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Abstract: Floods and droughts are the events that most threaten crop production; however, the impact
of floods on crops is still not fully understood and often under-reported. Nowadays, multiple sources
of information and approaches support the estimation of agricultural losses due to floods. This
study aims to understand the differences in agricultural loss estimates provided by two conceptually
different approaches (crop models and expert-based models), evaluating their sensitivity to flood
hazard inputs. We investigated the challenges in flood agricultural loss assessments referring to
a case study for which, in addition to model simulations, information from surveys and on-site
inspections were available. Two crop models (APSIM and WOFOST) and the expert-based model
AGRIDE-c were applied to evaluate agricultural yield losses after the flood event of the Panaro River
(Emilia-Romagna, Northern Italy) that took place on the 6 December 2020. Two modelling tools
were used to reproduce the event: the hydraulic model HEC-RAS and the image-based tool FwDET.
Additionally, surveys among local farmers were conducted in the aftermath of the event to evaluate
the flood features (water depth, extent and duration) and crop losses. The main findings of the study
are that APSIM and WOFOST provide similar estimates of yield losses, while AGRIDE-c tends to
underestimate yield losses when the losses over the entire study area are evaluated. The choice of
the flood simulation technique does not influence the loss estimation since the difference between
the yield loss estimates retrieved from the same model initialized with HEC-RAS or FwDET was
always lower than 2%. Information retrieved from the surveys was not sufficient to validate the
damage estimates provided by the models but could be used to derive a qualitative picture of the
event. Therefore, further research is needed to understand how to effectively incorporate this kind of
information in agricultural loss estimation.

Keywords: flood risk assessment; crop yield losses; comparative analysis; crop models; expert-
based models

1. Introduction

The agricultural sector is traditionally highly vulnerable to natural disasters, given its
reliance on favourable weather conditions. From 2008 to 2018, agriculture (crops, livestock,
fisheries, forestry and aquaculture) absorbed 26% of the impacts caused by medium- to
large-scale natural disasters [1]. Floods and droughts are the most common events that
threaten agricultural production. Drought is responsible for around 34% of crop and
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livestock production losses, with flood being the second most serious disaster, bearing 19%
of the total production losses in low- and middle-income countries [2].

The impacts of flood on agriculture are still not fully understood and are often under-
reported [3]. This can be linked to the perceived minor importance of the agricultural sector
when compared to industrial or residential ones: in cases of similar exposure, the damage
associated with the former sector is comparatively lower than the others [4]. Furthermore,
the common approach of assessing agricultural impacts aggregated at the national level
does not allow for the inclusion of localized impacts that are typical of floods [5].

Crop susceptibility to floods is strictly linked with plant development and flood
characteristics [6]. Agricultural crop losses are strongly influenced by the season and
the period of the year [7] and depend on the flood water depth, its duration and the
flow velocity.

The latter (water depth, flood duration and flow velocity) has been used in multiple
studies to develop functions relating one or more of these variables to crop damage,
expressed in physical terms (yield losses) or economic terms [8]. For example, [9,10] related
water depth with rice yield losses in Asia, while [11] established a link between flood
duration and yield losses. The authors of [12] proposed damage surfaces for fruit trees
and vegetables relating the crop damage to flow velocity and water depth in a Greek basin,
whereas [4] reviewed studies relating the flood parameters to economic losses experienced
by farmers because of the inundations.

Crop damage functions have been developed predominantly starting from observa-
tions of the reported crop losses associated with past flood events of various magnitudes
(see [13,14]) or, rarely, on field experiments specifically carried out, as in [15]. While field
experiments require a lot of effort, the collection and harmonization of data and expert
knowledge on flood damage to crops are recommended to derive the relationships between
yield losses and flood parameters, as evidenced in [4].

Expert-based models, i.e., those based on the opinion of experts, or qualitative mod-
els based on the best information available from the literature, rely on the knowledge of
farmers, agronomists, etc., to assess crop damage due to a flood event with specific char-
acteristics. Some examples include (1) flooddam.agri, which evaluates the flood impacts
on the agricultural sector through variation of the added value through the production
process, this model has been applied in France [16]; (2) AGRIDE-c (Agriculture Damage
Model for Crops) [17], a model evaluating cereal and forage losses due to flood based on
water depth and flood duration in the context of Northern Italy; (3) a procedure to assess
the monthly damage for a wide variety of agricultural schemes and crops, which was tested
in a German case study (flood of river Elbe) [18].

More recently, models capable of reproducing crop yield losses due to floods have
been applied to derive the relationships between the yield decrease and flood parameters.
An additional component for the APSIM crop model (Agricultural Production System
Simulator [19]) was capable of simulating the yield decrease from excess rain or flood
events by taking into account the effects of waterlogging on soybean plants [20]. The
inclusion of the effects of waterlogging in crop models is crucial to allow their application
in agricultural loss estimation since this mechanism is responsible for up to 50% of the yield
losses depending on the crop type, the crop growth stage and the water depth [21]. Crop
models incorporating the waterlogging mechanism, even if they are unable to simulate
other flood-associated mechanisms that cause damage to crops (e.g., crop destruction due
to high flow velocity or the decrease in plant yield due to the decrease in the available light
in the case of submergence), could be a powerful tool to provide indications on yield losses
associated with an event with specific characteristics.

Both crop models and expert-based models show benefits and drawbacks. Crop
models are based on biological processes driven by physical variables linked with plant
growth but require multiple input variables and need to be tailored to the context of each
case study. Expert-based models are instead already tailored to a specific context or location,
but their scalability is complex since the expert knowledge on which they are built up is
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referred to in the case study, or to the technical, economic and environmental contexts for
which they have been developed.

Both approaches require parameters on the water depth, flood extent and duration as
the input. Thus, the damage estimation performed with the two methods strictly depends
on the hazard simulation. The level of detail required by the hazard simulation is a topic
that deserves further exploration, since the selection of a specific methodology depends
on the compromise between its accuracy and the data requirement [22]. Nowadays, many
different methodologies are available for the reproduction and observation of hazardous
variables such as satellite technologies, simplified approaches [23–25], etc. The adoption of
hydraulic models represents a classic and well-consolidated approach. Hydraulic models
of different complexity and structures are in fact available in relation to the scope, offering
the opportunity to simulate riverine inundation both at the local and continental (or
even global) scale [26,27], reproducing the hydraulic variables required for the direct and
indirect flood damage assessment [28]. In addition, given the high availability of remote
sensing data, flood extent analysis from satellite images is gaining interest. Remote sensing
images, consisting of continuous spatial fields, are extremely useful to obtain observational
information on the inundation extent [29]. Although several approaches to estimate flood
water depth from remote sensing images are currently available [30,31], its estimation is
still affected by uncertainties that may impact the flood loss estimation.

Both the application of hydraulic models and the use of remote sensing images exhibit
advantages and disadvantages. Hydraulic models usually provide very detailed informa-
tion on the water depth, flood velocity and timing of the flood event, but do not supply
information on flood duration. In addition, their accuracy is strictly dependent on the
quality of the input data and model calibration. Moreover, the time required to run the
model varies according to its complexity and the spatial and temporal resolution of the
input data. The use of remote sensing images on the other hand, could provide information
on the flood extent shortly after the event, thus allowing rapid estimation of the damage
and, when multiple images retrieved in the days after the flood are available, could provide
useful information on the duration. The main disadvantages of using satellite data lie in
the uncertainty of the water depth assessments and the availability of images retrieved
following the event.

The assessment of how crop damage estimation varies in relation to the complexity and
accuracy of the hazard modelling is an interesting element that deserves evaluation [32].

Therefore, this study applies the expert-based model AGRIDE-c and two crop models
(previously mentioned APSIM and the World Food Studies model WOFOST) to assess crop
damage due to flood with the following aims:

• understand the differences in the agricultural yield loss estimate retrieved with the
two conceptually different damage estimation approaches;

• assess how different inundation modelling approaches (i.e., HEC-RAS 6.1 and the
Floodwater Depth Estimation Tool, FwDET v2.0) influence crop loss estimation;

• investigate the challenges and future developments in flood crop damage based on
the results obtained for a past event for which multi-source information is available.

The flood event of the Panaro River (Emilia-Romagna, Italy) that took place on the 6
December 2020 was chosen as a case study. The choice of this event was due to multiple
factors: Firstly, the flood mostly occurred in an agricultural area and the Emilia-Romagna
region reported high agricultural damage [33]. Secondly, the availability of information
directly collected by the authors in the aftermath on the flood water depth, duration, extent
and agricultural damage. Information on the flood extent was directly retrieved from
in situ observations, while agricultural damage was collected from post-event surveys
among local farmers. The information collected directly from farmers on crop damage
is valuable to consolidate model estimations, as underlined by [4], even if the sample is
limited. Thirdly, satellite images acquired the day after the flood and six days after the
event were available. This last source of information was used to assess the flood duration,
together with frequent updates on the situation in the municipality affected by the flood.
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The updates were retrieved from online newspapers and reports from the authorities in
charge of managing the emergency.

An innovative element of this study lies in the combination of multiple types of infor-
mation from different sources, while analysing a flood event, comparison of the information
from different sources represents a useful way to assess, at least qualitatively, the quality
of information. Furthermore, collecting different kinds of information (such as modelling
outputs, satellite images and surveys) provides scientists with a broad perspective on
the flood event in its complexity, leading to a more reliable estimation of the agricultural
damage produced by flood events.

2. Case Study

As previously mentioned, the case study is the flood event that took place on the 6
December 2020 on the Panaro River (Emilia-Romagna region, Italy; Figure 1).

Figure 1. Location of the Emilia-Romagna region in Italy (highlighted in grey), the municipalities
affected by the flood event, (Nonantola and Castelfranco Emilia), the case study area and the levee
breach on the Panaro river. In addition, the inundation extent determined by the Regional Agency
for Environmental Protection of Emilia-Romagna (ARPAE) is reported.

The riverine inundation was due to the formation of a breach in the right levee of the
Panaro River, in the municipality of Castelfranco Emilia. The levee breach caused a flood
that mostly affected Nonantola, but also had consequences in Castelfranco Emilia. Hydro-
logical reports and technical analyses of the Regional Agency for Environmental Protection
of Emilia-Romagna (ARPAE) documented the overall event and the subsequent interven-
tions: the breach reached a maximum length of 80 m, and was repaired approximately
24 h after its formation [33]. The failure of the embankment resulted in a flooded area of
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about 15 km2, mostly in rural areas, but included a minor urban settlement (364 people
were evacuated).

ARPAE also reported the inundation extent the day after the event. The selected case
study area (dashed line in Figure 1) is thus a buffer of the ARPAE inundation extent, since
the authors were aware of flooded areas located outside the ARPAE extent [34].

The flooded area is normally devoted to agriculture. Crops grown in each field within
the area of interest (“Study area” in Figure 1) were identified using an open-source dataset
provided by the Emilia-Romagna region. The field boundaries were identified through the
regional land registry office, the crops grown in the 2020/2021 agricultural season were
determined through farmers’ yearly declarations on the intended use of each field [35].

The main crops grown in the area affected by the flood event in the 2020/2021 season
according to the Geoportale dell’Emilia-Romagna were alfalfa (30.4% of the harvested area),
winter wheat (23.67%), sorghum (9.07%) and maize (7.19%) (Figure 2). Other minor crops
grown in the area were vineyards (4.67%), pear (4.44%), sugar beet (3.38%) and barley
(1.42%). Farmers did not provide declarations regarding crops grown in the remaining part
of the harvested area (15.4%) [36].

Figure 2. Crops grown in the case study area according to the regional dataset Geoportale dell’
Emilia-Romagna.

Information on the crop sowing periods were used to assess which crops were growing
at the time of the event and thus impacted by the flood. The sowing periods of the major
crops grown in the area are reported in Table 1. At the time of the event, 6 December, only
forage, winter crops and orchards were present. In particular, the crops affected by the
flood event were alfalfa (a forage that is traditionally sown in spring or autumn, left in
the field for three or four years, and cut periodically from May to October), winter wheat,
sown between October and November and harvested between June and July, and barley.
Alfalfa and winter wheat together accounted for 54% of the considered harvested area;
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barley represented only 1.4%. Maize and sorghum, which together represented 16% of the
harvested area, are planted in spring and harvested in early autumn; therefore, they were
not impacted by the flood.

Table 1. Sowing periods of the main crops grown in the case study area.

Crop Type Sowing Period Crop Area (% with Respect to the Total
Considered Area) Reference

Winter wheat October–November 23.67 [37]
Sorghum April–May 9.07 [38]
Maize April–May 7.19 [39]
Alfalfa Spring or late summer 30.04 [40]

3. Methodology

This study applied the expert-based model AGRIDE-c and the crop models APSIM
and WOFOST to estimate crop losses due to the flood event of the Panaro River. Then we
evaluated the sensitivity of both models to the methodology used to simulate the hazard by
reproducing the flood extent and water depth with the hydraulic model HEC-RAS (v. 6.1)
and the remote sensing-based tool FwDET. Flood duration was determined through the use
of satellite images and information from reports and updates on the emergency retrieved
from online newspapers and reports from local authorities. Finally, the outputs of the crop
loss estimations were compared with the the post-event surveys collected by the authors
(the questions are reported in Appendix A).

Figure 3 describes the conceptual framework followed in the study, while Table 2
provides a summary of the models used for flood hazard, crop growth and crop damage
simulation. Finally, a brief description on how the field surveys were organized and
collected is proposed.

Figure 3. Conceptual methodological framework adopted in this study. The blue boxes contain the
inputs related to the flood hazard simulation, the green ones the inputs related with agriculture
(management practices and crop types), the black box represent the surveys done by the authors, the
orange boxes show the tools used in this study, while the grey box displays the obtained results.
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Table 2. Models used in this study and their main features.

Model Model Type Reference

HEC-RAS Numerical hydraulic model [41]

FwDET Remote sensing and DEM-based inundation water depth calculation
tool [30]

APSIM Crop model [19]
WOFOST Crop model [42]
AGRIDE-c Expert-based damage model [17]

To maintain the structure described in the flowchart, the techniques used to simulate
the hazard (i.e., the flood event) are first described, then the methodology to derive the
agricultural losses.

3.1. Hazard Estimation

Two techniques for water depth and flood extent simulation were considered in this
study: the hydraulic model HEC-RAS and the FwDET tool, providing information on the
flood water depth starting from post-event satellite images. In addition, satellites images
were exploited to determine the flood duration, together with information from online
newspapers and reports from the local authorities.

3.1.1. Flood Extent and Water Depth Estimation from HEC-RAS

HEC-RAS (from v. 6.x on) is a coupled 1D–2D hydraulic model [41] that performs
steady and unsteady flow river hydraulic calculations to solve the mono- and bi-dimensional
De Saint Venant equations [43]. In this application, the 1D model was used to simulate
the flow routing along the Panaro River, whose geometry was reproduced taking advan-
tage of the Digital Elevation Model (DEM) of the Emilia-Romagna region (LiDAR-based,
1 m resolution) and in situ measured cross-sections. The calibration of the 1D model has
been performed considering a significant past flood event (i.e., 2009 event, for which the
discharge and water level series are available from few gauging stations, together with
high-water marks surveyed after the flood at several river cross-sections). The 1D model
was used to reproduce the hydraulic loads (flow velocity, water depths, inundation dura-
tion, etc.) at river cross-sections where the levee failure occurred. The upstream boundary
conditions adopted for simulation of the flood event refer to discharge series observed
at the upstream gauging station, while a normal flowing condition was imposed as a
downstream boundary condition. A 2D model, fully coupled with the 1D model, was used
to reproduce the inundation dynamics within the flood-prone area. Particular attention was
paid to correcting the elevation values of the LiDAR in order to adequately represent build-
ings, minor river networks, hydraulic structures and road embankments that significantly
affected the water dynamics. This resulted in a 2D mesh whose resolution varied between
3 and 20 m. Calibration of the 2D model relies on several parameters available about the
area: land-use from the Corine Land Cover dataset [44], satellite data acquired during
the event, and pictures taken in situ by citizens and local authorities. Once properly set
up, the coupled 1D–2D model provided the flood parameter values necessary for damage
estimation, such as flood extent, water depth, velocity and time of arrival.

3.1.2. Water Depth Estimation from FwDET

The extent of the flooded area the day after the levee collapse has been documented by
different sources (e.g., remote sensing, in situ surveys, visual testimony) that are listed in a
detailed report by the Technical-Scientific Commission for the evaluation of the event [45].
The most precise information came from remote sensing images acquired by the COSMO
SkyMed satellite, owned by the Italian Spatial Agency [46], about 24 h after the levee
breach. The COSMO SkyMed images were used by the Regional Agency for Environmental
Protection of Emilia-Romagna to derive the inundation extent on the 7 December. The
Floodwater Depth Estimation Tool (FwDET v2.0), developed by [30], was applied to derive
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the water depth, in combination with the DEM of the Emilia-Romagna region. FwDET v2.0
was developed to exploit remote sensing analysis by calculating the water depth solely
based on an inundation map with an associated DEM.

3.1.3. Flood Duration Estimation from Satellite Images and Reports

Various sources of information were used to determine the flood duration. Satellite
images acquired by COSMO SkyMed on the 7 December 2020 were exploited to identify
flooded areas the day after the levee breach. Reports from the local authorities in charge of
managing the emergency were used to document areas where water was still present in
the days following the levee collapse (8–13 December). Finally, the Copernicus Emergency
Management Service took advantage of the satellite images acquired by Geo-Eye-1 on the
13 December to identify areas where water was present one week after the levee breach. It
should be noted that the levee collapse caused the inundation of the right side of the Panaro
River while the left side was flooded because of intense precipitation occurring during the
4 and 10 December [34]. In this study, the areas located on the left side of the river were
excluded from the analysis since the eventual presence of water there was not related to
the levee collapse. Table 3 summarizes the sources of information used to determine the
flood duration.

Table 3. Flooded areas in the days after the levee collapse.

Day Flooded Areas Reference

7 December 2020 Castelfranco Emilia, Nonantola, Frazione La Grande,
Bagazzano, Gaggio, areas from Torrazzuolo to Navicello [47]

8 December 2020 Bagazzano, areas near the levee breach, areas from Torrazzuolo
to Navicello, Frazione La Grande, Frazione Casette [34,48]

9 December 2020 Via Caselle, collettore Bosca, Frazione La Grande,
Frazione Casette [34,49]

10 December 2020 Frazione Casette, Frazione La Grande [50]
11 December 2020 Via Pasolini [51]
13 December 2020 Sparse areas [52]

3.2. Agricultural Losses Estimation

Agricultural losses at the field scale were estimated through the use of crop models
and expert-based models.

3.2.1. Field-Scale Estimation through Crop Models

Two crop models were applied to evaluate the crop losses at the field scale: APSIM
and WOFOST. Both were selected among the available crop models since they are capable
of reproducing the effects of water excess and waterlogging on crops [53]. As inputs, both
models require crop management practices information, soil texture class and weather
parameters.

The required crop management practices for the two crop models are slightly different.
Besides the crop type and sowing date or sowing window, necessary for both the models,
APSIM requires additional information such as sowing density, sowing depth and row
spacing [54].

The soil texture, classified according to the method proposed by the United States
Department of Agriculture [55], was retrieved from the SoilGrids dataset [56]. In the present
case, the considered area has a loam soil.

Concerning the weather parameters, the daily maximum, minimum and average
temperature, rainfall and solar radiation are mandatory. In addition, WOFOST requires the
daily wind speed and vapour pressure deficit. All the weather data were retrieved from
the automatic station of Castelfranco Emilia from the 1 August 2020 to 31 August 2021 [47].
Table 4 provides a summary of the data used to initialize both crop models.
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Table 4. Summary of the data used to run the APSIM and WOFOST crop models.

Component Type Temporal
Resolution APSIM WOFOST Source

Weather

Rainfall Daily X X [47]
Average temperature Daily X X [47]
Minimum temperature Daily X X [47]
Maximum temperature Daily X X [47]
Solar radiation Daily X X [47]
Wind speed Daily X [47]
Vapour pressure deficit Daily X [47]

Soil Texture – X X [56]

Crop management

Crop type Yearly X X [36]
Sowing window Yearly X X [37]
Sowing depth Yearly X [37]
Row spacing Yearly X [37]
Sowing density Yearly X [37]

The crop models were calibrated and validated against observed yield data for the
Modena province, derived from the Italian National Institute of Statistics [57]. Further
details on the crop model calibration and validation are described in Appendix B.

The calibrated crop models were applied to compute the yield Y, a function of multiple
parameters:

Y = f (D, PAR, fs, crop parameters) (1)

where D is the day length, PAR is the photosynthetically absorbed radiation, and fs
is a stress factor, while the crop-specific parameters are listed in Table 4 under “crop
management”. The stress factor fs is expressed as:

fs = min( fT , fN , fO) (2)

in which fT , fN , and fO are the temperature, nitrogen and oxygen stress factors, respectively.
All the factors range from 0 to 1, with 0 meaning the crop is experiencing the maximum
possible stress and 1 meaning there is no stress. Thus, fs ranges from 0 to 1 too [54].

APSIM and WOFOST are used to retrieve the potential yield YP, which is the yield
in the absence of any crop stress [58], fs = 1, and the reduced yield YR, which is the yield
in the presence of a flood event, i.e., accounting for waterlogging. In this latter case we
assumed fT = fN = 1; thus, there is no stress due to temperature or nitrogen deficiency
present, only the oxygen stress due to waterlogging, fO, is considered. As already stated,
the crop models only capture part of the crop damage, given the fact they are incapable
of simulating the effects of other damaging mechanisms, such as physical damage due to
high flow velocity and the decrease in available light due to crop submergence.

The impact of the flood on crop yield was simulated via the introduction of an irriga-
tion component. The amount of irrigation applied is progressive. The relationship between
the amount of water and the yield reduction was used to derive the damage functions
applied in the case study area to derive the yield losses in each of the study fields.

3.2.2. Field-Scale Losses Estimation through Expert-Based Models

In the present work, AGRIDE-c [17], a conceptual model to estimate the expected flood
damage to crops, was applied since it has been specifically designed for Northern Italy. The
model requires several inputs specific for each crop type, as well as the adopted management
practices and the flood characteristics. In particular, the following data must be provided:

• Crop type;
• Average crop yield (between 2016 and 2020 derived from [57] equivalent to the crop

models’ potential yield YP);
• Flood duration;
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• Flood depth;
• Crop growth stage at the time of the flood event.

Once the data are inserted into the model, it provides the reduced yield YR in each field
based on the damage functions described in [59].

3.2.3. Overall Agricultural Losses

Once YP,i and YR,i are defined for each field i for the considered crops, the yield loss
YL,i is computed as:

YL,i = 100 − (YR,i/YP,i × 100) (3)

where YR,i depends on the water depth on the field i. The overall loss in the study area can
then be derived as:

YL =
N

∑
i

YL,i (4)

where N is the total number of fields considered in the study area where a specific crop
is grown.

3.3. Field Surveys

In the aftermath of the event, farmers within the area affected by the flood were
interviewed to retrieve information on the flood’s characteristics, water depth and damage
experienced (the surveys’ structure is reported in Appendix A).

In total, ten farmers answered the questionnaire, with the majority of them owning
more fields and answering for all of them. Farmers indicated the average flood duration,
i.e., the amount of time (in days or hours) during which the fields remained flooded, the
water depth, and the percentage of their fields that were flooded. In addition, they indicated
the field location, cultivated crop, management practices, expected crop yield, crop growth
stage at the time of the flood and the cost sustained for crop maintenance until the flood.
Figure 4 shows the location of the fields and the cultivated crops for which questionnaires
were conducted.

Figure 4. Fieldsand crop type, for which questionnaires were collected.
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4. Results
4.1. Inputs for Agricultural Loss Estimation: Data and Information Obtained from
Multiple Approaches

The considered case study was analysed from different perspectives. Various informa-
tion from multiple sources was considered in an attempt to provide a reliable estimation of
agricultural losses.

At first, the hazard maps obtained from both the hydraulic model HEC-RAS and the
FwDET tool are shown since the evaluation of the agricultural losses was strictly based on
the flood extent and water depth simulation when the crop models were applied.

Both tools used the Emilia-Romagna region DEM as the foundation. The flood sim-
ulation results performed with HEC-RAS and FwDET are expressed in terms of maps of
the overall inundation extent and maximum water depth at each location. Figures 5 and 6
report the overall maximum water depths obtained from the hydraulic model (blue scale
colours) and computed through the FwDET tool, respectively.

In addition, in situ measurements, evidenced in Figure 5a,b, were retrieved by the
authors six weeks after the flood event, exploiting the fact that flood events are characterized
by turbid water that comes into contact with human-made objects, such as buildings, and
leave a film called the “mud line”. The mud line is recognized as the “high-water mark” [60].
Mud lines on hard surfaces leave better-quality water marks, especially when created by
low-velocity water fluxes, lasting for many weeks if undisturbed. High-water marks on
residential buildings were measured, geolocalized and photographed. Most of the surveyed
buildings have brick walls, where the mud lines were still visible six weeks after the event.

The flood duration over the study area, determined through the information sources
listed in Table 3, is reported in Figure 7. Some areas outside the ARPAE inundation extent
were flooded, as evidenced by in situ inspections which showed the presence of water in
Mavora (Figure 5a), and by the online press, reporting flooded areas in Bagazzano and
Frazione La Grande. The maximum flood duration was eight days.

Figure 5. Flood extent and water depth obtained from the hazard simulation performed by HEC-RAS.
Panels a and b shows the mud lines on bulidings in Giacobazzi (a) and Via Mavora (b).
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Figure 6. Water depth obtained from FwDET v.2.0. Flood extent in this case was derived from the
inundation extent estimated by ARPAE based on the satellite images acquired by COSMO SkyMed
24 h after the event.

Figure 7. Flood duration in the study area as derived from the sources listed in Table 3. The choice
of duration ranges is linked with the winter wheat damage values reported in AGRIDE-c for the
“three-leaf stage”.
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Field surveys also provided information on the flood features. The maximum re-
constructed water depth according to the farmers’ interviews is shown in Figure 8a. The
majority of farmers reported a maximum water depth of 1 m, while farmers with fields close
to the levee breach reported water depths around 1.5 m. The majority of the interviewed
farmers agreed on a flood duration between 2 and 5 days, with the exception of one, who
declared a flood duration of more than 7 days (Figure 8b).

Figure 8. Water depth (a) and flood duration (b) reported by farmers.
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From the same survey, information on the yield losses in the considered fields was
retrieved, while farmers cultivating spring crops, such as maize and sorghum, declared no
yield losses given the fact the crop was not planted at the time of the flood event (December),
farmers cultivating wheat or alfalfa experienced damage. Eleven fields cultivating winter
wheat were recorded in the surveys. Independent from the flood duration and with the
water reaching a maximum depth between 1 and 1.5 m, farmers estimated a 30% yield
reduction with respect to the expected wheat yield. All the interviewed farmers cultivating
winter wheat agreed on this loss value. Farmers cultivating alfalfa reported variable yield
losses, ranging from 5 to 50% according to field location. Farmers with fields located near
the levee breach reported huge losses, around 50% of their expected production, forcing
them to reseed the crop in spring, while farmers with fields far from the breach reported
yield losses between 10 and 20%.

4.2. Agricultural Losses Estimated through Models

Agricultural losses were evaluated at field scale for winter wheat and alfalfa. For
winter wheat, the potential yield YPww, i.e., the yield of winter wheat in the absence of the
flood, retrieved from APSIM, WOFOST and AGRIDE-c is shown in Figure 9 together with
the expected yield indicated by farmers during the interviews.

Figure 9. Winter wheat potential yield according to the crop models (APSIM and WOFOST), expert-
based models (AGRIDE-c) and field surveys.

The reduced winter wheat yield, YRww, depends on the amount of water that hits the
crop. In APSIM and WOFOST the waterlogging effect causes a progressive yield reduction
according to the water depth, while in AGRIDE-c the yield reduction depends on the flood
duration, the crop vegetative stage and the water depth. At the time of the event, winter
wheat was in its “three-leaf stage”. The flood duration is reported in Figure 7. The crop
damage, independent of the water depth, is 0 for a flood duration below four days, 25% for
a flood duration of 5 days, 90% for a flood duration of 6 days and 100% for a flood duration
longer than 6 days [61]. The flood duration over the winter wheat fields is reported in
Appendix C Figure A2, while Figures A3–A5 show the damage estimation at the field scale
obtained from the APSIM, WOFOST and AGRIDE-c in the two hazard scenarios (flood
extent and water depth retrieved from FwDET and HEC-RAS, respectively, and flood
duration retrieved as described in Section 3.1.3 from the AGRIDE-c).

For winter wheat, when the water depth and extent derived from FwDET were used to
model the hazard, the overall yield loss amounted to 4.30% using AGRIDE-c, while it was
9.56% and 8.81% according to APSIM and WOFOST crop models, respectively (Table 5).
When the water depth and extent were retrieved from HEC-RAS, the yield loss over all
the winter wheat fields was 4.64, 9.81 and 10.25% according to AGRIDE-c, APSIM and
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WOFOST, respectively (Table 5). All estimates were far from the 30% yield losses declared
by the farmers (Figure 10).

Table 5. Winter wheat yield losses (a % of the potential yield) according to the crop models (APSIM
and WOFOST) and expert-based model (AGRIDE-c), considering the different sources used to
simulate the water depth, flood extent and flood duration. Values refer to the total number of winter
wheat fields in the study area.

Hazard Source AGRIDE-c APSIM WOFOST

FWDet 4.30 9.56 8.81
HEC-RAS 4.64 9.81 10.25

Figure 10. Crop yield losses declared by the farmers.

Alfalfa was at vegetative rest during December, thus the damage curves implemented
in AGRIDE-c assume that the crop is unaffected by the flood in this period. As a conse-
quence, the yield loss according to AGRIDE-c is always 0, independent of the water depth
and flood duration.

The evaluation of the alfalfa yield loss was carried out with AGRIDE-c only. Even
though crop models exist able to simulate alfalfa growth processes, such as APSIM-
Lucerne [61] and APSIM Next-generation [62], they are unable to reproduce the effects
of water excess. Studies evaluating waterlogging on forage at vegetative rest are still
lacking [63]. In fact, although the scientific literature reports alfalfa to tolerate floods well,
the interviewed farmers reported variable yield losses, ranging from 5 to 50% depending
on field location (Figure 10).

5. Discussion

The first aim of the paper was to understand the differences in yield loss estimates re-
trieved using crop models and expert-based models, two conceptually different approaches.
The use of crop models to assess crop yield losses due to flood is relatively new, since
the mechanisms for waterlogging simulation have only recently been implemented in



Water 2023, 15, 1980 16 of 28

models [53]. Thus, this study attempted to explore the possibility of applying crop models
and expert-based models in combination with other information sources to estimate crop
yield losses due to flood.

As is clearly seen in Table 5, for winter wheat APSIM and WOFOST (crop models) pro-
vided similar estimates of wheat losses if the same flood simulation source was considered.
The two crop models, when run with the FwDET flood simulation, exhibited a difference
of less than 1% in the final wheat yield loss estimations, with APSIM estimating slightly
higher losses than WOFOST. When run with the HEC-RAS flood simulation, the difference
in the loss estimates was again less than 1%, but APSIM estimated lower yield losses than
WOFOST.

The difference between the losses evaluated by AGRIDE-c and the two crop models
were significant. AGRIDE-c provided lower estimates of wheat yield loss than both the
crop models. When the models were initialized with FwDET flood simulations, AGRIDE-c
captured 4.30% of the wheat yield losses, about half the yield losses captured by the crop
models (9.56% by APSIM and 8.81% by WOFOST). However, when the HEC-RAS flood
simulation was used, AGRIDE-c captured 4.64% of the wheat losses, again around half the
losses captured with the crop models.

The functions derived from the two crop models, APSIM and WOFOST, showed a
similar behaviour. WOFOST reached a maximum yield reduction with a water depth of
25 cm, while APSIM showed a progressive decrease in yield until a water depth of 2 m
(Figure 11). The difference is due to the mechanism used by the two models to simulate the
effect of water excess on the crops. The difference between the yield reduction derived by
the crop models and the one retrieved from AGRIDE-c is based on the fact that the two
crop models base their yield loss estimations on water depth, while AGRIDE-c used flood
duration. In fact, when wheat was in the “three-leaf stage”, the crop damage in AGRIDE-c
only depended flood duration and not water depth.

Figure 11. Relationship between the water depth and winter wheat yield reduction according to the
crop models, APSIM and WOFOST.

A similar approach was not applied to evaluate alfalfa yield losses since the mecha-
nisms to simulate the effect of water excess on forage are not yet implemented in the two
crop models. Since models incorporating the effect of water excess on forage crops are still
lacking, the expert-based model AGRIDE-c was useful to provide rough indications on
possible damage to forage due to floods. The vulnerability of alfalfa to flood is supposed to
be negligible when the crop is at vegetative rest.
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Some studies support this statement, evidencing the tolerance of forage crops to
waterlogging and their ability to recover from such a stress [64]. A study investigating the
response of alfalfa to oxygen stress at different plant developmental stages found that yield
losses were lower in plants subjected to high irradiance levels [65]; however, this study
did not include the vegetative rest stage. Another research group found that the effect of
flooding on reducing alfalfa yield losses depended on the crop growth stage, with floods
happening in the early growth stages having a greater detrimental effect on the final crop
yield [66].

Based on these considerations, the impact of flooding during the vegetative rest has
not been deeply investigated in this study, assuming that the conditions taking place when
the crop is at rest have no impact on plant development. The obtained results demonstrate
the necessity of investigating the effect of flooding on crops at vegetative rest and perennial
crops to understand whether, in extreme events, crops are able to recover from the stress or
whether the yield losses remain significant in the following growing season.

Regarding the methodology adopted for flood hazard simulation, Table 5 shows that,
when considering the same agricultural loss model, the difference between the obtained
losses when the model is initialized with the FwDET or HEC-RAS flood simulations is
negligible. In all three considered cases, the difference was less than 2%. Thus, two main
considerations can be drawn from the present study, i.e., the agricultural loss estimation
strongly depends on the agricultural loss model, and less detailed flood simulation methods
can be applied without compromising the final loss estimate. In the present study, the
average water depth over the flood extent obtained by FwDET and HEC-RAS was in good
agreement, with the first indicating an average water depth of 0.42 m, and the second
indicating 0.44 m even if significant differences persisted in the maximum values, with
FwDET tending to overestimate the highest water depths compared to HEC-RAS (see
Figure A6 in Appendix D). The general agreement of the water depths estimated using the
two approaches could be a reason for the consistency of the yield losses estimated with
APSIM and WOFOST. It should be highlighted that while the performance of HEC-RAS in
simulating the flood parameters was compared to other models, such as LISFLOOD-FP [67],
artificial neural network models [68] and SWE-FVM [69], FwDET’s ability to reproduce
water depth has never been compared with different hydraulic or hydrological models.

Furthermore, in the present study, the authors were able to collect additional in-
formation through surveying farmers and on-site inspections after the flood event. The
combination of various information sources to assess flood damage has been traditionally
performed to evaluate building damage. For example, [70] combined remote sensing
images with object-based image analysis to estimate the number of damaged houses,
while [71] exploited information retrieved from surveys carried on by the Italian National
Fire Corps together with satellite images to evaluate residential and public building dam-
age. Moreover, [72] developed vulnerability curves for 16 crops in Germany, taking into
account crop sensitivity in different months of the year; however, they did not used of
specific up-to-date data on the distribution of the crop types. However, the use of multiple
information sources is uncommon in the assessment of flood damage to the agricultural
sector. In fact, many studies have applied remote sensing techniques (see, for example, [73]
reviewing 62 studies using remote sensing to evaluate crop losses due to flood), but only a
couple of studies have combined various sources of information. For example, [74] used
survey data to develop a generic crop vulnerability function and remote sensing techniques
to map the flooded areas in a region of Bangladesh. The study did not consider different
crop types or growth stages. Ref. [75] applied remote sensing images to evaluate the flood
water depth and used vulnerability functions derived from expert knowledge to map rice
damage due to flood in Southeast Asia. Both studies underlined the challenges in obtaining
direct information on crop damage from farmers and combine them with model outputs.

Furthermore, in the present case considered the difficulties in exploiting additional
information derived from surveys to validate the agricultural loss estimates and understand
which agricultural loss model best reproduced the observations.
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The retrieved questionnaires only enable a qualitative evaluation of the flood and
agricultural loss models given their reduced number. From a qualitative point of view,
it could be observed that farmers’ declared losses always exceeded the modelled ones,
with farmers declaring a 30% wheat yield reduction and between 5 and 50% alfalfa yield
losses. These values are higher than modelled losses for both crops. For winter wheat,
the modelled losses varied between 3 and 10% according to the different combinations of
hazard and damage models used, while for alfalfa the modelled losses were always zero
according to AGRIDE-c.

The higher losses declared by farmers could be linked with the fact that crop models
are only able to reproduce part of the damage, i.e., damage due to waterlogging, while
other mechanisms, such as water velocity, could contribute to the increased yield losses.
Another explanation for the higher losses declared by farmers could be linked with the over-
perception mechanism. Cognitive biases of this kind were found in [76], who highlighted a
disconnect between the farmers’ reports of losses and realized yields after extreme events.
This topic deserves further attention since at present studies assessing farmers’ perception
of crop losses due to flood and extreme events are lacking. Cognitive biases could have led
farmers to overestimate the severity of the flood and consequent damages. However, it is
interesting to note that if the water depth would have been the one declared by the farmers,
generally higher than the modelled one, the modelled winter wheat losses would have
been more in line with the ones reported in the surveys. In fact, for a water depth of 1 m, as
was declared by the farmers, the winter wheat yield losses at the field scale would have
been around 20% according to APSIM and WOFOST. These values are more in line with the
30% yield losses reported by the farmers. Even if the authors managed to collect surveys
from 30 fields, more interviews would have been necessary to obtain a complete picture
of the event. An improvement in the strategies to involve farmers is necessary to collect
adequate samples that can be used to validate the models, such as close collaboration with
local authorities and farmer associations.

Moreover, the selected models take into account the water depth, the flood duration
and the water speed but do not consider the effect of sediments. The amount of sediment
left after a flood varies significantly from one case to another, mainly in relation to the
inundation characteristics (sediment loads of the water) and water residence time. Typically,
information on sediment deposits is limited to a rough estimation of the depth of the
sediment, which may vary significantly from one location to another. To the best of our
knowledge, no info on the nature of the sediment was available from field surveys and
questionnaires. The impact on the crops is difficult to be estimated and might vary in
relation to the strategies adopted by the farmers. The lack of detailed information on the
sediment amount and characteristics, as well as the real impacts on crop productivity does
not allow the inclusion of the sedimentary effects in the study. The topic is critical and
deserves detailed investigations [17].

Finally, the results of this study have highlighted that even when different sources
of information on both hazards and losses are available, the damage models presented in
the scientific literature show limitations in reproducing crop yield losses due to flood as
they fail to consider the effects of various damage mechanisms, such as flow velocity and
a decrease in light availability due to plant submergence. The present work underlines
the need for crop models capable of simulating flood-related losses for permanent forage
crops, such as alfalfa, since the expert-based model AGRIDE-c assumes that the damage
is null when alfalfa is at rest, while farmers reported losses between 5 and 50% of the
expected yield. Furthermore, the unavailability of yield data at the field scale forced crop
models calibration and validation to be performed using yield observations collected at the
province scale, containing extensive variations. The use of yield data at the field scale could
be interesting to perform a more accurate calibration of the crop models, thus obtaining
a better representation of the yield losses due to flooding. The results also show that the
improvement of the tools to model flood damage in agriculture is necessary to provide
reliable damage estimations.
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6. Conclusions

Agriculture is traditionally highly vulnerable to natural hazards, and floods play a
crucial role in lowering crop productivity. Understanding the effect of floods in reducing
crop productivity is of mandatory importance to develop modelling tools that can provide
information on yield losses in case of an extreme event. The choice of the modelling tools
to reproduce both the agricultural losses and the flood features influences the final results.

This study aimed to (1) understand the differences in the yield loss estimation retrieved
using two conceptually different approaches to model agricultural losses (crop models and
expert-based models); (2) assess how the crop yield loss estimations change in response to
different methodologies to simulate water depth, flood extent and duration; (3) investigate
the challenges and future developments in flood crop damage based on the results obtained
for a past events for which multi-source information was available. Two crop models
(APSIM and WOFOST) and the expert-based model AGRIDE-c were applied to evaluate the
agricultural losses, while a hydraulic model (HEC-RAS) and a flood feature estimation tool
from remote sensing (FwDET) were tested to understand the sensitivity of the agricultural
loss models to flood hazard simulation. Finally, surveys and on-site inspections performed
by the authors were evaluated as possible additional sources of information to validate
the models.

The main findings of the study are the following:

• The two crop models, APSIM and WOFOST, provided similar estimates for wheat loss
when initialized with the same flood simulation; contrarily, the expert-based model
provided lower yield losses compared to the crop models.

• The choice of the hazard simulation method did not significantly influence the agricul-
tural loss estimation. When the same loss model was applied, the difference between
the agricultural loss estimates obtained using HEC-RAS or FwDET to simulate the
average water depth was less than 2%.

• The availability of additional information, such as on-site inspections and surveys on
the flood features (extent, duration and water depth) and agricultural losses is useful
to provide a qualitative picture of the event and its consequences. However, it is still
difficult to use such information to validate the agricultural loss estimates provided by
the models. When involvement of farmer associations or local authorities is important
to collect a sufficient number of surveys on an event.

The research has shown that including different types of information into evaluate
agricultural losses due to flood is still challenging, given the shortcomings still present in
the existing crop damage estimation models.
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Appendix A

Appendix A reports the English translation of the survey proposed to the inter-
viewed farmers. The original survey was written in Italian. The survey was divided
into two sections, Section A and Section B.

Section A: General information. Please indicate:

1. Name of the farm, email and phone contact.
2. Closest address to the position of the considered field. Please also fill in the attached

maps identifying the cultivated areas affected by the flood and the types of cultivation.

Section B: Farm exposure. Please indicate:

1. The crop type grown in the considered field.
2. Size of the field.
3. Years of operation.
4. Average annual yield.
5. Maximum annual yield.
6. Phenological state of the crop at the time of the flood (6 December 2020).
7. How much was spent on cultivation during the agricultural season before the flood.
8. Which of these operations had already been carried out before the flood and how

much was spent (in Euros) for each of them? (Ploughing, harrowing, pre-sowing
weeding, sowing, weeding, fertilization, irrigation, harvesting, planting, pruning, soil
preparation, pesticide spreading, and fungicide spreading).

Appendix B

Appendix B provides further details on crop model calibration. Observed yield data
were extracted from the agricultural statistics database of the Italian National Institute
of Statistics [57]. Yield data for the Modena province were used for model calibration
(2006–2014) and validation (2015–2020).

Figure A1. Crop model calibration (a) and validation (b).

Since the observed yield data are only available at the province level, weather data
at the province level were retrieved from the E-OBS database v.25e (daily rainfall, solar
radiation, minimum, maximum and average temperature and wind speed). E-OBS is a
daily gridded land-only observational dataset over Europe with a spatial resolution of
0.1° [77]. Agricultural areas of the Modena province were extracted from the Corine Land
Cover map [44]. The soil texture of the agricultural areas of the Modena province was
derived from the SoilGrids dataset [56]. Based on the SoilGrids dataset, the soil type used
in both crop models was a loam soil (generic loam soil in APSIM and a very fine texture
in WOFOST). In both models the wheat sowing window is supposed to be from 20 to
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31 October. Nitrogen fertilizer is applied at sowing and flowering. The total amount of
nitrogen fertilizer was 150 kg/ha. In APSIM, the sowing density was fixed at 350 plants/m2,
the sowing depth to 50 mm and the row spacing to 250 mm. The model calibration and
validation results were satisfactory (Figure A1). In particular, the Pearson correlation
coefficient for model calibration was 0.92 and 0.90 for APSIM and WOFOST, respectively,
while the Pearson correlation coefficient for model validation was 0.85 and 0.71 for APSIM
and WOFOST, respectively.

Appendix C

Appendix C reports the maps showing the flood duration in the winter wheat fields
and the wheat damage estimations performed at the field level. Figure A2 shows the flood
duration over the winter wheat fields. Figure A3 shows a comparison between the damage
estimation performed with APSIM using (a) the flood extent and water depth derived from
FwDET; (b) the flood extent and water depth derived from HEC-RAS. Figure A4 shows a
comparison between the damage estimation performed with WOFOST using (a)the flood
extent and water depth derived from FwDET; (b) the flood extent and water depth derived
from HEC-RAS. Figure A5 shows a comparison between the damage estimation performed
with AGRIDE-c using (a) the flood extent and water depth derived from FwDET; (b) the
flood extent and water depth derived from HEC-RAS.

Figure A2. Flood duration in the winter wheat fields determined by the sources listed in Table 3.
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Figure A3. Comparison between the damage estimation performed with APSIM using (a) the flood
extent and water depth derived from FwDET; (b) the flood extent and water depth derived from
HEC-RAS.
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Figure A4. Comparison between the damage estimation performed with WOFOST using (a) the
flood ex-tent and water depth derived from FwDET; (b) the flood extent and water depth derived
from HEC-RAS.



Water 2023, 15, 1980 24 of 28

Figure A5. Comparison between the damage estimation performed with AGRIDE-c using (a) the
flood ex-tent and water depth derived from FwDET; (b) the flood extent and water depth derived
from HEC-RAS.

Appendix D

Appendix D shows the differences between the HEC-RAS and FwDET water depth
estimations of the flooded fields.
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Figure A6. Differences in the HEC-RAS and FwDET water depth estimations of the flooded fields.
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