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ARTICLE INFO ABSTRACT
Keywords: Effectively responding to intensifying climate change hazards requires identifying risks arising
Climate change from each response, as well as risks arising from the dynamic interactions between responses.

Response risk
Managed retreat
Solar geoengineering

Using examples of managed retreat and solar geoengineering, we illustrate the importance of
understanding response as a determinant of climate change risk. We highlight a continuum of
Cascading risk severity of response risks, both at the site of deployment and across temporally and geographi-
Compound risk cally distant contexts. While responses might moderate a specific hazard, due to the complexity of
Climate risk management climate change risk they may be ineffective at reducing net climate-related risk for any given
actor or system. We also show how some responses to climate change affect vulnerability,
exposure, and other responses to climate change independent of the targeted hazard and can lead
to maladaptation. We conclude by emphasizing the importance of integrating climate change
responses together with other determinants of risk to better inform climate risk management and
guide research on the feasibility of individual response options.

1. Introduction

There is urgent need for informed responses to climate change, including rapid greenhouse gas mitigation, more effective and
equitable adaptation, as well as broader response options. Expanded implementation requires a better understanding of climate change
response itself as an important determinant of climate change risk (Simpson et al., 2023, 2021). Response risks can include responses to
climate change failing to achieve their intended outcomes, as well as responses creating additional adverse outcomes as they exac-
erbate hazards, vulnerability, and exposure to climate change risk. As we consider combinations and the feasibility of available
response strategies, we must do so in the challenging context of both the climate risks we are attempting to avert and the possible risks
arising from individual responses. Here, we use examples of managed retreat and geoengineering to highlight the dynamic nature of
response risks, and how they interact with other existing vulnerabilities to climate change and the hazards they aim to prevent.
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2. Risk from response

Recognizing the importance of risk from climate responses, the Intergovernmental Panel on Climate Change (IPCC) recently
updated its risk framework to include response risks and assesses with ‘high confidence’ that “some responses to climate change result
in new impacts and risks” (IPCC, 2022) (see, Fig. 1). Such risks can arise from adaptation and mitigation, as well as negative emissions
technologies such as carbon dioxide removal. While all human decision making has the potential to affect hazards, vulnerabilities, and
exposure in the context of climate change, as we choose between response options it is especially critical to consider the risks that can
arise from these potential responses.

With calls for climate action now including more extreme responses there is heightened concern about the consequences of such
responses (Biermann et al., 2022; IPCC, 2022). For example, there are concerns that extreme responses might lead to policy inertia as
decision makers consider the ways in which committed responses might affect each other in a complex and changing world (Reed et al.,
2022; Simpson et al., 2021). As we delay deploying responses to consider these risks, we accept ongoing risk escalation as global
warming levels increase. At the same time, ‘quick-fix’ or uninformed responses can lead to maladaptation through feedbacks on
increased exposure and vulnerability to climate hazards, particularly for socio-economically vulnerable groups (Reed et al., 2022). Yet,
when responses are integrated within climate risk assessment and management there is greater potential to advance the urgency of
response and safeguards for the most vulnerable (Simpson et al., 2023). Both mitigation and adaptation responses can have co-benefits
with each other as well as with broader developmental goals. This can increase the efficiency and cost-effectiveness of climate actions
(IPCC, 2022).

The problem of response risks is amplified when the affordability of climate change response options is highly unequal. For
example, the majority of the global population will not be able to afford air conditioning units to cope with future warming levels for
most of the twenty-first century (Rode et al., 2021). This can occur even when, at the time of deployment, a selected response was
considered a feasible and effective hazard reduction strategy (Clark-Ginsberg et al., 2021; Eriksen et al., 2021; Magnan et al., 2016).

Critically, climate change response costs, co-benefits or trade-offs between response options affect more than just the target
beneficiaries. For example, they have potential consequences for decision makers, affecting their reputation and, under democratic
institutions, their probability of re-election (Carter et al., 2021; Healy and Malhotra, 2013, 2009). As another example, response costs
can affect constituents who may be spatially or temporally disconnected from those responses are aimed to protect (Simpson et al.,
2021; Thiery et al., 2021). Key to this consideration is the ‘risk-response feedback’ (Jebari et al., 2021): a model of the feedback
between risks and their responses that attempts to account for the full spectrum of risk associated a proposed activity. In doing so, ‘risk-
response feedback’ also outlines the trade-offs between multiple potential outcomes because of different combinations of available
greenhouse gas mitigation, adaptation, or other strategies targeting a climate-resilient future.
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Fig. 1. Integrating response as a dimension of climate change risk. Figure shows that risk is affected by the interactions between multiple
determinants, including multiple responses (bottom petal). Grey petals indicate interactions among each determinant of a risk, namely hazard,
vulnerability, exposure, and response to climate change. Interactions of multiple drivers within each determinant of risk include multiple responses
to climate change which affect other responses as well as other drivers of risk in aggregating, compounding and cascading ways (for example, how
adopting irrigation agriculture to better manage rainfall variability can improve livelihoods and nutrition, but can also negatively affect ground-
water). As climate change risk assessment spans all three Working Groups of the IPCC, the specific roles of risk determinants for risk related to
hazards, exposures, vulnerabilities and responses (including both adaptation and mitigation) have become an increasingly important feature of
climate risk assessment and management (IPCC, 2022; Simpson et al., 2021).
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Here we discuss two examples of response: the localized response of managed retreat and the global response of solar radiation
management. Both aim to manage one dimension of climate change risk, one avoiding the hazards associated with flooding and sea
level rise, and the other attempting to stabilize or reduce global average temperature, but in doing so they also introduce additional
risks (Fig. 2). These examples illustrate the degrees of severity of response risks, as well as variation in the extent of these risks as they
interact and compound with other determinants of risk, namely hazard, vulnerability, exposure, and response.

3. Risk from managed retreat

Managed retreat is currently considered primarily in the context of coastal and inland flooding. It refers to the removal of people,
assets, and infrastructure from areas of increasing risk of immediate flooding. It can involve buyouts of flood-prone properties or the
relocation of entire communities (Ajibade, 2019; Hino et al., 2017). Managed retreat has clear potential to reduce risk, especially if
residents relocate to safer areas. However, it is challenging for many reasons, including its potential impacts on disrupting peoples’
place attachment, social cohesion, economic opportunities, and heritage (McNamara et al., 2016). Managed retreat also has the
potential to disrupt communities that receive those who have been relocated (e.g., Forsyth and Peiser, 2021). It additionally has the
potential to exacerbate ongoing injustices for marginalized or oppressed communities. These “other reasons” are, in essence, risks from
the response.

Inherent in retreat is the simultaneous presence of benefits and harms—it effectively reduces some risks, but introduces response
risks that have the potential to exacerbate adverse outcomes (Mach and Siders, 2021). For some categories of incremental adaptation,
it is easier to focus on the benefits, but most adaptation responses have both benefits and harms. A giant seawall, for instance, can
fundamentally change one’s relationship with the coastline, whether the amenity of a view, the ecosystem services provided by a
coastline, or the ease of access to coastal transport or livelihoods. However, these response risks are sometimes overlooked or not
managed proactively. In the case of managed retreat, there has been an important focus on trade-offs, harms, and losses in order to
maximize benefits, minimize harms, and also support compassionate engagement with losses that are inevitable in a changing climate
(Tschakert et al., 2017). The management contexts range from circumstances where residents want out of an increasingly perilous

Risk from Example: Coastal Managed Retreat Example: Solar Aerosol Injection
Response

Response To move people and infrastructure away from

objective and hazards such as coastal flooding, sea level

target hazard rise, storm surge, erosion, and cyclones, and

to restore the land to open space

Geographic risks Localised effects on leaving and receiving

associated with sites (e.g., coastlines) and communities

deployment

Temporal risks Permanent, intergenerational change through

associated with relocation, as well as disruption of the local

deployment ecosystem and people’s relationship to the
coastline

Interaction with Can reduce flooding hazard by rebuilding

hazards natural floodplains and introducing a buffer
between people and the coastline

Interaction with Ongoing injustice for marginalized

vulnerabilities communities, e.g., where underserved

communities may be unable to move on their
own, or those who do move face discrimination
at the site of relocation

Interaction with Reduction in exposure for those who can

exposures move, those most socially vulnerable may
remain with increasing exposure

Interaction with Increased cost of coping and adapting in place

responses for those unable to move

Interaction with Risks from social integration at new site,

other risks solistagia, loss of sense of place and heritage,
property prices changes, or affordability of
insurance

Fig. 2. Examples of how risks can emerge from climate change response. Geographic and temporal limits to two examples of climate change
response are identified for coastal managed retreat and solar aerosol injection together with potential interactions of each response with associated
hazards, vulnerabilities, exposures, and additional resulting response strategies affecting risk.
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location yet finance and institutional support are not available, through to circumstances where residents may not consider relocation
even though costs and damages from remaining in place are increasing. In this second case, residents may reject financial and
institutional support for managed retreat in favor of remaining in place, especially if such support is insufficient to offset the loss of
home and community (Ajibade et al., 2022).

Despite its challenges, both managed and unmanaged retreat are likely to occur to a greater degree under increasing climate change
(Hauer et al., 2019), for hazards where the footprint is unavoidably explicit (such as sea level rise), and also for hazards where the
geographic extent and temporal occurrence of the hazards are more wide-ranging, episodic, or diffuse (such as wildfire or drought).
Increased incidence of unmanaged retreat in response to hazards is especially concerning, and preventable in part by more effective
managed retreat. When relocating in response to a hazard, people often move to less optimal areas than those engaging in managed
retreat (Do Yun and Waldorf, 2016). For example, in the wake of Hurricane Katrina, many who left New Orleans moved to other
counties within the state with even higher hurricane incidence (Eyer et al., 2018).

Reflecting its growing necessity, the amount of research on managed retreat has steadily increased over time (O’Donnell, 2022).
The challenges of the response risks point to the critical importance of implementation drawing from best practices, ranging from
visioning and planning stages, through to community-led implementation pursued through inclusive processes, transparent conflict
resolution, and a direct engagement with the risks of the response itself. The complexity of risks from the response of managed retreat
highlight the need to especially consider local geographic and socio-political contexts for successful implementation (Dedekorkut-
Howes et al., 2020; Siders et al., 2021).

4. Risk from geoengineering

Considering current and projected limits to responses to climate change and to-date ineffective measures to reduce greenhouse gas
emission, increasing attention turned to geoengineering. Geoengineering is a broad category which includes negative emissions
technologies such as bioenergy with carbon capture and storage or direct air carbon capture and storage (Fuss et al., 2018). Geo-
engineering additionally includes solar aerosol injection (or “solar geoengineering”). This form of geoengineering is the process of
increasing reflective particles in the stratosphere, which decreases global mean temperature by reflecting sunlight (IPCC, 2021). While
solar geoengineering does not address the underlying cause of climate change, by delaying or reducing global mean temperature rise,
solar geoengineering could buy time to implement other critical mitigation and adaptation strategies (IPCC, 2021).

These responses also introduce risks that could compound with the portfolio of available response policy options (Aldy et al., 2021).
However, compared to managed retreat, the response risks in this case extend far beyond where the strategies are deployed. Imple-
mentation may exacerbate or misestimate geographically and temporally distant risks as well as affect response capabilities of those
disconnected from decision making centers. As a consequence, while solar geoengineering buys time by slowing global mean tem-
perature rise, some argue the costs are too high (e.g., Robock et al., 2008). For example, geoengineering is projected to undermine
progress towards malaria eradication for nearly-one billion people at risk of malaria by 2070 (Carlson et al., 2022). Geoengineering
strategies targeting a reduction of warming are therefore not guaranteed to unilaterally improve developmental outcomes such as
health. The introduction of reflective particles in the atmosphere may affect global precipitation patterns, causing drying over east
Africa and India that disrupts summer monsoon seasons (Visioni et al., 2018). Such disruption would exacerbate food insecurity,
decreasing both agricultural production and water availability in the region (Mishra et al., 2020), as well as affect available sunlight
needed for solar energy systems (Hu et al., 2022). This insecurity would be felt most by already marginalized groups. Solar geo-
engineering is a response to potential climate change risks, but it compounds with other physical hazards, which then compound with
vulnerabilities to such changes in physical systems.

These compounding risks are not constrained to the locations in which solar geoengineering is deployed, raising questions about
how to best govern geoengineering research, development, deployment, and maintenance (Reynolds, 2019). Indeed, concerns about
an absence of an international institution with the authority, or adequate representation of the countries most vulnerable to solar
geoengineering response risks, has led some to introduce a non-use agreement (Biermann et al., 2022). But, as we face greater risks of
climate hazards, we will likely see growing public support for solar geoengineering (Andrews et al., 2018), and effective governance
will have to take into account the global nature of the potential risks from this response.

There are additional concerns that solar geoengineering could interact with other climate change response strategies. Because this
strategy delays the onset of climate disaster without addressing their underlying causes, many worry it will undermine a sense of
urgency that drives support for other necessary mitigation and adaptation policies (Markusson et al., 2018). This perverse decreased
support for other mitigation strategies, often referred to as “moral hazard”, has been theorized even in response to research about
geoengineering strategies (Bellamy et al., 2016; Hale, 2012; Markusson et al., 2018). This might excuse decision makers from taking
urgent climate action, and translate into increased carbon emissions (McLaren and Markusson, 2020). We emphasize that evidence
thus far finds learning about aerosol injection does not reduce individual mitigation efforts (Andrews et al., 2022; Merk et al., 2016).
Instead, this example serves to highlight the importance of considering mitigation strategies more broadly in the existing political and
policy context (see also (Jebari et al., 2021).

A single hazard or, in the case of solar geoengineering, a single climate response, when studied in isolation underestimates potential
risks. The case of solar geoengineering illustrates the potential far-reaching risks as responses interact with other physical and social
systems. Some evidence suggests there is support for such strategies as the risks of climate hazards rise (Andrews et al., 2018). But
response to climate risk cannot be considered in isolation. It needs to be integrated as a determinant of climate change risk for
assessment and informed action. The extent of such response risks depends both on the response being deployed and the context of its
deployment.
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5. Informed responses to climate change

A deeper understanding of dynamic response risks improves our ability to select and govern climate change responses. Our current
approach examines these risks in isolation, exemplified by the three working groups of the IPCC where mitigation (Working Group III)
has been assessed separately to hazards (Working Group I) and risk, vulnerability, and adaptation (Working Group II). Informed re-
sponses to climate change will require consideration of the interactions between all determinants of climate change risk, including
hazards, exposures, vulnerabilities, and responses (Simpson et al., 2021). Decision making tools under development, such as the Biden
administration’s Executive Order on Tackling the Climate Crisis at Home and Abroad (Biden, 2021), aim to integrate compound
exposure and vulnerability components with climate information to better understand the distributional impacts of climate change and
our responses to it. Critical to achieving this are efforts to integrate and understand better the interacting risks that result from climate
change responses (Simpson et al., 2021).

Managed retreat and solar geoengineering show how risks can emerge from climate change responses. We are not the first to
highlight the potential co-benefits and tradeoffs that arise from many mitigation and adaptation strategies, A large literature on risk
management has identified negative consequences of various approaches. For example, past work emphasizes the interrelationship
between mitigation and economic development (Cohen et al., 2019) and inland coastal water quality (Sinha et al., 2019), As another
example, burning biomass for energy production reduces net carbon emissions as we transition away from fossil fuels, but involves
tradeoffs with maintaining ecosystem services (Donnison et al., 2020). Others have pointed to a need to better determine whether
urban adaptation strategies exacerbate or ameliorates existing inequities (Anguelovski et al., 2016).

These response risks vary in their geographic and temporal limits and potential interactions with other hazards, vulnerabilities,
exposures, and support for other response strategies. This should not be taken to mean we should avoid strategies that, on their face,
seem potentially risky. And indeed, response risks arise from more localized adaptation strategies like managed retreat as well as
strategies not discussed here. For example, migration can reduce risk to a specific hazard but migration policies can increase the
vulnerability of migrants (Cundill et al., 2021). As another example, global carbon pricing policies can have local unintended con-
sequences. Such pricing shifts the distribution of energy and agricultural production, and will likely overtax river basins such as the
Zambezi Watercourse (Abdullah et al., 2022).

A response risk framework is more expansive than a focus on maladaptation (situations in which purposeful adaptation increases
risk, e.g., Juhola et al., 2016). First, it subsumes a multitude of strategies that purposefully address climate risks, including not only
adaptation but also strategies such as mitigation and negative emissions technologies. Second, this framework identifies that responses
can mobilize or demobilize other existing priorities across different stakeholders. This this is highlighted, for example, in concerns that
the solar radiation poses the response risk of demobilizing other mitigation strategies. This latter component historically has been
outside of the scope of maladaptation. This more holistic understanding of response risks improves policy decisions in other domains as
well. Risks from response are evident, for example, in the decision to close schools to prevent the spread of COVID-19. While doing so
saved lives, it negatively affected learning outcomes — especially for low-income students (Psacharopoulos et al., 2021).

Progress in understanding multi-variate interactions of climate change responses will improve our ability to estimate climate
change risk and better inform risk management. This is true across the response options discussed here and may identify more climate
resilience development pathways, expose gaps in climate risk management approaches, and demonstrate opportunities for more in-
clusive and positive outcomes. We need to develop ways that responses can be tracked and understood that go beyond ex post studies
and provide more substantial real-time feedback for decision makers. New opportunities need to be created to provide policy relevant
and supportive evaluation of adaptation actions as they are occurring. We also need to create safe spaces to fail, recognizing that failure
is often harder to understand because no one wants to talk about it — yet it may be essential to understanding where response risks are
posing barriers and even limits to adaptation.
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