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Abstract Loss and damage (L&D) due to climate change refer to the negative consequences
and impacts, causing a wide range of adverse effects, including economic, physical, social,
and environmental losses. L&D discussions include adaptation and mitigation strategies and
addressing the responsibility for offering financial and technical assistance to affected
communities and nations. Accurate and comprehensive estimation of loss and damage
provides crucial information for effective decision-making, resource allocation, and
prioritization of interventions to enhance preparedness, response, and recovery capabilities,
ultimately reducing the impact of disasters and promoting sustainable development. This
paper comprehensively examines loss and damage, related terminologies, and its estimation
models, explicitly focusing on flood-related scenarios. The paper is structured in two
segments, the first segment looks into the evolution and official acknowledgment of the
phrase "loss and damage" and explores its various types, such as direct and indirect damages,
economic and non-economic L&D, and the distinctions between avoided, unavoided, and
unavoidable risks and impacts. Additionally, it also examines the relationship between loss
and damage estimation and disaster risk reduction (DRR). The second segment focuses on
different models used globally for estimating loss and damage due to flood disasters. It delves
into different approaches, scales, methodologies, model development, functions, and
differentiation of results for flood-induced loss and damage estimation. A comparative
analysis of a total of 18 models is evaluated based on criteria like input data, spatial scale,
unit of analysis, cost base, empirical validation, loss or damage functions, and economic
sectors among. L&D models discussed in this paper are HAZUS-MH (United States)
FLEMO (Germany), ICPR (Germany), MURL (Germany), Hydrotec (Germany), LfUG
(Germany), Neubert and Thiel (Germany), MEDIS-Model (Germany), Damage Scanner (The
Netherlands), Hoes and Schuurmans (The Netherlands), Rhine Atlas (Rhine Basin), The
Flemish Model (Belgium), Multi-Coloured Manual (United Kingdom), The JRC Model
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(European Commission), Citeau (France), Anuflood (Australia), RAM (Australia), and Dutta
et al. (Japan). The study discusses the strengths, weaknesses, and limitations of each model,
highlighting the gaps and areas for future research. Lastly, in order to better understand how
the loss and damage estimation model works, the research provides a general matrix that can
serve as a basis for the development of a new model.

Keywords: loss and damage, flood, loss estimation model, damage estimation model, climate
change, HAZUS-MH

1. INTRODUCTION

Loss and damage due to climate change is a critical issue that has garnered attention in
various academic disciplines and policy arenas. Irreversible loss and unbearable damage are
just two examples of the many effects of climate change that have been included in the
concept of loss and damage over time (Schinko & Mechler, 2017). This broader
conceptualization has focused on both monetizable impacts and intangible losses and
damages (Calliari et al., 2020). Moreover, when mitigation and adaptation measures are
insufficient, the consequences of climate change are referred to as its “residual” or “loss and
damage” (L&D) (Dorkenoo et al., 2022). The ambiguity surrounding the framing of L&D has
played a significant role in international climate policy negotiations. This ambiguity has
allowed parties to attach different meanings to the policy, resolving differences among the
parties and embedding the idea of loss and damage in international climate policy (Vanhala &
Hestbaek, 2016).

As of now, there is no official UNFCCC definition of "loss and damage," leading to varied
interpretations in Nationally Determined Contributions (NDCs). These NDCs reflect diverse
national contexts, priorities, and responses to economic and non-economic losses,
highlighting the need for a clear, unified definition (Calliari & Ryder, 2023; Broberg &
Romera, 2021; Broberg & Romera, 2021; Karimi-Schmidt, 2020; Serdeczny et al., 2018;
Vanhala & Hestbaek, 2016). L&D is used as a broader term under United Nations climate
negotiations which describes it as the effects of climate change, while United Nations
Framework Convention on Climate Change (UNFCCC) addresses "loss and damage” as
being beyond what people can adapt to or when choices are available but a community lacks
the resources to access or employ them (Sacramento 2023). In some studies, the basic
distinction between loss and damage has been defined on the basis of restoration and
reparation, where loss refers to irreparable negative impacts, while damage includes negative
impacts that can be restored or repaired (Doktycz & Abkowitz, 2019).

L&D is intricately linked to the principles and practices of disaster risk reduction (DRR)
(Mechler et al., 2019). DRR includes a spectrum of proactive measures and strategies to
minimize the adverse impacts of disasters on communities, infrastructure, and the
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environment. It emphasizes pre-emptive actions related to L&D, which further reduces the
vulnerability and addresses the underlying risk factors to minimize potential losses and
damages (Orcherton, 2023). By integrating L&D considerations into DRR frameworks,
societies can work towards a more resilient and sustainable development. Comprehensive
DRR strategies enhance societies' capacity to withstand and recover from disasters, directly
contributing to reducing losses and damages in lives, infrastructure, economies, and the
environment. Also, it has been emphasized that grassroots participation is essential for
influencing policy narratives and thoughtful action on the loss and damage assessment
(Sacramento, 2023).

Floods are expected to become more frequent and intense as climate change progresses,
though the impacts vary regionally (Wasko et al., 2021; Bai et al., 2019; Najibi & Devineni,
2018; Arnell & Gosling, 2016; Alfieri et al., 2015). During 2010-2013, anthropogenic climate
change increased the frequency of floods in certain areas while reducing it elsewhere
(Hirabayashi et al., 2021). As per the April 2024 report of the Centre for Research on the
Epidemiology of Disasters CRED, total economic damages in the year 2023 were estimated
at around USD 202.7 billion, resulting in 86,473 loss of lives and affecting 93.1 million
individuals, with the significant contribution from the flood-related disasters. The need for
immediate emission reductions and strategies to mitigate loss and damage that are appropriate
for supporting the most vulnerable developing nation parties has also resulted from the
expanding knowledge of loss and damage (Mace & Verheyen, 2016). Collecting transparent
flood-induced loss and damage data is important for better comparability of actual and
estimated flood losses (Merz et al., 2004). There is an extra emphasis on estimating these
losses in absolute monetary terms. Accurate and comprehensive estimation of L&D provides
crucial information for effective decision-making, resource allocation, and prioritization of
interventions to enhance preparedness, response, and recovery capabilities, ultimately
reducing the impact of flood disasters and promoting sustainable development. This paper's
review methodology involves desktop research that methodically finds, evaluates, and
analyzes peer-reviewed literature using appropriate keywords from databases such as Scopus
and Google Scholar. After screening studies according to inclusion criteria, the results were
arranged in tabular form to meet the study's goals. This study offers a general matrix for
flood-induced loss and damage estimating model and thoroughly investigates the models
used globally. It presents a global perspective, identifies the need for further investigation,
and suggests potential improvements in the estimation for effective decision-making.

2. EVOLUTION OF ‘LOSS AND DAMAGE’

2.1 Official Acknowledgement of the Term “Loss and Damage”

The Alliance of Small Island States (AOSIS) started discussions on loss and damage
(L&D) in the early 1990s, emphasizing mitigation. In the negotiations leading to the adoption

306



IDRiM (2025) 15 (1) ISSN: 2185-8322
DOI110.5595/001c.140542

of the UNFCCC in 1992, AOSIS suggested a global insurance scheme or compensation fund
funded through mandatory contributions from industrialized nations. These contributions
would be determined by their gross national product and greenhouse gas emissions, aiming to
provide compensation for climate-related impacts, particularly from rising sea levels, to small
islands and low-lying developing nations (INC, 1991). The proposal was eventually dropped,
but talks on insurance and compensation for addressing the negative impacts of climate
change persisted. The term "loss and damage" was initially introduced in the 2007 Bali
Action Plan (UNFCCC, 2007). The ad hoc Working Group on Long-term Cooperative Action
under the Convention (AWG-LCA) received an enhanced version of the 1992 proposal from
AOSIS in 2008, focusing on three interrelated components: risk management,
rehabilitation/compensation, and insurance (AOSIS, 2008). The updated proposal for the
COPENHAGEN Protocol was resubmitted by AOSIS (UNFCCC, 2009), advocating for an
"international mechanism addressing risk management and risk reduction strategies, as well
as insurance-related risk sharing and transfer mechanisms." The Cancun Adaptation
Framework marked the official UNFCCC activities by creating an ad hoc work program
(UNFCCC, 2010).

By 2012, focused technical efforts on Loss and Damage (L&D) began in three key areas:
evaluating the risk of L&D and existing knowledge; suggesting various approaches to tackle
L&D from both sudden and gradual occurrences while incorporating experiences at all levels;
and defining the Convention's role in strengthening the implementation of strategies to
address L&D. The Parties resolved to create institutional frameworks as part of the Doha
Climate Gateway 2012, which opened the door for the creation of the Warsaw International
Mechanism for loss and damage associated with climate change impacts (WIM). This
mechanism fosters dialogue, addresses knowledge gaps, and strengthens action and support
for those grappling with loss and damage (UNFCCC, 2012). COP19 established the
Executive Committee (ExCom) to oversee the implementation of WIM tasks through a first
two-year work plan (UNFCCC, 2015). The Paris Agreement's separate L&D article
acknowledges institutional grounding within the UNFCCC framework. (UNFCCC, 2015,
Article 8), and L&D received additional recognition at COP21. Countries created the
"Santiago Network" on Loss and Damage at COP25 in Madrid in 2019 to link developing
countries with technical assistance providers (UNFCCC, 2019). At COP 26 in Glasgow in
2021 (UNFCCC, 2021), a dedicated section on L&D urged developed country governments
and relevant organizations to provide ‘enhanced and additional support’ for activities
addressing loss and damage. The proposal did not gain adequate support among developed
countries. Still, parties agreed to establish a dialogue ‘to discuss the arrangements for funding
activities to avert, minimize, and address L&D associated with the adverse impacts of climate
change.’

At COP27 in Sharm el-Sheikh in 2022, an agreement was reached on operationalizing the
Santiago Network. L&D finance was included on the formal negotiations agenda, resulting in
the ‘Loss and Damage fund.’ Parties also agreed to establish a ‘transitional committee” which
will look into the critical decisions like where the fund will be placed, what types of activities
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it will support, how it will be governed, which countries will be eligible to receive support,
and who will contribute to it financially (UNFCCC, 2022). At COP 28, a consensus was
made to operationalize new funding arrangements, incorporating a Fund to address L&D. All
Parties, including India, endorsed this decision. Since its adoption, various countries have
collectively pledged approximately USD 700 million towards this initiative (UNFCCC, 2023).
At COP29, again, a resolution was made to secure the full operationalization of the Loss and
Damage Fund, committing to mobilize USD 300 billion of climate finance (UNFCCC, 2024).
Figure 1 provides a quick overview of the significant milestones in the official recognition of
the term “Loss and Damage” in the United Nations.
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Figure 1. Milestones in the official recognition of the term "Loss and Damage" in the United Nations
(Source: Author)

The debate of loss and damage (L&D) in climate negotiations has been politically
contentious, with developed countries concerned about accountability and developing
countries demanding compensation for disproportionate climate impacts. The Paris
Agreement recognized L&D as an autonomous pillar but excluded liability, which some saw
as a failure for vulnerable countries. (Taub et al., 2016). The discussion revolves around
identifying L&D within or beyond adaptation while developing nations strategically leverage
the "compensation argument" to influence negotiations (Hossain et al., 2021; Boyd et al.,
2021; Calliari et al., 2020; Calliari, 2018). Disputes over funding and incorporation into
larger financial systems continued even after the creation of a dedicated Loss and Damage
Fund at COP28. In order to guarantee predictable resources, developing countries pushed for
its inclusion in the New Collective Quantified Goal on Climate Finance (NCQG) at COP 29.
However, developed countries, including USA and EU, refused, citing existing financial
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systems and budgetary concerns. Conflicts over compensation, legitimacy as a third pillar of
climate action, tensions between technical and political aspects, accountability, and links to
other unresolved issues of estimation are the points of contention that now surround the L&D
debate.

2.2 Classification of Loss and Damage

L&D can be categorized according to the monetary terms and tolerance based on
adaptation and mitigation (see Figure 2). The two types of L&D that arise from the
calculation of monetary values are Economic Loss and Damage (ELD) and Non-Economic
Loss and Damage (NELD), which are frequently referred to as direct and indirect L&D,
respectively. ELD refers to the quantifiable and tangible financial losses resulting from
accidents, disasters, or other unfavourable events. These could be commodities, supplies, or
services that are often traded in the market, including short-term expenses of fixing or
rebuilding damaged buildings, revenue-losing business disruptions, and the longer-term
effects on the economy from fewer earnings and job prospects (Bahinipati & Gupta, 2022).
On the other hand, NELD considers the non-financial and intangible effects that go beyond
simple financial calculations. This category includes a wide range of impacts on people,
society, and the environment that can be difficult to quantify in monetary terms, including
loss of human life, sociological issues like migration, displacement, and the collapse of social
systems, cultural issues like damage to heritage and identity, and environmental concerns like
biodiversity loss, ecosystem services, and pollution. The psychological and emotional pain of
people and communities is another example of non-economic loss's complex and
multidimensional nature (McNamara & Jackson, 2019). When combined together (ELD and
NELD), they provide a comprehensive framework for understanding the diverse effects of
events, especially in monetary terms, on various aspects of resilience, recovery, and well-
being.

Losses and damages, based on the tolerance levels of adaptation and mitigation, are
categorized into three types: ‘avoided,” ‘unavoided,” and ‘unavoidable’ impacts and risks (see
Figure 2). First, "Avoided losses and damages" refer to those that can be prevented through
mitigation and/or adaptation to climate change. Second, "Unavoided losses and damages"
describe impacts that could have been averted but remain unaddressed despite additional
mitigation or adaptation efforts, often constrained by financial, technological, and political
factors and specific risk preferences. Third, "Unavoidable losses and damages" incorporate
those that cannot be prevented and require further mitigation and/or adaptation measures.
This category typically includes impacts from gradual ongoing processes, such as rising sea
levels or glacier melting (Mechler et al., 2019).
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Figure 2. Types of loss and damage (Source: Author)

2.3 Importance of Loss and Damage Estimation

Loss and damage estimation are critical to disaster risk management, particularly in natural
hazards such as floods, earthquakes, and extreme weather events. Accurately estimating
potential losses is essential for emergency preparedness, risk assessment, and long-term
planning (Messner & Meyer, 2006). However, the process of estimating loss and damage is
complex and often involves uncertainty due to various factors, such as the variability in
building materials, construction quality, and the lack of consistent schemes to quantify the
degree of damage (McGrath et al., 2019). It is crucial to communicate this uncertainty and
potential variability in any assessment to ensure the reliability of the estimates (McGrath et
al., 2019). The differentiation is crucial in understanding the implications of L&D estimation
in the context of disaster management. Accurate loss statistics are critical in determining the
cost-benefit of any proposed mitigation technique. Non-structural losses have been found to
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exceed those related to structural damage in loss estimation studies, indicating the need to
consider a wide range of factors beyond just structural damage when estimating potential
losses (Bianchi et al., 2021). There is a disproportionate impact of these "residual"
consequences of climate change on the world's poorest populations, highlighting how urgent
it is to address them (Page & Heyward, 2017). However, acquiring reliable loss data and
monitoring it on a real-time basis is an issue that is shared globally. Additionally, as NELD is
difficult to quantify, the available loss inventories mostly include the ELD database only.

3. FLOOD LOSS AND DAMAGE ESTIMATION MODELS

Models for estimating loss and damage have several components that are essential for
calculating economic loss and damage (ELD). These components also form the basis for
evaluating the monetary and non-monetary effects of disasters. A thorough categorization is
given in Figure 3 below, which groups them according to pertinent criteria.

Synthetic

y

Ex-post v ] v Model -
Approaches Development
Ex-ante ' \ " 4 ' Empirical

Components of
Loss and Damage
Estimation
Models

Micro-scale < Relative

Model
Functions

— Spatial Scale

.

Meso-scale Absolute

Macro-scale |[*—

Figure 3. Components of loss and damage estimation model (Source: Author)

3.1 Approaches and Spatial Scale

Economic loss and damage estimation generally follow two approaches: ex-post and ex-
ante. Ex-post estimation is the process of estimating damage and costs after a disaster, with
an emphasis on emergency management and early recovery coordination. (APFM, 2007).
Additionally, it will provide local or national governments with an update on the overall
scope of induced losses and damages, which will serve as a basis for deciding compensation
amounts and recovery assistance (Meyer et al., 2013). On the other hand, the ex-ante
estimation approach aims to predict possible economic losses and damages for scenarios with
anticipated hazard characteristics before an event occurs. Data from ex-post loss and damage
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estimates are commonly used to calibrate ex-ante estimating models. However, economic
analysis guidelines primarily address ex-ante because ex-post is less well-developed. One
popular approach in ex-ante is to use damage functions, sometimes referred to as stage-
damage or fragility curves (Messner et al., 2007). These functions establish the cause-and-
effect relationship between the intensity of hazard parameters and the extent of damage or
loss for specific asset classes. As previously noted, these functions can be articulated in
absolute values, representing estimated costs, or in terms of relative damage. This dual
representation aids governmental decision-making processes regarding various risk
mitigation options (Merz et al., 2010).

L&D estimations are performed at various spatial scales. The computation at the
microscale is based on the specific components that are at risk. For instance, determining the
damages to every impacted item, such as infrastructure and buildings, is necessary to estimate
the damage that would occur to a community in the event of a particular flood. At the
mesoscale, land-use units like wards or residential areas are common units for estimating
based on spatial aggregations. They are usually between one hectare and one square
kilometer in size, which aligns with what reinsurance firms demand. Large geographical units
frequently use administrative units like municipalities, regions, or entire nations, to serve as
the basis for macro-scale damage estimation (Merz et al., 2010). A methodical integration of
flood consequences has been made possible by the data that is currently accessible at the
macroscale, which includes regional and national levels. Nevertheless, the absence of
comprehensive explanations of the conditions surrounding loss, damage, and danger traits in
this data makes it difficult to establish a direct correlation between expenses and particular
L&D kinds. On the other hand, comprehensive data obtained from loss adjustment reports
offers insights into the kinds and costs of losses and damages at the micro-scale, which
involves local investigations. The establishment of a loss and damage typology and the
identification of its processes are made possible by this micro-level investigation.
Additionally, it makes cost distribution across many construction projects easier.

3.2 Model Development and Model Functions

Model development of L&D estimation models is categorized as synthetic and empirical,
which hold significant importance across various sectors, including finance, insurance,
environmental science, and engineering. Synthetic models are developed by a methodical
procedure using theoretical assumptions and simulations rather than direct historical data
observation. This involves a comprehensive risk assessment to identify factors contributing to
potential losses and formulating mathematical or computational models based on what-if
questions. Calibration of these models occurs through fine-tuning parameters based on
available data or expert opinions, and their reliability is validated through comparisons with
real-world data or historical events (Dutta et al., 2003). On the other hand, empirical models
are based on historical records and observable data, meaning that data on past losses—such
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as their frequency, severity, and event type—must be gathered. To find patterns and
correlations, data analysis uses statistical methods or machine learning algorithms. (Merz et
al., 2010). Model selection is based on the properties of the data, and prediction accuracy is
ensured by validation processes. In some situations, an integrated strategy that combines
empirical and synthetic approaches may improve model adaptability. These models have a
wide range of applications, and continuous monitoring and updating are necessary to adjust
models to dynamic conditions and ensure their accuracy. (Apel et al., 2009).

Model functions define the relationships between variables in a mathematical or statistical
model and provide a unique methodology for estimating losses or damages. The goal of a
relative model function is to provide information about the percentage impact of one variable
on another by showing the proportionate or relative changes between variables. This method
is frequently used in economics, finance, and some scientific fields. On the other hand, an
absolute model function provides information on the actual or direct influence without
considering proportional changes. It does this by expressing relationships in terms of the
absolute values of variables. This model is widely used where it is essential to understand the
absolute size of interactions and precise monetary loss (Romali et al., 2015).

3.3 General Matrix of Flood Loss and Damage Estimation Model

There are four steps in the fundamental flood loss and damage estimation model, as shown
in Figure 4. First, the unit of analysis is fixed, and the meso or micro spatial scale is chosen to
define the study's geographical scope. Second, is the input data, which includes effect and
resistance parameters. For example, hydrological data like water depth, contamination, and
flood duration as effect parameters, while the resistance parameters include precaution, sector,
company size, crop size, and submersion period. There are three to four classes assigned to
each parameter. These data provide the framework for the model's later phases. The general
model approach is then decided upon, and based on the available data and the analysis goals,
the empirical or synthetic approach's particular data approaches are considered. Third, is
damage calculations; this involves determining the model function, which can be either
absolute or relative and describes how different factors interact to affect the number of losses
or damages. The empirical validation of the running model guarantees that the model's
estimates will correspond with the actual observed data of the events. Fourth, the last step is
differentiating the results to offer insights into the various flood consequences, such as losses
or damages to building structures, machinery, supplies, and inventory in various residential,
commercial, industrial, and infrastructural settings. Results in the agriculture sector take the
shape of losses or damage to farm infrastructure, farmhouses, and agricultural products.
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Figure 4. General matrix for flood-induced loss and damage estimation model (Source: Author)

4. FLOOD LOSS AND DAMAGE ESTIMATION MODELS USING GLOBALLY

4.1 USA

HAZUS-MH, developed by the Federal Emergency Management Agency (FEMA) in the
United States, is a software package designed for estimating potential losses from natural
hazards such as earthquakes, floods, hurricanes, and tsunamis (Scawthorn et al., 2006). It
operates within the ArcGIS Desktop and provides estimates of potential physical, economic,
and social impacts of disasters using hazard maps, fragility curves, and exposure models. It
supports three levels of analysis based on available data and user expertise. The flood loss
estimation module calculates physical damage and economic losses based on the hazard
analysis results. It relies on a detailed database of building types, occupancy characteristics,
and infrastructure assets to simulate the potential consequences of flooding. The model works
on both meso and micro-scale and follows empirical-synthetic model development. It works
on relative loss function and provides empirical validation. Comprehensive instructions on
flood hazard analysis, methodology, inventory needs, performing basic and advanced studies,
and interpreting loss estimates can be found in the HAZUS Flood User and Technical
Manuals. They also cover the Comprehensive Data Management System (CDMS), which
allows users to update and manage state-wide and HAZUS datasets, and the Advanced
Engineering Building Module (AEBM), which provides procedures for developing building-
specific damage and loss functions (FEMA, 2003).

4.2 United Kingdom (UK)

Multi-Colored Manual developed by Penning-Rowsell (2005) has formulated an extensive
set of depth—damage methodologies to estimate flood losses in absolute terms for residential,
commercial, and industrial buildings, predominantly employing synthetic analysis and expert
judgment. Damage curves for various maintenance levels and the presence of a basement are
provided for each damage class. The MCM is an object-based model, similar to HAZUS, and
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its estimates of maximum damage per square meter only account for expected building repair
costs; they do not account for damage to the surrounding land. It operates at micro and meso
scales and covers the residential, business, industrial, road, and agricultural sectors. Key
parameters are water depth, flood duration, object type, and lead time, which are crucial in
estimating the extent of flood damage. The model is developed using synthetic techniques
and has limited empirical validation, indicating potential areas for improvement in accuracy
and reliability. However, it provides absolute estimates for loss to building structures,
equipment, immobile inventory, mobile inventory, and stocks, offering valuable insights for
disaster preparedness and recovery planning. The model's differentiation of results allows for
a detailed breakdown of losses across different categories, providing stakeholders with
essential information for decision-making.

4.3 Germany

In Germany, multiple different models are employed to assess flood-related losses and
damages. The FLEMO model family, created by the German Research Centre for
Geosciences, is primarily utilized in flood risk assessments ranging from meso to micro
dimensions to evaluate direct tangible damage (Apel et al., 2009). FLEMO 1is a versatile
flood-induced loss and damage estimation model designed for residential, commercial, and
private properties in Germany (Kreibich et al., 2010). The model evaluates evaluates
damages based on surface area, water depth, contamination, and sector-specific precautions.
Its empirical approach which focuses on the relative losses to building structures, equipment,
and inventories, allows a detailed understanding of flood risks.

Hydrotec (Emschergenossenschaft & Hydrotec, 2004), MURL (MURL, 2000), ICPR
(ICPR, 2001), LfUG-SAXONY (LfUG, 2005), Neubert and Thiel (Neubert & Thiel, 2004),
and MEDIS-Model (Forster et al., 2008) are some more models. They all function at the
meso scale and have relative loss or damage functions. MURL, estimations with a focus on
water depth as a crucial element, specifically for the German industrial sectors (MURL,
2000). In Germany, ICPR expanded its scope to include residential areas and provided a
thorough evaluation of flood risks at the mesoscale. ICPR uses synthetic and empirical
methods to analyze surface area with water depth and individual objects. Its methodology
makes it possible to analyze damages to building structures, equipment, and inventory in
great detail, which is useful for managing the danger of flooding in residential areas (ICPR,
2001).

Hydrotec is another industrial sector estimation model that uses an empirical method to
determine the overall losses to buildings and equipment, with water depth as its key
parameter (Emschergenossenschaft & Hydrotec, 2004). For agricultural and industrial
applications, LftUG SAXONY computes flood losses using input data on water depth or
specific discharge. It uses synthetic and empirical approaches to assess relative losses to
building structures, equipment, and inventory (LfUG, 2005). Neubert and Thiel's concept
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emphasizes meso size and is specifically designed for the German farm industry. This model
uses synthetic approaches and considers the submersion duration to assess losses to farm
infrastructure, agricultural products, and farmhouses (Neubert & Thiel, 2004). Finally, the
MEDIS model only calculates flood-related losses in Germany at the mesoscale within the
agriculture sector. It uses both synthetic and empirical methods to calculate the relative losses
to infrastructure, farmhouses, and agricultural products. Parameters including crop type, flood
duration, and submersion period are considered (Forster et al., 2008).

4.4 Netherlands

The Damage Scanner is based on depth-damage curves and economic values from the HIS-
SSM module (The standard method for the detailed calculation of flood damage in the
Netherlands). It uses aggregated land use data instead of individual units. The Damage
Scanner uses "what-if analyses" to assess the projected damage in the case of a certain flood
scenario, primarily using synthetic data. It has been used to estimate flood risk in the future in
the presence of changing land use and climate. Maximum damage levels are derived from
replacement values. Therefore, depth-damage curves, calculated as an additional 5% of direct
losses, also apply to indirect losses. Another estimation model designed especially for the
Dutch agricultural sector is Hoes and Schuurmans (Hoes & Schuurmans, 2005). This model,
which operates at the mesoscale, focuses on water depth as a crucial parametyer in assessing
flood damages. It is also based on a synthetic method and provides information on the
relative losses suffered by farm infrastructure, farmhouses, and agricultural products as a
result of flooding disasters. approach.

4.5 Belgium

The Flemish model, developed for the Flemish Environmental Agency in Belgium,
provides detailed flood damage estimation (Vanneuville et al., 2006). Similar to the Damage
Scanner, the Flemish approach is primarily meant for assessments using aggregated land use
data at the national and regional levels. The model has been applied to identify susceptible
areas and decide which investments in flood protection are most beneficial (Giron et al.,
2010). The country's surface areas, market values, and housing expenses are averaged to
produce the maximum damage values for the Flemish model. Of the structural losses, half
should be accounted for by residential content damage. In addition to the direct damage,
some indirect costs are included, ranging from 10% for agriculture to 40% for industry. The
Flemish model has distinct structure and content classes for residential areas, and it has one
industry class (industrial plus commerce) and one class for infrastructure. The model is based
on a synthetic data approach to project future flood risk.
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4.6 European Union

The European Commission's Joint Research Centre Institute for Environment and
Sustainability (JRC-IES) developed a JRC damage model to assist with European flood risk
management policies (Huizinga, 2007). The trends of flood risk in Europe under climate
change have been estimated using this model (Ciscar et al., 2011; Feyen et al., 2011). The
JRC Model includes maximum damage values and differentiated relative depth-damage
functions for each of the EU-27-member states. Properties fall into one of five damage
classes: road, industrial, commercial, residential, and agricultural. As a result, a weighted
average of the maximum damage values and the relative depth-damage functions is
multiplied by the flood depth of each grid cell. It empirically validates total losses to
buildings, structures, and contents and proceeds with the creation of empirical-synthetic
models.

4.7 Australia

The two primary models used in Australia are RAM (NRE, 2000) and Anuflood (NR&M,
2002). The RAM Model differs in development, functions, parameters, and predicted damage
categories as compared to other models discussed above to quantify the direct damages
suffered by companies. The model operates at the micro-scale, emphasizing individual
objects within facilities. Only 1000 square meters or more businesses are eligible to use this
model. Using an empirical methodology, the parameters considered are water depth, object
size, and object susceptibility. It expresses damages overall for all asset classes and computes
damages in absolute terms (NRE, 2000).

The Australian National University's Centre for Resource and Environmental Studies
(CRES) developed Anuflood (NR&M, 2002), a second Australian model almost exact to
RAM, to evaluate flood damage to residential and commercial properties using synthetic
stage damage curves. It connects the floor area of the building to the size of the company.
RAM is designed for industrial sector in Australia, which operates at the micro-scale,
focusing on individual objects within facilities. This model considers parameters such as
object type, lead time, and flood experience to assess flood risks empirically and synthetically.
RAM enables the evaluation of absolute total losses to building structures and contents,
providing valuable insights for mitigating flood risks and enhancing resilience in industrial
environments.

4.8 Japan

Dutta et al. (2003) developed a model in Japan that accounts for the primary physical
processes in a river basin when simulating flood inundation and incorporates the stage-
damage relationship between flood parameters and various land use factors when estimating
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economic loss. A novel approach to flood loss estimation: an integrated, grid-based model. It

offers the spatial distribution of flood losses at any given time on a micro-scale and the

overall losses for any given flood event. The loss estimating model has empirical model

development with a relative loss function that calculates losses of agriculture products,

farmhouses, and loss to farm infrastructure.

Table 1. Comparison table of 18 flood-induced loss and damage estimation models

(Source: Author

Flood Loss and Damage

Model Preliminary Stage Input data Loss or Damage Calculations
i Differentiation
S . Model | Py o5 or 0: Reestuzllttso
No| Model Country Sector Spatial Parameters | Developm ca ! .| Damage
scale Validati .
ent functions
on
1 |HAZUS- |USA Residential Micro | Water Depth, | Empirical- | Yes Relative |Loss to
MH Commercial |Scale, |Object Type Synthetic Building
Industrial Meso Structures,
Roads scale Loss to
Agriculture Equipment,
Loss to
Inventory
2 | Multi- UK Residential Micro | Water Depth, |Synthetic |Limited | Absolute |Loss to
Coloured Commercial |scale, |Flood Building
Manual Industrial Meso | Duration, Structures,
Roads scale Object Type, Loss to
Agriculture Lead Time Equipment,
Loss to
Immobile
Inventory,
Loss to Mobile
Inventory,
Loss to Stock
3 |FLEMO | Germany Residential Micro | Water Depth, | Empirical |Yes Relative |Loss to
Commercial |scale, |Contamination, Building
Industrial Meso | Precaution, Structures,
Roads scale Sector, Loss to
Agriculture Size of Equipment,
Company Loss to
Inventory
4 |MURL Germany |Industrial Meso | Water depth Empirical |Yes Relative | Loss to
scale Building
Structures,
Loss to
Equipment,
Loss to
Inventory
5 |Hydrotec |Germany |Industrial Meso | Water depth Empirical |Yes Relative | Total Losses to
scale Building and
Equipment
6 |ICPR Germany Residential Meso | Water depth Empirical- | Yes Relative |Loss to
scale Synthetic Building
Structures,
Loss to
Equipment,
Loss to
Inventory
7 |LfUG Germany | Agriculture |Meso | Water depth or | Empirical- | Yes Relative |Loss to
SAXONY Industrial scale Specific Synthetic Building
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Discharge (in Structures,
sq.m.) Loss to
Equipment,
Loss to
Inventory
8 |Neubert |Germany |Agriculture |Meso |Submersion Synthetic | No Relative | Loss of
and Thiel scale |Period Agriculture
Products,
Loss to Farm
Houses,
Loss to Farm
Infrastructure
9 |MEDIS- |Germany Agriculture  |Meso | Flood duration, | Empirical- | Yes Relative | Loss of
Model scale submersion Synthetic Agriculture
period, crop Products,
type Loss to Farm
Houses,
Loss to Farm
Infrastructure
10 | Damage | Netherlands | Residential Micro | Water Depth Synthetic | No Relative | Estimation of
Scanner Commercial | scale, Future Flood
Industrial Meso Risk under
Roads scale climate and
Agriculture Land Use
Changes,
11 |Hoes and | Netherlands | Agriculture |Meso | Water Depth Synthetic | No Relative |Loss of
Schuurma scale Agriculture
ns Products,
Loss to Farm
Houses,
Loss to Farm
Infrastructure
12 | Flemish | Belgium Residential Micro | Water Depth Synthetic | No Relative | Total Losses to
Model Commercial | scale, Building
Industrial Meso Structures and
Roads scale Contents
Agriculture
13 Agriculture  |Meso | Water Depth, | Synthetic |No Relative | Loss of
scale  |Flood Agriculture
Duration, Products,
Citeau France Flow Velocity, Loss to Farm
Submersion Houses,
Period, Loss to Farm
Crop Type Infrastructure
14 | Rhine Rhine Residential Micro | Water Depth | Empirical- | Yes Relative | Total Losses to
Atlas Basin Industrial scale, Synthetic Building
Infrastructure | Meso Structures and
scale Contents
15 [JRC EU Residential Meso | Water depth Empirical- | Yes Relative | Total Losses to
Model Commercial |scale Synthetic Building
Industrial Structures and
Roads Contents
Agriculture
16 |[RAM Australia | Industrial Micro | Object Type, |Empirical- | Yes Absolute | Total Losses to
scale Lead Time, Synthetic Building
Flood Structures and
Experience Contents
17 | Anuflood | Australia Industrial Micro | Water Depth, | Empirical |Yes Absolute |Total Losses to
scale Object Size, Building
Object Structures and
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Susceptibility Inventory
18 |Duttaet |Japan Agriculture  |Micro | Water Depth, |Empirical |Yes Relative | Loss of
al. scale Flood Agriculture
Duration, Products,
Submersion Loss to Farm
Period, Houses,
Crop Type Loss to Farm
Infrastructure

S. DISCUSSION

In the context of climate change discussions, the debate over loss and damage is complex
and multidimensional, often highlighting the disparities between developed and developing
nations. The main points of contention in the discussion are accountability for the existing
state of affairs and fair allocation of funds from the "Loss and Damage Fund" to mitigate the
effects of climate change. As evidenced by the persistent use of terms like "shall" and
"should" in international agreements, there is a recognized need for action; however,
translating these commitments into tangible outcomes remains a challenge. One of the key
issues within the discussion is the lack of clarity regarding funding mechanisms and the
criteria for accessing financial assistance from entities such as the UNFCCC loss and damage
fund. The distinction between economic loss and damage (ELD) and non-economic loss and
damage (NELD) adds another layer of complexity, with differing opinions on which should
be prioritized and how losses should be quantified. This lack of clarity disproportionately
affects under-developed nations and small island states, which often bear the brunt of
climate-related disasters but struggle to access adequate support. Moreover, the focus on
flood hazards within the discourse underscores the urgent need for robust methodologies for
estimating losses and damages. The dominance of models from developed nations highlights
the significant gap in resources and capacity across various regions when mitigating loss and
damage caused by climate change.

The aforementioned discussion of flood-induced loss and damage estimation models
highlights the various techniques and factors that need to be considered. These include sector-
specific vulnerabilities, regional complexity, and the multifaceted nature of flood risk
assessment and management. Customized procedures are, therefore, necessary. The need for
an intricate and context-specific approach to flood-induced loss and damage estimation,
assessment, and management is highlighted by the differences in sector coverage, parameters,
and the level of empirical validation, even though their model development and assessment of
loss and damage share common elements. The inputs included in flood L&D models are
crucial in approximating and assessing the possible consequences of flood occurrences in
various industries. Water depth, as one of the key indicators, offers vital information about
the amount of flooding and possible structural harm to infrastructure, buildings, and farmland.
However, the duration of the flood informs us how long we were exposed to the floodwaters,
which immediately impacts the amount of loss and damage. By classifying objects according
to their types, vulnerabilities specific to various assets and structures—from homes to
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factories—can be evaluated. Prior to a flood, lead time provides important preparation that
makes proactive measures like asset protection or evacuation possible. Floodwater
contaminants are attributed to contamination, which influences the degree of damage,
especially in industrial and agricultural environments. The submersion period specifies how
long areas or assets remain submerged, which is critical for assessing impacts on agriculture,
infrastructure, and equipment. Lastly, specific discharge evaluates the force and velocity of
floodwaters, providing insights into their effects on structures and land use.

In-depth sector and spatial coverage are provided by HAZUS-MH, Multi-Coloured Manual,
FLEMO, Damage Scanner, Flemish model, and JRC model, which consider various
residential, commercial, industrial, agricultural, and infrastructure sectors. They enable a
thorough analysis of flood-induced loss and damage across many regions by operating at
micro or meso sizes. Furthermore, models from Australia, Germany, the United States, and
Japan have been empirically validated, demonstrating their dependability in replicating actual
flood events and their aftermath. Additionally, these models assess relative or absolute loss
for building structures, equipment, inventory, and other assets, providing useful information
for risk management and disaster recovery planning. The inadequate empirical validation of
the Multi-Coloured Manual may impact its accuracy and dependability for calculating the
effects of flooding. Additionally, some models rely solely on synthetic data methods, which
may introduce limitations in accurately representing the complexity of real-world flood
events and their consequences. Moreover, the meso or micro-scale of some models may not
fully capture the broader regional or macro-level impacts of floods, potentially limiting their
applicability in larger-scale L&D estimation. HAZUS enables sector-specific damage
calculations and offers more precise damage rate assessments due to its detailed flooding
water depth ranges, unlike methods that rely on total area calculations without sector
differentiation (Spor & Dogan, 2024).

While significant progress has been made in damage data collection, analysis, and model
development, challenges persist in aligning the relevance of damage assessments with the
quality of models and datasets. Many models rely on simplified approaches due to data and
knowledge limitations, with results often influenced by assumptions such as spatial and
temporal boundaries or valuation methods like replacement costs versus depreciated values.
There is a pressing need for robust empirical and synthetic data collection to provide reliable
inputs for practitioners. However, validation of damage models and uncertainty analyses are
rarely conducted, leading to potential inaccuracies. Moreover, flood risk assessments often
prioritize hazard evaluation over damage assessment, underscoring the need for a more
balanced approach to improve methodologies across natural hazard domains.

Uncertainties in vulnerability and exposure, such as population and asset distribution, as
well as building and infrastructure resilience, also play a significant role in assessing potential
damage and losses. Uncertainties in socio-economic and behavioural aspects, including
human response and economic resilience, introduce variability in post-flood recovery efforts.
Future climate projections, data quality and availability, model parameterization, and
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simplifications also contribute to uncertainties in flood impact assessments (Diaz & Moore,
2017). Flood damage models vary widely in methodology, with infrastructural damage
estimation being less developed than for buildings. There is a high sensitivity of model
outcomes to uncertainties in vulnerability (depth-damage functions) and exposure (asset
values), with vulnerability having a greater impact (Jongman et al., 2012). A harmonized
framework is needed to enhance reliability while accommodating regional adjustments.
Addressing these uncertainties requires a comprehensive approach, including improved data
collection and wvalidation, robust modeling techniques, scenario-based analysis, and
stakeholder engagement to account for the dynamic nature of flood losses. However, as this
paper's methodology is based on desktop research, it is limited in its ability to involve
stakeholders and fully incorporate socio-economic aspects directly. The depth of research is
limited by the absence of participatory input and on-ground validation, especially when it
comes to capturing the unique aspects of flood impact and recovery in a given area.

6. CONCLUSION AND WAY FORWARD

The concept of loss and damage, often framed as the "residual of adaptation," has emerged
as a crucial component in the fight against the impacts of climate change. By acknowledging
that despite efforts to adapt, some level of loss and damage still may occur. This perspective
underscores the importance of addressing the residual impacts in addition to mitigation and
adaptation. Incorporating loss and damage estimation into climate action strategies is
essential for accurately calculating its extent and developing comprehensive and effective
responses for enhancing our ability to mitigate and cope with the consequences of climate
change. The predominance of models originating from developed countries underscores the
significant gap in capacity and resources between different regions in addressing climate-
related loss and damage. This observation highlights the need for concerted efforts to bridge
this disparity, with a particular emphasis on supporting developing and under-developed
nations in building their own capacities for loss and damage assessment.

Mapping the geographical distribution of hazards, estimating economic damages, and
assessing potential societal repercussions of flood disasters are just a few additional practical
applications for the L&D estimation model. The model's output helps in informed decision-
making when creating policies for mitigation, emergency preparedness, and recovery to
lower flood risk vulnerability and increase community resilience to natural hazards. The
detailed comparison of various flood-induced loss and damage estimation models from
different countries provides valuable insights into the diverse approaches for estimating
losses. These models demonstrate a comprehensive sectoral coverage, highlighting and
recognizing the multi-sectoral impact of floods and the need for specialized methodologies to
address sector-specific vulnerabilities. Moreover, most models utilize empirical or empirical-
synthetic model development approaches, using historical data underscoring a reliance on
empirical data and scientific methods for constructing their models. However, the validation
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status varies across the models, with some having undergone empirical validation while
others have limited or no empirical validation. This variation in validation status may impact
the reliability and accuracy of the models' results, emphasizing the importance of robust
validation processes in ensuring their credibility. Despite progress in damage data and model
development, gaps remain in aligning assessments with reliable data. Simplified approaches,
limited validation, and insufficient uncertainty analyses hinder accuracy. Flood risk
assessments often emphasize hazards over damage, highlighting the need for balanced
methodologies and robust data collection.

Moreover, the study does not extensively address the potential biases or uncertainties
associated with the empirical data and methodologies used in developing the models,
indicating a need for a more in-depth exploration of these aspects. Lastly, while the study
discusses the sectoral coverage of the models, it does not extensively delve into the
interdependencies and cascading effects of flood impacts across different sectors, which
could be valuable for a more holistic understanding of flood-induced loss and damage.
Addressing these limitations through further research and a more comprehensive approach to
loss and damage estimation would contribute to a more robust and deeper global
understanding of global flood risks.
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