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Climate Change and Security Workshop Proceedings 

Sandro Carniel, Aniello Russo, Fabio Lissi 

Executive Summary: NATO 2022 Strategic Concept (SC) describes Climate Change 

(CC) as a “defining challenge of our time, with a profound impact on Allied security. 

[…] a crisis and a threat multiplier”. It further states, “CC also affects the way our 

armed forces operate. Our infrastructure, assets and bases are vulnerable to its effects. 

Our forces need to operate in more extreme climate conditions and our militaries are 

more frequently called upon to assist in disaster relief.” Finally, the SC concludes, 

“NATO should become the leading international organisation when it comes to 

understanding and adapting to the impact of CC on security. The Alliance will lead 

efforts to assess the impact of CC on defence and security and address those 

challenges. We will contribute to combatting CC by reducing greenhouse gas 

emissions, improving energy efficiency, investing in the transition to clean energy 

sources and leveraging green technologies, while ensuring military effectiveness and 

a credible deterrence and defence posture.” 

Already at the 2021 NATO Summit in Brussels, NATO leaders agreed to an ambitious 

Climate Change and Security Action Plan (CCSAP) with the goal of improving 

NATO’s understanding of CC as well as of its implications on security and defence. 

Since then, NATO has prepared every year the Climate Change and Security Impact 

Assessment (CCSIA), briefing Allies on the most recent research conducted on the 

impact of CC on several Allied capabilities and enablers, as well as strategic posture. 

Finally, in 2022, the Alliance has also approved the establishment of a new Climate 

Change and Security Centre of Excellence (CCASCOE) with Canada as the host 

Nation. 

Within the NATO Science and Technology Organization (STO), the Office of the 

Chief Scientist (OCS) tasked the Centre for Maritime Research and Experimentation 

(CMRE) to develop a new project dedicated to the investigation of the interaction 

between CC and security (CC&S) from a scientific perspective, and focussed (but not 

limited to) on the Maritime Domain, aligned with the NATO Warfighting Capstone 

Concept (NWCC). CMRE, based in La Spezia, Italy, has thus started CC&S research 

activities in 2023, following the CCSAP guidelines along four main pillars: 

awareness, adaptation, mitigation, and outreach. A critical part of this effort was to 

bridge the gap between the vast ranges of practitioners involved and to merge different 

expertise into a single forum. 

The following workshop proceedings are the result of the Climate Change and 

Security Workshop  held in Lerici, Italy, from the 3rd to the 5th of October 2023. The 

Workshop, sponsored by OCS and organized by CMRE, was the starting point to 

create a CC&S community of scientists, armed forces, political decision makers, and 

industry leaders, to maximise NATO outreach in this field. The collected 

contributions encompass a wide range of disciplines, dealing with this epochal 

phenomenon not only in terms of the understanding of its physical foundations, but 

also of its direct and indirect consequences on NATO’s strategic environment, 

personnel, infrastructure, platforms and assets, and ability to conduct Multi-Domain 

Operations (MDO). 

Contacts and further information about the event and contributors are available at:  

https://www.climatechangesecurity.org/ 
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Climate Change and Security Workshop Proceedings 

Sandro Carniel, Aniello Russo, Fabio Lissi 

Abstract: Building on NATO Climate Change and Security Action Plan (CCSAP) 

and NATO 2030 initiative, NATO Science and Technology Organization (STO) is 

committed to deepen research on the climate-induced security challenges and to find 

innovative solutions. Within the Climate Change and Security (CC&S) Programme 

commissioned by the Office of the Chief Scientist (OCS), the Centre for Maritime 

Research and Experimentation (CMRE) hosted a dynamic and multidisciplinary 

workshop on the critical intersection between CC&S, uniting an array of distinguished 

experts. The Climate Change and Security Workshop was held in Lerici, Italy 3 – 5 

October 2023, at Villa Marigola.  

The event was attended by 112 participants and featured 5 keynote speakers and 39 

presenters. This gathering facilitated in-depth discussions on the multifaceted climate-

induced security challenges and innovative solutions within the maritime domain. 

Spearheaded by CMRE, in collaboration with OCS, the workshop collected 

contributions spanning from scientific, political, and military areas of expertise, in 

accordance with the four pillars of the NATO CCSAP: awareness, adaptation, 

mitigation, and outreach. The workshop strengthened CMRE’s network of partners in 

the CC&S field and effectively outlined the new CMRE Climate Change and Security 

Analysis (CCSA) Project. 

During the three days, 5 keynotes, 21 papers presentation, 24 poster pitches, and 2 

panels were offered to the audience. This document collects the 17 papers accepted 

for publication. 

Keywords: Climate Change, Security, Maritime Domain, Workshop 
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Preface 

NATO 2022 Strategic Concept (SC) describes Climate Change (CC) as a “defining challenge of our 

time, with a profound impact on Allied security. […] a crisis and threat multiplier”. Already at the 2021 

NATO Summit in Brussels, NATO leaders agreed to an ambitious Climate Change and Security Action 

Plan (CCSAP) with the aim of improving NATO’s understanding of CC as well as of its implications 

on security and defence. Within the NATO Science and Technology Organization (STO), the Office of 

the Chief Scientist (OCS) tasked the Centre for Maritime Research and Experimentation (CMRE) to 

develop a new project dedicated to the investigation of the interaction between CC and security (CC&S) 

from a scientific perspective, and focussed on the Maritime Domain. CMRE, based in La Spezia, Italy, 

has thus started CC&S research activities in 2023, following the CCSAP guidelines along four main 

pillars: awareness, adaptation, mitigation, and outreach. A critical part of this effort was to bridge the 

gap between the vast ranges of practitioners involved and to merge different expertise into a single 

forum. 

The scientific evidence regarding the impacts of CC has become progressively more solid, supported 

by strong facts and undisputed peer-reviewed publications. Global Warming affects the whole climate 

system, and oceans are no exception, although they are still our best allies contrasting the main effects 

of CC, retaining over 90% of the energy increase suffered after in the last 150 years. More than this, 

CC has become a powerful threat multiplier, and its associated physical effect proved to have direct 

consequences also on the military, economic and social dimensions. For example, environmental factors 

can affect energy supplies to both civilian populations and military operations, making energy security 

a major topic of concern, but also have a direct impact on military platforms and enablers performances. 

In this context, NATO is aiming to become the leading international organisation when it comes to 

understanding and adapting to the impact of CC on security.  

To understand the importance of oceans for the global economy and societies in general, we have to 

look at the share of human activities taking place at, or depending upon, the seas. The Centre for 

International Maritime Security suggested a 66-70-80-90-99 rule, highlighting that 66% of global 

wealth comes from or near the sea; 70% of the globe is oceanic; 80% of its population is coastal; 90% 

of goods arrive by sea; and 99% of international digital traffic goes by submarine cables. It should not 

come as surprise, then, than NATO is dedicating considerable effort at boosting its maritime capabilities 

and at understanding the impact of CC on them. To support this effort, CMRE developed a new 

programme sponsored by OCS and named Climate Change and Security Analysis (CCSA), 

investigating the CC&S nexus and the vast range of spill-over effects produced both in the physical and 

social domains. 

In the framework of outreach activities of CCSA, in October 3-5 2023, CMRE organized the Climate 

Change & Security Workshop in Lerici, Italy. The event was designed to meet the needs of different 

CC&S Subject Matter Expert (SME) communities to fully address the CC&S nexus. At the same time, 

the workshop leveraged CMRE’s expertise in the maritime domain and had a strong focus on the 

impacts of CC on the oceans. The conference was intended as multi and interdisciplinary by vocation, 

and saw a diverse and multifaceted participation of earth and natural scientists (coming from physic, 

maths, chemist, geology), together with social scientists (from economics and international politics), 

but also military practitioners, industry stakeholders and political decision-makers. The core idea was 

to bridge scientific research with the needs of operators, and to enhance the strategic understanding of 

CC&S.  
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Keynotes and presenters at the workshop offered an upsurge of tailored scientific activities, many of 

which consolidated at CMRE with the help of the Nations, and offered an overview on new aims and 

challenges for NATO. The Proceedings offered hereafter address very well the three overall Workshop 

objectives: 

 Bring together three different typology of experts: scientific, socio-political, and 

military/operational from across all services; 

 Identify additional research gaps, methods, and tools with the help of SMEs; 

 Share the foundations to forge new higher educational paths and new curricula in CC&S.  

This collection presents cutting-edge scientific research results, as well as experimental solutions to 

military and strategic challenges, both in terms of adaptation to climatic effects and mitigation of the 

environmental footprint of military platforms. Those include but do not limit to: new tools to better 

analyse CC signals; advanced methods to tame uncertainties; Arctic competition scenarios; future CC 

impacts on naval sensors and maritime situational awareness; governance instruments; solutions for 

infrastructure protections; and, educational efforts, that should reflect new education curricula capable 

of grouping subjects rather than separating them in single disciplines. These Proceedings are therefore 

reflecting the multi, inter and transdisciplinary essence of the CC&S Workshop, integrating in a holistic 

way different scientific components with social science aspects well aligned with the NATO Multi-

Domain Operations (MDO) concept. As such, they aim to represent the starting point to which different 

communities will look back at as a reference of a new common path they need to walk along together. 

The support provided by John Redmayne, Julia Nurzynska, and Paolo Franchi for the preparation of the 

Workshop Proceedings is gratefully acknowledged. 
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Are we approaching at tipping point of the 

Atlantic Ocean circulation? 

Stefan RAHMSTORFa,1 
a

 Potsdam Institute for Climate Impact Research (PIK), University of Potsdam, Germany 

ORCiD ID: Stefan RAHMSTORF https://orcid.org/0000-0001-6786-7723 

Abstract. The Atlantic Meridional Overturning Circulation 

(AMOC) is a large-scale overturning motion of the entire Atlantic, 

from the Southern Ocean to the High North. It moves around 15 

million cubic meters of water per second (i.e. 15 Sverdrup), passing 

through the Gulf Stream as part of its much longer journey. Since the 

AMOC moves the bulk of the heat into the Northern Atlantic, with 

its warm northward surface flow and cold and deep southward return 

flow, it is highly relevant for climate. Several new studies suggest 

that it may already be approaching a “tipping point” this century, 

possibly even in the next few decades, leading to a completely new 

climatic state. The AMOC has repeatedly shown major instabilities 

in recent Earth history and it has weakened over the past hundred 

years, being now likely weaker than any time in the past millennium. 

Several groups of paleo-climatologists have used a variety of 

methods to reconstruct the AMOC over longer time spans, and it is 

clear that the long-term weakening trend is anthropogenic, 

confirmed also by climate models as a response to global warming. 

In addition, there appear to be decadal oscillations particularly after 

the mid-20th century. The AMOC “tipping point”, first described by 

Stommel in a highly simple model that captures a fundamental 

feedback, was later confirmed by sophisticated 3-dimensional ocean 

circulation models, as well as fully fledged coupled climate models. 

The big uncertainty, however, is how far the present climate is from 

this tipping point. Models greatly differ in this regard, as this appears 

to be sensitively dependent on the finer details of the density 

distribution of the Atlantic waters, but increasingly the evidence 

points to the risk being greater than 10% already during this century. 

This paper will present evidence that unequivocally supports 

unprecedented, urgent and ambitious climate action to tackle the 

risks of this and other climate system “tipping points”. 

Keywords. AMOC, tipping points, climate change 

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) has been in the news lately, 

with new studies suggesting that it may already be approaching a tipping point this century, 

possibly even in the next few decades. This paper presents a summary of recent findings 

about this risk. 

1 Stefan Rahmstorf, rahmstorf@ozean-klima.de. 
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1.1. The AMOC is a big deal for climate 

The AMOC is a large-scale overturning motion of the entire Atlantic, from the Southern 

Ocean to the High North. It moves around 15 million cubic metres of water per second 

(i.e. 15 Sverdrup). The AMOC water passes through the Gulf Stream along a part of its 

much longer journey, but contributes only a small part of the Gulf Stream’s total flow of 

around 90 Sverdrup. The AMOC is driven by density differences and is a deep-reaching 

vertical overturning of the Atlantic; the Gulf Stream is a near-surface current near the US 

Atlantic coast and mostly driven by winds. However, the AMOC moves the bulk of the 

heat into the northern Atlantic so is highly relevant for climate, because the southward 

return flow is very cold and deep; heat transport is the flow multiplied by the temperature 

difference between northward and southward flow. The wind-driven part of the Gulf 

Stream contributes much less to the net northward heat transport, because that water 

returns to the south at the surface in the eastern Atlantic at a temperature not much colder 

than the northward flow, so it leaves little heat behind in the north. So for climate impact, 

the AMOC, and not the Gulf Stream, is the biggest deal. 

Figure 1: A very rough schematic of the AMOC: warm northward flow near the surface, deep-water formation, 

deep southward return flow in 2000 – 3000 metres depth. In the background the observed sea-surface temperature 

(SST) trend since 1993 from the Copernicus satellite service, showing the ‘cold blob’ in the northern Atlantic 

west of the British Isles discussed below. Graph by Ruijian Gou. 
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2. AMOC evolution

The AMOC has repeatedly shown major instabilities in recent Earth history, for example 

during the Last Ice Age, prompting concerns about its stability under future global 

warming, see e.g. Broecker 1987, who warned about “unpleasant surprises in the 

greenhouse” [1]. Major abrupt past climate changes are linked to AMOC instabilities, 

including Dansgaard-Oeschger-Events and Heinrich Events [2]. 

2.1. The AMOC has weakened over the past hundred years 

We do not have direct measurements over such a long time (only since 2004 from the 

RAPID project), but only various indirect indications. We have used the time evolution of 

the “cold blob” shown in Figure 1, using sea-surface temperature (SST) observations 

since 1870, to reconstruct the AMOC in Caesar et al. 2018 [3]. In that article, we also 

discuss a “fingerprint” of an AMOC slowdown which also includes excessive warming 

along the North American coast, also seen in Figure 1. The correlation of this fingerprint 

with the AMOC in historic runs with CMIP6 models has recently been shown by [4], see 

Figure 2. 

Figure 2: Correlation of SST variations (left) with AMOC variations (right) in historic runs with CMIP6 models, 

from Latif et al. 2022. 

Others have used changes in the Florida Current since 1909 [5], or changes in South 

Atlantic salinity [6], to reconstruct past AMOC changes. 

2.2. The AMOC is now weaker than at any time in the past millennium 

Several groups of paleo-climatologists have used a variety of methods to reconstruct the 

AMOC over longer time spans. We compiled the AMOC reconstructions we could find in 

[7], see Figure 3. The proxy data reconstructions compare quite well with other methods 

(in situ measurements by the RAPID array; a combination of empirical model with 

historical hydrographic data; or based on satellite altimetry and cable measurements) as 

far as they overlap for the recent variability since 1950, as is shown in [8]. 
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Figure 3: A compilation of nine different proxy series for the AMOC evolution. Data locations are shown in the 

inset map, from Caesar et al. 2021. 

2.3. The long-term weakening trend is anthropogenic 

These changes are basically what climate models predict as a response to global warming, 

although I would argue that the climate models underestimate the weakening trend. A 

recent study [9] has combined observations and models to isolate the role of different 

drivers and concludes for the “cold blob” region: “consistent with the observations, an 

anthropogenic cooling is diagnosed by the method over the last decades (1951–2021) 

compared to the preindustrial period.” 

In addition, there appear to be decadal oscillations particularly after the mid-20th Century. 

Such oscillations may be natural variability, or an oscillatory response to modern 

warming, given there is a delayed negative feedback in the system (weak AMOC makes 

the “cold blob” region cool down, which increases the water density and hence strengthens 

the AMOC). Increasing oscillation amplitude may also be an early warning sign of the 

AMOC losing stability. 

Very short-term SST variability (seasonal, inter-annual) in the cold blob region is likely 

just dominated by the weather, i.e. surface heating and cooling, and not indicative of 

changes in ocean currents. 
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3. AMOC tipping points

3.1. The AMOC has a tipping point, but it is highly uncertain where it is 

This tipping point was first described by Stommel 1961 [10] in a highly simple model 

which captures a fundamental feedback. The region in the Northern Atlantic where the 

AMOC waters sink is rather salty, because the AMOC brings salty water from the 

subtropics to this region. If it becomes less salty by an inflow of freshwater (rain or 

meltwater from melting ice), the water becomes less dense, sinks less, and the AMOC 

slows down. Thus, it brings less salt to the region, which slows the AMOC further. This 

is called the “salt advection feedback”. Beyond a critical threshold this becomes a self-

amplifying “vicious circle” and the AMOC grinds to a halt: the AMOC tipping point.  

That this tipping point exists has been confirmed in numerous models since [10], including 

sophisticated 3-dimensional ocean circulation models as well as fully fledged coupled 

climate models, see also [11]. The big uncertainty, however, is in how far the present 

climate is from this tipping point. Model predictions differ greatly in this regard, as this 

effect appears to be very sensitive to the finer details of the density distribution of the 

Atlantic waters. This can be considered as sailing a ship into uncharted waters, where you 

know there are dangerous rocks hidden below the surface, but you do not know exactly 

where they are. 

3.2. Standard climate models have suggested the risk of an AMOC collapse is relatively 

small during this century. 

For example, the IPCC Special Report on the Ocean and Cryosphere concluded: “The 

AMOC is projected to weaken in the 21st century under all RCPs (very likely), although 

a collapse is very unlikely (medium confidence). Based on CMIP5 projections, by 2300, 

an AMOC collapse is about as likely as not for high emissions scenarios and very unlikely 

for lower ones (medium confidence)”. 

It has long been my opinion that “very unlikely”, meaning less than 10% in the calibrated 

IPCC uncertainty jargon, is not at all reassuring for a risk we really should rule out with 

99.9% probability, given the devastating consequences should an AMOC collapse occur. 

3.3. Standard climate models probably underestimate the risk. 

Nevertheless, these model results probably underestimate the risk. There are two reasons 

why: they largely ignore Greenland ice loss and the resulting freshwater input to the 

northern Atlantic which contributes to weakening the AMOC; and, their AMOC is likely 

too stable. There is a diagnostic for AMOC stability, namely the overturning freshwater 

transport, which was introduced in [12] based on Stommel’s model [10]. Basically, if the 

AMOC exports freshwater out of the Atlantic, then an AMOC weakening would lead to a 

fresher, i.e. less salty, Atlantic, which would weaken the AMOC further. Data suggest that 

the real AMOC exports freshwater, in most models it imports freshwater. [13] nicely sums 

up the problem and provides further references. Standard climate models get the observed 

“cold blob”, but only later. Figure 4 and Figure 5 present some graphs from the current 

IPCC report, AR6. 
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Figure 4: Observed vs simulated historic warming (normalised to 1 °C). At this stage the ‘cold blob’ is not yet 

seen in the model average. Source: IPCC AR6. 

Figure 5: Simulated warming by the end of this century. Now the ‘cold blob’ appears in the CMIP6 models. 

3.4. There are possible early warning signals 

New methods from non-linear dynamics search for warning signals when approaching 

tipping points in observational data, from cosmology to quantum systems. They use a 

critical slowing down, increasing variance or increasing autocorrelation in the variability 

of the system. An example is provided by [14] that used eight different data series and 

concluded there is “strong evidence that the AMOC is indeed approaching a critical, 

bifurcation-induced transition.” 

Another study, this time using 312 paleo-climatic proxy data series going back a 

millennium [15], reporting a “robust estimate, as it is based on sufficiently long 

observations, that the Atlantic Multidecadal Variability may now be approaching a tipping 

point after which the Atlantic current system might undergo a critical transition”.  

Recently, a third comparable study by Danish colleagues has been published [16], which 

expects the tipping point already around 2050, with a 95% uncertainty interval for the 

years 2025 – 2095. Individual studies always have weaknesses and limitations, but when 

several studies with different data and methods point to a tipping point that is already quite 

close, I think this risk should be taken very seriously. 

4. Conclusions

Timing of a critical AMOC transition is still highly uncertain, but increasing evidence 

points to the risk being far greater than 10% during this century, and even rather worrying 

for the next few decades. The conservative IPCC estimate, based on climate models that 

are too stable and do not consider the full effects of freshwater forcing, is in my view 

outdated now. I personally agree with the recent Climate Tipping Points report by the 

OECD, which advised: “Yet, the current scientific evidence unequivocally supports 

unprecedented, urgent and ambitious climate action to tackle the risks of climate system 

tipping points”. 
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Abstract. While past studies have relied on Global Climate Models 

(GCM) with low spatial resolution to analyse future wave climate 

changes, high-resolution Regional Climate Models (RCMs) 

projections can improve the characterization of wave climate. This 

is especially important for conducting coastal impact assessments 

and adaptation studies, as well as examining the potential impact on 

naval operations. For example, a sea state above three (i.e., 

significant wave height above 1.25 metres) is likely to reduce the 

effectiveness of Search and Rescue and other naval operations. This 

study focuses on analysing the changes in the frequency of 

occurrence of sea states above three; comparing historical and future 

periods on a monthly and seasonal scale, in two areas of NATO 

interest: the Mediterranean Sea and the high-North Seas (including 

Northeast Atlantic Ocean and Nordic Seas). This works aims to 

provide useful information to stakeholders in the maritime domain 

and decision makers who need to anticipate and plan for the impact 

of climate change on the wave climate in these regions. 

 

Keywords. Climate change, wave projections, extreme waves, 

naval operations 

 

 

 
1. Introduction 

 
Naval operations are impacted by meteorological and oceanographic conditions, with sea 

state playing a crucial role in operations planning, safety, and efficiency. The integrated 

wave climate parameter, significant wave height (Hs), is of particular importance in 

assessing the impact of changing climate patterns on maritime safety, ship stability, and 

operations planning. General Circulation Models (GCMs) and Regional Climate Models 

(RCMs) have become invaluable tools for forecasting future climate scenarios. These 

models offer insights into potential shifts in sea state likelihoods and the implications for 

naval operations. 

The Mediterranean and high-North Seas (including Northeast Atlantic Ocean and Nordic 

Seas) are regions of significant maritime activity, including diverse spectrum of operations 

ranging from trade and transport to defence and environmental monitoring. Therefore, an 

understanding of future sea state changes due to a changing climate is important for 

strategic anticipation and risk assessment. GCM-RCM projections often exhibit biases 

due to model parametrization and simplified physics, among others, which can be 

                                                      
1 Corresponding Author: Giovanni Besio, giovanni.besio@unige.it. 
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addressed with bias-correction techniques. 

In this paper, we investigate potential future changes in significant wave height for the 

Mediterranean and high-North Seas, focusing on wave conditions above sea state three, 

providing a comprehensive analysis of the shifts in extreme wave events that have 

significant implications for naval operations. We present a comprehensive analysis of 

wave projections derived from GCM-RCMs in the Mediterranean and GCMs in the high-

North Seas, taking into account the influence of bias correction. By examining potential 

shifts in wave height distributions, extreme events, and temporal patterns, we aim to 

provide valuable insights into the evolving wave conditions in the coming decades. 

The remainder of this paper is organised as follows: Section 2 describes the data sources 

and methodologies used for wave data, bias correction and ensemble characterization; 

Section 3 presents the main results, highlighting notable changes in Hs seasonal and 

monthly characteristic and finally, Section 4 summarizes our key conclusions and 

suggests avenues for future research. 

 

2. Data and Methods 

 
2.1. Mediterranean Sea data 

 
This work uses the wind-wave hindcast in the Mediterranean Sea developed by the 
Meteocean research group2 of the University of Genoa providing high-resolution wave 

climate data from 1979 to 2020 with a regular grid of ≈10 km developed with the third- 
generation wave model Wavewatch III (WW3) [1]. The hindcast has been validated against 
buoy observations providing data of integrated wave parameters in different locations in 
the Mediterranean Sea [2, 3]. 
The wave climate future projections were obtained using the same WW3 configuration 
as the hindcast, forced by surface wind fields of different Euro-CORDEX [4, 5] models 

(GCM-RCM combinations) with 6-hour temporal resolution and 0.11° (≈12.5 km) 
spatial resolution [6, 7, 8, 9, 10]. Wave climate simulations for each model were obtained 
for the base-period from 1970 until 2005 and for the Representative Concentration 
Pathway (RCP) 8.5 high-emission scenario extending from 2006 until 2100. The 
information regarding the GCM-RCM combinations used in this study is presented on 
Table 1. 

 
Table 1. EURO-CORDEX RCM and driving GCM combinations and notation used. 

 

Institution RCM GCM Notation 

SMHI RCA4 ICHEC-EC-EARTH RCA4-EC-EARTH 

DMI HIRHAM5 ICHEC-EC-EARTH HIRHAM5-EC-EARTH 

CLMcom-ETH COSMO-crCLIM-v1-1 ICHEC-EC-EARTH COSMO-crCLIM1-EC-EARTH 

 

 
2.1.1. Ensemble characterization 

Future changes in wave climate in the Mediterranean Sea were evaluated for a multi- 

model ensemble of three different GCM-RCM simulations for mid-century (2030 – 2050) 

and, end-of-century (2080 – 2100) with respect to hindcast (1985 – 2005). 

Results are presented with respect to the ensemble mean, averaging the values predicted 

by each model in the ensemble, giving equal weight to each model. In order to assess the 

robustness and uncertainty of the results across the different GCM-RCMs, this work 

follows the methodology proposed by the IPCC Fifth Assessment Report [11]. Regions 

where the models agree on the sign of change and regions with large/significant changes 

or small changes with respect to internal variability are highlighted. Internal variability is 

defined as the median across all models of the standard deviation of the annual means in 

the base period within each model.

                                                      
2 http://www3.dicca.unige.it/meteocean/hindcast.html. 
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2.2. High-North Seas data 

 
For the wave hindcast in the high-North Seas, this work used the ERA-5 re-analysis, 

produced by the Copernicus Climate Change Service (C3S) at the European Centre for 

Medium-Range Weather Forecasts (ECMWF). It provides hourly estimates of wave 

integrated parameters on a global regular 0.25° grid, from 1979 to the present day. 

For the wave projections, the Norwegian Meteorological Institute and the Arctic Data 

Centre produced a series of wave climate projections forced with wind field ensembles 

from six Coupled Model Intercomparison Project (CMIP) 5 models for the high-North Seas 

covering a period of three decades of the 20th and the 21st centuries and the RCP4.5 and 

RCP8.5 emission scenarios [12, 13]. In this work, future changes in wave climate for the 

high-North Seas were evaluated for the EC-EARTH GCM simulation against the hindcast 

period 1971 – 2000, and end-of-century 2071 – 2100. 

 

2.3. Bias correction of wave projections 

 
GCM and RCM outputs exhibit varying levels of systematic errors or biases when com- 

pared with observations or hindcast data — caused by inter alia, simplified physics and 

discretization, coarse spatial resolution, and internal variability [14, 15] — which can be 

inherited in downscaling processes i.e., when using wind surface fields to force wave 

numerical models. To correct such biases, this work used the EQM-Month technique 

which consists of applying the traditional Empirical Quantile Mapping technique (also 

known as Distribution Mapping or Probability Mapping) to correct the distribution 

function of the GCM-RCM projections to agree with the hindcast distribution as, 

 

X ∗ = F−1
  

FRCM  (X )
 
, (1) 

hind hist 

 

where X ∗ is the bias-adjusted value of the raw GCM-RCM variable X, and Fhind and 
FRCMhist are the empirical distribution functions of the hindcast data and GCM-RCM, 

respectively, during the baseline period. The EQM method is applied to the data grouped 
by month, therefore obtaining twelve different groups to be corrected, to account for the 
temporal variability of wave climate [16, 17]. 

 
2.4. Sea state three wave climate 

 
The World Meteorological Organization (WMO) has developed a standardized system for 

describing the state of the sea, known as the WMO Sea State Code. WMO Sea State Three 

(SS-3) is characterized by waves with heights of up to 1.25 metres with a wave period of 

around 8 seconds. At this level, the sea is considered to be moderate, with small to 

moderate waves and some whitecaps or foam streaks visible on the surface. 

This study presents: 

• Mean value of Hs above SS-3, by season and month. 

• Percentage of sea states above SS-3, by season and month. 

 

3. Results 

 
Figure 1 presents the seasonal3 results of the mean significant wave height (left) and 

percentage of sea states (right) above SS-3 for the hindcast period 1985 – 2005. The 

highest values are obtained for winter in the Western Mediterranean with mean Hs up to 

approximately 2.7 metres and approximately 60% of the sea states being above 1.25 

metres. The lowest mean Hs 

                                                      
3 Meteorological seasons have been used: winter December, January, and February; spring March, April, and May; summer June, 

July, and August; and, fall September, October and November. 
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Figure 1. Mean Hs values (left) and Percentage of sea states (right) for Hs sea states over t h e  SS-3 threshold 

in the Mediterranean Sea, per season, for the hindcast period 1985 – 2005. 

 

Figure 2. Seasonal difference in the mean values of Hs over SS-3 between the hindcast and the ensemble mean 

for mid-century (left, 2030 – 2050) and end-of-century (right, 2080 – 2100). 

 
values are obtained for summer for the southern part of the basin where about 10% of 

the sea states are above SS-3. 

Figure 2 presents the future changes of Hs > HSS−3, per season, between the ensemble 
mean and the hindcast (1985 – 2005), for mid-century (left, 2030 – 2050) and end-of-
century (right, 2080 – 2100). The stippling indicates ‘large change with model 
agreement’, i.e., the multi-model ensemble mean is large compared with internal 
variability (greater than two standard deviations) and at least two of the three GCM-
RCMs agree on the sign of change. End-of- century conditions present robust decreases of 
-0.2 metres for the Central Mediterranean during winter and the overall basin during fall, 
whereas robust increases of 0.13 metres are obtained in the Western Mediterranean, 
Ligurian Sea and Eastern Mediterranean during spring. The projected changes present a 
higher spatial variability for mid-century conditions, where a robust increase of 
approximately 0.08 metres in the Central and Eastern Mediterranean is highlighted. 

Figure 3 presents the future changes of the percentage of sea states above SS-3, per season, 

between the ensemble mean and the hindcast for mid-century (left) and end-of-century. It 

can be highlighted that the Adriatic Sea presents changes classified as small changes with 

model agreement, i.e. the ensemble mean of the future projections is small with respect to 

the internal variability present in GCM-RCMs simulations. With respect to future changes, 

the Balearic and Ligurian seas present a robust increase of 3 – 6% for spring for both mid- 

and end-of-century conditions with the highest increases forecast for mid-century. A 

robust increase is also noticeable for summer and fall in the Aegean Sea for both periods. 

A robust decrease is observed for fall in the rest of the basin with the largest decreases of 

up to -12%. 

For the high-North Seas, Figure 4 presents the monthly results of the mean values of Hs 

above SS-3 for the hindcast period 1971 – 2000, and Figure 5 presents the future changes 

between the EC-EARTH and the hindcast for end-of-century (2071 — 2100). The 

highest hindcast values are obtained for December-March with values o f  up to 6.6 

metres and 
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Figure 3. Seasonal difference in the percentage of sea states where the significant wave heights exceeds 

SS-3 between the multi-model ensemble (ensemble mean) for mid-century (left, 2030 – 2050) and end-of-

century (right, 2080 – 2100). 

 

 
Figure 4. Mean Hs over SS-3 threshold in the high-North Seas, per month, for the period 1971 – 2000. 

 
the lowest values are obtained from May to August with mean Hs under 1.85 metres. It 

is noted that the southern part of the studied area presents consistent mean values of Hs 

over 4 metres for the winter months. Future changes (Figure 5) for the period 2071 – 2100 

indicate a decrease of -0.8 metres for December – March in this region, and decreases of -

0.4 metres for April, May, September, and November. For the summer months (June, July, 

August), decreases of -0.2 metres are indicated. The north-western region shows 

increases of up to 1.0 metres in the global projection, which could be attributed to a lower 

sea ice extent and therefore a larger fetch, although this conclusion should be taken with 

caution as CMIP5 models fail to represent sea ice cover accurately [18]. 

Figure 6 presents the monthly results of the percentage of sea states above SS-3 for the 

period 1971 – 2000. Figure 7 presents the future changes of the percentage of sea states 

above SS-3, per month, between EC-EARTH and the hindcast for the end-of-century 

period (2071 – 2100). All months show more than 80% of sea states above SS-3 in the 

southern part of the region and over 30% for all months in the northern part of the region. 

For the southern part of the region, noticeable future changes (Figure 7) are present for 

May – September with decreases ranging from -8% (May, June, July and September) 
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Figure 5. Monthly difference in mean Hs over SS-3 between EC-EARTH for end-of-century (2071 - 2100) 

and hindcast. 

 

 

 

 

 

Figure 6. Percentage of sea states where Hs exceeds SS-3 threshold in the high-North Seas, per month, for 

the hindcast period 1971 – 2000. 

 

 

 

up to -24% in August.  Conversely, the northern part of the high-North Seas region indicates 

increases of up to 40% for July in the north-west and 25% in the remainder. 
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Figure 7. Monthly difference in the percentage of sea states where Hs  exceeds the SS-3 threshold between EC-

EARTH for end-of-century (2071 – 2100) and hindcast. 
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Abstract. Sea-level rise, together with human activities, may induce 

significant coastline modifications that need to be assessed and 

analysed, to evaluate the future risks of inundation in coastal areas, 

and the impacts on local infrastructure. In this work, we present an 

integrated, GIS-based approach to examining this problem that relies 

on state-of-the-art numerical projections of future sea level in the 

Mediterranean area, for specific emission scenarios, and on the 

extrapolation of present trends of vertical ground motion obtained 

from the Copernicus European Ground Motion Service (EGMS). 

The approach is applied to five coastal areas hosting important 

Italian harbours, namely Brindisi, Napoli, La Spezia, Taranto, and 

Cagliari. Main outcomes of this study are coastal flooding maps at 

different time horizons. In creating these maps, sea-level rise 

information from the numerical simulations has been transported to 

the coast using the “bathtub” approach, without considering the 

effects of the local morphology on the inundation process, which is 

something to be refined in future implementations. The main assets 

exposed to flooding risk are low elevation wetlands, and backshore 

areas, together with coastal infrastructures. The high degree of 

subsidence of infrastructures during the first years after construction 

may significantly contribute to the risk of flooding. In these cases, 

however, predictions based on present EGMS data, with a limited 

time-span, should be considered with caution. Further investigation 

of the geotechnical interactions involved, together with the constant 

update of the Copernicus database, will be of help in making the 

related projections more reliable. 

Keywords. Coastal vulnerability, sea level rise, numerical 

projections, flooding risk, GIS, EGMS 
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1. Introduction 

To evaluate future inundation risks in coastal areas and the related impacts on local 

infrastructure, it is necessary to assess carefully the coastline modifications that may be 

induced by sea level rise (SLR) and by human activities. 

In this study, a detailed projection of future sea level for the Mediterranean basin realized 

at the Italian National Agency for New Technologies, Energy and Sustainable Economic 

Development (ENEA) was used to assess future flood vulnerability of some Italian coastal 

areas. The projection was realized with a new, high-resolution three-dimensional model 

of the Mediterranean Sea circulation (MED16) that resolves very accurately the complex 

dynamics taking place in the Gibraltar Strait, which determine significant differences 

between the Mediterranean SLR and the global one.  The high horizontal resolution of the 

model (7x7 km) allows capturing of spatial variations of the SLR along the coasts of the 

basin. Details of the numerical implementation, including an accurate validation against 

available observations, are described in [1]. 

Coastal geomorphology is strongly influenced both by SLR and ground motion due to 

geological factors such as tectonics, volcanic activities, sediment input, subsidence, etc. 

(see, e.g., [2]). Variability of some of these factors, such as subsidence, can also be 

influenced by human activities, and can occur on rapid time scales (e.g., [3]). In fact, there 

are areas in which subsidence is happening more rapidly than SLR and its impact is not 

fully appreciated at global scale.2 In this work, the most advanced satellite-derived product 

for characterizing the coastal environment, provided by the Copernicus European Ground 

Motion Service (EGMS), has been used to evaluate the contribution of these factors to the 

flooding risk. 

We have chosen the coastal areas of Brindisi, Napoli, La Spezia, Taranto, and Cagliari as 

representative case studies, since they host important Italian ports and are characterized 

by remarkable environmental and economic value. Using open-source software, a GIS-

based tool has been developed, which is capable of combining the local SLR and EGMS 

vertical motion, so to obtain a reliable understanding of the coastal evolution in these areas. 

For the reference years 2040 and 2099, the main results presented in this paper are maps 

that highlight flooded portions in the coastal areas considered. The maps were obtained by 

using the “bathtub” approach, that is, without considering the morphological effects during 

the inundation process [4]. So, the flooded areas are exemplified by raised water levels on 

a coastal digital terrain model (DTM) that changes its elevation through time as a function 

of ground motion trends. 

2. Input data for the GIS system 

2.1 Topography 

 

We employ a high-resolution DTM in the WGS84 - EPSG:4326 geographic projection, 

obtained through the National Geoportal Webgis, which has been used by many authors 

in the last decade (see, e.g., [5], and references therein). Data used to build the DTM were 

collected during a 2010 light detection and ranging (lidar) survey at 2 metres of resolution 

that covered the first- and second-order river courses (hierarchical order given in the river 

catalogue by the “Istituto Geografico Militare”) of the entire Italian territory. For the 

Cagliari area, a 1-metre resolution DTM was used, derived from a Lidar survey on the 

coastal zone and inland urban centres owned by the Regional Administration of Sardinia. 

 

2.2 MED16 ocean model 

 

The ocean model used in this study, named MED16, has been recently developed at 

ENEA. MED16 is a new implementation of the global circulation model by the 

                                                           
2 https://climate.nasa.gov/news/2487/big-coastal-cities-sink-faster-than-seas-rise/ 
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Massachusetts Institute of Technology (MITgcm model, [6]) that covers the 

Mediterranean-Black Sea system and is suitable for climatic integrations. The 

computational grid has 100 vertical levels and a horizontal spatial resolution of about 7 

km. The horizontal detail is further increased at the Gibraltar and Turkish Straits, which 

are characterized by complex bathymetry and dynamics. 

We have performed three simulations: a hindcast simulation (1980–2010), which was 

needed to verify that the model correctly reproduces the past climate variability; a 

historical simulation (1981-2005), which provides the initial condition for the scenario 

simulation; and, a future climate simulation under the RCP8.5 scenario (2006-2099). 

Forcing for the three simulations derives from regional high-resolution (about 12.5 km) 

downscaling made with the SMHI-RCA4 atmospheric model [7], constrained by the ERA-

Interim reanalysis [8] (hindcast), by the CMIP5 HadGEM2-ES global model [9] 

(historical), and by the CMIP5 HadGEM2-ES RCP8.5 (scenario). 

Analysis of the hindcast fields has shown that the model results compare favourably with 

in situ and satellite observations. A first description of the future climate simulation, with 

particular focus of the projected SLR, together with further details about the 

implementation can be found in [1]. Maps illustrating the projected SLR, at different time 

horizons, are shown in Figure 1.  

 

2.3. Ground motion 

 

In November 2022, the Copernicus Programme released its last service, the EGMS 

(https://land.copernicus.eu/pan-european/european-ground-motion-service, [10] [11]). 

This service is based on the multi-temporal interferometric analysis of Sentinel-1 radar 

images at full resolution and provides values of the ground motion velocity and of the 

horizontal deformation on reliable measurement points, i.e., buildings, artificial structures, 

and non-vegetated areas. EGMS allows the user to investigate ground motion with 

unprecedented accuracy, over spatial scales that range from that of a nation, or a city, to 

that of a single infrastructure. Both maps and time series are provided; the latter allow for 

the computation of vertical velocity trends in the regions of interest, expressed in mm/year. 

The present dataset, which will be updated with yearly frequency, covers the period 

January 2016 - December 2020, with a time step of one data item every 12 days until 

October 2016 and one data item every six days from October 2016 to December 2020, 

thus collecting almost 250 records over a period of five years with a horizontal resolution 

of 100 metres. EGMS offers three different map products; here we use the highest-

resolution one (L3). 
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Figure 1. Mediterranean SLR from the MED16 scenario simulation: years 2010, 2023, 2070, 2099. 

3. Methodology 

Estimates of the future sea level in the study areas have been obtained by combining the 

sea-level variations predicted by MED16 with projections of the vertical ground motion 

based on the available EGMS data. The MED16 sea level has been spatially averaged in 

the study regions, and translated to the coastal area using a simple “bathtub” approach. As 

for the ground motion, EGMS provides average velocities of vertical displacement for 

each pixel (100 m x 100 m), averaged over the five-year dataset (2016 – 2020) now 

available. We found that these average velocities are not uniform along the coastal areas 

of our study, and consequently decided to use the full available resolution, without 

performing spatial averages. The present rates of displacement have then been assumed to 

remain constant during the timespan of the scenario. Of course, this is a limitation of the 

analysis, because future geological events could modify such rates. However, since the 

dataset will be constantly updated, uncertainty will eventually reduce in time. 

The EGMS displacements and the MED16 sea level data are spread on the high-resolution 

DTM to obtain the overall yearly movement from 2010 to 2099. The area of interest is 

extended 10 Km inland from the coastline.  A GIS procedure has been implemented using 

the open-source software QGIS vers. 3.22 with customized plugins. All the input data were 

managed in a GIS project and tailored to the UTM WGS84 projection according to the 

Italian Zones 32N and 33N. Using the graphic modeller available in QGIS, a specific and 

flexible tool was implemented that collects the input data, allows for their processing and 

produces inundation maps for the areas of interest; a schematic illustration of the 

procedure is given in Figure 2. Using the GIS procedure, we have computed the maximum 

extension of inundated areas during the periods 2010 – 2040 and 2040 – 2099. 
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Figure 2. Sea Level Rise – input data, steps of the analysis tool, and output files in the graphic representation of 
the GIS tool. The tool can be automatized to produce the outputs for the whole period 2010 – 2099 according to 

customized temporal series, i.e., each year or every five or ten years. 

4. Results & Discussions 

The main result of the present study is the identification of the submerged area within each 

of the five coastal sites, at different time horizons. The surface extensions of the inundated 

areas are reported in Table 1. 

 

 

Table 1. Area (Km2) beneath sea level in different years. 

 

Sites Km2 under SL (2010) Km2 under SL (2040) Km2 under SL (2099) 

Brindisi 0,637 0,764 1,616 

Cagliari 2,382 4,849 12,995 

La Spezia 0,172 0,227 0,502 

Napoli 0,336 0,433 0,693 

Taranto 0,883 1,249 2,073 

 

Zooms of the inundation maps for the periods 2010 – 2040 and 2040 – 2099 in the Taranto 

and Cagliari study sites are shown in Figure 3. Figure 4 presents maps for La Spezia and 

Brindisi, for the period 2040 – 2099, together with zooms highlighting the areas that are 

mainly affected by the flooding (areas that in the future will be at a lower elevation 

compared to the mean sea level; in blue). 
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Figure 3. Taranto and Cagliari study sites; inundation maps for the periods 2010 – 2040 and 2040 – 2099. 
 

 

The quantitative analysis conducted in the present study has shown that the impact of 

relative SLR is not particularly evident along rocky or heavily infrastructure/urbanized 

coastlines such as those of Naples (not shown). The impact is more evident in the other 

coastal areas, as illustrated in Figure 3 and Figure 4. 
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Figure 4. La Spezia and Brindisi study sites (top); zooms of inundation maps for the period 2040 – 2099 that 

highlight the effects on port infrastructures (middle; Confined Disposal Facilities in La Spezia) and on backshore 

(bottom; Brindisi).  

 

The main assets exposed to the risk of flooding are: 

1. Wetlands. They include habitats of naturalistic value that are located around the 

Mar Piccolo in Taranto and the Santa Gilla lagoon of Cagliari. In these areas, the 

contribution of subsidence is significant due to the characteristics of coastal 

deposits (probably formed by intercalation of sand and silty/clay lenses). 

2. Backshore areas. For example, the coastal Plain behind Cagliari's Poetto beach. 

In this area, the drainage network between the sea and the Molentargius Pond 

(Quartu Sant’Elena) contributes to the inundation of the coastal zone. 

3. Maritime infrastructures. Several piers of the port of Brindisi and some Confined 

Disposal Facilities (CDFs), recently built within the gulf of La Spezia, are 

particularly exposed to sinking due to overloading. However, the response of 

sediment compaction to loading is not a linear process and this means that the 

present EGMS vertical rate of motion could overestimate the real one in the 

future. 
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The risk of flooding for backshore areas and wetlands is readily predictable because it is 

related to the low elevation of these coastal environments. Even small variations of sea 

level may have a relevant flooding impact in these areas [12] [13]. For maritime 

infrastructures, the risk of flooding is increased by the high degree of sinking into the 

seabed and/or the high degree of subsidence of infrastructures during the first years after 

construction. In this case, of course, constant maintenance and adaptation of the 

infrastructures can mitigate the rate of sinking, but in recent years many studies 

highlighted that this phenomenon is not adequately considered. 

Both the SLR and the ground motion components used in this study have limitations. As 

for the SLR, more scenarios should be considered. Moreover, it is not possible to evaluate 

the projection’s uncertainty by means of a single model simulation. This issue is widely 

debated in the scientific community nowadays and a possible solution could be to realize 

ensemble simulations, which are, however, computationally very expensive. The main 

limitation concerning the ground motion component is associated with the short duration 

of the present dataset. This will be partially relieved in the future thanks to expected 

periodic updates of the dataset. Having longer time series available will help in 

understanding where it is reasonable to extrapolate present rates into the future. 

It is also clear that EGMS provides an integrated estimate of all geological contributions 

to ground motion without discriminating the effect of the single components. In the future, 

we will further investigate some of these components, acquiring and analysing field data 

to assess better the reliability of extrapolating present EGMS values into future decades. 

 

 

  

CMRE-CP-2024-001

- 28 -



References 

 
[1] Sannino, G. et al. (2022). Modelling present and future climate in the Mediterranean Sea: a focus on sea-

level change. Climate Dynamics, 59, 357–391, https://doi.org/10.1007/s00382-021-06132-w 
[2] Cappucci, S. et al. (2020). Assesment of the anthropogenic sediment budget of a littoral cell system 

(Northern Tuscany, Italy). Water, 12(11), 3240 

[3] Allison, M. et al. (2016). Global Risks and Research Priorities for Coastal Subsidence. Eos, 97. 
https://doi.org/10.1029/2016EO055013 

[4] Gesch, D. B. (2018). Best Practices for Elevation-Based Assessments of Sea- Level Rise and Coastal 

Flooding Exposure, Front. Earth Sci., 6. https://doi.org/10.3389/feart.2018.00230 
[5] Cappucci, S. et al. (2017). Detection of natural and anthropic features on small islands. Journal of 

Coastal Research, 77, 74-88. https://doi.org/10.2112/SI77-008.1 
[6] Marshall, J. et al. (1997). Hydrostatic, quasi- hydrostatic, and nonhydrostatic ocean modelling. J Geophys 

Res, 102, 5733-5752 

[7] Strandberg, G. et al. (2014). CORDEX scenarios for Europe from the Rossby Centre regional climate 
model RCA4. Report Meteorology and Climatology, 116, 84 pp 

[8] Dee, D. et al.: (2011). The ERA-Interim reanalysis: configuration and performance of the data 

assimilation system. Quarterly Journal of the Royal Meteorological Society, 137, 553-597. 
https://doi.org/10.1002/qj.828 

[9] W.J. Collins, W. J. et al. (2011). Development and evaluation of an Earth-System model—HadGEM2. 

Geoscientiphic Model Development, 4, 1051-1075 
[10] Costantini, M. et al. (2021). European Ground Motion Service (EGMS). 2021 IEEE International 

Geoscience and Remote Sensing Symposium. Brussels, Belgium, 3293-3296 

[11] Crosetto, M. et al. (2020). The Evolution of Wide-Area DInSAR. From Regional and National Services 
to the European Ground Motion Service. Remote Sensing, 12, 2043. https://doi.org/10.3390/rs12122043 

[12] Acciarri, A. et al. (2021). Metrics for short-term coastal characterization, protection and planning 

decisions of Sentina Natural Reserve, Italy. Ocean Coast. Manag., 201, 105472 
[13] Taramelli, A. Et al. (2021). Assessment of State Transition Dynamics of Coastal Wetlands in Northern 

Venice Lagoon, Italy. Sustainability, 13(8), 4102. https://doi.org/10.3390/su13084102 

 

CMRE-CP-2024-001

- 29 -

https://doi.org/10.1007/s00382-021-06132-w
https://doi.org/10.1029/2016EO055013
https://doi.org/10.3389/feart.2018.00230
https://doi.org/10.2112/SI77-008.1
https://doi.org/10.1002/qj.828
https://doi.org/10.3390/rs12122043
https://doi.org/10.3390/su13084102


CMRE-CP-2024-001

- 30 -



Nature-based infrastructure for coastal 

flooding and erosion: a dual-impact 

technology? 

 
Giovanni FUSINAa,1, Enda MURPHY 

b and Jeffrey KING 
c 

a
 Defence Research and Development Canada 

b
 National Research Council of Canada 

c
 United States Army Corps of Engineers 

Abstract. “Nature-based infrastructure” technology provides coastal 

flood and erosion risk management benefits by using natural or built 

assets that rely on, or mimic, natural system processes and features. 

This technology has been widely applied in international settings to 

reduce coastal flood and erosion risk. It tends to incur lower costs, 

offer greater flexibility, and has greater capacity to adjust to 

changing environmental conditions than conventional shore 

protection solutions such as concrete seawalls. In this paper, we 

present general guiding principles of nature-based infrastructure to 

reduce coastal flood and erosion risk, and details of an applied 

research project, which studied the performance of nature-based 

infrastructure for managing coastal flood and erosion risk in 

Canadian settings. Finally, we discuss how the United States Army 

Corps of Engineers’ Engineering With Nature® Initiative is pursuing 

opportunities for use of nature-based infrastructure to reduce risk of 

military coastal assets, clearly showing the “dual-impact” of this 

technology. 

Keywords. Nature-based solutions, nature-based infrastructure, 

coastal erosion, coastal flooding risk reduction, coastal assets, dual-

impact technology 

1. Introduction 

Coastal flooding and erosion driven by the combined effects of high tides, storm surges, 

high waves and tsunamis are damaging and costly natural hazards for communities in 

many world nations [1][2][3][4]. For many civilian communities and military installations 

on the coast, the risks associated with flooding and erosion are expected to increase over 

the coming decades due to urbanization, rising sea levels, declining sea ice cover, and 

shifting weather patterns associated with climate change [3][4].  

 

For many communities, purely structural solutions such as concrete seawalls are no longer 

preferred options due to the potential drawbacks associated with “hard” coastal structures 

when broadly deployed without adequate consideration to natural processes or system 

responses. Drawbacks associated with widespread armoring or hardening of coastlines 

may include: coastal squeeze [5], loss of habitat [6], restricted water access, high capital 

and life-cycle costs, high carbon footprint, and limited adaptability to changing conditions. 

New, more sustainable solutions are needed to help communities manage and adapt to the 

increasing flood and erosion threats caused by climate change — solutions that deliver 

additional benefits to the environment, and society: “Nature-based solutions” is such a 

                                                           
1 Corresponding Author: Giovanni Fusina, giovanni.fusina@forces.gc.ca. 
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technology. The United States Federal Emergency Management Agency (FEMA) defines 

nature-based solutions (NbS) as: “…sustainable planning, design, environmental 

management, and engineering practices that weave natural features or processes into the 

built environment to build more resilient communities” [7]; and the International Union 

for Conservation of Nature (IUCN) Global Standard defines them as “…actions to protect, 

sustainably manage, and restore natural and modified ecosystems that address societal 

challenges effectively and adaptively, simultaneously benefiting people and nature”[8]. 

 

Nature-based infrastructure (NbI) for coastal flood and erosion risk management is a form 

of nature-based solution, consisting of natural or built assets that rely on, or mimic, natural 

system processes and features (e.g., beaches, wetlands, reefs, islands, headlands, etc.) to 

provide coastal flood and erosion risk management [9], while delivering additional 

environmental and other societal benefits. NbI spans a continuum of human intervention, 

from “green” or wholly natural systems, to hybrid or “green-grey” systems that combine 

hard (structural) and natural infrastructure elements [9][10]. NbI has been widely applied 

in international settings to reduce coastal flood and erosion risk [9] [11] and often incurs 

higher benefit-cost ratios, offers greater flexibility, and provides more capacity to adjust 

to a changing environment than purely structural solutions such as concrete seawalls [12]. 

NbS are receiving growing international acceptance and uptake, and there has been an 

explosion of research and activity in this field within the past few decades. For example, 

the United States Army Corps of Engineers (USACE) led the development of the 

International Guidelines on Natural and Nature-Based Features (NNBF) for Flood Risk 

Management (FRM), which included contributions from two-hundred practitioners in ten 

countries [11]. NNBF are broadly synonymous with NbI (and NbS), considering the 

shared emphases on conserving, restoring, and leveraging the benefits of natural systems 

to achieve societal and environmental objectives. 

 

It is important to note that NbS can be used to manage natural hazard risk beyond coastal 

erosion and flooding: storm-water (pluvial) flooding, fluvial flooding, wildfire, wind, 

extreme heat, drought are hazards for which NbS can be applied. Indeed, the provision of 

multiple benefits is an inherent advantage of NbS. There is considerable work being 

pursued within Canada and the United States to advance use of NbS while also quantifying 

their performance and associated benefits.  For example, USACE’s Engineering With 

Nature® (EWN®) initiative continues to pursue applied research and deliver NbS to reduce 

risks from the aforementioned hazards [8] [11].   Similarly, the National Research Council 

of Canada’s Ocean, Coastal, and River Engineering Centre (NRC-OCRE) and Defence 

R&D Canada’s Centre for Security Science (DRDC-CSS) led a collaborative applied 

research project (2019-2023) on the performance of NbI for managing coastal flood and 

erosion risk specifically for the Canadian context [13][14].  

 

The purpose of this paper is to describe the principles of NbI for coastal flood and erosion 

risk management, and work to advance knowledge, tools and guidance to inform wider 

deployment of coastal NbI through the NRC-OCRE/DRDC-CSS project in Canada. 

Further, this paper aims to explore the possibilities surrounding the “dual-impact” 

(civilian/military) use of this technology for the purpose of protecting NATO maritime 

infrastructure against coastal flooding and erosion hazards influenced by climate change. 

Examples of NbS applied by USACE at different coastal military installations to increase 

resilience to coastal flooding hazards are discussed [15]. 

2. Overview of Coastal Nature-based Infrastructure Principles, Guidance and Tools 

Common examples of interventionist NbS approaches to manage risks associated with 

coastal erosion, coastal flooding and sea level rise are the restoration, construction, or 

enhancement of: beaches and dune systems; wetlands and tidal flats (including horizontal 

CMRE-CP-2024-001

- 32 -



levees or living dykes2); reef systems;  islands; and, submerged aquatic plant systems and 

kelp beds.[16] 

Very simply put, all these approaches aim to provide buffer zones between communities 

(and infrastructure or valued assets) and the sea, providing storage for flood waters, 

attenuating the waves and storm surges that drive coastal erosion and flooding, attracting 

and stabilizing sediments, attracting stabilizing flora and fauna, and serving as adaptive 

barriers to erosion and sea-level rise.  

Challenges associated with the design of NbI include predicting the response and 

resilience of these dynamic features to changes and disturbances within coastal systems, 

particularly extreme (storm) events, and quantifying flood and erosion risk management 

benefits (e.g. wave attenuation or reduced flood extents). Predicting performance is 

complicated by the complex interactions and feedbacks between built infrastructure, 

physical processes, biology, water chemistry and other components of the system; 

demonstrating a requirement to engage multidisciplinary teams. For example, the health 

and vigour of wetland vegetation — and thus its capacity to perform coastal protection 

and wave attenuation functions — depends on hydrodynamic conditions, water quality, 

sediment transport processes, elevation, species distribution and maturity [1], and 

seasonality (among other factors).   Fortunately, technical guidance for design and 

implementation of NbI exist, coupled with a large body of knowledge gathered from 

successful NbI implementations (see Sections 2.1 and 2.2). 

Figure 1 below shows a NbI shore protection scheme on a beach in front of a section of 

an important highway in the Canadian province of Prince Edward Island (PEI) [9]. In 2016, 

storm-driven erosion threatened the coastal highway, prompting the development of a NbI 

solution. The NbI is a hybrid system, consisting of a combination of dune restoration and 

constructed intertidal reef features, which attenuate waves, and promote sediment 

deposition on the beach, protecting the highway. The artificial reefs were built using 

sandstone boulders, which are analogous to the rocky outcrops prevalent on the PEI coast, 

and provide natural habitat for marine organisms. The small dune was strengthened and 

restored, using fences to trap windblown sand, and by planting stabilizing vegetation. 

Construction was completed in March 2018 and post-construction surveys indicated that 

the NbI performed well during storm events in November 2018 and September 2019 (post-

tropical storm Dorian). 

 
Figure 1. NbI for coastal erosion in PEI [9]. Photo credit: M. Davies, Coldwater Consulting Ltd. 

 

In addition to FRM, NbI brings a number of “co-benefits” (or “ecosystem services”) [11] 

— which cannot be under-stated — and can be broadly categorized as environmental, 

societal, and economic. Environmental co-benefits include the establishment of habitats 

for fish (and other) species, climate change mitigation through carbon storage and 

sequestration; societal benefits include human health and recreation value, and water 

quality and sediment management; economic co-benefits are created with revenue streams 

linked to navigation, commerce, fishing, and tourism which result from the environmental 

and societal benefits. 

                                                           
2 A horizontal levee (or living dyke) consists of a conventional flood protection levee or dyke structure 

fronted by a gradual ecotone slope (often vegetated) on the seaward side providing natural habitat and 

flood/erosion risk management benefits [11]. 
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2.1. International Guidelines on Natural and Nature-Based Features for Flood Risk 

Management 

The USACE-led “International Guidelines on Natural and Nature-Based Features for 

Flood Risk Management” (NNBF for FRM) provide a comprehensive, rational approach 

to the classification, evaluation, planning, design, operation, management (including 

repairing and upgrading), and construction of NNBF for coastal and riverine shoreline 

erosion, coastal and fluvial flooding, and flood risk mitigation [11]. The guiding principles 

can be summarized as: 

 Using a systems approach: this means considering all relevant physical, 

biological, and social processes and their interactions in the area of interest in 

order to reduce conflict and maximize synergies to produce sustainable solutions. 

 Engaging communities, stakeholders, partners and multidisciplinary team 

members: this entails early, broad and professional engagement to meaningfully 

involve those who may be impacted by a project in decision-making, and 

convening multidisciplinary teams to work together in innovative, creative, and 

collaborative ways. 

 Identifying solutions that produce multiple benefits: this entails identifying 

multipurpose solutions that provide both sustainability and resilience. These may 

include combinations of: nature-based features that mimic natural system 

functions (e.g., constructed wetlands or horizontal levees); natural systems and 

features that are preserved, restored or enhanced (e.g. wetland, island or  reef 

restoration) to manage coastal flood and erosion hazard impacts; structural 

engineering (breakwaters, seawalls, and levees or dykes); and,  non-structural 

measures (communication and education that convey information about 

protecting life and property, enhanced building codes, and established evacuation 

routes). 

 Anticipating and managing risk: this entails understanding that there is a level of 

risk associated every flood and erosion risk management project which must be 

managed. Risk averse mindsets can be barriers to innovative solutions involving 

NNBF.  

 Managing expected changes adaptively: natural coastal systems and the global 

climate are highly dynamic. In a deeply uncertain future, the adaptability of NbS 

is an inherent advantage [18], but changes must be anticipated and managed. 

2.2. Tools and resources for implementation of NbI  

There is a diverse and growing body of tools and resources available to potential 

proponents of NbI projects, which can help to support the development of innovative, 

robust solutions, and ensure project success. A non-exhaustive list of examples is given 

below, demonstrations of which are provided in Section 3 of this paper. 

 Technical guidance: The International Guidelines on NNBF for FRM, other 

guidelines, and the extensive scientific literature on successful NbI 

implementations (as well as lessons learned from past failures) provide a 

comprehensive body of knowledge and useful starting points for project 

proponents. Examples of NBS Guidance, which have been produced by many 

diverse organizations can be found on the EWN® website [19].   

 Engagement workshops: Depending on specific goals and audiences, workshops 

can play a useful role in engagement. Workshops can provide the basis for 

generating alternatives and solutions, and to connect stakeholders or rights 

holders with NbI experts. Workshops can also provide a venue for interaction and 

collaboration within multidisciplinary teams. Stakeholders or rights holders can 

also provide valuable input to NbI design by sharing local (or traditional) 

knowledge3 about the coastal region.  

                                                           
3 By “local knowledge” is meant the written or unwritten understanding of a community’s environment 

that was gained through generational experience. 
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 Field monitoring and measurements: Monitoring baseline conditions and 

changes in the system are essential for scoping and planning of NbI projects, 

assessing performance, and informing maintenance and adaptive management.  

Field measurements can also be used to support the development and calibration 

or validation of predictive models or design tools. 

 Models: Models with varying degrees of complexity can be used to study system 

behaviours across spatio-temporal scales, assess the performance of NbI under 

extreme conditions or potential future scenarios, and guide design and adaptive 

management of NbI projects. Examples include: 

o Numerical models: Properly validated/calibrated computational models 

may be employed to simulate system processes, and interactions with 

NbI at multiple scales. For example, global and regional models may be 

used to characterize meteorological and oceanographic climate 

conditions and extreme events at ocean basin scales. Higher resolution 

models may be used to evaluate nearshore processes, interactions with 

and performance of NbI features, and coastal flooding and erosion at 

coastal reach or community scales. Ultra-high-fidelity models, for 

example relying on computational fluid dynamics techniques, may be 

applied to study fine-scale processes or details of NbI components 

affecting performance, often in combination with paired field or 

laboratory experiments. Increasingly, integrated, multiscale modelling 

methods are being employed to leverage fully the advantages of 

different models across the full gamut of spatio-temporal scales [20][21] 

and to simulate complex system dynamics.  

o Physical models: Laboratory experiments that replicate coastal system 

behaviours or NbI components in controlled settings (e.g., wave flumes 

or wave basins) can aid the design process, by enabling testing, 

optimization or validation of solutions. They can also provide insight to 

the mechanisms by which NbI elements deliver flood and erosion risk 

management benefits, thus informing design and implementation. 

3. The Canadian Safety and Security Program’s “Nature-Based Infrastructure for 

Coastal Resilience and Risk Reduction” Project 

NbS are now widely accepted around the world, as exemplified by the numerous case- 

studies in the USACE’s NNBF for FRM guidelines. However, NbS remain underutilized 

in Canada for coastal flood and erosion risk management, in part due to knowledge gaps 

surrounding the performance of NbI in the diverse geographies, climates and socio-

economic contexts of Canada’s coastal regions. [9] This was the main motivation for 

NRC-OCRE to collaborate with the DRDC-CSS through the Canadian Safety and Security 

Program4 to launch a research project (entitled “Nature-based Infrastructure for Coastal 

Resilience and Risk Reduction”) to begin to address gaps for NbI implementation in 

Canada’s coastal regions, bringing together a multidisciplinary, multi-institutional group 

of collaborators across various levels of government, academia, private/non-profit sector 

and communities. The project launched in 2020 and will end in 2023.  Nature-based 

solutions are a key focus area within the Coastal Resilience theme of NRC-OCRE’s Ocean 

Program [22], which targets more sustainable management of Canada’s ocean resources 

by 2027. Towards achieving commitments of Canada’s National Adaptation Strategy [23], 

NRC-OCRE recently launched a multiyear research initiative aimed at mainstreaming and 

                                                           
4 The Canadian Safety and Security Program (CSSP) supports federal, provincial, territorial, municipal and 

Indigenous governments in the development of innovative science and technology advancements that contribute 

to the safety and security of Canadians. Projects funded by CSSP strengthen Canada's ability to anticipate, 

prevent, mitigate, prepare for, respond to, and recover from natural disasters, serious accidents, crime and 
terrorism through the convergence of science and technology (S&T) with policy, operations, and intelligence. It 

is led by DRDC-CSS in partnership with Public Safety Canada.  
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scaling up coastal NbI applications, founded on three pillars: (1) continuing collaborative 

research on NbI pilot projects in diverse Canadian coastal settings; (2) targeted studies to 

address specific or generic design challenges for coastal NbI; and (3) continual 

advancement, review, updating and dissemination of design guidance. 

This project has informed specific considerations for Canadian coastal communities where 

implementation of NbI was (or will be) sought, including: the required volumes and 

geometries of constructed cobble beaches (i.e., dynamic revetments) to achieve acceptable 

reshaping under storm wave action; species-specific roles and behaviours of wetland 

vegetation native to Canada; wave attenuation performance of immature (newly planted) 

salt marshes and mature marshes in mega-tidal environments; the efficacy of innovative 

marsh edge treatments and stabilization measures for a living dyke; and, the cumulative 

impacts of multiple managed dyke realignment and marsh restoration projects on regional 

circulation and water levels. It has also advanced the NbI knowledge base and tools to 

support their implementation, generating insight to the suitability of different numerical 

models for predicting NbI performance, and identifying methods for downscaling and use 

of vegetation surrogates in physical models. The applied research was conducted in 

collaboration with community partners (including municipal governments and First 

Nations) to ensure complementarity and synergy with community planning, design and 

monitoring activities, and to benefit from local knowledge (including First Nations’ oral 

histories and traditional knowledge). 

Three locations were the foci of the research for this project:  

 A remote northern British Columbia (BC) site — studies conducted on a hybrid 

shore protection scheme (combining “grey” and natural features) at a remote First 

Nation community, the first phase of which had been constructed in 2019;  

 An urban southern BC site — the location of three planned pilots of a “Living 

Dyke” concept, developed by local municipal and First Nations communities. 

Construction began in April 2023; and, 

 Chignecto Isthmus, a critical transportation corridor linking Nova Scotia and 

New Brunswick. Critical infrastructure, several communities, and agricultural 

land on this low-lying strip of land are partially protected from coastal flooding 

by an extensive system of legacy dykes (levees), which are aging and vulnerable 

to the effects of relative sea-level rise. Despite local implementation of several 

managed dyke realignment 5  and marsh restoration projects, the potential for 

vegetated foreshore marshes and managed dyke realignment to support flood risk 

reduction on a larger scale is largely unexplored.  

In keeping with the NNBF for FRM guidelines, the project engaged a multidisciplinary 

team, which undertook coordinated research activities studying the NbI being adopted (or 

considered) at the three locations mentioned above. This “living laboratories” approach 

involved: community workshops and engagement; field monitoring; numerical modelling; 

and, laboratory experiments (physical modelling).  Findings and lessons learned from 

these activities informed the development of new Canadian guidelines for coastal NbI 

(Section 3.5). 

3.1. Community Workshops and Engagement 

As part of the project, different engagement workshops were conducted. These served to 

connect community members to technical specialists within the project team, and the 

project team to stakeholders, rights holders and interested or affected groups. In this way, 

the different aspects of NbI and the benefits it could bring to communities were 

highlighted, the project team researchers were exposed to the perspectives of coastal 

communities adapting to climate change, and research activities were tailored to reflect 

community values and practitioner needs. Workshops also provided a national forum for 

engagement, collaboration, critical discourse, and knowledge-sharing to advance coastal 

                                                           
5 Managed dyke realignment involves the purposeful breaching, removal or landward relocation of an 

existing coastal protection structure, such as a dyke (levee), to restore tidal influence and support restoration of 

intertidal habitat. [24] 
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NbI research and practice in Canada. The events brought together multidisciplinary groups 

of practitioners, researchers, engineers, natural and social scientists, academics, planners, 

government and Indigenous representatives from across Canada and the United States to 

network and share insights and build a community of practice [13],[14]. 

3.2. Field Monitoring  

Multiyear field monitoring campaigns at the three NbI pilot sites (e.g., Figure 2) have 

resulted in the generation of large quantities of data, which have been used to optimize 

design of the Living Dyke pilots, as well as the development, calibration and validation of 

physical (experimental) and numerical models to predict the performance of different 

types of nature-based solutions at the northern BC site and the Chignecto Isthmus. 

Community members participated in field monitoring activities, contributing their 

understanding of local conditions to the field program, and availing of technical training. 

Synthesis and analyses of the field data has provided useful insights to guide future NbI 

implementation, for example by quantifying the influence of vegetation height and marsh 

morphology on wave attenuation by salt marshes in macro-tidal environments, and 

characterizing wave transformation in diverse environments ranging from wide, intertidal 

mudflats to steep, rocky inlets. 

   
Figure 2. Natural Resources Canada researchers aboard a Canadian Coastguard hovercraft, deploying pressure 
sensors near the southern BC site (left, photo credit: Gwyn Lintern) [25]; pressure sensor from an array installed 

by Saint Mary’s University across intertidal salt marshes at Chignecto Isthmus (right, photo credit: Danika van 

Proosdij) [14]. 

3.3. Numerical and Physical Modelling 

Numerical models of waves and hydrodynamics for the southern BC site were developed 

and calibrated using field data, and used to inform the Living Dyke pilots [26]. 

Numerical wave and morphodynamic models for evaluating the performance of the 

northern BC site’s nature-based shore protection scheme were developed and calibrated 

using field data (wave measurements and sediment samples), and experimental data 

derived from a three-dimensional 1:20 scale physical model constructed in NRC-OCRE’s 

Large Area Basin in Ottawa (Figure 3).  
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Figure 3. Three-dimensional 1:20 scale physical model of the northern BC site’s shore protection scheme at 

NRC-OCRE’s Large Area Basin in Ottawa. 

 

A numerical model of Cumberland Basin and the coastal floodplain on Chignecto Isthmus 

was developed and used to assess flood extents under relative sea-level rise scenarios, and 

to assess the potential impacts of managed dyke realignment and marsh restoration on 

flood extents and circulation (Figure 4).  

 

 
Figure 4. Chignecto Isthmus hydrodynamic model topography-bathymetry.[27]  

3.4. Laboratory Experiments 

Experimental studies (e.g., Figure 5) have provided: new insights to wave-vegetation 

interaction — including species-specific behaviours of plants native to Atlantic Canada, 

[28] wave attenuation by immature or newly-planted marshes, [1] and integration of 

vegetation with dykes in nature-based solutions; [29] design of dynamic revetments 

(cobble beaches [30]); design of innovative edge treatments for constructed marsh 

platforms as part of a living dyke; and, techniques for downscaling vegetation in 

laboratories using surrogates to guide nature-based solutions design.   
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Figure 5. Experimental investigation of wave attenuation by immature salt marsh vegetation (left [1]) and 
performance of marsh edge protection comprising biodegradable oyster shell-filled mesh bags (right [31]) at 

NRC-OCRE laboratories in Ottawa, Canada. 

3.5. The Canadian Coastal NbI Design Guide 

The key project deliverable, a national design guide for coastal nature-based infrastructure, 

is in the final stages of development. Approximately 60 project partners, experts and 

practitioners of nature-based solutions from across Canada, as well as several international 

partners (US Army Corps of Engineers’ Engineering With Nature program, and the US 

National Oceanic and Atmospheric Administration (NOAA)), have contributed to the 

development of the design guide. Copy-editing is currently underway.  

4. The Dual-Impact of Nature-based Solutions 

Dual-impact (or “dual-use”) technology is defined as technology that is focused on 

commercial markets and uses for public benefit but may also have defence and security 

applications. 

USACE’s 2021 publication entitled: “Engineering With Nature: Supporting Mission 

Resilience and Infrastructure Value at Department of Defense Installations” [13] describes 

plans and implementation of NbS at six different military installation across the US. Of 

these, four specifically target coastal erosion and flooding: namely, the Marine Corps’ 

Camp Lejeune in North Carolina, MacDill Air Force Base in Florida, the US Army’s 

Aberdeen Proving Ground in Maryland, and Naval Base Ventura County in California.   

These installations are all very important for US Department of Defense (DoD) operations 

and training. They employ several thousand people, both civilian and military, and are an 

integral part of the local economies. The NbI solutions planned and implemented at these 

sites will support continuity of the respective military missions, while simultaneously 

providing co-benefits to the military and civilian communities within and around the 

installations. 

We highlight a couple of examples from [13]. Figure 6 below illustrates some examples 

of the implementation strategies of NbI in controlling coastal erosion at the MacDill 

United States Air Force (USAF) base: vegetation planting (left) and reef building (left, 

centre and right). Reef building can also result in the establishment of vegetation without 

actual planting (centre and right). 
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Figure 6. McDill, USAF base. Left to right: restored shoreline through the use of a nearshore oyster reef and 
vegetative plantings; installation of reef-building materials in the nearshore waters parallel to the shoreline 

resulted in the return of a highly productive and more resilient shoreline; erosion controlled with a dense 

vegetative buffer which resulted from the installation of a man-made oyster reef. Photo credit: Jason Kirkpatrick 

[13]. 

 

In Figure 7 (left) MacDill's southeastern corner is depicted from 2008: a nearshore oyster 

reef resulting in the later establishment of salt marsh and mangrove habitat stabilized the 

shoreline. In Figure 7 (right), a dense smooth cordgrass is shown, which was established 

behind a fabricated oyster reef to stabilize a long-eroding shoreline: previously this area 

was just bare sand. 

 

 
Figure 7. MacDill USAF base implementation of NbI. Photo credit: Tampa Bay Watch (left) and Jason 

Kirkpatrick (right). [13]  

 

Figure 8 below shows the impacts of a NbI project “Vision” for Naval Base Ventura 

County in California. It consists of defending critical structures on the Base which need to 

stay in place and moving other non-critical ones to higher ground. These steps will be done 

in conjunction with the restoration and enhancement of NbI that include beaches, dunes, 

estuarine and salt marsh habitats located inside and outside ‘the fence line’ of the navy 

base.  This mosaic approach to pursuing three action categories (i.e., defend, relocate, and 

remove) represents a comprehensive method for achieving resilience at this installation.  

The principles and methodologies used by USACE to manage the risks of coastal erosion 

and flooding hazards at the different DoD installations are modelled on those described in 

Section 2.1. Communities (both the military and civilian) were engaged, solutions were 

identified, the predicted risks and changes will be adaptively managed.  

These examples clearly illustrate that the “dual-impact” nature of NbI is already a reality. 

 
Figure 8. Illustration of potential impacts to a NbI adaptation scenario for Naval Base Ventura County. (Image 

by Environmental Science Associates) [13] 
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At present, the USACE’s EWN® program is collaboratively working with the US DoD 

Department of the Navy, Department of the Army, and Department of the Air Force at 

more than 15 installations across the US to identify opportunities for integrating NbS into 

installation landscapes.  Results of those studies will be made available in ‘NbS handbooks’ 

with an anticipated publication date of early spring 2024.     

5. Conclusions and Future Work 

This paper has described at a high level the foundational concepts and principles 

underlying the application of NNBF/NbS/NbI for coastal FRM, and provides specific 

examples of work to advance knowledge, tools and resources to support wider 

implementation in Canada and the United States. The potential “dual-impact” of this 

technology was also described through concrete examples of NbS deployed at different 

US DoD installations.  

It is hoped that one of the outcomes of this present CC&S workshop is that NATO will 

begin to consider more widely adopting NbS as a strategy to protect its installations, in 

particular maritime infrastructure. Possible ways to do so include the establishment of a 

NATO Science and Technology Organization (STO) Systems Concepts and Integration 

(SCI) Panel “Exploratory Team” leading to a “Research Task Group”, and/or a working 

group under the programme of work of the nascent Climate Change and Security Centre 

of Excellence (CCASCOE). The exploration of NbS for Arctic assets is also a crucial 

application “use-case” that should be explored. 
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Abstract. Climate change has a substantial effect on the 

environment. Consequently, it will also impact sensors that are 

deployed in these changing environments. This paper investigates 

the impact of climate change on sonar performance, and aims to 

identify both direct and indirect relationships. Changes in 

oceanography, including layering of the water column and 

modifications of sound ducts, evidently influence the propagation of 

sound. Furthermore, climate change will change the soundscape, 

which comprises: environmental noise — generated by wind, rain, 

waves, and sea ice; biological noise — generated by marine 

mammals; and anthropogenic noise. The last source needs to be 

considered, as climate change will change human economic 

activities. Knowledge whether climate change impacts sonar 

performance in areas of interest to NATO is important for the 

planning and execution of anti-submarine warfare operations, and 

can be used as an indicator of whether environmental knowledge 

needs to be strengthened to realize an effective capability.  

Keywords. Climate change, sonar performance, acoustic 

environment, ambient sound, ASW 

1. Introduction 

Climate change has a significant impact on ocean acoustics through temperature changes 

in the water column altering the speed of sound, and a reduction of pH by dissolving CO2. 

Furthermore, melting of ice results in large volumes of water with low salinity. Both 

factors have a substantial effect on layering of the water column. An example of how much 

the ocean surface temperature is changing, can be seen in figure 1, where in some areas 

the water surface temperature is 6 degrees higher than it was 40 years ago. Currently, there 

is insufficient knowledge on the impact on sonar performance in areas relevant to NATO.  

                                                           
1 Corresponding Author: Victor O. Oppeneer, victor.oppeneer@tno.nl. 
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Figure 1. Difference between surface temperatures on August 20th 2023, vs average surface temperature 1971-

2000 [1]. 

1.1. Objectives 

A collaboration between the NATO Science and Technology Organization (STO) Centre 

for Maritime Research and Experimentation (CMRE) and the NLD Organization for 

Applied Scientific Research (TNO) has been set up to investigate how climate change can 

alter sonar performance, what is already known, and what still has to be investigated. 

Particularly, the focus is on the following objectives: 

1. Impact of climate change on ambient noise properties; 

2. Impact of climate change on propagation conditions / sonar performance; 

3. In which areas of interest to NATO is sonar performance likely to be influenced by 

climate change; and, 

4. Recommendations on usage and/or modifications of databases. 

This paper presents the initial results of the collaboration, providing a qualitative analysis 

aiming to provide a better understanding on the impact of climate change on sonar 

performance. 

1.2. Approach 

Finding a direct relation between climate change and sonar performance is a complicated 

task. Therefore, we use both the active and passive sonar equation to decompose sonar 

performance into individual terms such as target signal/target echo, ambient noise, and 

reverberation. Subsequently, the impact of climate change on these individual components 

is analysed. 

In chapter 2, the passive and active sonar equations are introduced. Chapter 3 subsequently 

provides an analysis in which the relationships between climate change and the individual 

terms of the sonar equations are explicitly identified. This is achieved by analysing the 

impact of climate change on the acoustic environment (directly), and indirectly by changes 

in human behaviour, resulting in changes in ocean acoustics, and consequently changes in 

signal strength, ambient noise, reverberation, and — ultimately — sonar performance.  
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2. The sonar equations 

2.1. The Passive Sonar Equation 

A method of acoustically detecting a submarine target is by listening for its radiated sound. 

The probability of detection of the target is related to the false alarm rate and the signal-

to-noise ratio (SNR). In passive sonar, the SNR depends on the strength of the radiated 

sound in comparison to the ambient noise at a receiver — for example, a sonobuoy. The 

SNR can be computed as [2]: 

𝑆𝑁𝑅𝑝𝑎𝑠𝑠𝑖𝑣𝑒 = 𝑅𝑆𝐿 − 𝑃𝐿 − 𝑁𝐿 + 𝐴𝐺 (1) 

Here, all the terms are in decibels (dB), with: 𝑅𝑆𝐿 being the radiated sound level by the 

submarine; 𝑃𝐿 the propagation loss from the vessel to the receiver array; 𝑁𝐿 the ambient 

noise level; and, 𝐴𝐺 the array gain — the gain in SNR that comes from having a larger 

array than a single hydrophone.  

Only the propagation loss 𝑃𝐿 and ambient noise 𝑁𝐿 will be influenced by climate change.  

The 𝑅𝑆𝐿  and 𝐴𝐺  are dependent on the target submarine and the receiver array, 

respectively. Although future technology advances are expected to modify the values of 

these parameters, they themselves do not depend on climate change.  

2.2. The Active Sonar Equation 

To detect a submarine, active sonar uses a sound source to generate a sound signal in 

conjunction with a receiver array to detect reflected and scattered echoes . The SNR of a 

target can be determined by the active sonar equation [2], which is similar to the passive 

case: 

𝑆𝑁𝑅𝑎𝑐𝑡𝑖𝑣𝑒 = 𝑆𝐿 − 2𝑃𝐿 + 𝑇𝑆 − (𝑁𝐿⨁𝑅𝐿) + 𝐴𝐺 (2) 

Again, all terms here are in dB, with: 𝑆𝐿 being the source level of the sonar source; 𝑃𝐿 the 

one-way propagation loss — and therefore 2𝑃𝐿  the two-way propagation loss; 𝑇𝑆 the 

target strength — similar to a radar cross-section; 𝑁𝐿 the ambient noise level; 𝑅𝐿 the 

reverberation level — echoes from the environment, such as waves or rocks; and 𝐴𝐺 the 

array gain. (𝑁𝐿⨁𝑅𝐿) means the sum in linear pressure before conversion back to dBs.  

In the active sonar case, only the propagation loss, ambient noise, and reverberation level, 

will be altered by climate change. The other terms are hardware related, and are not 

considered in this paper. 

3. Relating Climate Change to Sonar Performance 

Figure 2 shows causal relations between climate change and sonar performance. Climate 

change influences human behaviour — changing shipping lanes and regulations — and 

the acoustic environment, such as altering oceanographic characteristics. The acoustic 

environment is a description of all the environmental factors that influence ocean 

acoustics, where ocean acoustics comprises scattering of sound, sound propagation and 

ambient noise sources. Ocean acoustics influence sonar performance, which characterizes 

the performance of either passive or active sonar systems as the ability to discriminate 

between target signal and unwanted reverberation and measured ambient noise levels. 

Figure 2 can be used to assist in determining if there are any gaps in knowledge. In 
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addition, it can help to understand how changes to the values of the parameters impact 

sonar performance. 

In the next sub-sections, each group — such as the acoustic environment — will be 

described in more detail and how they are influenced by climate change explained, 

supported by examples from available literature. 

 
Figure 2. Block diagram relating sonar probability of detection to climate change effects. Each block defines a 

phenomenon, and the arrows indicate if one block is influenced by another block. The arrows only indicate the 

influence of one block to another, not its strength nor whether it is positive/negative. 

3.1. Acoustic Environment and Human Behaviour 

Climate change affects the acoustic environment by influencing: 

 The oceanography, by changing the temperature and pH distribution in the water 

column. From the literature [3], it is known that climate change will increase the 

temperature of the ocean, most predominantly in the top layer to 400m, but also to a 

lesser extent at deeper depths. Over time, this means that the occurrence of a 

downward refracting sound speed profile will be more common.  

In addition, there will be regions around the Arctic and Antarctic where the melted 

sea ice would create regions with very low salinity [4], changing the sound speed 

profile. 

 Wind and rain, by changing the occurrence of extreme weather. Although it is not 

clear if certain regions become more wet or dry [5], it is expected that the likelihood 

of extreme weather events will increase [6]. 

 The biological ecosystem in the oceans is expected to change due to rising 

temperatures and changing pH levels [7] [8].  

 Sea-ice coverage is going to decrease [4]. 

Furthermore, the acoustic environment is influenced by human behaviour. It is estimated 

that the contribution of ocean shipping to the world gross domestic product is going to be 

double that of 2016 [9]. The locations of human economic activities may change, for 

example by shipping goods from China to Europe through Arctic ice-free routes during 

the summer months, which would increase the distant shipping ambient noise in those 

areas, and reduce it in the areas where the ships would have sailed if there were sea ice in 

the Arctic. In addition, international environmental policies are expected to reduce the 

radiated noise per ship [10], for example, based on strategies such as reducing vessel speed 

[11]. The combination of these two human behaviours will change the spatial distribution 

and intensity of ocean ambient noise levels caused by shipping. 
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3.2. Ocean Acoustics 

Changes to the acoustic environment affect the ocean acoustics.  

The scattering of sound at the air-water surface, at the ocean floor, and inside the water 

column is influenced by [12] [13]: 

 Wind (Sea State) 

 Sea-ice coverage 

 Biology 

Sound propagation is influenced by: 

 Oceanography 

 Wind and rain 

 Sea-ice coverage 

Ambient noise is the cumulative effect of: 

 Wind and rain noise 

 Breaking ice noise 

 (Distant) shipping noise 

 Biological noise 

3.3. Sonar Performance 

Sonar performance defined as the probability of detection of a target submarine is 

determined from the sonar SNR, both terms — signal and noise — of which are influenced 

by the changing ocean acoustics. 

On the target signal side, performance changes mostly result from changes in propagation 

loss. 

Depending on the type of sonar — passive, or active, noise is changed more drastically by 

ocean acoustics. For passive sonars, noise is mostly influenced by changes in (distant) 

shipping noise, which in turn is also modified by changes in sound propagation. For active 

sonars, reverberation is also affected by the changes in acoustic scattering mechanisms.  

It is currently not known if SNRs for both active and passive sonars will increase or 

decrease because of climate change effects.  

4. Conclusion and way ahead 

This work presents the initial work done under a collaboration between CMRE and TNO. 

This paper discusses how sonar performance is (indirectly) linked to climate change.  

Using the lens of the passive and active sonar equations, some initial observations are 

made based on a review of the available literature. A block diagram relating sonar 

probability of detection to climate change effects is the first major result of this 

collaboration, and will be used to determine if and where there are gaps in our knowledge, 

thereby informing future research.  

Future work will concentrate on the anti-submarine warfare operating areas relevant to 

NATO, investigating the likely extent of the changes in ambient noise and acoustic 

propagation caused by climate change, and determining if existing oceanographic 

databases need to be changed or updated. 
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Abstract. Climate change (CC) is leading to unprecedented impact 

to the whole Earth ecosystem, including the oceans and atmosphere. 

In the last decade, some studies have analysed the impact of CC on 

underwater acoustic communication systems and, more recently, 

sonar, whereas very little work is devoted to the effects of CC on the 

performance of microwave technologies, such as radar and wireless 

communication systems. This work aims at filling this gap and 

address the potential impact of expected changes in atmospheric 

ducts on electromagnetic (EM) propagation at microwave 

frequencies. For this purpose, our analysis is conducted with a 

reliable EM propagation numerical solver able to account for 

atmospheric duct characteristics, such as duct height, among other 

system parameters, e.g., frequency, transmitter and receiver antenna 

height, and range. Preliminary investigations have revealed that 

modifications in the spatial distribution of the atmospheric features 

induced by CC might have a non-negligible impact on EM 

propagation and, in turn, on the performance of microwave radar 

systems in terms of path loss and detection range, especially in the 

equatorial and tropical regions.  
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1. Introduction 

Global climate change (CC) is a widely accepted phenomenon affecting our daily life and 

activities. It is also well recognized that CC is leading to unprecedented changes on the 

whole Earth ecosystem, including the oceans and atmosphere. In the last decade, a number 

of studies have analysed the CC-induced variations of oceans’ parameters and their impact 

on submarine navigation and underwater acoustic communication systems, e.g., [1] [2], 

and very recently CMRE started to work on sonar, too [3]. 

However, very little work on the analysis of CC-induced phenomena on the performance 

of microwave technologies, such as radar and wireless communication systems, has been 

carried out, and the research that is available is mainly devoted to rainfall impact [4]. 

Consequently, the potential effects of CC on such technologies remain largely unexplored. 

Indeed, among other relevant phenomena, it is expected that CC will lead to significant 

changes in atmospheric structure and parameters, including the intensity and occurrence 

of anomalous conditions, e.g., evaporative ducts (EDs).  

Under standard atmospheric conditions, the modified refractivity M increases slightly with 

altitude at a rate of 118 M-units/km causing electromagnetic (EM) waves to bend upwards 

as determined by Snell’s laws. Conversely, atmospheric ducts occur if M decreases with 

height, thus leading to EM waves bending downwards, and the potential trapping of EM 

energy. As a result, atmospheric ducts may enable beyond-line-of-sight (bLoS) 

communications over long ranges. Atmospheric ducts occur mostly in the troposphere (i.e., 

the bottom layer of the atmosphere) and over oceans. Experimental studies carried out 

over sea off Malaysian Shores and over the Australian Great Barrier Reef have proven the 

feasibility of exploiting tropospheric ducts for establishing high-capacity bLoS microwave 

links [5] [6]. More specifically, in [5] it is demonstrated that a 78-km microwave radio 

link can be established at 10.6 GHz with a data rate of 10 Mb/s using antennas positioned 

at 7 m above sea level. However, the received signal strength appeared to be about 34 dB 

lower than the predicted value, leading to lower than expected availability from the link 

[5].  

This work aims at addressing the potential impact of expected changes induced by CC in 

atmospheric ducts on EM propagation at microwave frequencies. We made use of a 

reliable numerical solver [7], based on the parabolic equation (PE) method, to evaluate 

EM propagation through the atmosphere. The EM propagation analysis exploits climate 

atmospheric data for both historical and future periods provided by the outputs of the 

Coupled Model Intercomparison Project 6 (CMIP6) [8] [9], the major international 

coordinated effort for estimating the future evolution of the earth climatic system.  

This paper is organized as follows: Section 2 briefly describes the models and tools 

adopted to carry out the path-loss analysis; Section 3 presents the climate model adopted; 

preliminary numerical results are provided and discussed in Section 4; and, Section 5 

draws the main conclusions. 

2. Large-scale Path Loss Evaluation 

2.1. EM propagation simulation 

EM propagation through the atmosphere is here simulated by means of PETOOL v2 [7], 

a freely available numerical solver of the PE based on the split-step Fourier transform 

(SSFT) method [10]. Among many other features, PETOOL v2 allows for evaluating the 

path loss in anomalous atmospheric conditions, such as EDs. The modified refractivity 

profile M(z) used as the input climate parameter is computed as:   

 

𝑀(𝑧) = 𝑀0 + 0.125𝑧 − 0.125𝛿 ln (
𝑧+𝑧0

𝑧0
)  (1) 

 

where, z is the height coordinate, 𝑀0, 𝛿 and 𝑧0 are the base refractivity, the ED height and 

the surface roughness length, respectively.    
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The PE method is a two-dimensional approximation of the Helmholtz equation in a narrow 

region surrounding the paraxial direction that is the preferential propagation direction of 

the EM source. 

A commonly adopted formulation of the PE is the well-known standard PE (SPE), which 

reads as: 

 
𝜕2

𝜕𝑧2 𝑢(𝑥, 𝑧) + 2𝑗𝑘0
𝜕

𝜕𝑧
𝑢(𝑥, 𝑧) + 𝑘0

2(𝑛2 − 1)𝑢(𝑥, 𝑧) = 0  (2) 

 

where x is the range, 𝑢(𝑥, 𝑧) denotes the reduced field, i.e., the transverse component of 

the electric or magnetic field reduced from the propagation factor; 𝑘0 is the free-space 

wavenumber, n is the air refraction index, which is related to M via the following relation: 

 

𝑀(𝑧) = 106[𝑛(𝑧) − 1] + 0.157𝑧 . (3) 

 

Note that the last term in (3) is introduced to compensate for the curvature of the earth’s 

surface in wave-propagation models that notably assume the surface is flat. In PETOOL 

v2, the SPE in Eq. (2) is solved step-by-step in the range direction by means of SSFT, and 

the path loss PL is evaluated as follows: 

 

          𝑃L =  20log10(4𝜋|𝑢(𝑥, 𝑧)|) + 10log10(𝑥) − 30log10(𝜆)             (4) 

 

where 𝜆 =
2𝜋

𝑘0
 is the free-space wavelength. 

2.2. Path-loss and detection range evaluation 

In free space, the single-pulse power received from a pulse radar system Pr, can be 

expressed under the hypothesis of uncompressed pulses by means of the following radar 

equation [11]: 

 

𝑃r =
𝑃t𝐺t𝜌𝐴eff  

(4𝜋)2𝑓P𝐿S𝑑4 𝜎tg (5) 

 

where 𝜎tg is the target radar cross section (RCS), d the target range, and all the remaining 

parameters of the radiofrequency (RF) system appearing in Eq. (5) are defined in Table 1, 

where notably Pt stands for the average power, which is related to the peak power through 

the radar duty cycle. It is worthwhile to recall that the Rx antenna effective area 𝐴eff is 

related to its gain G through the standard formula 𝐴eff =
𝜆2

4𝜋
𝐺. 

Recalling that the two-way (i.e., back-and-forth) free-space path loss (FSPL) PL,free reads 

as 

 

𝑃L,free = (
4𝜋𝑑

𝜆
)

4

 (6) 

 

the received power can be expressed in terms of a generic two-way path loss 𝑃𝐿,tot =

𝑃L1
𝑃L2

, with  𝑃L1
and 𝑃L2

 the path loss of the transmitted and the target-reflected echoes, 

respectively, and reads: 

 

𝑃r =
𝑃t𝐺t𝜌𝐴eff 

𝑓P𝐿S𝑃L,tot
𝜆4

(4𝜋)2

𝜎tg (7) 

 

It is noteworthy that, in Eq. (7), the two-way path loss completely characterizes the EM 

behaviour of the channel, i.e., the troposphere in our analyses. As a matter of fact, its 

evaluation allows for fully assessing the effects of atmospheric ducts on EM propagation 

and paves the way for determining the performance of radar operations as well. 
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Accordingly, our work mainly focuses on a reliable estimation of the path loss in the 

presence of atmospheric ducts.  

As a side outcome of our analysis, we also evaluate the detection range, which is defined 

as the maximum target range providing a signal-to-noise ratio (SNR) not lower than the 

minimum one required for achieving acceptable radar operation performance. The latter 

is typically expressed in terms of false alarm rate and probability of detection, or, 

equivalently in terms of SNR once a detection/tracking strategy is chosen.  

Therefore, a proper evaluation of the detection range calls for rearranging Eq. (7) in terms 

of SNR. In the hypothesis of coherent integration of 𝑛P pulses, the SNR can be expressed 

as: 

 

 SNR1 =
𝑃t𝐺t𝜌𝐴eff 𝑛P 

𝑓P𝐿S𝑘𝑇0𝐹N𝑃L,tot
𝜆4

(4𝜋)2

𝜎tg (8) 

 

where SNR1 is the SNR required as if detection were performed on a single pulse, 𝑛P is 

the number of integrated pulses, 𝑃n =  𝑘𝑇0𝐹N is the thermal noise power, with 𝑘 being the 

Boltzmann constant, 𝑇0 = 290 K the reference noise temperature, and FN the noise figure. 

Given the minimum SNR1 SNR1,min required for radar operations, the maximum two-way 

path loss 𝑃L,max supported can be easily found by rearranging Eq. (8), which gives: 

 

𝑃L,max =
𝑃t𝐺t𝜌𝐴eff 𝑛P 

𝑓P𝐿S𝑘𝑇0𝐹NSNR1,min
𝜆4

(4𝜋)2

𝜎tg. (9) 

 

It is worth recalling that 𝑃L,max is proportional to the target RCS and inversely proportional 

to the minimum required SNR. Since the large-scale path loss is an increasing function of 

distance, the same properties apply to the detection range.   

The free-space detection range 𝑑max,free can be easily derived by rearranging Eq. (6) for 

𝑃L,free = 𝑃L,max, which gives: 

 

𝑑max,free =
𝜆

4𝜋
(𝑃L,max)

1/4
=

𝜆

4𝜋
√𝑃L1

 (10) 

 

where we assumed 𝑃L1
= 𝑃L2

= (
4𝜋𝑑

𝜆
)

2

 in free space, which requires the reciprocity of the 

channel. 

For detection range evaluation purposes, we then apply the following multi-step 

procedure: 

1. for the scenario under consideration, i.e., for a defined radar system, target, 

and atmosphere configuration, we first compute the maximum supported 

one-way path loss, i.e., we apply Eq. (9) under reciprocity;  

2. in that same scenario, we evaluate the one-way path-loss range profile at 

height hr using the numerical solver PETOOL; 

3. finally, the detection range is numerically evaluated by definition, i.e., as the 

maximum distance providing a one-way path loss not larger than √𝑃L,max.  

 

2.3. Radar system 

Here we focus our analysis on the Aegis AN/SPY-1 navy radar system, a passive 

electronically scanned phased array radar providing search, detection, tracking, and 

discrimination functionalities for air and surface targets, e.g., ballistic and cruise missiles, 

aircraft. It operates in S-band (2–4 GHz) and, reportedly, can provide detection and 

tracking capabilities up to 165 km for golf ball-sized targets and 310 km for a ballistic 

missile warhead in free space [12]. All the radar system parameters required for the 

computation of the received signal strength are listed in Table 1 for the AN/SPY-1D(V) 

version and are derived from the open-source estimated values given in [13]. Additionally, 

we assumed Tx and Rx co-located at a height of 10 m. 
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Table 1.  Aegis AN/SPY-1D(V) parameters [13]. 

Parameter Symbol Value 

Carrier frequency  f0 3.3 GHz 
Tx height ht 10 m 

Rx height hr 10 m 

Tx power (average) Pt 77 kW 
Tx antenna aperture efficiency ρ 0.8 

Rx antenna effective area Aeff 12 m2 

Tx antenna gain Gt 41.6 dB 
Number of integrated pulses nP 10 

Pulse repetition frequency fP 200 Hz 
Cable losses LS 10 dB 

Rx noise figure FN 4.5 dB 

SNR for the single pulse SNR1 20 dB 

3. Climate Model 

EM propagation through the atmosphere is affected by —among other parameters related 

to the RF system and sea surface— the air refraction index n (see Eq. (2)) or any equivalent 

parameter, such as the modified refractivity M. In presence of ED, it is evident from Eq. 

(1) that the M-profile is determined by the ED base value M0, ED height δ, and the surface 

roughness length 𝑧0 . The last two parameters are evaluated through TOGA-COARE 

stability functions [14], starting from the following climate observables: 

 

 air temperature at 2 m height; 

 air pressure; 

 relative humidity at 2 m height; 

 wind speed at 10 m height; 

 sea surface temperature; 

 sea surface salinity; 

 

and, M0 is set to 330 M-units, as it is expected not to impact EM propagation results for 

the purposes of this study [10]. 

In this study, such climate variables are retrieved from the CNRM-CM6-1-HR climate 

model at a global scale with 0.5×0.5 degrees spatial resolution and on a monthly basis in 

the time period 1950–2050 and then used as input to EM transmission models. CNRM-

CM6-1-HR is the climate model developed by the CNRM/CERFACS modelling group 

for contributing to CMIP6. The considered climate scenario is the Shared Socioeconomic 

Pathway 5-8.5 (SSP585), which represents the worst-case scenario. Our results are not 

critically dependent on the chosen scenario because the various SSPs follow similar 

trajectory up to 2050, then diverging during the second half of the century. Without loss 

of generality, and in order to filter out the seasonal changes from the climate variables, we 

processed these monthly averaged parameters by considering the seasonal average over 

January, February, and March (JFM) for three different decadal averages, namely 1980–

1989 (past), 2010–2019 (present), and 2040–2049 (future), which are hereafter referred to 

as [JFM, 1980–1989], [JFM, 2010–2019], and [JFM, 2049–2049]. 

4. Numerical Results 

First of all, we evaluated the ED height as described in Section 3. In order to show how 

CC is expected to affect atmospheric ducting phenomena, Figure 1 depicts the global 

distribution of ED height difference ΔEDH (in metres) between [JFM, 2010–2019]-[JFM, 

1980–1989] [Figure 1(a)] and between [JFM, 2040–2049]-[JFM, 2010–2019] [Figure 

1(b)]. ED height has been evaluated from the seasonal, decadal average of the climate 

variables obtained from the CNRM-CM6-1-HR model discussed in Section 3. It is clear 
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that CC has led and is expected to lead to significant changes in the global distribution of 

EDs, with absolute height differences as large as 2 m.   

 
(a) 

 
(b) 

Figure 1. Global distribution of ED height difference ΔEDH in metres (a) between [JFM, 2010–2019] and [JFM, 
1980–1989] and (b) between [JFM, 2040–2049] and [JFM, 2010–2019]. Climate parameters for ED height 

evaluation have been averaged over Jan-Feb-Mar. 

 

By using the methodology and the climate variables briefly described in Sections 2 and 3, 

respectively, we evaluated the two-way path loss (PL) and the detection range (DR) of the 

navy radar system Aegis SPY-1D(V), described in Section 2. Figure 2 shows the global 

distribution of PL difference ΔPL (in dB) between [JFM, 2010–2019] and [JFM, 1980–

1989] [Figure 2(a)] and between [JFM, 2040–2049] and [JFM, 2010–2019] [Figure 2(b)], 

where PL is evaluated at a distance of 200 km. 
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(a) 

 
(b) 

Figure 2. Global distribution of PL difference ΔPL (in dB) (a) between [JFM, 2010–2019] and [JFM, 1980–
1989] and (b) between [JFM, 2040–2049] and [JFM, 2010–2019], where PL is evaluated at a distance of 200 

km. Input climate variables have been averaged over Jan-Feb-Mar. 

 

Finally, Figure 3 shows the global distribution of the DR difference ΔDR (in kilometres) 

between [JFM, 2010–2019] and [JFM, 1980–1989] [Figure 3(a)] and between [JFM, 

2040–2049] and [2010–2019] [Figure 3(b)], where DR is evaluated for a target warhead 

with RCS = -15.23 dBsm at 3.3 GHz and located at 10 m above sea level.  
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(a) 

 
(b) 

Figure 3. Global distribution of the DR difference ΔDR (in kilometres) (a) between [JFM, 2010–2019] and [JFM, 

1980–1989] and (b) between [JFM, 2040–2049] and [2010–2019], where DR is evaluated for a target warhead 

with RCS = -15.23 dBsm at 3.3 GHz and located at 10 m above sea level. Input climate variables have been 
averaged over Jan-Feb-Mar. 

 

A visual inspection of Figures 2 and 3 reveals that the strong variations in the spatial 

distribution of ED height likely caused by CC effects (differences are more important in 

the ‘future’ decade rather than in the ‘past’ decade) are expected to have a potentially large 

impact on maritime radar operations and performance in terms of path-loss and detection 

range, especially in the equatorial and tropical regions, where the path loss is expected to 

change by 20 dB in some limited areas.  

5. Conclusions 

In this paper, we report on the preliminary results investigating the effects of CC-induced 

changes of ED characteristics (mainly, duct height) on EM propagation at microwave 

frequencies. More specifically, we focused on the analysis of path-loss and detection range 

for the Aegis SPY-1D(V) S-band radar. We adopted the numerical solver PETOOL v2 for 

a reliable evaluation of the path loss in atmospheric ducting conditions. Additionally, we 

relied on the CNRM-CM6-1-HR climate data model for atmospheric ducts description. 

CC effects were analysed on a global scale and averaged over seasonal, decadal averages, 

namely JFM 1980–1989, JFM 2010–2019, and JFM 2040–2049. Preliminary numerical 
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results revealed that CC-induced changes in the physical characteristics of EDs might have 

a non-negligible impact on the operations of navy radar systems, such as the Aegis SPY-

1D(V), especially in the equatorial and tropical regions. However, a deeper analysis based 

on climate datasets with a finer time resolution (daily and hourly averages, instead of 

monthly averages) is required and is currently under investigation.  
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Abstract. Climate change can impact a number of strategic 

assets, from the integrity and operability of infrastructures, to the 

functionality of risk-prone productive districts and ecosystem 

services. The severe drought that affected large areas of Europe 

in Spring and Summer 2022 hit the Po river system with particular 

intensity, with heavy impacts on productive activities and 

extensive saltwater intrusion in the coastal areas. Based on the use 

of observed discharge records and precipitation data from 

reanalysis and climate models, in this contribution we analyse this 

event in the framework of the recent past climate and of possible 

end-of-century scenarios. Our results show that persistent 

negative rainfall anomalies like the one that characterised the 

2022 event, though unlikely to become typical features of the 

future climate, could remarkably increase their frequency. 

Furthermore, the impacts of events with similar intensity will be 

magnified by rising temperatures, enhancing evapotranspiration 

rates in agriculture and water demand from the mainland, and by 

rising sea level, leading to a longer and more persistent intrusion 

of salt water in the river branches and in the neighbouring surface 

aquifers. Besides framing in a climate perspective a recent severe 

event that struck an important economic and ecological region, and 

stimulating the adoption of an integrated source-to-sea approach 

to climate adaptation in coastal regions, this work shows how 

available climate ensembles provide a rich, and still only 

partially exploited, capital of information for strategic 

applications. 

 

Keywords. Climate change, EURO-CORDEX, Rainfall, Po 

Delta, Transitional areas 
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1. Introduction 

 

Due to their position at the interface between land and sea, coastal regions are subject 

to a complex interplay between marine and terrestrial dynamics, which makes climate 

change predictions for these systems particularly challenging. On the other hand, the 

paramount environmental and socio-economical value of coastal systems, documented 

with an ever-growing branch of scientific literature, makes the urgency for climate 

change predictions particularly pressing. In this picture, rainfall regimes play a major 

role with diverse potential effects on both sides of the shoreline, whose actual intensity 

and spatial distribution depends on the local physical, geographical and socio-economical 

setting. The Adriatic Sea, an epicontinental basin of the Mediterranean Sea, encloses 

this multiplicity of conditions and instances in a relatively small area, contained in a 

number of regional (that is to say, at the Mediterranean or European scale) climate 

studies but typically lacking a detailed view at the local scale carried out with a basin-

wide homogeneous approach. As a dilution sub-basin within the Mediterranean region, 

its dynamics are strongly controlled by freshwater inputs [1], which play a major role 

in driving coastal hydrodynamics and biogeochemistry, as well as conditioning the 

salinity of the basin and the winterly formation of Northern Adriatic Dense Water 

(NAdDW) which is one of the triggers of the Mediterranean thermohaline circulation 

[2]. Po is the longest river of Italy and the main freshwater contributor in this system, 

flowing along the W-E direction for more than 650 kilometres. Its hydrographic basin 

has a surface area 74000 km2 (Figure 1) and encompasses almost one quarter of the 

National surface, hosting a number of productive activities that contribute to a large 

fraction of the Gross Domestic Product of the country and around one third of its 

agricultural production [3]. Its delta encompasses approximately 400 km2 of territory in 

which reclamated agricultural lands coexist with natural areas of outstanding 

environmental interest are largely located below the mean sea level and exposed to 

flood and salt intrusion [4]. In 2022 this region was hit by a prolonged drought [5] that 

kept the freshwater discharge below the climatological values from February to 

August (Figure 2), with severe implications both on the mainland and in the coastal 

zone. This event showed that river basins are a typical example of how the capability 

to identify the main features of climate change at regional scale is a primary 

requirement for a sound identification of adaptation measures as well as for the 

coordinated evolution of concurrent policies in coastal regions and in the mainland. 

Stimulated by the implications of the 2022 drought, in this contribution we present an 

assessment of the performance of a Regional Climate Model (RCM) ensemble from 

the EURO-CORDEX initiative focusing on a set of hydrological indicators and discuss 

the relevance of publicly available datasets in strategic studies on climate security [6]. 

 

 

 

Figure 1. Geographical setting of the Po River catchment and position of the Pontelagoscuro discharge 

measurement station. 
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Figure 2. The 2022 Po drought: daily and monthly mean discharge at Pontelagoscuro and climatological 

mean and minimum values in the 1961-2021 period. Data referred to the Pontelagoscuro monitoring station 

(approximately 80 km from the Po River mouth) and publicly available at https://simc.arpae.it/dext3r/. 

 

2. Materials and Methods 

 

The analysis considered 0.11-degree, hourly precipitation data resulting from SMHI- 

RCA4 regional downscaling of different General Circulation Models included in the 

CORDEX project, retrieved from the Earth System Grid Federation (ESGF) portal [7]. 

SMHI-RCA4 is one of the best performing RCMs in terms of rainfall and temperature 

over Europe and among the ones for which the largest number of hourly precipitation 

data was available at the time of the study [8]. The ensemble strategy adopted aims at 

encompassing the uncertainty associated with the different response of general circulation, 

produced by each driving GCM, to changes in radiative forcing. For each combination 

of driving model and ensemble member, alongside with the historical runs (downscaling 

RCMs based on observed radiative forcing and spanning from 1970 to 2005), model 

fields from all the available climate change scenario experiments (based on projected 

radiative forcing estimated from IPCC Representative Concentration Pathways - RCPs 

under different hypotheses, from 2006 to 2099) were analysed [9]. Table 1 summarizes 

the datasets considered and the available scenarios. 

Table 1. Datasets and scenarios available. 

Driving GCM RCP2.6 RCP4.5 RCP8.5 

CNRM-CERFACS-CNRM-CM5 r1i1p1 

ICHEC-EC-EARTH r12i1p1 

ICHEC-EC-EARTH r1i1p1 

ICHEC-EC-EARTH r3i1p1 

IPSL-IPSL-CM5A-MR r1i1p1 

MOHC-HadGEM2-ES r1i1p1 

MPI-M-MPI-ESM-LR r1i1p1 

MPI-M-MPI-ESM-LR r2i1p1 

MPI-M-MPI-ESM-LR r3i1p1 

NCC-NorESM1-M r1i1p1 

x x 

x x x 

x 

x 

x x 

x x x 

x x x 

x 

x 

x x x 

 

The validation benchmark is the Multi-Source Weighted-Ensemble Precipitation 

(MSWEP) v2 precipitation dataset [10], providing three-hourly, 0.1-degree spatial 

resolution precipitation data based on different sources including satellite, rain gauge 

and re- analyses from 1979 to near-present. In the wealth of available rainfall datasets, 

this choice ensured sufficient resolution, coverage and homogeneity both in time and 

space. Based on the time reference of the available model fields and validation dataset 

the climatological skills assessment were performed with reference to a Control period 

(CTR) spanning from 1986 to 2005, whereas end-of century conditions (2070-2099) 

were considered in the discussion of the possible occurrence of severe events like the 

2022 drought in two climate change scenarios (RCP2.6 and RCP8.5). The hydrological 

basin was identified 
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Index Description 

prectot total precipitation 

CWD maximum number of consecutive wet days (precipitation 1 mm/d) 

CDD maximum number of consecutive dry days (precipitation < 1 mm/d) 

SDII Simple precipitation intensity index (mean precipitation in wet days) 

Rx3h maximum consecutive 3-hour precipitation 

Rx1d maximum consecutive 24-hour precipitation 

Rx5d maximum consecutive 5-day precipitation 

R10 count of days with precipitation ≥10 mm 

R20 count of days with precipitation ≥20 mm 

prec90p 90-percentile daily precipitation among wet days 

prec99p 99-percentile daily precipitation among wet days 

 

based on the HydroSHEDS dataset and retrieved from the FAO GeoNetwork portal 

(http://www.fao.org/geonetwork/srv/en/main.home, last visited November 2nd, 2023). 

 

The model skill assessment and the analysis of future scenarios has been referred to a 

set of indices based on the standard ETCCDI climate change indices [11] expanded or 

adapted in order to capture some specific features (see Table 2 for the list and description). 

Table 2. Climate change indices considered in the assessment 
 

Indices were computed on an annual basis and subsequently averaged over the period. 

The performance of each single model was computed in aggregated form: for each 

period-averaged index, mean and standard deviation were computed throughout the basin, 

allowing to summarize the model skills in terms of three overall spatial statistics [12], 

namely the relative bias (BIAS hereinafter), spatial correlation (CORR), and spatial 

variability ratio (σm/σo). 

 

3. Results and discussion 

 

Figure 3 summarises the model skills in terms of different statistics and climate indices in 

the Po basin. The relative bias exhibits a generalised tendency toward rainfall 

overestimation, both in terms of overall freshwater supply into the basin and in terms of 

intensity of the rainfall events. While the ensemble members tend to exhibit a relatively 

good agreement on the indices associated with rainfall intensity (yearly values of SDII, 

Rx3h, Rx1d and the percentiles), a comparatively larger dispersion appears in the 

indices associated with rainfall timing (R10 and R20, CDD and CWD). Rx5d deserves a 

separate mention, as consecutive rainfall longer than 5 days are rare and patchy both in the 

MSWEP benchmark and in the CORDEX dataset, so the statistics are drawn on a 

relatively small and rarely overlapping sample. Spatial correlation values are generally 

clustered around 0.5 for most statistics, and although with moderate dispersion among 

the ensemble members (except again for CDD and CWD), σm/σo exhibits the largest 

variability. 

 

In a future climate condition up to the end of the present century under the severe RCP8.5 

scenario, the ensemble foresees an overall increase in total precipitation in winter (DJF) 

and a decrease in summer (JJA) and autumn (SON) (Figure 4). This result has important 

implications in terms of water resource management and possible occurrence of drought 

events like the one that hit the Po Valley (as well as a large part of the European territory) 

in summer 2022. This was precisely the focus of a recent work in which the dataset 

presented here was analysed [5], together with fields from the ERA5 reanalysis [13], for 

the characterisation of that event in the framework of recent past climate and its 

possible recurrence in climate change scenarios. The analysis of monthly precipitation 

statistics 
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Figure 3. SMHI-RCA4 performance in reproducing climate indices (the suffix indicates the yearly base of the 

computation) when driven by different CGMs. 

 

over different seasons and cumulated over different periods allowed to point out that, 

although close to the extremes of the distribution in winter and spring, no singular seasonal 

anomaly is completely unprecedented in the last decades, and the exceptional character 

of the drought lies mostly in the unprecedented persistence of the anomaly. In a RCP8.5 

end-of-century scenario the probability of occurrence of the same anomalies that 

characterised the 2022 drought will increase in all seasons, with the largest variation in 

summer, and severely persistent anomalies will increase their frequency although 

remaining below the 10th percentile of the distribution. 

This notwithstanding, this change in the hydrological regime will take place in 

concomitance with higher temperatures, which will lead to higher demand for water 

supply in agriculture, and in the presence of higher sea levels intensifying the pressure of 

salt water on coastal water bodies. 

 

 

4. Conclusions 

 

Particularly in the presence of strong anthropic pressures and interests, hydrology-related 

processes are a primary concern for coastal communities as well as for decision makers 

at different institutional levels, forced to face a number of environmental and water 

management challenges with increasing intensity, dealing for instance with: 

• salt intrusion and salinization of coastal aquifers; 

• accumulation of pollutants as a result of increasing flushing times; 

• coastal water quality and balneability issues due to sudden and intense summerly 

rainfalls; 

• soil erosion and intense sediment transport from mountain river catchments; 

• flood hazard; 

• water management issues in drought conditions; 

• waterways operability. 
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Figure 4. Monthly total precipitation seasonal anomalies in the Po basin (30-y moving average) under RCP8.5 

scenario with respect to the 1986-2015 period. 

 

In this direction, publicly available datasets from model ensembles provide a valuable 

source of information for the characterisation, although possibly in terms of preliminary 

studies, of the effects of climate change on crucial processes for human activities and 

coastal sea uses as well as of the associated uncertainties. 
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Abstract. Climate change is a threat multiplier, exacerbating 

resource scarcity, undermining government capacity, and fuelling 

existing societal tensions. Its impacts are expected to worsen already 

marginal living standards in many developing nations, contribute to 

instability and erode economic and environmental conditions. 

Climate effects have specific ramifications in the maritime domain, 

with implications for NATO’s maritime activities. This paper 

assesses the diverse and intersecting risks posed by climate and 

environmental change in the maritime domain, including through 

three different case studies situated in NATO’s maritime area of 

responsibility: the Arctic, the Atlantic and the Mediterranean. It then 

provides recommendations for the way forward and on how to better 

integrate science in NATO’s maritime climate-security efforts. It 

concludes that NATO can lead in advancing climate security in the 

maritime domain through three essential components: advancing 

climate-informed decision-making for naval forces, mission 

planning, and coastal infrastructure protection; decarbonizing 

defense to support naval operations in contested logistics 

environments; and engaging in maritime science diplomacy to 

support the resilience-building of coastal Allies and partners. 

Keywords. Maritime, security, climate change, threat multiplier, 

NATO, plan, responses 

1. Maritime security in the age of climate change: How is climate change acting as a 

threat multiplier in the maritime domain 

Climate change is a threat multiplier, exacerbating resource scarcity, taxing government 

capacity, and fuelling existing societal tensions. Its impacts are expected to worsen already 

marginal living standards in many developing nations, contribute to instability and erode 

economic and environmental conditions [1], with specific ramifications in the maritime 

domain. For the purpose of this analysis, maritime security encompasses a broad 

conceptualization including the safety and health of people and defence assets at sea, 

security of land-based populations subject to climate-induced sea-level rise and extreme 

weather threats, corresponding threats to marine life, and degradation of the oceans’ 

capacity to sequester atmospheric carbon. This analysis explores maritime climate 

security: the threats to maritime security that emanate from or are amplified by the climate 

crisis. 
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1.1. Physical impacts 

Rising greenhouse gas levels in the atmosphere are warming air, water, and land-based 

environments worldwide, intensifying climatic phenomena and ecological shifts. Warmer 

air carries more humidity, making storms larger and more powerful. As storms intensify, 

mean precipitation escalates, increasing flood risk. When glacial melt reaches the sea, it 

increases the volume of ocean waters and further compounds sea-level rise and its 

cascading effects, including erosion and salinization of low-lying agricultural areas. 

Warming seawater absorbs carbon dioxide, leading to ocean acidification endangering 

marine health and marine ecosystems. Sea-based species either migrate towards cooler 

water, change sizes and reproduction patterns or begin to die off. In 2019, a new study 

suggested that marine species were disappearing from their habitat twice as fast as their 

land-based counterparts [2]. Such studies are a foreboding signal of the ocean’s rapidly 

deteriorating health, and the record breaking temperatures on both land and sea during the 

summer of 2023, with forecasts portending more heat trapped in ocean basins to come, 

further presage turbulent weather patterns ahead. 

1.2. Human impacts 

For coastal communities, sea-level rise is a growing danger to lives and livelihoods. Storm 

strength, storm surge, and over-use of local freshwater sources further exacerbate the 

challenge. At least 267 million people are at risk of inundation today, with almost 60% of 

those living in Asia [3]. Dwindling fish stocks due to warming and acidifying waters, 

combined with economic inequalities and weak governance, can prompt illegal, 

unreported, and unregulated (IUU) fishing, as fishing communities struggle to maintain 

their trade. Coastal agricultural areas face a similar challenge [4]. Salinization, which 

affects 20% of irrigated cropland today, could increase to over 50% by 2050, leading to 

loss of livelihoods and displacements [5]. 

1.3. Security impacts 

Naval installations face the same physical impacts as other important coastal 

infrastructures. Sea-level rise endangers coastal military infrastructure, subject to flooding 

and loss of access. Decision makers will face billion-dollar decisions in the coming years 

as infrastructure from dry docks and ports to base housing and offices contend with 

impending floods. At the same time, extreme-weather events increase the demand for 

naval forces in humanitarian assistance and disaster response (HADR) missions. 

The physical destruction wrecked by climate events, compounded by the associated 

competition for scarce resources, and loss of the roads, bridges, power plants, water 

delivery, and other infrastructure critical for the functioning of modern society, strains 

states, particularly those already stressed by under-development. Climate impacts are also 

expected to amplify drivers of population movements, including cross-border migrations 

through increasingly dangerous waters. Competition for sea-based minerals and 

hydrocarbons is another category of maritime flashpoint, as economic dependence is 

growing upon oceans for fossil fuel deposits, renewable energy sources, and the minerals 

essential for the green energy transition. The location of deposits in contested territorial 

waters further complicates matters, as does the absence of comprehensive and widely 

accepted governance regimes. Finally, sea-level rise impacts marine territorial boundaries, 

many of which are already disputed. 

2. Case studies: Climate change is shaping NATO’s maritime area of responsibility 

The diverse and intertwined climate implications outlined above are unavoidably shaping 

security challenges in NATO’s maritime area of responsibility. Yet, climate change and 

coastal ecosystems degradation impact maritime security differently around the world, 

depending on: (1) the physical impact of climate change on the regions; (2) the dependence 
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of local communities on affected ecosystems for food security or incomes; (3) the 

resources available to local communities to prepare for, and adapt to, climate impacts; and, 

(4) governance capacity to manage or invest in these resources [6]. The following case-

studies, from the High North to the Mediterranean, illustrate the scope of climate impacts 

on maritime security, and their implications for NATO’s operating environment. 

2.1. The opening, yet unpredictable High North 

The Arctic is warming at least three times faster than the rest of the globe, and its unique 

ecosystems are among the world’s most vulnerable to climate change. Direct climate 

impacts in the Arctic include: new sea and air temperature extremes; decline in Arctic sea-

ice extent and thickness; permafrost thaw; rapid oceanic acidification; and, related 

biodiversity changes [7] [8]. The melting sea ice is expected to lead to an increase in 

navigable surfaces and to a relatively easier access to natural resources in the medium-

term. The related environmental and noise pollution from increased shipping further 

impact the region’s marine biodiversity [9]. Lastly, the melting ice also generates 

destructive feedback loops further aggravating global warming: thawing permafrost 

releases high amounts of methane contributing to global warming; and melting sea ice 

exposes larger parts of a dark ocean absorbing more heat. And new research published in 

March 2023 revealed two new tipping points for the Greenland Ice Sheet: releasing 1000 

gigatons of carbon into the atmosphere (of which we are halfway through) will cause the 

southern portion of the ice sheet to melt; and, about 2500 gigatons of carbon means 

permanent loss of nearly the entire ice sheet. Should it melt entirely, global sea level would 

inevitably rise about seven metres [10]. Climate-altered maritime dynamics have crucial 

impacts on human security, of which Indigenous communities are on the front lines. 

Isolated coastal municipalities, especially in the US and Canadian Arctic, face existential 

threats from sea-level rise, storm surges (against which sea ice is no longer acting as an 

effective natural buffer), and endangered critical infrastructure due to permafrost thaw. 

Climate change is also a threat to human health, with biological and environmental risks 

emerging from expanding toxic algae and from the collapse of industrial, nuclear, and oil 

and gas infrastructure built on thawing permafrost [9]. In addition, as the sea ice melts, 

competing interests add strain to global power relationships and challenge maritime 

governance frameworks and the strategic status quo. A recent paper published by the UK 

Royal United Services Institute (RUSI) mentioned that shifting fish stocks and declining 

sea-ice coverage risk triggering a “race to fish” in the Arctic, where stocks could face 

exploitation by a wider range of actors beyond national jurisdiction despite existing 

regulation frameworks [4]. Russia has been hyper-securitizing its economic assets for 

Arctic resource exploration, and its provocations have included a strong maritime 

component, increasing the likelihood of escalation due to the risk of accidents at sea or 

misunderstandings. Lastly, climate effects are challenging military readiness for NATO 

nations’ forces at sea: in addition to threatened coastal military installations, the growing 

volume of maritime traffic in more challenging sea conditions will put a strain on security 

forces to address a surge in concurrent emergencies such as search-and-rescue and 

environmental-disaster response. 

2.2. Rising seas and shifting currents in the Atlantic 

Climate change is also having significant impacts on the Atlantic Ocean, affecting both its 

physical characteristics, the ecosystems it supports, and coastal civilian — and military — 

communities. One of the most noticeable impacts of climate change in the Atlantic, along 

with ocean acidification, warming sea-surface temperatures and biodiversity shifts, is 

rising sea levels due to glaciers melt and water expansion. Coupled with more intense 

storms, it is causing increased coastal flooding. 

This severely undermines naval readiness, as sea-level rise and severe weather are already 

damaging the US Navy’s and NATO’s bases. A well-known example is the Naval Station 

Norfolk, in Virginia. The largest naval complex in the world, home to both NATO Allied 

Command Transformation’s and NATO Joint Force Command Norfolk headquarters, 
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faces increasing flooding from sea-level rise. Naval Station Norfolk has recorded a rise of 

over 45.7 cm in sea level in the past 100 years, and the projected rise is at least 50.9 cm 

by 2050 [11]. Pier inundation occurs monthly and is expected to get worse. As flagged in 

NATO’s second Climate Change and Security Impact Assessment released in June 2023 

[12], flooding in Norfolk affects the Navy’s installations, training, readiness, contingency 

plans and logistics, and highlights the importance of adaptation and resilience measures. 

In 2020, Virginia unveiled a new resilience master plan, developed by Rear Admiral (Ret.) 

Ann Phillips, prioritizing nature-based solutions beneficial to ecosystems. The plan 

involves raising infrastructure, reinforcing floodwalls, and enhancing naval assets’ 

recovery capacities. However, the Norfolk base may still need to relocate some of its assets 

and residents to safer locations in the future [13]. 

Finally, the Atlantic is also home to a potential tipping point in the weakening of the 

Atlantic Meridional Overturning Circulation (AMOC), a critical ocean current system that 

helps regulate climate patterns. Climate change can disrupt and significantly slow the 

AMOC, leading to altered weather patterns, including more extreme weather events and 

changing weather patterns — temperatures and precipitation — in other parts of the world 

[14]. 

2.3. Boiling waters and humanitarian emergencies in the Mediterranean 

In the Mediterranean Sea, where NATO is carrying out Operation Sea Guardian, climate 

change has far-reaching consequences for the environment, human populations, and naval 

security forces. With rising sea level, coastal communities are increasingly vulnerable to 

flooding and saltwater intrusion. These trends are disrupting livelihoods and exacerbating 

freshwater scarcity, particularly in the regions where freshwater aquifers are close to the 

coast — including Greece, Italy, Spain, Tunisia, Algeria, and around the Nile Delta [15]. 

Rising sea levels also accelerate coastal erosion and the loss of valuable beaches, with 

implications for tourism on which Mediterranean coastal communities rely heavily [16]. 

In addition, warming waters also affect fish distribution and threaten fisheries, further 

contributing to the loss of livelihoods. 

One of the worst impacts of climate change in the region is also that it increases the 

frequency, duration and intensity of heatwaves, both on land and at sea. On land, 

heatwaves threaten human health and increase the risks of wildfires (see Greece, Portugal, 

Sardinia, Croatia…), straining Mediterranean nations’ response capacities and challenging 

early warning systems. Just this year, by July 2023, fires had claimed five lives in Italy 

and 34 in northeast Algeria [17]. At sea, marine heatwaves have massive effects on marine 

species mortality, with broader consequences for marine habitats, fisheries, and for the 

rest of the globe as this reduces valuable time for adaptation to climate change [18]. In the 

waters off Israel, Cyprus, Lebanon and Syria, average sea temperatures in the summer are 

now consistently over 31° C [19]. 

Finally, the Mediterranean Sea constitutes one of the most travelled and dangerous routes 

for migrants in search for a safer future in Europe, with boats sinking frequently and 

thousands of deaths registered annually — although the exact number is uncertain and 

likely much higher. According to the United Nations High Commissioner for Refugees 

(UNHCR), the Central Mediterranean crossing from North Africa to Italy, in particular, 

accounted for more than 75% of migrant deaths  in the Mediterranean over the past decade 

[20]. Although environmental factors have always been migration drivers intertwined with 

complex political, societal and economic factors, climate change is only exacerbating the 

already dire humanitarian issue, as it disrupts ecosystems, exacerbates resource scarcity, 

threatens livelihoods and amplifies pre-existing contexts of instability. A wide array of 

policy responses is needed at the national and regional levels to anticipate and respond to 

this situation in a proactive and humane way. At sea, this highlights the importance of 

domain awareness, search-and- rescue capacities, and security capacities to identify and 

address human-trafficking situations. 
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3. Way forward: What role for NATO and the Centre for Maritime Research and 

Experimentation (CMRE)? 

NATO’s 2022 Strategic Concept describes maritime security as “the key to our peace and 

prosperity”. In its maritime area of responsibility, NATO is committed to upholding 

freedom of navigation, securing maritime trade routes and protecting the Alliance’s main 

lines of communications. Climate security impacts constitute new challenges for the 

effectiveness and sustainability of NATO’s missions. In advancing its Climate Change 

and Security Action Plan at sea, NATO has the opportunity to leverage expertise from the 

CMRE, with a special focus on the role of science. 

3.1. Awareness and Adaptation: The importance of science in NATO’s predictive 

capabilities and operational decision-making 

In order to improve Allied awareness of the security impacts of climate change on NATO’s 

maritime domain, climate prediction and modelling must be part of the regular planning 

process – both for military and civilian planners. NATO planners need reliable weather 

and climate prediction for military defence planning purposes. Today’s weather forecasts 

are reliable for 7 - 10 days. Global climate models provide estimates for longer periods, 

often in decades or longer. Knowing that the temperature may rise globally by several 

degrees by the end of the century is not sufficient for defence planning purposes. NATO 

planners need to know how the changing climate will affect base infrastructure, military 

operations and forces in the timeframes relevant to defence decision-making. NATO 

decision makers face a growing misalignment of time scales that describe the accelerating 

rate at which climate is changing, globally and regionally. Even though global climate 

models continue to improve, there is currently a gap in modelling at operationally relevant 

timescales of 1 - 10 years. There is also a gap in downscaling global climate models to 

make accurate predictions at the regional scales of military operations planning, such as 

for the Mediterranean, Arctic, and Atlantic. Finally, there is a lack of sufficient data to 

understand the coupled land/sea/atmosphere earth system, and how it is altered by climate 

change. 

We need three new ingredients to get us to more reliable near-term climate prediction. 

One ingredient is a scientific advance in earth systems modelling, another is to harness 

today’s advanced technologies such as artificial intelligence to improve modelling and 

predictions, and the third is making the improved modelling and forecasting operationally-

relevant for defence planners. Investment in these solutions will depend on the “demand 

signal” from the military and related users of climate intelligence to produce more 

downscaled models and analysis of real-world military challenges. To accelerate climate-

relevant decision-making for national security, NATO decision makers need to integrate 

operational weather and climate models with improved understanding of what humans do 

when faced with climate and other stress. We need to couple best-in-class weather and 

climate forecasting capabilities, the first ingredient above, with the ability to model 

human-domain systems. Lastly, in order for NATO to anticipate better the adjustments 

needed to adapt to climate-driven risks, and to inform decision making, wargaming and 

tabletop exercise scenarios should systematically integrate climate data in every aspect of 

the simulation, exercise, and planning cycle. 

3.2. Climate mitigation and conservation in maritime security: priorities for NATO 

forces at sea 

Another central pillar of NATO’s climate efforts in the maritime domain will be the 

commitment of NATO navies to contribute to climate mitigation and environmental 

conservation. Efforts to curb fossil fuel use, accelerate the renewable energy transition, 

electrify buildings and vehicles, and advance carbon dioxide capture in the oceans and 

atmosphere should involve all maritime stakeholders, including navies, ship owners, and 

fisheries. Many militaries are actively investing in technologies for more sustainable and 

more effective operational energy use. New propulsion systems for ships and aircrafts are 
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more efficient, and navies are investigating sustainable maritime fuels. One set of 

promising technologies to scale back fossil fuel use is Prepare Ships (Copernicus), a 

project developed by Swedish research and corporate entities to improve both the safety 

and efficiency of shipping. The US Navy is also researching and developing direct ocean-

and-air capture solutions to tackle operational carbon (Operational Endurance from 

Environmental Carbon), which can then be converted directly on-board into vessel fuel 

(Magill 2020). 

Leadership in climate readiness is an investment in mission assurance. In an increasingly 

contested logistics environment, becoming less reliant on increasingly outdated 

infrastructure and being able to power forces without refuelling — thanks to improved 

batteries and safer nuclear technology — increases operational capacity and resilience, 

both in humanitarian missions and on the battlefield. Furthermore, funnelling military 

procurement monies into advanced energy efficiency and new fuels also accelerates their 

testing and scale economics, making them cheaper for government and private sector 

actors. 

Navies, like other military forces, bring multiple strengths to the arena of climate 

mitigation. Their incisive analysis, precision in procurement specifications, capacity to 

fund research, and ability to scale demand are exceedingly valuable. As to NATO, the 

Alliance has recently released a new Greenhouse Gas Emissions Mapping and Analytical 

Methodology, providing guidelines and tools to calculate emissions from NATO’s civilian 

and military facilities, and reasserting NATO’s long track record as a standard setter. This 

methodology should be used by NATO to institutionalize and mainstream decarbonized 

defence approaches for maritime forces. In addition, through its standardization 

agreements (STANAGs), NATO can also set standards not only on how Allied militaries 

operate, but also on advising on the interoperability requirements for and types of 

equipment they operate. As such, the Alliance can lead the way in trying to ensure that 

Allied military equipment is not only climate-friendly, but also effective under extreme 

weather conditions. NATO can also take the lead in guiding the way forward on research 

and development of alternative fuels and propulsion systems for military applications. 

This would also ensure that NATO’s naval forces continue to be interoperable [21]. 

Equally important are ocean conservation efforts. Investments in nature-based solutions 

to protect and restore water sources, marshes, mangroves, and other natural infrastructure 

can provide ongoing erosion control, pollution abatement, pollination, and biodiversity 

support in a manner that no single technology could deliver. Navies have, overtime, come 

to recognize their environmental stewardship responsibilities. In response to requirements 

of the Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other 

Matter 1972 (or the ‘London Convention’), the US Navy developed a plastics waste 

processor that today operates aboard all naval vessels to compact plastic trash for safe 

disposal on land. Navies have also improved their protection of marine mammals. To 

avoid harming these, the US Navy conducts pre-exercise screening of waters and often 

reroutes activity, particularly in shallow waters, to avoid ship strikes and reduce harm. 

Conservation in the marine environment is also benefiting from growing interest in 

establishing Marine Protected Areas (MPAs), supported by the 2020 intergovernmental 

High Ambition Coalition initiative to protect 30% of land, freshwater, and ocean areas by 

2030 [22]. One key question will be the extent to which navies will be called upon to 

enforce MPAs. To do so, navies will need further training on working with local 

communities to respect local practices and customs, and to leverage local communities’ 

domain awareness in an inclusive, non-extractive way. 

3.3. Consolidating outreach: Cooperation and the role of science diplomacy 

Lastly, NATO’s vast cooperation network in the maritime domain with the United 

Nations, the European Union, and other regional organizations such as the Organization 

for Security and Co-operation in Europe, and the African Union, provides opportunities 

to consolidate outreach on climate security and to leverage the wide array of benefits 

offered by science diplomacy. 
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Science diplomacy — i.e. the use of scientific collaborations and partnerships between 

countries to address global challenges — has proved a valuable soft power tool to improve 

international relations, mitigate tensions, and help manage geopolitical competition. In the 

Arctic, ocean science diplomacy with Russia and non-Arctic nations has allowed Arctic 

states not only to advance their understanding of the region's unique challenges, but also 

to limit the spillover of global tensions into regional relations [23]. 

Ocean science diplomacy also plays a crucial role in strengthening the resilience of 

vulnerable coastal nations with limited marine scientific research capacities to cope with 

increasing climate disasters. In the Caribbean, training and capacity-building initiatives 

led by scientific organizations have helped improve climate modeling and infrastructure 

resilience. Informed policies and practices ultimately help protect the livelihoods of local 

communities [24]. 

Finally, climate science diplomacy plays a crucial role in facilitating the regional 

integration of Mediterranean coastal countries by fostering dialogue, data sharing, and 

joint efforts to address transboundary challenges such as water scarcity, sea-level rise, and 

extreme weather events. Joint water management, for instance, helps minimize tensions 

over resources and fosters sustainable practices. The Mediterranean region’s natural 

conditions also offer significant potential for upscaling marine renewable energy, such as 

marine solar panels, tidal energy and wind power [25] [26]. Science diplomacy encourages 

cross-border collaboration in business development into these renewable energy 

resources, ultimately advancing energy security and sustainability. 

4. Conclusion 

NATO is well placed to be a leader in climate security for the maritime domain. This 

leadership has three essential components: advancing climate-informed decision-making 

for naval forces, missions, planning, and coastal infrastructure protection; decarbonizing 

defence to support naval operations in contested logistics environments; and, engaging in 

maritime science diplomacy to support the climate-resilience of coastal Allies and 

partners. Global security and stability cannot be achieved alone. NATO’s strength is 

inherent in its 31 -member strong alliance, and Putin’s war in Ukraine has strengthened 

Allied resolve. This commitment to diplomatic engagement should be extended to a new 

suite of maritime climate security engagements that address Allies and partner needs and 

help build resilience to future climate impacts. 
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Abstract. There has been much discussion regarding the global 

maritime energy transition and what this will mean for NATO 

maritime forces. Whilst there is potential for it to present major 

challenges in sustainment and freedom of action and manoeuvre, 

there are also opportunities which could deliver enhanced 

operational capability — through identifying ways to operate 

differently with new technology. To mitigate risks and exploit 

opportunities, NATO maritime forces will need a shared head mark 

for the future maritime operational energy system.  Building on 

previous work in this area, this concept study proposes a selection of 

alternative future visions for NATO Maritime power and energy, in 

the 2045 – 2055 timescale, in the form of five “Operational Views” 

(OV-1) and energy flow diagrams.  The intent is to bring these 

options to life to assist in stimulating structured discussion and 

debate, including drawing out national perspectives.  This in turn 

should assist in prioritizing areas for NATO and national science and 

technology, including consideration of potential “moon-shot” higher 

risk ideas. 

Keywords. Operational Energy, Fuel, Climate Change, 

Sustainability, Energy Vectors, Nuclear Power 

1. Introduction 

It is now widely recognised that a global energy transition is underway in response to 

climate change and a move towards greater sustainability [1] with many NATO member 

states and partner countries committed to achieving Net Zero by 2050 [2]. Aligned with 

the International Maritime Organisation’s Strategy [3], the global shipping community is 

at the early stages of reducing emissions. Major reductions in emissions will require a 

move away from fossil fuels with platforms designed for alternative energy sources [4]. 

The impact this diversification of maritime fuel supplies will challenge the current model 

of sustainment and freedom of action and manoeuvre for NATO maritime forces. 

However, it has also been argued that changes represent a “moment of maritime 

opportunity” [5] for operational energy. When considered alongside other developments 

in the maritime battlespace — including Artificial Intelligence, increasingly autonomous 

systems and future sensors and effectors — there is potential to move from thinking about 

platforms to a “force mix of complex or simple, crewed or uncrewed assets to meet 

capability needs” [6], leveraging dual-use technology developments. 

                                                           
1 Corresponding Author: UK Navy CMD Francis Griffiths, francis.griffiths756@mod.gov.uk. The views 

presented are those of the authors and do not necessarily represent the views of the Ministry of Defence. 
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NATO’s 2023 Climate Change and Security Impact Assessment notes that a priority for 

the NATO naval armaments community will be research into alternative fuels whilst 

reducing the Carbon Intensity (CI) of warships. The way in which NATO maritime forces 

operate and are sustained through replenishment of common fuels means that any future 

operational energy solution must be taken forward with interoperability as a priority [7]. 

To mitigate risks and exploit opportunities, NATO maritime forces will need a common 

vision of the future maritime operational energy 2  [8] system and to consider how 

capabilities will be delivered from future platforms and achieve “Energy transition by 

design” [9]. This shared vision should enable coherence in NATO and member state 

science and technology (S&T) activity in addition to leveraging commercial developments 

to achieve operational advantage. 

This concept study proposes a selection of alternative future visions for NATO maritime 

energy and power, building on previous work to present future options in the 2045 – 2055 

timescale. These are shown in the form of five “Operational View” (OV-1) and energy 

flow diagrams, with associated S&T focus areas. The aim is to bring future maritime 

operational energy vector options to life and assist in stimulating structured discussion and 

debate, drawing out national perspectives and shaping NATO S&T priorities. 

In generating these visions, the aim has been to represent options, which NATO maritime 

forces can directly influence or address. This accepts that defence has limited ability to 

predict and influence the future geographic availability, net quality, CI and production 

volumes of alternative energy sources and fuels. 

The selected visions aim to capture the S&T enablers that would allow navies to respond 

to potential changes to markets and technology. These responses include options that allow 

them to adapt better and follow the market, or to become more independent of the market, 

through energy efficiency, generation of their own energy or fuels, or by delivering future 

capability in new, less energy intensive ways.  Vector options range from those that impact 

whole fleet design and interoperability within NATO, to those which are more platform 

focused. Whilst presented as five courses of action, multiple combinations would be 

possible and, to an extent, desirable. 

OV-1 diagrams aim to illustrate impacts to naval operation and capabilities.  Each energy 

vector diagram illustrates a “well to platform wake or effect”3 energy flow (key at Figure 

1), highlighting the scale and scope of the vector discussed. Based on baseline supporting 

commercial technology and potential energy market in 2045 – 2055 and expected needs 

of naval forces, navy specific S&T needs to make the vector viable are drawn out.  Both 

the minimum S&T technology and analysis needs are highlighted, along with higher-risk 

“moon-shot” S&T options that could radically change the applicability and achievability 

of the energy vector. 

 

 
Figure 1. Key for energy vector flow diagrams 

                                                           
2 Defined by the US Navy as: “Operational energy is required for training, moving, and sustaining military 

forces and weapons platforms for military operations. It includes energy used by ships, aircraft, combat vehicles, 
and tactical power generators.” 

3 Including power and energy requirements of off-board platforms and systems 
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2. Vision 1: NATO “Owns” More of the Energy Supply Chain 

Retaining operational benefits of carbon-based fuels while decreasing Well-To-Tank 

(WTT) CI, utilising common fuels across full range of platforms. 

 

 
Figure 2. Vision 1 Operational View 

2.1. Vision Overview 

Continue to use carbon-based liquid fuel (for interoperability, energy density and 

survivability benefits), but “own” aspects of the supply chain to manage WTT CI & 

availability risks.  Platforms use a mix of drop-in fuels, allowing growth in use of bio-

derived or synthetic fuels as availability increases. Potential for single NATO fuel across 

domains via global NATO fuel network. Minimise net impact to platforms & capability. 
 

 
Figure 3. Vision 1: Energy Flow 

2.2. Key enablers for vision: 

 NATO fuel strategies and infrastructure. 

 Effective use of NATO real estate to support energy generation and fuel synthesis. 

 Ability to manage and track CI of supply chains. 

2.3. Essential S&T and Analysis needs: 

 Focus on efficiency – minimise the energy demand. 

 Limited materials compatibility work and trials. 

 Analysis: scale/locations of fuel production/storage/distribution systems. 

 By 2050: S&T may need to support continued use of Internal Combustion Engines 

if commercial maritime move to alternative fuels. 

 Higher Risk “moon-shot” S&T: None required. 
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3. Vision 2: NATO Aligns to Commercial Shipping 

 
Figure 4. Vision 2 Operational View 

3.1. Vision Overview 

Follow and benefit from commercial developments and availability in alternative fuels 

(gaseous & liquid) that reduce Well-To-Wake (WTW) CI. May also require intervention 

in supply chains, or ownership of key parts of supply chains. Significant impacts to 

platform design and defence logistics to manage changes in energy density, replenishment, 

safety & survivability aspects. 

 

 
Figure 5. Vision 2 Energy Flow 

3.2. Key enablers for vision: 

 NATO energy/fuel strategies and infrastructure; alignment of transition. 

 Technologies and design options to manage survivability of naval platforms with 

selected alternative fuels. 

 Replenishment technologies for selected alternative fuels. 

3.3. Essential S&T and Analysis needs: 

 Technologies and design options to manage survivability of naval platforms. 

 Replenishment technologies for selected alternative fuels. 

 Higher Risk “moon-shot” S&T: 

o Use of autonomy, system of systems approach to reduce risk to life. 

o More automated, faster replenishment of selected alternative fuels. 
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4. Vision 3: NATO Interoperability is “Electrical by Default” 

 
Figure 6. Vision 3 Operational View 

4.1. Vision Overview 

Key energy enabler to manage complex networks of platforms & highly capable, long 

endurance off-board systems. Independent of fuels used throughout any green transition. 

At-sea micro-grids providing power, energy storage, connectivity to a range of platforms 

with defined and common interface/battery standards, assuming electricity is the default 

energy vector. Leverage commercial advances in technology; military S&T if required. 

 

 
Figure 7. Vision 3 Energy Flow 

4.2. Key enablers for vision: 

 NATO interface standards and policies. 

 Technologies and design options to manage survivability of energy storage/transfer. 

4.3. Essential S&T and Analysis needs: 

 Focus on platform efficiency — minimise energy demand. 

 High-density energy storage — technologies beyond commercial requirements. 

 Development of charging/battery exchange systems to reduce interface risks. 

 Higher Risk “moon-shot” S&T: 

o Use “Smart Fleet” energy management in connected platforms and 

uncrewed vehicles (UxV). 

o Ultra dense energy storage to maximise capability/reduce transfers. 
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o Develop concepts such as wireless energy beaming. 

5. Vision 4: Operational Energy Independence via at-sea Nuclear 

 
Figure 8. Vision 4 Operational View 

5.1. Vision Overview 

Utilising developments in civil nuclear industry and wider defence nuclear enterprises to 

achieve operational energy independence for key platforms. Includes the potential use of 

Gen4 and micro reactors as direct power sources on major platforms. Potential opportunity 

to produce synthetic low or zero-carbon fuels either at sea on generation-after-next 

replenishment platforms. 

 

 
Figure 9. Vision 4 Energy Flow 

5.2. Key enablers for vision: 

 Surface platform nuclear based designs to meet political, regulatory, safety, 

survivability and disposal needs. 

 More favourable political, public and regulatory environment. 

 Compact and efficient nuclear powered synthetic fuel production. 

5.3. Essential S&T and Analysis needs: 

 Analysis of regulatory issues of portable reactors. 

 Platform designs that safely and effectively integrate civil nuclear technologies. 

 Low size, weight and power marine synthetic fuel production systems. 

 Analysis to inform/understand concept of operations for “more” nuclear fleets. 

 Higher Risk “moon-shot” S&T: 

o More radical platform designs optimized for integration of emerging reactor 

technologies. 
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o Technologies that radically improve efficiency of nuclear-to-electricity 

energy conversion. 

6. Vision 5: Leveraging Novel Technology to Deliver Effects Differently 

 
Figure 10. Vision 5 Operational View 

6.1. Vision Overview 

Take a “System of Systems Approach” to maritime capabilities. Reducing overall energy 

demand through the use of alternative capability delivery approaches — e.g. through the 

wider use of uncrewed systems, networked systems & novel platforms & sensors.  Benefits 

also arising from decoupling effect from speed and significantly improving persistence & 

endurance — operational energy delivery becomes less of a limiting factor. 

 

 
Figure 11. Vision 5 Energy Flow 

6.2. Key enablers for vision: 

 Command and control in a denied or degraded environment (C2D2E). 

 Novel, compact and energy efficient platform and payload elements (in system of 

systems). 

6.3. Essential S&T and Analysis needs: 

 Development of high-density, high-efficiency payloads — e.g. sensors. 

 Development of enabling AI, autonomy and controls. 
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 Analysis to understand operational effectiveness and energy demands of distributed 

networks of systems. 

 Higher Risk “moon-shot” S&T: Persistent, long endurance uncrewed platform 

concepts powered by renewable energy. 

7. Conclusion 

As stated in the NATO 2022 Strategic Concept [10], the Alliance will reduce emissions, 

improve energy efficiency and invest in the transition to clean energy sources – leveraging 

green technologies while ensuring military effectiveness. The global maritime energy 

transition presents a threat to the current model for naval surface platform sustainment, 

due to reduced access to current fuels, in addition to tighter restrictions on emissions. 

Achieving a NATO maritime operational energy transition by design will be shaped and 

enabled by S&T: delivering beneficial and timely impact; focusing on addressing areas 

where there is a “defence delta”; connecting across borders; and, linking the S&T and 

operator communities. The visions in this paper aim to support these goals. The NATO 

Compendium of Best Practice is a great example of sharing national perspectives [11]. 

Whilst this paper presents five separate visions, elements of these could be merged to 

generate combinations which enable operational advantage, aligning solutions with 

operating concepts. However, it is unlikely that all visions could be successfully pursued 

in parallel; there will therefore be choices for NATO in the very near future — noting the 

enabling changes to energy supply chains, platform designs and operating concepts. A 

delay in making a decision is, in itself, a decision; in this case to move forward with vision 

1 by default. Any transition period will require NATO coordination and management. 

Across all courses of action, pursuing greater energy efficiency supported by enhanced 

energy data and digitization of platforms will enable informed decision making; common 

methodologies in NATO could assist with this. However, the biggest gains will come from 

thinking differently and delivering effects through alternative means. Enabled by some of 

the higher risk moon-shot operational energy S&T ideas proposed in this paper, the next 

two decades present a “once-in-a-generation” opportunity to deliver a step change in 

maritime capability with a more distributed force. It is in the development of alternative 

concepts of operations, enabled by new technology, that there is real potential to exploit 

opportunities and reduce vulnerabilities to deliver operational advantage in the maritime 

domain. 
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Abstract. Dynamics resulting from climate change that significantly 

affect planning and operations of the Alliance can be better 

understood by applying a systems-thinking approach. A systems-

thinking approach allows us to gain insight into complex systems and 

its (in)direct effects, like the effects of climate change on naval 

defence operations. This paper presents the application of systems 

thinking to naval defence operations in the High North region, in 

order to better understand the added value of systems thinking in this 

context. For this purpose the following steps have been taken: 1) 

collection and analysis of trends in different domains (demographic, 

economic, social, technological, ecological, and (geo)political); 2) 

capturing these trends and their interdependencies in a causal loop 

diagram; 3) validation of the model; and, 4) use of the model to 

explore mechanisms relevant to naval defence operations, and to 

support the mapping of the first and second order effects of climate 

change on variables of interest in the use case of the High North 

region. 

 

Keywords. High North, Naval Defence, Systems Thinking, Climate 

Change, System Dynamics, Causal Loop Diagram, MARVEL 

 
 

1. Introduction 

 

Our changing climate has a significant impact on ocean acoustics, which in turn has a 

direct impact on submarine warfare and anti-submarine warfare operations. Anticipated 

alterations in ocean acoustics are expected in propagation conditions and ambient noise 

levels. The ambient noise landscape is intrinsically tied to factors such as sound speed and 

absorption characteristics, both of which are poised to be influenced by shifts in 

temperature and oceanographic currents. Furthermore, climate change is expected to exert 

substantial influence on the geographical distribution of ambient noise sources [1]. This is 

due to factors such as alternations in marine biology, temperature fluctuations, melting of 

sea ice and consequently increased human-made noise from expanded shipping activities. 

Shifts in sound speed profiles and their consequential effects on propagation conditions will 

affect the performance of sonar systems. 

As various factors influence sonar performance – and sonar performance in turn exerts a 

direct impact on submarine warfare and anti-submarine warfare operations, it is crucial to 

gain more knowledge on these topics. 

 
 

                                                      
1 Corresponding Author: T.A. Kuipers, titia.kuipers@tno.nl. 
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1.1. Scope 

 

Due to the exploratory nature of this research, and to be able to conduct a more in-depth 

detailed examination of the phenomenon, the High North region is selected as a case study. 

This region was selected due to the strategic importance of the Arctic to NATO [2]. The 

Arctic is undergoing rapid and unprecedented changes, characterized by rising 

temperatures, dwindling sea ice cover, melting glaciers and shifting weather patterns. 

These transformations have far-reaching implications [3] [4]. New maritime routes due to 

melting ice in the Arctic has the potential to reshape global trade and transportation 

patterns, making it a critical area for economic and geopolitical analysis. The region’s 

accessibility to vast reserves of natural resources, including oil, natural gas, minerals and 

fisheries, underscores its strategic importance for energy security and economic 

development. At the same time, climate conservation efforts in the Arctic are pivotal for 

preserving fragile ecosystems, biodiversity, and mitigating the release of potent 

greenhouse gases from thawing permafrost. Altogether, the region is witnessing increasing 

territorial claims and geopolitical tensions, making it essential to assess the complex 

interplay of international interests and governance in this rapidly changing environment. 

 
1.2. Goal 

 

The objective of this paper is to illustrate to what extent a systems-thinking approach can 

support gaining insights into the complexities and potential (indirect) consequences and 

effects of climate change on naval defence operations, and specifically, the ability to detect 

underwater vessels using passive sonar technology. 

 

1.3. Disclaimer 

 

The aim of applying the systems-thinking approach is to explore mechanisms within 

NATO’s future operating environment (for ocean acoustics), rather than providing a 

definitive answer. 

 
 

2. Methodology 

 

A systems-thinking approach requires taking a sequence of steps. The first step is to collect 

and analyse trends according to DESTEP (demographic, economic, social, technological, 

ecological, and (geo)political) method. The next step is to build a MARVEL model, which 

is an approach developed by TNO [5]. The acronym MARVEL stands for Method to 

Analyse Relations between Variables using Enriching Loops. The next step is to face-

validate the model with input from subject matter experts. The final step is to use the model 

to explore mechanisms in the naval defence domain and conclude on our main research 

question. The following paragraphs briefly describe how we performed each step in 

relation to our case study. Please note that building the model requires us to make a large 

number of causality assumptions. We conducted validation interviews with subject matter 

experts to test the validity of these assumptions. 

 

2.1. Collect and analyse trends 

 

To have a starting point for our modelling effort, we first collected trends relevant to the 

case and broader context. For this study, we made use of existing findings from other TNO 

studies [6]. From this we extracted: mega-trends — strategic forces that cannot easily be 

turned around by society: e.g. climate change, urbanization; trends — discernible patterns 

of change or specific direction of change e.g. extreme weather variants, increasing number 

of megacities; and, signals — individual events: e.g. average temperature of the Arctic, 

number of people moving from rural to urban. The long list of mega-trends, trends and 

signals divided into DESTEP categories served as the starting point for model building. 
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2.2. Build a MARVEL model 

 

For this study, we enhanced an existing causal loop diagram originally created for broader 

foresight applications [5]. We tailored this to our requirements by introducing variables 

and causal connections within the context of our use case. This process is facilitated 

through the utilization of the MARVEL method. 

 

MARVEL causal loop diagrams use the concepts of variables, relations and feedback 

loops. Variables are defined as concepts that can increase or decrease. For example amount 

of perennial sea ice, or urbanization within Arctic. Variables are connected by causal links 

between them. These causal links have a direction (a cause and effect) and can be positive 

or negative. In practical terms, a positive link will imply that as the cause increases, the 

effect will likewise exhibit a higher value over time than it otherwise would. Conversely, a 

negative polarity implies that when the cause increases, the effect will exhibit a lower value 

than it otherwise would have exhibited, and when the cause decreases, the effect will exhibit 

a higher value over time. 

 

In causal loop diagrams, special attention is given to feedback loops. In a feedback loop, 

a variable has a reinforcing or balancing effect on itself. In climate change, there are several 

impactful reinforcing feedback loops. For example, an increase in greenhouse gas 

emissions leads to global warming, which leads through thawing permafrost to the release 

of more greenhouse gasses. An example of a balancing feedback effect could be an 

increase in Arctic drilling activities, which leads to more accidents affecting the Arctic 

ecosystem, motivating more international regulations that in turn limit the amount of 

Arctic drilling activities. 

 

The MARVEL tool allows us to identify feedback loops and causal pathways in our model, 

which can provide valuable insights into how interconnected factors interact. 

 

2.3. Model validation by subject matter experts 

 

In order to assess the structural validity of the MARVEL model built in step two, several 

subject matter experts were consulted [7]. Often the validation process leads to new 

insights and additions to the model. This also occurred in relation to our case study. Hence, 

steps two and three were reiterated wherever deemed necessary. 

 

2.4. Use model to explore mechanisms in the naval defence domain 

 

The resulting causal loop diagram from step three serves as a basis for exploring different 

mechanisms in naval defence operations, and supports investigating the first (direct) and 

second order (indirect) effects of climate change on variables of interest. 

 
 

3. MARVEL model naval defence in High North 

 

The resulting MARVEL model contains variables within each of the DESTEP domains: 

demographic (purple) — e.g. the concentration of people in larger urban areas and the 

decline of smaller settlements in the High North region is of influence; economic (blue) 

— e.g. the presence of natural resources such as oil and gas; social (yellow) — e.g. more 

attention to protecting the arctic driven by the indigenous population; technological (grey) 

— e.g. the development of unmanned vehicles to operate in the arctic waters; ecological 

(green) — e.g. the impact of activity in the arctic on the mammal population; and, 

(geo)political (light-tan) — e.g. the establishment of research bases and their potential to 

act as a cover for militarization of the Arctic by world powers. 
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3.1. MARVEL model 

 

The resulting MARVEL model consists of 57 variables and 154 causal connections 

between them. The connections were established by using the MARVEL software, by 

briefly assessing and discussing the expected relative strength and influence of the loop 

on the system, based on experience, expertise and logical thinking. Figure 1 provides an 

illustration of the MARVEL model used for this study and is only readable on a full screen. 

 
 

Figure 1. An overview of the complete MARVEL model used for this study. 

 
3.2. Validation of model 

 

The model structure was validated using interviews with six subject matter experts within 

the TNO organisation. Their expertise comprised of different fields relevant to the case 

study, such as (military application of) acoustics and sonar, offshore engineering, maritime 

system innovation, and naval defence. During the interviews, we asked questions to 

validate, challenge or underpin parts of the model. After each interview, changes to the 

model were made in areas related to the specific field. 

 
 

4. Application of the model to a specific variable (vessel detection) 

 
The model in Figure 1 is used to explore first and second order effects of climate change 

on variables of interest. In the following section, the model will be utilized to delve into 

the mechanisms influencing a specific variable of interest, which is central to the case 

study: the ability to detect and identify vessels based on underwater acoustic signature.2 

 

4.1. Effects of an increase in global temperature on the ability to detect and identify 

vessels based on underwater signature. 

 

Figure 2 and Figure 3 provide a visual highlight of the first and second order effects for 

both an increase and decrease of the ability to detect and identify vessels based on 

underwater signature within the economic, ecological and (geo)politics DESTEP domains. 

The ability to detect and identify vessels based on underwater signature, depends on 

underwater (ambient) noise, and underwater sound propagation, which in turn are 

influenced by an increase in global temperatures in different ways: 

 An increase in global temperatures is expected to lead to fish migrating into the 

                                                      
2 In the remainder of this paper, signature refers to acoustic signature. 
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cooler Arctic waters. As Arctic fish stocks become more available, fishing 

activities will increase which will lead to more underwater (ambient) noise 

caused by fishing boats and thus interfere with the ability to detect and identify. 

 Increase in extreme weather events also leads to more underwater (ambient) 

noise, through the physical forces of turbulence, intensified winds and changed 

water quality, all of which collectively contribute to a noisier underwater 

environment, reducing the ability to detect and identify. 

 An increase of melting and breaking of (sea) ice also leads to less perennial ice 

coverage, opening new maritime routes as a result of which transport and trade 

through the Arctic will increase, leading to more underwater (ambient) noise, 

hampering with the ability to detect and identify. 

 As melting and breaking of (sea) ice increases, fresh water is released back into 

the ocean, which decreases the salinity of arctic water causing changes in 

stratification and conveyor currents, which lead to a decrease in underwater 

sound propagation, and thus interfere with the ability to detect and identify. 

 Perennial ice acts as a barrier to sound propagation, reflecting and scattering 

sound waves as they encounter different ice structures. Less perennial ice 

coverage means fewer barriers in the water, leading to less acoustic underwater 

scattering, resulting in an increase in the ability to detect and identify. 

 As Arctic temperatures rise, the health of the Arctic ecosystem deteriorates, which 

negatively influences the Arctic fish stock. As a reaction, the international 

community will establish more international regulations, regulating (large scale) 

fishing activities, which has a direct impact on the reduction of underwater 

(ambient) noise. International regulations will also control Arctic drilling, which 

will lead to less underwater (ambient) noise, and in turn increase the ability to 

detect and identify. 

 
 

Figure 2. Positive polarity of an increase in global temperature on the ability to detect and identify vessels based 

on underwater signature.
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Figure 3. Negative polarity of an increase in global temperature on the ability to detect identify vessels based on 

underwater signature. 

 

 

4.2. Effects of a change in the ability to detect and identify vessels based on underwater 

signature 

 

In the previous section, pathways leading to both an increase and decrease of the ability to 

detect and identify vessels based on underwater signature were identified. Figure 4 

provides a visual highlight of the first and second order effects for both an increase and 

decrease of the ability to detect and identify vessels within the technological and 

(geo)political DESTEP domains. 

 

 
Figure 4. First and second order effects from ability to detect and identify vessels based on underwater signature. 

 
 Firstly, regarding the technological domain, there is a direct causal link with sonar 

technology. If the ability to detect and identify vessels increases, it is expected 

that this will accelerate the development of sonar technology. This is linked to a 

feedback effect of a ‘sonar-technology race’, and applies to the learning effects 

between using and developing sonar technology. Following an advancement in 

sonar technology, a second order effect can be seen. This indirect effect is related 

to the technological ability of Arctic (underwater) drones, since they directly 

depend on sonar technology for sensors and communication. 
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 Secondly, in the (geo)political domain, the ability to detect and identify vessels 

based on underwater signature has a first order effect on the threat to nuclear 

submarines tasked with deterrence. Submarines equipped for Arctic operations 

can take advantage of the ice cover and use the veil of the Arctic to hide from 

adversary forces. By understanding the local oceanographic conditions, 

submarines can adjust their depth and speed to minimize sound emissions and 

maximize their stealthiness. Concurrently, these submarines may make use of the 

ice-related noises, mammals and other natural sounds to mask their own engine 

and propulsion noises, while advancements in stealth technology may reduce 

their acoustic signature. Likewise, by navigating through ice formations, they may 

break line-of-sight with adversary sensors, making them less detectable. A 

change in detectability could however trigger an effect in military build-up. This 

is an interesting causal pathway to take into account, especially if at the same 

time, the ability to detect and identify increases. Another first order effect is the 

visibility of Arctic activity which in turn influences international awareness of 

Arctic threats and (the enforcement of) Arctic regulations, which can 

consequently hinder the potential cover for military activity (by for example 

research, tourism or search and rescue activities). 

 
 

5. Conclusions and future work 

 

The objective of this paper is to illustrate to what extent a systems-thinking approach can 

support gaining insight into the complexities and potential (indirect) consequences and 

effects of climate change on naval defence operations. Specifically, the ability to detect 

underwater vessels using passive sonar technology. 

In conclusion, application of a systems-thinking approach as defined in section 2 offers a 

transformative lens through which we can view complex problems such as climate change 

and its intricate relations with naval defence operations. Following the DESTEP method 

and linking factors found in mega-trends, trends and signals, unlocks a potential for 

profound insights in mechanisms caused by climate change, that might otherwise stay 

hidden in isolated analysis. An example of such insight is an increase in detectability of 

adversary nuclear submarines tasked with deterrence, which could trigger an effect in 

military build-up. 

A systems-thinking approach enables a comprehensive and shared understanding of the 

web of factors shaping challenges and opportunities. We found the model structure to be 

helpful in engaging with subject matter experts in different fields, and creating a common 

picture about the High North region and the implications of climate change on underwater 

acoustics. 

In this paper, we only highlighted one variable of interest, the ability to detect vessels based 

on underwater signature. We expect our findings to be applicable to other variables in 

other domains of the model. 

 

5.1. Recommendations 

 

This research revolves around a particular variable of interest; the one of underwater vessel 

detection. However, this method enables the investigation of the wider impacts of climate 

change, and could thus be applied in other cases and areas of interest to NATO. 

It is advised to develop the model further with experts and validate the model with subject 

matter experts in all demographical, economic, sociological, technological, ecological and 

geopolitical fields. 

In the future, this approach or model could be used as a starting point to explore the first 

and second order effects of naval defence interventions. This can be essential for 
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informing policy decisions, driving international cooperation, and advancing our collective 

efforts to combat existential challenges. 
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Abstract. “Climate Change, Arctic Security and Future Operations” 

(CLIMARCSEC) is a new project within the 2023-24 project cycle 

of the Multinational Capabilities Development Campaign (MCDC), 

forming a US-led partnership of 23 nations/International 

Governmental Organizations (IGO), to create non-materiel 

capabilities to support multinational force operations and exercises 

by resolving or at least diminishing common military problems. 

With Norway as project lead, 19 states and IGOs participate in 

CLIMARCSEC as contributors or observers. Climate change occurs 

at some of the highest rates in the Arctic regions resulting in both 

emerging risks and new opportunities. The opening of the Arctic 

provides non-Arctic states/actors with easier access to the Arctic 

Ocean. In combination with changing geopolitical/strategic 

conditions and growing political and military tensions, climate 

change makes the Arctic strategically important for Multinational 

Forces (MNF) but also exacerbates an already challenging field for 

operations. These factors increase the need for stronger MNF 

situational awareness, operational capability, coordination, and 

policy changes. So far, various capability and coordination gaps 

(e.g., resource constraints, no joint MNF/NATO command 

structures in the Arctic) restrict MNF abilities to address the current 

and future challenges adequately. 

Enhancing MNF’s Arctic capabilities requires a robust policy 

framework and better coordination of policies and activities to 

maintain a strong and effective security presence in the region and 

to ensure an operational advantage towards competitors in a rapidly 

changing — climate and threat-based — environment. All physical 

domains are relevant to the operational environment for this 

problem set — land, maritime, air and space — with a focus on the 

first two. 

CLIMARCSEC will contribute to the analysis and make 

suggestions as to how existing and potential coordination and 

capability gaps could be closed and how future coordination and 

capability requirements could be met. To support this main goal, 

CLIMARCSEC will analyse how the implications and 

consequences of climate change will impact policy, strategy, 

arrangements for deterrence and defence, military assistance, 

planning, preparedness, and exercises and operations in the Arctic. 

It will also inform military and political decision makers of the 

current and projected state of security operations. 
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1. Introduction 

 

The Arctic has emerged as a focal point of global attention due to the unparalleled rates of 

climate change occurring within this remote region. The Arctic Ocean, which dominates 

the region, is a single basin primarily covered by sea ice, which connects the Pacific and 

Atlantic Oceans (Figure 1) through various straits and passages [1]. 

Dramatic environmental transformations are not only altering the Arctic landscape but also 

reshaping its geopolitical dynamics, presenting a unique confluence of emerging risks and 

new opportunities [2]. This paper introduces the recently established project 

CLIMARCSEC within the Multinational Capabilities Development Campaign (MCDC) 

[3] which examines the multifaceted relationship between climate change, evolving 

geopolitical conditions, and the strategic significance of the Arctic, particularly for 

Multinational Forces (MNF). 

 

Figure 1. Arctic topographic map [4] 

The Arctic is experiencing climate change at an accelerated pace compared with the rest 

of the planet. This phenomenon has been extensively documented in scientific literature. 

The Arctic Climate Impact Assessment (ACIA) [5] emphasized the region's vulnerability 

to rising temperatures, noting the alarming reduction in sea ice cover and the thawing of 

permafrost. These changes not only have profound implications for Arctic ecosystems but 

also contribute to global sea-level rise, as underscored by the Intergovernmental Panel on 

Climate Change (IPCC) [6]. This interconnectedness between Arctic climate change and 

its global ramifications and consequences forms the backdrop against which — among 

other issues such as economic and societal — security considerations must also be 

examined. 

The melting of Arctic ice is ushering in an era of increased accessibility to the Arctic 

Ocean, facilitating navigation, resource extraction, fisheries and ecotourism. This 

transformation has captured the interest of non-Arctic states and actors, who are seeking 

to exploit the aforementioned emerging opportunities in the region. This trend has been 
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observed and analysed in numerous academic studies [7][8], highlighting the strategic 

importance of the Arctic in a global context. 

In tandem with these climate-induced changes and shifting geopolitical dynamics, the 

Arctic is witnessing growing political and military tensions, so far mainly spilling over from 

the outside, especially the deteriorating East-West relations in the course of Russia’s war 

against the Ukraine. In combination with an at least theoretical prospect of territorial 

disputes and competition for resources in the Arctic itself, which however so far have not 

occurred to the scale anticipated by many observers in the past, such deteriorating relations 

have led to increased military presence and exercises. The relevance of the Arctic in global 

security discussions has been addressed by prominent scholars [9][10][11], who 

underscore the complexities and risks associated with these developments. The nexus 

between climate change and shifting geopolitical conditions also becomes evident when 

considering that transboundary threats such as climate change require international 

cooperation [12]. But under the current circumstances with the ongoing war in Ukraine, 

the so far well-functioning cooperation involving Western states and Russia is halted on 

most levels, for example in the intergovernmental Arctic Council, and in many policy 

areas. 

Apart from hard security risks, also severe health risks could emerge as a consequence of 

melting ice. Scientists have found viruses and bacteria in the remote Arctic regions that 

could impact people in the Arctic as well as beyond the Arctic regions from which they 

originate [13]. There’s at least one recent known case of infections and a death due to a 

virus released by the warm temperatures. The melting of the Arctic ice and the thawing of 

permafrost have health implications that are unknown to the general population, MNF and 

those who work in humanitarian and disaster reliefs. It is worth noting that the military will 

need to take into account of such potential risks for forces operating in the Arctic. 

Thus, many factors will influence the structure and the operational tempos of future forces. 

Factors include climate change, geopolitics, resource exploitations and commercial 

competitions. Additionally, factors such as increased health risks, deployments of greater 

frequencies and/ or long deployment periods will cause additional stress on military 

members and families. Operations in the new environment may necessitate the 

modernization of forces, in terms of structure, recruitment and retention, education and 

training and military family support. CLIMARCSEC and future projects will help inform 

decision makers on the requirements for future forces. 

Against the backdrop of these considerations, the Arctic is becoming strategically more 

important for MNF. Having become an area of low tensions after the end of the Cold War, 

this is in the process of changing due to global warming and increasing strategic 

competition [14]. Both aspects make the necessity for military operations more likely but 

at the same time more difficult as operating in this evolving environment presents a myriad 

of challenges. They range from ensuring situational awareness in a rapidly changing 

climate [15], resulting in extreme and unpredictable weather conditions and permafrost 

thaw, undermining military infrastructure, ports and runways [16], to addressing capability 

gaps [17] and establishing effective combined command structures that do not currently 

exist for western forces. New climatic conditions could also reduce constraints for force 

projection in the Arctic. The increasing accessibility of the Arctic and new economic 

opportunities and related changes in the Arctic bring forward “new security realities, 

including the potential for increased drone, submarine, and intelligence-gathering 

activities, and concerning signs of a strategic capabilities arms race starting in the region” 

[18]. The need for a comprehensive and coordinated approach is underscored by the 

limited capacity of MNF (in terms of resources, equipment and workforce) to address 

current and future challenges adequately. 

Enhancing MNF's capabilities in the Arctic necessitates a robust policy framework that not 

only recognizes the significance of the region but also addresses the coordination gaps that 

impede effective operations. Achieving an operational advantage over competitors in this 

dynamic environment demands synchronized efforts across all land, maritime, air, cyber 

and space domains. The significance of such coordination and policy changes in the Arctic 

security context has been highlighted by recent policy reports and analysis [19][20][21]. In 

light of these interconnected challenges and opportunities, the 
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MCDC CLIMARCSEC project as outlined in this paper seeks to provide a comprehensive 

analysis of the evolving Arctic security landscape. By exploring the interplay between 

climate change, geopolitics, and MNF operations, we aim to contribute to a deeper 

understanding of the strategic imperatives in the Arctic region and underscore the pressing 

need for coordinated, forward-looking policies and military strategies to safeguard 

security interests effectively. 

 
 

2. MCDC - Climate Change and Security Projects 

 

The MCDC represents a vital and collaborative force development endeavour aimed at 

tackling the complexities inherent in conducting coalition and multinational operations. It 

brings together a consortium of 25 partner nations/international organizations, each 

actively contributing to the identification of capability gaps within multinational force 

contexts as well as the solution of multi-national military problems. MCDC’s motto is to 

“develop non-materiel solutions to military problems”. Moreover, these dedicated partners 

collectively engage in the conceptualization and development of innovative capabilities 

designed to bridge identified capability gaps, ultimately strengthening the effectiveness 

and adaptability of multinational forces in an ever-evolving global security landscape. 

The MCDC project cycles embody the spirit of international cooperation and shared 

responsibility, standing as a testament to the commitment of partner nations to address 

collectively the multifaceted challenges that arise when working together on complex 

security missions. This collaborative force development effort is an indispensable element 

of contemporary defence strategy, recognising that no single nation in isolation can fully 

address the diverse challenges posed by today's global security environment. 

 

2.1. MCDC 2021 - 2022 "Climate Change, Global Security, and Future Operations 

(CLIMSEC)" Project 

 
The link between the MCDC project 2021-2022 "Climate Change, Global Security, and 

Future Operations (CLIMSEC)" and 2023-2024 " Climate Change, Arctic Security and 

Future Operations" (CLIMARCSEC) is palpable in their shared commitment to 

understanding the complex interplay between climate change and security while 

addressing critical questions related to military operations. 

The objectives set forth in CLIMSEC served as the foundation upon which the subsequent 

emphasis on the Arctic of CLIMARCSEC was built. Both projects are indispensable 

elements of a comprehensive strategy aimed at addressing security challenges triggered 

by climate change. 

CLIMSEC’s first objective was to identify the most significant new global security threats 

indirectly resulting from climate change. It laid a foundation by prompting an exploration 

of the global security threats stemming from the indirect effects of climate change. It 

encouraged researchers to identify and understand the emerging security challenges 

associated with climate-induced phenomena, such as population displacement, resource 

scarcity, and extreme weather events. These insights provided a global perspective on the 

security implications of climate change. 

CLIMSEC’s second objective was then to identify the direct military-operational 

consequences of climate change in terms of the efficacy and viability of different types of 

military and other measures. Expanding on the knowledge acquired through the initial 

objective, the second objective within CLIMSEC refined its attention to military- 

operational outcomes directly influenced by climate change. It investigates how shifting 

environmental conditions affect the efficacy and viability of diverse military strategies. 

This problem statement further enhanced our comprehension of the relationship between 

climate change and military operations, paving the way for a more comprehensive 

exploration. 
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The CLIMSEC project was structured into three distinct sub-groups, each tasked with 

investigating specific aspects related to climate change and its impact on military 

operations: Sub-group 1 with a focus on Sustainability and Mitigation of Climate Effects 

on Infrastructure and Personnel, concentrating its efforts on examining how climate 

change would influence military infrastructure and the development of military 

technologies; sub-group 2 with an emphasis on Climate Change and its Impact on Demand 

for Military Capabilities in Disaster Relief and Stabilization Missions, exploring the 

implications of climate change on the demand for military capabilities in disaster relief 

and stabilization missions; and sub-group 3 with a focus on the examination of the Role 

of Climate Change in Interstate Conflicts and Regional Power Competition, developing 

an understanding how climate change impacts interstate conflicts and regional power 

competition, with a specific focus on the Arctic Region. 

Through these three sub-groups, the CLIMSEC project sought to explore comprehensively 

the multifaceted impacts of climate change on military operations, from infrastructure and 

technology to disaster relief, stabilization missions, and regional power dynamics. 

Throughout its two-year implementation period, the CLIMSEC Project generated three 

publications, one for each of its constituent sub-groups: 

1. Sub-group 1: "‘Greening’ and ‘Prepping’ military organizations: Towards 

Sustainable Armed Forces and the Mitigation of Climate Effects on Infrastructure, 

Equipment, and Personnel"; 

2. Sub-group 2: "Consequences of climate change for military operations: Increased 

demand on military capabilities in humanitarian assistance and disaster relief and 

stabilization missions", and 

3. Sub-group 3: "The Climate Security Multinational Military Operational Science 

& Technology Framework (C-MMOST)". 

 

2.2. Transitioning from CLIMSEC to CLIMARCSEC 

 

The evolution from CLIMSEC to CLIMARCSEC is marked by a shift in focus to the 

Arctic region, which is particularly susceptible to the effects of climate change and holds 

unique security implications. In this context, CLIMARCSEC's objectives are refined and 

extended to encompass the Arctic environment's specific challenges and opportunities. 

Whereas CLIMSEC has laid the groundwork by identifying global security threats 

associated with climate change, CLIMARCSEC takes these insights a step further by 

specifically addressing the governance/coordination and capability gaps that affect military 

operations in the Arctic. This transition acknowledges that climate change's impacts in the 

Arctic require specialized attention to ensure the effectiveness of MNF. 

Therefore, CLIMARCSEC expands the scope to include a thorough analysis of how 

climate change implications and consequences will affect policy, strategy, deterrence and 

defence arrangements, and military assistance in the Arctic. It encompasses planning, 

preparedness, exercises, and operations in this unique environment, emphasising the need 

for tailored adaptations. 

In sum, the transition from CLIMSEC to CLIMARCSEC reflects a natural progression 

from understanding the broader global security implications of climate change to 

addressing the region-specific challenges, requirements and opportunities in the Arctic. 

Together, these projects offer a comprehensive approach to climate-induced security 

challenges, positioning MNFs and decision makers to navigate effectively a rapidly 

changing security landscape. 

 
 

3. MCDC 2023 – 2024 “Climate Change, Arctic Security and Future Operations” 

(CLIMARCSEC) Project 

 

The guiding research question for CLIMARCSEC is formulated along the lines of 

aforementioned considerations: What are the current challenges to the military operating 

environment caused by climate change and competitive activity in the Arctic and how 
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could existing gaps in operational capability and governance/coordination of MNF be 

closed and future capability requirements be met? 

The military problem for the project takes into account that climate-change occurs at some 

of the highest rates in the Arctic regions resulting in both emerging risks as well as new 

opportunities. As outlined above, in combination with changing geopolitical/strategic 

conditions and growing political and military tensions, the risks and opportunities created 

by climate change make the Arctic not only strategically important for MNF but also 

simultaneously exacerbate an already challenging field for operations. Taken together, 

these factors increase the need for stronger MNF situational awareness, operational 

capability, coordination and policy changes. Resources (personnel, equipment, finances) 

are likely to be further challenged given the necessity to respond to the compounding 

effects of climate change on domestic and/or regional environments (e.g. search and rescue 

and environmental disaster response). Extreme weather conditions will potentially restrict 

military mobility, survivability and sustainability, and also cause indirect implications 

such as resource fragility, and follow-on effects to governments and societies. 

Various capability and coordination gaps (e.g. insufficiency in resources and modern 

equipment, missing combined command structures and a lack of persistent domain 

awareness from sea floor to space) restrict MNF abilities to address these arising 

challenges adequately. CLIMARCSEC analyses the current situation and challenges and 

contributes with suggestions, how existing and potential gaps, mainly coordination but also 

capability gaps as far as known, could be closed and how future coordination and 

capability requirements could be met in ever changing conditions. All physical domains 

as recognized by NATO are relevant to the operational environment for this problem set: 

land, maritime, air and space, with a focus on the first two. 

One of the main recommendations will be that enhancing MNF’s Arctic capabilities 

requires a robust policy framework and better coordination of MNF policies and activities 

in order to maintain a strong and effective security presence in the region and to ensure an 

operational advantage at the appropriate stage within the competition continuum, in a 

rapidly changing — climate and threat-based — environment. 

In terms of objectives, the CLIMARCSEC project will as its main goal identify viable 

options for the MNF Commands in order to overcome the existing coordination and 

capability gaps by addressing relevant operational issues. In support of the main goal, 

CLIMARCSEC will analyse how the implications and consequences of climate change 

will impact policy, strategy, arrangements for deterrence and defence, military assistance 

across the competition continuum, including planning, preparedness, and exercises and 

operations in the Arctic. This analysis will be carried out and the results published in the 

form of a multi-national concept. 

Furthermore, in the tradition of the previous CLIMSEC project, it will inform and consult 

military and political decision makers responsible for current and projected states of security 

operations, considering climate change in the Arctic environment and the necessary 

adaptations to existing command and control (C2) and coordination structures required to 

adapt to the future operating environment. CLIMARSEC will contribute to developing 

curricula and other educational materials used in primarily military education 

organizations working on the Arctic to promulgate awareness and equip MNF 

commanders to make better decisions regarding operations in the Arctic. Finally, the 

CLIMARCSEC project will support military planners in preparation for military and 

security operational and strategic concepts and multinational force coordination. 

In the ideal case, the project, once concluded will contribute to: firstly, the conduct of 

effective military activities in the Arctic; secondly, making forces and headquarters better 

prepared to adapt to a changing environment; and, thirdly, developing the ability to apply 

adapted policy, procedures, technologies, and updated operational concepts. 

 
 

4. Conclusions and recommendations 

 

In conclusion, the MCDC CLIMARCSEC project holds great promise for addressing the 

multifaceted challenges posed by climate change in the Arctic region. This initiative's 
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overarching goal, which is to analyse and provide recommendations for closing existing 

and potential coordination and capability gaps while identifying future capability 

requirements, is both timely and essential. As discussed throughout this paper, the 

profound impacts of climate change in the Arctic extend beyond the environmental sphere, 

necessitating a comprehensive examination of their implications on policy, strategy, 

deterrence and defence arrangements, military assistance, planning, preparedness, and 

military exercises and operations in the Arctic. 

One of the critical contributions of CLIMARCSEC is its commitment to assessing how 

climate change will reshape the security landscape. By recognising that climate change is 

not solely an environmental issue but a security imperative, this initiative acknowledges 

the imperative to adapt and innovate in response to evolving threats and opportunities. 

Climate-induced shifts in the Arctic will have far-reaching consequences, influencing not 

only military operations but also political decision-making processes on which the former 

are based. 

In this context, CLIMARCSEC has the potential to serve as a valuable resource for 

military and political decision makers. By providing a comprehensive analysis of the 

current and projected state of security operations in the Arctic, it will contribute to 

equipping leaders with the knowledge and insights necessary to formulate informed 

policies and strategies. This initiative's capacity to inform and educate stakeholders about 

the security implications of climate change fosters a proactive and adaptive approach to 

Arctic security challenges. 

Furthermore, CLIMARCSEC contributes to identifying coordination and capability gaps 

and in ensuring that MNF are adequately prepared to address the emerging security 

landscape. As the Arctic becomes increasingly geopolitically significant, the need for 

effective cooperation, coordination, and capabilities cannot be overstated. By pinpointing 

areas where improvements are necessary, CLIMARCSEC will contribute to enhancing 

MNFs' capacity to respond effectively to Arctic security challenges. 

In summary, CLIMARCSEC represents a forward-looking and holistic approach to 

understanding and addressing the complex interplay between climate change, security, and 

MNF operations in the Arctic. Its focus on analysis, coordination, and capability 

enhancement is a testament to its commitment to safeguarding security interests in the face 

of a rapidly changing climate situation and evolving and altering geopolitical dynamics. 

As the Arctic continues to evolve as a critical arena for global security, initiatives like 

CLIMARCSEC will have a critical role to play in ensuring the resilience and adaptability 

of MNF and contributing to the broader conversation on climate change and security in a 

region of growing strategic significance. 
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Abstract. Climate Change (CC) has been described in the last 

NATO Strategic Concept (SC) as “[…] a crisis and a threat 

multiplier”. The same document, released in June 2022, mentions the 

High North for the first time as an area of priority where Russia poses 

a strategic challenge. Indeed, no other region in the world is more 

affected by CC than the Arctic, which is estimated to be warming 

nearly four times as fast as the rest of the globe. In addition to posing 

significant threats to human security, ice sheet melting, permafrost 

thaw and other physical phenomena impact NATO’s infrastructure, 

all subject to logistical stress and extreme-weather events, and 

influence the strategic decision-making of Arctic nations, thus 

ultimately altering NATO operating environment. As NATO 

released its Climate Change and Security Action Plan (CCSAP) in 

June 2021, this paper aims to explore the key strategic and 

operational implications of CC in the Arctic maritime domain, as 

well as the priorities to consider for the regional implementation of 

the CCSAP. Building on three of the Plan’s main pillars, we will 

attempt to address three main sets of research questions. (1) 

Increasing Allied awareness of the strategic impacts of CC in the 

Arctic: what are the main drivers of competition in the Arctic, and 

what is their relationship with CC in the maritime domain? How can 

Allies improve their awareness of the way CC will affect strategic 

decision-making in the region? (2) Adapting to CC: what are the 

main challenges for NATO to adapt its planning and maritime 

capabilities to the changing Arctic environment? (3) Mitigating CC: 

how can Allies minimize their carbon and environmental footprint 

when operating in a changing Arctic maritime domain? This work 

intends to be an introduction for a more comprehensive research 

project on the topic, aiming at formulating policy recommendations 

for the application of NATO’s CCSAP in the Arctic maritime 

domain. 

Keywords. Climate Change, Arctic, Maritime Domain, NATO, 

Action Plan, Defence, Security 
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1. Introduction 

Climate Change (CC) has been described in the last NATO Strategic Concept (SC) as 

“[…] a crisis and a threat multiplier” [1]. The same document, released in June 2022, 

mentions the High North for the first time as an area of priority where Russia poses “a 

strategic challenge”. Indeed, the Arctic is particularly vulnerable to CC, which affects all 

aspects of its security environment. In addition to posing significant threats to human 

security and safety, ice sheet melting, permafrost thaw and other physical climate 

phenomena impact NATO infrastructure, all subject to logistical stress and extreme 

weather events, and influence the strategic decision-making of Arctic nations. Such effects 

are particularly prevalent in the maritime domain, which is at the forefront of CC and 

stands as a predominant domain in Arctic security because of the Arctic’s geographical 

significance, resource richness, and specific security and environmental considerations. 

As NATO released its Climate Change and Security Action Plan (CCSAP) in June 2021 

[2] and the following Impact Assessments (CCSIA) [3] [4], the Alliance has set the aim 

of becoming the leading international organization in dealing with the security aspects of 

CC [6][5] [6]. This short paper aims to outline the key strategic and operational 

implications of CC in the Arctic maritime domain, and to reflect on priorities for NATO 

to consider when operationalizing the CCSAP in the context of the Arctic. The aim is to 

set the ground for a more ambitious research project that will explore these aspects in 

greater depth and will provide further policy recommendations. 

2. Awareness of the strategic impacts of CC in the Arctic 

For the past three decades, the Arctic has been considered an exception in international 

relations due to its presumed “invulnerability” to external tensions. While central in 

Russian deterrence and key for other Arctic states’ national security, relations in the High 

North were mostly revolving around dialogue and cooperation. The 1987 Murmansk 

Initiative, and the creation of the Arctic Council in 1996, both testify to the then-regional 

focus on dialogue and stability [7] [8]. The full-scale Russian invasion of Ukraine in 

February 2022, added to prior strategic developments that had been unfolding in the Arctic 

in recent years, and dramatically contributed to the intensification of tensions and the 

growingly competitive rhetoric. However, not all variations in regional dynamics can be 

attributed to political behaviour. The changing climate, whose effects are multiplied in the 

High North, has already disrupted peaceful dialogue, and is expected to increasingly affect 

geopolitical and strategic developments in the region in the medium-term. 

2.1.  Impacts of CC on strategic competition 

CC has both a direct and a multiplier effect on strategic competition. More specifically, 

we can observe three main climate-related drivers of strategic instability in the Arctic. 

First, ice melting is expected to open new navigable routes and possible sites for 

exploitation of natural resources, both on land and in the ocean [9]. These prospects, as 

well as their economic viability, are uncertain owing to the region’s particularly 

challenging navigation conditions. However, they have already led to a “hyper-

securitization” of economic assets for resource exploration. This is especially visible along 

the Northern Sea Route (NSR) running along the Russian Arctic, where the Kremlin is 

studying a toll road plan, with the creation of private military companies (PMCs) affiliated 

to oil industries, the reopening of military facilities, and a military build-up never seen 

since the Cold War. Second, a warmer climate is likely to attract higher international 

interest for areas so far barely inhabited. Increased navigation and massive investments in 

the extraction of natural resources can represent a challenge for local communities, as well 

as a risk of foreign penetration and malicious interference from potential adversaries, such 

as in the case of China [10]. On the other hand, Russia’s overall climate-vulnerability can 

shape Moscow’s future strategic decision-making, thus further deteriorating the already 

unstable strategic environment. For example, increased vulnerability owing to the loss of 
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sea-ice coverage protecting Russian nuclear ballistic submarines (SSBNs) can translate 

into a repositioning of Russia’s fleet northwards, and a more assertive force posture by 

Moscow fearing an expansion of NATO’s military presence in the region. Ultimately, in 

dealing with the increasingly complex interaction between CC and security considerations 

in the High North, great powers risk facing a “security dilemma”, where their efforts to 

increase their security inevitably brings further instability and risk of escalation, whereas 

a failure to act is seen as a risk to lose ground in favour of an adversary. Such is the case 

for NATO and Russia. On one hand, it is in the interest of the Alliance to ensure a stronger 

deterrence and defence of its Arctic members and to increase its presence in their waters 

to respond to the specific challenges posed by a changing environment. On the other hand, 

Russia will see a greater presence of NATO maritime forces in the High North as a threat, 

and may in turn deploy more capabilities in the region, multiplying the risk of accidents 

and escalation. 

2.2. Opportunities for increased Allied awareness 

The first pillar of NATO’s CCSAP sets out the goal of increasing Allied awareness of the 

security implications of CC on NATO’s strategic environment and operations. To do so, 

NATO has pledged to “integrate CC considerations into security risk and resilience 

assessments [...] in regions of key interest to the Alliance”, by leveraging Science and 

Technology (S&T) to support research [11]. There is a vast toolset of possibilities to build 

and share awareness, both within the Alliance and with partners, about the impacts of CC 

on NATO’s Arctic maritime domain and overcome the significant gaps in Maritime 

Situational Awareness (MSA) in a region that is especially challenging to navigate. In 

particular, information sharing and access is key when dealing with climatic predictions 

and modelling. NATO should capitalize on existing technology and invest in AI-based 

solutions to integrate climate data together with data on military and security 

developments in the region, and to improve early-warning systems and detect change in 

real-time. Another important step forward would be mainstreaming the climate factor into 

NATO war-gaming and table-top exercises (TTX). Climate-informed TTX scenarios 

factoring all aspects of climate and environmental risks in Arctic seas (from the climate-

vulnerability of military installations to climate-risks on local communities) would 

significantly improve NATO’s risk-assessment, prediction, and anticipation capabilities. 

3. Adapting to Climate Change 

The second pillar of NATO’s CCSAP lies in the Alliance’s adaptation to CC, both at the 

strategic and operational levels. This entails incorporating climate considerations into the 

Alliance’s capabilities, training and defence planning, and ensuring their climate-

resilience. 

3.1. Adaptation to the changing strategic context 

At the strategic level, priorities for NATO in the Arctic maritime domain are: keeping the 

Greenland-Iceland-UK (GIUK) gap open for reinforcements in case of conflict in Europe 

or in the Baltic Sea; ensuring peacetime freedom of navigation for civilian and commercial 

traffic; and, ensuring Allies’ territorial water protection. All of these require high-end 

capabilities that were considerably degraded since the end of the Cold War, such as Anti-

Submarine Warfare (ASW) [12]. To accomplish such tasks in a context where CC will 

continue to affect NATO’s readiness, military mobility and deterrence and defence 

posture, the Alliance needs both Arctic-capable maritime forces and appropriate naval 

installations in strategic positions. Moreover, coastal Allies should have a number of 

icebreakers proportionate to the area of their Exclusive Economic Zones (EEZ) in order 

to ensure adequate domain awareness, and sufficient radar coverage for the protection of 

Critical Underwater Infrastructure (CUI), as well as for Search and Rescue (SAR) 

operations. 
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3.2. Adaptation to climate impacts at the operational level 

The effectiveness of these adjustments, however, will be strictly connected to the impacts 

of CC. In building and deploying an Arctic-capable force, for instance, NATO should 

carefully balance the need for exercises and operations with the minimization of accidents 

at sea, particularly in light of intensifying naval traffic and more frequent at-sea 

interactions with Russia. In addition, Allied maritime forces will not only see the scope of 

their tasks and missions broaden (e.g., an increasing need for SAR capacities due to the 

intensifying maritime traffic), but also a changing and more challenging operating 

environment. Indeed, wave-heights are projected to grow significantly in the coming 

decades, as well as the incidence of new undersea currents, intensified storms, and 

radiation exposure. Moreover, we should also expect foggier seas as well as a growing 

number of icebergs as sea ice melts [13]. Consequently, CC is affecting military readiness, 

since maritime infrastructure (ships, ports, and dockyards) is facing growing risks of sea-

level rise, flooding and storms, which will eventually affect the safety of sea lines of 

communication (SLOCs) [14]. Existing naval bases built on thawing permafrost will also 

be at extreme risk of inoperability and will need to be restructured or permanently closed. 

On the other hand, new bases will have to be built to ensure the effective logistic supply 

of a larger naval presence, such as the projected expansion of the port of Nome, in Alaska, 

to host cruise and military ships, as well as the pressing need for a deep-sea port in the 

Canadian Arctic to support navy operations [15]. Given NATO’s priority to guarantee the 

integrity and protection of Allied nations, adaptation of maritime capabilities to CC is a 

pressing issue for maritime forces in the Arctic. This should include the proactive 

modernization of naval platforms, bases and other military infrastructure at sea, and the 

adaptation of weapon systems to extreme temperature conditions and rapid temperature 

changes [16]. On the human side, priorities should be on the adaptation of training, 

exercises and procedures (e.g., in disaster response, or in ship de-icing) including through 

mutually beneficial partnerships with local communities to leverage traditional expertise. 

Arctic training involving the Canadian Armed Forces and the local Canadian Rangers are 

an excellent example of best practice in cooperation that will facilitate climate adaptation 

[17]. 

4. Mitigating Climate Change 

Lastly, the third pillar of NATO’s CCSAP announces NATO’s contribution to the 

mitigation of CC through the formulation of voluntary goals to reduce greenhouse gases 

(GHGs) emissions from the military. The Arctic and its unique ecosystems are some of 

the most climate-vulnerable on Earth, and world oceans are notoriously at the forefront of 

CC and environmental degradation. This makes the case for an extra-focus on the Arctic 

maritime domain in the context of NATO’s mitigation efforts. 

4.1. Climate and environmental footprint of naval activities in a highly vulnerable 

Arctic maritime domain 

The fragile landscapes and unique marine ecosystems of the Arctic are rapidly changing, 

with the distribution of marine species shifting, the disappearance of species that are 

crucial to food webs, and a changing ocean primary production. The melting ice also 

generates destructive feedback loops further aggravating global warming: thawing 

permafrost releases high amounts of methane and melting sea ice exposes larger parts of 

a dark ocean absorbing more heat. In addition, the region’s marine biodiversity is further 

impacted by environmental and noise pollution, and by collision hazards from increased 

shipping. Increasing navigation in Arctic seas, including by military forces, means higher 

risks of oil spill, which can persist for weeks or longer in cold seas, release of GHGs 

emissions and air pollutants, and damage to important marine life zones. Such negative 

impacts are particularly relevant for defence assets in the High North, as a result of higher 

levels of fuel usage for electricity and heating due to their remote locations and extreme-
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cold conditions. Furthermore, the development of military infrastructure can disrupt 

wildlife habitats. These drastic environmental and biodiversity changes also compound 

human risks, as they threaten the health, livelihoods, mobility, and traditional lifestyles of 

local, mostly indigenous, coastal communities. Finally, the use, storage and disposal of 

nuclear and nuclear-powered military capabilities in Arctic waters, especially along the 

Russian coast, pose serious risks of radioactive contamination, which can persist for 

extended periods and harm both local wildlife and communities [18]. 

4.2. Science and cooperation opportunities to advance the mitigation of NATO’s 

Arctic military footprint 

In this context, NATO, through its nascent Climate Change and Security Centre of 

Excellence (CCASCOE – Montreal, Canada) and with the expertise of the Centre for 

Maritime Research and Experimentation (CMRE – La Spezia, Italy), can serve as a 

standard-setting tool and coordination platform to provide guidance for Allies and partners 

to operate sustainably in the region [19]. Allied expertise can be leveraged to: coordinate 

emissions reporting; inform investment decisions; drive innovation towards more energy-

efficient and carbon-neutral technologies; and, share best practices to improve energy 

efficiency at sea and reduce black-carbon soot. The recent integration of Finland in NATO 

and Sweden’s prospective admission will bring considerable benefit to the 

accomplishment of this agenda. Both countries are first-line players in green energy and 

climate security, with excellent green innovation capacities, thus bringing important 

expertise in S&T inside the Alliance [20]. Moreover, their well-developed railway 

network can represent a viable alternative to ship transport in the case of deploying 

reinforcements to NATO’s north-eastern flank, merging military effectiveness and 

emissions curbing. Finally, the Arctic Council would be composed of seven NATO 

Nations out of eight members, thus ensuring a better coordination of environmental and 

defence policies, including when it comes to managing environmental risks linked to 

nuclear activity. Importantly, by acting as a standard-setting body in the new technology 

used (e.g., batteries and charging stations), NATO needs to ensure that interoperability 

remains at the forefront of its green engagement in Arctic seas. 

5. Conclusion 

The implications of CC in the Arctic maritime domain are complex, interconnected, and 

transcend the strategic, operational and human security dimensions. When 

operationalizing its CCSAP at the regional level, NATO’s response to these challenges 

will need to be holistic and factor in the specific vulnerabilities of Arctic seas. Key avenues 

for action include: increasing Allied awareness of the regional climate impacts by 

leveraging technology and by mainstreaming the climate variable into Arctic war-gaming; 

adapting naval capabilities, training and exercises to a changing climate, including by 

valuing and encouraging local knowledge; and, harnessing S&T cooperation opportunities 

to advance the mitigation of NATO’s environmental footprint in Arctic seas. The aim of 

this short paper is to set the ground for a more ambitious research project that will explore 

these aspects more in-depth and will provide further policy recommendations for the 

application of NATO’s CCSAP in the Arctic maritime domain. 
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Abstract. Security dilemmas are well-known in international 

relations, where one state’s efforts to enhance its security might 

provoke reactions from other states, potentially leading to decreased 

security for all states involved. One of Norway’s security and 

defence policy aims in the Norwegian High North (the Norwegian 

Sea, Barents Sea, and Svalbard) is to maintain low tensions by 

cooperating with Russia in common interest areas, like fisheries and 

the Incidents at Sea Agreement. This aim remains valid after the 

Russian attack on Ukraine in 2022. In an era of growing great power 

rivalry, climate change might function as a threat multiplier. 

Sensitivity to climate change is higher in the High North because the 

initial warming leads to events that amplify warming, mainly due to 

a decreasing albedo effect, which makes Arctic warming three times 

faster than the global average. This article contributes to our 

understanding of High North security dynamics by analysing how 

climate change affects NATO’s patterns of operations and exercises 

in the Norwegian High North. It specifically asks how climate 

change affects the way actors like NATO Nations and Russia interact 

in this area. We also ask how Norway’s approach to security and 

defence changes due to the continuing warming of the High North. 

Our article is meant as a contribution to the growing debate within 

NATO on how climate change functions as a threat multiplier and as 

an addition to our understanding of how NATO addresses climate 

change as seen in the 2021 Climate Change and Security Action Plan. 

Keywords. Climate change, Security dilemmas, Norway, High 

North, Arctic, NATO, Russia, Defence, Security 

1. Introduction 

Norwegian policy in the High North is summarised in the axiom “High North, Low 

tension”. This includes avoiding a militarisation of great power relations in the region. 

However, the security situation in Europe has changed dramatically, especially since the 

Russian attack on Ukraine in February 2022. Avoiding any kind of escalation of the war 

to include NATO, including in Northern Europe, is a particular challenge. The High North 

is central to Norway’s security concerns, especially due to the shared land and sea border 

with Russia [1].  

The Norwegian government has stood by its traditional goal of avoiding the securitisation 

of the High North since the invasion of Ukraine in 2022. This has required stability and 

predictability in Norwegian policies towards other state actors in the area [2], particularly 

a dual policy of deterrence and reassurance in its relations with Russia [3]. Cooperation 
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continues with Russia on important policy areas, particularly fishing arrangements and 

search and rescue (SAR). These policies aim to prevent new security dilemmas in the High 

North as a consequence of great power rivalry and an emerging multipolar international 

order. The Norwegian Minister of Foreign Affairs stated that while “[w]e monitor and 

protect our own areas, but we are completely dependent on Allied help if we were to be 

attacked. The climate crisis means that we need more cooperation to deal with effects on 

ecosystems and people in the Arctic” [2].  

The purpose of this article is to analyse the effects of climate change on tensions in the 

High North and whether climate change acts as a threat multiplier. A threat multiplier can 

increase the risk of conflict [4]. Climate change and security are becoming more 

interlinked, a phenomenon that preoccupies both policymakers and scholars alike. NATO 

identifies climate change as “one of the defining challenges of our times. It is a threat 

multiplier that impacts Allied security, both in the Euro-Atlantic area and in the Alliance’s 

broader neighbourhood” [5].  

We analyse our research question from a Norwegian perspective. Our approach is based 

on interviews with key personnel in the Royal Norwegian Navy, the Norwegian Coast 

Guard, the Norwegian Joint Headquarters (Joint HQ), and NATO HQ International Staff. 

In our analysis of how climate change is a threat multiplier, we give attention to which 

state actors are present in the Norwegian part of the High North, how these actors operate 

on a day-to-day basis, and how and where in the High North they conduct military 

exercises. Our aim is to measure the degree to which climate change is a threat multiplier 

in the Norwegian High North.   

To answer our research question, we first discuss security dilemmas as a source of 

potential conflict in the High North and analyse how climate change functions as a threat 

multiplier. We also include a short literature review and define our position in the current 

research debate. Then we discuss how climate change affects operations and exercises in 

the Norwegian High North and how Norway’s approach to security and defence is affected. 

This section is based on semi-structured interviews with key Norwegian personnel with 

extensive insights into these issues. In the final section, we discuss to what extent climate 

change will affect High North security in a longer-term perspective based on what we 

know as of today. 

2. Security Dilemmas in the High North 

The research literature on security dilemmas in the High North is vast and presents widely 

different perspectives on the security dynamics present in the region. The literature varies 

from presenting the High North as an area “… that feels the burn of rising instability and 

competition” [6] to describing Europe’s northern flank as “likely to remain stable and 

mostly quiet in the short and medium term” [7]. These perspectives vary according to 

theoretical perspectives. Neo-realists tend to view the region as an area of more intense 

great power rivalry, while liberal scholars and social constructivists emphasise common 

interests, interdependencies, changing security identities and norms [8] [9]. Neo-realists 

dominate popular writing and media accounts, focussing on the “race to the North Pole”, 

but little empirical evidence is present to underpin such a claim [9].  

From a Norwegian perspective, the most important current question is to what extent it is 

possible to maintain low tensions in the High North, particularly after February 2022. 

Obviously, the High North is central for Norway’s security considerations with its shared 

land and sea border with Russia (see e.g., [10] [11]). Norway has actively pursued 

diplomatic efforts to ensure low tensions in the High North [12] in line with its liberal 

approach to international relations. The most recent research literature claims, however, 

that Norway’s traditional reassurance policies towards Russia need some clarifications in 

light of Russia’s attack on Ukraine as well as Finland’s and Sweden’s accession to NATO 

(Bjur, 2023). The reassurance efforts are characterised as crisis management, deterrence 

calibration and conciliation. They include measures like risk reduction and avoiding 

unintended incidents, taming the deterrence posture in order to maintain status quo of low 

tensions, and to transform the reassurance policies to include efforts ranging from “civilian 
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people-to-people contact, military cooperation, and efforts to enhance disarmament and 

increase détente” [3]. 

All of these measures might become even more relevant in times of geopolitical shifts and 

changes in the High North due to climate change. There is a rich research literature on 

how global warming transforms Arctic security, which might necessitate a new military 

architecture in the region [13]. Keil (2014) investigates the likelihood of confrontation 

over resources in the High North, concluding that a geopolitical rush for resources is 

unlikely to occur, despite climate change [8]. Newer research introduces the Arctic 

Military Exercise (ArcMilEx) dataset that shows that exercises have become more 

frequent in the High North since 2006. These exercises act as a barometer of both Arctic 

and non-Arctic states’ concern about regional stability and security. The number of 

exercises range from one or two annually to as many as four in 2019 [14]. Baudu (2022) 

addresses how climate change acts as a catalyst of interests in the region, concluding that 

the High North ‘can be a test bed for NATO to advance its climate engagement’ in light 

of climate change as a threat multiplier [15].  

Nevertheless, a Norwegian perspective on how climate change can act as a threat 

multiplier and amplify already existing security dilemmas in the High North is missing 

from the research literature. With this paper, we wish to fill this gap. We will adhere to a 

realist approach, but we will not make unsubstantiated claims based on core realist tenets. 

Instead, we apply realism as a theoretical toolkit to analyse empirical insights we have 

collected based on qualitative interviews.    

2.1. Qualitative Interviews 

In this article, we rely on semi-structured interviews. In a semi-structured interview, a 

prepared interview guide facilitates digression and reflection on the part of the interviewee, 

and the interviewer may ask follow-up questions. This creates a feeling of process 

ownership for the interviewee, and the interview guide ensures that the research topic 

remains centred [16] [17]. 

We conducted expert interviews, a category of semi-structured interviews. For such 

interviews, the sample is made up of relevant experts on the chosen topic [18]. We 

interviewed seven subjects. Our subjects came from the Norwegian Joint HQ, the 

Norwegian Navy, the Norwegian Coast Guard, and NATO HQ International Staff. We 

have identified these departments, sections, and missions as the most relevant to the High 

North context. 

2.2. The Security Dilemma Theory and the High North  

According to security dilemma theory, actions taken by a state to enhance its own security 

can make other states perceive themselves as less secure and lead them to respond in kind 

[19] [20]. This can lead to an overall reduction in the first state’s security. Robert Jervis 

shows that the security dilemma is particularly strong when a state finds it challenging to 

distinguish offensive forces from defensive forces, and when offence has the advantage 

over defence. Additionally, geography and military technology affects the balance 

between offence and defence [20]. Technology may tilt the balance in favour of either 

offensive or defensive strategies, while geography tends to favour defence due to barriers 

to manoeuvre and distance [21]. 

States can never be entirely sure about the current and future intentions of other states that 

are able to harm them [22]. Due to misperceptions about these intentions, “states with 

fundamentally compatible goals may nonetheless end up in competition and war” [23]. 

The “offence-defence” theory may explain the threat level derived from this dilemma [24]. 

If the nature of forces can be distinguished, a state seeking security can alleviate the 

security dilemma by deploying purely defensive forces [25].  

The nature of forces is challenging to measure, as it is usually a subjective measurement: 

“What seems sufficient to one state’s defence will seem, and will often be, offensive to its 

neighbours” [26]. For instance, Russia presents its military build-up in the Arctic as 

fundamentally defensive against what it considers a hostile NATO alliance. As such, an 
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Arctic build-up by any NATO Nation will likely be considered offensive from a Russian 

perspective. Thus, as Wilhelmsen and Hjerman (2022) show, other political factors may 

weaken factors that alleviate the security dilemma [27]. 

Threats usually travel more easily across short distances, especially in the military and 

political sectors [28]. Within these sectors, states tend to be far more concerned with the 

capabilities and intentions of their neighbours, rather than distant countries [29]. This 

makes the Arctic particularly vulnerable to security dilemmas, because Russia has four 

Arctic NATO countries as neighbours, only separated by the Arctic Ocean. Regional 

factors may however alleviate the Arctic security dilemma. For instance, the rather barren 

nature of the Arctic offers troops and military installations limited concealment, 

simplifying their detection and monitoring. Nevertheless, the fact that all other Arctic 

states are NATO Nations may shore up Russian fears of a four-against-one scenario. 

Russia’s military build-up could likewise cause a security dilemma for NATO, fearing 

that they will be outnumbered by Russian forces in the region [30]. 

The nuclear age has shifted the balance considerably in favour of defence [24]. The High 

North is host to an important leg of the Russian nuclear triad — ballistic missile 

submarines (SSBNs) — which detracts considerably from other states’ offensive 

incentives. This alleviates the security dilemma. 

The Arctic region finds itself in a security dilemma closely tied to militarisation. If a state 

does not strengthen its military resources, other, more powerful states could more easily 

exploit them. On the other hand, if a state increases its military resources, neighbours may 

perceive this as a threat and militarise further [31]. The regional hegemon, Russia, has 

spent years increasing its military forces and infrastructure in the Arctic, particularly on 

the Kola Peninsula. These forces have, however, been severely depleted by the war in 

Ukraine. Nonetheless, the strategic weapon systems remain.  

Climate change acts as a threat multiplier. According to Goodman and Baudu (2023), 

threat multipliers refer to the “tendency of climate change to multiply existing threats to 

security” [32]. The impact and magnitude of climate change varies by region, and the 

threat multiplying effect of climate change in the Arctic will be unique. In particular, 

climate change will increase the risk of competition and confrontation in the High North 

due to new resources becoming accessible [8]. As such, the security risks of climate 

change in the High North are closely tied to territory. In the Arctic security dilemma 

context, tensions rise when states move to secure their territory and assert sovereignty over 

it [33].  

3. Analysis 

The Norwegian Coast Guard, operating in the maritime domain, already observes an effect 

of climate change in the High North: increased accessibility, which has resulted in 

increased traffic. This leads to a higher SAR workload of the Coast Guard. The Norwegian 

Joint HQ, on the other hand, does not observe any major immediate impacts of climate 

change on Norwegian security in the High North. According to our interviewee, the High 

North is currently in a state of competition, rather than peace, due to higher tensions.  

Climate change acts as a threat multiplier. According to the Joint HQ, the current most-

noticeable threat multiplier in the High North is the war in Ukraine. In the long term, 

however, the Joint HQ views climate change as a salient threat multiplier, especially in 

terms of the status of and operations on the Svalbard archipelago. Our Coast Guard 

interviewees emphasised the effect on fishing activities. Ocean warming will likely 

precipitate the migration of fish towards the High North, accompanied by less favourable 

conditions in other oceans. This will increase interest in fishing in the High North. 

In addition to the impact on SAR, increased commercial activity from additional states 

will lead to an increase in military activity. In such a situation, the Coast Guard aims to be 

a neutral and apolitical actor: “The Coast Guard is a de-escalating actor in the High North. 

We act according to law, no matter who is fishing up there”. It is not merely the number 

of ships and actors present in the High North that will challenge the Coast Guard, but also 
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the cold weather experience of the ships and personnel: “If you do not have experience 

with sailing in the High North, you have no business being there”. 

The interviews revealed that new state actors are expected to enter the High North in the 

future, primarily to exploit resources such as fish. China has already defined itself as a 

“near-Arctic state” [34], and interest from the UK and France is expected to increase. 

According to representatives of the Coast Guard, German interest in the High North has 

increased after imports of Russian gas plummeted after the Russian invasion of Ukraine. 

Our subjects cited two primary motivations for the increasing interest in the High North: 

the increasing accessibility to resources such as fish, minerals, and oil, and the increasing 

accessibility of the Northeast Passage. 

 

 
Figure 1. The extent of sea ice in the Arctic is at its lowest in September. Due to climate change, the extent of 

sea ice in September has shrunk considerably during the past decades. This figure was retrieved from the report 

of the Norwegian Defence Commission of 2021 (Defence Commission of 2021, 2023). 

 

The High North has benefitted from the stability and pragmatism of Arctic exceptionalism 

for decades. Our Coast Guard interviewees asserted that this situation is unlikely to change 

dramatically. Although the war in Ukraine has certainly affected states’ views on one 

another on the international stage—also in the High North, this is unlikely to spill over to 

the High North in a considerable way. According to the Coast Guard, it is in the interest 

of Norway that the High North remains accessible to everyone.  

The above issues are closely related to the global trend of increasing great power rivalry. 

According to the Norwegian Armed Forces, the great power rivalry itself does not have a 

strong current impact. Rather, tensions arising from the war in Ukraine cause friction, even 

in the High North. As the Coast Guard pointed out, this has led to more military exercises 

and a visit from the world’s largest aircraft carrier, the USS Gerald R. Ford. Moreover, 

the Coast Guard assesses the Russian maritime capabilities in the High North as limited 

and outdated, which should incentivise Russia to pursue stable conditions in the High 

North. Increasing regional tensions between China and Western states are strongly against 

Russian interests. 

Norwegian daily operations in the High North principally comprise SAR, assertion of 

sovereignty, oil-spill preparedness, and inspection of fishing vessels. According to the 

Coast Guard, SAR will be affected the most. Climate change will render new maritime 

areas accessible to commercial, research, and military activity. Moreover, the areas tend 

to be poorly charted, or even uncharted. The increased traffic in these areas will likely 

increase SAR-related incidents. In anticipation of this increased accessibility, Russia has 
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expanded its network of bases and its military infrastructure in the High North, as noted 

by our interviewees. According to the Coast Guard, this involves both the construction of 

new bases and the reopening of decommissioned bases. 

Until recently, Norway had the sole NATO land-border with Russia in the High North. 

Norway hosts two important multinational exercises: Cold Response, a biennial NATO 

exercise focused on cold weather operations, and Joint Viking, a biennial exercise to which 

several NATO and Partnership for Peace nations are invited. Since 2013, Norway, Sweden, 

and Finland have conducted the biennial aerial exercise Arctic Challenge Exercise as a 

part of the Nordic Defence Cooperation (NORDEFCO). Norway also participates in the 

bilateral SAR exercise Barents with Russia. However, Barents 2022 was cancelled, likely 

because of the Russian invasion of Ukraine. No Barents 2023 has been announced. 

Interestingly, our Joint HQ interviewee claimed that the issue of payment to host nations 

will be the most significant factor when it comes to Allied exercises in the Norwegian 

High North because Norway charges a fee to host NATO exercises. Conversely, especially 

due to particularly strong public support for anything NATO related, Sweden and Finland 

are unlikely to charge such fees. They are more interested in attracting a NATO presence, 

as new members. Thus, NATO may elect to opt for the lower-cost recent NATO additions, 

rather than Norway, when planning exercises in the High North. Indeed, Norwegian 

winters are likely to become shorter and less cold due to climate change, but the impact of 

this on Allied military exercises would pale next to the exercises being moved to other 

countries altogether. 

4. Discussion 

NATO operates a 360-degree security approach. The Strategic Concept from June 2022 

emphasises that NATO “… will retain a global perspective and work closely with our 

partners, other countries and international organisations, such as the European Union and 

the United Nations, to contribute to international peace and security” [35].  

Our analysis shows how Arctic climate change establishes new frameworks for security 

regarding state actors, day-to-day operations, and military exercises in the Norwegian 

High North. Based on our chosen realist approach, the main question remains how climate 

change in its capacity as a threat multiplier affects the character and extent of security 

dilemmas in the High North. Another important question is whether climate change 

favours offensive or defensive strategies by relevant state actors, the members of the 

Arctic Council, and the non-Arctic states France, Germany, the United Kingdom, and 

China. China has defined itself as a “near-Arctic state”.  

The offence-defence balance theory states that the security dilemma is at its most intense 

when offensive strategies are favoured [20]. Climate change acts as a threat multiplier 

when it strengthens offensive strategies. And if climate change acts as a threat multiplier, 

a state’s reaction to aggravated international tension increases the chances of war. This 

will undermine the long-standing Norwegian aim of maintaining low tensions in the High 

North.  

Several factors suggest that climate change acts as a threat multiplier in the High North. 

The most important factor is the receding ice cap. For Russia, this is a major challenge 

because Russia will lose its icy buffer against the United States. Furthermore, climate 

change affects the thickness of the ice. The thickness is not uniformly distributed around 

the North Pole: due to the Gulf Stream, the ice is thinner towards Russia, making the 

country vulnerable as other state actors may reach Russia’s northern shores by sea. On the 

Norwegian side, the islands in the Svalbard archipelago as well as the Norwegian islands 

of Bear Island, Hopen, and Jan Mayen will be surrounded by an increasingly navigable 

sea. As mentioned in our interviews, these islands have had their “backs against the ice”. 

The receding ice will influence day-to-day operations in the High North and the areas in 

which military exercises can take place, especially in light of the principle “train where 

you expect to fight” [36]. The most recent example is when the US Navy’s newest 

supercarrier, the USS Gerald R. Ford, arrived in Oslo in May 2023 and participated in 
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enhanced US-Norwegian military cooperation activities amid increased Russian activity 

“in the Arctic circle” [37].   

Other factors point in the opposite direction, contributing to mitigating climate change as 

a conflict multiplier. One of them is, somewhat unexpectedly, the war in Ukraine. As one 

of our respondents emphasised: “Russia aims to keep the war in Ukraine as isolated as 

possible. They have not taken steps that would have provoked increased Western activity 

in the vicinity of the Russian naval bases on the Kola Peninsula”. Another respondent 

stated: “We have not changed our operational pattern. In the future, though, we will have 

to look at the islands in a different way, but we are not planning for climate change”.  

But climate change is indeed taking place. The Norwegian Defence Commission of 2021 

devotes a chapter to the security consequences of climate change in their report. They 

assert that the warming taking place on Svalbard is six times higher than the global average 

temperature rise [38]. Consequently, the glaciers are melting faster than before, and this 

will lead to a sea-level rise. Furthermore, the report states that the permafrost is thawing 

at a high rate and snow and landslides will increase. This will present the Norwegian 

authorities with many demanding issues in the future.   

Our interviewees agreed with the findings of the Defence Commission but added that 

increased traffic in the area will challenge SAR and oil spill preparedness. As one 

interviewee said, the area north of Svalbard is “the last frontier” but will become 

increasingly accessible. This will make the area even more vulnerable. The cancellation 

of the bilateral Barents exercise is an example of how climate change acts like a threat 

multiplier, making all parties more vulnerable. The war in Ukraine makes cooperation 

with Russia in the High North impossible on several issues. And in turn, fewer meeting 

points between state parties might make offensive strategies more favourable. What will 

mitigate the prevalence of offensive strategies is the Nordic countries’ long experience in 

dealing with Russia — as seen under the Cold War and after, and experience with the risks 

in dealing with Russian military activity in the area [7]. However, we do not underestimate 

the possibilities for climate change to become an important threat multiplier. Long 

experience with handling Russian activities on a day-to-day basis is an important 

mitigation strategy in this regard. 

5. Conclusions 

Until today, Arctic exceptionalism has protected the Norwegian High North from being 

detrimentally affected by global tensions. Despite these tensions increasing, local 

cooperation in the region has continued. There is currently no traditional security dilemma 

in force in the Norwegian High North that may be exacerbated by climate change. Rather, 

climate change acts as a threat multiplier which erodes Arctic exceptionalism and in turn 

paves the way for an emergent security dilemma in the Norwegian High North. Rather 

than exacerbating a regional security dilemma, climate change will likely precipitate one.  
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Abstract. This research intends to evaluate how the Arctic region 

can be an opportunity for Portugal to add to its foreign policy as well 

as defence and maritime strategies, using the prospective analysis by 

presenting scenarios in the 2023-2035 timeline. Portugal finds itself 

at the crossroad between climate change, oceans and the closeness 

of the Arctic due to the possible expansion of the continental shelf 

and the melting of the Arctic Ocean that opens new maritime routes 

connecting Atlantic and Arctic regions. A trinity of topics 

represented by the theoretical and conceptual framework that 

includes: Green Theory, maritime security and human security. The 

two oceans already meet through the Atlantification process that is 

accelerating the melting ice and placing challenges to non-traditional 

security: maritime security and human security by confirming the 

crossroad of securities and oceans, Portugal needs to reposition at a 

geopolitical level as a global coproducer of maritime security by 

preventing human security. Thus, challenges transform in 

opportunities for Portugal by being in the Arctic in the 21st century, 

or at least looking closely at this region. 

Keywords. Arctic, Atlantic, human security, maritime security, 

Oceans, Portugal 

1. Introduction 

According to the European Union in 2008, the General Secretariat of the Council of the 

European Union (EU) (6125/18) sharing its "Conclusions on Climate Diplomacy," and the 

United Nations (UN) in the report of the Secretary-General Climate change (A/64/350) on 

September 11, 2009, climate change is considered a threat multiplier, assuming and 

assimilating Sherri Goodman´s expression.  

In order to live up to its claims of being a pioneer in ocean governance and a co-developer 

of global maritime security as stated in the National Ocean Strategy 2021–2030, Portugal 

has a responsibility to protect and secure the Atlantic region. This responsibility extends 

beyond just preserving Portugal's sovereignty as a maritime nation and as a founding 

member of NATO and a member state of the EU.   

The goal of this research is for Portugal's telescope to be able to look north — as it did in 

the 15th century when Portuguese explorers reached Greenland, Newfoundland and 

Labrador — by acknowledging new challenges in the 21st century for maritime security 

and Portugal and understanding the need for coordinated actions among political, 

diplomatic, and military actors in various international fora, presenting different scenarios, 
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within the period 2023-2035. The development of the prospective analysis will formulate 

an answer to the question defined for this research: which are the challenges of maritime 

and human securities in North-Atlantic and Arctic Oceans, respectively, that place 

Portugal in the Arctic in the 21st century? Secondary questions are: what is the 

contribution of Portugal in the Arctic; what does it mean to be in the Arctic; and, how to 

be in the Arctic [1]? 

The framework Green Theory – Human Security – Maritime security is of relevance, as 

the assimilation of nature and climate in international relations (IR) considering the 

transboundary, globalization and interdependence of such topics aside the growing 

importance of nature and climate change in this century [2]. The foundational knowledge 

for the development of this investigation provides a lens to look at challenges and 

opportunities arising north, which are Portugal´s concern in a first place, as well as for the 

European Union, NATO and the rest of world. Portugal, by looking at: i) – globalisation 

of climate change that affects the Arctic region, Arctic Ocean and consequently the 

country; and ii)- a new ocean that is opening, considering the extension of globalisation 

moving North, getting closer to Portuguese sea territory, (in case the Portuguese request 

for the extension of the continental shelf is accepted); then, I consider relevant that 

Portugal: 1) looks North, acknowledging the fusion between the two oceans and the 

extension of globalisation in the Arctic region, in the words of Sörlin becoming a Meta-

Geographical Space (2017) [19]; 2) assimilates climate change, nature and oceans in IR, 

defence and foreign affairs; 3) brings together social and natural sciences in a cooperative 

way by assuming vulnerabilities in climate threat context; and, 4) assumes its huge water 

territory as the extension of land territory. 

Another area is now being affected by globalization. Portugal can have a significant and 

leading role in the various sectors, including ocean and maritime security, as a result of 

the Arctic region's melting ice creating a new navigable Ocean that is already influencing 

geopolitics at a global level with regional implications.  

Oceans are among the crucial issues in this new century, along with climate change and 

the Arctic. The turning point for maritime security occurred in 1998. As a result, as the 

millennium drew near, the UN proclaimed that year the International Year of the Oceans. 

Tiago Pitta e Cunha credits Portuguese diplomacy and policy for this accomplishment in 

his book Portugal e o Mar (2004). The Independent World Commission on the Oceans 

(IWCO) Report, written by Mário Soares, was released that same year and lists both 

military and non-military threats that could lead to global disorder at sea. As the year of 

Portugal's reconnection to the Atlantic, 1998 is also remembered as the year that brought 

about the world exposition on oceans in Lisbon, known as Expo98. 

It may be observed that in the twenty-first century IR is no longer just a sub-discipline of 

political science and economics, but is also subordinate to the geophysical sciences as 

mentioned by Harrington as cited by Corry [7]. 

This study aims to fill a gap in the interdisciplinarity of those topics in IR within 

Portuguese academia by opening cooperative relations between natural and social sciences, 

an idea already advocated in 1998 by the Independent National Commission on the Oceans 

with the goal of increasing literacy in the ocean and climate change as well as producing 

new and relevant information about those topics within Portuguese research. This means 

that this way of thinking is not brand new in Portugal. However, it doesn't seem as though 

this concept of scientific collaboration is being properly applied in the Portuguese context 

and academic environment.  

Therefore, it is anticipated that this research will contribute to: closing the gap in the 

interrelation of sciences and reintegrating nature into the field of study of IR; starting the 

conversation in Portugal about including the Arctic region in foreign, defence, maritime, 

and environmental policies; rethinking and repositioning the nation in light of the changes 

to come in the Arctic region also connected to the possibility of the extension of the 

continental shelf; and, preparing and acting in a preventive way, reconstructing a new 

narrative based on a new relation with the Atlantic that uses correctly ancestral and 

intergenerational knowledge about the ocean as well as for the Arctic countries to 

recognise Portugal as a probable and plausible actor. 
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2. The Arctic region and Portugal in the midst of Environment – Oceans – Security 

nexus 

Emilian Kavalski and Magdalena Zolkos (2016) assert that, in contrast to other branches 

of social sciences, IR has excluded and distanced itself from nature. Along the way, IR 

have grown to forget about nature. Somehow, at its inception, IR had made the assumption 

that people and nature coexisted, that they were both essential components of the 

ecosystem (as acknowledged by the Convention on Biological Diversity in 1992 and 

Darwisnist vision), and that people should respect the environment in which they live and 

upon which their survival and existence depend [13]. 

The Second World War marked a turning point in this vision and will continue to do so 

because it excluded nature from the study of international relations (Corry, 2020a) [7]. 

With the Westphalian construction of the world based on a state-centric perspective no 

longer being applicable in the actual context, climate change and nature have moved from 

the boarder to the centre of International Relations. According to Steve Mentz (2009), 

there has been a shift from land to sea in this century, or the New Thalasso, which 

acknowledges the importance of the climate-ocean nexus for the stability of the earth and, 

consequently, for the survival of human life [14]. The interconnectedness that extends far 

beyond just trade and economics, jurisdiction, and state sovereignty has been reinforced 

by the fact that environmental issues (which include climate change and global warming) 

have an impact on every nation and have been a major topic in international relations in 

the 21st century. It moves into the realm of security. 

The early modern era that introduced the world to new worlds is also referred to as the 

Age of Discoveries, Age of Errors (meaning arriving unexpectedly at a place that’s not 

the one you were trying to reach, Steve Mentz, 2019, p. 52) [15], First Globalization 

(Cristina Brito cit. Costa, Rodrigues & Oliveira, 2014) [3] or Wet Globalization (Steve 

Mentz, 2022) [16]. Regardless of the phrase, it is a period that was started by Portuguese 

navigators, the ocean serving as a highway for evolution, and connection that was limited 

to littoral connections. The Industrialization period, the period that corresponds to the 

Anthropocene from Crutzen's perspective and the Great Acceleration, that influenced 

human activity beginning in the 1950s of the previous century, made possible the 

beginning of the modern world system. 

 

2.1. Portugal and the Atlantic Ocean 

Portugal's relationship with the Atlantic has a complicated past. According to Professor 

Nuno Severiano Teixeira (2010)[18], this complexity differs in three periods that 

correspond to Portugal's international inclusion. The first period, starting in the middle 

ages until the 15th century, is when Portugal looked to Spain, and its world was the Iberian 

Peninsula, land. The second moment, which is the longest, from the 15th century until the 

end of the dictatorship, is when the country forgot about the hinterland and defies what 

structural theorists called water barrier instead of looking at sea as a vector of political 

development. The third and final period is the moment that began with democracy in the 

country, in which Portugal is working on its balance between land – sea/ocean that is truly 

happening in this new century, in a new familiarity to the Atlantic Ocean. This period gave 

Portugal the opportunity to become a thalassocracy by taking advantage of its maritime 

geography (Geoffrey Till, 2009)[20]. 

The second-largest ocean, the Atlantic, has been studied by historians, including David 

Armitage (2002; 2018) who distinguished three types of Atlantic history: 1) circum-

Atlantic history, that is the transnational history; 2) trans-Atlantic history, the 

international history; and, 3) cis-Atlantic history national or level history within an 

Atlantic context (2002, p. 15). In 2018, the author believes that three additional concepts 

can be added to understand better the evolution of oceanic history in the context of the 

Atlantic: 4)- Infra - Atlantic history: related to the subregional history of the Atlantic 

world; 5)- Sub - Atlantic history: that looks at the submarine history of the Atlantic world; 

and, 6)- Extra - Atlantic history: the supraregional history of the Atlantic world that links 
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to other oceans (p.95). According to Mahan's six conditions listed in chapter 1 of his book 

The influence of sea power upon history, Portugal can be considered a sea power because 

of its Atlantic history, which is a component of Portuguese history.  

The Atlantic Ocean is bordered by North and South America on the west and Europe and 

Africa on the east. The Atlantic connects to the Arctic Ocean and to the Southern Ocean 

to the south. 

2.2. The Arctic Ocean 

When compared with all other seas and oceans that have been the site of battles and 

discoveries, the Arctic Ocean is an exception. An exceptionality that is changing. An 

ocean navigated by Pytheas (325 b.c), Vikings in the 10th century, was also navigated by 

Portuguese explorers in the 15th century, who were able to reach Labrador and 

Newfoundland 20 years before Colombus. Arctic and Atlantic Oceans are assimilating as 

a result of those negative effects. According to Admiral James Stavridis (2017), the 

maritime domain dispute will likely continue to play a significant role in geopolitics. The 

Arctic Ocean is mentioned in European literature, primarily in Jules Verne's Les aventures 

du Capitaine Hatteras (1867) and Arthur Conan Doyle's The Captain of the Pole Star 

(1883), where the difficulty of the adventures is characterized, captured and described as 

an inhospitable, white, harsh, and frightening location. By integrating globalization, unity, 

and exchange that already exists under the waters between the Atlantic and Arctic Oceans 

(the Atlantification process), the Arctic will lose, is losing, its isolation. Nowadays, the 

Arctic Ocean is gaining space within  spatial and political significance (Sverker Sörlin, 

2017, p. 270)[19]. The same author highlights a distinction between the frozen sea and the 

Atlantic, namely that it belongs to transnational history rather than world history. The 

disappearance of the Arctic sea ice means that interests and claims are unlikely to be 

solved through the United Nations Convention on the Law of the Sea (UNCLOS).    

3. Conceptual and Theoretical Framework 

A theory that frames environmental issues in a political way (Hugh Dyer, 2018)[8] is 

required to address the growing awareness and consciousness that emerged in the 1960s 

of the previous century. Hugh Dyer believes that while IR only see the state and its national 

interests, green theory aids in understanding in terms of long-term ecological values. 

Because of this, the author claims that this theory helps IR to reconsider how the state, the 

economy, and the environment are related (idem, 2018). Given that the established 

paradigm in international relations has ignored nature for 100 years, it is a theory that 

challenges the status quo. 

 

3.1. Green Theory 

The author John Barry (2014) [2] recognises in his chapter titled "Green political theory" 

three periods, or waves, that are to be considered in the evolution of the term green political 

theory.  The first moment begins in the 1990´s by identifying “ecologism” as an ideology 

and green political theory as a “distinctive approach”.  The second wave is the moment in 

which other schools of thought are developing, such as feminism, liberalism and critical 

theory, which allows the expansion of debates between those schools and green political 

theory. It is during this wave that Green theory is recognized within IR with the 

transnationalism question of problems caused by climate change.  The third and mos 

recent generation, designated as third generation of green theory due to its 

interdisciplinary nature, is integrated with practical and empirical research of a range of 

disciplines and knowledge outside politics, political science and political theory (John 

Barry, 2014, p. 4) [2]. Scholars have been clarifying the difference between green politics, 

as the ones who consider that the structure can be challenged, and environmentalists as the 

ones who accept the framework and pursue the solution within the structures.  
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For the survival of humankind, it is expected that governments will place a greater 

emphasis on the individual, particularly when climate change is viewed as a threat, and 

understand the interdependence between human, nature, and the need for an equilibrium 

to be able to survive with sustainable development. The Green Theory, whose authors use 

the terms cooperation, multilateralism, and participatory democracy rather than the word 

security, challenges this construct (John Barry, 1999; 2014) [1], [2]. Weapons cannot stop 

climate change, and it entered the policy sphere once defined as a security issue.  

As advocated by Green Theory, the end of the Cold War presents an opportunity for a 

fresh start and a shift from traditional security, which is state-centric, towards human 

security (non-traditional security) (Barbora Padrtova 2020) [17]. Perceiving that 

environmental issues go beyond national states borders leads to a differentiation in the 

evolution of security concept, which implies the integrated discernment of relevance, 

putting a person-centred emphasis on the individual, and being a person-centred idea and 

concept. The disruption with traditionalist vision from the Copenhagen School occurs 

when economic, military, political, environmental and social topics are considered sectors 

of security when associated to different sources of threats (Barbora Padrtova 2020) [17]. 

 

3.2. Human security 

Kamrul Hossain (2017) goes back to the Illuminisme era, when the concept of human 

security was defined by Hobbes, Locke, and Rousseau. At that time, the idea was to 

establish standards for a shared security to protect people and ensure their freedom from 

fear, freedom from want, and freedom to live in dignity. However, Muhab ul Haq's 1994 

Human Development Report introduced a new concept called "human security" that he 

claimed would "revolutionize the 21st century" (1994, p. 3) with four characteristics: 1)- 

it is a universal concern; 2)- the components of human security are interdependent; 3)- 

human security is easier to ensure through early prevention; 4)- human security is people-

centred (idem, pp. 22-23). As a result, the meanings of security and human rights are 

expanded, as can be read in the report by the UN Commission on Human Security (2003). 

The broader definition of security emphasises the shift from nations to people/individuals. 

Human security takes a people-centred approach, and emphasises the need to protect 

individuals from a wide range of threats, such as economic deprivation, environmental 

degradation, poverty, disease and political violence. The interdisciplinarity of this concept 

is identified by the following seven dimensions: i)- Economic security; ii)- Food security; 

iii)- Health security; iv)- Environmental security; v)- Personal security; vi)- Community 

security; and, vii)- Political security (1994, pp. 24-25). The 2009 (Human Security in 

Theory and Practice) and 2016 (Human Security Handbook) reports also consider as 

principles of this approach: i)- People-centred; ii)- Multi-sectoral / comprehensive; iii) 

Context-specific; and, iv)- Prevention-oriented (2009, 2016). The following phases are to 

be followed in order to put in practice the human security approach/policy: Phase 1: 

Analysis, mapping and planning; Phase 2: Implementation; Phase 3: Impact assessment 

(2009) / Rapid assessment (2016).  

In contrast to academics, who frequently intersect (Hossain, 2013) and interlink (Fukuda-

Parr and Messineo, 2011) [9] human security and Responsibility to Protect (R2P), it is 

important to emphasize that ul Haq had a distinct understanding of the gap between R2P 

and that concept. Scholars view it as ambiguous and lacking in a clear definition (Sakiko 

Fukuda-Parr and Carol Messineo, 2011). 

This approach has been criticized as being too broad and lacking in a clear definition. The 

UN General Assembly's 66th session, A/66/763, clarifies that human security is an 

approach to assist Member States in identifying and addressing widespread and cross-

cutting challenges to the survival, livelihood, and dignity of their people (number 3, p. 1). 

The 2022 report and the 2016 handbook both highlight the usefulness and importance of 

this approach in programme design and policy recommendations. 

According to Ul Haq, the concept of human security can change depending on where and 

how it is applied.  
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3.3. Maritime security 

Maritime security is the third line that closes the tripartite of the conceptual and theoretical 

framework for this study. 

The authors Basil Germond (2015)[12], Christian Bueger, and Timothy Edmunds 

(2017)[5] claim that maritime security is a recent concept, one of the most recent words 

to be added to the vocabulary of international security, and a new area of international 

policy that is of high priority (Bueger, Edmunds, and McCabe, 2019). Until the end of the 

Cold War, the phrase was not used, and when it was, it was more commonly understood 

as naval power. The term maritime security was coined following that historical event, 

which represents a change in many international aspects and visions, and when used, it 

was more closely associated with preventive measures to address illegal activities on or 

from the sea. As the new millennium approached, maritime security was getting more 

attention as a result of maritime terrorism. 

The buzzword of maritime security (Christian Bueger, 2015)[4] has been added to the 

security agendas of both states and other actors, who have been incorporating it as a major 

global issue. Although the focus of IR and security studies is uneven and frequently linked 

to Great Power Politics, Christian Bueger and Timothy Edmunds (2017) argue that this is 

not the case. According to the authors, this not particularly novel idea, and was only 

recently developed as a branch of security thinking and has been attracting academics 

whose research focuses on maritime law in the age of globalization. The discussion of 

maritime security has historically tended to take a more realist or liberalist stance, but 

more recently, it has begun to shift toward a constructivist or even critical security studies 

perspective (Christian Bueger, and Timothy Edmunds, 2017) [5]. The same authors affirm 

that the focus was primarily on the maintenance of the good order as developed by 

Geoffrey Till (2009) [20]and less on the bottom-up types of cooperation and conflict that 

are interfering with the maintenance of the good order.  

Since the concept of maritime security can mean different things to different people, there 

is no agreed-upon definition for it or agreement on how to apply it. The term maritime 

security has only recently been used in official documents including those from NATO 

and the International Maritime Organization (IMO) Maritime Safety Committee, as well 

as in national policies, particularly following the 9/11 attacks. The classification of an 

object as a security concern is defended by the Copenhagen School, and the speech act 

permits this assumption. Regarding maritime security, Cristian Bueger argues for the same 

position. The maritime security concept assumes that the reference objects are a security 

concern once they are recognized as threats as a part of grammar, discourse, or speech acts 

(2015).  

According to Christian Bueger, and Timothy Edmunds (2017), maritime security has four 

domains: human security; economic development; marine environment; and, national 

security. Similar to human security, it has four characteristics, the first of which, 

interconnection, is comparable to Mahub ul Haq; cross-jurisdictional, transnational 

environment, and liminality are the remaining three. These domains and characteristics 

illustrate the complexity of the idea and the all-encompassing approach, just like human 

security. The term and concept of maritime security, in the opinion of both Andres 

Thomashausen (2014) [21] and Christian Bueger (2015)[4], are related to human security.  

4. Scenario thinking – regional prospective 

According to futurist authors, looking at the future can disturb the present (Berger cited 

by Godet, 2011, p. 21) [10]. Acting with the appropriate knowledge that enables one to 

foresee potential outcomes is what scenario thinking is all about. 

The hypotheses must be defined taking variables into account and then transformed into 

scenarios from a regional perspective. The observations, analyses, and qualitative research 

in the following reports serve as the foundation for the selection of the variables: Security 

in uncertain times - The Military Advice of the Chief of Defence 2023 (Norway, 2023); 

Arctic Security Under Threat: Urgent needs in a changing geopolitical and environmental 
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landscape (Canada, 2023); Global Strategic Trends the Future Starts Today (2022); Arctic 

2050 Mapping the Future of the Arctic (2020); Foresight Portugal 2030 (2021); Global 

Trends 2040 - a more contested world (2021); NATO 2030: United for a New Era (2020); 

Strategic Trends Programme Global Strategic Trends - Out to 2045 (2018); and, Maritime 

Futures 2035: The Arctic Region (2018). The evidence from this literature strengthens the 

connections between far-off places so that it is accepted that local events are influenced 

by those taking place thousands of miles away and vice versa. 

In Creating Futures Scenario Planning as a Strategic Management Tool, Michel Godet 

(2006) [11] explains that the regional prospective indicates that the subject is a specific 

geographic area. Regional prospective, despite being a recent phenomenon, was developed 

between the years 1955 and 1975, primarily with the help of French academics. According 

to Michel Godet (2011) [10], the term prospective takes into account long-term trends and 

risks that alter the present and necessitates strategy to make decisions that are feasible so 

that anticipation drives action. According to the definition of the term scenario, it is a 

description of a potential future in which important key events occur between the time the 

situation exists and the time the scenario is established.  

Four scenarios are anticipated to be created, with the aim of lowering the level of 

uncertainty, as only a few scenarios are required to account for the majority of likely 

futures (Michel Godet, 2011) [10]. The following four scenarios will be noted and named: 

Scenario 1: Portugal in the Arctic; Scenario 2: Alienation; Scenario 3: In the midst of 

confusion; Scenario 4: Losing control. 

The Delphi exercise, a method created by Olaf Hemer in the 1950s and 1960s to serve the 

needs of the United States Army, will enable the collection of many expert opinions on 

proposed scenarios. The following people/entities shall receive the questionnaires to be 

answered in an anonymous way: diplomats, scholars, scientists, ministers (from the 

ministries of defence, economy and maritime affairs, environment, and foreign affairs), 

and the chiefs and commanding officers of the Army and Navy. 

5. Early conclusions 

Only when the importance and role of the Arctic in the Earth system and as a region with 

global impact is assimilated and accepted will Portugal be in condition to include the 

Arctic and other poles in its various strategies and policies, defending cooperation and 

science diplomacy. Though, it shall be added that the cognizance of the new maritime 

routes, as a consequence of the melting ice provoked by climate change, replace 

geopolitically the country and the Azores Island in the Atlantic Basin in the 21st century, 

aware of the presence of the Republic of China and the Federation of Russia in the Arctic 

and North Atlantic. The new Portuguese national defence strategy and new lines for 

maritime security are expected to express this awareness and responsibility of protecting 

its sovereignty and its allies at sea. Portugal can also be the bridge between South and 

North (Global/Atlantic). 
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Abstract. The Arctic Circle, encompassing a vast landmass in 

Northern Canada and Eurasia, is a region with vast ice fields and 

permafrost. The region is rich in mineral and oil and gas deposits. 

On top of its economic importance, the region also has immense 

geopolitical importance for NATO and its potential adversaries. The 

Arctic is one of the most impacted regions by climate change 

because the latter exacerbates current geopolitical issues shaping 

global security policies. Rising sea levels, ill-defined Exclusive 

Economic Zones (EEZs) and increased commercial shipping through 

the Arctic could lead to heightened aggressive confrontation between 

NATO and its potential adversaries, including Russia and China. In 

this paper, I intend to analyze NATO and Sino-Russian Arctic 

policies through the securitization lens first introduced by Barry 

Buzan [1]. I argue that the Arctic states are militarizing the Arctic 

instead of securitizing climate change i.e., considering climate 

change as a threat to national security which limits their ability to 

address the issue effectively. Realistically, all Arctic states need to 

collaborate on securitizing climate change and protecting the ice 

cover of the Arctic region and therefore protecting coastal military 

and civilian infrastructure around the world. To maintain NATO’s 

strategic dominance, it will require a gargantuan effort both on 

civilian and military fronts. 

Keywords. Arctic, Securitization, National security, great power, 

conflict, climate change, NATO, Russia, China, oil, gas, exploration 

1. Introduction 

Climate change is one of the most consequential factors determining the geopolitical 

stability in the Arctic. Objectively speaking, melting Arctic sea ice has both significant 

drawbacks and benefits for the global community. To begin with, the Arctic sea ice covers 

roughly 5 to 6 million km2 in summer and 14 million km2 in the winter of the northern 

reaches of the Earth. Due to the warming climate, this sea ice and glacier coverage is 

decreasing year on year, which is affecting the sea levels across the globe, which is in turn 

threatening coastal cities [2]. Furthermore, rising average global temperatures have also 

led to the thawing of the permafrost in the Arctic, which can affect the stability of the 

infrastructure whether it be military or civilian. 

Climate change poses major challenges to the safety and security of all nations, but in the 

Arctic, melting sea ice provides numerous opportunities for the Arctic states [3]. 

According to the United States Geological Survey (USGS), the Arctic region has about 90 

million barrels of oil and 1.67 trillion ft3 of natural gas, and melting sea ice would make 
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those reserves even more accessible to nations, and will be open for investments in oil and 

gas extraction by all states and all oil and gas corporations. Melting sea ice is also making 

the Arctic Sea routes increasingly accessible; the newly evolving Arctic shipping routes 

include the Northwest Passage (NWP), which passes through the northern territories of 

Canada, and the Northern Sea Route (NSR), crossing through northern Russia. Figure 1 

shows the Trans Polar Sea Route passing through the geographic North Pole of the Earth. 

To achieve this transit, there cannot be any Arctic Sea ice in the summer. The rise of the 

Arctic shipping routes would make the Suez and Panama canals less of a strategic 

chokepoint and would allow ships to avoid the possibly dangerous Strait of Malacca and 

the Gulf of Aden [4]. These advantages of melting sea ice to states have the potential to 

create competition for natural resources and global shipping shortcuts. Climate change 

will play a huge role in shaping the national security narrative of all Arctic and near Arctic 

states. According to Buzan, states in the Arctic periphery are trying to securitize their 

threatened coastlines and melting sea ice and to an extent climate change in the hope of 

mitigating the problem. In the context of the Arctic states, securitization involves 

considering climate change as a security threat to all nations. It also means that the Arctic 

states would need to eliminate or at least minimize their production of fossil fuels. 

On the other hand, the post-Cold War discovery of oil and gas in the Arctic has led to a 

morphed definition of securitization and recently there has been a mass deployment of 

military infrastructure in the region from all stakeholders for them to effectively exercise 

their rightful claim to the Arctic. As noted by Greaves [5], the Arctic region can be defined 

as a Regional Security Complex (RSC) which encompasses all the current Arctic 

stakeholders such as the Arctic states, the Arctic Council and NATO, just to name a few. 

The Arctic states are only partially securitizing climate change because even while facing 

the consequences of climate change, they keep on producing fossil fuels to enrich their 

economies. Furthermore, Russia has been increasing its production of oil and gas for the 

past years and all the Arctic states except Iceland have some conflict of interest in fully 

securitizing climate change and denoting it as one of the main threats to national security. 

All the Arctic states are building up their military capabilities around the Arctic in order 

to project power and maintain influence over the Arctic. Militarizing rather than 

securitizing climate change for the Arctic stakeholders translates simply into an 

overarching control of future shipping lanes as well as undisputed control over 90 million 

barrels of oil and 1.9 trillion cubic meters of natural gas [6]. By vetoing, the climate 

securitization bid at the UN Security Council cleared the way for Russia to reap more 

benefits from the melting sea ice. Furthermore, an ice-free Arctic would play an 

indispensable role in augmenting the Russian ambitions of controlling the Arctic. 

However, the regional climate and defence policies of all the Arctic nations affect their 

willingness and capability to securitize climate change in a meaningful way. 

Intergovernmental organizations such as the Arctic Council and the United Nations 

Security Council also play a major role in building the required diplomatic channels for 

peaceful discussions and cooperation in the Arctic. The Arctic Council, an 

Intergovernmental organization facilitating Arctic cooperation, consists of Canada, the US, 

Iceland, Norway, Sweden, Finland, Denmark, and the Russian Federation. Some of the 

common features of the Arctic policies of all Arctic states include conservation of marine 

biodiversity, Arctic logistics, sustainable economic growth, protection of indigenous 

cultures, and climate mitigation. However, at the juncture of the aforementioned policies, 

all nations diverge into their passive-aggressive rhetoric of peaceful control of the Arctic. 

Collaboration between the Arctic states at multilateral venues like the Arctic Council is 

hard to come by as Russia along with its economic, political and military ally China have 

not much to gain from securitizing climate change and preserving the Arctic; it is because 

the Arctic region is rich in oil and gas resources and, with increasingly ice-free Arctic 

Ocean Region (AOR), it could be easily accessible and can be extremely beneficial for 

Russia. Moreover, an ice-free Arctic also provides an excellent shipping route which can 

effectively shorten the shipping times by days. Potential NATO adversaries like Russian 

and China are already strategically benefitting from such heightened mobility in the Arctic 

[7]. Therefore, I believe that it is of utmost importance that NATO and its current and 

future Arctic and non-Arctic member Nations present a unified stance in militarizing the 
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AOR. In this paper, I will outline the ways the great power conflict between NATO and 

the Sino-Russian bloc is plunging the AOR into militarization and how NATO can 

maintain operational readiness in the High North, while at the same time building a strong 

and climate-resilient unified Arctic Command. 

2. Climate Securitization or a lack thereof 

As alluded to in the introduction, securitization can be defined as the consideration of an 

object or a phenomenon as a security threat. In this case, climate change and a resulting 

rise in sea level can be considered a threat to national security. Securitization of climate 

change cannot be a unilateral or even a limited multilateral effort, it has to be a broader 

global effort on all fronts which requires broad multilateral backing. Such efforts have not 

gained major support at many global forums. Various Arctic states such as Norway have 

announced time and again that if it comes to preserving the Arctic region or maintaining 

the operational readiness of the Norwegian Armed Forces, operational readiness will take 

precedence over securitizing climate change as in this renewed threat environment 

protecting Norwegian sovereignty is far more critical than preserving the AOR from 

climate change [8]. UN Security Council Resolution 14732 to securitize climate change 

failed with 12 in favour, one abstention (China), and two votes (Russian Federation and 

India) against it. When it comes to climate collaboration specifically in the Arctic region, 

the Arctic Council has been the premiere venue for diplomatic efforts on negotiations to 

collaborate on climate-related issues in the Arctic. However, gains from securitizing 

climate change are not equally distributed around the Arctic Circle. 

 
Figure 1: Map of the Arctic Shipping Routes, most notably the Northern Sea Route (NSR) which mainly passes 

through the Exclusive Economic Zone of Russia whereas the North-West Passage passes through the territorial 
waters of Canada. When the ice melts, these routes could become flashpoints for the geopolitical conflict between 

NATO and the Sino-Russian bloc. Credit. The Arctic Institute. 

Among the 13 Arctic Council observer states the roles of India, China, and Japan are 

noteworthy. In 2013, at the Kiruna ministerial meetings of the Arctic Council, India, 

China, and Japan were recognized as observer near-Arctic states, but their involvement in 

the Arctic started a long time before they were officially recognized as such [9][9]. Instead 

of securitizing climate change, all three nations have adapted their Arctic policy to reflect 

the ice-free Arctic Ocean with tremendous economic potential. Throughout the years, 

India has maintained a scientific approach to the AOR. Since 2008, India has set up a 

research station in Svalbard, Norway named Himadri to study the effects of climate change 

on global sea levels and temperature [10]. In 2022, India released its official Arctic policy 

mainly focusing on climate research in the Arctic and improved transportation and 

connectivity in the region. This policy also professes the need for international good 
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governance and cooperation and states India’s intent to expand its research capabilities in 

the Arctic by installing two climate observatories in Kongsfjorden and Ny Alesund in 

northern Norway. During a similar period, China started as an ad hoc observer state at the 

Arctic Council meetings [11]. Japan on the other hand received its first freight shipment 

through the Northern Sea Route in 2012, which sparked the need for a comprehensive 

Japanese Arctic policy. Obtaining observer state status allows having a say in the matters 

of Arctic and climate change. Japan’s security policy highlights its role as a force, 

promoting cooperation and safe passage of all commercial vessels. Moreover, Japan also 

maintains their commitment to sustainable research practices in the Arctic through 

dedicated funding for research projects like the Arctic Challenge for Sustainability 

Projects (ArCS) [12]. 

3. Sino-Russian Nexus Vs NATO – An Emerging Great Power Rivalry in the Arctic 

Russian Arctic policy focuses mainly on the increased investment in developing ports and 

other shipping capabilities. Russian Arctic policy seeks to develop the Russian Arctic 

region into a strategic resource base and to utilize the natural resources in the Arctic to 

strengthen the Russian economy. Russia remains steadfast in its claims that “some 

countries obstruct economic or other activities by the Russian Federation in the Arctic”. 

Russia has also maintained that its extended claim of the Arctic is legitimate and is 

completely able and willing to challenge any contradicting statements issued by any other 

Arctic nation. In February 2020, on the 100th Anniversary of the Spitsbergen (Svalbard) 

Treaty with Norway, the Russian Foreign Minister sent an open letter questioning the 

nonbinding Norwegian fisheries protection zones around the Svalbard Islands that play a 

major role in Norwegian claims of the Arctic seabed under the UN Convention on the Law 

of the Sea (UNCLOS). 

China released a white paper on its first official Arctic policy in 2018 which outlines 

increased cooperation between China and the other Arctic states in developing new 

methods to harvest the green energy potential including geothermal, wind and tidal 

[13][14][15]. The Chinese government and firms plan to forge trade relationships with the 

Arctic states to extract oil and other natural resources in the region; the Sino-Russian 

partnership in the Arctic goes way beyond joint research facilities. The biggest boost to 

the Russian-Chinese relationship came after the Western sanctions were imposed on 

Russia after its illegal invasion of Ukraine, and, because of this, almost all the Western 

partnerships with Russia for Arctic oil and gas exploration were suspended. China now 

sees a “window of opportunity” for Chinese state-owned enterprises and other private 

companies to aid Russia and its oil giants financially and technologically. In 2013, Russian 

oil and gas giant Rosneft and China commenced a joint venture in Eastern Siberia to 

develop an oil field. Increased cooperation between China and Russia poses huge security 

challenges to the West [16]. Since 2012, Russian and Chinese navies have conducted 

yearly military drills near the Bering Strait to showcase a unified front against perceived 

Western aggression. China has also not been as vocal as the other Arctic states and NATO 

member Nations over Russia’s increased militarization of the Arctic. For search and rescue 

capabilities, and securing the Northern Sea Route, Russia has reactivated many of the Cold 

War-era Soviet Arctic military bases and built some new ones along the NSR. To continue 

to further exploit oil and gas in the Arctic, China and Russia have forged strategic 

relationships to fund and develop the Northern Sea Route. 

Effective Russian militarization of the Arctic begins with the mutual economic partnership 

with China when it comes to Arctic oil and gas exploration and other important civilian 

infrastructure that can be used by ships transiting through the NSR. In addition, Sino-

Russian NSR cooperation dates back to at least 2017 when both nations signed an 

agreement to start the construction of the “Polar Silk Road” connecting Asia to Europe via 

the Russian Arctic. Russian and Chinese teams have been investigating the feasibility of 

a one-of-a-kind oil terminal in the Yamal peninsula as an extension to the joint Chinese 

and Russian project which can transport oil and gas to both Asia and Europe via pipelines 

and can be easily upgraded to include a pier for loading sea-based oil tankers in the future. 
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As the NSR remains increasingly ice-free, Russia’s Arctic Strategy aims to increase 

shipping through the NSR to 80 million tons in 2024 and to more than 130 million tons by 

2030. Figure 2 below shows the number of deep-water ports and the extent of the 

Exclusive Economic Zone (EEZ) of Russia in its Arctic region [17]. As the Ukraine war 

progresses, Russia is not able to find a reliable trade partner and a nation able and willing 

to support Russian oil and gas activities in the AOR and Siberia other than China. 

During his recent visit to Moscow, Chinese President Xi Jinping reiterated China’s 

unwavering support for Russia in expanding the Yamal and Arctic Liquefied Natural Gas 

(LNG) projects in the Russian Arctic Circle. In addition to the LNG projects, China also 

pledged to expand the role of the Chinese army in the Arctic for search and rescue (SAR) 

operations along with the Russian Navy [18]. After the much-celebrated success of the 

Yamal project apparent in 2020, Novatec — a Russian oil and gas firm — aims to start a 

new LNG plant named Arctic-2 with a 30% stake from Chinese State-owned enterprises 

and an intent of starting one of three production lines by the end of 2023. 

 

Figure 2: Map of Russian and American military installations around the AOR. The map portrays the overall 
strategic posture of US/Canada (in blue) and Russia (in red). The Russian side shows 4 Arctic Brigades, 14 

Operational Airfields and 16 deep-water ports. Credit. Dan Sullivan, US Senator of Alaska via Robbie Gramer 

of Foreign Affairs [19]. 

4. Effective Solutions 

As a solution to this conundrum of climate securitization and the rampant militarization 

of the AOR, I believe that widespread public awareness regarding the Arctic and its 

stakeholders is crucial, which would result in having greater public support for an attempt 

to securitize climate change all while constantly upping NATO’s military posturing in the 

Arctic to combat Sino-Russian advances in the region. To gain effective situational 

awareness on both climate securitization and Arctic militarization front, NATO and its 

member Nations will have to first achieve sufficient public/national awareness about the 
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effects of climate change to at least attempt to securitize climate change, especially in the 

AOR, and secondly reach consensus over the role of Allied armed forces. 

Within the civilian fora, it is crucial to increase awareness of the impending security 

consequences of climate change specifically in the AOR. To achieve such awareness 

among the public and nations, I believe that NATO should create a Climate Resiliency 

Centre of Excellence (CoE) which can help NATO members and partners across the world 

to develop climate-resilient civilian and military infrastructure. This CoE along with 

NATO’s Public Diplomacy Division can conduct broad outreach about the importance of 

the AOR and the need to militarize it, specifically targeting the public in NATO member 

states. When it comes to preparing for an ice-free Arctic soon, NATO policy would need 

to adapt to the race for resource extraction and consequent aggressive militarization in the 

Arctic and prepare NATO member states especially the Arctic states to maintain effective 

situational awareness of their sovereign territories in the High North. To exert effective 

control over their sovereign territories, NATO member states may need to update their 

military infrastructure threatened by rising sea levels. 

One of my recommendations to the Canadian Department of National Defence, when it 

came to preserving Canadian sovereignty in the face of repeated Russian air patrols in the 

Canadian Air Defence Identification Zone (ADIZ), was to improve the Cold War Era 

Distant Early Warning (DEW) line of early warning radar sites. Once detected, intruders 

must be engaged following the proper rules of engagement. Therefore, I recommended 

stationing a permanent squadron of the Royal Canadian Air Force (RCAF) fighter and 

support aircraft in its northernmost Forward Operating Location (FOL) in Inuvik, 

Northwest Territories, which would also help to intercept effectively any foreign 

encroachment into Canadian sovereign airspace. All in all, I believe that such strategy 

could be extrapolated across NATO and implemented around the Arctic Circle to deter 

Sino-Russian aggression in the AOR in the future. 

A reason why Russia is better at militarizing the AOR is because of its Arctic Command 

as described above. The current American Arctic strategy professes the need for better 

communication between the US Northern Command (USNORTHCOM) and the US 

European Command (USEUCOM) which would enable allies to partner up in the Arctic 

and effectively deter the Russian build-up. Along with maintaining strategic partnerships 

with its European allies, the US also aims to increase cooperation between stakeholders of 

the Arctic region to improve multilateral engagement through institutions such as the 

Arctic Council. Moreover, experts at the Arctic Institute note that as “NATO’s Strategic 

Concept 2022” emphasizes climate resilient and green defence initiatives, many of 

NATO’s Arctic members would face the security consequences of climate change. The 

Working Group at the Arctic Institute proposes that NATO create a Joint Arctic Command 

(ARCOM) to lead the efforts on militarizing the Arctic and securitizing climate change to 

protect NATO nations against climate change [20]. NATO needs to have a separate 

regional command specifically for the Arctic because it is a region of great geopolitical 

importance for the alliance. Moreover, in the past, NATO’s northern flank was protected 

by vast icefields but now the northern flank is threatened by military activities by Russia 

and China and therefore, NATO must maintain increased domain awareness in the region 

and an AOR regional command will be able to effectively marshal and coordinate allied 

assets in the north. Overall, the Russian Arctic Command is a game changer for Russian 

influence in the AOR ranging from its extended EEZ claim to strengthening its nuclear 

deterrence. Russia has indeed better militarized the Arctic than NATO. 

In conclusion, Arctic nations are taking part in initiatives to securitize climate change 

meanwhile attempting to militarize the AOR as it is one of the most impacted regions by 

climate change. Hence, it is probable that soon the shipping routes and the resource-rich 

areas in the AOR will be ice-free and teeming with economic opportunities. Along with 

these economic opportunities come militarization and potentially great power competition 

between NATO and the Sino-Russian bloc. The Arctic region in general is usually 

neglected in normal public discussion channels as it is overshadowed by other major news 

stories, but the region once considered impenetrable now is vulnerable to attacks and could 

end up being a means to attack Western Europe and North America. Therefore, I propose 

to increase public awareness about the effects of climate change on the AOR and for 
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NATO to effectively militarize the AOR all while trying to securitize it to protect NATO’s 

coastal communities and military infrastructure. Hence, adapting the British Special Air 

Services motto “Who Dares Wins”, it can be said for the Arctic that “Who Militarizes 

Wins.” 

  

CMRE-CP-2024-001

- 131 -



References 

[1] Buzan, B., Waever, O., & de Wilde, J. (1998). Security: A New Framework. American Political Science 

Review, 93(4) 
[2] Congressional Research Service (2021). Changes in the Arctic: Background and Issues for Congress. CRS 

[3] Arctic Oil & Gas. (n.d.). National Ocean Economics Program. 

https://www.oceaneconomics.org/arctic/extractive/ 
[4] Humpert, M. (2011, September 15). The Future of the Northern Sea Route - A “Golden Waterway” or a 

Niche Trade Route. The Arctic Institute. 

[5] Greaves, W. (2019). Arctic break up: Climate change, geopolitics, and the fragmenting Arctic security region. 
Arctic Yearbook 

[6] US Energy Information Administration. (2021). Frequently Asked Questions (FAQs) - US Energy 

Information Administration. EIA. https://www.eia.gov/tools/faqs/faq.php?id=709&t=6 
[7] Sorensen, C., & Klimenko, E. (2017). Emerging Chinese–Russian Cooperation in the Arctic: Possibilities 

and Constraints. SIPRI, 10-60. https://www.sipri.org/sites/default/files/2017-06/emerging-chinese-

russian-cooperation-arctic.pdf 

[8] Halvorsen, A., & Andre, A. E. (2023). Norwegian Defence Commission of 2021. 

https://files.nettsteder.regjeringen.no/wpuploads01/sites/495/2023/06/forsvarskommisjonen_kortversjon- 

1.7_singel.pdf 
[9] United Nations Security Council (2021). Security Council Fails to Adopt Resolution Integrating Climate-

Related Security Risk into Conflict-Prevention Strategies. United Nations. 

https://www.un.org/press/en/2021/sc14732.doc.htm 
[10] Ramesh, Rashmi. (2021, May 18). India's Role in the Arctic: Reviving the Momentum Through a Policy. 

The Arctic Institute. https://www.thearcticinstitute.org/india-role-arctic- reviving-momentum-through-

policy/ 
[11] Kopra, S. (2013). China's Arctic Interests. Arctic Yearbook, 10-25. 

https://arcticyearbook.com/images/yearbook/2013/Scholarly_Papers/5.KOPRA.pdf 

[12] The Headquarters for Ocean Policy (2015). Japan's Arctic Policy. 
https://www8.cao.go.jp/ocean/english/arctic/pdf/japans_ap_e.pdf 

[13] Government of India, (2022). India’s Arctic Policy – Building a Partnership for Sustainable Development. 

https://www.moes.gov.in/sites/default/files/2022- 03/compressed-SINGLE-PAGE-ENGLISH.pdf 
[14] Ministry of Foreign Affairs, Russian Federation (2020). Press release on Foreign Minister Sergey Lavrov’s 

message to Norwegian Foreign Minister Ine Eriksen Soreide on the occasion of the 100th anniversary of 

the Spitsbergen Treaty 

[15] The State Council Information Office of the People's Republic of China. (2018). In: China's Arctic Policy. 

http://www.scio.gov.cn/zfbps/32832/Document/1618243/1618243.htm 

[16] Sorensen, C., & Klimenko, E. (2017). Emerging Chinese–Russian Cooperation in the Arctic: Possibilities 
and Constraints. SIPRI, 10-60. https://www.sipri.org/sites/default/files/2017-06/emerging-chinese-

russian-cooperation-arctic.pdf 
[17] Staalesen, S. (2023, March 21). Arctic shipping and energy on Putin's agenda with Xi Jinping. The 

Independent Barents Observer 

[18] Zhang, K., Maixiu H., & Dang, C.N. (2022). The Potential of Sino–Russian Energy Cooperation in the 
Arctic Region and Its Impact on China's Energy Security. Hindawi. 

https://www.hindawi.com/journals/sp/2022/8943314/ 

[19] Gramer, R. (2017, January 25). Here's What Russia's Military Build-Up in the Arctic Looks Like. Foreign 
Policy. https://foreignpolicy.com/2017/01/25/heres-what-russias-military-build-up-in-the-arctic-looks-

like-trump-oil-military-high-north-infographic-map/ 

[20] Zhang, K., Maixiu H., & Dang, C.N. (2022). The Potential of Sino–Russian Energy Cooperation in the 
Arctic Region and Its Impact on China's Energy Security. Hindawi. 

https://www.hindawi.com/journals/sp/2022/8943314/ 

CMRE-CP-2024-001

- 132 -

https://www.oceaneconomics.org/arctic/extractive/
https://www.eia.gov/tools/faqs/faq.php?id=709&t=6
https://www.sipri.org/sites/default/files/2017-06/emerging-chinese-russian-cooperation-arctic.pdf
https://www.sipri.org/sites/default/files/2017-06/emerging-chinese-russian-cooperation-arctic.pdf
https://www.un.org/press/en/2021/sc14732.doc.htm
https://www.thearcticinstitute.org/india-role-arctic-%20reviving-momentum-through-policy/
https://www.thearcticinstitute.org/india-role-arctic-%20reviving-momentum-through-policy/
https://arcticyearbook.com/images/yearbook/2013/Scholarly_Papers/5.KOPRA.pdf
https://www8.cao.go.jp/ocean/english/arctic/pdf/japans_ap_e.pdf
https://www.moes.gov.in/sites/default/files/2022-%2003/compressed-SINGLE-PAGE-ENGLISH.pdf
http://www.scio.gov.cn/zfbps/32832/Document/1618243/1618243.htm
https://www.sipri.org/sites/default/files/2017-06/emerging-chinese-russian-cooperation-arctic.pdf
https://www.sipri.org/sites/default/files/2017-06/emerging-chinese-russian-cooperation-arctic.pdf
https://www.hindawi.com/journals/sp/2022/8943314/
https://foreignpolicy.com/2017/01/25/heres-what-russias-military-build-up-in-the-arctic-looks-like-trump-oil-military-high-north-infographic-map/
https://foreignpolicy.com/2017/01/25/heres-what-russias-military-build-up-in-the-arctic-looks-like-trump-oil-military-high-north-infographic-map/
https://www.hindawi.com/journals/sp/2022/8943314/


 

Improving Copernicus forecasts of Arctic 

sea ice and icebergs with the ACCIBERG 

project 

 
Laurent BERTINOa,1, Catherine DOWNY 

a, Thomas LAVERGNEb, Steffen 

TIETSCHEc, and Andrea STORTOd 
a

 Nansen Center, Bergen, Norway 
b

 MET Norway, Oslo, Norway 
c

 ECMWF, Bonn, Germany 
d

 CNR, Rome, Italy 

ORCiD ID: Laurent BERTINO https://orcid.org/0000-0002-1220-7207, Catherine 

DOWNY https://orcid.org/0000-0001-9484-966X, Thomas LAVERGNE 

https://orcid.org/0000-0002-9498-4551,  Steffen TIETSCHE https://orcid.org/0000-

0002-2961-0289, Andrea STORTO https://orcid.org/0000-0003-3856-8905 

Abstract. The Arctic Ocean will always be treacherous in spite of 

its rapid warming. Sea ice and icebergs remain major risks for 

navigation in Arctic waters; therefore, monitoring and forecasting 

them is crucial. While the Copernicus Marine and Climate Change 

Services can provide the necessary information, users may not 

benefit from it as intended due to both a lack of consistency and 

missing uncertainty estimates. The EU-funded ACCIBERG project 

will address these issues. It will develop a new iceberg forecast 

service using remote sensing algorithms, data assimilation and cloud 

computing to consistently offer probabilistic sea ice and iceberg 

forecasts based on Copernicus data. The new forecasts will be 

automated and used by various groups navigating in the Arctic – 

from fisheries to cruise tourism. 

Keywords. Sea ice, iceberg, probabilistic, forecasting, data 

assimilation, Copernicus Services.  

1. Introduction 

Sea ice and icebergs are a major security risk for navigation and fisheries in Arctic waters. 

Both will remain a significant threat even in a warmer Arctic, where maritime traffic is 

expected to increase. Sea Ice Services are needed more and more to support less 

experienced captains with automated high quality forecasts and new information about 

icebergs that are not available today. 

To monitor and forecast sea-ice types and icebergs, adequate forecasts of sea ice, ocean, 

wind, and wave conditions for the whole Arctic are crucial. The Copernicus Marine and 

Climate Change Services provide such information products. However, their uncertainties 

are not provided in a consistent and user-friendly manner. Reliable uncertainty estimates 

can however be based on forecast ensembles across the two Copernicus Services. 

ACCIBERG will improve the quality of sea ice and ocean nowcast and forecast products 

and their uncertainty estimates in both Copernicus Services. It will also extend the spatial 

coverage of the satellite detection of icebergs and develop a completely new iceberg 

forecast service. ACCIBERG will build upon state-of-the-art sea-ice and ocean models, 
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remote sensing algorithms, data assimilation and cloud computing to offer consistent 

probabilistic sea-ice and iceberg forecasts based on Copernicus data. National or 

commercial sea-ice services are limited to smaller regions and will benefit from the 

increased accuracy and consistency across the Copernicus products. 

The new forecasts will be demonstrated in ACCIBERG by European Ice Services and 

ships of opportunity. The new iceberg forecasts will be automated and validated, and 

benefit a wide range of user groups navigating in the Arctic, from fisheries to cruise 

tourism, including maritime surveillance under the Copernicus Security Service. We will 

provide prototype products ready to be implemented in the Copernicus services and 

accessible from a single entry point: its inherent cloud computing solution WeKEO.  

2. Calibration of probabilistic sea-ice forecasts  

2.1. Sub-seasonal to seasonal forecasts  

These types of forecasts are routinely provided by the Copernicus Climate Change Service 

(C3S) and the European Centre for Medium-Range Weather Forecasts (ECMWF). To 

improve user uptake of these forecasts, ACCIBERG is developing prototypes of forecast 

products that are calibrated and include uncertainty estimates. We have developed an 

initial version of a sea-Ice Calibration, vErifiCAtion and Products software (ICECAP), 

which we tested using ECMWF sub-seasonal ensemble forecasts on the dramatic case of 

the rapid freeze-up of the Siberian Shelf in October/November 2021. This rapid freeze-up 

event took the shipping industry by surprise, leading to more than 20 ships becoming stuck 

in the ice. Figure 1, below, shows promising preliminary results from ICECAP: after a 

simple calibration for known mean errors in the forecast, a much earlier freeze-up than in 

previous years is correctly predicted several weeks in advance. 

 

Figure 1: Sea-ice concentration on the Siberian Shelf for 22/10/2021 predicted 16 days in advance by the 
ECMWF ensemble forecast. After calibration, this forecast would have warned users of a high probability of a 

freeze-up happening much earlier than in previous years. 

 

Moreover, to further improve sea-ice forecasts, ACCIBERG partners are developing 

stochastic modeling techniques for the ocean model NEMO [2]. In particular, uncertainties 

in sea-ice dynamics and ocean-sea-ice interaction are known to be large and can 

potentially affect sub-seasonal to seasonal predictions. At the moment, these predictions 

do not account for the uncertainty associated with the sea-ice modeling component. 

ACCIBERG will formulate and provide optimal solutions to account for the sea-ice 

uncertainty, with targeted application in the NEMO-SI3 modeling framework for the 

ECMWF seasonal prediction system, and potentially in the Copernicus Marine Service 

(CMEMS) systems that rely on the NEMO ocean numerical model, such as the 30-day 

forecasting capability that is currently under development by the CMEMS Global 

Monitoring and Forecasting Center. The stochastic modulation of sea-ice parametrizations 

will increase the reliability of the sea-ice forecast uncertainty estimates, with potential 

benefits to the forecast skill scores.  
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2.2. Short-range and medium-range forecasts  

The CMEMS Arctic Monitoring and Forecasting Center focuses on forecasts out to 10 

days only, using both the HYCOM-CICE model [7] and the stand-alone neXtSIM-F sea-

ice model [6]. ACCIBERG partners are also developing ensemble perturbation techniques 

targeted to short-term ice-ocean forecasting. These efforts concentrate on the 

representation of uncertainties in the winds, using the ECMWF ensemble forecasts as 

input, but also combining random perturbations based on a spectral method. Tests are 

ongoing to evaluate which spatial scales are most effective at exciting the relevant modes 

of variability of the ice-ocean system. Improved ensemble simulation techniques can also 

be beneficial for ensemble data assimilation techniques. 

3. Assimilation of raw satellite passive microwave sea-ice data  

Obtaining sea-ice concentration (SIC) from raw Passive Microwave (PMW) satellite data 

involves a complex suite of algorithms to transform the brightness temperatures (TB) 

measured by the satellite at several microwave frequencies (Level-1B) into SIC values 

first in satellite projection (Level-2) and finally in daily gridded formats (Level-3/Level-

4). In this processing, some information is lost, either due to truncation of the retrievals 

between the zero and 100% concentrations, or because of the temporal averaging of all the 

inputs to an assumed daily average. 

3.1. From daily maps to individual orbits 

Recently, the assimilation of individual satellite orbit data of SIC (vs. the standard 

assimilation of daily maps) was developed and tested in the NFR SIRANO project (2019-

2024). Parallel experiments within a regional ice-ocean forecasting system of the Barents 

Sea and Svalbard region revealed that the assimilation of individual SIC orbit data 

generally resulted in a better analysis and a better short-range forecast of the sea-ice cover, 

although the impact depended on the background state [1]. 

 

3.2. From ice concentrations to brightness temperatures  

 

We plan to continue this work by directly assimilating Level-1B (TB) data rather than 

SIC. To do so requires “flying the satellite in the model” [3] and using an observation 

operator adapted to the satellite missions at hand (in our case, the Advanced Microwave 

Scanning Radiometer - 2, AMSR2). We will use a modified version of the “Wentz” 

parametric ocean Radiative Transfer Model (RTM) [4] to simulate AMSR2 TBs at key 

microwave frequencies (Ku- and Ka-band) from the geophysical input of the CMEMS 

models (for the SIC and sea-ice type) and of the ECMWF numerical weather prediction 

(NWP) system (the atmosphere that lies between the surface and the satellite). The first 

step is to improve the way sea-ice emissivity values are entered in the model, and make 

this emissivity dependent on sea-ice type, which will borrow from the dynamic tie-point 

methodology of the OSI SAF and CCI SIC algorithms [5]. The observation operator will 

then be interfaced to the Ensemble Kalman-Filter (EnKF) data assimilation (DA) system 

of the CMEMS Arctic Marine Forecasting Center, and DA experiments subsequently 

performed to assess the impact of TB assimilation on SIC and sea-ice type analysis and 

forecast. 

4. Iceberg forecasting  

More accurate sea ice edge and ensemble forecasts of ocean currents will be beneficial to 

iceberg forecasting. As a first step, an iceberg drift simulation module is being included 

in the OpenDrift package that can use the latest Copernicus forecasts of all the forces 

driving the drift of an iceberg: ocean currents, tides, winds, sea ice and waves [8]. The 
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OpenDrift software is containerized, meaning that it can be used on cloud solutions such 

as WeKEO, the data access system where different Copernicus products are efficiently 

accessible, thus removing intensive downloading operations.  

Near real-time remote sensing of icebergs will also be expanded spatially from the 

Greenland Sea out to the Barents Sea using Synthetic Aperture Radar (SAR) from the 

Sentinel-1 satellite series as well as several Copernicus Contributing Missions from 

international sources. The numerical model will be used to fast forward the map of 

possible iceberg targets from the satellite images and provide an iceberg-risk forecast map.  

Individual iceberg forecasts will also be provided on demand for users in the field using 

the IceWatch mobile app. Once an iceberg is spotted, the picture location and time can be 

fed into the forecast model and a number of possible trajectories sent back to the user. 

Experienced users familiar with safety protocols in the vicinity of icebergs [9] can receive 

a free GPS-tracking buoy from ACCIBERG and contribute to the calibration of the 

forecast model.  

5. Conclusion 

ACCIBERG is developing improved capabilities for the Copernicus Services through 

enhanced remote sensing and forecasting techniques. These Copernicus data services are 

all freely available and open. Users of the Copernicus Services will thus be able to consult 

forecasts of sea ice accompanied by their uncertainties from short-range to seasonal scale. 

The demonstration period for iceberg forecasting is planned for Summer 2024 and we are 

welcoming beta-testers willing to take part in iceberg tagging activities to join our advisory 

team. The work is paving the way towards the optimal exploitation of future Copernicus 

Sentinel Expansion missions: Copernicus Imaging Microwave Radiometer (CIMR) for 

PMW imaging of sea ice, and Copernicus L-band SAR (ROSE-L) with an improved 

iceberg detection capacity. 
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Abstract. Climate literacy includes an understanding of fundamental 

elements of climate science, impacts of climate change, and 

approaches to adaptation or mitigation. Specifically, a climate 

literate military force understands how climate change can and will 

affect mission, operations, installations and outcomes. This paper 

presents evolving efforts in climate literacy in the United States 

focusing on climate security education and training. Recent climate 

education and training efforts in the national security sector include 

climate-focused tabletop exercises and wargaming and curricular 

changes at military educational institutions. To evolve, these efforts 

must be integrated into current curricula and training and put into the 

context of the impact of climate change on operations and 

installations, and consideration of vulnerable populations. 
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1. Introduction 

Climate literacy includes an understanding of fundamental elements of climate science, 

impacts of climate change, and approaches to adaptation or mitigation. Specifically, a 

climate literate force understands how climate change can and will affect mission, 

operations and outcomes. It is well-established that climate change can magnify existing 

conflicts, induce migration, and exacerbate other critical and volatile factors in a 

community and region. As the U.S. Department of Defense (DoD) and other agencies 

develop climate literacy programs, it is crucial that military leaders and first responders 

tasked with fostering and protecting human security around the globe acquire an 

understanding of the impacts of climate change and how it links to conflict at both national 

and international levels [1]. It is also essential to include how climate change impacts 

affect operations, installations and disproportionately affects migration and vulnerable 

communities.  

2. Evolution of Climate Literacy in the U.S. Department of Defense 

2.1. Key DoD Documents and Service Climate Strategies 

Shortly after his inauguration in January 2021, U.S. President Biden issued several 

Executive Orders addressing the climate crisis and including climate considerations as an 

essential element of U.S. foreign policy and national security. Over the next few years, 

DoD issued the DoD Climate Assessment Tool (April 2021) [2], DoD Climate Adaptation 
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Plan (September 2021) [3], and DoD Climate Risk Analysis (October 2021)[8]. The 

Climate Risk Analysis stated that “DoD will integrate the security implications of climate 

change into key strategic documents, programs, and international partner engagements. 

DoD will also consider how to integrate climate considerations into DoD educational 

institution curriculums.” The integration is illustrated in Figure 1; education and training 

are included in Lines of Effort (LOEs) 1 and 2, while Climate Literacy is one of four 

“enablers” that crosscuts all LOEs. 

 
Figure 1. Lines of Effort in the U.S. Department of Defense Climate Adaptation Plan [3]. 

 

Incorporating climate literacy depends upon its definition. The U.S. Global Change 

Research Program notes that a climate-literate person: 

 

1. understands the essential principles of the Earth’s climate system; 

2. knows how to assess scientifically credible information about climate; 

3. communicates about climate and climate change in a meaningful way; and, 

4. can make informed and responsible decisions regarding actions that may affect climate. 

 

Although the DoD does not explicitly define climate literacy, the individual Services have 

incorporated the concept into their climate strategies. The 2022 Army Climate Strategy [5] 

notes that the Army has already started building climate literacy into current training, 

including the Army Materiel Command’s “Climate 101” Course which focuses on climate 

implications for lands, energy, water, soil and other installation issues. The Navy’s 

strategy, Climate Action 2030, [9] states that the Department will “incorporate meaningful 

climate related training and education curricula tied to mission objectives into the 

continuum of learning for the entire force, from enlisted personnel to senior officers and 

civilians.” Finally, the Air Force Climate Action Plan calls for climate considerations to 

be integrated into department professional military education curriculum and technical and 

continuing education curriculum by FY24[7]. 

 

In August 2023, the Assistant Secretary of Defense for Readiness issued a memorandum 

calling for all intermediate- and senior-level Professional Military Education [6] programs 
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will “consider adjusting their existing climate security instruction” with particular learning 

outcomes. These learning outcomes lend themselves to an informal definition of climate 

literacy from DoD which may include:  

1. understanding how climate change affects strategic, operational and tactical

environments;

2. understanding the basic elements of climate change science;

3. knowing where to access the best available, validated, and actionable information about

climate change;

4. communicating effectively about the national security implications of climate change;

and

5. recognizing when and how to apply climate considerations when making national

security decisions or when providing best military advice, in ways appropriate for their

mission, function, and role.

The above list presents learning outcomes for intermediate-level education. For senior 

leaders, the memorandum also called for them to understand (1) how climate change 

affects the geostrategic environment for the U.S., Allies, and partners to include risk 

assessments, adaptation, mitigation, and the energy transition and (2) how potential 

adversaries leverage climate change in their bilateral/multilateral engagements with other 

countries in competition with the U.S. 

Importantly, the memorandum notes that each institution “has the latitude to develop an 

approach to incorporate the outcomes that are best suited” for its programs. As noted in 

the Army Climate Strategy[5], “For some audiences, there will be purpose-built courses. 

For others, the next evolution means making smart decisions to integrate climate topics 

into existing instruction and associated educational exercises.” The next two sections 

present a few existing models for advancing climate literacy[15]. 

2.2. Climate Literacy and the U.S. Naval Education Institutions 

Even prior to the issuance of the Navy Climate Strategy but acknowledging the impact of 

climate change on security, the Naval Education Enterprise Climate Collaboration 

(Climate Collaboration) launched in April 2021 with the Naval Postgraduate School (NPS), 

Naval War College (NWC) and U.S. Naval Academy (USNA) as initial participants. Over 

time, the Marine Corps University and U.S. Naval Community College joined to fill out 

the group with all five Naval Education Institutions. The purpose of the Climate 

Collaboration is for the institution to join regularly (usually monthly) to collaborate on 

climate security issues, share research and educational resources, and host cooperative 

events. 

The Combined Naval Address on Climate, Energy and Environment is the group’s primary 

event with a high-level speaker followed by questions from students at the institutions. 

Following most events, there is a Faculty Roundtable in which faculty from institutions 

can engage with the speaker in a small group format. Speakers have included Dr. Saul 

Griffith (led by NWC), Dr. Marshall Shepherd (led by NPS), the Honorable Meredith 

Berger (led by USNA), and Dr. Neta Crawford (led by NPS)[4]. Another Combined Naval 

Address is scheduled for October 2023 (led by NWC).  

The Climate Collaboration is now working with the Department of the Navy Climate Team 

(Energy, Installations and Environment or EI&E) to develop climate literacy for the 

Navy[9]. Members of the EI&E Climate Team participate in the monthly calls to discuss 

the best way for the institutions to contribute to increased awareness of climate change, 

climate security issues and links to mission and operations. Each institution teaches 

different students (officers, civilians, cadets, enlisted) at different points in their career and 

each institution can offer research relevant to climate security issues. In addition, each 

institution has different processes for establishing and updating curriculum; some 
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processes can advance climate literacy but others can hinder.[17] The Climate 

Collaboration can provide a model for understanding the hurdles at different institutions 

and how climate literacy can best be accomplished in educational and training settings.  

2.3. Tabletop Exercises, Wargaming and Coursework 

All three Services call for climate considerations to be incorporated into wargames and 

tabletop exercises. The Army Strategy specifies that wargames that “stress test” a supply 

chain will be particularly useful. The Air Force Climate Action Plan calls for climate 

considerations to be incorporated into Department wargames starting in FY23. The Navy, 

led by its EI&E Climate Team, has held two Climate Tabletop Exercises (TTX) and has 

plans for a Caribbean-focused TTX in 2024. As noted by wargaming experts, the games 

can play a valuable role in “helping national security actors anticipate strategic surprise 

and understand a changing threat landscape.” But to effectively use these tools to evolve 

climate literacy, they must address certain challenges. 

 

First, climate change is an immensely complex topic and can present design challenges 

related to isolating specific questions for inquiry. Second, as climate change and climate 

security are inherently interdisciplinary, having the right mix of individuals in exercise 

design and execution is key to success. Third, many wargaming experts are not climate 

change experts and vice versa; as a result, the design of a wargame, whether focused on 

climate change or using climate change impacts as exacerbating circumstances, will 

require understanding of a variety of geophysical and human systems.  

 

Although the format and length generally are different from wargames and TTXs, courses 

at educational institutions can run into similar challenges. As noted above, the Navy 

Education Institutions teach students at different stages of their careers and in different 

disciplines. At some institutions, it is a straightforward process to add electives, such as a 

climate course, into curriculum while at others, the question becomes what may be pulled 

out of a curriculum to insert a climate-related course. One model underway is to establish 

a resource bank of material, speakers, videos, and interactive exercises related to climate 

security so that professors can select what is most relevant to their class and students. On 

a larger scale, Brown University hosts a Syllabus Bank on climate change from a variety 

of disciplines, that is accessible to military and non-military institutions. An approach like 

this can overcome the lack of demand signal from leaders to create climate security 

curricula and the competition with other long-standing priorities in education and training. 

This integration approach may also withstand the scrutiny resulting from political or 

administration shifts. 

 

In addition, NPS and the NATO Centre for Maritime Research and Experimentation are 

collaborating on a Climate Change and National Security course. This course is designed 

as a one- or multiple-week course to present the science, policy and regional 

considerations relevant to climate change and national security, incorporating current 

issues and concepts in both Climate Security and Environmental Security. The course 

provides an overview of the major climate change threats impacting the globe, with a 

particular focus on climate change impacts to national security and energy systems. It 

includes an overview of relevant science, legal, and policy issues related to climate change 

using scenario-based learning and facilitated discussion on how security leaders can 

prepare to address these challenges. Modules include: the science of climate change; 

climate change impacts to national security; the nexus of energy and climate change; 

climate law; and, governance and financial considerations. The course can be adapted to 

location and audience by incorporating regional priorities and case studies. 

2.4. Literacy in the Context of Impacts on Operations 

A persistent challenge faced in climate security is accurately identifying and understanding 

the true impacts of climate change on military operations. Understanding, projecting, and 
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predicting climate change impacts are not only important for planning at the strategic and 

operational levels, but also for tactical-level planning. France, for example, has formally 

recognized the need for climate adaptation in their military and set forth efforts to integrate 

climate change impacts and preparedness into their respective force structures. The UK 

House of Commons recently released a report, entitled Defense and Climate Change, 

noting that [22]: “The Armed Forces, defence acquisition and the defence estate — both 

at home and abroad — will also need to adapt to respond to the impacts of climate change 

over the coming decades, with consequences for geostrategy, defence readiness, resilience 

and the effective delivery of military effect.” 

Working climate change impacts into education and training requires intergovernmental 

climatology data and analysis.[13] Fortunately, that information is more readily available 

than ever before; however, access to the data in a format that benefits servicemen and 

women with analysis that is relevant to military platforms, installations and missions is 

what is truly needed. Recent formats include tools such as stop light charts to understand 

where the greatest impacts are expected. More work is necessary to hone such tools and 

identify commonalities among regions, platforms and systems. Because the body of 

research and analysis on climate change impacts is growing, education and training must 

adapt to new information, making it applicable to the force and mission. 

3. Consideration of Climate-Induced Migration and Vulnerable Populations 

Climate change has exacerbated natural disasters on a global scale, such as droughts and 

rising sea levels and temperatures, which have forced the migration of approximately 21.5 

million people, and this is estimated to grow to 143 million in the next 30 years according 

to the Intergovernmental Panel on Climate Change (IPCC) [10]. Countries already 

vulnerable because of economic, governance or other issues are less able to recover from 

climate change disasters. These climate change impacts also have disproportionate effects 

on the women in those countries. According to the Council on Foreign Relations, the 

Northern Triangle states, made up of El Salvador, Guatemala, and Honduras, are “among 

the poorest in the Western Hemisphere” with intrastate conflict and lack of economic 

stability, making this region particularly vulnerable to climate-induced migration[14]. 

 

Women in these areas are particularly hard-hit; women in agriculture, for example, “face 

persistent inequities in access to land and extension services that can make recovery from 

extreme weather events particularly challenging.”[16] The U.N. Environment Programme 

estimates that about 80% of the people displaced by climate change disasters are female, 

and the United Nations Development Programme [16]finds that women are fourteen times 

more likely to die in a climate catastrophe than men. Climate change-induced 

environmental degradation “diminishes access to food, drinking water, sanitation and 

education more for women than men,” and the IPCC’s sixth assessment [10] found that 

“women are among populations most at risk of heat related mortality at 1.5 degrees Celsius 

of warming.”  

 

These inequities stem from the lack of investment in reproductive health, prominent 

gender-based violence, and other policies that deny women’s rights. Reporter Zoha Tunio 

provides a compelling example that when a culture does not allow women to learn how to 

swim, it puts them at a greater risk of drowning which is one of the highest causes of death 

in water-related climate disasters. Thus, because climate-induced migration more heavily 

affects impoverished communities and women, there is a human security issue that needs 

attention and understanding [21]. 

 

Understanding the risks that a community faces is key to protecting human security in 

vulnerable communities and carrying out the military’s mission there [1] [19]. According 

to a series on Gender and Conflict by the International Committee of the Red Cross and 

the University of Vermont, awareness of the disproportionate issues involving climate-

induced migration is essential to gaining a full picture of human security in a region or 
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community.[18] Currently, there is a lack of overarching theory on how gender is 

important and relevant to military operations, but there is a demand signal to create one 

given the relevance of disproportionate effects to international human rights law and 

international humanitarian law [19].  

Gender inequality can be an indicator of deeper, more underlying conflict. A 2005 study 

on the role of gender inequality in predicting conflict indicates that states with higher 

levels of gender inequality are more likely to experience intrastate conflict. A similar 2020 

study by Tobia Ide on climate-related disasters found that the link between gender 

inequality and intrastate conflict is “highly context-dependent and that countries with large 

populations, political exclusion of ethnic groups, and a low level of human development 

are particularly vulnerable.” Thus, gender inequality existing in the community, where 

military personnel are often stationed, is indicative of greater issues in the area which 

affect operations and mission success [15]. 

4. Conclusion 

A climate-literate force can more readily integrate climate considerations into its 

operations if its planning, policy and doctrine includes tailored learning outcomes and 

understanding of climate change impacts [13][21]. Training and education are one piece 

of this equation, with educational institutions and other tools like wargaming playing an 

important role. In addition, military leaders and personnel are an important part of 

establishing a climate-literate force, because they are on the ground in vulnerable 

communities and often at the decision-making table. DoD climate literacy curricula must 

draw on best practices — not only within educational institutions but also from research 

— to communicate the compounded risks from climate change and give decision makers 

a better understanding of climate impacts to operations, installations, and how vulnerable 

communities are especially affected.  
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