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a b s t r a c t 

The ocean’s thermal inertia is a major contributor to irreversible ocean changes exceeding time scales that matter 

to human society. This fact is a challenge to societies as they prepare for the consequences of climate change, 

especially with respect to the ocean. Here the authors review the requirements for human actions from the ocean’s 

perspective. In the near term ( ∼2030), goals such as the United Nations Sustainable Development Goals (SDGs) 
will be critical. Over longer times ( ∼2050–2060 and beyond), global carbon neutrality targets may be met as 
countries continue to work toward reducing emissions. Both adaptation and mitigation plans need to be fully 

implemented in the interim, and the Global Ocean Observation System should be sustained so that changes can 

be continuously monitored. In the longer-term (after ∼2060), slow emerging changes such as deep ocean warming 

and sea level rise are committed to continue even in the scenario where net zero emissions are reached. Thus, 

climate actions have to extend to time scales of hundreds of years. At these time scales, preparation for “high 

impact, low probability ” risks — such as an abrupt showdown of Atlantic Meridional Overturning Circulation, 

ecosystem change, or irreversible ice sheet loss — should be fully integrated into long-term planning. 
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. Thermal inertia of the ocean and its responses to greenhouse 

as emissions 

The global ocean covers ∼70% of Earth’s surface with a total area

f ∼3.61 × 10 14 km 

2 ; ∼40% of the ocean is located in the Northern

emisphere and ∼60% in the Southern Hemisphere. The average den-

ity of seawater is ∼1025 kg m 

− 3 ( ∼1000 times larger than air, 1 ∼4
imes larger than soil) and the specific heat of seawater is ∼4200 J/kg K
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more than 4 times larger than the air). The average depth of the ocean

s 3,800 m a depth that far exceeds the active thermal layer of land. The

arge mass and heat capacity means the ocean is much more capable of

toring heat than air or land and the ocean is hence the most important

ontrolling component of the Earth’s climate. For example, the ocean

s responsible for the uptake of heat and gaseous atmospheric compo-

ents; the ocean also exchanges heat and moisture with the atmosphere

hus affecting weather. This manuscript updates current ocean warming,
c.cn (L. Cheng) . 
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Fig. 1. An idealised schematic illustrating the ocean’s role in climate change from the energy budget perspective. 
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i  
iscusses connections between warming oceans and impacts to human

ociety and biological systems, and notes the importance of adaptation

nd mitigation strategies in the context of a changing climate. 

Fig. 1 provides a highly idealized illustration highlighting the ocean’s

ole in climate change from an energy budget perspective. As a starting

oint, if there is no ocean on Earth and no changing atmosphere, the

ncoming and outgoing energy is balanced in a stable climate, when av-

raged over the entire globe. As humans emit greenhouse gasses (GHGs)

nto the atmosphere, a radiative forcing (denoted as F ) develops that

raps heat inside the climate system. The atmospheric and land re-

ponses and feedbacks are relatively fast (within several years). The

arth’s surface temperature T (in this case, only land) increases from T to
2 
 +ΔT in a short time and the climate system stabilizes again ( Fig. 1 (b)),

here ΔT is the temperature increment of the Earth surface temperature.
he magnitude of ΔT is also determined by many feedback processes in
he climate system (e.g. from changing albedo, cloud, and atmospheric

tructure) which can be represented as F = 𝜆0 ΔT where 𝜆0 accounts for
ll climate feedbacks. Here the response also includes the water vapor

ncrease in the atmosphere as it is a critical GHG. In this idealized no-

cean case, the long-wavelength radiation leaving the Earth increases as

he Earth’s temperature rises —thus restoring the energy balance within

everal years. 

The Earth’s response is different when one considers the ocean and

ts heat uptake and transport capacities ( Fig. 1 (c)). The surface warming
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s transported into the ocean interior, and surface warming is blunted.

his damping effect slows down the surface warming and delays the

ime it takes to reach the equilibrium. In this case, surface warming

an be expressed as T +ΔT –Δ𝜔 ( t ) , where Δ𝜔 is a function of time that

eflects the ocean’s damping effect. Other effects are involved, for ex-

mple, the ocean circulation may change in response to climate forcing

nd thus further impact the surface temperature. In this case, the associ-

ted outgoing radiation energy is not strong enough to offset the positive

adiative forcing imposed by GHGs before the equilibrium, leading to a

ersistent imbalance of Earth’s energy budget (denoted as N ( t ) which

aries with time). Thus, the actual climate system response can be writ-

en as: N ( t ) = F –𝜆 ( ΔT –Δ𝜔 ( t ) ). Here we use a different response coefficient

rather than 𝜆0 to reflect climate feedback processes in this case. Ac-

ording to Trenberth (2022) , the net Earth’s Energy Imbalance (EEI) is

0.9 ± 0.15 W m 

− 2 for 2005–2019. 

When (or if) societies reach net-zero emissions, or carbon neutral-

ty (global carbon emitted is balanced by the carbon absorbed from the

tmosphere by carbon sinks), the Earth surface temperature can be ap-

roximately stabilized at T +ΔT –𝜔 , however, the climate system will still

e in an imbalanced state for a long time because 1) outgoing radia-

ive energy at the TOA (mainly determined by temperature structure

ithin the troposphere, convection, weather systems, and other pro-

esses) is still not sufficient to balance the net incoming energy at the

op of atmosphere (TOA) and 2) the deep ocean continues to warm as

eat is transported downwards into deeper ocean waters. However, af-

er achieving global net-zero emissions, CO 2 in the atmosphere will be

artly absorbed by the ocean (in the upper ∼100 m of ocean waters)

ith a small additional absorption in terrestrial regions ( IPCC, 2021 ).

s a result, CO 2 concentrations and radiative forcing will decrease over

ime. This process can be expressed as N ( t ) = F ( t ) –𝜆 ( ΔT –𝜔 ), where both

 ( t ) and F ( t ) decrease with time but approximately balance each other.

he climate system re-stabilizes (i.e. when N ( t ) = F ( t ) = 0) when the deep

cean stops warming and it reaches thermal equilibrium with balanced

n-flow and out-flow of heat. In equilibrium, the incoming solar energy

alances the outgoing energy at TOA ( Fig. 1 (d), N ( t ) = 0). This process

akes at least thousands of years, a duration that reflects the thermal

nertia of the ocean ( Golledge et al., 2015 ; IPCC, 2019 ). Finally, 3) ice

heets also react slowly as they re-establish equilibrium conditions to a

hange in energy balance. 

Three relevant points to reinforce are: 

1) While surface warming may stop when global emissions reach net-

zero (i.e. “carbon-neutrality ”) sub-surface ocean warming will con-

tinue for at least thousands of years ( IPCC, 2019, 2021 ). 

2) The changes in the world’s ocean and their impacts mean urgent ac-

tions are required to deal with climate change; more attention should

be given to the ocean if we want to achieve the United Nations Sus-

tainable Development Goals (SDGs), for example. While the ocean

has played a mitigating role by absorbing both heat and CO 2 , they

have also played an aggravating role in climate awareness and pol-

icy action by locking in long-term committed changes that have not

been fully appreciated in the public discourse over climate action. 

3) The changes to the ocean are slowly emerging. Fig. 2 shows the

multi-decadal changes to both surface temperatures and ocean heat

content. This figure includes data from multiple research teams and

will be discussed in more detail later. While these changes may be

slow compared to human experience, they are very fast on a geo-

logical time scale. In addition, some geographical areas are being

significantly affected by changes to the ocean (coastal and low-lying

areas, areas susceptible to coastal flooding and storms, and areas that

are experiencing notable changes to weather extremes, for example).

Some geographical regions have experienced significant effects due

to oceanic changes. There is a conspiracy with these two factors that

makes action more difficult. The perceived slowness of unfolding cli-

mate change make people think that climate change is not the clear

and present danger that it is. The geographic non-uniformity in the
3 
impacts of climate change make it hard to motivate societies that

have not yet felt the brunt of global warming enough to take action.

. Ocean Monitoring System Development 

Measuring climate change is a challenging task. Ocean climatic

rends, by their nature, are long-term rates of change in quantities such

s ocean heat content (OHC), salinity, sea level, stratification, dissolved

xygen, ocean chemistry/acidity, the biological flora and fauna, and

thers. While data from a particular year, or even a particular decade,

ay be useful snapshots in time; multiple years or decades of infor-

ation must be obtained for climate trend analysis. Consequently, cli-

ate trends generally require long-duration consistent and calibrated

easurements. The methods used to extract OHC changes are discussed

nd applied in ( Cheng et al., 2017, 2021, 2022 ; Abraham et al., 2013 ;

eyssignac et al., 2019 ). 

The ocean subsurface temperature observing system is an integra-

ion of multiple complementary instruments ( Fig. 3 ) including eXpend-

ble Bathy Thermographs (XBTs), Conductivity-Temperature-Depth de-

ices (CTDs), moored arrays, gliders, Autonomous Pinniped Bathyther-

ographs (APBs), Drifting Buoys (DRBs), Argo, etc. ( Abraham et al.,

013 ; Garci-Soto et al., 2021 ; Legler et al., 2015 ; for example). These in

itu observations are now complemented by many remote sensing mea-

urements from satellites, including altimetry (sea level), passive and

ctive sea surface temperature sensors, ocean color, and scatterometry

surface wind stress). 

The Argo network, which came online in the early 2000s, is formed

y more than 3000 autonomous profiling buoyant probes that period-

cally rise and fall in the ocean waters (down to depths of ∼ 2000 m).

rgo revolutionized global OHC by providing a near-global open ocean

overage of the upper 2000 m. APBs and DRBs provide critical mea-

urements for polar regions; CTDs and XBTs fill the data gaps in the

oastal regions and major channels (Indonesian Throughflow region for

xample). Moored arrays provide continuous data in the tropics and

ther locations. Learning from the synthesis from the data-rich Argo era,

heng et al. (2017) were able to better analyse the data back to the In-

ernational Geophysical Year (IGY, 1958). Hence, taken together, these

nstruments provide accurate OHC information for the last 60 years, thus

nabling climatic trends to be obtained. 

Fig. 2 shows both global Sea Surface Temperature (SST) anomalies as

ell as OHC trends down to a depth of 2000 m over seven decades. Both

ST and OHC display a long-term persistent increase, consistent with a

arming planet. It is noteworthy that both SST and OHC have been

easured by multiple research groups and the results are in excellent

greement. SSTs are provided back to the mid 1800s, however with

ime, the coverage of observations decreases and uncertainty increases.

The effort set forth by the Global Ocean Observing System (GOOS,

ww.goosocean.org ) has identified Essential Ocean Variables (EOVs)

nd Essential Climate Variables (ECVs) as critical measures of the state

f the ocean. ECVs are variables for all parts of the climate system

hile EOVs are specifically related to climate change in the ocean

 GCOS, 2016 ; WMO, 2017 ; von Schuckmann et al., 2020 ). Interested

eaders are directed to these references for a listing of the ECVs and a

ery detailed discussion linking various ocean metrics to specific SDGs.

ompared with temperature, other ocean ECVs are much less observed,

or example ocean surface heat flux, currents, salinity, surface stress, in-

rganic carbon, nitrous oxide, nutrients, oxygen, transient tracers, ma-

ine habitat properties, and plankton. To address some of these measure-

ents and their coverage, the Argo community is currently planning to:

) improve the current data coverage to under-ice regions, coastal re-

ions, and other areas that are under-sampled, (ii) achieve better coor-

ination across nations to facilitate the data sharing, integration, and

nalyses in the coastal regions, (iii) add biogeochemical sensors for im-

roved understanding of oceanic cycles of carbon, nutrients, and ecosys-

ems, and (iv) explore new sensors that might be included in the future,

https://www.goosocean.org/
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Fig. 2. (a) Global mean SST and (b) OHC time series from the 1950s to 2020. The figure is updated from Garcia-Soto et al. (2021) . 

Fig. 3. Geographic coverage of the 2020 ocean in situ temperature observing system: the dots are the temperature profiles observed by Argo (grey), CTDs (orange), 

XBTs (red), moored stations (light green), Gliders (blue), pinnipeds (light blue), and ice-tethered profilers (purple). Data are sourced from World Ocean Database 

( Boyer et al., 2018 ). 
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or example to document the spatial and temporal patterns of ocean

ixing. 

Fig. 3 shows the geographical distribution of in situ ocean temper-

ture measurements and their associated measurement method. With

he current state of the GOOS now discussed, and the past and future

cean warming rates provided, we turn our attention to the intersection

f ocean health and its impacts on human society and biosystem health.

. Sustainable Development Goals 

One critical issue is how our knowledge of climate change in general,

nd ocean warming in particular, can be used to inform social decisions

f adaptation and mitigation. To connect the climate with issues that

ffect human society, it is helpful to identify goals that guide us, collec-

ively, toward a healthier and more sustainable future. One such frame-

ork that has been developed is the Sustainable Development Goals of

he United Nations (SDGs) as discussed in von Schuckmann et al. (2020) .

hese SDGs are critical for achieving a sustainable advancement in both

he world economy and environment Achieving the SDGs will certainly

e a challenge; effective decisions need to be guided by knowledge of

ast climate change as well as estimates of future changes. 

The health of the ocean is vital to the SDGs, and to health/society/

conomics in general ( Clar and Steurer, 2019 ; IPCC, 2019 ; von Schuck-
4 
ann et al., 2020 ). The influence of oceanic changes on social and eco-

omic systems depends on the physical state of the ocean and the local

ulnerability to changes, as well as worldwide efforts to both mitigate

uture climate change and to adapt to current and forthcoming changes.

The United Nations has proposed 17 goals and 169 targets that are

ocused on maintaining the health and vitality of human societies and

atural ecosystems around the world ( https://sdgs.un.org/goals ). 

Some goals are directly related to the health of the world’s oceans

SDGs 13 and 14). SDG 13 (Climate Action) explicitly addresses cli-

ate change, including the ocean changes and their impacts. Ocean

arming, salinity, stratification, and pH changes directly impact SDG

4 (Life Below Water). The productivity and distributions of some ma-

ine species are changing in ways that alter the health and availability

f marine species and impact fishery production, (e.g., Diz et al., 2017 ;

erpetti et al., 2017 ; Blasiak et al., 2020 ). 

In addition to the above, many other goals are connected to the

cean. For example, insofar as the ocean and changes to ocean temper-

tures influence weather systems and the hydrological cycle, the effects

f these changes extend well beyond the confines of the ocean. Such

hanges directly impact both terrestrial and ocean-based food produc-

ion and thus impact societies and human well-being in a myriad of

ays. Consequently, at least SDGs 1, 2, 3, 6, 10, 12, 15, and 16 are indi-

ectly impacted by the world’s oceans. Furthermore, since changes to the

https://sdgs.un.org/goals
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Fig. 4. UN Sustainable Development Goals that are directly related (red line) or indirectly related (blue line) to the world’s oceans. 
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cean also impact extreme weather ( Yang et al., 2016 ; Trenberth et al.,

018 ; Kruhoeffer, 2022 ), SDGs 9 and 11 are also indirectly affected by

cean health. The health of the ocean touches on most of the SDGs ei-

her directly or indirectly —emphasizing the incredible significance of

he ocean on our future ( von Schuckmann et al., 2020 ). The SDGs ( Fig. 4 )

re directly affected (red lines) or indirectly affected (blue lines) by the

cean. 

A few examples connecting ocean changes to SDGs will now be pro-

ided for context. For example, infiltration of sea water into fresh water

upplies can affect coastal food supplies, aquifers, and local economies

 Sherif and Singh, 1999 ; Barlow, 2003 ; Nicholls and Cazenave, 2010 ;

hite and Kaplan, 2017 ; Klassen and Allen, 2017 ; Rao and Chan-

ur, 2021 ; Guimond and Michael, 2020 ) (related to SDGs 1, 2, 6, 9, 10,

1, 15, and 16). This issue threatens populations that rely upon coastal

ood production for their sustenance; food production impacts the health

nd well-being of persons who rely upon coastal food production (SDGs

 and 2). Infiltration of sea water also inhibits economic growth, makes

oastal activities less sustainable (SDGs 6, 9, 11, and 15) and dispropor-

ionately threatens the health and livelihood of vulnerable communities

SDGs 10 and 16) ( Tosi et al., 2022 ; Bene et al., 2015 ; IPCC, 2019 ). 

Under a warming climate, the global precipitation amount changes

re governed by energy changes and evaporation ( Trenberth, 2011 ).

iven upward motion in the atmosphere, the intensity of precipitation

epends upon the amount of moisture available. As temperatures rise

ith global warming by 1°C, the average near surface moisture holding

apacity goes up by about 7%. This increases atmospheric demand for

oisture from the surface and dries the land and vegetation. In most

laces where moisture availability is not an issue, such as the ocean

nd near coastal regions, the actual atmospheric moisture is apt to go

p, thereby feeding 7% more moisture into any storms or weather sys-

ems, and hence it rains harder, as is observed. Or it snows harder, pro-

ided that temperatures are low enough. The availability of moisture

rom the surface is largest where sea surface temperatures are highest,

hile interiors of continents are prone to be dry (Feng and Zhang, 2016 ;

yrhe et al., 2019 ; Hu et al., 2018 ; Donat et al., 2019 ; Byrne and

’Gorman, 2015 ; Westra et al., 2013 ; Kharin et al., 2013) . 
(  

5 
The extra evaporation in dry regions, where it is sunny, means the

ocally evaporated moisture is carried away by winds to places where

t is precipitating. Higher temperatures mean increased atmospheric de-

and for moisture, and increased evapotranspiration in the dry areas

xacerbates aridity and droughts. Meanwhile, in precipitation locations,

t rains (or snows) harder and there is an increased risk of flooding. Be-

ause, with warming, more precipitation occurs as rain instead of snow

nd snow melts earlier, there is increased runoff and risk of flooding in

arly spring, but increased risk of drought in summer, especially over

ontinental areas. 

As another example, observed and projected increases in intensity

f tropical cyclones (and increased associated precipitation totals) are

onnected to ocean warming (e.g., Emanuel, 2013 ; Trenberth et al.,

018 ). More damaging storm surges are expected from a combina-

ion of sea level rise and increased storm intensities ( Garner et al.,

017 ; Kruhoeffer, 2022 ; Studholme et al., 2022 ), both of which are

avored by ocean warming. Other impacts include marine heatwaves

 Marx et al., 2021 ), and a more intense hydrological cycle ( Cheng et al.,

020 ; Liu et al., 2021 ). These factors will impact SDGs related to human

ealth and food/water security (SDGs 1 and 2), issues of equity and eco-

omics (SDGs 6, 7, 10, 11, and 16) and viability of infrastructure (SDGs

 and 11). 

. Ocean changes and mid-term (2050–2060) climate actions 

In the middle term ( ∼2050–2060), if the nations commit to their
limate targets, the global carbon neutrality target will hopefully be

eached and the global surface temperature will stabilize (1.5 ∼2°C
bove the pre-industrial level), With this warming, there will be more

ignificant climate risks than today. 

A recent and comprehensive review of climate risks that are ex-

ected to occur, with confidence levels included, is provided by the IPCC

ixth assessment ( IPCC, 2021 ). Climate impacts are grouped into seven

ategories (heat and cold, wet and dry, wind, snow and ice, coastal,

pen ocean, and other). These risks are termed “climate impact drivers ”

CIDs). They are climatic conditions that can be measured (mean and
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Fig. 5. IPCC AR6 WG1, SPM image 9 ( IPCC, 2021 ). 
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xtreme values of parameters and extreme events) and changes are ex-

ressed in terms of the confidence in those changes ( Fig. 5 ). With respect

o the ocean, the CIDs relate to ocean temperatures, sea ice, chemical

omposition, sea levels and their changes, and erosion. 

Of course, the ocean also contributes to other CIDs through its inter-

ction with the atmosphere and the consequent changes to the hydro-

ogic cycle, atmospheric temperatures, weather, and extreme events. 

Generally speaking, a changing climate prevents planning based on

ast experience. The new and evolving climate will be different to the

limates of the past, and there has not been enough time or effort to

dapt to these new conditions. Numerous recent scientific publications

ave provided guidance for social (and coastal) development in a chang-

ng climate (especially IPCC, reports). Toimil et al. (2020) reviewed the

hallenges that coastal areas will be subjected to as climate change con-

inues and proposed a refocusing of traditional development practices

o more “climate-aware ” approaches. There is a need to embrace un-

ertainty (challenging for designers planning infrastructure that has a

ifetime of many decades). Of course, there is uncertainty both in the

uture rate of climate change but also in the influence of climate change

n coastal regions. Other studies, such as Abraham et al. (2015 , 2017 )
6 
ocused on the connection between infrastructure and future climate re-

iliency and planning. So too, engineers are optimizing municipal infras-

ructure, especially water management systems, to function efficiently

n a changing climate ( Ghaderi et al., 2020 ). These references provide

nsight into how civil engineers view climate change in the context of

ong-term infrastructure planning. While there is some optimism, the

orld’s countries have not yet demonstrated a commitment to combat-

ng climate change that will achieve these goals. A much more pes-

imistic view is that societies will continue with business as usual for

he indefinite future. 

Similar warnings are also expressed in large international coopera-

ive scientific reports. For example, IPCC (2014) identified a number of

ifferent ways human society will experience a changing climate, in-

luding risks associated with the ocean, ocean temperatures, and ocean

evels. For example: 

• Many marine species have shifted their geographical range (high
confidence) 

• Impacts from climate-related extreme weather (heat waves,

droughts, floods, cyclones, wild fires, etc.) are changing (very high

confidence) 
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Fig. 6. IPCC WG2, SPM image 2 ( IPCC, 2014 ). 
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• Climate related impacts make other stressors more challenging, par-
ticularly for populations in poverty (high confidence) 

• Violent conflict increases vulnerability to climate change (medium
evidence) 

• Sea-level rise will increase adverse impacts on coastal communities
(e.g., submergence, coastal flooding, coastal erosion) (very high con-

fidence) 

• Spatial shits of marine-species habitation will challenge fishery pro-
duction and other bio-system services (high confidence) 

• Ocean acidification risks marine ecosystems, particularly in polar
regions and coral reefs (medium to high confidence) 

• Agricultural production will be negatively impacted for global tem-
perature increases in excess of 2°C (medium confidence) 

• Decreases in fishery yields, particularly at low latitudes (high confi-

dence) 

• Reduced biodiversity and coastal protection afforded by coral reefs,
increased coral bleaching and mortality (high confidence) 

• Coastal inundation and habitat loss due to sea level rise, extreme
weather, and changes to precipitation (medium to high confidence)

These and other projections are provided in the IPCC AR5 report

rom Working Group II, see Fig. 6 . 

. Long-term ( > 2060) climate actions 

Throughout the 21 st century and the following several centuries, the

cean changes will impact both coastal areas as well as non-coastal ar-

as —however the types of impacts will differ for these regions. For ex-

mple (Chapter 12 in IPCC, 2021 ), coastal areas are subjected to rising
7 
ea levels, coastal flooding, coastal erosion, more intense storm precipi-

ation, marine heat waves, ocean acidification, oxygen depletion, among

thers. Climate change is particularly important for these reasons both

ecause of the concentration of people and infrastructure near coasts as

ell as the proximity of the coastal areas to the warming ocean waters

 Gargiulo et al., 2020 ). On the other hand, even regions far from coasts

re also experiencing climate impacts, often through intensification of

he hydrological cycles and changes to weather patterns, as previously

iscussed. 

Recently, an assessment of different coastal adaptation strategies

as provided by Baills et al. (2020) for cases along the French coast.

he results, generalized to be applicable to other regions, assessed the

otential for success for various adaptation strategies. Among some of

he shortest decision timelines, the authors suggest steps such as the

reation of sand fences, cliff foot palisades, beach and dune restora-

ion, improved drainage, geotextiles, and sealed buildings. Longer-term

daptation measures include flood-proof buildings, floating or amphibi-

us buildings and residences, elevated buildings and residences, mov-

ble structures, raising coastal grounds for buildings, roads, bridges,

nd other infrastructure. Clearly this later group of measures will take a

uch longer time to implement but will also provide much longer last-

ng benefits. Multi-scale adaptation practices like this should be consid-

red throughout the globe. 

Also, cross-chapter box 9 in IPCC (2019) discusses the already-

ccurring changes that are experienced by islands and coastal regions

nd identifies Small Island Developing States (SIDS) and the differential

mpact that will occur in this century. Societies in coral reef or polar

egions will first exceed their ability to adapt to climate change —before

he end of the century —and that most low-lying areas will exceed adap-
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ation by 2100, or even by mid-century, because of sea-level rise. These

rojections affect a large portion of the Earth’s human population (11%)

nd a significant portion of the economic production. 

Of course, the susceptibility of a particular coastal city is dictated

ot only by global climate change but also on local factors (such as city

levation and global location —sea level rise is not uniform across the

lobe ( Scambos and Abraham, 2015 ; IPCC, 2019 ). Globally, the number

f people whose lives are impacted by coastal flooding will increase dra-

atically ( Wahl, 2017 ; IPCC, 2019 ; McMichael et al., 2020 ) —with hun-

reds of millions of people living within a few meters of sea level rise.

ome coastal communities can adapt to reduce the threat from climate

hange by building sea walls or raising the height of infrastructure, for

xample, or communities can lower the costs when climate change does

ccur (and reduce the costs of recovery). All of these adaptation mea-

ures required time, resources, and planning: three commodities that are

n short supply ( Solecki et al., 2011 ; Abraham et al., 2015 , 2017 ). 

Some urban areas are adapting by building more robust coastal in-

rastructure that is able to withstand short but intense storm surges and

recipitation. Many urban areas have adopted storm proofing of build-

ngs, residences, and infrastructure to reduce future repair costs. Exam-

les of these adoptions are improved building standards to resist high-

inds and the water proofing of infrastructure. As adaptation measures

re taken, a cost-benefit analysis should be used to drive the balance be-

ween adaptation and mitigation ( Stone et al., 2010 ; Araos et al., 2016 ;

hen et al., 2018 ; Cardona et al., 2020 ; Foti et al., 2020 ). 

In less developed or less urban environments, research paints a sim-

lar picture. However, often there is increased risk of displacement. For

xample, Chowdhury et al. (2020) attempted to understand the causes

nd impacts of displacement of coastal residents in Bangladesh, and the

limatic effects which primarily led to displacement were coastal ero-

ion and storms. Climate-related displacement exceeded displacements

ssociated with political strife or conflict. Climate-migration is clearly an

ssue that will require international cooperation, discussions of national

ecurity, robust cost-benefit analyses, and equitable distribution of re-

ources ( Oloruntoba and Banomyong, 2018 ; Ahmed, 2018 ; Brzoska and

rohlich, 2016 ). 

While beyond the scope of this brief review, other research has

lucidated the global climate change effects on food production

hrough agricultural stress ( Dasgupta et al., 2018 ; Clapp et al., 2018 ;

enkatramana et al., 2020 , as examples). Collectively, prior research

as detailed methods to characterize the vulnerability of different sys-

ems to climate change ( Kantamaneni et al., 2020 ) or the impacts on

cean-food production ( Brander, 2010 ; Harrod, 2015 ; Savo et al., 2017 ).

 comprehensive assessment of climate impacts was discussed in the

ourth National Climate Assessment (Chapter 8 in NCA, 2018 ); while

ocused on the United States, it has applications for other locations as

ell. 

Finally, there could be “high impact, low probability ” events (an un-

ikely event that would have significant consequences if it happens),

uch as an abrupt showdown of Atlantic Meridional Overturning Circu-

ation, large methane emissions from thawing permafrost or clathrates,

assing a tipping point for losing a major ice sheet, or an abrupt shift

nd transition of ocean ecosystem including massive extinction (Chapter

 in IPCC, 2021 ). 

. Concluding Remarks 

We started from the ocean role in climate and its changes as a basis to

iscuss the relationship between ocean heat content, temperatures and

limate, and the need for climate adaptation and mitigation at several

ifferent time scales. Using the UN Sustainable Development Goals as a

asis for relating climate change to its impacts on the health and vitality

f human and biological systems in near-term ( ∼2030), it is clear that
lobal warming in general, and ocean warming in particular, is a very

mportant issue for achievements of SDGs. Rising ocean temperatures

nd sea level are having negative consequences on coastal societies, and
8 
hose consequences will grow inexorably as time passes. There are still

xcellent opportunities to both reduce future warming and make our

ocieties less vulnerable to changes when they occur. The opportunities

hould be subject to cost-benefit analyses to ensure resources are well

pent. In addition, the implementation of both mitigation and adapta-

ion sustainable strategies should be performed with due consideration

f the various timelines for them to be realized. The scientific com-

unity is helping develop plans for future monitoring, management,

nd protection of the world’s oceans while supporting the UN Decade

f ocean science for sustainable development ( Ryabinin et al., 2019 ;

ttps://www.oceandecade.org/ ). These efforts will hopefully bear fruit

s we collectively work to sustain the hospitableness of Earth. 
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