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Abstract

Well-being impacts of climate change, particularly on human integrity (Health) and living
conditions (Place), are severe but often underrepresented in Integrated Assessment Models
(IAMs). When included, these impacts are typically modelled using simplistic top-down
approaches, while bottom-up representations linking hazards to impacts, which offer high
transparency and process detail, are largely overlooked. Recent trends connecting IAMs
with the Impact, Adaptation, and Vulnerability (IAV) community offer an opportunity to
improve the representation of well-being damages. Here, we conduct a scoping review
resulting in a mapping of 37 modelling studies, revealing a diverse range of approaches,
with variation in hazards, impacts, and modelling choices. Key gaps include weak rep-
resentation of inequality, a lack of multi-channel assessments, and an overrepresentation
of northern regions. We propose a roadmap to enhance climate impacts representation on
Health and Place in TAMs, using improved data and large-scale multiregional models to
generate results that better support decision-making.
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1 Introduction

Climate change threatens multiple dimensions of human well-being. In the framework pro-
posed by Adger et al. (2022), Health and Place are identified as two key components espe-
cially vulnerable, which can be affected through pathways like extreme events that cause
displacement and mortality, disruptions to ecosystem-based livelihoods, deterioration of
health services, loss of place attachment, and damage to physical and cultural heritage.
Quantitative assessments indicate that impacts on human health and displacement could be
particularly severe (Ciscar et al. 2019; Lenton et al. 2023; Cattaneo et al. 2024).

Despite their importance, climate change impacts on Health and Place are poorly repre-
sented in traditional Integrated Assessment Models (IAMs), distorting estimates of climate
change’s socioeconomic consequences (Rothman et al. 2003; Adger et al. 2011; Bosello et
al. 2012). IAMs often represent climate impacts on well-being through top-down methods
like aggregated damage functions linking GDP and global temperature, which estimate total
socioeconomic at a macro scale in a single metric (Diaz and Moore 2017; Capellan-Pérez et
al. 2020). These approaches overlook individual impact channels, unlike bottom-up meth-
ods that offer greater transparency in explaining climate change impact processes (Piontek et
al. 2021). Furthermore, simplistic damage modelling in turn limits adaptation and inequality
representation, reducing insights into adaptive capacity and vulnerability reduction (Den-
nig et al. 2015; Emmerling and Tavoni 2021; Asefi-Najafabady et al. 2021; Schwarze et al.
2022). For example, analyzing Health and Place climate-related impacts (such as extreme
heat, which raises mortality and reduces urban habitability) in a bottom-up way can improve
understanding and guide targeted and concrete adaptation policies (e.g., urban greening and
heat-resilient housing).

To address these limitations, the expanded definition of IAMs given by Fisher-Vanden
and Weyant (2020) is particularly relevant. It goes beyond traditional global models focused
on deriving greenhouse gas (GHG) emissions scenarios by including under the term IAMs
those modelling frameworks coupling natural and human systems, thereby widening the
field for climate impact and adaptation assessment. This shift has led to the emergence
of Impacts, Adaptation and Vulnerability IAMs (IAV-IAMs), highlighted in recent reports
(Moss et al. 2016; Kling et al. 2017). Identifying these models within the integrated assess-
ment community is essential for better climate damage representation and fostering collabo-
ration between AV and mainstream [AM research.

While previous reviews have examined well-being-related climate impacts in IAMs
(Diaz and Moore 2017; Rising et al. 2022b), they have not systematically applied a review
method aiming at identifying integrated models capturing bottom-up impact channels on
Health and Place instead of top-down aggregated damage modelling. To fill this gap, we
conduct a scoping review to provide a mapping and preliminary assessment of the avail-
able studies on integrated assessment modelling showing bottom-up impact channels on
the well-being categories of Health and Place proposed by Adger et al. (2022). We focused
on Health and Place because they combine high vulnerability to climate change with lim-
ited representation in traditional Integrated Assessment Models. In this study, Health refers
to human physical and mental health and health systems, while Place encompasses the
physical, social, and cultural dimensions of a location, including heritage, identity, and the
impacts of migration or displacement. The review is classified as a scoping review because
it aims to map evidence, synthesise diverse study designs, and identify literature gaps in
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underexplored areas (Mays et al. 2001; Arksey and O’Malley 2005; Munn et al. 2018). We
also use an expanded definition of IAMs aligned with the IAV-IAM approach to ensure the
field is widened to find bottom-up impact channels.

Our review results in a database of studies that we analyze for hazards and impacts, mod-
elling approaches, heterogeneity and inequality, geographical assessment, and key findings.
This paper reviews the progress made to date in the field and provides recommendations for
future work in the representation of climate impacts on Health and Place in IAMs, includ-
ing identification of key gaps, promising methodologies for further exploration and poten-
tial new approaches to investigate. These insights aim to guide future integrated modelling
efforts and contribute a valuable resource for researchers working on climate change impact
assessments.

The remainder of the paper is structured as follows: Sect. 2 explains the methodology
followed for the scoping review; Sect. 3 provides the main results from the database analy-
sis; Sect. 4 includes the discussion (including gaps identification and roadmap), and Sect. 5
offers a conclusion.

2 Methodology

The methodology of this paper involves conducting a scoping review, followed by the cre-
ation of a database of modelling studies (Supplementary Data).

Scoping reviews share systematic elements like transparency and replicability but tend
to be more exploratory and less exhaustive than full systematic reviews (Grant and Booth
2009). As a type of systematic review, scoping reviews follow reproducible steps to mini-
mize bias (Tranfield et al. 2003; Moher et al. 2009). We followed and adapted the stages
of the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
framework (Page et al. 2021) as in previous scoping reviews (Santo et al. 2024). This paper
uses two parallel searches, one for Health and one for Place, which were later merged for
joint analysis. Figure 1 presents flowcharts for each search, outlining key stages: identifica-
tion, screening, and inclusion.

In the identification phase, we defined keywords and a search protocol. Health and Place
keywords were selected to align with the operationalization of the concepts discussed, using
Adger et al. (2022) as a reference. These were combined with keywords related to climate
change impacts and integrated assessment modelling, which were chosen aiming to cover
as much literature as possible, based on knowledge of typical keywords used in the research
field. Thus, the Health Boolean search was (“climat™ change” OR “sea-level rise” OR
“extreme weather event” OR “extreme event” ) AND ( “impact*” OR “damage” ) AND
( “health” OR “death” OR “morbidity” OR “disease” OR “mortality” OR “nutrit” OR
“healthcare”) AND ( ( “integrated assessment” AND “model” ) OR “integrated model*”)
and the Place Boolean search was (“climat® change” OR “sea-level rise” OR “extreme
weather event” OR “extreme event” ) AND ( “impact*” OR “damage” ) AND ( “migra*”
OR “displacement” OR “place” OR “cultur*” OR “heritage” ) AND ( ( “integrated
assessment” AND “model” ) OR “integrated model*”). We searched for these keyword
combinations in titles, abstracts, and keywords in the Scopus database on March 27, 2024,
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PRISMA 2020 Flow diagram for new systematic reviews which included searches of databases, registers and other sources

HEALTH PLACE
of studies via d registers Identification of studies via databases and registers J
— —
< Records removed before £ Records removed before
% screening. 2 screening
g Records identified from Duplicate records (n = 15) 5 Records identified from Duplicate records (n = 3)
£ databases Not peer-reviewed papers & databases Not peer-reviewed papers
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Fig. 1 Adaptation of the PRISMA 2020 flowchart of the article selection process

covering 1995-2024. Only peer-reviewed journal articles were included!, excluding books,
book chapters, conference papers, and reports, following similar reviews (Pastor et al. 2020;
Jungell-Michelsson and Heikkurinen 2022). Duplicates, inaccessible articles, and non-Eng-
lish papers were removed.

The screening phase is subdivided in two stages: screening and eligibility. Screening
involves reviewing abstracts and applying inclusion and exclusion criteria (Table 1). When
it is unclear whether a paper meets the criteria by reading the abstract, we move it to the eli-
gibility stage. Eligibility involves full-text reading® and the application of the same criteria.
Once eligibility is completed, we moved to the inclusion phase, which refers to including
the selected records in a final database for the analysis.

The review resulted in 38 papers: 29 from the Health search and 9 from the Place search.
These were compiled into a final database, which can be consulted in the Supplementary
Data, along with other information about the search, identified records, and the final papers
selected.

In the database, each line represents a study or modelling exercise, not necessarily one
paper. Studies were grouped by model application to climate impact analysis, not by TAM.
After reviewing the papers, some were split or combined, resulting in 37 studies.

The created database (Supplementary Data) provides a structured framework for map-
ping available evidence and identifying gaps. It includes the following information, anal-
ysed in the Results section:

! We additionally examined the most updated documentation of the five IAMs commonly used by the IPCC
for their scenario analysis (IMAGE, GCAM, MESSAGE, AIM/CGE, REMIND) but we did not find any
additional information to include in the review that was not already captured.

2 This process was carried out twice to ensure the correct interpretation of the results.
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Table 1 Inclusion and exclusion criteria for the screening and eligibility

Inclusion criteria

Exclusion criteria

i) The paper contains a modelled representation of climate
change effects on areas related to Health —encompassing
human health (including aspects such as mortality, diseases,
and nutrition) and healthcare systems— and/or Place, rep-
resented in terms of migrations, displacement and physical
and cultural heritage.

ii) The paper contains a representation of impact channels
through specific hazards and impacts.

iii) The paper contains an integrated and quantitative model
(or set of models), including all those that self-refer to their
model as an IAM, integrated model (IM) or similar (e.g.
Integrated Modelling Framework (IMF), Integrated Assess-
ment Modelling Framework, etc.). The model should align
with the following definition of IAM, based on the category
of IAV-IAM proposed by Fisher-Vanden and Weyant
(2020): a tool or modelling framework of coupled detailed
system models that capture interactions between natural and
human systems across spatial and temporal scales. It should
also be able to provide future scenarios and projections.

iv) The paper includes impacts of climate
change mitigation, but not the effects of
climate change as a climate hazard.

v) The paper includes impacts from natural
phenomena such as extreme weather events
or other greenhouse gases emissions-relat-
ed problems (e.g., air pollution), but it does
not explicitly relate them to climate change.
vi) The paper does not provide a numerical
and computational integrated assessment
modelling exercise.

vii) The paper does not include future
scenarios or projections.

viii) The paper includes effects of climate
change on environmental quality indicators
or ecosystem health without explicitly
including human health or emplacement
assessment.

ix) The paper does not explicitly include
climate change impacts on human health or
place-related variables.

e Basic Information, with information about the number of studies, the references, publi-

cation year, and DOI (Digital Object Identifier).

e Hazards and impacts, including information on the variables and indicators used in the

studies (Sect. 3.1).

e Methods, including diverse methodological information on the models used or devel-

oped (Sect. 3.2).

® Geographical Information, including details of the geographical case studies, the level
of disaggregation, and the funding region (Sect. 3.3).
e Heterogeneity and Inequality, including the type of representation of inequality, if any

(Sect. 3.4).

e Findings, including a synthesis of the main findings from the impact modelling exercise

(Sect. 3.5).

To extract, analyse, and present the results of the scoping review, we followed the rec-
ommendations of Pollock et al. (2023). Our approach primarily relied on qualitative con-
tent analysis, using mainly inductive extraction® and analysis to categorize the information
emerging from the modelling studies. For the hazards and impacts, we adopted an induc-
tive-deductive approach, considering the climate change pathways framework of McMi-
chael et al. (2006) as a starting point for generating the thematic groups. Additionally, we
used techniques such as frequency counts and tabular/graphical presentation (see Results)

to map the information.

3 According to Pollock et al. (2023), inductive analysis involves developing categories or frameworks during
the extraction process, whereas in deductive analysis, a predefined framework is used.
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3 Results

This section presents a synthesis of the main results obtained after the content analysis. For
details, consult the extensive information available for each paper in the database (Supple-
mentary Data).

3.1 Hazards and impacts

Hazards and impacts are categorized to better understand the impact channels represented
by each modelling study. This structure helps to identify specific bottom-up causal chains.
Figure 2 shows the frequency of each hazard and impact relative to the total hazards and
impacts identified across all studies.

Tables 2 and 3 expand on how hazards (Fig. 2a) and impacts (Fig. 2b) are defined in this
study and represented in the models through different indicators and variables, respectively.

We also assessed how many modelling studies incorporate multiple impact channels,
such as various hazards or impacts, as this is key to realistically representing climate dam-
age. Figure 3 shows that most studies focus on the representation of a single hazard or
impact, while some of them are ‘multi-channel’ but with a limit of 3 impacts and 4 hazards
as much (Liu et al. 2024). Among those multi-channel studies, we found that these typically
cover mortality impacts associated with various climate change hazards (Zhao et al. 2020;
Pottier et al. 2021), morbidity impacts of different hazards (Ikefuji et al. 2014), or both
mortality and morbidity impacts of only one hazard (Reilly et al. 2013; Geels et al. 2015;
Saari et al. 2019). There are also a few cases in the Health category covering the effects of
multiple hazards and multiple impacts (Ibarraran et al. 2010; Ikefuji et al. 2014; Oda et al.
2023; Liu et al. 2024).

3.2 Modelling methodologies

The expanded definition of IAM followed in this work allows us to capture a wide variety
of models using different modelling methods, leading to a high diversity of methodolo-
gies. We categorize the methodologies of the studies based on three key dimensions: (i)
how climate change hazards are represented; (ii) the model’s degree of integration; and (iii)

a Hazards b Impacts

W Thermal stress
W Mortality

Climate-exacerbated air ® Morbidity

pollution
® Migrations

W Impaired quality and
availability of natural
resources

W Cultural Assets and
Services

m Life Quality

m Vector-borne diseases

| Diet Quality

B Occupational Health
m Other extreme weather P

conditions

Fig. 2 Distribution of hazard (a) and impact (b) types, shown as percentages of total hazards and impacts
identified across all studies
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Table 2 Hazard categories, definitions, and modelling examples

Hazard Definition Representation in the studies
Thermal Harm caused by Heat stress is often represented using global or regional surface
stress exposure to tem- temperature increases (Nakajima et al. 2020; Lupi and Marsiglio
peratures beyond 2021; Pottier et al. 2021), while some studies use the Wet Bulb Globe
tolerable thresh- Temperature (WBGT) (Takakura et al. 2018; Matsumoto et al. 2021).
olds, including Cold stress is also considered in certain analyses (Ciscar et al. 2019;
heatwaves and cold Bressler et al. 2021).
spells.
Impaired Degradation or Deterioration of water resources is represented through potable water
quality and  reduction of essen-  quality-related variables (Bertone et al. 2019) or as total ammonium
availability  tial resources due load spilled on water estuaries (Pouso et al. 2019). Water and food
of natural to climate-related ~ quality reduction is represented through diarrheal prevalence (Liu et
resources processes. al. 2024). Impacts on food availability are represented through plant

Vector-borne

Illnesses transmit-

productivity (Liudeke et al. 1999) and food production losses (Malik
et al. 2022). Others model a general resource deprivation through
economic variables affected by temperature (Benveniste et al. 2020,
2022; Cruz and Rossi-Hansberg 2024).

Mainly refers to climate change-induced malaria (Martens 1995; Tol

diseases ted by climate-sen-  2008; Ikefuji et al. 2014; Semakula et al. 2017). Some also include
sitive vectors (e.g., climate change-induced dengue (Zhao et al. 2020; Pottier et al. 2021;
mosquitoes, ticks)  Chen et al. 2023; Liu et al. 2024).
whose range, abun-
dance, or activity
is influenced by
climatic changes.
Climate-ex- Deterioration of Increase in fine particles (PM2.5) and ozone (O3) due to temperature
acerbated air air quality caused  increase or changing weather (Knowlton et al. 2008; Reilly et al.
pollution or intensified by 2013; Geels et al. 2015; Hendriks et al. 2016; Saari et al. 2019; Shen
climate (mainly et al. 2022)%
temperature)
factors.
Other Hazardous me- Floods (Oda et al. 2023; Tierolf et al. 2023; Liu et al. 2024), droughts
extreme teorological events  (Ibarraran et al. 2010; Liu et al. 2024), heatwaves and cyclones
weather outside the thermal (Malik et al. 2022), snow disasters and freezing (Liu et al. 2024),
conditions  category. heavy precipitation, humidity, solar radiation, wind or air pressure

(Andersson et al. 2015; Kirchner et al. 2015; Kaspersen and Halsnaes
2017). Some extreme events are modelled using direct drivers (e.g.,

Oda et al. (2023) uses projected annual maximum inundation extent)
or indirect ones such as average temperature change (Liu et al. 2024).

*As mentioned in Table 1, climate-exacerbated air pollution is only included when explicitly related to
climate change, representing the phenomena such as the known as ‘climate penalty effect’ (Yin et al. 2023).

how climate change impacts are represented. Figure 4 illustrates this mapping, with the fre-
quency of each methodological approach across dimensions. Hazards (i) and impacts (iii)
mark the start and end of the bottom-up chains analysed, making their representation central
to understanding the different modelling approaches. We examined whether hazards arise
from scenarios (exogenous) or climate modelling (endogenous), as this reveals the level of
integration, feedback accounting, and transparency. The way impacts are expressed also
shapes the conceptualization and interpretation of results later used in policy making (see
Discussion for more details). Finally, we assessed the integration level (ii) to distinguish
fully linked IAMs from softer connections within integrated modelling frameworks, allow-
ing us to map prevailing approaches.
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Table 3 Impact categories, definitions, and modelling examples

Impact Definition Representation in the studies

Mortality Climate-related increase in ~ Excess of deaths (Sharma et al. 2022), the number of prema-
the frequency or likelihood  ture deaths (Shen et al. 2022), the mortality rate (Ciscar et al.
of death within a population. 2019), daily deaths (Knowlton et al. 2008), the relative risk

of mortality (Hendriks et al. 2016) or the disability-adjusted
life years (DALY's) (Martens 1995).

Morbidity Adverse health conditions DALYs (Martens 1995; Ikefuji et al. 2014; Oda et al. 2023;
or diseases linked to climate Liu et al. 2024), hospital admissions and the number of
drivers. cases of nonfatal acute myocardial infarction and respiratory

symptoms (Saari et al. 2019).

Migrations  Permanent or temporary Migration flows, either international flows (Benveniste et al.
displacement of people 2020, 2022) or national flows (Barbieri et al. 2010; Tierolf
triggered or intensified by et al. 2023). Population density is also used as a proxy of
climate-related factors. migration (Cruz and Rossi-Hansberg 2024).

Cultural Loss or alteration of mate-  Historical and cultural assets (Kaspersen and Halsnaes

Assets and  rial, symbolic, or experien-  2017), proxies of cultural services such as a recreational

Services tial values associated with  fishing satisfaction index (Pouso et al. 2019), a recreational
cultural heritage and natural forest service index (Andersson et al. 2015) and the Shan-
environments. non Diversity Index (an indicator for measuring landscape

aesthetic) (Kirchner et al. 2015).

Diet Quality Changes in the nutritional Macronutrients and micronutrient losses, energy intake
adequacy, diversity, and losses and monetary consumption losses (Malik et al. 2022).
safety of available food af-  Production of dietary nutrients, particularly vitamin A, ex-
fecting human health. pressed in consumer units that can be fed given the produc-

tion level (Kozicka et al. 2020). Nutritional Index as a proxy
of the protein consumption per capita (Ibarraran et al. 2010).

Occupation- Impacts on the ability to (Matsumoto et al. 2021; Chen et al. 2023; Oda et al. 2023),

al Health perform work safely and labour force levels losses (Ikefuji et al. 2014; Takakura et al.
effectively under climate- 2018), and their associated economic losses. Also work loss
related conditions. days and minor restricted-activity days (Saari et al. 2019).

Life Quality Broader dimensions of Climate impacts on fertility rate and life expectancy (Ibar-

human well-being, includ-
ing aspects related to Health
and Place not covered in the
other sub-groups.

raran et al. 2010), damages on natality rates (Cruz and
Rossi-Hansberg 2024). representing damages on natality
rates.

Regarding how climate change hazards are represented, we identify two main strategies:
using specific and exogenous hazard scenarios and using climate models (which endog-
enously compute the hazards). The first strategy is followed by 16% of the studies and is
computationally simpler. One example is Malik et al. (2022) using eight climate change
scenarios differing in crop and food production losses due to different assumptions on
climate change, adaptation, and extreme weather events impact. Similarly, Kozicka et al.
(2020) introduce climate change through exogenous scenarios of climate variables affecting
biophysical variables. As examples of the second strategy, we find modelling frameworks
including a climate module. Here, we find two different sub-strategies: using simple climate
models (38% of occurrence) (e.g., Bressler (2021) or using complex climate models (46%)
such as Global Circulation Models (GCMs) or Earth System Models (ESMs) (e.g., Shen
et al. (2022). Integrated models using climate models use greenhouse gas (GHG) emission
projections to feed climate variables. While some of them use Intergovernmental Panel on
Climate Change (IPCC) standard emissions scenarios (Andersson et al. 2015; Pottier et al.
2021), others (17%) endogenously compute the emissions (Saari et al. 2019; Shen et al.
2022), therefore better capturing hazard-impact feedbacks.
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m Climate Change Hazards ™ Health and Place Impacts

Fig. 3 Number of studies by number of hazards and impacts covered

Climate Change Hazards Representation Endogenous Hazards (Climate Models)

'Exogenous Hazards (S‘cénarios) Simple Climate Models Complex Climate Models

(6 studies, 16%) (14 studies, 38%) (17 studies, 46%)

Type of model

Ensemble of Models Single Model
(Integrated Modelling Framework) (Integrated Assessment Model)

(25 studies, 68%) (12 studies, 32%)

Climate Change Impacts Representation
Monetary Impacts

Physical Impacts Other Indicators

Parametric methods | Modelling methods

= (15 studies, 23%)
(29 studies, 44%) (8 studies, 12%) (14 studies, 21%) !

Fig. 4 Mapping of the methods used by the different studies

By analyzing the type of modelling study and the level of integration, we identify two
major approaches: (1) modelling frameworks composed of different models linked between
them (68%), and (2) single models composed of different modules fully integrated (32%).
Within each major category, we find various methodological approaches. Examples of mod-
elling ensembles are the Danish Integrated Assessment System (DIAS) (Kaspersen and
Halsnaes 2017), which includes climate data processing (downscaling and extreme value
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analysis), hydrological and agricultural impact models, and economic valuation. Another
example is Kirchner et al. (2015), which links climate, forest, crop, land use and input-
output models into a common framework. In the single model category, we also find diverse
strategies ranging from system dynamic models (Bertone et al. 2019) to agent-based models
(Tierolf et al. 2023), input-output models (Malik et al. 2022), cost-benefit analysis (CBA)
(Bressler 2021) and fuzzy-logic models (Liideke et al. 1999), among others. We also find
well-known IAMs used by governmental institutions or the IPCC to make political rec-
ommendations. Some examples include applications of DICE (Lupi and Marsiglio 2021;
Sharma et al. 2022), FUND (Tol 2008; Zhao et al. 2020), IMAGE (Martens 1995), MES-
SAGE-GLOBIOM (Shen et al. 2022) and AIM/CGE (Oda et al. 2023).

Regarding the climate change impacts, we observe three general approaches for their
calculation: physical impacts, monetary impacts and other indicators. The physical impacts
approach is the most common (44% of occurrence), with examples such as deaths (Pottier
etal. 2021) or dietary nutrients (Kozicka et al. 2020). Climate change impacts analysed here
are frequently represented in monetary terms (33%), especially in studies calculating the
monetary costs of mortality (Zhao et al. 2020; Bressler 2021) but not exclusively. Monetiza-
tion of damage is also done for morbidity impacts and or occupational health losses (Ciscar
et al. 2019; Matsumoto et al. 2021). We also find differences regarding the methods used
for monetization: parametric methods (12%), such as the Value of Statistical Life (VSL),
directly multiply physical losses by a monetary cost (Zhao et al. 2020), while modelling
methods (21%), like the use of Computable General Equilibrium (CGE) or Input-Output
models include more complex dynamics (Reilly et al. 2013). The calculation of an endog-
enous VSL is also found in one study (Benveniste et al. 2020, 2022). Concerning the calcu-
lation of other indicators (23%), we find a high heterogeneity. Examples are the DALY, the
fertility rate or the cultural indicators mentioned above (Ibarraran et al. 2010; Ikefuji et al.
2014; Andersson et al. 2015; Kirchner et al. 2015).

3.3 Geographical scale and coverage

We analyze both their geographical scale (global, regional -defined as a group of countries-,
national or subnational level) and geographical coverage (areas included). Many studies
extend across the entire world but provide disaggregated information at lower levels. If a
study provides only one value for the entire world, it is considered global. However, if it
provides disaggregated data for all world countries, it is categorized as global, regional, and
national. If a study uses Geographical Information Systems (GIS) to present global data at
subnational levels, it is categorized as global, regional, national, and subnational. Analy-
sis of the geographical scales in the database (Fig. 5) shows that the subnational level is
most common (29% of occurrences), followed by national (26%), regional or multi-country
(25%), and global (21%).

Concerning the geographical coverage, we find that, from the 16 studies covering the
whole world, 14 studies provide spatially disaggregated information at sub-global level,
varying on the level of disaggregation. Figure 6 shows the distribution of the studies among
geographical areas. This shows that northern and developed regions receive more atten-
tion in research compared to southern regions. Europe stands out as the continent with the
highest number of modelling exercises, with specific studies focusing on certain European
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Geographical Scale

21% B Subnational
B Regional (group of countries)
National

Global

26%

Fig.5 Distribution of geographical scales, expressed as a percentage of the total times each scale appears

ber of studi N B

pr
information on the region TS 4

14 Studies / \7<,’( E
15 Studies ) B
16 Studies '
@ 17studies gL .
@ 1gstudies & .
@ 19Studies

Fig. 6 Number of studies by geographical coverage. Subnational studies are coloured at national level

countries. The United States and China also have dedicated modelling studies. Conversely,
South America, Asia, and South Africa are significantly less studied in comparison.

By crossing information on hazards and impacts and geographical coverage we find that
all the climate change hazards are covered by studies at global level. In terms of the impact
areas affected, we find that Diet Quality and Cultural Assets and Services are only addressed
by certain national and subnational studies.
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3.4 Heterogeneity and inequality

We analysed how the studies account for heterogeneity and inequality in assessing the vary-
ing impacts of climate change. From our sample, we observe that most of them represent
heterogeneity or inequality somehow (73%). However, most of the studies represent this by
simply disaggregating in geographical terms (26 studies, 70%). There are certainly numer-
ous differences among the studies which represent geographical heterogeneity, varying in
the level of detail, as explained in the previous section. The second most common type of
heterogeneity representation is age heterogeneity, available in four studies (11%). The level
of detail and the construction of the different age groups also vary. For instance, Pottier et
al. (2021) provide impacts for five age cohorts whereas Geels et al. (2015) only differentiate
between two groups: children and adults.

Social class inequalities are also available, represented by five studies that use different
ways for representing them. We find studies measuring income differences (Benveniste et
al. 2020, 2022; Tierolf et al. 2023) and economic sectors differences (manifesting differ-
ent levels of occupational health damages depending on industry-based differences in the
job exposure to heat stress) (Takakura et al. 2018; Matsumoto et al. 2021). Malik et al.
(2022) consider many inequality dimensions related to social class and racial elements. For
instance, since they differentiate across vulnerable communities considering elements like
living on rural or urban areas, being indigenous, the education level, and the attainment and
tenure. The study of Tierolf et al. (2023) also creates different household classifications and
uses elements such as place attachment, income and even risk perception to differentiate
them and thus to analyze the implications of these elements in the coastal migration deci-
sions. The representation of sex inequality is present in one study (Pottier et al. 2021).

3.5 Findings

Scoping reviews typically do not compare or synthesize findings like meta-analyses or full
systematic reviews. This study focuses on exploring the diversity of representations rather
than comparing results, given the varied geography, scenarios, methods, time frames, and
impact channels of the studies analysed. Here, we present a qualitative appraisal of key find-
ings (see Supplementary Data for details on each study).

Studies consistently support some well-known patterns: a strong positive link between
emissions and impacts, the crucial yet limited role of mitigation and adaptation (which are
important for reducing damages but unable to eliminate them entirely), and disproportionate
harm to poorer and southern populations. However, there is no strong consistency in identi-
fying the most severe damages or their extent.

For Health, a study in China assessing various hazards ranks extreme weather conditions
on mortality among the most significant (Liu et al. 2024), while another, also considering
these effects, finds occupational health most harmful in monetary terms (Oda et al. 2023).
Also, while most studies agree that climate change will have severe and worsening impacts
on health, some project modest effects (Pottier et al. 2021) and even positive effects in
certain regions (Reilly et al. 2013; Matsumoto et al. 2021). Consistent findings include pro-
nounced occupational health impacts in outdoor sectors like agriculture (Matsumoto et al.
2021; Chen et al. 2023). Two global studies also identify China and India as thermal stress
hotspots (Ikefuji et al. 2014; Nakajima et al. 2020) and Sub-Saharan Africa for malaria
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(Martens 1995; Tol 2008). Also, studies assessing Health alongside other impacts not cov-
ered in this review (e.g., agriculture, coastal, energy) consistently rank health impacts (par-
ticularly mortality) among the most severe (Ciscar et al. 2019; Zhao et al. 2020; Liu et al.
2024).

For Place, findings are very varied. We identified a study that found damages to cultural
assets in Austria to be minimal (Kirchner et al. 2015) and some counterintuitive results and
mixed findings among migration studies. For instance, Cruz and Rossi-Hansberg (2024)
project increased migration from the Global South to the North, while Benveniste et al.
(2020, 2022) suggest the opposite: South-to-North migration (conceived as an adaptation
strategy in this study) decline, particularly among low-income households, due to climate-
driven resource immobility.

4 Discussion
4.1 Discussion on the results and gaps identification

Our exploratory scoping review reveals a broad spectrum of hazards and impacts, methods,
geographies, representations of heterogeneities and inequalities, and findings in the repre-
sentation of climate impacts on Health and Place in IAMs; however, many gaps remain.

While studies cover many hazards and impacts, most focus on just one or two (Fig. 3).
Some exceptions cover multi-hazard and multi-impact modelling exercises (Ikefuji et al.
2014; Oda et al. 2023; Liu et al. 2024). However, no studies cover all the hazard and impact
categories, and only two studies address impacts in both the Health and Place categories
(Benveniste et al. 2020, 2022; Cruz and Rossi-Hansberg 2024). A systemic approach that
integrates multiple impact channels within a single modelling framework—enabling a
holistic understanding of climate change impacts on Health and Place, including interrela-
tionships and trade-offs—remains largely absent.

According to the IPCC (2022, pp. 1127-1128), key climate-sensitive outcomes related to
Health and Place are vector-borne diseases, water-borne diseases, infectious diseases, heat-
related diseases, mental health, undernutrition, and migration and displacement due to acute
events (e.g. extreme events) or chronic changes (e.g., changing climate conditions). While
certain studies cover some of these impacts, some areas remain unexplored. Mortality due
to acute climate events is covered by only one recent study (Liu et al. 2024), and mental
health effects are not covered at all. Impacts on healthcare systems are completely absent as
well. Key phenomena like involuntary migrations and displacement due to extreme weather
in the world’s southern regions (IPCC 2022, p. 52) are absent in our review. We found one
study covering this for France, whose methodological approach could be used for upscal-
ing SLR-induced migration at global scale (Tierolf et al. 2023). The nexus between climate
change, migration, and health (Issa et al. 2023) is largely unexplored, with only two studies
examining it (Benveniste et al. 2020, 2022; Cruz and Rossi-Hansberg 2024).

Regarding methods, we find a wide diversity of approaches in the database. Models can
use exogenous hazard scenarios or generate them endogenously within their climate mod-
ules. Exogenous approaches are simpler and more flexible but reduce coherence between
hazards-impacts relationship and subsequent socioeconomic pathways. Endogenous gen-
eration captures feedbacks and improves scenario consistency yet increases complexity.
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The choice between using a single model or an ensemble of models also shapes results:
single models can represent feedback loops in greater detail but face computational and
data-linking challenges, whereas model ensembles facilitate cross-sector analysis but rely
more heavily on exogenous data and are limited in capturing real-time inter-module con-
nections. Also, various metrics and indicators are used to quantify impacts, with monetiza-
tion of climate change impacts still common, though less prevalent than deriving physical
impacts. The debate on monetization limits is ongoing and present in our sample of studies,
with critiques regarding ethical implications, uncertainty, and ineffectiveness (Purushotha-
man et al. 2013). Pottier et al. (2021) explicitly reject monetizing mortality impacts due to
concerns about arbitrariness and ethical decisions inherent in assigning a monetary value
to life. Another study advocates for presenting ‘non-market effects in original units without
monetization’ in addition to monetary impacts, aiming to enhance transparency and enable
users to form their own assessments of the value of climate change impacts (Bressler 2021,
p- 6). All these design decisions affect both the robustness and policy relevance of impact
assessments. While our review cannot determine how much differences in impact magni-
tudes stem from valuation methods, model structures, assumptions, scenarios, or other fac-
tors, it is important to openly recognize that choices can shape the perceived importance of
sectors in policy debates. For instance, using both physical and monetary indicators helps
capture the full range of societal impacts and supports a more balanced discussion of adapta-
tion priorities (Nyborg 2000). The variety of methodologies offers valuable perspectives but
also reveals fragmentation and a lack of harmonization, which complicates intercomparison
(Robertson 2021).

In relation to this, the analysed studies also demonstrate a poor representation of uncer-
tainty, often limited to different emissions or climate scenarios and lacking in other types of
uncertainties, such as those related to the data used for the impact calibration or the struc-
tural model limitations (Pastor et al. 2020; Rising et al. 2022a). One study (Saari et al. 2019)
acknowledges the importance of evaluating uncertainty in the data used to calibrate impact
functions, while another tests different monetary valuation methods (Ciscar et al. 2019).
Also Geels et al. (2015) test implications of using different models within the ensemble of
models. However, most fail to transparently discuss assumptions and data, despite uncer-
tainties in climate change socioeconomic impacts are well-known (Keen 2021).

Additionally, the representation of causal chains triggered by direct impacts (often
referred to as indirect impacts or cascading climate impacts) is also very poorly represented
in the database (Botzen et al. 2019). The modelling of feedback loops between temperature
and impacts is crucial (Matsumoto et al. 2021) but deficient (only 24% compute emissions
after damages). This underscores the need for a broader definition of IAMs to capture bot-
tom-up damage assessments and highlights that traditional, fully linked IAMs, which model
endogenous emissions, still fail to incorporate impact channels by fully representing the
impact-emissions loop.

The geographic analysis indicates an overrepresentation of northern areas (especially
Europe) compared to other regions, despite the consensus that the southern regions will be
more affected by climate change (IPCC 2022, p. 9). This relates to the distribution of fund-
ing and public support, which typically favors overrepresented regions. Our database shows
that funding influences study focus, with collected funding information compared to the
region under study. In addressing heterogeneity and inequality, the predominant approach
is regional disaggregation, as suggested in literature (Emmerling and Tavoni 2021), while
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effects on income inequality is lacking in most of the analyses (only shown in three studies).
However, we found minority but interesting modelling exercises representing inequality in a
multidimensional way, such as Malik et al. (2022), aligning with concepts like vulnerability
and intersectionality.

4.2 Aroadmap for the IAM community

Our review confirms a wide diversity of integrated assessment modelling exercises beyond
the traditional top-down approach based on aggregated damage functions (Scovronick et
al. 2019), moving closer to bottom-up modelling of impact channels. This strategy offers
higher transparency and process detail in representing climate damages (Piontek et al.
2021). Nevertheless, as outlined in Sect. 4.1, important gaps remain (i.e., lack of multi-
channel approaches, uneven geographic coverage, and representation of inequalities). Addi-
tionally, fragmented methodologies, scarce globally accessible health and socio-economic
datasets, and limited integration of feedback and cascading effects still prevent a complete
representation of climate change impacts on Health and Place in IAMs, potentially leading
to underestimation of damages.

Improving how IAMs represent Health and Place impacts is key for generating results
that inform policy design. A sound treatment of these impacts can guide adaptation planning
by identifying where the largest losses occur, locating vulnerability hotspots, supporting
mitigation strategies, ensuring policy priorities reflect the real scale of damages beyond
GDP, and providing stronger evidence for climate negotiations.

Here, we outline priority actions for future work in improving climate change bottom-up
impact representation on Health and Place:

First, better data on impacts is needed. Databases like ISIMIP compile multiple esti-
mates of biophysical impacts and some socioeconomic impacts for potential integration
into IAMs*. More multi-sectoral and multi-regional assessments, such as those in earlier
biophysical impact intercomparison studies (Warszawski et al. 2014; Arnell et al. 2016),
are needed for Health and Place. Some studies in our database already provide harmonized
information useful for IAMs, such as Bressler et al. (2021) on mortality damage functions,
while others may require deeper methodological review to enable extrapolation. Insights
from specific sectoral studies like climate migration-focused studies (Adams and Kay 2019)
and up-to-date epidemiological studies (Scovronick et al. 2019) can also be integrated. To
address data fragmentation, enhancing data sharing, documentation, and transparent com-
munication of assumptions should be a priority (Skea et al. 2021).

Second, advancing toward comprehensive large-scale IAMs that integrate multiple bot-
tom-up direct and indirect impacts, while retaining heterogeneity to reflect inequality and
geographical diversity, is the best approach to improve socioeconomic pathways accuracy
(Rosen and Guenther 2015). Process-based IAMs reported by the IPCC are suited to this,
though they often exclude climate damages due to complexity and mitigation focus (Nikas
et al. 2019). Their emphasis on physical rather than purely monetary variables also enable
broader well-being assessments. Likewise, agent-based IAMs (e.g., Lamperti et al. (2018)
excel at capturing distributional impacts but could also integrate more channels on Health
and Place to better assess total effects on vulnerable communities (Dennig et al. 2015).

4 The NEVERMORE Project (https://www.nevermore-horizon.cu/), which supported this work, aims, among
other objectives, to integrate ISIMIP data into the WILIAM IAM.
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Even though achieving full damage quantification, as top-down methods aim for, may be
technically challenging through a bottom-up approach, integrating impact channels into
hard-linked IAMs can still provide a comprehensive assessment of damages by capturing
interdependencies and feedback loops (van Vuuren et al. 2012). Despite existing challenges,
the ultimate goal for IAMs should be to integrate as many impact channels as possible to
align with concepts like Dangerous Climate Change (Dietz et al. 2007) and minimize claims
that damages are low (e.g., Pottier et al. 2021) due to the inclusion of only a limited number
of impacts. In any case, a transparent discussion of results and explicit recognition of model
limitations (including a critical self-assessment and explanation of potential underestima-
tions) remain essential, especially for deep uncertainties, tipping points, and non-linear cli-
mate transitions (Weitzman 2012; Rising et al. 2022a).

Third, it is key to co-design impact modelling with other disciplines and policy actors.
This ensures robust impact conceptualization and more relevant indicators for decision-
making. Quantitative modelling may not always be the best approach to assess certain dam-
age channels, so integrating qualitative tools, such as conceptual frameworks and climate
impact storylines (Carter et al. 2021; van den Hurk et al. 2023), can add context. Social sci-
ences can also help operationalize inequality-related frameworks for mitigation and adapta-
tion policy planning (Thomas et al. 2019; Kehler and Birchall 2021).

This paper supports these priority areas by providing a database (Supplementary Data)
that maps specific modelling examples to impact channels, covering both well-known IAMs
(e.g., FUND, IMAGE) and targeted studies. All share methodological foundations (math-
ematical language, scenario projections, nature—human integration), facilitating information
exchange and enabling progress on these priorities. This paper could contribute to enhanc-
ing large-scale IAMS’ capacity to represent bottom-up multi-impact channels, as we identify
channels through which climate change affects Health and Place, and map specific model-
ling examples to them. Our database (Supplementary Data) includes well-known IAMs
(e.g., FUND, IMAGE) and more focused assessment exercises, all of which share method-
ological foundations that facilitate information exchanges, supporting the integration of the
outlined methodologies into further model developments.

4.3 Limitations of the review and further work

While this work provides valuable insights on the representation of climate change impacts
on Health and Place in IAMs, it is also crucial to acknowledge its limitations. As with any
review, our dataset of studies is conditioned by the keywords and criteria (Table 1) used, so
there can be IAMs including these impacts that are not present in our dataset. Also, we did
not conduct a quantitative comparison of findings, such as a meta-analysis of the outputs,
due to the high diversity of models and scenarios and the scoping nature of our review.
IAM community is very extensive, and while this scoping review aimed to shed light on
modelling studies that might be overlooked in non-systematic reviews and mainstream I[AM
networks, the design of the study is exploratory and aims at a preliminary assessment of the
field, but more systematic reviews could be conducted, for instance incorporating more lit-
erature (e.g., grey literature, additional databases) as well as more well-being impact areas.

In our database (Supplementary Data), we also assessed whether the studies model adap-
tation or not, finding that 41% do so in some capacity. Further work could explore in depth
how models approach adaptation.
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5 Conclusions

The need for improvement in the representation of the wellbeing-related impacts of climate
change in Integrated Assessment Models (IAMs) is acknowledged in the literature (Diaz
and Moore 2017; Dellink et al. 2019). In this study, we conducted a scoping review to
explore the strategies employed by the JAM community for representing well-being-related
impacts of climate change, with a specific focus on the areas of Health and Place (Adger et
al. 2022). Our aim was to identify IAMs including bottom-up impact channels that map haz-
ards and impacts. This strategy offers high transparency and process detail in representing
climate damages, as opposed to top-down methodologies that typically establish a general
relationship between well-being (often measured by GDP) and temperature (Piontek et al.
2021; Keen 2021). To do this, we embraced an expanded definition of TAM following litera-
ture defending a closer relationship of the IAM community to the Impact, Adaptation, and
Vulnerability (IAV) community (Fisher-Vanden and Weyant 2020), which helps widening
the IAM dimension according to our aim. Our review results in a database of very diverse
37 integrated modelling studies that can be consulted in the Supplementary Data.

We analysed the studies in terms of hazards and impacts, methods, geographical level,
inequalities represented, and findings to provide a mapping of the available evidence. We
observe a broad diversity of approaches and impact channels, with considerable variation
in hazards, impacts, and modelling strategies. However, this diversity also reflects a high
fragmentation of approaches, which contributes to considerable uncertainty in the results.
Some hazards and impacts are represented more prominently than others, while notable
gaps remain, such as the absence of multi-channel impact assessments, limited treatment of
inequality, and an overrepresentation of northern regions like Europe.

We identify priority actions for improving the representation of Health and Place in
IAMs: enhancing impact data, advancing towards large-scale IAMs, and strengthening
connections with other disciplines and policymaking. In our view, developing hard-linked
global and multiregional IAMs that cover multiple impact channels offers the most effective
way to capture interdependences within a consistent framework. This study provides a basis
for that effort by mapping impact channels and modeling studies, enabling better model
intercomparison and a more robust representation of these climate change impacts.
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