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Modeling sediment concentration and discharge variations in a small
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Abstract: Drainage of paved and unpaved roads has been implicated as a major contributor of overland flow and erosion
in mountainous landscapes. Despite this, few watershed models include or have tested for the effect roads have on dis-
charge and sediment loads. Though having a model is an important step, its proper application and attention to distinct
landscape features is even more important. This study focuses on developing a module for drainage from a road and tests
it on a nested watershed (Shanko Bahir) within a larger previously studied site (Debre Mawi) that receives overland flow
contributions from a highly compacted layer of soil on an unpaved road surface. Shanko Bahir experiences a sub-humid
monsoonal climate and was assessed for the rainy seasons of 2010, 2011, and 2012. The model chosen is the Parameter
Efficient Distributed (PED) model, previously used where saturation-excess overland flow heavily influences discharge
and sediment concentration variation, though infiltration-excess occasionally occurs. Since overland flow on unpaved
surfaces emulates Hortonian flow, an adjustment to the PED model (the developed module) advances possible incorpora-
tion of both flow regimes. The modification resulted in similar modeling performance as previous studies in the Blue
Nile Basin on a daily basis (NSE = 0.67 for discharge and 0.71 for sediment concentrations). Furthermore, the road while
occupying a small proportion of the sub-watershed (11%) contributed importantly to the early discharge and sediment
transport events demonstrating the effect of roads especially on sediment concentrations. Considerations for the dynamic
erodibility of the road improved sediment concentration simulation further (NSE = 0.75). The results show that this PED
modeling framework can be adjusted to include unpaved compacted surfaces to give reasonable results, but more work is
needed to account for contributions from gullies, which can cause high influxes of sediment.

Keywords: Saturation excess runoff; Infiltration excess (Hortonian) runoff; Soil erosion; Ethiopian highlands; PED model.

INTRODUCTION
Unpaved road contributions in watersheds

In sub-humid watersheds, the usual assumptions for most
hydrological models may overlook specific flow regimes and
complicate prediction efforts. Specifically, the most erosive
flow events may result from the cumulative effect of long
duration rainfall events rather than soil infiltration capacities
(Bayabil et al., 2010; Tilahun et al., 2015, 2016). Additionally,
relying on one runoff generation mechanism may complicate
incorporation of contributions such as drainage of roads. While
some modelers have relied on infiltration-excess, employing an
SCS Curve Number approach (Arnold et al., 1998; Haith and
Shoemaker, 1987; Krysanova et al., 1998; SCS, 1956; Williams
et al., 1984), others use saturation-excess as the principal runoff
generating mechanism in catchments (Beven and Kirkby, 1979;
Bingner and Theurer, 2007; Buytaert et., 2004; Collick et al.,
2009; Dunne and Black, 1970; Liu et al., 2008; Steenhuis et al.,
2009). In Ethiopian mountainous basins, both mechanisms
likely occur in different watersheds, at different extents, and at
different times during a rainy season (Betrie et al., 2011; van
Griensven et al., 2012; Tilahun et al., 2016). Selecting one
mechanism or a combination thereof for modeling affects how
conservation or urbanization plans are fulfilled, highlighting the
importance of these hydrological considerations and their ap-
plication.

Sediment contributions and hydrological impacts from roads
have not been thoroughly addressed in Ethiopian watersheds.
Nyssen et al. (2002) studied gully development associated

with roads in Tigray, Ethiopia by investigating drainage areas,
slope, and topographic thresholds similar to Anderson and
MacDonald’s (1998) work in the Caribbean simulating road
erosion contributions. In the wetter, (sub) humid, Amhara re-
gion, more discussion is needed concerning the impact of new
roads on hydrology. Montgomery (1994) states that road drain-
age strongly influences the erosional processes due to faster
flow peaks and slightly higher total discharge, observed par-
ticularly in monsoonal climates (Ziegler and Giambelluca,
1997). Thus, the hydrologic response becomes more variable
(Rhoads, 1995). Furthermore, an increase in a watershed’s
imperviousness correspondingly impacts soil water processes
(Shuster et al., 2005). Dunne and Dietrich (1982) show that
unpaved roads and footpaths in Kenya can provoke up to 50%
of total erosion, while comprising only 2% of the catchment.
These impacts are frequently observed in Ethiopia (Nyssen et
al., 2002) but seldom analyzed or modeled with runoff data.
These roads clearly contribute disproportionately and models
should be modified to incorporate these distinct flow patterns.

Hence, the model structure highlighted by Steenhuis et al.
(2013) was used for this investigation in a small sub-humid
highland watershed to assess if road runoff contributions could
be incorporated for improved results. The hypothesis is that the
higher relative runoff and sediment generated in this sub-
watershed, compared to nearby sub-watersheds, is caused by
excess flow coming from the unpaved road. Furthermore, add-
ing varied land use types generating sediment was another
motivation to work with this conceptual model.
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Selecting a modeling approach for sub-humid highland
hydrology and erosion

In the Ethiopian highlands, modeling studies are numerous
but their structures are usually deterministic, physically-based,
and dominated by the Horton paradigm, with very few includ-
ing the effect of drainage of rural roads. Some examples are,
though not limited to, SWAT (Betrie et al., 2011; Mekonnen et
al., 2009; Setegn et al., 2010; Tibebe and Bewket, 2011; Yesuf
et al., 2015), SWAT-Water Balance (Easton et al., 2010; White
et al,, 2011), WATEM/SEDEM model (Haregeweyn et al,,
2013), Limburg soil erosion model (Nyssen et al., 2006;
Hengsdijk et al., 2006), and AGNPS (Mohammed et al., 2004).
SWAT-WB was the only listed example of a saturation-excess,
water balance type model. These approaches attempt explicit
characterization of landscape heterogeneity to reproduce com-
plexity, however, finding the underlying set of hydrological
principles may better describe catchment hydrology (McDon-
nell et al., 2007; Savenije, 2010). Dooge (1986) explains that
purely analytical or statistical mechanics will not provide the
accurate basis for prediction in hydrology.

Most problems in catchment hydrology are systems of “or-
ganized complexity”, states Dooge, which can be initially ana-
lyzed on the basis of small scale physics but encounter serious
problems in parameter specification due to the spatial variabil-
ity in catchments. Interestingly, there have been 50 years of
Curve Number based modeling, a theory known to not work,
continually used in practice uncritically with few field-based
inquiries to oppose this conceptual view of the world (Burt and
McDonnell, 2015). Pedo-transfer functions (Steenhuis et al.,
2013) use a semi-physical interpretation of a watershed’s stor-
age capacity based on field observations to represent the fun-
damental runoff generation mechanisms. This simulates runoff
once the soil becomes totally saturated and is unable to accept
incoming rainfall (Kirkby and Chorley, 1967; Legates et al
2011) emphasizing the variable source area concept that deter-
mines storm runoff in humid climates (Dunne, 1978; Dunne
and Black, 1970; Hewlett and Hibbert, 1967). Separation of
infiltrating or saturated areas determines whether certain areas
will accept incoming rainfall. Legates et al. (2011) argued that
such frameworks are essential for understanding hydrology,
sediment transport, and nutrient loss. Such approach used by
Steenhuis et al. (2013), employed for this study, has been useful
for previous researchers in these highlands (Tilahun et al.,
2013a, b, 2015).

A saturation-excess erosion model for unpaved road
assessment

The Parameter Efficient Distributed (PED) model (Tilahun
et al., 2013a, b, 2015) is a simple semi-distributed model based
on Steenhuis et al. (2009, 2013) capable of simulating stream
discharges and sediment concentrations on a daily, weekly, and
10-day basis using saturation-excess overland flow patterns.
For the upper Nile basin, Van Griensven et al. (2012) assert that
modeling necessarily gives more attention to the dominating
hydrological processes, though infiltration-excess and satura-
tion-excess may be happening at the same place at different
times of the season in the catchment and vice versa. The PED
model emphasizes saturation-excess as the more likely runoff
generation mechanism and assumes the presence of Hortonian
runoff is limited, though still possible (Dunne, 1978).

In this study, the PED model is evaluated for a multi-land
use sub-watershed (Shanko Bahir) within a previously studied
Ethiopian highland watershed (Debre Mawi) and a simple

modification is proposed. The dominant runoff mechanism is
considered to be saturation-excess based on experimental data
(Tilahun et al., 2015), however the study aims to integrate the
overland flow on unpaved surfaces as a complementary runoff
and sediment contributor. Shanko Bahir was monitored during
the three rain seasons (wet period) in each of the respective
years 2010, 2011, and 2012 since runoff is only generated
during these times in its ephemeral streams. Tilahun et al.
(2015) recently modeled the hydrological and erosion patterns
for the total surrounding watershed area of Debre Mawi and
other nearby sub-watersheds. The Shanko Bahir sub-watershed,
however, had to be modeled separately as this investigation
demonstrates due to flow contributions from a road that borders
and intersects the Debre Mawi watershed. The unpaved road
surface, while causing difficulties for the PED as previously
developed, provides an opportunity to consider multiple com-
plementary flow contributing mechanisms during larger storms
early in the rainy season. Thus, the objective of this study was
to develop a module that would account for the added discharge
and sediment contributions from an unpaved road surface. The
module in this study was incorporated as a component of the
PED model and its performance was evaluated to examine if its
application accounted for the hydrological and geomorphologi-
cal trends. The tested module can also be added in other models
that are used in the Ethiopian highlands.

MATERIAL AND METHODS
Study site

The Debre Mawi watershed in the Blue Nile Basin of the
Ethiopian Highlands, is located 30 km south of Bahir Dar
(Figure 1, 2). The sub-humid climate patterns, clay soils, and
agricultural cultivation patterns, described below, are similar to
the nearby watersheds surrounding the Adet station of the Am-
hara Regional Agricultural Research Institute (ARARI) which
has a long-standing presence researching hydrology and erosion
in this strategic teff (Eragrostis tef) growing area of the Amhara
region. The catchments experience a warm, sub-humid, semi-
monsoonal climate with a unimodal rainfall pattern and an
average of 1,100 mm of rainfall, 80% of which falls in this
location from the months of June to September (Mekonnen and
Melesse, 2011; Teshome et al., 2013; Tilahun et al., 2015). Due
to its elevation of between 2,200 to 2,300 m a.s.l. it is classified
in the Weyna Dega agro-ecological belt (Hurni, 1998). The
main outlet for the 95 ha portion of the Debre Mawi watershed,
studied by Tilahun et al. (2015, 2016), was denoted as “Weir 5”
and is jointly monitored by Bahir Dar University and ARARI.
The 14 ha Shanko Bahir sub-watershed is named after the vil-
lage within it and corresponds to one of the four gauged sub-
watersheds of the 95 ha northern portion, referred to as “the
sub-watershed at Weir 2” in the previous investigation (Tilahun
et al., 2015). The nearest sub-watershed to Shanko Bahir in that
study was adjacently located just to the west, represented by
“Weir 1”7 (Figure 1) (Tilahun et al., 2015, 2016), and was used
for model parameter fitting and comparison. For more infor-
mation on the gauging of the larger encompassing watershed
and surrounding sub-watersheds refer to Tilahun et al. (2015,
2016).

The soils, studied through geological pit profiles, are charac-
terized by an A horizon composed of shallow nitisols in the top
portion of the watershed and deep vertisols in the bottom por-
tion of the watershed (Abiy, 2009). Nitisols in the upper reach-
es are well drained, red, tropical soils with at least 30% clay
and an angular block structure. Vertic nitisols are located
throughout the midslope area. In the bottomlands, the Vertisols
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Fig. 1. The 95 ha Debre Mawi watershed previously studied in Tilahun et al. (2015), demonstrating (a) the land use, (b) gully in the bottom
saturated area, and (c) the larger area with each of the sub-watersheds studied (Weir 1, Weir 2, Weir 3, Weir 4) (Figure from Tilahun et al.,

2016).

have a high percentage of clay content (above 70%) and are
characterized as having a dark brown to black color with a
strong shrink-swell activity (ISRIC, 2014). This is similar for
the two sub-watersheds (Weir 1 and Shanko Bahir) and the
main watershed since the landscape converges to a central
waterway beginning in the north near the first two weirs and
continuing on to the outlet weir.

A variety of cereals are cultivated in the watershed including
maize (Zea mays), barley (Hordeum vulgare L.), wheat (Triti-
cum sp.), finger millet (Eleusine coracana), and teff (Eragrostis
tef). Several legumes are also intercropped or cultivated on
fields after harvest as a second season crop such as haricot
beans (Phaseolus vulgaris) and lupine (Lupinus albus L.).
Finally, potatoes (Solanum tuberosum L.) can be cultivated
throughout the season to provide early and later sources of
household income and food. Aside from cultivated areas, the
watershed is composed of fallow lands, grazing areas, and
eucalyptus plantations. Other areas consist of native bushland
or trees that have remained in place for household use or have
grown in on unused areas on rough or steep terrain. The general
soil characteristics and cropping systems of the Debre Mawi
watershed, the sub-watershed at Weir 1, and the Shank Bahir
sub-watershed are similar, though with some unique differ-

ences. The sub-watershed at Weir 1 has relatively deep vertic
nitisol soils and had a greater portion of land dedicated to grass-
land. Shanko Bahir had a majority of its area dedicated to crops
and eucalyptus plantations with a gully at the saturated bottom
area (Figure 1).

The unpaved road which connects Bahir Dar to Addis Ababa
via Adet consists of a compacted soil and gravel road of about
10 m in width with another 2 to 4 m on each side of the road to
accommodate grassed drainage ditches. The road heading south
from Bahir Dar borders the northern and eastern border of the
Debre Mawi watershed before continuing on to the city of
Adet. Every year, the surface has a new layer of gravel and soil
added that is compacted before the rainy season begins. Since it
intersects Shanko Bahir, some of the flow from the northern
portion (Figure 2a) will not always be received as overland
flow at the weir outlet as it is intercepted by the northernmost
roadside drainage ditch and diverted to another watershed. For
longer events, however, these ditches overflow and since the
northernmost outside edge is super-elevated above the center-
line of the road (Figure 3), the overland flow from the northern
portion of the sub-watershed will continue down to the weir as
runoff.
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Fig. 2. The 14-ha study basin (Shanko Bahir) in the northern portion of (b) the Debre Mawi watershed (523 ha) (Tilahun et al., 2015) in (c)
the Blue Nile Basin (17.4 Mha). The red line in Figure 2a indicates the compacted unpaved road and the numbered red dots indicate pie-

zometer monitoring wells.

Fig. 3. Unpaved road at super-elevated curve in the northern part of the sub-watershed during (a) dry and (b) rainy conditions.

Hydrometric and sediment concentration data

Rainfall was measured continuously at 5-min intervals by a
WatchDog automatic tipping bucket rain gauge (0.25 mm reso-
Iution, Spectrum Technologies, Inc. Aurora, Illinois, USA)
during each rainy season and complemented by data collected
at the weather station in the Adet Research Center of ARARI.
Daily evaporation data was also provided by ARARI. Stream
discharge data were recorded by paid community assistants
who documented stage and velocity measurements at a rectan-
gular broad-crested weir established in 2010 by one of the co-

authors (Tilahun et al., 2015). Measurements were taken at 10-
min intervals starting at the onset of a rainstorm and continued
until the streamflow returned to pre-storm levels or declined to
below 1 cm. Flow rate was calculated by converting the stage to
discharge using a stage-discharge relationship (Tilahun et al.,
2015). Total daily discharge was calculated by the summation
of all storm stream flow data within a 24-hour period.

Measured sediment concentrations were assumed to be con-
stant during the 10-min period. Each 10-min interval sediment
concentration value was estimated by collecting a 1-L grab
sample of storm water and filtering using a 2.5 um Whatman
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Fig. 4. Diagram of the model structure for the hydrology sub-model of the Parameter Efficient Distributed model. 4 denotes the area frac-
tion for the different areas in the watershed: (1) saturated, (2) degraded, (3) permeable, and (4) road surfaces. S, is the maximum water
storage capacity of these areas; BS,,, is the maximum baseflow storage for the linear reservoir, #,;, (= 0.69/) is the time in days required to
reduce the baseflow volume by a factor of 2 under no recharge, and 7* is the duration of the time for interflow to cease after a single storm
event (based on Tilahun et al., 2013b). ¢,3*.,is the percolation produced on /—7 days as derived by Steenhuis et al. (2009).

filter paper. The retained soil mass was determined by weighing
the sample after oven drying for 24 hours at 105°C. Sediment
loads for a storm period and daily interval were calculated by
multiplying the flow rate and the sediment concentration during
each interval and then summing the total during each interval.
Daily sediment concentration values were calculated by divid-
ing the daily sediment load by the daily streamflow discharge
volume.

The PED model overview

The PED model is a combined semi-distributed conceptual
water balance model (Steenhuis et al., 2009) and sediment
model (Tilahun et al., 2013b). The model is described in this
section and modifications for unpaved road contributions are
explained in the next section.




Christian D. Guzman, Seifu A. Tilahun, Dessalegn C. Dagnew, Assefa D. Zegeye, Tigist Y. Tebebu, Birru Yitaferu, Tammo S. Steenhuis

While the model was based on field observations and exper-
imental data showing higher soil infiltration capacities than
storm intensities in Ethiopia (Bayabil et al., 2010; Tebebu et al.,
2010), its formulation has origins in hydrological and sediment
detachment processes observed both inside and outside of Ethi-
opia (Steenhuis et al., 2013). The water balance component is
based on the Thornthwaite and Mather (1955) procedure for
predicting watershed outflow in the eastern U.S., and has been
used for predicting recharge in New York State (Steenhuis and
Van der Molen, 1986), while the sediment transport portion
follows a theoretical framework involving studies from South-
East Asia and Australia (Ciesiolka et al., 1995). Furthermore,
its hydrological framework has been applied for streamflow and
lake levels in Central America (Caballero et al., 2013) and in
the Caribbean (Steenhuis et al., 2013), respectively.

The hydrology sub-model of the PED model (Figure 4) was
developed for the Ethiopian highlands (Steenhuis et al., 2009;
Collick et al., 2009) and employs a Thornthwaite-Mather (TM)
procedure to predict recharge and runoff through three distinct
portion of the watershed that either infiltrate and contribute to
baseflow or produce runoff directly (Steenhuis and Van der
Molen, 1986).

S, = Se-a), +(P-E,—q, )ar (1)

The daily TM type water balance is calculated for the soil

moisture storage (S, ) in each of the three areas (saturated
J

j =1, degraded j = 2, permeable j = 3) leading to the drawing
down or exceeding (producing outflow, qr, ) of the storage

(Thornthwaite and Mather, 1955; Steenhuis and Van der Mo-
len, 1986; Steenhuis et al., 2009), using daily precipitation (P)
and potential evaporation (£,) as inputs. E, is the actual evapo-
ration and is equal to potential evaporation (E,) during wet
periods and conversely linearly related to potential evaporation
when evaporation exceeds rainfall through the TM procedure
(Steenhuis and Van der Molen, 1986).

When P < E,, and S, ; < S, j, Where S,,,, is the maximum
water storage capacity parameter for each of the three areas
(Spaxis> Smax2> Smax3), then soil moisture is drawn down by:

(P-E,)At
S, =5 exp| ———— 2
¢ (t_At)j p Smaxj ( )
When P > E,, and S;; < S, ; then the available water storage
is:
Sty =Sa), + (P-E,)At 3)

Finally, when P > E,,, and S, ; > S, ; then runoff from each
generating area (g, ,) and percolation (g,;) are calculated by:
qr. = St~ -S

J J max;

Jj=123 “4)

For the percolation (g,;) which flows through the subsoil, the
water becomes recharge for two reservoirs that produce
baseflow or interflow (filling the baseflow reservoir first):

BSt =BS(tht) "l'(q},3 _qb(tht))At (5)

BS,[1-exp(-aAt)]
9t = AL

(6)

The first reservoir is called the baseflow storage (BS,), repre-
senting the linear aquifer. When BS, < BS,,,. then the outflow
(g») is calculated through the two equations (Eq. 5, 6). The
value for o is found through the value given to the parameter #,,
(= 0.69/0) for the half-life of the aquifer. When the maximum
storage is reached then the BS, is replaced with BS,,, in Eq. (6)
and the interflow at time (¢), ¢;, can be calculated by the super-
imposition of the fluxes from previous individual events:

z * 1 T *
9i:= z 2(%3 i—r) F_TTZ ,TST 7

7=0,1,2

where 7 are the days after a storm event occurs and 7* is the
duration of time after which the interflow produced by a single
storm event ceases, and ¢,3*_; is the percolation produced on
t—7 days as derived by Steenhuis et al. (2009). Thus, the three
distinct regions of the watershed are: (1) the saturated or (2)
degraded areas producing runoff (¢, and g,,, respectively), and
(3) the permeable areas which allow rainwater to infiltrate
(becoming percolation, g,3) either flowing vertically to recharge
the groundwater, and eventually baseflow (g,) or laterally as
interflow (g;). These areas are represented fractionally in the
nine-parameter hydrology model as A4, 4,, 4;, with the sub-
scripts for each region. The remaining six hydrology parame-
ters are the corresponding maximum water storage capacity
parameters (Spats Smax2s Smaxz)s BSmae Which is the maximum
groundwater storage, 7* which is the duration of the period
after the rainstorm until the interflow ceases (or residence
time), and #, which is the half-life of the aquifer.

The sediment transport sub-model was developed by Tilahun
et al. (2013b, 2015) and is based on a simplification of the
velocity to sediment concentration relationship explained by Yu
et al. (1997) and Ciesiolka et al. (1995), who adapted the origi-
nal theory put forth by Hairsine and Rose (1992). Relating
sediment concentrations at the source limit (C,, kg m™) to dis-
charge the following relationship was found:

C"j = a‘/ q’,fn ®)

where ay; is a sediment transport coefficient for each area (j =
1,2) and 7 is an exponent set to 0.4. Because of the changing
nature of sediment transport in these region, two sediment
transport parameters are used in place of the sediment transport
coefficient (in Eq. 8) to represent two boundary conditions for
each runoff producing area when calculating the sediment
concentration transported (C)).

Cj= [as/‘ + H(a,;~ay )J 4" ©)

The source limiting conditions (a,) denotes the conditions
when entrainment of soil from the source area is limiting and
the transport limiting conditions (&) is for the sediment concen-
tration in the water when there is equilibrium between deposi-
tion and entrainment of sediment. In total that makes four cali-
brated sediment transport parameters (a, ay, a5, ap)-

The active rill variable A shifts to simulate the movement
between these two limiting conditions. The H variable repre-




Modeling sediment concentration and discharge variations in a small Ethiopian watershed with contributions from an unpaved road

sents the fractional area in the watershed with active rills form-
ing on the soil surface and proportionally decreases as the rill
network develops and become stable. For this analysis, during a
brief period at the very beginning of each season the H variable
was set to 0.7 since not all the fields had been plowed and ready
for cultivation (some crops such as teff require plowing later
into the season) and then was set to 1 and decreased progres-
sively to 0. From Tilahun et al. (2013a, b), any sediment load
contributions per unit watershed area (Y, kg m’zd’l) would then
be obtained by multiplying the concentration in Eq. (8) or (9)

(AlqulA [%1 +H (a, —ay )J + Azqrzl'4 |:as2 +H (a,;-ay, )])

by the relative area and flux per unit area:

Yy =44, {asjq,j”} (10a)

_ n
Yj = qur/- {[asj +H(at/- _asl- ):|qu }

Using the four parameters for the erosion component with
the nine parameters for the hydrology component, the daily
average sediment concentration is calculated as (average daily
sediment load divided by the daily proportional flux per unit
area):

(10b)

(11

44, + 49, + 4 (q; +4q5)

where C is suspended sediment concentration (in kg m ) and all runoff rates expressed in depth units, mm d .

Integrating road flow contributions to a saturation-excess erosion model

Unpaved road surfaces have a very low hydraulic conductivity and therefore usually exhibit Hortonian overland flow necessitat-

ing a modified equation for sediment concentrations.

C=

(Alqul'4 [asl + H(at1 —a )J + Azqrzl'4 [aSz +H(at2 —ay, )]&- A4qr41'4 [%4 J)

Agy, + g, + A3 (g, +4;)+ Ay,

To add flow contributions to this model, another fractional
area to account for the road surface (4,) is included. Also, the
maximum water storage capacity parameter for the road (S,...)
is required which will be much smaller in comparison to the
other areas. Finally, a flow component (gq,4) that represents the
overland flow contributed by the road is used to route the flow
through the sub-watershed (Figure 4). The numerator for the
sediment concentration equation (Eq. 11) is modified by adding

(Alqul'4 [asl +H(atl —a )}+A2qr21'4 [asz +H(a,2 —a, )J+A4qr41'4 [as4 +H(at4 —aj, )J)

(12)

the sediment load component Eq. (10a) contributed from the
unpaved road surface. This will consist of the aforementioned
areal fraction parameter (4,), flow component (g,,), and a
source limiting condition parameter (a,) to indicate that the
sediment contributions are limited by what is available on the
road surface. To consider the scenario where the road contrib-
utes sediment differently with the progression of the rainy
season, sediment concentration is:

C=

4q, + 44, + 4, (g, +4q;)+ Ay,

where an additional parameter for transport limiting conditions
(a,s) will be included that denotes higher sediment transport at
the beginning of the season and decreases to the source limiting
conditions (ay) through the H variable. This scenario will be
referred to as the “dynamic erodibility” (Ziegler et al., 2000) of
the road surface. The denominator is modified by adding the
relative area (44) and flux per unit area (¢,4) and Eq. (12) and
(13) now show the saturation-excess erosion model with flow
and sediment contributions from a road.

One further change is that for the road the input is the direct-
ly measured precipitation rather than the effective precipitation
(P., precipitation less evaporation) to model the direct response
a road would have in achieving flow rather than storing precipi-
tation. The initial abstractions are still taken into account
through the superficial storage that is included in the model as
the storage capacity factor for the road (S,,..4)-

The main framework of the PED model remains intact with
the adjustment made, however the new component provides an
entry point for integration of the overland flow from unpaved
surfaces and saturation-excess overland flow in a simple semi-
distributed model. While following the similar structure and
mechanism for flow, the road contribution is mainly an exten-

(13)

sion of the conceptual degraded area with a much smaller max-
imum water storage capacity that fills up quickly and produces
runoff.

Model calibration and evaluation

Manual calibration procedure is employed to estimate best-
fit parameters for each proportional areas (4;) and maximum
water storage capacity (S, ;) so that the model closely simu-
lates the runoff and sediment concentrations. The range of
variability of the model parameters is based on the physical
interpretations of their representation as well as their expected
similarity to previously calibrated parameters for nearby sub-
humid watersheds (Tilahun et al., 2013, 2015). To start calibra-
tion, a first approximation of these parameter values were as-
signed based on the nearest sub-watershed (Weir 1, Tilahun et
al., 2015) for the data collected in 2010 and 2011. The most
sensitive parameters are the areal fraction of the saturated and
degraded areas as well as the new areal fraction for road surface
area. The BS,,, parameter is the next most sensitive parameter
for the remaining parameters.
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Criteria used to assess the ability of the models to predict
discharge and sediment concentrations on a daily basis included
a visual comparison between the modeled and observed hydro-
graphs, Nash-Sutcliffe model efficiencies (NSE) (Nash and
Sutcliffe, 1970), coefficient of determination (Rz), root mean
square error (RMSE), and percent bias (PBIAS) for validation
in year 2012.

RESULTS

Previously, this sub-watershed had not been included in
modeling studies due to receiving an unknown amount of run-
off from road drainage ditches (Tilahun et al., 2015). Here, the
analysis estimated that around 11% of the flow came from these
road overland flow contributions. The predicted values for the
PED road contribution with dynamic erodibility are reasonably
close to measured values with a Nash Sutcliffe Efficiency
(NSE) (Nash and Sutcliffe, 1970) coefficient of 0.72 for cali-
bration of daily prediction of discharge (Table 1, Figure 5) and
a NSE coefficient of 0.56 for calibration of the sediment con-
centrations (NSE = 0.73 when excluding an extreme event on
August 2, 2010; Table 2, Figure 7). Including the extreme
event, the NSE values are lower for all the scenarios in calibra-
tion, however, it was important to include to account for the
extreme variability in the sub-watershed. Evidence shows,
however, that it is an uncharacteristically high peak most likely
caused by processes other than overland flow. Detailed expla-
nations for reasonable option to exclude this event are provided
in the following sections. For validation, initial performance of

this adjustment to the PED model 1is reassuring
(NSE>0.5,PBIAS + 30%; Moriasi et al., 2007) and suggests
that the road contributes an important portion of flow and sedi-
ment that can now be incorporated to erosion pattern studies in
Debre Mawi.

Hydro-sedimentological behavior of the Shanko Bahir
catchment

Temporal streamflow, sediment concentration, and sediment
yield trends are important in determining the intensity and
contribution of erosion processes throughout the season. The
average discharge steadily increases in the ephemeral stream
from June or late May until around September when the rainy
season ends with an annual mean of 6.6 mm day ' for the
storms measured (maximum of 34.4 mm day). Storms in the
first third of the season had on average a discharge of 7 mm
day ', while in the second-third the average storm discharge
was 8.5 mm day ', and 4.5 mm day ' in the final third. Figure
S1 in the supplementary materials shows the discharge dynam-
ics on the 10-min time scale, illustrating the response to rain-
fall. The majority of sediment transported each rainy season
tended to occur in the first half of the rainy season (an average
of 7.4 t ha ' compared to 2.1 t ha*). The daily average sediment
concentration was 5.1 kg m” (8.4 kg m” average in the first
half and 1.8 kg m in the second half). The median daily sedi-
ment concentration was 2.7 kg m > and the first and third quar-
tiles for daily sediment concentrations were 1.6 kg m” and
8 kg m >, respectively with a maximum of 30.8 kg m .

Table 1. Parameter values optimized in the hydrology and sediment transport portions of the model for the sub-watershed at Weir 1 and the
Shanko Bahir sub-watershed (at Weir 2) in the Debre Mawi watershed as well as for the scenarios with road area contributions (w. road)
and dynamic erodibility of the road area (w. road d.e.). 4, is the saturated area, 4, is the degraded area and A; is the permeable hillslope
area. S, is the maximum water storage capacity in each area, BS,,,, is the maximum groundwater storage, 7* is the duration of the inter-
flow and ¢, is the half-life of the aquifer. Sediment transport coefficients are provided for the boundary conditions (transport limit @, and
source limit a;) for the saturated, degraded, and road areas. Values for Weir 1 are provided for comparison with Tilahun et al. (2015).

Model Component Parameter Unit Weir 1 Weir 2 Weir 2 w. - Weir 2 w.
road road d.e.
Hydrology Area ha 8.8 13.9 13.9 13.9
Saturated area 4, % 8 15 15 15
Shax 10 A4, mm 80 80 80 80
Degraded area A, % 20 27 15 15
Shax 10 A2 mm 30 30 30 30
Perm. area A3 % 40 22 22 22
Shax 10 A3 mm 60 60 60 60
Road area 4,4 % - - 11 11
Smax I Ay mm - - 2 2
BSax mm 80 60 60 60
ty, days 70 70 70 70
* days 5 5 5 5
Total area % % 68 64 63 63
Sediment transport Transport limit
Saturated area aj (kg m ) (mm day ') 1 1 1 1
Degraded area ap (kg m ™) (mm day ") ** 6 5 5 5
Road area au (kg m™) (mm day 'y ** - - - 2.5
Source limit
Saturated area ay; (kg m ) (mm day ') ** 0.5 0.5 0.5 0.5
Degraded area ay, (kg m™) (mm day 'y ** 0.5 0.5 0.5 0.5
Road area a4 (kg m™) (mm day "y ** - - 1.6 0.5
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Table 2. Efficiency measures for the hydrology and sediment transport portion of the model used to simulate the discharge and sediment
concentrations in the sub-watershed at Weir 1 and Shanko Bahir representing Weir 2 in Tilahun et al. (2015). The scenarios with road area
contributions (w. road) and dynamic erodibility of the road area (w. road d.e.) show improved NSE and lower RMSE. Values for Weir 1 are
provided for comparison with Tilahun et al. (2015).

Model Component Mode'I Coefficients Weir 1 Weir 2 Weir 2 w. Weir 2 w.
evaluation road road d.e.
Hydrology
Calibration NSE 0.66 0.71 0.72 0.72
Validation NSE 0.66 0.67 0.67
Calibration PBIAS (%) 31 27 27
Validation PBIAS (%) —4 -12 -12
Calibration RMSE 2.71 2.65 2.65
Validation RMSE 0.89 0.88 0.88
Sediment transport
Calibration NSE 0.8 0.47° 0.54° 0.56°
Validation NSE 0.57 0.71 0.75
Calibration PBIAS (%) 24 29 28
Validation PBIAS (%) -32 -13 -16
Calibration RMSE 2.80 2.63 2.57
Validation RMSE 0.81 0.67 0.63
*NSE when excluding an extreme outlier was 0.58
°NSE when excluding an extreme outlier was 0.70
“NSE when excluding an extreme outlier was 0.73
4 T@rED 40 T(5)PED with road d.c.
_|2010-2011 2010-2011
= ° T L ]
£30 | § 30 1
£ E
E =
E’ L ,; . o
520 - « * 2 20 1 .
5 £
z E
210 e 2 10 - e
7 - °
- o* ) NSE=0.71 3 ** o a'a NSE=0.72
E y.' %t . R2=10.73 -;z WB &% & R2=074
E 0 4 T = T T C‘: 0 T = T T
= 0 10 20 30 40 0 10 20 30 40
Measured storm runoff (mm day!) Measured storm runoff (mm day!)
(¢) PED ¢ (d) PED with road d.e. N
— 2012 . =~ 2012 o ¢
n ;;,‘ "
& 10 - E10
= . =] o
: g ‘
= =1
E ° . ¢ LI % ] . ° l
; 5 . o . E 5 4 ° :._.. .
2 e ® e NSE=066 | . NSE=0.67
% . 7 ® e | e ITJ =0.75 % ) Ea ® .0 | PTZ =0.77
= 0 5 10 = 0 5 10

Measured storm runoff (mm day')

Measured storm runoff (mm day!)

Fig. 5. Scatter plot of the measured vs. predicted storm runoff (mm day ") for calibration years of 2010-2011 for (a) PED original and (b)
PED with road and dynamic erodibility (d.e.). Validation of (c) PED original and (d) PED with road and dynamic erodibility (d.e.) occurred

for 2012.
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Fig. 6. Measured and predicted storm runoff for (a) 2010, (b) 2011, and (c) 2012.

Discharge simulation

The values for the S,..., BS,., half-life (¢,), and interflow
parameter (7¥) were kept consistent with the parameters cali-
brated with the surrounding sub-watersheds of the Debre Mawi
watershed (Table 1) studied by Tilahun et al. (2015). Shanko
Bahir corresponds to the sub-watershed at “Weir 2” in the
previous investigation (Tilahun et al., 2015). The hydrological
portion of the model implementation differed from Tilahun et
al. (2015) in two ways. First, the areal fraction calibrated pa-
rameters (4;, A, and A3) in Shanko Bahir for the saturated,
degraded and permeable hillsides differed from the nearby sub-
watershed (at Weir 1) in Debre Mawi. Secondly, the unpaved
road also routed a portion of the runoff to the outlet through its
areal fraction (4,) after exceeding the water storage capacity of
this road area (S,.4). The total area contributing discharge to
the broad-crested weir in Shanko Bahir was similar to the sub-
watershed at Weir 1 (63% vs. 68%) however the main differ-
ence lies in the composition of the conceptual areas described
in the model. They are more evenly distributed in Shanko Bahir
than they are in sub-watershed 1 (Table 1) with more fractional
saturated areas, 4; (0.15 vs. 0.08), and less degraded hillside, 4,
(0.15 vs. 0.20), and less permeable areas (0.22 vs. 0.40). The
lower portion of this sub-watershed was found to be saturated
throughout the rainy season after a couple weeks of rainfall

with the exception of a small portion of planted eucalyptus that
was less saturated.

The unpaved road represents 11% of the total sub-watershed
area. Combined with the degraded area (15% of the total area),
this would represent 26% of the area in the watershed. The
maximum water storage capacity (S,..4) for the road surface
was found to be 2 mm. The currently adjusted semi-distributed
hydrology component of the model provides reasonable results
(Moriasi et al., 2007) with NSE of 0.72, a coefficient of deter-
mination (R®) of 0.74 (Figure 5), PBIAS of 27%, and RMSE of
2.65 (Table 1) for calibration. Without the road contribution,
the NSE is 0.71, the R is 0.73, and RMSE is 2.71. There is
some improvement in efficiency, but the hydrology component
appears to already be performing well even without the road
contribution. The under-predicted values in the first year seem
to be evened out by the over-predicted values in the second
year (Figure 6), but relatively more effectively simulated in the
third year. This is noticeable in the PBIAS being positive (27%)
for the first two years, but lower in magnitude and negative
(-12%) in the final year (Moriasi et al., 2007). The over-
predicting (negative PBIAS) in the last year may have been due
to the validation occurring during a drier year than the previous
two years when the model was calibrated (Moriasi et al., 2007).
For validation, the added road contribution has NSE = 0.67, R’
=0.77, and RMSE = 0.88 compared to NSE = 0.66, R* = 0.75,
and RMSE = 0.89 without the road contribution.
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Fig. 7. Scatterplot of measured vs predicted sediment concentrations for Shanko Bahir during calibration (2010-2011) using (a) original
PED model without road contributions (b) PED model with road contributions (¢) PED model with road contributions and dynamic erodi-
bility. R? for all values shown includes extreme event (open circle) shown on the far right of plots 2010-2011. “x”-marks show three events
early in the rain seasons (from left to right June 25, 2011, July 4 and 5, 2010) for which the road inclusion improved prediction. Validation
during 2012 is shown for (d) original PED model without road contributions (e) PED model with road contributions (f) PED model with

road contributions and dynamic erodibility.
Sediment concentration simulation

The results for concentration predictions illustrate the im-
portance of how this road flow contributes sediment. The
source-limiting condition parameters were kept consistent with
the small sub-watershed (at Weir 1) nearest to Shanko Bahir
(Table 2), while the transport-limiting condition parameter for
the degraded area was lowered slightly (a,= 5).

The new source-limiting condition parameter for the road
surface in the first scenario (a4 = 1.6) is greater than the pa-
rameter representing this condition for degraded areas in the
other sub-watershed within Debre Mawi (a, = 0.5), but it is
intermediately high compared to the entire Debre Mawi water-
shed (a, = 3) (Tilahun et al., 2015). For the second scenario
where there is dynamic erodibility (d.e.) to describe the tem-
poral variations in road sediment transport (Ziegler et al.,
2000), the new road source-limiting condition parameter (ay,) is
0.5 and the new road transport-limiting condition parameter is
closer to 3 (a4 = 2.5). The NSE for calibration was 0.54 (with
road) and 0.56 (with road, dynamic erodibility), with an R’
value of 0.56 (with road) and 0.57 (with road, dynamic erodi-
bility), when including an event on August 2, 2010 (Figure 7).
RMSE results were 2.63 (with road) and 2.57 (with road, dy-

namic erodibility), and PBIAS results were 29% (with road)
and 28% (with road, dynamic erodibility). The August 2, 2010
event (30.8 kg m >, Figure 8a, red open circle) was an extreme
value caused by a very low discharge value (1.8 mm) with
slightly above average sediment load transport (0.56 t ha ') for
13.9 mm of rainfall (Figure 8). The next nearest sediment con-
centration value measured was 16.3 kg m >, occurring on July
12, 2011 for 10.2 mm of rainfall and 3.3 mm of discharge. A
likely scenario could either be related to the progression of
gully erosion or an extreme rain event on July 29, 2010
(50 mm) that could have been transporting sediment over the
surface of the watershed but not entirely out to the weir outlet.
Either of these circumstances could be resulting in higher than
usual sediment concentrations when that particular storm oc-
curred on August 2, 2010. Excluding this event, the perfor-
mance increases for calibration for the scenario with road con-
tributions, NSE = 0.70 and R* = 0.71 (0.58, 0.64 respectively
for the original PED without road contributions). For the sce-
nario with road contributions and dynamic erodibility the cali-
bration improves further, NSE, R*= 0.73, (Table 2).

The improvement in model efficiency was more important
for the sediment concentration estimates than it is for the dis-
charge. The dynamic erodibility improves model efficiency
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Fig. 8. Measured and predicted sediment concentrations for the Shanko Bahir sub-watershed in the original PED formulation (gray line)
and in the modification with unpaved road contributions and dynamic erodibility (orange line) for the years (a) 2010, (b) 2011, and (c)
2012. “x”-marks show three events early in the rain seasons (on July 4 and July 5, 2010 and June 25, 2011) for which the road inclusion
improved prediction. Extreme event (open circle) shown in the middle of graph for 2010.

even further than just incorporating a constant road contribution
sediment transport parameter. Compared to the performance
when the road is included with dynamic erodibility (NSE =
0.56, R*= 0.57), the results without the road decrease in predic-
tive performance for calibration and validation. Without the
modeled contribution from the road the NSE is 0.47 and the R
is 0.52 for calibration. Three events producing sediment at the
beginning of the season in particular are important for
improvement of these results in this sub-watershed. On July 4
and 5, 2010 and June 25, 2011, sediment concentration values
were measured as 7.5, 9.2, and 6.2 kg m°, (Figure 8), however
the amount of effective precipitation (P,) was not enough
(around 11 mm each time) to exceed the storage capacity of the
different areas of the watershed this early in the season in order
to produce runoff and sediment. Thus, the original formulation
without the road contributions did not produce sediment (Figure
7b, shown by the predicted 0 values), however with the road
included as an area with minimal storage more plausible results
were obtained with values of: 8.5, 8.0, and 3.4 kg m’3, respec-
tively (Figure 8). Likewise an improvement was seen for vali-
dation year 2012 as NSE was 0.57 and R* was 0.79 and in-
creased to NSE = 0.75 and the R* = 0.81. RMSE and PBIAS

reduce in magnitude from 0.81 and —32% to 0.63 and —16%,
respectively showing the model more effectively simulates
sediment concentrations, though slightly over-predicted, with
the road. Similar to the discharge results the model changes
from under-predicting (positive PBIAS) to over-predicting with
lower deviation (lower and negative PBIAS) possibly reflecting
the change from calibrating in wet years to validating in a drier
year (Moriasi et al., 2007).

DISCUSSION

The influence of the unpaved road on this watershed’s hy-
drological and geomorphological processes and trends are
evident from direct observation and through improved predic-
tion efficiencies. Having a model for understanding these
changes is not enough and it is very important to consider how
the model is applied and what it includes. Similar trends of
increasing stream discharge with decreasing sediment transport
are found throughout Ethiopia (Easton et al., 2010; Guzman et
al., 2013; Tilahun et al., 2013; Vanmaercke et al., 2010) and in
other sub-humid highland catchments (Steenhuis et al., 2013).
Yet, the exact mechanisms and sediment sources are being
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scrutinized more recently in the Amhara sub-humid region
(Bayabil et al., 2010; Setegn et al., 2010; Tebebu et al., 2010,
2015). Comparisons with the drier Tigray region (Nyssen et al.,
2006; Vanmaercke et al., 2010; Walraevens et al., 2009; Ze-
nebe et al., 2013) are helping to better understand and evaluate
the performance of soil and water conservation measures. The
quick generation and increased runoff and sediment in Shanko
Bahir relative to the nearby sub-watershed were observable
during field work and complicated previous modeling efforts
(Tilahun et al., 2015). Incorporating unpaved road surfaces into
this model, however, demonstrates the applicability of this
model to other watersheds inside and outside of Ethiopia. The
results show that saturation-excess should be used as the domi-
nant runoff mechanism in climates such as these highland areas
and that such a model can realistically integrate infiltration-
excess mechanism components, though the unpaved road is the
sole consideration for Hortonian flow presented in this study.

Influence of the road on hydrology and sediment transport

An increase in degraded or compacted lands can influence
runoff and sediment production. While the degraded area can
result from land transformations related to rural agriculture, the
increased presence of roads in the countryside reflects an ongo-
ing urbanization occurring as countries such as Ethiopia aim for
greater economic development. Two trends in the results are
useful for the assessment of the repercussions of developing
road networks. First, the hydrology was minimally impacted in
an overall sense, however, there seems to be more marked
influence of the hydrological impact during rain events occur-
ring early in the season. Second, sediment transport appears to
increase.

The hydrological pattern changes are not as drastically
changed by the presence of this unpaved road as expected when
assessing urbanization repercussions. The road’s influence is
minimal on the model efficiency, which possibly is related to
the extent of surface cover change and the location at which it
occurs. The pressures expected by replacing natural landscapes
with impermeable surfaces are decreased capacity to infiltrate
precipitation, increased runoff production, and decreased re-
charge of water tables (Schuster et al., 2005). As currently
included, the unpaved road’s influence should have these
effects, however, presently the 11% of proportional area the
road makes up seems not to create such directly apparent
trends. This could be evidence showing that the width of this
road (roughly 10 m) does not lead to direct negative conse-
quences for the hydrology cycle in a small watershed area
(much less a larger watershed). However, this unpaved road
falls into a special case requiring some attention due to the
dynamic level of perviousness (Schuster et al., 2005).

The unpaved surface has similarities with exposed bedrock
(flow over it may infiltrate further down slope) meaning it may
in some ways be a “degraded area” in the original model ap-
proach. Yet, improved sediment concentration simulation
shows the current inclusion of unpaved surfaces is more accu-
rately representing the hydrologic processes. The maximum
water storage capacity (S,,.4) for the road area was found to be
2 mm by calibration which is much lower than the saturated
and permeable hillside areas and one-fifteenth the degraded
area maximum water storage capacity. The nearest similar
value of 10 mm for S, for degraded areas is found in a study
of watersheds in the Blue Nile Basin (Tilahun et al. 2013a). The
value of 2 mm, hence, is sufficiently small and practical for
representation of an unpaved surface. The road does, however,
have depression storage due to the roadside ditches that eventu-

ally guide the flow from the northernmost parts of Shanko
Bahir down to the outlet weir (Figure 2a). Though it may not
greatly increase model efficiency, it is improving our under-
standing of the effect of the road. Rainfall that might have
infiltrated in the upper parts of the watershed is instead leading
to quicker generation of overland flow or saturation in nearby
areas. Roadside ditches can also intercept surface and shallow
subsurface flow routing them on a more direct path to the outlet
(Montgomery, 1994; Ziegler and Giambelluca, 1997). This was
seen in a few instances in the graphs as peaks are reached faster
than in the original approach.

The sediment transport capacity parameter (a,) for the de-
graded areas was slightly lower than the nearby sub-watershed.
Although Shanko Bahir had a greater portion of land in cultiva-
tion, possibly leading to either higher or equal transport limiting
conditions for sediment transport, some of these cultivated
areas were treated with soil conservation bunds potentially
influencing these sediment source conditions. Moreover, some
of this sub-watershed is divided from the rest by the road which
could further alter the connectivity of high transport conditions.
The increased modeling efficiency gained from capturing this
quicker generation of runoff demonstrates the more directly
visible impact of including this new component. Furthermore,
the road surface as an additional source of sediment is reasona-
ble since it constitutes a source of fine material that is renewed
annually and through detachment by vehicle usage, rainfall
impact, livestock usage, and other biological activity (Bur-
roughs et al., 1984).

Contributing runoff mechanisms and roads in the sub-
humid Ethiopian highlands

Saturation-excess overland flow in the sub-humid Ethiopian
highlands has been argued to be the dominant runoff generation
mechanism based on data analysis, field experiments, and ob-
servations (Bayabil et al., 2010; Liu et al, 2008; Tebebu et al.,
2010; Tilahun et al., 2013a, b, 2015). Other researchers have
also noted the importance of soil moisture storage and satura-
tion for runoff generated in highland watersheds (Bewket and
Sterk, 2003; Zeleke, 2001). However, there are instances in
which the infiltration capacity is exceeded by very intense
rainstorms, leading to Hortonian overland flow. In the semi-arid
highlands of Ethiopia, studies have also shown the presence of
saturation-excess as a mechanism, however, only during certain
parts of the rainy season. In Tigray, infiltration-excess overland
flow caused by heavy or high intensity storms has been shown
to be common early in the rainy season (Descheemacker et al.,
2009; Walraevens et al., 2009; Zenebe et al., 2013). Thus,
although these regimes occur with varying intensity in different
watersheds, few attempts had been made to integrate both
mechanisms in a satisfactory way. Dunne (1983) argued that
the value of a theoretical model is greatly enhanced when de-
veloped in close cooperation with field studies. The PED model
was developed so that it would provide an adequate description
of field conditions acknowledging the dominance of one mech-
anism (saturation-excess) over the other (infiltration-excess).

There are few studies within the sub-humid Ethiopia high-
lands focused on daily sediment transport modeling from roads
and farm tracks. Haregeweyn et al. (2013) explicitly mention
inclusion of roads through parcel data increasing their accuracy
of the hydrological processes, however few implications are
mentioned. Nyssen et al. (2002) investigated the increasing
prevalence of gullies after a road was constructed in the semi-
arid Tigray region, however, surface runoff data was not avail-
able. The measured increase of catchment area for identified
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gullies was linked directly to the increased gully erosion in the
study site due to higher runoff volumes, larger peak flows, and
shorter concentration times. The road drainage ditches in the
Shanko Bahir watershed similarly disperses runoff into higher
discharge volumes with shorter concentration times to its final
downslope outlet where a gully is located and actively eroding
(Figure 1). Teweldebrihan (2014) modeled intensified runoff
from paved roads in Tigray using the HBV model. In other
mountainous areas, Ziegler and Giambelluca (1997) empha-
sized the importance of rural roads as source areas for runoff in
northern Thailand and hypothesized that roads contribute to
basin hydrographs disproportionately to their areal extents (less
than 5%). In a later study, Ziegler et al. (2001) demonstrate
how footpaths (8-24% of field surface areas) drastically in-
crease runoff coefficients (50% higher) and Hortonian overland
flow and how they decrease the time to generate runoff in
northern Thailand. Harden (1992) is one of the few studies that
shows how rural roads and footpaths in highland Ecuador and
East Tennessee impact runoff and erosion modeling and their
inclusion in modeling inhabited mountainous landscapes is
strongly argued since they are the most active runoff-generating
components. In this analysis, the road was found to make up
11% of the fractional area of the sub-watershed and accounted
for more of the variability in the measured vs predicted sedi-
ment concentrations.

Limitations of the model

The large and rare events that are caused either by gully wall
collapse or remobilization of sediment present a limitation to
this model. In the Shanko Bahir sub-watershed, previous at-
tempts to predict the discharge and sediment concentrations
with similar parameters as nearby sub-watersheds did not per-
form well (Tilahun et al., 2015) and had to be modified before
the model could provide reasonable results. Still, the presence
of gullies in this small sub-watershed and the nearby sub-
watersheds continues to provide challenges to adequately de-
scribing the field conditions. Advancing head cuts and slumps
in these channels can lead to very high sediment transport
events. The incorporation of the flow from the road, however,
at least shows that with only three to four more parameters (A4,
Spaxty A4, a), the PED model can remain a simple semi-
distributed model that can predict the hydrology and sediment
concentrations in a data-scarce environment on a daily basis.
Future developments on the model will aim to fully describe
similar low permeability surfaces such as foot paths, address
the connectivity of sediment transport along the hillslope, and
incorporate threshold limits for moisture and gully expansion
events.

The extra parameters introduced into the model explicitly
taking into account the road improve the model representation
of the natural processes. The model performance with the road,
however, only improves slightly in the hydrology portion of the
model.

CONCLUSION

Research on soil erosion processes in Ethiopia has been in-
creasing as access to field data and computing capability have
increased. Local and international research institutions within
different parts of Ethiopia are increasingly involved in projects
attempting to understand the complex physical components of
the food security challenge through comprehensive data
collection and contextualized data analysis. This model’s de-
velopment has benefited from these two trends especially in the

data-scarce regions of East Africa. The PED model, while
benefitting from computing capabilities, is most influenced by
field data showing greater soil infiltration capacities than rain-
fall intensities in sub-humid Ethiopian highland watersheds. For
most Ethiopian watersheds modeled so far the PED model
performed reasonably well, however, the Shanko Bahir sub-
watershed provided difficulty in using strictly the saturation-
excess runoff mechanism due to the presence of an unpaved
road contributing overland flow and especially sediment as the
findings show. The modifications made in this study to accom-
modate the overland flow and sediment contributions from this
road with low hydraulic conductivity resulted in similar valida-
tion NSE and R’ values for previous studies on a daily basis in
the Debre Mawi watershed and also in other Blue Nile Basin
watersheds (NSE = 0.67, R* = 0.77 for discharge and NSE =
0.75, R* = 0.81 for sediment concentrations). The sediment
portion of the analysis provided the most improvement showing
that incorporating sediment sources such as roads or other areas
with low hydraulic conductivity is an important step to improv-
ing erosion modeling efforts. The data furthermore show that
increased variability in discharge and sediment concentrations
in this sub-watershed can be attributed to the unpaved road and
that soil and water conservation structures need to recognize
these added contributions if sediment concentrations in streams
are to be reduced.
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Fig. S1. Discharge dynamics for an event on (a) July 30, 2012 and (b) August 15, 2012 for which discharge (m’s™") is plotted on the prima-
ry y-axis in 10-min intervals against time and precipitation (mm) is plotted in 5-min intervals on the secondary y-axis. The first graph pre-
sented (a) shows a rapid rise in streamflow after a short delay followed by a slow recession and the second graph (b) shows a similar short
delay in response to rainfall followed by a recession, but then an additional rainstorm which has a coinciding streamflow peak.
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