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sation increases storm peak discharge and flooded area. Building in the flood plain exposes more
people and infrastructure to floods. This study examines the impact of urbanisation over 3 de-
cades (1988/90-2020) on flood risk in SE France. Building footprint layers were used to quantify
urban growth, and peak discharge and flooded area were modeled for 3 12-hr rainfall events:
80 mm, 140 mm, and 200 mm. Building growth ranged from 28 % to 65 %. Total imperviousness
grew at a rate that was equal to or greater than built area. The relative increase in peak discharge
was greatest for the 80-mm event (+12.2 %) and diminished to its lowest value for the 200-mm
event (+2.4 %).

New hydrological insights for the region: Flooded area increased proportionately to changes in peak
discharge, but mean growth in flooded building footprint area was almost 43 times greater than
growth in flooded area. New buildings within the flooded perimeter contributed more to flood
risk than changes in peak discharge and flooded area. Planning legislation limited growth close to
channels, but flood risk grew rapidly beyond in less restricted areas. Building footprint data
provide an accurate approach to mapping changes in flood risk with urbanisation.

1. Introduction

The number of people living in cities will increase from about 55.3 % in 2018 to 68.4 % in 2050; this represents an addition to urban
environments of close to 2.5 billion people (Angel et al., 2011; United Nations, 2019). As cities expand, large swaths of agricultural and
natural land are converted to urban and suburban uses, and in some cases expansion rates of cities can be as much as twice their
demographic growth (Angel et al., 2011). Urban, suburban, and industrial/commercial expansion (called ‘urbanisation’ or ‘urban
expansion’ from here on) includes the addition of buildings, roads, sidewalks, parking lots, and other impervious surfaces to the
landscape. Studies have consistently shown that imperviousness increases storm runoff and peak discharge and shortens lag time
(Arnold and Gibbons, 1996; Jacobson, 2011; Sohn et al., 2020; Wagner et al., 2016). Urban expansion and increased imperviousness
therefore have a direct impact on runoff dynamics and flood risk for a given storm. In addition to increasing runoff, building in the
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flood plain exposes more people and infrastructure to floods (Nguyen et al., 2021), so imperviousness is both a cause and a victim of
floods. Lopez-Martinez et al. (2017) indicate that exposure to flooding increased by more than 250 % along the Spanish Mediterranean
coast due to a lack of spatial planning. Similarly, Barredo et al. (2012) attribute the increased cost of flood damage insurance claims
between 1971 and 2008 in Spain to a substantial increase in exposure. Land use changes in potential flood zones is recognized as a
major factor in flood risk, superior even to climate change (Winter and Karvonen, 2022).

One method of estimating changes in imperviousness is through its direct impact on runoff (Alley and Veenhuis, 1983; Boyd et al.,
1993; Ebrahimian et al., 2016), but remote sensing and Geographic Information Systems (GIS) techniques have become the most
frequently-used approach for measuring total impervious area (Jacobson, 2011). These estimations, however, are not faultless as
concrete or asphalt and bedrock or bare soils can be confused. In addition, shade effects from buildings and tree canopies in urban
environments can mask impervious surfaces or create further confusion between categories (Myeong et al., 2001; Wu and Murray,
2003; Yang and Li, 2015). One way of dealing with this is by combining a GIS vector building footprint layer with very high spatial
resolution (<50 cm) aerial photographs to quantify imperviousness (Fox et al., 2019).

The combination of urbanisation and climate change contribute to greater peak discharges (Ahiablame et al., 2017) and more
frequent large floods in Europe (Kundzewicz et al., 2013) that are expected to increase flood damage in future (Feyen et al., 2012). The
frequency of extreme events, and to a lesser degree, the magnitude of these events, is expected to increase for most regions of the world
in the coming decades (Papalexiou and Montanari, 2019). The predicted impacts of climate change vary according to the time-step at
which rainfall events are analysed, and more particularly on the presence of skewness in the distribution of extreme events, which is
greater at shorter (hourly) time-steps than daily values (De Luca et al., 2024). As rainfall distributions evolve with climate change,
historical statistics of return periods lose in accuracy (Vautard et al., 2015), and land use planning legislation, defined by historical
events or hydraulic modeling of empirical rainfall return periods, is increasingly disconnected from actual flood risk (Lopez-Martinez
etal., 2017). Vautard et al. (2015) observed a 30 % increase in daily autumn rainfall maxima in southern France since the middle of the
20th century; this corresponds to a 4 % per decade increase between 1950 and 2014. The authors attribute this trend to increasing fall
temperatures that drive greater atmospheric moisture contents as September temperatures are reported to be 1.1°C warmer in 2014
than in 1950; this corresponds to a warming trend that is 50 % faster than global mean temperatures. They also note that the prob-
ability of experiencing the most extreme event of the times series (which occurred in 2014) has tripled since 1950. Others have also
observed increases in mean rainfall intensity, more frequent events exceeding 200 m day !, and greater areas affected by high intensity
rainfall events between 1961 and 2015 (Ribes et al., 2019).

In France, municipal flood risk planning legislation was first introduced in 1982 for insurance reasons, and it incited municipal
councils to integrate risk exposure maps in their planning documents. Official Risk Prevention Planning (PPR) documents became
compulsory for all French municipalities starting in 1995, but it took most municipalities years to implement the new rules. A more
global approach was introduced in the National Flood Risk Management Strategy (SNGRI) in 2014 which attempts to combine a
regional approach with local considerations. These rules take into account both potential runoff storage applications and impervi-
ousness thresholds.

Coastal urbanization in the Mediterranean region continues to progress despite legislation to limit development (Prévost and
Robert, 2016; Smiraglia et al., 2023). Building in the alluvial plain presents several advantages: the terrain is flat and usually
well-connected to the main road network, and laying electrical lines, communication lines, and drinking and wastewater pipes is
cheaper and faster in non-cohesive alluvial soils than in bedrock. The south of France has experienced unprecedented catastrophic
flood events in recent decades with dozens of fatalities and billions of euros in damage. The Alpes-Maritimes department alone, located
in SE France, has experienced two devastating storms in the past decade with close to 40 cumulated fatalities and hundreds of millions
of euros in damage. Like elsewhere, the severity of these events is sometimes attributed to poor urban planning and sometimes to
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Fig. 1. a: Catchment limits and stream networks for the Frayere, Mourachonne and Brague. b: Study catchment subbasins and discharge input
points for hydraulic model on the stream networks.
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climate change.

The objective of this study is to analyse the impacts of urbanisation over 3 decades (1988/90-2020) on peak discharge and on flood
exposure for rainfall events of different magnitudes in SE France. The study can be broken down into 3 sub-objectives: 1) to quantify
historical changes in urbanisation, 2) to model the impacts of urbanisation on peak discharge, and 3) to model the impacts of ur-
banisation on flooded area and buildings affected. The study uses innovate methods to measure imperviousness based on building
footprint layers and to quantify exposure based on the footprint area of buildings within the flooded zones.

2. Methods

The 3 study catchments are located in SE France. For each catchment, analysis was carried out in 3 steps corresponding to the sub-
objectives defined above. Urbanisation rates were calculated from the building footprint layer, hydrologic modeling was performed
using HEC-HMS, and hydraulic modeling was done using HEC-RAS.

2.1. Site description

The study catchments (Brague, Frayere and Mourachonne) are located near the cities of Antibes and Cannes in SE France (Fig. 1a).
The Brague river (65.5 km?) flows directly into the Mediterranean Sea whereas the Frayere and Mourachonne are tributaries of the
Siagne. These two catchments (about 43 km?) are therefore located further inland and have slightly steeper slopes and higher mean
altitudes in the upper reaches (Table 1). For these catchments, steep slopes limit suburban expansion northwards, and potential flood
plains are more restricted than for the Brague which has lower, flatter terrain near the outlet.

The catchments are located in a region of high potential employment. Tourism along the Mediterranean coast is the major source of
revenue in the department, and the catchments include the high-tech business park of Sophia Antipolis and an internationally
recognized perfume industry centered around the city of Grasse. Finally, the region is also known for its high number of secondary
residential homes, so urban pressure is high.

The Brague catchment experienced a catastrophic flood in October 2015 when new rainfall intensity records were set with 2-hour
maxima of about 150-175 mm; the estimated return period was greater than 100 years for the 1-hour and 2-hour rainfall intensities
(Préfecture des Alpes-Maritimes, 2016).

2.2. Quantifying urbanization rates

Urbanization was quantified using 4 indicators: number of buildings, building footprint area, built area (area within a 100 m buffer
around a building), and percentage imperviousness. The vector layer with building footprint polygons for each catchment was
extracted from the BD-TOPO® national database. Working backwards in time, the 2020 building layer was successively overlain on
ortho-rectified aerial photographs for 2014, 1999, 1990 (Brague) and 1988 (Frayere and Mourachonne). Spatial resolution for 1988/
1990 and 1999 air photos was 50 cm; for 2014 and 2020 it was 20 cm. Buildings that were not present in a given year were deleted
from the layer. Buildings that were present but had been destroyed in successive time intervals were hand-digitized.

Since the intervals between dates were not constant, all growth rates were normalized to decadal values. For example, the number
of new buildings between 2014 and 2020 was divided by 6 and multiplied by 10. Similarly, the total interval for the Brague was 30
years, and for the Frayere and Mourachonne it was 32 years, so beginning-to-end comparisons were corrected to a 30-year equivalent
time frame for the latter catchments. Absolute growth rates were also normalized for an equivalent catchment area of 50 km?, an
approximate intermediate surface area between Frayere/Mourachonne and Brague.

2.3. Hydrological modeling of river discharge

The Hydrologic Engineering Center Hydrological Modeling System (HEC-HMS) was used to model storm discharge for theoretical
12-hr rainfall events of 3 magnitudes: 80 mm, 140 mm, and 200 mm. Rainfall magnitude, duration and distribution were defined
subjectively in order to produce events that were likely to generate moderate, large and extreme floods. The theoretical rainfall events
used in this study were designed with a double-triangle shaped distribution (Benabdesselam and Hammar, 2009) so that 60 % of the
rainfall was concentred in the center third of the hyetograph and 20 % before and after, respectively. The estimated 12-hour return
period for 80 mm in the Brague is about 5 years, and for the 140 mm event it is about 75 years (Cabinet Merlin Ingénieurs Conseils,
2017). The return period for the 200 mm event is unknown but is probably in the order of about 300-400 years. Only peak discharge
(Qpear) at the outlet was retained for comparison between events, catchments and years as it can be most easily related to flood risk.

HEC-HMS simulates a wide range of hydrologic processes. Based on a 5 m DEM obtained from the National Institute for Geographic

Table 1

Catchment topographic characteristics.
Catchment Area (km?) Mean slope (°) Median slope (°) Mean altitude (m) Elevation range (m)
Brague 65.5 11.0 8.2 172.4 0-470
Frayere 42.2 14.3 12.1 374.7 21-1222

Mourachonne 43.6 12.7 9.8 448.7 14-1414
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information (IGN), the model subdivides the catchment into subbasins according to topographic divides. The number of subbasins
must be selected by the user, and 4 subbasins were retained for the Mourachonne and 5 for the Frayere and Brague, respectively
(Fig. 1b). Model options for the simulations included the following: SCS-CN and Imperviousness for Loss, SCS Unit Hydrograph for
Subbasin transform, Muskingum for Reach routing, Specified Hyetograph for Subbasin precipitation, a modeling timestep of
30 minutes, and baseflow.

The Curve Number (CN) for normal antecedent soil moisture conditions (CN II), time of concentration, and Muskingum X and K
parameters were defined after a calibration and validation step on an event in the Brague catchment. The calibration event occurred 22
Nov., 2019 and had a Qpeak value of 135 m® s}, the validation event occurred 1 Dec., 2019, with a peak of 96 m®s! (Fig. 2). Nash-
Sutcliffe Efficiency (NSE) values for the calibration and validation simulations were 0.96 and 0.92, respectively, so the hydrologic
model and parameter values selected below were deemed reliable. The calibrated values were applied to all catchments due to their
similar characteristics.

A uniform CN value was used for all catchments and years, and the impact of urbanisation on discharge was quantified through
changes in imperviousness. Although CN is spatially variable, differences here were considered minor since the only land cover types
present in the catchments are urban/suburban and natural with a negligible area in grassland (golf course) located in the lower part of
the Brague. In addition, the only land cover change between years is increased urbanisation, so finer mapping of CN outside urban
areas would have had no impact on changes in discharge since the contribution of non-urban areas to runoff was constant over time.
The CN value was set at 66 after calibration/validation simulations described above. An official report of the 2015 Brague flood in-
dicates that a CN value of between 60 and 70 provided the closest simulated Qpeak values compared to field-estimated Qpeax values for
the event (Lebouc and Payrastre, 2018), so it was deemed reasonable for the catchments

Temporal changes in Qpeax Were simulated by changing the imperviousness value in the Loss function of HEC-HMS. It should be
noted that this method uses total imperviousness for a subbasin and is less accurate than hydraulically connected imperviousness. This,
however, is a limitation in the model that could not be modified and will be discussed further in the Discussion. In addition to
buildings, imperviousness includes sidewalks, roads, parking lots and other impervious surfaces. These are spatially associated with
the presence of buildings, so buffer zones (0-10 m, 10-20 m; 20-30 m and 30-100 m) were created around building polygons and
reclassed with observed imperviousness according to values in Table 2. Imperviousness was calculated by overlaying random points on
the 2020 ortho-rectified aerial photographs and counting the number of points that fell on pervious/impervious surfaces for each
buffer zone and catchment. The number of random points per category ranged from 300 for the 0-30 m buffer zones to 600 for the
30-100 m buffer zone; 750 points were used for the zone beyond 100 m from a building. The random point method was done for 2020
and the spatial relationship was considered consistent over time. For each year, the calculated imperviousness layer was inputted into
HMS in the format of a 5 m raster layer, and mean total imperviousness was extracted for each subbasin.

The time of concentration (T,) for the SCS Unit Hydrograph was estimated for each subbasin after testing several formulae during
the calibration/validation step. Lag time (T;) was considered equal to 0.6* T, as described in Chow et al. (1988); The calibra-
tion/validation step showed that the mean of the the Kirpich and Kerby methods provided the best estimate. The Muskingum X and K
parameters were also defined during the initial calibration/validation step. at 0.2 and 0.6, respectively. Since the time intervals be-
tween years were not constant, the changes in Qpeak Over time were standardized to an equivalent decadal interval: for example, for
changes in 1990-1999, the change in Qpeax Was divided by 9 and multiplied by 10. This enabled the direct comparison with urban-
isation rates which were also standardized to the same interval.

Baseflow was attributed to subbasins closest to the outlet using the Recession method and an initial discharge of 2 m® s™! for the
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Table 2

Imperviousness values attributed to buffer zones according to catchment and distance from

buildings.
Buffer Zone (m) Frayere- Brague

Mourachonne

Building 100.0 100.0
0-10 46.0 70.0
10-20 25.0 37.0
20-30 11.0 18.0
30-100 4.4 12.0
100 and more 0.9 3.5

Frayére and Mourachonne and of of 3 m®s™%, for the Brague. A recession constant of 0.3, and a discharge threshold ranging from 20 to
30 m® s~! depending on the subbasin, were applied. In the field, initial discharge depends on a range of factors, so the values were
selected to be typical for the catchments. The values were held constant for all rainfall events and years and were small compared to
peak discharge (typically less than 3 %). The recession coefficient and discharge threshold values intervene after the peak discharge, so
they have no impact on Qpeax results.

In all, 36 simulations were performed: 3 catchments (Brague, Frayere, Mourachonne), 4 years (1988/90, 1999, 2014, 2020), and 3
rainfall events (80 mm, 140 mm, 200 mm / 12 hours).

2.4. Hydraulic modeling of flooding risk

The Hydraulic Engineering Center River Analysis System (HEC-RAS) model was used for modeling the flooded area. No flood data
were available to calibrate/validate the hydraulic modeling parameters, so reasonable values were selected from the scientific liter-
ature and HEC-RAS manual. Hydraulic modeling was carried out using a 1-m DEM obtained from the National Institute for Geographic
information (IGN). A 30 m x 30 m mesh was used for most of the catchment, but this was reduced to 3 m x 3 m for channels, river-
banks, flood plains, and in regions defined as break lines (eg. roads, railways, levees...) in order to better simulate flow dynamics.
Manning’s roughness coefficient values (Manning’s n) are shown in Table 3. Buildings were attributed an extremely high roughness to
favor flow around buildings in open areas.

Input hydrographs for the hydraulic modeling were obtained from the outputs of the hydrologic model described above. For the
Brague, a single input point was selected on the main channel upstream of the flood plain located in the lower part of the catchment
(Fig. 2). For the Frayere, 4 input hydrographs were selected, and for the Mourachonne, 3 input hydrographs were selected (Fig. 2). As
for the hydrological modeling, 36 simulations were performed, and 2 outputs were retained for comparison: total area flooded and
building footprint area flooded. The flooded area of a building corresponded to the entire building footprint of the impacted building,
even though only a portion of the building footprint may actually have intersected with the flooded area.

3. Results

The results are presented in order of the 3 sub-objectives defined above: urban expansion rates, change in peak discharge with
urbanisation for rainfall events of different magnitude (hydrologic modeling), and changes in flooded area (hydraulic modeling) for
each event.

3.1. Urbanisation trends

Urbanisation rates are presented firstly according to changes in the number of buildings and building footprint area and secondly
according to changes in built area and total imperviousness.

3.1.1. New buildings and building area

In 1988/90, the Brague and Mourachonne have a similar number of buildings but the Brague has the greatest footprint area
(Table 4). The Frayere has the most buildings but the smallest footprint area. Therefore, the Brague catchment has the largest initial
mean building size and the Frayere has the smallest mean building size. In 2020, the Brague is approaching the Frayere in the number
of buildings and continues to have the greatest footprint area, so it shows rapid growth over the duration of the study interval. Mean
building size in the Brague shrinks slightly from 254.7 m? in 1990-246.8 m? in 2020. Corresponding values for the Frayere and
Mourachonne show increases from 132.1 m? to 141.1 m? and 208.0 m® to 216.4 m?, respectively. New buildings built between 1988/
90 and 2020 had mean footprint areas of 234.7 m?, 171.3 m? and 243.7 m? for the Brague, Frayere and Mourachonne, respectively.

Table 3
Manning’s n values used for different land covers in the hydraulic simulations (Chow et al., 1988).
Building Stream Water body Built area Orchard vineyard Grassland/ Shrubland Cultivated Forest
10.000 0.035 0.030 0.020 0.050 0.035 0.040 0.100
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Table 4
Number of buildings and building footprint area for each year and catchment.
Catchment Number of buildings Building area (ha)
1988/90 1999 2014 2020 1988/90 1999 2014 2020
Brague 8703 10493 13568 14348 231.5 273.8 350.9 368.3
Frayere 11329 12874 14303 14667 151.7 179.9 202.4 209.9
Mourachonne 8598 10013 10985 11217 180.2 209.0 236.4 244.8

Standardized growth rates for the number of buildings (Fig. 3) show the fastest growth in the initial time interval with slowing over
time for all catchments. Only the Brague maintains a constant rate into the second interval. Growth rates tend to be slightly greater for
the Brague and lower for the Mourachonne. This corresponds to a 30-year equivalent increase of 5645, 3129, and 2455 new buildings
in the Brague, Frayere and Mourachonne catchments, respectively, or increases of 64.9 %, 27.6 %, and 28.6 % in the number of
buildings built between 1988/90 and 2020.

Changes in footprint area (Fig. 4) follow similar temporal and spatial patterns as building numbers, but building footprint area
grows more slowly than the number of buildings in the Brague (59.1 % over 30 years) and more rapidly for the Frayere and Mour-
achonne (36.0 % and 33.6 %, respectively). As described above, this corresponds to a change in the mean building footprint where
mean area decreases by 3.5 % for the Brague and increases by 6.4 % and 3.9 % for the Frayere and Mourachonne, respectively.

3.1.2. Changes in built area and imperviousness

Built area is calculated from building perimeter, so we would expect trends in building footprint area and built area to be more or
less identical. However, adding new buildings within the buffer zones of existing buildings (ie. infilling between existing buildings in
the built area) will increase the building footprint but not change the built area; hence, building footprint would increase much faster
than built area. New buildings built outside the existing built area (ie. expansion) would cause built area to increase at the same
relative rate as building footprint area. Therefore, the two numbers, building footprint area and built area, say something different
about urban growth and to what extent growth is by infilling or expansion: for mainly infilling, building footprint area increases much
faster than total built area, for expansion outside existing built area, built area growth trends are similar to building footprint growth
rate.

The Brague has the greatest footprint area (Table 4) and built area in all years (Table 5). For the Frayere and Mourachonne, building
footprint (Table 4) and built area (Table 5) follow the same patterns in 1988, where building area and built area are greater in
Mourachonne than in Frayere, but the order is reversed starting in 1999; from then onwards, built area is greater in Frayere than
Mourachonne. This indicates that more new buildings were built outside the perimeter of exiting built area in Frayere than in
Mourachonne.

The trends described above are confirmed by the building footprint and built area growth rates shown in Fig. 4 and Fig. 5,
respectively. In Fig. 4, the Mourachonne building footprint growth rates are equal to or greater than for the Frayere in all time intervals
whereas the contrary is true in Fig. 5 where built area grows faster in the Frayere than in the Mourachonne in all time intervals. Over
the 30-year equivalent time interval, built area grew more slowly than footprint area at rates of 34.1 %, 14.9 % and 15.8 % for the
Brague, Frayere and Mourachonne, respectively (for comparison, rates shown above for building footprint area were 59.1 %, 27.6 %,
and 28.6 %), so growth is shared roughly 50/50 between infilling and expansion into previously unbuilt areas.

Imperviousness is calculated from building footprint and buffer zones surrounding buildings where imperviousness decreases with
distance from building perimeter as described in the Methods (Table 2). Changes in imperviousness therefore depend on initial
imperviousness values when a new building is constructed: adding a new building next to an existing building where roads and parking
lots, for example, are already present nearby increases imperviousness less than building on totally undeveloped land, sothe

Za 1988/90-1999
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E 2014-2020
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Brague Frayéere  Mourachonne
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Fig. 3. Number of new buildings per decade per 50 km?.
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Fig. 4. Change in building footprint area per decade per 50 km>.

Table 5
Built area and Imperviousness values for all years and catchments.
Catchment Built area (km?) Imperviousness (%)
1988/90 1999 2014 2020 1988/90 1999 2014 2020
Brague 2219.3 2516.0 2912.9 2975.3 20.1 22.4 25.7 26.4
Frayere 1856.2 2018.9 2131.0 2152.0 16.8 18.7 20.1 20.5
Mourachonne 1681.7 1832.7 1946.4 1965.3 14.6 16.2 17.6 17.9

400+ 1988/90-1999
350 EE 1999-2014
300+ BN 2014-2020

New Built Area (ha/10 a/50 km?)

Brague Frayére = Mourachonne
Catchment

Fig. 5. Change in built area per decade per 50 km?.

incremental increase in imperviousness is greater outside existing built area than within existing built area. Changes in imperviousness
reflect a complex combination of changes in both new building footprint area and new built area. Temporal changes in imperviousness
(Fig. 6) are consistent with changes in building area (Fig. 4) and built area (Fig. 5) where growth in imperviousness is greatest for the
Brague and similar for the Frayere and Mourachonne. Over the equivalent 30-year interval, imperviousness increases by 31.2 %,
20.6 % and 21.1 % for the 3 catchments, respectively.

3.1.3. Summary of urbanisation dynamics

Table 6 shows the ratios of percentage growth rates over the 30-year equivalent study interval. For example, in the Brague, the
growth rate in the number of buildings over 30 years was 64.9 % while the growth rate in the building footprint area was 59.1 %: the
ratio is therefore 64.9 %/59.1 %, or 1.10 as shown in Table 6. Growth in the number of buildings in the Brague is slightly greater than
growth in building footprint area thereby indicating that buildings tend to get slightly smaller over time. The contrary is true for
Frayere and Mourachonne where footprint area grows faster than the number of buildings (values <1.0).

The ratio of growth in building footprint to growth in built area (Table 6) is slowest for Brague and greatest for Frayere, indicating
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Table 6
Ratios of 30-year equivalent relative growth rates.
Growth rate ratio Brague Frayere Mourachonne
Building numbers / building footprint 1.10 0.77 0.85
Building footprint / built area 1.73 241 2.13
Built area / Imperviousness 1.09 0.72 0.75

that of the three catchments, Brague most strongly favours infilling over expansion compared to Frayére and Mourachonne, even
though absolute built area growth in ha is greatest in the Brague; hence a greater proportion of the Brague’s new building footprint is
built within the perimeter of existing built area.

Built area growth rate is only slightly greater than imperviousness growth rate (Table 6) in the Brague, and this is consistent with
building in areas that are already partially impervious. For the Frayere and Mourachonne, imperviousness grows faster than built area
since a greater proportion of the new buildings are built outside existing built area where the incremental increase in imperviousness
with each new building is greater.

3.2. Impacts of urbanisation on peak discharge

Peak discharge values shown in Table 7 were not corrected for differences in area between catchments, but discharge ratios be-
tween catchments are very close to areal ratios: the Brague’s peak discharge is about 1.5 times the peak of the other catchments and its
area is also about 1.5 times greater. Histograms for the simulations are provided in Appendix A. The Brague therefore has the greatest
peak discharge every year and for all rainfall magnitudes. For all catchments and events, peak discharge increases over time, which is
consistent with the urbanisation trends described above.

Spatial evolutions in peak discharge (Fig. 7) follow urbanisation trends: the Brague has the greatest increase in building area
(Fig. 4), built area (Fig. 5) and imperviousness (Fig. 6) of the three catchments, and it shows the greatest increase in peak discharge.
Temporal changes in peak discharge also closely resemble urbanisation patterns where peak discharge changes become smaller as
urbanisation slows over time: for all catchments and rainfall events, the maximum change in peak discharge occurs in the 1988/
90-1999 interval and the least change in the 2014-2020 interval. This pattern is true for all three rainfall events.

Table 7

Peak discharge values (m3/s).
Catchment / Rainfall 1988/90 1999 2014 2020
Brague (80 mm) 80.2 83.6 88.9 90.0
Brague (140 mm) 230.3 234.6 241.6 243.1
Brague (200 mm) 354.2 358.8 366.3 367.9
Frayere (80 mm) 55.8 57.6 59.2 59.6
Frayere (140 mm) 157.0 159.3 161.1 161.7
Frayere (200 mm) 241.7 244.0 245.9 246.4
Mourachonne (80 mm) 54.4 56.0 57.4 57.7
Mourachonne (140 mm) 157.2 159.0 160.5 160.9
Mourachonne (200 mm) 243.7 245.9 247.7 248.1
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The impact of urbanisation on discharge is not independent of rainfall magnitude As rainfall magnitude increases, the increase in
discharge within a time interval increases for all catchments: for the 80-mm rainfall event, the 30-year equivalent increases in
discharge are 9.8 m%/s, 3.8 m%/s and 3.3 m>/s for the Brague, Frayére and Mourachonne, respectively. Values for the 140 mm event
are 12.8 m3/s, 4.7 m%/s and 3.7 m3/s, and for 200 mm, they are 13.7 m3/s, 4.7 m%/s and 4.4 m3/s, so the absolute increases are
systematically smallest for the 80-mm event and greatest for the 200 mm event.

Although absolute discharge increases with rainfall magnitude, the relative increase in discharge is inversely proportional to the
increase in rainfall magnitude. Fig. 8 shows the percentage increase in peak discharge for each time interval. The temporal patterns
within the catchments remain the same as for absolute change in peak discharge (Fig. 7), but the patterns when comparing rainfall
magnitude are reversed: absolute change in discharge increases with rainfall magnitude while relative increase in discharge decreases
with rainfall magnitude. The percentage increase in peak discharge is always greatest for 80 mm and smallest for 200 mm. For 80 mm,
the percentage increase in peak discharge is about 2.2-2.6 times greater than for 140 mm, and it is about 1.3-1.6 times greater for
140 mm than for 200 mm. In addition, these ratios generally decrease over time so differences in peak discharge for the same rainfall
event get smaller over time. There are therefore two distinct trends: 1- changes in discharge over time get smaller as urbanisation rates
slow, and 2- as rainfall magnitude increases, the relative impact of urbanisation on peak discharge decreases.

Overall, for the 80-mm rainfall event, the 30-year equivalent relative increases in discharge are 12.2 %, 6.8 % and 6.1 % for the
Brague, Frayere and Mourachonne, respectively. Corresponding values for the 140 mm event are 5.6 %, 3.0 % and 2.4 %, and for
200 mm, they are 3.9 %, 1.9 % and 1.8 %. For comparison, changes in imperviousness at the catchment scale were 31.2 %, 21.6 % and
21.1 % for the Brague, Frayere and Mourachonne, respectively, as described above. Increases in peak discharge are therefore much
smaller than corresponding increases in imperviousness.

3.3. Flood risk

The flooded area depends on urbanisation-driven changes in Qpeax described above, floodplain topographic characteristics specific
to each catchment, and urbanisation rates within the flooded zone.

3.3.1. Spatial extent of flooded zone for different years and rainfall magnitudes

The spatial extent of the flooded zone (Table 8) changes with increases in discharge and local topographic conditions. Flooded area
maps with building overlays are provided in Appendix B. As expected from the changes in peak discharge described above, all
catchments show an increase in flooded area with increasing rainfall magnitude. The change is greatest for the Brague, which tends to
have the smallest flooded area for the 80-mm event and the greatest area for the 140 and 200-mm events, where the flooded area is

1988/90-1999 57 1988/90-1999 5 1988/90-1999
1999-2014 4 B3 1999-2014 o B3 1999-2014
E3 2014-2020 B3 2014-2020 1 B3 2014-2020
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Fig. 8. Change in peak discharge (% per decade) according to temporal interval (% per decade) for Brague (left), Frayere (centre), and Mour-
achonne (right) and each rainfall event.
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Table 8

Spatial extent (ha) of flooded zone for the different catchments, rainfall events and years.
Catchment / Rainfall 1988/90 1999 2014 2020
Brague (80 mm) 14.1 14.9 16.4 16.8
Brague (140 mm) 95.9 98.0 101.3 102.0
Brague (200 mm) 134.9 135.9 137.4 137.8
Frayere (80 mm) 22.3 22.7 22.9 23.0
Frayere (140 mm) 35.5 35.8 36.0 36.1
Frayere (200 mm) 43.8 43.9 44.1 44.1
Mourachonne (80 mm) 15.7 15.8 16.0 16.0
Mourachonne (140 mm) 40.1 40.3 40.4 40.4
Mourachonne (200 mm) 51.6 51.7 51.8 51.8

about 2.5-3 times greater than for the other catchments. Peak discharge values were only about 1.5 times greater for the Brague than
for the other catchments, so the change in flooded area is clearly related to local topographic effects. The Brague has the lowest mean
and median slope inclinations of the three catchments (Table 1) and, more particularly, an extensive flood plain of low slope where the
flooded area expands rapidly for relatively small changes in flow depth.

Flooded area trends are consistent with the impacts of urbanisation on peak discharge; within each rainfall event, the temporal
increase in flooded area (Fig. 9) follows the same patterns as urbanisation trends described above (Figs. 3-6). These changes, however,
are much greater for the Brague than for the Frayere and Mourachonne. Over the equivalent 30-year study period, the Brague’s flooded
area increased by 2.7 ha, 8.7 ha and 5.3 ha for the 80-mm, 140-mm and 200-mm events respectively. Corresponding values for the
Frayere and Brague are all less than 1.0 ha and generally less than 0.5 ha regardless of rainfall magnitude or time interval.

The relative increase in flooded area over time is shown in Fig. 10. Patterns within a rainfall event closely resemble urbanization
trends and their impacts on Qpeax. Within each rainfall magnitude, the incremental increase in the extension of the flooded area over
time diminishes with successive time intervals as urbanization rates slow. These changes vary with rainfall magnitude. The greatest
relative impact is not for the 140-mm event (greatest absolute change) but for the 80-mm event, and values decrease with increasing
rainfall magnitude. Since the absolute flooded area is relatively small for the 80-mm event, small changes have a greater impact on
relative growth. And since the flooded area is already close to its maximum extent at 140-mm, and even more so at 200-mm, the gains
in area over time due to urbanization do not translate into large relative growth rates.

3.3.2. Changes in footprint area in the flooded zone

Even if the flooded area had not grown over time, more buildings would have been exposed to flooding as new buildings were
added to existing flood plains. The number of new buildings impacted by floods was quantified in this study, but since the overall
trends were similar to built area, we retained only the latter in order to avoid redundancy.

As expected, flooded building footprint area increased with rainfall intensity within a year and over time. The Mourachonne had
the greatest flooded building footprint, followed by the Brague and then the Frayere for the 80-mm event (Table 9). The Brague,
however, rapidly surpassed the others as rainfall magnitude increased from 80 to 140 mm and again from 140 to 200 mm. This is
consistent with the change in flooded area described above. The greatest absolute change in flooded building footprint area was for the
80 mm to 140 mm transition.

Flooded building footprint area (Fig. 11) increased most rapidly in the first interval (1988,/90-1999), particularly in the Frayere
and Mourachonne. For these catchments, growth rates drop abruptly after 1999. Growth rates in building footprint area in the flood
zone are at their lowest after 2014. The Mourachonne even shows a loss of area with the destruction of some large hangars for the 200-
mm event in 2014-2020.

The 30-year equivalent flooded zone footprint area growth rates are 76.3 %, 47.2 % and 33.4 % in the Brague for the 80-mm, 140-
mm and 200-mm events, respectively. Corresponding values in the Frayere are 69.4 %, 62.3 % and 60.7 %, respectively. For the
Mourachonne, they are 89.3 %, 43.0 % and 34.6 %, respectively, so growth in the Mourachonne is the greatest for the 80-mm event
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Fig. 9. Change in flooded area (ha/10 a) according to temporal interval and rainfall event for the Brague (left), Frayere (centre), and Mour-
achonne (right).
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Table 9
Building footprint area in the flooded zone.

Building footprint area (ha)

Catchment / Year 80 mm 140 mm 200 mm

Brague 1990 0.93 7.94 10.70
Brague 1999 1.21 7.99 10.72
Brague 2014 1.64 11.59 14.27
Brague 2020 1.64 11.69 14.27
Frayere 1988 0.77 1.88 2.21
Frayere 1999 1.26 2.92 3.50
Frayere 2014 1.32 3.05 3.58
Frayere 2020 1.34 3.13 3.64
Mourachonne 1988 1.27 5.99 7.57
Mourachonne 1999 2.48 8.17 9.91
Mourachonne 2014 2.44 8.72 10.61
Mourachonne 2020 2.48 8.74 10.36
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Fig. 11. Change in building footprint area within and outside the flood-zone for the Brague (top left), Frayere (top right) and Mourachonne
(bottom left).
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(buildings close to the channel). For all catchments, the relative growth in footprint area located in the flood zone diminishes with
increasing rainfall magnitude. Initial building footprint area values are always lowest close to the channel (80-mm event), so the
relative growth is greatest.

Flooded building footprint area increases with rainfall magnitude, but the relative increases with each increment in rainfall
magnitude diminishes: between 1988,/90 and 2020, as rainfall magnitude increases from 80 to 140 mm, the flooded building footprint
area increases on average (mean of all years) by 633.4 %, 135.1 % and 277.7 %, for the Brague, Frayere and Mourachonne, respec-
tively. As rainfall changes from 140 mm to 200 mm, the difference is only about 28.5 %, 17.8 % and 22.0 % for the same catchments.
Hence, changes in exposure due to urbanisation in the flood zone over time were much greater as rainfall increased from 80 mm to
140 mm than for the 140 mm to 200 mm increment.

For comparison, the changes in flooded building footprint area outside the flooded zone are integrated in Fig. 11. For the non-
flooded zone, the values are rough estimates since some slopes are too steep for construction, but the rate of building tends to be
greater within the flooded zone than in the rest of the catchment. It is worth noting that the change in flooded building footprint area
between 2014 and 2020 is negligible everywhere and for all rainfall events. This will be discussed further in the Discussion.

3.4. Summary of the interactions between urbanisation, hydrology and hydraulics

Urbanisation between 1988/90 and 2020 increased Qpeak by about 6 %-12 % for the 80 mm event depending on the catchment, and
the increase diminished with greater rainfall magnitudes to attain about 2 %-4 % for the 200 mm event (Table 10). The change in Qpeak
increased the total area flooded for all catchments and rainfall events. Similarly to Qpeax, the percentage increase in flooded area varied
according to both catchment and rainfall event: the greatest increase for all events was for the Brague and the relative increase in area
decreased with increasing rainfall magnitude. Changes in peak discharge depend on infiltration/runoff dynamics addressed below in
the Discussion section whereas changes in flooded area depend on both peak discharge and local topography. For the Brague
catchment, the percentage increase in flooded area is close to or surpasses the corresponding percentage increase in peak discharge
(Table 10). The gap is greatest for the 80 mm event, where flat slopes close to the river channel allow rapid spreading of flood waters.
For the 200 mm event, the percentage increase in flooded area over time is slightly less than the corresponding increase in peak
discharge. For the Frayere and Mourachonne, the percentage increase in flooded area is always less than the corresponding increase in
peak discharge. In these catchments, altitude increases quickly with distance from the river channels, so flooded area remains more
contained than in the Brague.

The percentage differences between Qpeax and flooded area highlighted just above are relatively small, but the percentage dif-
ferences between total flooded area and building footprint area flooded shown in Table 10 are substantial. On average, the percentage
increase in the building footprint flooded is almost 43.4 times greater than the percentage increase in total flooded area; values range
from 4.0 times greater for the Brague 80 mm event to 95.1 times greater for the Mourachonne 200 mm event.

Contrary to the preceding trends of Qpeak and flooded area, the ratio of the increase in number of buildings flooded to total flooded
area increases with rainfall magnitude. As rainfall depth increases from 80 mm to 200 mm in the Brague, the ratio increases from 4.0 at
80 mm (ie. 76.3/19.1) to 15.5 (ie. 33.4/2.1) at 200 mm. Corresponding increases for the Frayere and Mourachonne are 23.6-94.5 and
49.9-95.1, respectively. Hence, urbanisation rates increased everywhere, but they were slowest nearest the channel and greatest
further away. As flood magnitude increases, the number of buildings affected grows disproportionately large with respect to flooded
area.

4. Discussion

Despite local catchment-scale differences, a number of trends identified in the study can be applied to most areas in the world
undergoing rapid urbanisation.

4.1. Urbanisation and rainfall magnitude impacts on discharge

Both Qpeak and flooded area increased with urbanisation for all catchments. The increase in Qpeax with urbanisation was always less
than the corresponding increase in imperviousness. This discrepancy between changes in imperviousness and peak discharge illus-
trates the distinction between total and effective imperviousness. Effective imperviousness is the share of the total imperviousness that
is hydraulically connected to the channel (Alley and Veenhuis, 1983; Boyd et al., 1993; Ebrahimian et al., 2016), so our results indicate
that a substantial portion of our imperviousness runs off onto pervious surfaces, as would be expected in suburban areas.

For the 80-mm event, the 30-year equivalent increase in Qpeax Was about 3 times smaller than the corresponding increase in mean

Table 10
Percentage increase in hydrologic/hydraulic results over 30-year equivalent time interval for the three rainfall events (80 mm, 140 mm, 200 mm).
Brague Frayere Mourachonne
Variable 80 140 200 80 140 200 80 140 200
Qpeak 12.2 5.6 3.9 6.8 3.0 1.9 6.1 2.4 1.8
Flood Area 19.1 6.4 2.1 2.9 1.6 0.6 1.8 0.7 0.4
Flooded footprint 76.3 47.2 33.4 69.4 62.3 60.7 89.3 43.0 34.6
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catchment imperviousness, for the 140-mm and 200-mm events, the increase in Qpeax Was about 7 and 10 times smaller, respectively,
than the increase in imperviousness. The relative increase in Qpeax Was greatest for the smallest rainfall event (80 mm) and diminished
as rainfall magnitude increased. These results are consistent with theoretical expectations. Runoff coefficients increase with rainfall
magnitude regardless of land cover type except for sealed surfaces which remain constant (Chow et al., 1988). As rainfall magnitude
increases, spatial variations in runoff coefficients attributable to land cover type are progressively masked, so urbanisation has less
impact on runoff for extreme events. This trend has been demonstrated in other cities around the globe (Braud et al., 2013; Yao et al.,
2016; Zope et al., 2016) and confirms that the impact of urbanisation on discharge cannot be considered independently of rainfall
magnitude. Theoretically, for immensely large rainfall magnitudes, Qpeak values would converge regardless of the land cover or
percentage imperviousness.

4.2. Urbanisation and exposure to flooding

Urban expansion can increase exposure to flooding independently of changes in Qpeak and flooded area since there are more
buildings exposed to flooding over time. Urbanisation was generally fastest in the initial time interval of the study (1988/90-1999) and
slowed afterwards. This trend is true for all catchments and it surely reflects changes in regional economic and demographic drivers. In
addition, more restrictive national risk management legislation was introduced in 1995 and implemented in the years afterwards, so
most of the buildings affected by a flood were already built before the legislation was implemented, and the sharp drop in construction
in the flood plain between 1988/90-1999 and 1999-2014 is probably due in part to the advent of the new flood risk planning laws.
Flood risk planning legislation evolves spatially and over time (Borowska-Stefanska et al., 2021), and local urban planning legislation
is continuously being updated, so it is impossible to work back through local planning rules for each of the municipalities located in the
catchments. Despite protective legislation, building continued in all potential flood zones of the study, and the flooded building results
show that the increase in flood risk depends more on greater exposure than on changes in Qpeak. This, too, is consistent with obser-
vations of others in the Mediterranean basin and in other regions of the world (Barredo et al., 2012; Flores et al., 2020; Lopez-Martinez
etal., 2017; Nguyen et al., 2021), and it is probably typical of most urbanised flood-prone zones globally. There is some flexibility in
how urban planning rules are interpreted and implemented locally (Borowska-Stefanska et al., 2021; Winter and Karvonen, 2022), and
elected officials are torn between economic interests in developing new activities on the one hand and protecting citizens on the other.

Urbanisation rates are slowest in the flooded area of the lowest magnitude event (80 mm) where new building growth is lower than
for the rest of the catchment, and this suggests that building restrictions are historically greatest in the alluvial plain closest to the
channel. Urban planning rules in France do not restrict all types of new buildings in a potential flood zone; urbanisation in areas of very
high flooding risk is generally forbidden, but in areas of moderate flooding risk, some new construction is authorized. This includes
buildings for activities that welcome the public during the day but not residential housing. Schools, libraries, sports facilities, concert
venues, and some commercial/industrial activities, for example, can be authorized since these facilities can easily be pre-emptively
closed or evacuated during the daytime in the case of extreme weather warnings. Residential buildings with no apartments on the
ground floor may also be authorized in some cases. We assume that buildings built after 1999 in the 80-mm flood zone respect
legislation in vigor at the time of construction and represent potential material flood damage but not necessarily greater human
exposure as illustrated by the new industrial zone in the Mourachonne described above. New buildings flooded in the 140-mm and
200-mm flood zones, however, combine both greater infrastructure and human exposure.

Apart from the general slowing of urbanisation rates over time, the last time interval (2014-2020) corresponds to the 2015
catastrophic flood in the Brague. After 2014, building in the flooded zone was negligible, so independently of urban legislation, the
study suggests that the catastrophic flood heightened awareness of the need to reduce exposure to floods. With regards to the 2015
flood, not only were the fatalities and extensive material damage traumatising, but the mayor of the main city (Biot) located in the
catchment was convicted of involuntary homicide with a one-year suspended sentence for failing to take all the preventive measures
necessary to ensure the security of the population as the event unfolded. Similarly, the mayor of La Faute sur Mer in western France was
recently convicted of involuntary homicide after a dyke collapsed during the Xynthia storm of 2010 (53 fatalities in all, 29 in La Faute);
he was deemed responsible for authorising the construction of new housing in a high risk coastal flood zone.

As the climate changes and the frequency and magnitude of extreme rainfall events increase (Ribes et al., 2019; Vautard et al.,
2015), the greatest threat appears to be for buildings located in the flood zone defined in this study by the intermediate 140 mm
rainfall event. Building restrictions will most likely always be greatest closest to the channel, so it is the zone just beyond this that will
suffer most from an increase in extreme events. The 140 mm event is further and less restricted than for the 80-mm event, so the
percentage increases in the buildings impacted attain their maximum values. The 200-mm event floods affect more area, but the
relative growth in flooded area is more restricted as the limits of the flood plain are reached. The intermediate 80-140 mm transition
therefore corresponds to the most dangerous transition in terms of the impact of urbanisation and climate change on flood risk.

4.3. Limitations and the potential for building footprint-based studies

The flooded building footprint area was probably overestimated in the hydraulic modeling calculations since flood depth was not
explicitly taken into account and building design may have integrated measures to elevate new buildings that are not discernible from
the footprint layer. For example, the large increase in the flooded building footprint area in the Mourachonne is related to a new
industrial park built right next to the river channel. From the 2020 aerial photographs, we can see that several of these buildings are
storage warehouses with loading platforms that appear to be at the height of the back end of a truck, so even though the parking lot
would be flooded, it is unlikely the building itself would be submerged due to building design. The hydraulic model uses a 1-m DEM
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where the flooded area corresponds to ground-level elevation. When a flooded depth of 20 cm is used as a criterion to evaluate the area
of buildings impacted by a flood, the area retained in the Brague ranges from about 47 % of initial flooded building footprint area for
the 80-mm event to 67 % for the 200 mm event. Corresponding values for the Frayere are 14-59 %, and for the Mourachonne they are
58-67 %. However, without extensive field investigation of every building, it is impossible to define local depth criteria more pre-
cisely, so values obtained here probably overestimate exposure, but the general trends remain unchanged.

Over a time-interval of 3 decades, substantial flood management work took place in all 3 catchments in the form of bank stabi-
lisation, channel widening, and the introduction of retention dams on tributary channels, for example. The impacts of these measures
on flooded area were not quantified here, but their beneficial effects on bankfull capacity are not without ambiguity, since they would
probably also have impacted zoning rules with regards to flood risk. It is therefore probable that building in potential flood-affected
zones over time was enabled partly by these improved flood control measures, but this was impossible to verify in the context of this
study.

Finally, vector building layers have the potential to become the most accurate estimates of both exposure and vulnerability to
floods since they can easily be crossed with several types of socio-economic data, including property values, average household in-
come, employment rates, insurance rates... France has unique and extensive national-level GIS building footprint polygon layers and
recent research has started to exploit the use of building footprint layers in flood studies (Hossain and Meng, 2020), including the
Microsoft building footprint dataset released by Bing Maps for flood risk assessment for the Conterminous United States (Huang and
Wang, 2020). Using building layers, the authors were able to identify weaknesses in traditional approaches (areas not previously
covered, outdated data...) and a greater vulnerability of the poor to 100-yr floods. Similar databases are being developed for Europe
(Florio et al., 2023; Milojevic-Dupont et al., 2023). The global availability of building footprint layers is therefore growing rapidly
thanks to new building classification algorithms (Liu et al., 2022; Wei et al., 2022; Yu et al., 2023), so we can expect an exponential
increase in the use of GIS building footprints in a range of hydrological and hydraulic approaches.

5. Conclusion

Urbanisation throughout the world increases flood risk as greater imperviousness increases both runoff and exposure as new
buildings are added to a potential flood zone. Peak discharge increased with urbanisation between 1988/90 and 2020 at a rate that
followed temporal trends in urbanisation rates. The increase in peak discharge increased the total flooded area and the area of
buildings flooded. However, the relative increase in building area flooded was more than 40 times greater than the relative increase in
total flooded area, and this demonstrates that the change in flooding risk was due more to greater exposure, as new buildings were
added to the flooded zone, than to greater peak discharge values.

As rainfall magnitude increased from 80-mm to 200-mm, the total area and building footprint area flooded both increased. Closer to
the channel, where the flooding risk is greatest, urban planning legislation provided some protection since the growth in flooded
building area was lowest. As rainfall magnitude increased, less restricted areas further from the channel were exposed to flooding, and
in these zones, the growth in flooding risk increased most. They were far enough from the channel to escape building restrictions, and
the flatter terrain of the alluvial plain close to the main roads favoured rapid urbanisation. Hence, as rainfall magnitude increased,
especially from 80 mm to 140 mm, the relative growth in buildings impacted was greatest. These intermediate zones in the alluvial
plain present the greatest risk in a context of climate change where the magnitude and frequency of extreme events are expected to
increase.
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Appendix A. HEC-HMS Storm hydrographs
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Appendix B. HEC-RAS flooded areas with building overlays
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(continued)
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Figure B2.33: Figure B2.34: Figure B2.35: Figure B2.36:
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1990 1999 2014 2020
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