AN EXPERIMENTAL MEASUREMENT OF EROSION AND RUNOFF AFTER
A WILDFIRE IN A FRENCH MEDITERRANEAN WATERSHED
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ABSTRACT

With climate change, the risk of forest fires is increasing, particularly in Mediterranean regions, where floods are sudden and very intense.
Thus, the quantification of the effect of forest fires on the increase in torrential risks is an operational question. To answer it, the ONE/RTM
(National forestry Office / Restoration of Mountainous Areas department) developed a low-cost, modular instrumentation system. The results
obtained in one year of measurements in the Mediterranean catchment of the Ribéral (Cerbére, French Pyrénées-Orientales) complement
the existing literature: increased rates of erosion and liquid flow after a fire; a significant natural regeneration enabling recovery to pre-fire
values in less than a year. These results support a French proportionate decision-making process to decide which actions to be taken in the

15 days, 3 months and year following a fire in watersheds exposed to torrential flooding.

INTRODUCTION

In the Pyrénées-Orientales department (66), on the border with Spain, between the Mediterranean Sea and the Pyrenean mountains, the
village of Cerbere (approx. 1,300 inhabitants) is exposed to the rapid torrential flooding of the Ribéral. In this watershed of 6 km?, with a
maximum altitude of 672 m and an outlet to the sea, flood concentration time is very short (45 min). Flood flows (Q10-year = 75 m3/s and
Q100-year = 180 m3/s) correspond to very high specific flows (Qs10-year = 13 m3/s/km? and Qs100-year = 30 m3/s/km?). As elsewhere in
the Mediterranean climate area, these floods are most likely to occur during extreme rainfall events in autumn (September to November),

i.e. soon after the wildfire season.

The extreme flooding of the Aiguat in 1940 (a European record with a 1-day rainfall total of 1000 mm and a 5-day total of 1930 mm) had a
lasting impact on all the valleys in this part of the Pyrénées. Following it, the French government acquired a large part of the upper Ribéral
watershed (60%) in 1946 as part of its RTM policy (Restoration of Mountainous Areas). The aim was to manage the area in such a way as
to limit the erosion phenomena that aggravate torrential phenomena downstream, but also to limit the runoff phenomena that contribute

to flooding.

This watershed is particularly prone to forest fires, as are all areas with a Mediterranean climate characterized by very dry periods, very
high summer temperatures and a wind (the tramontane) that favors the spread of fires. As a result, the risk of forest fires is high in this wa-
tershed. This was confirmed by a fire on 07/31/2021 which burned the southern slopes above Cerbere before spreading across the border
to the commune of Port-Bou (Figure 2). On April 16, 2023, at a time of historic drought throughout the region, a major fire swept through
the entire Ribéral watershed, burning almost all the vegetation. This demonstrates that climate change means an increase in the frequency,

intensity and extent of forest fires.

As part of its general interest missions, the ONF/RTM 66 (National forestry Office / Restoration of Mountainous Areas department in the
Pyrénées-Orientales) is the key technical player in the management of torrential flooding in this region. It assists the municipality of Cerbere
and the local authority in charge of GEMAPI (Management of Aquatic Environments and Flood Prevention) to prevent the risk to the village.
It assists the State services and the municipality in crisis management. It works with the ONF agency to ensure appropriate management
of the state-owned forest acquired in 1946. It works with the ONF/DFCI agency (Forest Fire Protection) to define post-fire rehabilitation

actions.

Against a backdrop of high floods and forest fires, the main question posed to the ONF/RTM 66 department was how to characterize and
quantify the consequences of a fire on downstream flood risks: increase in liquid flow rate (runoff)? increase in solid transport resulting
from erosion? The very limited quantitative information available in the literature in the context of the Pyrénées-Orientales to answer these
questions led the department to set up an experimental scheme in recently burnt areas. With the extension of forest fires to the whole of
the French mountain territory (Alps and Pyrenees) in a context of climate change, the more general objective was to draw on these results
and other feedback from experience to formulate a general French doctrine on the post-fire management of watersheds with risks linked

to flooding.
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This article introduces the experimental set-up project in the Ribéral catchment at Cerbere as part of the European Interreg Sudoe Montclima
project (Methods), before detailing the results obtained on the increase in erosion and liquid flow rate, as well as the recovery of vegetation
cover through natural regeneration in the year following the 2021 fire (Results and discussion). Finally, the use of these results for post-fire

management in 2023 on the same site and for the establishment of a national doctrine is presented in Conclusion.

METHODS

The method is based on 4 main stages: 1) preparation of the experimental set-up to be set up as soon as a fire occurs on a site previously
identified as a candidate; 2) installation of the experimental set-up as soon as a fire occurs: this will be in the Ribéral basin following the
fire of 07/31/2021 which affected part of the watershed (set up on 10/21/2021); 3) for one year, data collection and maintenance of the
experimental set-up; 4) analysis of results after one year of instrumentation (09/21/2022). In detail, this methodological approach has been

designed as follows.

. Pre-identification of potential instrumentation sites.

Five regions of the Pyrénées-Orientales were selected (Cote Vermeille, Alberes, Vallespir, Aspres, Fenouilledes) based on several selection
criteria: geology (substrate nature and alteration); soils with potential erosion, rainfall, sloping terrain, dense vegetation cover, high proba-
bility of fire occurrence, land ownership control, and easy access.

For each region, rainfall analysis was based on Météo-France data from a representative rain gauge. For each return period (T=2, 5, 10, 50
and 100 years), the intensity of project rainfall (in mm/h) is defined according to Montana coefficients specific to each station (a(T) and b).
Based on assumptions about soil characteristics (slope, vegetation cover, soil sealing coefficient), it is then possible to identify the charac-
teristic flows to be considered for each return period (in 1/s) by applying the rational method. For each site, this allows to identify the range
of flows to be considered for sizing the experimental system.

For the Ribéral on the Cote Vermeille, data from the Cap Béar rain gauge were used. The range of design flows to be considered is then:

[Q2 = 0.53 I/s ; Q100 = 6.64 1/s].

. Choosing and sizing the instrumentation system (Figure 1).

The system had to be able to quantify solid volumes and continuously measure flow rates, while at the same time providing a link with
rainfall. The instruments used in the system had to be autonomous, reliable and robust. The surface area of the erosion plot from which to
collect water and erosion products was set at 100 m2 and had to be surrounded by watertight borders. At the outlet of each plot, the meas-
uring device would consists of a decanter for periodic measurement of sediment volume by sampling (weight measurement) followed by a
measuring channel equipped with an instrument for continuous liquid flow measurement. In addition to this outlet equipment, the general
principle of the instrumentation system was: 1 nearby rain gauge; 3 spatially close plots (2 plots in burnt soil, 1 control plot in non-burnt
soil) in similar orientations and slopes; visual monitoring of the plots; duplicable and modular equipment (to facilitate repairs); choice of

borders based on soil type.

The choice of liquid flow measurement instrument was based on a detailed literature review. This led to the selection of the Hs-Flume 0.8
Foot based on the following criteria: measure of the flow rate given by the water level; measurement range of runoff of [0 ; 10] I/s; need for
measuring low flow rates; simple geometry with a flat bottom for sediment transport.
In detail, the measuring instruments used were:
- Rainfall measurement: Paratronic 400 cm2 tipping bucket rain gauge, 0.2 mm/impulse
- Flow-rate measurement: Hs-Flume 0.8 foot
o Construction in-house using marine plywood
o Addition of an approach channel and offset measurement well (probe)
- Water level measurement: InSitu LevelTroll 500 probe
o Accuracy: 1.75 mm (suitable for Hs-Flume)
o Autonomous probe - no telemetry
- Automated observation/surveillance: Bolyguard SG2060 X camera trap
o Photo acquisition: detection and 30-minute time-lapse

- Sediment quantity measurement: manual weighing
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Figure 1 - The instrumentation system set up after the fires. a) Distribution of instrumented plots. b) Profile diagram and c) illustrated detail of the measuring system installed at the outlet

of each plot.

. Setting up the instrumentation system following the fire on 07/31/2021.
The characteristics of the 3 instrumented plots are given in Table 1 with the following similarities for comparison purposes: surface, slope,

exposure, altitude (Figure 2).
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Figure 2 - Above: the fire on 07/31/2021 between Cerbére and Port-Bou. Bottom: layout of the instrumentation system on the site after the fire.

plot | objective surface slope | distance to the rain gauge
1 Burnt soil 115 m? 44% 130 m

2 Burnt soil 107 m? 53% |40m

3 control — no burnt soil | 114 m? 56% 70 m

Table 1 - Characteristics of the plots of the instrumentation site

. Operation and maintenance (1 year).

Maintenance was periodic: once a month on average (and after rainy episodes). The maintenance content was: visual inspection of the
entire system (equipment, borders); downloading data from the rain gauge; downloading data from the Insitu probes; refilling the meas-
urement wells with water (evaporation in a very windy area); zero calibration of the probes and verification of temporal drift (UTC time);

downloading data from the photographic traps; retrieval of sediments in the sedimentation tank. Finally, the condition of the system was no

degradation and no major malfunctions.

RESULTS AND DISCUSSION
. After a fire, an increase in liquid runoff (x 6) and a decrease in precipitation intensity (/ 2) required to initiate the hydrological
response and produce runoff.
After one year of instrumentation, analysis of the water level measurements quickly shows that 11 rainy episodes caused a hydrological

response. The Plot 2 reacts more strongly than the others. The control plot 3, which is vegetated, reacts less frequently. Given these previ-
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ous results, a conclusion is that filtering is needed to isolate sensor precision uncertainties and to transform the water height measures into

runoff assessment.

After filtering, 4 rain events generate measure flows and the main results are:

- Plot 2 is activated for all 4 rain events (intensity > 20 mm/h);

- Plot 1 is activated 2 rain events (intensity > 34 mm/h);

- Control Plot 3 is activated for the heaviest rainfall — 11/23-24/2021 (intensity = 56 mm/h);

- No measurable flow on the plots for low intensity (intensity < 20 mm/h).

The detailed analysis of the heaviest rainfall of 11/23-24/2021 shows that it was divided into 3 rain spikes. Plot 2 reacts more strongly that
Plot 1 (Iess steep) considering the flow but the runoff volume is less important, and control plot 3 reacts for an intensity > 40 mm/h.
Comparing the results at the scale of the 3 plots for the liquid runoff, main results are:

- the flood discharge increases up to x06 after a fire, comparing results from the burnt Plot2 and the vegetated Plot 3;

- the burnt plots react 2 times easier than the vegetated plot 3: rain threshold 20 mm/h against 40 mm/h.

. After a fire, an increase of the soil erosion
Three sediment sampling campaigns were undertaken after rains of October 2021, November 2021 and September 2022. Results are intro-
duced in Table 2. In general, solid deposits weighted were made of numerous sands and pebbles (more in plot 2 for 01/07/2021 sampling)

with a lot of soot and plant debris.

Date of sampling campaign 11/17/2021 | 01/07/2021 | 09/16/2022 Balance sheet for
a period of 1 year

previous cumulative rainfall | 65 mm 109 mm 33 mm 20 = g 2
Number of rainfall episodes | 1 2 2 ;?" 2 :z é' n%
Maximum rainfall intensity 20 mm/h 56 mm/h 36 mm/h -g: @ g g.
solid Plot 1 170g 440¢g 108 g 072 |0.07
weight | Plot 2 315¢g 540 g 85¢g 0.94 0.10

Plot 3 No sediment | 75 g No sediment 0.08 0.01

Table 2 - Results of soil erosion in the 3 instrumented plots

Comparing the results at the scale of the 3 plots for the soil erosion, main results are:
- erosion is 7 times (plot 1) to 10 times (plot 2) more important in burnt soil than on no burnt soil (control plot 3);

- the erosion rate decreases over time, in correlation with the recovery of vegetation on the ground.

. After a fire, even in a Mediterranean climate context, fast natural regeneration can be expected.

In 1 year, in this context, it has been observed a small recovery of woodland (Aleppo, stone and canary pines) but needles on the ground
and a very fast recovery of the plant layer on the ground (Figure 3):

- coverage rate of 70% - 80% after 10 months;

- homogeneous dynamics in burnt plots;

- timeframe is consistent with sediment measurement and the observation that the erosion rate decreases over time.
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Figure 3 - Left: lllustration of vegetation recovery on plot Z. Right: Temporal evolution of vegetation cover on instrumented plots after the fire.
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. The robustness of the instrumentation can be discussed, and the results are more trends.

As previously explained in the method chapter, equipment and instruments need to be adapted to the quantities to be measured, notably on
liquid runoff interval. The main practical difficulty is to effectively circumscribe plots (borders) without generating sediment. As feedback, an
easy access to the site is essential for rapid installation after a fire. As results are limited to 1 year and other experiments in other contexts
need to be done to give more robust results, il is interesting in having in mind that the cost of such an installation is not high: 14 k€ for the
design, the installation and the operation of all the system. Moreover, as it is a modular system, equipment could potentially be relocated to
another, potentially more interesting, fire site.

During the experimental period of 1 year, the rainfall was deficient. Indeed, there was no intense rainfall events during autumn 2021. Nev-
ertheless, we have been able to observe trends that, on burnt soils, liquid runoff and soil erosion increase. The rates of this increase (liquid
flow x 6; soil erosion up to x 14) are temporary and valid for small areas (plots). Given the literature analysis, these rates are minor for a

whole catchment area.

CONCLUSIONS

This experiment, carried out in the Ribéral basin following the fire of 07/31/2021, revealed trends towards increased liquid flow and soil
erosion in fire-affected areas, indicating a potential increase in the risk of torrential flooding downstream. However, this increase in torrential
risk following a fire remains limited in time (1 to 2 years) because the natural recovery of vegetation is rapid, even in a very difficult context
such as the Mediterranean climate. A high rate of cover (70-80%) is thus achieved very quickly, with a consequent reduction in liquid flows
and soil erosion rates.

These findings, which need to be supplemented at other sites subject to fire, using a similar experimental set-up but checking the range of
validity in relation to expected liquid flows, provide an important basis for post-fire decision-making. A French doctrine on post-fire inter-
vention procedures in catchment areas at risk of flooding is currently being drawn up. It is based on the results of this study, but also on

other experience feedback. It is divided into three phases: within 2 weeks; between 2 weeks and 3 months; and after 3 months (Figure 4).
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Figure 4 - Actions to be taken after a fire: secure, analyze, and act with the right time frame
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