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SUMMARY

In addition to the soil saturated hydraulic conductivity, K, the initial soil moisture content, 0;,
is the quantity commonly incorporated in rainfall infiltration models for simulation of surface
runoff hydrographs. Previous studies on the effect of the spatial heterogeneity of initial soil
water content in the generation of surface runoff were generally not conclusive, and provided
no guidance on designing networks for soil moisture measurements. In this study, the role of
the spatial variability of 0; at the small watershed scale is examined through the use of a
simulation model and measurements of 6;. The model combines two existing components of
infiltration and surface runoff to model the flow discharge at the watershed outlet. The
observed values of soil moisture in three experimental plots are combined to determine seven
different distributions of 0;, each used to compute the hydrographs produced by four different
rainfall patterns for two initial conditions classified as “dry” soil and “wet” soil. For rainfalls
events typically associated with floods, the spatial variability of 6; at the watershed scale does

not cause significant variations in surface runoff for initially dry or wet soils. Furthermore,
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when the main objective is to represent flood events a single ground point measurement of 6;
in each area with the same land use may suffice to obtain adequate outflow hydrographs at the

outlet.
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1. Introduction

Theoretical and experimental investigations of soil moisture content as a function of time
have been recently carried out to achieve an acceptable representation of many hydrological
processes at different spatial scales (Corradini, 2014; Korres et al., 2015), from the local, or
point, (Romano, 2014) to the field (Vereecken et al., 2008; Penna et al., 2009; Zehe et al.,
2010; Ojha et al., 2014; Vereecken et al., 2014; Martini et al., 2015) to the basin scale (Fang
and Lakshmi, 2014; Schréter et al., 2015). Soil moisture influences, for example, the water
vapor supply to the atmosphere through the evaporation and evapotranspiration processes
from the earth surface, recharge of aquifers, sub-surface transport of pollutants, timing of
irrigation, and rainfall-runoff transformation. This paper is focused on the role of
heterogeneity in initial soil moisture in the production of surface runoff. For light to moderate
rainfall events, surface runoff is generally affected by a significant loss due to infiltration,
which is typically expressed as a function of rainfall rate, r, soil saturated hydraulic
conductivity, K, and initial soil moisture content, 0;, prior to a rainfall event. In this context,
in the mathematical representation of the rainfall-runoff transformation at the field/watershed
scale the infiltration process should be described considering the spatial heterogeneity of r, K

and 0;.



Several studies showed that K can be represented as a random field characterized by a
lognormal probability density function (Warrick and Nielsen, 1980; Sharma et al., 1987), and
this variability influences the hydrological response of a slope to a uniform rainfall rate
(Binley et al., 1989a-b; Saghafian et al., 1995; Corradini et al., 1998; Corradini et al., 2011).
Furthermore, formulations of the areal-average infiltration for K as a single spatial variable
(Smith and Goodrich, 2000; Govindaraju et al., 2001; Corradini et al., 2002) and for a joint
spatial variability of Ks and r (Wood et al., 1986; Castelli, 1996; Govindaraju et al., 2006;
Morbidelli et al., 2006) were also proposed. The dominant role of the heterogeneity of K in
the latter studies was also emphasized for frontal rainfalls with coefficient of variation of r
(CVr) considerably less than CV of Ky (CVKy).

The role of the spatial variability of K¢ with respect to infiltration and runoff seems to be well-
understood, while that of 6; needs further investigation though CV of 0; (CV6;) is smaller than
CVK; in most fields. For example, Brocca et al. (2009a, 2010) examined the spatial
distribution of 6; in a few plots under natural conditions and showed that 0; could be assumed
as a random variable characterized by a normal probability density function, limited to
positive values, with CV0; approximately equal to 0.1. In addition, it is recognized that the
values of CVKj in natural soils are typically in the range (0.3-1.0) (Nielsen et al., 1973;
Sharma et al., 1980; Smettem and Clothier, 1989; Ragab and Cooper, 1993). A numerical
analysis of the effects of a joint spatial heterogeneity of K and 6; was made by Hu et al.
(2015) who showed that runoff was more strongly influenced by the K variability.

Grayson et al. (1995) compared runoff simulations for a micro-watershed (2 m?) using two
spatial distributions of initial soil moisture characterized by the same statistical properties.
Very different responses to the same rainfall pattern were obtained for a random or an
organized 0;-field. Merz and Plate (1997) examined the dependency of runoff on the spatial

organization of 0; and soil hydraulic properties and found them important for medium rainfall



events. The effects of the spatial heterogeneity of 6; on surface runoff generation at the small
watershed scale (6.3 Km?) were also investigated by Bronstert and Bardossy (1999) using
different spatial distributions of 0; obtained through interpolation and stochastic methods.
Bronstert and Bardossy (1999) noted that spatial variability of 6; influenced surface runoff,
especially when it was a small fraction of rainfall. On the other hand, experimental
investigations using indicative values of initial moisture conditions derived by satellite and/or
few ground point measurements were found to be sufficient for use in rainfall-runoff
simulation models (Goodrich et al., 1994; Grayson and Western, 1998; Aubert et al., 2003;
Brocca et al., 2009b). The role of the spatial variability of 6; on the estimate of surface runoff
at the field scale was also examined by Morbidelli et al. (2012), who found rainfall rate and
average initial soil water content to be important factors. For heavy rainfall rates the effects of
spatial variability of ©; on surface runoff could be disregarded, but for rainfall events of low
intensity over high average soil moisture contents, the effects could be appreciable, and
become marked when the latter reduces to very low values. However, cases with low values
of both r and average 0; produce small amounts of surface water and are generally of minor
interest in applied hydrology.

An overall analysis of the aforementioned results suggests that the effects of the spatial
variability of 6; on surface runoff generation are not clearly understood because of the
differences in the selected simulation approaches as well as in the spatial scales and rainfall
patterns.

The main objectives of this paper are (1) to study the link among the simulation approach,
spatial scale and rainfall characteristics, (2) to examine the errors that could be incurred due to
scarce sampling of 6; and how that affects the hydrologic responses of a small watershed to
different rainfall patterns. A conceptual/semi-analytical model that combines a point

infiltration model for erratic rainfall (Corradini et al., 1997) with a kinematic wave model



based on a similarity profile for flow depth over overland regions and stream reaches
(Govindaraju et al., 1999) is used here. These components were tested individually and
provided accurate results. Simulations have been carried out starting from the results obtained
by Morbidelli et al. (2012) at the field scale using measurements of 0; performed by Brocca et
al. (2010) at the local scale. The hydrological response at the watershed scale has been
obtained by schematizing the watershed by a network of planes and channels as in Fig. 1
(Hager, 1984; Melone et al., 1998). Simulations have been mainly performed considering 6;
as a random variable and K constant through the watershed, besides for the sake of
completeness the role of a joint spatial heterogeneity of 6; and Ky has been shortly

investigated.

2. Modeling approach

Simulation of hydrological response at the watershed outlet requires the representation of
infiltration, effective rainfall-surface runoff transformation and water routing through the
channel networks.

The basic model is set up schematizing a real watershed by a network of planes and channels
(see Fig. 1) with 6; uniform in each plane, but varying from plane to plane, and K and r
spatially invariable. The models for point infiltration and surface runoff were described in
previous studies, and are summarized below for completeness.

To emphasize the specific role of the spatial variability of 0;, as a first approximation, the
random variability of K at the field (plane) scale is disregarded. At this scale, Morbidelli et
al. (2012) showed that the surface runoff hydrograph at the outlet can be well-approximated
simplifying the field of 6; through the value observed in a site characterized by temporal

stability or using, in cases of practical hydrological interest, a value of 6; observed at the field



scale. Thus, to investigate the role of the spatial heterogeneity of 6; on surface runoff
production at the small watershed scale, a spatially uniform value of 6; is assumed in each

plane.

2.1 Point infiltration equations

Following Corradini et al. (1997), the infiltration process is represented combining the depth-
integrated Darcy law and the continuity equation under the assumptions of 0; invariant with
depth, z, and dynamic wetting profile, 0(z), having the shape of a distorted rectangle
characterized by a parameter p and a shape factor B (<1) linked with the water content, 6, at
the surface. The resultant ordinary differential equation applicable at each time, t, for any

rainfall pattern is:
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where the subscript 0 stands for quantities at the soil surface, q denotes the downward water
flux, I’ is the cumulative dynamic infiltration depth and G is the net capillary drive depending

on the capillary head, y, and hydraulic conductivity, K, as:
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The functional forms of K(y) and y(0) are:
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where vy, is the air entry head, given for soil texture classes by Rawls et al. (1983); 65 and 0,

are the volumetric soil water contents at natural saturation and residual, respectively; and c, A



and d are empirical coefficients. Starting from rainfall with r>Kg over an unsaturated soil

surface, when 0,=0,, because qo=r and d6y/dt=0, Eq. (1) provides time to ponding, t,, as:
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For t>t,, Eq. (1) is solved to obtain the infiltration capacity, f;=qo, until {.<r as:
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Eq. (1) is used to estimate the redistribution of the wetted profile. Furthermore, if a new
complex storm occurs after redistribution, Eq. (1) is adapted considering the possible
development of a compound wetting profile and a procedure of profile consolidation. Using
numerical solutions of the Richards equation as a benchmark this component of the
simulation model was found to represent the infiltration rate with high accuracy also for

complex rainfall patterns.

2.2 Surface Runoff Equations

The kinematic wave approximation with flow resistance represented by the Manning law
(Singh, 1996) is used to describe mathematically the movement of water over a plane. For a
plane with homogeneous characteristics in terms of surface roughness and slope, for one-

dimensional flow we have:
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where h is the flow depth, n is the Manning roughness coefficient, m=2/3, Sy is the plane
slope, x is the spatial coordinate in the downslope direction, E is the effective rainfall rate
uniform through the plane and the discharge per unit width is expressed by
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Following Govindaraju et al. (1999), for a plane of length L the solution of Eq. (7) is

prescribed in the form:
(0=, ()4, (sin| 2 )

with hy(t) expressed by the boundary condition as:
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Substitution of Eq. (9) into Eq. (7), after integration over the plane length, leads to:
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Equation (11) is integrated numerically starting from the initial condition:
T
h,(0)=Z[b(0)-h, (0)] (12)

resulting from the integration of Eq. (9) over the plane length at t=0, with h(O) spatially

averaged initial flow depth. The surface runoff per unit width at the plane outlet is given by:
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2.3 Streamflow Equations

The kinematic wave approximation with flow resistance described by the Manning law
(Woolhiser et al., 1990) is adopted to represent the water movement. The one-dimensional
continuity equation is:
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where A is the area of flow cross section, q; is the net lateral inflow reaching the stream per

unit length and Q is the discharge expressed by:



Q =1slo/2ARm (15)
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with R hydraulic radius. The flow depth in the stream, H, is approximated in the form:

H(x,t)=H, (t)+H, (t)sin (’2‘—;) (16)

with H,(t)=H(0,t) given by the upstream boundary condition and, for rectangular cross-
sections of width b, expressed through the corresponding discharge Q(0,t) as:
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Expressing A and R in terms of b and H and substituting Eqgs. (15) and (16) into Eq. (14),

after integration over the stream length, L, the following equation is obtained for H;(t):
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with ql(t) spatially averaged net lateral inflow per unit length. A numerical solution of Eq.

(18) can be obtained starting from the initial condition:
H,(0)= 7 [1(0)- 1, (0)] (19)

deduced from the integration of Eq. (16) over the stream length at t=0 with LI(O) spatially

averaged initial flow depth. The discharge at the stream outlet is:
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3. Study watershed and selected data



The study area is a watershed of ~1.6 km® located in the Umbria region, Central Italy. Its
configuration is shown in Fig. 2 where the hilly topography, with altitudes in the range 288-
612 m a.s.l., in addition to the drainage channel network and the related 17 sub-basins is
illustrated. The locations of three experimental plots where measurements of soil moisture
content were available are also shown in this figure. The main geometric characteristics of the
sub-basins, with average slope up to about 30%, are reported in Table 1. The simplified
watershed structure with the planes and channels used for model simulations is illustrated in
Fig. 3. The model requires, for each plane, the knowledge of land use consisting of grassland
(average slope equal to 4%), olive grove (average slope 18%) and holm-oak (average slope
12%) in this watershed. As the olive grove and holm-oak plots are covered by grass, the
Manning roughness coefficient is assumed to be constant through the watershed planes, n=0.5
sm™, while n=0.05 sm™"” for the streams. Soil type can be considered fairly uniform through
the watershed, thus a soil representative of a silty loam, frequently found in the Umbria
region, was selected. The soil hydraulic quantities, used in Egs. (3) and (4), are rather similar
to those used in previous investigations by Morbidelli et al. (2012) and Morbidelli et al.
(2014), specifically: K=0.75 mmh’l, 0,=0.46, 0,=0.04, y,=-400 mm, with the parameters
2=0.2, ¢=5 and d=50 mm.

For this investigation, measurements of local soil moisture content in Plots 1-3 have been
adopted. These measurements were earlier performed in a large number of sampling dates in
the period from April to December 2012 (Zucco et al., 2014) by portable Time Domain
Reflectometry (see also Tables 2 and 3). Main statistics of the observed data, synthesized
through the spatially averaged point moisture content and the corresponding coefficient of
variation, are given in Table 2. Among the 23 sampling dates, two data sets characterized by a
considerable difference in the average soil moisture content (April 19, 2012 and June 28,

2012) were selected for our simulations. Table 3 summarizes the spatial distribution of
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volumetric soil moisture content, observed by Zucco et al. (2014) for these two dates in each
experimental plot where 20 local measurements were performed in Plot 1 and 15 in both Plot
2 and Plot 3. The real spatial distributions of soil moisture content in each plot are considered
to represent the initial soil moisture content and used to assign the average value of 0; in each
plane in the simulations of surface runoff under different scenarios. In this context, we note
that the number of local measurements in each plot is greater than the number of planes with
the same soil use. The aforementioned values of 0 and 0, were selected as the maximum and
minimum value of 6 observed, respectively, in the 23 sampling dates.

Three rainfall patterns observed by a raingauge located inside the study watershed within the
period from April 19, 2012 to December 18, 2012 were chosen to represent typical storms,
from light to heavy (Fig. 4a-c), producing surface runoff in a range of values from just
appreciable to significant. This choice was supported by discharge measurements at the outlet
of adjacent basins with similar hydrogeological characteristics. In addition, a hyetograph
associated with a return period of 5 years, which is applicable for storm sewer design, was

also selected (Fig. 4d).

4. Simulation results and their analysis

Simulations of surface runoff by distributed rainfall-runoff models should be carried out
combining the spatial variability of K, r and 6;. However, that would result in a practically
intractable number of combinations. While our earlier analysis dealt with 6; at the field scale
(Morbidelli et al., 2012), the current study is mainly focused on 6; at the small watershed scale
under the conditions of K and r spatially uniform.

For each hyetograph, simulations were performed using the available observations in a given

sampling date on the basis of the following seven different spatial distributions of 6;:
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0; uniform through the watershed and equal to the maximum observed value;

—  0; uniform through the watershed with value obtained by averaging all
measurements available for the plots;

—  0; uniform through each plane with value deduced by averaging all measurements
available for the plot with the same land use;

—  0; uniform in each plane and assumed equal to the minimum value observed in the
plot with the same land use;

—  0; uniform in each plane and assumed equal to the maximum value observed in the
plot with the same land use;

—  0; uniform in each plane and value randomly taken from the measurements
performed in the plot with the same land use. In the study watershed this procedure led
to assign a local measurement to a single plane, thus each plane with the same land use
was associated with a value of 0; observed in a different location. Two different spatial
distributions of 0; were realized by this “random™ approach.

The rainfall-runoff simulation model requires the solution of algebraic equations together with
the numerical solution of three ordinary differential equations (Eq. (1), Eq. (11) and Eq. (18))
which can be integrated with little computational effort.

We denote the soil with the higher water content observed on April 19, 2012 as “wet” soil
while that with the lower water content referred to June 28, 2012 as “dry” soil. The results
obtained by simulations of surface runoff hydrographs for the rainfall patterns of Fig. 4a-c
over the wet and dry soils are compared in Figs. 5-7 and Fig. 8, respectively, for all the
selected spatial distributions of 6;. Figure 5a, which refers to the light storm with rainfall
depth of 10.4 mm over the wet soil, shows that the extreme hydrographs are generated by the
distributions involving the maximum 6; through the watershed and the minimum value of 6;

for each land use, which lead to the upper and lower curve, respectively. The corresponding
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water volumes are 3,356 m’ and 782 m® with peak discharges of 0.6 m’s™ and 0.14 m’s™. In
addition, the hydrograph corresponding to the distribution of 8; with maximum value for each
land use involves values of water volume (1,993 m’) and peak discharge (0.36 m’s™)
significantly greater than those of the lower curve. The remaining hydrographs are similar
with variations in volume and peak discharge within 10% of each other. Furthermore, for the
wet soil the maximum values of soil moisture for each land use determine values of 0,-0;
rather different in the three plots (Table 3). For this reason, in order to simulate the
hydrograph derived from a single measurement made at a sub-optimal location, the
distribution with the maximum observed value of 0;, assumed uniform through the whole
watershed, was considered. The same approach, applied for the minimum observed value of
0;, resulted in limited variations with respect to the lower hydrograph of Fig. 5a. To link our
results to those earlier obtained with a joint spatial variability of 0; and K, we performed
some simulations of surface runoff hydrograph coupling the random distributions above
described for 8; with random distributions of K obtained from a lognormal probability density
function with the average value of 0.75 mmh™! and a value of CVK=0.6 included in the range
(0.3-1.0) typical of natural conditions. In this context K was assumed uniform in each plane,
but varying from plane to plane. Figure 5b compares the hydrographs for the watershed
average value of 0; and the random distribution 2, taken from Fig. 5a, with that obtained under
the same conditions but combining the last distribution of 6; with a representative random
distribution of K. As it can be seen the curve for 6; randomly variable and K uniform is very
similar to that derived using the watershed average value of 0;, while the hydrograph
simulated with both 6; and K randomly variable is characterized by a significant increase of
discharges. These results indicate that the spatial heterogeneity of K¢ is much more important
than that of 0; (see also Hu et al., 2015). A comparison of Fig. 5a with Figs. 6 and 7 indicates

that the spread between the extreme hydrographs becomes smaller with increasing total
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rainfall depth, with ratios between the maximum and minimum water volume decreasing from
4.3 to 2.5 and 1.3, respectively. Similar behavior is noted in peak discharge values. From the
same Figs. 5a, 6 and 7 it may be deduced that assuming 6; randomly variable with values
taken from the performed measurements, the corresponding hydrograph is very similar to that
resulting from the hypothesis of 0; uniform through the watershed and equal to the value
obtained averaging all measurements.

Simulations were also performed considering rainfall over the dry soil. For each rainfall
pattern the hydrographs associated with the different soil moisture distributions exhibited a
similar trend, but the differences in volume and peak discharge between the two extreme
curves, as well as between each hydrograph and that referred to the watershed average value
of 0;, were found to be greatly increased. As a representative case, Fig. 8 shows the results
obtained for the medium rainfall depth (Fig. 4b) with a ratio between the maximum and
minimum value of the water volume increased from 2.5 for the wet soil to 4 for the dry soil.
Furthermore, as it can be deduced comparing Figs. 6 and 8, also the ratio between each water
volume and that of the watershed average experiences substantial increases with values from
1.5 to 2 for the hydrograph associated with the maximum value of 6; for each land use.

The results obtained with the same total storm depth (21.2 mm) highlight that the role of the
spatial variability of 6; in a wet soil is considerably less important than in a dry soil. However
the latter reduces (approximately by a factor of 10) the surface runoff which becomes
insignificant for the development of some events of great practical interest, such as flood
events. Thus, the spatial heterogeneity of 6; in a dry soil is of fundamental importance only in
a limited number of studies involving small quantities of surface runoff.

Finally, simulations of surface runoff hydrographs generated by the hyetograph of Fig. 4d
(total rainfall depth 40.4 mm) over the dry soil were performed. The hydrographs obtained

with different spatial distributions of 6; exhibit very similar characteristics in Fig. 9 with water
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volumes ranging from 22,861 m’ to 26,580 m® and peak runoff between 7.1 m’s™ and 8.1 m’s’
! In addition, from the simulations shown in Figs. 6 and 8, more limited variations of the
hydrographs can be expected when the same rainfall pattern is applied to the wet soil. The last
results suggest that, in the design of structures in hydrological practice, the effect of the
spatial heterogeneity of 0; at the small watershed scale is of minor importance.

For wet soils, the aforementioned results indicate that the spatial variability of 6; has a
significant role for light rainfalls, while it becomes of minor interest for heavy rainfall events,
and a single measurement of 6; randomly performed through the watershed would lead to
hydrographs sufficiently accurate at the small watershed outlet. For dry soils, the surface
runoff hydrograph experiences relatively more pronounced variations for any storm as a result
of the enhanced role of infiltration in the reduction of effective rainfall. That is supported by
the volumes of surface and subsurface water computed for each distribution of 6; in the
conditions of dry and wet soil. A representative case is that concerning the distribution with 6;
uniform and equal to the watershed average value. For the dry soil the estimated surface and
subsurface volumes referred to the hydrograph of Fig. 8 were 513 m’s™ and 33,523 m’s™,
respectively, while for the wet soil the corresponding values associated with the hydrograph
of Fig. 6 were 5,407 m’s™ and 28,630 m’s™. These results point out that comparable spatial
variabilities of 6; lead to relatively greater variations of surface runoff in the dry soil because
the last quantity is reduced by a factor of 10 with respect to the value computed for the wet
soil. The last result has a primary role only when processes linked with a very small
generation of surface runoff have to be investigated, and implies the necessity of realizing
multiple measurements of 6;. Finally, for designing purposes the knowledge of 6; at a single

site can be considered useful independently of the condition of dry or wet soil.
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5. Conclusions

Initial soil moisture content and soil saturated hydraulic conductivity are the two main
quantities included in most infiltration models and strictly linked with the generation of
surface runoff. It is widely recognized that both are characterized by a random component
which makes modeling very difficult.

The basic role of K has been substantially shown in a variety of papers, usually under the
condition of spatially uniform 6;. Here we have primarily shown at the small watershed scale
the limited role of heterogeneity of 0; for K considered as a constant. In addition, the
discharges obtained by a simplified joint spatial distribution of 6; and K, both considered as
random variables, experienced a significant increase due to the dominant role of the spatial
heterogeneity of K Thus coupling the variability of the two quantities the role of the
heterogeneity of K mitigates that of ;. Furthermore, our simulation model neglects the run-
on process. However, this process would lead (Corradini et al., 1998; Morbidelli et al., 2006)
to reduce the effect of the spatial variability of 6; on surface runoff production through the
infiltration of downward overland flow in the areas with smaller values of 0;. Infiltration
through macropores, disregarded in this study, would not change the trend of our results
because they reduce the role of matric infiltration and therefore of the spatial variability of
soil moisture content.

Our investigation indicates that for rainfall events producing typically flood events, the spatial
heterogeneity of 6; does not affect significantly the nature of the surface runoff hydrograph at
the small watershed scale, where a single measurement of 6; may suffice for rainfall-runoff
simulations. Finally, for heavy rainfalls, in agreement with the results by Hu et al. (2015), the
effects of the random variability of 6; at the small watershed scale are found to be very

limited.
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Figure Captions

Fig. 1. Schematic representation of a small watershed by planes and channels.

Fig. 2. Configuration of the study watershed. The locations of the experimental plots and the
stream network are also illustrated.

Fig. 3. Simplified representation of the study watershed by planes and channels. Soil use is
also shown. The size of each rectangle is related to the drainage area.

Fig. 4. a), b) and c¢) Observed rainfall patterns used to represent different meteorological
conditions from light to heavy storms. d) Design rainfall event obtained from the intensity-
duration curve of the measuring station of Perugia (Central Italy) for a 5-years return period,
showing an alternate rainfall patter.

Fig. 5. Surface runoff hydrographs generated by the rainfall event of Fig. 4a over the “wet”
soil observed on April 19, 2012: (a) simulations performed for different spatial distributions
of initial soil moisture content, 6;, with uniform saturated hydraulic conductivity, Ks; (b)
comparison of hydrographs computed for uniform values of both 6; and K, K uniform and 6;
randomly variable, and both 6; and K; randomly variable.

Fig. 6. Surface runoff hydrographs simulated for different spatial distributions of soil
moisture content representing the “wet” soil observed on April 19, 2012. Rainfall event of
Fig. 4b.

Fig. 7. Surface runoff hydrographs simulated for different spatial distributions of soil
moisture content representing the “wet” soil observed on April 19, 2012. Rainfall event of
Fig. 4c.

Fig. 8. Surface runoff hydrographs simulated for different spatial distributions of soil
moisture content representing the “dry” soil observed on June 28, 2012. Rainfall event of Fig.
4b.

Fig. 9. Surface runoff hydrographs simulated for different spatial distributions of soil
moisture content representing the “dry” soil observed on June 28, 2012. Rainfall event of Fig.
4d.
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Highlights (3 to 5 bullet points (maximum 85 characters including spaces per bullet point)

1. The role of spatial heterogeneity of 6i on runoff at basin scale is investigated
2. Simulations are based on the use of observed data of 8 and rainfall patterns

3. For considerable rainfalls the spatial heterogeneity of Bi is not important



Table 1 - Geometric characteristics of the study watershed sub-basins.

Sub-basin Area Average slope Channel length
n. (km’) (%) (m)
1 0.3920 21.72 1264.0
2 0.0752 29.12 271.4
3 0.0268 21.92 88.3
4 0.0460 25.30 98.3
5 0.0948 21.30 429.7
6 0.0464 13.44 203.1
7 0.1696 11.02 409.7
8 0.1092 27.79 471.4
9 0.0944 28.52 346.6
10 0.0400 8.46 208.3
11 0.0448 21.89 119.0
12 0.0460 18.66 42.4
13 0.1940 28.41 701.4
14 0.0676 6.58 301.4
15 0.0596 16.36 98.3
16 0.0068 247 88.3
17 0.0680 3.73 3243




Table 2 - Main statistics of soil moisture content expressed as a percentage (mean and coefficient of
variation, CV) for different sampling dates in three experimental plots (Zucco et al., 2014). The
measurements in the highlighted dates have been used for model simulations.

Plot 1 Plot 2 Plot 3

Mean CV Mean CV Mean CV
Apr 19, 2012 287 0.06 324 0.08 288 0.08
May 02,2012 24.7 0.18 24.1 024 208 0.14
May 09,2012 27.1 0.09 30.1 0.15 279 0.11
May 16,2012 20.2 023 20.6 0.19 183 0.15
May 23,2012 274 0.09 351 0.09 259 0.12
May 30,2012 219 0.16 23.1 0.18 19.5 0.16
Jun 07, 2012 250 0.12 259 0.17 204 0.17
Jun 14, 2012 185 023 18.1 0.14 121 0.27
Jun 21, 2012 124 026 148 0.07 11.8 0.15
Jun 28, 2012 72 0.21 88 030 7.1 0.25
Jul 05, 2012 83 023 11.1 027 75 0.12
Jul 12,2012 6.7 029 86 024 77 0.08
Jul 19, 2012 49 038 53 0.3l 29 0.07
Aug 02,2012 85 034 43 024 173 0.30
Aug 30, 2012 54 035 69 022 8.1 0.14
Sep 06, 2012 182 027 171 020 7.6 031
Sep 13,2012 142 021 151 0.15 7.1 0.26
Sep 20, 2012 17.6 029 194 0.17 8.1 0.32
Sep 25, 2012 84 049 65 059 68 033
Oct 26, 2012 22,5 0.17 28.1 0.08 122 0.38
Nov 09,2012 223 0.10 235 0.14 232 0.14
Nov 16,2012 26.0 0.17 283 0.04 232 0.05
Dec 18,2012 35,0 0.10 394 0.06 28.0 0.11

Average 179 022 194 019 149 0.18

Date




Table 3 - Spatial variability of soil moisture content expressed as a percentage earlier observed
(Zucco et al., 2014) in three experimental plots of the study watershed.

April 19, 2012 June 28, 2012
Plot1 Plot2  Plot3 Plot1 Plot2  Plot3
26.8 313 30.3 6.8 5.4 7.1
29.1 30.3 31.6 7.0 10.4 9.3
29.6 32.2 33.7 6.3 6.8 6.1
26.7 30.7 27.5 44 8.7 8.3
28.3 30.5 27.9 8.6 10.5 10.4
26.6 28.7 28.0 73 13.6 8.5
25.9 35.2 28.4 6.9 13.2 7.5
29.9 36.5 30.8 6.7 7.7 8.7
29.3 34.0 26.6 5.1 1.5 4.7
29.8 30.6 28.8 10.1 6.3 8.0
25.8 35.2 25.8 72 4.9 6.4
28.5 33.4 28.6 8.2 8.5 6.3
28.8 36.0 25.0 9.2 6.6 44
28.4 29.5 30.3 53 8.9 52
30.2 32.4 28.8 6.3 9.0 52
30.9 8.8
29.4 6.8
29.5 6.4
31.6 9.5
29.0 7.9

Average  28.7 32.4 28.8 7.2 8.8 7.1

St. Dev.  1.61 2.49 2.27 1.50 2.65 1.79

Cv 0.06 0.08 0.08 0.21 0.30 0.25
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Fig. 1 — Schematic representation of a small watershed by planes and channels.
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Fig. 2. Configuration of the study watershed. The locations of the experimental plots and the stream
network are also illustrated.
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Fig. 3. Simplified representation of the study watershed by planes and channels. Soil use is also
shown.
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Fig. 4. a), b) and c) Observed rainfall patterns used to represent different meteorological conditions
from light to heavy storms. d) Design rainfall event obtained from the intensity-duration curve of
the measuring station of Perugia (Central Italy) for a 5-years return period, showing an alternate
rainfall pattern.
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Fig. 5. Surface runoff hydrographs generated by the rainfall event of Fig. 4a over the “wet” soil
observed on April 19, 2012: (a) simulations performed for different spatial distributions of initial
soil moisture content, 8;, with uniform saturated hydraulic conductivity, K; (b) comparison of
hydrographs computed for uniform values of both 6; and K, K uniform and 6; randomly variable,
and both 6; and K; randomly variable.
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Fig. 6. Surface runoff hydrographs simulated for different spatial distributions of soil moisture
content representing the “wet” soil observed on April 19, 2012. Rainfall event of Fig. 4b.
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Fig. 7. Surface runoff hydrographs simulated for different spatial distributions of soil moisture
content representing the “wet” soil observed on April 19, 2012. Rainfall event of Fig. 4c.
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Fig. 8. Surface runoff hydrographs simulated for different spatial distributions of soil moisture
content representing the “dry” soil observed on June 28, 2012. Rainfall event of Fig. 4b.



Figure 9

9.00
—— watershed average value
8.00 -
7.00 - — — — average values for each
involved land use
6.00
< — ® - random distribution
£ 5.00 -
o
5
£ 4.00 - —OoO— lower value for each land use
2]
2
3.00 A
—@— higher value for each land use
2.00 -
1.00 —2— watershed maximum value
0.00 T+ T T T
0 50 100 150 200

Time (minutes)

Fig. 9. Surface runoff hydrographs simulated for different spatial distributions of soil

moisture content representing the “dry” soil observed on June 28, 2012. Rainfall event of Fig.
4d.



