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Abstract: The Intra—Americas Seas region is known for its relevance to air-sea interaction processes,
the contrast between large water masses and a relatively small continental area, and the occurrence
of extreme events. The differing weather systems and the influence of variability at different
spatio—temporal scales is a characteristic feature of the region. The impact of hydro—meteorological
extreme events has played a huge importance for regional livelihood, having a mostly negative
impact on socioeconomics. The frequency and intensity of heavy rainfall events and droughts are
often discussed in terms of their impact on economic activities and access to water. Furthermore,
future climate projections suggest that warming scenarios are likely to increase the frequency and
intensity of extreme events, which poses a major threat to vulnerable communities. In a region
where the economy is largely dependent on agriculture and the population is exposed to the impact
of extremes, understanding the climate system is key to informed policymaking and management
plans. A wealth of knowledge has been published on regional weather and climate, with a majority
of studies focusing on specific components of the system. This study aims to provide an integral
overview of regional weather and climate suitable for a wider community. Following the presentation
of the general features of the region, a large scale is introduced outlining the main structures that
affect regional climate. The most relevant climate features are briefly described, focusing on sea
surface temperature, low-level circulation, and rainfall patterns. The impact of climate variability at
the intra—seasonal, inter-annual, decadal, and multi-decadal scales is discussed. Climate change is
considered in the regional context, based on current knowledge for natural and anthropogenic climate
change. The present challenges in regional weather and climate studies have also been included in the
concluding sections of this review. The overarching aim of this work is to leverage information that
may be transferred efficiently to support decision—-making processes and provide a solid foundation
on regional weather and climate for professionals from different backgrounds.
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1. Introduction

The Intra—Americas Seas (IAS) region is defined as an area that includes the Gulf of Mexico and
the Caribbean Sea. Jointly with the eastern Tropical Pacific, this region integrates the water masses
enclosing Central America, Mexico, northern South America, and the Caribbean islands. From a
large-scale perspective, continental rainfall over the IAS region, including Central America, is at times
considered a part of the North American Monsoon (NAM) rainfall [1,2]. A more precise definition of
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the NAM refers to north-western Mexico and Arizona, where rainfall patterns are accompanied by
the seasonal reversal of surface winds that occur along the Gulf of California [3,4]. The latter better
integrates with the classical definition of the monsoon regime, based on the annual reversal of surface
winds [5]. The NAM definition and its geographic domain have been subject to variations. An updated
definition of the NAM is based on rainfall characteristics, where its domain is considered to include
most of the IAS region [6]. In this review, the term Western North American monsoon (WNAM)
refers to the precipitation over north-western Mexico and the US southwest, to avoid confusion.
Located in tropical America, the IAS receives a decent share of incoming solar radiation, with an
average of approximately 240 Wm~2. This energy input is the primary force underpinning large-scale
circulation patterns. The land—-water configuration in the region highlights that ocean—-atmosphere
coupling plays an important role in interactions that ultimately shape regional weather and climate [7].
Amongst the many dynamic and thermodynamic feedbacks relevant to regional processes, heat fluxes
are one of the main drivers accounting for energy exchange. Heat transport is far from being a
near surface parameter; in the region, it is strongly connected to the loop current, and is therefore
constrained to ocean bathymetry [8]. The sea surface temperature (SST) is characterised by the
Western Hemisphere Warm Pool (WHWP) [9], which is the second largest warm pool on Earth.
The WHWP features the seasonal SST gradients, including the seesaw between the eastern tropical
Pacific (ETPac) and the Caribbean Sea. The WHWP accounts for variations in trade winds because the
coupling between the meridional SST gradient and trade winds operates at the seasonal, inter-annual,
and decadal time scales [10]. Trade winds dominate the low-level circulation and play a relevant
role in boundary layer processes that modulate mass exchange, energy feedback, moisture transport,
cyclone development, convective activity, and rainfall distribution. The main low-level structures
in the region are the Caribbean Low-Level Jet (CLL]) [11] and Choco Jet [12]. Their role to modulate
rainfall patterns has been widely studied [13], as well as their connectivity with large—scale features
such as the Inter—Tropical Convergence Zone (ITCZ) [14,15]. Heavy rainfall in the region is a
combination of regional and large-scale processes and features, including the so—called Mid-Summer
Drought (MSD) [16], ITCZ seasonal activity [14,17], tropical disturbances [18,19], and mesoscale
convective activity [20].

Although some countries in the region have developed more integral economic sustainability
in the technology and services sectors, the regional economy is largely dependent on agriculture.
Agricultural production [21] accounts for a significant part of the national Gross Primary Product
(GPP), and the main exportation products include coffee, fresh fruit, and flowers [22,23]. Agriculture is
often linked with agritourism as a means of sharing the added value of sustainable production [24,25].
The dependence of regional economics on weather and climate opens up a debate on water resources
management. As water resources are highly vulnerable to the effect of hydro—meteorological extremes,
changes to water and climate increases the risk of an already distressed sector that has experienced
the pressures of trade agreements [26]. Drought has had a significant effect on Central American
and Caribbean crops as severe droughts affect approximately half of the production on average
during drought [27,28]. Heavy rainfall and associated floods also impact crops, due to their ability
to disrupt harvesting, processing, and transportation [29]. Conditions linked to El Nifio-Southern
Oscillation (ENSO) events have been associated with an increase in crop diseases such as coffee rust [30].
Hydro-meteorological extremes have a profound impact on regional agriculture, compromising food
security, decreasing economic growth, affecting a large number of households that depend on major
crops, and increasing societal risk of impoverishment [31].

Electricity generation in parts of the region relies on a steady rainfall annual cycle or the capacity
to adapt production to rainfall deficits. The regional electricity matrix is comprised of a combination of
different energy sources, including hydroelectric, wind farms, geothermal, thermal, and co—generation
with hydroelectric and thermal. Nearly 44—64% of electricity production in Central America is thermal,
with the exception of Costa Rica, where thermal production constituted 25% of the energy mix in
2010 [32]. Over the last four decades, Guatemala and Panama achieved an increase of hydropower
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capacity from 2000 to 4000 GWh and 5000 GWh, respectively. Costa Rica managed to double their
hydropower capacity to nearly 7000 GWh [33]. In the Caribbean, the energy matrix is dominated by
coal, diesel, and fuel oil [34]. Central America’s plans to increase their share of renewable energy
production will need to confront the climate constraints posed to hydropower and wind farming,
with solar energy under review due to the costs and impact of cloudiness on energy generation
efficiency. In Mexico, clean energy contributed 20% of annual production (64,848 GWh) in 2016,
with hydropower representing 48% of the clean energy contribution [35]. Variability modes such
as ENSO have a global impact on hydropower generation, where El Nifio events decrease annual
hydropower production in Central American dams [36]. The combination of hydrometeorological
extremes and the growing demand are part of the regional challenges for energy security, and moreover,
renewable energy production.

Access to clean water for consumption was declared a human right by the 64-292 resolution
of the United Nations General Assembly. However, clean water access is recognised as one of the
most neglected human rights [37]. In the IAS region, water pollution with contaminants such as
arsenic [38] poses an additional threat to water access. Inequitable water access has been purported
to plague Latin America and the Caribbean [39], with water—related conflicts often explored in the
drylands [40,41]. The issues for water resources for agricultural production and human consumption
have been drawn as a focal point. Under such circumstances, with scenarios that point to a reduction
in water availability [42], the most plausible scenario appears to be an exacerbation of competition for
water. Future climate projections suggest a scenario in which drylands in the Pacific coastal region are
affected by greater aridity and rainfall reduction [43]. Projections also suggest a drier Caribbean by
the end of the century [44], where a significant ecological impact is expected. A high risk of forest
loss has been recognised for Central America, due to a projected decrease in runoff, despite potential
reductions in greenhouse gas emissions [45]. Warming points to several disruptions in ecosystem
behaviours, with multi-scale impacts from functional traits [46] to population dynamics [47] and forest
resilience [48]. These circumstances highlight the importance of weather and climate, the variability
and impacts of climate change across all areas of human livelihoods, and the vulnerability of the region
as a climate change hotspot. This review aims to provide an integral overview of the climate system at
a regional scale. It seeks to contribute to a body of knowledge that will benefit a broad spectrum of
groups interested in understanding the main features of weather and climate that shape life in the IAS
and the perspectives of climate change for the region.

2. Large-Scale Climate Forcing

Regional climate is the result of interactions at multiple scales, where the large scale plays a
key role in the modulation of the easterly flow and the distribution of SST. The large scale sets the
environment for a manifold of feedbacks, with smaller scales that define the climate characteristics at
regional and local scales. We selected pressure patterns and the ITCZ to provide an overview of the
relevance of these large—scale features for regional climate.

2.1. Pressure Patterns

During summer, circulation in North America possesses a unique pattern with a lower tropospheric
cyclone over the continent. Figure 1 shows that it is accompanied by anticyclonic circulations over
the oceans on its western and eastern sides, the Western Pacific High (WPH) and the North Atlantic
Subtropical High (NASH) respectively, with an opposite pattern in the upper troposphere [49].
The low-level circulation in the Atlantic region is dominated by the NASH, with associated geostrophic
easterlies and south easterlies in the Gulf of Mexico. This semi—permanent feature is commonly
referred to as the Azores High or Bermuda High, in Europe and North America, respectively [50].
Focusing on the magnitude and location of the highest central pressure of the NASH [51] showed that
the anticyclone migrates in a somewhat elliptical pattern from month to month within an area bounded
by 258-408° N and 208-508° W. The upper panel in Figure 1 contrasts the high—pressure systems
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between summer months June-July—August (JJA) and winter months December—January-February
(DJF), in terms of intensity and extension. During summer, the NASH is enhanced, and its western
ridge extends to the south—eastern US [52], inducing a strong easterly flow across the Caribbean.
This flow supplies warm and humid air to feed large-scale precipitation over tropical and subtropical
North America [53]. The strength and orientation of the western ridge of the NASH plays an important
role in modulating the intra—seasonal variability of summer rainfall over the IAS, characterised by
coupling with marine boundary layer clouds [54]. The circulation associated with the most westward
extension of the NASH during July and August is linked with the MSD (described in Section 3.4.1),
through the reinforcement of low-level anticyclonic flow over the Gulf of Mexico [55].

v
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Figure 1. Mean Sea-Level Pressure for (A) DJF and (B) JJA. 10 m wind vectors and zonal wind
shear (shaded) for (C) DJF and (D) JJA and average rainfall for (C) January and (D) July respectively,
for the 1979-2019 period based on fifth generation of the European Centre for Medium-Range Weather
Forecasts atmospheric reanalyses of the global climate (ERA5) data. Both (A,B) show the contrasting
seasonal expansion of the North Atlantic Subtropical High (NASH) western ridge. Surface winds show
the coherence of the large—scale circulation with the pressure patterns and the area that features the
Caribbean Low-Level Jet (CLL]) is observed as a maximum of zonal wind shear. Complimentary (E)
and (F) show the long—term average daily regional rainfall distribution. Based on this, the seasonal
migration of the Inter—Tropical Convergence Zone (ITCZ) may be observed, including its effect over
continental rainfall, contrasting drier conditions overland in January.

The western ridge position of the NASH is associated with subsidence and clear skies, which makes
the movement of cyclones difficult. However, when the NASH western ridge is located to the southwest
of its summer climatological mean position, precipitation over the south—eastern US increases with
enhanced moisture transport from adjacent tropical oceans [56]. Variations in precipitation located at
the periphery of subtropical high systems have marked impacts on local circulation and the evolution of
nearby weather systems. However, there have been few observational studies on precipitation in areas
dominated by subtropical highs, mainly due to the limited availability of well-matched measurements.
Limited impacts on local precipitation due to prevailing subtropical high conditions have been observed.
According to Reference [57], precipitation was only 30% lower under the NASH conditions than under
non-NASH conditions. Whilst the impact of the NASH conditions on rainfall intensity was larger,
it was still 50% less than intensity under non-NASH conditions. Precipitation under the NASH was
highly correlated with vertical motion as active up draughts, occurring even under subtropical high
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conditions. In recent decades, the NASH has been documented to intensify, causing a westward
movement of its western ridge in summer. The northern hemisphere subtropical highs have been
determined to intensify under warming conditions [58]. Changes in the seasonal response of rainfall to
the NASH have been found to be associated with anthropogenic warming [59]. Under a warming
scenario, state—of-the-art global climate models have projected that the NASH becomes more intense,
with its western ridge moving further westward [60]. An intensified NASH and its westward expansion
may enhance hydro—climate extremes such as heat stress and droughts in the south—eastern US [61]
and is likely to affect summer precipitation in the IAS region.

2.2. Large—Scale Circulation

The low-level circulation in the tropics is driven by the ascending branch of the Hadley circulation
as a result of latitudinal heating gradients and plays a major role for the poleward transport of heat.
The analysis of the so—called trade winds and the overall global circulation goes back to the 18th
century [62]. Near the equator, moist and warm tropical air rises until reaching the subtropics, where it
descends towards the equator near the surface [63]. In the region, the circulation is featured by
the dominating easterlies, as shown in Figure 1, middle panel. Low-level winds are forced by SST
gradients and their strength is highly sensitive to SST changes [64]. Energy and mass exchange can be
described by the relationship between SST and winds. The vertical velocity, which is responsible for
the energy and mass transfer, is forced by diabatic heating and at the same time, the vertical velocity
drives the large-scale flow within the boundary layer [65]. As a result, changes in the large—scale flow
are a response to near surface heating and therefore, surface winds are driven by SST. Despite the
relative simplicity, this interaction is highly complex as it involves a series of non-linear feedbacks.
Further interactions between the lower atmosphere and the ocean surface can be described in terms
of footprinting mechanisms. The latter is given as the tropical atmosphere is also sensitive to the
subtropical SST response to atmospheric variability at different time lags [66]. Here, we highlight the
fact that SST-atmosphere connectivity is not only local, and it is featured by mid-latitude tropical
feedbacks as well. This is relevant to better understand that the large-scale motions and variability
can be triggered by non-local interactions. A good example is the case of ENSO, for which extra
tropical precursors have been identified [67]. Another way to consider the role of surface processes
in the region is by means of the wind stress, given the sensitivity of the tropical circulation to this
variable. Wind stress corresponds to the force (per unit area) that the airflow exerts over a surface
and is a measure of the transfer of momentum between the atmosphere and the ocean, and therefore
provides a quantitative estimate of the air-sea coupling [68]. Wind stress plays a major role as a key
mechanism to trigger instabilities [69] as well as influence rainfall [70]. The different mechanisms and
interactions acting in the region are fundamental to determine the characteristics of rainfall. In fact,
it is the large scale that defines one of the most relevant structures associated to rainfall, as explained
in the next subsection.

2.3. ITCZ

The ITCZ is a near—equatorial band of intense rainfall that extends longitudinally and can easily
be identified as a cloud band over the tropics. The ITCZ describes a meridional migration that
responds to the Earth’s orbit, as shown for January and July in Figure 1 (lower panel), when the ITCZ
is located at its lowest and highest meridional positions, respectively. This seasonal migration is crucial
as the meridional position modulates the distribution of rainfall over land and ocean. In addition
to seasonal migration, the mean position north of the equator is a result of cross—equatorial heat
transport from ocean circulation [71]. The position of the ITCZ depends on atmospheric energy balance,
whereby small changes in the energy flux can lead to larger departures from its mean position [72].
The responsiveness of the ITCZ position to temperature changes is not restricted to the tropical domain.
Changes at higher latitudes may also induce the asymmetric thermal forcing that leads to ITCZ
displacements. The extratropical SSTs over the Southern Atlantic Ocean play an important role in the
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northern position of the ITCZ [73]. The ITCZ is connected with large—scale processes that modulate
rainfall in several regions. Its impact over Africa is mostly associated with rainfall over the southern
Sahara and northernmost Sahel [74]. For the South American climate, it is linked with Amazon
rainfall through complex interactions with convectively coupled Kelvin waves [75]. During DJF,
inter-hemispheric teleconnection is activated by vertical wind shear over tropical South America and
the western South Atlantic [76]. This facilitates the enhancement of the ITCZ convection over northern
South America. The connection with South American topography shows that the ITCZ southern
branch feature has feedback with the Andes cordillera, modulating precipitation over the tropical
Pacific [77]. Over Colombia, the ITCZ increases rainfall for one of the rainiest places on Earth—the
Lloro6 [12]. For Central America, the ITCZ is a dominant feature of the annual hydrologic cycle and
modulates moisture transport from the eastern tropical Pacific [78,79]. Further interactions between
the ITCZ and the CLL] have been found to partially trigger a displacement of the ITCZ centre of
mass, ultimately spreading the rainfall distribution [14]. Given the relevance of the ITCZ position for
rainfall distribution, changes that may impinge variations in atmospheric energy balance are crucial to
understanding how anomalous migrations of the ITCZ may affect rainfall. The influence of the ENSO is
one of the most researched connections to the ITCZ anomalous meridional shifting. ENSO may increase
the wind stress over the western equatorial Atlantic, modifying Atlantic equatorial ocean dynamics
and providing a mechanism to couple rainfall pattern changes with ITCZ movements [80]. Over the
IAS, the ENSO has been associated with a westward movement of the ITCZ, decreasing rainfall activity
over the Pacific coast and increasing dry conditions.

3. Regional Climate Features

3.1. WHWP

SST gradients between the Caribbean and the eastern tropical Pacific play a role in rainfall
distribution [81]. The regional SST is characterised by the WHWP, a warm pool defined as the area
enclosed by the 28.5 °C isotherm that exhibits a marked seasonal cycle [9]. Its role in regional climate
is strongly linked to heat balance [82]. The evolution of WHWP components, namely the eastern
Pacific (EPWP) and Atlantic (AWP), may be considered independent as they respond to different
mechanisms, with the former being characterised by its subsurface oceanic dynamics [83]. The EPWP
develops earlier than the AWP, and its onset is seasonally synced with coastal shoaling that marks the
development of the Costa Rica Dome (CRD) [84] after March. There is an amplification of its spatial
extension across the Central American Pacific coast as far as 120 W on average, until August [85].
In addition to enclosing the biologically important CRD, the EPWP modulates Central American
rainfall, triggering deep convection. It is connected with the ITCZ and further activation of intense
deep convection [86] as well as cyclone development [87]. Its Atlantic counterpart starts its onset in
June and continues expansion to the southern Caribbean by September, with a peak between July
and September. The development of the AWP is mainly constrained by boundary layer coupling and
modulated by air-sea heat fluxes [88]. Warm waters enclosed by the AWP provide a major part of
the moisture transported within the region, playing a relevant role in rainfall contribution [79,89].
The AWP acts as a moisture supplier to the NAM in connection with the bridge established between
the CLL] and the Great Plains low—level jet [90]. The AWP is important in terms of its regional
dynamics beyond its role as a moisture source, as regional rainfall is dependent on the AWP extension.
Anomalous extensions of the AWP are associated with a milder MSD, while a smaller AWP enhances
the MSD, increasing drier conditions over the Central American Pacific coast [91]. The AWP influences
the cyclone development season [92], and the enlargement of the AWP corresponds to a reduced
vertical wind shear, which allows an intensification of Atlantic hurricane activity. The activity of both
components of the WHWP are responsive to interannual variability [93]. Temperature changes in the
WHWP area impose a modulation in the WHWP dynamics, impacting on rainfall. Under a warming
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climate, temperature changes are predicted to cause variations in warm pool extensions and trigger
variations in the rainfall distribution within the IAS domain.

3.2. Low-Level Circulation

The IAS circulation is dominated by the descending branch of the Hadley cell, and the low-level
flow is controlled by trade winds. In the regional context, low-level jets (LL]Js) are fundamental
mechanisms to modulate the regional climate and inter-hemispheric interactions. Globally, LL]Js are
known to be connecting to background circulations, modulating water vapour supply during extreme
events, and inducing variations in the cyclone development potential through wind shear control.
LLJs may be classified based on wind speed and height as boundary layer (height < 850 hPa) and
free atmosphere (600 < height < 850). The free atmosphere LL]Js influence synoptic systems and
boundary layer LLJs modulate the synoptic and high—low—pressure transitioning systems [94]. In the
region, the main low-level structures are the CLL] and the Choco jet, whereas the development of
smaller—scale features results from interactions between the easterly flow and regional topography.
This wind—topography interaction allows the seasonal development of gap winds over Tehuantepec,
Papagayo, and Panama (as observed from the blue shaded regions on the Pacific coast shown for
January and February in Figure 2). These gap winds are important to enhance offshore upwelling in
the easternmost tropical Pacific and have a relevant biological role. Here, we focus on the CLLJ and the
Choco jet as the two most prominent features of low-level circulation in the region.

Figure 2. Mean zonal wind in 925 hPa for (A) January, (B) July, and (C) October. The mean annual
vertical cross—section (1000—400 hPa) for 80° W-70° W from 12° N to 16° N for (D) January, (E) July,
and (F) mean annual vertical cross—section (1000-400 hPa) for 90° W-80° W from 2° S—6° N for October.
Data from ERA5.

32.1. CLLJ

The CLLJ [11,94] is defined as an intensification of the easterly flow at approximately 12-15° N and
75-70° W, with maximum wind speeds reaching 12 ms™'. It has a marked annual cycle with a primary
maximum between July (Figure 2B) and August, a secondary peak between January (Figure 2A) and
February, and a minimum in October (Figure 2C). During the secondary peak, the jet core is constrained
below 925 hPa (Figure 2D), whereas for the primary peak, the core extends up to 700 hPa, as shown in
Figure 2E [95]. This difference is important, as during the July to August maximum, the CLLJ has an
extended connection as a free atmosphere LL], allowing interactions with circulations at higher levels.
In contrast, during the secondary maximum, the CLL] is largely constrained to act within the boundary
layer domain, and its interactions have greater limitation. One of the main contributions of the CLL] is
as a regional moisture conveyor associated with rainfall over Central America, northern South America,
and the Great Plains region [78,79]. The connectivity with the free atmosphere as the CLL]J reaches
the primary maximum provides a bridge that allows its interaction with the ITCZ. The latter allows
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the modulation of regional rainfall through the displacement of the ITCZ meridional position [14].
Variations in the vertical structure of the CLLJ] during boreal summer months regulate cyclone activity
in the tropical Atlantic, with an enhanced CLLJ increasing the wind shear that suppresses cyclone
formation [96]. Furthermore, the CLL] plays a determinant role in the development and intensification
of easterly waves [97]. The CLL]J is subject to variability at different time scales. At high frequencies,
the CLL]J is a more efficient mechanism to transfer the influence of the Madden—Julian Oscillation
(MJO,) to the easterly wave dynamics over the eastern Pacific [98]. At inter-annual scales, the ENSO is
the variability mode linked to the larger impact for the CLL]J, as warm (cold) ENSO conditions are
related to a stronger (weaker) CLL] during JJA. The relationship between ENSO and CLL] is different
for DJF and JJA [11,95]. This has further implications for rainfall patterns for a number of reasons.
First, anomalous moisture transport is enhanced such that during the first stage of the rainy season,
the Caribbean moisture source is diminished, while transport for Central America becomes stronger
during the primary maximum [79]. Second, the ITCZ position is shifted, and third, the wind shear
reduces the potential for cyclone formation. The increase in moisture supply does not necessarily
cause wetter conditions as the instabilities required for convection to activate are weakened by intense
winds, and the ITCZ also shifts away to the ocean [79].

3.2.2. Choco Jet

The Chocojet is often studied for its association with heavy rainfall patterns, making north-western
Colombia one of the rainiest regions on Earth. The Choco jet was first introduced as an extension
of the south—-westerly cross—equatorial flow in Reference [99]. The annual cycle of the Choco jet is
defined by the regional SST gradient, which allows the Choco jet to transition from its weakest intensity
during February-March to its peak in October [12]. In contrast to the CLL], the Choco jet exhibits
only one peak, and its intensity is nearly half the CLL] maximum intensity at its primary maximum.
The Choco jet structure is confined below 850 hPa, so that the Choco jet may be considered a purely
boundary layer LLJ. Although, it has often been analysed in terms of an intensity index defined as the
longitudinal average of wind speed, as that the Choco jet also exhibits meridional displacement [15].
This has been traditionally neglected in previous generation reanalysis, as a coarse resolution reanalysis
does not adequately reproduce this feature. Variations in the meridional positioning of the jet core
are important, as shifting may modulate moisture transport and disrupt interactions with other
systems, creating an impact on rainfall distribution. The Choco jet advects moisture from the eastern
tropical Pacific, which largely dominates the hydro—climatology of northern South America [100-102].
Moisture supply from the Choco jet is also important for the Central American Pacific coast [78,79,103].
The relevance of the Choco jet is not restricted to moisture transport, as the Choco jet is also connected
with deep convective development over the region [104]. Connectivity between the Choco jet and
deep convection is complex and involves interactions with the ITCZ, and this may be connected
to the meridional positioning of the jet core [15]. A recent experimental campaign was conducted
to investigate the dynamics of the Choco jet and its role in regional rainfall. CHOCO-JEX was
developed as an inter—institutional effort led by Colombia to assess the observational aspects of Choco
jet dynamics [105]. The effect of inter-annual variability on the Choco jet was a decrease in intensity
during warm ENSO conditions, with a corresponding rainfall decrease [106]. The ENSO modulates
rainfall extremes, where warm ENSO is linked with drying and a cold ENSO is associated with
heavy rainfall via moisture transport enhancement, as per the 2010-2012 anomalous wet season [101].
The Choco jet response to the ENSO is the inverse of the response from the CLL]J. This also explains the
wetter conditions during the cold ENSO over the Pacific coast of Central America where the Pacific
moisture supply had increased [79].

3.3. Moisture Transport

Moisture transport in the IAS is often discussed in terms of the WNAM [107], where rainfall
is favoured by moisture transport from the Gulf of Mexico, with the eastern tropical Pacific,
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Caribbean Sea, and the Gulf of Mexico playing a minor role [108]. An accurate quantification
of evapotranspiration and moisture recycling is constrained by the complex surface and observational
data availability [109,110]. Moisture source diagnostics, related to the NAM and WNAM, have been
performed using observations [111], reanalysis, [112], modelling [113], and the combination of water
vapour tracers—enabled models and water—stable isotopes [4,114]. Despite the association of the IAS
for WNAM development, based on the connection between the GPLLJ and the CLL]J, the IAS waters
also play a key role. Complimentarily, here, we focus in moisture transport over the IAS.

Figure 3A shows the maximum of vertically integrated water vapour during the rainiest period of
the year, which reduces during the dry season despite still maintaining a good amount of moisture in
the southernmost part of the IAS (Figure 3B). The mechanisms for regional moisture transport have
long been explored. A northward transport of moisture across the 20° N latitude with a southward shift
of minimum moisture transport during the boreal autumn was identified in Reference [115]. The results
of previous studies have highlighted the relevance of LLJs and the ITCZ to modulate moisture transport
and rainfall [116]. The Caribbean Sea is the main source of moisture for Central American rainfall,
whilst concurrently modulating regional moisture transport dynamics. Transport from this source
is very efficient and transport peaks between 4 to 6 days [79]. An independent analysis of moisture
transport using physical tracers [117] showed consistency of previous backward trajectories and vertical
integrated moisture flux-based analysis. The Caribbean Sea contributes to rainfall in northern South
America with descending flow from the CLL]J that connects to a low-level structure in the Venezuelan
plains [101,102]. Continental sources of moisture for Central America are identified as local moisture
recycling and northern Colombia, with the latter allowing connectivity with the Amazon to enhance
inter-hemispheric bridges. However, the quantification of local evapotranspiration and its role in
recycling remains an open problem, limited by data scarcity and surface complexity.
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Figure 3. Mean total column water vapour (shaded) and the vertically integrated water vapour flux
(arrows) for (A) May—October and (B) November—April for the 19792019 period based on ERA-5 data.
A high moisture content was observed between May and October with transport mostly directed along
the storm track, following the development of the meridional branch of the CLLJ. In contrast, a reduced
moisture content is featured in the November—April period. Here, transport is directed across Central
America, with the cross-isthmus transport characteristics of a drier season.

Moisture transport is sensitive to the variability modes that drive changes in the SST and LLJs.
The moisture supply response to the ENSO is modulated by the response of the CLLJ and the Choco
jet, so that moisture supply decreases (increases) from the Caribbean (eastern tropical Pacific, ETPac)
during the first stage of the rainy season. It is then enhanced from the Caribbean between July and
September and decreases from the ETPac in August [79]. The role of anomalous moisture transport
during ENSO events has also been confirmed by changes observed using modelling [118] and physical
tracers [119]. The effect of the North Atlantic Oscillation (NAO) has been suggested to have a more
significant impact on the structure of moisture transport directly acting over the CLL]J rather than
the intensity of moisture sources in the Caribbean. This has an overall effect of increasing transport
to Central America during NAO negative phases. In this sense, the location at which the maximum
transport arrives is also modulated by NAO-induced variations. At lower frequencies, the impact of
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the PDO consists of an intensified ENSO pattern that induces a further weakening (enhancement) of
moisture transport from the Caribbean (ETPac) during the first stage of the rainy season. At higher
frequencies, the MJO dominates transport variability as it acts as a force for the CLLJ. Its effect on
moisture transport consists of a strong intensification of moisture supply during the rainy season for
negative values of MJO-filtered Outgoing Longwave Radiation, strengthening an easterly wave-like
pattern moving to the west [118]. The main impact of moisture transport variability is the modulation
of regional rainfall distribution. This has motivated the quest for a better understanding of transport
dynamics to improve forecasting capabilities and better interpret projected future climate scenarios.

3.4. Rainfall

The regional distribution of rainfall is defined by moisture transport, the migration of the
ITCZ, cyclone development, passage of tropical disturbances, mesoscale convective systems (MCS)
development, and mid-latitude interactions (e.g., cold surges). On average, rainfall distribution is
bimodal with a marked dry season and the reduction of rainfall during the peak of the CLL]J in July
(see area averages in Figure 4). This bimodal distribution is more prominent on the Pacific coast,
as moist air flow from the Caribbean interacts with the mountain range, and the Caribbean slope is
wetter in contrast with a drier Pacific slope. Complementary rainfall over the Caribbean is dynamically
influenced by the Pacific. Interactions between both water masses drive fluctuations observed in rainfall
patterns [120] and are modulated by large—scale pressure patterns and temperature gradients [121].

100°W 90°W 60°W
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20°N
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Figure 4. Average annual cycle of rainfall for contiguous 10° x 10° areas as shown in the boxes based
on monthly Global Precipitation Measurement (GPM) for the 2001-2019 period.

3.4.1. Rainfall Distribution and the MSD

The annual rainfall cycle is strongly controlled by the migration of the ITCZ. The central and
western Colombian annual precipitation cycle results from the passage of the ITCZ. This consists
of distinct rainy seasons (April-May and October-November) and drier or less rainy conditions
(December-February and June-August) [122,123]. From the northern Caribbean coast of Colombia to
southern Mexico, the rainfall annual cycle is dominated by a relatively dry season from November to
April, and a wet season from May to October. Further north, the bulk of annual rainfall over much
of Mexico occurs during a four-month period (June to September) [124]. Rainfall decreases during
the boreal summer months in the Pacific coast of Central America. Therefore, much of the IAS region
features a rainy season with periods that are above or below average precipitation. Rainfall seasonality
is marked by two precipitation peaks: May—June and September-October. In general, this features a
bimodal distribution with a relative minimum precipitation during July and/or August. This relative
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minimum is known as the MSD and corresponds to a minimum in convective activity. Terms such as
canicula (regardless of the name being defined for temperate climate) and veranillo have been used
locally to refer to this condition depending on the region of occurrence [16,125,126]. Figure 4 shows
the long—term rainfall annual cycle (dotted lines) and the maximum and minimum values (defined by
the shaded area) averaged over 10° X 10°, upon which the bimodal distribution that features rainfall
may be observed. The amplitude of the MSD varies across the domain with northern Central America
and the Caribbean, exhibiting the largest rainfall decrease during the boreal summer.

The MSD is the result of a rainfall-enhancing mechanism that occurs twice because of the biannual
crossing of solar declination [127]. The northward displacement of the ITCZ following the seasonal
march of the SST and the westward extension of the NASH have also been identified as forcing
mechanisms of the MSD [55,128]. The variability of the CLL] and associated direct circulations are a
key element in MSD development. Several studies have characterised the MSD over Central America,
the Caribbean islands, and Mexico, finding high spatio-temporal variability [126,129-131]. Large-scale
dynamics, dominated by low-level atmospheric patterns and orographic forcing associated with steep
topography, generate distinct MSD signatures in the region. The MSD is highly sensitive to the main
variability modes that affect the region. At higher frequencies, the MJO [132] is a key modulator of
the intra—seasonal variability of the MSD [133]. Changes in intra-seasonal variability are relevant
as they modulate the onset and offset of the MSD, having a significant impact on the lengths and
intensity of the rainy seasons. Information on the onset and offset of the MSD is critical for agriculture,
hydropower electricity generation, and water resources management. At interannual scales, the ENSO
modulates MSD variability through variations in the CLL]J (see Section 4). Although heavy rainfall is
a feature of the region, drier periods are equally important as they play a major role in agriculture,
energy, and regional economy in general. Understanding the dynamics of the transitioning of dry-wet
seasons, its variability, and long—term trends is fundamental for planning.

3.4.2. Tropical Cyclones

Tropical cyclones (TCs) represent an economic and societal threat for the western North Atlantic
basin, including the US Atlantic Coast, coastal Mexico, Central America, and the Caribbean [134].
Even when storm surges account for the largest number of casualties, many of the highest fatality events
in the Atlantic basin are rain-induced disasters on steep terrains in the Caribbean and Central America
linked with landslides. The indirect effect dominates the impact of TCs in Central America [135].
However, direct impacts also occur when the TC landfall is located in the isthmus. Although the landing
of TCs in Central America is infrequent, TCs have been recorded to affect Central America with landfalls
as southern as Nicaragua and Costa Rica [136-139]. The tropical North Atlantic (TNA) and the eastern
North Pacific (ENP) are regions of high tropical cyclogenesis. TCs generally develop over oceans with
SST > 26 °C, from pre—existing atmospheric disturbances, and often move out of these regions into higher
latitudes. TC genesis may be a result of nearly classic baroclinic development [140], the interaction of
EWs or other low-level disturbances with tropical upper tropospheric disturbances [141-143].

The annual distribution of TCs is shown in Figure 5 for the Atlantic (A) and eastern tropical Pacific
(B), from which the interannual variability of the TC intensity has been highlighted. For the TNA basin,
the main development region is defined as the TNA south of 21° N and the Caribbean Sea. In this area,
cyclonic activity mainly originates from the African easterly waves (AEWs) that propagate from West
Africa towards the TNA. Winds in the mid and upper atmosphere may steer up cyclones to the north;
when TCs reach latitudes near 30° N, they often move northeast. On average, AEWs account for nearly
60% of the Atlantic basin tropical storms and non-major hurricanes, and nearly 85% of hurricanes of
strong intensity [144,145]. The Caribbean islands, the Caribbean coast of Central America, and the
Yucatan Peninsula experience the direct influence of TCs, particularly, the most severe systems as they
move along the storm track. These systems form at a low latitude, east of 100° W, and travel slowly
westward, where they reach their highest intensity. While the origins of ENP tropical waves continue
to be debated, they are thought to originate from reinvigorated AEWs that have propagated over the
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Central American isthmus [97,146]. On average, the eastern Pacific hurricane season extends from May
to November, commencing earlier than the Atlantic basin and experiencing the maximum amount of
activity near 17° N, 108° W (southwest of Manzanillo, Mexico). Of the TCs recorded over the ENP
tropical cyclone basin between 1949 and 2006, roughly 20% are estimated to have caused tropical storm
force winds along the Mexican coastline. TCs affecting land areas other than Mexico in the ENP are
rare. There are only four TCs that have affected areas of the Central American Pacific coast based on
the historical records.
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Figure 5. Annual distribution of TCs in the (A) Atlantic and (B) eastern tropical Pacific based on the
historical HURricane DATa 2nd generation(HURDAT?2) record available at the National Hurricane
Center (NHC) (http://www.nhc.noaa.gov) for the 1990-2019 period. The occurrence of hurricanes
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affecting the Central American coast features a large number of severe events hitting the Caribbean
coast. This demonstrates the indirect and direct relevance of these systems.

3.4.3. Mesoscale Convective Activity

Mesoscale Convective Systems (MCS) are the largest form of organised deep convection and storms.
They are able to produce rainfall over large extensions, are a major cause of flooding, and connect
atmospheric convection to larger—scale atmospheric circulation [147]. The stretched building block
model [148] explains how large scales modulate the duration of shallow, deep, and stratiform anvil
clouds in the MCS. Different studies analyse the connection between MCS and waves ahead of convective
initiation in the MCS and the links between MCS and tropical cyclonegenesis [149-152]. A relevant
MCS region over Central America features MCS in the 3000-40,000 km? range, similar to tropical South
America [153]. Over land, MCS are more frequent in the evening, and the maximum rainfall occurs
after the peak of heating [153]. Different studies have focused on convective development over the
Panama Bight that has been linked with the Choco jet. The strengthening of the Choco jet enhances
the development and propagation of convective disturbances in the region, providing for favourable
conditions for MCS activity in the area [104]. In addition to the Choco jet forcing, other conditions
are required for the MCS to develop, including the interaction of the ITCZ with tropical easterly
waves [154-156]. The contribution of MCS development to Central American rainfall exceeds 70% of
total rainfall in the Pacific coast [157]. As the Pacific coast is a dry area, this implies that rainfall in this
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area is highly dependent on MCS activity. As the ITCZ reaches its northernmost position, MCS activity
increases and development is characterised by a marked difference between rainfall type (convective
versus stratiform) as a result of differences in latent heating [158]. Rainfall over the region is featured
by a larger size of the stratiform part of the storm compared to the convective core [159]. The position
of the convective nuclei is extremely important to define areas under flood risk, and the variability and
trends of the MCS are key to assess the impacts of extreme events in the region.

4. Climate Variability

This section describes the influence of the main modes of climate variability that affect the IAS.
From high to lower frequency modes, several studies have highlighted the modulation of rainfall
patterns and intensity through the main variability modes. With the MJO leading to intra—seasonal
variations and ENSO, this accounts for the largest impact at the inter-annual scale.

4.1. High—Frequency Variability

The MJO is a dominant mode of intra-seasonal variability over the tropics and is characterised by
a planetary—scale propagation of organised tropical deep convection that originates over the tropical
Indian Ocean on a time scale ranging between 30 and 60 days [160]. The MJO travels eastward,
equatorially trapped during the boreal winter, and is characterised by a prominent northward
propagation during the boreal summer. During this period, anomalous rainfall was first evident
over the Indian Ocean and remained apparent while it propagated over the warm western and
central tropical Pacific oceans [161]. This pattern generally becomes vague over the cooler eastern
Pacific, with the exception of the region off the west coast of Central America. It also reappears
occasionally at low amplitude over the tropical Atlantic. In the IAS, the MJO has a strong influence
on rainfall distribution and often modulates the onset of the rainy season, inducing variations in
the length of the rainy seasons and the MSD. A significant relationship exists between Pacific MJO
activity and rainfall over Central America and Mexico during June-September [162]. In the most
affected regions, the daily rainfall amount doubled between periods when the MJO was enhancing and
suppressing rainfall [163]. These changes were driven primarily by variations to mean large—scale
circulation. The MJO can influence TC activity in the ENP and TNA basins during the boreal summer,
enhance EWs activity [164] and tropical cyclogenesis [163,165], and modulate convectively coupled
Kelvin waves [166]. The background state of the east Pacific is modulated by the MJO, and the CLL]J
alters the count and spatial characteristics of EWs [98]. The MJO modulates TCs and hurricanes over
the Atlantic during the peak months of the Atlantic hurricane season and it is linked to the passage
of more intense hurricanes near Puerto Rico when both annual and MJO-filtered wind shear are in
the eastern phase [167]. According to Jury [167], the MJO affects the Caribbean circulation and the
convective signal as the MJO reaches the Caribbean (10-15° N, 60-80° W) from a transition area of the
equatorial east Pacific (2° S-7° N, 110-130° W), which mainly occurs from September to November,
when Caribbean SST exceeds 28 °C and the equatorial trough lies northward. The MJO influences
the timing of the MSD in Costa Rica. It has been determined that the first and the second rainfall
peaks occur more often during MJO phases 1 and 8, respectively [168]. The influence of the MJO is a
consistent feature across Central America and Mexico [130]. To the best of our knowledge, unlike other
areas, the MJO modulation of the onset and demise of rain periods in the IAS is still an open problem.

4.2. Interannual Variability

The ENSO is the result of coupled ocean—atmosphere dynamics in the tropical Pacific [169], and,
is the leading mode of interannual variability. It is associated with SST shifts, circulation, and rainfall
patterns across the globe [170]. After the El Nifio in 1997-1998, interest in the impacts of El Nifio
over the IAS region had increased. During El Nifio boreal winters, precipitation increases over
north-western Mexico (orange shading in Figure 6A) due to a southward shift in the subtropical
jet stream position [171]. Conversely, rainfall decreases around the isthmus of Tehuantepec and the
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Caribbean coast of Central America [13,171] (blue shading in Figure 6A). During warm (cold) ENSO,
the zonal easterlies increase (decrease) over the isthmus [172], decreasing (increasing) precipitation over
the Pacific slope of Central America. Rainfall variations are a response to the modulation of moisture
transport from the Caribbean [79] and changes in the ITCZ meridional position forced by the ENSO.
During the boreal summer, strong El Nifio events are associated with drier than normal conditions in
southern and central Mexico, Central America, and parts of the Caribbean. Along the Caribbean coast
in Central America, El Nifio leads to above normal rainfall [173]. A negative correlation exists between
the intensity of the CLLJ and precipitation (strong jet with weak precipitation and vice versa) in Central
America and southern Mexico [11]. In these cases, the El Nifo results in an anomalous descent over
southern Mexico that inhibits convection [174,175]. The ENSO affects the genesis, tracks, intensity,
and lifetimes of TCs in the ENP and TNA, through changes in SST, vertical wind shear, and relative
vorticity induced by wind anomalies in the lower troposphere and changes in upper-tropospheric
temperatures [176,177]. El Nifio inhibits the formation of TCs through enhanced vertical wind shear,
subsidence, and reduced relative humidity in the tropical Atlantic [178]. The contrast of ENSO phases
for TC activity is shown in Figure 6B-D, with enhanced (decreased) activity over the ENP (TNA) during
a warm ENSO. In contrast, during a cold ENSO, TCs are intensified when they reach the Caribbean
coast of Central America by the reduction of vertical wind shear. The impact of the ENSO is often
associated with rainfall extremes. Assessments of the impacts of El Nifio associated with disasters
between 1972 and 2010 indicate damages of approximately 2.904 and 1.111 billion USD in losses in the
agricultural and forestry sectors [179].
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Figure 6. (A) Correlation between the Bivariate El Nino- Southern Oscillation Timeseries BEST index
and ERA-5 rainfall anomalies (dotted areas indicate statistically significant values, blue shade for warm
El Nifio—-Southern Oscillation (ENSO) lead rainfall reduction, and orange shade for rainfall increase
during warm ENSO). Tropical cyclones (TCs) composites for (B) warm (1983, 1987, 1992, 1997, 2015),
(C) cold (1988, 1998, 1999, 2007, 2010), and (D) neutral (1981, 1990, 2003, 2012, 2014) ENSO years based
on the ENSO 3.4 region sea surface temperature (SST) anomalies for the Atlantic and eastern tropical
Pacific based on the HURDAT?2 archive. The results highlight differences in the amount and intensity
of TCs depending on the ENSO phase, with warm (cold) ENSO featuring reduced (enhanced) cyclonic
activity over the Caribbean with a contrasting pattern for the eastern tropical Pacific (ETPac).

Although the ENSO leads to interannual variability, other modes also affect regional climate.
The Atlantic meridional mode (AMM), which describes the meridional gradient between northern
and southern tropical Atlantic SST [180], also influences the activity of Atlantic TCs [181]. A negative
AMM phase (cool northern and warm southern tropical Atlantic SST anomalies) inhibits Atlantic
TCs. Strong phases of the ENSO and AMM may amplify or dampen the influence of one another on
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Atlantic TCs [182,183]. In terms of mechanisms, ENSO and AMM impacts shear with La Nifia (El
Nifio) and positive (negative) AMM, driving low (high) shear anomalies with the advantage of AMM
predictability compared to ENSO [184]. A synergy between the AMM and ENSO modulates deep
convection in the tropics [185], with increases to regional rainfall for a positive AMM (Figure 7A).
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Figure 7. Correlation between the (A) Atlantic meridional mode (AMM) index and (B) NAO index
computed with ERA-5 rainfall anomalies, with dotted areas indicating significant correlations p < 0.05.
The blue shading shows areas in which positive AMM and NAO leads to rainfall reductions, while orange
shading corresponds to regions that experience rainfall increases during positive AMM and NAO phases.

The NAO [186] has direct impacts at mid and high latitudes, although this mode may also affect
the tropical Atlantic (see Figure 7B). During summer, a positive NAO causes stronger trade winds
and shifts the ITCZ southward. The NAO influence over the Caribbean Sea and the Gulf of Mexico
is generally weak, with an exception during spring [187], when the Caribbean and Central America
rainfall is highly influenced by the TNA variability. In the northern Antilles, a larger signal relates
to a combination of ENSO and NAO phases. A warm ENSO and a negative NAO are associated
with wetter conditions, while a cool ENSO and a positive NAO create drier conditions [188]. A linear
combination of these three modes (ENSO, NAO, and AMM) reproduces a substantial amount of the
variability in the observed mass fields, vertical wind shear, and relative humidity over the TNA.

4.3. Decadal and Multi-Decadal Variability

The spatial pattern of the Pacific Decadal Oscillation (PDO) is similar to that of ENSO, and it is
not entirely clear whether the PDO is a truly independent mode [189,190]. Although the impacts of
the PDO occur mainly in the North Pacific, it also affects the tropics. There is a correlation between
the PDO index and precipitation anomalies in the IAS region [191]. Warm PDO phases are associated
with anomalously dry periods in Central America and northern South America, whilst the same
phase was related to wetter than normal conditions in Mexico. It is important to note that as a Pacific
mode, the PDO has the potential to act jointly with ENSO, and depending on the phasing, the PDO
can enhance ENSO conditions. Precipitation in Mexico between November and April remains in
phase with the PDO and positive (negative) PDO increases (decreases), while during May-October the
relationship is reversed [192]. The combined effects of the PDO and ENSO over Mexico in warm and
cold seasons has previously been investigated. The El Nifio was found to favour wet conditions during
summers of the PDO cold phase and during winters of the PDO warm phase throughout Mexico.
During winter in Mesoamerica, the PDO forcing was more prominent when in association with El
Nifo phases [191]. When ENSO and PDO are in phase (out of phase), the sea level pressure anomalies
over the Caribbean are enhanced (weakened or cancelled). This affects the CLL] anomalies in direction
and intensity, and changes the spatial distribution of precipitation [193].

The AMO is a natural mode of variability in the North Atlantic on multi-decadal time
scales [194,195]. In general, the positive AMO phase favours tropical convective activity over
the Caribbean, bringing much of the rainfall during the boreal summer wet season [196]. Wetter (drier)
conditions over Central America during summer (winter) were modulated by the AMO [197]. The AMO
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is also important in terms of influencing Atlantic TC activity at decadal time scales [198]. The impact
of the AMO on seasonal TC activity manifests itself through the AMM as the former can activate
the AMM at decadal time scales [182]. The AMO is also important for the low—frequency variability
of precipitation as it modulates the distribution of moisture and extreme rainfall events. A direct
relationship between droughts and the variations of AMO and PDO and the rainy (dry) periods in the
north (south) of Mexico has also been identified [199]. Positive (negative) AMO and negative (positive)
PDO were related to wet (dry) conditions in north (south) Mexico.

5. Climate Change in the Regional Context

5.1. Past Climatic Changes

Past climatic changes associated with external forcing (i.e., orbital forcing, plate tectonics, and
solar activity), have caused major changes in temperature and dry—wet conditions at geological
time scales [200]. Paleoclimatic records (i.e., sediments, corals, and spelaeothems) have enabled the
evaluation of past climate in the region, where the findings have revealed the relevance of ITCZ for
changes in rainfall. The Central American Seaway (CAS) closure is a relevant source of regional climatic
changes associated with deep ocean circulation variations [201,202]. The past ITCZ position has been a
major force in shaping regional rainfall, with a southern ITCZ in periods of cooler SSTs as those during
the Younger Dryas (YD) and the Little Ice Age (LIA), and a northern ITCZ during warmer periods [203].
The cooling in the Caribbean during the LIA was a result of the reduction of the AWP and anomalous
atmospheric circulation patterns [204]. According to paleosalinity records, a relevant feedback between
ITCZ positioning and variations in the deep ocean circulation suggests that ITCZ movements were
crucial in creating significant rainfall differences between the Pacific and Caribbean [205]. Changes in
the ITCZ position may have modulated regional moisture transport with a certain degree of similarity,
as it occurs in the present climate. Past inter-basin moisture transport analysis confirms that the increase
in moisture transport across Central America is consistent with northern shifts of the ITCZ at millennial
scales [206]. Anomalously enhanced rainfall patterns correspond to intensified exports of moisture
northward that may have contributed to regions as far as Greenland during the late Quaternary [207].
Paleoclimatic studies are in agreement with major changes in the regional hydroclimate, finding
that despite the action of external forcings, major changes were driven by drastic SST changes or
inter—ocean temperature gradients [208]. The reconstruction of the frequency and magnitude of past
rainfall variability for Central America may be attributed to an increase in precipitation in Belize
during the mid-Holocene to the expansion of the NASH and the strengthening of the CLL]J [209].
The Terminal Classic Drought had an important impact on southern Costa Rica during the late
Holocene [210]. The most relevant findings of past SST reconstructions indicate that the ENSO is a
modulator of rainfall conditions, often measured in terms of coral reef shutdown [211]. A relationship
between major dry events during the Common Era and El Nifio conditions is associated with southern
shifts in the ITCZ [212]. Past climate reconstructions show the region experienced drastic changes,
inducing wet—dry contrasts. Such changes were related to societal behaviour, allowing for a better
understanding of the past impacts of climate on regional livelihoods [213].

5.2. The Anthropocene

Anthropogenic socio—environmental changes and degradation (e.g., global warming, sea-level
rise, erosion, and social conflicts) are part of global climate change. The establishment of the
Anthropocene marks a fundamental change in the relationship between humans and the Earth’s
climate system [214] through the modification of carbon input in the atmosphere [215]. The load
of greenhouse gases (e.g., CO, and CHy) into the atmosphere has accelerated global warming [216],
triggering consequential environmental changes [217]. Climate sensitivity has increased as a result
of the increase in CO, concentrations [218]. Therefore, the intensification of the hydrological cycle
has increased the frequency and intensity of extreme events, from which drought propagation
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is a major concern [219]. The contribution of anthropogenic warming to drought severity was
noticeable during the Pan—Caribbean drought in 2013-2016, where a key forcing was the effects
of temperature on potential evapotranspiration [220]. Evidence of anthropogenic influence is also
observed in the tropical forests of Central America via human influence and impacts through
hunting, fire, and agriculture [221]. Deforestation and land use changes account for most of the
anthropogenic-related changes in this region, as massive forest clearings took place prior to the
recovery of forested areas. This is despite the region currently being recognised instituting decades of
public policies oriented to conservation [222]. Knowledge of the environmental changes induced by
human activity inform conservation, management, and adaptation [223]. It also opens up debates on
the responsibility of mankind for the natural environment [224], and the importance of sustainable
development. Despite the well-known inequality between greenhouse gas contributors and areas
experiencing the most severe impacts of climate change [225], anthropogenic climate change is global,
and research is key for mitigation.

5.2.1. Observed Climate Change

Regional long—term trends are significant mostly for temperature [226], whilst the significance for
rainfall has limitations for surface temperature trends between 1950 and 2019 based on the Climate
Research Unit (CRU) database and ERA-5, as shown in Figure 8. Changes between 0.15 and 0.45 °C
per decade have been identified for northern Central America and north-western Mexico. For the
latter, the signal points to general warming as well as seasonal differences, with summer becoming
warmer [227]. Similar to Central America, the analysis of extremes has shown an intensification of
heatwave events [228]. For the Caribbean, an increase in the minimum temperatures and a larger
frequency of warmer days and nights has been reported [229]. The Caribbean has been warming in
the last four decades. Even when smaller warming signals were detected in the western Caribbean
(the 1950s) and the southern Caribbean (the 1940s and the 1960s), sustained warming was evident
after the 1980s [230,231]. A multiscale approach showed a significant increasing trend in the length of
the MSD in the Pacific coast of Nicaragua, Honduras, and Guatemala, with increases estimated to be
nearly 20 days per decade [232].
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Figure 8. Long-term trends between 1950 and 2019 for (A) temperature based on the Climatic Research
Unit gridded Time Series (CRU TS) v4.04, and (B) rainfall based on ERA-5. Dots represent statistically
significant trends at p < 0.05.

Drying may be one of the key observed climate change impacts for Mexico [233], with increasing
trends in the number of consecutive dry days and decreasing trends in rainfall intensity for central
Mexico. In contrast, increasing trends for rainfall were detected for north-western Mexico, although
this may be attributed in most cases by the PDO [234]. Tree ring analysis has shown a decreasing
rainfall trend for the 1970-2007 period [235]. The Caribbean exhibits little to no significant rainfall
trends with relatively small positive trends for annual rainfall as well as daily intensity and the number
of consecutive dry days [229]. Figure 8B shows a low level of statistical significance for rainfall trends
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and the contrasting trends of increases (decreases) for the Yucatan Peninsula and northern Mexico
(northern Central America and the Caribbean).

5.2.2. Future Climate Scenarios

Long-term climate simulations for the 21st century based on the Special Report on Emissions
Scenarios (SRES) and Representative Concentration Pathways (RCPs) global scenarios are available as
part of different global initiatives [236,237]. These simulations have allowed the subsequent utilisation
of global climate models to project future climate. In addition to the use of projections from the Coupled
Model Inter-Comparison Project (CMIP)3 [238], CMIP5 [239], and CMIP6 [240], statistical [43,241]
and dynamic [242-244] downscaling techniques have been used to provide enhanced spatial scale
representation of smaller areas. The implementation of these techniques is fundamental in representing
the small islands of the Caribbean and better resolving complex regional topography to extract
higher—quality information for the landmass [245]. The performance of downscaling is critically
dependent on the driving global climate model [246]; as such, there needs to be careful interpretation of
model outputs. Most CMIP3 models suggest a decrease in precipitation over the Caribbean under the
SRES A2 scenario, while the CMIP3 ensemble median projections for the 2080s (relative to 1970-1989
mean) point to a drying of 30-40% in the western Caribbean and 20-30% in the eastern Caribbean [246].
Similar results have been reported in Reference [247] with drier conditions projected in SRES A2 and
B2 scenarios for the Caribbean for 2071-2099 due to an increase in consecutive dry days. Independent
assessments of changes to precipitation in Central America between 2021 and 2050 (with respect to the
baseline 1961-1990), based on the RCP 4.5, suggest a rainfall decrease and the strengthening of the
MSD in agreement with observed changes in recent decades. Rainfall projections show a contrasting
decrease (increase) in northern (southern) Central America [248].

Under the warmest SRES A2, there is a consensus among simulations suggesting that Central
America may experience significant drying during the summer months by the end of the 21st century,
relative to the first half of the 20th century [249]. A higher frequency of extended dry seasons over
the south of Mexico and Central America is projected based on the RCPS for the end of the century.
This drier scenario is associated with a larger warming of the Tropical North—Eastern Pacific (TNP)
compared to the TNA [241]. The projected persistence of a strong CLL] beyond July and November
was linked to the perpetuation of a dry pattern in the Caribbean. The CMIP3 projections suggest
a decrease in rainfall for most of Central America and Northern Venezuela, during all seasons, by
the end of the 21st century [250]. Such reductions in precipitation may result in the amplification of
runoff changes in Central America, experiencing reductions from 10% to 30% in the A1B scenario by
the end of the century [43]. Similar to Panama, the authors of Reference [251] identified that rainfall
decreases may be followed by a runoff reduction, whereas there may be an absence of significant
changes in the projected evaporation. Projected rainfall reduction for Central America and northern
South America is accompanied by warming as well as an increase in evaporation and reduction in soil
moisture [250]. The SRES A1B scenario suggests a 1.8 °C median annual increase in surface temperature
in the Caribbean Sea by the end of the 21st century compared to the 1980-1999 baseline. In southern
Central America, the projected temperature may increase between 1.6 and 2.0 °C [248], and warming
may be accompanied by a 21.42 cm of sea level rise by 2040 on the Caribbean and Central American
coast under the RCP6.0 [252]. The CMIP5 indicates a temperature increase of 1.5 and 2 °C accompanied
by a rainfall decrease of 5% and 10% for the RCP4.5 and RCP8.5 for Mexico, respectively. This is
alongside north-south contrasts for rainfall projections featuring an increase—decrease pattern [253].

To update the previous results, we employed monthly precipitation and temperature from
four CMIP6 climate models (The Canadian Earth System Model version 5 (CanESM5), Community
Earth System Model version 2 (CESM2), Centre National de Recherches Météorologiques — Coupled
atmosphere ocean general circulation model of sixth generation (CNRM-CM6-1), and the Max Planck
Institute Earth system model (MPI-ESM)) from the Scenario Model Intercomparison Project (SMIP)
to obtain multi-model means for 2021-2050 and 2051-2100, and calculate anomalies with respect to
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the historical period (1980-2009) based on temperature from CRU TS v.4.04 and precipitation from
the combined precipitation dataset of the Global Precipitation Climatology Project (GPCP) v.3.0 [254].
We focused on climate predictions driven by three different shared socio—economic pathways (SSPs)
characterised by low, middle, and high forcing conditions (i.e., SSP1-2.6, SSP2-3.7, and SSP5-8.5,
respectively). Figure 9 shows a similar pattern for temperature anomalies for the three SSPs between
2021 and 2050 with warming over most of the region and cooling in central and northern México.
For the second half of the century (not shown), the warming pattern affected all regions under SSP3-7.0
and SSP5-8.5. The results for rainfall showed similar spatial anomaly patterns, with an overall rainfall
decrease (increase) in Central America and southern Mexico (central Mexico) for 2021-2050 in the three
scenarios. In contrast to the continent, rainfall in the Caribbean is featured by an east-west dipole of
positive-negative rainfall anomalies. At the end of the century (not shown), the anomaly patterns
reveal slight changes for the SSP1-2.6, with an increase in positive anomalies over the west of northern
South America and the Pacific Ocean. The CMIP-6 scenarios suggest that there may be significant
changes in rainfall across the ITCZ zone, with the regional L]]Js likely playing a relevant role in changes
to rainfall patterns.

-1200 -800 -400 o 400 800 1200 (mmly)

Figure 9. Surface temperature anomalies from multi-model mean (CanESM5, CESM2, CNRM-CM6-1,
MPI-ESM) under the (A) SSP1-2.6, (B) SSP3-7.0, and (C) SSP5-8.5 for the 2021-2050 period, in reference
to the baseline between 1980 and 2009 from the gridded CRU TS v.4.04 dataset and rainfall anomalies
under the (D) SSP1-2.6, (E) SSP3-7.0, and (F) SSP5-8.5 for the 2021-2050 period, in reference to the
baseline 1980-2009 from the Global Precipitation Climatology Project (GPCP) v.3.0 dataset.

5.2.3. Projected Impacts of Climate Change

Climate change poses a series of challenges to Central America, Mexico, and the Caribbean. Despite
the region’s low levels of greenhouse gas emissions, it is particularly vulnerable to the negative impacts
of climate change. The projected impacts on water availability, agriculture, ecological disruptions,
infrastructure risk from extreme weather events (severity and frequency), and diseases are expected to
be unequal among regions and socioeconomic groups [255]. This is because intra-regional variations in
climate are crucial in determining the vulnerability for this region, warranting the need for mitigation
and adaptation plans [256]. Rainfall projections estimate that future water availability is likely to
decrease. With limited water resources and an increase in the demand for consumption and production
(e.g., agriculture), the situation appears complex for areas where a rainfall decrease is projected to
exacerbate. Climate projections estimate an 82% reduction in the average regional water availability
under the B2 scenario and a 90% reduction under the A2 scenario by the year 2100 [257]. A projected
increase in droughts in the Caribbean [258] is also expected to be associated with water availability
disruptions. The results indicate that climate change has a greater negative impact on water availability
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and food security compared to the impact of climate variability. With a decline in average long-term
precipitation, a severe decrease in groundwater storage occurs [259], increasing future pressures on
water resources. Other projected impacts of climate change include an increase in the frequency of
heatwaves [260], rainforest biomass changes [261], and ocean acidification, which will impact mangrove
forests, corals, and cause a disruption in the trophic chain [262].

6. Conclusions

This study presented a comprehensive review of climate in the IAS, the predominant climate
features, the influence of variability modes, and past and future climate. The IAS is prone to impacts
by hydro-meteorological hazards, from droughts to hurricanes, and is particularly vulnerable to
climate change and variability impacts. To date, research efforts have made significant progress in
understanding the current climate and its variability. The scale of the region and the large elements
that interact to build the regional climate represent a complex challenge, as the multi—scale connectivity
is not fully understood. Over ocean and land, we understand very little regarding the boundary layer
and how feedbacks through this interface account for the energy transfer between the surface and
atmosphere. Furthermore, there continues to be a need to understand how SST changes map onto
variations in the atmosphere to reconcile knowledge of past climate with future scenarios. Lessons from
the analysis of currently available datasets shed light on the fact that greater commitment is needed to
leverage long—term surface monitoring. This is because observational evidence is key for variability
and change assessments, and for validating satellite—derived products alongside climate models.
One of the major risks the region may experience is related to the increases in extreme events. However,
meteorological records do not possess the frequency required to properly identify whether intense
rainfall events have been increasing. In coastal regions, there is a lack of sea level monitoring, making it
difficult to validate satellite estimation.

Climate change is often analysed in the region from a large—scale perspective. As such, analysis of
surface feedback is scarce in comparison to larger—scale studies. In a region featuring sharp contrasts
within a few kilometres, understanding changes at the local scale is fundamental. Firstly, it is important
as a means to address the knowledge gaps in terms of the local components of the hydrological cycle.
Secondly, because the local scale is required to properly represent the climate system for regions such as
the IAS. Without the local scale, there may only be limited improvements to surface coupling models,
and this indicates that further advances in modelling are constrained by the surface. Climate change
impacts in the region are undeniable, and the region has decent and sufficient evidence to describe
these impacts. However, this information does not necessarily reach the productive sectors, and
public policy oriented to mitigate the impacts of climate change often overlooks evaluation metrics.
Under these circumstances, actions taken to reduce the impact of climate change cannot be measured;
as a result, further improvements are limited. A better communication between academia and various
groups in society is required to ensure that the knowledge generated is properly transferred. It is crucial
to leverage the use of climatic data to include quantitative indicators to evaluate the capabilities of
adaptation and mitigation plans. Moreover, policymaking should focus on the most vulnerable areas,
where the socioeconomic activities are largely constrained by water availability and the population is
highly exposed.
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