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The limited success of international efforts to reduce global warming at levels established in the Paris Agreement, and the increasing frequency and strength of climate impacts, highlight the urgent need of adaptation, particularly in developing countries. Unfortunately, current levels of adaptation initiatives are not enough to counteract the observed impacts and projected risks from climate change in Latin America and the Caribbean (LAC). In this paper, we review and highlight relevant issues that have limited the capacity to transform climate knowledge and parties’ ambitions into action in the region. Current vulnerabilities and climatic impact-drivers in LAC are diverse, complex, and region-specific and their effects are expected to be exacerbated by climate change. However, the advancement of regional and domestic climate agendas has been hindered by scientific gaps, political support, institutional capacity, and financial, technical, human, and economic limitations that are common to many LAC countries. Transforming climate data into multidimensional metrics with useful thresholds for different sectors and understanding their contribution for feasible adaptation strategies are delayed by regional and local conundrums such as lack of inclusive governance, data availability, equity, justice, and transboundary issues. We discuss ways to move forward to develop local and regional climate resilient development actions and a more sustainable future in LAC. The climate science community in LAC needs to strengthen its local, national, and international connections and with decision/policymakers and society to establish a three-way engagement by proposing suitable adaptation actions and international negotiations to reduce the risks and vulnerability associated with climate extremes, climate variability and climate change in the region. The discussions and insights presented in this work could be extrapolated to other countries in the Global South.
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1 Introduction

Human-induced climate change has already emerged as a millennium challenge for most countries, particularly those in the Global South, including Latin America and the Caribbean (LAC) region. The significant increase of global surface air temperature and ocean warming pose a major threat to life on our planet, as recent extreme weather and climate events and changes in large-scale atmospheric circulation patterns have multiplied regional and local climatic risks. Most ecological systems require substantial time to adapt, often spanning decades or longer. However, some systems have already reached their limits for adaptation, while many others will be in danger at 1.5°C of global warming (Travis et al., 2018; IPCC, 2023). Societies are not far from this threshold as evidence shows that the mean global surface temperature has increased 1.1°C in 2011–2020 relative to the 1850–1900 preindustrial period (IPCC, 2021). Moreover, the global mean temperature in 2023 was the highest on record, 1.48°C above the pre-industrial average (Copernicus, 2024); and ocean heat content and sea surface temperature (SST) anomalies also reached unprecedented high records (Cheng et al., 2024). The same year, tropical regions across South America experienced the longest number of days with temperatures that were strongly attributable to climate change, while Jamaica and Guatemala experienced temperatures that were more than four times more likely produced by climate change (Wong, 2023). Observed temperature trends in LAC in the last few decades are widespread; in many areas the warming ranges between 0.2°C and 0.3°C/decade (Hidalgo et al., 2013, 2017, 2019; Jones et al., 2016; Rao et al., 2016; Alfaro-Córdoba et al., 2020; Cavazos et al., 2020; Dereczynski et al., 2020; Almazroui et al., 2021; Gutiérrez et al., 2021; Reboita et al., 2022; Stephenson et al., 2022; Avila-Diaz et al., 2023; Gu and Adler, 2023), but with differentiated impacts in subregions, sectors, and ecosystems (Galindo et al., 2015; de Lacerda et al., 2019; Muelbert et al., 2021; Castellanos et al., 2022; Reboita et al., 2022). Without urgent mitigation action, global temperature may continue to rise to more than 2°C above the preindustrial period by the middle of this century or earlier (IPCC, 2021, 2023). Thus, any solution requires immediate actions on both mitigation and adaptation strategies (Galindo et al., 2015; IPCC, 2021) to avoid soft and hard losses and damages (Hagen et al., 2022; Ley et al., 2023; UNEP, 2023a) which not only include economic losses, but also people’s values and belief systems.

The diverse geography and ethnic, social, and economic inequalities in LAC combined with the large exposure to weather and climate-related hazards enhance differentiated vulnerabilities in the region. Between 1998 and 2017, 53% of global economic losses from climate-related disasters occurred in LAC, suggesting that regional efforts to adapt still have a long way to go. As an example, climatic risk prevention should be incorporated into the planning of public and private investments (e.g., UNDRR, 2021) as soon as possible to increase equitable socio-ecological resilience.

The aim of this paper is to review and discuss major challenges for adaptation to climate change in the LAC region, which have delayed the proposal and implementation of suitable actions and regional solutions for long-term adaptation. Section 2 briefly describes some of the main climatic impact-drivers (CIDs) in LAC and their regional impacts under current and future climate change conditions. Section 3 presents scientific gaps and commonalities in observed and future climatic information that have blocked regional advances in monitoring and preventive actions; it also emphasizes some inadvertent biases that have diminished the recognition of local and regional climate science and scientists. Section 4 discusses a series of adaptation conundrums driven by the diversity of population, ecosystems, governance, migration, and environmental and social finance barriers in the region. We conclude by discussing possible actions to move forward in LAC to have a more climate resilient society and environment.



2 Climatic impact-drivers (CIDs) in LAC

Changes in CIDs can have detrimental repercussions but may also provide potential opportunities depending on the anomalous conditions of a weather or climate phenomenon and its interaction with regional factors; therefore, CIDs are important elements for climate change adaptation strategies (IPCC, 2021; Ranasinghe et al., 2021; Ruane et al., 2022).

Some regions in LAC have experienced sea level rise and increased frequency of droughts, heat waves and heavy precipitation, and other CIDs such as floods, landslides, and wildfires, affecting livelihoods, infrastructure, and access to services (Herrera and Ault, 2017; Arias et al., 2021; Ranasinghe et al., 2021; Seneviratne et al., 2021; Spinoni et al., 2021; Trotman et al., 2021; Adler et al., 2022; Castellanos et al., 2022; Mycoo et al., 2022). Heat stress also poses a major human health challenge and danger in LAC (e.g., Vargas and Magaña, 2020; Di Napoli et al., 2022; Vanos et al., 2023), and even mortality risk in major urban centers (Bell et al., 2008). Humid heat is more intense than previously reported and increasingly severe, particularly in some coastal cities of LAC (Raymond et al., 2020). In addition to these, endemic and emerging climate-related infectious diseases are projected to increase with global warming (Castellanos et al., 2022).

At the same time, it is important to consider non-climatic drivers that create shortcomings and barriers to climate change adaptation (Gotlieb and García-Girón, 2020). Increased risks to extreme CIDs occur particularly in vulnerable and exposed human and natural systems. This is the case of the Caribbean Islands (Lincoln, 2017; IPCC, 2022a), where approximately 22 million people live at 6 m or less above sea level (Cashman and Nagdee, 2017), and in densely populated urban centers (Estrada et al., 2023), where 76% of the population live in informal settlements (UNDRR, 2021; WMO, 2023). Latin America is one of the most urbanized regions of the world; thus, it has a large population at risk of urban heat island exposure (Vargas and Magaña, 2020; Tuholske et al., 2021). Other communities at risk are those located on hillsides and canyons prone to landslides and floods (Sepúlveda and Petley, 2015), or impoverished communities that face limited access to basic services and infrastructure (IPCC, 2022a), such as clean water and sanitation (Romano et al., 2021) and depend on climate sensitive land use activities, such as agriculture (Ocampo-Melgar et al., 2023) and forest ecosystem services (Gotlieb and García-Girón, 2020; Arenas-Wong et al., 2023). Floods and droughts in some South American equatorial and tropical river basins have already intensified, particularly in the Amazon (home of the largest rainforest in the world), where agriculture, cattle-raising and mining compete for finite natural resources and have aggravated deforestation and forest fires. These activities, in particular deforestation, contributed to a peak in GHG emission levels in 2020 (dos Santos et al., 2024). These changes have affected biodiversity and the stability and survival of this key ecosystem and have threatened the livelihoods of local and Indigenous Peoples (Lapola et al., 2020). Moreover, droughts are a continuous hazard in regions with relatively high climatological aridity, such as large parts of Mexico and Central America (Méndez and Magaña, 2010; Andrade-Gómez and Cavazos, 2024), the Central American Dry Corridor (Hidalgo et al., 2019; Gotlieb and García-Girón, 2020; Anderson et al., 2023), Brazil (Freitas et al., 2021, 2023), the Orinoco River basin (Paredes-Trejo et al., 2023), Chile (Garreaud et al., 2019), and the Central Andes (Morales et al., 2023).

With climate change, some existing CIDs in LAC are evolving to create compounding risks and cascading impacts for which local communities, Indigenous population, and urban centers are not yet prepared. Impacts can threaten the water-food-energy security (Ridder et al., 2022), as well as the social, economic, and political stability in the region, mainly due to systemic vulnerabilities, including poverty, marginalization, and poor or lack of governance and finance (Ryan and Bustos, 2019; IPCC, 2022a). For example, intense hydrological and socioeconomic droughts at the peak of the summer season have exerted significant pressure on water, agriculture, and energy resources in large cities. These droughts (linked to compound multidimensional and multiscale feedback processes) are governed by the combination of natural rainfall variability and teleconnections (mainly El Niño-Southern Oscillation (ENSO) events), climate change, human decision activities, increased urban population, and altered microclimate conditions due to changes in land use, and water management (AghaKouchak et al., 2021). Moreover, recent drought events in Brazil (Silva et al., 2015; Van Loon et al., 2016), Central America (Anderson et al., 2023), and Mexico (Magaña et al., 2021) are largely attributed to a suite of human activities, such as deforestation, urbanization, lack of integrative planning and basin management, and monitoring and evaluation (e.g., Downs et al., 2022); these factors have created surface water and groundwater exploitation, water scarcity, sectoral competition over water, and conflicts (Battistello Espíndola and Costa Ribeiro, 2020). With global warming, droughts may even emerge in wet regions such as northern South America and the South American monsoon region (Spinoni et al., 2020; Pascale et al., 2021; Seneviratne et al., 2021), exacerbating current and future risks (Hidalgo and Alfaro, 2012; Garro-Quesada et al., 2023; WMO, 2023).

On the other hand, convective rainfall, and tropical cyclones (TC) and hurricanes are expected to intensify with warming of the oceans (Emanuel, 2021) in response to natural variability and human greenhouse gas (GHG) emissions (Sobel et al., 2016). Currently, there is a record high of the heat ocean content of the upper 2000 m of the oceans (Cheng et al., 2024). Particularly worrying for our region is the increase of 1.24 GJ/m2 in the ocean heat content in 2023 relative to 1981–2010 in the Gulf of Mexico and the tropical North Atlantic in the main TC development region of this basin. Weak TCs have already intensified in all oceans during 1991–2020 (Wang et al., 2022). Observed warming in the North Atlantic basin and the Gulf of Mexico have resulted in a slower decay of TCs (Li and Chakraborty, 2020) and increased duration of hurricanes producing heavy rainfall and strong winds in the southern United States, the Caribbean Islands, Central America, and Mexico. In October 2023, Acapulco, in the southern Pacific coast of Mexico, was severely affected by hurricane Otis, the first Pacific TC to make landfall as Category 5, surpassing Hurricane Patricia in October 2015, as the strongest landfalling Pacific hurricane on record. The rapid intensification of Otis from a tropical storm into category 5 in just 12 h took forecasters and society by surprise, thus there was no early warning (Appendini, 2024). Hurricane Otis is currently the top climate and weather-related disaster in Mexico ($15.1 billion USD in damages) after Hurricane Wilma in 2005 (Sánchez Rodríguez and Cavazos, 2015; Gallagher, 2024). Additional to the rapid intensification of the TCs (Bhatia et al., 2019) is the large uncertainty of the possible changes of the trajectories and landing positions, as most impacts are not necessarily associated with strong hurricanes (e.g., Hidalgo et al., 2020, 2022).

Warming of the Pacific and Atlantic oceans in the last three decades (Bhatia et al., 2022; Li Z. et al., 2023) in combination with natural variations, such as ENSO, the positive phase of the Atlantic Multidecadal Oscillation (AMO), and other climate teleconnections have favored regional changes in TCs (e.g., Wang et al., 2008) and in physical processes conducive to convective systems and extreme precipitation events, such as atmospheric rivers and low-level jets (e.g., Gimeno et al., 2016; Montini et al., 2019) and tropical-extratropical interactions (e.g., Cavalcanti, 2012). Interannual climate variability in LAC is strongly associated with ENSO in different ways, due to thermally direct changes and atmospheric teleconnections (e.g., Cai et al., 2020; Durán-Quesada et al., 2020; Luna-Niño et al., 2020; Ley et al., 2023). In Central America, the recent 2019–2023 La Niña events brought extremely wet summer conditions as expected, while the 2023 El Niño condition was forecast to produce drier than normal conditions, but instead the unusually warm Caribbean and Atlantic oceans contributed to atypical wet conditions in some parts of the region. In contrast, the three consecutive La Niña events of 2019–2023 (Li X. et al., 2023) have been linked to drought in central South America (Argentina, Brazil, Uruguay, Paraguay, and Bolivia; Geirinhas et al., 2023; Arias et al., 2024). Moreover, a recent study by the World Weather Attribution team concluded that the severity of the 2023 droughts in the Amazon basin, which affects several countries, was entirely related to increased global temperatures and not to the 2023 El Niño event. Together, the droughts in Argentina and Brazil are considered as the third global natural-related disaster in 2023 (with $16.4 billion USD in economic losses) followed by Hurricane Otis in Mexico in the fourth position (Gallagher, 2024). At the same time, in the last 3–4 years, most of the LAC region has been affected by severe droughts, as it can be seen in the maps of the Global Drought Monitor, which in some regions were exacerbated by the occurrence of heat waves induced by anthropogenic climate change (Kew et al., 2023; Rivera et al., 2023; Arias et al., 2024). This shows the necessity of disentangling the interplay between human-induced climate change and natural climate variability not only to understand the physical processes, but also to adequately project the impacts of regional climate change in LAC and to propose suitable adaptation actions.

In this section we highlighted some examples of severe negative impacts of climate variability and climate change in LAC, but many CIDs and their changes may also produce benefits, particularly when using early warning systems (e.g., Adams et al., 2003) and seasonal forecasts, such as in agriculture and the water sector. Also, rainfall from the tails of TCs, atmospheric rivers, and other convective systems serve to fill dams and relieve temporarily drought conditions in many regions (e.g., Boyd and Ibarrarán, 2009; Martinez et al., 2015).

Regional capacities produce weather, seasonal and subseasonal forecasts, historical climate information and climate change scenarios, but there is still the need for more integrative programs and co-production of knowledge to reduce risks and vulnerability, prevent disasters, and develop adaptation responses to increase our opportunities for a better future (Figure 1). For this, it is necessary to act in a synergistic way as countries or regions; as a first step, and from the CIDs perspective, it is very relevant to increase the financial support for weather and climate services to enhance weather and climate monitoring, improve and increase rapid response plans, early warning systems, communication to society, and drought and flood contingency plans. Other relevant actions are to augment the availability and transparency of historical climate data and operational information platforms, similar to the North American Drought Monitor and the Global Drought Monitor, and to translate historical and future climate information into useful metrics for different sectors to avoid or to reduce risks and unintended consequences.
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FIGURE 1
 Schematic diagram of different aspects related to the interplay of climate adaptation and mitigation actions for a climate resilient development. The simplified depiction of some current CIDs in the LAC region is based on different studies (e.g., SOCC, 2020; Hagen et al., 2022; IPCC, 2022a; Avila-Diaz et al., 2023; Ley et al., 2023).




3 Gaps and commonalities

There are several factors that are common to most LAC countries that have hindered the advancement of the climate science agenda in the region. Moreover, the recognition and visibility of what is achieved and can be achieved by local climate scientists is affected by regional, national, and global socioeconomic and geopolitical processes. In this section we underscore some gaps faced and commonalities experienced by research communities and academic sectors in LAC countries, when analyzing the physical processes related to CIDs and their changes, and when assessing the regional impacts that may affect and shape adaptation actions.


3.1 Observational and data constraints

The lack of sufficient observational climatic and weather data is a common issue across the LAC countries mainly due to weak monitoring network infrastructures and resources. Some regions are characterized by low density, or in some cases, a lack of in situ observations (Mahon et al., 2019; Quesada-Montano et al., 2019; Condom et al., 2020; Balmaceda-Huarte et al., 2021; Sáenz et al., 2023) even for the most common climatic variables such as precipitation and air temperature. This situation is even worse for other relevant variables, such as aerological measurements (radiosonde observations), coastal sea level, SST, surface soil moisture, and solar radiation. Data at a fine temporal scale (for instance, sub-daily data from automatic stations) is scarce and intermittent. Low density of in situ observational data records are partially linked to the demographic distribution of the regions. This is the case of low population density areas, such as the high Andes, the Orinoco basin, the Brazilian Pantanal, deserts, and mountain and forest regions of Mexico and Central America. However, even in densely populated areas, such as large cities, some key observations for addressing the impacts of different CIDs (e.g., air pollution, extreme weather conditions, fires, droughts) are still lacking. Sometimes the data exists but it is not easily accessible due to different constraints: many LAC national weather services do not have open data policies; the data is not quality controlled, or it is not completely digitized; in other cases, measurement and collection of data are done by academic institutions or private companies (for example, cereal, coffee, banana or sugar cane consortiums, and mining companies) that do not necessarily follow the protocols and the standards of the World Meteorological Organization (WMO).

Some efforts to increase observational data and knowledge have been carried out in different field campaigns and international programs related to specific phenomena of regional interest, such as RELAMPAGO (Remote sensing of Electrification, Lightning, And Meso-scale/micro-scale Processes with Adaptive Ground Observations); CACTI (Clouds, Aerosols, and Complex Terrain Interactions); NAME (North American Monsoon Experiment) and MESA (Monsoon Experiment South America) (Vera et al., 2006); CLARIS LPB (Europe-South America Network for Climate Change Assessment and Impact Studies in La Plata Basin); OTREC (Organization of Tropical East Pacific Convection; Fuchs-Stone et al., 2020; Huaman et al., 2022); and the EUREC4A (Elucidating the role of clouds-circulation coupling in climate; Bony et al., 2017). These projects are mainly linked to international initiatives fostering networking and collaborations which are key to gathering and organizing the available data for a specific period and phenomenon. However, there are significant obstacles to sustaining the instrumentation from these efforts after the conclusion of such projects.

As in situ observations are not always spatially and temporally available and sufficient for climate variability analyses, other state-of-the-art products from multiple sources (radar, satellite data, satellite merged with station data, and reanalysis) are commonly employed in climate analyses and regional model intercomparisons and model evaluations (e.g., Cerezo-Mota et al., 2016; de Lima and Alcântara, 2019; Centella et al., 2020; Bettolli et al., 2021; Colorado-Ruiz and Cavazos, 2021; Stewart et al., 2022; Avila-Diaz et al., 2023). However, it is important to understand their advantages and limitations. For instance, satellite estimates involve uncertainties associated with instrument calibration and sensor limitations, cloud cover, data processing, and algorithms used (Funk et al., 2015; Beck et al., 2017; Dorigo et al., 2017). Reanalysis data are affected by similar inhomogeneities identified in situ observations (in spatial patterns and temporal evolutions), which may be related to different parameterizations, spatial resolution, processes involved in data assimilation, as well as to model uncertainty, particularly in the Southern Hemisphere (Hegerl et al., 2015; Parker, 2016; Schröder et al., 2019). Reanalyzes are meant to complement observations, not to substitute near-surface (hydro) meteorological station data and radiosonde observations, but network density has been significantly reduced in recent decades in some LAC countries (Quesada-Montano et al., 2019; Sáenz et al., 2023). Nevertheless, the spatial and temporal continuity and temporal resolution of these alternative datasets are very important for comparison purposes and evaluation of dynamic variables of regional and global climate model simulations. The availability of continuous and dense local observational datasets in LAC are still very relevant to improve and to evaluate reanalyzes, weather forecasts, and to assess climate change projections.



3.2 Socioeconomic data

Climate adaptation is context specific and relies heavily on accurate, localized, and timely data. In many parts of the LAC region, there is a scarcity of reliable climate and socioeconomic data at national and subnational levels, impeding the development of adequate and localized vulnerability assessments and adaptation strategies (Eakin et al., 2014; UNEP, 2022). Expanding and improving knowledge on climatic impacts in different sectors and for vulnerability and adaptation actions requires a better understanding of sociodemographic, economic, and biophysical conditions at the local level. Although there are differences in sociodemographic and economic data collected through national censuses, a common element is that the national census is the most comprehensive and reliable source available for this kind of information. Unfortunately, a census is designed based on twenty century needs and neglects 21st century problems like climate change, because it only includes a limited number of variables relevant in the analysis of climate vulnerability and impacts. The national census also has limitations to provide data at the local level needed in the analysis of vulnerability and adaptation. Data collection through individual projects (e.g., atlas of vulnerability, weather, and climate hazard risk atlases) has been done in several countries of the region on an ad hoc basis, but there is no coordinated effort to create cumulative and open data repositories that could support future more ambitious research at regional and local (municipal/provincial) scales.



3.3 Climate assessments

There are national and international efforts to report the state of climate in the region such as the recent series of the State of the Climate in Latin America and the Caribbean of the WMO (2022, 2023) and the yearly State of the Climate report published in the Bulletin of the American Meteorological Society since 2011, which includes the participation of local scientists and National Weather Services (known in Spanish as Servicio Meteorológico Nacional, SMN). Many SMN have also produced climate reports and bulletins; for example, the Mexican SMN has monthly and annual climate reports (Reporte del Clima de México) since 2011; Argentina has annual reports since 2021 (El Clima en Argentina) and a climate atlas (Atlas Climático de Argentina); and Brazil has monthly agroclimatological bulletins (Boletim Agroclimatológico Mensal); Costa Rica has monthly and/or seasonal bulletins continuously since 1977 (available online since 2005), and the Caribbean has the State of the Caribbean Climate Report (SOCC, 2020). These reports highlight the most important CIDs and their regional impacts and risks, which are very relevant when doing research on historical hazards, vulnerability, and adaptation. Some IPCC focal country points have also produced national climate assessments in response to the decisions of the Conference of the Parts (COPs) of the United Nations Framework Convention of Climate Change (UNFCCC); since these documents are written in national languages (e.g., Sietsma et al., 2023), they are not necessarily taken into account in some reports, such as those of the IPCC, particularly if local scientists are not authors or contributors of the reports. The IPCC focal points have also coordinated the National Communications that are reported to the UNFCCC; in Mexico the focal point has coordinated State Climate Change Action Programs (Programa Estatal de Acción Ante el Cambio Climático, PEACC) and National Climate Strategies. Most of these are focused on mitigation and climate change scenarios, while some also include adaptation actions (e.g., PEACC-BC, 2012). Present and future atlases of hazards, danger or risks, and vulnerability (e.g., Maynard-Ford et al., 2007; Monterroso Rivas et al., 2014; Sepúlveda and Petley, 2015; Herrera and Ault, 2017; SOCC, 2020; Coppola et al., 2021; Di Napoli et al., 2022; Hagen et al., 2022; Avila-Diaz et al., 2023; Estrada et al., 2023) are very important during the integrative process for finding solutions to adaptation actions, but they are needed at the state and municipal/regional level, and need to be dynamic, as vulnerability changes with time. Two good examples are (1) the AdaptaBrasil MCTI platform that contains climatic risks, vulnerability, and exposure information for strategic sectors at municipal level (Ometto et al., 2021); and (2) MEGADAPT-Mexico City, a dynamic multi-scalar adaptation framework for transforming the socio-hydrological risk of this megalopolis (Bojórquez-Tapia et al., 2021); it has a decision-support tool that allows decisionmakers to test different risk outcomes under climate scenarios.

The Assessments Reports (AR) of the Intergovernmental Panel on Climate Change (IPCC) are a primary source for understanding regional climate changes in the global context. The last report, the AR6 (IPCC, 2021) defined a set of broad regions (Iturbide et al., 2020) with the purpose of summarizing global aggregated ensembles of climate change scenarios with a fair climatic consistency. However, these broad areas often cover several climate types in a single IPCC region. In this context, some observed trends and attribution of specific CIDs, such as those shown in the AR6 and its Atlas (Gutiérrez et al., 2021), may show a low confidence due to the combination of contrasting climatic regions, which are not necessarily representative at finer scales. Central America, the Caribbean Islands, and locations near mountain regions are examples of contrasting climate regimes in leeward and windward slopes, and land-sea influences. Some of the spatial results shown in the Atlas are an initial effort to include regional (downscaled) climate information at finer scale resolution with information derived from CORDEX (Coordinated Regional Downscaling Experiment), but their summaries are still averaged over the large IPCC regions. To overcome this kind of biases and to make climate information available in maps and at grid point scale, the Copernicus Interactive Climate Atlas was launched in February, 2024; it includes a large number of atmospheric variables from global observations, reanalyzes, regional projections from CORDEX and global projections from the Climate Model Intercomparison Project (CMIP) phases 5 and 6 (Diez-Sierra et al., 2022). Thus, it is up to the LAC climate and social scientists to produce timely and comprehensive regional climate risk assessments and publish articles useful for adaptation strategies using this and other information available for the region.



3.4 Regional climate information from statistical and dynamical downscaling models

IPCC Working Group I of the AR6 addressed methodologies to construct regional climatic information in its Chapter 10, stressing that a regional focus is necessary to properly inform risk assessment and adaptation actions (Doblas-Reyes et al., 2021). Tailored climate information needed for impact assessment is closely linked to regional climate modeling, either using dynamical regional climate models (RCM) or empirical statistical models (ESD) to downscale global climate model simulations. The CORDEX of the World Climate Research Programme (WCRP) is the first global effort to tackles this problem by coordinating the science and application of regional climate downscaling through global partnerships using a common experimental framework (Giorgi and Gutowski, 2015). The research communities greatly benefited from the historical and future climate change projections developed in these coordinated experiments. However, most of these RCM simulations were conducted by research centers in the Global North and only a few were conducted in LAC institutes by LAC researchers, particularly in Brazil and Argentina. The large computational resources required to run and store the model simulations and the lack of sufficient funding and skilled and dedicated experts in numerical modeling are some of the obstacles. In this regard, the activities led by the International Centre for Theoretical Physics (ICTP) and CORDEX in collaboration with LAC CORDEX scientists have been key for building capacity for advancing regional climate modeling studies (e.g., support for students and young scientists visits to the ICTP and co-organization of regional online or hybrid workshops in different countries of LAC). These activities reinforced the co-production of knowledge among LAC climate modeling groups. Another example is the activities of the South American and Mesoamerican Affinity Groups led by the National Center for Atmospheric Research (NCAR), where research groups of the United States and LAC are brought together to co-design high-resolution climate experiments over different regions of LAC. High spatial resolution climate experiments using convection permitting modeling (e.g., Prein et al., 2015; Bettolli et al., 2021; Dominguez et al., 2024) are needed to better understand the impact of weather and climate events at local scale (at few kilometers or less), particularly extreme events.



3.5 Publication biases and funding barriers

The lack of sufficient funding for research and computing capabilities is a common constraint across the LAC countries, which is partially tied to the low budget assigned to science and development (S&D) by the governments (58% of the funding comes from the government and performed primarily by academic institutions, UNESCO, 2021). According to UNESCO, most LAC countries dedicate less than 0.7% of their Gross Domestic Product to S&D, which also affects the possibilities for publishing scientific research and local knowledge in high impact and open access journals (e.g., Carbon Brief, 2021; Castro-Torres and Alburez-Gutierrez, 2022; Ahmed et al., 2023). The exorbitant cost of the article processing charges (APC) of the open data system benefits mainly the Global North, where there is a much larger access to a variety of research funds than in the Global South. Even in the Global North there have been complaints and protests for the excessive APCs (Sanderson, 2023).

The language barrier emerges as an additional limitation for the regional scientific literature to be used as evidence in the IPCC assessments; for example, many local and regional studies on climate change with focus on LAC are written in Spanish or Portuguese, although most of them are in peer reviewed journals. Some of the scientific literature related to CIDs is written in local languages partly to communicate results and actions to decision and policymakers. In fact, a recent analysis of the 13,500 citations assessed by the IPCC Working Group I (WG I) of the AR6 shows that 99.95% of the cited references are written in English and 75% of all the literature cited featured at least one author based in either the United States or the United Kingdom (Carbon Brief, 2023). This problem is directly linked to the weak representation of LAC scientists and the lack of regional diversity of the authors selected to assess the IPCC reports, who if selected could bring in peer-reviewed literature related to more LAC countries and some in local languages (Gay-Antaki, 2021; Liverman et al., 2022). The selection process relies on the nomination of possible authors by each country focal point to the IPCC, but this process is generally weak in the Global South countries, such as in LAC, where the top-down information does not flow properly. Regional climate scientists should be informed by other scientists participating in the IPCC reports to avoid dependency and biases from the focal points. The formation of regional networks that can work with national focal points would help to keep the information flow during the IPCC selection process (for example, from which contributing authors can be drawn) is another approach that may offer value and more diverse authorship representation across LAC countries.

A strategic plan with regional focus and engaging regional communities is essential to enhance knowledge, understanding, and dissemination of climate change information, impacts and adaptation in LAC.




4 Adaptation conundrums

The LAC region is facing profound challenges in terms of climate change adaptation actions due to the complex and interactive effects of weather and climate variations (CIDs) on society, the economy, and ecosystems (Guillén Bolaños et al., 2022; Vignola et al., 2022) and the high levels of vulnerability observed in the region primarily arising from poverty and inequality issues (Castellanos et al., 2022). The IPCC (2022a) considers that even under low-emission scenarios, the region can expect more severe climate risks before the end of this century, but evidence mentioned in section 2 suggests these risks are occurring much sooner. International efforts have failed to reduce GHG emissions up to now, and there is no clear indication the Paris Agreement goal to limit global warming to 1.5°C or 2°C by 2,100 will be met (UNEP, 2023b). Current trends indicate extreme events will become more frequent and intense in coming decades (IPCC, 2023) strengthening the need to reduce emissions and vulnerability and speed up and expand adaptation response. While some countries across the region have made progress in adaptation plans (Castellanos et al., 2022; Mycoo et al., 2022; dos Santos et al., 2024), with clear priority areas (agriculture and food security, water, health, and ecosystems) (WMO, 2023), operational actions at local, regional, and national scales are urgently needed to keep pace with escalating climate risks and impacts (e.g., WCRP, 2024). Simply put, adaptation progress across the region is “too little and too slow” (UNEP, 2022; Sietsma et al., 2023). IPCC AR6 identifies that actions on adaptation have been uneven, slow and with a growing divergence between the adaptation actions taken and what is needed, particularly among lower income populations (IPCC, 2022a). The report identifies additional shortcomings in adaptation: first, a persistent gap between planned adaptations and actual implementation efforts; and second, the observed adaptations are fragmented (e.g., Ryan and Bustos, 2019), operating at a small scale, in sector specific, and designed to respond to short-term impacts but neglecting long-term risks. IPCC also highlights that adaptation options diminish and their cost increases with any increase in global warming and that the window of opportunity to secure a safe planet is small and closing rapidly. Additional challenges identified are that actions related to mitigation and adaptation are addressed separately rather than interdependently, thus ignoring the synergies and trade-offs between them and the systemic nature and transdisciplinary connections that are required to integrate the co-production of knowledge for climate action responses (Figure 1).

How can the region achieve effective adaptation at the scale and pace required to deal with the climate crisis? Apart from the needs and obstacles already mentioned in sections 2 and 3, here we highlight other adaptation challenges facing the LAC region and present ideas around five themes to stimulate future research and actions: (1) strengthening adaptation governance processes and priorities, (2) improving access to adaptation finance, (3) assessing adaptation limits, loss, and damage, (4) promoting transboundary adaptation and understanding migration, and (5) measuring adaptation progress.


4.1 Adaptation governance

Fragmented governance, insufficient institutional capacity, a lack of actor participation, especially the most vulnerable and marginalized, and weak transdisciplinary collaboration obstruct comprehensive adaptation initiatives across the LAC region (Ryan and Bustos, 2019; Castellanos et al., 2022; Cisneros et al., 2024). Effective adaptation governance requires a clear understanding of local needs, vulnerabilities, and the synergies between national and sub-national adaptation actors and policies. Integrated governance frameworks, which promote coordination across sectors and scales, can better address the multidimensional and interconnected challenges of climate change (Biesbroek et al., 2013). Multiple policy endeavors coexist, but the synergy between them often lacks robustness, leading to fragmented and competing actions and outcomes (Nagy et al., 2019). For instance, policies formulated at the national level frequently lack alignment with regional or local strategies and human, economic and financial resources, thereby creating implementation bottlenecks. At the same time, local vulnerabilities and adaptation needs are often not recognized in national adaptation policies and strategies. Improving multidimensional governance in Latin American countries requires structural changes in institutional culture and operation, and political structures. This is a chronic problem in many developed and developing countries that is difficult to manage (e.g., Fila et al., 2024), but climate change illustrates the urgent need to address it.

Historically, the LAC region has grappled with a variety of socio-political challenges resulting in widespread poverty and inequality that play a role in shaping existing governance conditions. The inherently diverse geographical expanse, coupled with socio-economic disparities, requires a response approach to governance that is both integrative and nuanced (Magrin et al., 2014). Diverse actors ranging from government entities, non-governmental organizations (NGOs), business organizations, academic institutions, indigenous communities, and local communities have different priorities and perspectives. However, the absence of a centralized, collaborative platform can result in misaligned actions, thereby diluting the efficacy of adaptation efforts (Vicuña et al., 2018). The LAC region is home to many Indigenous Peoples and offers a repository of ecological knowledge (Ladio, 2017). However, governance frameworks often overlook this Indigenous wisdom and local knowledge, thereby missing out on invaluable insights and perspectives that could shape, refine, and improve the effectiveness of adaptation strategies and which could be lost (Brondízio et al., 2016; Iwama et al., 2021). Addressing these governance challenges involves fostering cross-sectoral collaborations, promoting actor inclusivity, institutional capacity building, and integrating both contemporary and Indigenous knowledge systems.

In some countries, challenges in adapting to climate change are related to low climate literacy among decision-makers, lack of meaningful community engagement, and limited access to funding for policy and project implementation. Shortcomings in institutional capacity in local governments and communities are a barrier assessing vulnerability and designing and implementing effective and efficient adaptation actions (e.g., Ryan and Bustos, 2019). Institutional strengthening is essential to avoid fragmented and silo approaches to adaptation, reducing the risk of maladaptation.

The lack of strong governance in urban planning across many cities in LAC has contributed to increased urban sprawl and informal settlements, which are pushing these areas to their adaptation limits (Mycoo, 2018a,b). Nevertheless, private property owners and developers have significant control over the selection and implementation of urban adaptation measures (Petzold et al., 2023).



4.2 Adaptation finance

Most governments and climate experts in LAC have identified inadequate financing as a significant barrier to adaptation in their Nationally Determined Contributions (NDCs) and National Adaptation Plans (NAPs) (Castellanos et al., 2022; Mycoo et al., 2022; Mohan, 2023). Effective utilization of financial resources is pivotal for implementing adaptation actions. However, the disparity between required funds and available resources is a pressing concern. Despite international commitments to support developing countries, the financial flows for adaptation in the LAC region are suboptimal. UNEP (2022) identified that the share of adaptation in total climate finance to developing countries was 34% in 2020, far behind mitigation finance. It estimates that annual adaptation needs are in the range of $160–340 billion USD by 2030 and $315–565 billion USD by 2050. It also considers the adaptation finance gap in developing countries is likely five to 10 times greater than current international adaptation finance flows and continues to widen. International organizations such as UNEP (2022) and IFRC (Swithern, 2020) and several authors (Weiler et al., 2018; Kissinger et al., 2019; Peterson and Skovgaard, 2019; Binet et al., 2021; Eriksen et al., 2021; Sánchez Rodríguez and Fernández Carril, 2024) have addressed barriers in climate financing to reach the most vulnerable countries and communities caused by misalignment between financing institutions and donor’s interest and the needs in developing countries. The misalignment is due to several reasons: political and trade agreements, pressure to favor low-risk investments, political incentives, pressure to show quick results leading to invest finite funds where they can make the most apparent results, weak institutions and lack of transparency managing funds in recipient countries. Although some countries in Latin America have received climate financing for adaptation during the last two decades from multilateral and bilateral funds, they are far for meeting the needs in the region; they tend to concentrate in some countries, and even only in some parts within these countries; they focus on certain sectors, and do not always reach the most vulnerable communities (Milhorance et al., 2022). Similar problems in adaptation financing have been reported in the literature in developing countries in Africa and Asia (Weiler et al., 2018; Swithern, 2020; Binet et al., 2021; UNEP, 2022).

It is also important to consider regional differences in financial needs in LAC. For example, the Caribbean is the most exposed region to climate disasters and requires $100 billion USD in adaptation investment (Galindo et al., 2022). However, accessing funds for adaptation is complex (Mohan, 2022), and Caribbean countries have been only approved $800 million USD from climate funds (Guerson et al., 2023). The current climate finance system needs to be improved with a stronger focus on adaptation to meet the urgent needs of the Small Island Developing States (SIDS) and other developing countries in the LAC region.

Governance frameworks overseeing the allocation, utilization, and monitoring of such funds lack the required transparency and accountability, thereby impacting the overall governance efficacy (Engels et al., 2019). Bridging the finance-implementation gap is possible by leveraging private sector involvement, promoting innovative financial instruments, and building local financial capacities (Clark et al., 2018). While public financing instruments like grants and concessional loans play a significant role, there is a palpable vacuum in private sector engagement in adaptation financing. Given the vast potential of private investments, the lack of streamlined mechanisms to tap into private funds limits the region’s financial agility in addressing climate challenges (Surminski and Oramas-Dorta, 2014).

Due to the peculiar vulnerabilities of ecosystems and communities in the region, there are limits to what adaptation can achieve by itself. For instance, the Amazon Forest is a crucial biome for global mitigation efforts and climate investment. To address deforestation’s negative impact on biodiversity, on Indigenous communities, and on feedback processes related to climate change, implementation of mitigation measures can provide multiple adaptation benefits when proper social safeguards are observed. Understanding and illuminating the synergies between adaptation and mitigation has the potential to unlock new revenue streams and future investment, but up to now co-benefits between mitigation and adaptation remain underexplored across LAC, in part due to siloed approaches.

The narrative on adaptation finance has been narrowly focused on access, with very little attention paid to how efficiently funds are utilized by national and local governments. Effective implementation of adaptation plans, policies, and programs is a major challenge for the LAC region with limitations arising from low technical capacities and corruption. Financial allocations, even when adequate, might not translate into desired outcomes if adaptation initiatives lack context specificity, actor inclusivity, and monitoring and evaluation mechanisms.



4.3 Adaptation limits, loss and damage

The discourse on adaptation limits presents a stark reality - there are thresholds beyond which incremental adaptation responses might become ineffective. Losses and damages encapsulate the impacts of climate change beyond adaptation limits in which we can face irreversible damage (Dow et al., 2013). There is a differentiation between soft and hard limits; however, the window of opportunity in which to act to avoid reaching these limits is narrow. Beyond this window, adaptation options lose effectiveness or might not be effective at all, therefore, as Working Group II of the IPCC AR6 indicates, we need to take urgent action while there is still an opportunity (IPCC, 2022a). In the LAC region, certain ecosystems like coral reefs and glacial systems are approaching their adaptation limits. This results in irreversible damage, impacting ecosystems, biodiversity, and the services they provide, such as water, fisheries, and livelihood sources (Warner and van der Geest, 2013). In certain cases, the residual risk associated with adaptation measures may be intolerable, which would decrease the viability of the strategy. Understanding the full extent of losses and damages necessitates comprehensive assessments that integrate scientific, socio-economic, local, and Indigenous knowledge perspectives. While tangible losses, such as infrastructural damages, can be quantified, intangible losses, like health and well-being, and cultural and physical displacements, require nuanced methodologies for assessment and redressal (Thomas and Benjamin, 2019). Some losses and damages cannot be quantified as they are attached to non-monetary values, therefore, there is also a need to consider other value systems in our responses (e.g., IPBES, 2022). Addressing these challenges requires transformative strategies and policies, which might encompass ecosystemic restorations, community relocations, socio-economic diversifications, and cultural preservation initiatives.



4.4 Transboundary adaptation and migration

Through shared ecosystems and natural resources, trade flows and social networks and transboundary climate risks (TCRs) connect multiple neighboring countries (Anisimov and Magnan, 2023). However, adaptation planning processes across LAC, as in many other regions, are isolated and fragmented. For example, some river basins and forest regions are shared by two or more countries; coral reef losses and the relatively recent sargassum surges in the Caribbean affect most Caribbean countries and Mexico, and adaptation priorities and actions in either country have implications for the other. While some transboundary fisheries cooperation exists, adaptation planning processes are independent. Additionally, the Caribbean is one of the most import-dependent regions in the world and, as such, is highly exposed to TCRs and supply chain disruptions. The LAC region is also highly dependent on cereal imports from the United States (Anisimov and Magnan, 2023), which are critical to livestock production and food security and thus vulnerable to transboundary climate impacts (Adams et al., 2021). Countries in the region have limited capacity to influence international markets. However, through regional cooperation and integration, governments can establish regional adaptation frameworks around economic and trade policy to unlock resilient pathways to address multiple TCRs (Anisimov and Magnan, 2023). The implementation of regional adaptation governance mechanisms to identify and manage TCRs is an important step toward addressing adaptation isolation driven by socioeconomic and development priorities. At the subnational level, adaptation actions in one community can create potential cascading risks for other communities. Despite these environmental and socioeconomic connections, TCRs and transboundary adaptation are poorly integrated in the NAPs of the LAC countries.

Central to transboundary issues associated with climate change is international migration within and from the region. Migration is often considered an adaptation response to climate variability and climate change impacts and, despite the substantial body of literature on climate and migration nexus, its underlying mechanisms remain poorly understood (Hoffmann et al., 2020). The relationship between climate and migration is not deterministic and unique across countries over time (Ibiden). There is also inadequate based research as well as distortions in political debates about migration (Thiede et al., 2016). Climatic conditions alone are rarely the only driver for migration and other interconnected compounding drivers should be considered as well (violence, poverty, inequality, loss of livelihoods, poor access to services, weak governance, expectation for a better life) (Kaenzig and Piguet, 2014; Simon and Riosmena, 2022). Migration is one of several potential responses to climatic stress and it should be analyzed considering other adaptation strategies (Silva Rodríguez de San Miguel et al., 2021). Ley et al. (2023) indicate that climate variability and changes in extreme events such as floods, hurricanes and droughts and their associated impacts (i.e., loss and damage of livelihoods, impacts on annual crop systems of subsistence farmers augmenting food insecurity, ecosystems degradation) can trigger displacement and migration (Vega-García, 2004; Kaenzig and Piguet, 2014; Balsari et al., 2020; Kaczan and Orgill-Meyer, 2020).

Authors studying the nexus between migration and climate change in Latin America highlight the unbalance in studies in the region. Simon and Riosmena (2022) suggest that compared to the body of scholarship on climate migration in Mexico, there is far less research on Central America in large part due to much lower availability of data on migration. Kaenzig and Piguet (2014) point out that, although climate change could lead to environmental disruptions without historical precedents, treating migration as an inevitable consequence of climate change, as well as trying to quantify the number of future migrants based on a simple count of the population living in the threatened areas, is a misleading simplification. Simon and Riosmena (2022) suggest that although climate and environmental shocks will likely continue to influence migration patterns in and from Latin America with often complex effects, it is uncertain that increasing climate variability will lead to more displacement, particularly international. Other authors consider resource constraints aggravated by climate change impacts, which may limit the ability to migrate (Benveniste et al., 2022). We believe the nexus of climate change and migration in LAC remains poorly understood and there is a need to better study and conceptualize migration as an adaptive response to climate change, as well as to define what constitutes successful migration and adaptation and for whom. The extensive social, economic, and political implications of this nexus require large attention and research.



4.5 Measuring adaptation progress

In contrast to mitigation initiatives that can be tracked by quantifiable metrics, adaptation is a more complex (and subjective) process that requires a long-term vision that transcends the usual temporality of short-term government programs (Cavazos, 2012). The definition of successful adaptation, developed by Doria et al. (2009) and based on any adjustment that reduces the risks associated with climate change, has recently been challenged among LAC experts (Guillén Bolaños et al., 2022), highlighting the need for improved indicators of dynamic evaluation of adaptation measures. To avoid additional burden on countries, the United Nations Foundation (2023) has already compiled a set of illustrative indicators and targets for the Global Goal Adaptation based on different instruments and reports. The assessment of the feasibility of adaptation measures is another useful tool to identify possible opportunities and barriers for implementation (Singh et al., 2020). The multidimensional feasibility assessment (MFA) was developed in the IPCC AR6 starting in the Special Report on Global warming at 1.5°C and continuing to the Assessments of WG II (IPCC, 2022a) (across sectors and regions) and WG III with the goal of assessing the feasibility of adaptation and mitigation responses across multiple dimensions, and assessing synergies and trade-offs between mitigation, adaptation, and the Sustainable Development Goals (IPCC, 2022b). Essential for measuring adaptation progress is implementing efficient monitoring and evaluation processes for each project or initiative. Monitoring and evaluation must be integrated into the design of adaptation actions from the beginning, and should clearly include actors, responsibilities, actions, and financial resources.




5 Building new pathways to just, inclusive, efficient, and sustainable climate agendas

The United Nations continuous warnings of the climate crisis and the urgent need to speed up adaptation in developing countries have not resonated in LAC countries. We have emphasized several shortcomings and problems in climate responses including isolated and independent sectoral adaptation options, and this last section focuses on steps that countries in the region could use for creating new pathways for building climate agendas focused on adaptation that consider co-benefits with mitigation actions as well as sustainable development, for example, through the Sustainable Development Goals.

We begin by addressing what we regard as fundamental issues to create efficient, just, equitable, ethical, and inclusive adaptation to climate change. Except for the Caribbean countries, most policymakers in Latin America have not placed climate change at the center of policies and debates. Climate change is considered an environmental problem and not a development challenge despite the development setbacks amongst growing evidence of extreme hydroclimate events, their cascading impacts and national and subnational consequences across the economy, social wellbeing, and ecosystem health. Government’s political support is essential to create, expand, improve, and accelerate actions to reduce vulnerability and to create adaptation actions; despite diverse positions among countries regarding climate change, up to now it is very difficult to secure short-term and long-term climate change commitments.

We recognize that almost all countries in Latin America and the Caribbean have National Climate Change Plans addressing adaptation, either as National Adaptation Plans or as part of National Climate Strategies that include mitigation and adaptation. Most of these plans have been created during the last decade and some of the older ones have been updated in recent years. They have been created through the support of international cooperation (Segura et al., 2022) and national and state governmental support. Unfortunately, there is little information on how many of these national plans and strategies have been implemented and even less information if they have been evaluated and what outcomes they have had (Berrang-Ford et al., 2021). Also, a point of concern is the lack of information on adaptation plans and strategies at the subnational level. Limited financial, technical, and human resources in most subnational governments are a major obstacle for building inclusive and efficient climate agendas (Ryan and Ramírez Cuesta, 2016; Ryan and Bustos, 2019). Moreover, mitigation and adaptation plans seem to be implemented and assessed independently of each other. Adaptation is so far limited to short-term; it is sector and place specific based on projects developed mostly through international financial support (UNEP, 2022; IPCC, 2022a). However, adaptation planning must not be sectoral and must also look at potential synergies and trade-offs, and potential for maladaptation (which has also caused significant setbacks in the region). This also means that when designing climate change adaptation policies, countries need to consider the root causes of vulnerability (IPCC, 2018, 2022a). Knowledge and information on local vulnerability and adaptation options is up to now limited in the region. Future research on national and subnational adaptation could provide useful lessons and best practices to increase efficient actions, set the basis to strengthen and expand regional cooperation, and create a framework to address transboundary adaptation.

LAC countries, as many others in the world, are confronted by climatic impacts mentioned in section 2, gaps in data availability and quality to support the design research and the design of policies and strategies mentioned in section 3, and challenges in adaptation governance and finance addressed in section 4. We recognize it is not easy to build new pathways for climate adaptation agendas in this context, particularly when governments in the region show little political will to strengthen adaptation at the national and subnational level.

We also recognize that current shortcomings in climate finance for adaptation are an obstacle to creating more efficient and inclusive climate agendas in LAC countries. It is not clear if and how climate finance will meet current and future requirements in the near and long term. A significant increase in climate finance is critical to expand adaptation actions and responses based on gray, green and blue infrastructures. However, we believe there are efficient low-cost actions LAC countries could implement to develop a more ambitious and efficient, just, inclusive, and sustainable climate agendas in the region.

We find it important to strengthen and expand climate literacy among national and subnational governments but also within society at large (Moser, 2010; Lee et al., 2015; Ryan and Bustos, 2019; CEPAL, 2022). Although general information on climate change has grown in recent years in the region, it is still considered an environmental problem with impacts on the future. There is little awareness of current extreme events and their increasing frequency and intensity in the short and middle terms (beyond the impacts immediately following an extreme weather event), as well as their impacts on social wellbeing, the economy, ecosystems and biodiversity, political stability, and aggravating development obstacles (McBean and Rodgers, 2010; IPCC, 2022a). An informed society is essential to develop adaptation public policies and strategies and that build transformational changes in adaptation strategies. It is also essential to create accountability and transparency in adaptation processes. Climate science scholars can play an important role by disseminating climate change knowledge among society (Dilling and Lemos, 2011). Improving communication between climate scientists and local communities will not only improve adaptation, but also empower communities to make informed decisions (Fernández-Llamazares et al., 2015).

Linked to raising climate change awareness in governments and society are efforts to improve and expand capacity development among decision-makers across different levels. Lack of adaptation public policies is often due to limited knowledge and information on vulnerability, impacts, risks, and opportunities to create adaptation, and lack of monitoring and evaluation (Hinkel, 2011; Ryan and Bustos, 2019). Capacity development is also essential for strengthening institutions, a basic step to expand efficient climate change agendas (Moser and Erkstrom, 2010). Climate science scholars can also play a major role in capacity development efforts among national and subnational governments, and in climate services. Some countries have implemented pilot efforts in this direction, but they have not been sustained after a few years. New knowledge and information on climate impacts, vulnerability and adaptation options could bring a new dimension to capacity development. Regional cooperation (south–south and north–south) can also play a major role in these efforts, as the examples given in section 3.4.

Other potential actions include diversifying knowledge, values and worldviews used in adaptation strategies. Particularly relevant in the case of LAC countries is the use of local and Indigenous Knowledge, often sidelined in mainstream data repositories. Its inclusion can provide depth, context, and richness to adaptation strategies (Fernández-Llamazares et al., 2015; IPCC, 2022a; Ley et al., 2023), especially in the case of nature-based solutions (e.g., Aide and Grau, 2004; Marsters et al., 2021). LAC countries could also invest in preventive actions, such as continuous hydroclimate monitoring and operational weather and climate forecasts, early warning systems and response plans. Improving socio-demographic data is essential for the analysis of vulnerability and investing in innovative structural (physical) resilience in critical sectors is an important mitigation and adaptation response. These actions can also benefit from regional cooperation and learning through practice.

As can be inferred throughout this article, climate change adaptation responses depend on the increase in mean temperature and GHG emissions, therefore, it is very relevant to consider the intertwined response of adaptation and mitigation actions (Figure 1). Climate Resilient Development (CRD) effectively brings together emissions reduction, vulnerability reduction, protection of biodiversity and achievement of sustainable development (and specifically the Sustainable Development Goals until 2030) (IPCC, 2022b). CRD brings together different worldviews and values, different knowledge systems (including Indigenous Knowledge), and includes all actors, especially the most vulnerable and marginalized. CRD is enabled by several elements, amongst them the multidimensional feasibility assessment that helps look beyond the usual technical and economic dimensions by including institutional, socio-cultural, environmental, and geophysical dimensions and brings together equity and inclusion indicators. CRD also considers system approaches that break sectoral silos and create linkages between sectors such as the interdependence between forests, agriculture, and water. Singh et al. (2020) exemplifies how water-based adaptation options can be used to link system transitions, highlighting how energy, urban, terrestrial, marine, and oceanic ecosystems are brought together, and more importantly, how adaptation options taken in one sector can have profound impacts, both positive and negative, on another system. This may help identify and maximize synergies and reduce trade-offs within systemic approaches (or transitions). However, it is necessary to transform CRD from an attractive concept to an operational approach by overcoming the barriers and challenges mentioned in this article and other works (e.g., Sánchez Rodríguez and Fernández Carril, 2024).

Time is of the essence and LAC governments need to include the whole of society to jointly develop feasible actions that are just, equitable and inclusive. Adaptation options are closing rapidly, and their cost will grow with every increase in global warming until limits are reached and adaptation feasibility and effectiveness decreases or options are no longer feasible or effective because of irreversible changes in human and natural systems. Further delays in adapting to climate change can have severe consequences for present and future generations.
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