press extensively broadcasts
these variables due to their marked impact on agriculture
(Martins, 2021). We also found significant positive trends
for the rainy season demise date, duration and dR20
(p < 0.05) (Figure 3b,c,f), but nonsignificant for dR10
(Figure 3e). This finding is critical because when studying
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TABLE 1 Percentage of stations with a significant Spearman's rank-order correlation, considering the climate indices.
Onset (%) Demise (%) Duration (%) dR10 (%) dR20 (%) RSAP (%)
AMO+ 3.7 11.0 6.4 13.8 17.4 174
AMO-— 0.0 0.0 0.0 3.7 3.7 2.8
NINO3.4+ 0.9 2.8 5.5 0.0 0.0 0.0
NINO3.4— 1.8 3.7 0.0 26.6 239 33.9
TII+ 0.0 0.0 0.9 1.8 0.0 0.0
TII- 1.8 4.6 0.9 26.6 26.6 33.9

Note: The + or — sign refers to the sign of the correlation. The total number of stations is 109.

climate change, one must consider changes in the aver-
age conditions as well as in variability. In other words,
our results suggest statistically significant evidence of
change in the amount of rain; also, the rainfall pattern
has changed, with more episodes of heavier rain, fewer
episodes of light, and longer rainy seasons (IPCC, 2022),
which may lead to an increased risk of floods and a less
effective use of rainfall by vegetation, particularly rainfed
crops. Furthermore, there is a large spatial dispersion
around the average conditions (Figure 3); this indicates
that management measures that could be applied for a
specific sector, such as agriculture, may differ in geo-
graphically close areas due to the local climatic condi-
tions. This is particularly the case in the YP due to the
lack of orographic convection (Romero et al., 2020) and
is a critical aspect to consider for studies on planning
and adaptation to climate change (IPCC, 2022).

3.3 | Determination of the oceanic
influence on stations

The influence of climate indices on the onset date,
demise date and duration of the summer rainy season is
not clearly defined. Indeed, only slightly more than 5% of
the stations exhibited a significant Spearman correlation
for AMO+ with onset date (11%) and duration (6.4%)
(Table 1). The impact of the ENSO appears marginal,
with few stations showing a significant correlation and
with positive and negative relationships in similar pro-
portions. Local mesoscale factors associated with convec-
tive rain apparently control the variability in onset and
demise dates.

Conversely, for dR10, dR20 and RSAP, the relation-
ships between time series and indices were more preva-
lent (Table 1), predominantly associated with NINO3.4—
and TII-.

The AMO, NINO3.4 and TII correlation maps show
strong relationships with RSAP and dR20 (Figure 4). As
we considered a 95% significance level, we did not build

maps for the other precipitation variables since very few
stations met this statistical significance threshold.

The spatial variation of the correlations with RSAP
shows the importance of the TII, with 33.9% of the sta-
tions with significant values showing a negative correla-
tion between RSAP and TII (Figure 4a and Table 1). This
suggests that RSAP tends to be higher when the eastern
equatorial Pacific is relatively cold and the Atlantic is rel-
atively warm; when these ocean conditions are reversed,
RSAP tends to be lower. These strong relationships were
observed primarily in the northwest of the YP. The influ-
ence of NINO3.4 is also remarkable in 33.9% of the sta-
tions, most of which are located in the mid-eastern and
western limits of the study area, associated with the dom-
inance of NINO3.4. Additionally, despite being dominant
in fewer stations, mainly in the northeast and around the
Bay of Campeche in the southwest, through strong posi-
tive correlations, AMO+ showed a significant correlation
with RSAP in 17.4% of the stations (Table 1).

In the case of dR20 (Figure 4b), a similar positive rela-
tionship with the AMO is observed in 17.4% of the sta-
tions (Table 1); note that the spatial distribution of the
stations where this index dominates does not correspond
to the pattern defined by the previous ones; instead, these
stations are distributed throughout the YP (Figure 4b).
This is consistent with the results of the TII because these
stations also yielded several negative correlations (26.6%).
The influence of ENSO, regardless of its interactions with
the Atlantic, evidenced by the relationship with
NINO3.4, is lower for dR20 with 23.9% than for dR10
with 26.6% of the stations. The spatial results for dR10
and dR20 were very similar; therefore, this work shows
only the dR20 results, with the dR10 results detailed in
Data S1, Supporting Information. In general, the spatial
distribution of the dominance indices for dR20 and dR10
(Figure S1) is poorly defined relative to RSAP, for which
spatial clusters are observed. Regarding the percentage of
stations with significant relationships between dR10 and
the indices, the values were similar to those obtained for
RSAP (Table 1).
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None of the stations analysed showed a positive corre-
lation with NINO3.4 or the TII. Some negative relation-
ships with the AMO were observed, mainly for stations
located in the centre and southeast of the study area,
with low correlation values in general (Figure 4).

3.4 | RSAP analysis from gridded data

The analysis of CHIRPS gridded data showed a non-
significant trend in most of the YP; however, positive
trends were found mainly in the west and, to a lesser
extent, in the north and northeast (Figure 5a). This trend

& \ -0
v 7Y
_ ‘} ’ﬁlfo 25 50 100 km
e
1
88°W

in CHIRPS data is consistent with the one based on sta-
tions, implying that RSAP has increased from 1981 to
2022 (Figure 3d); for the YP stations, a positive but
non-significant trend was also observed in the median of
the RSAP from 1978 to 2020. Although large areas with
significant trends yielded a positive relationship, a few
negative trends were found in the southeast and extreme
southwest.

Each index has an area of influence in the study area.
RSAP showed a significant positive relationship with
AMO in 26.9% of the territory and negative relationships
with NINO3.4 and TII in 58.7% and 54.7% of the area,
respectively. The zoning that led to obtaining these
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percentages is presented in Figures S2-S4. Figure 5b is
the equivalent of Figure 4a using CHIRPS data. A signifi-
cant relationship with TII dominates the study region,
particularly in the northeast, north and west of the YP,
while NINO3.4 dominates most of the south and west.
The areas with positive trends in Figure 5a correspond to
sectors of TII dominance plus some others where AMO
dominates. These findings confirm the relationships
explained above related to Figure 4a. However, this
methodology gives us better spatial coverage by leverag-
ing the fact that the CHIRPS gridded data smooth out
microclimatic aspects that may be present when gauge
stations are used and provide continuous spatial and tem-
poral data sets. However, the analysis through gauge

Caribbean
Sea

100 km|

stations is still highly relevant since the in situ observa-
tions allow validating data from CHIRPS grids.

Although we found significant positive trends and a
relationship with the indices, it is worth considering that
Shen et al. (2020) found that, in general, for large regions
of the world, CHIRPS data showed a negative bias before
2000, attributed to infrared thermal satellite sensors.
However, in the evaluations for Mesoamerica (Centella-
Artola et al., 2020; Stewart et al., 2022), CHIRPS data
yielded good validation results. No previous work was
done specifically for the YP, but our results confirm the
consistency between CHIRPS and gauged station data. To
validate this consistency, we compared the signs of the
Spearman correlation between station RSAP values and
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climate indices with the linear regression estimates from
CHIRPS. The sign of the relationship matched 87.5% and
97.8% of the stations with significant values. The non-
matching results were the two negative relationships
between RSAP and AMO (Table 1).

4 | DISCUSSION AND
CONCLUSIONS

The YP rainy season shows significant spatial and inter-
annual variations. This season is mainly dominated by a
bimodal annual cycle, with maxima in June and
September separated by a relative minimum around July-
August called the Midsummer Drought (Garcia-Franco
et al, 2023; Perdigbn-Morales et al., 2018). The main
sources of moisture in the region are the tropical North
Atlantic Ocean and the Caribbean Sea (Duran-Quesada
et al., 2017). The rainy season lasts approximately four to
6 months, being shorter in the northwest than in the rest
of the study area. Regarding the high temporal variability,
in general, significant trends were found for the main
characteristics of the rainy season, onset date, demise date,
RSAP and dR20 but with a high spatial variation. The use
of CHIRPS data allowed the identification of the main
regions with statistically significant positive rainfall trends.
These results are consistent with those reported by Mar-
dero et al. (2020) for the south-centre of the YP. On the
other hand, we observed a trend toward an increasing
number of days of heavy rains (dR20) and a delay in the
rainy season demise date, meaning a longer duration. The
increase in dR20 could be associated with variation in con-
vective systems, but also with easterly waves and tropical
cyclones, for example, Romero and Ledén-Cruz (2024)
noticed a slight increase in tropical cyclone activity in the
study area between 1950 and 2020. In addition to an
increase in the number of days of heavy rains with a rela-
tively stable total of days with lighter rain, we observed
that the intraseasonal distribution of precipitation has
changed to some extent. Note that these trends were calcu-
lated for periods of ~40 years only, so they should not be
linked to climate change without a study supporting this
relationship, as this region is influenced by known inter-
annual and decadal climate sources of variability such as
AMO and ENSO (Pascale et al., 2021). Although the long-
term trends for the rainy season onset date or cumulative
rainfall were significant for the study area as a whole, it is
necessary to limit the degree to which certain conclusions
can be drawn about the overall changes on the onset of
the rainy season or the total amount of rainfall in a partic-
ular meteorological station. Furthermore, a limitation of
the methodology used to determine the rainy season onset
and demise dates is based on precipitation only and does

of Climatology

not include evapotranspiration data (Herndndez &
Fernandez, 2015) because very few stations have this type
of data, and the time series are generally incomplete. For
the demise date, there is also the issue of the gradual
decrease in precipitation and the occurrence of cold fronts
that do not allow the dates to be determined.

Another limitation is that the methods used are based
on assumptions about climate variability and its impacts
on local communities. These assumptions may not hold
under changing climate conditions or for different
regions. It is also critical to note that the variance associ-
ated with climate variability is greater than the long-term
trend associated with climate change.

The main climatological characteristics of Mesoamer-
ica throughout the evolution of the seasonal cycle have
already been detailed by Martinez et al. (2019). Our
results suggest that these characteristics are driven by
SST variability in the equatorial eastern Pacific and the
Atlantic oceans during the YP rainy season. The climate
in the peninsula throughout the annual cycle is influ-
enced by variations in the intra-American sea since the
YP is surrounded by the Gulf of Mexico and
the Caribbean Sea.

The variations observed in the oceanic indices suggest
that humid conditions in the YP are generally favoured
when relatively warmer-than-normal conditions occur in
the Atlantic Ocean along with cold conditions in the east-
ern equatorial Pacific, especially during La Nifa events.
Wetter rainy seasons could be explained by a decrease in
the strength of the Caribbean low-level jet stream
(Amador, 2008; Hidalgo et al., 2015). This favours con-
vection in the YP by reducing vertical wind shear and
transferring humidity toward the overlying atmosphere
from the surrounding seas due to increased latent heat
transport (Amador et al., 2016). As the rainy season pro-
gresses, this behaviour is reinforced by the development
of a warmer and more extended Western Hemisphere
Warm Pool (Wang & Enfield, 2001, 2003). Additionally,
during the AMO+ and NINO3.4— ocean configuration,
tropical cyclone activity tends to increase (Martinez
et al., 2023) in the Atlantic basin, which may contribute
to more intense and even extreme rainfall events in the
YP. Opposite conditions in these oceans favour relatively
drier rainy seasons.

The results of Rodriguez Morales et al. (2023) for the
coastal zone show the importance of AMO and ENSO as
drivers of rainfall in the region. Our results are consistent
with theirs in general terms, as AMO+ is related to more
abundant rains in the north of the YP, while La Nifia
events in combination with AMO+ tend to be related to
stronger rainy seasons.

An additional important aspect derived from our
study is that the Atlantic and the eastern equatorial
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Pacific should be compared only after the data are nor-
malized because the AMO and NINO3.4 indices have dif-
ferent variances. The TII index developed in the present
study incorporates this aspect by removing the influence
of the central value (mean) and the variability (standard
deviation) of SST data associated with the indices individ-
ually. TII explained most of the interannual variance of
summer rains in a large portion of the YP.

Additionally, using grid data allowed us to expand
the timeseries analysis to the entire YP to observe the rel-
ative spatial influence of the surrounding oceanic condi-
tions and their interactions. However, these results
should be validated through comparative analyses based
on gauged stations.

The findings of the present study provide a better
understanding of the climatic patterns in the YP region,
which can be used to develop effective strategies for cli-
mate adaptation and risk management in different socio-
economic sectors. Indeed, the variation in precipitation
during the rainy season is critical for key activities such
as agriculture in tropical regions facing climate change
(Hannah et al., 2017; Liu et al., 2021). The annual volume
of rainfall exhibits a particularly marked interannual
variation. This variability poses challenges for effective
long-term planning and management of water resources,
particularly in agricultural scenarios where a consistent
rainfall pattern is imperative for successful crop
cultivation.
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