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A B S T R A C T

The process of interrill erosion is complex by interaction of raindrop impact and sheet flow. Their relative
contribution to interrill erosion is difficult to be evaluated even on bare soil. This study presents the new ero-
sivity factor to evaluate the interrill erosion on steep vegetated hillslope with the more relevant understanding of
the physical processes. The effective energy, the erosivity factor, is defined as the sum of the effective kinetic
energy of rainfall and effective potential energy of surface runoff based on the energy balance. The effective
kinetic energy of rainfall is determined by the horizontal component for slope of kinetic energy deducting
energies dissipated by structure of vegetation canopies and a litter layer. The effective potential energy of surface
runoff is equal to potential energy of the available surface water following rain-mass allocations of interception
and infiltration. The data from experimental field plots with various vegetation coverage after wildfire were used
to verify the effective energy equation. On densely vegetated slopes sediment yield depended greatly on effective
kinetic energy of rainfall, while they from hillslopes having sparse coverage were dominated by effective po-
tential energy of surface runoff. The dissipated energy due to interrill erosion showed the highest correlation
coefficient with the effective energy under various cover conditions. The kinetic energy of raindrops was greatly
reduced by the litter layer and the potential energy of rainwater decreased predominantly due to infiltration. The
ratio of effective potential energy of surface runoff to total effective energy was the highest at 71.2% in the plots
with low vegetation coverage. The energy efficiency for interrill erosion increased with decreasing vegetation
coverage and reached maximum 1.35% in extreme rainfall event under low vegetation coverage. The constant
and exponent of power-law functions between the effective energy and the soil erosion work were strongly
correlated with gravel ratio and litter coverage, respectively. The results indicate that the effective energy is
useful erosivity factor to evaluate the interrill erosion occurred by the complicated interaction of rain splash and
sheet flow on vegetated hillslopes.

1. Introduction

Erosional features such as rills and gullies on croplands are rarely
observed on forestlands despite steep slope having the primarily po-
tential capacity for soil erosion. On steep forested hillslopes intercep-
tion and infiltration enhanced by ample vegetation coverage limit water
availability for surface runoff and thereby inhibit formation of rill or
concentrated flow processes (Cerdà and Doerr, 2005; Shakesby and
Doerr, 2006; Smith and Dragovich, 2008). The interrill process com-
bining rain splash with sheet flow is the dominant erosion mechanism
on most hillslopes of forestland, rangeland and lightly disturbed agri-
cultural land (Miura et al., 2003; Ghahramani et al., 2011; Cerdà and

Doerr, 2008; Nearing et al., 2011; Prosdocimi et al., 2016; Keesstra
et al., 2016).

Soils of forestland and rangeland are markedly different from those
of typical cropland. With steep slope, the hillslopes are composed of
young, shallow, and coarse grains including an extensive macropore
(Berglund et al., 1981; Luce, 1995; Jean et al., 2000; Weiler and Naef,
2003). Subsurface runoff rather than surface runoff is dominant by
increasing infiltration rate with abundant plants in hillslopes (Quinn
et al., 1980). Therefore surface runoff and soil erosion in even post-fire
land as well as forested land are generally less than those in agricultural
land and other disturbed lands observed frequently rill and gully ero-
sion (Vega and Díaz-Fierros, 1987; Scott and Van Wyk, 1990; Soto

https://doi.org/10.1016/j.jhydrol.2019.01.064
Received 10 July 2017; Received in revised form 14 January 2019; Accepted 31 January 2019

⁎ Corresponding author at: Department of Civil Engineering, Gangneung-Wonju National University, Gangneung, Gangwon 210-702, South Korea.
E-mail address: sdpark@gwnu.ac.kr (S.D. Park).

Journal of Hydrology 571 (2019) 559–572

Available online 08 February 2019
0022-1694/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2019.01.064
https://doi.org/10.1016/j.jhydrol.2019.01.064
mailto:sdpark@gwnu.ac.kr
https://doi.org/10.1016/j.jhydrol.2019.01.064
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2019.01.064&domain=pdf


et al., 1994; Walsh et al., 1994; Cerdà et al., 2009; Rodrigo Comino
et al., 2015; Seutloali and Beckedahl, 2015).

Interrill erosion on gentle bared slope less than 30% has been ex-
tensively studied as considering physically-based hydraulic character-
istic (Rose et al., 1983; Gilley et al., 1985; Guy et al., 1987; Proffitt and
Rose, 1991; Kinnell, 1993; Zhang et al., 1998) while the study on steep
vegetated hillslope has been limited due to the ground surface com-
plexly structured by vegetation layers, residual and litter layer, and root
system and the sheet flow interacted with continuous impact of
throughfall raindrops. The quantitative variations of sediment yield
with hydrological response have been frequently surveyed with the
effect of vegetation coverage (Miura et al., 2003; Miyata et al., 2009;
Ghahramani et al, 2011; Shin et al., 2013).

The importance of splash erosion by raindrop impact in forestlands
have been recognized since shallow overland flow of interrill erosion
does not have enough power to break down the cohesive force between
soil particles and transport the detached particles (Gabet and Dunne,
2003; Miura et al., 2003; Miyata et al., 2009; Ghahramani et al, 2011).
Ghahramani et al, (2011) indicated that the contribution rates of ero-
sion by raindrop splash and overland flow are varied with different
ground coverage on a steep forested hillslope. In even laboratory stu-
dies for bare soil (Bryan, 1974; Luk, 1979; Bryan and Luk; 1981;
Sutherland et al., 1996) the relative contribution of raindrop splash and
runoff transport to interrill erosion had shown significantly contrasting
results. Therefore the reasonable erosivity factor is required to assess
physically the relative contribution of raindrop splash and runoff
transport in total sediment yield from steep vegetated hillslope.

In interrill erosion studies, most historical approaches had para-
meterized rainfall intensity as erosivity factor (Meyer, 1981; Elliot
et al., 1989; Liebenow et al., 1990). More recently, the splash-sheet
erosion equations considering rainfall intensity and runoff discharge as
erosivity factor have been proposed to combine the effects of raindrop-
induced soil detachment and sediment transport by sheet flow (Kinnell,
1993; Zhang et al., 1998; and Wei et al., 2009; Shin and Park, 2018).
The Watershed Erosion Prediction Project (WEPP; Flanagan and
Nearing, 1995) which is one of the famous process-based models
adopted interrill erosion equation with regard to the effective rainfall
intensity and runoff rate (Foster et al., 1995). The Rangeland Hydrology
and Erosion Model (RHEM; Nearing et al., 2011) designed to improve
the WEPP limited in application to rangeland used rainfall intensity and
surface runoff rate to evaluate the splash and sheet erosion from ran-
geland data (Wei et al. 2009).

The importance of linking kinetic energies of rainfall and runoff is
further evident in erosion modeling studied by Pearce (1976) and
Morgan (1978). Pearce (1976) investigated the relationship of the ki-
netic energies with soil loss from runoff plots subjected to natural
rainfall events and found that sediment yield and surface lowering are
strongly correlated with total kinetic energies of rainfall and runoff.
Morgan (1978) adopted the potential energy of runoff instead of the
kinetic energy of runoff to parameterize with kinetic energy of rainfall
in a regression equation to simulate sediment yield on gentle bare
slopes (Morgan, 1980). The interrill erosion processes of detachment
and transport by raindrop and surface runoff are not separated defi-
nitely from natural or experimental data. Especially filed data measured
from vegetated hillslopes are difficult to be interpreted by the separated
physical approaches. The new erosivity factor for interrill erosion on
steep vegetated hillslopes should be considered methodologically to
analyze the complicated interaction of raindrop impact and sheet flow.

In this study the effective energy as physical erosivity factor is
suggested to evaluate splash and sheet erosion on steep vegetated
hillslopes. The specific objectives are: (1) to present energy equations
for partitioning input energy into energy losses associated with rainfall,
infiltration, and runoff processes including energy dissipated by soil
erosion, (2) to analyze relationships of effective energies and dissipated
energies for interrill erosion using field data on steep hillslopes with
different vegetation coverage after wildfire, (3) to assess the relative

contribution of effective kinetic energy of rainfall and effective poten-
tial energy of surface runoff, and (4) to show the utilization of effective
energy as erosivity factor to evaluate interrill erosion on steep vege-
tated hillslopes.

2. Theory establishment

2.1. Energy balance

In the physical sense surface soil erosion is a process that work re-
quires the expenditure of energy (Brooks et al., 2013). The total input
energy of rain worked on a sloping bare soil (Ein) consists of the kinetic
energy of rainfall (Ek) and the potential energy of surface rainwater (Ep)
based on energy balance (Morgan, 2005).

= +E E Ein k p (1)

The kinetic energy is expended to splash soil particles and the po-
tential energy is used partially to transport soil particles by overland
flow as shown in Fig. 1. In vegetated hillslope the total input energy is
remarkably reduced by energies (Eloss) lost due to: (1) disturbance of
rainfall through vegetation layer and litter layer, (2) mass dis-
appearance of raindrops such as interception by vegetation, evapo-
transpiration, and infiltration, (3) collision and friction on raindrop
impact with soil, (4) friction of overland flow along the surface land,
turbulent mixing, effects of surface irregularities and obstructions, and
flow meandering, and (5) work to move soil particles to downslope
(Ws). Therefore the total output energy (Eout) of running surface water
obtained by deducting the energy loss from the total input energy re-
duces significantly at the outlet point from hillslopes (Fig. 1). At the
outlet the potential energy of surface runoff is equal to 0 and the kinetic
energy of running water is disregarded because velocity of surface
runoff is much less than the terminal velocity of raindrops (Shin, 2008).
As a result, the work to move soil particles from upslope to downslope is
decided from the relationship of the total input energy and energy
losses.

Vegetation provides not only the canopy to reduce fall velocity of
raindrops, but also the litter layer and organic material to obstruct
raindrops impacting directly the surface soil. In vegetated hillslopes the
kinetic energy of raindrops striking the soil surface is reduced by dis-
turbance with vegetation cover and the litter layer from total energy of
free-falling raindrops. The kinetic energy of rainfall on a non-erodible
slope i.e. rock, rarely contributes to kinetic energy of running water
because most rainfall kinetic energy is dissipated in impact with the
surface soil (Pearce, 1976). Alternatively the raindrop impact

Fig. 1. Schematic of interrill erosion by synchronous interactions of raindrop
impact and overland flow on steep hillslope.
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consolidates and disperses the surface soil. Though raindrops splash soil
particles, on plane surface net transport rate approximates zero (Moss
et al., 1979). Wright (1986) found that the raindrop velocity parallel to
the slope surface determines the dispersion of splash droplets. On a
sloping surface more particles are thrown downslope than upslope
(Morgan et al., 1998) although the distance of several drop particles
splashed from the point of raindrop impact depends on the local slope
(Moss et al., 1979). Even on a slope soil covered with various crop as
well as bare soil the soil particles splashed downslope are more than
those splashed upslope (Mati, 1994). The result is because slope angle
mainly brings the addition of gravity to the drop detaching force (Torri
and Poesen, 1992). Thus rainfall kinetic energy lost by horizontal
friction with the slope should be distinguished from energy lost by
vertical collision with the surface soil. Under the ideal assumption that
raindrops fall vertically without wind, the horizontal component for
slope direction of kinetic energy of raindrops works to splash and
transport more particles downslope within boundary slope. The rainfall
kinetic energy of horizontal component increasing with slope angle is
expressed as follows:

=E E θsinkH k
2 (2)

where EkH is the horizontal kinetic energy of rainfall and θ is an angle of
slope. Therefore the work of soil particles splashed by raindrop impact
(WsR) is the function of the rainfall kinetic energy of horizontal com-
ponent in Eq. (3).

=W f E( )sR kH (3)

The motion equation known as the second de-Saint-Venant equation
is suitable for shallow flow. The equation of kinematic wave which
applies to steeply inclined water courses supposes that the local and
convective acceleration terms and the pressure term can be disregarded
without any great loss of accuracy (Woolhiser and Liggett, 1967). It
explains that slope energy of shallow water is almost equal to frictional
energy loss with slope surface. Yang (1972) presented unit stream
power, the expenditure rate of potential energy per specific weight, to
evaluate sediment transport in uniform flow. On vegetated hillslope
potential energy of surface runoff (EpQ) is calculated as using the
amount of water lost by interception, surface depression storage, and
infiltration from free rainfall and expended mostly by friction with
surface soil including work to transport soil particles (WsQ). Therefore
the energy dissipated by sheet flow to transport soil particles is ex-
pressed as Eq. (4).

=W f E( )sQ pQ (4)

The total work to move soil particles done by splash-sheet processes
is equal to the sum of Eqs. (3) and (4) in the physical sense of ex-
penditure of kinetic energy of rainfall and potential energy of surface
water. However if the slope is gentle or terraced, frictional roughness is
high, or the resistance of the soil particles is large, soil particles spla-
shed by raindrop impact and transported by sheet flow may be de-
posited adjacent to roughness elements within hillslope of splash-sheet
erosion processes. The raindrop impact is difficult to move materials
from areas covered by flow (Kinnell, 2005) but that into shallow water
plays the role enhancing sediment transport by turbulence effects
(Palmer, 1964; Zhang and Wang, 2017). Therefore the real work for soil
particles transported to downslope outlet may be smaller than the sum
of work done by rainfall impact and sheet flow. Raindrop impact on
steep hillslopes is generally splashing soil particles downslope from
impact point as shown in Fig. 1. When splashed soil particles are loaded
alternatively in sheet flow, they may travel long distances with surface
runoff. Sediment transported by overland flow includes constantly
particles splashed downslope by raindrop impact. The relative con-
tribution of raindrop splash and sheet-flow transport in total sediment
yield is not easy to be separately evaluated due to the synchronous
interaction of raindrop impact and sheet flow. In other words, work of
interrill erosion by raindrop-induced flow on steep slopes can be

expressed by the function of the sum of the horizontal kinetic energy of
raindrop impact and the potential energy of surface water.

= +W f E E( )s kH pQ (5)

2.2. Effective kinetic energy

The effective kinetic energy of rainfall is derived through parti-
tioning or deducting energy losses from total kinetic energy of free-
falling raindrops. Preferentially the total kinetic energy for rainfall
event is calculated by the summation of rainfall kinetic energy per unit
time throughout rainfall duration as follows:

∑=
=

E ek
t

T

kt
1 (6)

where the time-specific kinetic energy of rainfall ekt is the kinetic en-
ergy of rainfall per unit area and per unit time (J/m2/h), T is the
duration (h) of a rainfall event and Ek is the total kinetic energy of
rainfall per unit area (J/m2) for free-falling raindrops.

The time-specific rainfall kinetic energy of raindrops is commonly
expressed as the rainfall power or kinetic energy flux density (Kinnell,
1991; Smith and De Veaux, 1992, Madden et al., 1998; Steiner and
Smith, 2000) and derived from:
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(7)

where ρw is the density of raindrop (kg/m3), Di is the diameter in
raindrop (cm), and ∞v is the terminal velocity of raindrop (m/s).

The calculation of kinetic energy requires an analysis of the rain-
drop distribution as well as raindrop-size and drop-velocity measure-
ments. In spite of the difficulties posed by temporal and spatial varia-
bility of raindrops, it is possible to derive general relations between
kinetic energy (ekt) and rainfall intensity (I ). The kinetic energy of
rainfall have been simply estimated by exponential, logarithmic, and
power-law functions of relationship with rainfall intensity (Wischmeier
and Smith, 1958; Zanchi and Torri, 1980; Rosewell, 1986; Brown and
Foster, 1987; Brandt, 1990; McIsaac, 1990; Smith and De Veaux, 1992;
Coutinho and Tomás, 1995; Uijlenhoet and Stricker, 1999; Steiner and
Smith, 2000; Salles et al., 2002; Van Dijk et al., 2002; Fornis et al.,
2005; Lee and Won, 2013; Shin et al., 2016).

The main components of the interception process by vegetation are
the throughfall, stemflow, and interception loss. The kinetic energy of
raindrops falling through vegetation is affected by fall velocity and
diameter of throughfall raindrops depending on vegetation structure.
The kinetic energy on vegetated terrain is split into the atmospheric
raindrops falling onto open ground and the raindrops that pass through
plant canopy. The total kinetic energy of water droplets on vegetated
hillslope is calculated as follows:

= − +E α E E(1 )kV k T (8)

=E M v1
2T T T

2
(9)

where EkV (J/m2) is the kinetic energy of raindrop through vegetation,
α is the ratio of ground covered by the vegetation, ET is the kinetic
energy of the throughfall raindrops (J/m2), and vT is the fall velocity of
raindrops (m/s) with different fall heights.

The mass of throughfall MT (kg/m2) is estimated by empirical
equations for interception loss and stemflow (Zhou et al., 2002; Kim,
1994). Where the hillslope is covered with homogeneous plants, MT is
expressed as follows:

= − −M αR I P ρ( )T l s w (10)

where R is the gross rainfall (mm), Il is the interception of rainfall by
plant canopy (mm), Ps is the stemflow (mm).

The fall velocity of throughfall raindrops is dependent on several
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factors (Zhou et al., 2002): average fall height (m), average water
droplet diameter (mm), and the velocities of water droplets of various
sizes falling from different heights. Raindrop diameters of throughfall
are influenced by plant species and canopy structures, including such
factors as leaf direction and canopy shape, instead of the intensity of
atmospheric rainfall (Zhou, 1997; 1999). The fall velocity of through-
falling droplets that diameter ranges from 3.5mm to 4.1mm increases
with fall distance (Zhou et al., 2002). Therefore the kinetic energy of
the leaf drainage is dependent greatly upon the height of the plant
canopy (Brandt, 1990; Morgan, 2001). However most mixed forest are
overlap by canopy cover having a high fall height and ground cover
including shrubs and herbs. The complexity of mixed vegetation layers
should be quantified to evaluate the kinetic energy. Shin (2008) cal-
culated effective canopy and ground covers for the kinetic energy of
rainfall operating directly on the ground and used the average height by
a function of the weighted coverage of vegetation layers. As a result, the
kinetic energy of raindrops through various vegetation layers (ET) is
calculated by the mass (MTc) and fall velocity (vTc) for raindrops falling
through the effective canopy cover and the mass (MTg) and fall velocity
(vTg) for raindrops falling through the effective ground cover in Eq.
(11).

= +E M v M v1
2

( )T Tc Tc Tg Tg
2 2

(11)

The litter layer including residuals provides the main protection for
the mineral soil and prevents raindrops splash and particle detachment
(Ross and Dykes, 1996). The kinetic energy of raindrops falling thor-
ough the litter layer is reduced to zero at the soil surface (Binkley and
Brown, 1993) because the fall height is very low. The kinetic energy of
rainfall through vegetation layers including the litter layer (Ein) on
surface soil is recalculated by coverage ratio of the litter layer (Lc).

= − ×E L E(1 )kL c kV (12)

The kinetic energy of raindrop impacting on surface soil covered by
the vegetation and litter layers is expressed by combination of Eq. (2),
Eq. (8), and Eq. (12):

= − − +E L α E E θ(1 ){(1 ) }sinek c k T
2 (13)

where Eek is the effective kinetic energy of rainfall to evaluate the work
of soil particles splashed by raindrop impact on steep vegetated hill-
slopes.

2.3. Effective potential energy

The potential energy of total rainwater is retained by steep slopes
whereas kinetic energy of raindrops reaching on the soil surface is
predominantly dissipated. The potential energy for accumulated mass
of raindrops reached on the hillslope is expressed as in Eq. (14):

=E γ RH̄p w (14)

where γw is specific weight of raindrop (kg/m3), and H̄ is the mean
height of hillslope from runoff outlet (m) and calculated by the slope
length ′L (m) and the gradient θ of slope such as ′L θ( sin )/2.

The potential energy depends on the geometric shape of the hill-
slope. Ruhe (1975) devised a useful classification scheme for landforms
defined for four configurations: linear, convex, concave, and sine curve.
The convex shape shows the highest potential energy of surface water
rather than other shapes due to the highest mean height. If non-uniform
slope within watershed is divided into segments of plot scale, the
geometric shape of one segment is assumed as linear slope (Foster and
Wischmeier, 1974).

Interception of vegetation leads to the mass loss of 8–12% of the
total rainfall as the results shown by Zhou et al. (2002) and Kim (1994).
Thus the potential energy of rainwater reached on the surface soil as
stemflow and throughfall after interception loss of the vegetation layers
is:

= −E γ R I H( ) ¯pV w l (15)

where EpV is the total potential energy of rainwater through vegetation
(J/m2) and Il is the rainfall depth lost by interception (mm).

Additional loss of the potential energy is caused by rainwater in-
filtrated and stored into the soil layer. The potential energy of rainwater
contributed to infiltration and storage also is expressed by the function
of the mean height of the hillslope as in Eq. (16):

=E γ FH̄pF w (16)

where EpF is the potential energy for infiltrated and stored rainwater
(J/m2) and F is the accumulated infiltration (mm).

The remaining energy reduced by interception, infiltration, and
storage from potential energy of total rainwater is equal to potential
energy of surface water contributed to overland flow (EpQ) as in Eq.
(17).

= − −E γ R I F H( ) ¯pQ w l (17)

The potential energy of surface runoff is simply calculated by the
runoff depth (mm) and the gradient of slope and becomes the effective
potential energy (Eep) for sediment transported by sheet flow.

2.4. Work of soil erosion

The work to transport and detach soil particles is expressed by
multiplication of the displacement and the component of shear stress to
move soil particles.

=W τ s· ¯s s (18)

where τs is the shear stress of soil particle (kg/m2), and s̄ is the mean
displacement (m) of eroded soil particles. In Eq. (18) it should be as-
sumed that soil erosion occurs homogeneously along the unit slope and
the slope is linear. The shear stress of eroded soil particles is calculated
by sin component for the weight of sediment yield per unit area (kg/
m2) and the mean displacement is simply calculated by ′L /2, although
the motion of eroded soil particles actually complicates due to the in-
teraction between rainfall impact and sheet flow.

The work of soil erosion is equal to the energy dissipated by soil
particles eroded from straight slope (ED) as presented by Morgan (1978)
for the first time.

=E m gH̄D s (19)

where ms is the mass of sediment (kg/m2) and g is the gravitational
acceleration (m/s2). It means that the potential energy of soil particles
positioned on steep hillslopes is dissipated by work (frictional loss) of
soil particles transported and splashed from upslope to downslope in
soil erosion processes.

The total effective energy for interrill erosion (Ee) is the sum of the
effective kinetic energy of rainfall and the effective potential energy of
surface runoff based on the energy balance.

= +E E Ee ek ep (20)

Therefore the work of soil erosion has the proportional function
with the effective energy and the relationship is commonly power-law
equation as follows:

=W aEs e
b (21)

where a and b are respectively constant and exponent of relationship
between the work of soil erosion and the effective energy. They are
influenced by soil texture, ground cover, terrain, and etc.

The flow chart in Fig. 2 shows the general process to calculate the
effective energy of soil erosion. When vegetation and litter layers exist
on hillslope surface the effective kinetic energy of rainfall reflects the
complex structure of cover factors and the effective potential energy of
surface runoff considers the effect of interception. The infiltration is the
important factor to evaluate the effective potential energy of surface
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runoff whether soil is bare or not.

3. Methods

3.1. Site description

The physical erosivity factor for interrill erosion in steep vegetated
hillslopes was evaluated as using field date. The data for runoff and soil
erosion had been collected to develop soil erosion model SEMMA in the
Mountainous Field Experiment (Park et al., 2012). Nine plots with
different vegetation recovery after wildfire were selected among fifty
two plots. Two study sites (Samcheok and Gangneung) including the
plots had been surveyed for five years after wildfire in 2000. The
Samcheok site was located at latitude 37°13′48″N and longitude

129°18′34″E and the Gangneung site was located at latitude 37°48′50″N
and longitude 128°48′25″E in South Korea. The dominant plant prior to
burning was Pinus densiflora, but burning induced conversion of vege-
tation type to Quercus at both sites. The parent rocks of Samcheok and
Gangneung are respectively the Archaeozoic-Proterozoic Era Yulri
group and the Jurassic Daebo granite (Kim et al., 2001). In USDA soil
taxonomy, a soil order of them is Inceptisols that have altered horizons
that have lost bases or iron and aluminum but retain some weatherable
minerals and the suborder is Udepts shown in humid climates (NIAS,
2016).

3.2. Observed data

The topography, soil, and vegetation characteristics for the experi-
mental plots installed within the two sites are represented in Table 1. In
Samcheok plots (SC1-SC5) the soil was composed of gravel of 32%,
sand of 64%, and silt and clay of 4% and the very fine gravel which the
mean diameter (Dm) was 1.75 ± 0.53mm from sieve analysis. The soil
of Gangneung plots (GN1-GN4) was the coarse sand that the mean
diameter was 0.87 ± 0.16mm and the ratios of gravel, sand, and silt
and clay accounted for 19%, 76%, and 5%, respectively. Vegetation of
nine plots showed various recovery conditions after wildfire (Fig. 3).
The SC1 and SC4 plots in the Samcheok site had a low vegetation
coverage as shown in Fig. 3(b). Plot SC5 with vegetation coverage of
90–100% is control plot located within an unburned pine forest. Plots
GN1-GN4 installed in the Gangneung site (Fig. 3(c) and (d)) were
treated in post-fire 2001. Although GN2 and GN4 plots showed the fast
regeneration of native plants, GN1 maintained the low vegetation
coverage less than 40%. Plants of GN3 plots were recovered rapidly by
treatment of terrace-sodding. The dry weight of fine roots (dia-
meter < 2mm) was calculated from the relation functions of vegeta-
tion index based on the vegetation structure (Lee and Park, 2005). The
percentage of fine root (Rc) is the rate of the real dry weight to max-
imum dry weight of the fine roots propagated on surface soil (Park
et al., 2012). The plots with dense vegetation coverage tend to show the
deep soil depth and high content of organic matter.

Rainfall data were obtained from the automatic tipping bucket rain
gauges established within each site and the Korea Meteorological
Administration (KMA). Data from KMA for 1980–2010 years indicated
that the annual average temperature and rainfall at Gangneung were
13.1 °C and 1464.5 mm, respectively, and those at Uljin nearby
Samcheok were 12.6 °C and 1278.9 mm, respectively. The rainfall
events associated with convective and orographic storms and typhoons
were concentrated in the summer season (Shin et al., 2013). The ranges
of rainfall depth (R) and maximum rainfall intensity (I) for each rainfall
event were respectively 20.0–959.0mm and 3.0–113.5 mm/h from rain
gauges in the study sites.

Sediment and runoff generated by rainfall events were collected in a
trap connected with a tank (Park et al., 2012). Runoff discharge was
measured directly in the field as using sample buckets. Sediment de-
posited in the trap were sampled and dried in 105 °C oven to obtain the
dry weight.

In this study, the rainfall kinetic energy was calculated from the
exponential equation of rainfall kinetic energy-intensity relationship
using rain-drop distribution data measured at the Daegwanryeong
weather station located within 20 km from Gangneung (Lee and Won,
2013).

3.3. Data analysis

SYSTAT (Version 10, SPSS Inc., Chicago, IL) statistical package was
used for all statistical analyses. Correlation and regression analyses
between soil erosion and variables such as rainfall, cover, and energy
factors were performed to evaluate the energy equation for work of soil
erosion. Log transformation was used to normalize data in correlation
analysis of the relationship between interrill erosion and variables.

Fig. 2. Flow chart to calculate effective energy for interrill erosion on steep
vegetated hillslope. In flow chart main abbreviations are explained as; Ek is
calculated by energy equation using rainfall intensity, Ep is computed from
gross rainfall depth and the mean height of hillsope (H̄ ), Eek, the effective ki-
netic energy of rainfall, is computed from kinetic energies of freefall and
throughfall raindrops (Ek & ET), the ratio of litter layer (Lc), the ratio of ground
covered by vegetation (α), and an angle of slope (θ), and Eep, the effective
potential energy of surface runoff, is computed from rainfall depth (R), inter-
cepted rainfall (Il), the accumulated infiltration (F).
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Multiple regression analysis between coefficient (a) and exponent (b) of
the effective energy equations and main parameters conducted to
evaluate the power-law equation for interrill erosion. The significance
levels of p=0.05, 0.01, and 0.001 were used for all correlation ana-
lyses.

4. Results and discussion

4.1. Surface runoff and sediment yield

Total 221 data of surface runoff and soil loss measured in nine plots
were used to calculate the effective energies for interrill erosion
(Table 2). Total rainfall depth in each plot during the monitoring time
from May to October 2001–2005 was the range of 2198.5–4155.5mm.
The total surface runoff and the total sediment yield according to the

total rainfall depth were 22.4–1375.4 mm and 32.0–12545.7 g/m2, re-
spectively. In this study the sediment yield from the experimental plots
was dependent on the rainfall depth and the rainfall intensity as the
existing studies on post-fire bare land showed the strong relation be-
tween soil erosion and rainfall intensity (Moody and Martin, 2001; Shin
et al., 2013). The maximum runoff discharge and the maximum sedi-
ment yield during extreme rainfall event with a rainfall depth of
959.0 mm and a maximum rainfall intensity of 113.5mm/h were
336mm and 8605 g/m2, respectively, from the GN1 plot of the sparse
vegetation. The plot SC4 and GN1 with sparse vegetation coverage
showed larger runoff coefficients of about 30% than other plots. The
SC2, SC5, and GN4 plots with high vegetation coverage showed the
small runoff coefficients (< 5%) within the range of those on unburned
slopes (Vega and Díaz-Fierros, 1987; Scott and Van Wyk, 1990; Cerdà
and Lasanta, 2005). In plot GN1 and GN3 sediment response rates (Shin

Table 1
Characteristics of topography, soil, and vegetation on nine experimental plots at the Samcheok (SC1-SC5) and Gangneung (GN1-GN4) sites investigated from 2001 to
2005 after wildfire in 2000.

Plot name Area (m2) Length (m) Height (m) Slope (%) Slope aspect
(°)

Mean soil particle size
(mm)

Mean soil depth (cm) Organic matter (%) Vegetation cover (%)

SC1 27.07 8.75 3.37 43.5 280 1.98(0.81) 29.3(10.1) 3.95(0.79) 30–45
SC2 30.89 9.10 4.41 55.4 300 1.57(0.21) 32.3(8.5) 5.48(0.55) 80–100
SC3 23.50 8.37 3.80 51.0 270 2.20(0.66) 24.4(7.0) 3.31(0.49) 65–80
SC4 27.24 9.90 4.34 48.8 270 1.97(0.40) 25.9(14.7) 3.49(0.40) 20–30
SC5 39.14 12.35 5.22 46.6 170 1.22(0.28) 37.1(23.6) 4.76(0.67) 90–100
GN1 15.23 5.46 2.00 40.0 230 0.94(0.09) 24.2(7.0) 3.86(0.69) 30–40
GN2 11.69 4.29 1.91 49.6 180 0.66(0.04) 33.4(7.4) 3.84(0.50) 75–85
GN3 16.66 6.52 2.88 49.2 150 1.05(0.08) 21.5(0.4) 3.35(0.79) 10–70
GN4 19.30 6.47 2.79 47.7 180 0.85(0.05) 38.1(16.8) 6.13(0.15) 70–90

Values in the brackets indicate the standard deviation. The number of observations is 25 times.

Fig. 3. Views of cover condition and surface soil for experimental plots established in Samcheok site including high rock cover and in Gangneung site including high
sand content: (a) plot SC2 with high vegetation coverage, (b) plot SC4 with low vegetation coverage, (c) plot GN1 with low vegetation coverage, and (d) plot GN4
with high vegetation coverage.
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et al., 2013), the ratio of sediment yield to rainfall erosivity index
(Wischmeier and Smith, 1958), were more than 4.0 g·h/J/m. Sediment
response rates from GN plots of sand soil were generally larger than
these from SC plots of gravel soil. In this study sediment yield from the
experimental plots showed the strong relationship with water discharge
as well as rainfall intensity. The relationship between the surface runoff
and the sediment yield from SC plots and GN plots was a power-law
function as in the Table 2. The exponents of power-law equations in
SC4, GN1, and GN3 plots were higher than those in other plots and
similar to exponents from 1.018 to 1.310 in harvest plots and skid rail
plots presented by Hartanto et al. (2003).

4.2. Effective energy for interrill erosion

The energy equations presented in 2. Theory establishment were
computed to analyze work of soil erosion from vegetated hillslopes.
Table 3 shows the average values for the kinetic energies of freefalling
and throughfall raindrops, the effective kinetic energies of raindrops to
detach soil particles, the potential energies of rainwater on surface soil,
the potential energies of infiltration water, the effective potential en-
ergies of surface runoff to transport soil particles, the total input and
effective energies, and work of soil erosion in accordance with rainfall
size and vegetation coverage. The classification of the rainfall size and
the vegetation coverage fallows the criterions presented by Park et al.

(2012). The kinetic energy of freefalling rainfall (Ek) was reduced
greatly by vegetation cover and the litter layer under high plant cov-
erage. Litter layers approximating fall velocity of raindrops to zero on
soil surface caused larger kinetic energy loss than canopy covers. It is
consistent with results by Wiersum (1984), Ross and Dykes (1996), and
Cerdà and Doerr (2008) that litter layers significantly reduce soil ero-
sion. Potential energy of rainwater reached on surface soil (Ep) was
reduced greatly by infiltration rather than interception of vegetation on
densely vegetated plots. Energy lost by infiltration (EpF) accounted for
the highest percent of energy losses. Effective energy (Ee) and work of
soil erosion (Ws) decreased with increase of vegetation and litter cov-
erage. Total input energy of 4721 ± 5408 J/m2 was decreased greatly
by factors of energy loss and only 466 ± 798.7 J/m2 of them was used
as the effective energy for interrill erosion.

The works of soil erosion generated by natural rainfall events were
fitted with the effective energies as in Fig. 4(a) and (b) and relatively
greater in plots with low versus high vegetation coverage. The re-
lationships between work of soil erosion and effective energy showed
the power-law function with high determination coefficients. The cor-
relation relationship for gravel soil plots (Samcheok site) were better
than those for the sandy soil plots (Gangneung site) subjected to post-
fire treatments and continuous management.

In correlation analysis for variables such as topography, soil, rain-
fall, energy, and work of soil erosion, the kinetic energy of rainfall was

Table 2
Power-law equations between surface runoff and sediment yield investigated in nine experimental plots (n= 221).

Plot name Number of
data (n)

Total rainfall
depth (mm)

Total surface
runoff (mm)

Total sediment
yield (g/m2)

Mean runoff
coefficient (%)

Mean sediment
response rate (g h/J/
m)

Power-law equations between surface runoff and
sediment yield

Constant (a) Exponent (b) Correlation
coefficient (r)

SC1 20 2198.5 260.7 578.2 13.1(12.5) 1.01(1.45) 1.235 0.983 0.867**

SC2 24 3061.5 28.1 32.0 0.7(0.8) 0.09(0.26) 0.858 0.676 0.540**

SC3 24 3061.5 577.4 1370.2 16.3(11.4) 1.02(1.07) 2.402 0.848 0.847**

SC4 24 3061.5 904.1 1649.9 30.7(17.2) 1.51(1.84) 0.346 1.345 0.821**

SC5 24 3061.5 22.4 37.9 0.9(1.2) 0.12(0.34) 0.640 0.249 0.205
GN1 27 4155.5 1375.4 12545.7 29.7(12.1) 4.18(4.11) 2.477 1.060 0.738**

GN2 24 3876.5 798.9 1078.7 15.4(7.0) 0.95(1.21) 2.361 0.750 0.740**

GN3 27 4155.5 459.8 3338.6 9.7(15.4) 4.24(11.26) 1.833 1.241 0.903**

GN4 27 4134.0 288.6 3709.2 4.3(3.8) 0.39(0.52) 2.182 0.867 0.764**

Values in the brackets indicate the standard deviation.
*Significance level (p < 0.05), **High significance level (p < 0.01).

Table 3
The average values for kinetic energies of rainfall, potential energies of rainwater, input and effective energies, and work of interrill erosion grouped in accordance
with storm size and vegetation cover.

Storm size Veg.
cover

Kinetic energies of rainfall (J/m2) Potential energies of rainwater (J/m2) Input and effective energies (J/m2) Work of erosion (mJ/
m2)

Ek EkV EkL Eek Ep EpV EpF Eep Ein Ee Ws

Small Low 620 483 447 78 693 642 414 228 1313 306 862
Mid. 703 441 300 50 695 609 545 64 1398 115 220
High 695 493 125 24 831 691 655 37 1526 60 84

Med. Low 2603 1991 1830 320 2646 2524 1772 752 5249 1071 2630
Mid. 2667 1707 1246 213 2398 2224 1938 285 5065 498 803
High 2693 1866 539 102 2869 2576 2401 179 5561 298 384

Heavy Low 13,069 9600 7878 1168 7361 7144 4580 2564 20,430 3732 30,809
Mid. 11,557 7085 4856 911 7137 6781 5508 1273 18,694 2183 8246
High 10,890 5913 1435 278 7961 7421 6808 613 18,851 892 951

Ave. for all data 2472 1670 910 162 2250 2058 1754 304 4721 467 1373

Storm sizes are divided into small, medium, and heavy by the rainfall depth of 80mm and 380mm.
Plant covers are divided into low, middle, and high by the vegetation coverage of 40% and 70%.
Where Ek is the kinetic energy of gross rainfall, EkV is the kinetic energy of raindrop through vegetation, EkL is the kinetic energy of raindrop through vegetation and
letter layer, Eek is the effective kinetic energy of rainfall, Ep is the potential energy of original rainwater, EpV is the potential energy of rainwater through vegetation,
EpF is the potential energy of infiltrated and stored rainwater, Eep is the effective potential energy of surface runoff, Ein is the total input energy of rain, Ee is the
effective energy for interrill erosion, and Ws is the work of soil erosion.
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strongly correlated with rainfall depth than rainfall intensity. The po-
tential energy of rainwater (Ep) had the strongest relationship with ki-
netic energy of rainfall. The kinetic energy of rainfall impacting surface
soil (EkL) showed a negative correlation with total vegetation, effective
ground, and litter coverage. Whereas cumulative infiltration (F) de-
pended greatly on rainfall depth (R), it was poorly correlated with
antecedent rainfall depth and rainfall days. It is the reason that deep
and macropore soil in forested hillslopes has high infiltration capacities
exceeding expected rainfall intensity and predominant subsurface flow
(Brooks et al., 2013; Weiler and Naef, 2003; Shin et al., 2013). The
potential energy of infiltration water (EpF) had the highest correlation
coefficient with potential energy of rainwater. The potential energy of
rainwater depends greatly on kinetic energy of rainfall. This result
corresponds to the study in which Gomer (1994) suggested the in-
filtration rate was related to the cumulative kinetic energy and the
rainfall intensity instead of a function of infiltration rate and time as in
Horton (1939). The effective potential energy of surface runoff (Eep)
determined by runoff discharge was strongly correlated with the kinetic
energy of rainfall impacting surface soil (EkL). Therefore, it is certain
that the kinetic energy of original rainfall is an important factor influ-
encing infiltration and surface runoff.

In the correlation analysis between work of soil erosion and vari-
ables for each plot the factors for vegetation and litter layer exhibited a
negative correlation, whereas the factors for rainfall and energy ex-
hibited a positive correlation (Table 4). In plots with vegetation cov-
erage less than 70% as in SC1, SC4, and GN3, the correlation coeffi-
cients of the effective potential energy of surface runoff (Eep) were
greater than those of the effective kinetic energy of rainfall (Eek).
However the work of soil erosion in plots with high vegetation coverage
(SC2, SC5, and GN2) was significantly correlated with effective kinetic
energy rather than effective potential energy. The results indicate that
soil erosion under high vegetation coverage is dictated by the effective
kinetic energy of raindrops impacting surface soil whereas sediment
yield from bare or sparsely vegetated plots is subject to the erosive
energy of overland flow. If discharge of overland flow is limited by
increasing of depression storage, roughness, and infiltration rate in the
high vegetation coverage, interrill erosion depends dominantly on de-
tachment of rainfall impact near downslope outlet. However if trans-
port capacity of overland flow is sufficient and enhanced by raindrop
impact, sediment concentration of interrill erosion increases (Guy et al.,
1987; Proffitt and Rose, 1991). Pierson et al. (2008 and 2010) showed

that runoff and erosion increase exponentially where bare soil and rock
cover exceeded 50–60% on degraded rangelands and bare surfaces tend
to concentrate overland flow on hillslope. It indicates that main energy
to produce sediment on rangeland hillslopes is converted from the ki-
netic energy of rainfall to the potential energy of surface runoff with the
increase of bare land and rainfall amount. The effective energy showed
the highest correlation coefficient and small standard deviation in
correlation analysis with the work of soil erosion as in Table 4. The
result demonstrates that the effective energy is the physical erosivity
factor to explain interrill erosion on steep hillslopes having various
vegetation cover.

4.3. Relative contribution of energies

Relative ratios of energy were evaluated to confirm the ratio of
energies lost from the kinetic energy and the potential energy of ori-
ginal rain (Fig. 5). The ratio of energy lost by vegetation canopy and
litter layer to kinetic energy of gross rainfall increased mostly with
vegetation coverage and storm size as in Fig. 5(a). The relative ratio of
potential energy lost by infiltration from potential energy of original
rainwater also increased generally with vegetation cover and storm size
and showed the largest rate among other energy losses (Fig. 5(b)). The
rate of potential energy lost by interception of plants decreased with
storm size. The kinetic energies lost by disturbance with vegetation and
the litter accounted respectively for 29.8 ± 19.9% and 33.5 ± 25.9%
to those of original rainfall. The effective kinetic energy only was
6.57 ± 4.63% of kinetic energy of original rainfall. While the potential
energy lost by interception accounted for only 10.7 ± 4.9%, the po-
tential energy lost by infiltration was 75.8 ± 13.1% as compared with
the potential energy of original rainwater.

For plots with low, middle, and high vegetation coverage the re-
lative proportions of effective kinetic energy of rainfall to total effective
energy were respectively 28.8%, 42.8%, and 35.3% (Fig. 6). The rates
of kinetic energy tended to increase with vegetation coverage, but de-
creased in high vegetation coverage (> 70%) accompanying to high
litter coverage. The result which the ratio of effective kinetic energy of
rainfall to total effective energy was the greatest in vegetation coverage
of 40–70% coincides with the experimental study of Ghahramani et al.
(2011) that the contribution of splash erosion to total erosion was the
greatest in moderate coverage. The relative proportions of effective
potential energy of surface runoff to total effective energy were

Fig. 4. The relationship between the energy dissipated by interrill erosion and effective energy: (a) plots on Samcheok site and (b) plots on Gangneung site. The range
of vegetation coverage is shown in parentheses of legend.
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respectively 71.2%, 57.2%, and 64.7% according to low, middle, and
high vegetation coverage and showed the greatest rate in low coverage
plots generating dominant sheet erosion by overland flow (Fig. 6). The
relative ratios of the effective kinetic energy of rainfall and the effective
potential energy of surface runoff to total effective energy were 35.6%
and 64.4%, respectively. Morgan et al. (1986) presented that the energy
available to transport soil particles by raindrop splash is generally less
than that available from overland flow (Morgan et al., 1986). However
Bryan (1974), Luk (1979), Bryan and Luk (1981), Sutherland et al.

(1996), and Ghahramani et al. (2011) showed significantly different
results for the relative contribution of raindrop splash and runoff
transport to interrill erosion. It is the reason that they reflect differences
in rainfall energy, infiltration rates, runoff energy, soil texture, ag-
gregate stability, configuration of the ground, surface water develop-
ment, ground cover, and experimental condition. Therefore relative
ratio of the effective kinetic energy of rainfall and the effective poten-
tial energy of surface runoff provides the physical information to assess
the relative contribution of raindrop splash and runoff transport for

Table 4
Pearson’s correlation coefficients of the relationship between work of soil erosion and variables of rainfall, vegetation, and energy for each plot.

Variable Correlation coefficient with work of soil erosion (J/m)

Plot name Average S.D

SC1 SC2 SC3 SC4 SC5 GN1 GN2 GN3 GN4 Low-cover plots High- cover plots All plots All plots

R 0.686** 0.353 0.699** 0.726** 0.141 0.752** 0.750** 0.321 0.617** 0.621 0.465 0.561 0.228
I 0.702** 0.167 0.834** 0.821** 0.126 0.862** 0.766** 0.416 0.703** 0.700 0.441 0.600 0.289
I30 0.664** 0.121 0.828** 0.802** 0.184 0.888** 0.800** 0.465 0.726** 0.705 0.458 0.609 0.286
EI30 0.720** 0.279 0.707** 0.809** 0.181 0.850** 0.813** 0.404 0.713** 0.696 0.497 0.608 0.252
Ek 0.687** 0.352 0.714** 0.734** 0.162 0.756** 0.753** 0.330 0.640** 0.627 0.477 0.570 0.225
Ep 0.686** 0.353 0.699** 0.738** 0.141 0.752** 0.750** 0.321 0.617** 0.624 0.465 0.562 0.229
Ein 0.687** 0.353 0.707** 0.737** 0.149 0.756** 0.753** 0.327 0.632** 0.627 0.472 0.567 0.228
Vc −0.543* −0.462 −0.499* −0.152 −0.727** −0.108 0.522* −0.805** −0.487 −0.402 −0.289 −0.362 0.403
Veg −0.543* −0.462 −0.706** −0.152 −0.877** −0.108 0.522* −0.805** −0.487 −0.402 −0.326 −0.402 0.435
Lc −0.364 −0.494* −0.702** −0.498* −0.814** −0.238 −0.443 −0.854** −0.577* −0.489 −0.582 −0.554 0.205
EkV 0.763** 0.348 0.715** 0.748** 0.529* 0.770** 0.801** 0.489* 0.620** 0.693 0.575 0.643 0.157
EkL 0.781** 0.598** 0.923** 0.755** 0.778** 0.810** 0.861** 0.727** 0.758** 0.768 0.749 0.777 0.090
EpV 0.697** 0.359 0.706** 0.739** 0.135 0.752** 0.745** 0.349 0.617** 0.634 0.464 0.567 0.227
EpF 0.532* 0.356 0.583* 0.480 0.130 0.726** 0.733** 0.161 0.596** 0.475 0.454 0.477 0.221
Eek 0.781** 0.598** 0.923** 0.755** 0.778** 0.810** 0.861** 0.727** 0.758** 0.768 0.749 0.777 0.090
Eep 0.870** 0.540* 0.847** 0.820** 0.205 0.738** 0.740** 0.903** 0.764** 0.833 0.562 0.714 0.219
Ee 0.888** 0.610** 0.886** 0.850** 0.647** 0.768** 0.780** 0.845** 0.776** 0.838 0.703 0.783 0.099

Plots of low coverage include SC1, SC4, GN1, and GN3 and they of high coverage include SC2, SC5, GN2, and GN4.
Bold values indicate the highest correlation coefficient.
*Significance level (p < 0.01), **: High significance level (p < 0.001).
Where R is the gross rainfall, I is the maximum rainfall intensity for 1 h, I30 is the maximum rainfall intensity for 30min, EI30 is the erosivity factor in USLE, Vc is the
total vegetation coverage, Veg is the effective ground coverage, Lc is the coverage ratio of litter layer.

Fig. 5. Relative energy ratios in accordance with rainfall sizes divided into small, medium, and heavy by the rainfall depth of 80mm and 380mm and vegetation
covers divided into low, middle, and high by the vegetation coverage of 40% and 70%: (a) kinetic energies lost by vegetation canopies, litter layer, and collision with
soil and effective kinetic energy of rainfall to kinetic energy of original rainfall and (b) potential energies lost by interception and infiltration and effective potential
energy of surface runoff to potential energy of original rainwater.
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field interrill erosion.
Pearce (1976) suggested that only 0.2% of kinetic energy of falling

raindrops and 3 to 4% of the energy of running water contribute to soil
erosion, and Morgan (1978) assumed that 0.2% of the kinetic energy of
raindrops and 3% of the kinetic energy of runoff is utilized in erosion. In
this study, the rate of rainfall kinetic energy for erosion from steep
vegetated hillslopes was 0.045 ± 0.116% less than that studied by
Pearce (1976) in bare land of gentle slope. The relative rate for the
work of soil erosion to the effective energy changed from 0.013 to
1.352% with a mean of 0.292 ± 0.841%. The energy efficiency for soil
erosion decreased with increasing vegetation cover was small mostly
under high vegetation coverage because transport capacity of overland
flow was limited by cover factors (Fig. 6). However the energy effi-
ciency under low vegetation coverage (< 40%) was the greatest in
heavy storm (>380mm). The result explains that sediment yield from
bare soil is influenced dominantly by transport capacity of overland
flow concentrated under heavy rain. Raindrop impact also has a clear
positive effect on sediment delivery (Beuselinck et al., 2002; Asadi
et al., 2007). However in medium rainfall size the effect was small
especially. It is the reason that transport capacity of sheet flow may be
not enough to move the coarse soil particles and the energy loss is great
by the vigorous interaction of raindrop impact and sheet flow on ve-
getated hillslopes.

4.4. Relationship of effective energy and work of soil erosion

The effective energy and the work of soil erosion had a power-law
relationship. The constants, exponents, correlation coefficients, and
significance levels for the relationships were presented in Table 5 with
litter coverage, fine root rate, and gravel rate. Plot GN3 and GN4 were
divided into two groups by the sparse and dense vegetation coverage
due to rapid recovery of vegetation. Pearson’s correlation analysis
among the constant (a), exponent (b), and variables including litter
layer rate (Lc), fine root rate (Rc), organic matter content (Om), gravel
rate (Gc), mean diameter of soil particle (Dm), and slope steepness (S)

was conducted to trace the main parameters influencing on the constant
and the exponent (Table 6).

The constants in GN1 and GN2 of sandy soil were greatly higher
than those in SC1 and SC3 of gravel soil although GN1versus SC1 and
GN2 versus SC3 have similar vegetation coverage and slope gradient.
This implies that the constant of the power law is determined by the soil
texture influencing on the shear stress to detach and transport soil
particles (Everaert, 1991). The critical shear velocity increases with
particle size larger than 0.2 mm in diameter (Savat, 1982). In this study
physical characteristics for soil particles less than 0.1 mm were not
considered because the sand and gravel accounted for more 90% of the
soil texture. Therefore the critical shear stress may be proportional to
the diameter of the soil particles. In correlation analysis as in Table 6,
the gravel rate and diameter of soil particles showed the significantly
negative coefficients with constant. The constant corresponds to erod-
ibility index of soil for interrill and rill erosion as presented from linear
equation of WEPP (Laflen et al., 1991; Flanagan and Nearing, 1995). In
cropland and rangeland, the adjustment factors for the erodibilty of
interrill and rill erosion include canopy effects, groundcover, live and
dead root, interrill slope, sealing and crusting, and freeze-thaw pro-
cesses (Flanagan and Nearing, 1995; Nearing et al., 2011; Al-Hamdan
et al., 2012).

Steep slope angle increases the potential energy of soil particles and
decreases the critical shear stress required for the initial motion of soil
particles (Moody et al., 2005). However the influence of slope gradient
on soil particle detachment has been often omitted because the distance
equivalent to only a few drop diameters from the point of raindrop
impact depends on the local slope and is difficult to be characterized by
the effective slope (Morgan et al., 1998). In this study the constant was
not dependent greatly on slope gradient.

The litter and fine roots contribute to form the depression, deten-
tion, and retention storages and decrease the velocity of overland flow
(Nearing et al., 1999; Miura et al., 2003; Miyata et al., 2009;
Ghahramani et al, 2011; Shin et al., 2013). While the exponents for
SC2, SC5, GN2, GN3-2, and GN4-2 plots with high cover of litter layer

Fig. 6. Relative ratios of the effective kinetic energy of rainfall and the effective potential energy of surface runoff and energy efficiency for interrill erosion in
accordance with rainfall sizes and vegetation covers.
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and fine root were less than 1, those for SC1, SC4, and GN1 plots with
low ground cover were lager than 1 (Table 5). The result indicates that
ground covers contacted with surface soil decrease the efficiency of the
effective energy to displace soil particles. In other words, an exponent
of effective energy equation is dominated by the transport capacity of
overland flow to entrain detached soil particles. The exponent was
strongly correlated with litter layer rate in correlation analysis of the
relation between effective energy and work of soil erosion (Table 6).
The exponent b in multi-regression equation with the litter and the fine
root showed especially the strong correlation coefficient (r=0.930)
and was expressed by logarithmic function as Eq. (22):

⎜ ⎟= ⎛
⎝ +

⎞
⎠

+b
L R

0.274 ln 1 0.882
c c (22)

where Lc is the coverage ratio of litter layer, Rc is the weight ratio of
fine root.

Basically, the rock cover not only protects the soil surface from
erosion by intercepting rainfall impact and promoting infiltration but
also is caused the surface to be hydraulically rough (Poesen et al., 1990;
Nearing et al., 1999; Cerdà, 2001; Zavala and Jordán, 2008; Zavala
et al., 2010). In field study the gravel particles on unstable position
were frequently rolled down from steep upslope by normal rainfall
events. We shouldn’t judge that rock fragment protect absolutely sur-
face soil in the interrill erosion of steep hillslopes. Jean et al. (2000)
presented that the influence of rock cover varies with the gradient of
the slope. The rock fragments in steep slope induce the detour flow
concentrated among grain particles or increase erosion risk due to
gravity of themselves (De Figueiredo and Poesen, 1998; Nearing et al.,
1999). As a result, if the gravel or rock fragments are not embedded
they act as the mulch increasing the infiltration rate, meanwhile if they
are inside the soil matrix they act as an impermeable surface and in-
crease the surface runoff.

The physical process for interrill erosion by the complex interaction

of raindrop and sheet flow is not explained solely by effective energy
because velocity and depth of overland flow should be considered to
evaluate transport capacity of sheet flow (Torri et al., 1987; Everaert
et al., 1991). In forested soils with extensive macropores and thick litter
layer, infiltration rate is relatively higher than in agricultural soils with
similar texture (Berglund et al., 1981; Brooks et al., 2013). The runoff
coefficients were difficult to exceed 5% in vigorous oak or mixed forest
land but wildfire areas used to show high surface runoff until re-
generation of vegetation (Vega and Díaz-Fierros, 1987; Scott and Van
Wyk, 1990; Soto et al., 1994; Walsh et al., 1994; Cerdà, 1998; Cerdà
and Doerr, 2005; Shin et al., 2013; Cerdà et al., 2017). Therefore sheet
flow on widely vegetated hillslopes was not easy to be characterized by
velocity and depth of overland flow.

The constant of the power law corresponded on erodibility index of
soil and the exponent was influenced by ground cover which de-
termines transport capacity of overland flow. In this study constants
and exponents ranged respectively from 0.029 to 2.234 and from 0.696
to 1.483. Plots with low ground coverage showed the exponent more
than 1.0, while those with high ground coverage showed the exponent
more than 1.0. The efficiency of effective energy for work of soil erosion
changed on the basis of the exponent 1.0. If constant when exponent
was 1.0 was calculated as average 0.8 from power-law functions, the
relationship between effective energy and work of soil erosion is drawn
by straight line as in Fig. 7 with data measured from plot SC1 and GN4-
2. The figure implies that in b < 1.0 detachment capacity is greater
than transport capacity and that in b > 1.0 transport capacity is
greater than detachment capacity. To improve of availability of effec-
tive energy equation the exponent depending on transport capacity of
overland flow should be additionally studied with discharge and velo-
city variations of sheet flow according to a type and rate of ground
cover.

Table 5
The constants, exponents, and correlation coefficients in relations between effective energy and work of interrill erosion according to cover factors for each plot.

Plot name Litter layer rate (%) Fine root rate (%) Gravel rate (%) Power-law function between effective energy and work of interrill erosion

Constant (a) Exponent (b) Correlation coefficient (r) Number (n)

SC1 8.2 9.5 34 0.108 1.349 0.888** 20
SC2 82.5 18.8 31 0.343 0.904 0.610** 24
SC3 65.8 15.4 35 1.057 1.009 0.986** 24
SC4 2.5 7.3 33 0.029 1.483 0.850** 24
SC5 86.7 16.9 26 0.487 0.905 0.647** 24
GN1 21.3 11.7 24 0.716 1.177 0.768** 27
GN2 70.6 21.1 10 2.234 0.835 0.838** 23
GN3-1 6.0 44.7 22 1.195 1.156 0.768* 9
GN3-2 63.3 91.2 24 0.837 0.748 0.700** 18
GN4-1 30.0 15.6 16 0.613 1.149 0.833** 9
GN4-2 63.9 16.1 21 1.500 0.696 0.701** 18

*: Significance level (p < 0.05), **: High significance level (p < 0.01).

Table 6
Pearson’s correlation coefficients among variables of litter layer rate (Lc), fine root rate (Rc), gravel rate (Gc), organic matter content (Om), mean diameter of soil
particle (Dm), slope steepness (S), and the constant (a) and the exponent (b) of relationship between effective energy and work of soil erosion.

Lc Rc Gc Om Dm S a b

Lc 1.000
Rc 0.151 1.000
Gc −0.158 −0.187 1.000
Om 0.272 −0.390 −0.284 1.000
Dm −0.179 −0.288 0.929** −0.353 1.000
S 0.483 0.208 0.074 0.122 0.184 1.000
a 0.351 0.183 −0.723* 0.005 −0.591 0.140 1.000
b −0.849** −0.438 0.428 −0.281 0.498 −0.355 −0.615* 1.000

Bold values for constant a and exponent b indicate the highest correlation coefficient.
*: Significance level (p < 0.05), **: High significance level (p < 0.01).
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5. Conclusions

The work of soil particles detached and transported by rainfall im-
pact and surface runoff was explained by energy expenditure of kinetic
energy of rainfall and potential energy of surface runoff. The sum of
kinetic energy and potential energy of rainwater was called the effec-
tive energy for interrill erosion. The effective energy compared to other
erosivity factors showed the highest correlation coefficient with the
work of soil erosion as using field data with various vegetation condi-
tions, soil textures, and slope angles. Soil erosion depended dominantly
on the effect of potential energy of surface runoff on low covered plots
and kinetic energy of rainfall impacting surface soil under high vege-
tation cover. The results implied that the effective energy is useful as
erosivity factor to evaluate interrill erosion from vegetated steep hill-
slopes. The kinetic energy of rainfall and the potential energy of rain-
water were greatly reduced by the litter layer and infiltration, respec-
tively. The energy efficiency to transport the detached soil particles
decreased generally with increase of vegetation coverage. A discussion
for the relation of the energy efficiency and the soil erosion demon-
strated that the key factor to prevent excessive erosion is ground cover
including the litter and root. In power-law function for effective energy,
the constants were subject to critical shear stress of soil particles and
the exponents were determined by the capacity of overland flow to
transport soil particles. For future studies, the physical model may be
consistently improved by studying soil erodibility and hydraulic pro-
cesses of interrill erosion.
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