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Abstract

Smallholder livelihoods throughout Central America are built on rain-fed

agriculture and depend on seasonal variations in temperature and precipita-

tion. Recent climatic shifts in this highly diverse region are not well

understood due to sparse observations, and as the skill of global climate

products have not been thoroughly evaluated. We examine the performance

for several reanalysis and satellite-based global climate data products

(CHIRPS/CHIRTS, ERA5, MERRA-2, PERSIANN-CDR) as compared to the

observation-based GPCC precipitation dataset. These datasets are then used

to evaluate the magnitude and spatial extent of hydroclimatic shifts and

changes in aridity and drought over the last four decades. We focus on

water-limited regions that are important for rain-fed agriculture and particu-

larly vulnerable to further drying, and newly delineate those regions for

Central America and Mexico by adapting prior definitions of the Central

American Dry Corridor. Our results indicate that the CHIRPS dataset

exhibits the greatest skill for the study area. A general warming of

0.2–0.8�C�decade−1 was found across the region, particularly for spring and

winter, while widespread drying was indicated by several measures for the

summer growing season. Changes in annual precipitation have been incon-

sistent, but show declines of 20–25% in eastern Honduras/Nicaragua and in

several parts of Mexico. Some regions most vulnerable to drying have been

subject to statistically significant trends towards summer drying, increases

in drought and aridity driven by precipitation declines, and/or a lengthening

of the winter dry season, highlighting areas where climate adaptation mea-

sures may be most urgent.
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1 | INTRODUCTION

Central America (CA) is a region particularly vulnerable
to climate disruption expected from global warming, with
Honduras, Nicaragua, and Guatemala ranked in the
10 countries considered most at risk (Kreft et al., 2013).
Throughout CA, 90% of agricultural production is rain-
fed, resulting in a high dependency on rainfall for food
production, biodiversity, and soil preservation (Wani
et al., 2009). In addition, growing-season temperatures
are important, as the production of principal crops is
expected to decline with rising temperatures (Hannah
et al., 2017). Smallholder farmers routinely face threats to
their livelihoods by pricing and economic structures, cli-
matic variability and extremes, and crop diseases
(Avelino et al., 2015; Hannah et al., 2017), and as a result,
possess limited adaptive capacity. Thus, information on
climate variability and change provides context and sup-
ports building sound adaptation strategies and adaptive
capacity at the local scale.

The unique geography of CA and the sparse availabil-
ity of ground observations for climatic variables provide
considerable challenges for assessments of climatic vari-
ability and change (Carvalho, 2020). Complex topography
of volcanic origin shapes a narrow isthmus located
between the two dynamic oceanic systems of the Pacific
and Atlantic Oceans (Pérez-Briceño et al., 2016). The
migration of the Inter Tropical Convergence Zone (ITCZ)
and the associated changes in strength of the trade winds
drive the timing of the seasons, the distinct seasonality in
precipitation for much of the area, and sensitivity to cli-
mate change (Hidalgo et al., 2015; Maldonado et al.,
2018). The complex interactions between topography and
climate systems occur on spatial scales not well represen-
ted in global models, but improvements have been made
with dynamical downscaling driven by regionally
coupled atmosphere–ocean models (Cabos et al., 2019)
and through regional modelling (i.e., Hannah et al.,
2017), yet regional modelling is not able to represent the
entire study area in near-real-time. At interannual scales,
the El Nino/Southern Oscillation (ENSO) is the main cli-
mate modulator (Maldonado et al., 2018) and much con-
cern from farmers regarding floods and droughts is
associated with ENSO events.

Given the regional complexity and scarcity in obser-
vational data, our study encompasses three objectives:
We (a) test the performance of high-quality satellite and
reanalysis datasets for the region, (b) evaluate the consis-
tency of recent hydroclimatic trends for temperature, pre-
cipitation, drought, and aridity, and (c) delineate climate-
sensitive regions based on metrics established for the
Central American Dry Corridor (CADC) and identify if
and where these regions have become drier.

1.1 | Climate-sensitive regions

The CADC is a comparatively arid region within CA with
a heightened susceptibility to drought and drought
impacts (Pennington and Ratter, 2006; Pérez-Briceño
et al., 2016; Gotlieb et al., 2019). Varying definitions of
the CADC agree about its location on the Pacific side
of CA extending from western Guatemala through north-
ern Costa Rica, with some studies including the Dry Arc
(Arco Seco) of Panama (Gotlieb et al., 2019). However, a
generally recognized objective delineation of the CADC
is elusive. Most metrics to define the extent of the
CADC include climatic indices, such as those employed
by the International Center for Tropical Agriculture
(CIAT) that defined the CADC as prone to drought based
on their Climate Risk Index calculated from consecutive
dry months (Quesada-Hernandez et al., 2019). A study by
the Food and Agriculture Organization (FAO) of the
United Nations (van der Zee Arias et al., 2012) identified
both a climatic and an ecological basis for the CADC. Eco-
logically, the CADC encompasses tropical dry forest eco-
systems that stretch from Chiapas in Mexico to near
Guanacaste in Costa Rica. Climatically, it is subject to
recurring droughts and defined by an annual dry season of
4–6 months, low to medium precipitation, and low evapo-
transpiration. A 2019 consensus statement uses both socio-
economic and climatic indices to define the CADC, includ-
ing a drier climate than in other areas of CA, a marked
winter dry season of at least 4 months, bimodal precipita-
tion patterns with peaks in June and September (Magaña
et al., 1999), and high variability in rainfall that is tied to
ENSO (Gotlieb et al., 2019). Quesada-Hernandez et al.
(2019) propose a dynamic extent of the CADC for wet,
dry, and average conditions in a CA core region, using a
1979–1999 meteorological station network biased towards
the Pacific side of the isthmus.

In addition to climatic characteristics, the CADC is
recognized as a rural area with rich biodiversity
(Pennington and Ratter, 2006) and a high prevalence of
subsistence farming and economic vulnerability (van der
Zee Arias et al., 2012; Gotlieb et al., 2019). Within the
CADC, the impacts of droughts, floods, and extreme pre-
cipitation on crops and livelihoods have been particularly
severe (Pérez-Briceño et al., 2016). Although extended
dry seasons and a highly seasonal distribution of rainfall
have been named as characteristics of the CADC, they
have so far not been included in delimitations.

1.2 | Precipitation and temperature data

An increasing number of global climate products have
been developed at progressively finer spatial and temporal
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resolution and can aid to overcome sparse spatial coverage
of on the ground meteorological data. These products have
been used extensively for hydrologic applications (Cavazos
et al., 2020), and early drought warning systems (Funk
et al., 2019). Their advantage lies in the spatially and tem-
porally complete coverage that is consistent with larger
synoptic processes, and, for many products, is corrected by
local observations. A number of studies have evaluated the
performance of these datasets for particular regions, iden-
tifying some of the difficulties in capturing local variability
at larger spatial scales (Sun et al., 2018; Beck et al., 2019;
Zhao and Ma, 2019; Chen et al., 2020), and the spatiotem-
poral variability of precipitation under complex geographic
conditions (Sun et al., 2018; Beck et al., 2019; Chen
et al., 2020). In addition, precipitation product perfor-
mance was strongly tied to the spatial coverage of surface
stations, satellite algorithms, and data assimilation models.
Inconsistencies between these limit the capability of the
products for climate monitoring, attribution, and model
validation (Sun et al., 2018). Thus, the relative perfor-
mance of available datasets is to some degree a function of
topographic complexity, climate regime, season, and net-
work station density, and results cannot be extrapolated to
other regions (Sun et al., 2018; Beck et al., 2019; Chen
et al., 2020). In spite of its socio-economic vulnerability
and sparse observational data, the CA isthmus has not
been the focus of a performance evaluation of global data
products to date.

1.3 | Hydroclimate changes

Both drought and aridity threaten the productivity of
rainfall agriculture and the livelihoods of smallholder
farmers globally, including in many regions of CA.
Drought refers to a temporary reduction in water avail-
ability compared to a long-term climatological mean,
while aridity refers to a prolonged state of water limita-
tion (Greve et al., 2019). Impacts of drought are likely to
be particularly severe in water-limited regions. Changes
in drought and aridity are key effects expected from
global warming, and thus important considerations for
assessments of hydroclimatological changes. Evaluations
of drought and aridity depend on a description of the
complex interactions of energy and terrestrial water
fluxes, parameters that are rarely available in practice;
thus, more simplified indices are widely used.

End-of-century projections of climatic changes from
GCMs over CA suggest warming of surface air tempera-
tures of 3–4�C and significant decreases in precipitation,
increasing the aridity of the region (Karmalkar et al.,
2011; Hidalgo et al., 2013). As temperature and precipita-
tion changes in other global regions have been attributed

to anthropogenic drivers, including CA (Marvel
et al., 2019), an important question is whether evidence
for projected hydroclimatic shifts can be discerned in the
climatic record to date.

Prior work on recent hydroclimatic trends for CA has
used both station observations and global products but
has not included the most recent decade. Robust
warming of more than 0.3�C/decade throughout CA and
Mexico for the latter 20th and early 21st century, with
some indications for local cooling over Honduras and
northern Panama, has been identified (Hidalgo
et al., 2017; Alfaro-C�ordoba et al., 2020; Cavazos
et al., 2020). Changes in precipitation have been inconsis-
tent in direction and magnitude, of lower significance,
hampered by the lack of on-the-ground monitoring, and
dependent on the data base used (Hannah et al., 2017;
Hidalgo et al., 2017; Muñoz-Jiménez et al., 2019; Cavazos
et al., 2020). Cavazos et al. (2020) found precipitation
decreases over the 1980–2010 period for the GPCP and
CHIRPS datasets, with increases for Era-Interim
and CRU. Trend analysis on 5-km gridded monthly cli-
mate fields built from station and reanalysis data for the
1970–1999 period indicated little evidence for significant
precipitation trends (Hidalgo et al., 2017).

While prior studies have consistently reported signifi-
cant warming, they have not identified a decrease in
water availability resulting from either warming or
changes in precipitation. Multiple explanations for the
lack in observed precipitation changes are plausible:
near-term projections of precipitation changes from
large-scale GCMs may be biased; warming to date may
not have been sufficient to drive aridity or precipitation
changes; or the data products available are not sufficient
in temporal and spatial coverage or accuracy. Even with-
out any significant changes to precipitation, the observed
widespread warming may impact water flows and avail-
ability, as increases in temperature drive increases in
both evapotranspiration and aridity, as well the fre-
quency and magnitude of drought. To explore this possi-
bility, Alfaro-C�ordoba et al. (2020) used the 1970–1999
observational dataset by Hidalgo et al. (2017) and found
that warming had, contrary to expectations, mostly not
been sufficient to drive concurrent and significant
changes in aridity, except in locations of Costa Rica and
Nicaragua. The analysis by Hidalgo et al. (2017) did not
include the most recent decade, globally recognized as
the warmest on record.

In summary, studies on hydroclimatic variability and
change in CA to date have used historic datasets that
have not included the most recent decade (Hidalgo
et al., 2017; Alfaro-C�ordoba et al., 2020), when global
temperatures have been the warmest (NOAA National
Centers for Environmental Information, 2020), and
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during which a widespread and severe drought event
affected critical areas of the region (ReliefWeb, 2020).
Thus, they have not reflected the changes that have taken
place to date. In addition, recent available data products
have not been compared with a focus on the study
region. In response, we examine which of the climatic
datasets available for CA would be appropriate to use for
the study area in the absence of a comprehensive net-
work of monitoring stations; what hydroclimatic shifts
have occurred in the area over the past four decades; and
whether and where globally observed warmer surface air
temperatures have driven increases in drought and arid-
ity in the region. Finally, we seek to identify vulnerable
regions in CA based on previously established definitions
on what constitutes the CADC and assess in what ways
any hydroclimatic shifts are intersecting with these
regions.

2 | METHODS

The study region consists of CA and its bordering regions
with North America, South America, and the Caribbean,
and is bound by 0–25 N latitude and 105–75�E longitude,
including countries from southern Mexico to northern
Colombia, and Cuba (Figure 1). The regions beyond
those considered CA were included to observe the conti-
nuity and/or boundaries of any hydroclimatic changes
between the CA isthmus and the land masses of North
and South America. We begin our study with an

intercomparison of different data products to determine
whether one rises above the others in quality for the
region and variables of this study, and to gauge the vari-
ability among the datasets. To identify areas of particular
climatic sensitivity we develop the delimitation of a
region based on climatic characteristics identified for the
CADC, and using the highest performing datasets from
the comparison in this study. We then quantify the mag-
nitude and spatial and temporal extent of hydroclimatic
shifts, with a focus on the climate sensitive regions
defined above, and most recent data. Finally, we reassess
whether warmer temperatures to date have driven
greater aridity in the region by including in the computa-
tion the most recent period to establish changes in aridity
and the length of the dry season, and by comparing
trends in the daily precipitation-based standard precipita-
tion index (SPI) with those of the standard precipitation
and evapotranspiration index (SPEI), which includes
temperature.

In the absence of available station data, we used the
Global Precipitation Climatology Center (GPCC) as a
benchmark for comparison. The GPCC dataset represents
the most comprehensive global collection of daily and
monthly precipitation from in situ climate stations. We
relied on the GPCC Full Data Daily Product V.2018,
which is based on near- as well as non-real-time data
from more than 35,000 stations (Schneider et al., 2018;
Ziese et al., 2018) as our observation standard. It is avail-
able at a 1.0� spatial resolution, but was resampled using
conservative remapping to the same 0.25� grid used for

FIGURE 1 Mean annual precipitation in the study region (left panel) and trends in annual precipitation over the 1982–2016 period for

the GPCC reference dataset (right panel). Statistically significant areas marked with dark shading. Dark orange boundaries indicate the

spatial extent of the Central American Dry Corridor (CADC) as determined by dynamic delimitation for average conditions by Quesada-

Hernandez et al. (2019), and magenta coloured boundaries indicate the delimitation of vulnerable regions based on CADC definitions as

developed by this study [Colour figure can be viewed at wileyonlinelibrary.com]
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all intercomparisons between datasets. Conservative
remapping is an interpolation technique designed to
maintain the energy and water budgets between the raw
and interpolated fields (Jones, 1999; Hanke et al., 2016).

The global model and satellite based datasets com-
pared to the GPCC were selected for their finer spatial
resolution, temporal depth, coverage of the study region,
as well as their performance in evaluative studies (Beck
et al., 2019) for regions where robust station networks
exist. Each was aggregated to the same 0.25� grid as the
GPCC data if at a finer native spatial resolution. Charac-
teristics for these datasets are described below and in
Table 1. There are many additional satellite-based,
reanalysis, and observationally derived datasets that
could have been included in this study (e.g., Mesinger
et al., 2006; Harris et al., 2020; Tang et al., 2020). In addi-
tion to the considerations noted below, our focus was on
global datasets that provided daily data, and we restrict
our analysis to the climate over the past four decades, for
which satellite data are available. Our aim is not an
exhaustive evaluation of all available datasets but a char-
acterization of the uncertainty among four commonly
used datasets to help frame more in-depth results con-
ducted with any one dataset. The inclusion of additional

datasets or the use of a different time period of evaluation
could change the results.

The Modern-Era Retrospective Analysis for Research
and Applications (MERRA-2) dataset represents the latest
atmospheric reanalysis product by NASA's Global Model-
ing and Assimilation Office (Gelaro et al., 2017; Reichle
et al., 2017b). We used the corrected precipitation from
MERRA-2, which includes the assimilation of
precipitation observations and applies a number of other
corrections (Reichle et al., 2017a; 2017b). The European
Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis, version 5 (ERA-5) data are the widely used
high-performing fifth-generation reanalysis product by
the Copernicus Climate Change Service (C3S) at the
ECMWF (Beck et al., 2019; Hersbach et al., 2020). ERA-5
provides hourly estimates of atmospheric, land, and oce-
anic climate variables. We used daily total precipitation
and mean surface air temperature data (Albergel
et al., 2018; Beck et al., 2019). The NCAR/UCAR Precipi-
tation Estimation from Remotely Sensed Information
using Artificial Neural Networks – Climate Data Record
(PERSIANN-CDR) dataset provides daily rainfall esti-
mates produced using the PERSIANN algorithm on infra-
red satellite data, and the training of the artificial neural

TABLE 1 Overview of the gauge-corrected (quasi-)global daily gridded datasets compared for the Central American study region

Name Details

Data
sour
ce(s)

Native spatial
and temporal
resolution

Temporal and
spatial
coverage

Variables
used Primary reference

GPCC
V.2018

Global Precipitation
Climatology Center

G 1� × 1�

(�12,500 km2)
1982–2016
global

pr Schneider et al. (2018)

MERRA-2 Modern-Era
Retrospective Analysis
for Research and
Applications 2

G, S, R �0.5� × 0.5�,
50 km2 hourly

1980–NRT
global

pr corr, tas Global Modeling and
Assimilation Office
(GMAO) (2015)

ERA-5 European Centre for
Medium-Range
Weather Forecasts
Reanalysis, V5

G, R 30 km2 1979– NRT
global

pr, tas Copernicus Climate
Change Service (C3S)
(2017)

PERSIANN-
CDR

Precipitation Estimation
from Remotely Sensed
Information using
Artificial Neural
Networks Climate
Data Record

G, S 0.25� × 0.25�

(�800 km2)
daily

1983–2016
quasi-global,
60� N/S

pr Sorooshian et al. and
NOAA CDR Program
(2014)

CHIRPS
V2.0

Climate Hazards group
InfraRed Precipitation
with Stations V2.0

G, S,
R, A

0.05� × 0.05�

(�25 km2) daily
1981–NRT land,
quasi-global,
50� N/S

pr Funk et al. (2014)

CHIRTS Climate Hazards group
InfraRed Temperature
with Stations

G, S, R 0.05� × 0.05�

(�25 km2)
1983–2016
(quasi-global,
60�S–70 N)

tas Funk et al. (2019)

Abbreviations: A, analysis; G, gauge; global, fully global coverage, including ocean areas; land, coverage is limited to the terrestrial surface; NRT, near-real

time; quasi-global, coverage that extends to the high latitudes; R, reanalysis; S, satellite.
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network based on the National Centers for Environmen-
tal Prediction (NCEP) stage IV hourly precipitation data.
The PERSIANN-CDR is adjusted using the Global Precip-
itation Climatology Project (GPCP) v2.2 product, gener-
ated by merging microwave, infrared, and sounder data
and precipitation station data (Ashouri et al., 2015; 2016).
The Climate Hazards group Infrared Precipitation with
Stations (CHIRPS) v.2.0 dataset is developed by the Cli-
mate Hazards Group (CHG) at the University of Califor-
nia, Santa Barbara and the U.S. Geological Survey Earth
Resources Observation and Science Center. Daily,
monthly, and seasonal products are built around blend-
ing satellite Cold Cloud Duration (CCD) observations
and improved interpolation techniques of high resolu-
tion, long period-of-record precipitation estimates.
CHIRPs forms the basis for the U.S. Agency for Interna-
tional Development's Famine Early Warning Systems
Network (FEWS NET), with the largest focus in Africa.
Daily temperatures are available through the Climate
Hazards Center Infrared Temperature with Stations
(CHIRTS) dataset at the same high spatial resolution as
CHIRPS, and are derived from combining long high-
resolution cloud-screened archives of geostationary satel-
lite thermal infrared (TIR) with stations observations
(Funk et al., 2019) adjusted using temperature data from
ERA-5.

The datasets selected for this study are some of the
highest performing for uncorrected (ERA5) and corrected
(MERRA-2 and CHIRPS) datasets in regional comparison
studies (Sun et al., 2018; Beck et al., 2019; Zhao and
Ma, 2019). CHIRPS has demonstrated higher correla-
tions, and less bias and mean absolute errors with GPCC
than several other datasets, and has served well for near-
real-time drought monitoring (Peterson et al., 2015). At
the same time, the GPCC product used in this study is
considered adequately independent of the CHIRPS
dataset where GPCC is routinely used as a baseline
against which CHIRPS or other products based on
remote sensing are compared (i.e., Funk et al., 2015).
PERSIANN-CDR has performed well for long-term his-
torical drought analysis and capturing the temporal vari-
ability of the intensity and amount of precipitation
extremes on global scales (Zhao and Ma, 2019; Chen
et al., 2020). Significant uncertainties in both modelling
and rainfall observation are especially pronounced in the
lower latitudes (Sun et al., 2018). These studies have
underscored that all types of observational-based rainfall
products have strengths and weaknesses and that the
selection of dataset(s) must be carefully weighed with
respect to their application (Nogueira, 2020).

The performance of all reanalysis and remotely
sensed precipitation datasets in this study was evaluated
against the GPCC interpolated station data at each grid

cell over land using the Kling-Gupta efficiency (KGE)
measure. KGE scores facilitate the analysis of the relative
importance of different components (correlation, bias,
and variability) in a goodness-of-fit analysis. It is well-
established for the intercomparison of global datasets
(Beck et al., 2019). KGE scores were not evaluated for
surface temperature, as no comparable reference dataset
was available. KGE is defined (Gupta et al., 2009; Kling
et al., 2012) as

KGE=1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r−1ð Þ2+ β−1ð Þ2+ γ−1ð Þ2

q
,

where the correlation component r is represented by
Pearson's correlation coefficient, the bias component β
by the ratio of estimated and observed means, and the
variability component γ by the ratio of the estimated and
observed coefficients of variation. Thus,

β=
μs
μo

and γ=
σs
μs
σo
μo

,

where μ and σ are the distribution mean and standard
deviation, and the subscripts s and o indicate estimate
and reference, respectively. KGE, r, β, and γ all have their
optimum at unity. KGE was calculated and mapped
using daily values for the 1983–2016 period, for which all
datasets overlap. Median and interquartile ranges for
KGE value distributions by country were then deter-
mined to evaluate regional differences and provide guid-
ance for practical applications. For each dataset, median
values for the r, β, and γ statistics were calculated and
compared to determine the most important contributing
factor(s) to a high KGE score.

A spatial delineation for vulnerable regions within
the study area was developed following the CADC precip-
itation characteristics reported by Gotlieb et al. (2019),
which summarized a workshop consensus statement
from Central American researchers. Gotlieb et al. (2019)
noted a highly seasonal climate, drier than in the remain-
der of the continent, with a summer wet season that
includes a mid-summer drought and frequent dry spells,
a well-defined and long dry season of at least 4 months in
boreal winter, and a relationship to the ENSO phenome-
non such that El Niño conditions are connected to dry-
ing. To translate those descriptions into numeric terms,
we identified all cells in the study region where, based on
the CHIRPS precipitation dataset and averaged over the
1981–2019 period, the following conditions were met:

1. Average annual precipitation was >800 and
<2,000 mm�year−1.
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2. Average wet season (May–September) mean fractional
precipitation was >60%, and dry season (January–
April) mean fractional precipitation <15% of mean
annual precipitation totals.

3. The length of the average annual dry season, calcu-
lated from twice smoothed daily data, and defined as
daily precipitation <2.5 mm exceeds 120 days.

4. The monthly Ocean Niño Index (ONI; NOAA, 2020)
and monthly precipitation were correlated such that
above normal temperatures in the 3-month running
mean of ERSST.v5 SST anomalies in the Niño3.4
region correspond to decreases in precipitation.

The area thus determined was mapped in comparison
to that proposed by Quesada-Hernandez et al. (2019) and
served to identify areas with high sensitivity to drying
across the study region. The FAO approach to identifying
the CADC included all areas where there is a dry season
of at least 4 months, but few details on either the dataset
or the calculations are given and no geospatial dataset of
this area is available.

As measures of hydroclimatic changes, we computed
annual and seasonal trends for daily average surface tem-
perature (ERA5, MERRA-2, CHIRTS datasets), and daily
precipitation (GPCC, CHIRPS, ERA5, MERRA-2,
PERSIANN-CDR datasets) over the period for which
each dataset was available. Trends were determined
using the rank-based, nonparametric Mann–Kendall
(MK) test (Mann, 1945; Kendall, 1948; Sen, 1968;
Siegel, 1982). In addition, we calculated the percentage
difference in the means between annual and seasonal
average precipitation and the difference in the mean
annual temperature between the first (1999 and earlier)
and second (2000 and later) part of the study period. The
statistical significance in the differences of the means
were calculated by the Wilcoxon signed-rank test
(Wilcoxon, 1945), a nonparametric alternative to paired
t tests when data are not normally distributed. A signifi-
cance level of σ = 0.05 is used for all statistical tests.
Results were compared between datasets and regions
within the study area, with a particular focus on the vul-
nerable regions that fulfil CADC conditions that were
identified as described above.

To assess whether the warmer temperatures and pre-
cipitation changes to date have driven changes in drought
and aridity indices in the region we relied on quantifying
changes in four metrics: (a) the number of days with Stan-
dardized Precipitation Index (SPI) (McKee et al., 1993)
values indicating drought conditions, DDSPI, and (b) the
number of days with the Standardized Precipitation-
Evapotranspiration Index (SPEI) (Vicente-Serrano
et al., 2010) indicating drought, DDSPEI, (c) the length of

the annual dry season (LDS), and (d) the aridity index (AI).
All indices were calculated using CHIRPS precipitation
data and are described in greater detail below.

The SPEI and the AI describe the interaction between
temperature and precipitation and require potential
evapotranspiration (PET). Daily PET was calculated fol-
lowing the Penman–Monteith approach and based on
CHIRPS precipitation and ERA-5 temperature data.
While this method requires additional input of net radia-
tion and humidity, an iterative algorithm for estimating
these inputs has been developed (Kimball et al., 1997;
Thornton and Running, 1999) and is implemented in the
METSIM software (Bennett et al., 2020) employed in this
study.

Both SPI and SPEI are computed similarly, by sum-
ming precipitation (SPI) or water balance anomalies
(SPEI), expressed as the difference between precipitation
and PET, over a prescribed time scale (31 days for this
study). The accumulated values are transformed to a nor-
malized index using parametric probability distributions.
SPI/SPEI calculations were based on the SCI R package
developed by Stagge et al. (2015), as adapted to work with
daily data, and using their recommended probability dis-
tributions for normalizing the indices. Both SPI and SPEI
values of −1 correspond to the 16th percentile, with
values below −1 indicating moderate to exceptional
drought conditions (Heim, 2002). We compared July–
August DDSPI and DDSPEI trends for the 1981–2018
period to those of the drier part of the year (November–
April). July and August fall within the summer wet sea-
son, but include also the time of the midsummer
drought, a period of reduced rains that is important to
the planting cycle, and has historically taken place
between July 15 and August 15. Concerns over the
changes in the midsummer drought with climate change
have been noted (Anderson et al., 2019; Quesada-
Hernandez et al., 2019). Furthermore, to distinguish the
relative potential contributions of warmer temperatures
and decreases in precipitation to changes in drought, we
removed the linear temperature trends (removing trends
for each month independently) and re-calculated PET
with this detrended data.

The LDS metric was determined as the maximum
length of continuous dry days during the October–June
annual dry season, using twice-smoothed daily data. Dry
days were defined as those with less than 2.5 mm of pre-
cipitation after smoothing. Precipitation thresholds for a
“dry day” in the literature range from 0.1 to
10.0 mm�day−1 (Liu et al., 2015), in substantially different
climates. The value of 2.5 mm used here is close to that
employed by (McCabe et al., 2010) for the seasonal and
semi-arid southwestern United States.
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The AI was calculated on monthly and yearly time
scales as the ratio of precipitation to potential evapotrans-
piration given by

AI=
P

PET
,

where AI is the aridity index, P precipitation (mm), and
PET the potential evapotranspiration (mm). This defini-
tion of AI is consistent with many authoritative refer-
ences (e.g., Mirzabaev et al., 2019) though its inverse is
also common in other studies (e.g., Greve et al., 2019).

Changes in the DDSPI, DDSPEI, LDS, and AI metrics
were analysed using Mann–Kendall trend and the
Wilcoxon signed-rank tests, as described above.

Finally, to identify where drying has taken place
within particularly vulnerable areas, we identified all
areas within the climate sensitive regions for which sta-
tistically significant trends towards drying in either mean
annual precipitation, summer wet season (JJA) precipita-
tion, winter dry season (DJF) precipitation, or July aridity
were found.

3 | RESULTS

The strong geographic and hydroclimatological variabil-
ity of CA and its bounding regions is reflected in the wide
range in mean annual precipitation, from <50 mm in the
dry highlands of Mexico, to >4,000 mm over the wet low-
lands of Nicaragua, Costa Rica, and Panama (Figure 1).
Changes in the annual precipitation for the reference
GPCC dataset were variable, and most areas did not
exhibit statistically significant trends. Exceptions
included areas of both significant increases and decreases
in annual precipitation in Mexico, and a large area with
significant decreases on the Atlantic side of Nicaragua
and Honduras. Figure 1 compares the delimitation of the
CADC by the dynamic approach of Quesada-Hernandez
et al. (2019) for normal conditions, and the delimitation
of climate-sensitive regions based on CADC criteria by
this study. In core areas for Guatemala, Honduras, El Sal-
vador, Nicaragua, and Panama, there is much overlap
between these outlines. Main differences between the
delimitations are centred on the areas outside of
the Guatemala-Panama region, where conditions similar
to those of the CADC exist and where the outline of
climate-sensitive regions developed for this study iden-
tifies areas with highly seasonal climates, limited rainfall,
and high vulnerability to drying similar to those of the
CADC. These climate-sensitive areas include regions of
southern Mexico, Cuba, and Colombia. The spatial extent
by Quesada-Hernandez et al. (2019), by contrast, includes

more of the wetter, Atlantic region, and also excludes all
areas north of the Guatemalan border. Two out of the
three regional-scale areas with statistically significant
trends towards drying overlap at least partially with the
vulnerable areas as identified in this study (Figure 1).

Evaluation of the KGE performance indicator scores
suggests that all precipitation datasets derived from satel-
lite and reanalysis data (CHIRPS, ERA5, MERRA-2,
PERSIANN-CDR) perform reasonably well as compared
to the purely observation-based GPCC data (Figures 2
and 3). KGE scores range from 0.2 to 1.0 for almost all
regions and for all datasets. The northern part of the
study region, mainly Mexico, is generally a better fit with
GPCC than the southern part, comprising Honduras, Nic-
aragua, Costa Rica, and Panama. Considering the median
and the interquartile ranges of the KGE values by coun-
try, the CHIRPS dataset achieved the consistently highest
scores along the entirety of the CA isthmus. The
MERRA-2 dataset performance exhibited the largest dif-
ferences between northern and southern regions of all
the datasets and was the highest performing dataset for
the northernmost region. A comparison of the individual
KGE statistics indicated that the CHIRPS dataset, for
which r, β, and γ were closest to the ideal value of 1, per-
formed best of all datasets compared, while the
MERRA-2 dataset achieved the lowest scores for
the region as a whole (Table 2). Generally, the values of

FIGURE 2 The KGE index evaluated between precipitation

datasets used for evaluation and the GPCC reference dataset

[Colour figure can be viewed at wileyonlinelibrary.com]
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r, β, and γ, although they differed between datasets, were
of very similar magnitude for a given dataset analysed.
Most datasets performed best in terms of r, related to
event identification, as compared to β or γ, indicating
that day-to-day variability between each dataset and the
reference dataset was somewhat better matched than
total precipitation amounts.

Even though the KGE performance indicator scores
do not significantly differ between datasets, precipitation
amounts, as well as trend magnitude and direction
derived from these datasets deviate substantially from
each other (Figure 4). The CHIRPS dataset most closely
reproduces the GPCC trend patterns, with some areas of
increases in annual precipitation across Mexico, signifi-
cant drying in eastern Honduras and Nicaragua, and
apparently drier conditions for most of the study area. By
contrast, the ERA5, MERRA-2, and particularly the
PERSIANN-CDR datasets, all of which diverge from
the trends observed in the datasets more explicitly includ-
ing station observations, mostly indicate increases in
annual precipitation, especially in the southern portion

of the study area, which overlaps with the summer and
fall position of the Intertropical Convergence Zone. In
addition, the MERRA-2 and PERSIANN-CDR datasets
appear to generally underestimate precipitation amounts
in the regions south of Mexico. Correspondingly, the
mean annual precipitation between the first and the sec-
ond half of the study period for the CHIRPS dataset sig-
nificantly decreased by 10–25% for large areas of
Honduras and Nicaragua (Figure 5), with areas of both
increases and decreases in the remainder of the study
period, while ERA5 and MERRA-2 indicate large
increases in the region of the ITCZ, and statistically sig-
nificant decreases in more northern regions, and
PERSIANN-CDR suggests statistically significant
increases of more than 25% for most of the study region.
While an analysis of the teleconnections between ITCZ
dynamics and regional rainfall is beyond the scope of
this paper, it is interesting to note that better representa-
tion of the ITCZ has been associated with reduced pre-
cipitation biases over land (Cavazos et al., 2020). The
closer agreement to CHIRPS of ERA-5 land precipitation

FIGURE 3 Medians and

interquartile ranges for KGE index

value distributions by country (north

to south) and dataset under

consideration [Colour figure can be

viewed at wileyonlinelibrary.com]

TABLE 2 Median values of the

individual components making up the

Kling-Gupta efficiency (KGE),

comparing Pearson's correlation

coefficient (r), the ratio of estimated

and observed means βð Þ, and the ratio

of the coefficient of variation (γÞ for
each dataset and across the study region

Statistic/dataset CHIRPS ERA-5 MERRA-2 PERSIANN-CDR

r 0.82 0.71 0.68 0.74

β 0.80 0.67 0.62 0.71

γ 0.81 0.71 0.57 0.75
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trends compared to MERRA-2 and PERSIANN-CDR
(Figures 4 and 5) also corresponds to MERRA-2 and
PERSIANN-CDR showing greatly diverging precipita-
tion trends in the ITCZ. The mean and standard devia-
tion of annual precipitation trends within the climate
sensitive regions shown in Figure 4 are −0.17(4.55)/1.39
(4.95)/12.54(14.46)/11.16(5.62) mm�year−1 for the
CHIRPS/ERA-5/MERRA-2/PERSIANN-CDR datasets,
respectively.

Similar to other global regions, trends in mean annual
surface temperatures are more spatially coherent and
consistent between datasets than those of annual precipi-
tation (Figure 6). Mostly significant rises range between
0.2 and 0.8�C�decade−1. Both the CHIRTS dataset, which
incorporates ERA-5 data, and ERA-5 are in agreement of
a general warming trend for the region. MERRA-2 sug-
gests cooling over an area that includes Guatemala, Hon-
duras, El Salvador, and Nicaragua. The rise in
temperature suggested by the CHIRTS and ERA-5 corre-
sponds to an overall warming of 0.8–3.2�C over the past
four decades, raising the question whether this warming

has been sufficient to contribute to significant increases
in aridity.

While annual trends in precipitation are inconsistent
across datasets and a large part of the study region, there
is much greater consistency in seasonal changes between
datasets (Figure 7 and Supporting Information). Seasonal
trends indicate agreement between the CHIRPS, GPCC,
the ERA5, and to some degree the MERRA-2 dataset for
statistically significant drying during the summer season.
The areas most affected by this drying are mostly to the
north and east of the core region of the climate-sensitive
area that stretches from southern Mexico to northwestern
Costa Rica, but overlap between areas of summer drying,
the climate-sensitive region determined by this study, as
well as the CADC area determined by Quesada-
Hernandez et al. (2019) does exist. Notably, even though
ERA5 and MERRA-2 generally do not show reductions
in annual water availability, these datasets do indicate
drying during the summer growing season in some areas.
The greatest increases in seasonal temperature have
taken place in the winter and spring seasons for the

FIGURE 4 Trends in annual precipitation for the CHIRPS

(1981–2019), ERA-5 (1981–2019), MERRA-2 (1981–2019), and
PERSIANN-CDR (1983–2016) datasets examined in this study.

Statistically significant areas marked with dark shading. Magenta

boundaries indicate the delimitation of vulnerable regions

developed by this study [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 Percentage change in mean annual water

availability between the first (1981–1999) and the second (2000–
2019) half of the study period for the precipitation datasets

evaluated. Significance in the means evaluated by the Wilcox test at

the 95% confidence level indicated by darker shading. Magenta

boundaries indicate the delimitation of vulnerable regions

developed by this study [Colour figure can be viewed at

wileyonlinelibrary.com]
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northern portion of the study region, particularly affect-
ing Mexico and Cuba (Figure 8).

Consistent with the evidence from precipitation and
temperature trends reported above, increases in DDSPI

and DDSPEI are most pronounced for large regions of
Honduras and Nicaragua, and smaller areas in Mexico
during the midsummer drought months of July–August
(Figure 9). Almost no parts of the study region appear to
have experienced decreases in drought days during the

growing season over the study period. For the drier por-
tion of the year (November–April) few significant trends
towards either increases or decreases in the number of
drought days are found, with smaller regions of drier con-
ditions mostly in the northern part of the study area, and
areas of decreasing drought occurrence in the southern
and Pacific side of the study area. Since SPEI includes the
effects of temperature, and given the highly significant
temperature trends in the region over the study period, it
might be expected that increases in DDSPEI would be

FIGURE 6 Trends in annual

mean daily temperature

(�C�decade−1) for the CHIRTS (1983–
2016), ERA5 (1981–2019), and
MERRA-2 (1981–2019) datasets.
Significant trends at the 95%

confidence level are marked with

dark shading [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 7 Seasonal precipitation trends for the CHIRPS

dataset and the 1981–2019 period. Dark shading indicates

significant trends at the 5% level. Magenta boundaries indicate the

delimitation of vulnerable regions developed by this study [Colour

figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Seasonal trends (�C�decade−1) in temperature for

the CHIRTS dataset and the 1981–2016 period. Magenta boundaries

indicate the delimitation of vulnerable regions developed by this

study [Colour figure can be viewed at wileyonlinelibrary.com]
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more severe as compared to the DDSPI. However, the spa-
tial extent and magnitude of statistically significant
trends towards drying for both indices are nearly indistin-
guishable for the wetter July–August, and generally simi-
lar for the drier November–April season. Areas where
DDSPI and DDSPEI for July–August increase partially
aligns with the zone of the CADC as determined by
Quesada-Hernandez et al. (2019) and the climate-
sensitive region identified in this study.

The implication of the similarity in trends in DDSPI

and DDSPEI is that the precipitation trends (especially
drying trends) are driving the increases in July–August
drought days more so than temperature, and hence PET,
trends. A comparison of the SPEI trends in Figure 9 with
those where temperature trends were removed
(Figure 10) confirms this finding. When the temperature
is detrended, the trends in the number of drought days

according to SPEI values are comparatively similar
between Figures 9 and 10. A summary of the number of
grid cells showing significant trends in SPEI for each
of the panels in Figures 9 and 10 is shown in Table 3.

For the July–August rainy season with the charac-
teristic mid-summer drought in much of the region,
the rising temperatures of the region for 1981–2018
account for a drop from 18.6 to 16.5% in the area with
statistically significant trends, or stated differently,
there is approximately a 12% increase in the number
of significant trends when temperature trends are
included. For July–August, in most locations the mag-
nitude of the change in drought days due to tempera-
ture trends is generally small compared to the trend
caused by decreasing precipitation. For the dry season
(November–April) including the observed temperature
trend for 1981–2018 increases the area with significant

FIGURE 9 Trend (days�year−1)
in number of days with 31-day SPEI/

SPI drought index values below −1
(DDSPI and DDSPEI) for the wet (Jul–
Aug) and dry (Nov–Apr) seasons and
the 1981–2019 period. Values based
on daily CHIRPS precipitation and

daily temperature from ERA5. Only

grid cells with statistically significant

trends are included [Colour figure

can be viewed at

wileyonlinelibrary.com]

FIGURE 10 The same 31-day

DDSPEI trends (days�year−1) as in
Figure 9, except that detrended

temperature was used for calculation.

SPEI values below −1 are based on

daily CHIRPS precipitation and daily

detrended temperature from ERA-5

for the 1981–2018 period. Only grid
cells with statistically significant

trends are shown [Colour figure can

be viewed at wileyonlinelibrary.com]
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trends in drought days from 7.6 to 12.7% a 2/3 increase
in area. This illustrates that temperatures are driving
changes towards higher frequency in drought during
the dry season for some locations, especially evident in
portions of Mexico where Figure 9 shows significant
drought day trends that are absent in Figure 10.

Extended dry periods of 4–8 months are prevalent in
the northern and Pacific-side areas of the study region,
especially for the higher elevations of Mexico, Guate-
mala, Honduras, El Salvador, and Nicaragua, and
throughout Cuba (Figure 11). There is indication that the
length of the dry period, LDS, has shortened by 5–20 days
on the Pacific side of Guatemala, Honduras, and Nicara-
gua in areas that overlap with vulnerable areas and in
the Campeche region of Mexico, while increases in LDS of

10–20 days were found for western Cuba, northern and
northeastern Nicaragua, and eastern Honduras.

Even though the summer season is critical for
replenishing water storage and agricultural production,
there are substantial areas that remain water limited dur-
ing that critical time (reddish colours in the lower left
panel of Figure 11). July is also the month when changes
in the aridity (AI) towards dryer conditions were found
throughout the study area, with the largest and signifi-
cant changes in eastern Honduras and Nicaragua (lower
right panel of Figure 11).

A large fraction (approximately 60%) of the climate-
sensitive regions identified in this study has been subject
to statistically significant drying by at least one measure
(Figure 12). The largest share of these areas lies along the
Pacific coast of the isthmus.

4 | DISCUSSION

Throughout CA, rain-fed smallholder agriculture com-
poses a large share of agricultural production and is
highly sensitive to climatic variability on multiple tempo-
ral scales (Baca et al., 2014; Bouroncle et al., 2017).
Decadal-scale warming and/or wetting/drying trends
influence the viability and profitability of crop types or
strains and drive management decisions for annual and
perennial crops. Shorter term variability, such as varia-
tions in the start date and the length of either dry or rainy
periods, the amount of water available in a season, or the
interplay between temperature, precipitation, and thus
evapotranspiration, impact crop successes, food security,
and drinking and irrigation water resources on seasonal

TABLE 3 Percentage of significant grid cell trends in the

number of SPEI drought days

Jul–Aug Nov–Apr

Original data (Figure 9) 18.6 11.7

Detrended data (Figure 10) 16.5 5.0

FIGURE 11 Top left: Maximum length of consecutive dry

days, where dry is defined as <2.5 mm of precipitation on twice

smoothed data. Top right: Trends in the length of consecutive dry

days. Bottom left: Mean aridity for July and the 1981–1999 period.

Bottom right: Difference in aridity between the (2000–2018) and
(1981–1999) periods. Significant trends/changes at the 5% level are

marked with dark shading [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 Climate sensitive regions as identified by this

study (brown) and the areas within climate sensitive regions for

which statistically significant trends towards drying in either mean

annual precipitation, summer wet season (JJA) precipitation,

winter dry season (DJF) precipitation, or July aridity were found

indicated in red [Colour figure can be viewed at

wileyonlinelibrary.com]
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to annual time scales. Despite the importance of precipi-
tation timing and amounts for water and food security,
much is uncertain about the direction and magnitude of
recent climatic shifts in the region, owing to both the
geographic complexity of the region and the lack of com-
prehensive on-the ground monitoring data (Aguilar
et al., 2005; Muñoz-Jiménez et al., 2019; Quesada-
Hernandez et al., 2019; Alfaro-C�ordoba et al., 2020). As a
result, satellite rainfall estimates have been used as an
alternative or as a supplement to station observations in
other regions worldwide, but Central America has not
been a focus of these studies.

To fill this gap, our first objective was to evaluate the
performance of several satellite and reanalysis precipita-
tion data products for CA, referenced against the
observation-based GPCC dataset. The data products were
selected based on their strong performance elsewhere
(Sun et al., 2018; Beck et al., 2019; Prakash, 2019). We
found best performance across CA by the CHIRPS
dataset, consistent with results from other regions in the
lower latitudes (Dinku et al., 2018; Prakash, 2019), but in
contrast to findings from mid-latitude regions, where
MERRA-2 and ERA-5 outperformed the CHIRPS dataset
(Beck et al., 2019). In agreement with prior work (Sun
et al., 2018), all datasets performed better for the north-
ern part of the study region that is less affected by the
ITCZ and whose larger landmasses are less controlled by
the Atlantic and Pacific Ocean systems. Nonetheless, the
relative contribution of better station coverage, greater
station overlap between datasets, or more stable climate
systems over larger land areas to the better performance
of datasets in the northern latitudes of CA remains
unclear. Many satellite-based rainfall products with long
time series suffer from coarse spatial and temporal reso-
lutions and inhomogeneities. Thus, representing the
broader CA region with its complex topography, where
rain detection is inhibited, and its highly seasonal sys-
tems with difficult-to-detect light rains, remains a formi-
dable challenge for all satellite products (Maggioni
et al., 2016), which might necessitate the use of high reso-
lution reanalysis data for the region.

Overall, our study identified only relatively small dif-
ferences in performance metrics between datasets. By con-
trast, though, the hydroclimatic shifts calculated from
each of the data products vary substantially. For tempera-
ture, the CHIRTS and ERA5 datasets are in agreement on
widespread and significant warming over the entire study
region, while the MERRA-2 indicates cooling has occurred
over the central portion of the study period with warming
elsewhere. By contrast, for precipitation, the reference
dataset GPCC and CHIRPS, and to some degree ERA-5
appear to be mostly aligned, while MERRA-2 and
PERSIANN-CDR products appear to be dominated by

larger-scale oceanic processes. Those discrepancies have
been reported elsewhere in the literature (e.g., Reichle
et al., 2017a) who found that in regions where the density
of gauge networks is low or where considerable changes
in the network over the reanalysis period has taken place,
MERRA-2 precipitation estimates are subject to consider-
able errors. While gauge undercatch has been noted as an
issue in GPCC precipitation (Schneider et al., 2017), this
influence is minor in tropical regions due to the absence
of solid precipitation (Adam and Lettenmaier, 2003).

Our second objective sought to quantify hydro-
climatic trends for the region based on the most recent
and highest-performing data. For temperature, wide-
spread warming trends on the order of 0.8�C�decade−1,
suggested by several the global temperature products
evaluated in this study, are of serious concern in light of
the importance of climate and agricultural production for
smallholder livelihoods throughout the greater CA
region. The patterns of warmer temperatures are consis-
tent with those from previous studies for earlier periods
(Hidalgo et al., 2015) and more recent warming for other
regions worldwide (Shukla et al., 2020).

Similar to previous studies (Hannah et al., 2017;
Muñoz-Jiménez et al., 2019; Sandonis et al., 2021),
decadal-scale trends in annual precipitation were found
to be more variable across the study region. They also
differed in both direction and magnitude between the
CHIRPS and GPCC datasets, and other satellite and
reanalysis products. CHIRPS and GPCC found substan-
tial declines in precipitation of 10–25% for a region
centred on southern Honduras and northern Nicaragua,
and trends towards declining annual precipitation in
eastern Nicaragua and Honduras, and smaller regions
in Mexico, while ERA-5 indicated declines for a region
centred on the Yucatan in Mexico. By contrast,
MERRA-2 and PERSIANN-CDR suggest >25% increases
in annual totals over much of the study region. On sub-
annual time scales, there is noteworthy agreement
between datasets on much more widespread decreases
in precipitation for the JJA boreal summer (wet) season.
Historically, the wet season is most critical for food pro-
duction, especially over regions with less annual precipi-
tation and longer dry seasons. This suggests greater
confidence in the detected drying trends during the
main growing season for the more vulnerable parts of
the study region. Unlike studies based on longer time
periods (i.e., Sandonis et al., 2021), the 40-year record of
satellite data available for this study was not sufficient
to examine changes in the magnitudes of trends
over time.

On annual time scales, measures of change in
drought and aridity indicate substantial variability
throughout the study region. Statistically significant
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changes towards more frequent drought are only indi-
cated for areas in southern Honduras, northern and east-
ern Nicaragua, and some smaller regions in Mexico, with
few significant changes elsewhere. The length of the dry
season, often exceeding 4 months throughout the study
region, appears to be somewhat shortening through most
of CA. On seasonal scales, our findings indicate greater
frequency of drought and more arid conditions during
the time of boreal summer (JJA). In addition, some
highly seasonal, water-limited areas have seen significant
increases in aridity during the summer through both
increases in temperature and decreases in precipitation.

In line with precipitation trends, the most robust
changes in summer drought observed were in the eastern
Honduras/Nicaragua region as well as some areas of
Mexico. For the 1981–2018 period, summer drought
trends are driven almost entirely by precipitation, and
not by warmer temperatures and associated increases in
evapotranspiration. By the end of the century, runoff
across CA is projected to decrease substantially due to ris-
ing temperatures (Imbach et al., 2017). Under recent
warming, however, temperature trends add to increasing
drought trends in some isolated regions but precipitation
trends still dominate for most of the study region. As
temperatures rise through the 21st century, the contribu-
tions to drought severity can be expected to change
(Alfaro-C�ordoba et al., 2020).

Despite the importance of both longer-term climatic
changes and shorter-term variability, the characterization
of recent hydroclimatic trends across CA likely contains
significant uncertainties due to the paucity of available
data and the geographic as well as the climatic complex-
ity of the region. This complexity is not well represented
at the larger spatial scales at which global models oper-
ate. Observed station data that provided the basis of pre-
vious publications relies on a set of station data that
covers almost exclusively the Pacific side of the isthmus
and has not been available past 1999. Thus reliance on
global data products derived from a combination of satel-
lite observations, reanalysis, and ground observations are
critical for assessing climatic variability and change. As
the hydroclimatic changes and drought over the past four
decades have been driven by precipitation changes more
so than to rising temperatures and greater evaporative
demand, improved precipitation estimates would be even
more important.

Based on the third objective for this study we deter-
mined areas of high climatic sensitivity following the char-
acterizations for the Central American Dry Corridor
(CADC). The CADC has been defined by bioregions, cli-
matic characteristics, socio-economic vulnerability, suscep-
tibility to drought, and a combination of these. Our work
provides a delineation of climate-sensitive regions based

on a 2019 consensus statement by practitioners in the field
(Gotlieb et al., 2019) and applies this to the entire study
region. Thus, our climate sensitive region, in contrast to
previous delimitations, includes areas in Mexico, Cuba,
and Columbia, and differs from a delineation derived from
drought susceptibility (Quesada-Hernandez et al., 2019).
Conceptually then, the regions identified by our delimita-
tion are those where lower precipitation and high season-
ality predominate, and for which drying may be
particularly impactful. By contrast, Quesada-Hernandez
et al. (2019) identify drought sensitive areas in the core CA
region only, thus including areas of relative wetness, but
excluding some water limited and highly seasonal areas
that did not exhibit recent sensitivity to drought. While
the largest drying in CA appears to have taken place in the
wetter Atlantic regions of Honduras and Nicaragua, some
areas inside the delimitation of climate sensitive areas
have seen significant reductions in water availability.
These climate sensitive areas are already highly vulnerable
to precipitation reductions at the beginning of the study
period, due to the limited rainfall and extreme seasonality
present. Any changes towards even drier conditions in
these regions would be particularly perilous.

5 | CONCLUSION

Despite the variability in precipitation changes in the
region and the uncertainties associated with estimates
from large-scale data products, two key findings emerge
from our work. First, our study found that much of the
decrease in water availability observed in the study region
has been taking place during the summer wet season, a
critical time for agricultural production. This is especially
important in the later part of summer, when a second crop
of staple foods might be successful in years with robust
late rains. The decrease of the rains during this critical
time points towards diminished opportunities for food pro-
duction before the arrival for the annual dry period and is
thus an important link of water and food security. Fur-
thermore, when taken together, a large percentage of cli-
mate sensitive and water limited regions across CA have
already experienced statistically significant increases in
drought stress by one or more measures (decline in annual
or seasonal precipitation, or an increase in aridity) over
the past decades. These areas, mostly located in Nicaragua,
Honduras, Mexico, Cuba, and Colombia are especially vul-
nerable to continuing changes towards drought and
should be considered as focus areas for climate adaptation
measures. Thus our findings provide insights that may
guide adaptation to climate warming and water deficits in
the socio-economically vulnerable broader Central Ameri-
can (CA) region.
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