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Process-based flood damage modelling relying on expert knowledge: a methodological contribution applied to the agricultural sector

Flood damage assessment is crucial for evaluating flood management policies. In particular, properly assessing damage to agricultural assets is important because they are complex economic systems particularly exposed to floods. The modelling approaches used to assess flood damage are of several types and can be fed by damage data collected postflood, from experiments or based on expert knowledge. The process-based models fed by expert knowledge are the 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 (updatability) and space (transferability). In this paper, we argue that process-based models, based on a rigorous modelling process, can be suitable for application in different contexts. We propose a methodological framework aimed 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 facilitates an explicit description of the modelling assumptions and data used, which is necessary to consider for a reuse in time or for transfer to another geographical area. In this sense, this methodological framework constitutes a solid basis for considering the validation, transfer, comparison and capitalisation of data collected around models based on processes relying on expert knowledge. In conclusion, we identify research tracks to be implemented so as to pursue this improvement in a spirit of capitalisation and international cooperation.

Introduction

Worldwide, flooding causes huge damage [START_REF] Van Loenhout | The human cost of disasters: an overview of the last 20 years (2000-2019)[END_REF] estimated at EUR 58 billion (USD 75 billion) per year (Alfieri et al., 2017). The EU Floods Directive (Directive 2007/60/EC) requires Member States first to map the flood extent and assets at risk, and second to coordinate measures to reduce this flood risk. All Member States are confronted with this challenge to decrease total flood damage while urban assets continue developing in flood-prone areas [START_REF] Rojas | Climate change and river floods in the European Union: Socioeconomic consequences and the costs and benefits of adaptation[END_REF]. To face this challenge, flood management usually mixes several types of approaches at the river basin level. Agricultural areas globally generate less damage than urban areas (1 % only of the total damage in Europe (Alfieri et al., 2017)). As a consequence, protection measures such as dykes are usually dedicated to protecting urban areas. Farmers are 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 measure raises many questions on acceptability and compensation [START_REF] Zandersen | Nature Based Solutions for Climate Adaptation -Paying Farmers for Flood Control[END_REF][START_REF] Erdlenbruch | Risk-sharing policies in the context of the French Flood Prevention Action Programmes[END_REF][START_REF] Posthumus | Agricultural land use and flood risk management: Engaging with stakeholders in North Yorkshire[END_REF]Posthumus et al., , 2010)). Thus, properly evaluating flood damage in agriculture becomes a real issue for two reasons. First, evaluating flood damage in agriculture is necessary so as to justify the efficiency of the policy and then the choice to be made between several options. This is usually done by performing cost-benefit analysis, which requires developing flood damage functions [START_REF] Jonkman | Integrated hydrodynamic and economic modelling of flood damage in the Netherlands[END_REF][START_REF] Kreibich | Development of FLEMOcs -a new model for the estimation of flood losses in the commercial sector[END_REF]. Second, even if the project is efficient, the acceptability of these measures requires involving Published by Copernicus Publications on behalf of the European Geosciences Union.

farmers [START_REF] Posthumus | Agricultural land use and flood risk management: Engaging with stakeholders in North Yorkshire[END_REF] and introducing compensation payments [START_REF] Erdlenbruch | Risk-sharing policies in the context of the French Flood Prevention Action Programmes[END_REF]. 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 who may be over-exposed, this model needs to reflect as much as possible what happens to them in the case of flooding.

Several classifications of the methods used to model flood damage can be found in the literature (Jongman et al., 2012;[START_REF] Davis | Catalog of residential depth-damage functions used by the Army Corps of Engineers in flood damage estimation[END_REF][START_REF] Kreibich | Development of FLEMOcs -a new model for the estimation of flood losses in the commercial sector[END_REF]Molinari et al., 2020;[START_REF] Malgwi | Expert-based versus data-driven flood damage models: A comparative evaluation for data-scarce regions[END_REF]. 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 damage are (i) data-driven modelling, (ii) conceptual modelling and (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 is more often used to evaluate indirect damage with input-output (IO) models [START_REF] Hallegatte | An Adaptive Regional Input-Output Model and its Application to the Assessment of the Economic Cost of Katrina[END_REF][START_REF] Van Der Veen | Structural economic effects of large scale inundation: a simulation of the Krimpen dike breakage[END_REF][START_REF] Hallegatte | Modeling the Role of Inventories and Heterogeneity in the Assessment of the Economic Costs of Natural Disasters[END_REF][START_REF] Crawford-Brown | Vulnerability of London's Economy to Climate Change: Sensitivity to Production Loss[END_REF]Xie et al., 2012) or computable general equilibrium (CGE) models (Xie et al., 2014;[START_REF] Rose | Modeling Regional Economic Resilience to Disasters: A Computable General Equilibrium Analysis of Water Service Disruptions[END_REF]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 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 [START_REF] Davis | Catalog of residential depth-damage functions used by the Army Corps of Engineers in flood damage estimation[END_REF]. To illustrate these categories of modelling approaches, let us take the example of flood damage assessment models developed in Germany and the United Kingdom. In Germany, a huge effort to collect post-flood damage data has been made [START_REF] Thieken | Data Collection for a Better Understanding of What Causes Flood Damage -Experiences with Telephone Surveys[END_REF] and the models developed for residential (FLEMO-ps) (Thieken et al., 2008a) and economic assets (FLEMO-c) [START_REF] Kreibich | Development of FLEMOcs -a new model for the estimation of flood losses in the commercial sector[END_REF] are data-driven models. On the contrary, the flood damage functions that have been established in the United Kingdom by the Flood Hazard Research Centre (FHRC) are process-based models fed with expert knowledge [START_REF] Penning-Rowsell | The benefits of flood alleviation -A manual of assessment techniques (The Blue Manual)[END_REF][START_REF] Penning-Rowsell | The economics of coastal management: a manual of benefit assessment techniques[END_REF][START_REF] Comiskey | Overview of Flood Damages Prevented by U.S. Army Corps of Engineers Flood Control Reduction Programs and Activities[END_REF], 2013;[START_REF] Priest | Handbook for economic appraisal : Flood and coastal erosion risk management, Flood Hazard Research Centre[END_REF]. The flood damage models INSYDE (Dottori et al., 2016) in Italy or floodam.building [START_REF] Grelot | floodam -Modelling Flood Damage functions of buildings -Manual for floodam v1.0.0[END_REF] 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 [START_REF] Kreibich | Development of FLEMOcs -a new model for the estimation of flood losses in the commercial sector[END_REF][START_REF] Meyer | Costs of Natural Hazards -A Synthesis[END_REF]Meyer et al., , 2013)). Moreover, it is often pointed out that process-based modelling approaches are context specific and do not enable capitalisation of modelling efforts to other contexts.

For the agricultural sector, no data-driven models were found in the literature. In Germany, no model such as FLE-MOps or FLEMOc exists for agriculture [START_REF] Thieken | Methods for the evaluation of direct and indirect flood losses[END_REF]. To evaluate agricultural damage in the MEDIS project, [START_REF] Förster | Assessing flood risk for a rural detention area[END_REF] extrapolated yield loss estimation based on one specific flood in Germany. This can be explained by the fact that few sinistrality data are available for the agricultural sector. The penetration rate of private insurance for flood crop losses is low (Priest et al., 2021a;[START_REF] Browne | The Demand for Flood Insurance: Empirical Evidence[END_REF]Vozinaki et al., 2015) and no private insurance for overall agricultural damage exists as, for example for soil erosion. Conceptual models are not suitable for assessing damage at the watershed or farm level (Meyer et al., 2013). Flood damage in economic activities such as farming is classically estimated by the loss of added value [START_REF] Penning-Roswell | Appraisal of flood risk management for agriculture, in: The benefits of flood and coastal risk management: a handbook of assessment techniques[END_REF][START_REF] Brémond | Comparison of a systemic modelling of farm vulnerability and classical methods to appraise flood damage on agricultural activities[END_REF], which corresponds to the decrease in product minus the variation in production costs due to flooding [START_REF] Agenais | Dommages des inondations au secteur agricole. Guide méthodologique et fonctions nationales, Groupe de travail national acb inondation[END_REF]. Because of 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). Thus, damage to agricultural assets results both from complex biophysical processes and from repair and recovery actions taken by farmers, which need to be explained for the damage to be assessed [START_REF] Agenais | Dommages des inondations au secteur agricole. Guide méthodologique et fonctions nationales, Groupe de travail national acb inondation[END_REF][START_REF] Brémond | Caractérisation et évaluation économique de la vulnérabilité des exploitations agricoles aux inondations[END_REF]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 [START_REF] Satrapa | Posuzování účinnosti akcí protipovodňové ochrany v rámci Činnosti strategického experta programu Prevence před povodněmi v ČR -Assessing the effectiveness of flood protection in the work Expert Strategic Flood Prevention Program in the Czech Republic[END_REF], feeding expert knowledge into the models seems most suitable. However, a literature review of 42 studies on flood damage modelling for agricultural activities [START_REF] Agenais | Dommages des inondations au secteur agricole. Guide méthodologique et fonctions nationales, Groupe de travail national acb inondation[END_REF] showed that many simplifications are usually made: (i) most methods considered only the loss of yield; (ii) the loss of yield was estimated as a function of period of the year which hinders the transferability to other geographical context; (iii) the biophysical processes considered were not explicit; (iv) the implications of flooding for farmers' actions were not explicitly considered or were 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 analyse and discuss the methodological aspects required to develop process-based damage assessment models in a spirit of capitalisation. We propose a framework for the development of damage assessment models based on expert knowledge 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) is the methodological framework we propose useful for developing flood damage assessment models in the spirit of capital- 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? 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? isation? (ii) What methodological efforts are needed to develop process-based models that are not only context specific in this capitalisation and cooperation perspective? In Sect. 2, based on a state of the art, the proposed methodological framework is detailed around its four axes: (i) explicit assumptions, (ii) validation, (iii) updatability and (iv) transferability. In Sect. 3, the case study, i.e. the context and main steps of development of floodam.agri are presented. Then, in Sect. 4, the methodological framework is applied to floodam.agri. In Sect. 5, the usefulness and limitations of the framework are discussed. Finally, Sect. 6 concludes by outlining the research avenues to be developed for the improvement of process-based models.

2 Methodological framework for capitalising on modelling efforts

Proposition of a methodological framework

Based on a review of the literature as well as on our own modelling experience, we propose the methodological framework presented in 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 from a capitalisation perspective. We detail the conditions of each axis in Sect. 2.2 to 2.5.

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 harmonisation and benchmarking. One of their main conclusions is that this requires profound insight into the model structures, mechanisms and underlying assumptions. In the following, we highlight which assumptions need to be made explicit. Flood damage is usually classified into 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;[START_REF] Kreibich | Development of FLEMOcs -a new model for the estimation of flood losses in the commercial sector[END_REF][START_REF] Priest | Handbook for economic appraisal : Flood and coastal erosion risk management, Flood Hazard Research Centre[END_REF]. To evaluate the flood effects on economic activities, defining the https://doi.org/10.5194/nhess-22-3385-2022

Nat. Hazards Earth Syst. Sci., 22, 3385-3412, 2022 limits of the system considered is crucial to distinguish between direct and indirect damage since the flood impacts not only the property directly affected. As an example, in agricultural assets, [START_REF] Brémond | Taking into account recovery to assess vulnerability: application to farms exposed to flooding[END_REF] identified damage induced at the farm scale due to the links between farm plots and buildings. Nortes Martínez 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. Therefore, a clear definition of the boundaries and components of the system under consideration is necessary in order to avoid errors of double counted or uncounted damage. This refers to condition EA1 in Table 1. Then, process-based models try to reflect physical or biophysical processes that occur in the considered system and which generate flood impacts. These processes are numerous, depend on the component of the system considered and may depend on different flood parameters [START_REF] Kelman | An overview of flood actions on buildings[END_REF]. Explicit assumptions regarding which processes are considered as well as which components of the system and which flood parameters are involved are essential in process-based models [START_REF] Davis | Catalog of residential depth-damage functions used by the Army Corps of Engineers in flood damage estimation[END_REF]. Condition EA2 (Table 1) is developed in sub-conditions that help to detail how the biophysical processes due to a flood in the considered system are taken into account.

Finally, flood damage results in an interaction between the flood impacts and human behaviour [START_REF] Middelmann-Fernandes | Flood damage estimation beyond stage-damage functions: an Australian example[END_REF]. At the end, evaluating the damage in monetary terms requires knowledge of the repair and restoration choices made by the people affected and their costs. In datadriven modelling, these choices are implicitly included in the damage data collected. In process-based models, the property damage avoided technique is used [START_REF] Shabman | Searching for the Correct Benefit Estimate: Empirical Evidence for an Alternative Perspective[END_REF]. 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 condition EA3 (Table 1).

Axis 2: validation

Although the research community has put a lot of effort into improving flood damage models, Molinari et al. (2019a) point to the lack of validation and identify three modalities for the validation of flood damage models, which are (i) the comparison with observed data, (ii) the comparison with other models, (iii) the use of expert judgement. In the methodological framework (Table 1), condition V1 questions the possibility to compare the outputs with observed damage data and 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. In addition, sinistrality data should be considered with caution as they may only represent part of the damage that one wishes to compare. The insurance coverage of the different types of damage, in partic-ular in agriculture, is not complete. As for the second one, a lot of work is being done to compare the different existing models [START_REF] Gerl | A Review of Flood Loss Models as Basis for Harmonization and Benchmarking[END_REF]Molinari et al., 2020;[START_REF] Malgwi | Expert-based versus data-driven flood damage models: A comparative evaluation for data-scarce regions[END_REF] 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 modelling choices, which brings us back to the importance of properly addressing axis 1 of our methodological framework. The third modality is a validation related to the operationality and use of the model. We state that two perspectives should be distinguished: (i) adequacy with the stakeholders' expectations (condition V3), which is related to the use of the model in practice (V4), (ii) validation with the experts involved in the modelling process (V5). As for the second point, few experiences and methods have been found. Let us mention the experience of [START_REF] Dias | Development of damage functions for flood risk assessment in the city of Colombo (Sri Lanka)[END_REF], who discussed with experts the data collected for the construction of damage functions in buildings. The methodology for validating the models with experts remains to be consolidated. Based on our own experience, we detail in condition V5, the subconditions which seem to us necessary for the validation by the experts involved in the modelling process in the following steps: (i) discussion of the modelling assumptions about processes and recovery actions, (ii) discussion of the monetisation values; (iii) discussion of the outputs.

Axis 3: updatability

Although some research exists on updating flood hazard models, for example by integrating climate change (Hattermann et al., 2016), the update of flood damage models remains minimally investigated but is necessary [START_REF] Comiskey | Overview of Flood Damages Prevented by U.S. Army Corps of Engineers Flood Control Reduction Programs and Activities[END_REF]. Updatability is defined as the possibility of updating and should be understood as the anticipation in the modelling 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 data or through simplified methods of actualisation of the outputs. The update when it is addressed, concerns the values enabling the monetisation as, for example in the last version of the multi-coloured handbook [START_REF] Priest | Handbook for economic appraisal : Flood and coastal erosion risk management, Flood Hazard Research Centre[END_REF]. 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) and whether the databases are tracked over time (condition U3).

Axis 4: transferability

Transferring the 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 Sect. 2.4, we focus here on transfer in space and on improvements of the model. Im-proving modelling techniques to transfer data-driven flood damage models has been widely explored [START_REF] Wagenaar | Regional and Temporal Transferability of Multivariable Flood Damage Models[END_REF][START_REF] Wagenaar | Improved Transferability of Data-Driven Damage Models Through Sample Selection Bias Correction[END_REF]. However, the transfer of process-based model is very challenging mainly because it requires in-depth understanding of the origin, calibration, assumptions and field of application, which brings us back again to the central issue of explicit modelling assumptions (Sect. 2.2). Although process-based modelling approaches seem to be the most promising in terms of transferability, the lack of explicit assumptions hinders this and the models developed remain context-specific (Vozinaki et al., 2015). For example, for the development of AGRIDE-c (Molinari et al., 2019b;[START_REF] Scorzini | Regional flood risk analysis for agricultural crops: Insights from the implementation of AGRIDE-c in central Italy[END_REF], floodam.agri was partially transferred. In particular, the yield 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. (2019b) and [START_REF] Scorzini | Regional flood risk analysis for agricultural crops: Insights from the implementation of AGRIDE-c in central Italy[END_REF]. We are not sure that all the central assumptions of floodam.agri, namely biophysical processes and farmers' decisions, were sufficiently detailed in [START_REF] Agenais | Dommages des inondations au secteur agricole. Guide méthodologique et fonctions nationales, Groupe de travail national acb inondation[END_REF] to enable 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

Context of development and implications

In France, since 2011, it has been mandatory for local flood risk managers to conduct cost-benefit analysis (CBA) of their flood management projects to make them eligible for financial support from the State. Meanwhile, as support, the French ministry in charge of the environment proposed a methodology to fulfil CBA [START_REF] Rouchon | Analyse multicritère des projets de prévention des inondations -Guide méthodologique 2018[END_REF]. A working group of engineers and researchers of which we were part was charged with developing damage functions usable at a national scale. The idea was that the consulting firms in charge of the realisation of CBA for local flood risk managers could use these resources whatever the context. Two strategies were possible: reuse and adapt damage functions to the French context or develop our own functions.

For the agricultural sector, among existing process-based models, the AGDAM model developed by the USACE (1985) and the model developed by the FHRC [START_REF] Hess | Estimating the Value of Flood Alleviation on Agricultural Grassland[END_REF][START_REF] Morris | Agricultural flood alleviation benefit assessment: A case study[END_REF][START_REF] Penning-Roswell | Appraisal of flood risk management for agriculture, in: The benefits of flood and coastal risk management: a handbook of assessment techniques[END_REF]Priest et al., 2021a) stood out as being the most advanced. The possibility of adapting AGDAM or the FHRC damage functions was investigated. However, a review of the literature [START_REF] Agenais | Dommages des inondations au secteur agricole. Guide méthodologique et fonctions nationales, Groupe de travail national acb inondation[END_REF] 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 of French agricultural crops and that were compatible with the databases used to locate them (Graphical Plot Register, GPR, which is the French Land Parcel Identification System, LPIS, connected to the Common Agricultural Policy), (ii) that are applicable at a national scale but can be adjusted to local specificities if needed (specific culture, selling price, etc.) and (iii) that are updatable, i.e. based on values from identified databases that can be tracked over time as far as possible. Then, the option selected was to develop our own damage functions. As in other countries, the lack of sinistrality data quickly led us to choose process-based models based on expert knowledge.

In this paper, 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 the residential sector, public infrastructures, agricultural sector, and commercial and industrial sectors. They are all available online (https://www.ecologie.gouv.fr/levaluation-economique-desprojets-gestion-des-risques, last access: 13 October 2022).

In practice, since 2013, over 200 flood management projects have been analysed by CBA using this method and flood damage functions.

Methodology to develop floodam.agri and produce national damage functions

The floodam.agri model includes generic parts and can produce damage functions at different scales, depending on the calibration. We illustrate in this paper the use of floodam.agri to produce damage functions at the national scale. This methodology has followed seven stages (Fig. 1). First, the conceptual framework was established. A crop category is broken down into elementary components 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.

Second, to inform the conceptual framework, 30 individual surveys (Fig. 2) with agricultural experts working in regional technical institutes were carried out. They usually had expertise at the level of a crop family that encompasses several categories (Appendix A, Table A1). Some had experhttps://doi.org/10.5194/nhess-22-3385-2022

Nat. Hazards Earth Syst. Sci., 22, 3385-3412, 2022 tise 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 once flood since 2005. We focused on five areas that differ in terms of hydrological and agricultural contexts: two Mediterranean areas, an area composed of alluvial plains and mountains, an oceanic area, and a rural area composed of plains and plateaus.

A questionnaire was designed (Supplement 1) to conduct semi-structured interviews that lasted about 1 h. It was structured in two parts in order to collect information (i) on the impacts on farm components and (ii) on the consequences for farmers' practices. Prior to every interview, production cycles in terms of physiological stages and agricultural work calendar were established based on the literature, for the categories of crop corresponding to the expert interviewed. This information was presented and discussed with the experts too.

Third, floodam.agri implementation can be summarised as shown in Fig. 3. The crops for which damage can be estimated with floodam.agri are defined in a three-level classification (Appendix A, Table A1). All the crops that belong to the same category are associated with a similar vulnerability 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 modelled, i.e. a proportion of loss or level of deterioration of a component is associated with flood parameters; for example for the crop component, the sensitivity determines a loss of yield in percent of the standard yield. Decision rules associate behaviours with the proportion of loss or level of deterioration of a component. The floodam.agri model was implemented using R language.

Fourth, floodam.agri must be calibrated with data such as agricultural calendars, yields, and sales prices to produce flood damage functions. The level of data specification should be appropriate for the scale at which the 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 step occurred on average 1 year after the first interview. In total, five focus group were organised (see Sect. 4.2).

Sixth, based on focus group discussions, some corrections were made.

Seventh, the process resulted in ready-to-use flood damage functions. To produce them, two more steps (3 and 4 in Fig. 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). 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 is 1/3.

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 typology (Supplement 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 (EUR 1611) and the highest for arboriculture and orchards (EUR 93 549) (Table A2).

For illustrative purpose, Fig. 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). In this section, the methodological framework (Table 1) is applied to floodam.agri. The objective is to analyse 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.

4.1 Axis 1: explicit assumptions 4.1.1 EA1: what are the boundaries and components of the system considered?

The floodam.agri model is a conceptual model developed on the basis of the literature and previous works [START_REF] Agenais | Dommages des inondations au secteur agricole. Guide méthodologique et fonctions nationales, Groupe de travail national acb inondation[END_REF][START_REF] Brémond | Caractérisation et évaluation économique de la vulnérabilité des exploitations agricoles aux inondations[END_REF]Nortes Martínez, 2019a). Flood impacts on the agricultural sector can be evaluated by the variation of added value through the production process. Figure 5 represents the links between economic entities that may impact the variation in added value. Each economic entity is composed of physical components such as building and parcels that can be directly affected by a flood. The farmer makes choices for the production process and recovery if a flood occurs. At farm level, the growing process can be impacted either directly by the flood or indirectly if the farm buildings are impacted. In the same way, flood impacts on suppliers may interfere in 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 material, soil and equipment such as irrigation systems, fences and trellis depending on the crop type. It also takes into account the farmer's decision in terms of adaptation of production tasks (crop management sequence) and recovery tasks. 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 physiological stages to the weeks of the year (example for the apple in Fig. 6). Similarly, assumptions were made about certain physical characteristics (trunk heights, first fruits). 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 (equipment and stock) as well as cattle. However, these elements have not been integrated into floodam.agri to date. Furthermore, floodam.agri also does not consider damage induced at the farm scale, i. equipment, for example as evaluated in [START_REF] Brémond | Taking into account recovery to assess vulnerability: application to farms exposed to flooding[END_REF] or indirect damage at the scale of the area affected by a flood as, for example damage propagation on cooperatives as evaluated in Nortes Martínez (2019a) and described in Nortes Martínez (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.

Equations ( 1)-( 4) describe the translation of this conceptual framework in economic terms. The total damage to a plot (D in Euro per hectare) is the sum of the costs of the actions needed to restore the plot (C in Euro per hectare) and of the loss of added value ( AV in Euro per hectare). It is calculated as the sum of the damage to each component of the plot (D c ): (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. The methodological framework proposes to discuss this question following two sub-questions.

D = AV + C = c D c (1) AV = O -IC (2) O = Y • P (3)
-Are the biophysical processes that cause the damage taken into account in the model explicitly considered?

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

For each component, Table 2 summarises the processes at work in the formation of damage, the major flood parameters involved, whether the process is considered or not in floodam.agri and if yes how it is estimated. These processes have been identified based on the 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 as a function of physiological stages instead of time of the year to maintain the adaptability of our model to different contexts. The relevance of the choice of these physiological stages to the sensitivity of the component to flooding was discussed with the experts. For apple, for example (Fig. 6), to qualify the sensitivity of the plant material (tree), two stages were defined (dormancy and vegetation) and for the crop, five stages (dormancy, bud-break, flowering, growing, maturity). The effects of water level are defined taking into account crop data (trunk height, fruit height and maximum height). For apple trees, the height of the trunk has been set at 80 cm and the maximum height of the trees at 200 cm.

Plant material

Table 2 shows that the main processes that cause mortality of plant material, i.e. tree or vine, are uprooting or asphyxia. Table 3 details how the processes discussed with the experts were modelled into a mortality rate (β) for a low-velocity flood. For the example of arboriculture, trees are considered to be uprooted for high velocity. The diagrams represent the mortality rate (β) as a function of the flood parameters (durahttps://doi.org/10.5194/nhess-22-3385-2022
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Crop

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

The crop loss (α) on the undamaged plant material (1 -β) is then determined. Table 2 synthesises the processes identified with experts which contribute to yield loss (α) or quality loss (γ ) for annual and perennial crops. Table 4 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. reduced 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 selling price (P u ) 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 2 d. This effect is added to the loss of yield as described in Eq. ( 11).

Soil

The flood impacts on the soil component taken into account in floodam.agri are erosion and littering (Table 2). 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 Table 8. Currently, 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.

Table 3. Mortality of plant material for apple crop as a function of the physiological stages and biophysical processes involved (low velocity).

Dormancy Vegetation

Mortality rate (β)

Biophysical processes involved

The metabolism is paused and apple trees therefore have During the vegetation period, the sensitivity of trees to a low sensitivity to root asphyxiation. asphyxiation increases. For a flood with less than 80 cm For a flood with less than 80 cm of water, i.e. the of water, mortality starts at 30 d of flooding and is branches are not in contact with the water, the time total at 40 d. With 200 cm of water, there can be losses before tree mortality occurs is 105 d. The mortality will of plant material as early as 15 d of flooding and be total after 125 d. With all the trees submerged they are total at 20 d. (> 200 cm), tree mortality starts at 50 d and the orchard is completely lost at 60 d of flooding. Between these two heights, losses increase proportionally with the water height.

Equipment

Equipment on the plots (i.e. irrigation systems, fences, greenhouses, and trellis) can be deteriorated or destroyed (Table 2). The deterioration or destruction of equipment depends on the flow speed, which 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: what 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 detailed for each component below.

Behaviour in standard situation

The behaviour of farmers in the 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 [START_REF] Sébillote | Les processus de décision des agriculteurs[END_REF]. The periods in which tasks must be performed are defined on the basis of physiological stages (example for the apple, Fig. 6). These sequences of tasks were used as a basis to discuss with the experts the change in farmers' behaviour due to flooding.

The list of potential additional or cancelled tasks is presented in Table 5.

Decisions related to plant material

Direct (D PM ) and delayed (D d PM ) damage to plant material is estimated. Direct damage to plant material does not depend on the farmer's decisions and is estimated by the loss of outcome due to the loss of plants:

D PM = β × Y u × P u , (6) 
with β the proportion of plants lost by hectare, Y u the mean usual yield by hectare, and P u the mean usual selling price. Then, delayed damage (D d PM ) is estimated taking into account the farmer's decision. Depending on the tree mortality rate (β), three possible strategies are considered in Table 6: (i) no replanting (Eq. 7), (ii) replanting only the missing trees (Eq. 8), (iii) grubbing and replanting the entire plot (Eq. 9). Each strategy is associated with costs and their mathematical formulation. Table 6 gives the values of (β) associated with the three strategies that were collected from the experts of arboriculture.
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Table 4. Flood impacts on yield variation for apple crop as a function of the physiological stages and biophysical processes involved. 

Decisions related to crops

The possible strategies following the loss of yield are different depending on whether the crop is perennial or annual. Table 7 summarises the possible strategies and the associated equation to calculate damage. In floodam.agri, farmers of perennial crops have only two choices: continue (Eq. 11) or stop (Eq. 12) the crops. In all cases, the basic assumption is that of a continuity of the production of the current 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) more than 95 % and the flooding took place before the maturity stage, (ii) more than 75 % and the flooding takes place at the maturity stage (a chemical treatment is then carried out). Moreover, if they continue, for the case of apple crops, there is no variation of intermediate consumptions because the treatments are already very regular in normal situations.

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 (Eq. 10). They can also decide to stop the crop (Eq. 12).

Two additional strategies are possible for annuals crops as a function of the period of occurrence of the flood and the loss of 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 (Eq. 13). The possibility of planting another catch crop 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 re-sown. Grain farmers may then consider planting a spring or summer cereal. This alternation is part of the crop rotation that they practice on a multi-year basis. In this case, the damage 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 (Eq. 14).

Decisions related to the soil and equipment

For the soil and equipment, the repair and replacement actions have been defined with experts as a function of flood impacts on the component. The damage to the soil component (D soil ) 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:

D soil = d tilling + d cleaning × (C labour + C mecha ) , (7) 
with d tilling the amount of time needed to till one hectare of soil, d cleaning the amount of time needed by hectare to pick up litter, C labour the labour cost, and C mecha the mechanisation cost.

For the case of orchards, Table 8 summarises 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 eq ) relates only to the year of the flood. It is equal to the replacement and repair costs, which include labour and material costs:

D eq = i∈I C mat (i) + j ∈J C mat (j ) + d repair (j )C labour (8)
with I the set of devices that need to be replaced, J the set of devices that need to be repaired, C mat the material cost to replace or repair a device, and d repair the amount of time needed to repair a device.

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 Sect. 3, to date, it is not possible to compare flood damage models developed for the agricultural sector with sinistrality data since no such data exist (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 the crop losses (e.g. losses of grapes or cereals are not covered) and, moreover, it is a compensation system based on a declarative estimate of losses at the time of the flood. 

D d PM = C pl × A PM A max + A prod i=1 Y u ×P u -IC h (1+r) i
(9) for the entire area and loss of the corresponding production during the period of entry into production with A max the usual maximum age of the perennial plants considered A PM the mean age of the plants at the time of the flood * , and r the discount rate C pl the cost of planting one hectare of the perennial plants considered A prod the age at which the plants become productive IC h the intermediate consumption related to the harvest, by hectare * When calibrating the model, if the mean age of the plants in not known, the assumption that Amax = Amax/2 can be made.

Table 7. Strategies for the continuation of the crop management sequence and associated equation.

Strategy

Crop concerned Equation

Continue the crop Annual crop to do in this study, the deferred losses and the variations in expenses linked to farmers' decisions.

D crop = αY u × P u + (1 -α) × Y u × γ P u + IC t (10) Perennial crop D crop = (1 -β) αY u × P u + (1 -α) × Y u × γ P u + IC t (

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

To date, no comparison of floodam.agri has been made with other models. To our knowledge, this has not been done for any flood damage assessment model for agriculture. Comparing floodam.agri with existing flood damage model for agriculture such as the flood damage functions developed by the FHRC in the United Kingdom or AGDAM in the United States would required a common case study. No such initiative has been done yet. We hope that the effort of explicitness made in this article contributes toward this direction. As a first step, Table C1 uses the methodological framework we propose to compare floodam.agri, the FHRC method and the AGDAM method. This comparison was made on the basis of the documents we had at our disposal, namely the AG-DAM users manual (USACE, 1985) and the different versions of the multicoloured manual [START_REF] Penning-Roswell | Appraisal of flood risk management for agriculture, in: The benefits of flood and coastal risk management: a handbook of assessment techniques[END_REF][START_REF] Priest | Handbook for economic appraisal : Flood and coastal erosion risk management, Flood Hazard Research Centre[END_REF]. On the basis of existing documents, a certain amount of information remains incomplete (the number of applications, transfers that may have not been published, etc.). 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 that were produced using floodam.agri were used by stakeholders (engineering and equipment) and equipment) and deposition of various debris with slight damage to trellis and irrigation equipment (as the orchard is being uprooted, cleaning up is not necessary). The orchard is uprooted, the cleaning is faster.) firms and project developers) between 2014 and 2022 in more than 200 CBAs. 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 and the consulting firms that carry out the CBA.

V4: has the model been presented and discussed

with the experts involved for the development?

Within the framework of the development of floodam.agri, we implemented a specific methodology allowing us to discuss and validate in groups during workshops the setting in the model of the information collected in individual interviews. This qualitative research method is the focus group. The aim of these workshops is multiple. They allow the coherence of the information collected in individual interviews to be verified and discussed collectively. Above all, they allow the results of the overall modelling chain (loss of plant material, yield, associated behaviours) to be presented to the experts who were interviewed separately on the differ-ent components of the model and to allow them to readjust their assumptions if necessary.

The following topics were discussed using illustrations (Fig. 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).
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Axis 3: updatability

In this section, the methodological framework (Table 1) is used to describe the updatability of floodam.agri.

U1

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

To produce flood damage functions, floodam.agri requires (i) an estimate of usual yields, (ii) an estimate of selling prices, (iii) an estimate of intermediate consumptions and (iv) the physiological stages and crop management sequence.

Table 9 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. The vintage used and the frequency of updates are specified in Table 10. Since the databases used are heterogeneous, the vintages of the databases are also heterogeneous.

U3

: are the data used tracked over time?

Table 10 shows the update frequency of the databases used.

Updating the data that are published annually is easy. On the other hand, to update data from documents whose publication frequency is not predetermined requires checking for each datum if a new edition has been produced. If not, a validation with experts should be renewed.

To sum up, Tables 9 and10 show that the updatability of data is not homogeneous. Three modalities can be distinguished:

input data come from a single database which tracked over time (e.g. yields),

input data come from different databases with different update frequencies (e.g. selling prices and intermediate consumptions),

input data come from expert knowledge (e.g. physiological stages). 

Axis 4: transferability

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

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

The possibility to adapt floodam.agri to different contexts was a requirement and 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 steps (Fig. 8).

Adjusting damage functions resolution (step 1)

The first possibility of adaptation concerns the compatibility between the flood damage functions produced with floodam.agri and existing hydraulic and hydrological models in terms of resolutions. As the resolution of flood parameters is higher in floodam.agri, it can easily generate flood damage functions with a higher resolution. 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 provide a more precise definition of flood seasonality, given that the time step is the week in floodam.agri, adapted damage functions can be produced.

Adjusting the typology (step 2)

To generate national damage functions, we had to adapt the damage function typology developed in level 3 (Appendix A, Table A1) 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 context (step 3)

This step encompasses two aspects. First, the adjustment of crop technical-economic data (yields or selling prices) requires ensuring that data listed in Sect. 4.3 exist for the study area. The problems encountered in this case may be related to the typology of crops that will have to be adapted too.

Second, locally, it will be necessary to adjust the crop calendars (Fig. 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.

Adjusting sensitivity and decision rules in the case of flooding (step 4)

In the context of application, some biophysical processes or particular behaviours of farmers in cases of flooding that have not been considered in floodam.agri may appear. In this case, it will be necessary to consolidate the modelling (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 physiological stages, crop management sequence, yield and price of the crop. If not, it will be necessary to create a new crop category and to add new sensitivity and decision rules functions. For this, data collection from agricultural experts will be necessary. Moreover, agro-economic data will have to be collected to calibrate the functions.

Taking into account new hazard parameters (step 6) This is the most demanding level of adaptation because it requires repeating for each crop category all the biophysical processes and the impact on farmers' decisions. This type of transfer necessarily requires work with experts.

T2: has the model been transferred to another context?

To date, some adjustments have been made to the resolutions (step 1) or to the local data (step 2) in the frame of the mandatory CBA of flood management projects. In [START_REF] Mao | Estimation des coûts économiques des inondations par des approches de type physique sur exposition[END_REF], an adaptation of the flood damage functions was made at the regional level (step 2) using regional data. Based on Agenais et al. ( 2013), floodam.agri has been partially transferred to the Italian context (Molinari et al., 2019b;[START_REF] Scorzini | Regional flood risk analysis for agricultural crops: Insights from the implementation of AGRIDE-c in central Italy[END_REF], but the way in which the experts' knowledge was collected and formalised for the transfer is not made explicit, particularly with regard to the assumptions made about the processes and behaviours of the farmers. Moreover, work is underway to adapt floodam.agri to coastal flooding (step 6).

Discussion

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, labour, 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 Martínez et al. (2020) show the importance of these interactions for avoiding over-and underestimation 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 [START_REF] Penning-Roswell | Appraisal of flood risk management for agriculture, in: The benefits of flood and coastal risk management: a handbook of assessment techniques[END_REF]. However, making the limits of the modelled system explicit remains fundamental in the classification of damage between direct and indirect effects. 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 consuming. 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 modelling experience presented in this article around floodam.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. For example, it is essential to know which processes have been taken into account in determining yield losses. Studies carried out in the context of drainage may only take into account processes such as root asphyxiation, which will be predominant, but in the case of floods with significant velocity effects, it is essential to integrate also the processes of uprooting or laying down. This effort to clarify assumptions is also necessary for capitalisation.

Consolidate the validation

The proposed framework allows for a clear improvement in the validation methodology with experts involved in the modelling process. However, we are aware of the need to consolidate this aspect. Two avenues are usually identified: first, the comparison of model results with each other; second, the comparison with claims data (Molinari et al., 2019a). A third avenue is to consider the geographical transfer of models as an opportunity to capitalise on expert knowledge by involving new experts and being able to clearly present the modelling assumptions to them. 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 Table C1 based on the existing literature. This should not be considered a result but a discussion support to facilitate exchanges on methods with a view to capitalisation. 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 interesting initiatives are to be highlighted such as, for example the validation carried out by Chau et al. (2015) or [START_REF] Shrestha | Development of flood damage functions for agricultural crops and their applicability in regions of Asia[END_REF]. The modelling effort we have carried out to develop floodam.agri has highlighted the importance of acquiring knowledge both on biophysical and human processes in order to be able to assess damage in economic terms. This implies that the data to be collected post-flood in order to validate a model such as floodam.agri must be of different nature, ranging from biophysical impacts (yield loss, mortality of plant material, soil erosion, etc.) to monetary damage, including the chain of behaviours of recovery and continuation of crop management sequence. But this type of post-flood data collection is very time consuming. Most of the time, in large-scale events, the primary objective will be to obtain an overall damage assessment fairly quickly and not to carry out a detailed characterisation of the damage formation processes. In this case, it could be used to estimate damage in monetary terms from hazard parameters. It could also be used to estimate damage in monetary terms from partial post-flood data collection such as yield losses, which corresponds to the practice of the insurance system in France. This type of use would prohttps://doi.org/10.5194/nhess-22-3385-2022
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Capitalise over time with updatability

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

Anticipate the transferability to capitalise in space

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 propose a reflection with experts on the basis of vegetative cycles rather than on a monthly basis as was done by 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 uncertainty in data collection. Second, it makes it possible to transfer this method to other contexts, by calibrating vegetative cycles of crops.

Development prospects around process-based models

The proposed methodological framework also 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 at an international scale. The tracks of improvement which we consider be a priority concern taking into account (i) other biophysical processes, (ii) agricultural buildings, (iii) breeding systems and (iv) adaptations of the trajectories of farms to floods. Some biophysical processes such as pollution, salinisation or degradation of soil quality remain scarcely studied and should be consolidated.

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 [START_REF] Grelot | floodam -Modelling Flood Damage functions of buildings -Manual for floodam v1.0.0[END_REF]. 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 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 behaviour. 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 etc. 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 place 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 [START_REF] Richert | The determinants of households' flood mitigation decisions in France -on the possibility of feedback effects from past investments[END_REF].

Conclusions

Process-based flood damage assessment models relying on 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 argue that process-based models, based on a rigorous modelling process, can be suitable for application in different contexts. We show that following a rigorous modelling process can contribute to their capitalisation and transferability. We propose a framework that improves the development of process-based flood damage models by meeting the properties of assumption explicitness, validation, updatability and transferability. We show that respecting these properties could help structure a common modelling effort at the international level.

By applying the proposed methodological framework to floodam.agri, we show that it is possible to describe explicitly the modelling assumptions. Given the complexity of the phenomena (biophysical and decisional processes) and the diversity of the data sources, we argue that the methodological framework is useful for structuring and anticipating from the 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 at an international scale. The framework proposed here thus opens up prospects for cooperation in improving and transferring existing models, particularly agricultural models. 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 with improvement of the understanding of biophysical damage processes, repair decisions and adaptation in the long term.

Appendix A: Families and categories of crops considered in floodam.agri Different typologies had to be used in the development of floodam.agri. To work with the experts on the sensitivity of the crops, we used the families (level 1), categories (level 2) and subcategories (level 3) described in Table A1.

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 subcategory (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 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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 1 Figure 1. Development process of the national flood damage functions for agriculture.
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 2 Figure 2. Geographic distribution of the experts interviewed.
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 3 Figure 3. Production process of the national French flood damage functions with floodam.agri.
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 4 Figure 4. Example of the national flood damage function developed using floodam.agri for the category "arboriculture".
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 5 Figure 5. Boundaries and components considered in floodam.agri.
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 6 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.

  is < 80 cm, If flood height is > 200 cm, leaves and flowers (less yield loss starts at 10 d and yield loss starts at 1 d and is than 80 cm), yield loss due is total at 15 d. total after 5 d of flooding due to root asphyxiation starts If flood height is > 200 cm, to rotting of the fruit. evolve linearly. In addition to this asphyxiation effect, there are yield losses due to scab. Scab can cause losses whatever the water level from 7 d of flooding, and is total at 15 d.

Figure 7 .

 7 Figure 7. Example of illustrations used during the focus group of experts for the case of apple crops.

  4.3.2 U2: are the vintages of the data used in the model specified?

Figure 8 .

 8 Figure 8. Steps of adaptation to transfer floodam.agri.

Table 1 .

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

	Axis 1: explicit assumptions
	EA1 What are the boundaries and components of the system considered?

Table 2 .

 2 Biophysical processes considered or not in the national flood damage functions produced with floodam.agri.

	Biophysical processes	Flood parameter	Considered Estimation
	Plant material			
	Mortality by uprooting	Velocity, height	Yes	Replantation strategy
	Mortality by root asphyxia	Season, duration, height	Yes	Replantation strategy
	Mortality by leaf asphyxia	Sediment, height, duration Yes	Replantation strategy
	Mortality by salinity	Salinity	No	-
	Mortality by contamination	Contamination	No	-
	Crops			
	Poor flowering or fruiting by root asphyxia	Season, duration, height	Yes	Loss of yield
	Destruction of buds, flowers, fruits by contact Season, duration, height	Yes	Loss of yield
	Increase in cryptogamic diseases	Season, duration, height	Yes	Loss of yield
	Growth alteration by root asphyxia	Season, duration, height	Yes	Loss of yield
	Growth alteration by crop laying down	Velocity, height	Yes	Loss of yield
	Growth alteration by leaf asphyxiation	Season, sediment, height	Yes	Loss of yield
	Growth alteration by salinity	Season, salinity	No	-
	Growth alteration by contamination	Season, contamination	No	-
	Excess of water in the fruits	season, duration, height	Yes	Price decrease
	Soiled fruits by sediment deposit	Season, sediment, height	Yes	Loss of yield
	Soiled fruits by contamination	Contamination	No	-
	Soil			
	Deposits of debris and waste	Velocity, height	Yes	Repair costs
	Erosion without loss of soil	Velocity, height	Yes	Repair costs
	Erosion with loss of soil	Velocity, height	Yes	Repair costs
	Soil contamination	Contamination	No	-
	Soil salinisation	Salinity	No	-
	Equipment			
	Pulling out and moving irrigation pipes	Height, velocity, season	Yes	Pipe reinstatement
	Fence degradation and debris build-up	Height, velocity	Yes	Cleaning and repair costs
	Trellising torn off by the current	Height, velocity	Yes	Replacement
	Damaged trellising	Height, velocity	Yes	Repair costs

Table 5 .

 5 List of additional or cancelled tasks taken into account in floodam.agri.

		Tasks	Crops concerned
	Additional Sowing	Grain crops and oleaginous
		Oversowing	Grain crops and oleaginous
		Treatment	All
		Chemical harvest Fruit trees
		Replanting	Vegetable crops
	Cancelled	Treatment	All
		Harvest	All

Table 6 .

 6 Farmers' strategy for replantation as a function of mortality of plant material (β) for the case of arboriculture.

	β	Strategy	Associated costs	Equation		
	< 15 %	No replanting	Loss of the corresponding production until the end of the orchard's life	D d PM =	A max -A PM i=1	β×Y u ×P u (1+r) i	(7)
	15 < β < 25 % Replanting of missing trees only	Replanting and associated maintenance costs and loss of production during the period of entry into production	D d PM = β × C pl × A PM A max	+	A prod i=1	β×Y u ×P u (1+r) i	(8)
	β > 25 %	Grubbing and replanting Replanting and maintenance costs				

  IC t the additional expenses in terms of treatments, by hectare IC h the intermediate consumption related to the harvest, by hectare α 2 the yield reduction coefficient that takes into account the fact that late sowing can lead to smaller yields IC s the intermediate consumption related to sowing, by hectare IC s the intermediate consumption related to sowing, by hectare

			s	(13)
	Sow another crop	Annual crops	D

11)

Stop the crop

Annual and perennial crops

D crop = Y u × P u -IC h (12)

Re-sow the same crop Annual crops

D crop = α 2 Y u × P u + IC crop = Y u × P u -(1 -α 2 ) Y new × P new + IC s (14)

Table 8 .

 8 Illustration of assumptions elaborated with experts for soil damage in the case of orchards for the national damage functions.

	Velocity	Height	Biophysical processes	Recovery actions	Damage
				Tilling	Cleaning	(Euro per
				workforce cost EUR 12 per hour workforce cost EUR 12 per hour	ha)
				mechanisation EUR 19 per hour	mechanisation EUR 18 per hour	
	Low	< 80 cm Surface erosion and	5 h ha -1 (2 persons	25 h ha -1 (1	965
			deposition of small	and equipment)	person and equipment)	
			plant debris			
	Low	> 80 cm Surface erosion and	5 h ha -1 (2 persons	45 h ha -1 (1 person	2105
			deposition of various	and equipment)	and equipment)	
			debris with slight damage			
			to the trellis and			
			irrigation equipment			
	Medium	-	Digging of small gullies	15 h ha -1 (2 persons	45 h ha -1 (1 person	2535
			(< 20 cm deep) and	and equipment)	and equipment)	
			deposition of various			
			debris with slight			
			damage to trellis and			
			irrigation equipment			
	High	-	Digging of medium-sized	20 h ha -1 (2 persons	25 h ha -1 (1 person	2250
			gullies (> 20 cm deep)			

Table 9 .

 9 Data sources. : 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.

	Type of estimates			Sources for:		
		Meadows and	Grain and	Fruit trees	Grape vines	Vegetable crops
		feeding crops	oleaginous			
			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

Table 10 .

 10 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
	IC	SADs	2006, 2007/experts occasional
	IC	TEMMAPL 2012/experts	occasional
	IC	Eco Phyto	2018	occasional
	Physiological stages	TEMMAPL experts	occasional
	Crop management sequence TEMMAPL experts	occasional

Table A2 .

 A2 Categories of crops in the RPG database, area in floodprone areas, and maximum damage estimated with floodam.agri.

	GPR level	Area in	Maximum
		flood-prone	damage
		areas (Euros per ha)
		(ha)	
	No information	1572	-
	Soft wheat	5 336 421	2109
	Grain and silage corn	3 067 195	1897
	Barley	1 595 271	1927
	Other cereals	1 119 601	1658
	Rapeseed	1 525 055	2154
	Sunflower	713 633	1611
	Other oleaginous	76 743	1736
	Protein crops	372 320	-
	Fibre plants	47 354	-
	Seeds	72 248	-
	Set-aside lands (without production)	0	-
	Industrial set-aside lands	0	-
	Other set-aside lands	402 587	-
	Rice	25 721	-
	Grain legumes	14 770	-
	Fodder	176 884	2544
	Pasture	1 888 703	-
	Permanent grasslands	6 488 945	2067
	Meadows	3 665 000	2135
	Orchards	87 890	93 549
	Vineyards	449 947	50 887
	Shell fruits	26 117	-
	Olive trees	10 990	-
	Other industrial crops	431 726	2152
	Vegetables -Flowers	331 381	20 783
	Sugar cane	0	-
	Arboriculture	4204	93 549
	Miscellaneous	298 808	-
	TOTAL	28 231 555	93 549
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P. Brémond et al.: Flood damage modelling applied to the agricultural sector The resolution of the model is given in Table B1. 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. Appendix C: Conceptual comparison of three process-based models to estimate agricultural damage

We present in Table C1 a proposal for using the methodological framework to describe and compare three process-based models for agricultural damage assessment based on the existing literature. 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.

Table C1. Illustration of the use of the methodological framework to describe and compare three process-based models. [START_REF] Mao | Estimation des coûts économiques des inondations par des approches de type physique sur exposition[END_REF] Partially in AGRIDE-c (Molinari et al., 2019b[START_REF] Scorzini | Regional flood risk analysis for agricultural crops: Insights from the implementation of AGRIDE-c in central Italy[END_REF] Author contributions. FG and PB developed the conceptual damage model. ALA, PB and FG collected expert knowledge. ALA collected secondary data. FG and ALA implemented floodam.agri in R language. ALA and CR wrote a detailed description of the damage model in English and a first draft of the paper. PB proposed the methodological framework detailed in the paper. PB wrote the first complete version that was reviewed by all authors. All authors contributed significantly to the figures.
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