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ABSTRACT

Surface runoff is one of the hydrological processes involved in floods, pollution transfer, soil erosion
and mudslide. Many models allow the simulation and the mapping of surface runoff and erosion
hazards. Field observations of this hydrological process are not common although they are crucial to
evaluate surface runoff models and to investigate or assess different kinds of hazards linked to this
process. In this study, a simple field monitoring network is implemented to assess the relevance of a
surface runoff susceptibility mapping method. The network is based on spatially distributed
observations (nine different locations in the catchment) of soil water content and rainfall events. These
data are analyzed to determine if surface runoff occurs. Two surface runoff mechanisms are
considered: surface runoff by saturation of the soil surface horizon and surface runoff by infiltration
excess (also called hortonian runoff). The monitoring strategy includes continuous records of soil
surface water content and rainfall with a 5 minutes time step. Soil infiltration capacity time series are
calculated using field soil water content and in situ measurements of soil hydraulic conductivity.
Comparison of soil infiltration capacity and rainfall intensity time series allows detecting the
occurrence of surface runoff by infiltration-excess. Comparison of surface soil water content with
saturated water content values allows detecting the occurrence of surface runoff by saturation of the
soil surface horizon. Automatic records were complemented with direct field observations of surface
runoff in the experimental catchment after each significant rainfall event. The presented observation
method allows the identification of fast and short-lived surface runoff processes at a small spatial and
temporal resolution in natural conditions. The results also highlight the relationship between surface
runoff and factors usually integrated in surface runoff mapping such as topography, rainfall
parameters, soil or land cover. This study opens interesting prospects for the use of spatially
distributed measurement for surface runoff detection, spatially distributed hydrological models

implementation and validation at a reasonable cost.
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1. INTRODUCTION AND CONTEXT

Heavy or long lasting rainfall events may trigger surface runoff and induce major flood hazards, even
far from river networks. In France flooding by surface runoff represents 43% of flooding recognized as
natural disaster (Dehotin and Breil, 2011a). This statistic was obtained using 140,000 natural disaster
declarations in the French official national database since 1983. Thus surface runoff appears as one

major cause of flooding in France, the other one being flooding by river overflow.

Surface runoff generation is a topic addressed by many authors in various research fields. These
researches include for example understanding of surface runoff processes in various natural contexts
(Lange and Haensler, 2012; Latron and Gallart, 2008; Mufioz-Villers and McDonnell, 2012; Wemple
and Jones, 2003) or evaluating the role of surface runoff in pollution transfer or soil erosion (Beven,
2006; Bryan, 2000; Carey and Simon, 1984; El Kateb et al., 2013; Hudson, 1993; Wu et al., 1993).
Several authors focused on the role of different landscape factors (microtopography, roughness,
vegetation, land use, antecedent soil water content, water table, soil water potential etc.) and rainfall
characteristics (rainfall intensities, drop size, storm Kinetic energy etc.) on surface runoff generation
(Arnaez et al., 2007; Braud et al., 2001; Castillo et al., 2003; Dunj6 et al., 2004; Dunne et al., 1991,
Dutton et al., 2005; Lafforgue, 1977; Latron and Gallart, 2008; Nicolas, 2010). Hydraulic features
designing in engineering is also a domain for surface runoff investigation, mainly for evaluating
surface runoff discharge, velocity or water depth (Boughton and Droop, 2003; Chanasyk et al., 2003;
Jain and Singh, 2005; Koutroulis and Tsanis, 2010). Flood forecasting, groundwater recharge and
irrigation are other topics of surface runoff survey (Harbor, 1994). There are two main approaches for

surface runoff study and prediction: modeling-based and field observation-based methods.

Several models are used for surface runoff processes simulation or mapping. The Lisem model
simulates surface runoff and rill erosion (De Roo et al., 1996a; De Roo et al., 1996b). The WEP and
the RUSLE models (Nearing et al., 1989), are based on universal equation of soil losses (Renard et al.,
1991). The RuiCells® model uses cell automaton method for surface runoff simulation (Douvinet et al.,
2006; Langlois and Delahaye, 2002). These models are based on infiltration estimation combined with
the overland kinematic wave equation to compute runoff discharge. Their parameterization or
calibration can be performed using field experimentation (Connolly et al., 1997; Connolly and Silburn,
1995; Smith et al., 2004; Wu et al., 1993). Soil erosion mapping models are based on combinations of
landscape factors such as soil type, land use and several topographic parameters (de Jong van Lier et
al., 2005; Le Bissonnais et al., 1998; Le Gouée and Delahaye, 2008; Renard et al., 1991). Other
models, like KINEROS2 (Smith et al., 1995; Woolhiser D.A. et al., 1990) and SEAGIS (DHI, 2002)
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are designed to simulate sediment yield time series and the effect of management strategies to limit the
erosion process. These models need field parameters such as distributed soil parameters or agricultural
practices that are difficult to obtain. Moreover, the temporal dynamics of field parameters are generally

not measured nor taken into account.

Field observations of surface runoff are usually achieved using various techniques. One of the most
used is rainfall simulation devices (Abudi et al., 2012; Hartanto et al., 2003; Navas et al., 1990;
Nicolas, 2010; Pérez-Latorre et al., 2010; Roose, 1977; Roose et al., 1993; Silva and Oliveira, 1999;
Singh et al., 1999). It consists in field simulation of rainfall events with various intensities at fixed
plots or using a mobile simulator. They allow estimating the rate of rainfall which infiltrates the soil
and the one which flows overland. This technique allows testing the impact of different and realistic
rainfall intensities. Nevertheless results are different from those of natural rainfall conditions because
rainfall spatial heterogeneity is not integrated and soil initial conditions are not realistic for all
simulations. Several field observation studies are based on tracer experiments. They use dye tracers or
natural water isotopes (5'0 of precipitation and stream waters) for chemically based hydrograph
separations (Holzmann and Sereinig, 1997; Weiler et al., 1999). These experiments sometimes show
the role of event water on surface runoff flow (Holzmann et al., 1997; Weiler et al., 1999). However
meaningful identification of flow components and their generation mechanisms by these techniques
needs coupling with other field data (Rice and Hornberger, 1998). These field experiment techniques
of surface runoff observation are often heavy to install, to monitor and also difficult to replicate
(installation and maintenance). Because the usual techniques are generally of large dimension and need
specific skills, their deployment and monitoring on several sites are difficult. Usually they do not
provide usable information about surface runoff mechanisms (Hudson, 1993). They are seldom used
for validation purposes, to understand the role of several parameters on surface runoff processes or for
soil parameters estimation in hydrological models. Thus existing observation techniques are not
relevant for studying the spatially distributed occurrence of surface runoff in natural conditions. They

do not allow a comprehensive mapping of areas sensitive to surface runoff at a catchment scale.

A method for surface runoff susceptibility mapping, (called IRIP: French acronym for Intense Pluvial
Runoff Index) was proposed by Dehotin and Breil (2011b). It is based on spatial analyses of landscape
factors and allows a comprehensive mapping of areas sensitive to surface runoff production, transfer
paths and accumulation at a catchment scale, without explicit hydrological modeling. The objective of
the experimental study presented in this paper is to assess the relevance of this mapping method, i.e. to
verify that runoff occurrence is larger in areas pointed out to be prone to surface runoff by the method.
We are therefore interested in getting a spatialized evaluating of runoff occurrence. For this purpose,
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we use a distributed network of soil water content measurement sensors and rain gauges stations, with

a high temporal resolution to estimate surface runoff occurrence frequency.

The experimental catchment and the observation strategy are presented in section 2, follows by the
monitoring protocol for surface runoff occurrence detection and the analysis methods. Section 3 details
and discusses field observations. Section 4 synthetizes the experimental results, discusses the limits of
the proposed field instrumentation and illustrates its potential for holistic field observations of
catchment response.

2. MATERIALS AND METHODS

2.1. Experimental catchment description

The Mercier stream catchment (7 km?) is located near Lyon city in France (Fig. 1). It is a small rural
catchment with low urbanization, covered mainly with forests located upstream and crops located
downstream of the catchment. The upstream part of the catchment should not be very sensitive to
surface runoff because of the mitigation role of vegetation. Catchment’s geology is composed of
granite and gneiss with soils characterized by a large spatial variability (SIRA, 2012). The catchment
is characterized by permeable soils with permeability values ranging from 0.01 to 0.001 mm h™
(Gonzalez-Sosa et al., 2010). The high soil permeability is expected to lead to a low sensitivity of the
catchment to surface runoff by infiltration excess. Upstream of the catchment, soils are very shallow
(<0.1m). This catchment is part of a long term Field Observatory (OTHU project)!. Collected data
were used in several research programs such as the AVUPUR project (Assessing the Vulnerability of
PeriUrban Rivers) described in Braud et al. (2010) and Braud et al. (2013). This project also provided
a part of the data used in this study, such as a LIDAR digital elevation model (Sarrazin, 2012), a high
resolution land use map derived from aerial photos (Jacqueminet et al., 2013), and in situ soil
hydraulic properties (Gonzalez-Sosa et al., 2010).

! Field Observatory for Urban Water Management, http://www.graie.org/othu/
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Fig. 1: Location of the Mercier catchment in France and location of the observation sites for soil water content
measurements (#1-#9) and locations of water level monitoring (#a) in the river (Sarrazin, 2012)

2.2. Presentation of the IRIP method for surface runoff mapping

The IRIP method is based on a spatial analysis, from upstream to downstream a watershed, of potential
occurrence of surface runoff, using landscape factors relevant to describe surface runoff generation,
transfer and accumulation (Dehotin and Breil, 2011b). These factors include topographic factors
(slope, wetness index, drained area index and break slope), soil parameters (soil thickness, soil
permeability and soil erodibility) and land use (urbanized, agricultural or forest areas). The method
produces three maps depicting sensitivity of various landscape areas to produce, to transfer or to
accumulate surface runoff. Rainfall characteristics are not considered. Thus the method aim is to
identify areas that are most likely to produce surface runoff. Areas sensitive to surface runoff
production are derived from slope, land use, soil permeability, soil thickness, soil erodibility and
topographic wetness index. Each sensitivity map is classified in two classes: sensitive/not sensitive to
surface runoff production. Then all the maps are summed up leading to a sensitivity index between 0
(no sensitivity) to 5 (high sensitivity) to surface runoff production. The same principles are applied to
derive the two other maps Transfer paths are mapped using topographic analysis which provides slope,
break slope, upstream drained area, shape Horton index (Horton, 1945) and linear features such as
roads and railways. The latter can divert the flow and induce artificial flow paths, or create water
accumulation (roads for instance). An index of upstream surface runoff production is also integrated
(transfer path depends on the existence of production areas upstream). Areas sensitive to surface runoff
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accumulation are derived from slope, break slope, upstream drained area shape Horton index, upstream
surface runoff production index and a topographic wetness index. Evaluating the relevance of these
maps requires distributed observations of surface runoff occurrence (yes or no signal). Simple and
distributed devices, placed at representative sites are needed for assessing the mapping relevance.
Maps generated by the IRIP method on the Mercier catchment are illustrated in Fig. 2. They were used
to select the locations of the observation sites (Fig. 1). The latter were chosen to sample different areas
sensitive to surface runoff production, transfer and accumulation respectively (see Table 1).

(b)

Egaux #3
Sigodiere #1-—
8
Ponce transfer #8 )
Surface runoff transfer paths
i (c)

NS
\ / _
RN =~
Pence aval #7;

TR
[ % 4 3 £
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Fig. 2: Surface runoff production (a), transfer (b)ﬂa—na accumulation (c) susceptibility maps in the Mercier

catchment showing sensors location

A I Surface runoff accumulation areas

Sites Altitude

Slope

Expected

Conductivity

Saturated Surface

. Location on Landuse G water  runoff
number stations (m) hillslope (m/m) susceptibility (mm.h) content frequency
to runoff 3 3
(mm?) (%)
#1 Sigodiere 457 Transfer path 0.14 Crops Transfer 0.0150 - -
#2 Luere 667 Upstream 0.23 Forest Production 0.0088 0.41 5%
#3  Egaux 382 Transfer path 0.08 Crops roduction 0.0150 047  44%
/Transfer
#4 Presles 426 Downstream 0.1 Pasture Accumulation 0.0042 0.47 85%
#5 Fumoy 512 Upstream 0.18 Pasture Production 0.0098 0.43 50%
#6 Z‘;:gﬁt 495 Upstream 0.34 Pasture  Production 0.0150 054  53%
#7 Z(\)/g(lze 438 Downstream 0.15 Pasture Accumulation 0.0380 0.46 75%
0
#8 Ponce 458 Transfer path 0.17 Pasture Transfer 0.0150 0.37 47%
Transfert
0
#9 Sglf:(fu 599 Upstream 0.3 Urban Production 0.0098 0.45 60%

Table 1: Measurement sites description
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2.3. Field instrumentation

The observation strategy aims at detecting two runoff mechanisms, using distributed observation
devices: surface runoff by infiltration excess and surface runoff caused by saturation of the soil surface
horizon. Soil water content time series were recorded continuously in order to detect at each site,
potential water ponding at soil surface, for each significant rainfall event. A first set of 20 potential
sites was selected from the mapping results. Field constraints limited the number of measurement sites
to nine. These constraints are related to field accessibility and authorizations from residents or farmers.
A one year (from 09/04/2010 to 08/04/2011) measurement campaign was organized (de Lavenne,
2010) to record surface runoff occurrence and to identify active surface runoff mechanisms. Nine
water content sensors (SM100 from Spectrum Technologies Corporation) were installed (9 sites over 7
kilometers) to record continuously soil water content with a 5 to 15 minutes time step (3-5cm below
the soil surface). The existing rainfall stations network was extended to 5 rain gauges (almost 1 site per
square kilometer). Rain gauges were recorded with a time step of 5 minutes. All electronic devices
were connected to small data loggers (WatchDog mini stations from Spectrum technologies) from

which data were downloaded each month by an operator (Fig. 3-a).

Measurement sites characteristics are presented in Table 1. Four sites are located upstream the slope
(‘Luere’-#2, Fumoy’-#5, ‘Ponce Amont’-#6 and ‘Rochecoucou’-#9) and two sites are located
downstream the slope (‘Presles -#4 and ‘Ponce Aval’-#7). The ‘Egaux’-#2, ‘Sigodiere’-#1 and ‘Ponce
Transfert’-#8 sites are located within surface runoff transfer paths. At the ‘Ponce Amont’-#6 (site
located upstream the slope), two sensors were installed at the same location: one at 3-5 cm from the
top soil and another one at the bedrock, located 10 cm below the soil surface. It allows analyzing
subsurface flow occurrence. Three measurement sites (‘Ponce Amont’-#6, ‘Ponce Transfert’-#8 and
‘Ponce Aval -#7) are located on the same hillslope, from upstream to downstream in order to observe

event surface water dynamics in a hillslope.

Continuous records were complemented with rainfall post-event field observations. They are based on
a network of 24 water traps designed and installed close to the monitoring devices, with 3 water traps
per site on average. A water traps consists in a PVC tubes with 5 cm in diameter, perforated in its top
part and closed at each extremity to avoid direct rainfall input on top and to create storage capacity at
the bottom. They were installed in the first 5cm depth soil layer in the perforated zone, closed at the
top (Fig. 3b). This device is expected to intercept surface runoff generated during a rainfall event.
Water traps content were emptied after each significant rainfall event in order to be sure that the water
they contain was associated with the most recent rainfall event. These observations were used to
confirm occurrence of surface runoff both by saturation of the first soil horizon and by infiltration
excess highlighted by the continuous sensors records.
8
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Fig. 3: Photos of the soil water content measurement sensor (a), water traps (b) installed in the catchment and soil
moisture sensor calibration in the laboratory with in-situ soil (c-d)

2.4. Soil water content sensors calibration

A relationship relating sensors readings to soil water content is provided by the constructor. We
performed laboratory measurements in order to verify these relationships. We used gravimetric soil
samples taken in the field at each measurement site (Fig. 3c, 3d). Each sensor was calibrated for each
site with the corresponding in-situ soil sample. A known volume of soil sample taken from the field
was saturated, drained and dried in an oven in the laboratory. Samples were saturated from the bottom
(as long as needed to reach full saturation of soil sample) and a first value of soil water content was
measured by the sensor. Soil samples were then left dry by gravity and their saturated soil mass
computed, knowing the container weight. Soil samples were dried and their weights were measured
periodically as well as the corresponding sensor reading. When the soil sample got dry (after one
week), the soil was oven-dried at 105° during 48 hours. The oven dry weight was measured and the
sensor value was read. VVolumetric water content at each site was calculated using the following
equation:

H, =1oo{(m;m‘“y)} M

(P X Viet)
where H, is the volumetric water content (m*> m™®), m; the mass of soil at a given water content during

dry down, mgry (kg) the oven-dry soil mass, Vi (m®) the total soil volume and p,, the water volumetric
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mass (kg m™). These measurements confirmed the constructor relationships which was further used in
the study.
Saturated soil water content value was used to follow-up the first soil horizons saturation during each
rainfall event. From this analysis the effective saturated soil water content in the Mercier catchment is

variable and ranges from 37 to 54% (Table 1) according to soil samples from measurement sites.

2.5. Data processing

The method used to process the recorded data is presented in Fig. 4. It allows identification of surface
runoff occurrence and its type (Hortonian or saturation of the soil surface horizon) for each

observation which is defined as a couple (rainfall event and measurement site).

Surface runoff by infiltration-excess is detected by comparing soil infiltration capacity time series and
rainfall intensity time series. Infiltration capacity time series are computed from field records of soil
initial water content (recorded before each rainfall event) and field measures of soil surface hydraulic
conductivity. The mechanism of infiltration-excess is illustrated in Fig. 5a. During a rainfall event, soil
infiltration capacity (in mm h™) decreases quickly to reach a near constant infiltration value when the
soil is saturated, corresponding to the saturated hydraulic conductivity. If rainfall intensity (also in mm
h™) exceeds the infiltration capacity, surface runoff can occur. Infiltration capacity is computed using
the Smith and Parlange (1978) equation:

exp(F/B)

‘(F/B)-1] ®

where f is the infiltration capacity, function of time, K is the saturated hydraulic conductivity, F is the

cumulative infiltration, B is a parameter related to the saturation deficit :

B= G(6-6) (3

G is the net effective capillarity, G was estimated from Smith et al (2002). It is a function of soil
texture. & is the saturated soil moisture and & is the initial water content at the beginning of the
rainfall event. In situ soil water content reading from the sensors were used to specify &. The soil
saturated hydraulic conductivity used for computation is taken from in-situ values, derived from
positive head and tension disk infiltrometer infiltration tests presented in Gonzalez-Sosa et al. (2010).

Values are provided in Table 1.

10
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hortonian overlandfiow| (no runoff) o runo saturation

Fig. 4: Overview of the data processing method for the detection and identification of the surface runoff type

The second surface runoff mechanism detected using the collected data is surface runoff by saturation
of the soil surface horizon. Indeed, in our catchment, characterized with shallow soils and relatively
high values of saturated hydraulic conductivity (see section 2.1), a decrease of hydraulic conductivity
with depth was observed using in situ data. This can favor the apparition of perched water tables,
leading to the saturation of the top soil horizon, but not of the full profile. In agricultural areas, such
hydraulic conductivity contrasts can be induced by ploughing. This type of runoff was detected by
comparing soil water content time series with the saturated values provided in Table 1. During each
rainfall event, soil surface saturation state is checked using the continuous record of soil water content.
When rainfall continues after soil saturation, it is assumed that water ponding has occurred and runoff
on saturated surface can start. A similar procedure was used by Schmocker-Fackel (2007) for
identifying surface runoff process using a set of rainfall and piezometers data in a small catchment.
Surface runoff by saturation of the soil surface horizon is illustrated in Fig. 5b. During a rainfall event,
soil water content rises and the soil can become saturated. We assume that it happens when soil water
content time series reach a plateau and remain almost constant, with a value close to the laboratory soil
saturated water content. When this constant value is reached, we assume that the first soil horizon is

saturated and additional rainfall is generating surface runoff until the rain stops.

All the recorded data were used to compute the occurrence of surface runoff. The role of rainfall event
characteristics on surface runoff mechanisms and relationships between observed surface runoff
frequency and several landscape factors on surface runoff occurrence were also analyzed. A single
dimensional approach and a multi-dimensional analysis are performed. The multi-dimensional analysis

is based on Factorial Analysis of Mixed Data (FAMD) proposed by Pages (Pagés, 2004), using the

11
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FactoMineR package (L€ et al., 2008). In the analysis we considered the observations as “individuals”
and the following variables: six quantitative variables: event cumulated rainfall, event maximum
rainfall intensity, event rainfall duration, saturated hydraulic conductivity, soil depth and initial soil
moisture and two qualitative variables with two modalities (yes/no): occurrence of saturation runoff,
occurrence of hortonian runoff. Runoff occurrence was considered as a supplementary variable as it is
redundant with the two others (runoff occurrence is yes if either saturation or hortonian runoff
occurrence is yes). The FAMD function of the R package was used for this purpose. Hierarchical

Clustering of Principal Components (HCPC function of the package) was performed.

Rainfall Hortonian overlandflow

Infiltration
capacity

Infiltration cgpacity
at saturation|

(a)

Rainfall

(mm)

Time

overlandflow
Surface
Runoff end

Soil moiture at
saturation (%)

Surface
i ) Runoff start
Soil moiture

(%)

(b) Time
Fig. 5: Hlustration of the detection of surface runoff: (a) by the Hortonian overland flow (comparing rainfall
intensity and infiltration capacity) and (b) by saturation excess (checking rainfall event after soil saturation)

3. RESULTS
3.1. Rainfall events characteristics

A total of 15 significant rainfall events were analyzed. Combined with the 9 measurement sites, it
leads to a total of 183 observations. Rainfall events are considered as significant when rainfall
accumulation is larger than 10 mm or if a maximum intensity larger than ten millimeter per hour over
5 minutes (10 mm h™) is reached. These threshold values were chosen after analyzing all recorded data
and considering a rainfall amount that induced significant changes of soil water content, or rainfall

events with a maximum intensity larger than the minimum observed saturated hydraulic conductivity.

Recorded rainfall events lasted from a few minutes to a few days. As shown in Fig. 6, the rainfall

intensity and accumulation were highly variable. The highest value of rainfall intensity is 132 mm h™
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over 5 minutes, and the largest value of rainfall accumulation is about 139 mm in one day. Against all
expectations (given the small catchment size), a high spatial variability of the rainfall accumulation
between the rainfall gauges in the catchment is observed. The standard deviation of the annual rainfall
accumulation between the five rain gauges is about 114 mm. As reference, 82 mm is the average
standard deviation of inter-annual rainfall amounts for the catchment from existing monitored rain

gauges stations (Braud et al. 2013).
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Fig. 6: Distribution of rainfall accumulation and maximum intensity for the observed significant rainfall events

We also observed, for various rainfall events, a significant spatial variability of the maximum intensity
between rainfall gauges. For each rain gauge, rain accumulation and maximum rainfall intensity are
reported in Table 2. The total rain accumulation over the observation period is 587.6 mm and the mean
of the maximum rainfall intensity for the different stations is about 90 mm h™over 5 minutes. The
mean temporal interval between two rainfall events on the different sites ranges from 6 days to 10
days. The minimum time interval observed is about 12 hours. Previous rainfall may influence initial
soil moisture and later on soil initial infiltration capacity but given the relatively high infiltration
capacity of the soils (see section 2.1) and the quick drainage of the surface soil layer (see section
3.4.3), we consider the hypothesis of independence of rainfall events as reasonable. Moreover, other

hydrological processes, such as subsurface lateral flow, may also influence the initial soil moisture.

Location Rain accumulation during the Max Intensity

number Rain station observation period (mm) (mm h™)
#1 Sigodiere 587,7 88,8
#2 Luere 584,3 63,6
#3 Egaux 569,5 105,0
#4 Presles 437,9 61,2
#9 Rochecoucou 758,6 132,0
Mean 587,6 90,1
Standard dev 114,0 29,7

Table 2: Observed rainfall characteristics by rainfall gauge on the Mercier catchment
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3.2. Surface runoff occurrence frequency in the Mercier Catchment

All rainfall events were analyzed following the strategy depicted in Fig. 4 and 5. Surface runoff
occurrence was checked by analyzing field data. Fig. 7 illustrates an observation data from the ‘Ponce

Amont’-#6 site. In this example, two surface runoff mechanisms are detected.

In the upper part of Fig. 7, the horizontal red line is the value of saturated soil water content. The grey
band surrounding the red line represents the uncertainty range of sensor records, as provided by the
constructor (around 2%). The blue dots curve is the time series of soil surface water content during the
rainfall event. While soil water content remains inside the grey band, the top soil is considered as
saturated. Therefore, any additional rainfall will induce water ponding and surface runoff by saturation
of the soil surface horizon. The orange line in Fig. 7 represents the soil saturated hydraulic
conductivity. Infiltration capacity during the rainfall event (green line in Fig. 7) is calculated using Eq.

Infiltration capacity is always higher than soil saturated hydraulic conductivity. Until rainfall

intensity remains higher than infiltration capacity, surface runoff by infiltration excess can occur.
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Fig. 7: Illustration of surface runoff detection from recorded data on the ‘Ponce Amont’-#6 station. Surface runoff
by Hortonian overland flow is detected by comparing rainfall intensity and infiltration capacity. Surface runoff on a
saturated surface occurs when rainfall continue after soil saturation

Several rainfall events and measurement sites were chosen to illustrate representative cases of surface
runoff identification (Fig. 8). These graphs are similar to those of Fig. 7. At the ‘Ponce Amont’-#6 site
(Fig. 8a), only surface runoff on saturated surface (see water content time series) is detected. Hortonian
runoff is identified in Fig. 8b at the ‘Luére’-#2 site (rainfall intensity curve greater than the infiltration
capacity). Both mechanisms leading to surface runoff are observed at the ‘Egaux’-#3 site (Fig. 8c)

whereas no surface runoff occurs at the ‘Ponce Tranfert’-#8 site (Fig. 8d).
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In practice, it was not always easy to make a distinction between different runoff mechanisms,
especially when the two processes occur at the same time. In these cases, high rainfall intensity
induces saturation of the first soil horizon. Even if infiltration continues, water ponding can occur at
the soil surface. In such cases it is considered that the two surface runoff mechanisms probably occur.
However, this situation was rarely observed (four times on the whole data set). The confirmation of
detected surface runoff was performed using the water traps devices presented in Figure 3b. Ten of the
fifteen significant rainfall events were followed by field observations. Analyzing field observation

sheets, a total of 160 observations were followed by a field observation.

This analysis is performed for each site and for each significant rainfall event, using the 183
observations. Surface runoff frequency is then defined as the number of detected surface runoff
divided by the number of observations. In the Mercier catchment 34% of 183 observations generate
surface runoff. Saturation excess represents 70% of the detected surface runoff events. It is thus the
most frequent mechanism observed in the Mercier catchment. Fig. 9 and Table 1 present a synthesis of
surface runoff frequency for the different runoff mechanisms, at each observation site. Fig. 9 confirms
that surface runoff by saturation of the soil surface horizon is the most frequent surface runoff process
at sites located downstream the slope (#4 and #7). Two sites located upstream the slope (#2 and #5) are

more sensitive to surface runoff by infiltration excess.
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Fig. 8: Some examples of runoff detection graphs at ‘Ponce Amont’-#6 (a), ‘Luere’-#2 (b), ‘Egaux’-#3 (c) and ‘Ponce
Transfert’-#8 (d) stations
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Fig. 9: Runoff detection rate for different kinds of surface runoff for all the runoff events at each observation site

3.3. Role of rainfall accumulation and intensity on runoff occurrence

Relationships between surface runoff frequency and two rainfall characteristics are examined: rainfall
accumulation and maximum rainfall intensity over 5 minutes. All the 183 observations are grouped
into 4 classes of rainfall intensity. Similarly, the observations are also grouped into 3 classes of rain
amount per event. Surface runoff frequency is computed for each class of rainfall maximum intensity

(Fig. 10a) and of rainfall accumulation (Fig. 10b).

Fig. 10a shows that the frequency of surface runoff by infiltration excess increases when rainfall
intensity increases. We also observe that for rainfall maximum intensity less than 15 mm h™, no
surface runoff by infiltration excess is detected while all rainfall events with a maximum intensity
higher than 60 mm h™* induce surface runoff. In this case, surface runoff by infiltration excess is the
most frequent mechanism. The frequency of surface runoff on saturated surfaces increases with rain
accumulation (Fig. 10b). These results are consistent with our expectations and with results from other
authors (e.g. Dunne et al., (1991); Assouline and Ben-Hur, (2006)). Another interesting result shown in
Fig. 10 is that low rain accumulation or low maximum rainfall intensity can also induce surface runoff.
It confirms that despite the large impact of rainfall on runoff generation, neither rain intensity nor

amount of rainfall accumulation is able to fully explain surface runoff occurrence.
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Fig. 10: Observed relationship between surface runoff frequency and (a) maximum intensity and (b) rainfall
accumulation
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3.4. Role of several landscape factors on runoff generation

The main hypothesis of the IRIP mapping method is that surface runoff occurrence is explained by a
set of favorable landscape factors as depicted in Dunne et al. (1975). Measurement sites have different
characteristics (e.g. slope, soil hydraulic properties and land use etc.) as presented in the section
‘Materials and methods’. The goal of the present section is to use our experimental data to describe
and analyze relationships between surface runoff frequency and some landscape factors, namely soil
hydraulic conductivity, soil thickness and soil initial water content. The impact of other parameters
such as slope, soil erodibility and topographic index is not analyzed due to the lack of spatial

variability of those parameters amongst measurement sites.

3.4.1. Soil saturated hydraulic conductivity

In order to assess the role of soil hydraulic conductivity on surface runoff, observations are grouped
into 5 classes according to their soil saturated hydraulic conductivity. These classes (Table 1) broadly
represent silty and sandy soils. Each class includes one or more measurement sites. About 36
observations are analyzed per class (Table 3). Surface runoff frequency is computed as the ratio
between the total number of observations in each hydraulic conductivity class and the total number of
observations in the class. Fig. 11a presents the surface runoff frequency for different classes of
hydraulic conductivity. In the radar graph (Fig. 11b), each axis represents classes of hydraulic
conductivity. Two kinds of behaviors are observed. The most impervious soil (silt) is sensitive to
surface runoff by Hortonian mechanism whereas sites with high hydraulic conductivity are mainly
sensitive to surface runoff by saturation of the soil surface horizon. These results confirm the role of
soil hydraulic conductivity on surface runoff generation, as also pointed out by several authors
(Blanco-Canqui et al., 2002; Dunne and Black, 1970). The class with conductivity value of 0.0088
mm.s™ (#2) is located on forest. Only one surface runoff occurrence was identified, despite the value
of soil permeability. This situation is probably due to the attenuation role of vegetation on surface

runoff generation.
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Fig. 11: Relationship between soil hydraulic conductivity and surface runoff frequency plotted as (a) an histogram
and (b) a radar graph
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Hydraulic conductivity Number of observed rainfall

classes events
0.0042 25
0.0088 25
0.0098 50
0.0151 71
0.038 12

Mean 36.6

Table 3: Rainfall events for each class of hydraulic conductivity

3.4.2. Soil thickness

The range of soil thickness at measurement sites is limited to only two categories: soils with thickness
lower than 15 centimeters and soils with thickness larger than one meter. Measurement sites were
grouped in two classes: site with soil thickness lower or larger than one meter. As in the previous
section, each class includes several measurement sites (Table 4). Surface runoff frequency is the sum
of total occurrences of surface runoff of the class, divided by total number of analyzed observations in
the class. Fig. 12 shows surface runoff frequency for different soil thickness classes. Overall more
surface runoff occurs on deeper soils against all expectations, as it is generally assumed that soils with
low thickness are more sensitive to surface runoff than soils with large thickness. However, our result
is influenced by sites location. Sites with a high value of soil thickness are located downstream the
slopes, in water accumulation areas whereas sites with a small soil thickness are located upstream the
slope where soils are well drained and shallower. These results cannot be extended to the whole
catchment because the set of measurement sites is not representative of the catchment soils thickness

distribution.
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Fig. 12: Relationship between soil thickness and surface runoff occurrence

Soil thickness classes Number of observed rainfall

events
<=100cm 33
> 100 cm 60
Mean 46.5

Table 4: Rainfall events for each class of soil thickness
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One of the most common assumptions about the role of soil thickness is to assume soil saturation from
the bottom of shallow soil layers. After filling the porosity within the soil matrix, it would result in
surface runoff on saturated surface. This surface runoff mechanism occurrence was analyzed in the
experimental catchment. Fig. 13 shows the evolution of soil water content at the ‘Ponce Amont’-#6
site, near the soil surface (blue dots curve) and near the bedrock 10 cm below the topsoil (green curve).
Surface runoff on saturated surface is detected. However, close to the bedrock, no saturation is
observed. Soil water content value is lower than 10% whereas the value at saturation is about 35%. In
this case, no surface runoff by saturation excess, due to the whole soil profile saturation from the

bedrock is detected.

In conclusion, the role of soil thickness could not be clearly demonstrated in the context of this field
experimentation. However impacts of soil thickness on runoff generation was shown by authors such
as Sharpley (1985), Power et al (1980), Peters et al, (1995) or more recently Rahimy (2012). Sampling
a larger soil thickness range would have been necessary to more clearly demonstrate the role of soil
thickness. As shown by Graham et al (2010), bedrock permeability may also play an important role on
subsurface flow, that can impact the occurrence of surface runoff. The role of bedrock permeability on

above bedrock soil water content evolution is not analyzed in this study.
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Fig. 13: Time series of soil water content during a rainfall event near the soil surface (-3cm) and near the bedrock (-
10cm) at Ponce Amont station #6

3.4.3. Soil initial water content

Initial soil water content is one of the most discussed factors in the literature regarding its role in
initiating surface runoff. This role is here analyzed using in-situ values measured for each rainfall
event, few minutes before the beginning of the event. Initial soil water content for the 183 observations
were grouped into five (5) classes of initial water content (0-10%; 10-30%; 30-50%; 50-75%; 75-
100%). As in the previous sections, each class includes one or more measurement sites. In this case,
each site may be included in different classes, as initial water content may be different from one
rainfall event to another. Surface runoff frequency is the sum of total occurrences of surface runoff of
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the class divided by the total number of observations in the class. Table 5 presents the number of
observations analyzed for each class. Fig. 14 presents surface runoff frequency as function of soil
initial water content classes. In the radar graph, each axis represents a different initial water content
class. Fig. 14 shows that more surface runoff occurs for high soil initial water content. In Fig. 14a, two
trends are observed. Limited surface runoff occurs at very low initial water content (0-10%). High
values of initial water content are linked to significant surface runoff frequency. These results confirm
the hypothesis of low infiltration on wet or saturated soils, in the IRIP surface runoff mapping. It is
also consistent with usual results about the role of soil initial water content on surface runoff and
erosion (Castillo et al., 2003; Govers and Loch, 1993; Hino et al., 1988; Huang et al., 2002; Le
Bissonnais et al., 1995; Truman et al.). In the radar graph of Fig. 14b, surface runoff occurs for very
low initial soil water content, mainly by Hortonian mechanism. This result may be explained by water
repellency of dry soils that makes these soils sensitive to surface runoff (Badoux et al., 2006; Dekker
and Ritsema, 2000).

Soil initial water content Number of observed rainfall

classes events
0-10 % 33
10-30 % 33
30-50 % 31
50-75 % 33
75-100% 53
Mean 36.6

Table 5: Rainfall events for each class of soil initial water content
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Fig. 14: Relationship between soil initial water content (WC) and surface runoff occurrence plotted as (a) an
histogram (a) and (b) a radar graph

Effects of soil initial water content depend on the sites location within the catchment (upstream or
downstream the slope). Fig. 15a shows that observation sites located downstream are more sensitive to
surface runoff by saturation excess and sites located upstream are more sensitive to surface runoff by
infiltration excess. Axes of Fig. 15a represent surface runoff frequency at observation sites. Time
series of soil water content (Fig. 15b) show different hydric regime at observation sites located from
upstream to downstream the same hillslope. Sites located upstream are quickly drained after rainfall
events contrarily to those located downstream the hillslope. Sites located upstream seem less

influenced by soil initial water content (Fig. 15a). This observation suggests that the role of initial soil
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water content on surface runoff generation must be taken into account mainly in areas located

downstream the slope as depicted in Huang et al (2002).
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Fig. 15: Relationship between initial soil water content and surface runoff frequency according to the site location
(a) and soil water content evolution during a rainfall event at different sites (b) upstream site (#6), transfer path site
(#8) and downstream site (#7)

3.5. Single and multi-dimensional analysis of the data set

Fig. 16 summarizes the relative weight of different factors on surface runoff frequency using a single
dimensional analysis. In this analysis the effect of each factor on surface runoff is independent from
the others. Each axis represents surface runoff frequency for each landscape factor. It is computed,
considering all measurement sites and all analyzed rainfall events. Surface runoff frequency at
observation sites with the following characteristics are reported on the same graph: high initial water
content, low soil permeability, low soil thickness, high rainfall intensity and high rainfall
accumulation. Not surprisingly, high rainfall intensity is the main recurrent factor explaining surface
runoff frequency. It is followed by low soil permeability, and soil high initial soil water content and

high rain accumulation.
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Fig. 16: Relative influence of high initial water content, low soil permeability, low soil thickness, high rainfall
intensity and high rainfall accumulation on surface runoff frequency

As explained in section 2.5, we performed a multi-dimensional analysis using the Factorial Analysis of
Mixed Data of the data set. It allows analyzing quantitative and qualitative variables at the same time.

Quantitative variables are related to Soil Permeability, Soil Thickness, Rain Accumulation, Initial Soil
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Moisture, Rain Max Intensity and Rain Duration. Qualitative variables are related to occurrence of
hortonian surface runoff (Horton_Run), surface runoff by saturation of soil horizon (Sat_Run) the
occurrence of surface runoff whatever the cause (Tot_Run). We analyze the relationships between
predisposing factors and the different kinds of surface runoff. Fig 17 and Table 6 summarize the main
results of the multi-dimensional analysis. Three dimensions explained 66.5% of the total variance.
Thus a good relationship exists between variables. As shown in the correlation circles in Fig 17a, b, ¢
and Table 6, soil thickness and initial soil moisture are highly linked to the first dimension. Soil
permeability is linked to dimension 2 and rainfall maximum intensity to dimension 3. Rain
accumulation is linked to dimension 1 and 2. Rain duration is not linked to any dimension. The
hortonian surface runoff occurrence and the surface runoff by soil surface horizon saturation
occurrence are linked to dimension 1 (Fig 17 d, e, f). Fig. 17 g, h, i show the result of Hierarchical
Clustering on Principal Components. Cluster 1 includes ‘no surface runoff® and is characterized by low
initial soil moisture, low soil thickness, low rainfall intensity and low rain accumulation. This result is
consistent with our expectation. Cluster 2 is composed of individual with surface runoff by soil surface
saturation (90% of members), hortonian surface runoff (51% of members), no surface hortonian runoff
(49% of members), high initial soil moisture, high soil thickness, low rainfall intensity and low
permeability. Cluster 3 includes individuals with hortonian surface runoff (89% of members), surface
runoff be surface saturation (63% of members), no saturation (40% of members), high rainfall
intensity, high rain accumulation, low rain duration, low initial soil moisture. At last cluster 4 includes
individuals with surface runoff by surface saturation (84% of members), no hortonian surface runoff,
high permeability, high soil thickness, high initial soil moisture. The relationship between surface
runoff occurrence and type are not as clear as in the single dimension analysis. The results analysis
allows relating observations with surface runoff by saturation with high initial soil moisture. More
hortonian runoff is observed on sites with low permeability and high rainfall intensities (Clusters 2 and
4). More observations in more contrasting contexts are needed to take a better part of the multi-

dimensional analysis.

Variables Correlation Cos2

Dim1 Dim2 Dim3 Dim1 Dim2 Dim3

0.24 -0.53 0.56 0.06 0.29 0.32
Rain_Max_Int 0.49 -0.70 0.13 0.24 0.49 0.02
Soil_Perm 0.12 0.25 0.77 0.01 0.06 0.60
Soil_Thick 0.65 0.50 0.09 0.42 0.25 0.01
Init_Soil_Mois 0.62 0.61 -0.15 0.39 0.37 0.02
Rain_Duration -0.32 0.29 0.29 0.10 0.08 0.09
Sat_Run 0.82 0.10 0.14 0.44 0.02 0.00
Hort_Run 0.70 0.37 0.40 0.44 0.00 0.00
Tot Runoff 0.52 0.00 0.00

Table 6: Results of factorial analysis of mixed
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Fig. 17: Results of factorial analysis of mixed data: (a,b,c) Result of correlation circles; (d,e,f) Result of group
representation and (g,h,i) Result of Hierarchical Clustering on Principal Components.

3.6. Consistency between observations and surface runoff susceptibility mapping in observation

catchment

In the previous sections different assumptions about the role of some landscape factors on runoff
occurrence was analyzed in order to evaluate consistency of surface runoff mapping with observations.
Generally, sites with high surface runoff frequency are identified as surface runoff accumulation or
production areas in the surface runoff susceptibility maps. These results are consistent with our

expectations.

Fig.18 and Table 1 presents a comparison of runoff occurrence frequency as compared to the runoff
risk mapping results. Overall, sites where surface runoff production or accumulation was predicted

(see Table 1 for details) are those where larger surface runoff frequencies were observed.

Results presented in this paper are difficult to generalize to all kinds of catchments. This generalization

requires more experimentation in much contrasted catchments and denser observation network.
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Fig. 18: Surface runoff transfer and accumulation susceptibility map with observed surface runoff occurrence on
the Mercier catchment.

4. CONCLUSIONS AND PERSPECTIVES

The presented observation method was used to detect surface runoff in several sites in a small
catchment. The presented method consists in distributed observations of surface soil water content in
order to identify the occurrence of surface runoff. The presented distributed observation method allows
the monitoring of fast and short-lived surface runoff processes at a small spatial and temporal
resolution. It also allows highlighting the relationship between surface runoff and different factors
usually integrated in surface runoff risk mapping. This link is seldom observed in natural conditions.
This method allows detecting both surfaces runoff by Hortonian and surfaces runoff by the saturation
of first soil horizons. The saturation from below usually called saturation-excess near the river bank
was not addressed in this study since no observation device was setup near river. Analyzed landscape
factors are soil depth, soil initial water content, soil permeability, rainfall intensity and cumulative
rainfall amount. Two kinds of analysis were performed: single dimensional approach and
multidimensional analysis. Other factors such as slope, topographic index or soil erodibility are not
studied because their variability among the measurement sites was not sufficient. More observations in
more contrasted contexts may allow exhaustive analysis of the role of all landscape factors impacting

surface runoff generation.

Compared with usual field measurements of surface runoff, the presented method allows installation of
a sensors network, distributed in space, for surface runoff spatial distribution identification and
analysis. It also permits to overcome rainfall simulation devices (heavy and expensive) and to analyze
directly real rainfall events impact on surface runoff. Contrary to usual devices, it is possible, with a
dense network of spatially distributed sensors, to analyze easily several environmental factors.
However, the presented method only provides a yes/no information about runoff occurrence and does

not allow a direct measure of surface runoff volume. The latter can be estimated indirectly using field
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parameters coupling with equations such as Green and Ampt (1911) or Smith and Parlange equation
(1978).

Results presented in this paper open interesting perspectives for extensive use of simple field
measurements based on easy to implement sensors for surface runoff detection. It may contribute to an
enhanced understanding of hydrological processes dynamics. Such observation network can be used

more widely for example for hydrological models calibration and evaluation.
Perspectives: towards a holistic observation of surface runoff in a catchment?

As part of the AVUPUR project, several water level sensors were installed (Sarrazin, 2012) in
temporary river of the observation catchment presented above. These sensors were used to investigate
hydrological response in these rivers after rainfall events and evaluate the spatial extension of the
drainage network. The recorded time series allowed derivation of several indices related to water cycle
dynamics in these river reaches. The observation method presented in this paper provides a description
of surface runoff in the catchment hillslopes connected to temporary river reaches. Coupling this
method with the water level sensor monitoring in river reaches, may allow improving knowledge of
surface water dynamics in a given catchment. Fig. 1 shows the locations of the water level sensors and
that of the soil water content sensors. The spatial distribution of such an observation system would
allow a full description of surface runoff dynamics in the catchment. On catchment with areas sensitive
to surface runoff, the first and fast peaks in rivers are generally linked to surface runoff because it’s a
fast hydrological process.

Fig. 19 compares the first soil horizon water content (site #6) and the water level time series recorded
in the intermittent river reach located downstream the same hillslope (site #a). The elapsed time
between the onset of rainfall and the occurrence of surface runoff was estimated and is about 3 hours.
The elapsed time between the onset of rainfall and the observed water level peak is 35 minutes. It can
be compared to a kinematic wave based transfer time along the surface runoff transfer paths depicted
by the IRIP method. The flow in the temporary river has probably multiple origins. Since it occurs
after the peak of the generated surface runoff, it is however probably linked to the surface runoff

generation upstream.

This kind of instrumentation would not be relevant in contexts where subsurface flow and groundwater
may influence surface runoff dynamics, nor for catchment with long response times. This observation
method, coupling hillslope observation and measures in river may allow investigating characteristic
times of surface runoff from upstream to downstream in a whole catchment as demonstrated in Fig. 19.

It may also open perspectives for surface runoff processes description, monitoring and modeling.
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Many applications can be derived from this observation method such as models calibration and
validation by describing catchment characteristic times. Another application may be related to flash
floods monitoring or prevention. Indeed, it could be possible to calibrate a flash flood monitoring

system by combining a surface runoff susceptibility map and holistic observation devices.
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Fig. 19: Characteristic times for a catchment overland flow using soil surface water content data (site #6) and a
water level sensor in the closest river stream at site #a on Fig. 1
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