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Impact of solar panels on runoff generation process
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increasing. Agrophotovoltaic systems (solar farms) seem to be the most sustainable

However, utility-scale solar energy development is land intensive and its large-scale
installation can have negative impacts on the environment. Moreover, its impacts on
soil and on relative hydrological processes have been poorly studied. This article aims
to evaluate the impact of solar panels on the runoff generation process, which is
directly linked to the soil erosion process. Using a rainfall simulator, runoff measure-
ments for a rainfall intensity equal to 56 mm/h were carried out by assuming differ-
ent panel arrangements with respect to the maximum slope direction of the field
(cross slope and aligned slope). Results were compared to a control reference of the
same plot, with no panels (bare soil). Physical models found in the literature were
then applied and calibrated, to upscale the models to a much higher hillslope length.
Results showed that solar panels increase the peak discharge by about 11 times com-
pared to the reference hillslope. A moderate effect of PV panel arrangement was
observed on the peak discharges (11.7 and 11.5 times higher, for cross slope and
aligned slope panels, respectively), whereas the time to runoff was the lowest for
aligned slope panels (0.3 h), higher for cross slope panels (0.62 h), and the highest
(1.2 h), for the bare soil hillslope. As it would be expected, upscaling the models to
longer hillslopes resulted in increases in outlet discharges, and in the time to runoff,

with an exception for aligned slope panels.
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1 | INTRODUCTION mitigation potentials with life cycle emissions as low as 14 g CO,-
eq-kW-h~%, compared to 608 g CO,-eq-kW-h~! for natural gas

The need for climate change mitigation, energy security improvement, (Hernandez et al., 2014).

and sustainable human activities is driving a rapid transition from car- At the global level, several analyses have shown that photovoltaic

bon fuels to renewable energy (IPCC, 2014). Solar energy is one of (PV) power systems could grow almost sixfold over the next 10 years,

the renewable energy systems with the greatest climate change reaching a cumulative capacity of 2840 GW globally by 2030 and
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rising to 8519 GW by 2050, resulting in a total expected installed
capacity almost 18 times higher than that of 2018. Around 60% of the
total PV capacity in 2050 would be produced by solar farms at
the utility-scale, while the remaining 40% would be distributed indi-
vidually (rooftop system) (IRENA, 2019). In Italy, the creation of pho-
tovoltaic fields installed on the ground are one cause of reversible soil
consumption currently covering more than 17 500 hectares of land.

The Integrated National Energy and Climate Plan (PNIEC, 2023)
aims to instal 52 GW of PV systems by 2030, However, considering
the 22 GW installed by 2020, an additional 30 GW are necessary.
Thus, over additional 50 000 ha of land will be necessary to reach the
national plan's target.

Such a large land use change due to the expected increase in PV
systems in the next future must be weighed against the strong trade-
off made with agricultural land (Dupraz et al., 2011), and the subse-
guent landscape impact caused by the installation of the panels. In
fact, it seems necessary to investigate approaches aimed at making
the spread of the PV panels compatible with the natural landscape as
well as with agricultural production. Specifically, the visual impact of
photovoltaic parks, caused by the large area covered by the panels,
and the consequences of their installation on soil fertility and, in the
long term, land value (Bignami, 2010) must be considered.

These considerations are confirmed by important changes regard-
ing the application of photovoltaics in agriculture contained in the leg-
islative decree transposing directive 2009/28/EC, approved by the
Council of Ministers on 3 March 2011. Article 8 of this decree con-
tains specific provisions aiming to place a limit on the subtraction of
agricultural land, an issue brought up on several occasions by trade
associations.

Low income from farming has encouraged agricultural entrepre-
neurs to replace agricultural activity with photovoltaic systems, lead-
ing to large-scale land-use changes and subsequent trade-offs.
Recently economic incentives have aimed to combine renewable
energy production needs with agricultural activity to improve environ-
mental safeguards. This policy direction suggests further develop-
ment, expansion, and opportunities for PV systems.

Several studies have been conducted on the technology of PV
systems, and on the effect that they have on-farm productivity and
ecosystem modification (Wu et al., 2022; Zainol Abidin et al., 2021),
often due to non-uniform water distribution on the ground and
changes in soil quality. The latter because the solar panels located
above the cultivated soil have an unexplored effect on rain redistribu-
tion, protecting large parts of the soil but also concentrating flows on
a limited part of it (Elamri et al., 2018).

From the soil quality point of view, physical, chemical, and overall
soil quality indexes are more altered under solar panels than in open
fields (Lambert et al., 2021) mainly due to solar park construction
altering soil structure and as well as soil physical characteristics.

On the contrary, few studies have been carried out on the impact
that PV systems have on the runoff generation process and on soil
erosion (Choi et al., 2020; Elamri et al., 2018). These studies have only
focused on the spatial patterns of rain redistribution on the ground,

between panels and bare soil. They have also shown the strong

differences in rain drop size distribution and consequently in rain
kinetic energy and have investigated and modelled runoff velocity
(Cook & McCuen, 2013).

Cook and McCuen (2013) also studied the potential soil erosion
at the base of solar panels, identifying evident high detachment pro-
cesses caused by the high intensity and kinetic energy of the dis-
charge flowing off the panels as well as high transport processes and
rill erosion phenomena. However, no quantitative information was
given about the impact of solar panels on the runoff generation pro-
cess causing soil erosion.

In consideration of the above, the objective of this article is to
investigate the impact of solar panels on the runoff generation pro-
cess from both an experimental and theoretical point of view. The
effect of the different orientations of solar panels with respect to
the maximum slope direction of the PV system site is also analysed.
Finally, physical models provided by the literature that help explain
the impact of solar panels on runoff generation have been calibrated
for the experimental layouts, so that the same models could be
upscaled to different hillslope length values.

2 | MATERIALS AND METHODS

21 | Description of the experimental layout

The experimental measurements were carried out at Santa Margherita
Belice (Agrigento, Sicily), at the coordinates 37°41'43.04" N,
13°02/49.14" E. To investigate the influence of solar panels on runoff
generation, a ‘bare soil’ hillslope (layout A) was considered as a useful
control reference (Figure 1a). The solar panels were installed on the
same hillslope later. To also investigate the effect of solar panels' ori-
entation with respect to the maximum slope direction, two different
panel arrangements were selected (Figure 1b,c). In particular, layout B)
(cross slope) regards the case in which the panels' slopes cross that of
the hillslope, thus their slope is perpendicular to the maximum slope
direction of the hillslope (Figure 1b). In layout C (aligned slope), the
slope of two panels is along that of the hillslope, and the discharge
flowing off from the upstream (US) panel provides an additional con-
tribution to the downstream (DS) panel (Figure 1c). The cross slope
panel case accounts for east-west exposition, whereas the aligned
slope case accounts for north-south exposition.

The experimental plot was wide B =1 m and long L = 3 m with a
slope Sg = 14%. it was hydraulically separated along the plot bound-
ary and a Gerlach apparatus was installed at the outlet for runoff mea-
surements. Figure 2a illustrates the experimental layout
corresponding to layout B (cross slope panels, Figure 1b), including
the rainfall simulator and Gerlach apparatus, while Figure 2b shows
layout C (aligned slope, Figure 1c).

Generally, solar panels can come in several sizes. In the present
investigation, the selected panel size was L, =0.8 m (length) and
B, = 1 m (width B equal to that of the plot, Figure 1c). Their were
spaced 0.3 m apart for cross slope panels, and 0.7 m apart for aligned

slope panels.
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FIGURE 1

Schematic representation of the experimental setup: (a) bare soil (a), (b) cross slope panels (b), and (c) aligned slope panels (c).

FIGURE 2

Images illustrating (a) the layout B (cross slope panels, Figure 1b), and (b) the layout C (aligned slope panels, Figure 1c). In

Figure 2a), the rainfall simulator and the Gerlach apparatus are also zoomed in.

Panels were built by using glass plates on a tilting metal support
that can be adjusted according to the correct angle with respect to
the sun (Figure 2b). The angle was set to 62.5% for both cross and
aligned slope panels in correspondence with the commonly applied
angle over the horizon (32°). The height from the ground was the
same as in reality (1 m).

An automated sprinkler (Figure 2a) that runs in cycles was used to
simulate rainfall. One cycle takes 11's and consists of the sprinkler
boom moving back and forth once. During cycles, the rainfall simula-
tor applied rainfall over the entire the area of interest.

The average applied rainfall during one cycle (cycle rainfall load)
was determined by calibration with rain gauges. Thus, before perform-
ing runoff measurements, the spatial distribution of rainfall intensity
simulated by the rainfall simulator illustrated in Figure 2a was
analysed.

A grid of 7 x 24 (168) catch cans were arranged on the bare plot
(Figure 1a) to collect the rainfall depth during a simulated rainfall of
240 min and the rainfall intensity was calculated in each point.
Figure 3 shows the empirical distribution of rainfall intensity together
with the fitted normal distribution corresponding to the mean,
u = 56.04 mm/h, and to the standard deviation, o = 7.93 mm/h. The

coefficient of variation was CV = 14.1%. The corresponding Chris-
tiansen uniformity coefficient was equal to UC = 89%, making the
simulated rainfall uniform enough for the purpose of this study. Also,
due to the satisfactory goodness of fit of the normal distribution, the
mean value i = 56 mm/h (Figure 3) was considered as a representa-
tive value of the simulated rainfall for the entire plot, and it was
imposed as a constant during experimental runs for the three layouts.

Of course, for layouts B and C the solar panels strongly altered
the water application uniformity on the plot due to the concentration
of runoff off from the panels at their outlets. To have an idea of how
much the applied water volume characteristics changed when hitting
the soil without and with panels, Figure 4 shows a comparison of the
water granulometry patterns. The different patterns were detected by
using the flour pellet method (Kincaid et al., 1996; Kohl, 1974), with-
out panels (Figure 4a) and at the outlet of the panels (Figure 4b). As
expected the drop size distribution of the simulated rainfall was signif-
icantly altered when the water hitting the soil was concentrated at
the panels' outlet (Cook & McCuen, 2013).

This issue may be important for the overland flow process ana-
lysed in this study, but it would be much more relevant in the context

of soil erosion, since the energy associated with the water application
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FIGURE 4 Flour cup exposed to a rainfall with intensity
i =56 mm/h (a) under open ground, and (b) under the solar panel
outlet.

rate when there are no panels would be expected to be much less
than that when the panels are present.

The runoff samples were collected in 1-L bottles every 5 min. The
time to fill the runoff bottle was recorded. After each run, the sample
bottles were immediately weighed to determine the runoff volume.
The bottles were subsequently incubated in an oven at 105°C for at
least 24 h or until the sediments were dried. The dry weights were
then recorded to calculate the sediment delivery, and thus to correct

the surface runoff calculation.

2.2 | Applying simplified overland flow models
For layout A (bare soil), an already available simplified overland flow
model (GA-KW model, Baiamonte & Agnese, 2010) was applied that
combines the Green and Ampt model (Green & Ampt, 1911), to
account for infiltration, and the 1D kinematic wave model
(Woolhiser & Liggett, 1967), to account for the transportation process
along the hillslope.

The GA-KW model is shortly summarized in Appendix A and can
be directly applied to layout A (bare hillslope), under the assumption
that the plot is perfectly planar, and thus the flow is rigorously

FIGURE 3 Empirical distribution of
rainfall intensity measured by 7 x 24
(168) catch cans arranged on the bare plot
(Figure 1a). The red line indicates the
fitted normal distribution (u = 56.04 mm/
h, blue dot; 0 = 7.93 mm/h; CV = 14.1%).

downslope and the unsteady and spatially varied overland generation
occurs as a sheet flow that entirely covers the hillslope. Rainfall (minus
infiltration losses) constitutes the lateral inflow to the plane.

Under a constant rainfall intensity of i (mm/h), Baiamonte and
Agnese (2010) derived the characteristic curves corresponding to
three domains of the kinematic plane (the first two for the rising limb
of the hydrograph, and the third for the falling limb), depending on
parameters related to rainfall, hillslope geometry, and soil. The singu-
larity of such a solution is its ability to account for the decreasing of
the infiltration capacity, f (mm/h), during the runoff generation pro-
cess, that in turn determines an increase in the rainfall excess inten-
sity, r =i — f. For the case of an impervious hillslope, Baiamonte and
Agnese (2010) also showed that their solution agrees with the kine-
matic wave model originally introduced by Woolhiser and Lig-
gett (1967).

In the following, only the parameters referring to the soils and to
the hillslope which were calculated for the experimental layouts, and
minor model description, are reported. For model details, the reader
can refer to Baiamonte and Agnese (2010) or to Appendix A.

According to Green and Ampt (1911), overland flow generation
starts when rainfall intensity exceeds the soil infiltration capacity and
the time to ponding, t,, is reached (Baiamonte, 2016). The time to
ponding, 7, normalized with respect the sorptivity time scale, t., is
written here:

b1

Pt plp- 1) .

where p is the ratio between the rainfall intensity, i (mm/h), and satu-
rated hydraulic conductivity, Ks (mm/h), whereas the sorptivity time

scale t. (h) reads:

te={%"00n_0 2)

where 6, (cm® cm™3) and 8, (cm® cm™3) are the volumetric water con-
tents corresponding to the saturated and antecedent soil moisture

conditions, respectively, and ,, (mm) is the matric potential at the
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wetting front. In Equation (2), the temporal scale t., was also written
by consolidating the soil hydrological characteristics 65, 6 and Y, in
the w (h) parameter, which will be calibrated later.

Regarding the hillslope geometry, the following hillslope ‘geome-

try’ parameter, k-, needs to be determined (see Appendix A):

3.6/So
k* = )
NMann L

(3)
where Sq is the slope, and 3.6 is a conversion factor that lets the
length of the hillslope, L, be expressed in (m), the Manning friction fac-

tor, Nann be expressed in (m~2 s)

, and the specific discharge, g, be
expressed in (mm/h).

In the GA-KW model, a dimensionless parameter, z¢q;, introduced
later (Baiamonte & Singh, 2016), synthesizes both the hillslope geom-
etry and the soil hydrological characteristics, that is, the ratio between
teqi/te, With teqi = 1/vk- i that only depends on the rainfall intensity

and on the hillslope geometry:

T — 1 :& nMannL (4)
TV o\ ivss

This parameter denotes the time to equilibrium corresponding to
an impervious hillslope, teq;, normalized with respect to the sorptivity
temporal scale, t.. The soil (t.) is the scale factor and plays an impor-
tant role in simulating the overland flow process on an infiltrating
hillslope.

The separation of the 1st and 2nd domain (t < t, or t > t,, respec-
tively) of the kinematic plane depends on the normalized kinematic
wave arrival time, t,, associated with the corresponding infiltration
capacity, fi (Baiamonte & Singh, 2016). The time t, represents the
time that an observer (the runoff), starting from the top of the hill-
slope, takes to reach the bottom (during the infiltration process). If the
duration of rainfall, t,, is less than t,, the recession starts before
the observer has achieved the bottom of the hillslope, whereas if
t. > t,, the raising limb of the hillslope continues because of the
decreasing infiltration capacity as described by the Green-Ampt
model. Of course, the falling limb occurs for t > t, (3rd domain).

The relationships of t, and f, are reported here, respectively, in a
more compacted dimensionless form that was derived in Baiamonte
and Singh (2016):

b pt pt . B fo—pt
rkfaf‘tp'F(f*k_pii)—(1_p71)+kaIthy/kfln (m)
(5a)
e, (A=Y (fa—p Y’ ( 2 207w 2)
f*ki i =1 (f*k+1_2p71)ﬂ72 eq,i f*k_p,i Vi |» (5b>

where 1, is expressed by Equation (4).
For the layout B (cross slope panels), the overland flow model

considered for the layout A can also be applied. Indeed, for cross

slope panels, a uniform water application rate, flowing out from the
panels, is assumed to be uniformly applied over the hillslope charac-
terized by a width B- less than that of the layout A (see Figure 1b).
Thus, the reduced hillslope is also assumed to be perfectly planar for
layout B, and the flow is rigorously downslope, whereas the lateral in
flow is represented by the discharge flowing off from the panels
along the perpendicular direction with respect to the slope of the
hillslope. In such a condition, all the runoff water particles move line-
arly downslope, so that no water passes under the solar panel (see
Figure 1b).

One more assumption is introduced: that the equilibrium between
the rainfall intensity, i(mm/h), and the outlet panel specific discharge,
g(mm/h), is instantaneous (g = i), which is not far from the actual con-
ditions since the length of the panels is usually very small, compared
to the length of the hillslope characterized by a slope Sq that is much
less than that of the solar panels (62.5%).

For layouts C (aligned slope), the overland flow model considered
for layouts A and B cannot be applied, since the assumption of a uni-
form water application rate, which is at the base of the GA-KW
model, is far from being appropriate. This is because the water appli-
cation rate generated over the upstream panel (US) concentrates at
the panel bottom, and later interacts with that of the downstream
panel (DS) where, similarly to the US panel, the discharge outflowing
from the panel is generated. Thus, contrarily to the situation in cross
slope panels, where it is assumed that no water passes under the solar
panels, on aligned slope panels, all the runoff water particles move lin-
early downslope, so that their outflows interact. Therefore, for this
layout the area right under the DS solar panel is subject to infiltration
(Figure 1c).

Layout C can also be addressed by likening it to border irrigation,
where a similar runoff generation process can be recognized. Indeed,
in border irrigation, water is introduced at the upstream end of the
hillslope (at the bottom of each panel in our case) and is allowed to
move as a sheet flow which covers the entire width of the border in
the downstream direction (Singh & Su, 2022). It should be noted that
if we have a matrix of aligned slope panels on a hillslope, there would
be a contribution from the space between panels flowing downward,
which in this study did not occur (with panel width being equal to the
hillslope width).

A simplified mathematical model for border irrigation was intro-
duced by Singh and Yu (1987). The model is described in two compan-
ion articles. In the first article (Singh & Yu, 1987), the advance and
storage phases are developed, while the second article accounts for
the vertical and horizontal recession phases. For the purpose of this
work, which aims to investigate the impact of solar panels on the
alteration of peak discharge, only the advance and storage phases
leading to the rising limb of the hydrograph were considered.

Singh and Yu (1987) used the volume balance approach and cali-
brated their model by experimental data from vegetated and nonve-
getated borders (Atchison, 1973; Roth, 1971). Average errors were
found very limited, making their approach suitable to be applied. In

the following, only a brief description of the border irrigation model
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and of its parameters will be given, and for further details the reader
may refer to Singh and Yu (1987).

For the advance and storage phases, the model parameters are
(i) Kostyakov's empirical infiltration parameter, K (m/min®)
(Kostyakov, 1932), (ii) Kostyakov's time exponent, A, (iii) Manning's

roughness factor, Npgnn (Min M*/3)

, iv) distance, L,,, at which the aver-
age surface water depth, h,,, between x = 0 and advance front x = S,
reaches 95% of the normal water depth hg, and v) the entrance normal
flow depth coefficient, a.

Although the parameters L,, and a are related to many factors
such as infiltration rate, slope and surface roughness, Singh and Yu
(1987) verified that L,, and «a are slightly related to these factors, com-
pared to the other parameters of the model, thus they were assumed
to be constant, as suggested by Singh and Yu (1987). In particular,
L,, = 75 m for a nonvegetated border, L,, = 225 m for a vegetated
border, and a = 0.620 for both a vegetated and nonvegetated border.

The advance front reaches the end of the border (x = L) att =T,
(min), and the inflow continues until the cut off time, t,. After the time
T, the storage phase begins to develop, where the water depth varia-
tion from upstream (normal water depth, hg, corresponding to the
Manning equation) to downstream (h,) is assumed to be linear. Singh
and Yu (1987) derived the temporal variation of water depth at the

downstream end, h,:

e G )| T

where the factor 60 makes it possible to express npann in (M2 's), So
is the slope, and go (m®/m/min) is the unit width inflow rate that,
maintaining the assumption of instantaneous equilibrium at the bot-
tom of each panel, can be related to the rainfall intensity i and to the

panel length L, with surface area S = B, x L, (Figure 1c):

iL,

~ 60 x 1000’ )

do

where 60 x 1000 lets go be expressed in (L/h/m), and i in mm/h. In
Equation (6), the term in round brackets is the net outflow discharge,
Q, of interest, which accounts for the infiltration during the storage
phase, and it is rewritten here to express Q and i in (L/h/m), L in (m),

-1/3

K in (mm/h®), Apans in (M s)and t and T, in hours:

o (=T, ®)

Q=il,—

Equation (8) can be applied to determine the outlet discharge that
depends on the distance L from the edge of the panel to the outlet
(Figure 1c), from the time that the advance front reaches the outlet,
T, (h), and of course from Kostyakov's infiltration parameters, K and A.
Equation (8) can also be rewritten to express the specific outflow
discharge, g (mm/h), that is, the discharge Q per unit surface area
(Lp + L) B, which is useful to consider to obtain the quasi-equilibrium

condition (i.e., when g =i — Ky):

iBL,T,— 60" KL (tA —(t— Ta)A>
- B(L,+L)T, '

q

Of course, for t = T,, when the advance front reaches the end of
the border, the outflow matches the inflow rate i minus the infiltration

rate according to Kostyakov's equation:

_iBL,— 60" 'KL (10)
" B(L+D)

where g is in mm/h.

3 | RESULTS

3.1 | Experimental measurements

For layouts A-C, Figure 5 plots the output's specific discharge,
g (mm/h), versus the time, for the two replications performed for each
layout. Figure 5 shows that runoff measurements were carried out
mostly for the rising limb of the hydrograph. This is because the pur-
pose of this work is to investigate the impact of solar panels on the
alteration of peak discharge at the end of the rising limb. Thus, mea-
surements for the recession of the hydrograph, after the rainfall
ceased, were only carried out for a few cases of the second replication
(run #2, Figure 5a,b).

Although the hillslope was regularized before performing the
measurements, and the latter were carried out after a long dry period
with neither rainfall nor irrigation, two replications exhibited quite dis-
persed measurements. This can be ascribed to the following reasons:
(i) the antecedent moisture conditions, (ii) the spatial variability of the
soil's hydrological characteristics and of the field microtopography,
(iii) the rainfall uniformity and (iv) the experimental error. In particular,
microtopography can govern runoff dynamics as a net result of local
heterogeneities in the flow paths and ponding (Baiamonte
et al., 2014). This in turn controls the development of the surface
water layer that connects and flows downslope (Caviedes-Voullieme
et al.,, 2021; McDonnell et al., 2021).

However, considering the complexity of the studied process,
measurements were judged to be accurate enough to be analysed,
especially for layouts A and B. The highest peak discharge of
Figure 5a, occurring for the first replication (run #1) could be caused
by occasional soil bumps that disturbed the overland flow, which were
not contemplated in the physical model. On the other hand, Figure 5c
clearly shows a drop in discharge in both replications determined by
the aligned slope panels, making evident the time in which the contri-
bution of the US panel reaches the outlet, quickly increasing the dis-
charge flowing out the DS panel. The maximum specific discharge can
be observed for layout B) (cross slope panels, Figure 5b).

It is important to note that for the three layouts, the rainfall dura-
tion was enough to achieve the equilibrium condition, which is useful

for the models' calibration. Moreover, a comparison of Figure 5a-c
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FIGURE 5 Temporal variations of specific discharge measurements performed with two replicates and their average (avg), corresponding to

(a) layout A (bare soil), (b) layout B (cross slope panels) and (c) layout C (aligned slope panels) (Figure 1).

TABLE 1 Input parameters corresponding to Layouts A and B.
Layout Model i (mm/h) K, (mm/h) p
(A) bare soil GA-KW 56 39.2 1.38
(B) cross slope panels 62.1* 1.58

t. (h) t.(h) L(M)  Nvann (5M Y3 So(%) k- (equation (3))
0.484 247 3 0.909 0.14 0.4939
1.87

Note: *Indicates that the amplified rainfall intensity. Bold values indicate calibrated parameters.

shows that runoff generation is quicker when panels are arranged
aligned with the hillslope (0.3 h) (Wang & Gao, 2023) (Figure 5c)
rather than arranged cross slope (0.62 h) (Figure 5b), and that the low-
est and the most delayed response occurred for bare soil (1.2)
(Figure 5a). The latter is probably due to the delay effect induced by
the infiltration process being much more pronounced than when
panels lay on the hillslope. The times to runoff generated by the cali-
brated models were very close to those observed.

For the three layouts, Figure 5 also plots the average value of the
two replications (avg, black lines) that will be considered for

the models' calibration, as discussed in the next section.

3.2 | Calibrating the overland flow models

For layout A (bare soil), Table 1 reports the input parameters required
by the overland flow GA-KW model (Baiamonte & Agnese, 2010).
Note that only the rainfall intensity, i (mm/h), the slope, So, and the
length of the hillslope, L (m), were strictly considered as input parame-
ters, while the saturated hydraulic conductivity, K; (mm/h), the sorp-
tivity time scale, t. (h), and the Manning coefficient, Nyann (s m~9),
are parameters that need to be calibrated according to the runoff
measurements. Indeed, for layout A, by combining Equation (1) and
Equation (2), the observed time to ponding, t,, and the specific dis-
charge at the equilibrium (i — K,) makes it possible to derive both the
saturated hydraulic conductivity, K, and the w (h) parameter, which is
related to the sorptivity time scale, t., and consolidates the role of ),
0, and g (Equation (2)). The hpmann Parameter was calibrated by mini-
mizing the mean square errors between the measured and estimated
specific discharges. In Table 1, the values of the calibrated parameters
are indicated in bold. Note that the calibration of npa.., provides a

high value equal to 0.909 s m~/3. This occurrence could be ascribed

to the marginally/partially inundated flow regime (Lawrence, 1997)
characterizing the experimental conditions. Indeed, for the low water
depths provided by the model (2-4 mm), the macroscale surface
roughness may determine high frictional resistance in overland flow.
Experimental measurements of Abrahams and Parsons (1994) and of
Roels (1984) showed that in such a particular condition, where the
inundation ratio (i.e., the ratio of the mean flow depth to the average
roughness height) is close to the unity, the Darcy-Weisbach friction
factor may reach 20-30, and for water depths 2-4 mm, these values
correspond to Manning coefficients equal to 0.803-1.192s m~/3,
and to 0.819-1.196 s m~ /3, respectively, justifying our finding.

As previously observed, for layout B, the GA-KW model was also
applied since it was assumed that the discharge outflowing from the
panels was uniformly applied to the hillslope (Figure 1b). The parame-
ters calibrated for layout A were also imposed for layout B), since it
was assumed that the soil's hydrological characteristics and the hillslope
roughness did not significantly differ from those of layout A (bare soil).
However, because of the different panels' orientation, the hillslope
width was reduced by replacing B by B- (Figure 1b). Since the GA-KW
model was applied in terms of the specific discharge, g (mm/h), it was
enough to amplify the rainfall intensity by considering the reduced
width B-. The B- value, and the associated amplified rainfall intensity,
was calibrated by once again minimizing the mean square errors
between the measured and estimated specific discharges. Thus, an
amplified rainfall intensity of 62.1 mm/h was obtained (Table 1).

For layouts A and B, the results obtained by the calibrated GA-
KW model are illustrated in Figure 6a,b. Note that for layout B, which
was calibrated by imposing the K, t. and hpann Values obtained in
layout A, the difference between the observed and calculated dis-
charge is worse than that of layout A, as would be expected, because
these parameters were not recalibrated. Furthermore, Figure 6a

shows that contrarily to the experimental runs that achieved the
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FIGURE 6 Comparison between the temporal variations of the average specific discharge measurements (avg) with those obtained by
models' calibration corresponding to (a) layout A (bare soil), (b) layout B (cross slope panels), and (c) layout C (aligned slope panels) (Figure 1).

TABLE 2 Output parameters corresponding to Layouts A and B.

Layout Model t, (h) o (h) ti (h) fi (mm/h) hy (mm) qi (mm/h) f(t,) (mm/h) h(t,) (mm) q(t,) (mm/h)
(A) bare soil GA-KW  0.932 19.0 1754  47.35 3.33 5.48 45.19 4.13 8.41
(B) cross slope panels 0.524 1.130 50.53 443 9.70 46.55 5.53 15.09
TABLE 3 Input parameters corresponding to Layout C.
Layout Model Panel i(mm/h) T,(h) t.(h) K(mm/h?) A L(m) Nyann (sm Y3 S, (%)
(C) aligned slope panels  Singh and Yu (1987) DS 56 0.300 1442 124.21 0.758 0.7 0.909 0.14
us 0.817 41.21 2.2

Note: Bold values indicate calibrated parameters.

equilibrium condition, for the GA-KW model the outlet discharge
increases in the 2nd kinematic domain, and the equilibrium is not
reached. The latter could be ascribed to the formation of a soil seal
that actually reduces the soil permeability providing the equilibrium
and to the fact that the physical model does not account for such a
process. It is expected that the seal formation could be more relevant
when panels are applied (see Figure 6b), since the greater energy of
the water application rate concentrated at the panel outlet could
favour splash erosion (van Dijk et al., 2002). The latter mobilizes more
soil particles than the direct impact of rainfall. Once deposited later
because of overland flow, these may also contribute to decreasing
permeability along the path (Slattery & Bryan, 1994).

For layouts A and B, the output parameters corresponding to the
application of GA-KW model t, (Equation (1)), @ (Equation (2)), ti
(Equation (5a)), fi (Equation (5b)), the water depth at the kinematic
arrival time hy, (Baiamonte & Agnese, 2010) and the corresponding
specific discharge g, the infiltration capacity at the rainfall duration f
(t,), and the corresponding water depth and discharge, h(t,) and q(t,),
are all reported in Table 2.

For layout C and for the two aligned slope panels (DS and US),
Table 3 reports the input parameters required by the border irrigation
model (Singh & Yu, 1987). In particular, for each panel, Table 3 reports
the rainfall intensity i, Kostyakov's infiltration parameters, K and A, the
time of the advance phase T,, the duration of the rain, t,, the length
L of each aligned slope panel (Figure 1c), Manning's roughness factor,

Nmann and the slope of the plot, So.

Note that i, Nmann and Sg are the same values established for lay-
outs A and B. In other words, the remaining time T,, K, and A were
considered as calibrated parameters. This is because the Singh and Yu
model accounts for the Kostiakov infiltration model, rather than the
GA model, with new parameters to be calibrated. By fitting the Singh
and Yu model to the experimental measurements, only the advance
phase, T,, was expected to be changed for the US and DS panels,
because of the different distance from the outlet. Contrarily, fit also
became necessary to diversify the scale parameter K associated with
the US and DS panels, to obtain reasonable results.

Specifically, minimizing the mean square errors between the mea-
sured and estimated specific discharges, A = 0.758, for both panels,
and Kps and Kys resulted in values of 124.21 and 41.21 mm/h* for
DS and US panels, respectively (Table 3).

This issue might appear meaningless because the initial soil char-
acteristics are the same downstream of the two panels. However, it
could be justified, by considering that, contrary to layouts A and B
where a uniform water application rate was applied, for layout C, the
runoff generated by the US panel overflows on the soil that was
already wetted by the DS panel. It is reasonable to suppose that this
occurrence determines a reduction in soil permeability to be associ-
ated with the US panel, which is in line with the calibrated K values.
These considerations are supported by the work of Zimmermann
et al. (2013), who studied two sampling approaches so as to ade-
quately characterize K spatial variability along flowlines. These

authors found that in the lower parts of flowlines, soil permeability
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TABLE 4 Output parameters corresponding to Layouts C).
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FIGURE 7 Temporal variation of the specific discharge, g (mm/h), obtained by upscaling the Green-Ampt Kinematic-Wave model (GA-KW,
Baiamonte & Agnese, 2010) calibrated for L = 3 m to different L, (a) for layout A, and (b) for layout B.

decreased, since flowlines had been subject to topsoil removal due to
steady erosion by overland flow.

Moreover, it is not farfetched to suppose that the overland flow
generated by the DS panel, determines the development of compac-
tion and sealing that also contribute to a decrease in surface perme-
ability (Romkens et al., 1985; Yair & Lavee, 1985). Indeed,
sedimentational seals developed during overland flow, and afterflow
seals consisting of deposited fine clay particles, may also contribute to
decreasing permeability along the path (Slattery & Bryan, 1994).

For layout C, the calibration of the Singh and Yu model provided
an excellent fitting of the experimental measurements, as depicted in
Figure é6c. In the same figure, as for the experimental discharges, a
drop in discharge determined by aligned slope panels can be observed,
showing the time in which the contribution of the US panel reaches
the outlet, adding to that of the DS panel.

For both DS and US panels, the output parameters corresponding
to the application of the Singh and Yu model, the water depth at the
end of the plot he, the specific discharge at the end of the rainfall, g
(t,), and the volumetric discharge of each panel, Q(t,), and the cumu-
lated one ZQ(t,), are reported in Table 4.

4 | UPSCALING AND DISCUSSION

The results obtained through the calibration of both the GA-KW
model (layouts A and B) and the Singh and Yu model (layouts C)
allows these same models, calibrated for the hillslope 3 m length,
to be upscaled to different Ls. This issue is of interest since the

actual impact of solar farms or PV systems involves a multitude of
panels that could exasperate the increase of the peak discharge
that this present work has analysed at a small scale (3m x 1 m,
Figure 1).

For layouts A and B, Figure 7a,b illustrate the 3D plots, respec-
tively, where the rising limb of the hydrograph is represented for dif-
ferent L. The rainfall intensity and the duration of rainfall was set
equal to that considered in the experimental runs, i = 56 mm/h and,
t. = 2.47 and 1.87 h, for layouts A and B, respectively. Of course, the
kinematic arrival time, t,, increased as the hillslope length increased,
which was varied until the duration of rainfall (t, = t,) was achieved,
resulting in L = 15.67 m for layout A, and L = 23.31 m for layout B.

As expected, increasing the length of the hillslope determined a
slower response in terms of specific discharge. A comparison between
Figure 7a,b also shows that for a fixed upscaled length, the specific
discharges when panels are cross slope with respect to the hillslope is
greater than those of bare soil, clearly demonstrating their impact on
surface runoff.

It is also important to consider that the effect of the length, L, on
the hillslope response, for fixed slope, reflects the effect of the slope,
So, for fixed hillslope length, because the effect of both L and Sg is
lumped (consolidated) in the k- parameter (Equation 3). For the cali-

brated Npan, value (0.909 s m~*/3)

, Table 5 reports the k- values cal-
culated by Equation (3), for fixed slope (So = 14%) by varying the
length L (Figure 7ab), and for fixed length (L =3 m) by varying
the slope Sp. Table 5 shows that to any pair (L, So) corresponds the
same k- value, indicating that for fixed L = 3 m, Figure 7a,b also show

the effect of the Sp values reported in Table 5.
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TABLE 5 For the calibrated npann = 0.909 s m~ 3, values of k-
(Equation (3)) corresponding to the upscaled L, for fixed So = 14 %,
and corresponding to the upscaled Sy, for fixed L = 3 m.

L (m) k« So

(So = 14 %) Equation (3) (L=3m)
0.5 2.964 5.0400
1 1.482 1.2600
2 0.741 0.3150
3 0.494 0.1400
5 0.296 0.0504
6.5 0.228 0.0298
8 0.185 0.0197
10 0.148 0.0126
12.5 0.119 0.0081
16 0.093 0.0049
20 0.074 0.0031
23.31 0.064 0.0023

The results of upscaling obtained for layouts A and B are reported
in Table 6, which shows that as L increases, values of the kinematic
arrival time, t,, and of the corresponding specific discharge, also
increase. Contrarily, for layouts A and B, the specific discharge at the
end of the rainfall, g(t,) decreases, but it results in higher outlet dis-
charges, that is, when expressing Q in (L/h).

For layout C, upscaling the Singh and Yu model to different L,
required extrapolating the empirical Kostyakov's infiltration parame-
ter, K, based on the calibration results (Table 3), whereas the shape
factor A was assumed as a constant for any L.

In the hydrologic literature, the temporal and spatial variation of
the saturated hydraulic conductivity, Ks, which is related to the
K parameter (Su et al., 2016), has often been described by a power-
law. Beven (1982) used the simple piston displacement model to sim-
ulate flow in the unsaturated zone, adopting a power-law to describe
Ks decreasing as soil depth increases (Baiamonte & Agnese, 2016).
Akgiin (2010) studied the compaction permeameter tests on mixtures
ranging from 15% to 30% bentonite content and showed that the
hydraulic conductivity decreased with increased bentonite content,
also obeying a power-law. Contrarily, a decaying exponential-law was
employed for K; by Baiamonte et al. (2019) to describe how K
decreases due to the subsidence phenomena of Posidonia oceanica (L.)
Delile residues, exposed to a constant rainfall intensity.

The most widely used approach of interest for this work relates
saturated permeability to porosity via a power-law (Guarracino
et al., 2014), which can also be derived from the Kozeny (1927) and
Carman (1937) infiltration models. Since the reduction of Kostyakov's
infiltration parameter K was ascribed to sedimentational seals devel-
oped during overland flow, and thus is also related to a reduction in
soil porosity, the simple decaying power-law was also applied in the
context of this work, to extrapolate the decreasing K parameter.

The model's calibration provided only two K values, since only two

aligned slope panels were installed to perform the experimental runs.
A decreasing potential power-law was assumed for extrapolating K to
more than two panels, that is, at increasing L (Figure 1c).

Figure 8 plots the power-law applied to Kostyakov's empirical
parameters, K (mm/h”), which were obtained by the calibration of the
Singh and Yu model, versus the length L (m). Figure 8 also shows the
K values extrapolated by the power-law for three and four panels (red
dots), under the assumption of the same interspace panels adopted in
the experimental runs (0.7 m). The resulting K values are also reported
in Table 6, together with the T, and h, parameters, and the output dis-
charges were obtained by upscaling the Singh and Yu model to differ-
ent L values (Figure 1c).

The corresponding hydrographs are plotted in Figure 9, in terms
of specific discharge, g (mm/h) (Figure 9a) and outlet discharge
(Figure 9b). Figure 9b also graphs the cumulated discharge,  Q, which
results from the combined contributions flowing out from the panels,
under the assumption of validity of the superposition principle.

Results clearly show that for the aligned slope panels, the outlet
discharge is greater than that of the bare soil (no panels), demonstrat-
ing the impact of solar panels on overland flow generation. This is also
true for layout C.

Finally, for a homogeneous comparison of discharge, by fixing the
hillslope length at 3 m and the duration of rainfall at t, = 1.44 h, which
corresponds to the rainfall's duration for layout C, the generated out-
let discharge was analysed for the case with no panels and the cases
with panels. In particular, the ratio between the resulting outlet dis-
charge for layouts A-C, Qa, Qg and =Qc, respectively, were estimated
by the models. The outlet discharge of layouts B and C compared to
layout A (no panels) were found to be 11.7 and 11.5 times greater
than that obtained for bare soils, clearly indicating (i) the important
effect of the panels providing discharges that are much greater than
that corresponding to bare soil, and (ii) that the panels' orientation
slightly affects the outlet discharge, since for both of the studied ori-
entation, the discharge ratios are similar to each other.

According to the results obtained by upscaling the models, longer
hillslopes further increased outlet discharges, as well as time to runoff,
with the exception of aligned slope panels where the same parame-
ters did not vary with the hillslope length.

These results, although predictable and based on simplified
assumptions, quantify the effect of solar panels on runoff generation
and suggest that erosion control methods should be used to mitigate
soil detachment and transportation. Thus, a grass cover beneath the
panels and in the interspace between panels (for aligned slope panels)
is highly recommended, because the soil appears much more prone to
erosion generated by the higher discharges produced when solar

panel systems are adopted.

5 | CONCLUSIONS

Solar farms are the energy generators of the future; thus, it is impor-
tant to determine the environmental and hydrologic effects of both

existing and planned farms. This is even more true because
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TABLE 6 Results obtained by upscaling the models calibrated for L = 3 m to different L.
qlti) qlti) q(t,) q(t,)
Layout Model L (m) ti (h) t. (h) Ks (mm/h) tc (h) (mm/h) (L/h) (mm/h) (L/h)
(A) bare soil Green Ampt and Kinematic 0.5 1.361 2.467 39.2 0.484 3.603 1.80 8.659 4.33
Wave (Baiamonte & 1 1.483 4275 427 8592 8.59
Agnese, 2010)
2 1.640 5.019 10.04 8.491 16.98
3 1.754 5.483 16.45 8.408 25.22
5 1.926 6.095 30.48 8.264 41.32
6.5 2.029 6.418 41.71 8.166 53.08
8 2.119 6.676 53.41 8.070 64.56
10 2.224 6.959 69.59 7.943 79.43
12.5 2.339 7.241 90.51 7.779 97.24
15.67 2.467 7.531 118.00 7.532 118.02
Ks qlti) qlti) qlt,) q(t,)
Layout Model L (m) te(h) t.(h) (mm/h) t.(h) (mm/h) (L/h) (mm/h)  (L/h)
(B) cross Green Ampt and Kinematic Wave 0.5 0.837 1.867 39.2 0.484 6.588 3.29 15.374 7.69
panels (Baiamonte & Agnese, 2010) 1 0.927 7717 772 15297 1530
2 1.044 8.945 17.89 15.182 30.36
3 1.130 9.696 29.09 15.089 45.27
5 1.259 10.664 53.32 14.929 74.65
6.5 1.337 11171 72.61 14.823 96.35
8 1.405 11.576 92.61 14721 117.77
10 1.485 12.008 120.08 14.591 14591
12.5 1.573 12442 15553 14.432 180.40
16 1.680 12.920 206.72 14.206 227.30
20 1.787 13.349 266.98 13.928 278.56
23.306 1.866 13.642 31794 13.645 318.01
q(t) Q(t)
Layout Model L (m) T. (h) t. (h) K (mm/h*?) A he (mm) (mm/h) (L/h) X Q(t,) (L/h)
(C) aligned Singh and Yu (1987) 0.7 0300 2694 12421 0758  1.325 15.79 23.69  23.69
slope 22 0.817 41.21 1.276 15.32 2225 4595
panels 3.7 1.333 24.97 1.238 14.91 21.14 67.09
52 1.850 17.99 1.194 14.50 19.90 86.99

Note: Bold values refer to the hillslope lengths for which the models were calibrated.
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% 90
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FIGURE 8 For layout C (aligned slope panels), Kostyakov's

infiltration empirical parameter, K (mm/h”), versus the length
L (m) (Figure 1c). Red dots indicate the K values estimated by the
power law relationship, also indicated.

agrophotovoltaic systems (solar farms) seem to be the most sustain-
able tool to create renewable energy without compromising agricul-
tural production. In this context, a multidisciplinary approach to study
the impact of these kinds of systems becomes more and more impor-
tant, especially regarding the identification of the most suitable areas
for their construction.

In this article, the impact of solar panels on the runoff generation
process was investigated from both an experimental and theoretical
point of view. The different arrangement of solar panels with respect
to the maximum slope direction of the hillslope where the panels are
placed was also analysed. Physical models introduced in the literature
helped explain the impact of solar panels on runoff generation. The
models were calibrated for the experimental layouts and were then

upscaled to different hillslope length values.
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For layout C (aligned slope panels), temporal variation (a) of the specific discharge, g (mm/h), and (b) of the outlet discharge for 1-

4 panels, Q (L/h) and cumulated, =Q (L/h), obtained by upscaling to different L the Singh and Yu model (Singh & Yu, 1987) that was calibrated

forL=22m.

Results showed that solar panels increased the outlet dis-
charge when panels were arranged in a cross slope (layout B) and
aligned slope (layout C), by 11.7 and 11.5 times, respectively,
compared to bare soil (layout A—no panels). This clearly indicates
(i) the important effect of the panels on discharges that are much
greater than those occurring on bare soil, and (ii) that the panels'
orientation slightly affects the outlet discharge, since for both of
the studied orientations, the discharge ratios were similar to each
other.

Furthermore, solar panels also affected the time to runoff, which
was observed to be the lowest for aligned slope panels (0.3 h), higher
for cross slope panels (0.62 h), and the highest for the bare soil hill-
slope (1.2 h). The calibrated theoretical models estimated times to
runoff that were very close to those observed.

As it would be expected, upscaling the models to longer hillslope
further increased the simulated outlet discharge values, as well as the
time to runoff, with an exception for aligned slope panels where time
to runoff did not vary with the hillslope length.

The evidence provided by this research suggests that agricultural
soils should preferentially not be left bare under solar panel struc-
tures, because of an increased risk of runoff and of the relative soil
erosion process.
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APPENDIX A: The GA-KW model

The Green-Ampt Kinematic wave model (GA-KW) model deals with
the analytical solution of kinematic wave equations for overland flow
occurring in a hillslope where the infiltration process is governed by
the Green-Ampt model (Baiamonte & Agnese, 2010). The kinematic
wave equations can be derived by the so-called shallow water equa-
tions (Brutsaert, 2005), expressing the conservation of mass and

momentum, respectively:

oh dq
ﬁJrLD‘T (i—f), (A1)

au ou oh

S S = g(So—S) (i —f) (A2)

where h is the mean depth of flow, t is the time, L is the hillslope
length, g is the specific discharge, x is the downslope distance from
the top of the hillslope, i is the rainfall intensity, f is the infiltration
capacity, u is the flow velocity, g is the acceleration due to gravity, So
is the bed slope, and S; is the friction slope. Under the assumption that
the inertia and diffusion effects are negligible with respect to that of
gravity and of friction, Equation (A2) simply reduces to S; = Sp. Physi-
cally, this equivalence states that the friction slope is assumed to be
equal to the bed slope, therefore the Manning equation can be writ-
ten as a function of Sq:

q= ( VSo ) h™ = k.h™, (A3)

NMann L

where Npann is the Manning friction factor, m accounts for the flow regime
(m is usually taken to be equal to 5/3 for turbulent flow, to 2 for transi-
tional flow and to 3 for laminar flow) and the k« parameter (in brackets)
consolidates the hillslope ‘geometry’ (length, slope and roughness).

By assuming the common initial and boundary conditions of null
water depth h(0, t) = h(x, 0) = 0, Equations (A1) and (A3) lead to:

ah oh .
s tmk. Lh'"*&:(,_f). (A4)

Equation (A4) describes the kinematic wave approximation and
can be solved by the method of characteristics (Courant & Hilbert,
1962), which converts Equation (A4) to a pair of ordinary differential
equations, expressing the time variation of water depth:

= =i-f(t), (A5)
and the characteristic curve:
dx dq m-1__
G-t mk, Lh mu. (A6)

The unique relationship between g and h, expressed by (A3),
together with (A5) and (A6) allows to state that an imaginary observer
moving in x — t plane at a speed equal to the kinematic wave celerity

would see the flow rate increases at a rate equal to the lateral inflow
(i — f). The characteristic curves may be grouped in several domains,
recognizable in a x — t plane, depending on their origin: the distance
axis at the time to ponding for the first domain, the part of the time
axis from t, up to the duration of rain, t,, for the second domain, and
the rest of x — t plane for the third domain (falling limb).

According to the Green and Ampt model, the infiltration rate f(t)
in Equation (A5) is given by:

Ks K
tftp:tc<7(f_Ks)f('._Ks)+‘{‘>, (A7)

where t, is the time to ponding, t. is the sorptivity time scale
(Equation (2)), K is the saturated hydraulic conductivity, and the

dimensionless function ¥ is equal to:

w=In G((fi — ESD . (A8)

By using Equation (A7), the cumulative depth of rainfall excess at

any instant t, h(t), was derived (Baiamonte & Agnese, 2010):

h(t):rr(t)dt:f( e ))dt—tc<f ,ZSK +,lp> (A9)

Jt, to

where r(t) is the instantaneous rainfall excess. Under the assumption
of transitional flow regime (m = 2), in the following only the solutions
provided by the integration of the kinematic equations in the first two
domains (Baiamonte & Agnese, 2010; Giraldez & Woolhiser, 1996)
are reported.

Domain 1: Characteristic originating at (0 < x < L, t = t,)
For the first domain, at the time to ponding, characteristics, originat-
ing at any section distant xo from the top of the hillslope, are

defined as:

h p,m—1
h™ldt =mk, L[ " n, (A10)

X
[ dx:mk*L[
Jxo t, ol *f

P

Integration of Equation (A10) provided (Baiamonte &
Agnese, 2010):

_ . te™x P P 2
A (= F)(F+i=2K0)K (A11)

+i(i—Ks)(F = Ks)W(2Ks + (f — Ks)¥)| -

Domain 2: Characteristic originating at (x = 0, t, < t < t,)

To analytically derive the characteristic curves of the second domain,
originating at any time ty > t,, it is first necessary to express the water
depth h as a function of tq (through fo):

h={ (- fdt= (-t —to) .Io(t—to)df, (A12)

Jto
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where fo is the infiltration capacity at the time to. To integrate
Equation (A10), Equation (A3) was applied by replacing the pair (tp, i)
with the pair (to, fo), obtaining:

_¢ (Ksfo—Hi=Ks)
h_tc<(f7Ks)(f07Ks)+l‘Po>, (A13)

where ¥, function is defined by:

_ fO(f — Ks)
Fo=In (f(fo =) A

Finally, to derive characteristics in the second domain, Equation
(A13) can be used for the integration of Equation (Aé), which for
m = 2, yielded (Baiamonte & Agnese, 2010):

X tf k. . .
7= m((m—ﬂkf) [2ffo—fi-+foi — (F+3fo)Ks +2K2]
+ 2[f(fo—1) +fo (i — Ks)](f — Ks) (fo — Ks)Ks %o
+i(f—Ks)*(fo — Ks)*¥3.
(A15)

Solutions in Equations (A11) and (A15), together with Equation (-
A3) allow deriving the rising limbs of the hydrographs displayed in
Figure 6ab and in Figure 7ab, in terms of specific discharges,
g (mm/h). The kinematic arrival time t,, and the corresponding infiltra-
tion capacity, fi, separating the 1st and 2nd domains (Figure 7a,b) are
given in dimensionless terms by Equations (5a) and (5b).

95UB017 SUOWILWIOD BA11e81D) 3|l jdde ay) Aq peuenob ae ool VO 85N JO o[l 10y Akeld1T8UIIUQ AB]1M UO (SUONIPUOD-PUe-SWe) LY AB | 1M Afe.d jpulUoy/:Sdny) SUORIPUOD pue swie 1 8y} 88S [£202/2T/2T] uo AriqiTauluo A1 ‘oweied I 1pnis 11Bed AisAN Ag £50ST 'dAU/Z00T 0T/10p/wioo 48] im Ale.d 1 jpul|uoy/sdny Wwolj pepeojumod ‘ZT ‘S20Z ‘S80T660T



	Impact of solar panels on runoff generation process
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Description of the experimental layout
	2.2  Applying simplified overland flow models

	3  RESULTS
	3.1  Experimental measurements
	3.2  Calibrating the overland flow models

	4  UPSCALING AND DISCUSSION
	5  CONCLUSIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES
	APPENDIX A The GA-KW model


