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Erosion prediction on unpaved mountain roads in
northern Thailand: validation of dynamic erodibility

modelling using KINEROS2
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Abstract:

The event- and physics-based KINEROS2 runoff/erosion model for predicting overland flow generation and sediment
production was applied to unpaved mountain roads. Field rainfall simulations conducted in northern Thailand provided
independent data for model calibration and validation. Validation shows that KINEROS2 can be parameterized to
simulate total discharge, sediment transport and sediment concentration on small-scale road plots, for a range of
slopes, during simulated rainfall events. The KINEROS2 model, however, did not accurately predict time-dependent
changes in sediment output and concentration. In particular, early flush peaks and the temporal decay in sediment
output were not predicted, owing to the inability of KINEROS2 to model removal of a surface sediment layer of finite
depth. After 15–20 min, sediment transport declines as the supply of loose superficial material becomes depleted.
Modelled erosion response was improved by allowing road erodibility to vary during an event. Changing the model
values of erosion detachment parameters in response to changes in surface sediment availability improved model
accuracy of predicted sediment transport by 30–40%. A predictive relationship between road erodibility ‘states’ and
road surface sediment depth is presented. This relationship allows implementation of the dynamic erodibility (DE)
method to events where pre-storm sediment depth can be estimated (e.g., from traffic usage variables). Copyright
2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Roads and road-building disrupt watershed hydrological and geomorphological systems and contribute to
adverse cumulative watershed effects (Reid, 1993; Montgomery, 1994). In some instances, road impacts may
be greater than those of other recognized disruptive activities. Megahan and Ketcheson (1996) state that the
primary sediment source from logging activities in western USA is forest access roads, rather than other
timber management activities (e.g. Megahan and Kidd, 1972). In a field study near Melbourne, Australia
Graysonet al. (1993) determined that timber harvesting activities did not greatly affect stream physical and
chemical water quality, but improperly placed or maintained roads contributed substantial sediment quantities.
In mountainous northern Thailand, we have demonstrated that unpaved rural roads can disrupt hydrological and
erosional processes disproportionately to their areal extent, compared with agriculture-related lands (Ziegler
and Giambelluca, 1997a,b). Despite evidence that road-related impacts often outweigh those of other activities,
conservation efforts historically have focused on agricultural and timber removal activities. In an attempt
to better understand road impacts, geomorphologists and hydrologists have been approaching the goal of
modelling road-related physical processes realistically (e.g. Simonset al., 1977, 1978; Ward and Seiger, 1983;
Flerchinger and Watts, 1987; Luce and Cundy, 1994; Elliotet al., 1995; Anderson and MacDonald, 1998;
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Storck et al., 1998). Physically based models are potentially important tools in the labour-intensive, time-
consuming process of investigating how roads disrupt basin hydrological and erosional processes, provided
that:

1. model equations describe underlying runoff generation and erosion processes realistically;
2. necessary parameters and datasets can be obtained for the model;
3. calibration and validation is performed to ensure the model accuracy.

Herein, we test the use of the KINEROS2 model for predicting road runoff and erosion on an unpaved road in
the Pang Khum Experimental Watershed (PKEW) in northern Thailand, the site of our ongoing investigation
of road-related impacts in montane mainland southeast Asia (Ziegleret al., 2000a, b; in press).

THE KINEROS2 MODEL

KINEROS2 (Smithet al., 1995), the second-generation version of KINEROS (Woolhiseret al., 1990), is an
event-based, physics-based runoff and erosion model. Application and testing of KINEROS is documented
elsewhere (Smith, 1976; Smithet al., 1995). Dynamic, distributed flow modelling in KINEROS2 is well-suited
to describe road runoff and erosion processes in PKEW, where:

1. runoff generation on roads is dominated by the Horton overland flow (HOF) mechanism, with minimal
contributions from return flow;

2. sediment transport on the road surface varies throughout the course of a storm.

The following description of KINEROS2 is based on Smithet al. (1995) and C. Unkrich (unpublished
manuscript, Southwest Watershed Research Center, USDA-ARS, Tuscon, AZ).
Horton overland flow simulation in KINEROS2 utilizes the kinematic wave method to solve the dynamic

water balance equation
∂h

∂t
C ∂Q

∂x
D q�x, t	 �1	

whereh is water storage per unit area,Q�x, t	 is water discharge,x is distance downslope,t is time, andq�x, t	
is net lateral inflow rate. Solution of Equation (1) requires estimates of time- and space-dependent rainfall
r�x, t	 and infiltrationf�x, t	 rates

q�x, t	 D r�x, t	� f�x, t	 �2	

The infiltration model in KINEROS2 utilizes several parameters describing a one- or two-layer soil profile:
saturated hydraulic conductivity (Ks), integral capillary drive or matric potential (G), porosity (�), and pore
size distribution index (�). The coefficient of variation forKs also can be specified to account for spatial
variation in infiltration. Inclusion of two soil layers allows the modelling of a restrictive surface or subsurface
layer. The general one-layer infiltrability (fc) model is a function of cumulative infiltration (I)

fc D Ks

[
1C ˛

e�˛I/B	 � 1

]
�3	

where˛ represents soil type (fixed at 0Ð85) andB D �GC hw	�s �I), wherehw is surface water depth
andG is net capillary drive; the second term, unit storage capacity, is the difference of effective saturation
(s) and soil moisture (I).
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Simulating erosion involves solving the dynamic sediment mass balance equation

∂�ACs	

∂t
C ∂�QCs	

∂x
� e�x, t	 D q�x, t	c�x, t	 �4	

whereA is cross-sectional area,Cs is local sediment concentration,e is net erosion/deposition rate,q�x, t	
is water inflow rate andc�x, t	 is the corresponding concentration of the inflowing water. The KINEROS2
model does not explicitly separate rill and interrill erosion processes (often there are no rills); rather,e is
divided into rainsplash (es) and net hydraulic erosion (eh) subcomponents

e D es C eh �5	

Splash erosion is estimated from the relationship

es D
{
cfk�h	r2 q > 0
0 q < 0

�6	

where r is rainfall intensity, cf is a constant related to soil erodibility,k�h	 is a function of surface
water depth that reduces the splash erosion rate as water depth increases, andq is excess rainfall (i.e.
rainfall> infiltrationC surface ponding). Flow-induced net hydraulic erosion is the difference between particle
detachment (dependent on slope, flow depth, flow velocity, particle size) and deposition. In KINEROS2,eh
is calculated as a function of current local sediment concentrationCs�x, t	 and transport capacity (Cmx)

eh D cg�Cmx �Cs	A �7	

whereA is cross-sectional area of the flowing water andcg is a transfer rate coefficient, which is equal to soil
particle settling velocity (vs) / hydraulic depth (h) during deposition; andcg is less thanvs/h during erosion
on cohesive soils.
Drainage basins in KINEROS2 are treated as a cascading network of surface, channel and pond elements.

Channels receive flow from adjacent surfaces or upslope channels. Rectangular surfaces may be cascaded or
arranged in parallel to represent complex topography or erosion features. A road section could be represented
as one element or subdivided into parallel flow planes representing distinct features, such as ruts, gullies or
tracks. Each element is characterized by assigning parameter values that control runoff generation and erosion
processes. Dynamic, distributed flow modelling in KINEROS2 requires a temporal record of rainfall rate at
one or more locations.

STUDY AREA

The Pang Khum Experiment Watershed (PKEW) is near Pang Khum village (19°30N, 98°390E), within
Samoeng District of Chiang Mai Province, about 60 km NNW of Chiang Mai, Thailand (Figure 1). The
monsoon rainy season extends from mid-May through to November, during which about 90% of the
1200–1300 mm annual rainfall occurs. Bedrock within the 93Ð7-ha basin is Triassic granite; PKEW soils
are dominantly Ultisols, Alfisols and Inceptisols. Soil properties determined on the Lower PKEW Road are
listed in Table I. Roads, access paths and dwelling sites each comprise<1% of the PKEW area. Approximately
12% of the basin area is agricultural land (cultivated, upland fields, and<1Ð5-year-old abandoned); 13% is
comprised of fallow lands (not used for 1Ð5–4 years); 31 and 12% are young (4–10 years) and advanced
secondary vegetation, respectively; and 31% is disturbed, primary forest.
Despite light traffic, the Upper and Lower PKEW Roads are important sediment sources for material

entering the stream channel network (Figure 2; Ziegleret al., in press). At the beginning of the rainy season,
loose road surface material that has accumulated during the dry season is flushed by surface flow during
the first few rainstorms. Thereafter, daily traffic detaches more sediment and creates ruts for gully initiation.
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Figure 1. Location of the Pang Khum village in northern Thailand

Filling of gullies with unconsolidated material is an additional source of easily eroded material. Because
HOF is frequently generated on roads (Ziegler and Giambelluca, 1997a), surface runoff frequently transports
sediment and incises concentrated flow channels during the wet period. Throughout much of the watershed,
approximately 75% of all road runoff directly enters the stream network at intersections of the road and stream
channel. Because the PKEW roads are not major arteries, we were able to conduct numerous experiments
without interrupting daily traffic patterns; additionally we could control usage during experiments investigating
vehicle detachment.

METHODS AND MATERIALS

Rainfall simulation

In February 1998 and 1999, rainfall simulation experiments were conducted on the Lower PKEW Road.
Eight simulations (ROAD) were conducted on a road section with experimental plot slopes ranging from
0Ð13 to 0Ð18 (m m�1). Four simulations were performed on the steepest road section in PKEW (HILL,
slopeD 0Ð29 m m�1). One day following the ROAD simulations, an additional simulation was performed on
each ROAD plot to investigate sediment transport during successive storms (WET). The rainfall simulator
consisted of two vertical, 4Ð3-m risers, each directing one 60° axial full cone nozzle (70µm orifice
diameter) toward the surface. Water was supplied to the simulator by a 750 W centrifugal pump at 172 kPa
(25 p.s.i.). This operating pressure produced rainfall energy flux densities (EFD) ranging from about 1700
to 1900 J m�2 h�1 (100–115 mm h�1), approximating energies sustained for 10–20 min during the largest
annual PKEW storms (based on preliminary analysis of 2 years of rainfall data). Cylindrical, sand-filled,
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Table I. Mean soil properties of the road surface soil at PKEW

Descriptor/property Units n PKEW Roada

Sand fraction % 8 54Ð4š 4Ð9
Silt fraction % 8 24Ð0š 2Ð2
Clay fraction % 8 21Ð7š 5Ð5
Dominant clay mineral — 4 Kaoliniteb

Saturated hydaulic conductivity mm h�1 26 15Ð0š 8Ð6
Wetness at saturation (also saturated porosity) m m�3 26 0Ð44š 0Ð05
Water retained at�330 kPa m m�3 5 0Ð30š 0Ð01
Water retained at�1500 kPa m m�3 5 0Ð13š 0Ð01
Preferential porosity m m�3 5 0Ð10š 0Ð03
Bulk density (0–5 cm) Mg m�3 74 1Ð45š 0Ð13
Bulk density (5–10 cm) Mg m�3 16 1Ð36š 0Ð11
Bulk density (10–15 cm) Mg m�3 16 1Ð35š 0Ð10
Penetration resistance MPa 160 6Ð4š 0Ð4
Particle density Mg m�3 8 2Ð55š 0Ð05
pH�1 : 5water	 — 16 4Ð8š 0Ð3
Organic carbon % 16 1Ð6š 0Ð6
Total nitrogen % 16 0Ð13š 0Ð03
Cation exchange capacity cmolc kg�1 16 9Ð8š 2Ð6
Exchangeable bases % 16 63Ð1š 19Ð8

aValues determined from 90 cm3 surface cores; values are meansš one standard deviation.
b For PKEW soils in general; additionally, traces of illite, vermiculite, gibbsite, montmorillonite
and chlorite are present.

geotextile bags (3Ð0 mð 0Ð2 mð 0Ð1 m) were arranged to form rectangular plots. Plot dimensions for ROAD
and WET simulations were 3Ð75ð 0Ð85 m; 3Ð75ð 0Ð80 m for HILL simulations. The ROAD surface typically
included one 0Ð15–0Ð30 m wide, incised (0Ð10–0Ð15 m) rut. The HILL plot surface areas were entirely rutted.
At the base of all plots, geotextile bags were arranged such that runoff was funnelled into a shallow drainage
trench. The 0Ð21 m2 triangular area (in addition to plot areas above) at the base of each plot contributed
both runoff and sediment. A V-shaped aluminium trough, inserted into the vertical trench wall, allowed
event-based sampling. The trench face was treated with a 5 : 1 mixture of water and Soil SementTM (an
acrylic vinyl acetate polymer from Midwest Industrial Supply, Inc., OH) to prevent sediment detachment.
The ROAD simulations were conducted for 60 min after time to runoff (TTRO); HILL simulations, 45 min
after TTRO; and WET simulations, 10 min after TTRO. Rainfall was measured with manual gauges placed on
the plot borders. Discharge was determined by filling a 525-mL bottle at 2Ð5- or 5-min intervals after TTRO.
After settling, the supernatant was decanted, and discharge samples were oven-dried at 105°C for 24 h to
determine mass of material transported. Sample discharge volumes were reduced to account for the presence
of sediment. Instantaneous concentrations (Ct) were calculated as sediment mass per corrected discharge
volume. Instantaneous discharge (Qt) and sediment output (St) values were adjusted to rates per unit area by
dividing by sample filling time and plot area.

Soil physical property measurements

Soil physical properties in Table I were determined either 1 m upslope or downslope of the ROAD
simulation plots. Surface bulk density (�b) and subsurface bulk density (at 5 and 10 cm depths) were
determined by sampling a 5-cm depth with a 90 cm3 core, then oven drying for 24 h at 105°C. Soil
penetrability, a measure of the ease with which an object can be pushed or driven into the soil (cf.
Bradford, 1986), was determined with a static LangTM penetrometer. The penetrometer provides an index
of normal strength, termed the penetration resistance (PR), for the upper soil surface, typically about
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Figure 2. The 93Ð7 ha Pang Khum Experimental Watershed (PKEW). Field rainfall simulations were performed at two locations on the 1650
m section of the Lower PKEW Road bisecting the watershed

0Ð5 cm in depth—less on highly compacted surfaces, such as roads. Saturated hydraulic conductivity values
were estimated from infiltration measurements takenin situ with Vadose Zone Equipment Corporation disk
permeameters. Moisture retention data (soil moisture characteristic curves) were determined from 45 cm3

cores collected from the road surface using standard procedures described in Klute (1986). Preferential
porosity was computed as the difference in water content between D 0 kPa (saturation) and that at�10 kPa.
Measurements of cross-sectional physical characteristics and an inventory of sediment sources was performed
on the Lower PKEW Road. A total of 32 cross-sections were established 50 m apart, beginning 25 m inside
the watershed boundary. One suite of cross-sectional measurements was conducted in the dry season, March
1998; a second, 7 months later near the end of the wet season. At each cross-section, indices for the loose
material were calculated from area-based gravimetric and volumetric calculations made of loose sediment
collected with a brush and trowel from a 0Ð10 m swath across the road surface.
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Model calibration and model error assessment

The ROAD simulation events 1, 2, 4, 5 and 7 were chosen randomly to produce a model calibration data
set. Non-rectangular simulation plots were modelled in KINEROS2 as a singular rectangular element, having
length and area equal to those in the field simulations; element widths were reduced to give equal areas.
Median measured instantaneous and total runoff, sediment transport and sediment concentration values for
the observed events (1, 2, 4, 5 and 7) were compared with those predicted by KINEROS2. Element parameters
controlling runoff generation (e.g. capillary drive andKs) and erosion processes (e.g. splash erosion and soil
cohesion coefficients), which were assigned initially based on physical property data, were adjusted during
calibration to reduce the error in predicted runoff and sediment transport. Five measures of model error or
performance were used (Green and Stevenson, 1986; Loague and Green, 1991):

error in total estimate (%) Etotal D �Ptotal � Ototal	

Ototal
ð 100 �8	

error in peak value estimate (%) EpeakD �Ppeak� Opeak	

Opeak
ð 100 �9	

root mean square error (%) RMSE D
√√√√1

n

n∑
iD1

�Pi � Oi	
2 ð 100

O
�10	

coefficient of determination CD D
∑n

iD1

(
Oi � O

)2
∑n

iD1

(
Pi � O

)2 �11	

model efficiency (ME, Nash and Sutcliffe, 1970) R2 D 1�
∑n

iD1
�Oi � Pi	

2

∑n

iD1

(
Oi � O

)2 �12	

wherePtotal andOtotal are event total predicted and observed values;Ppeak andOpeak are peak event predicted
and observed values;Pi andOi are predicted and observed instantaneous values; andO is the mean of the
observed data. If predicted and observed values are equal,Etotal, Epeak, RMSE, CD andR2 produce optimal
values of 0, 0, 0, 1 and 1. Lower limits forEtotal, Epeak, RMSEandCD are zero; model efficiencyR2 can
be negative. TheCD value indicates the proportion of total variance of observed data that is explained by
the predicted data. A negativeR2 value indicates that model values are worse estimates than the observed
mean (Loague and Green, 1991). Calibration first focused on reducing runoffEtotal to š0Ð5%; parameters
where then adjusted to produce a better fit of the predicted runoff hydrograph, as indicated by the other
performance indices (i.e.RMSE, CD andME). The subsequent adjustments maintained anEtotal of š0Ð5%.
Following runoff calibration, adjustments were made to splash and hydraulic detachment parameters to first
reduce sediment transport total error toš0Ð5%, then produce the best fit of modelled versus observed values,
as defined byRMSE, CD andME.

Model validation

Validation of the ROAD12457 parameter set (Table II) was performed on three data sets: (i) the three
ROAD simulations not used for calibration (events 3, 6 and 8); (ii) the HILL simulations; and (iii) the WET
simulations. The first data set allowed validation under initial conditions similar to those of ROAD12457.
The HILL data set allowed validation on a steeper road section, with drier antecedent moisture conditions and
greater surface sediment than ROAD12457. Surface preparation refers to events/phenomenon contributing
to availability, detachment or entrainment of surface material (e.g. vehicular traffic, maintenance or mass
wasting—cf. Ziegleret al., in press). The WET data set allowed validation during typical wet season
conditions: i.e., when high initial soil moisture content produces fast runoff generation, and prior HOF events
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Table II. The ROAD12457 parameter set following calibration

Parametera Description Value Units Calculation/estimation method

TH Thickness of soil layer 1 0Ð15 m Field examination of soil profile
Ks,1, Ks,2 Saturated hydraulic conductivity 4Ð05 mm h�1 Reduced from Table I value during

calibration
CvKs Coefficient of variation forKs 0Ð61 — Table I
G1 Layer 1 capillary drive 15 mm Reduced during calibration from

value in Rawlset al. (1982) for
sandy clay loam.

G2 Layer 2 capillary drive 36 mm Same as forG1

� Pore size distribution index 0Ð25 — Rawlset al. (1982) for sandy clay
loam

SAT Initial relative saturation 0Ð47 — Calculated as pre-storm soil
wetness divided by wetness at
saturation

�1, �2 Layer 1 and 2 porosity 0Ð43 cm3 cm�3 Estimated as soil wetness at
saturation

cf Rain splash coefficient 261Ð6b s m�1 Determined during calibration from
estimated value (Figure 4)

cg Soil cohesion coefficient 0Ð0196b — Same as forcf
RELIEF Average microtopographic relief 100 mm Field measurements
SPACING Average microtopographic spacing 0Ð40 m Field measurements
�s Particle density 2Ð55 Mg m�3 Table I
MAN Manning’sn roughness coefficient 0Ð015 — Comparison of field conditions

with values in Morgan (1995)
INT Interception depth 0 mm Field measurements
ROCK Volumetric rock fraction of the soil

column
1 % Field measurements

aSubscripts refer to an upper (1) or lower (2) soil layer utilized by the infiltration subcomponent.
b For dynamic erosion (DE) modellingcf D 139Ð95 andcg D 0Ð0105.

have reduced loose surface sediment availability. One validation goal was to identify parameters sensitive to
physical differences related to topography, soil moisture and surface preparation.

RESULTS

Model calibration

Table III lists rainfall intensity, storm duration, plot slope, an index of initial soil moisture (SAT in Table II),
runoff (RO), total sediment output (S) and total sediment concentration (C) for rainfall simulation events
modelled during KINEROS2 calibration and validation experiments. Events are referred to by simulation type
(i.e. ROAD, HILL or WET) and one or a string of digits indicating a specific simulation number, or referring
to the median values of several sites (e.g. ROAD368 refers to the median of ROAD simulations 3, 6 and 8).
Median instantaneous discharge (Qt), sediment transport (St), and concentration (Ct) values for calibration

event ROAD12457 are shown with KINEROS2-predicted values in Figure 3. Following parameter optimiza-
tion, errors in predicted totalRO andS were�0Ð5% (Tables IV and V). TheQt time series is well-modelled
by KINEROS2 (RMSE D 14%;CD ³ 0Ð80; R2 D 0Ð84); modelled peak discharge is underestimated by only
³3% (Figure 3a). Substantially higher prediction error exists for instantaneous and peakSt andCt (Tables V
and VI). The sediment peak in the first 20 min of the event, and the corresponding highCt values, are not
predicted by KINEROS2 (Figure 3b and c). TheRMSE values for predictedS andC are>50 and 100%,
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Table III. Summary of event characteristics and output for rainfall simulation experiments
used for validation of KINEROS2

Simulation Event/plot variablesa Total outputs
identity

Ri Duration Slope SAT RO S C
(mm h�1) (min) (m m�1) (mm) (kg) (kg m�3)

ROAD1b 91 61Ð2 0Ð14 0Ð54 75Ð7 5Ð0 16Ð7
ROAD2 110 60Ð8 0Ð14 0Ð53 98Ð4 6Ð2 16Ð0
ROAD3 94 61Ð5 0Ð13 0Ð40 72Ð2 5Ð6 19Ð7
ROAD4 107 61Ð4 0Ð13 0Ð26 95Ð2 9Ð4 24Ð9
ROAD5 100 61Ð2 0Ð14 0Ð47 84Ð1 4Ð4 13Ð2
ROAD6 116 60Ð6 0Ð18 0Ð43 95Ð0 5Ð4 14Ð3
ROAD7 108 61Ð2 0Ð18 0Ð41 91Ð5 13Ð5 37Ð3
ROAD8 112 60Ð9 0Ð17 0Ð38 96Ð1 4Ð6 12Ð1
ROAD12457 107 61Ð2 0Ð14 0Ð47 91Ð5 6Ð2 16Ð7
ROAD368 112 60Ð9 0Ð17 0Ð40 95Ð0 5Ð4 14Ð3
HILL1 108 46Ð6 0Ð24 0Ð25 61Ð2 13Ð3 57Ð5
HILL2 131 47Ð0 0Ð24 0Ð25 86Ð4 15Ð7 48Ð3
HILL3 92 46Ð4 0Ð29 0Ð27 56Ð7 17Ð0 79Ð6
HILL4 123 46Ð2 0Ð29 0Ð12 76Ð7 15Ð7 54Ð3
HILL 115 46Ð5 0Ð26 0Ð25 69Ð0 15Ð7 55Ð9
WET1 90 10Ð9 0Ð14 0Ð74 12Ð6 0Ð78 15Ð6
WET2 100 11Ð3 0Ð14 0Ð78 12Ð3 0Ð79 16Ð2
WET3 93 10Ð8 0Ð13 0Ð74 9Ð8 0Ð54 14Ð1
WET4 102 10Ð5 0Ð13 0Ð74 14Ð8 2Ð04 34Ð8
WET5 113 10Ð5 0Ð14 0Ð84 16Ð3 0Ð57 8Ð8
WET6 127 10Ð3 0Ð17 0Ð82 18Ð3 0Ð66 9Ð1
WET7 118 10Ð7 0Ð18 0Ð84 14Ð4 0Ð96 16Ð8
WET8 120 10Ð5 0Ð17 0Ð85 13Ð3 0Ð33 6Ð2
WET 108 10Ð6 0Ð14 0Ð80 13Ð9 0Ð72 14Ð8

aDurationD total simulation time; SAT is defined in Table II;RO, S and C are total
runoff, sediment output and concentration.
b Digits refer to one specific simulation event; strings of digits indicate that values are
medians of several events; HILL and WET refer to medians of all events of that type.

respectively; andSt andCt peaks are underestimated by>41 and 78%, respectively. Only during the middle
third of ROAD12457 isSt well-described by KINEROS2. LowEtotal for KINEROS2-predictedS results from
a balance of underprediction ofSt at the beginning of the event, and overprediction toward the end.

The ROAD12457 parameter set

The calibration stage produced a parameter set (ROAD12457) for use during model validation. In the
ROAD12457 parameter set (Table II), the soil is described as a two-layer column, with the upper layer having
thickness (TH ) 0Ð15 m. Layer one depth was determined from field profile observations and bulk density
measurements. Numeric subscripts in Table II refer to upper (1) and lower (2) soil layers, the latter for which
depth is not specified. Our parameter specification approach initially used field-measured values. Changes
having physical basis were then allowed to calibrate the discharge and sediment transport responses. For
example, field-measuredKs (15Ð0 mm h�1) was reduced to 4Ð1 mm h�1, a value slightly less than the rainfall-
simulation-derived estimate of steady state infiltration (5Ð4 mm h�1). The original coefficient of variation for
theKs data was retained forCvKs. Values ofG1 andG2 for the highly disturbed road surface were reduced by
an order of magnitude during calibration from recommended values for sandy clay loam soils (Rawlset al.,
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Figure 3. Comparison of (a) discharge, (b) sediment transport rate and (c) concentration between measured rainfall simulation data (circles)
and KINEROS2-predicted values. Measured values are medians from ROAD events 1, 2, 4, 5 and 7; error bars areš one median absolute

deviation about the median. The KINEROS2 model was run using the calibration parameter set (Table II)

Table IV. Errors between observed and KINEROS2-predicted runoff

Simulation Observed Predicted Ea
total Epeak RMSE CD ME

identity (mm) (mm) (%) (%) (%) (r2) (R2)

ROAD12457b 91Ð5 91Ð1 �0Ð47 �3Ð44 14Ð0 0Ð82 0Ð84
ROAD368 95Ð0 91Ð2 3Ð84 �2Ð22 23Ð4 0Ð80 0Ð65
ROAD3 72Ð2 80Ð9 12Ð03 �1Ð96 29Ð6 0Ð87 0Ð52
ROAD6 95Ð0 103Ð1 8Ð47 34Ð21 62Ð5 0Ð37 �1Ð15
ROAD8 96Ð2 100Ð0 4Ð02 �9Ð46 22Ð6 0Ð92 0Ð68
HILL 69Ð0 74Ð2 7Ð52 �1Ð11 17Ð6 0Ð79 0Ð81
WET 13Ð9 16Ð5 18Ð98 0Ð43 21Ð5 0Ð67 0Ð85

aEtotal is error in total output estimate (Equation 8);Epeak is error in peak estimate (Equation 9);RMSE is root
mean square error (Equation 10);CD is coefficient of determination (Equation 11);ME is model efficiency
(Equation 12).
b Events modelled using dynamic erodibility method have same discharge values as event reported here.

1982). Pore size distribution index (�) corresponds to that of sandy clay loam soil in Rawlset al. (1982). Initial
soil saturation (SAT) was calculated as initial soil moisture divided by soil moisture at saturation (Table I).

Copyright  2001 John Wiley & Sons, Ltd. Hydrol. Process.15, 337–358 (2001)



EROSION PREDICTION ON UNPAVED MOUNTAIN ROADS 347

Table V. Errors between observed and KINEROS2-predicted sediment output

Simulation Observed Predicted Ea
total Epeak RMSE CD ME

identity (kg) (kg) (%) (%) (%) (r2) (R2)

ROAD12457 6Ð22 6Ð23 0Ð22 �41Ð2 51Ð6 1Ð64 0Ð77
ROAD368 5Ð39 7Ð92 46Ð8 �41Ð9 87Ð1 0Ð72 0Ð44
ROAD3 5Ð63 4Ð96 �11Ð9 �68Ð5 75Ð9 2Ð14 0Ð61
ROAD6 5Ð39 9Ð83 82Ð3 �26Ð3 117Ð9 0Ð76 0Ð09
ROAD8 4Ð63 8Ð88 92Ð1 �36Ð0 96Ð8 0Ð51 0Ð32
HILL 15Ð69 10Ð66 �32Ð1 �67Ð0 70Ð1 3Ð22 0Ð62
WET 0Ð72 1Ð25 73Ð4 56Ð2 84Ð0 0Ð34 0Ð38
ROAD12457 DEb 6Ð22 6Ð47 4Ð04 �3Ð93 35Ð4 1Ð11 0Ð89
HILL DE 15Ð69 14Ð64 �6Ð69 �21Ð9 44Ð6 0Ð97 0Ð85
ROAD3 DE 5Ð63 5Ð23 �7Ð07 �61Ð3 71Ð4 1Ð55 0Ð66
ROAD6 DE 5Ð39 8Ð07 49Ð6 �39Ð9 92Ð3 0Ð91 0Ð44
ROAD8 DE 4Ð63 6Ð84 48Ð0 �26Ð9 64Ð5 0Ð63 0Ð70

aEtotal is error in total output estimate (Equation 8);Epeak is error in peak estimate (Equation 9);RMSE is root
mean square error (Equation 10);CD is coefficient of determination (Equation 11);ME is model efficiency
(Equation 12).
b DE refers to dynamic erodibility modelling method (Equation 13).

Table VI. Errors between observed and KINEROS2-predicted sediment concentration

Simulation Observed Predicted Ea
total Epeak RMSE CD ME

identity (kg m3) (kg m3) (%) (%) (%) (r2) (R2)

ROAD12457 16Ð7 20Ð1 20Ð6 �78Ð4 104Ð8 3Ð05 0Ð38
ROAD368 14Ð3 25Ð5 78Ð3 �69Ð1 102Ð1 1Ð44 0Ð49
ROAD3 19Ð7 18Ð0 �8Ð36 �77Ð6 118Ð6 3Ð03 0Ð32
ROAD6 14Ð3 28Ð1 95Ð9 �82Ð7 154Ð9 3Ð68 0Ð23
ROAD8 12Ð1 26Ð1 115Ð2 �72Ð5 84Ð2 1Ð72 0Ð60
HILL 56Ð0 44Ð9 �19Ð7 �84Ð5 116Ð5 7Ð94 0Ð29
WET 14Ð8 22Ð3 50Ð4 51Ð6 88Ð4 0Ð45 0Ð35
ROAD12457 DEb 16Ð7 20Ð9 25Ð1 �64Ð7 97Ð0 2Ð04 0Ð47
HILL DE 56Ð0 61Ð7 10Ð3 �61Ð9 103Ð4 2Ð23 0Ð44
ROAD3 DE 19Ð7 19Ð0 �3Ð33 �67Ð2 113Ð3 2Ð09 0Ð38
ROAD6 DE 14Ð3 23Ð0 60Ð8 �76Ð9 141Ð5 3Ð24 0Ð36
ROAD8 DE 12Ð1 20Ð1 65Ð8 �63Ð0 62Ð8 1Ð88 0Ð78

aEtotal is error in total output estimate (Equation 8);Epeak is error in peak estimate (Equation 9);RMSE is root
mean squared error (Equation 10);CD is coefficient of determination (Equation 11);ME is model efficiency
(Equation 12).
b DE refers to dynamic erodibility modelling method (Equation 13).

RELIEF refers to vertical changes in microtopography over the prescribed SPACING interval. Porosity (�)
and particle density (�s) were determined from physical measurements (Table I).
First-guess values ofcf andcg were assigned by solving Equations (6) and (7), respectively, using observed

discharge, concentration and water depth data from a prior work (Ziegleret al., 2000a). Values ofcf andcg
were selected that produced the lowestRMSEbetween equation-predicted and observed splash and hydraulic
erosion (Ziegleret al., 2000b) during the final 45 min of the ROAD rainfall simulation events 1, 2, 4, 5 and
7 (Figure 4). The initial 15-min period containing the flush of loose surface material was not included in the
calculation, because we wanted the erodibilities to be that of the true road surface. The final values shown

Copyright  2001 John Wiley & Sons, Ltd. Hydrol. Process.15, 337–358 (2001)



348 A. D. ZIEGLER, T. W. GIAMBELLUCA AND R. A. SUTHERLAND

H
yd

ra
ul

ic
 e

ro
si

on
 (

m
2

s−
1 )

∗  
10

E
6 

S
pl

as
h 

er
os

io
n 

(m
2

s−
1 )

∗ 
10

E
6 0.6

0.5

0.4

0.3

0.2

0.1

0.0

1.0

0.8

0.6

0.4

0.2

0.0
0 10 20 30 40 50 60

RMSE = 33%

RMSE = 16%

period considered

observed

period considered

predicted

observed

predicted

(a)

(b)

Simulation time (min)

Figure 4. Comparison of (a) predicted splash (Equation 6) and (b) hydraulic (Equation 7) erosion that was measured during ROAD rainfall
simulation events 1, 2, 4, 5 and 7. Coefficientscf andcg in Equations (6) and (7) were chosen to reduce theRMSEbetween predicted and
observed values over the final 45 min of simulation, following the initial flush of loose material. These optimal values were then used as

first-guess estimates for KINEROS2cf andcg parameters prior to model calibration

in Table II were determined during model calibration by reducing the initialcf andcg values equivalently, to
retain the proportionality between splash and hydraulic erosion.

ROAD validation

The results of the ROAD12457 parameter set validation using ROAD events 3, 6 and 8 are shown in
Figures 5 and 6, and Tables IV–VI. Runoff was slightly overpredicted for all events andRMSEvalues were
higher than those during calibration. During events 3 and 8, total variation inRO was better described
than during ROAD12457 (e.g.CD D 0Ð87 and 0Ð92, respectively). Event 6 was relatively poorly modelled,
as indicated by comparatively high values forEpeak andRMSE, low CD and a negative value for model
efficiency. Error values for the median ROAD368 event were reasonable. TotalRO was overpredicted by
only about 4%,Epeak was lower than during calibration andCD was nearly identical. TheRMSE and R2

values were worse for ROAD368 compared with ROAD12457 because of overprediction during the first 20
min of the ROAD368 simulation.
The KINEROS2 model overpredicted total sediment transport for ROAD368 by 47%, but underpredicted

median peak values by³42% (Table V and Figure 6). For the individual events,Etotal ranged from�12
to 92%, RMSE values were>75% andR2 was as low as 0Ð09. Similar to the calibration simulations,
overprediction ofS resulted from the inability of KINEROS2 to predict the initial flush and subsequent
decline in sediment output over time. Unlike the calibration phase, initial underprediction was not enough to
compensate for overprediction at the end of the events. As a result, errors in predicted concentration values
were generally high.
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Figure 5. Comparison of discharge (Qt), sediment transport rate (St) and concentration (Ct) between measured rainfall simulation data
(circles) and KINEROS2-predicted values for ROAD events 3, 6 and 8. The KINEROS2 results were obtained using the calibration

parameter set (Table II)

HILL validation

Simulation of the median HILL time-series using the ROAD12457 parameter set is shown in Figure 7. The
discharge hydrograph was predicted reasonably, withEtotal D 7Ð5% andRMSE ³ 18% (Table IV). TheCD
andME values for the predictions were only slightly lower than those during the ROAD12457 calibration. In
contrast to overpredictingS during ROAD368 validation, KINEROS2 underpredicted sediment transport for
HILL. Total error in S andC were³ �32% and�20%, with much larger errors in peak estimates (Tables V
and VI). TheRMSEvalue for HILL-predictedS was³70%, but was smaller than that for ROAD368;RMSE
in theC prediction was again greater than 100%.

WET validation

Wet validation results are shown in Figure 8 and Tables IV–VI. Predicted runoff was³19% higher than
the observed median value. Much of this error results from overprediction during the first 5 min of this short
event, for which there were few data points for evaluation of model performance. The error in peak output was
less than 1%; and model efficiencyR2 was higher than that of the calibration event. Total sediment transport
was overpredicted by³73% on this ‘wet’ surface, for which most loose sediment was removed during the
previous day of simulation (Table V and Figure 8b). Model efficiency for theS prediction was the lowest of
all median-based validation sets.
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Figure 6. Comparison of (a) discharge, (b) sediment transport rate and (c) concentration between measured rainfall simulation data (circles)
and KINEROS2-predicted values for ROAD368. Measured values are medians from ROAD events 3, 6 and 8; error bars areš one median

absolute deviation about the median. The KINEROS2 results were obtained using the calibration parameter set (Table II)

DISCUSSION

Soil moisture

Experimental conditions for ROAD368 were similar to those under which the calibration parameter set
was produced. The HILL sites had greater slope and lower soil moisture content than the ROAD12457 site;
and the WET sites had higher initial soil moisture (Table III). Runoff was well predicted in ROAD368 and
HILL validation tests (Etotal was withinš7Ð5%). Thus, KINEROS2 handled slope and soil moisture changes
on these surfaces. Runoff during the WET validation was overpredicted by 19%. In comparison, the WEPP
model used by Elliotet al. (1995) slightly overpredicted total event runoff values on 46Ð4 m2 plots by 3–6%
for dry, wet and very wet soil moisture conditions. Much of the model error for our WET simulations is
related to the small time-series we have for the observed data during the 10-min rainfall simulations (n D 5
time stamps).

Sediment availability

Sediment transport was poorly predicted for ROAD368, HILL and WET events using the ROAD12457
calibration parameter set (Etotal D 47,�32, and 73%, respectively). Although, underprediction ofS for HILL
could be related to higher erosive energy of hydraulic flow on the steeper slope, we believe the predominant
cause for poor prediction at all sites is the difference in availability of loose surface material. During the
ROAD12457 rainfall simulation experiments, most sediment removed up to some threshold value of total
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Figure 7. Comparison of (a) discharge, (b) sediment transport and (c) concentration between measured rainfall simulation data (circles) and
KINEROS2-predicted values for the HILL validation. Measured values are medians from four HILL events; error bars areš one median

absolute deviation about the median. The KINEROS2 results were obtained using the calibration parameter set (Table II)

discharge was loose, previously detached material. In contrast, sediment output for the WET simulations was
comparatively low because most loose material was removed on the previous day of rainfall simulation. The
KINEROS2 model overpredictedS because the erosion parameters were determined for a road having a loose
layer of surface material, i.e., the conditions for the ROAD simulations. Similarly, Elliotet al. (1995) reported
that the WEPP model did not predict declines in erosion rates with successive storms.
The KINEROS2 model underpredictedS on HILL plots because these surfaces have more loose material

than the ROAD12457 plots. Large quantities of loose surface material on the HILL plots result from higher
vehicle-detachment rates on this comparatively steep surface. The sediment depth survey showed that the
HILL road section contained three times more loose sediment than the ROAD plots (5Ð4 versus 1Ð8 kg m�2).
Total sediment transport for the HILL plots is best modelled by KINEROS2 usingcf andcg values 3Ð55 times
greater than those in the ROAD12457 calibration parameter set (not shown), suggesting thatS is largely a
function of sediment availability. Disparity in sediment transport between ROAD12457 and ROAD368 is
related to high spatial variability in sediment depth on the road surface resulting from variability in interstorm
preparation processes, including mass wasting, road maintenance and traffic.

Dynamic erodibility

In PKEW the road surface at any given time consists of a compacted, resilient surface underlying a layer of
loose material of finite depth. Because the supply of road surface sediment is dynamic, road sediment transport
response varies both during and between events. Sediment production is often high, such as following a long
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Figure 8. Comparison of (a) discharge, (b) sediment transport rate and (c) concentration between measured rainfall simulation data (circles)
and KINEROS2-predicted values for the WET validation. Measured values are medians from eight WET events; error bars areš one median

absolute deviation about the median. The KINEROS2 results were obtained using the calibration parameter set (Table II)

dry period where traffic has generated a substantial layer of loose material. In general, roads receiving high
traffic volumes tend to have high sediment production rates (cf. Reid and Dunne, 1984). Sediment transport
is controlled initially by the ability of rain-affected surface flow to remove the loose surface layer, then by
the ability to detach previously unavailable material from the compacted road surface. Both the underlying
and loose material layers have unique erodibilities, with the loose layer generally being much more erodible.
Thus, during a storm event, the road surface passes through two or more ‘states’ of erodibility. This dynamic
erodibility can be represented by the following expression:

Eroad D



E2 0 � dcum � c2ds

E1 c2ds � dcum � c1ds

E0 c1ds < dcum

�13	

whereEroad is the dynamic erodibility (DE) of the composite road surface. For implementation in KINEROS2,
Eroad represents a scalar to multiply to baselinecf and cg erodibility parameters. The variableE2 is the
erodibility of the loose surface material at the start of a storm;E0 is the baseline road erodibility of the
compacted road surface;E1 is an intermediate erodibility value after the initial flush of loose material;ds is
an index of sediment availability at the beginning of the storm (e.g. mass per area is used herein);c1 andc2
are values between 0 and 1; anddcum is a value between 0 andds that represents cumulative removal of the
surface material during a storm. The value ofEroad at any timet is related to pre-storm sediment availability
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Figure 9. Modelling of (a) sediment transport rate and (b) concentration using the dynamic erodibility method (DE, Equation 13). Measured
values are medians from ROAD rainfall simulation events 1, 2, 4, 5 and 7 (circles); error bars areš one median absolute deviation about the
median. The KINEROS2 results were obtained using the calibration parameter set, exceptcf andcg were 139Ð95 and 0Ð0105, respectively

(via ds) and the amount of sediment thus far removed during the current modelled storm (dcum). After dcum
surpasses thresholds defined byc2 and c1, Eroad drops to that of a lower state. Implementation of the DE
method requires empirical work to determine values forc1, c2, E0, E1 andE2 for the modelled road. Sediment
availability values,ds, are also required for each storm modelled. As a modification to Equation (13), any
number of erodibility states could be specified; ultimately, it could be represented as a continuous function.
Figure 9 shows calibration results for KINEROS2 modelling of ROAD12457 using the DE method. Values

for E0, E1, E2, ds, c1 andc2 in Equation (13) were assigned as follows.

1. Baseline splash and hydraulic erodibility values for the underlying compacted road surface were established
by optimizing KINEROS2cf andcg parameters to minimizeRMSE in predicted sediment transport for the
10-min WET simulations. Most loose material was removed from these plots during ROAD simulations
on the previous day; therefore, we assumed WET sediment output resulted from detachment of new
material from the compacted road surface. Optimization yielded values of 139Ð95 and 0Ð0105 forcf andcg,
respectively.

2. Initial erodibility (i.e. the scalarE2 D 3Ð4) was determined by increasing baselinecf andcg values to reduce
RMSEfor sediment transport during the initial sediment output peak for ROAD12457 (i.e. roughly the first
15 min). Optimization during the period 20–40 min determinedE1 to be³0Ð5 E2. Finally,E0 D 1 (i.e. the
baseline erodibility values).

3. Sediment availability (ds) was assigned the value determined during the dry-season cross-section survey
(1Ð8 kg m�2). Sediment transport data for ROAD simulations 1, 2, 4, 5 and 7 suggested that the transitions
between statesE2 andE1, and thenE1 andE0, occurred after³53% (c2) and 84% (c1) of the material,
respectively, had been removed from the plots.

Using the DE method,RMSE for predictedS improved from 52 to 35% (Table V). Although total error
increased slightly to 4%, compared with<0Ð5% error for the ROAD12457 calibration simulation,CD was
reduced from 1Ð64 to 1Ð11; andME (R2) increased to 0Ð89, indicating that the DE-predicted values were
better estimates of observed time-series than were the KINEROS2-predicted values. The improved estimates
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of S produced better estimates of concentration; although, errors in theC estimate were still high, owing to
poor estimation of the initial concentration spike following runoff generation. Temporal sediment response
of ROAD12457 DE more closely describes the observed flush peak and the subsequent decline produced by
the depletion of superficial material (Figure 9). Although more difficult to implement—because DE requires
calibration and validation for all specified erodibilities—the dynamic erodibility method provides an improved
approach for physically modelling removal of a loose road surface layer of finite depth. Figure 4 highlights
the inability of Equation (6) to predict road splash response using observed discharge and water depth data.
Predicted splash stabilizes after a few minutes because water depth, which is calculated as a function of
runoff, stabilizes on the small-scale plots. Observed splash continues to decline because it is controlled by
sediment availability, not increasing water depth, as modelled in Equation (6). The DE method addresses the
change in sediment availability by modifying model parameters for erodibility.
Results from a second calibration of the DE modelling technique using HILL data are shown in Figure 10.

Initial erodibility (E2 D 6Ð1) was determined by reducingRMSEof KINEROS2-predicted sediment transport
during the initial flush of the HILL data. A value ofE1 D 1Ð9 was determined by optimizing model erosion
parameters during the middle 20 min of the HILL simulations. The sediment cross-section survey value of
5Ð4 kg m�2 was used fords. Similar to the ROAD12457 DE simulation,c1 andc2 were assigned values 53
and 84%, respectively. The KINEROS2-predicted values for HILL DE are shown in Figure 10. Simulation
using the DE method substantially improved the ‘goodness of fit’ of the predictedSt values:RMSE reduced
from 70 to 45%,CD improved from 3Ð22 to 0Ð97, and model efficiencyR2 increased from 0Ð62 to 0Ð85.
The CD value was the best of all simulations; andR2 was second only to that of the ROAD12457 DE
simulation.

General implementation of dynamic erodibility modelling

Using data from the ROAD12457 DE and HILL DE simulations, we developed a predictive relationship
between road sediment depth andEroad values, which facilitates a general implementation of dynamic
erodibility modelling using KINEROS2 (Figure 11). Initial erodibility,E2, is determined from the amount
of loose material present on the road surface at the beginning of an event. In Figure 11, this value is

Figure 10. Modelling of (a) sediment transport rate and (b) concentration using the dynamic erodibility method (DE, Equation 13). Measured
values are medians from all HILL rainfall simulation events (circles); error bars areš one median absolute deviation about the median.

The KINEROS2 results were obtained using the calibration parameter set, exceptcf andcg were 139Ð95 and 0Ð0105, respectively
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Figure 11. Relationship between surface sediment (mass per area) and erodibility values (E1 andE2) used to implement the dynamic erosion
method (Equation 13)

represented by the thick line fitted through the values ofE2 used in the WET, ROAD12457 DE and HILL
DE events reported above. TheE1 value is calculated based on the amount of sediment remaining after some
percentage of the initial sediment supply has been removed from the road. The value ofE1 is determined
by the thin lined fitted through values used in the WET, ROAD12457 DE and HILL DE simulation events.
Two functions are required for determiningE1 and E2 because the relationship between erodibility and
sediment availability changes following the initial flush of material. Erodibility is initially high, as sediment
transport is limited by the transport capacity of the flowing water. After the flush, entrainment becomes
more difficult as material must be moved into defined flow channels from upslope sediment sources or
detached from the road surface. Armouring occurs as material becomes ‘lodged’ in surface depressions,
thereby reducing sediment output. For all DE events, baseline road erodibility,E0, is 1. Valuesc2 D 53%
andc1 D 84% can be used to define transition points between successive erodibility states, or they could be
determined from empirical data. Although based on limited rainfall simulation data, the prediction functions
in Figure 11 represent a systematic method for estimatingEroad values using pre-storm estimates of road
sediment depth.
Figure 12 shows results from modelling ROAD events 3, 6 and 8 using dynamic erodibility, withEroad

values predicted from Figure 11. Table VII lists sediment depth estimates and correspondingE2, E1, and
E0 values for the three modelled events. Predicted values ofS andC are shown with prediction errors in
Tables V and VI. Predicted runoff for the DE event is the same as for the non-DE predictions (Table IV).
The DE implementation greatly improved sediment production estimates for all three events. TheEtotal values
for ROAD events 6 and 8 reduced from 82 and 92% to less than 50%. Improvements inRMSEandME
(R2) indicate a better fit of modelled instantaneous values (Figure 12). In general, concentration estimates
also improved, although error values remained high, owing to the inability to predict initially highSt values.
These highSt andCt values might be better predicted by adding another erodibility state to the general DE
model. The overprediction of endingSt values in ROAD6 and ROAD8 suggest that the baseline erodibility
E0 value may be too high.
We have multiplied bothcf and cg by Eroad. One could argue that, based on the poor fit of predicted to

observed splash erosion values in Figure 4 (as compared with the good fit of the predicted hydraulic erosion
values), only the splash parametercg need be multiplied byEroad. In a prior work (Ziegleret al., 2000b),
however, we found the splash erosion subcomponent to be less than the hydraulic component at all times
during the 60-min rainfall simulations on the Thailand road site. Adjusting only thecg parameter herein
would have violated this relationship. In other physical settings, unique scalar multipliers forcf andcg may
be required.
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Figure 12. Modelling of discharge (Qt), sediment transport rate (St), and concentration (Ct) using the dynamic erodibility method (DE,
Equation 13). Measured values are for ROAD events 3, 6 and 8 (circles). The KINEROS2 DE results (thick line) were obtained using the
calibration parameter set, exceptcf andcg were 139Ð95 and 0Ð0105, respectively. Results from standard KINEROS modelling are indicated
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Table VII. Parameter assignments for DE simulations

Simulation dsa E2 E1 E0 c2 c1
(kg m�2)

ROAD12457 DE 1Ð80 3Ð60 1Ð70 1 0Ð53 0Ð84
HILL DE 5Ð40 6Ð10 1Ð90 1 0Ð53 0Ð84
ROAD3 DE 1Ð62 3Ð00 1Ð61 1 0Ð53 0Ð84
ROAD6 DE 1Ð56 3Ð14 1Ð69 1 0Ð53 0Ð84
ROAD8 DE 1Ð33 2Ð59 1Ð46 1 0Ð53 0Ð84

aVariables are defined in Equation 13.

SUMMARY

The KINEROS2 model can be parameterized to predict discharge hydrographs on small-scale plots under
varying slope and soil moisture conditions. Temporal response in sediment transport on unpaved roads in the
study area is best modelled when the superficial layer of loose sediment is considered explicitly. The dynamic
erodibility approach introduced herein recognizes that roads have more than one state of erodibility, which
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changes both between and during storm events. Initial road erodibility for any storm is related to availability
of loose surface material, which is a function of interstorm sediment detachment processes. After removal of
this upper layer, road erodibility is that of the compacted road surface itself. Using field rainfall simulation
and KINEROS2 simulation data we developed a predictive relationship between sediment availability on the
road surface and erosion parameter values needed to model erosion states. By implementing the DE method,
we were able to better model sediment transport and concentration values observed during small-scale road
rainfall simulation events. Our next step is to validate DE modelling at the hillslope scale, where runoff lag
time and road surface water depth probably will be important mechanisms controlling discharge and sediment
detachment.
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