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Abstract. Flood damage assessment is crucial for evaluating flood management policies. In particular, properly
assessing damage to the agricultural assets is important because they may have greater exposure and are complex
economic systems. The modelling approaches used to assess flood damage are of several types and can be fed by
damage data collected post-flood, from experiments or based on expert knowledge. The process-based models fed by
expert knowledge are subject of research and also widely used in an operational way. Although identified as potentially
transferable, they are in reality often case-specific and difficult to reuse in time (updatbiliftyupdatabililty) and space
(transferability). In this paper, we argue that process-based models are not doomed to be context specific as far
as the modelling process is rigorous. We propose a methodological framework aiming at verifying the conditions
necessary to develop these models in a spirit of capitalisation by relying on four axes which are: i/ the explicitation
of assumptions, ii/ the validation, iii/ the updatability, iv/ the transferability. The methodological framework is then
applied to the model we have developed in France to produce national damage functions for the agricultural sector.
We show in this paper that the proposed methodological framework allows an explicit description of the modelling
assumptions and data used, which is necessary to consider a reuse in time or a transfer to another geographical area.
We also highlight that despite the lack of feedback data on post-flood dameagesdamage, the proposed methodological
framework is a solid basis to consider the validation, transfer, comparison and capitalisation of data collected around
process-based models relying on expert knowledge. In conclusion, we identify research tracks to be implemented to

pursue this improvement in a spirit of capitalisation and international cooperation.

1 Introduction

Worldwide, flooding generate huge damage (van Loenhout et al., 2020) estimated at 58 billion EUR (75 billion USD)
per year (Alfieri et al., 2017). The EU Floods Directive (Directive 2007/60/EC) requires Member States first, to
map flood extent and assets at risk; second to coordinate measures to reduce this flood risk. Every Member States

are confronted to this challenge to decrease total flood damage while urban assets keep on developing in flood prone
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area (Rojas et al., 2013). To face this challenge, flood management usually mix several types of approach at river
basin level. Agricultural areas are-globally generate less damage than urban ones (1% only of the total damage in
Europe (Alfieri et al., 2017)). As a consequence, protection measures such as dykes are usually dedicated to protect
urban areaareas. Farmers are rather seen as potential contributors to reduce flood risk either by changing their
practices (O’Connell et al., 2007; Posthumus and Morris, 2010) or by using agricultural lands to give more room for
water flooding which involves increasing their exposure (Morris et al., 2010). However, the second type of measures
raise-raises many questions on acceptability and compensations (Zandersen et al., 2020; Erdlenbruch et al., 2009;
Posthumus et al., 2008, 2010). Then properly evaluate flood damage on agriculture becomes a real issue for two main
reasons. First, evaluating flood damage on agriculture is necessary to justify the efficiency of the policy and then
the choice that can be done between several options. This is usually done by performing Cest-Benefit-Cost-Benefit
Analysis which requires developping—developing flood damage functions (Jonkman et al., 2008; Merz et al., 2010).
Second, even if the project is efficient, the acceptability of those measures requires involving farmers (Posthumus
et al., 2008) and introducing compensation payments (Erdlenbruch et al., 2009). To reach this goal, developing a
comprehensive model to evaluate flood damage on farms is necessary. In particular, to discuss and build a trusting
relationship with farmers that may be over exposed, this model needs to reflect as much as possible what happens
to them in case of flooding.

Several classifications of the methods used to model flood damage can be found in the ltterature-literature
(Jongman et al., 2012; Davis and Skaggs, 1992; Merz et al., 2010; Molinari et al., 2020; Malgwi et al., 2021). However,
these classifications are not operative because they mix the modelling methods and the data necessary to feed the
models. Presenting the modelling methods separately from the data needed to feed them provides greater clarity.
The strategies generally adopted to model flood damages are: (i) data driven modelling, (ii) conceptual modelling,
(iii) process-based modelling. To feed these models, different types of data can be used: (i) damage observation data,
(ii) data from expert knowledge, (iii) data from experiments. Data driven modelling approaches requires damage
observation data. Conceptual modelling are more often used to evaluate indirect damage with input-output (I0)
models (Hallegatte, 2008; Van der Veen et al., 2003; Hallegatte, 2014; Crawford-Brown et al., 2013; Xie et al., 2012)
or computable general equilibrium (CGE) models (Xie et al., 2014; Rose and Liao, 2005; OCDE, 2014). They are
appropriate for indirect and large scale damage evaluation but not for sectoral damage evaluation at micro and
meso scales. Process-based modelling can be fed by expert knowledge or experimental data. Experiments require
very significant monetary and time investments. Most often process-based modelling approaches are fed with expert
knowledge. ¥-To do so, it is recommended to have experienced interviewers, who also have some knowledge of
making damage estimates (Davis and Skaggs, 1992). To illustrate these categories of modelling approaches, let us
take the example of flood damage assessment models developped-developed in Germany and the United Kingdom. In
Germany, a huge effort to collect expest-post-flood damage data has been carried out (Thicken et al., 2017) and the
models developped-developed for residential (FLEMO-ps) (Thieken et al., 2008a) and economic assets (FLEMO-c)
(Kreibich et al., 2010) are data driven models. On the contrary, the flood damage functions that have been etablished
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established in United Kingdom by the Flood Hazard Research Center (FHRC) are process-based models fed with
expert knowledge (Penning-Rowsell and Chatterton, 1977; Penning-Rowsell et al., 1992, 2005, 2013; Priest et al.,
2021b). The flood damage medels-model INSYDE (Dottori et al., 2016) in Italy or floodam.building (Grelot and
Richert, 2019) in France are also part of this category. Each of these methods has its advantages and drawbacks.
For data-based approaches, it remains difficult to systematically collect individual data on a large scale. For process-
based approaches, the understanding of processes often remains too incomplete (Merz et al., 2010; Meyer et al.,

2012, 2013). Moreover, process-based modelling approaches are often pointed out as being context specific and not

allowing capitalisation of modelling efforts to other contexts.

yFor_agricultural sector, no
data driven models was found in the literature. In Germany, no model such as FLEMOps or FLEMOc exists for
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agriculture (Thieken et al., 2008b). To evaluate agricultural damage in the MEDIS project, Forster et al. (2008)
extrapolated yield loss estimation based on one specific flood in Germany. This can be explained by the fact that

little sinsitrality-sinistrality data is available for the agricultural sector. The private insurance for flood crop losses

is low {Priest-et-al—202ta; Browne;2000)—(Priest et al., 2021a; Browne, 2000; Vozinaki et al., 2015) and no private

insurance for overall agricultural damage exist as for example for soil erosion. Conceptual models are not suitable for

assessing damage at the watershed or farm level (Meyer et al., 2013).

to—eroploss—alone—DamageFlood damage on_economic activities such as farms is classically estimated by the
loss of added value (Penning-Roswell et al., 2005; Brémond and Grelot, 2010) which corresponds to the decrease
roduct minus the variation in production costs due to flooding (Brémond et al., 2013). Due to flood impacts
the farmer will make some choices which will lead to variation in production costs. Some may be saved (harvest)
while others may increase (treatment, tillage, for instance). Then, damage to agricultural assets results both from

complex biophysical processes and from repair and recovery actions taken by farmers, which need to be explained
in order to assess the damage (Brémond et al., 2013; Brémond, 2011; Durant et al., 2018; Priest et al., 2021a). For
this purpose, a process-based modelling approach seems to be the most promising. As experimental data on flood
damage on farms are scarce and context-specific (Satrapa et al., 2012), feeding expert knowledge into the models

seems most suitable. However, a literature review on 42 studies on flood damage modelling for agricultural activities

Brémond et al., 2013) showed that many simplifications are usually done: (i) most methods considered only the loss

actions were not explicitly considered or not transferable; (v) the implications of flooding for perennial crops were
not taken into account; (vi) the modelling assumptions were not validated.

In this article, we analyze and discuss the methodological aspects required to develop process-based damage as-
sessment models in a spirit of capitalisation. In—partienlar—we-We propose a framework for the development of
damage assessment models based on expert knowledge —We-illustrate-the—tse-of thisframewerk-and illustrate its
use around the model floodam.agri that we have developed and used to produce flood damage functions for the
agricultural sector in France. Two questions are addressed: i/ Hew-usefulis—(i) Is the methodological framework we
propose useful for developing flood damage assessment models in the spirit of capitalisation? #/-(ii) What method-

ological efforts are needed to develop process-based models that are not only context specific in this capitalisation
and cooperation perspect1ve7 In section 2, based on a state of the art, wepwpesea—me%hede}eg}aﬂ—fmmeweﬂefef%he
the proposed
methodological framework is detailled around its four axis: (i) explicit assumptions, it/ —vedidationii/updatability

and-iv/-(ii)validation, (iii) updatability and (iv) transferability. In section 3, the case study, i.e the context and main
steps of deve}eppemeﬁtfdveyvelggg@vnvt»of floodam.agri are presented. Then, in section 4, the four-axis-and-conditions

er-methodological framework is applied loodam.agri. In the
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diseussionsection 5, the usefulness and limitations of the propesed-framework are discussed. Finally, the section 6

concludes by outlining the research avenues to be developed for the improvement of process-based models.

2 Methodological framework for capitalizing on modeling efforts
2.1 Proposition of a methodological framework

Based on a review of the literature as well as on our own modeling experience, we propose the methodological
framework presented in the table 1. It is presented in the form of questions that are as many conditions to be
respected for the development of process-based models in a capitalisation perspective. These conditions have been

grouped into four main axes which are: #£(i) explicit assumptions,

iii) updatability, (iv) transferability. We detail the conditions of each axis in the sections 2.2 to 2.5.

2.2 Axis 1: Explicit Assumptions: system boundaries, biophysical processes and decisions

Gerl et al. (2016) reviewed 47 flood damage models (process-based or data driven) in order to create a basis for
harmonization and benchmarking. One of their main conclusion is that this requires profound insight into the model
structures, mechanisms and underlying assumptions. In the following, we highlight which assumptions need to be
explicited.

Flood damage are usually classified in four types: direct tangible (e.g. physical damage due to contact with water),
indirect tangible (e.g. loss of production and income), direct intangible (e.g. loss of life) and indirect intangible
(Jongman et al., 2012; Merz et al., 2010; Priest et al., 2021b). To evaluate flood damage on economic activities,
defining the limits of the system considered is crucial to distinguish between direct and indirect damage since the
flood affects not just the property directly affected. As an example, on agricultural assets, Brémond and Grelot
(2012) identified induced damage at farm scale due to the links between farm plots and buildings. Nortes Martinez
et al. (2020) shows the importance of interactions betweens farms and the cooperative at a winery cooperative scale
and the consequences on flood damage estimation. So first, clearly defining the limits and the components of the
system under consideration is necessary to avoid problems of double counting or forgetting damage. This refers to
the condition EA1 in table 1.

Then, process-based models try to reflect physical or biophysical processes that occurs on the considered system
and which generate flood impacts. Those processes are numerous, depend on the component of the system considered
and may depend on different flood parameters (Kelman and Spence, 2004). Explicit assumptions on which are the
processes considered, on which component of the system and which are the flood parameters involved are essential in
process-based models (Davis and Skaggs, 1992). Condition EA2 (table 1) is developped-developed in sub-conditions

that helps to detail how the biophysical processes due to flood on the considered system taken into account.



Table 1. Methodological framework for the development of process-based flood damage models

Axis 1 : Explicit assumptions
EA1 What are the boudaries and components of the system considered ?
EA2 What are the biophysical processes that cause the damage considered?
Are the biophysical processes that cause the damage taken into account in the model explicitly considered?

ed?Are the links between

biophysical processes and flood parameters clearly defined?

EA3  Which are the assumptions on farmers’ decisions?

Are the links between the farmers’ decisions and impacts made explicit?

Axis 2 : Validation

V1 Is it possible to compare the model results with sinistrality data?

V2 Is it possible to compare the results of the model with other similar models?

V3 Does the model meet stakeholders’ expectations?

V4  Has the model been tested on several application cases?

V5  Has the model been presented and discussed with the experts involved for the development?
Are modeling assumptions about processes and actions validated with the experts involved?
Are the monetization values validated with the experts involved?

Are the results of the models validated with the experts involved?

Axis 3 : Updatability
Ul Are all the data used in the model and their sources made explicit?
U2  Are the vintages of the data used in the model specified?

U3  Are the data used tracked over time?

Axis 4 : Transferability / improvements
T1 Are the conditions for adaptations, improvements and transfers described?

T2 Has the model been transferred to another context?
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Finally, flood damage results of interaction of flood impacts and human behaviour (Middelmann-Fernandes, 2010).
At the end, evaluating the damage in monetary terms requires knowing the repair and restoration choices made by
the people affected and their costs. In data-driven modelling those choices are implicitly included in the damage
data collected. In process-based models, the property damage avoided technique is used (Shabman and Stephenson,
1996). The repair choices and their costs are hypothetical and fed with expert knowledge. As a consequence, explicit
assumptions on the decision rules considered are also critical to properly describe a process-based damage model.

This refers to the condition EA3 (table 1).
2.3 Axis 2: Validation

Although the research community has put a lot of efforts into improving flood damage models, Molinari et al.
(2019a) point the lack of validation and identify three modalities for the validation of flood damage models which
are: i/—(i) the comparison with observed data, i#/(ii) the comparison with other models, #i/-(iii) the use of expert
judgement. In the methodological framework (table 1), the condition V1 questions the possibility to compare the
outputs with observed damage data and the condition V2 to compare the models between them. However, for all
sectors, and especially for the agricultural one, a lack of data to fully implement the first modality is commonly
observed. As for the second one, a lot of work is being done to compare the different existing models (Gerl et al.,
2016; Molinari et al., 2020; Malgwi et al., 2021) in order to have a better idea of the uncertainties. However, the
difficulties encountered are often related to the lack of explicit assumptions used in the approaches and modeling
choices which brings us back to the importance of properly addressing axis 1 of our methodological framework. As
for the third modality, we state that two perspectives must be distinguished:i/(i) the adequacy with the stakeholders’
expectations (condition V3) which is related to the use of the model in practice (V4):-i/—, (ii) the validation with
the experts involved in the modelling process (V5). As for the second point, few experience and methodology has
been found. Let us mention the experience of Dias et al. (2018) who discussed with experts the data collected for
the construction of damage functions on buildings. Hewever—+the-The methodology for validating the models with
experts remains to be consolidated. Based on our own experience, we detail in the V5 condition, the sub-conditions
which seem to us necessary for the validation by the experts involved in the modeling preees-process in the following
steps: +£(i)discussion of the modeling assumptions about processes and recovery actionsii/, (ii) discussion of the

monetization valuesiii/; (iii) discussion of the outputs.
2.4 Axis 3: Updatability

Although some research exists on updating flood hazard models, for example by integrating climate change (Hat-
termann et al., 2016), the update of flood damage models remains little investigated although necessary (Comiskey,
2005). Updatability is defined as the possibility of updating and should be understood as the anticipation in the
modeling process of the possibility of updating the calibration data of the model. This notion is different from the

update which corresponds to updating the model outputs. It can be achieved through the updatability of the source
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data or through simplified methods of actualization of the outputs. The update when it is addressed, concerns the
values allowing the monetization as for example, in the last version of the multi-coloured handbook (Priest et al.,
2021b). In general, the databases used are rarely made explicit and even less so the vintages. It is therefore important
to verify whether the types of data and their sources are made explicit (condition U1, table 1), whether the database

vintages used are specified (condition U2), whether the databases are tracked over time (condition U3).
2.5 Axis 4: Transferability

Transferring flood damage model is a challenging issue (Molinari et al., 2020; Jongman et al., 2012; Cammerer
et al., 2013). As we dealt with updating in the section 2.4, we focus here on transfer in space and improvements of
the model. Improving modelling techniques to transfer data driven flood damage models has been largely explored
(Wagenaar et al., 2018, 2021). But, the transfer of process-based model is very challenging mainly beaeause-because
it requires a great understanding of origin, calibration, assumptions, field of application which brings back again
to the central issue of explicit modelling assumptions (section 2.2). Although process-based modeling approaches

seem to be the most promising in terms of transferability, the lack of explicit assumptions hinders this and models

developped-developed remains context-specific -

—(Vozinaki et al., 2015
. For example, for the development of AGRIDE-c i

s(Molinari et al., 2019b; Scorzini et al., 2020
floodam.agri was partially transferred. In particular, the vield loss coefficients were directly used after discussions

with local experts. However, the part concerning the validation by experts remains poorly detailed in Molinari et al.

. We are not sure that all the central assumptions of floodam.agri, namely biophysical processes and farmers’

decisions, were sufficiently detailed in Agenais et al. (2013) to allow transferability. Condition T1 (table 1) checks

whether the adaptation, improvement or transfer conditions have been taken into account and described at the time

of the model design. Condition T2 refers to the effective transfer of the model.

3 Case study: the development of floodam.agri to produce national damage functions for
agriculture in France

3.1 Context of development and implications

In France, since 2011, it is mandatory for local communities to conduct cost-benefit analysis (CBA) of their flood
management projects, to make them eligible for financial support from the State. Meanwhile, as a support, the French
Ministry in charge of Environment proposed a methodology to fulfil CBA (Rouchon et al., 2018)and-a—working-group
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Ministry— A working group of engineers and researchers of which we were part was charged to develop damage

functions usable on a national scale. The idea was that the consulting firms in charge of Envirenment-tauneched

225 dies-to-develop-damage-modelsfor-different-seetors;sueh-as:residen ector;pib e tres; &g e
fer-the realization of CBA for local communities could use these resources whatever the context. Two strategies were
ossible: reuse and adapt damage functions to the French context or develop our own functions. For the agricultural
sectorthrotigh-the-development-of-the model- Hoodam-agri- However—the-methodelogytor-allseetorssharethesam
230
235

240 The-database-models, the AGDAM model developed by the USACE (1985) and the model developed by the FHRC
(Hess and Morris, 1988; Morris and Hess, 1988; Penning-Roswell et al., 2005; Priest et al., 2021a) standed out as being.
the most advanced. The possibility of adapting AGDAM or the FHRC damage functions was investigated. However, a
review of the literature (Brémond et al., 2013) revealed that no existing damage function could meet the operational
needs. Indeed, the Ministry needed ready to use French National Damage Functions: (i) that cover the vast majority.

245 of French agricultural crops and that were compatible with the databases used to locate agrieunltural-assetsinFranee

isthethem (Graphical Plot Register(GPR}- e-agrietltural-pareels-accordingto-a-defined-typologytntranece;
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The-threshold-effeetsin-, GPR, in France), (ii) that are applicable on a national scale but can be adjusted to local

databases that can be tracked over time as far as possible. Then, the option retained was to develop our own damage

functions. As in other countries, the

wt lack of sinistrality data quickly led us to choose process-based
models based on expert knowledge. In this article, we focus on the floodam.agri model that we developed and that
was used to produce the national damage functions. However, ready to use national flood damage functions have
been developed for residential sector, public infrastructures, agricultural sector, and commercial and industrial sector.
They are all available online. In practice, since 2013, over 200 flood management projects have been analyzed by
cost-benefit using this method and flood damage functions.

3.2 Developement—proeeess

3.2 Methodology to develop floodam.agri and produce national damage functions

The-development-of Hoodam-agrifollowed-six—We have chosen to develop the floodam.agri model that includes
eneric parts and that can produce damage functions at different scales, depending on the calibration. We illustrate

in this article the use of floodam.agri to produce damage functions at the national scale. This methodology has
followed seven stages (figure 1).

Thttps://www.ecologie.gouv.fr/levaluation-economique- des- projets- gestion-des-risques-naturels

10


https://www.ecologie.gouv.fr/levaluation-economique-des-projets-gestion-des-risques-naturels

285

290

295

300

STEPS
1 C First conceptual model j

2 C Individual surveys with experts j

3 C Implementation of floodam.agri j

4 C Calibration of flood damage functions j

5 C Validation (focus groups) j

6 C Corrections of floodam.agri parameters j

7 C One line flood damage functions j

Figure 1. Development process of the national flood damage functions for agriculture

The-econeeptualframewerk

As-deseribed-at-the-top-of-thefigure3a-First, the conceptual framework has been established. A crop category
is broken down into elementary components —Fer(figure 3) and for each component, the damage is estimated based

on the biophysical processes at work due to the flood and the actions carried out by farmers after the flood.
S il reul 1

Fe—Second, to inform the conceptual framework,

e}emeﬂ%weeﬂfpeﬁeﬁt—ef—erﬂep—e&ﬁegefy—mehﬂdﬂ&ks&fvey% thirty individual surveys with agrlcultural experts

s-working in regional technical
institutes f 3
geographieal-Joeation—The-experts-were carried out. They usually had expertise at the level of a crop family that
encompasses several categories (appendix A, table Al). Some had expertise in several families of crops. Among the
experts, six were specialists in grain and oleaginous crops, eight in vegetable crops, four in vines, three in fruit-trees,
and eight in meadows and feeding crops. The experts worked in geographical areas where crops had been impacted
by at least ene-once flood since 2005. We focused on five areas that differ in terms of hydrological and agricultural

contexts (seeFigure-figure 2): two Mediterranean areas, an area composed of alluvial plains and mountains, an

oceanic area, and a rural area composed of plains and plateaus.

11
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number of experts interviewed

Figure 2. Geographic distribution of the experts interviewed

foodam.aeriimo] .

305 A questionnaire was designed (supplementary material 1) to conduct semi-structured interviews that lasted about

one hour, It was structured in two parts in order to collect information: (i) on impacts on farm components, and (ii)
on consequences on farmers’ practices. Prior to every interview, production cycles in terms of physiological stages
and agricultural work calendar were established based on literature, for the categories of crop corresponding to the
expert interviewed. This information was presented and discussed with the experts too.

fons-wi i-{Third, floodam.agri implementation

can be summarised as shown in the figure 3}. The crops for which damage can be estimated with floodam.agri

are defined in a three-level classification (appendix A, table Al). Thelevelt—eorresponds—tofive—eropfamities—I¢
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and-oleaginous—erops—family—All the crops that belong to a same category are associated to a similar vulnerabil-
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ity to floods, but can differ in terms of their other characteristics (yield, selling price, crop calendar, intermediate

consumption).

For each component, based on
the interviews, the sensitivity to flooding is modeled i.e a proportion of loss or level of deterioration of a component

is associated to flood parameters; for example, for the crop component, damaging-funetions-assoeiate-the sensitivit
determines a loss of yield in percent of the standard yield. Aetion—funetions-models-deeision—ruless—whieh-Decision

rules associate behaviours to the proportion of loss or level of deterioration of a component;for-example—for—the

speeifiedoeal-Fourth, floodam.agri must be calibrated with data such as agricultural calendars, yields, and selling

sales prices to produce flood damage estimatesfor-speecifie-contexts—The-combination—of-damagingfunetions—and

13



Data modelling

Crop category Sensitivity Decision rules
(level 2) (level 2) (level 2)
- Mortality and loss of yield Do not replant
; Plant material = L3 APM=f(h,d,t,s) k| Partially replant
InterVIeWS = §_ AYield = f(h, d, t, s) Replant the whole plot
Wlth eXpertS b. 5 Loss of yield and quality Continue the crop
Crop H= © @ tavield=fih,d,t,5,PM) | Resow
= g APrice =f(h, d, t) Stop
i Q’ Erosion = f(s) Till the soil
‘ SO|| }_— ﬂ"liﬂering =f(h) ‘ Pick up litter ‘
| Equipment )__ _,.I Deterioration = f(h, s) l | Repair or replace l
Crop calendars
scope : level 3 1 Calibration
(national)
Yields, el ———___ Y - .
Selling prices ! Damage functions (€/ha) |
Charges ! (level 3) !
scope:level3 ¢ T oT-T-T-TTmmTmToTTTmTmTTTT
(national)
Correspondence Typology adaptation
tables ¢  _ _ _ ______ Y o ;
I Damage functions (€/ha) |
] (level GPR) |
Resolution adaptation
Classes of flood P
parameters |

Ready to use national
damage functions (€/ha)

(level GPR and hazard parameters classes)

i ' intermediate output

[ final output

Figure 3. Deseription-Production process of the generie-part-efnational French flood damage functions with floodam.agri
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TFhe—damage—funetionsat—functions. The level of data specification should be appropriate for the scale at which
the level 3-are—thosediseussed—with-experts—The—validation—proeess—damage functions are to be produced. For the
national damage functions, we used data at the national level.

Fifth, a validation was carried out through focus groups bringing together the experts consulted in individual

interviews for each crop family. This steps eeeured-occurred in average one year after the first interview. In total,

five focus group have been organised —Fhis-step—will-be-detailled-in—(see section 4.2).
Readytouse Flood-Damage Funetions

Sixth, based on focus group discussions, some corrections have been done.
Fo-produce—ready—tousefood-damagefunetionsSeventh, the process resulted in ready to use flood damage
functions. To produce them, two more steps (3 et-and 4 on figure 3) were achieved: (3) adapting the damage

functions to fit the typology used to locate the crops (GPR), (4) adapting the resolution of the functions to fit the

available data that pertain to flood parameters. The ranges of values considered for each parameter in floodam.agri
and the grouping choices for the period of occurrence and flood duration categories chosen for ready to use damage

functions are specified in appendix B (respectively tables B1, B3 and B2). In addition for the national application

to manage rotations if necessary on the application territory, we proposed to create a mixed function. For example

if the 3-year rotation is wheat, wheat, rape, the weight assigned to the wheat function is 2/3 and the weight assigned

to rape 1/3..

3.3 Overview of French national damage functions

Ready to use national damage functions were produced for 15 of the 28 sorts of crop of the GPR typolo supplement

material 2). These 15 sorts accounted for 89% of agricultural areas located in flood-prone areas in metropolitan France
in 2010, according to the GPR database. They indicate the estimated expected value of damage in euros by hectare,
depending on the water depth, submersion duration, season of occurrence of the flood, and flow speed. The maximum
expected damage is the lowest by hectare for sunflower crops (1 611 Euros) and the highest for arboriculture and
orchards (93 549 Euros) (table A2).

For illustrative purpose, the figure 4 shows the damage function of the arboriculture. How the hazard parameters
were aggregated to produce these graphical outputs is specified in appendix B. The damage increases with the flow
speed, the submersion duration, and the water depth. It is generally the highest in spring and the lowest in winter.
The threshold effects in the relationship between the damage and the water depth correspond to the water depths

at which new types of plant organs are reached by water (e.g. leaves, fruits).
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Figure 4. Example of the national flood damage function developped using floodam.agri for the category "arboriculture"

4 Application of the methodological framework to floodam.agri

380 In this section, the methodological framework (table 1) is applied to floodam.agri. The objective is to analyze the

extent to which the framework makes the modelling process explicit and allows for the transfer of the model to other

study cases. A detailed illustration is given for apple crop.
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Figure 5. Boundaries and components considered in floodam.agri

4.1 Explicit-assumptions{Axis 1) the-model-explieitedExplicit assumptions

EA1l: What are the beudaries-boundaries and components of the system considered?

floodam.agri is based on a conceptual model developed on the basis of the literature and previous works (Brémond et al., 2013;

. Flood impacts on the agricultural sector need-to-be-considered-through-theproduetionproeess—can be evaluated
by the variation of added value through the production process. The figure 5 represents the links between economic

entities that may impact the variation of added value. Each economic entity is composed of physical components

{such as building and parcels }-that can be directly affected by a floodand-a—deecision-making-entityin—charge-of
produetion—and-recovery-deeisions—, The farmer makes choices for the production process and recovery if a flood oc-

curs. At farm level, the growing process can be impacted either directly by the flood or indirectly if farm’s buildings

are impacted. In the same way, flood impacts on suppliers may interfers-interferes on the production process.

The components in dark grey are those that are currently considered in floodam.agri. It takes into account
the physical components related to the land plots namely crops, plant materiel, soil and equipment en—-tandplots
which—inelades—such as irrigation systems, fences and trellis depending on the crop type. It also takes into ac-

count farmer’s decision in terms of adaptation of production tasks (crop management sequence) and recovery tasks.
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415

Physiological stages vegetation
dormancy flowering growing maturity dormancy
Crop management sequence
pruning —/ —/
treatments [ ]
tillage / weeding [ ] [ —]
irrigation [ ]
harvest —
Weeks of the year 1 13 18 31 47 52

Figure 6. Distribution of the physiological stages and crop management sequence of apple crop over the weeks of a year

selected for the national functions

Table 2. Example of assumptions on trunk and tree height

Height (cm)
Trunk 80.
Tree top 200

Using floodam.agri requires specifying some data on these components to produce the damage functions. These
assumptions represent a national vision for the development of national damage functions but can be specified

at other scales. They were made in collaboration with the experts consulted. For example, we had to set the
hysiological stages to the weeks of the year (example for the apple on the figcure 6). Similarly, assumptions were

made about certain physical characteristics (trunk heights, first fruits as on table 2). Finally, we also specified the

crop management sequences for each crop (according to the physiological stages and based on the weeks of the year
for the national application).
Interviews were conducted on the vulnerability of farm buildings and their contents (i Sreet S

aseequipment and stock) as well as cattle. However, these elements
have not been integrated into floodam.agri to date. loodam.agri also does not consider induced damage at the
farm scale i.e damage induced on farm activity due to direct damage on farm equipment for example as evaluated
in Brémond and Grelot (2012) or indirect damage at the scale of the area affected by a flood as for example damage
propagation on cooperatives as evaluated in Nortes Martinez (2019a) and described in Nortes Martinez (2019b).

Indeed, in an operational way, it remains very difficult to obtain information concerning the links between farm

buildings and parcels of the same farm or the links between farms and cooperatives.
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Equations 1 to 4 describe the translation of this conceptual framework in economic terms. The total damage to a
plot (D) is the sum of the costs of the actions needed to restore the plot (C) and of the loss of added value (AAV). Tt
is calculated as the sum of the damage to each component of the plot (D.): (i) plant material (for perennial crops),
(ii) the crop production, (iii) the soil, and (iv) equipment. The crop component is defined as the part of the plant
that is harvested.

The added value is the difference between the outcome of the plot (O) and the intermediate consumption due to
its management (IC'). The outcome is the product of the yield (Y') and the selling price (P), while the intermediate
consumption is the consumption in terms of input, material, and labour. The loss of added value is the difference

between the usual added value and the added value following a flood.

D=AAV+C=) D, (1)
AV =0-1IC ) (2)
O=Y %P 3)
1C = Input + M aterial + Labour (4)
AAV = AVysual — AVflo0d ()

EA2: What are the biophysical processes that cause the damage considered?

The methodological framework proposes to discuss this following three sub-questions.
— Are the biophysical processes that cause the damage taken into account in the model explicitly considered?

— Are the

— Are-the-links between biophysical processes and flood parameters clearly defined?

For each component, the table 3 summarises the processes at work in the formation of damage, the major flood

parameters involved, whether the process is taken—into-aceount-considered or not in floodam.agri and if yes +—if

show it is estimated. These processes have
been identified based on litterature-literature and during the individual interviews.
The parameters used to characterise the floods are: (i) the height, (ii) the duration of submersion, (iii) the velocity,

and (iv) the season.

Flood impacts on crops were described in

function of physiological stages instead of time of the year to maintain the adaptability of our model to different
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Table 3. Biophysical processes considered or not in the national flood damage functions produced with floodam.agri

Biophysieal processes-Biophysical processes Flood-parameter Flood parameter taken-into-account-Considered
mortality by uprooting velocity, height yes.
mortality by root asphyxia season, duration, height yes.
mortality by leaf asphyxia_ sediment, height, duration yes.
mortality by salinity salinity no.
mortality by contamination contamination o,
Crops

poor flowering or fruiting by root apshyxia—asphyxia  season, duration, height exphieit-yes
destruction of buds, flowers, fruits by contact season, duration, height exphieit-yes
increase in cryptogamic diseases season, duration, height exphieit-yes
growth alteration by root apshyxia-asphyxia season, duration, height exphieit-yes
growth alteration by crop laying down velocity, height exphieit-yes
growth alteration by leaf asphy=ation-asphyxiation_ season, sediment, height exphieit-yes
growth alteration by salinity season, salinity no
growth alteration by contamination season, eontimation-contamination no
excess of water in the fruits season, duration, height exphieit-yes
soiled fruits by sediment deposit season, sediment, height expheit-yes
soiled fruits by contamination contamination no
Soil

deposits of debris and waste velocity, height exphieit-yes
erosion without loss of soil velocity, height exphieit-yes
erosion with loss of soil velocity, height exphieit-yes
soil contamination contamination no
soil salination-salinisation salinity no
Equipment

pulling out and moving irrigation pipes height, velocity, season impheithy-yes
fence degradation and debris build-up height, velocity exphieitly-yes
trellising torn off by the current height, velocity impheithy-yes
damaged trellising height, velocity exphieitly-yes
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475

contexts. H—was—-defined-in—eolaboration—The relevance of the choice of these physiological stages to the sensitivit
of the component to flooding was discussed with the expertseonstlted—As-an—example—thetable—27presentsthe

bt —. For apple, for example (figure 6), to qualify the sensitivity of the plant

material (tree), two stages were defined (dormancy and vegetation) and for the cropheight-data—were-alse-colleeted

five stages (dormancy, bud-break, flowering, growing, maturity). The effects of water level are defined taking into

account crop data (trunk height, fruit height srescmuwm-heieht)—

)

estimated-by-a-deerease-in-their-selling-prieeand maximum height, see apple example, table 2).

Plant material

The table 3 shows that the main processes that cause plant material i.e tree or vine mortality ar-are uprooting

or asphyxia. The proportion—of plants-table 4 details how the processes discussed with the experts were modeled.
Uprooting largely depends on the flow speed. For the example of arboriculture, trees are considered to be uprooted
for_high velocity. There is no_uprooting for low or medium velocity. In this case, it is asphyxiation that causes
mortality. The diagrams represent the mortality rate () as a function of the flood parameters (duration and height)

for the two physiological stages defined with experts. The proportion of trees suffering from asphyxia increases with
the water depth {beeatise-the-prebability-of-asphyxiai 2 i ber ol leaves and b by

submersion duration.

Crop

For perennial crops, on a plot, the crop borne by the destroyed plant material (5) is considered destroyed as well.

The crop loss () on the undamaged plant material (1 — ) is then determined. The table 3 synthesizes the processes
identified with experts which contribute to yield loss (a) or quality loss for annual and perennial crops. The
table 5 illustrates for the apple crop how the processes were associated with yield loss. In addition to yield losses,
flooding can cause a deterioration in the quality of the remaining fruit (e.g. theroots—areless—sensitiveduring

¥)- i ok ‘ -flow-speed: f essreduced shelf-life potential) and generate
a lower selling price. Based on the interviews with experts, it was considered for the example of apples that the
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Table 4. Mortality of plant material for apple crop in function of the physiological stages and biophysical processes involved
(low _velocity)
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Biophysical processes involved

The metabolism is paused and apple tree therefore have
a low sensitivity to root asphyxiation.

For a flood with less than 80 cm of water, ie. the

branches are not in_contact with the water, the time

before tree mortality occurs is 105 days. The mortality
will be total after 125 days. With all the trees submerged
(> 200 cm), tree mortality starts at 50 days and the
orchard is completely lost at 60 days of flooding. Between
water height.

Duting the vegetation period, the sensitivity of trees to
asphyxiation increases. For a flood with less than 80 cm
of water, mortality starts for 30 days of flooding and is
total at 40 days. With 200 cm of water, there can be
losses of plant material as early as 15 days of flooding
and they are total for 20 days.
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selling price (P,) is reduced by 10% when the flooding occurs at the maturity stage with a height of more than 80
cm and a duration of more than two days. This effect is added to the loss of yield as described in equation 11.

Soil

The flood impacts on the soil component taken into account in floodam.agri are erosion and littering (table 3).
Erosion depends on the flow speed and the quantity of material carried by flood water depends on the water depth.
How the damage processes were related to the flooding parameters based on the interviews for the arboriculture
example is detailed in the table 9. For the moment, the phenomena of organic matter loss or pollution are not taken
into account. This is mainly due to the fact that the experts we met have not been confronted with these problems
in a systematic way. The salinisation phenomena are the subject of an adaptation which is in progress.

Equipment

Equipment on the plots (ie irrigation systems, fences, greenhouses, and trellis) can be deteriorated or destroyed
(table 3). The deterioration or destruction of equipment depends on the flow speed, that influences the number of

devices that move during the flood, and on the water depth that is linked to the number of devices immersed.
EA3: Which are the assumptions on farmers’ decisions?

The assumptions made on the decision rules of farmers after the flood are linked to the damage endured and the

physiological stage of the crops. They are explicited for each eempement-component below.
Behavior in standard situation

The behavior of farmers in standard situation is defined by the crop management sequence which is the logical and
orderly sequence of tasks that must be performed to achieve the set yield (Sébillote and Soler, 1990). The periods
in which tasks must be performed are defined on the basis of physiological stages —Fathe-example—presented-inthe

example for the apple, figure 6). These sequences of tasks were used as a basis to discuss with the experts the
change in farmmers-farmers behavior due to flood. The list of potential additional or cancelled tasks is presented in
table 6.

Decisions related to erepsplant material
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Table 6. List of additional or cancelled tasks taken into account in floodam.agri

additional- eancelledTasks Crops _concerned
sewing-Additional Sowing Grain crops and oleaginous
oversowing- Qversowing, Grain crops and oleaginous
treatment- treatment Treatment All
replanting- Replanting Yegetable crops
Cancelled Treatment All

Harvest All

515

Direct (D and delayed (D4

damage to plant material are estimated. Direct damage to plant material do not depend on farmer’s decisions and is

plants:

520 Deroppy =a¥y X Py+ (1 —a)B x Yy, x 7P, +1C; (6)

525 ef3 the proportion of plants lost by hectare, Y,

the mean usual yield by hectare, and P, the mean usual selling price.
Hfarmers-decide-to-sow—another-crop-the-damagedsthe-sum-of Then, delayed damage D4 is estimated takin

into account the farmer’s decision. Depending on tree mortalit , three possible strategies are considered in the
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535

540

545

550

555

table 7: (i)
NS i

no replanting (equation 7), (ii)

Dcrop — 1/u X Pu - (1 - a?)Ynew X Pnew +ICS

op-teplant only
the missing trees (equation 8), (iii) grubbing and replant the entire plot (equation 9). Each strategy is associated to

costs and their mathematical formulation.

If faffHEH‘ dee]'de +6 de ﬂ@thiﬂg, the dafﬂ‘ige i{\

Decisions related to plant-materialcrops

ossible strategies following the loss of yield are different depending on whether the crop is perennial or annual. The
table 8 summarized the possible strategies and the associated equation to calculate damage.

In floodam.agri, farmers of perennial crops have only two choices: continue (equation 11) or stop (equation 12

H-thefarmers—do-not—replant—the-delayed-dameage-by-heetare—is-basic assumption is that of a continuity of the
diseounted-sum-—of-theJoss—of-outeome—dueto—production of the loess-of-plants—{for-all-theearsHin—-whiehtheJost
phants—world-have-been—produetivercurrent crop. That is to say that no radical change in the orientation of the
farm’s production is envisaged. Most of the time they decide to continue the crop management sequence also because
leaving rotten fruit in the orchard or vineyard could lead to disease development. For example, for apple crops, the
harvest is always carried out unless the total yield losses, i.e. combining yield losses alone and plant material losses,

are i.e. combining vield losses alone and losses of plant material, are: (i) more than 95% and the flooding took place

before the maturity stage, (ii) above 75% and the flooding takes place at the maturity stage (a chemical treatment is
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Table 7. Farmer’s strategy for replantation in function of mortality of plant material (3

8.

Strategy

Associated costs

Equation

<15%

No replanting

Loss of the correspondin,
roduction until the end of the
diﬁefeﬂee betv‘eeﬂ the 0SS Bf
eiiteeﬁﬂe fif]d the 8“61'61661 expenses
related—to—the harvest:

orchard’s life of the orchard.

Amaz—ApMm

B XYy, X P,

Dﬂ‘é%[:YuXPu—Ich (1—|—T)i

Derop = (1—8)[aYy X Pu+ (1 —a) x Yy, X yPy]

—
ot
A

D

A

)
81l
X

Replanting of missin
trees only

Loss of production corresponding to
the end of the life of the orchard

roduction during the period of

entry into production.

ol . Letion coeffieiont.
B> | Grubbin and | Replanting and maintenance costs
25% | replantin of _the | for the entire area Apas Aprod Y. x P, IC
d X Yoy X Iy —10p
entire plot_ Loss _ of _ the _ corresponding | D = Cpi X - —— Aon + Z A+r) 9)

Apa the mean age of the plants at the time of the ﬂood,2

with A;nee the usual maximum age of the perennial plants considered

Cypi the cost of planting one hectare of the perennial plants considered
Aproa the age at which the plants become productive

1C}, the intermediate consumption related to the harvest, by hectare

and r the discount rate.
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Table 8. Strategies for the continuation of the crop management sequence and associated equation

Strategy | Crop concerned

Equation

Continue the crop

Annual crop

Derop =aYy X Py + (1 —a) X Yoy X yPy + ICy

(10)

Perennial cro

Derop=(1=p)[aYu X Py + (1 —a) X Yy X yP,]+ IC

(1)

Stop the crop Annual and perennial
crops
’VV‘PV\‘ Dcrop = 1/u X Pu - IC}L (12)
Re:sow the same crop | Annual crops
Derop = a2Yy X Py +1Cs (13)
Sow another ctop | Annual crops
Dcrop:Yu XPu_(]-_a2)Ynew XPnew+ICs (14)

IC; the additional expenses in terms of treatments, by hectare

IC}, the intermediate consumption related to the harvest, by hectare

1Cs the intermediate consumption related to sowing, by hectare.

1C; the intermediate consumption related to sowing, by hectare.

a2 the yield reduction coefficient that takes into account the fact that late sowing can lead to smaller yields
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570
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580

then carried out). Moreover, if they continue, for the case of apple, there is no variation of intermediate consumptions
because the treatments are already very regular in normal situation.

Amaz—APM
d BxY, xP,

D -
PM — P (1 +7‘)l

Regarding annual crops, farmers generally have to modify their usual crop management plan then the additional
expenses in terms of treatments to avoid moisture-related diseases (equation 10). They can also decide to stop the

crop (equation 12).

eriod of occurrence of the flood and the loss of e&‘ﬁeeﬁ&eﬁﬁti}%he»ﬂeWﬁ}aﬂtﬁbeeemepfedﬂetW%

Aprod
X Yy ><P
D}y = 5xcpl>< Zﬂ

I’fL(l.L

APM Aid YUXPU—ICh

D%y =C :
PM pl X Amam £ (1—}—7“)"

with-/Cy—the-intermediate-consumptionrelated-to-yield, It is possible to re-sow the same crop if the flood occurs
early enough in the crop’s development cycle (e.g., up to the emergence stage for winter and summer field crops).
In this case, the damage is expressed in terms of yield loss due to the later seeding plus the additional seeding costs
is also being considered. This is particularly the case
when_the flooding occurs too late on a winter cereal for the same crop to be resown. The grain farmer may then
consider planting a spring or summer cereal. This alternation is part of the crop rotation that he practices on a
multi-year basis. In this case, the harvest-—by-heetaredamage is expressed in terms of the possible loss of product

linked to the realisation of this new crop to which is added the cost of a new sowing (equation 14).




585

590

595

600

605

610

4.1.1 PDeeisions—related-totheseil-and-equipement

Decisions related to the soil and equipment

As for the soil and equipment, the ass

the-flood—The-repair and replacement actions have been defined with experts in function of flood impacts on the
component. replacement-and-repair-eosts—

The damage to the soil component (D) relates only to the year of the flood.

It is equal to the costs of tilling the soil to correct for erosion and picking up litter, which depend on the labour

and mechanisation costs:

Dsoil = (dtilling + dcleaning) X (Clabour + Cmecha) (15)

with dtii1ing the amount of time needed to till one hectare of soil, dejeaning the amount of time needed by hectare
to pick up litter, Cjapour the labour cost, and Ci,ecne the mechanisation cost.
For the case of orchard, the table 9 summarizes the actions to be carried out and the estimated work times that

have been defined with the experts. The damage to the soil was defined in the same way for each crop family.
The damage to equipment (D,,) relates only to the year of the flood.

It is equal to the replacement and repair costs, which include labour and material costs:

Deq = Z Cmat (Z) + Z(Cmat (]) + drepair (j)clabour) (16)

iel jeJ
with I the set of devices that need to be replaced, J the set of devices that need to be repaired, C),.; the material

cost to replace or repair a device, and dycpqir the amount of time needed to repair a device.
4.2 Axis 2: Validation

In this section, the methodological framework (table 1) is used to describe the validation process implemented for

floodam.agri.
V1: Is it possible to compare the model results with sinistrality data?

As specified in the section 3, up to date, it is not possible to compare flood damage models develepped-developed for
the agricultural sector with sinistrality data since no such data exists (Priest et al., 2021a; Vozinaki et al., 2015). In

France, sinistrality data on the agricultural sector are very limited and unsuitable for comparison with the damage
functions developed. Indeed, the penetration rate of private insurance is very low. Compensation is mainly paid

through the National Agricultural Risk Guarantee Fund (FNGRA). However, this system compensates only part of
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Table 9. Illustration of assumptions elaborated with experts for soil damage for orchards for the national damage functions

|

Velocity

|

Height

|

Biophysical processes

Recovery actions

|

Damage (€/ha)

|

workforce cost 12 €/h
workforce cost 12 €/h | T
mechanization 18 €/h
mechanization 19 €/h | T
Surface  erosion and | 5 hours/ha (2 persons
< 80 cm 25 hours/ha (1 person
Low _ deposition of small plant | and equipment) 965
and equipment)
debris
Surface _erosion _ and
deposition _of _various
> 80 cm | debris with slight | 5 hours/ha (2 persons | 45 hours/ha (1 person
Low 2105
T damage to the trellis and | and equipment) and equipment) T
and irrigation equipment
Digging of small gullies
< 20 cm dee and
Medium deposition _of _various | 15 hours/ha (2 persons | 45 hours/ha (1 person 9535
- debris _ with __slight | and equipment) and equipment) o
damage to trellis and
Digging of medium-sized
ullies (> 20 cm dee
and deposition of various
debris with slight
damage to trellis and
20 hours/ha (2 persons | 25 hours/ha (1 person
High - irrigation ___equipment 2250
- and equipment) and equipment) o
as the orchard is bein
uprooted, _cleaning up
is not necessary). the
orchard is uprooted, the
s faster)

the crop losses (for example, losses of grapes or cereals are not covered) and, moreover, it is a compensation system
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based on a declarative estimate of losses at the time of the flood. It does not take into account, as we have tried to

do in this study, the deferred losses and the variations in expenses linked to farmers’ decisions.

V2: Is it possible to compare the results of the model with other similar models?

Up to date, no comparison of floodam.agri has been done with other models. InFranceno-otherHood-damage

To our knowledge, this has not been done for any flood damage assessment model for agricultureexists. Comparing
floodam.agri with existing flood damage model for agriculture such as the flood damage functions developped

developed by the FHRC in Yi—er-Agride-Cindtaly—the UK or AGDAM in the USA would required a common
case study. No such initiative has been done yet. We are-eonvineed-hope that the effort of explicitness made in this

article contributes to go in this direction. As a first step, the table C1 uses the methodological framework we propose
to compare floodam.agri, FHRC method and AGDAM method. This comparison was made on the basis of the
documents we had at our disposal, namely the agdam users manual (USACE, 1985) and the different versions of
the mulitcouloured manual (Penning-Roswell et al., 2005; Priest et al., 2021b). On the basis of existing documents,
a certain amount of information remains incomplete (the number of applications, transfers that may have not been

ublished. . .). This table should not be considered as a result in itself but it highlights that the framework proposed
in this article constitutes a basis for discussion for the comparison and transfer of process-based models.

V3: Does the model meet stakeholders’ expectations?

The national flood damage functions preduee—with-leedam-agri-sinee2044—This—preuves-that were produced
using floodam.agri were used by stakeholders (engineering firms and project developers) between 2014 and 2022
in more than 200 Cost-Benefit Analysis (CBA). This proves that floodam.agri has met the expectations of the

stakeholders involved in the process namely the Ministry of the Environment, the local authorities in charge of the

project, the consulting firms that carry out the CBA.

V4: Has the model been presented and discussed with the experts involved for the development?
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the framework of the development of floodam.agri, we implemented a specific methodology allowing to discuss and
validate in group, the setting in model of the information collected in individual interviews. This required-a—major

etHor ctrate a Herent—ass ytrorne—Asfor-esxemple oe§ a hows e Qs < RS ¥ O

focus group. The following topics were discussed using illustrations (figure 7):

the biophysical processes considered for each component,

the ranges of yield loss in function of flood parameter,

— the determination of impacts for each components in function of flood parameter,

— the farmers’ strategies for crop continuation,

— the additional or cancelled tasks and as a consequence the variation in crop expenses,
— the replanting strategies,

— the list of recovery tasks and their estimated cost (hours of work, equipment)

~

Each assumptions has been discussed until all experts agreed to validate them. Where-the—validated-assumptions

(] o had—precente o hava earracta ham ornditio A ECEEEEN ad—fa
v OorrC

fleedam-agriFollowing this work, the list of changes to be made was established (supplementary material 3) and
implemented.

4.3 Updatability-Axis 3: the-origin-and-the-vintage-of-the-dataspecifiedUpdatabilit
In this section, the methodological framework (table 1) is used to describe the updatability of loodam.agri.

Ul: Are all the data used in the model and their sources made explicit?

To produce FloodDamageFunetionsflood damage functions, floodam.agri requires: /(i) an estimate of usual
yields, #/-(ii) an estimate of selling prices, #i/-(iii) an estimate of intermediate consumptions, #¥/(iv) physiological
stages and crop management sequence. The table 10 lists all the data and their source used in floodam.agri. There
is no homogeneous database that provides information on all the technical and economic data of the crops. We had
to collect this information from different databases depending on the crop and sometimes complete this information

based on expert opinion. It is therefore all the more important to be rigorous about making the data used explicit.
U2: Are the vintages of the data used in the model specified?

The vintage used and the frequency of update are specified in the table 11. Since the databases used are heteroge-

neous, the vintages of the databases are also heterogeneous.
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Figure 7. example-Example of illustrations used during the validation—preeessfocus group of experts for the case of apple

Crops

Table 10. Data sources

Type of estimates Sources for:

Meadows and feeding crops Grain and oleaginous crops Fruit trees Grape vines Vegetable crops
Localisation GPR GPR GPR GPR GPR
Yields AAS AAS AAS AAS AAS
Prices SADs ASB IPPAC LR data IPPAC, SADs
Harvest experts SADs SADs, LR data experts SADs
Sowing/Plantation experts experts SADs SADs expert
Treatments - - Eco-Phyto 2018 Eco-Phyto 2018 experts

Crop calendars

LR data, experts

LR data, experts

LR data, experts

LR data, experts LR data, experts

GPR: Graphical Plot Register; AAS: Annual Agricultural Statistics database; SAD: Scales of Agricultural Disasters; ASB: Agricultural Situation

Bulletin; IPPAC: Index of Producer Prices of Agricultural Commodities; LR data: technical and economic memento of the main agricultural

productions in Languedoc-Roussillon and fact sheets on the Languedoc-Roussillon region

U3: Are the data used tracked over time?

The table 11 shows the update frequency of the databases used. Updating the data that is published annually is

easy. On the other hand, to update data from documents whose publication frequency is not predetermined requires

checking for each data if a new edition has been producegly If not, a validation with experts should be renewed.



Table 11. Vintage and update frequency of database used to apply floodam.agri at the national scale in France

data database vintage used update frequency
localisation GPR 2010 annual
yields AAS 2009, 2010, 2011 annual
price IPPAC 2009, 2010, 2011 annual
price ASB 2009, 2010, 2011 annual
price SADs 2007 occasional
price TEMMAPL 2012 / experts occasional
1C SADs 2006, 2007 / experts occasional
1C TEMMAPL 2012 / experts occasional
1C Eco Phyto 2018 occasional
physiological stages TEMMAPL experts occasional
crop management sequence TEMMAPL experts occasional

675 To sum up, tables 10 and 11 shows that the updtability-updatability of data is not homogeneous. Three modalities

can be distinguished:
— input data come from a single database which tracked over time (eg yields),

— input date come from different databases with different update frequencies (eg selling prices and intermediate

consumptions),
680 — input date come from expert knowledge (eg physiological stages).
4.4 Axis 4: Transferability

In this section, the methodological framework (table 1) is used to describe the conditions on transferability.

T1: Are the conditions for adaptations, improvements and transfers described?

The possibility to adapt floodam.agri to different contexts was a requirement —Fhen—it-has-been-antiepated-and
685 has been anticipated in the modelling process. The different steps for adaptation from the simplest to the most

demanding are identified according to the differences between the context in which floodam.agri was developed

and the context in which it could be transferred. Methodological proposals are made for each of these levels—The

Is-of adaptationare s i we OCeHS -agristeps (figure 8).
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Figure 8. Steps of adaptation to transfer floodam.agri
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Adjusting damage functions resolution (step 1)

The first level-of-adaptation—{fisure—8)—possibility of adaptation concerns the compatibility between the flood
damage functions produced with floodam.agri and existing hydraulic and hydrological models in terms of swith
resohitions{stept-in-8)—resolutions. As the resolution of flood parameters is higher in loodam.agri, it can generate

flood damage functions with a higher resolution easily. For example, for the national application, it was proposed
to simplify the season parameter and we defined four seasons (appendix B, table B1). If hydrological models gives

a more precise definition of flood seasonality, given that the time step is te week infloodam.agri, adapted damage
functions can be produced.

Adjusting the typolo step 2

To generate national damage functions,

H—we had to adapt the damage
function typology developed in level 3 (appendix A, table Al) to make it compatible with the GPR (appendix A

table A2). It is possible to adapt this typology and make other crop categories from level 3.

Adjusting to local datacontext (step 3)

The—second—step—eoneerns—the—adjustement—of loeal—data—Jeeal—This step encompasses two_aspects. First, the
adjustment of crop technical-economic data (yields or selling prices) —F—is—neeessary—requires to ensure that data

listed in section 4.3 exists on the study area. The problems encountered in this case may be related to the typology

of crops that will have to be adapted too.

A 1. . ] ]. . .
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{%ep%ei%ﬁguf&S%Second locally, it will be necessary to adjust crop calendars (figure 6) of each crop. Since the

physiological stages have been calibrated on a weekly basis, these calendars can be adapted to a new context on the

basis of existing bibliographical and technical data on the area of application and/or on the basis of interviews with

agricultural experts, taking care to cover the diversity of crops. The-ealibration-of-the-physiologieal-stages-will-ead
] Jating of thed ine f ons.

4.5  Adiusti 1 1 . I behav . £ foodi
Adjusting sensitivity and decision rules in case of flooding (step 4

Iin-In the context of application,

some biophysical processes or particular behaviors of

farmers in case of flooding existan-adaptationof-the-actionfunetions-that have not been considered in floodam.agri
ear. In this case, it will be necessary {sbep%—e&rﬁgme%}—?h&%ﬂﬂ}}%edeﬂ&byﬂpdﬁﬁﬂgﬂﬁﬂweﬂehaﬂéﬁe

eto consolidate the modelin,

sensitivity and decision rules) with local experts.

Adding a new crop (step 5)

If a crop is to be added to the list of 53 existing crops in floodam.agri, two options should be considered. First,

it is necessary to determine whether the crop can be assigned to a vulnerability category. If so, it is necessary to

calibrate the damaging—and-actionfunetions—with-—thephysiological stages, crop management sequence, yield and
price of the crop. If not, it will be necessary to create a new crop category {step—5-on—fisture-8)and-to-develop

new-damaging-and-aetion—funetionand to add new sensitivity and decision rules functions. For this, data collection
from agricultural experts will be necessary. Moreover, agroeeenomie-agro-economic data will have to be collected to

calibrate the functions.

Taking into account new hazard parameters (step 6)

This is the most impertant—demanding level of adaptation because it requires to repeat for each crop category

all the biophysical processes and the impact on farmers’ behaviors—in-orderto-producenew—damagine—and-action
fﬁ%ﬁiﬁﬂﬁ—{s&eﬁ—@—ﬁﬂ—ﬁgt&&g—)(m This type of transfer necessarily requires work with experts. However;-onee
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T2: Has the model been transferred to another context?

To date, some adjustments have been done to adjust resolutions (step 1) or to adjust local data (step 2) in the frame
of the mandatory CBA of flood management projects. In Mao (2019), an adaptation a flood damage functions has
been done at regional level (step 2) using regional data. Wezk-Based on Agenais et al. (2013), floodam.agri has
2020) but the way in which
the experts’ knowledge was collected and formalized for the transfer is not made explicit, particularly with regard

to the assumptions made about the processes and behaviors of the farmers. Moreover, work is underway to adapt
floodam.agri to coastal flooding (step 6).

been partially transferred to the Italian context (Molinari et al., 2019b; Scorzini et al.

2

5 Discussions
5.1 A crucial contribution to the clarification of assumptions

The proposed framework clarifies the components, interactions and decision entities that are or are not considered
in the damage assessment model. In economic systems, added value is produced on spatial entities (plots in the
agricultural case) and depends on production factors (material, labor, input) and decision rules. In the case of
agriculture, the added value increases on the plots and is then stored and transformed in other spatial entities
on or off the farm. Nortes Martinez et al. (2020) shows the importance of these interactions for avoiding over or
understimate in damage assessment. Because of the complexity of these mechanisms of localisation of added value
in a production chain, the FHRC recommends, in an operational way, not to take into account the indirect effects
(Penning-Roswell et al., 2005). However, making the limits of the modeled system explicit remains fundamental in
the classification of damage between direct and indirect. The larger the system considered, the more it will include
effects that could be considered indirect. Developing models that locate and characterise interactions between several
components in the field is time demanding. Depending on operational needs, this approach may be required (resilience
analysis of a sector affected by a project) or not (large-scale damage assessment on all the issues).

From the modeling experience presented in this article around loodam.agri, the proposed framework concerning
the explicitation of assumptions appears to us to be effective for two main reasons. Firstly, the explanation of the
assumptions facilitated the collection of information from the experts. Indeed, we found that the logic we proposed to
deconstruct the biophysical processes and the decisions made by farmers was consistent with the cognitive approach
of damage assessment of the experts. In this sense, the application of the framework reduces the uncertainties

surrounding the collection of expert knowledge. Secondly, the explicitness of the assumptions appears to be a

necessary condition for the implementation of the other axes, namely validation, updatability and transferability.
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essential to know which processes have been taken into account in determining vield losses. Studies carried out in the

785 e 5 5 anaeer : ‘s-trajeetory—Turthermore;

individualtevelcontext of drainage may only take into account processes such as root asphyxiation, which will be
redominant, but in the case of floods with significant velocity effects, it is essential to integrate also the processes
790 of uprooting or laying down. This effort to clarify assumptions is also necessary for capitalisation.

5.2 Consolidate the validation

The proposed framework allows for a clear improvement in the validation methodology with experts. However, we are
aware of the need to consolidate this aspect. Two avenues could be considered: On-the-ene-handfirst, the comparison
of model results with each otherand-en—the-otherhand; second, the comparison with claims data (Molinari et al.,
795 2019a). We consider that the clarification of the assumptions is a prerequisite for both avenues and the framework
presented here is a step towards the possibility of comparing models with each other. We have made a first proposal

in the table C1 based on existing literature. This should not be considered as a result but as a discussion support

to allow exchanges on methods with a view to capitalization. Concerning the collection of ex post damage data,
in particular for the agricultural sector, this is a real challenge that requires a long-term effort. Some interresting

800 inmtiatives-interesting initiatives are to be higlightedhighlighted, as for example, the validation carried out by Chau
et al. (2015) or Shrestha et al. (2021). The methodology is key and requires the realisation of feedback with a

reproducible data collection format. The implementation of observatories appears to be a major priority.
5.3 Capitalise over time with updatability

The proposed methodological framework requires the specification of all the data used, their source and their vintage.

805 This makes it possible to consider updating the models produced for a given context over time. This is the case,

for the damage functions produced thanks to floodam.agri. Onthe-other-handsthis-effort-makesit-possible-This

effort allows to consider the transfer by comparison of existing databases from one context to another. A difficulty
persists for data that are not tracked over time, and in this case we recommend either updating the data on the

basis of expert opinions, or using a discount rate whose value must be specified.

810 5.4 Amnticipating the transferability to capitalise in space
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this—property—has—been—antieipated—Transferability needs to be anticipated right from the design stage. We are
convinced that process-based models have generic parts that can be transposed and specified in other contexts.
The methodological framework has proven useful to describe these aspects and their specification. In particular, we

ropose a reflection with experts on the basis of vegetative cycles rather than on a monthly basis as this was done b

Vozinaki et al., 2015) for the evaluation of yield losses due to flash floods in Greece. We believe that this approach

has two major advantages. First, discussing biophysical impacts (yield and plant material losses) and decisions to

continue cultivation, with experts on this basis fits better with their cognitive approach and reduce incertainty in
data collection. Second, it makes it possible to transfer this method to other contexts, by calibrating vegetative
cycles of crops.

5.5 Development prospects around process-based models

The proposed methodological framework g 1 ; Sten 4 ;
of-eapitlisation—and-addition—of-meodularbricksalso provides a basis for future improvements. In this sense, the

explicitness of the assumptions (biophysical processes, decision rules) should not be fixed but should be fed. This
suggests the possibility of pooling efforts on an international scale. The tracks of improvement which seem to us

other biophysical agricultural buildings

to be a priority concern the taking into account of:

breeding systems, (iv) adaptations of the trajectories of farms to floods.

Some biophysical processes such as pollution, salinization or degradation of soil quality remain little studied and
should be consolidated.

As for agricultural buildings, a similar_approach by breaking down the basic components of the farm building
(structure, equipment, input) could be conducted using the model floodam.building (Grelot and Richert, 2019)
It will then be necessary to specify the sensitivity and reparation costs of these components with experts. The
challenge remains to determine the location associated with the use and technical orientation of buildings, which is
not specified in existing databases in France.

Regarding livestock systems, the work carried out by the FHRC is a solid base that should be consolidated by
addressing the issue of delayed effects related to the loss of animals as it has been integrated through the loss of
plant material for crops.

Finally, an important challenge remains to take into account the adaptive capacities of farmers in the long term.
Collecting data from agricultural experts who have witnessed flooding on a large number of farms allows us to
model a standard hehavior, However, we are aware that this average view does not reflect the diversity of individual
vulnerability situations at the farm level. Thus, at the individual scale, decisions, especially those concerning long
term issues such as replanting, will depend on individual parameters such as investment dynamics, the age of the farm
manager, the farm’s trajectory. .. While it would be possible to assess the economic relevance of certain measures in

terms of damage avoided using floodam.agri (e.g assessment of the damage avoided by establishing a grassland in
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lace of a vineyard), the determinants of these adaptation decisions are much more complex at the level of individuals
and in particular farms. Understanding the internal and external determinants of adaptation implementation would
require a different approach and investigation at the individual level (Richert et al., 2017).

6 Conclusions

Process-based flood damage assessment models relying on and expert knowledge are widely researched and used
operationally. However, it is often observed that this work cannot be capitalised on because the models are too
attached to their development context. In this paper, we state that process-based models are not doomed to be
context specific if the process of data collection and explanation of modeling assumptions is rigorous. We propose
a framework that improve the develoeppement-development of process-based flood damage models by meeting the
properties of assumptions explicitness, validation, updatability and transferability. We show that respecting these
properties could help structure a common modeling effort at the international level.

By applying the proposed methodological framework to floodam.agri, we show that it is possible to describe
explicitly the modeling assumptions. Given the complexity of the phenomena (biophysical and decisional processes),
the diversity of the data sources, we argue that the methodological framewrek—framework is useful to structure
and anticipate since the begining-beginning of the development process a spirit of capitalisation in time and space.
This rigorous work is a necessary condition to consider the possibility of improvement in the long term and of
cooperation around the development on an international scale. The framework proposed here thus opens up prospects
for cooperation in improving and transferring existing models, particularly agricultural ones. In terms of research,
this work of methodological improvement must be carried out in parallel with the improvement of observation and
data collection on the impacts of floods in terms of monetary damage but also to improve the understanding of

biophysical damage processess s, repair decisions and adaptation on the long term.

Code and data availability. floodam.agri has been implemented in R language and will soon be available as a package.
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Appendix A: Families and categories of crops considered in floodam.agri

Different typologies had to be used in the development of loodam.agri. To work with the experts on the sensitivit

of the crops, we used the families (level 1), categories (level 2) and subcategories (level 3) described in the table Al.

870
The level 1 corresponds to five crop families. It brings together 24 categories of crops usually grouped in agronomy.

However, this level is not fine enough to define homogeneous damage processes. The crop category (level 2) is the

level where damage process is homogeneous. The crop sub-category (level 3) represents a total of 53 crops that can

be related to the second level. For instance, winter wheat, barley, and rye are three types of crops that belong to
875 the winter wheat category and to the grain and oleaginous crops family.
Then, we produced the ready-to-use national damage functions by adjusting the typology to be compatible with
the Graphic Plot Register (GPR. level, table A2) which is the database for locating agricultural assets based on
farmers’ declarations to benefit from the European Common Agricultural Policy subsidies.
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Table A1l. Families and categories of crops considered in floodam.agri

Family (level 1 Category (level 2 Sub-category (level 3

Meadows and feeding crops  Meadow Meadow
Recently sowed meadow Recently sowed meadow
Alfalfa Alfalfa
Recently sowed alfalfa Recently sowed alfalfa
Graip and oleaginous crops — Corn. Corn,
Non food corn
Sorghum
Grain corn
Silage corn Silage corn
Winter wheat, Winter wheat,
Barley

Non food wheat
Silage wheat
ALriticale
Durum wheat
Spring wheat Spring wheat
Spring barley.
Spring durum wheat,
Spring cat.
Grain spring wheat,
Rape Rape

Non food rape
Oleaginous
Sunflower Sunflower

Non food sunflower

Silage sunflower

Bruit trees. Aepple tree. Apple tree.
Pear tree. Lear tree.
Cherry tree Cherry tree
Peach tree. Peach tree.
Aepricot tree Lepricot tree
Plum tree Plum tree
Grape vines Wine grape Wine grape
Vegetable crops Asparagus. Lsparagus
Salad Salad
Field tomato Field tomato
Greenbouse tomato Greenbouse tomate
Narious field vegetables. Melon
Carrot
Ouion,
Tied-in vegetables Eggplant
Pepper
Greenhouse tied-in vegetables — Cucumber
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Table A2. Categories of crops in the RPG database, area in flood-prone areas, and maximum damage estimated with

floodam.agri

GPR level

Area in flood-prone areas

Maximum damage

(ha) (Euros/ha)
Soft wheat, 5336421 2109
Grain and silage corn 3067185 L 897
Barley 1595271 1927,
Other cereals 1119601 1658
Rapeseed 1525088 2154,
Sunflower 713 633 L6LL
Other oleaginous 6743 L736.
Protein crops. 372320 .
Fibre plants. 47354 .
Seeds 2248 .
Set-aside lands (without production 0 -
Industrial set-aside lands Q .
Other set-aside lands 402 587 ~
Rice 285721 .
Grain legumes 14770 ~
Fodder. 176 884 2548,
Pasture, 1888703 ~
Permanent grasslands £488 945 2067
Meadows 2665 000 2135,
Orchards 87890 93 549
Vineyards 449 947 20 887
Shell fruits 26 117 .
Olive trees 10990 .
Other industrial crops 431726 2152,
Vegetables - Flowers 331381 20783
Sugar cane 9 ~
Arbericulture 4204 93 549
Miscellancous 298 808 .
TOTAL 28231555 93549

The areas in flood-prone areas were estimated using the approximate potential flood extent

(EAIP), which was estimated for the whole country within the frame of the first national flood

risk assessment between 2011 and 2017. The maximum values of damage are calculated taking

into account all possible combinations of flood parameters. The categories in bold are linked to a

damage function produced with floodam.agri

Appendix B: Resolution of the flood parameters in floodam.agri and catagories chosen for the
880 production of national flood damage functions

The resolution of the model is given in the table B1l. For the production of the ready to use national flood damage

functions, groupings were made to give duration classes (table B2) and to calibrate the four seasons (table B3.
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Table B1. Ranges and resolution of the flood parameters used in floodam.agri

Parameter Categories Range Resolution  Unit
‘water height = 0 to 250 10 cm

submersion duration - 0to 20 1 day
velocity low, medium, high, very high 00 0.5;0.5to 1;1t0 2, >2 - m/s.

season crop growth stages

Il

~

Table B2. Categories of flood duration for the French flood damage functions

Categor Minimum Maximum

(Number of days (Number of days

low Q L
edium 2 4
high 5 10,
very high 11 20

Table B3. Categories of time of occurrence of the flood for the French flood damage functions

Category. Beginning End

(week of the year)  (week of the year)
Spring 14 26
Summer 27 39
Fall 40 52
Winter 1 13
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Appendix C: Conceptual comparison of three process-based models to estimate agricultural damage

We present in_the table C1 a proposal for using the methodological framework to describe and compare three

885 process-based models for agricultural damage assessment based on existing literature, The table C1 provides an
overview of what is and is not included in the models. For example, it allows us to see that the floodam.agri and
AGDAM models could only be compared on cereal crops.
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Table C1. Illustration of the use of the methodological framework to describe and compare three process-based models

Conditions

floodam.agri

FHRC

AGDAM

Axis 1 : Explicit assumptions

EAL boundaries

Crop (several types), plant

material, soil, equipment

Crop (several types)
dairy systems

Crop (cereals

EA2: biophysical processes Explicit Not fully explicit Not explicit
EA3: decisions Explicit Not fully explicit Not fully explicit
Axis 2 : Validation

V1: comparison sinistrality data No No No

V2: comparison with other models No No_ No

V3: meet stakeholders’expectations RCH Yes Yes

V4: application cases

Yes (200

Yes (unknown)

Yes (unknown)

V5: validation with experts Yes Unknown Unknown
Axis 3 : Updatabilit

Ul: data explicit Yes Yes Yes
U2: vintage specified Yes No_ No
U3: data tracked over time Partiall Unknown Unknown
Axis 4 : Transferability

T1: conditions for transfer explicit Yes No_ No
T2: transferred Regional flood damage Unknown Unknown

functions (Mao, 2019

AGRIDE-c (Molinari et al., 201

9b; Scorzini et al., 2020
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