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Abstract


Ports play a critical role in global trade, yet they are both contributors to and recipients of climate change. This study conducts a bibliometric analysis to examine the relationship between climate change and port operations, identifying key themes, methodological approaches, and research gaps within the literature, including the need for standardized vulnerability assessments, policy-driven adaptation strategies, and a more integrated, cross-regional approach to port resilience. A bibliometric analysis was performed using peer-reviewed journal articles indexed in the Web of Science. The study employed keyword-based searches, document screening, and bibliometric techniques such as publication trends, keyword co-occurrence analysis, citation impact evaluation, and research clustering. Studies were classified based on research focus, methods, data sources, and geographic scope. The analysis reveals three major research phases: theoretical contributions, empirical expansion, and an intensified focus on adaptation and resilience. Key trends include sea-level rise, port vulnerability, climate adaptation strategies, and emission reduction. Quantitative methods dominate, though qualitative studies contribute to governance and policy discussions. Research on port resilience is becoming increasingly interdisciplinary, integrating engineering, environmental science, policy, and maritime economics. The study identifies the United States, China, Europe, and the Mediterranean as the most focused regions in port-climate research. Understanding climate risks and adaptation strategies is essential for policymakers and stakeholders. The findings highlight the current push for resilience planning, emission mitigation, and policy interventions, with efforts by governmental and international organizations well documented in climate research. This study provides insights into emerging trends and research gaps, enhancing discussions on sustainable port management and climate resilience.
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1. Introduction


Ports, which play an important role in the world economy due to their important positions in the global trade network [1], are essential infrastructures for economic growth and development [2]. More than 3700 ports around the world fulfill multiple roles that contribute to both the global and local economy, enabling international trade, as well as providing employment opportunities for local people in the regions where they are located, facilitating trade and enabling commercial globalization [3]. However, carbon dioxide emissions produced by activities in ports, which are the backbone of global trade, are among the environmental aspects of climate change [4]; this is among the most significant concerns in today’s society [5]. In addition, ports, which are in critical positions for international trade [1], are in areas that are inherently vulnerable to the adverse effects of climate change [6,7]. They are in physical locations that are likely to be flooded or destroyed by rising sea levels or increased storms due to the effects of climate change [6]. As the nature of the work and the physical location they must be in, it is argued in the literature that climate change can endanger port operations, cause operational closures, and then cause global economic losses [3]. Ports are geographically vulnerable to the effects of climate change because they are located along coasts, rivers, or lakes that are exposed to sea level rise and storm surges, or along estuaries that are exposed to flooding and are long-lived and critical infrastructure that is sensitive to climate change. Examples of the hazards that ports are exposed to due to their location include wave formation or storm surges and flooding due to sea level rise or extreme changes in sea level, such as Superstorm Sandy in 2012, which closed the Ports of New York and New Jersey for more than 8 days, or Hurricane Maria in 2017, which caused infrastructure damage and caused the closure of the Port of Chennai [1,7]. Considering all these discussions, it would be correct to imply that ports, in addition to their structures, causing climate change, are one of the sectors most affected by the negative effects of climate change.



Transportation operations interact with the environment in many ways, either accidentally or intentionally. As a result of this interaction, in addition to the damage to natural habitats, interaction and damage along coastlines increase in areas where economic activities are intense, such as ports [8]. Ports have a significant impact on air quality, especially when it comes to diesel exhaust, nitrogen oxide emissions, and particulate matter. To find the causes of this air pollution, many pollutant sources and pollution rates of those sources, such as trucks, marine vehicles, off-road vehicles, and locomotives used to transport cargo, must be considered [9]. In addition to greenhouse gas emissions, the negative effects of ports on the environment include unnecessary material production, dredging, destruction and loss of world habitats, discharge to the soil, water, sediment, noise pollution, damage to the marine ecosystem, odor, resource consumption [10], destruction of endangered species, erosion, waste generation, soil and water contamination, light and noise pollution, traffic congestion, and loss of cultural resources [9,11]. Despite all these negative effects, reducing greenhouse gas emissions and air pollution is the primary solution due to their direct negative effects on climate change. It stands out as a negative impact that should be addressed [10].



On the other hand, in recent years, climate change has emerged as a crucial concern in port supply chains, integrating several disciplines and presenting significant challenges to ports because of their high susceptibility [12]. The main negative effects of climate change on port infrastructure and facilities are rising sea levels [13] and extreme weather conditions (extreme winds, storm waves) [14,15,16,17]. Together with these two adverse consequences, wave heights above breakwater design levels may increase the likelihood of major natural disasters and accidents, including rising ocean temperatures and declining port water quality, heavy precipitation that exceeds the capacity of dock well drainage, and an increase in tropical storms and typhoons [14].



Ports are the first structures to face the threat of SLR (sea-level rise) because of their physical positions, and unfortunately, SLR measurements of more than 20 cm were made in the 20th century and measurements of more than 100 cm have been made in the 21st century [18,19]. Today, ports are not yet directly affected by the threat of sea-level rise. However, it is possible to come across many ports that have been flooded or whose activities have been disrupted in the past as a result of natural disasters such as floods, earthquakes, hurricanes, or tsunamis [18,20,21]. Therefore, although ports are designed to withstand various difficulties throughout their lifespan, they may be vulnerable to natural disasters such as sea-level rise or extreme weather events. The most critical damage that climate change can do to ports will be to increase the number of such natural disasters. If such extreme events become more frequent, changes will need to be made in the planning, construction, operation, and maintenance processes of the port infrastructure [15].



Extreme wind events also affect and even play an essential role in the aggravation of trade disruptions in the shipping sector. Coastlines, where ports are necessarily located, are geologically dynamic and complex systems that respond strongly to events such as storms, tsunamis, and earthquakes, as well as areas with high population density and socio-economic activities [22,23]. Due to all these characteristics, floods in coastal areas are ranked as the most dangerous natural disasters [22]. Over four decades, between 1970 and 2012, nearly 4000 natural climatological hazards (hurricanes and storm surges, floods, wildfires, extreme temperatures, droughts, and others) occurred worldwide, causing approximately USD 2.4 trillion in damage and the deaths of more than 1.9 million people [24]. Furthermore, the impact of future coastal hazards is expected to intensify as climate change increases the frequency and intensity of these extreme weather events [22]. Approximately 38% of all global container ports are located in areas at high risk of hurricanes. Examples of port areas with high port activity and the most potential disruptions include South Korea, coastal China, the US East Coast, and Japan [25]. These hurricanes are responsible for about 47% of all catastrophes that cost billions of dollars globally, and they account for 80% of the total damages caused by extreme weather and climate disasters in the United States [24,26]. In addition to the direct financial losses caused by hurricanes to ports, there are also indirect losses. These can be summarized as damage to port equipment and port superstructures, damage caused by overturned containers, and damage caused by interrupted operations in flooded areas (it is estimated that it takes 1–3 business days for an average port to resume operations after a category 1 hurricane), and damage to cargo and equipment [25].



Since ports are one of the important stakeholders both affected by and affecting the climate change known to be caused by anthropogenic emissions of carbon dioxide, studies have been carried out for a long time both by application professionals and in the existing literature to determine the resilience of ports, that enable world trade, against various challenges arising from climate change, to take preventive measures to optimize the working methods of ports that cause climate change, to discover new ways and to produce solutions to the existing problem [27,28,29]. Hence, through exploratory systematic content analysis of the studies published in the WOS (Web of Science) database between 1997 and 2024, we examined climate change and ports together. This paper investigates climate change and ports, with a special focus on the main subjects of studies, methods, and data used in the studies, as well as the geographical locations of ports investigated in the studies. Following this introductory section, the study will continue with relevant study examples in the existing literature in the literature review section. Then, the methodology section will provide information on the dataset and details of the data used in the study. Next, the research findings will be presented, and discussions and conclusions regarding the study findings will be included. Finally, the study will be completed by including its limitations and suggestions for future research.



This study addresses key United Nations Sustainable Development Goals (SDGs) related to port resilience and climate change. It contributes to SDG 9 (Industry, Innovation, and Infrastructure) by examining sustainable industrialization of port structures and their innovation. It aligns with SDG 11 (Sustainable Cities and Communities) by discussing the role of ports in urban planning and disaster preparedness. The study supports SDG 13 (Climate Action) through its focus on sustainable transportation and port adaptation strategies. Through a structured exploration of existing research, the study provides a clear view of challenges and solutions in the maritime sector. It links them with the United Nations Sustainable Development Goals.




2. Literature Review


“Port climate” refers to the weather and climate factors directly impacting port operations, logistics, and infrastructure. The need for ports to adapt and strengthen their resilience has received much attention lately due to growing worries about climate change, which includes rising sea levels, extreme weather events, and changing climate patterns. Academic research has significantly increased in recent years due to the growing awareness of the challenges ports face from environmental change, providing essential information to address the new problems posed by the accelerating effects of climate change on port operations. The number of academic publications on ports and climate change is increasing daily. Academics have conducted studies in the following areas related to ports and climate change: vulnerability assessments, port policy, and port management, climate change adaptation, green port, port planning, port infrastructure, port competition, strategy development, sustainability, emission reduction, and risk assessments.



One key area of growth in research has been vulnerability assessments of port cities to climate change. Numerous studies have been published that examine the potential effects of rising sea levels and increased storm surges on coastal port infrastructure [13,15,24,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46]. Port terminals are increasingly focused on sea level rise (SLR) and climate change adaptation planning. Both storm surges and gradual tidal flooding caused by rising sea levels could significantly affect port operations [42].



The academic community has also put greater emphasis on the integration of climate resilience into port policy and management [2,16,27,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63]. Another area of increased research is the development of climate change adaptation frameworks for ports [64,65,66,67,68,69,70,71,72,73,74]. To mitigate the impacts of climate change, ports should develop and implement adaptation strategies. These strategies involve redesigning port infrastructure to be more resilient to changing climate conditions.



In addition to infrastructure adaptation, there has been a significant increase in research into sustainable practices in port operations [75,76,77,78]. Ref. [79] review studies on the maritime and port sectors to identify which Sustainable Development Goals (SDGs) are most addressed. It finds that SDG 9 (Industry, Innovation, and Infrastructure), SDG 13 (Action Against Climate Change), and SDG 14 (Life Below Water) are the most highlighted. The studies show the sector’s focus on sustainability, especially concerning the marine environment and climate change. However, practical applications for effectively contributing to these SDGs are not well described, making it hard to determine the priority actions needed. Research has explored the potential for renewable energy solutions, such as solar, wind, and even tidal power, to be integrated into port operations [80,81,82,83]. Studies have also examined the environmental impact of port activities, leading to the development of “green ports” [84,85,86,87]. Ref. [86] examines the application of sustainability principles and the “green port” concept in Croatian marinas. It analyzes regulations, certificates, and sustainable practices in areas like eco-design, energy transition, and waste management. It highlights positive practices and areas for improvement in Croatian marinas.



The academic community has also put greater emphasis on emission reduction in ports [62,88,89,90,91,92,93,94,95,96,97,98,99,100,101]. The role of ports in reducing their carbon footprint and adopting green technologies has been widely studied. Many ports calculate and report their carbon footprint, but each uses different methods, making comparisons difficult. To address this, a standardized tool has been developed using Excel and Visual Basic. This tool, based on WPCI, IPCC guidelines, and the greenhouse gas (GHG) Protocol, helps port authorities accurately calculate and report their GHG emissions in a consistent manner [4]. Emission reduction in ports aims to cut greenhouse gas emissions from shipping, cargo handling, and operations, helping ports align with global climate goals like the Paris Agreement.



This literature review highlights the challenges and opportunities ports face in combating climate change and achieving environmental sustainability goals. Research shows an increasing effort by ports to adapt to climate change and reduce carbon emissions. Studies on port policies and management, sustainable practices, and emission reduction strategies have enriched the body of knowledge in this area. However, challenges such as the lack of standardization in carbon footprint calculations and varying methodologies persist. In this context, more effective, integrated, and sustainable solutions need to be developed to reduce the environmental impact of ports.




3. Materials and Methods


This paper examines the contribution of climate change to ports based on a bibliometric analysis. According to the review, peer-reviewed journal articles published in the Web of Science (WoS) databases such as SCI, SCIE, SSCI, and ESCI are screened. The research selection process focused on studies investigating the interaction between ports and climate change, which include issues related to maritime spatial planning, port emissions, pollution, environmental risk assessment, policy regulations, and the adaptation measures at the port. Only full-text articles published in English were included.



Studies were excluded if they focused solely on marine biology, underwater ecosystems, sediment transport, or fishing technologies without direct relevance to port operations. Research that primarily focused on these subjects was omitted. Non-English articles, duplicates, and articles without accessible full texts were excluded. Sectoral, governmental, and organizational reports were excluded to ensure a focus on scientific manuscripts.



Data collection was conducted from the Web of Science in August 2024, covering all available years. A structured keyword search was performed in the TOPIC field, scanning titles, abstracts, and keywords using the terms: (“port” OR “ports” OR “seaport”) AND (“climate change”). The search was restricted to journal articles, with conference papers, book chapters, and non-research documents excluded. No additional databases were used.



Four independent researchers screened 914 studies, assessing titles and abstracts for relevance. Eligible studies went through a full-text review, with cross-checking performed in pairs to ensure rigor. Disagreements were resolved through discussion. No automation tools were used in the screening process. A structured data extraction form was used to collect key study characteristics. Extracted data included the research focus, methodological approach, and key findings to identify thematic trends and research gaps. A formal risk of bias assessment was not conducted, but bias was minimized through independent multi-reviewer selection and structured bibliometric analysis. Figure 1 demonstrates the flow diagram of the study.



Research trends and impacts were analyzed using bibliometric indicators, including publication growth, keyword frequency analysis, citation impact, and research clustering. Visualization techniques such as concept co-occurrence analysis and citation network mapping were employed. This methodology provides a systematic and reproducible approach to examining the evolution, structure, and interdisciplinarity of port-climate change research, offering insights into thematic clusters, research gaps, and emerging trends to support future studies and policy development.




4. Results


The bibliometric analysis of Web of Science (WoS) articles on the intersection of ports and climate change reveals key trends, thematic structures, and research patterns within the literature. A total of 914 articles were initially identified through keyword-based searches across SCI, SCIE, SSCI, and ESCI databases. After a screening process, 318 articles were retained for analysis, with 588 excluded due to various conditions, with the most predominant reason being misalignment with the study focus.



The majority of the studies reviewed, approximately 59%, explore the effects of climate change on ports, whereas 36% investigate the influence of ports on climate change. Moreover, a literature review methodology was employed in 3% of the studies included in the analysis.



4.1. Temporal Trends, Phases in Research Focus, and Thematic Trends


The analysis of publication years reveals a clear evolution in the scholarly focus on ports and climate change, highlighting distinct growth phases in the literature.



Early Period (1997–2009): Limited and Theoretical Contributions: The earliest identified studies date back to 1997 and 1999, with only a handful of publications before 2010. These early works were largely theoretical or conceptual, discussing broad environmental concerns but lacking direct empirical investigation into ports’ climate adaptation strategies. Given the limited number of studies, port resilience and climate mitigation were not yet recognized as urgent academic concerns.



Growth Phase (2010–2019): Increasing Recognition and Empirical Research: A notable rise in publication activity was observed during this period, marking a shift from conceptual discussions to empirical research. This growth coincides with global climate policy advancements, such as the Paris Agreement and the IMO’s decarbonization initiatives, which may have driven academic interest in port sustainability and climate adaptation. Research in this period increasingly incorporated case studies, quantitative modeling, and climate risk assessments, reflecting a more data-driven approach.



Recent Surge (2020–Present): Intensified Focus on Adaptation and Resilience: The median publication year of the analyzed studies is 2020, indicating that the majority of research on ports and climate change has emerged in the last few years. This surge reflects the growing urgency of climate adaptation in port infrastructure, logistics, and governance. Recent studies show an increased focus on practical solutions, such as renewable energy integration, green port initiatives, and policy frameworks for climate resilience. The rapid increase in publications also suggests a growing interdisciplinary collaboration, with contributions spanning engineering, environmental science, maritime policy, and economics.



In the early years (1997–2010), research was primarily focused on sea-level rise, coastal erosion, and vulnerability, indicating an emphasis on physical environmental impacts on port infrastructure. Over time, terms related to climate change adaptation and GIS-based assessments gained prominence, reflecting an increasing focus on resilience planning and risk assessment methodologies. From 2015 onwards, emerging research trends began incorporating sustainability, energy efficiency, and emission reduction, aligning with global climate policies such as the Paris Agreement and IMO decarbonization efforts. In recent years, research has expanded to include critical infrastructures, estuarine ports, and compound climate risks, demonstrating a shift toward integrated risk management approaches and technological innovations in port resilience.



Early research was problem-focused, identifying climate risks. Mid-phase research started integrating solutions, modeling, and adaptation strategies. Recent studies have expanded into interdisciplinary areas like sustainability, resilience, and policy.




4.2. Keyword Analysis


A total of 1715 keyword terms and 1496 author keywords were identified, with 829 and 1081 unique terms, respectively. The most frequently occurring keyword appeared only twice, indicating a highly fragmented terminology. However, after categorization of different spellings, plural–singular forms, and different keyword combinations into appropriate sections, a more precise visual of the use of keywords presents itself. In total, 24 keyword terms were used 711 times. The frequency analysis shows that “Climate Change” is the most frequently mentioned keyword. “Impact” and “Port” are also prominent, highlighting concerns about the effects of climate change on port infrastructure and operations. The frequency of “Management” and “Model” suggests a focus on strategic planning and predictive approaches. “Adaptation” and “Sea Level/Sea-Level Rise” indicate growing concerns over rising sea levels and the necessity of adaptive strategies. The mentions of “Transport” and “Emission” emphasized environmental concerns. The presence of “Vulnerability”, “Sustainability”, and “Resilience” suggests a strong interest in long-term stability and environmental resilience. “Policy”, “Strategy”, and “Competition” highlight regulatory and economic aspects, while “Disaster” and “Risk” point to climate-related hazards. Table 1 demonstrates a keyword frequency analysis.




4.3. Methodological Approaches


The analysis of research methodologies in port and climate change studies highlights a diverse range of approaches. Among the 318 analyzed studies, quantitative methods dominate with 193 studies, followed by qualitative methods with 96 studies and mixed methods with 15 studies. This distribution suggests that empirical and data-driven approaches are prioritized in the field. However, qualitative research also plays a crucial role in shaping policy discussions and governance frameworks.



The analysis of research methods shows (Table 2) that reviews are the most frequently used approach, indicating a firm reliance on existing literature to analyze climate change-related topics. Statistical methods also appear prominently, highlighting the importance of quantitative analysis in this field. Case studies are commonly employed, suggesting a focus on real-world applications and localized impacts. Modeling and mapping methods, along with scenario-based approaches, reflect an interest in predictive analysis and future planning. Simulation techniques are used but less frequently, while multi-criteria decision-making (MCDM) and content analysis show a more specialized application. Experimental methods and focus groups are the least utilized, indicating that empirical and participatory research approaches are less common in this area. A deeper examination of detailed methodological approaches reveals significant variation across research paradigms.



Case study-based methods are prominent across both qualitative and quantitative research, indicating that real-world port adaptation strategies and regional analyses are commonly explored through case study methodologies.



Review-based methods appear predominantly in qualitative studies, reflecting the extensive use of literature reviews and policy assessments to examine port resilience strategies. Quantitative studies also employ reviews, often in combination with empirical models or statistical evaluations.



Statistical and quantitative modeling methods are heavily concentrated in quantitative research, underscoring the field’s reliance on numerical modeling, econometric analysis, and statistical simulations to assess climate risks, emission impacts, and economic resilience.



Modeling and simulation-based methods are widely utilized in quantitative studies incorporating numerical simulations, game-theoretical models, and system dynamics approaches to analyze climate change adaptation in ports. This aligns with the growing trend of predictive analytics and decision-support tools in maritime research.



Experimental and scenario-based methods, such as simulation experiments, resilience models, and risk assessments, are observed primarily in quantitative research. Survey-based methods are predominantly used in both quantitative and qualitative studies to capture expert opinions and stakeholder perspectives on climate adaptation in ports.




4.4. Data Utilization


Reviewed studies were utilized that incorporate both primary and secondary data sources, with a strong preference for secondary data. Secondary sources, including external databases, literature reviews, and publicly available datasets, are the most widely used and appear in the majority of studies. This reflects a reliance on pre-existing information for both quantitative and qualitative research, emphasizing empirical modeling and database-driven analyses. In contrast, primary data collection, such as surveys, interviews, and field observations, is less frequently employed. Case studies and web-based sources are among the more commonly used primary data collection methods, indicating a preference for structured, real-world examples and online resources. Interviews, questionnaires, and observations are used to a lesser extent, suggesting a more selective approach to direct data collection. Focus groups are the least utilized, highlighting the limited role of participatory research methods in this field.



A small number of studies adopt a mixed-method approach, integrating both primary and secondary data to enhance their findings. Additionally, a minor proportion falls under unspecified or unconventional data sources. Overall, the findings emphasize the dominance of secondary data and literature-based sources, with a more selective and limited use of direct data collection methods. Figure 2 demonstrates a data collection diagram.




4.5. Geographic Focus and Scale


Studies covered 67 distinct regions, reflecting global interest in port-related climate challenges. Among those with a defined location, 42 studies adopt a general/global approach, analyzing climate impacts and port adaptation strategies at an international level. The USA (25 studies) and China (22 studies) remain the most frequently examined regions, reflecting their roles as major maritime economies with substantial port infrastructure. In Europe, 27 studies focus on specific countries, including Spain, Italy, Greece, Ireland, Germany, the United Kingdom, Cyprus, Croatia, Denmark, Sweden, Norway, Portugal, the Netherlands, and Bulgaria, with Spain and Italy leading the research. This highlights the decisive engagement of European maritime nations in port-climate research, likely driven by EU environmental policies, coastal vulnerability, and regional adaptation initiatives. Figure 3 demonstrates the geographic focus distribution of the research.



The scale of focus in research also reveals a significant finding. Studies broadly examine major seaports, reflecting their significance in economic resilience and vulnerability to climate change impacts. Beyond ports, research also extends to terminals, addressing localized cargo-handling facilities and docking infrastructure within broader port systems. Some studies shift their focus to coastal and harbor areas, including urbanized coastal regions, emphasizing climate risks beyond port operations. Smaller maritime zones such as marinas, fisheries, straits, and rivers receive limited attention. Specialized logistical hubs, such as dry ports, shipyards, and island-based facilities, appear scarcely in the literature, suggesting gaps in the research coverage.




4.6. Research Topic, Disciplinary Scope, and Concept Co-Occurrence


The analysis of research areas, Web of Science (WoS) categories, and concept co-occurrence highlights the highly interdisciplinary nature of port-related climate change studies, incorporating perspectives from engineering, environmental sciences, economics, policy, and logistics. The dominant focus on transportation reflects the crucial role of ports in global trade, supply chain resilience, and economic stability, making climate adaptation a key concern for sustainable maritime operations. The strong presence of environmental sciences and sustainability research underscores the growing awareness of ecological impacts, carbon emissions, and the need for adaptation strategies to ensure long-term port functionality amid climate threats.



Additionally, studies categorized under marine engineering and ocean sciences indicate a technical approach to climate challenges, often addressing structural resilience, hydrodynamic modeling, and predictive simulations to assess risks such as storm surges, sea-level rise, and extreme weather events. Research incorporating international relations and policy studies further suggests an increasing focus on governance mechanisms, regulatory frameworks, and global cooperation in port adaptation strategies, highlighting the role of policymakers in mitigating climate risks across interconnected maritime networks. Figure 4 demonstrates the Concept Co-occurrence Map.



The concept co-occurrence analysis provides further insight into the clustering of research themes, reinforcing the multifaceted nature of the field. Three major research clusters emerge:



Engineering, Environmental Science, and Ecology (Green Cluster): This cluster emphasizes the technical and sustainability-driven aspects of port adaptation, including renewable energy integration, emission control technologies, and environmental engineering approaches to mitigating climate risks.



Geography, Climate Change, and Oceanography (Red Cluster): This grouping focuses on spatial, geophysical, and coastal vulnerability aspects, addressing topics such as sea-level rise, storm surges, coastal erosion, and geotechnical engineering challenges that influence port infrastructure resilience.



Economics, Business, and Political Science (Blue Cluster): The third cluster underlines the financial, regulatory, and policy-driven dimensions of climate adaptation in ports, including investment in green port technologies, economic incentives for low-carbon shipping, and legislative frameworks for port resilience planning.



The clustering settings suggest strong associations between key terms, with smaller clusters merging into larger thematic groups, ensuring a structured visualization of how different disciplines interact in port-climate research. These findings confirm that port-climate change research is evolving as a multidisciplinary field where scientific, technical, and socio-economic perspectives are increasingly integrated.



While adaptation and mitigation remain dominant themes, governance, policy, and operational aspects are also gaining traction, indicating a shift toward more holistic adaptation strategies. Future research could further enhance the integration of engineering solutions with policy measures, ensuring that effective regulatory and economic frameworks support technological advancements in port resilience. This cross-disciplinary approach is essential for developing sustainable, climate-resilient port systems that can withstand environmental uncertainties while maintaining their critical role in global trade and economic stability.




4.7. Publication Sources


The reviewed articles were published across 159 unique journals, highlighting the broad disciplinary reach of port-climate change research. The analysis of publication sources reveals that research on ports and climate change is primarily published in multidisciplinary journals covering sustainability, marine science, and transportation policy. Leading outlets include Sustainability and the Journal of Marine Science and Engineering, reflecting a strong focus on environmental resilience and technical advancements in maritime infrastructure. Additionally, Maritime Policy Management and Marine Policy highlight the role of governance, regulatory frameworks, and strategic planning in climate adaptation. This emphasizes the integration of climate considerations into broader transport and logistics research. These findings indicate that port-climate research spans environmental science, engineering, policy, and transportation disciplines, reinforcing its highly interdisciplinary nature. Table 3 demonstrates the publication sources of the studies.




4.8. Bibliographic Coupling and Citations


The analysis of citation data indicates that research in this field has a mean citation count of 23.15, with citations ranging from 0 to over 35. While some studies are highly influential, 25% of papers have received three or fewer citations, reflecting a mix of well-established research and emerging contributions. The most cited studies exhibit clear trends in methodology, geographic focus, and subject matter. Ref. [82], the most frequently cited work, explores energy efficiency in ports through a qualitative review of operational improvements. Similarly, ref. [103] analyzes flood risk adaptation using a review-based approach to evaluate the impact of sea-level rises globally. Studies by [6,104] address natural environmental changes and port-climate adaptation strategies, respectively. The former focuses on mangrove expansion in Ireland, while the latter employs a survey-based quantitative approach to assess global port resilience planning. Ref. [105] contributes to the discussion by examining GHG emissions in Swedish ports and assessing mitigation strategies. Most of these highly cited studies fall within the growth phase of the research field, serving as foundational works for emerging investigations.



The bibliographic coupling analysis, based on publication years, further highlights the temporal evolution of research. Earlier influential studies, such as those by [6,103], laid the groundwork for subsequent research, particularly in climate adaptation and port vulnerabilities. More recent works by authors such as [106,107] reflect a shift toward applied research, with increased attention to real-world implementation, resilience strategies, and operational sustainability. Distinct research clusters remain visible, but newer studies demonstrate increased interconnectivity, suggesting a more assertive interdisciplinary approach. Authors such as [82,105] continue to act as pivotal links between different research streams, particularly in transport logistics efficiency and emissions reduction. Figure 5 demonstrates bibliographic coupling by publication year.



The citation analysis underscores the uneven distribution of the research impact, with some studies achieving significant recognition while others remain relatively obscure. The growing academic interest in sustainable port development is evident in the steady increase in research output over time. While early studies primarily addressed theoretical frameworks and vulnerability assessments, recent contributions are more focused on policy integration, operational efficiency, and the practical implementation of sustainability measures. Geographically, the research varies between global-scale analyses and region-specific studies, with an increasing emphasis on localized adaptation strategies.



Overall, the findings demonstrate a well-connected and evolving research landscape in port sustainability and climate change adaptation. While foundational studies continue to shape contemporary discussions, new research directions are emerging in response to evolving climate challenges and regulatory frameworks. The interdisciplinary nature of recent studies suggests a shift towards more integrated approaches, bridging traditional maritime research with broader environmental governance and policy considerations.





5. Discussion


The bibliometric analysis conducted in this study provides critical insights into the evolving research landscape on climate change and ports. A total of 914 studies were initially identified, with 318 selected for detailed analysis. The temporal distribution of these studies indicates a significant increase in scholarly attention to port-related climate issues, particularly since 2010 [1,25]. This trend aligns with global policy developments, such as the Paris Agreement and the IMO’s decarbonization initiatives, which have driven both academic and practical interest in port sustainability and climate adaptation [4].



The analysis revealed three distinct phases in the development of climate change and port-related research. The early period (1997–2009) was characterized by primarily conceptual studies that focused on broad environmental concerns with limited empirical investigations. During the growth phase (2010–2019), there was a notable increase in publications emphasizing empirical research and data-driven approaches, including climate risk assessments and case studies. The most recent phase, termed the surge period (2020–present), has seen a proliferation of studies focusing on resilience planning, sustainability, and interdisciplinary collaborations.



Quantitative methods have dominated the research landscape, accounting for 61% of the studies, followed by qualitative approaches (30%) and mixed methods (9%). The widespread use of statistical models, GIS-based assessments, and bibliometric analyses reflects a strong inclination toward empirical and data-driven research methodologies. Additionally, secondary data sources were employed in 73% of the reviewed studies, highlighting the need for more field-based research incorporating primary data collection [108].



The research exhibits a diverse geographical distribution, covering 67 distinct regions. The highest concentration of studies has been conducted in economically significant maritime regions, with the USA (18%), China (16%), and Europe (20%) contributing the largest share [25]. Leading institutions in this field include the University of Rhode Island, the Universitat Politècnica de Catalunya, and the Universidad de Cantabria, demonstrating strong academic engagement in port resilience studies [7].



Despite significant advancements, several research gaps remain. Standardized methodologies for emission assessments are still lacking, and interdisciplinary collaboration between engineering, environmental science, and policy studies requires further strengthening [2]. Additionally, there is a need for unified frameworks for carbon footprint calculations in ports and greater integration of empirical research through primary data collection. Future research should also focus on technological innovations in port sustainability, such as renewable energy integration and digitalization for climate adaptation.



The findings of this study suggest that policymakers should prioritize the following key areas: strengthening regulatory frameworks to enhance port sustainability and reduce emissions, encouraging public–private partnerships to finance green port initiatives, integrating climate adaptation measures into national and international maritime policies, and promoting cross-sectoral collaboration between port authorities, government agencies, and research institutions.



This study underscores the increasing scholarly and practical focus on the intersection of ports and climate change. While research in this area has expanded significantly, addressing gaps related to policy integration, data standardization, and interdisciplinary collaboration remains crucial. Moving forward, a holistic approach that combines scientific research, technological innovation, and policy implementation will be essential in building climate-resilient and sustainable port operations [46,109]. The significant recent increase in publications focusing on adaptation and resilience indicates that port authorities should utilize this growing body of recent work to enhance their strategic planning. Furthermore, the common use of modeling and scenario methodologies in the literature offers practical tools that port decision-makers can utilize for more sophisticated, data-driven risk assessments, and the evaluation of adaptation options tailored to their specific environmental and operational contexts. The interdisciplinary nature of the research, blending technical, economic, and policy aspects, suggests that effective climate action requires port stakeholders to integrate these viewpoints, aligning engineering solutions with financial considerations and policy support.




6. Conclusions


The findings of this study underscore the critical connection between ports and climate change, highlighting their susceptibility to climate-related risks and their role in environmental impacts. The bibliometric analysis shows an increasing interest in research focused on climate adaptation strategies, emission reduction, and sustainable port operations, particularly in light of global climate policies and heightened environmental awareness.



An examination of the key themes in the literature reveals that the most urgent issues include climate change, sea-level rise, emissions, vulnerability, waves, air pollution, disasters, and risks. To tackle these challenges, various studies suggest solutions such as models, adaptation strategies, systems, scenarios, performance improvements, and resilience-building measures. Furthermore, the findings emphasize the necessity for better management approaches, strategic planning, and policy development to address climate risks and promote port sustainability effectively.



Ports are facing escalating challenges from rising sea levels, extreme weather events, and regulatory pressures, which call for integrated and multidisciplinary solutions. The growing emphasis on sustainability, resilience, and green port initiatives indicates a shift towards more proactive climate adaptation measures. However, there are still gaps in standardized carbon footprint calculations, interdisciplinary collaboration, and policy implementation, which require additional research and coordinated global efforts. Our bibliometric analysis confirms that policy development is recognized as a crucial element in addressing climate risks and promoting sustainability in ports. Although a detailed comparative evaluation of specific policies across regions was beyond this study’s scope, such research is clearly needed to understand the effectiveness of different governance structures and inform practical implementation.



This study has several limitations. A key limitation is that our analysis relied solely on the Web of Science database, potentially omitting studies published in other sources. Also, our keyword search strategy might not capture all relevant papers due to variations in terminology used across different fields. To build on this work, future bibliometric reviews could provide a more comprehensive picture by including other databases like Scopus and consulting experts to validate keywords, which would also improve the accuracy and scope of such analyses.



Future research should investigate innovative mitigation strategies, technological advancements, and regulatory frameworks that support climate-resilient port operations. Enhancing international collaboration and promoting sustainable practices will be vital to ensuring that ports remain crucial nodes of global trade while reducing their environmental impact. Future research should concentrate on cutting-edge topics such as climate change adaptation and digital transformation, especially examining the relationships between cities and ports and sustainability initiatives. These subjects are essential for determining how ports will develop in the future. To acquire a more thorough understanding, future research could benefit from integrating bibliometric analyses with in-depth qualitative analyses of research methodologies, data sources, and findings.
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Figure 1. Flow diagram of study selection process (adapted from PRISMA Framework [102]). 
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Figure 2. Distribution of utilized data collection tools. 
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Figure 3. Geographic focus distribution of the research. 
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Figure 4. Concept co-occurrence map. 






Figure 4. Concept co-occurrence map.



[image: Sustainability 17 03542 g004]







[image: Sustainability 17 03542 g005] 





Figure 5. Bibliographic coupling by publication year. 
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Table 1. Keyword frequency table.
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	Keyword
	Frequency
	Keyword
	Frequency





	Climate Change
	65
	Wave
	18



	Impact
	50
	System
	17



	Port
	45
	Scenario
	17



	Management
	37
	Policy
	17



	Model
	33
	Competition
	17



	Adaptation
	29
	Performance
	16



	Sea Level/Sea-Level Rise
	26
	Air Pollution
	15



	Transport
	22
	Coast/Coastal
	15



	Emission
	21
	Resilience
	15



	Vulnerability
	21
	City
	14



	Sustainability
	18
	Disaster
	13



	Strategy
	18
	Risk
	13










 





Table 2. Methods used in the studies.






Table 2. Methods used in the studies.





	Methods
	Frequency
	Percent (%)





	Review
	146
	33.40



	Various Statistical Methods
	133
	30.43



	Case Study
	49
	11.21



	Modeling/Mapping
	34
	7.78



	Scenario-Based Methods
	27
	6.17



	Simulation
	17
	3.89



	MCDM
	12
	2.74



	Content Analysis
	11
	2.51



	Experiment
	5
	1.14



	Focus Group
	2
	0.457










 





Table 3. Publication sources of the studies.






Table 3. Publication sources of the studies.





	Publication Sources
	Frequency
	Percent (%)





	Sustainability
	12
	3.773585



	Journal of Marine Science And Engineering
	11
	3.459119



	Marine Policy
	7
	2.201258



	Maritime Policy Management
	4
	1.257862



	Water
	4
	1.257862



	Applied Sciences-Basel
	3
	0.943396



	Coastal Engineering
	3
	0.943396



	Frontiers In Marine Science
	3
	0.943396



	Journal of Coastal Research
	3
	0.943396



	Transportation Research Part D-Transport And Environment
	3
	0.943396



	Energies
	2
	0.628931



	Ocean Coastal Management
	2
	0.628931



	Maritime Economics Logistics
	2
	0.628931



	Environmental Science and Pollution Research
	2
	0.628931



	Computers Industrial Engineering
	2
	0.628931



	International Journal Of Disaster Resilience In The Built Environment
	2
	0.628931



	Transportation Research Record
	2
	0.628931



	Remote Sensing
	2
	0.628931
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