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Abstract 

 

Surface runoff is the hydrological process at the origin of phenomena such as soil erosion, floods out 21 

of rivers, mudflows, debris flows and can generate major damage. This paper presents a method to 22 

create maps of surface runoff susceptibility. The method, called IRIP (Indicator of Intense Pluvial 23 

Runoff, French acronym), uses a combination of landscape factors to create three maps representing 24 

the susceptibility (1) to generate, (2) to transfer, and (3) to accumulate surface runoff. The method 25 

input data are the topography, the land use and the soil type. The method aims to be simple to 26 

implement and robust for any type of study area, with no requirement for calibration or specific 27 

input format. In a second part, the paper focuses on the evaluation of the surface runoff 28 

susceptibility maps. The method is applied in the Lézarde catchment (210 km², northern France) and 29 

the susceptibility maps are evaluated by comparison with two risk regulatory zonings of surface 30 

runoff and soil erosion, and two databases of surface runoff impacts on roads and railways. 31 

Comparison tests are performed using a standard verification method for dichotomous forecasting 32 

along with five verification indicators: accuracy, bias, success ratio, probability of detection, and false 33 

alarm ratio. The evaluation shows that the susceptibility map of surface runoff accumulation is able 34 

to identify the concentrated surface runoff flows and that the susceptibility map of transfer is able to 35 

identify areas that are susceptible to soil erosion. Concerning the ability of the IRIP method to detect 36 

sections of the transportation network susceptible to be impacted by surface runoff, the evaluation 37 

tests show promising probabilities of detection (73 to 90%) but also high false alarm ratios (77 to 38 

92%). However, a qualitative analysis of the local configuration of the infrastructure shows that 39 

taking into account the transportation network vulnerability can explain numerous false alarms. This 40 

paper shows that the IRIP method can be a valuable tool to facilitate field analysis and perform 41 

surface runoff zonings and opens interesting prospects for the use of the IRIP method in a context of 42 

risk management. 43 
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1. Introduction 44 

Intense surface water runoff is a hydrological process which can generate major damage. When the 45 

surface water concentrates, it gains enough energy to erode soil particles, which makes the water 46 

denser and more powerful (Wischmeier, 1959). Intense surface runoff includes phenomena such as 47 

soil erosion, floods out of river networks, mudflows, and debris flows. According to the Gaspar 48 

French database1, which collects information on natural disasters at a district level, around 40% of 49 

flood damage is due to intense surface runoff in France (Dehotin and Breil, 2011a). Surface runoff 50 

often impacts populations and infrastructures such as homes or transportation networks (Chazelle et 51 

al., 2014). The environment can also be impacted by surface runoff through soil loss and the transfer 52 

of pollutants contained in soils.  53 

For this study, surface runoff is defined as water from precipitation which does not infiltrate into the 54 

soil and flows on the surface until it reaches a permanent river. This hydrological process can also be 55 

called overland flow (Hewlett, 1982). Two surface-runoff generation processes can be distinguished: 56 

infiltration excess overland flow, when the rain intensity is higher than the soil infiltration capacity, 57 

called hortonian runoff (Horton, 1933); and saturation overland flow, when soil storage capacity is 58 

limited or the soil is already saturated (Hewlett and Hibbert, 1967). These processes are difficult to 59 

observe in the field because they occur quickly and they can occur simultaneously (Cros-Cayot, 60 

1996). In general terms, surface runoff is a difficult-to-measure phenomenon (Dehotin et al., 2015). 61 

Once surface water flows downstream, it can infiltrate, be transferred or be accumulated – 62 

depending on topographical and micro-topographical features – or join a watercourse or drainage 63 

system. Surface runoff can flow in a diffuse or concentrated manner. Many factors can influence or 64 

reduce surface runoff in a catchment: soil characteristics (type, thickness, roughness, permeability) 65 

(Piney, 2009), initial water content, land use (vegetation, urbanization, agricultural land), geology 66 

(Onda et al., 2001), topography, geomorphology (ability to concentrate, plateau/valleys distribution) 67 

(Douvinet et al., 2008), and rainfall characteristics (intensity, frequency, duration) (Galevski, 1955). 68 

In the field of risk management, some terms can have a wide range of definitions, depending on the 69 

field of application (Christensen et al., 2003; Thywissen, 2006). The following definitions are retained. 70 

Firstly, intense surface runoff is a natural hazard, which means a natural event, potentially 71 

dangerous, occurring randomly in space and time (UNDRO, 1979). Risks induced by intense surface 72 

runoff are impacts that surface runoff may potentially cause to society (people, goods, environment, 73 

economy, etc.). A risk is the combination of a hazard and a vulnerability (UNDHA, 1992). Vulnerability 74 

                                                           
1
 https://www.data.gouv.fr/fr/datasets/gaspar/ 
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is often defined as a measure to assess the quantity of loss potentially generated by a hazard (Buckle 75 

et al., 2000; Society for Risk Analysis, 2015). In this study, the vulnerability of the transportation 76 

network refers to its structural vulnerability; the higher the vulnerability, the higher the possibility of 77 

being physically damaged. 78 

In the scientific literature, there are many models for the simulation or mapping of surface runoff 79 

processes. They may be classified into various approaches: naturalistic, topographic, a combination 80 

of criteria or hydrological modeling. Naturalistic approaches often provide results consistent with the 81 

reality but they require a very good understanding of the study area, can be applied to rather small 82 

areas, and are difficult to replicate (Abudi et al., 2012; Dehotin et al., 2015a; Holzmann and Sereinig, 83 

1997; Tetzlaff et al., 2007). Topographical approaches using information from Digital Elevation 84 

Models (Delahaye et al., 2002; Langlois and Delahaye, 2002; Pons et al., 2010) have the advantage of 85 

being simple and can be automated but the mapping of surface runoff needs to take into account 86 

many other parameters such as land use or soil type. Criteria combination approaches also remain 87 

relatively straightforward while taking into account multiple parameters. The review of existing 88 

methods reveals that most of them focus on water erosion or landslide (Akgun and Türk, 2010; 89 

Faulkner et al., 2010; Guillobez et al., 2000; Le Bissonnais et al., 2002; Schmocker-Fackel et al., 2007). 90 

Hydrological modeling techniques are both accurate and provide quantitative results including the 91 

time evolution of the processes (Carpenter et al., 1999; Cerdan et al., 2002; Dabney et al., 2011; 92 

DeRoo et al., 1996; Laflen et al., 1991; Smith et al., 1995). Some are extremely complex. They require 93 

significant computational time, calibration to be applied to different catchments, and a large quantity 94 

of data. This rapid overview shows that there are multiple methods for surface runoff mapping but 95 

the maps are either difficult to reproduce automatically, need many complex input data, or the 96 

method is focused on a specific phase of the phenomenon (the accumulation areas, the low 97 

infiltration areas or the erosion areas) and do not address all the aspects of the entire runoff process. 98 

For this reason, a method called IRIP for Indicator of Intense Pluvial Runoff (French acronym) has 99 

been developed to produce comprehensive mapping of areas susceptible to generate, to transfer, 100 

and to accumulate surface runoff without explicit hydrological modeling and using open access data 101 

(Dehotin et al., 2015a; Dehotin and Breil, 2011a). This automatic method can be applied to a large 102 

range of study area sizes with data at various resolutions. However, the validity and relevance of the 103 

produced maps must be evaluated carefully and rigorously. 104 

The evaluation of hazard models is an important step in model developments. Indeed, model outputs 105 

can be used for stakeholder decision-making in risk management. The stakes are very high (cost of 106 

structural and organizational adjustments, safety risks) and wrong decisions can lead to serious 107 

consequences. It is essential to know the exact value of model outputs, that is, the assumptions 108 
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made, the application range, and uncertainties related to the results. Globally, model evaluation 109 

suffers from a lack of methodological guidelines (Moriasi et al., 2007). For surface runoff hazard 110 

models, the evaluation is particularly complex because of the lack of surface runoff data. The 111 

phenomenon rapidity and scarcity make large-scale observation and instrumentation a complex issue 112 

(Dehotin et al., 2015a; Hudson, 1993). The IRIP method has already undergone numerous evaluations 113 

using in-situ measurements (Dehotin et al., 2015a; Laverne, 2013) and discharge data (Arnaud and 114 

Dehotin, 2011; Legros, 2014) but to go further in the evaluation procedure and to assess the 115 

relevance of the IRIP method from the point of view of risk assessment, the use of proxy data is 116 

suggested. Proxy data are data which are not direct measurements of the phenomenon but are 117 

related to it and provide large-scale evidence of the phenomenon occurrence (IPCC, 2003). Some 118 

studies in hydrology use proxy data to evaluate models, such as flooded road reports (Naulin et al., 119 

2013; Versini et al., 2010a, 2010b), observations of gravitational hazards in mountainous areas 120 

(Defrance, 2014), and post-event surveys (Javelle et al., 2014; Ortega et al., 2009). Concerning the 121 

IRIP method evaluation, few comparisons have been performed with proxy data such as surface 122 

runoff impact locations on railways (Dehotin et al., 2015b) and natural disaster declaration locations 123 

from the Gaspar French database (Dehotin and Breil, 2011a). However, these tests have been 124 

performed for few case studies and remain qualitative. Indeed, the comparison between model 125 

outputs and proxy data generates technical issues: for example, how can data that are different in 126 

form and content and that do not carry the same information be compared reliably? The use of proxy 127 

data highlights the lack of methodological framework but also shows the valuable contribution of this 128 

type of data for model evaluation. 129 

The first objective of this paper is to present the IRIP method for surface runoff susceptibility 130 

mapping. The second objective is to evaluate the IRIP maps by comparison with different types of 131 

proxy data available on the study area: regulatory zonings of surface runoff and soil erosion and 132 

databases of surface runoff impacts on roads and railways. The paper proposes an evaluation 133 

method that allows quantitative evaluation of the spatial information contained in the IRIP maps. 134 

Finally, development paths are discussed to adapt the IRIP method as a tool for risk management. 135 

2. Materials and Methods 136 

2.1. The IRIP Method 137 

IRIP is a method to map the spatial distribution of areas susceptible to surface runoff. The IRIP 138 

method concept is based on the creation of three susceptibility maps which represent surface runoff 139 

generation, transfer, and accumulation. Note that, to obtain a hazard map, the rainfall must be taken 140 

into account and to get a risk map, the hazard map must be combined with the stakes of the study 141 
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area and their vulnerabilities. These two aspects are not considered in the present study, which only 142 

focuses on the susceptibility maps provided by the IRIP method. 143 

Each susceptibility map (generation, transfer, and accumulation) is created by combining five 144 

indicators, summarised in Table 1 (columns 1&2). Each indicator is classified in two categories 145 

favourable (1) or not favourable (0) to surface runoff (Table 1, col 3), providing a binary map. The five 146 

maps are subsequently assembled to produce a surface runoff susceptibility map from 0 (not 147 

susceptible) to 5 (very susceptible). This method is applied for the three IRIP maps, as represented in 148 

Figure 1. After reclassification, the generation map becomes an input indicator for the two other 149 

maps of transfer and accumulation. The reclassification proceeds as follows: a pixel is favourable 150 

(score = 1) if the generation susceptibility levels in its relative drained area have a mode (the most 151 

present value of the distribution) higher than a user-defined susceptibility level (3 by default). The 152 

use of the generation map as an input for the two others means that susceptibility to transfer or 153 

accumulation is conditioned by a sufficiently high susceptibility for surface runoff generation. This 154 

allows the incorporation of an upstream-downstream logic in the maps. For each map, the five 155 

indicators have been chosen based on field knowledge (Dehotin et al., 2015a), literature review 156 

(Dehotin and Breil, 2011b), and multiple combination tests. 157 

For the surface runoff generation map, the five indicators are derived from factors influencing runoff 158 

generation: soil properties, topography, and land use. Three indicators represent the impact of soil 159 

properties and are based on soil erosion model parameters (Le Bissonnais et al., 2002; Le Gouee et 160 

al., 2010; Nearing et al., 1989). The erodibility indicator in the generation map represents the 161 

possibility of the generated surface water combining with soil particles to generate a mudslide 162 

(Cerdà and Doerr, 2008). For agricultural plots, the erodibility indicator also represents the 163 

susceptibility of soils to create slaking crusts that are favourable to surface runoff generation. The 164 

topography indicator is an “or” combination of the slope and the topographic index, that is, the 165 

topography indicator is favourable if the slope is steep, if the topographic index is high, or both. 166 

Steep slopes are considered as favourable to surface runoff generation reflecting the reduced ability 167 

of water to infiltrate into the soil. The topographic index (Beven and Kirkby, 1979), ln(a/tanb), where 168 

a is the upstream drained area and b is the local slope, reflects the capacity at one point to evacuate 169 

water from upstream, that is, water storage-prone areas. Although the topographic index also uses 170 

the slope, the topography indicator in the IRIP method combines two different effects: slope and 171 

ability to store water. In order to be able to apply the method in every catchment without local 172 

knowledge, relative thresholds (t1, t2) are used to distinguish topographic indicators (slopes, 173 

topographic index) as favourable or not. For each indicator, the distinction is made thanks to 174 

classification algorithms (MacQueen, 1967; Reuter et al., 2006). It permits dividing the study area 175 
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into two categories of slopes or topographic indices depending on the local and surrounding pixel 176 

values. The land use indicator reflects the fact that urban and agricultural areas are considered as 177 

favorable to surface runoff generation. For urban areas, the generation map is recalculated to force 178 

soil permeability and thickness to be favourable in those areas, in the event that the areas have not 179 

been classified as favourable from the indicators derived from the soil map. 180 

The susceptibility maps of surface runoff transfer and accumulation reflect surface water natural-181 

flow dynamics. Both involve different mechanisms, acting often in the opposite direction, such as 182 

slope and break of slope. This is why two maps are created. The choice of the corresponding 183 

indicators is based on detailed analyses of past intense surface runoff events (Dehotin and Breil, 184 

2011b) where slope, break of slope, catchment compactness, and artificial linear axes appeared as 185 

main factors to produce intense phenomena. The computation of the break of slope proceeds as 186 

follows: in each pixel, the mode of the slope value distribution in the upstream area drained by this 187 

pixel is computed and compared to the local slope value of the pixel. If the upstream slope mode is 188 

smaller (respectively higher) than the local slope, the pixel is indicated as convex (respectively 189 

concave), and is assigned 1 for the transfer map (1 for the accumulation map). The transfer map uses 190 

the Horton form factor (Horton, 1932), which is the ratio of area to length of the sub-watershed 191 

defined by the drained area at the considered pixel. The artificial linear axes are taken into account in 192 

the transfer map because of their role in surface runoff interception and displacement (Cerdà, 2007; 193 

Pams-Capoccioni et al., 2015). 194 

Finally, the input data of the IRIP method are: a DEM, a land use map, a soil map, and optionally the 195 

artificial drainage network (Figure 1). The input data resolution can be adapted to the size of the 196 

study area. For a relatively large study area, the analyst can proceed as follows: maps can be initially 197 

produced for the whole study area with a coarse resolution DEM (i.e. cells larger than 10 meters) and 198 

then areas susceptible to surface runoff can be focussed on with a higher resolution DEM (i.e. cells 199 

smaller than 10 meters). These susceptibility maps reflect a certain description of the surface runoff 200 

mechanisms in a watershed. Given the considered indicators, the IRIP map of surface runoff 201 

generation highlights the areas more susceptible to generate water on the soil surface. The IRIP 202 

transfer map highlights the areas where surface water can move and gain speed, and the IRIP map of 203 

accumulation highlights the areas where there is a tendency for a reduction in surface water velocity 204 

and water level increases. The method aims to be simple to implement, using open-access input data 205 

and to be robust regardless of the data quality and uncertainty. This is the reason why more complex 206 

methods such as weighting the indicators or classifying them into more than two categories were not 207 

retained in the first version of the method. However, the method remains open for adaptation 208 

regarding the user knowledge, but the default parametrization permits applying the method 209 
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whatever the study area. In this paper, the relevance of the IRIP maps is assessed based on this first 210 

version of the method. 211 

2.2. The Study Area 212 

The Lézarde catchment (210 km²), located between the English Channel and the Seine river, is well-213 

known for being subject to flooding predominantly generated by surface runoff (Delahaye et al., 214 

2002; Douvinet et al., 2014; Le Gouee et al., 2010). The catchment morphology is composed of large 215 

plateaux and narrow valleys (Figure 2). The permanent hydrographic network is very short but the 216 

temporary network consists of an extremely dense talweg network. The area was formed during the 217 

last glacial era during which the ice melt eroded the soil surface (Auzet et al., 1993). Soil 218 

characteristics of the catchment are mostly silt and clay with flint stones. Locally, there are sandy 219 

loams that increase soil erosion processes. The geology of the territory is composed of karst which 220 

forms a complex active underground river network (Hauchard and Laignel, 2008). The climate of the 221 

whole Seine-Maritime region is characterised by two main rainfall seasons: summer and autumn. In 222 

summer, rainfall durations are shorter than in autumn but more intense, whereas in autumn the 223 

rainfall patterns are less intense but last for long periods, leading to soil saturation (Douvinet, 2008). 224 

These two rainfall patterns can both generate storm runoff floods but involve different mechanisms. 225 

In terms of land use, a large part of the Lézarde catchment is made up of agricultural areas. A soil 226 

crusting process takes place between planting cycles, influenced by an exposed and high silt rate in 227 

the top soil, making the soil surface almost impervious (Robinson and Phillips, 2001). In addition, 228 

roads and villages were built in exposed areas: many roads are located in talwegs and villages are 229 

located at the downstream end of catchments or sub-catchments. Consequently, flooding in the 230 

catchment tends to generate major damage.  231 

In the Lézarde catchment, the IRIP maps were produced using a 25-meter DEM from the French 232 

National Institute of Geograhy2. The land use map3 is on the scale of 1/5000 in rural areas and 1/2000 233 

in urban areas. The soil map is the pedologic map from the French National Institute for Agronomic 234 

Research (INRA) at the scale of 1/1000000 (Dupuis, 1969). To calibrate the method in the Lézarde 235 

catchment, some assumptions are made based on literature review, discussions with local 236 

stakeholders and multiple tests on the IRIP maps. For the soil indicators, the distinction between 237 

favorable or not is based on soil data analysis (Daroussin and King, 1997; Jamagne et al., 1995). The 238 

slope threshold for the distinction between favorable or not was fixed at 4%, based on surface runoff 239 

studies on the Lézarde catchment (Hauchard, 2002). For the land use indicator, the urbanized and 240 

                                                           
2
 http://professionnels.ign.fr/bdalti 

3
 http://mos.hautenormandie.fr/Presentation  
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the agricultural areas are considered as favorable to surface runoff (Hauchard et al., 2002). For the 241 

Horton form factor, the index is considered as favorable to surface runoff transfer for values larger 242 

than 0.15 (fixed from tests with IRIP maps). Only roads and railways are used for the artificial linear 243 

axes, as data on agricultural drainage are not available at this scale. The flow accumulation threshold 244 

was chosen at 0.5 ha, a value small enough to detect surface runoff close to the catchment head. 245 

These choices are explained further in the discussion and perspectives section. 246 

2.3. The Comparison Data 247 

The data sets used for the evaluation of the surface runoff susceptibility maps are presented here. 248 

Four data sets are used: two regulatory zonings of surface runoff and erosion risks and two data sets 249 

of surface runoff impacts on roads and railways networks. The two regulatory zonings are provided 250 

by the agglomeration of Le Havre4 and the local association of the Pointe de Caux Catchment5 251 

(SMBV) respectively. They are part of the natural risk prevention plan (Departmental Directorate of 252 

Seine-Maritime, 2013a; Departmental Directorate of Seine-Maritime, 2013b). These regulatory 253 

zonings take into account both exposure of assets at risk and their probability of damage. The 254 

database of surface runoff impacts on roads is provided by the SMBV and the database of surface 255 

runoff impacts on railways is provided by the French National Railway Company (SNCF Réseau). 256 

2.3.1. The Surface Runoff Regulatory Zoning 257 

The surface runoff zoning was established in a qualitative manner. All the surface runoff axes, where 258 

water can concentrate (i.e. the dry talwegs), were identified by field expertise and historical 259 

information on past events (Hauchard, 2002). Then, to create the surface runoff zoning, a buffer area 260 

around surface runoff axes was designed. The buffer size ranges from 5 to 80 meters and the value 261 

was locally chosen thanks to field knowledge. Finally, hydrological modeling was used only in areas 262 

with high exposure levels to obtain water levels and flow velocities, but the latter information is not 263 

used in the evaluation procedure, where only the zoning map is used. This zoning map does not take 264 

into account the presence of protection structures against floods. 265 

For the comparison with IRIP, the surface runoff zoning is compared with the IRIP map of surface 266 

runoff accumulation susceptibility. The zoning is created from the dry talweg axes, which are axes of 267 

water concentration and where, locally, water velocity reduces and subsequently water depth 268 

increases. This effect is included in the IRIP map of accumulation and is represented by the IRIP 269 

indicators: flow accumulation, topographic index, and concave break of slopes. For the comparison 270 

                                                           
4
 http://www.codah.fr/article/lutte-contre-les-inondations  

5
 http://www.smbv-pointedecaux.fr/web/decret_erosion2.html  
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tests, the permanent hydrographic network is also masked. Indeed, the accumulation map also 271 

detects the rivers but the comparison rather focuses on hillslopes where surface runoff occurs. 272 

2.3.2. The Soil Erosion Regulatory Zoning 273 

The soil erosion zoning was created using two soil erosion models: the RUSLE model from USDA 274 

(Dabney et al., 2011) and the STREAM model from INRA (Cerdan et al., 2002). The models have been 275 

adjusted using erosion traces from aerial photographs. The results of the two models have been 276 

combined and validated by knowledge from local experts. The soil erosion hazard map was crossed 277 

with a map of the territory vulnerabilities to obtain the soil erosion zoning map.  278 

For the comparison with IRIP, the soil erosion zoning is compared with the IRIP map of surface runoff 279 

transfer susceptibility. Indeed, the soil erosion is a process influenced by the occurrence of surface 280 

runoff with a water level and a speed sufficient to transport materials. This effect is included in the 281 

IRIP map of transfer and is represented by the IRIP indicators: compactness index and convex break 282 

of slopes. For the comparison tests, the urban areas are masked because the regulatory zoning 283 

focuses on rural areas.  284 

2.3.3. The Databases of Impacts on Transportation Networks 285 

The database of flooded roads is made up of 31 road sections and was created after an intense 286 

rainfall event by witness interviews and field expertise. On October 13, 2013, the Lézarde catchment 287 

was subject to a significant rainfall event, generating intense surface runoff. The return period of the 288 

event was estimated to be more than a hundred years by the Predict weather services (Gouvazé and 289 

SMBV, 2013). The high-intensity rainfall affected mainly the three sub-catchments located in the 290 

north of the Lézarde catchment, upstream of the Lézarde River (highlighted in yellow in Figure 3). Up 291 

to 70 mm fell in 6 hours in this area and the three rain gages (1, 2, 3) recorded 160, 156 and 100 mm 292 

respectively in 24 hours. Thus the comparison tests focus only on these 3 sub-catchments. The road 293 

sections in the database were temporarily cut off by floodwater and impracticable or even swept 294 

away by floodwater (photos at the bottom of Figure 3). 295 

The database of impacts on the railway is made up of 41 incidents listed from 1995 to 2012. These 41 296 

incidents are observed in 21 railway sections, the incidents occurring sometimes at the same 297 

location. This database is not exhaustive and contains uncertainties on incident locations, particularly 298 

in relation to the source of flooding and the length of railway that was affected. The recorded types 299 

of incidents are embankment erosion, flooded platforms or mudslides. For the comparison tests, 300 

these two databases are compared to the IRIP maps of transfer and accumulation susceptibility, 301 

because we assume that accumulation as well as transfer of water can generate damage. 302 
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This section highlights that the four data sets differ greatly in form and content. The next section 303 

describes the methodology used to compare these four data sets to the IRIP surface runoff 304 

susceptibility maps. 305 

2.4. The Evaluation Method 306 

To evaluate the IRIP method, the surface runoff susceptibility maps are compared to a set of 307 

comparison data. In this section, the comparison tests and the verification indicators are presented, 308 

as well as the data formatting process that is required to compare different data types. 309 

2.4.1.  Comparison Tests 310 

To assess the correspondence between the IRIP maps and the comparison data, contingency tables 311 

are created and associated verification indicators are computed. This method is inspired by the 312 

standard verification methods for dichotomous (yes/no) forecasts (Hogan and Mason, 2012; Stanski 313 

et al., 1989). Table 2 shows the theoretical contingency table created for each comparison test. The 314 

“observed event” columns represent information from the comparison data. For example, in the case 315 

of the zonings, “yes” means inside the zoning and “no” means outside. In the case of the impact 316 

databases, “yes” means the impacted network section and “no” means the remaining parts of the 317 

transportation network that were not impacted. The “IRIP” lines represent information from the IRIP 318 

maps. For the tests, the IRIP maps are converted into dichotomous results, with “yes” being pixels 319 

with a susceptibility level greater than or equal to 4 and “no” being pixels lower than 4. The 320 

threshold of 4 is chosen regarding the low proportion of susceptibility level values of 4 and 5 over the 321 

catchment. Pixel values of 4 and 5 represent 4% of the study area in average, whereas pixel values of 322 

3 represents 30% of the study area. In the theoretical contingency table, for comparisons with the 323 

regulatory zonings (respectively, comparisons with the impacts on the transportation network), true 324 

positives are IRIP pixels with high susceptibility levels located inside the zonings (resp. inside the 325 

impacted network sections). True negatives are IRIP pixels with low susceptibility levels located 326 

outside the zonings (resp. inside the not impacted network sections). False positives are IRIP pixels 327 

with high susceptibility levels located outside the zonings (resp. inside the not impacted network 328 

sections). Finally, false negatives are IRIP pixels with low susceptibility levels located inside the 329 

zonings (resp. inside the impacted network sections). From the contingency tables, five verification 330 

indicators are computed: accuracy, bias, success ratio (SR), probability of detection (POD), and false 331 

alarm ratio (FAR). POD and FAR are computed only when comparing with the impacts on the 332 

transportation network, in order to assess the ability of the IRIP method to detect areas susceptible 333 

to be impacted. The indicators are presented in Table 3 along with the formulas and the result 334 

interpretations. 335 
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2.4.2.  Data Formatting 336 

Concerning comparison tests with the regulatory zonings, the surface runoff regulatory zoning is 337 

compared with the IRIP map of accumulation susceptibility. The soil erosion zoning is compared with 338 

the IRIP map of transfer susceptibility. For each comparison, the contingency table is computed by 339 

using two different thresholds of IRIP susceptibility level: for pixel values greater than or equal to 4 340 

and for pixel values of 5 only. Moreover, for each comparison, the contingency table is computed by 341 

using three different sizes of buffer area around the zonings: 0, 25, and 50 meters. Buffer areas are 342 

used in order to compensate for uncertainties in data comparison. Uncertainties can come from the 343 

fact that different data formats are compared (raster for the IRIP map and polygons for the zonings). 344 

This can lead to uncertainty when overlapping the data. Uncertainties can also come from the input 345 

data used for the creation of the IRIP maps and the zonings (i.e. DEM resolution). Buffer area sizes of 346 

0, 25, and 50 meters correspond to a shift of zero, one or two pixels of the IRIP maps. 347 

Concerning the impact databases, comparison tests are performed separately for roads and railways, 348 

and for each test, the impact locations are compared with the IRIP maps of transfer and 349 

accumulation simultaneously. The comparisons are performed using the transportation network as 350 

the reference study area, and not the whole catchment. In order to perform the comparison, the 351 

linear transportation networks are transformed to polygons, using a buffer. Two buffer area sizes of 352 

25 and 50 meters on both sides of the transportation network were considered. Concerning the IRIP 353 

maps, an area is considered susceptible to surface runoff if there is a spatial persistence of pixels 354 

with high susceptibility levels, and not if there is only one isolated pixel with a high value. The pixel 355 

spatial persistence on the IRIP maps of transfer and accumulation is taken into account as follows: a 356 

buffer area of 25 meters is drawn around all pixels of values 4 and 5 and, if an isolated pixel with its 357 

buffer area is not intercepted by another buffer, the pixel is removed (Figure 4a). Finally, four 358 

contingency tables are computed for roads and railways with two different buffer area sizes around 359 

the transportation network, focusing on the overlapping surface between the IRIP maps and the 360 

impacted road sections, as presented in Figure 4b. 361 

 362 

3. Results 363 

3.1. Application of the IRIP method in the Lézarde catchment 364 

The susceptibility map of surface runoff generation (Figure 5) shows that the catchment presents a 365 

high susceptibility to generate surface runoff. About 88% of the study area has pixels with a score 366 

above 3, on a scale ranging from 0 to 5. The pixels with a highest score are located in the urban areas 367 
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of Le Havre and Montivilliers. We can also see high susceptibility levels in the western part of the 368 

catchment and in the valley sides. Although the valley sides are occupied by forest, they present a 369 

high susceptibility to generate surface runoff because of soil properties and steep slopes. Despite the 370 

flat topography of the plateaux upstream of the catchment, they present a high susceptibility to 371 

surface runoff generation with values of 3 and 4 locally because of the soil properties and the 372 

agricultural land use. Occupying approximately two thirds of the catchment, these plateaux are 373 

responsible for the largest part of the generated surface water.  374 

The susceptibility map of surface runoff transfer (Figure 6) mainly shows high levels in the valley 375 

sides, where slopes are steep and break of slopes are convex. This map shows low susceptibility 376 

values of transfer in the plateaux and in the valley bottom. The high susceptibility areas actually 377 

highlight the sides of the main talwegs and a great deal of small talwegs even very close to the head 378 

of the catchment.  379 

The susceptibility map of surface runoff accumulation (Figure 7) shows that plateaux are prone to 380 

accumulate surface runoff with values equal or greater than 3 on a large part of the catchment. 381 

These susceptibility levels are due to low slopes, concave break of slopes, and a high topographic 382 

index in the upstream portions of the catchment. Permanent rivers are identified with the level 5, 383 

and an extremely dense talweg network can be distinguished with the susceptibility levels 4 and 5. In 384 

upstream talwegs, susceptibility levels 4 and 5 are still visible but seem to be more spread out. The 385 

map highlights that the valley sides are not favorable to surface runoff accumulation in contrast to 386 

the map of transfer. 387 

3.2. Evaluation of the IRIP maps 388 

In this section, the IRIP maps are first compared to the regulatory zonings, in order to assess the 389 

ability of the map of accumulation to identify areas prone to concentrated surface runoff (Figure 8) 390 

and to assess the ability of the map of transfer to identify areas prone to soil erosion (Figure 9). Then, 391 

the IRIP maps are compared to the databases of impacts on the transportation network to assess the 392 

ability of the IRIP method to identify road and railway sections susceptible to be impacted by surface 393 

runoff (Figure 10).  394 

The superimpositions of the IRIP maps and the two regulatory zonings (Figures 8 and 9) show a good 395 

visual correlation and a relevance of the spatial distribution of the IRIP susceptibility levels. Table 4 396 

presents the results of the comparison between the two regulatory zonings and the IRIP maps. Six 397 

comparison tests are performed for the surface runoff zoning and six for the soil erosion zoning: with 398 

the three buffer area sizes and considering pixels of value 4 and 5, and 5 only. Three indicators are 399 
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computed for each test: accuracy, bias, and success ratio. Results show that for that comparison with 400 

the surface runoff zoning, the accuracy ranges from 0.68 to 0.86 and, for the comparison with the 401 

soil erosion zoning, accuracy ranges from 0.36 to 0.69. Biases for all the tests are lower than 1 and 402 

range from 0 to 0.41. The success ratio represents the number of high susceptibility level pixels that 403 

are located inside the zoning, regarding the whole study area. It ranges from 0.41 to 0.92. The best 404 

success ratio for the accumulation map is 0.92 and is obtained when using a 50-meter buffer around 405 

the surface runoff zoning and when considering only pixels with a value of 5. The best success ratio 406 

for the transfer map is also 0.92 and obtained with the same conditions. Moreover, a success ratio of 407 

0.91 is obtained when considering pixels of value 4 and 5, using a 50-meter buffer. Concerning the 408 

comparison with the impacts on the transportation network, Table 5 shows the results of the five 409 

verification indicators for the four tests: comparison with the database of impact on roads and with 410 

the database of impacts on railways, using two different buffer area sizes for both of 25 and 50 411 

meters around the transportation network. For the analysis of impacts on roads, comparison tests 412 

show accuracy of about 0.6 and 0.3 for impacts on railways. Biases are greater than 1 and range 413 

approximately from 3 to 9. Success ratios are lower than 0.25 for both transportation networks. 414 

Probabilities of detection range from 0.7 to 0.9, and figures are similar for the false alarm ratios. The 415 

best probability of detection for the impacted road sections is 0.73 using a 25-meter buffer around 416 

roads, and the best one for the impacted railway sections is 0.9 using a 50-meter buffer around 417 

railways. 418 

These results are discussed in the next section in the light of the assumptions made for the 419 

comparison tests and in the light of the high false alarm ratios for the comparison tests with the 420 

impact databases. Moreover, suggestions are presented to go further in the evaluation method and 421 

in the development of the IRIP method. 422 

 423 

 424 

  425 

4.   Discussion and Perspectives 426 

4.1. Result Discussion 427 

4.1.1. Comparisons with the Regulatory Zonings 428 

The success ratio is the number of pixels with high susceptibility levels located inside the zonings 429 

regarding the total number of pixels with high susceptibility levels in the catchment. So, without 430 
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using a buffer, obtaining success ratios of 0.72 and 0.64 is already promising. Using a buffer area of 431 

50 meters around the zonings makes it possible to obtain success ratios above 0.9. This shows that a 432 

large number of high susceptibility IRIP pixels are located very close to the regulatory zonings and 433 

that uncertainties in the high susceptibility level locations could be interpreted as between 0 and 2 434 

pixels. These success ratios are extremely promising considering that the two maps are created using 435 

very different techniques and that they do not focus exactly on the same areas. The soil erosion 436 

zoning focuses on agricultural areas, and the surface runoff zoning focuses on talweg axes, whereas 437 

the IRIP method takes into account the whole catchment. Different results are obtained when 438 

considering pixel values of 5 and pixel values of 4 and 5 together. The choice of the susceptibility 439 

level depends on the information sought. Few pixels with a value of 5 are present in the catchment. 440 

They underestimate the global sensitivity of the catchment (bias close to zero), but they are more 441 

likely to indicate the localization of the areas that are highly susceptible to surface runoff. Concerning 442 

the IRIP map of accumulation, Figure 8 shows that the pixels are located precisely inside the zoning in 443 

the downstream part of the catchment but, in the catchment headwaters, pixels with a value of 4 are 444 

spread and are located outside the zoning. This spatial persistence of pixel values of 4 could indicate 445 

the beginning of a talweg that is not well defined in the landscape. Further comparison tests and field 446 

analysis must be undertaken to confirm this hypothesis.  447 

Moreover, Figure 9 shows that a considerable section of areas contained in the erosion zoning is not 448 

correlated with the IRIP map of transfer, but seems to fit with the IRIP map of accumulation (Figure 449 

11). Indeed, these areas present lower slopes, concave break of slopes, high topographic indices, and 450 

high flow accumulations. The soil erosion zoning gives a map of soils prone to erosion but, depending 451 

on the areas, erosion mechanisms and impacts can be different. The transfer map could emphasize 452 

incision susceptibility and the accumulation map could localize the deposit areas. Field analysis must 453 

be undertaken to better assess the ability of the IRIP maps to identify different erosion processes, 454 

but knowing the spatial distribution of the dominant processes could permit adapting the erosion 455 

prevention techniques in terms of the mechanisms involved. 456 

Finally, the comparison with the two regulatory zonings shows that the maps produced with the IRIP 457 

method seems to be relevant in identifying areas susceptible to surface runoff. Moreover, 458 

susceptibility levels of 5 seem to indicate with a certainty of 90% an area susceptible to concentrative 459 

surface runoff (for the IRIP map of accumulation) and an area susceptible to soil erosion (for the IRIP 460 

map of transfer) with a spatial accuracy from 0 to 2 pixels. 461 

 462 

 463 
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4.1.2. Comparisons with Impacts on the Transportation Network 464 

 465 

The probability of detection is the ratio of good detection over the total observed impacts. Obtaining 466 

probabilities of detection of 0.7 for road impacts and 0.8 for railway impacts is promising. The IRIP 467 

method seems to be relevant in identifying areas susceptible to surface runoff. However, success 468 

ratios are low due to a significant number of false alarms (i.e. false positives). The highly significant 469 

false alarm ratios and the overestimation are discussed.  470 

First, these results come from the fact that the IRIP method gives susceptibility maps regarding soil 471 

surface predisposition, but the occurrence of a surface runoff-related impact depends on the rainfall 472 

spatial variability. For the rainfall event of October 13, 2013, it is assumed that rainfall was spatially 473 

homogeneous in the three sub-catchments, but this hypothesis is no more realistic for the railway 474 

network because the study area is wider and the database ranges in time from 1995 to 2012, when 475 

rainfall events are not likely to have been homogeneous. This can explain why higher false alarm 476 

ratios are obtained for the analysis of railway impacts. Moreover, working with proxy data involves 477 

uncertainties. For example, the databases may suffer from a lack of exhaustiveness in the number of 478 

reported impacts. In that case, impacts only are reported, whereas some network sections could 479 

have been affected by floodwater without being damaged and without network managers being 480 

informed. In addition to this, high false alarm ratios can come from the fact that the IRIP maps, which 481 

represent a susceptibility of surface runoff occurrence, are compared to an impact which is an 482 

effective risk. It is essential to take the structural vulnerability of roads and railways into account for 483 

a better assessment of the IRIP maps’ ability to identify impacted sections. 484 

Concerning the impacted roads analysis, more than 40 hydraulic structures are present over the 485 

three sub-catchments where intense rainfall occurred on October 13, 2013. They probably played an 486 

important role in the protection of the road network. Figure 10 shows the road network of the three 487 

sub-catchments along with the hydraulic structure locations. Post-event investigation allowed 488 

reporting whether or not the hydraulic structures have played their protective role. Green points 489 

indicate that the structure did not overflow; orange points indicate that it overflowed. This 490 

information can already explain why some road sections that appear susceptible to surface runoff 491 

with the IRIP method have not been reported as impacted. For example, in Figure 12, the A photo 492 

(corresponding to the A area on Figure 10) was taken just after the event and shows that the dam 493 

closing a reservoir is at one meter below the overflow. Thus, it could have protected this road section 494 

against floodwater. Further discussions with the river basin managers helped to explain some other 495 

false alarms. Figure 12 shows photos of three road sections (B, C, and E areas can be seen in Figure 496 
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10) that are considered as false alarms, despite the absence or dysfunction of protective structures. 497 

These photos show the configuration of roads within their environment, and give some clues about 498 

the vulnerability level of the sections regarding surface runoff. Photo B shows a large drainage ditch 499 

along the road. Photo C shows the road slightly elevated and the low point located in the grassland. 500 

These observations have been confirmed by the river basin managers. They also attested that the 501 

road section in the A area is regularly flooded by surface runoff during intense rainfall events and 502 

that the low point in the D area is not located on the road but in the nearby field. The three impacts 503 

in the E area present the same configuration, that is, they transversally cut a dry talweg without any 504 

crossing structure. Photo E shows one of these intersections which still have the marks of an intense 505 

rainfall event, with standing water and soil deposits gathered in a mound. This configuration can 506 

explain why IRIP detects smaller susceptible areas than the reported section for these three impacts. 507 

The road may act as a barrier to the water flow path. Water can spread on both sides along the road 508 

and consequently flood a large section of the road. Using a DEM with a better resolution could help 509 

in identifying the local configuration. Finally, according to the river basin managers, the F area has 510 

been less exposed to the rainfall event, which can explain why it has not been reported as impacted.  511 

For railways, the infrastructure configuration is more complex. Indeed, railway structures are highly 512 

constrained to keep a steady inclination and do not follow the natural topography. Railways are 513 

often built on embankments or in cuttings of varying height or depth. These configurations make 514 

railways vulnerable to surface runoff. To protect the railway infrastructure, multiple drainage devices 515 

or crossing structures are present all along the tracks to intercept flow paths and redirect them 516 

downstream. Therefore, to better identify railway sections susceptible to being impacted by surface 517 

runoff, the vulnerability must be characterized. The configuration of the infrastructure itself must be 518 

defined but the level of maintenance of the hydraulic structures must also be taken into account.  519 

 520 

4.2. Further Analysis with the Evaluation Method 521 

In the evaluation method, we need to compare data that do not have the same shape, do not give 522 

the same information, and that have been acquired using different techniques. Suitable indicators 523 

must be used to show the correspondence between data and to quantify it. For example, the success 524 

ratio gives information on whether or not the pixels with a high susceptibility level are located inside 525 

the zoning, but do not inform on the spatial distribution of the pixels regarding the zoning. For 526 

further evaluation, more complex indices could be used in order to improve the correlation analysis, 527 

for example by focusing on the shape of strong pixel areas or by analyzing pixel surroundings and 528 

mitigating isolated pixel effects (Hagen-Zanker, 2009; Hargrove et al., 2006).  529 
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For the comparison tests, assumptions have been made and preliminary treatments have been 530 

carried out on the comparison data and on the IRIP map. Choices have been made for this study and 531 

must be discussed. First, pixels with a value of 4 and 5 are considered as high susceptibility levels. 532 

The significance of the susceptibility level 5 has been shown, but the significance of level 4 must be 533 

assessed. The significance of level 3 must also be assessed. Is it really not significant? Do levels 0, 1, 534 

and 2 indicate no surface runoff sensitivity? Moreover, for the comparison tests, buffer areas have 535 

been used. In order to avoid arbitrary choice on the buffer area size, the tests have been performed 536 

using 2 different sizes of 25 and 50 meters but more sizes could be tested, particularly negative 537 

buffer areas (reducing the zoning). For the comparison with the impacts on the transportation 538 

network, the hypothesis on the spatial persistence of high susceptibility levels indicating areas 539 

susceptible to be impacted must be assessed, along with the significance of isolated pixels. Do they 540 

bring valuable information or noise due to eventual input data inaccuracy?  541 

Moreover, this study focuses on the transfer and the accumulation maps. For further evaluation, it 542 

would be interesting to focus on the susceptibility map to surface runoff generation and evaluate its 543 

ability to detect areas susceptible to generate significant quantities of surface water. For example, 544 

for the impact databases, it would be interesting to use the map of generation in a second phase, to 545 

help in distinguishing the sections most susceptible to be impacted among the ones detected by the 546 

maps of transfer and accumulation. Sections with a large area upstream with high susceptibility 547 

levels of surface runoff generation could be susceptible to be impacted with relatively major 548 

quantities of water or more often, or to be impacted first during a rainfall event. This hypothesis 549 

must be evaluated. 550 

For further evaluation of the ability of the IRIP method to detect sections of the transportation 551 

network susceptible to be impacted by surface runoff, the structural vulnerability of the network 552 

must be characterised. A vulnerability indicator with different levels could be defined on the whole 553 

network, in order to combine hazards and vulnerability better and to correlate the location of 554 

impacts more effectively. Concerning the impacts, for such a comparison, further research must be 555 

undertaken to improve the completeness of the databases. In addition to these tests, particular 556 

events must be analyzed in greater detail in order to consider the influence of rainfall characteristics 557 

and better assess the surface runoff flow dynamic. To confirm the results obtained in this study, 558 

further comparison tests must be performed with different comparison data and for different study 559 

areas with other hydrological contexts. 560 

 561 

4.3. Further Analysis with the IRIP Method Development 562 
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Several options for further developing and improving the IRIP method can be proposed. Concerning 563 

the map of susceptibility to surface runoff generation, the valley sides appear as favorable to surface 564 

runoff whereas in reality the plateaux are the most important sources of surface runoff generation 565 

due to their relative importance in terms of proportion of the catchment size and to the fact that 566 

they are cultivated. They can generate substantial quantities of surface runoff which can be 567 

transferred to the valley throughout the extremely dense dry talweg network. It would be interesting 568 

to be able to integrate these geomorphology features in the IRIP method. For example, a 569 

computation of geomorphologic indexes could permit calibrating the method in terms of the 570 

plateau/valley distribution. The default configuration of the method is that steep slopes are 571 

favorable to surface runoff generation, which is relevant for mountainous areas, for example, but 572 

this choice could be inversed when working on large flat areas with large agricultural fields. 573 

Furthermore, the susceptibility map of surface runoff generation could be improved with better data 574 

accuracy. Especially the soil map, which is used for three of the five indicators, has a resolution of 575 

1/1000000 and gives only six different soil units in the Lézarde catchment. Moreover, it has been 576 

shown that the geology has an influence on surface runoff generation and transfer (Onda et al., 577 

2001); it would be interesting to use this parameter in the IRIP method.  578 

The map of susceptibility to surface runoff transfer takes the artificial linear axes as an input indicator 579 

because they can modify surface runoff directions, but if the data are available it would be 580 

interesting to add the urban and agricultural drainage network in this indicator. For the creation of 581 

this map, we currently use the Horton form factor to reflect the compactness effect of the sub-582 

catchment drained by each pixel (0.15 for our study). This index is not particularly satisfying because 583 

of its instability when computed on small drained areas. More adapted compactness indexes must be 584 

tested (Gravelius, 1914; Schumm, 1956), although their implementation can be complex with GIS 585 

techniques (Bardossy and Schmidt, 2002; Bendjoudi and Hubert, 2002). It would be better to use an 586 

index that is more adapted to a distributed computation.  587 

In addition to these suggestions, the IRIP method could also be improved by making additional tests. 588 

For example, stability tests on the indicator thresholds could be performed to evaluate the threshold 589 

computation method. Changes in the input data resolution (DEM, land use map, and soil map) could 590 

be studied to evaluate how it affects the resulting maps. It would also be interesting, from a risk 591 

point of view, to cross the IRIP maps with meteorological data or land use change monitoring to 592 

provide real-time probability maps. 593 

 594 

5. Conclusions 595 
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This paper presents the IRIP method for surface runoff susceptibility mapping and its evaluation by 596 

comparison with different datasets. The method makes it possible to produce three maps 597 

representing different surface runoff mechanisms: generation, transfer, and accumulation. The 598 

maps’ evaluation shows a significant correspondence between the IRIP map of accumulation and the 599 

surface runoff regulatory zoning and between the IRIP map of transfer and the soil erosion zoning. 600 

The comparison with data of impacts on the transportation network show promising probabilities of 601 

detection which confirm the relevance of the susceptibility maps. For an operational need of network 602 

monitoring, the structural vulnerability must be characterized to better discriminate the false alarms. 603 

The IRIP method has shown promising results during the comparison tests, but can it be used as a 604 

tool for risk management? The IRIP method aims to be simple to implement and requires few input 605 

data that are widely available. Neither specific study area size nor calibration is required for a first 606 

use. In this sense, the IRIP method can be a useful tool to get a first understanding of the surface 607 

runoff mechanisms involved in a catchment and of their spatial distribution. Nonetheless, to go 608 

further in the map analysis, field expertise is required. The use of the IRIP maps regarding the usual 609 

hazard assessment methods can be complex because of the three types of maps and the 610 

susceptibility scale. In the other hand, working with three susceptibility maps of generation, transfer, 611 

and accumulation gives the opportunity to adapt risk mitigation techniques depending on the areas. 612 

In the areas prone to surface runoff generation, one can avoid soil imperviousness or facilitate 613 

infiltration with reservoir basins. In the surface runoff transfer areas, one can avoid bare soils and 614 

obstacles susceptible to be swept away. For accumulation areas, one can try to reduce stake 615 

vulnerabilities. Finally, this study highlights that a multidisciplinary approach is essential to assess 616 

surface runoff hazards. Likewise, a systemic view of the whole catchment is required, along with 617 

interactive work with the catchment stakeholders, to improve surface runoff risk management and 618 

to sustainably develop territories. 619 

 620 
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Figure captions: 

Figure 1: Scheme of the IRIP method to create the three susceptibility maps of surface runoff 

generation, transfer, and accumulation, with the input data 

Figure 2: Description of the Lézarde catchment which is located in the Seine-Maritime County and 

which ranges from 1 to 138 meters of elevation with a short permanent hydrographic network 

Figure 3: Description of the rainfall event of October 13, 2013 that impacted the northern part of the 

Lézarde catchment 

Figure 4: Explanative schemes of the data formatting for the comparison with the impact databases, 

a) Process to detect pixel persistence and remove isolated pixels, b) presentation of the surfaces 

taken into account for the computation of the contingency table.  

Figure 5: The IRIP map of susceptibility of the Lézarde catchment to surface runoff generation 

Figure 6: The IRIP map of susceptibility of the Lézarde catchment to surface runoff transfer 

Figure 7: The IRIP map of susceptibility of the Lézarde catchment to surface runoff accumulation 

Figure 8: Superimposition of the high susceptibility levels of the IRIP map of accumulation and of the 

surface runoff regulatory zoning 

Figure 9: Superimposition of the high susceptibility levels of the IRIP map of transfer and of the soil 

erosion regulatory zoning 

Figure 10: Superimposition of the high susceptibility levels of the IRIP map of transfer and 

accumulation after processing and of the road network of the three sub-catchments impacted by the 

rainfall event, along with the road sections impacted by surface runoff and the hydraulic structure 

locations 

Figure 11: Superimposition of the high susceptibility levels of the IRIP map of transfer and 

accumulation and of the soil erosion regulatory zoning 

Figure 12: Photos from Google Street View illustrating the environment configuration around four 

impacted road sections in order to explain the reason of the IRIP false alarms 

Table 1: List of the 5 indictors per map used to create the 3 IRIP maps of generation, transfer, and 

accumulation susceptibility, with the criteria of favourability for each indicator 

Table 2: The theoretical contingency table to analyze the correlation between the IRIP maps and the 

comparison data 
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Table 3: The five verification indicators computed to analyze the correlation between the IRIP maps 

and the comparison data 

Table 4: Result summary of the comparison between the regulatory zonings and the high 

susceptibility levels of the IRIP maps of transfer and accumulation, using buffer area sizes of 0, 25 

and 50 meters 

Table 5: Result summary of the comparison between the impact locations on the transportation 

network and the high susceptibility level locations on the IRIP maps of transfer and accumulation, 

using buffer area sizes of 25 and 50 meters  
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IRIP maps Indicators Values 

Generation 

Soil permeability 
0: High permeability 

1: Low permeability 

Soil thickness 
0: Thick soil 

1: Thin soil 

Soil erodibility 
0: Low erodibility 

1: High erodibility 

Topography 
0: Slope < t1 AND topographic index < t2 

1: Slope > t1 OR topographic index > t2 

Land use 
0: Infiltrative surfaces 

1: Impervious surfaces 

Transfer 

Upstream generation 

susceptibility 

0: Low upstream generation susceptibility  

1: High upstream generation susceptibility  

Slope 
0: Slope < t1 

1: Slope > t1 

Break of slope 
0: Concave break of slope 

1: Convex break of slope 

Catchment compacity 
0: Low Horton form factor 

1: High Horton form factor 

Artificial linear axes 
0: No linear axes 

1: Presence of linear axes 

Accumulation 

Upstream generation 

susceptibility 

0: Low upstream generation susceptibility 

1: High upstream generation susceptibility 

Slope 
0: Slope > t1 

1: Slope < t1 

Break of slope 
0: Convex break of slope 

1: Concave break of slope 

Topographic index 
0: Topographic index < t2 

1: Topographic index > t2 

Flow accumulation 
0: Low flow accumulation 

1: High flow accumulation 
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Observed event 

Yes No Total 

IRIP 

Yes True positives False positives Forecast yes 

No False negatives True negatives Forecast no 

Total Observed yes Observed no Total 
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Verification 

indicators 
Formulas Interpretation 

Accuracy  
Range: 0 to 1 

Perfect score: 1 

Bias  

Range: 0 to ∞ 

Perfect score: 1 

<1 underforecast, >1 overforecast 

Success ratio  
Range: 0 to 1 

Perfect score: 1 

Probability of 

detection 
 

Range: 0 to 1 

Perfect score: 1 

False alarm ratio  
Range: 0 to 1 

Perfect score: 0 
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IRIP 

pixels 

Verification 

indicators 

Surface runoff zoning / 

Map of accumulation 

Soil erosion zoning / Map 

of transfer 

0 m 25 m 50 m 0 m 25 m 50 m 

≥4 

Accuracy 0.84 0.76 0.68 0.69 0.51 0.39 

Bias 0.41 0.25 0.18 0.12 0.07 0.06 

Success ratio 0.41 0.53 0.59 0.64 0.82 0.91 

=5 

Accuracy 0.86 0.77 0.68 0.68 0.48 0.36 

Bias 0.06 0.04 0.03 0.01 0.00 0.00 

Success ratio 0.72 0.89 0.92 0.55 0.84 0.92 
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Verification 

indicators 

Impacts on the transportation network / 

Maps of transfer and accumulation 

Roads Railways 

25 m 50 m 25 m 50 m 

Accuracy 0.68 0.65 0.34 0.30 

Bias 3.22 3.10 9.58 7.73 

Success ratio 0.23 0.23 0.08 0.12 

Probability of detection 0.73 0.72 0.80 0.90 

False alarm ratio 0.77 0.77 0.92 0.88 
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