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Abstract: Marine heatwaves (MHWs) are increasingly affecting tropical seas, causing mass
coral bleaching and mortality in the wider Caribbean (WC) and eastern tropical Pacific
(ETP). This leads to significant coral loss, reduced biodiversity, and impaired ecological
functions. Climate models forecast a troubling future for Latin American coral reefs, but
downscaled projections for the WC and ETP remain limited. Understanding regional
temperature thresholds that threaten coral reef futures and restoration efforts is critical.
Our goals included analyzing historical trends in July-August-September—October (JASO)
temperature anomalies and exploring future projections at subregional and country levels.
From 1940 to 2023, JASO air and ocean temperature anomalies showed significant increases.
Projections indicate that even under optimistic scenario 4.5, temperatures may exceed
the +1.5 °C air threshold beyond pre-industrial levels by the 2040s and the +1.0 °C ocean
threshold beyond historical annual maximums by the 2030s, resulting in severe coral
bleaching and mortality. Business-as-usual scenario 8.5 suggests conditions will become
intolerable for coral conservation and restoration by the 2030s, with decadal warming trends
largely surpassing historical rates, under unbearable conditions for corals. The immediate
development of regional and local adaptive coral reef conservation and restoration plans,
along with climate change adaptation and mitigation strategies, is essential to provide time
for optimistic scenarios to materialize.

Keywords: Anthropocene; Caribbean; climate change; coral reefs; eastern tropical Pacific;
surface (2 m) temperature; sea surface temperature; runaway climate

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC)’s Sixth Assessment Report
characterizes marine heatwaves (MHWs) as periods during which water temperatures are
abnormally warm for the time of year, relative to historical temperatures, with such extreme
warmth persisting for days to months [1]. These events can occur anywhere in the ocean
and span areas up to thousands of kilometers. A MHW is defined as a discrete, prolonged
event of anomalously warm sea surface temperatures (SST) that persists for five or more
consecutive days, during which the SST exceeds the 90th percentile relative to a 30-year
historical baseline for that region and time of year [2]. MHWs have surged in tropical seas
over recent decades [3], with 2023 and 2024 setting numerous temperature records [4,5].
Sea surface warming trends have doubled per decade [6], projecting widespread coral
population declines as temperatures exceed +2 °C [7]. Recent prolonged MHWSs have
caused significant coral reef habitat modifications, leading to long-term consequences for
ecological functions and resilience [8,9]. Local stressors synergize with rising temperatures
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to kill corals [10] by increasing their vulnerability to bleaching and diseases [11-15], while
also heightening genetic susceptibility to warming [16]. These rapidly changing conditions
signal the potential onset of a runaway climate scenario, threatening unprecedented impacts
across the wider Caribbean (WC) and eastern tropical Pacific (ETP).

Severe regional extreme events may trigger tipping points in both ecosystems and
human systems due to climate drivers [17]. Interactions among tipping elements beyond
+2 °C could result in unprecedented cascading impacts [18-20], potentially leading to
runaway climate conditions characterized by permanent MHWs. MHWs significantly
affect marine ecosystems, particularly in tropical regions, impacting even highly migratory
species and top predators [21]. Varying in duration and intensity, MHWs are particularly
concerning in tropical and subtropical waters. Their frequency has increased more than
20-fold due to anthropogenic climate change [22].

Elevated SST during prolonged MHWSs causes corals to expel their endosymbiotic
algae, leading to mass bleaching [23-26] (Figure 1). This not only jeopardizes coral health
but also diminishes their nutrient acquisition [27]. Extended bleaching can result in high
coral mortality rates, severely impacting reef structure and biodiversity [28,29]. Many
marine species may migrate to cooler waters, disrupt local ecosystems, and alter species
composition [30], which can result in a loss of biodiversity and changes in predator—prey
dynamics. Vulnerable species face heightened extinction risks due to their inability to
adapt to rapid temperature changes and chronic MHW conditions [31-37], ultimately
reshaping reef functionality [38]. Projections indicate that by 2080, coral bleaching will
likely begin on most reefs in spring, with year-round bleaching risks remaining high for
some low-latitude reefs, regardless of global greenhouse gas (GHG) mitigation efforts [39].
Consequently, understanding regional SST changes across the WC and ETP has become

increasingly crucial.

NOAA Coral Reef Watch 5km Degree Heating Week Year-to-date Maximum (v3.1) 24 Nov 2024
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Figure 1. (a) Example of severe bleaching and recent mass mortality on a remnant patch of endangered
Elkhorn coral (Acropora palmata) in Puerto Rico, 2024; (b) NOAA Coral Reef Watch 5 km degree
heating week (DHW) year-to-date maximum (as of 24 November 2024), showing an unprecedented
accumulation of over 20 DHWs across the eastern Caribbean and the spatial extent of the 2024
marine heatwave.

Warmer waters significantly impact primary productivity, particularly phytoplank-
ton growth—the foundation of the marine food web [40-42]. Changes in phytoplankton
dynamics can cascade through trophic levels, altering tropical coastal productivity and
fisheries [43—45]. MHWs disrupt nutrient cycling, affecting the availability of essential
nutrients and dissolved oxygen for marine life [46—48]. They can also impact seagrass
community structure and ecosystem processes [49]. Changes in fish behavior, migration,
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and breeding patterns due to rising temperatures can lead to declines in fish stocks, af-
fecting local fisheries and dependent communities. Long-term consequences, such as reef
flattening from sea surface warming and stronger hurricanes, may result in further habitat
homogenization and loss of fish diversity [50-52]. This decline in fisheries can severely im-
pact the economies of coastal communities reliant on fishing [53]. Additionally, warmer SST
can facilitate pathogen growth, increasing disease outbreaks in marine species, especially
corals and fish [54-56]. The degradation of marine ecosystems due to increasing MHWSs
compromises essential services, such as coastal protection, tourism, and recreational op-
portunities. Communities dependent on marine resources may face food insecurity as fish
populations decline and ecosystems are disrupted. Overall, MHWs pose a significant threat
to tropical marine ecosystems, with far-reaching implications for biodiversity, fisheries, and
coastal livelihoods. Addressing runaway climate change and mitigating its impacts are
critical for enhancing ecosystem resilience and protecting these communities.

Runaway climate refers to a scenario in which climate change accelerates uncon-
trollably, resulting in severe and potentially irreversible alterations to the Earth’s climate
system. This phenomenon is marked by feedback loops that exacerbate warming, such
as GHG release from melting permafrost and the loss of reflective ice cover. It typically
occurs when climate tipping points are exceeded, causing changes in large parts of the
climate system—known as tipping elements—to become self-perpetuating beyond a certain
warming threshold [57]. This process creates a self-reinforcing cycle where initial warming
triggers further warming, pushing the climate system into a state of extreme change [58,59],
with potentially long-term dire global consequences [60]. Runaway climate can manifest
when specific thresholds or tipping points are crossed, leading to abrupt climate shifts that
are challenging to reverse.

Rising SST and record accumulated degree heating weeks (DHWs) during 2023 and
2024 resulted in widespread catastrophic coral bleaching, diminishing coral health, bio-
diversity, and in the long-term project to affect the structural integrity of reef ecosystems.
Coral reefs support a vast array of marine life, and their collapse can lead to significant
habitat loss for numerous species. Increased SST and habitat changes can facilitate the
spread of invasive species, further stressing native marine life. Runaway climate impacts
phytoplankton productivity, which is essential for marine food webs. Variations in nu-
trient availability and SST can disrupt phytoplankton growth and distribution, affecting
higher trophic levels. Changes in fish populations due to temperature shifts and habitat
loss can lead to declines in fisheries, jeopardizing food security for coastal communities.
Additionally, elevated CO, atmospheric concentration can lead to higher absorption by
oceans, resulting in ocean acidification. This negatively impacts calcareous organisms,
such as corals and shellfish, compromising their ability to build and maintain structures.
Acidification can disrupt the functions and services of marine ecosystems, including nutri-
ent cycling and habitat provision. Runaway climate also contributes to rising sea levels,
threatening coastal habitats like mangroves, seagrasses, and salt marshes. These ecosystems
are vital for coastal protection and biodiversity, making their conservation and restoration
increasingly complex and expensive, particularly in small island developing states (SIDS)
and the least-developed countries [61].

Runaway climate poses severe risks to tropical marine ecosystems, leading to degra-
dation, loss of biodiversity, and altered ecological dynamics. The impacts extend beyond
marine life; human communities that rely on healthy oceans for their livelihoods and
well-being are also affected. More intense storms can increase coastal erosion and habitat
destruction, further threatening marine and coastal social-ecological systems. Changes in
temperature gradients disrupt ocean currents, affecting the distribution of nutrients and
dissolved oxygen, as well as marine-life migration patterns. The increased frequency of
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extreme weather events—such as marine heatwaves, coral bleaching, mass coral mortality,
hypoxic/anoxic events, and harmful algal blooms—can cause significant disruptions to
marine ecosystems, including habitat destruction and increased sedimentation, leading
to ecological collapses. The bleaching events of 2023 and 2024 resulted in catastrophic
mortality, affecting nursery-raised and out-planted colonies across various locations across
the WC and ETP, decimating coral populations and reducing biodiversity and habitat com-
plexity. The rising frequency and greater spatial and temporal extent of extreme events can
limit the success of coral restoration projects, as newly restored corals struggle to survive
repeated stress events, hindering their growth and survival. In the long term, exceeding key
tipping points that lead to a runaway climate can incur profound socioeconomic costs [62],
increasing confidence in the physical and socioeconomic impacts of compound extreme
events [63]. Estimates indicate over $3.1 billion in indirect losses of ecosystem services
over multiple years [64]. Additionally, studies suggest a regional or global increase in
the number and intensity of hurricanes due to climate change [65,66], making large eco-
nomic shocks more frequent and exacerbating runaway climate threats. Addressing climate
change and its drivers is essential to prevent a runaway climate scenario and to safeguard
marine ecosystems for future generations.

Coral reefs provide essential services, including coastal protection, fisheries, and
tourism. Their degradation results in increased coastal erosion, the loss of fish habitats, and
a decline in tourism revenues. This decline significantly impacts fish populations, leading
to reduced catches and affecting local livelihoods, which can result in food insecurity and
economic losses for communities [67]. As major tourist attractions, coral reefs’ degradation
leads to fewer tourist arrivals, causing further economic challenges for communities reliant
on tourism. Weakening coral reefs make coastal areas more susceptible to storm surges and
erosion, exacerbating the impacts of hurricanes and sea-level rise (SLR).

Recent climate-model projections from the IPCC indicate a troubling future of global-
scale warming for Latin American coral reefs. However, downscaled climate projections
for the WC and ETP are limited. There is an urgent need to understand the projected
spatio-temporal scales of future temperature thresholds that could jeopardize coral reef
futures and the success of restoration efforts in the Anthropocene.

Our primary goals include (1) understanding historical trends: we aim to analyze
historical changes in July-August-September—October (JASO) air temperature and sea
surface temperature (SST) across the region; (2) exploring fluctuations: we explore sub-
regional and country-level spatio-temporal fluctuations in projected JASO temperature
thresholds that could threaten coral reefs in the future; (3) local-level recommendations:
we discuss important recommendations at the local level to adapt to projected climate
changes. To achieve these goals, we used the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERAD5 climate database to reconstruct historical climate trends across
30 different countries and subregions of the WC and ETP, focusing on the spatio-temporal
variation from 1940 to 2023 for surface (2 m) air temperature and SST. We also employed
climate models from the CMIP6 SSP245 and SSP585 ensemble averages to project future
regional warming trends from 1851 to 2100, based on two contrasting scenarios defined by
the IPCC [1]. This information will be paramount for developing adaptive regional and
local-scale coral reef restoration plans, as well as for formulating environmental planning
and sustainable development strategies to adapt to projected changes.

Addressing the increased challenges posed by projected extreme weather events and
runaway climate changes across the WC and ETP throughout the Anthropocene neces-
sitates a deeper, downscaled approach. This involves focusing on regional, subregional,
and national scales to better understand the projected impacts on coral reef futures. It also
requires a profound understanding of the spatio-temporal patterns of projected increases in
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surface (2 m) temperature anomalies beyond +1.5 °C compared to pre-industrial times, as
well as projected increases over +1.0 °C above mean annual maximums in SST. Key aspects
include (1) critical thresholds: gaining insights into these vital temperature thresholds is es-
sential for understanding the limits to which coral reefs can adapt and survive; (2) adaptive
management: an enhanced comprehension of temperature impacts will improve our ability
to plan and implement adaptive management approaches tailored to local conditions;
(3) coral restoration planning: understanding these patterns will inform effective coral
restoration strategies, identifying specific needs and interventions required for recovery;
(4) increased funding strategies: awareness of the urgency surrounding these temperature
thresholds can help secure increased local and regional funding for resilience-building
initiatives; and (5) international cooperation: promoting collaboration among WC and
ETP countries will be vital for enhancing the resilience of Latin American coral reefs and
supporting the communities that depend on them. By deepening our understanding of
these dynamics, we can better prepare for future challenges and work towards sustainable
solutions for coral reef conservation and restoration and community livelihoods.

2. Materials and Methods

This study aimed to analyze historical changes in JASO air temperature and SST
anomalies across the WC and ETP region. Regional, subregional and country-level spatio-
temporal fluctuations in projected JASO temperature thresholds that could threaten coral
reefs in the future were also explored under two contrasting climate scenarios. The Climate
Reanalyzer tool (https://climatereanalyzer.org) served as the primary source for historical
JASO surface (2 m) temperature and SST anomaly (SST-a) data across 30 countries and
subregions in the WC and ETP [68]. Polygons were specifically drawn for each country or
subregion to extract historical datasets (Figure 2, Table S1). Data were derived from the
ECMWEF ERAS climate database [69], which is the fifth generation of ECMWF atmospheric
reanalysis, covering the global climate since January 1940. JASO temperature anomaly
data were obtained from 1940 to 2023 from each selected area. To project future climate
scenarios, we utilized the International Coupled Model Intercomparison Project 6 (CMIP6)
developed by the World Climate Research Programme (WCRP), which provides a new set
of climate scenarios [70]. These scenarios encompass various socio-economic developments
and pathways of atmospheric GHG concentrations. For this project, two scenarios were
selected: (1) SSP245: This is the optimistic model, representing a medium pathway of future
GHG emissions. It assumes that climate protection measures are being implemented, with
an additional radiative forcing of 4.5 W/m? by the year 2100; (2) SSP585: This business-as-
usual model represents the upper boundary of climate scenarios, predicting an additional
radiative forcing of 8.5 W/m? by the year 2100. It reflects a scenario where no significant
climate protection measures are taken. These models and datasets are fundamental for
understanding historical trends and projecting future impacts on coral reef ecosystems in
the region.

The ensemble averages of climate models CMIP6 SSP245 and CMIP6 SSP585 were
utilized to project future JASO warming trends at regional, subregional, and country
levels, using historical data and modeling from 1851 to 2100 under both optimistic
(4.5 W/m?) and business-as-usual (8.5 W/m?) scenarios based on IPCC criteria [1]. Decadal
variation analysis was conducted using a one-way permutational analysis of variance
(PERMANOVA) on normalized annual temperature anomalies (based on the 1951-1980
climatology) to assess temporal variations in JASO surface (2 m) temperature and SST-a [71].
Linear regression was employed to quantify the relationship between JASO surface (2 m)
temperature and SST-a using historical datasets from 1940 to 2023 to parameterize the
model, organized by country and subregion. Individual regressed formulas were used
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to calculate future SST-a trends based on projected surface (2 m) temperature anomalies
under both scenarios.

: Google Earth
.

Figure 2. Spatial distribution of studied subregions: 1. Western Caribbean (WCa); 2. Southwestern
Caribbean (SWC); 3. Southern Caribbean (SCa); 4. Eastern Caribbean (ECa); 5. Northern Caribbean
(NCa); 6. Northwestern Caribbean (NWC); 7. Northeastern Tropical Pacific (NETP); 8. Southeastern
Tropical Pacific (SETP). Image source: Google Earth.

Table S1 summarizes the study locations by subregion, including the coordinates of
sampling polygons and the linear regression results between normalized JASO surface
(2 m) temperature and SST-a for the period of 1940 to 2023, using the 1951-1980 clima-
tology as a baseline. A one-way analysis of similitude (ANOSIM) was implemented to
test significant variations between observed and modeled temperatures from 2015 to 2024,
contrasting observed versus modeled JASO temperature trends [72]. All multivariate tests
used 9999 permutations and normalized temperature anomalies. Principal components
analysis (PCA) was used to project decadal variation in temperature anomalies [72]. Pro-
jected temperature anomaly variation between 1851 and 2100 under scenarios 4.5 and 8.5 at
the country level were summarized in the Supplementary Materials section (Figures S1-S8).
This comprehensive approach allowed for a nuanced understanding of temperature trends
and their potential impacts on coral reef futures in the face of climate change.

3. Results
3.1. Regional Temperature Anomaly Patterns 1940-2023

The analysis of regional spatio-temporal trends in JASO temperature anomalies be-
tween 1940 and 2023 revealed significant warming patterns. There was a significant increase
in JASO surface (2 m) temperature anomalies (p < 0.0001) (Figure 3, Table 1). There was a
regional average of —0.1767 °C during the 1940s and of +0.9680 °C during the 2020s, or an
average warming trend of ~0.1431 °C per decade. Pairwise analyses showed that regional
surface (2 m) temperature anomalies showed a significant increase during the 1960s, a
marginal increase during the 1970s and sustained an irreversible increase since the 1980s
(Table 1).
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Figure 3. Spatio-temporal variation in decadal JASO regional mean surface (2 m) temperature

anomaly across the wider Caribbean (Caribb), northeastern and southeastern Pacific regions (NE, SE

Trop Pac) between 1940 and 2023.

Table 1. Summary of a one-way PERMANOVA test of the spatio-temporal variation in JASO regional

normalized surface (2 m) temperature anomaly.

1

Source df SS MS Pseudo-F p
Region 8 452.3 56.5 20.03 <0.0001
Residual 75 211.7 2.8
Pairwise
t p
groups
1940 vs. 1950 1.44 0.1507
1940 vs. 1960 3.43 0.0003
1940 vs. 1970 1.77 0.0586
1940 vs. 1980 2.82 0.0045
1940 vs. 1990 4.84 <0.0001
1940 vs. 2000 8.14 <0.0001
1940 vs. 2010 10.58 <0.0001
1940 vs. 2020 7.36 0.0012

1 Based on 9999 permutations; df = degrees of freedom; SS = sum of squares; MS = mean squares; data = pseudo-F
statistic, p value.

A significant increase in SST anomalies (SST-a) was also observed (p < 0.0001) (Figure 4,
Table 2). A regional mean SST-a of +0.0259 °C during the 1940s and of +0.7071 °C during the
2020s was documented, or an average warming trend of ~0.0916 °C per decade. Pairwise

analysis showed a significant increase in regional SST-a during the 1970s, and then a

irreversible increase after the 2000s.
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Figure 4. Spatio-temporal variation in decadal JASO regional mean sea surface temperature anomaly
(SST-a) across the wider Caribbean (Caribb), northeastern and southeastern Pacific regions (NE, SE
Trop Pac) between 1940 and 2023.

Table 2. Summary of a one-way PERMANOVA test of the spatio-temporal variation in JASO regional
normalized sea surface temperature anomaly.

Source ! df SS MS Pseudo-F 4
Region 8 324.6 40.6 8.97 <0.0001
Residual 75 339.4 45
Pairwise groups t p

1940 vs. 1950 0.73 0.5969

1940 vs. 1960 1.01 0.3599

1940 vs. 1970 2.58 0.0018

1940 vs. 1980 1.19 0.2391

1940 vs. 1990 0.86 0.4941

1940 vs. 2000 3.72 0.0002

1940 vs. 2010 4.23 0.0002

1940 vs. 2020 4.59 0.0011

! Based on 9999 permutations; df = degrees of freedom; SS = sum of squares; MS = mean squares; data = pseudo-F
statistic, p value.

3.2. Country-Level Temperature Anomaly Patterns 1940-2023

All 30 countries and subregions analyzed exhibited a significant increase (p < 0.0001)
in JASO surface (2 m) temperature anomalies (Table 3, Figure 5). The temperature anomaly
across the western Caribbean countries showed a mean rate of increase of 0.1723 °C /decade,
0.1311 °C/decade across the southwestern Caribbean, 0.1482 °C /decade across the southern
Caribbean, and 0.1140 °C/decade across the eastern Caribbean. The temperature anomaly
across the northern Caribbean showed a mean rate of increase of 0.1243 °C/decade, a mean
rate of 0.1119 °C/decade across the northwestern Caribbean, 0.1935 °C/decade across
the northeastern tropical Pacific, and 0.1494 °C/decade across the southeastern tropical
Pacific. The data indicate a consistent warming trend across all subregions, with profound
implications for the conservation and restoration of coral reefs.
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Table 3. Summary of a one-way PERMANOVA test of the spatio-temporal variation in JASO country-
level normalized surface (2 m) temperature anomaly.

Country ! Pseudo-F 4 Country Pseudo-F P Country Pseudo-F p
México 25.15 <0.0001 Leeward Is. 18.24 <0.0001 Bahamas 15.97 <0.0001
Belize/Guatemala 40.68 <0.0001 Windward Is. 16.28 <0.0001 Florida 14.78 <0.0001
Honduras 32.07 <0.0001 US/British Vis 15.67 <0.0001 N. Méx. Pacific 10.61 <0.0001
Nicaragua 20.41 <0.0001 Puerto Rico 18.82 <0.0001 S. Méx. Pacific 26.59 <0.0001
Costa Rica 18.85 <0.0001 Dom. Rep. 19.51 <0.0001 G‘;,"f:ff;i‘jla 4528 <0.0001
Panamé 17.70 <0.0001 Haiti 19.54 <0001 M Sal;' a/ CHO“d' 17.21 <0.0001
San Andrés 16.40 <0.0001 Jamaica 20.01 <0.0001  Nicaragua Pacific 5.60 <0.0001
Colombia 19.06 <0.0001 Gr. Cayman 19.96 <0.0001 C‘I’fatgigéca 10.05 <0.0001
Venezuela 25.40 <0.0001 Cuba 19.61 <0.0001 Panama Pacific 12.64 <0.0001
ABC Islands 17.60 <0.0001 Turks—Caicos 13.81 <0.0001 Colombia Pacific 19.18 <0.0001

1 Based on 9999 permutations; data = pseudo-F statistic, p value; d.f. =8, 75.
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Figure 5. Spatio-temporal variation in country-level decadal means of JASO surface (2 m) temperature
anomalies: (a) western Caribbean; (b) southwestern Caribbean; (c) southern Caribbean; (d) eastern
Caribbean; (e) northern Caribbean; (f) northwestern Caribbean; (g) northeastern tropical Pacific;
(h) southeastern tropical Pacific. Country acronyms described in Table S1.

Significant observed changes in JASO surface (2 m) temperature anomalies across
Belize /Guatemala, Colombia, Venezuela, the southern Mexican Pacific, Guatemala Pacific,
El Salvador/Honduras Pacific, and the Colombian Pacific became permanent after the
decade of 1960. In the case of Panam4, Aruba, Bonaire and Curagao (ABC Islands), Puerto
Rico, Haiti, the northern Mexican Pacific, Nicaragua Pacific, Costa Rica Pacific, and the
Panamd Pacific, significant increases in JASO surface (2 m) temperature anomalies became
permanent during the 1980s. Elsewhere, increases became significant during the 1990s,
except for South Florida in the 2000s.

All 30 countries and subregions analyzed also exhibited a significant increase
(p = 0.0123 to p < 0.0001) in JASO SST-a (Table 4, Figure 6). SST-a across the west-
ern Caribbean exhibited a mean rate of increase of 0.0878 °C/decade. The southwest-
ern Caribbean averaged 0.0775 °C/decade, with 0.0894 °C/decade across the southern
Caribbean, and 0.0831 °C/decade for the eastern Caribbean. SST-a across the northern
Caribbean increased at a rate of 0.0863 °C/decade, 0.0954 °C/decade across the northwest-
ern Caribbean, 0.0928 °C/decade across northeastern tropical Pacific, and 0.0690 °C/decade
across the southeastern tropical Pacific.

Table 4. Summary of a one-way PERMANOVA test of the spatio-temporal variation in JASO country-
level normalized sea surface temperature anomaly.

Country !

Pseudo-F

p Country Pseudo-F p Country Pseudo-F p

México
Belize/Guatemala
Honduras
Nicaragua

Costa Rica

Panama
San Andrés
Colombia

Venezuela
ABC Islands

14.85
6.39
9.94

10.31

11.51

11.80
8.88
6.86

9.07
7.36

<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

11.71 <0.0001
12.09 <0.0001
11.58 <0.0001
11.43 <0.0001

8.84 <0.0001

Leeward Is.
Windward Is.
US/British Vis

Puerto Rico

8.39 <0.0001
12.64 <0.0001
4.03 0.0005
9.22 <0.0001

9.55 <0.0001

Bahamas
Florida
N. Méx. Pacific
S. Méx. Pacific
Guatemala
Pacific
El Salv./Hond.
Pac
Nicaragua Pacific
Costa Rica
Pacific
Panama Pacific
Colombia Pacific

Dom. Rep.

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001

Haiti 8.33
10.26
11.29

10.07
5.64

<0.0001
<0.0001
<0.0001

<0.0001
0.0002

6.12
3.46
2.72

3.46
421

<0.0001
0.0017
0.0123

0.0021
0.0003

Jamaica
Gr. Cayman

Cuba
Turks—Caicos

1 Based on 9999 permutations; data = pseudo-F statistic, p value; d.f. =8, 75.
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Figure 6. Spatio-temporal variation in country-level decadal means of JASO sea surface temperature
anomalies: (a) western Caribbean; (b) southwestern Caribbean; (c) southern Caribbean; (d) eastern
Caribbean; (e) northern Caribbean; (f) northwestern Caribbean; (g) northeastern tropical Pacific;
(h) southeastern tropical Pacific. Country acronyms described in Table S1.
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The data show a consistent upward trend in SST-a across all regions, indicating
significant warming through 1940-2023. The northwestern Caribbean experienced the
highest mean rate of increase at 0.0954 °C/decade, while the southeastern tropical Pacific
had the lowest at 0.0690 °C/decade. These warming trends have critical implications for
marine ecosystems, particularly coral reefs, and highlight the need for effective climate
adaptation and management strategies.

Significant observed changes in JASO SST-a across the Bahamas and southern Florida
became permanent after the decade of 1990. Elsewhere, increases in JASO SST-a became
significant during the 2000s, except for the northeastern Mexican Pacific and Costa Rica
Pacific, which became significant during the 2010s, and the Panama Pacific and Colombian
Pacific, which became significant during the 2020s.

3.3. Modeled Historical Variation in Temperature Anomalies 1851-2100—Scenario 4.5

There was a highly significant decadal-scale increase (p < 0.0001) in JASO surface (2 m)
temperature anomaly projections across each of the eight different subregions in the WC
and ETP for the period from 1851 to 2100 under the optimistic scenario 4.5, compared to pre-
industrial temperatures of the 1850s (Figure 7, Table 5). Pairwise PERMANOVA analyses
revealed significant permanent increases in temperature anomalies across the northeastern
tropical Pacific after the 1930s, southern, northern and northwestern Caribbean after the
1940s, western and eastern Caribbean after the 1950s, southeastern tropical Pacific across
the 1960s, and across the southwestern Caribbean after the 1970s.
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Figure 7. Projected spatio-temporal variation in decadal JASO regional mean 2 m temperature
anomaly across the wider Caribbean (Caribb), northeastern and southeastern Pacific regions (NE, SE
Trop Pac) between 1851 and 2100 based on Scenario 4.5.

The analysis indicates a clear trend of increasing temperature anomalies across all
subregions over the decades, with each region experiencing significant changes at different
times. These findings highlight the ongoing impacts of climate change in these regions and
underscore the urgency for adaptive management and conservation strategies to mitigate
these effects on marine ecosystems, even under the optimistic scenario 4.5.
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Table 5. Summary of a one-way PERMANOVA test of the spatio-temporal variation in modeled
JASO normalized surface (2 m) temperature and sea surface temperature anomalies 1851-2100 under
scenario 4.5, and the projected onsetting of +1.5 °C beyond pre-industrial JASO 2 m temperature
anomalies and of +1.0 °C beyond maximum JASO SST anomalies.

2 m Temp SST

s o1
Region Pseudo-F 4 Pseudo-F >1.5°C >1.0°C
2 m temp SST

W Caribbean 152.9 <0.0001 158.5s <0.0001 2080 2060
SW Caribbean 110.5 <0.0001 109.8 <0.0001 2060 2050

S Caribbean 145.0 <0.0001 138.5 <0.0001 2060 2060

E Caribbean 106.2 <0.0001 106.2 <0.0001 2030 2020

N Caribbean 148.4 <0.0001 147.2 <0.0001 2050 2040
NW Caribbean 210.5 <0.0001 209.6 <0.0001 2040 2030
NE Tropical Pacific 74.4 <0.0001 80.2 <0.0001 2040 2040
SE Tropical Pacific 60.6 <0.0001 61.2 <0.0001 2060 2050

1 Based on 9999 permutations; data = pseudo-F statistic, p value; d.f. =8, 75.

The projected trends in JASO surface (2 m) temperature and SST anomalies under
scenarios 4.5 and 8.5 indicate significant warming across the WC and ETP (Figures S1-S8).
Modeled JASO surface (2 m) temperature anomalies across the western Caribbean averaged
—0.2981 °C during the 1850s, +1.1063 °C during the 2020s, and are projected to rise to
+2.2623 °C during the 2090s under scenario 4.5, an average increase of 0.1170 °C/decade
until the 2020s, and a projected increase of 0.1651 °C/decade between the 2020s and 2090s
(Figure 7, Table 6). The southwestern Caribbean average anomaly was —0.2918 °C in the
1850s, +1.1131 °C in the 2020s, and is projected to increase to +2.1057 °C in the 2090s, an
average of 0.1171 °C/decade until the 2020s, and a projection of 0.1418 °C/decade between
the 2020s and 2090s. There was an average of —0.4090 °C in the 1850s and +1.0517 °C in the
2020s across the southern Caribbean, with a projected rise of +2.2318 °C by the 2090s, which
represents an average rise of 0.1217 °C/decade until the 2020s and a projected shift of
0.1686 °C/decade between the 2020s and 2090s. Modeled JASO surface (2 m) temperature
anomalies across the eastern Caribbean averaged —0.3334 °C during the 1850s, +1.1159 °C
during the 2020s, and are projected to rise to +2.0885 °C during the 2090s under scenario
4.5, an average increase of 0.1208 °C/decade until the 2020s and a projected increase of
0.1389 °C/decade between the 2020s and 2090s

Table 6. Summary of observed and modeled decadal changes in JASO surface (2 m) temperature
anomaly under scenario 4.5. Units: °C/decade.

Region 1850-2020 2020-2100 2000-2020 2020-2050 2050-2100
W Caribbean 0.1170 0.1651 0.2704 0.2064 0.1342
SW Caribbean 0.1171 0.1418 0.3038 0.1784 0.1144
S Caribbean 0.1217 0.1686 0.2309 0.2337 0.1198
E Caribbean 0.1208 0.1389 0.3033 0.1817 0.1069
N Caribbean 0.1204 0.1535 0.2832 0.2018 0.1172
NW Caribbean 0.1197 0.1654 0.2708 0.2196 0.1248
NE Tropical Pacific 0.1245 0.2014 0.1447 0.2938 0.1322
SE Tropical Pacific 0.1158 0.1577 0.1960 0.2246 0.1076
Regional average 0.1196 0.1616 0.2504 0.2175 0.1196

The projected trends in JASO surface (2 m) temperature anomalies under scenario 4.5
indicate significant warming also across the northern Caribbean, with —0.3329 °C during
the 1850s, +1.1115 °C during the 2020s, and a projected rise to +2.1857 °C during the
2090s, or an average increase of 0.1204 °C/decade until the 2020s, and a projected shift of
0.1535 °C/decade between the 2020s and 2090s (Figure 7, Table 6). The northwestern
Caribbean averaged —0.2733 °C in the 1850s, +1.1629 °C in the 2020s, and has a projected
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rise of +2.3208 °C by the 2090s, an average of 0.0798 °C/decade until the 2020s, and a
projected rise of 0.1654 °C/decade between the 2020s and 2090s. An average of —0.5379 °C
in the 1850s and of +0.9555 °C in the 2020s was observed in the northeastern tropical Pacific,
with a projected rise of +2.3655 °C by the 2090s, an average of 0.0830 °C/decade until
the 2020s, and a projected rise to 0.2014 °C/decade between the 2020s and 2090s. The
southeastern tropical Pacific averaged —0.4475 °C in the 1850s, +0.9415 °C in the 2020s,
and has a projected rise of +2.0457 °C by the 2090s, an average of 0.0772 °C/decade until
the 2020s, and a projected increase of 0.1577 °C/decade between the 2020s and 2090s.

All regions exhibit significant warming trends, with the northeastern tropical Pa-
cific showing the highest projected increase of 0.2014 °C/decade between the 2020s and
2090s. These trends are essential for understanding the potential impacts on marine
ecosystems, emphasizing the need for proactive climate adaptation measures in these
vulnerable regions.

The modeled trends in JASO surface (2 m) temperature anomalies reveal significant
regional increases across the WC and ETP, particularly in recent decades, as well as concern-
ing warming projections, even under optimistic scenario 4.5. The regional average increase
between 1850 and 2020 was 0.1196 °C/decade; however, the sub-period of 2000-2020 aver-
aged 0.2504 °C per decade (Table 6). This rate is 2.5 times the global average. The projected
average temperature anomaly rise for 2020-2100 under scenario 4.5 is 0.1616 °C/decade
(1.6 times the global average), but with a projected average of 0.2175 °C/decade for the
sub-period of 2020-2050, and 0.1196 °C/decade for the sub-period of 2050-2100. The
data indicate a marked projected increase in regional temperature anomalies, with the
most significant rise occurring in the 2000-2020 period. The projections under scenario 4.5
suggest continued warming, particularly in the first half of the 21st century, emphasizing
the need for urgent climate action and adaptation strategies in the region.

The results from the pairwise PERMANOVA analysis and principal component anal-
ysis (PCA) provide important insights into projected changes in JASO surface (2 m) tem-
perature anomalies across the WC and ETP under scenario 4.5. Significant increases in
temperature anomalies are projected across the southern Caribbean by the 2030s (t = 2.32,
p = 0.0326). Significant increases in temperature anomaly by the 2040s are projected to
occur across the western (t = 3.35, p = 0.0008), southwestern (t = 2.78, p = 0.0059), east-
ern (t = 2.28, p = 0.0233), northern (t = 3.27, p = 0.0005), and northwestern Caribbean
(t=4.04, p <0.0001), and across the northeastern tropical Pacific (t = 4.17, p = 0.0006) and the
southeastern tropical Pacific (t = 2.80, p = 0.0056). PCA showed that after the 1990s, JASO
surface (2 m) temperature anomalies are projected to exceed a +1.5 °C anomaly compared
to pre-industrial temperatures, even under the optimistic scenario 4.5 (Figure 8). The anal-
yses indicate a concerning trend of increasing temperature anomalies across all assessed
subregions even under an optimistic scenario, with significant increments anticipated as
early as the 2030s and 2040s.

The analysis of JASO SST-a projections also reveals significant rising trends (p < 0.0001)
across all eight subregions of WC and ETP for the period of 1851 to 2100, compared to
pre-industrial temperatures of the 1850s (Figure 9, Table 5). Permanent increases in SST-a
were documented by the 1930s across the northeastern tropical Pacific, by the 1940s across
the southern, northern, and northwestern Caribbean, by the 1950s across the western and
eastern Caribbean, by the 1960s across the southeastern tropical Pacific, and by the 1970s
across the southwestern Caribbean. The findings illustrate a clear trend of increasing
SST anomalies across all subregions, indicating significant warming over the decades.
This warming has important implications for marine ecosystems, influencing species
distribution, coral health, and overall biodiversity.
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Figure 8. Principal component analysis (PCA) of the projected mean decadal variation in JASO 2 m
temperature anomaly across the wider Caribbean (Caribb), northeastern and southeastern Pacific
regions (NE, SE Trop Pac) between 1851 and 2100 based on Scenario 4.5. This solution explains 99.9%

of the observed decadal variation.
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Figure 9. Projected spatio-temporal variation in decadal JASO regional mean sea surface temperature
anomaly across the wider Caribbean (Caribb), northeastern and southeastern Pacific regions (NE, SE
Trop Pac) between 1851 and 2100 based on Scenario 4.5.

The projected trends in JASO SST-a under scenario 4.5 reflect significant warming
across various subregions. Observed JASO SST-a across the western Caribbean averaged
—0.1796 °C in the 1850s and +0.6141 °C in the 2020s, with a projected rise of +1.2549 °C
by the 2090s, and average increase of 0.0661 °C/decade by the 2020s, and a projected shift
of 0.0915 °C/decade between the 2020s and 2090s (Figure 9, Table 7). The southwestern
Caribbean averaged —0.1678 °C during the 1850s and +0.7661 °C in the 2020s, with a
projection of +1.4264 °C during the 2090s, an average rise of 0.0778 °C/decade until the
2020s, and a projection of 0.0943 °C/decade between the 2020s and 2090s. The SST-a across
the southern Caribbean averaged —0.1709 °C in the 1850s and +0.6266 °C in the 2020s, with
a projection of +1.2540 °C by the 2090s, an average rise of 0.0665 °C/decade until the 2020s,
and a projection of 0.0896 °C/decade between the 2020s and 2090s. Average SST-a was
—0.3209 °C in the 1850s and +1.0931 °C in the 2020s across the eastern Caribbean, with a
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projection of +2.0421 °C by the 2090s, an average increase of 0.1178 °C/decade until the
2020s, and a projection of 0.1356 °C/decade between the 2020s and 2090s.

Table 7. Summary of observed and modeled decadal changes in JASO sea surface temperature
anomaly under scenario 4.5. Units: °C/decade.

Region 1850-2020 2020-2100 2000-2020 2020-2050 2050-2100
W Caribbean 0.0661 0.0915 0.1550 0.1149 0.0740
SW Caribbean 0.0778 0.0943 0.2039 0.1183 0.0764
S Caribbean 0.0665 0.0896 0.1378 0.1266 0.0619
E Caribbean 0.1178 0.1356 0.2958 0.1774 0.1042
N Caribbean 0.1155 0.1155 0.2142 0.1517 0.0883
NW Caribbean 0.0990 0.1364 0.2256 0.1805 0.1034
NE Tropical Pacific 0.0754 0.1237 0.0925 0.1813 0.0806
SE Tropical Pacific 0.0741 0.1007 0.1259 0.1427 0.0692
Regional average 0.0865 0.1109 0.1813 0.1492 0.0823

The modeled trends in JASO SST-a under scenario 4.5 also indicate notable warming
across other subregions (Figure 9, Table 7). The northern Caribbean averaged —0.2736 °C
during the 1850s and +0.8151 °C during the 2020s, with a projected rise of +1.6236 °C by
the 2090s, an average increase of 0.0907 °C/decade until the 2020s, and a projected increase
of 0.1155 °C/decade between the 2020s and 2090s. Average JASO SST-a was —0.2758 °C in
the 1850s and +0.9123 °C in the 2020s across the northwestern Caribbean, with a projection
of +1.8674 °C by the 2090s, an average rise of 0.0990 °C/decade until the 2020s, and a
projection of 0.1364 °C/decade by the 2090s. JASO SST-a across the northeastern tropical
Pacific averaged —0.3592 °C in the 1850s and +0.5461 °C in the 2020s, with projections of
+1.4121 °C by the 2090s, an average increment of 0.0754 °C/decade until the 2020s, and a
projection of 0.1237 °C/decade by the 2090s. The southeastern tropical Pacific averaged
—0.2862 °C in the 1850s and +0.6035 °C in the 2020s, with a projection of +1.3082 °C
by the 2090s, an average rise of 0.0741 °C/decade until the 2020s, and a projection of
0.1007 °C/decade by the 2090s.

Even under scenario 4.5, all subregions show significant warming trends, with pro-
jections indicating increases in SST-a becoming more pronounced as we approach the end
of the century. The eastern, northwestern, and northern Caribbean exhibit the highest
projected increases in mean SST-a between the 2020s and 2090s, highlighting it as a crucial
area for monitoring. These temperature increases are likely to have substantial effects on
marine ecosystems, necessitating proactive climate strategies to mitigate potential impacts
on biodiversity, fisheries, and livelihoods.

Mean regional average increase in JASO SST-a was 0.0865 °C/decade for the period of
1850-2020, but 0.1813 °C/decade for the sub-period of 2000-2020, which was 1.8 times the
global ocean average (Table 7). The projected regional average for the period of 2020-2100
under scenario 4.5 is 0.1109 °C/decade. However, for the sub-period of 2020-2050, the
projection is 0.1492 °C/decade, while the sub-period of 2050-2100 is 0.0823 °C/decade.
This suggests a significant overshoot beyond average ocean warming trends and then a
gradual moderate leveling, but not a reversal in warming trends.

When JASO SST-a during the 2020s was compared to projected changes under scenario
4.5, a significant increase was projected by the 2040s across the western (t = 3.39, p = 0.0010),
southwestern (t = 2.74, p = 0.0071), southern (t = 3.45, p = 0.0016), eastern (t = 2.28,
p = 0.0244), northern (t = 3.25, p = 0.0007) and northwestern Caribbean (t = 4.01, p = 0.0002),
and across the northeastern (t = 4.29, p = 0.0002) and the southeastern tropical Pacific
(t=2.80, p = 0.0070). PCA showed that following the 1990s, SST anomaly is also projected
to curve well beyond the +1.0 °C anomaly when compared to historical maximum JASO
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temperatures, even under optimistic scenario 4.5 (Figure 10). This variation is projected to
respond to generalized increases in SST-a across all subregions.
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Figure 10. Principal component analysis (PCA) of the projected mean decadal variation in JASO sea
surface temperature anomaly across the wider Caribbean (Caribb), northeastern and southeastern

Pacific regions (NE, SE Trop Pac) between 1851 and 2100 based on Scenario 4.5. This solution explains
99.9% of the observed variation.

3.4. Modeled Historical Variation in Temperature Anomalies 1851-2100—Scenario 8.5

There was a highly significant decadal-scale increase (p < 0.0001) in JASO surface (2 m)
temperature anomaly projections across each of the eight different WC and ETP subregions
for the period of 1851 to 2100 under business-as-usual scenario 8.5 when compared to
pre-industrial temperatures of the 1850s (Figure 11, Table 8).

6 A W Caribb
w SW Caribb
S Caribb
/( @ E Caribb
/ N Caribb
4- } -+ NW Caribb
X NE Trop Pac
) SE Trop Pac
%
<
s 27
a
£
@
3
N
0
2
T T T Y
N © Ik 0 O O — N O I 1V © NV OO = N O ¥ 1B © N~ 0O D
O W W W W O O O O 0 & 0O 0O O 0 O O O O O O O O O O
rrrrrrrrrrrrrrr N & A & & & QN
Decade
Figure 11. Projected spatio-temporal variation in decadal JASO regional mean 2 m temperature

anomaly across the wider Caribbean (Caribb), northeastern and southeastern Pacific regions (NE, SE
Trop Pac) between 1851 and 2100 based on Scenario 8.5.

Pairwise PERMANOVA analyses showed a significant permanent increase in temper-
ature anomaly after the 1930s across the southern Caribbean and the northeastern tropical
Pacific, after the 1940s across the northern and northwestern Caribbean, after the 1950s
across the western and eastern Caribbean and across the southeastern tropical Pacific, and
after the 1970s across the southwestern Caribbean.
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Table 8. Summary of a one-way PERMANOVA test of the spatio-temporal variation in modeled
JASO normalized surface (2 m) temperature and sea surface temperature anomalies 1851-2100
under scenario 8.5, and projected onsetting of +1.5 °C beyond pre-industrial JASO 2 m temperature
anomalies and of +1.0 °C beyond maximum JASO SST anomalies.

.1 2 m Temp SST
Region Pseudo-F 4 Pseudo-F >1.5°C >1.0°C
2 m temp SST
W Caribbean 350.0 <0.0001 356.9 <0.0001 2030 2040
SW Caribbean 231.6 <0.0001 227.7 <0.0001 2030 2040
S Caribbean 299.0 <0.0001 263.6 <0.0001 2030 2040
E Caribbean 208.5 <0.0001 208.6 <0.0001 2030 2020
N Caribbean 302.9 <0.0001 300.3 <0.0001 2030 2030
NW Caribbean 385.0 <0.0001 385.8 <0.0001 2030 2030
NE Tropical 1615 <0.0001 171.6 <0.0001 2020 2030
Pacific
SE Tropical Pacific 129.7 <0.0001 131.5 <0.0001 2030 2040

1 Based on 9999 permutations; data = pseudo-F statistic, p value; d.f. =8, 75.

The modeled JASO surface (2 m) temperature anomaly under scenario 8.5 averaged
—0.2981 °C across the western Caribbean during 1850s, +1.1561 °C during the 2020s, and
+4.1161 °C during the 2090s (Figure 11, Table 9), an average increase of 0.1212 °C/decade
until the 2020s, and a projected increase of 0.4229 °C/decade between the 2020s and
2090s. Temperature anomaly averaged —0.2918 °C in the 1850s across the southwestern
Caribbean, +1.0504 °C in the 2020s, and +3.6753 °C in the 2090s, an average increase of
0.1119 °C/decade until the 2020s, and a projected increase of 0.3750 °C/decade between the
2020s and 2090s. The southern Caribbean averaged —0.4090 °C in the 1850s and +1.0808 °C
in the 2020s, with a projection of +4.1277 °C by the 2090s, an average of 0.1242 °C/decade
until the 2020s, and a projection of 0.4353 °C/decade between the 2020s and 2090s. The
eastern Caribbean averaged —0.3334 °C during the 1850s and +1.0634 °C during the 2020s,
with a projected rise of +3.5575 °C by the 2090s, an average of 0.1164 °C/decade until the
2020s, and a projection of 0.3563 °C/decade between the 2020s and 2090s.

Table 9. Summary of observed and modeled decadal changes in JASO surface (2 m) temperature
anomaly under scenario 8.5. Units: °C/decade.

Region 1850-2020 2020-2100 2000-2020 2020-2050 2050-2100
W Caribbean 0.1212 0.4229 0.2748 0.3521 0.4756
SW Caribbean 0.1119 0.3750 0.2724 0.3225 0.4144
S Caribbean 0.1242 0.4353 0.2455 0.3513 0.4983
E Caribbean 0.1164 0.3563 0.2770 0.3148 0.3874
N Caribbean 0.1219 0.3825 0.2925 0.3387 0.4154
NW Caribbean 0.1200 0.4178 0.2726 0.3575 0.4645
NE Tropical Pacific 0.1359 0.5304 0.2134 0.3833 0.6406
SE Tropical Pacific 0.1213 0.4419 0.2293 0.3318 0.5245
Regional average 0.1216 0.4203 0.2597 0.3440 0.4776

Mean JASO surface (2 m) temperature anomaly across the northern Caribbean av-
eraged —0.3329 °C during the 1850s and +1.1302 °C during the 2020s, with projections
of +3.8079 °C during the 2090s, averaging 0.1219 °C/decade until the 2020s, and a pro-
jection of 0.3825 °C/decade between the 2020s and 2090s under scenario 8.5. Tempera-
ture anomaly across the northwestern Caribbean averaged —0.2733 °C in the 1850s and
+1.1664 °C in the 2020s, with projected +4.0969 °C during the 2090s, averaging
0.1200 °C/decade until the 2020s, and a projection of 0.4178 °C/decade between the
2020s and 2090s. The northeastern tropical Pacific averaged —0.5000 °C in the 1850s
and +1.1309 °C in the 2020s, with projected +4.8434 °C during the 2090s, averaging
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0.1359 °C/decade until the 2020s, and a projection of 0.5304 °C/decade between the
2020s and 2090s. JASO surface (2 m) temperature anomaly averaged —0.4475 °C in the
1850s across the southeastern tropical Pacific and +1.0079 °C in the 2020s, with projected
+4.1014 °C by the 2090s, averaging 0.1213 °C/decade until the 2020s and a projection of
0.4419 °C/decade between the 2020s and 2090s.

Mean regional average increase in JASO surface (2 m) temperature anomaly was
0.1216 °C/decade for the period of 1850-2020, but 0.2597 °C/decade for the sub-period
of 20002020, which was 2.6 times the global average (Table 9). Projected average for the
period of 2020-2100 under scenario 8.5 is 0.4203 °C/decade, or 4.2 times the global average.
However, for the sub-period of 2020-2050, the projection is 0.3440 °C/decade, while for the
sub-period of 2050-2100 it is 0.4776 °C/decade.

Pairwise PERMANOVA analysis showed that when JASO surface (2 m) temperature
anomaly during the 2020s was compared to projected changes under a business-as-usual
scenario 8.5, a significant increase was projected by the 2030s across the western (t = 2.51,
p = 0.0250), southwestern (t = 2.31, p = 0.0342), southern (t = 2.81, p = 0.0125),
eastern (t = 2.27, p = 0.0381), northern (t = 2.39, p = 0.0284) and northwestern Caribbean
(t=2.93, p =0.0077), and across the northeastern tropical Pacific (t = 2.41, p = 0.0272), and
by the 2040s across the southeastern tropical Pacific (t = 2.83, p = 0.0139). PCA showed that
following the 2000s, JASO surface (2 m) temperature anomaly is projected to increase well
beyond the +1.5 °C anomaly when compared to pre-industrial temperatures under business-
as-usual scenario 8.5 (Figure 12). This variation is predicted to respond to generalized
increases in JASO 2 m temperature anomaly across all subregions.
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Figure 12. Principal component analysis (PCA) of the projected mean decadal variation in JASO 2 m
temperature anomaly across the wider Caribbean (Caribb), northeastern and southeastern Pacific
regions (NE, SE Trop Pac) between 1851 and 2100 based on Scenario 8.5. This solution explains 100%
of the observed variation.

The analyses reveal a worrying trend of increasing temperature anomalies under
business-as-usual scenario 8.5, with significant warming expected as early as the 2030s.
The projections highlight the urgency of addressing climate change impacts, as sustained
increases in temperature anomalies could lead to severe ecological and socio-economic
consequences in the affected regions. This information underscores the need for robust
climate policies and adaptive strategies to mitigate the effects of rising temperatures on
marine ecosystems and communities.

There was also a highly significant decadal-scale increase (p < 0.0001) in JASO SST-a
projections across each of the eight different WC and ETP subregions for the period of 1851
to 2100 under business-as-usual scenario 8.5 when compared to pre-industrial temperatures
of the 1850s (Figure 13). Pairwise PERMANOVA analyses showed a significant permanent
increase in JASO SST-a after the 1930s across the northeastern tropical Pacific subregion,



Atmosphere 2025, 16, 575

20 of 45

and after the 1940s across the southern, northern, and northwestern Caribbean subregions.
A permanent increase in SST anomaly was also observed after the 1950s across the western,
southwestern, and eastern Caribbean, and across the southeastern tropical Pacific.
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Figure 13. Projected spatio-temporal variation in decadal JASO regional mean sea surface temperature
anomaly across the wider Caribbean (Caribb), northeastern and southeastern Pacific regions (NE, SE
Trop Pac) between 1851 and 2100 based on Scenario 8.5.

The modeled JASO SST-a under scenario 8.5 averaged —0.1796 °C across the
western Caribbean during 1850s and +0.6325 °C during the 2020s, with projected
+2.2839 °C by the 2090s (Figure 13, Table 10), an average rise of 0.0677 °C/decade until the
2020s, and a projection of 0.2359 °C/decade between the 2020s and 2090s. SST-a averaged
—0.1678 °C in the 1850s across the southwestern Caribbean and +0.7229 °C in the 2020s,
and a projection of +2.4593 °C during the 2090s, averaging 0.0742 °C/decade until the
2020s, and 0.2481 °C/decade between the 2020s and 2090s. An average anomaly of
—0.1709 °C was observed during the 1850s in the southern Caribbean and +0.6181 °C
during the 2020s, with a projection of +2.2473 °C by the 2090s, averaging 0.0658 °C/decade
until the 2020s, and 0.2327 °C/decade between the 2020s and 2090s. Mean JASO SST-a was
—0.3209 °C in the 1850s across the eastern Caribbean and +1.0418 °C in the 2020s, with a
projection of +3.4757 °C during the 2090s, averaging 0.1136 °C/decade until the 2020s, and
a projection of 0.3477 °C/decade between the 2020s and 2090s.

Table 10. Summary of observed and modeled decadal changes in JASO sea surface temperature
anomaly under scenario 8.5. Units: °C/decade.

Region 1850-2020 2020-2100 2000-2020 2020-2050 2050-2100

W Caribbean 0.0677 0.2359 0.1643 0.1979 0.2645
SW Caribbean 0.0742 0.2481 0.1823 0.2139 0.2737

S Caribbean 0.0658 0.2327 0.1335 0.1902 0.2647

E Caribbean 0.1136 0.3477 0.2701 0.2982 0.3781

N Caribbean 0.0919 0.2879 0.2209 0.2549 0.3127
NW Caribbean 0.0992 0.3459 0.2267 0.2947 0.3843
NE Tropical Pacific 0.0821 0.3233 0.1325 0.2366 0.3884
SE Tropical Pacific 0.0779 0.2843 0.1487 0.2105 0.3396

Regional average 0.0841 0.3021 0.1849 0.2371 0.3258
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The northern Caribbean averaged a mean JASO SST-a of —0.2736 °C during the 1850s
and +0.8287 °C during the 2020s, with projected +2.8440 °C during the 2090s, an average
rise of 0.0919 °C/decade until the 2020s and a projection of 0.2879 °C/decade between the
2020s and 2090s under scenario 8.5. The northwestern Caribbean averaged —0.2758 °C in
the 1850s and +0.9144 °C in the 2020s, with projections of +3.3358 °C during the 2090s, an
average increase of 0.0992 °C/decade until the 2020s, and a projection of 0.3459 °C/decade
between the 2020s and 2090s. There was an average JASO SST-a of —0.3380 °C in the 1850s
across the northeastern tropical Pacific and +0.6473 °C in the 2020s, with projections of
+2.9107 °C by the 2090s, averaging 0.0821 °C/decade until the 2020s, and a projection of
0.3233 °C/decade between the 2020s and 2090s. The southeastern tropical Pacific averaged
—0.2862 °C in the 1850s and +0.6491 °C in the 2020s, with projected +2.6390 °C during the
2090s, averaging 0.0779 °C/decade until the 2020s, and a projection of 0.2843 °C/decade
between the 2020s and 2090s.

Mean regional average increase in JASO SST-a was 0.0841 °C/decade for the period of
1850-2020, but 0.1849 °C/decade for the sub-period of 2000-2020, which was 1.8 times the
global ocean average (Table 10). The projected average for the period of 2020-2100 under
scenario 8.5 is 0.3021 °C/decade. However, for the sub-period of 2020-2050, the projection
is 0.2371 °C/decade, while for the sub-period of 2050-2100, it is 0.3258 °C/decade.

Pairwise PERMANOVA analysis showed that when JASO SST-a during the 2020s was
compared to the projected change under scenario 8.5, a significant increase was expected
by the 2030s across the western Caribbean (t = 2.59, p = 0.0203), southwestern Caribbean
(t=2.22, p =0.0371), southern Caribbean (t = 2.60, p = 0.0169), eastern Caribbean (t = 2.27,
p = 0.0381), northern Caribbean (t = 2.38, p = 0.0305), northwestern Caribbean (t = 2.91,
p =0.0082), and the northeastern tropical Pacific (t = 2.60, p = 0.0200), and by the 2040s across
the southeastern tropical Pacific (t = 2.81, p = 0.0132). PCA also showed that following
the 2000s, SST-a is also likely ascend well beyond the +1.0 °C anomaly when compared to
historical maximum JASO SST-a under business-as-usual scenario 8.5 (Figure 14).
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Figure 14. Principal component analysis (PCA) of the projected mean decadal variation in JASO sea
surface temperature anomaly across the wider Caribbean (Caribb), northeastern and southeastern
Pacific regions (NE, SE Trop Pac) between 1851 and 2100 based on Scenario 8.5. This solution explains
100% of the observed variation.

There is a significant upward trend in SST-a scenario 8.5, with notable changes ex-
pected as early as the 2030s. The projected warming underscores the urgent need for climate
action and coral reef conservation and restoration adaptative strategies, as rising temper-
atures could severely impact marine ecosystems, biodiversity, and coastal communities.
This information highlights the importance of monitoring and addressing climate change
effects to mitigate potential adverse outcomes across the WC and ETP.
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3.5. Observed Vs. Modeled Variation in JASO Temperature Anomalies in 2015-2024

The analysis of observed versus modeled deviations in JASO surface (2 m) and SST
anomalies for the decade spanning 2015 to 2024 across the WC and ETP regions revealed
significant findings. An ANOSIM test showed that the observed surface (2 m) temperature
anomaly was significantly higher than modeled anomalies across the WC and ETP regions
(R=0.128, p = 0.0015), with a particular deviation from scenario 4.5 (R = 0.274, p = 0.0050)
(Table 11). No significant deviation from scenario 8.5 or between scenarios 4.5 and 8.5 was
documented. Observed SST-a were significantly higher than modeled anomalies (R = 0.152,
p = 0.0030), with significantly higher observations than modeled scenarios 4.5 (R = 0.292,
p =0.0010) and 8.5 (R = 0.119, p = 0.0260). No significant difference between scenarios 4.5
and 8.5 was observed.

Table 11. Summary of a one-way ANOSIM test of the observed vs. modeled regional variation in
JASO normalized surface (2 m) temperature and sea surface temperature anomalies in 2015-2024
under scenarios 4.5 and 8.5.

Region ! Global R j4 Obs vs. 4.5 R r Obs vs. 8.5R p 4.5vs. 85R p
Surface (2 m) temperature 0.128 0.0015 0.274 0.0050 0.076 0.1050 0.024 0.2710
Sea surface temperature 0.152 0.0030 0.292 0.0010 0.119 0.0260 0.021 0.2930

1 Based on 9999 permutations; data = R statistic, p value.

The results indicate that observed temperature anomalies in the WC and ETP regions
are significantly higher than those projected by the models, particularly under scenario
4.5. The lack of significant differences between scenarios 4.5 and 8.5 suggests that both
scenarios may not fully capture the observed extremes. These findings highlight potential
shortcomings in climate models and the need for further refinement to better predict future
temperature anomalies, which are fundamental for understanding climate change impacts
on marine ecosystems and regional climates.

Subregional patterns of observed vs. modeled deviations in JASO surface (2 m)
temperature anomaly during 2015-2024 were determined. Observed anomalies were
significantly higher than modeled outcomes across the western Caribbean (R = 0.083,
p = 0.0480), with significant deviations from scenario 4.5 (R = 0.198, p = 0.0030) (Table 12).
Observed JASO surface (2 m) temperature anomaly was also significantly different from
scenario 4.5 projections across the southwestern Caribbean (R = 0.182, p = 0.0190), across
the eastern Caribbean (R = 0.179, p = 0.0080), with significant deviations from scenarios 4.5
(R=0.324, p = 0.0050) and 8.5 (R = 0.072, p = 0.0011), and marginally across the northern
Caribbean (R = 0.083, p = 0.0590), but significantly higher than under projected scenario 4.5
(R=0.198, p = 0.0150). Observed JASO surface (2 m) temperature anomaly was significantly
different from scenario 4.5 projections across the NW Caribbean (R = 0.198, p = 0.0260), and
across the northeastern tropical Pacific (R = 0.098, p = 0.0340), with significant deviations
from scenarios 4.5 (R = 0.167, p = 0.0210) and 8.5 (R = 0.185, p = 0.0150). No significant
difference between observed and modeled temperature anomaly was observed either across
the southern Caribbean or across the southeastern tropical Pacific. No significant differences
were observed between scenarios 4.5 and 8.5 for 2015-2024 across any of the subregions.

Subregional patterns of observed vs. modeled deviations in JASO SST-a during
2015-2024 were also quantified. Observed anomalies were significantly higher across WC
and ETP (R = 0.152, p = 0.0030), with significant deviations from scenarios 4.5 (R = 0.292,
p = 0.0010) and 8.5 (R = 0.119. p = 0.0260) (Table 11). Variation between observed and
modeled outcomes was found to be significant within the western Caribbean subregion
under scenario 4.5 (R = 0.254, p = 0.0010) and under scenario 8.5 (R = 0.131, p = 0.0210)
(Table 13). There were also significant deviations from scenarios 4.5 (R = 0.331, p = 0.0050)
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and 8.5 (R = 0.132, p = 0.0310) across the eastern Caribbean. Significant differences from
scenarios 4.5 (R = 0.239, p = 0.0090) and 8.5 (R = 0.128, p = 0.0470) were also observed across
the northern Caribbean. Only marginal deviations from scenario 4.5 were documented
within the southern Caribbean (R = 0.076, p = 0.0670) and within the northeastern tropical
Pacific (R = 0.115, p = 0.0520). Differences between observed SST-a and scenario 4.5 were also
significant within the southwestern Caribbean (R = 0.193, p = 0.0080) and the northwestern
Caribbean (R = 0.211, p = 0.0150). No significant deviation between observed and both
modeled scenarios was observed across the southeastern tropical Pacific.

Table 12. Summary of a one-way ANOSIM test of the observed vs. modeled subregional variation in
JASO normalized surface (2 m) temperature anomaly 2015-2024 under scenarios 4.5 and 8.5.

Region ! Global R p Obs vs. 4.5R P Obs vs. 8.5 R p 4.5vs.85R P
W Caribbean 0.083 0.0480 0.198 0.0030 0.055 0.1660 —0.007 0.4480
SW Caribbean 0.064 0.0960 0.182 0.0190 —0.010 0.4630 0.019 0.2940
S Caribbean —0.008 0.5150 0.023 0.2830 —0.038 0.7010 —0.011 0.4690
E Caribbean 0.179 0.0080 0.324 0.0050 0.072 0.0011 0.107 0.0890
N Caribbean 0.083 0.0590 0.198 0.0150 0.032 0.2450 —0.005 0.4150
NW Caribbean 0.076 0.0700 0.198 0.0260 0.050 0.1790 —0.024 0.5760
NE Tropical Pacific 0.098 0.0340 0.167 0.0210 0.185 0.0150 —0.060 0.8930
SE Tropical Pacific 0.010 0.3330 0.032 0.2440 0.031 0.2430 —0.023 0.5170
1 Based on 9999 permutations; data = R statistic, p value.
Table 13. Summary of a one-way ANOSIM test of the observed vs. modeled subregional variation in
JASO normalized sea surface temperature anomaly 2015-2024 under scenarios 4.5 and 8.5.
Region ! Global R p Obs vs. 4.5R p Obs vs. 85 R p 4.5vs. 85R p
W Caribbean 0.130 0.0050 0.254 0.0010 0.131 0.0210 0.015 0.4900
SW Caribbean 0.099 0.0290 0.193 0.0080 0.063 0.1420 0.022 0.2840
S Caribbean 0.027 0.2390 0.076 0.0670 0.011 0.3710 —0.018 0.5290
E Caribbean 0.199 0.0020 0.331 0.0050 0.132 0.0310 0.108 0.0700
N Caribbean 0.134 0.0080 0.239 0.0090 0.128 0.0470 —0.002 0.3880
NW Caribbean 0.085 0.0470 0.211 0.0150 0.066 0.1260 —0.021 0.5600
NE Tropical Pacific 0.058 0.0910 0.115 0.0520 0.106 0.0730 —0.062 0.9100
SE Tropical Pacific —0.015 0.5350 0.032 0.2170 —0.040 0.7390 —0.028 0.5320

1 Based on 9999 permutations; Data= R statistic, p value.

4. Discussion
4.1. Spatio-Temporal Variation in JASO Temperature Anomalies 1940-2023

Significant increases in mean JASO surface (2 m) temperature anomalies
(0.1431 °C/decade) and JASO SST-a (0.0916 °C/decade) were observed from 1940 to 2023
across the WC and ETP. Decadal increases in surface temperature anomalies varied by sub-
region, ranging from 0.1119 °C/decade in the northwestern Caribbean to 0.1935 °C/decade
in the northeastern tropical Pacific. These warming trends were 1.1 to 1.9 times the global
average. There was notable spatio-temporal variability among countries, with significant
increases recorded in the 1940s and 1960s in Belize /Guatemala, Colombia, Venezuela, and
ETP subregions. Additionally, significant variations occurred between the 1940s and 1980s
in Panamé, Aruba-Bonaire—-Curacao, Puerto Rico, Haiti, and Panamad Pacific. From the
1940s to the 1990s, significant temperature variations were noted in México, Costa Rica, the
Leeward and Windward Islands, and the Bahamas, while changes from the 1940s to the
2000s were significant in south Florida.

Decadal increases in JASO SST-a from 1940 to 2023 varied by subregion, ranging
from 0.0690 °C/decade in the southeastern tropical Pacific to 0.0954 °C/decade in the
northwestern Caribbean, reflecting rates from just below average to average global ocean
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warming. Significant increases were recorded in the Bahamas and south Florida from the
1940s to 1990s, in the northeastern Mexican Pacific and Costa Rica Pacific from the 1940s
to 2010s, and in the Panamé and Colombian Pacific from the 1940s to 2020s. Additionally,
significant increases were observed in other regions from the 1940s to 2000s.

These results indicate a consistent warming trend across all regions from 1940 to
2023, with decadal warming rates matching or exceeding global averages. Significant
coral bleaching and mortality have occurred on regional and global scales, jeopardizing
coral reef conservation and restoration efforts. These changes highlight the imperative
need for adaptive management and conservation strategies to protect coral reefs and their
associated ecosystems.

4.2. Spatio-Temporal Variation in JASO Temperature Anomalies 1851-2100—Scenario 4.5

A significant increase in JASO surface (2 m) temperature anomalies is projected from
1851 to 2100 under optimistic scenario 4.5. Increases were noted after the 1930s in the
northeastern tropical Pacific, after the 1940s in the southern, northern, and northwestern
Caribbean, after the 1950s in the western and eastern Caribbean, after the 1960s in the
southeastern tropical Pacific, and after the 1970s in the southwestern Caribbean. The av-
erage increase across the region was 0.1196 °C/decade from the 1850s to 2020s, rising to
0.2504 °C/decade in the 2000s—2020s. Projected increases for 2020s-2100s under scenario 4.5
average 0.1616 °C/decade, with 0.2175 °C/decade for 2020s-2050s and 0.1196 °C/decade
for 2050s-2100s. This indicates a likely overshoot of JASO surface temperature anomalies
lasting three to four decades, with warming trends persisting regardless of scenario. Pro-
jected increases compared to the 2020s baseline suggest significant warming by the 2030s
in the southern Caribbean and by the 2040s elsewhere. Even under scenario 4.5, these
trends will quickly exceed the +1.5 °C threshold above pre-industrial levels, emphasizing a
narrow window for regional action, mitigation, and adaptation.

A significant increase in JASO SST-a is also projected from 1851 to 2100 even un-
der optimistic scenario 4.5, aligning with surface (2 m) temperature warming trends.
The average increase in SST-a was 0.0865 °C/decade from the 1850s to 2020s, rising to
0.1813 °C/decade in the 2000s—2020s. Projected increases for 2020s-2100s under scenario 4.5
average 0.1109 °C/decade, with 0.1492 °C/decade for 2020s-2050s and 0.0823 °C/decade
for 2050s—2100s. This suggests a moderate overshoot of JASO SST-a lasting three to
four decades, with trends continuing in line with current global patterns. Comparison
to the 2020s baseline indicates significant increases by the 2040s across all subregions.
Even under scenario 4.5, expected SST warming trends will exceed the +1.0 °C threshold
above maximum annual temperatures, likely leading to recurrent mass coral bleaching
and mortality events by the 2040s, threatening coral reef conservation and restoration
efforts in the WC and ETP. This underscores the limited window for regional action,
mitigation, and adaptation.

4.3. Spatio-Temporal Variation in JASO Temperature Anomalies 1851-2100—Scenario 8.5

JASO surface (2 m) temperature anomalies are projected to show significant increases
from 1851 to 2100 under a business-as-usual scenario (8.5). Noteworthy increases were
observed from the 1850s to the 1930s in the southern Caribbean and northeastern tropical
Pacific, after the 1940s in the northern and northwestern Caribbean, after the 1950s in
the western and eastern Caribbean, and after the 1970s in the southwestern Caribbean.
Under scenario 8.5, the average rate of increase in JASO surface (2 m) temperature
anomaly was 0.1216 °C/decade from the 1850s to 2020s, escalating to 0.2597 °C/decade
in the 2000s—-2020s. Projected increases for 2020s—2100s average 0.4203 °C/decade, with
0.3440 °C/decade for 2020s—-2050s and 0.4776 °C/decade for 2050s—2100s. This indicates a
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significant overshoot of JASO surface (2 m) temperature anomalies, with projected warming
rates 4.2 times higher than the global average. Comparing predicted JASO surface tem-
perature anomalies to the 2020s baseline suggests significant increases by the 2040s in the
southeastern tropical Pacific and by the 2030s elsewhere. These trends under scenario 8.5
will rapidly exceed the +1.5 °C threshold above pre-industrial levels, stressing a minimal
temporal window for regional action, mitigation, and adaptation.

A significant increase in JASO SST-a is projected from 1851 to 2100 under a business-
as-usual scenario (8.5). Prominent increases were observed from the 1850s to the 1930s
in the northeastern tropical Pacific, after the 1940s across the southern, northern, and
northwestern Caribbean, and after the 1950s elsewhere. The average rate of increase
in SST-a across the region was 0.0841 °C/decade from the 1850s to 2020s, rising to
0.1849 °C/decade in the 2000s—2020s. Projected increases for 2020s-2100s under scenario 8.5
average 0.3021 °C/decade, with 0.2371 °C/decade for 2020s-2050s and 0.3258 °C/decade
for 2050s-2100s. This indicates a significant overshoot of JASO SST-a of 2-3X the global
average. When compared to the 2020s baseline, significant increases are expected by the
2040s in the western, southwestern, and southern Caribbean, as well as the southeastern
tropical Pacific. Remarkable warming is also projected by the 2030s in the northern and
northwestern Caribbean, and the northeastern tropical Pacific, with increases anticipated
before the end of the 2020s in the eastern Caribbean. These projected SST-a warming trends
under scenario 8.5 will promptly exceed the +1.0 °C threshold above maximum annual
temperatures, leading to recurrent mass coral bleaching and mortality events as early as the
2030s. This puts coral reef conservation and restoration attempts in the WC and ETP at risk,
underlining an extremely narrow window for regional action, mitigation, and adaptation.

4.4. Factors Explaining Regional SST Warming Trends

Several natural climate teleconnections can influence sea surface warming across the
WC and ETP. These teleconnections are large-scale climate patterns that may affect weather
and climate variability over extensive areas. Key teleconnections affecting these regions
include the El Nifio-Southern Oscillation (ENSO). ENSO is one of the most influential
teleconnections, characterized by periodic warming (El Nifio) or cooling (La Nifia) of SST in
the central and eastern Pacific [73]. Warmer SSTs in the ETP often result in the weakening of
the trade winds and SST increase in the WC due to weakened mixing and increasing ocean
heat content (OHC). This can reduce rainfall and increase drought risk in the WC. Cooler
SST in the ETP during La Nifia is typically associated with lower wave heights [74], and
warmer-than-normal SST in the WC, potentially leading to increased rainfall and hurricane
activity due to reduced windshear across the WC [75,76].

The North Atlantic Oscillation (NAO) is another significant factor and refers to fluc-
tuations in atmospheric pressure between the Icelandic Low and the Azores High in the
North Atlantic. NAO also affects the ocean through changes in OHC, gyre circulations,
mixed-layer depth fluctuations, salinity variability, high-latitude deep water formation,
and sea ice cover [77], therefore strongly influencing marine ecosystem processes. The
interaction between NAO and ENSO dynamics can significantly influence WC climate and
SST [78]. A positive NAO phase strengthens the trade winds, which can cool the SST in
the WC by enhancing evaporation and ocean mixing. A negative NAO phase weakens the
trade winds, allowing SST to warm up, leading to an enhanced mass coral bleaching risk,
and potentially intensifying tropical cyclone development in the region. The interaction
of NAO and ENSO dynamics can also influence regional rainfall patterns [79,80], poten-
tially leading to enhanced sediment-laden and nutrient-loaded runoff pulses to coastal
environments, further stressing out corals.
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The Atlantic Multidecadal Oscillation (AMO) is a long-term oscillation of SST in
the North Atlantic, with phases lasting several decades. AMO dynamics correlates with
other indices and can have a significant influence on WC SST [81], although evidence
of this correlation is ambiguous. During the warm phase of the AMO, the WC tends to
experience warmer conditions, enhanced risk of coral bleaching and mortality [82], and
greater hurricane activity and regional rainfall [83]. The cool phase typically brings cooler
SST and reduced hurricane activity. Significant negative relationships between star coral,
Orbicella faveolata, skeletal density and mean SST, maximum SST, AMO, and accumulated
degree heating months have been documented [84], suggesting that AMO may increasingly
affect coral growth under projected warming trends.

The Madden—Julian Oscillation (MJO) is an intra-seasonal climate pattern character-
ized by a large-scale eastward-moving disturbance of clouds, rainfall, and winds across
the tropics, with cycles of around 30-60 days. It can influence SST variability across the
WC and ETP by modulating convection and wind patterns [85]. It can increase or suppress
rainfall and tropical cyclone activity, affecting SST in those regions over short timescales.

The Pacific Decadal Oscillation (PDO) is a long-term fluctuation in SST in the North
Pacific, with warm and cool phases that can last for decades [86]. A warm phase of the
PDO can lead to increased SST in the ETP, which might enhance the influence of El Nifio
on SST variability in the ETP [87]. A cool phase typically has the opposite effect, cooling
SST and interacting with La Nifia conditions to reduce temperatures in the ETP, though
potentially enhancing SST warming across the WC, augmenting coral bleaching risk.

The Intertropical Convergence Zone (ITCZ) is a belt of low pressure that circles the
Earth near the equator, where trade winds converge, and it is associated with convective
rainfall and cloud formation. Variations in the position of the ITCZ can directly influence
SST patterns in the tropical Atlantic and ETP by altering cloud cover, precipitation, and
wind patterns [88]. A more northerly ITCZ position can enhance SST warming in the WC.

The Caribbean Low-Level Jet (CLL]) is a strong wind current that flows from east to
west across the WC, typically peaking during summer. The intensity of the CLL]J affects
evaporation and ocean mixing, which can either cool or warm SST, affecting regional OHC
and hurricane formation [89]. A stronger jet generally cools SST in the WC, while a weaker
jet allows SST to warm and accumulate OHC more easily [90,91]. Interannual variability in
OHC is also related with ENSO events which modulate the CLL]J [92], and may influence
SST and tropical cyclogenesis [93], potentially affecting coral bleaching risk.

These complex teleconnections do not act independently; they often interact in com-
pounded ways, creating compound spatio-temporal patterns of SST variability across the
WC and ETP. For example, ENSO and the AMO may simultaneously influence the WC'’s
climate, with one pattern amplifying or moderating the other’s effects. Understanding
these natural teleconnections is key to predicting climate variability, including hurricane
activity and droughts, across the region, and mass coral bleaching and mortality events.
However, projected regional and global warming trends, despite the scenario, suggest that
conditions like a combination of teleconnections leading to strong warming are likely to
be dominant across the region through the Anthropocene. Such complex interactions may
also trigger potential regional runaway climate effects with paramount consequences for
WC and ETP coral reefs and coastal human communities.

4.5. Regional Consequences of Projected Warming Trends

Our findings are consistent with previous studies that have documented strong warm-
ing patterns across all subregions of the WC, particularly since the 1970s [94]. The only
decades warmer than the 1970s were the 1960s for the northern Caribbean, the 1950s
for the western Caribbean, and the 1940s for the eastern and southern Caribbean [94].
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But historical warming patterns have been geographically consistent across the region
and projected warming trends are widespread and concerning under both optimistic and
business-as-usual scenarios. Numerous studies have documented trends of increasing
atmospheric temperature anomalies of ~0.10-0.12 °C/decade across extensive geographic
areas on global or regional scales throughout the 20th century to present [95-103]. However,
warming rates of up to 0.16 °C/decade were documented during the summer months
in China between 1900 and 2006 [104]. Similar findings were observed in Israel [105].
Warming rates of up to 0.29 °C/decade were projected for the period of 2011-2040 and of
up to 0.14 °C/decade for the period of 2061-2090 under scenario 4.5, and rates of up to
0.43 °C/decade were anticipated for the period of 2011-2040 and of up to 0.72 °C/decade
for the period of 2061-2090 under scenario 8.5 in China [106]. Areas over the permafrost
are projected to warm at even faster rates [107]. These findings highlight that warming
trends during the early 21st century have accelerated when compared to historical trends.

Global oceans have also warmed at a general rate of 0.10 °C/decade [1]. The
WC basin warmed at a rate of 0.04 °C/decade between 1871 and 2020, and at rates of
0.17 °C/decade between 1981 and 2020, and 0.20 °C/decade between 1994 and 2020 [108].
Other accounts have estimated WC sea surface warming trends of 0.108 °C/decade
for the combined periods of 1906-1969 and 1972-2005, and of 0.118 °C/decade for the
sub-period of 1972-2005 [109]. However, The Gulf of Mexico warmed at rates of up to
0.32 °C/decade during the period of 2000 to 2021, and the south Florida estuaries up to
0.42 °C/decade during the same period [110]. Areas across the southwestern Pacific
warmed 0.10-0.20 °C/decade between 1982 and 2016 [111]. Coral proxy paleoclimate
reconstructions have also shown significant WC SST warming trends through the 20th
century, particularly after the 1950s [78,112]. SST-a was projected to increase by a factor
of +1.92 to +3.01 °C by 2071-2100 in contrast to the 1976-2005 climatology [113]. Similar
projections were found for the WC and ETP [114].

Observations of increasing atmospheric and ocean temperatures across the WC since
at least the 1980s have strongly correlated with the AMO [81,109]. The AMO is a North
Atlantic SST signal that influences decadal-scale variability in Caribbean precipitation [115]
and SST [116]. The AMO signal was more pronounced on temperature during the end of
the summer (i.e., JASO) than for other periods of the year [81]. However, recent evidence
regarding the role of AMO as a main driver of sea surface warming trends is increasingly
ambiguous, exhibiting high spatio-temporal variability and not always correlated to ocean
warming [117-122], so it may not necessarily directly affect observed temperature patterns.
There is evidence suggesting that AMOs respond to mixed anthropogenic GHG and sulfate
aerosol forcing, with long-term modeling evidence pointing at the influence of volcanic
forcing [123]. Observed sea surface warming trends have accelerated during recent decades
through a complex combination of mechanisms, raising major concerns for the socio-
economic and ecological resiliency of SIDS and of low-lying areas of numerous developing
countries across the WC and ETP.

An increase of 0.10 °C/decade in global temperatures is considered a critical threshold
in climate change due to its significant cumulative impact over time and the associated
risks of surpassing internationally agreed-upon temperature limits. While 0.10 °C/decade
may seem modest, over a century, this rate results in a total increase of 1 °C. Such a rise
contributes to the intensification of climate-related phenomena, including more frequent
and prolonged MHWs, altered precipitation patterns, rapid hurricane intensification, in-
creased SST and OHC, and accelerated SLR. Model projections point out an increasing
risk of surpassing regional dangerous temperature thresholds within only a decade or two.
Higher decadal rates of increase will rapidly reach or exceed the 1 °C threshold above
the maximum annual SST. Reaching or exceeding a total increase of 1 °C above annual
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maximum temperatures will result in continuously reaching hot-spot temperatures, which
will lead to mass coral bleaching after 8 weeks and potential mass coral mortalities beyond
12 weeks. These changes can disrupt coastal ecosystems, but also agriculture, food and
water security, and human societies.

There is mounting evidence that under current projections, warming trends may lead
to runaway climate conditions, which would lead to temperature anomalies of +2 to +5 °C
by 2100 [124-129], with outcomes depending on projected pathways [130]. Other modeling
efforts have suggested that temperature anomalies may range from +1.6 to +6.9 °C by 2100,
depending on global emissions pathways, but with likely conditions of reaching +4 °C
during the early 2060s under business-as-usual scenarios [131]. These changes may lead to
important spatio-temporal variations in storm tracks and in storm intensity at both hemi-
spheres [132], to significant spatio-temporal variability in river flows [133], altered fisheries
productivity [53,134-136], declining agriculture [137-139], and to significant soil warming,
which may alter temperature/moisture-sensitive soil processes and productivity [140]. In
the long term, this might jeopardize water and food security on regional to global scales,
and will lead to enhanced carbon loss from soils, which would further contribute to run-
away climates [141-143]. Furthermore, climate models project substantial changes across
the WC, including significant warming and drying trends [144,145], increasing threats by
SLR [146], and the projected degradation of coastal ecosystems, their ecological functions,
and productivity [67,147]. Islands may also experience increased impacts on tropical forests
by stronger hurricanes [148] and potential runaway climate effects, with some models
predicting warming beyond 4.5 °C [137]. This might have potential adverse impacts on
future regional socio-economic development [149]. México and Central America will also
be affected by warming and a decrease in precipitation [150,151] and runoff [152], with
adverse impacts to agriculture [153] and fisheries and livestock [137], and a decline in
tropical forest cover and productivity [154].

Under such projected conditions, despite the global emissions scenario, conditions for
the conservation and restoration of coral reefs will be severely compromised as early as
the 2030s or 2040s, which warrant the need for rapid action. The 2015 Paris Agreement
aims to limit global warming to well below 2 °C above pre-industrial levels, with efforts
to cap the increase at 1.5 °C [1]. Exceeding these thresholds significantly heightens the
risk of severe climate impacts, particularly on coral reef ecosystems. Current observa-
tions indicate that global temperatures have already risen by approximately 1 to 1.5 °C
since the late 19th century. This study has shown that continuing at a warming rate of
0.10 °C/decade or higher could lead to rapidly surpassing the 1.5 °C threshold within the
2040s even under optimistic scenario 4.5, and within the 2030s under business-as-usual
scenario 8.5, intensifying the urgency for mitigation and adaptation efforts. A sustained in-
crease of 0.10 °C/decade or higher is alarming because it contributes to the cumulative rise
in global temperatures, rapidly bringing us closer to, and potentially beyond, thresholds
that are associated with severe and potentially irreversible runaway climate conditions.
Recognizing and addressing this rate of change is essential for effective climate policy
and action.

4.6. SOS for Coral Reefs—The Urgency for Adaptive Coral Conservation and Restoration Strategies

Projected warming trends across the WC and ETP, regardless of the climate scenario,
will very likely result in annual mass coral bleaching and mortality, adversely affecting
coral conservation and restoration efforts as soon as the 2030s or earlier. This represents
an important warning signal to promote the rapid development and implementation of
regional and country-specific adaptive coral restoration strategies. Creating an adaptive
coral restoration plan for the WC and ETP in the face of projected climate change, sea surface
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warming, and extreme events requires a multifaceted approach. Important considerations
include the following components.

4.6.1. Select and Cultivate Climate-Resilient Coral Species

This requires prioritizing the selection and cultivation of coral species that have shown
resilience to higher temperatures and acidification [155-157], and that have shown adaptive
molecular and physiological survival mechanisms [158-163], enhancing genetic diversity
in restoration efforts to increase the adaptive potential of coral populations across regional
and subregional scales, and improving strategies for site selection [164,165].

4.6.2. Increase Restoration Efficiency, Focusing on Scale and Cost Effectiveness
of Deployment

The use of cost-effective restoration approaches is essential to enhance the scale of
interventions in developing countries and SIDS, where resources are most likely lim-
ited [166-169].

4.6.3. Advanced Coral Propagation Techniques

Micro-fragmentation [170,171], larval rearing [172], methods to enhance coral recruit-
ment, growth and survival [169], genotyping [173], gene banking [174], assisted gene flow
and cryopreservation [175,176], and rapid growth techniques are vital to accelerating the
growth of slow-growing coral species and implementing larval rearing and settlement
techniques to boost natural recruitment processes.

4.6.4. Ensure the Restoration of Endangered Coral Species Proceeds Within a
Population-Genetics Management Context

Develop a population-genetics management plan to promote enhanced genetic diver-
sity and disease resistance in future coral restoration efforts [170,177]. This would improve
resilience against future thermal disturbances.

4.6.5. Dynamic Site Selection

Use predictive modeling to identify sites less likely to be affected by future climate
impacts (i.e., deeper water refugia, sites under stronger circulation and oxygenation, sites
with remnant populations of rare, threatened, or endangered corals with population A > 1).
The rotation of restoration sites, such as the Reef of Hope initiative [178], should be based
on the real-time monitoring of environmental conditions (i.e., stronger circulation, cooler
temperatures) to maximize coral survival rates [61].

4.6.6. Enhanced Monitoring and Rapid Response

Implement consistent ecological [179], environmental DNA (eDNA) [180], and epi-
genetics monitoring [181,182], as well as remote sensing technologies [183-185] to track
coral health and develop early warning systems to identify stress [162,186,187]. Establish
teams for rapid intervention during extreme events to protect and stabilize affected coral
populations (i.e., implementing shadowing techniques, rotating coral nurseries to deeper
waters or areas of strong circulation, collecting fragments or colonies of highly depleted
species and placing them in upland nurseries for future propagation and restoration).

4.6.7. Thermal Tolerance and Pre-Stress Conditioning

Expose corals to controlled sub-lethal stress levels to build resilience against future
temperature spikes (i.e., through restoration rotation strategies) [188,189]. Explore the
potential of assisted evolution techniques to enhance thermal tolerance in corals [190-193].
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4.6.8. Support a Holistic Approach to Coral Reef Ecosystem Restoration [194,195]

It is critical to consider the integration of restoring fish assemblages [61] and her-
bivory [196-198]. The integration of multifaceted cost-effective nature-based strategies to
enhance coastal resilience and provide protection against wave energy, runup, and coastal
erosion is paramount under projected stronger storm swells and SLR [199-202].

4.6.9. Integration of Local and Traditional Knowledge

Involve local communities and stakeholders in restoration efforts, leveraging tradi-
tional ecological knowledge and practices, and providing capacity building, training, hands
on experiences and resources to local stakeholders to empower them in coral conserva-
tion and restoration activities. The integration of community-based solutions has been
paramount in achieving restoration success in numerous examples [203—-208].

4.6.10. Restoration of Adjacent Ecosystems

Restore and protect mangrove forests, seagrass beds, and other green coastal infras-
tructure that support coral reef health and provide additional coastal protection, climate
change adaptation and mitigation, and socio-economic benefits [199]. Implement holis-
tic/integrated coastal zone management plans that address the health of all coastal ecosys-
tems, not just coral reefs.

4.6.11. Innovation in Restoration Techniques

Develop artificial and hybrid reef structures that can serve as nurseries and habitat
for coral and other marine life, and depending on the material, location, design and
configuration, these reef structures can also provide long-term protection against shoreline
erosion [200-202,209]. Employ eco-engineering approaches to design reef structures that
enhance coral resilience and biodiversity [210-213].

4.6.12. Climate-Ready Infrastructure

Use natural, artificial, and hybrid structures to promote wave energy and runup
attenuation and protect reefs from storm damage [191-202,214-218]. Experiment with
shading devices and localized cooling systems to protect corals during heatwaves [219,220].

4.6.13. Policy, Funding, International Cooperation, and Governance

Advocate for dedicated funding streams from international climate funds, NGOs, and
recurrent governmental sources to support long-term restoration projects. Foster regional
cooperation and knowledge exchange among WC and ETP nations to enhance collective
restoration efforts. Ensure coral restoration and conservation are integrated into national
and regional climate adaptation and biodiversity strategies and policies [221] to foster
improved governance and sustainable success [222-224].

4.6.14. Adaptive Management and Continuous Learning

Implement adaptive management frameworks that allow for flexibility and the contin-
uous improvement of restoration strategies based on new scientific insights and monitoring
data [211,225]. Continuously support research to develop innovative restoration tech-
niques and improve understanding of coral resilience mechanisms. Promote, support, and
strengthen community-based restoration efforts.
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4.6.15. Develop and Promote the Use of Standardized Terms and Metrics for Coral
Reef Restoration

Using uniform strategies tailored to local realities and needs, similar terms and a set
of standard operating procedures and metrics is vital to improve outcome comparativeness
among projects [169,179].

4.6.16. Support Coral Reef Restoration Practitioners Working in Diverse
Geographic Locations

Supporting projects across WC and ETP developing countries and SIDS requires
international cooperation strategies, novel partnerships among regional governments,
private sectors, hospitality industry, tourism businesses, creating local cooperatives and
other strategic partnerships involving base communities, fishing villages, etc. It will also
require recognizing and providing access to international funding sources for colonial
states (i.e., Puerto Rico, U.S. Virgin Islands).

4.6.17. Public Awareness and Education

Develop public awareness campaigns and outreach programs to highlight the impor-
tance of coral reefs in the context of climate change and the need for adapting restoration
strategies. Integrate coral reef conservation and restoration into school curricula and
community education programs to build a culture of stewardship from a young age.

A regional adaptive coral restoration plan for the WC and ETP must be comprehensive,
incorporating resilient species selection, advanced propagation techniques, dynamic site
management, enhanced monitoring, rapid response strategies, community-based capacity
building, and providing access to recurrent funding sources. Integrating local knowledge,
restoring adjacent ecosystems, and fostering regional collaboration are also crucial. Securing
funding, building public awareness, and continuously adapting strategies based on new
data will enhance the success and sustainability of coral restoration efforts in the face of
mounting climate challenges.

4.7. Timely Adaptation and Mitigation Strategies for Developing Nations and Small Island
Developing States Across the WC and ETP

Regardless of the climate scenario, projected warming trends across the WC and ETP
warrant the rapid development and implementation of climate change adaptation and
mitigation strategies to minimize the risk of runaway climate impacts in the future. The
following list provides potential alternative solutions for developing nations and SIDS.

4.7.1. Promote National-Regional Lobbying, Activism and Advocacy Actions for Change

These will play crucial roles in advocating for the protection of the environment
and promoting sustainable practices, including influencing policy and legislation, raising
awareness, encouraging corporate responsibility, supporting renewable energy, agroecology
practices, mobilizing communities (grassroots, empowering individuals), protecting and
restoring biodiversity, addressing climate change, and water and food security (advocating
for action, raising public consciousness), promoting environmental justice (addressing
inequities, community support), research and innovation, workforce development, and
building global-regional-national networks, such as a Latin American Coral Restoration
Network (international collaboration, shared best practices and lessons learned).

4.7.2. Promote Sustainable Development

A participatory/fair ocean economy is vital to promote integration, equity, and a fair
inclusion of base communities and local businesses in a participatory ocean economy. A
massive reforestation campaign is instrumental to manage microclimates, promote greener
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cities, improve water catchment, reduce runoff, and lead to food and water security, while
protecting coastal ecosystems from excessive sediment and nutrient loads and pollution.
In addition, greener and sustainable hospitality and food and beverage industries are
paramount to promote fresher operations, reduce their carbon footprint, mitigate and
compensate environmental impacts, promote sustainable food and seafood consumption,
promote consumption from local markets and food sources, reduce waste production,
eliminate single-use plastics, and promote and support coastal ecosystem restoration, refor-
estation, agroecological practices, composting, recycling, and other sustainable practices.

4.7.3. Water Resource Management

Rainwater harvesting practices are becoming increasingly important. Implement
systems to capture and store rainwater, reducing dependence on overexploited freshwater
sources. Promote reforestation for enhanced aquifer recharge. Explore renewable energy-
powered desalination technologies to provide potable water, especially in arid regions
and SIDS.

4.7 4. Integrated Waste Management Systems

Solid waste management is a vital concern across the WC and ETP nations and will
require a multifaceted approach. Inappropriate waste disposal is a mounting source of
GHG emissions and should be a top priority in the bucket list of recommended actions
for climate adaptation and mitigation practices. Encourage practices that minimize waste
generation at the source. This includes promoting reusable products, reducing packaging,
and implementing policies that discourage single-use plastics. Implement public awareness
campaigns to educate residents and businesses about the benefits of reducing waste and
how to implement waste-reducing practices. Establish efficient recycling programs that
target common recyclable materials such as paper, plastics, glass, and metals. Provide
accessible recycling bins and regular collection services, and economic or tax incentives to
businesses that achieve meaningful recycling levels. Promote organic waste composting
at both household and community levels, provide incentives to the hospitality and food
beverage industries that achieve successful composting practices. This can significantly
reduce the volume of waste sent to landfills while producing valuable compost for gar-
dening and landscaping. Implement an integrated /holistic waste management system
that combines waste reduction, recycling, composting, and safe disposal methods. This
approach ensures that all waste types are managed effectively. Engage local communities
in the planning and implementation of waste management strategies, and through the
creation of community-owned waste management businesses and cooperatives to ensure
they meet the specific needs and capacities of local communities.

4.7.5. Ecosystem-Based Adaptation

Invest in restoring mangroves, wetlands, sand dunes, seagrasses, and coral reefs,
which provide natural barriers against storm surges and erosion while supporting bio-
diversity. Promote sustainable agricultural practices that integrate trees with crops and
livestock, enhancing resilience to climate-related shocks, and promoting water and food
security. Implement widespread reforestation programs to promote greener cities, enhance
runoff control, manage microclimates, enhance carbon sequestration, and further promote
water and food security.

4.7.6. Restore Shallow Coral Reef Resilience

Promote coral gardening and transplantation to restore resilient coral species to de-
graded areas. This can include using coral nurseries to grow coral in controlled conditions
before reintroducing them to the wild (i.e., promoting restoration rotation strategies). Focus
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on enhancing genetic diversity in coral populations to increase resilience to diseases and
sea surface warming. Establish long-term monitoring programs to assess changes in coral
health, biodiversity, the impact of invasive species, and changing environmental conditions.
These data can inform innovative regional management strategies. Invest in research to
understand the mechanisms of coral resilience and identify species and genotypes that are
more adaptable to changing conditions, as well as quantify coral demographic performance
under variable environmental conditions.

4.7.7. Sustainable Fisheries Management

Implement community-based, local management practices that involve communi-
ties in decision making, helping to ensure sustainable fish stocks and livelihoods [61].
Establish marine protected areas (MPAs) under participatory, cooperative management
models to protect key habitats and replenish fish populations, supporting both ecological
health and local economies. Integrate coral, seagrass, and mangrove restoration strate-
gies with community-based sustainable fisheries management to enhance coastal essential
fish habitats.

4.7.8. Sustainable Tourism

Non-sustainable massive tourism across the WC and ETP is important for the regional
economy but can generate significant adverse impacts to natural resources [226]. Sustain-
able tourism practices are essential for preserving the natural and cultural heritage of the
WC and ETP while promoting economic development. Promote tourism development
practices that eliminate the displacement and gentrification of base communities. Support
eco-certification programs for tourism operators that meet environmental and sustainability
standards and equity. Encourage activities that emphasize the natural environment; while
ensuring they are conducted responsibly to minimize impacts and reduce carbon footprints.
Involving local communities in tourism planning and decision making and management
to ensure their needs and perspectives are considered. Promote cultural tourism that
highlights local traditions, crafts, and folklore, providing economic benefits to communi-
ties while preserving cultural identity. Encourage green building practices, such as green
roofs, rain gardens, and the use of sustainable materials and energy-efficient designs in
new tourism developments, including hotels and resorts. Invest in public transportation
options and promote non-motorized transport (bicycles, walking) when feasible to reduce
carbon footprints. Implement recycling initiatives in tourist areas to minimize waste gener-
ation and promote responsible waste disposal practices. Encourage businesses to reduce
single-use plastics by providing alternatives and promoting reusable products. Support the
establishment and effective management of MPAs and coastal natural reserves to conserve
biodiversity and support sustainable fishing and tourism practices. Implement measures
to protect local wildlife and habitats, including regulations against poaching and habitat
destruction, and by supporting local breeding of rare and endangered species, including
corals, and by restoring degraded habitats. Develop educational programs for tourists
that promote awareness of local ecosystems, cultural heritage, and sustainable practices.
Provide education, capacity-building and hands-on training for tourism operators and local
businesses on sustainable practices, conservation and restoration efforts, and customer
engagement. Provide incentives and encourage tourists to visit during off-peak seasons to
reduce overcrowding and pressure on local resources. Market green-certified, eco-friendly
accommodations, businesses, and activities that prioritize local food consumption and
sustainability. Develop and monitor sustainability indicators to assess the environmental,
social, and economic impacts of tourism. Implement systems for feedback from tourists
and local communities to inform ongoing improvements in sustainable tourism practices.
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Foster regional collaboration among WC and ETP nations to share best practices, resources,
and strategies for sustainable tourism. Encourage partnerships between the government,
NGOs, and the private sector to develop and promote local, subregional, and regional
standardized sustainable tourism initiatives. Develop strategies to enhance the climate
resilience of tourism infrastructure and ecosystems, ensuring long-term sustainability in
the face of climate change. Implement disaster preparedness plans for tourism operators to
ensure safety and minimize impact during extreme weather events.

4.7.9. Renewable Energy Development

Invest in solar and wind energy, and in hydroelectric if viable river sources are
available, leveraging abundant natural resources to reduce reliance on fossil fuels and
enhance energy security. Develop decentralized energy systems (i.e., microgrids) to pro-
vide reliable electricity to remote communities, reducing vulnerability to climate impacts.
Avoid costly/irreversible socio-economic and environmental tradeoffs (i.e., impacts on
vital agricultural lands, protected areas, watersheds, etc.), maximizing the use of existing
built infrastructure.

4.7.10. Climate Resilient Infrastructure

Promote the use of sustainable materials and designs that enhance resilience to climate
impacts, such as elevated structures in flood-prone areas, green roofs, rain gardens, passive
cooling structures, etc. Upgrade and maintain transportation infrastructure to withstand
extreme weather events, ensuring access to essential services.

4.7.11. Disaster Risk Reduction

Invest in technology and training for early warning systems to prepare communities
for extreme weather events, minimizing loss of life and property. Foster community
engagement in disaster planning, response strategies, and preparedness programs, ensuring
local knowledge is incorporated.

4.7.12. Education and Capacity Building of Different Societal Sectors

Develop educational, hands-on training initiatives focused on sustainable practices,
climate adaptation, and resilience building within communities. Promote local research and
development initiatives to innovate climate adaptation and mitigation strategies tailored to
specific regional, subregional, and local challenges.

By adopting many of these recommendations, the WC and ETP can promote and
enhance socio-economic and environmental sustainability and promote critical conserva-
tion and restoration practices on their coastal ecosystems, which should enhance social—-
ecological resilience to projected climate changes.

5. Conclusions

MHWs are increasingly affecting tropical seas, causing recurrent mass coral bleaching
and mortality across the WC and ETP. This leads to significant coral loss, reduced biodi-
versity, and impaired ecological functions, increasing regional threats to social-ecological
and economic resilience. Climate models forecast a troubling future for Latin American
coral reefs. From 1940 to 2023, JASO air and ocean temperature anomalies showed sig-
nificant decadal increases. Projections indicate that even under optimistic scenario 4.5,
temperatures may exceed the +1.5 °C air threshold beyond pre-industrial levels by the
2040s and the +1.0 °C ocean threshold beyond historical annual maximums by the 2030s,
resulting in severe coral bleaching and mortality. Business-as-usual scenario 8.5 suggests
SST-a will become intolerable for coral conservation and restoration by 2030, with decadal
warming trends largely surpassing historical rates, leading to unbearable conditions for
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corals. Given these alarming trends, immediate and coordinated climate action across the
WC and ETP is imperative. This includes not only the development of regional, subregional,
and local adaptive coral reef conservation and restoration plans that should incorporate
novel, cost-effective strategies but also robust multifaceted climate change adaptation and
mitigation strategies to minimize losing the social-ecological and economic resilience of
human coastal communities.

However, critical challenges are still ahead. Projected runaway climates suggest an
unavoidable need to rapidly expand the spatial scale of restoration interventions and the
monetary costs associated with such broad-scale coral reef restoration are massive, making
widespread implementation challenging, especially in the context of least developed coun-
tries and SIDS, often characterized with a lack of coordinated and ecologicallyinformed
planning [227]. Secondly, most WC and ETP localities will have a high and severe bleaching
risk earlier than the middle of this century, with more than half of recently restored sites
already affected by significant coral mortality. By prioritizing climate action now, we can
create a more resilient marine environment and human coastal communities, providing the
necessary burrowed time for optimistic scenarios to materialize and ensure the survival of
these vital ecosystems for future generations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos16050575/s1, Table S1. Summary of study locations by
region, with coordinates of sampling polygons and the linear regression results between normalized
JASO 2 m temperature and sea surface temperature (55T) anomalies for the period of 1940 to 2023 on
each location, using the 1951-1980 climatology as baseline. Figure S1. Projection of 2 m temperature
and SST anomalies across the Mesoamerican Barrier System (MSA), western Caribbean, into the year
2100 under scenarios 4.5 and 8.5: (a) México; (b) Belize/Guatemala; (c) Honduras, (d) Nicaragua.
Figure S2. Projection of 2 m temperature and SST anomalies across the Caribbean and Central
America into the year 2100 under scenarios 4.5 and 8.5: (a) Costa Rica; (b) Panam4; (c) San Andrés-
Providencia, Colombia. Figure S3. Projection of 2 m temperature and SST anomalies across the
southern Caribbean into the year 2100 under scenarios 4.5 and 8.5: (a) Colombia; (b) Venezuela;
(c) ABC Islands (Aruba, Bonaire, Curacao). Figure S4. Projection of 2 m temperature and SST
anomalies across the eastern Caribbean into the year 2100 under scenarios 4.5 and 8.5: (a) Leeward
Islands; (b) Windward Islands; (c) U.S./British Virgin Islands (UBV). Figure S5. Projection of 2 m
temperature and SST anomalies across the northern Caribbean into the year 2100 under scenarios
4.5 and 8.5: (a) Puerto Rico; (b) Dominican Republic; (c) Haiti; (d) Jamaica. Figure S6. Projection of
2 m temperature and SST anomalies across the northwestern Caribbean into the year 2100 under
scenarios 4.5 and 8.5: (a) Grand Cayman; (b) Cuba; (c) Turks and Caicos; (d) Bahamas; (e) Florida.
Figure S7. Projection of 2 m temperature and SST anomalies across the eastern Pacific into the year
2100 under scenarios 4.5 and 8.5: (a) Northern México; (b) Southern México; (c¢) Guatemala; (d) El
Salvador/Honduras. Figure S8. Projection of 2 m temperature and SST anomalies across the eastern
Pacific into the year 2100 under scenarios 4.5 and 8.5: (a) Nicaragua; (b) Costa Rica; (c) Panam4;
(d) Colombia.
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