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Abstract: Background: The increasing frequency and severity of extreme weather events
(EWEs) as a consequence of climate change pose critical challenges on the transport and lo-
gistics sector, hence requiring systematic evaluation and strategic adaptation. Methods: This
study conducts a comprehensive systematic literature review (SLR) of 147 peer-reviewed
articles and reports through a PRISMA framework to comprehensively identify key weather-
induced challenges, quantify their operational, infrastructural and economic impacts, and
explore alternative mitigation strategies. Results: With a greater focus on rainfall, flooding
and snowfall, this study highlights their notable impacts causing reductions in transport
efficiency, increased maintenance costs and substantial financial losses. Also, it emphasizes
the role of advanced technologies, resilient infrastructure, and adaptive policy frameworks
as critical enablers for enhancing sector resilience while simultaneously formulating a
robust roadmap for cities and companies with actions ranging from direct operational
adjustments to long-term transformational changes in policy and infrastructure. Conclu-
sions: This work underscores the importance of using a data-driven approach to safeguard
transport and logistics systems against evolving climate risks contributing to the broader
goal of sustainable urban resilience and operational continuity.

Keywords: extreme weather events; transport resilience; urban logistics; infrastructure
vulnerability; climate change adaptation; operational disruptions; adaptive strategies

1. Introduction
Climate change, primarily driven by human activity (greenhouse gas emissions), is

considered one of the most critical challenges of our time. Among others, the increased oc-
currence of phenomena such as wildfires, floods, droughts, and heatwaves poses significant
threats to public health, infrastructure, and economic resilience to modern societies [1–3].
The logistics sector, valued at over EUR 8.4 trillion in 2021 and projected to exceed EUR
13.7 trillion by 2027 [4], is particularly vulnerable to these threats due to its dependence on
infrastructure and time-sensitive operations.

One of the most visible consequences of climate change is the alteration of the water
cycle leading to increased frequency and intensity of rainfall events due to warming.
Specifically, studies highlight that global precipitation can increase by approximately 1.5%

Logistics 2025, 9, 32 https://doi.org/10.3390/logistics9010032

https://doi.org/10.3390/logistics9010032
https://doi.org/10.3390/logistics9010032
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/logistics
https://www.mdpi.com
https://orcid.org/0000-0002-0652-7028
https://orcid.org/0000-0002-9809-8485
https://orcid.org/0000-0003-4439-0381
https://orcid.org/0000-0002-1494-7276
https://doi.org/10.3390/logistics9010032
https://www.mdpi.com/article/10.3390/logistics9010032?type=check_update&version=2


Logistics 2025, 9, 32 2 of 28

for each degree of temperature rise [5,6], a trend that decreases the predictability of weather
patterns. As evidence, the likelihood of experiencing severe floods like those in Louisiana
in 2016 and Houston in 2017 has significantly increased in recent years [7,8].

The economic implications of such extreme weather events and their increasing trend
are evident since, between 2011 and 2020, weather-related global losses were estimated
at USD 2.5 trillion with the average cost per event increasing by 77% during the last
50 years [9]. For the logistics sector specifically, the direct and indirect costs of weather-
related disruption include delayed shipments, infrastructure damages, and poor customer
satisfaction. Flooding, for example, disrupts urban logistics systems, causing road and
bridge closures, damages warehouses and vehicles, and interrupts communication sys-
tems [10]. In Europe alone, weather-induced losses of the logistics sector for the period of
1998 to 2010 were estimated in a range of EUR 1–EUR 6 billions [11].

The rapid growth of e-commerce, which was particularly accelerated by the COVID-19
pandemic, is projected to increase by 78% by 2030 [12,13]. This growth has created sig-
nificant operational challenges for logistics companies, especially in urban areas where
infrastructure vulnerability intersects with growing delivery demands. This situation is
particularly exacerbated by extreme weather events, with flooding, for example, emerging
as a major threat of urban environments which not only disrupts traffic and damages
infrastructure but also directly impacts the urban logistics by affecting delivery efficiency,
customer satisfaction and operational costs [14]. As consumers increasingly rely on e-
commerce and expect quick and reliable deliveries, logistical networks face mounting
pressure to perform under climate-induced disruptions, where even minor delays can
cascade into significant operational challenges. This inefficiency highlights the critical need
for constructing resilient infrastructure and adopting adaptive operational strategies.

To enhance the resilience of logistics and transport systems against climate change,
a deep understanding of weather-induced impacts is crucial. This study conducts a com-
prehensive systematic literature review regarding the impact of extreme weather events
on transport and logistics systems, with a greater focus on urban and peri-urban areas.
Thus, the main goal of the review is to quantify the impact of climate-related disruptions
on logistics operations and infrastructure and to explore innovative strategies that various
stakeholders can implement to increase their resilience. Additionally, it offers an action-
able roadmap to assist cities and companies strengthen their resilience to climate change.
The principal contribution of this study lies in bridging the gap between theoretical knowl-
edge and practical interventions supporting the development of robust and adaptable
systems capable of responding to increasingly unpredictable environmental challenges.

The rest of the paper is organized as follows: Section 2 outlines the SLR methodology
employed; Section 3 presents the results of the bibliometric and thematic analyses, offer-
ing detailed insights into the key trends and classifications; Section 4 proposes a policy
roadmap providing actionable recommendations for enhancing the resilience of transport
and logistics systems; Section 5 outlines a future research agenda identifying gaps and
opportunities for further investigation; and Section 6 delivers the conclusions of the study.

2. Methods
In the context of the ongoing climate crisis, numerous studies worldwide explore

the impacts of various extreme weather events on transport and logistics operations and
infrastructure, while others propose drastic measures to mitigate weather-related effects.

This study employs a systematic literature review framework to identify the most
threatening weather events (characterized by increased frequency and/or intensity), docu-
ment their impacts—including financial losses, damages and disruptions—and discusses
the most effective actions from the perspectives of different stakeholders. To ensure a struc-
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tured and transparent review process, the PRISMA framework is used for journal articles
selection and review ensuring compliance with recognized standards [15]. Beyond the SLR,
a second outcome of the study is a roadmap designed to help cities and companies develop
resilient transport and logistics infrastructure and operations.

The literature review is organized into six steps initiated by the problem definition
and the establishment of inclusion criteria. The following steps structured, according to
the PRISMA framework, include an extensive search for scientific articles across dedicated
databases, an initial screening of article abstracts, and the selection of final publications
through an in-depth full-text review. The final stages include extracting and analyzing data,
drawing conclusions and presenting the findings through visualizations.

2.1. Problem Definition and Inclusion Criteria

The increased frequency of extreme weather events amplifies the uncertainty in main-
taining the resilience of supply chains and transport systems. City logistics, as a crucial
component of supply chains, are particularly vulnerable to weather-induced challenges
which can impact them with disruptions and damages. Such challenges can subsequently
escalate costs for various stakeholders including Logistics Service Providers (LSPs), com-
panies, and city authorities. To address these challenges and enhance system resilience,
the following research questions are defined in order to provide a comprehensive un-
derstanding of the interplay between climate-induced events and transport and logistics
systems and to explore the efficacy of specific interventions in strengthening resilience:

• Research Question 1: What are the key climate-induced events impacting transport and
logistics, and how do they affect operational efficiency and infrastructure resilience?

• Research Question 2: How do extreme weather events, such as heavy rainfall or snow-
fall disrupt transport operations and infrastructure resilience, and what are their
consequences on efficiency and infrastructure?

• Research Question 3: What are the direct and indirect economic impacts of extreme
weather events on transport operations, including revenue losses, increased costs, and
infrastructure maintenance?

• Research Question 4: What strategies and policies enhance the resilience of transport
and logistics systems to climate change and how effective are they in maintaining
operational and economic stability?

2.2. Research Databases and Filtering Criteria Selection

The initial identification of the relevant literature is conducted using Scopus and Web
of Science as the two primary databases. These databases are chosen for their extensive
coverage and their broad recognition within the research community for the quality of
included articles. To supplement this search, Google Scholar is also utilized to address
gaps in the literature, particularly for company-related evidence. Specifically, a critical
limitation arises from the scarcity of scholarly evidence on climate change impacts on
logistics operations (especially economic dimensions) due to the hesitancy of companies to
share their data because of competitive concerns or conflicts of interest.

To mitigate this gap, technical reports from reputable institutions (e.g., McKinsey &
Company, Deloitte, World Economic Forum, and European Commission) are included in
the analysis. These organizations aggregate anonymized insights from multiple industry
stakeholders and publish consolidated and sector-wide figures that individual firms may
withhold. While non-scholarly, these reports offer practical, real-world data and strategic
analyses that complement theoretical frameworks in academia. These reports are also
screened through PRISMA criteria (relevance, methodological transparency, and institu-
tional credibility) and are excluded if they are promotional or methodologically unclear.
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Advanced analytics tools available within these databases are employed for filtering, while
Mendeley software is used to organize the publications.

The filtering process follows a structured approach; initially, publications before 1985
and those written in languages other than English are excluded, while subsequently, the
type of document is considered, retaining only those subjected to peer review (journal
articles, books, book chapters, conference proceedings and formal reports).

2.3. Literature Identification and Preliminary Screening

As outlined by the PRISMA framework, the literature undergoes a preliminary screen-
ing based on two main criteria. The first criterion includes the studies that explicitly assess
the impact of climate change and extreme weather events, while the second ensures the
studies are closely aligned with the research areas of the study. The following table (Table 1)
summarizes the search, inclusion and qualification criteria applied in the current systematic
literature review.

Table 1. A summarization of the whole SLR methodology with the filters and the inclusion criteria.

Criterion Description

Databases Web of Science, Scopus and Google Scholar

Topics

Web of Science-TS = (‘transport’ AND ‘logistics’ AND ‘rainfall’ AND ‘impact’) OR TS = (‘transport’
AND ‘logistics’ AND ‘climate’ AND ‘change AND ’impact’) OR TS = (‘transport’ AND ‘logistics’

AND ‘climate’ AND ‘change’ AND ‘policy’)

Scopus-TITLE-ABS-KEY = (‘transport’ AND ‘logistics’ AND ‘rainfall’ AND ’impact’) OR
TITLE-ABS-KEY (‘transport’ AND ‘logistics’ AND ‘climate’ AND ‘change’ AND ‘impact’) OR

TITLE-ABS-KEY (‘transport’ AND ‘logistics’ AND ‘climate’ AND ‘change’ AND ‘policy’)

Scholar Google-TITLE-ABS-KEY = (‘transport’ AND ‘logistics’ AND ‘rainfall’ AND ‘impact’) OR
TITLE-ABS-KEY (‘transport’ AND ‘logistics’ AND ‘climate’ AND ‘change’ AND ‘impact’) OR

TITLE-ABS-KEY (‘transport’ AND ‘logistics’ AND ‘climate’ AND ‘change’ AND ‘policy’)

Inclusion (I) Time of coverage: all years of the database (1945–2024), although a special focus has been given
to the most current studies the last years (2000–2024); (II) Source Relevance.

Qualification

(I) Does the study address the impacts of climate change on road infrastructure and/or the
adaptation measures needed to minimize them? (II) Does the research present a well-founded

literature review? (III) Does the study present technical innovation? (IV) Are contributions
discussed? (V) Are limitations explicitly stated? and (VI) Are the results and conclusions consistent

with the pre-established objectives?

Search Date 2 January 2024

To ensure the relevance of the publications during the initial screening stage, the title,
the abstract and the keywords of each article are carefully assessed, while particular em-
phasis is placed on the articles focusing on logistics operations and cost-based assessments.

2.4. Literature In-Depth Screening

After the preliminary review, an in-depth evaluation is conducted to finalize the list of
publications. The full text of each article is examined, and studies falling outside the scope
of this research or lacking sufficient analytical depth and results are excluded. Since this
step represents the final stage of the PRISMA framework, the structured process along with
the inclusion and exclusion results are illustrated in the following diagram (Figure 1).
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Figure 1. The PRISMA statement followed within the SLR of the current study.

Initially, a comprehensive search is conducted using major academic databases in-
cluding Scopus (85 articles identified), Web of Science (68 articles), and Google Scholar
(124 articles) resulting in a total of 277 articles. During the identification phase, 8 duplicate
articles are removed, 6 of which are identical duplicates and 2 represent the same article
found in different databases, leaving 269 unique records. In the screening phase, 38 articles
are excluded based on specific criteria: publication date (before 1985), document type
(excluding conference abstracts, editorials or letters) and language (other than English),
a process that results in 231 eligible articles. Further examination during the eligibility phase
leads to the exclusion of 2 articles due to limited accessibility. The remaining 229 articles
are reviewed in more detail, leading to the further exclusion of 82 publications (28 due
to irrelevance to the study topic and 54 because they are not peer reviewed). The final
set of 147 articles undergoes qualitative synthesis to analyze the data and gain insights
related to the research questions. Finally, these 147 articles are included in a meta-analysis
to quantitatively combine the findings and enhance the robustness and replicability of
the conclusions.

2.5. Data Extraction and Analysis

The selected literature is collected and managed using dedicated software, and the
basic bibliometric statistics are calculated for the list of publications. Specifically, two tools
are employed; the first is Mendeley used for collecting, storing and organizing the selected
publications, and the second is VOSviewer, which is an open-access program used to map
the bibliographic data and generate network visualizations.

2.6. Data Synthesis and Visualization

The in-depth analysis is conducted using Excel spreadsheets and Python to synthesize
the extracted data from publications and visualize the findings respectively. The bibliomet-
ric analysis is focused on mapping the general characteristics of the publications, including
publication type, year, journal and area of interest. Meanwhile, the thematic analysis is
aimed to synthesize and aggregate the data and results from the studies, addressing the
research questions outlined in the SLR analysis.
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3. Results
3.1. Bibliometric Analysis

The bibliometric analysis is organized into four main areas. The first focuses on
keyword and term analysis, mapping the frequency and the co-occurrence of specific
words. The second examines the publication characteristics such as the year of publication
and the journals in which the articles are published. The third area involves geographic
analysis exploring aspects like areas of interest. Lastly, the fourth investigates the types
of analysis employed, distinguishing between quantitative, qualitative, and literature
review approaches.

3.1.1. Keyword and Term Analysis

The first part of the bibliometric analysis is focused on the keyword and term analysis
of the selected publications. The following figure (Figure 2) is a network visualization map
generated from VOSviewer software and depicts the frequency of the occurrence of words
within the final 147 publications and the different relationships between these keywords
over time.

Figure 2. Network of interconnections between keywords.

The landscape presented in the above figure provides several key insights into the
interrelations of keywords, while the color gradient visually represents the temporal
evolution of research focus with more recent keywords likely appearing in yellow (newer).
The central and most connected node is “climate change”, underscoring its pivotal role and
highlighting its strong linkages with “extreme weather events” and the “transportation
system”. A dominant cluster of terms includes “transportation”, “transport network”, and
“transport infrastructure” highlighting the significant focus on understanding the impacts
of climate change on transport and logistics systems. This suggests that research aims to
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illuminate how climate change influences the design, operation, and resilience of transport
operations and infrastructure.

Another distinct cluster features “weather”, “weather condition”, and “precipitation”,
indicating a strong emphasis on examining the impact of meteorological factors and their
influence on the sector. This implies that the research focuses on understanding how
changing weather patterns and extreme weather events cause disruptions and other conse-
quences for transport systems, with studies showing precipitation as the most dominant
event impacting transport systems. Prominent emerging themes are also evident in smaller
clusters and require closer attention. The “adaptation” and “resilience” cluster, for instance,
reflects a growing emphasis on proactive strategies to future-proof transport systems. Simi-
larly, the “operation”, “system”, and “framework” cluster highlights newer research into
systemic approaches in transport resilience to support policymakers.

3.1.2. Publication Analysis

At a next step, the characteristics of the publications are further explored, including the
type of documents, the main journals, and the years of publication. In more detail, the figure
below (Figure 3) contains the different types of document and their year of publication.
Significantly, the journal article is the predominant type of document, being 77% of the total.
Following that, reports by well-known organizations and companies account for 10% and
provide crucial information for supply chain and urban logistics focusing on the lessons
learned from use cases across the world. Finally, conference proceedings make up 7% of
the total entities, while book sections and books constitute the 3% and 2%, respectively.
When it comes to the temporal distribution of the publications, low activity of 1–2 articles
per year is observed until 2010, and after 2011, there is a noticeable increase, reaching the
highest single-year count at 2014 with 18 publications.

Figure 3. (a) Classification of publications based on their type and (b) temporal distribution of the
selected articles’ publication year.

The analysis show that despite the fluctuations in the spatial distribution of publica-
tions, a recent increase in the interest is observed with 13 addressed articles in 2023. Then,
the following table (Table 2) illustrates the distribution of articles across various journals.

The journal Transportation Research Record leads with the highest number of publi-
cations at 13. This journal primarily features quantitative and modeling-focused articles
that analyze the effects of extreme weather events on traffic parameters. Other journals
with a significant number of publications include Natural Hazards with 9 publications,
which is more related to articles related to the infrastructure, and Sustainability with also
9 publications which contain multiple studies, including mitigation actions.
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Table 2. Distribution of journal publications by key metrics.

Journal Name Count % Publisher IF Research Category (WoS)

Transportation Research Record 13 9.92% SAGE 1.6 Transportation Science and
Technology | Engineering, Civil

Natural Hazards 9 6.87% Springer 3.3 Water Resources

Sustainability 9 6.87% MDPI 3.3
Green and Sustainable Science and

Technology |
Environmental Sciences

Transportation Research Part D:
Transport and Environment 6 4.58% Elsevier 7.4 Transportation

Science and Technology

Journal of Transport Geography 5 3.82% Elsevier 5.7 Transportation | Economics |
Geography

Transportation Research Procedia 4 3.05% Elsevier N/A N/A

Sustainable Cities and Society 3 2.29% Elsevier 10.5

Green and Sustainable
Science and Technology |
Construction and Building

Technology | Energy and Fuels

3.1.3. Geographical Analysis

The following part of the analysis provides insights about the geographic distribution
of the countries under analysis and the administrative level of focus of each study, from local
to global.

Geographically (Figure 4b), the United States leads with 21 cases, followed by China
(12), the United Kingdom (14), and Greece (8), while other notable contributors include
Canada, Germany, and Japan, and limited representation with only a few cases is observed
in Africa and South America. When it comes to the level of analysis, the most use cases
focus on Municipal/City (32 studies), National/State (29), and Local (19) levels; higher-level
studies are less frequent with only 4 at the federal level, 2 at continental, and 1 global scale.

Figure 4. (a) Division of studies according to jurisdiction levels and (b) division of studies by country
under analysis.

3.1.4. Focus Analysis

At the final step, the analysis examines the types of studies reviewed, achieving a
distinction between use cases and literature reviews. Use cases assess the impact of extreme
weather on transport and logistics through statistical or conceptual analysis, while literature
reviews compile and report findings from various studies.
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Figure 5 illustrates the distribution of research articles, with 62% focusing on use
cases that emphasize practical applications and 38% consisting of literature reviews that
highlight conceptual insights. Within the context of operational analysis, studies are
further categorized into three areas: operations, infrastructure, and mixed approaches.
The majority of studies (56.8%) address operational aspects such as system functionality and
management under extreme weather conditions, and infrastructure-related studies account
for 29.7%, while mixed approaches which integrate both approaches represent 13.5%.

Figure 5. Division of studies by type and focus of analysis.

3.2. Thematic Analysis

This section thoroughly examines the current literature to address the impacts of
extreme weather events on transport and logistics, detailing both challenges and mitigation
strategies. The thematic analysis considers data-driven and use cases assessment studies,
identifies the most threatening weather events, and maps their quantified impact on
operations and infrastructure. This is achieved through the assessment of various traffic
parameters such as traffic flow and delay and also through the evaluation of damage to
infrastructure (e.g., bridge collapse). Beyond these operational outcomes, the analysis also
compiles the economic impacts of such events on operations and infrastructure, providing a
detailed account of the costs associated with different weather intensities and events. Lastly,
the section maps out the most frequent and effective actions that different stakeholders
are recommended to adopt in order to mitigate the impacts of climate change and extreme
weather events on transport and logistics systems. This comprehensive overview aims
to arm policymakers, planners and industry leaders with the insights needed to enhance
resilience and ensure continuity in the face of environmental challenges.

3.2.1. Identification of Extreme Weather Events

The analysis begins with the comprehensive identification and categorization of ex-
treme weather events that can impact the operations and the infrastructure of transport
and logistics networks as documented in the literature. Figure 6 illustrates the frequency of
occurrence of eight (8) different clusters.
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Figure 6. Weather events assessed in the studies (* incl. sea level rise, humidity and sunlight hours).

The distribution of weather events in scholarly studies presents a clear prioritization
with rainfall extensively examined followed by snowfall and flooding. The predominance
of rainfall in the literature is due to several interconnected factors that bring it into the
spotlight: (1) the increasing global warming has intensified the frequency and severity of
rainfall; (2) the diverse indirect effects such as flooding, fog and surface runoff; and (3) the
existence of studies in regions with significant wet seasons or monsoon climates (e.g., South
Asia, Southeast Asia, and Sub-Saharan Africa). Additionally, rainfall is a weather event
that occurs worldwide, regardless of climate, making the investigation of its impacts
important for all regions. Similarly, snowfall receives substantial attention, particularly
in studies focused on higher-latitude regions where winter weather significantly impacts
transport systems.

In contrast, heatwaves (9%) and cold weather events (5%) remain understudied, often
due to data scarcity or unclear impact correlations. For instance, although temperature
is easily quantifiable, its impact on transport operations is generally less critical than
that caused by other events like rainfall and snowfall, while phenomena with significant
operational impacts and risks (e.g., fog) are difficult to be quantified.

3.2.2. Impact of Extreme Weather Events on Logistics Operations and Infrastructure

A large number of publications is found to have quantified the influence of weather
conditions on transport and logistics operations and infrastructure, either at a local (micro-
scopic) or worldwide (macroscopic) scale. The quantification of these impacts is generally
achieved by modeling and statistics, while certain studies employ literature review or use
case examination.

The assessment of the operational implications for rainfall and snow primarily rely
on statistical analysis, with the occasional use of conceptual models and specialized soft-
ware. The evaluation of the transport infrastructure involves the use of particular Key
Performance Indicators (KPIs) that identify important points within the transport system.
Conversely, the evaluation of the effect of flooding on infrastructure is conducted using
specialized software, and in certain instances the operational consequences after flooding
are examined using statistical techniques (Figure 7).
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Figure 7. The methods utilized through the studies to identify/estimate the quantitative impacts of
extreme weather events on transport and logistics.

In assessing the impact of climate change and extreme weather events on the transport
infrastructure, various methodologies are employed to capture and quantify such effects at
both the municipal and national levels.

The literature reveals various approaches that are utilized to map and quantify the
weather-related impact on the transport infrastructure. Starting with the use cases, the study
of ref. [16] reported the significant rainfall events on 4 and 5 December of 2015 over
Lancaster in the UK, which caused many infrastructural damages such as the closure of
two major bridges and power outages affecting 61,000 residences. Two years later, in 2017,
floods over Mandra (Greece) affected almost 40% of roads and 80% of bridges, with 3.4% of
bridges collapsed [17]. Also, the case of the well-known and intensive Hurricane “Katrina”
was found to cause significant damage to 45 bridges and roadway disruptions across
Louisiana, Mississippi, and Alabama [18].

In a different approach, there are various studies that focus on the flooding impacts
and vulnerability analysis in diverse geographic areas. An interesting study was conducted
in Newcastle-upon-Tyne utilizing a hydrodynamic model (CityCAT 2D) to assess flood
impacts within the urban environment under two weather scenarios: (a) a 10-year return
period event which was found to have a flood depth of 0.13 m and a 24 min delay and (b) a
200-year event leading to an increased depth of 0.86 m and a 42 min delay. Building on
these outcomes, the study interestingly developed a function which correlates water depth
and safety [19]. In a similar vein, a study conducted in Australia developed the pavement
performance curves using the Thornthwaite moisture index [20].

In a different context, future climate scenarios hazard maps, GIS data, and disruption
functions were utilized and predicted increases in road link inundation from 14% to
18% until 2080, while targeted adaptations were found to have a positive impact for
mitigation [21]. Building upon this, the study of ref. [22] identified critical water depths
impacting road usability, highlighting that depths over 30 cm would make roads impassable.
Interestingly, the resilience of Thessaloniki, which is a coastal city, against the sea level
rise (SLR) was assessed under future climate scenarios of CMIP5 (RCP4.5: 0.5 m SLR and
RCP8.5: 1 m SLR by 2100). Specifically, they found that in the intermediate scenario, 1.87%
of the coastal road network would be affected, while the inundation impact factor for
the whole city was calculated at 12.30%. For the worst-case scenario, 3.07% of the coastal
network would be affected, and the impact factor would be further increased to 13.34% [23].
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A third approach involves the use of metrics and KPIs to quantify impacts on transport
networks. The impact of a 4.6 m local flooding level from the Ping River in Chiang Mai was
found to affect over 6.33% of the population [24]. Significantly, the critical vulnerabilities
of the New York transport network were assessed in the study of ref. [25], which found
that a removal of 25% of network nodes reduced the connectivity of the nodes by 50%,
while a 20% node removal reduced the betweenness centrality almost entirely. In a different
environment, a simulated Category 3 hurricane resulted in flooding 13% of the network
nodes, which spiked the average shortest path length by 155% and affected critical network
nodes severely [26].

Building on national-level assessments, other studies employed exposure and vulner-
ability mapping alongside advanced analytical methods. The impact of the 1997 floods on
the road network of Czech Republic was found to have a 30% reduction in serviceability
and a 33% decrease in the weighted network efficiency index. The study also reported that
1.3% of the population of Moravskoslezský was isolated, while for the case of Olomoucký,
the same metric (population isolation) was 6.1% of the citizens, while only 2.7% of road
links were damaged [27].

In a different approach, spatial data were utilized through dedicated software such as
ArcGIS and SedInConnect to predict road flooding in Sweden. The prediction significantly
explained the 85% variation in flood occurrences and achieved 88% accuracy in predicting
flood locations [28]. A study regarding the resilience of the Chinese road network that
used future climate projections (CMIP5) and Open Street Map (OSM) road data predicted
substantial disruptions from extreme rainfall over 10,000 km of highways and 4000 inter-
sections by 2030 and 2050. The analysis highlighted significant risks in Guangdong and
Guangxi provinces, where more than 80% of the highway road network was found to be
vulnerable to extreme precipitation events [29]. In Norway, almost 30% of the total road
network was characterized to be vulnerable to snow avalanches and rockfalls/slides [30].
The novel study of ref. [31] assessed the effects of climate change on the global transport
infrastructure, using CMIP5 climate projections and OSM data through a probabilistic
approach (Generalized Extreme Value). The results forecasted that about 43.6% of global
transport assets could experience at least a 25% reduction in design return periods with
a 2 °C warming by the mid-21st century (increased rainfall), escalating to 69.9% with a
4 °C warming at the late century. Particularly vulnerable areas included parts of North and
South America, Central Africa, and Asia.

Apart from the significant infrastructural damages related to adverse weather events,
the literature highlights significant impacts on the regular working conditions of the urban
transport systems with a greater focus on traffic parameters, such as road capacity, traffic
flow, and safety. For example, an interesting study in Iowa and Minnesota illustrated
that severe weather could escalate costs by up to 30 times and reduce traffic volumes by
7–56%, with winter conditions leading to an 80% traffic reduction under severe visibility
constraints [32]. Complementary findings of a different place in the USA, Virginia, showed
that rainfall decreased the freeway capacity of roads by 4–10% for light rain and by 25–30%
for heavy rain together with speed reductions of 5.0–6.5% [33].

Moving to Greece, the intense and impactful Mandra flooding was found to affect 22%
of basin roads (flooding), significantly increasing travel time by 67.6–117% [17], while in
Arkansas, a runoff of 100 mm was correlated with 77% reduction in freight volumes [34]. In
Malaysia, varying intensities of rainfall reduced road capacity by 2–32% [35] and another
study in Alberta found that snowfall led to a direct decrease in traffic volumes (1–2% per
centimeter of snow), while extreme cold led to a decrease in traffic volume of up to 31% [36].
A study in Istanbul evidenced that light snow was associated with a substantial 65–66%
reduction in traffic volume [37].
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A study conducted in Chicago found that potential increases in rainfall could spike
traffic accidents in suburban areas by 30% [38]. The detailed analysis of ref. [39] revealed
widespread reductions in traffic volumes and flow rates by 6–30% under adverse conditions.
Interestingly, the results of a flood model implemented in Newcastle suggested that strategic
adaptation could improve city-wide travel times by 3–22% [40]. When it comes to winter
storms, a detailed analysis in Iowa identified a clear decrement in road capacity by 2.8% for
every additional 0.254 mm/h of snowfall, with overall traffic volume reductions averaging
29% during winter storm events [41]. Moving to Manchester, the study of ref. [42] expanded
the analysis to more weather parameters and revealed that heavy rainfall (greater than
4.0 mm/hr) reduced average traffic speed by 9.7% during peak hours while temperatures
above 20 °C significantly slowed traffic speed by 36.5% during peak hours but increased
traffic volume by 6.6% (inverse effect for off-peak hours).

A study in Athens [43] revealed many impacts of the transport system under varying
conditions; specifically, daily vehicle flows decreased from 5.0% to 30.4% during rainfall,
with a maximum reduction of 52.3%. Vehicle speeds dropped by up to 57.1%, and road
occupancy saw wide fluctuations, from −21.9% to +88.2% in extreme conditions. For freight
vehicles, speed reductions ranged from 10% to 37% daily and 5.5% to 23.1% during rainfall,
with the greatest decrease at 67.8%. Flooding reduced freight kilometers by 24%, high-
lighting the substantial effects of heavy rain on transport and logistics. In a similar vein,
a direct correlation between rainfall intensity and speed reduction was addressed: light
rainfall (0.25–1 mm/h) decreased speeds by up to 13.3%, moderate rainfall (1–4 mm/h)
by up to 19.2%, and heavy rainfall (>4–16 mm/h) led to speed reductions of up to 28.3%.
On major arterial roads, precipitation exceeding 3 mm/h consistently reduced speeds by at
least 4 km/h, while impacts on secondary roads were less pronounced [44].

Another study showed that storm days resulted in travel delays ranging from 15 min
to more than three hours, with a staggering increase of 600% in delay times and a reduction
in traffic volumes by up to 100% [45]. The study conducted in Lothian, Scotland, noted that
snow presence led to a 10% decrease in weekday traffic and 15% on weekends while high
rainfall resulted in traffic decreases of 0.82% on weekdays and 4.6% on weekends. Less
sunshine hours saw slight traffic reductions of 0.17% on weekdays and 2.69% on weekends,
while extreme temperatures also affected traffic; unseasonably low maximum temperatures
decreased traffic by 2.75% on weekdays and 4.21% on weekends and higher-than-usual
rain further reduced weekday traffic by 0.82% and by 4.73% at weekend [46].

A pivotal study conducted at Queen Elizabeth Way in Ontario, Canada highlighted
that heavy rainfall and snowfall could dramatically reduce traffic flow rates by up to 50%
and decrease free-flow speeds by even 50 km/hr [47], while another study in Canada but
in Alberta found that heavy snowfall (e.g., 15 cm or more) combined with extreme cold
(below −20 °C) drastically reduced passenger car traffic [48]. Regarding the relationship
between weather events and traffic safety, the review of ref. [49] indicated that across the
United States, nearly 47% of all weather-related traffic accidents were attributed to rain,
while in the United Kingdom, snow accounted for approximately 2.8% of total roadway
crashes, rising to as much as 5.9% in some northern regions.

The impact of extreme weather events on transport networks varies significantly
across different studies since it is influenced by factors related to the event (e.g., intensity,
time of occurrence, and area of interest) and the methodological approach. A key challenge
in synthesizing these findings lies in the lack of standardized criteria for classifying and
assessing same events, a fact which complicates cross-study comparisons. The following
paragraph identifies and discusses trends that were derived from many studies regarding
the impact of rainfall, flooding, and snow on traffic parameters.
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Starting with rainfall, the intensity of precipitation is directly proportional to its impact
on transport systems. Heavier rainfall tends to cause more severe disruptions in traffic
flow and road capacity due to reduced visibility, slippery road surfaces and increased
risk of accidents. Temporal factors also play a critical role, as traffic volumes are often
more affected during nighttime due to changing drivers patters (avoiding non-essential
travel). During daytime, peak hours experience higher increase in travel times compared
to off-peak hours, with morning peaks generally experiencing greater delays than evening
peaks, likely following the commuter densities. Geographically, dense urban areas tend to
suffer more from rainfall compared to rural regions due to higher traffic volumes, complex
road networks, and the limited capacity for water drainage in urban environments.

In the case of flooding, the severity of travel delays correlates with the depth and extent
of flooded areas since water makes roads impassable, necessitating detours and causing
significant disruptions and delays. Similarly, snowfall intensity has a proportional effect on
traffic volume; light snowfall may lead to minor reductions in traffic due to cautious driving
behavior while severe snowstorms, which are combined by limited visibility, can result in
extensive traffic disruptions. The temporal dimension of snow-related impacts reveals that
extreme cold and snowfall have a greater influence during off-peak hours on commuter
roads, possibly due to reduced road maintenance activities and lower traffic-induced
snow compaction. Interestingly, the severity of snow-related traffic disruptions is more
pronounced during weekend morning peak hours compared to weekdays since drivers
are more willing to postpone or cancel non-essential trips. Rural highways experience
significant reductions in traffic volume during snowy conditions, exacerbated by factors
such as high winds and poor visibility, while recreational roads are particularly vulnerable,
as discretionary travel is often avoided during adverse weather.

The following figure (Figure 8) presents a boxplot analysis illustrating the impacts of
significant weather events—rainfall, snow and flooding—on key traffic variables commonly
explored in the literature, including volume, speed, capacity, flow, travel time, delay and
occupancy. The x-axis represents these traffic variables, while the y-axis quantifies the
impact in percentage terms, where positive values indicate an increase and negative values
signify a decrease relative to normal conditions. The data are synthesized from multiple
studies analyzed within the systematic literature review capturing a range of results across
different studies for each weather event.

Extreme weather events significantly influence various traffic parameters, with their
effects ranging from significant reductions to dramatic increases depending on the context
and severity of the event. For rainfall, the impacts on traffic volume, speed and capacity
are generally moderate with reductions of up to 10%, while in some instances, there are
observed also increases in both volume and speed during rainfall. The median impact on
flow from rainfall is a reduction of approximately 30%, while it causes increases in travel
time and delays by about 5% and 25%, respectively. Flooding exhibits a more pronounced
effect, reducing traffic volume and speed by median values of around 25% and also results
in a substantial increase in travel time (up to 90%) and occupancy (median value around
40%) with considerable variations observed across different instances. Snowfall’s impact is
marked by a more significant reduction in volume compared to the other weather events
(~30%), though its effect on flow is lesser (~20%). It also increases travel time by more than
15% with wide variations. Notably, there are some outliers worth mentioning: a complete
reduction (100%) in volume due to rainfall, a 150% increase in travel time due to snow,
a 50% increment of travel time due to rainfall, and a 600% increase in delay caused by the
same event.
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Figure 8. Impact of specific weather events on traffic variables, with diamonds indicating outliers.

Recent studies have highlighted the varied impacts of extreme weather events on sup-
ply chain and companies operations. Utilizing the emergency events database (EM-DAT),
a study conducted in China analyzed the heterogeneous effects of extreme weather on firm
productivity using longitudinal financial data and regression models [50]. The findings
indicated that operational slack, the implementation of digital technology, and cash hedg-
ing can assist firms in stabilizing material, information, and financial flows, respectively,
helping them having fewer productivity losses during extreme weather events. Moreover,
a study conducted in Chicago investigated urban freight management challenges through
simulation software and demonstrated that adverse weather can significantly increase
travel times (40–50% during heavy rain events) and disrupt service delivery, with some
events doubling travel times, while the weather-aware optimal routing could substantially
decrease late penalties [51].

3.2.3. Economic Burden of Extreme Weather Events on Transport and Logistics Operations
and Infrastructure

The economic aspect of extreme rainfall on logistics operations is also investigated
by reporting significant financial impacts associated with weather-related disruptions and
damages. In a comprehensive analysis conducted in this study, the impacts of extreme
weather events on infrastructure and transport are reported, revealing a wide range of
direct and indirect economic consequences. In the most of the cases, the studies report the
economic impacts through literature review and use case examination, while in some cases
these costs are calculated through modeling.

In recent years, comprehensive studies have highlighted the significant economic im-
pacts of extreme weather events on the global transport-related infrastructure. For instance,
the immense economic impact of 2007 floods in Bangladesh accounted for 34% of total
infrastructure damage, equivalent to roughly USD 363 million while Indonesia experienced
approximately USD 35 million in damages (about 25% of its total infrastructure costs) [52].
Another study pointed out that the South Indian floods occurred during December 2015
caused losses around |100,000 due to transport delays and infrastructure damages, while
the 2014 floods in Kashmir mirrored same losses (|100,000) due to analogous reasons [53].
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The report of ITF [54] estimated that the economic impacts of extreme weather from
1998 to 2010 resulted in extra annual costs of approximately EUR 2.5 billion on the transport
sector of the EU alone with additional indirect costs of EUR 1 billion impacting other sectors.
This was echoed in later studies, where simulation models were used to project a dramatic
increase in travel costs by 223% to 370% during flood events in Newcastle [45]. In addition
to that, the interesting report by UN [55] outlined the heavy financial burdens of adverse
weather conditions, estimating the direct annual costs on the EU transport sector at EUR
2.5 billion, primarily for infrastructure repair and vehicle damage. Since 1980, EU Member
States have suffered over EUR 360 billion in damages from extreme weather events, while
damages to the transport infrastructure resulting from extreme precipitation due to climate
change may rise by 50% by 2040, potentially reaching approximately EUR 930 million
annually [56].

Remaining at Europe, a detailed analysis of financial impacts due to weather-related
hazards on transport systems was applied and estimated annual costs of EUR 2.4 billion [57].
These findings are supported by similar assessments for the Czech Republic [27] but also
for broader European contexts [58], pointing to substantial damages to the transport
infrastructure and elevated operational costs. Lastly, within the Asian continent, the study
of ref. [31] discussed the economic implications of damages to road and railway assets in
China with annual costs ranging between CNY 3.1 billion and CNY 22 billion, and finally,
in the USA, ref. [18] estimated 108 USD billion as a result of hurricane Katrina.

In addition to that, an interesting study of ref. [59] explored the weather-induced costs
and found that traffic breakdowns and delivery delays can add roughly 10% (or EUR 3 mil-
lion) to the operational costs of a company. Additionally, the study of ref. [60] indicated
that the increased extreme rainfall expected in southeastern China by 2030 could reduce
global production by 20% during a disaster year and highlighted that storms could cause
revenue losses up to 35% for unprepared businesses. The key study of ref. [61] analyzed
the economic impact of July 2020 heavy rainfall over Japan using supply chain data from
1.6 million firms. Over 200 days, the total value-added loss was estimated at YEN 74.6 bil-
lion. Scenario analyses included: “Damage at once” with a similar YEN 74.6 billion loss;
“Firm shuffle” projecting YEN 300 billion loss due to supply chain reshuffling; “Damaged
firm shuffle” with YEN 150 billion loss from directly damaged firms; and “Damage at once”
scenario estimating YEN 90 billion loss from concentrated damage.

The economic burden of extreme weather events varies significantly across different
regions, influenced by geographical, climatic and socio-economic factors. The majority
of studies focus on the impacts of extreme weather events on the transport and logistics
sector. The uniqueness of each case, often resulting from co-occurring events (e.g., rainfall
combined with extreme wind), makes it challenging to isolate the costs associated with
individual events. Additionally, there is limited information on the maintenance and repair
costs due to weather-related damages. Compounding these issues is the fact that each
country operates with its own currency, making the standardization of cost assessments a
complex task which requires a dedicated analysis; however, interesting insights are gained
from the review.

In many low-income Asian countries, the prevalence of extreme weather events
(e.g., monsoonal rainfall) imposes substantial economic costs which often constitute a
significant proportion of the national GDP, exacerbating existing economic vulnerabili-
ties due to limited adaptive capacities and a fragile infrastructure. In the United States,
and especially at the coastal areas, the occurrence of impactful extreme weather phenom-
ena (e.g., hurricanes and floods) results in extensive damage and necessitate considerable
financial expenditure for recovery and mitigation efforts. In Europe, the economic im-
pact of extreme weather varies by region; Central Europe faces significant costs from icy
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conditions, while the Mediterranean and Scandinavia are more affected by rainfall and
flooding, particularly in coastal areas vulnerable to climate-induced precipitation changes.
France and the UK experience a balanced impact, with rainfall and floods outweighing ice
and snow-related damages. Although storms generally contribute less to economic losses
across Europe, Eastern European countries incur relatively higher costs from such events
due to infrastructure vulnerabilities.

The figures of the above table (Table 3) provide a strong argument to understand that
the cost for maintenance and repair due to weather induced events such as rainfalls and
floodings is even comparable to the huge damage cost of hurricanes. These facts urges
cities and companies to adopt climate-proof strategies to mitigate such economic impacts.
The following section collects the suggested actions and measures from the point of view
of different stakeholders (companies and city authorities).

Table 3. The aggregated weather-related cost results on transport and logistics infrastructure and
operations from the thematic analysis.

Region Cost Details

EU (Transport) EUR 2.5 billion direct and EUR
1.0 billion indirect annually Costs include transport disruptions and repairs.

EU (Road) EUR 8–EUR 13 billion annually 30–50% of road maintenance costs linked to EWE.
EU (Road) EUR 0.9 billion annually Road maintenance costs in Europe.
EU (Road) EUR 10 billion annually Costs from weather-related road accidents.

EU (Road) EUR 50–EUR 192 million
annually Projected increase in road transport costs.

EU (Road) EUR 0.29 per 1000 pkm The average annual costs per passenger kilometer.
EU (Bridge) EUR 500 million annually Projected costs for bridge protection against flood.

EU (Delays) EUR 0.5–EUR 1 billion annually
and EUR 13 per hour Time delays from EWE.

EU (Logistics) EUR 1–EUR 6 billion annually Freight disruptions with costs often to shippers.
EU (Flood) EUR 822 million annually Estimated flood damages.

EU EUR 7 billion Projected storm-related insured losses.
EU EUR 30 billion Projected storm-related insured losses.

Norway 30% of maintenance budget Costs related to avalanches and snowfalls.
Germany EUR 0.67 billion Damages to transport systems from winter storms.

Finland EUR EUR 412–EUR 6063 per
km/year Costs due road maintenance.

UK EUR 500 million annually Projected costs from extreme rainfall and floods.

UK EUR 36,000–EUR 58,000 per
event Flood events increasing travel costs.

China EUR 2.9–EUR 20.5 billion
annually Damage to roads and rail from flood and EWE.

Japan EUR 477 million annually Estimated costs due to heavy rains and supply
chain disruptions.

USA EUR 33.5 billion Projected pavement material and maintenance costs due
to temperature.

Global EUR 22 billion annually Expected damages from surface and riverine flood.
LIC * 0.5–3.3% GDP annually Costs for new infrastructure.

* LIC: Low Income Countries.

3.2.4. Policy Frameworks for Climate Resilient Logistics

In addressing the multifaceted challenges posed by climate change on transport and
logistics, a systematic review of the literature reveals a variety of strategic actions crucial for
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enhancing their resilience. This analysis highlights the most significant actions, supported
by empirical findings and expert recommendations from a range of studies.

The deployment of intelligent transport systems (ITSs) and real-time data analytics
emerges as a pivotal strategy for enhancing the efficiency and resilience of transport op-
erations [17,62]. ITSs are instrumental in optimizing traffic flow and reducing congestion,
which not only mitigates greenhouse gas emissions but also enhances the responsiveness
of transport networks during climate-induced events [63]. Furthermore, real-time data
analytics facilitate strategic decision-making, allowing for timely adjustments in operations
and emergency responses [34]. Apart from proactive measures, investments in green infras-
tructure are recognized for their dual benefits of enhancing urban resilience and providing
environmental co-benefits [64,65]. The use of permeable pavements, green roofs, and rain
gardens not only aids in managing stormwater but also reduces urban heat islands [19,66].
Crucial interventions concern the regular maintenance of infrastructure, including roads,
bridges, and drainage systems, which is considered essential to prevent disruptions and
ensure operational integrity during extreme weather events [17,52]. Proactive measures
such as the frequent clearing of drainage systems and maintenance of protective structures
are necessary to prevent costly damages in the face of flooding and extreme rainfall.

The formulation and implementation of comprehensive emergency response and
risk management plans are essential adaptive measures highlighted across studies [54,67].
These plans include the development of evacuation protocols, traffic diversion strategies
during disruptions, and the prioritization of critical infrastructure protection. Effective
planning ensures that transport systems can maintain functionality during adverse condi-
tions, safeguarding operations stability but also public safety. The adaptation of policy and
regulatory frameworks to incorporate climate considerations is important in ensuring the
long-term resilience of transport infrastructure during the planning phase [68,69]. Updating
the design standards to reflect the current and future climatic conditions and integrating
climate risk assessments into urban planning and building codes are transformational
measures that secure cities and industries for sustainable operations towards climate un-
certainty. Finally, the stakeholders’ and citizens’ engagement through targeted awareness
campaigns and educational programs is essential for fostering a culture of resilience and
proactive climate adaptation [32,70]. These initiatives enhance community preparedness,
inform policy developments and ensure that climate adaptation measures are broadly
supported and effectively implemented.

The actions are categorized into five strategic measure types based on their major
type: Low-Regrets Measures focus on cost-effective interventions with broad societal
benefits; Win–Win Measures deliver direct climate mitigation advantages alongside signifi-
cant co-benefits; Adaptive Measures enhance community and infrastructure resilience by
preparing for current and future climate conditions; Transformational Measures drive large-
scale, structural changes requiring substantial long-term investments; and Cost-Bearing
Measures address critical high-vulnerability infrastructure protection through high-cost,
essential risk mitigation strategies. Table 4 contains the aforementioned actions with their
characterization.

A coordinated implementation of these actions requires integrating stakeholder efforts
to address the complexities of extreme weather impacts. City authorities must prioritize
risk assessments and resource allocation, companies should adopt adaptive technologies
and sustainable practices, and research institutes must advance resilience-focused studies
and innovations.

The identified measures synergistically establish a multi-layered defense mechanism
against weather-induced disruptions ensuring that transport systems remain operational
and economically stable under the unpredictability of climate change. The integrated de-
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ployment of ITS and real-time data analytics enables companies to anticipate and efficiently
manage potential disruptions by providing early warnings, optimizing routes during
adverse conditions and enabling time-sensitive operational adjustments; this approach
addresses issues of reduced traffic flow and increased delays, particularly during rainfall
events. Investments in green infrastructure, such as permeable pavements and green
roofs, enhance resilience by improving water absorption and runoff management, and they
address the infrastructure vulnerabilities and reduce the likelihood of road closures.

Adaptive design standards and enhanced materials ensure that new and retrofitted
infrastructures can withstand worsening climatic conditions, specifically addressing critical
infrastructure damages such as bridge failures and road damage, thereby preventing costly
repairs and operational disruptions. Additionally, comprehensive emergency response
plans and risk management strategies are crucial during extreme weather events, maintain-
ing operational continuity through established traffic management protocols and alternative
routing, which also help to mitigate increased travel times and minimize economic impacts.
Furthermore, data-driven and technology-enhanced decision-making prioritizes infrastruc-
ture resilience and optimizes land use in weather-resilient areas, such as elevated regions,
to prevent costly repairs and avoid operational disruptions.

Table 4. Consolidated actions by stakeholder with measure types characterized for each action.

Stakeholder * Action Type

City Authorities
and Government

Apply enhancing/correcting measures on the
current infrastructure Adaptive

Construct protective infrastructure like walls
and embankments Cost-Bearing

Develop comprehensive emergency response and traffic
diversion plans Adaptive

Implement economic instruments like carbon taxes Transformational

Develop new infrastructure design standards for climate
resilience Transformational

Implement GIS and advanced systems for real-time
infrastructure monitoring Adaptive

Deploy early warning systems for weather threats Adaptive

Employ big data analytics for strategic decision-making Adaptive

Create new infrastructure design standards Transformational

Prioritize and protect (e.g., elevate) critical infrastructure and
flood-prone areas Cost-Bearing

Enforce land use and zoning policies for climate resilience Transformational

Establishment of dedicated departments and institutes
dedicated to climate change Transformational

Companies

Use climate-resilient materials like enhanced concrete Adaptive

Prioritize investments in climate-proof technologies Cost-Bearing

Regularly maintain vehicles for optimal performance Low-Regrets

Promote more resilient transport options like rail Transformational

Re-allocate infrastructure to less vulnerable locations Transformational

Research Institutions
& Universities

Conduct education and training programs Win–Win

Initiate pilot studies to evaluate strategies and technologies Low-Regrets
* The action may be relevant for more than one stakeholder; they were categorized on the main.



Logistics 2025, 9, 32 20 of 28

4. Policy Roadmap
The increased frequency and severity of extreme weather events due to climate change

pose significant challenges to transport and logistics systems, hence threatening their infras-
tructure integrity, operational efficiency and economic stability. To effectively address these
impacts, a strategic and systemic approach, to enhance resilience and ensure continuity
in the face of climate uncertainties, is necessary. This roadmap presents a comprehensive
set of actions ranging from immediate, practical measures to long-term transformational
changes, all designed to mitigate the impact of adverse climate events. By integrating
innovative technologies, sustainable practices and collaborative policies, the proposed
roadmap, included in Figure 9, aims to safeguard critical systems and adapt to evolving
climate risks effectively.

Figure 9. A comprehensive roadmap for achieving resilient urban transport and logistics systems
through multi-stakeholder collaboration.

The Initial Assessment and Planning Phase (0–12 Months) represents a critical initial
period which, through a holistic approach, combines technological readiness, capacity
building and predictive analytics. Interestingly, government regulators will not only revise
infrastructure standards but they will also utilize advanced geospatial modeling and
Artificial Intelligence (AI) algorithms to develop dynamic and predictive risk assessments
for the urban areas with a special focus on flood-prone places and coastal zones. Critically,
this will introduce a comprehensive risk prioritization list for the current infrastructure that
considers climate threats and facilitates evidence-based mitigation measures. Concurrently,
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private companies will assess their supply chain processes through comprehensive and
data-driven vulnerability assessments to address potential weather-induced disruptions
and damages. The results will be complemented by innovative financial mechanisms such
as investment incentives and new public–private financing models, to support adaptation
efforts. Research institutions will play a transformative role by securing focused research
grants and establishing interdisciplinary partnerships that aim to develop practical and
innovative solutions and systemic approaches that integrate cutting-edge technologies
such as Internet of Things (IoT) sensors, blockchain for transparent tracking, and advanced
modeling techniques.

During the Short-Term Actions Phase (1–3 Years), stakeholder efforts will become more
structured and technologically advanced. Specifically, academic insights will be trans-
formed into actionable strategies, with a strong emphasis on digital innovation, in order to
develop adaptive and real-time and data-driven systems capable of providing dynamic
responses and predictions. The approach will exceed regular risk mitigation by designing
infrastructure which can dynamically adapt to the evolving weather-related challenges.
Significantly, government bodies will establish emergency response protocols-based ad-
vanced AI-powered prediction systems in order to create standardized guidelines that can
dynamically adjust to complex and weather-changing scenarios. Also, they will develop
dedicated innovation sandboxes and technology transfer protocols specifically designed to
ensure that strategies can ensure security and interoperability. Simultaneously, the private
sector will implement resilience training programs utilizing virtual reality technologies and
specialized software. These tools will support the evaluation of infrastructure adaptation
strategies (e.g., use of advanced materials and sustainable design principles) in order to
create flexible and responsive solutions that can handle unpredictable (extreme) weather
conditions. Research institutions will complement these efforts by developing interdis-
ciplinary proof-of-concept studies and establishing collaborative platforms that bridge
academic insights with practical climate adaptation technologies.

The Medium-Term Actions Phase (4–7 Years) marks a significant scaling of collaborative
efforts characterized by substantial infrastructure transformation and technological inte-
gration. Government bodies can launch targeted infrastructure resilience projects, such
as elevated road systems and the integration of intelligent transport networks (that can
dynamically reconfigure), that can reshape and upgrade transport systems. When it comes
to the industry, private companies will make substantial investments in infrastructure
resilience utilizing advanced materials like self-healing concrete, developing waterproof
and resistant logistics facilities and implementing AI-driven routing systems that can dy-
namically adjust based on real-time weather forecasting. Public–private partnerships will
be enhanced utilizing technologies like blockchain to ensure transparent, fair and account-
able funding, and the implementation of critical resilience initiatives. The role of research
institutes is of great importance in developing advanced technologies, while they will not
only monitor weather conditions but also predict and mitigate potential disruptions with
an emphasis on designing scalable solutions.

The Long-Term Actions Phase (8+ Years) represents an approach that transforms the
entire ecosystem of transport and logistics, enhancing its resilience. Specifically, it creates
global knowledge-sharing platforms and accelerates technology transfer between resilient
and “suffering” regions. At first, government bodies will enact comprehensive climate-
adaptation legislation that integrates long-term resilience planning across all sectors and
will create regulatory frameworks that incentivize innovative and sustainable practices.
This will include the establishment of international governance mechanisms and stan-
dardized global resilience protocols while extensive public education campaigns will raise
awareness and promote a culture of climate adaptation, embedding resilience into societal
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consciousness. Private companies will fundamentally redesign their operational models
(both for long haul and last mile logistics) by integrating collaboration, sustainability, and
climate resilience into corporate governance strategies, and they will consider the proactive
design of business models that contribute to global climate mitigation efforts. Research
institutes will conduct longitudinal studies that provide unprecedented insights into the
effectiveness of implemented policies and technologies. These studies will extend beyond
national boundaries fostering global collaborations to develop comprehensive strategies
for mitigating climate-related challenges.

A robust Monitoring and Evaluation Framework will be the strategic backbone of this
roadmap, utilizing advanced KPIs that go far beyond traditional metrics. Dedicated AI and
Machine Learning (ML) algorithms will continuously track reductions in disruption times,
infrastructure repair expenses, and the adoption of resilient technologies. The framework
will introduce more dynamic assessment methods that capture not just infrastructure
performance but also social and economic resilience indicators, while a dynamic feedback
loop will ensure that the strategy remains responsive to emerging climate risks, providing
a living document for adaptive framework of global transport resilience.

5. Future Research Agenda
The increasing impact of climate change on urban logistics necessitates the application

of a multidimensional approach from multiple disciplines. This agenda proposes guiding
directions to researchers in order to map climate-related disruptions and address potential
ways to tackle crucial weather-induced challenges on urban logistics and transport systems.
It extents beyond the conventional methodologies integrating cutting-edge technologies,
economic analyses, social considerations, and proactive policy actions. The four streams
outlined in this research agenda aim to provide a holistic and systemic approach to trans-
form urban logistics systems, enhancing their resilience and adaptability and equipping
them to manage climate-related disruptions while maintaining operational efficiency and
securing the resilience of transport infrastructure.

First, Advanced Modeling Stream suggests the development/integration of advanced
logistics modeling techniques such as AI, system dynamics, and probabilistic modeling
to assess the impact of climate change and extreme weather events in the complex logis-
tics system [71,72]. Researchers should conduct extreme value theories (e.g., Gumbel) on
historical local rainfall and consider future climate models (e.g., CMIP5 and CMIP6) to
develop extreme weather scenarios with different return periods [73]. Additionally, im-
plement advanced stochastic models that integrate historical climate data with predictive
scenarios and develop granular probabilistic frameworks to capture complex interactions
between weather patterns and logistics systems. This stream also recommends developing
models that capture the complex relationships between weather parameters such as rainfall
intensity, snowfall accumulation, flood depths, and traffic variables (e.g., vehicle speeds,
road capacity, and travel delays) to analytically model the logistics and transport system.
Researchers should create multi-layered modeling approaches that account for regional
variations in climate impacts and design high-resolution simulation environments that
model the cascading effects of extreme weather events. These efforts will help in under-
standing how weather-induced impacts are propagated in the system and identifying the
affected elements [34]. Additionally, it suggests the definition of dedicated KPIs, including
social, economical and environmental dimensions, to consider the weather aspect to assess
operations efficiency and infrastructure vulnerability, while these KPIs serve as metrics for
prioritizing the critical areas of transport systems [74]. Furthermore, it suggests quantifying
the economic impacts of weather-related disruptions by analyzing both immediate and cas-
cading effects on cargo movement, transport costs, and service delays, as well as projecting
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these economic consequences by incorporating future climate patterns [75]. The outcomes
will assist city authorities and companies in understanding the impact of climate change
on efficiency, security, and finance to support them in building more resilient systems.

The next stream, Technology Stream, focuses on developing adaptive and intelligent
infrastructure technologies. Specifically, researchers are suggested to explore the utilization
of IoT devices and real-time data to develop advanced technological solutions such as
AI- and ML-driven and weather-aware routing algorithms and autonomous transport
systems to strengthen the resilience and the flexibility of the operations [76]. It also suggests
studies to explore sustainable infrastructure design, considering the use of modular and
flexible infrastructure and the integration of green technologies under the circular economy
principles [77]. Complementing these digital innovations, researchers should explore
traditional engineering approaches such as the use of permeable pavements, green roofs,
and improved drainage systems to enhance physical resilience. Researchers should also
investigate circular economy principles in infrastructure design, develop technologies that
minimize the carbon footprint while maximizing system resilience, and create scalable green
technology solutions adaptable to diverse urban environments. Such technological and
traditional solutions aim to steer companies, research organizations, and city authorities on
which technologies to invest to increase their resilience.

Governance and Policy Stream recommends conducting comparative analyses of popular
resilience policies and actions in order to construct adaptive regulatory frameworks that
are both flexible and robust [78]. It also suggests studies to use evidence from data and
define new design standards to guide cities and companies to restructure their system.
The future studies are also suggested to explore the use of optimal and innovative public–
private partnership models to strengthen logistics resilience. This stream also suggests the
application of socio-economic impact assessments on strategies (e.g., long-term economic
analysis, social vulnerability mapping and equity considerations) to ensure their fairness
and inclusivity [79]. Furthermore, future studies should utilize economic mechanisms such
as cost–benefit analyses to assess the selection of alternative adaptive strategies and design
incentives to promote resilient logistics practices. In cost-related analyses, the economic
impact of extreme weather events on transport and logistics can influence the selection of
adaptive measures. However, cost estimates are not directly comparable across regions due
to differing economic conditions. To address this, researchers should account for region-
specific economic factors (e.g., currency values, interest rates, and unemployment rates)
and development levels (e.g., GDP) to standardize findings and enhance their applicability
in diverse contexts.

Finally, Interdisciplinary Stream recommends future research regarding the facilitation
of comparative case studies across diverse urban contexts to understand their variability in
similar challenges [80]. For the aforementioned comparative analysis, the standardization
process is also suggested. It also emphasizes the importance of interdisciplinary research
collaborations that bring together various fields, while it advises exploring knowledge
transfer and scalability assessments to ensure that effective practices can be adapted and
scaled across different environments. Lastly, it encourages the development of universal
resilience principles to guide policy and operational decisions globally. This approach
aims to enhance the collective understanding and capacity of urban centers worldwide to
respond effectively to weather-induced challenges in logistics.

Overall, this research agenda suggests fundamentally transforming urban logistics
systems to make them more resilient and adaptive in the face of escalating climate chal-
lenges. By providing a holistic approach that integrates technological innovation, economic
analysis, policy development, and social considerations, the research aims to create action-
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able strategies for global implementation, thus reducing climate-related disruptions and
improving economic and social outcomes.

6. Conclusions
This study addresses the increasing challenges posed by climate change on the trans-

port and logistics sectors, particularly as a result of the more frequent and severe weather
events. It aims to systematically review the literature to identify key weather-induced
challenges, quantify their impacts on the operational, infrastructural, and economic aspects,
and evaluate the existing mitigation strategies. As a second outcome, this study aims to
provide a comprehensive roadmap that can help different stakeholders to enhance their
resilience. The main key outcomes are drawn from the current systematic literature review,
and are concluded in the following points:

• The study demonstrates that extreme weather events like heavy rainfall and snowfall
critically impact traffic parameters and logistics operations. For instance, severe
weather conditions are shown to decrease road capacity and increase travel delays
disrupting operational continuity in transport and logistics sectors.

• It is highlighted that maintenance costs for damaged infrastructure can be a large
part of the expenses for cities underscoring the urgent need for adaptive design
strategies. This includes upgrading and adopting the current infrastructure, enhancing
the resilience of transport paths against weather-induced events.

• The financial losses due to climate-related disruptions are substantial also for compa-
nies within the supply chain with some regions experiencing total economic impacts.
Apart from the profound direct costs associated with infrastructure repair, there are
also indirect costs due to operational downtime and lost business opportunities.

• The research emphasizes the critical role of advanced technologies, intelligent trans-
port systems, and data analytics in building climate-resilient infrastructure. They not
only enhance operational efficiency but also provide critical real-time data that can be
used to adapt and respond to weather-related disruptions more effectively.

• The study underscores the necessity for comprehensive forward-looking policy frame-
works that integrate climate adaptation strategies into urban planning and logistics
systems, highlighting as one crucial factor the revision of infrastructure standards to
incorporate climate resilience from the design phase.

• Lastly, the importance of multi-stakeholder approaches is exposed, involving collab-
oration among public, private, and academic sectors. This collaboration is essential
for pooling resources, sharing knowledge, and driving innovations that address the
complex weather-related challenges.

Future research should focus on enhancing the resilience of urban logistics systems
against climate change through a multidisciplinary approach that merges advanced mod-
eling techniques, adaptive technologies, governance improvements and interdisciplinary
collaborations. Developing AI-based logistics models will allow for more accurate simula-
tions of climate impacts on urban logistics efficiency; including the economic aspect with the
implementation of IoT and AI-driven infrastructure can improve real-time responsiveness
to environmental changes. Crafting adaptable policy frameworks through comparative
analysis will help establish guidelines that can be tailored to different urban contexts, while
promoting universal resilience principles and conducting cross-city comparative studies
are essential for understanding and applying effective strategies universally.
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