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Abstract: Interception by vegetation is one of the main variables controlling hydrological and geo-
environmental problems such as erosion, landslides and floods. Interception, along with precipitation
and evapotranspiration, is required for the modeling of infiltration, percolation and runoff. Unfor-
tunately, the measurement of interception in the field is time consuming, burdensome and subject
to testing parameters with relatively high variability. In this context, experiments using rainfall
simulators (RSs) have the potential to provide an alternative approach that addresses most of the
limitations of field experiments. This paper presents a new approach to evaluate interception that
combines a RS and the monitoring of the wetting front using pore-water pressure instrumentation
at specific locations of the specimen. Two specimens are required, one with and another without
vegetation. The proposed approach was applied to Paspalum notatum (bahiagrass) and a tropical
soil. The results indicated an average interception of 5.1 mm of the simulated rainfall for a slope at
15 degrees, rainfall intensity of 86 mm h−1, and duration of 60 min. Furthermore, the vegetation
decreased the surface runoff that contributes to erosion. The proposed method will enable studies on
the interception mechanisms and the various involved variables, with benefits to the modeling of
soil-vegetation-atmosphere interaction.

Keywords: rainfall interception; interception loss; grass; physical modeling

1. Introduction

The urbanization and growth of cities and the accelerated development of areas
destined for agribusiness lead to alterations in the hydrological cycle. These changes are
due to several factors, such as the reduction of the flora, the planting of non-regional
species, the impermeabilization of the ground surface, and the exposure of bare soil to
precipitation [1–3]. The resulting decrease in the infiltration rate and corresponding increase
in surface runoff leads to floods, landslides, erosion, and silting. In this context, rainfall
interception by vegetation plays a positive role, as it reduces the degree of saturation of the
soil and the infiltration rate in the deeper layers of the soil without the negative impact
of runoff [4,5]. Vegetation and its roots produce cohesion and additional shear strength
of the soil, increasing soil suction due to loss of water by evapotranspiration [6,7]. It is
important to note that interception is also dynamically associated with other hydrological
phenomena, such as evaporation, evapotranspiration, and water uptake by plants through
their root systems [8–10].
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Interception is defined as the capacity of vegetation, litter, and rocks—among other
elements—to retain rainfall, thereby reducing the amount of water that effectively reaches
the soil surface. This definition implies that interception must return to the atmosphere
by evaporation. Interception may reduce infiltration and retard the onset of runoff [3–5,7].
Rainfall interception by trees can be influenced by the shape of the vegetation cover, the
leaf area, and the type of the tree bark [4,5,8,11,12]. It is generally acknowledged that
interception reduces surface runoff and erosive processes [5,13,14]. Unfortunately, most
studies of interception have focused in arboreous species. Regarding the few studies on
the interception of grasses, it is worth mentioning that this phenomenon has been studied
considering different rainfall intensities [15], that evaporation and interception in forests
has been found to be greater than in grasslands [16], and that the interception of grasses
also retards the surface runoff and erosion processes [10].

Interception may be measured in the field and in the laboratory. Field testing results
can be more representative in terms of scale factor; however, these experiments are time
consuming, the installation and setup of the instrumentation are burdensome, and many
testing variables cannot be controlled because they are dependent on the weather condi-
tions [6,17–22]. Because of the difficulties associated with field experiments subjected to
natural rainfalls, the use of rainfall simulators (RSs) has become an attractive alternative,
allowing the evaluation of interception, infiltration, runoff, erosion, and sediment transport,
including the effect of vegetation [17,23–26]. Rainfall simulators yield controlled artificial
rainfalls with adjustable duration, intensity, and surface slope.

The solution of Richards’ equation for the analysis of water flux in porous media may
be combined with appropriate boundary conditions and sinks to represent infiltration,
evapotranspiration, surface runoff, and interception [27–32]. Unfortunately, the considera-
tion of rainfall interception in water flux simulations is not common, as it involves many
complex variables. The approach presented by [33], for example, was based on a constant
storage value converted to a flux rate based on the daily interception using the average
number of daily precipitation events. Another implementation of interception in water
flux analyses was presented by [34], who analyzed a constant storage value in combination
with a fraction of the total rainfall lost by evaporation. The disagreement regarding the
ideal representation of interception may be in part due to the fact that there is limited
experimental information supporting the existing models.

This paper aims to introduce a new method for the measurement of interception, based
on the use of the RS presented by [7,35], the use of pore-water pressure instrumentation,
and the combination of data from tests with and without vegetation. The proposed method
is used herein to quantify interception for the Paspalum notatum (bahiagrass), which is
commonly used in land protection in Brazil.

2. Materials and Methods
2.1. Location, Soil, and Vegetation

The soil used in this study was collected in the southeast region of the city of Goiânia,
Goiás, Brazil (Figure 1). This material was previously studied by several authors [36–40].
Disturbed and undisturbed samples were collected in August 2018, during the dry sea-
son, between 0.0 and 0.5 m in depth. For undisturbed samples taken from the ground
surface, the native grass vegetation (Paspalum notatum) was preserved in order to allow
the evaluation of the saturated hydraulic conductivity in the soil’s natural state, including
the influence of its roots. Disturbed samples were used in the production of additional
remolded specimens, as described later on.
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Figure 1. Site of soil sampling (disturbed and undisturbed).

Table 1 presents the dry unit weight (γd), unit weight (γ), specific gravity (Gs), poros-
ity (n), liquid limit (wL), plastic limit (wP), plasticity index (PI), and pH of the soil used.
Both the dry unit weight and the unit weight shown in Table 1 are representative of average
values found in the field, between 0 and 2.0 m in depth [7].

Table 1. Properties of the soil used.

γd (kN m−3) γ (kN m−3) GS n (%) wL (%) wP (%) PI pH

13.5 15.9 2.69 48.8 33.2 22.0 11.2 5.6

The high content of gibbsite, kaolinite, and iron and aluminum oxides, along with
its acidic state, is characteristic of oxisols from the region. The soil is also classified as a
low-plasticity clay (CL) according to the Casagrande plasticity chart.

The particle-size distribution curve (Figure 2) was measured in accordance with [39]
using the hydrometer and laser diffraction techniques. Samples were evaluated with and
without dispersion, resulting in a silty sand with varying clay contents. When the soil
is not physically or chemically dispersed, the clay fraction forms aggregations that are
characteristic of highly weathered tropical soils. The difference between the dispersed
and non-dispersed curves in Figure 2 is approximately 20% and corresponds to the clay
aggregations that are identified as silts. This behavior explains the high coefficient of
permeability of the soil in its natural state, as will be discussed later.
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The studied grass species was Paspalum notatum, commonly known as bahiagrass. The
grass was planted 7 months prior to testing, and no fertilizers were used. Paspalum notatum
is often used for the protection of slopes of earth fills and earth dams and on the surface of
roadcuts. This grass species requires low maintenance and can adapt to several types of
soil and climate. At the time of testing, the grass had a fully developed root system and an
average height of 30 cm.

2.2. Rainfall Simulator Tests

In situ studies allow the evaluation of representative conditions of the surface and
subsurface, but they are expensive and time consuming. Physical models built in the
laboratory are cheaper and enable testing under well-controlled environments. However,
difficulties related to scale factor may arise. Many devices have been developed and used
to evaluate infiltration and runoff [7,41–45], but only a few studies use physical models to
evaluate the interception phenomena.

In this context, this study used the RS developed by [7,41], which was designed to
evaluate the infiltration and runoff of unsaturated specimens with or without vegetation
(Figure 3). This RS allows the control of the intensity, size, and uniformity of the simulated
raindrops applied to specimen, with different dimensions and inclinations. It also allows
the monitoring of the volumetric water content, matric suction, surface runoff, and water
balance. The RS is capable of applying rainfall intensities between 86.0 and 220.0 mm h−1

over areas less than 1.0 m2. In typical conditions, the system allows the simulation of return
periods between 10 to 100 years. The main variable used to evaluate the performance of the
developed RS is the uniformity coefficient of Christiansen (CUC), which is defined based on
the spatial and time distribution of the volume of raindrops over the specimen surface [43].
The RS employed herein presents CUC values higher than 70%, as recommended by Sousa
Junior et al. and Minguntanna [43,46].

The RS instrumentation and data acquisition system are responsible for storing the
soil parameter data before, during, and after the rainfall tests. For the monitoring of
the volumetric water content (VWC) in the soil, five soil moisture sensors, model EC-5
(Decagon Devices, Pullman, USA), were used, allowing the measurement of a volume of
influence of 0.3 L and a measurement capacity ranging from 0 to 100% in saturated soils and
from 40 to 60% for other types of soils [47]. The pore-water pressures and, consequently,
the matric suctions were monitored using five mini tensiometers, model T5 (USM, Munich,
Germany), measuring pore-water pressures ranging from −100 to +100 kPa, and data
logger model GP2 from Delta-T Devices [48].
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Figure 4 depicts the preparation steps required for the production of specimens for
the RS tests. The RS can accommodate specimens of up to 1.5 m in length and 1.0 m
in width. For the current experimental program, the specimens were prepared with
dimensions of 50 cm in length, by 50 cm in width, by 30 cm in height. According to [35],
these are the optimum dimensions to reduce end-effects and provide adequate uniformity
in the characteristics of the simulated rainfall. For the vegetated specimens, bahiagrass
was planted after compaction, and the specimens were stored at least until the complete
development of the grass, which usually took 3 to 4 months.

Soil specimens were prepared in the laboratory in conditions that are typical of those
found in the field. This allowed for greater control of the soil and grass cover conditions,
reducing natural variability. Soil specimens were remolded by static compacted at a
moisture content of 18% and a dry unit weight of 15.8 kN m−3. The weight of a typical
specimen was over 130 kg, and the compaction force applied to each layer was about 42 kN
(4200 kg). Specimen remolding was carried out using a compaction plate of 49.8 by 49.8 cm
and using a hydraulic press at a constant speed of 5 mm min−1.

Two types of specimen containers were adopted. Remolded specimens tested without
vegetation cover were prepared in containers made of acrylic, with walls of 10 mm in
thickness (Figure 4a). Remolded specimens tested with vegetation cover were first prepared
in plywood containers (Figure 4b). These specimens remained in the plywood containers
during the grass growth period and were later transferred to acrylic containers for testing
in the RS (Figure 4c,d). External reinforcement braces were used to prevent damage to the
containers during compaction.

The specimen was extensively instrumented for the monitoring of matric suction and
water content, using tensiometers and capacitive sensors, respectively (Figure 4f). Details
regarding the preparation, installation, and operation of tensiometers and moisture sensors
are described in [7,41]. Once the instrumentation was in place, the specimen was locked in
alignment with the sprinkler system and rotated according to the desired slope (Figure 4e).

The final procedures prior to testing involved the following steps: de-airing of the
hydraulic plumbing; adjustment of the service pressure for the specified rainfall intensity
(e.g., 70 kPa for 86 mm h−1); preparation of the containers and flow rate sensor to store and
monitor runoff every 5 min. A simulated rainfall corresponding to 86 mm h−1 was applied
in all tests, for a duration of 60 min and with a slope of 15◦. These rainfall characteristics
are representative of the tropical region where this study was carried out [41]. The selected
slope angle is commonly found in the field and in earthworks.
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All experiments carried out using the RS were conducted indoors. Because the dura-
tion of tests was 60 min, evaporation during rainfall was neglected. Ambient temperature
varied between 20 and 25 ◦C, and relative humidity was approximately equal to 60%
during the entire experimental program. Surface runoff and infiltration were also eval-
uated during the simulated rainfall. The erosion due to the impact of the drops in the
soil was quantitatively analyzed. Eroded sediments were collected into a container for
determination of the dry mass.
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2.3. Interpretation of Rainfall Simulation Tests and Determination of the Interception

Figure 5 illustrates the proposed steps for the new method of determination of inter-
ception. According to the proposed procedure, two tests are required, one with a bare soil
surface (Test 1) and another with the vegetated soil (Test 2). The changes in the pore-water
pressures and water content were monitored at five different positions: points 1 to 5. Ten-
siometers installed at points 1, 2, and 3 were positioned near the specimen surface. To
ensure a strict testing protocol, the surface tensiometers 1–3 were always installed 2.0 cm
below the surface.
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The three surface tensiometers serve as indicators of when water starts to reach the
surface of the bare soil or of the soil-root system. Therefore, the measurement of the
pore-water pressures by tensiometers 1 to 3 allows the determination of the time interval,
twf, between the start of the simulated rainfall and when the water reaches the tensiometers.
The difference between twf for the specimens with and without vegetation, obtained as
indicated in Figure 5, is assumed to correspond to the effect of the vegetation.

Considering a vertical rainfall and the effective volume that reaches the soil surface,
as illustrated in Figure 5a, the interception is quantified as follows:

IT = PP cos α
(

tw f ,v − tw f ,b

)
(1)
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where IT is the interception (L); PP is the rainfall intensity (L T−1); α is the slope angle of the
specimen with respect to the horizontal direction; and twf is the elapsed time from the start
to the application of the constant rainfall until the wetting front reaches the near-surface
tensiometers (T), with the subscripts v and b indicating the values corresponding to the
vegetated and bare soil surfaces, respectively.

It is important to note that the proposed method assumes that the rainfall intercepted
during the evaluated time interval will not reach the soil surface and will be completely
available to return later to the atmosphere by evaporation. It is also assumed that the full
interception storage capacity is reached by the time the wetting front starts advancing in
the soil. The proposed procedure requires the use of tensiometers installed as close as
possible to the specimen surface. The small distance between the specimen surface and
the tensiometers (2.0 cm) ensures that differences in hydraulic conductivity and initial
water content between the two specimens will not significantly affect the estimation of
interception.

3. Results and Discussion
3.1. Tests in the RS

RS tests were carried out for a rainfall intensity of 86 mm h−1, rainfall duration of
60 min, and a slope of 15◦. The initial conditions of these tests are shown in Table 2.
The specimens were prepared under conditions that are representative of those found in
the field. The compaction water content of 18% was strictly controlled. Regarding the
initial pore-water pressures of Test #1, a relatively homogeneous condition was observed,
especially for the tensiometers located along the surface (points 1, 2, and 3). The decreasing
matric suctions from the top of the specimen along its depth were due to water movement
due to gravity. Test #2, with vegetation cover, was subjected to variations in weather
conditions during 120 days and conducted in July 2019, during the dry season. Therefore,
the pore-water pressure distribution and water content were influenced by the antecedent
weather conditions, resulting in reduced water contents. Water uptake by roots led to
relatively uniform conditions along the entire specimen. It is also important to note
that hysteresis in the soil-water characteristic curve produces a nonunivocal relationship
between water content and pore-water pressure. Therefore, similar values of water contents
may correspond to a relatively large range in pore-water pressures.

Table 2. Summary of the initial condition of the tests in the RS.

Test Tensiometer w0 (%) θ0,sensor
(m3 m−3) uw0 (kPa)

Test #1
Without vegetation

1 17.7 0.196 −25.9
2 18.3 0.215 −24.0
3 17.8 0.196 −26.3
4 18.5 0.176 −20.6
5 18.6 0.225 −18.2

Test #2
With vegetation

1 15.4 0.026 −79.6
2 15.9 0.062 −66.9
3 14.3 0.098 −72.2
4 14.2 0.101 −53.1
5 12.2 0.084 −83.4

Note: w0 is the initial gravimetric water content, uw0 is the initial pore-pressure, and θ0,sensor is the measured
volumetric water content.

Figure 6 presents the variations in the pore-water pressures measured by the ten-
siometers for the specimens with and without vegetation. Two testing stages are shown in
Figure 6, with the first corresponding to the simulated rainfall (0 to 60 min) and the second
corresponding to drainage after the interruption of rainfall (60 to 120 min). The information
provided by both stages allows the interpretation of the main ground surface water balance
variables during a rainfall, namely interception, infiltration, and runoff.
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Figure 6 shows steep changes in pore-water pressure as the infiltration front reaches
the specimen surface and deeper layers within the specimen. A summary of breakthrough
times for each tensiometer is presented in Table 3. The sensors positioned near the specimen
surface responded to the applied rainfall after 3.71 to 4.86 and 5.55 to 7.95 min, for the bare
and vegetated specimens, respectively. The average difference in breakthrough time for
the bare and vegetated surface specimens, considering tensiometers 1 and 2, was 3.71 min.
Sensors 1 and 2 behave similarly to each other, indicating that flow due to gravity does
not play a significant role upstream of sensor 2, during the early stages of the simulated
rainfall event. The vegetation acts as a dumper, and the surface runoff generated is reduced.
The distinct behavior of tensiometer 3 in the vegetated specimen could be due to natural
heterogeneity resulting from the presence of the root system.

Table 3. Summary of wetting front breakthrough times.

Point
Breakthrough Time (minutes)

Lag Time (minutes)
Bare Surface Vegetated Surface

1 4.42 7.61 3.19
2 3.71 7.95 4.23
3 4.86 5.55 0.69
4 20.89 24.10 3.21
5 64.55 66.95 2.40

For points 4 and 5, the breakthrough curves are not as sharp, leading to a more difficult
assessment of twf. Considering the moment when the readings of tensiometer change by
more than 5%, sensors 4 and 5 responded to the applied rainfall in the bare soil specimen
after 20.89 and 64.55 min, respectively. For the vegetated specimen, the infiltration front
reached tensiometers 4 and 5 after 24.10 and 66.95 min, respectively. These results show
that the difference observed between the times when tensiometers respond to the rainfall
event in the bare surface and in the vegetated specimen were between 2.40 and 4.23 min
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throughout the test, for all depths. This is an indication that the time lag was mainly a
result of interception outside the soil and had little influence from differences in the initial
water content and hydraulic properties of the soil.

The indication that the differences in the hydraulic parameters of the soil with and
without vegetation did not affect the lag times shown in Table 3 is also supported by
Figure 7, which presents the relationship between the root content of the soil and the
hydraulic conductivity. The results presented in Figure 7 were obtained from undisturbed
specimens taken between 5 and 25 cm of depth and using a triaxial testing system, modi-
fied to allow the measurement of hydraulic conductivity under constant hydraulic head
gradients. There seems to be a small trend of increase in permeability with the increase in
root content, but this observation is not based on a statistically significant relationship.
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Figures 8 and 9 present the measured volumetric water contents and degrees of
saturation corresponding to the same tests. The degree of saturation (S), presented in
Figure 9, was calculated from the volumetric water content values and considered the
porosity value presented in Table 1. Due to the fact that the water content sensors measure
an average value over a larger volume, the wetting front position is relatively less precise
when compared to what is observed using tensiometers. Nevertheless, the obtained results
allow the identification of the water storage capacity, which is associated with runoff and
may indirectly interfere with interception.

It can be seen in Figures 8 and 9 that the wetting front reached the bottom of the
vegetated specimen 68 min after the beginning of the test (i.e., 8 min after the rainfall
ceased), and because the specimen container was not sealed, the excess water was drained,
and runoff did not take place. For the test using the specimen without vegetation, runoff
and was observed, demonstrating the roots increased the infiltration.

Figure 10 presents the measured runoff and accumulated soil mass resulting from
surface erosion for the specimen without vegetation. It is worth mentioning that the eroded
mass presented in Figure 10 does not take into account the particles displaced by the splash
erosion. Thus, the amount of soil mass erosion is slightly underestimated. For the test
using the specimen with vegetation, no runoff, particle detachment, or sediment transport
was observed. This indicates that the vegetation cover acted as a superficial layer storing
water, gradually redistributing it over time and effectively preventing soil erosion.
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Figure 10. Surface runoff and erosion for the test on the bare soil (α = 15◦ and PP = 86.0 mm h−1).

3.2. Quantification of the Interception

Interception was quantified using the approach presented in Figure 5 and using
Equation (1). From a modeling perspective, the interception effect results in a modification
of the precipitation applied as a flux boundary condition. The interception is represented
in terms of a time lag between the start of the actual rainfall and the flux rate effectively
applied to the soil surface. Based on the results presented in Figure 11 and Table 3, the lag
time corresponding to the interception effect was estimated, based on tensiometers 1 and 2,
as equal to 3.71 min, resulting in an interception of 5.1 mm, which corresponds to 6.0% of
the accumulated rainfall of 86 mm.

Table 4 summarizes the interception data reported by other authors [15,24,49,50]. The
reported values can be compared against those obtained for Paspalum notatum. Some of
the studies presented in Table 4 have reported interception values for multiple rainfall
intensities. In general, higher rainfall intensities are associated with higher interception
values in absolute terms (i.e., interception height) and lower values in relative terms (i.e.,
percentage of accumulated precipitation). Reporting interception in terms of percentage
of accumulated precipitation may be misleading, because it only applies to that specific
cumulative rainfall. In the present study, the lower interception of 6.0% can be explained
by the relatively high rainfall intensity of 86 mm h−1. However, the obtained interception
is significantly lower than the range of values reported by Clark [15] and Drastig et al. [49]
for rainfall intensities of up to 50.8 mm h−1.
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Table 4. Previously reported vegetation interception values.

Authors Grass Species Country Testing
Condition

Vegetation
Height (cm)

Rainfall
Intensity
(mm h−1)

Interception
(mm)

Interception
(%)

Wang et al.
[24]

(Medicago sativa)
Alfalfa China Field 11–66 0.06 * 0.46–1.49 -

Clark [15] Andropogon furcatus USA Field 56–92
6.35 2.67 84
25.4 11.92 47
50.8 25.91 51

Clark [15]
Stipa spartea,

Bouteloua curtipendula,
Sporobolus heterolepis

USA Field 46–61
6.35 1.78 57
25.4 10.92 43

Clark [15] Agropyron smithii USA Field 77 12.7 2.92–3.18 46–50

Clark [15] Elymus canadensis L. USA Field 102 12.7 3.81 60

Clark [15] Spartina pectinata USA Field 102–115
6.35 2.29 72
12.7 4.32 68
25.4 7.11 55

Drastig et al.
[49]

Triticum aestivum L.;
Hordeum vulgare L. Germany Laboratory -

112 mm
(March, 2014 to

June, 2016)
0.92–2.92 ** 40–72

Gardon et al.
[50]

Brachiaria sp.;
Panicum maximum;

Melinis sp.
Brazil Field - 0.14–0.19 * 3.1–30.0

14.9–26.4 of
annual

interception of
PP

* Average annual rainfall; ** calculated for 26 rainfall events.
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The vegetation species obviously determines the interception to a great extent. Higher
values are reported for those species presenting higher leaf areas and plant height. The
relatively lower values of interception reported herein for Paspalum notatum are in part due
to the fact that this species has an average height of 30 cm, which is lower than most species
presented in Table 4. The interception values obtained for Paspalum notatum are partially
comparable to those presented by Gardon et al. [50] for species with similar height and
characteristics. However, significant variability is observed in the range of values presented
by Gardon et al. [50]. Future studies using the proposed methodology may allow a better
understanding of the variables involved and confirm the existing information regarding
interception values.

4. Conclusions

Interception is a complex hydrological parameter that is difficult to measure and, un-
fortunately, is influenced by multiple variables. A new method for evaluating interception
was proposed. The method is based on the difference in the breakthrough time of the
infiltration front near the ground surface, with and without vegetation cover. The method-
ology was evaluated for the grass species Paspalum notatum. Tests using a laboratory RS
with a slope of 15◦ and a rainfall with intensity of 86.0 mm h−1 and duration of 60 min,
demonstrated that the interception was 5.1 mm. The obtained interception was similar to
that observed in experiments reported in the literature for similar grass species but lower
than the average value of a larger set of vegetation species.

The proposed methodology has some potential limitations due to the hypotheses
adopted for the evaluation of interception. The method assumes that the near-surface
infiltration breakthrough time will be insensitive to the differences in the soil properties,
with and without a root system. Fortunately, monitoring the infiltration front at multiple
depths provides an evaluation of the impact of roots, rendering the methodology more
robust. In addition, the proposed method assumes that intercepted rainfall will evaporate
after the rainfall event. The measurement of pore-water pressures along the soil profile
and the integration of water contents stored in the soil could potentially offer some con-
firmation that no additional infiltration was offered to the soil surface after the end of the
precipitation event.

The proposed methodology has the potential to enable more detailed studies of
interception, including the evaluation of the effect of rainfall intensity. It is important
to note that the new methodology may be applicable to field conditions, provided that
the simulated or natural rainfall characteristics be adequately monitored and that the
infiltration breakthrough be monitored in bare and vegetated portions of the same area.
The results presented herein and the potential future increase in the knowledge of the
interception phenomenon will provide benefits to the modeling of hydrological systems,
particularly in the case of small-scale problems, including the evaluation of soil-atmosphere
interaction effects on erosion and slope stability.
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27. Šimůnek, J.; van Genuchten, M.T. Modeling nonequilibrium flow and transport processes using HYDRUS. Vadose Zone J. 2008, 7,
82–97. [CrossRef]
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