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Abstract:
Event sediment transport and yield were studied for 45 events in the upstream part of the 260 km2 agricultural Koga catchment
that drains to an irrigation reservoir. Discharge and turbidity data were collected over a period of more than a year, accompanied
by grab sampling. Turbidity was very well correlated with the sediment concentrations from the samples (r = 0.99), which
allowed us to estimate the temporal patterns of sediment concentrations within events. The hysteresis patterns between discharge
and sediment concentrations were analysed to provide insight into the different sediment sources. Anticlockwise patterns are the
dominant hysteresis patterns in the area, suggesting smaller contributions of suspended sediment from the river channels than
from the hillslopes and agricultural areas. Complicated types of hysteresis patterns were mostly observed for long events with
multiple peaks. For a given discharge, sediment yields in August and September, when the catchment was almost completely
covered with vegetation, were much smaller than during the rest of the rainy season. The hysteresis patterns and timing suggest
that the sediment availability from the agricultural areas and hillslopes affects sediment yields more strongly than does peak
discharge. Two distinct types of sediment rating curves were observed for the season when the agricultural land was covered with
vegetation and when it was not, indicating the dominating contribution of land use/cover to sediment yields in the catchment. The
rate of suspended sediment transport in the area was estimated as 25.6 t year 1 ha 1. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION
Many countries suffer from land degradation and from
associated processes such as gullying, ﬂooding and
sedimentation (Sadeghi et al., 2008). The economic
implication of this is more serious in developing countries
because of a lack of capacity to cope with it and also to
replace lost nutrients (Tamene and Vlek, 2008). Soil
erosion in the Ethiopian highlands is a natural phenomenon due to erosive rainfall and steep and undulating
topography but is enhanced under agricultural systems
that reduce protective soil cover (Guzman et al., 2013).
The intensiﬁed use of the already stressed resources due
to high population growth in Ethiopia makes soil erosion
the most serious environmental problem affecting the
quality of soil, land and water resources upon which
humans depend for their subsistence (Shiferaw and
Holden, 1999; Tamene and Vlek, 2008). The annual rate
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of soil loss is signiﬁcantly higher than the annual rate of
soil formation rate in the country.
Estimates of sediment yield and its temporal variation
are needed for various purposes including design of
erosion control structures (Russel et al., 2001), river
morphological computations and evaluation studies of
the effects of various land use management practices
(Gao and Pasternack, 2007; Sadeghi et al., 2008; Gao
and Puckett, 2011). Understanding and quantifying
erosion is important in highly erodible catchments that
eventually contribute to siltation of downstream
reservoirs (Lopez-Tarazon et al., 2009; Gao and Puckett,
2011; Guzman et al., 2013), especially with storms of
high rainfall intensity where run-off occurs over highly
unconsolidated sediments on agricultural areas (Nyssen
et al., 2007). Once sediments reach the reservoirs, siltation
becomes a long-term socio-economical problem because it
reduces water storage capacity (Lopez-Tarazon et al., 2009).
Sediment supply in a catchment is heterogeneous in
time and space depending on climate, land use and a
number of landscape characteristics such as slope,
topography, soil type, vegetation and drainage conditions
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(Marttila and Klove, 2010). The investigation of
suspended sediment concentration (SSC) discharge
relationships of individual events allows inference of
the dominant origins and processes contributing to
suspended sediment (SS) dynamics of a basin (Lefrancois
et al., 2007; Sadeghi et al., 2008; Smith and Dragovich,
2009; Gao and Puckett, 2011). The relationship between
discharge and sediment concentration usually presents a
hysteretic loop, which can be classiﬁed according to their
symmetry, and their clockwise or anticlockwise hysteresis
(Jansson, 2002; Lefrancois et al., 2007; Smith and
Dragovich, 2009; Gentile et al., 2010). Variability in
the SSC-discharge relationship has been studied to
identify sediment origins on catchments of varying sizes.
The features of the hysteresis loops have been attributed
to the location of the sediment source in the basin, the
river bed or the river banks (Jansson, 2002; Smith and
Dragovich, 2009; Gao and Puckett, 2011). Clockwise
loops have often been related to the depletion of available
sediments in the catchment or in the stream channel or the
successive reduction of the erosive effect of rainfall
(Jansson, 2002; Gao and Josefson, 2012). An anticlockwise hysteresis usually reﬂects sufﬁcient hillslope
sediment supply, delayed in-channel sediment
resuspension caused by the late break-up of bioﬁlms,
additional sediment sources from channel banks or tributaries
or variable rainfall patterns (Gao and Josefson, 2012). The
clockwise hysteresis between SSC and discharge is
regarded as a normal condition for most ﬂuvial systems
where SS transport is mainly caused by precipitationinduced ﬂooding (Gao and Puckett, 2011).
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In the Ethiopian highlands, sediment delivery depends
on discharge, the onset of rainfall, land use and land
cover, which vary between rainfall seasons (Awulachew
et al., 2010). Because of this, sediment rating curves are
complex, and sediment budgets have rarely been
established (Nyssen et al., 2007). Although a number of
studies have been performed in small catchments (Gao
and Pasternack, 2007; Lefrancois et al., 2007; Sadeghi
et al., 2008; Smith and Dragovich, 2009; Eder et al.,
2010; Marttila and Klove, 2010), much less is known
about the sediment dynamics in medium scale catchment
(Gao and Josefson, 2012). The aim of this paper is to quantify
the temporal variability of sediment yield from a mediumsized catchment in the Ethiopian highlands and identify the
dominant (possible) sediment sources and generation
mechanisms. This paper also assesses the future environmental implications of sediment delivery in the study area.

MATERIALS AND METHODS
The study area
Location, climate and topography. The considered
study area is 9838 ha in size and represents the upstream
part of the 260-km2 Koga catchment (Figure 1) in
northwestern Ethiopia. The Koga catchment is a typical
catchment for the Ethiopian Highlands, 72% of which is
used for subsistence agriculture. The Koga River is a
tributary of the Gilgel Abbay, which ﬂows northwest into
Lake Tana and lies in the upper part of the Blue Nile
(Abbay) watershed.

Figure 1. Location map of the Koga catchment

Copyright © 2013 John Wiley & Sons, Ltd.
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The climate of the Koga catchment falls within the
Woina Dega [cool semi-humid, 1500 to 2400 m above sea
level (a.s.l.)] and Dega zones (cool, above 2400 m a.s.l.).
The majority of the catchment area lies within the Woina
Dega zone and is characterized by distinct dry and wet
seasons. The dry seasons occur between November and
April and the wet season between May and October;
small rains occur sporadically during April and May. The
mean annual rainfall for the catchment is 1550 mm
(period 2006–2010). The mean daily temperature is
18.25 °C. The monthly mean maximum temperature
varies from 30.0 °C in March to 23.7 °C in August. The
monthly mean minimum temperature varies from 5.4 °C
in December to 13.1 °C in May and June.
Although the land elevation of the Koga catchment
varies from 1875 m a.s.l. at the mouth of the Koga River
to 3215 m a.s.l. at its highest point on the watershed
divide, the considered study area has its lowest elevation
of 2015 m a.s.l. at its mouth where it joins the Koga
reservoir. The Koga reservoir (Figure 1) is used for
irrigation of the downstream areas. The Koga River ﬂows
at a distance of 26 km before it joins the Koga irrigation
reservoir and a distance of 49 km before it joins the Gilgel
Abbay, which eventually ﬂows into Lake Tana. The Koga
catchment is generally elongated with a pronounced
narrowing above the Village of Rim where the mean
width of the catchment is only 3.8 km. The course of the
Koga River is northerly up to the village of Rim and then
westerly to Wetet Abbay.
Geology and soils. The regional geology of the Koga
catchment comprises extensive ﬂow type, volcanic
(extrusive) rocks mainly of the Ashangi Group; these were
deposited during the palaeocene-Oligocene-Miocene
(teritiary) stages of geological time. The Ashangi group
comprises the older volcanic rocks, which were formed by
lava and debris, ejected from ﬁssural volcanic eruptions.
The choke shield volcanic group, deposited during the
Miocene and Pliocene, has covered a small area of the
upper Koga catchment in the eastern part. The shield
volcanic group consists mainly of pyroclastic basalt and is
petrographically similar to the Ashangi group. The soil
types within the upper part of the Koga catchment we
studied are Luvic Phaeozems (Typic Argiustolls), Chromic
Cambisols (Fluventic and Typic Ustropepts), Lithic
Leptosols (Lithic Ustropepts), Haplic Alisols (Typic
Paleustults), Eutric Vertisols (Ustic Tropaquepts) and
Eutric Gleysols (Typic Tropaquepts). These soils have clay
to clay loam texture with the exception of Eutric Gleysols
(Typic Tropaquepts) that has clay to sandy clay loam texture.
Population and tillage practices. The total population
of the Mecha woreda, within which the Koga catchment
is located, is 292 000, of which 269 404 live in the rural
Copyright © 2013 John Wiley & Sons, Ltd.

part, whereas 22 677 live in the urban part (CSA, 2007).
Subsistence rain fed production of cereals comprising
teff, maize, barley and millet, as well as pulses, oilseeds
and some legumes is dominant in the area, whereas irrigated
agriculture takes up a small percentage of the cultivated area
of the Koga catchment. Soil tillage is performed with oxendrawn ploughs. There exist some attempts to prevent soil
erosion through soil and water conservation structures such
as stone stacks along with tree planting (Figure 11e), storm
water diversion channels, soil bunds (Figure 11c), channel
and orchard terraces and contour cultivation, though not
based on sufﬁcient study as to which of these are most
effective in controlling soil erosion in the catchment. Crop
cultivation is the main source of income followed by
livestock for the poor farmers in the area.
Methods
Event data collection and developing a relationship
between turbidity measurements and SSC. A hydrological
monitoring station consisting of pressure transducer, DTSturbidity sensor (Digital Turbidity Sensor), axiom data logger
and staff gauge has been installed along a relatively stable
and steep cross section in the Koga catchment (Figure 1). The
station was installed just above the Koga reservoir along the
river that serves for irrigation of the downstream areas.
The DTS-turbidity sensor was put around the middle of the
horizontal cross section and was moved up or down in the
different seasons depending on the ﬂow conditions so that it
remained, approximately, at the midpoint of the vertical
section of the ﬂow. Although it is expected that there is a
difference in SSCs both vertically and horizontally along
river cross sections, some researchers have indicated that the
difference in SSC may be small at low ﬂows (Gao and
Josefson, 2012), with an average spatial variation of 9% of
the mean of all samples collected along the vertical and
horizontal cross sections at a time (Lopez-Tarazon et al.,
2009). Gao et al. (2007) indicated that grab samples at a point
of a cross section can be regarded as the averaged sample
over the cross section at any time. For high ﬂow conditions,
mixing increases, which will make the measurements from
the turbidity sensors more representative of the whole cross
section, although entrainment from the river bed and river
bank may lead to layering of the sediment concentrations.
Given that most of the sediment comes from the hillslopes
(see later in the paper), the latter effect is probably small.
Some biases due to the sensor position may still have
occurred, which would be of interest to analyse in more
detail. The DTS-turbidity sensor was factory calibrated, and
it was able to prevent bioﬁlm growth on the sensor by a wiper
that wipes the sensor system every 30 s. A rating curve was
developed for the cross section using Manning’s equation
accompanied by several velocity measurements for various
water levels (high and low ﬂows) using current metre and
Hydrol. Process. 28, 5972–5984 (2014)
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ﬂoating devices. We set up the monitoring station in a
relatively stable and steep cross section to minimize sediment
deposition along the cross section. Considering the possibility of inundations at the monitoring station, the data logger
was placed at considerable height. Although there were
several events that produced nearly bank full peak ﬂows,
none of the events exceeded the bank full discharge at the
monitoring station in the study period. This was because of
upstream inundations resulting from small weirs across the
stream that have been used for irrigation during the dry
season by individual upstream farmers. The shapes of the
hydrographs suggest, however, that the upstream ﬂows into
the ﬂood plains were relatively small. The bank full discharge
is 47.6 m3 s 1 at the monitoring station.

Using the Axiom data logger, we were able to have a
continuous record of water turbidity expressed in nephelometric turbidity units and water level data in metres for
1 year starting from October 2011–2012. In addition, 257
water grab samples were collected manually with 500 ml
plastic bottles from along the mid of the river for 25 events.
Four to 12 samples per event were collected at 10- to 15-min
intervals. Sample collection was based on convenience for
collection either for the rising limb, falling limb or both
without preference to any of the rainfall events. The
sampling process did not cover the whole duration of an
event and was much less than the total duration of any of the
45 events as also seen on Figures 2(a) and (c), 3(a) and 4.
Samples were collected either for the rising limbs, peaks, for

(a)

(b)

(c)

Figure 2. Suspended sediment concentration (SSC) – discharge hysteresis loops of (a) anticlockwise-clockwise-anticlockwise and (b) and (c)
anticlockwise patterns of some of the events

Copyright © 2013 John Wiley & Sons, Ltd.
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(a)

(b)

Figure 3. Suspended sediment concentration (SSC) – discharge hysteresis loops of (a) clockwise-anticlockwise-clockwise and (b) clockwise patterns

Figure 4. Suspended sediment concentration (SSC) – discharge hysteresis loop of a complicated pattern

the falling limbs or combinations of these three for the
different events that in turn makes the sampling process
representative of the 45 events for creating SSC-turbidity
relationship. From the 257 samples collected, 222 were
analysed for SSC at the national and regional water bureaus.
The remaining 35 samples were disregarded because
leakage of part of the sample occurred before reaching the
labs due to a failure to close the bottles tightly.
A relationship between turbidity measurements and SSC
was developed on the basis of the SSC values of the
collected samples. Out of the 222 samples analysed for
Copyright © 2013 John Wiley & Sons, Ltd.

SSC, 179 samples were used for establishing the
relationship between turbidity and SSC. The remaining
43 samples were excluded as they were either outliers or
had extremely low turbidity readings for events with
extremely large SSC values (up to 22 000 mg l 1). Using
the 179 samples, we were able to get a very good (Figure 5)
correlation coefﬁcient (R2 = 0.987) between turbidity
values and sample SSC values. Because of the excellent
correlations, estimated sediment concentrations for events
without samples were also considered reliable. Although
texture analysis was not carried out on the SS from the
Hydrol. Process. 28, 5972–5984 (2014)
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Figure 5. Suspended sediment concentration – turbidity relationship before (a) and after (b) removing outliers

water grab samples, previous soil studies in the catchment
suggest that 85% of the upper catchment has a soil texture
ranging from clay to clay loam (Acers International Limited
& Shawel Consult, 1995). Soil texture analysis made on 12
soil samples we took from the different soil types in the
catchment indicated that the upper catchment does have
soil texture ranging from heavy clay to loam. This
reduces the potential effect coarser SSs would have had
on the turbidity-SSC relationship especially during high
ﬂows. Turbidity values of some of the events in June
exceeded the measurement range of the turbidity sensor,
and in that case, the turbidity sensor recorded only its
maximum limit (1797 nephelometric turbidity units).
For those events, the suspended sediment yield (SSY) is
a little underestimated.
SSC-discharge hysteresis analysis. Hysteresis patterns
of SSC were generated and analysed for a link to the
likely sediment sources and transport processes. Hysteresis analysis was performed by the classic visual analysis
as it was found to give more reliable information than
other methods (Gao and Josefson, 2012).
Calculating SSY and examination of the relationship
between SSY and Qpeak. We summed up the SSY
calculated every 10 min throughout the event to generate
the SSY of each event. To have a good estimate of total
sediment yield of each event, we examined whether or not
there is a trend in SSC beginning from an hour before the
start of the event until the start of the event. If there was a
decreasing trend in sediment concentration before the
start of the event, the corresponding sediment yields were
calculated from the sediment concentrations, and the rate
of decrease in the sediment yield was considered when
subtracting the amount of sediment before the start of the
event from the sediment yield of the event. If there was no
trend in the sediment yield before the start of the event,
Copyright © 2013 John Wiley & Sons, Ltd.

the amount of sediment yield just before the start of the
event was subtracted from the event ﬂow. This is believed
to increase the accuracy of the estimated event sediment
yield. The relationship between SSY and Qpeak was then
analysed for each event and for each month to identify the
seasonal variation and sediment sources in the study area.
In this study, we considered only SS load that makes the
major part of the total sediment load. However, it should be
noted that transport of materials such as soil aggregates and
sand and gravel size materials as a bed load may contribute to
the total sediment load. We calculated the SSY for each event
to determine the major sediment sources because sediment
transport in the study area is mainly associated with a few
erosive events throughout the hydrological year. The yearly
sediment yield was calculated on the basis of the continuous
discharge and turbidity values for one hydrological year using
the established relationship with sample SSC. For the few
missing SSC data for the June events when the turbidity
sensor failed, we used the rating curve we developed on the
basis of Qpeak for calculating the sediment yield for that
particular time. This might add some uncertainty to the SSY
estimates for these points in time.
The main rainy season in the catchment is June, July and
August. The rainfall starts to decrease in September and
signiﬁcantly decreases in October, with little or no rainfall
in November. We started data collection in October 2011
when the rainfall was decreasing. The major rainy season
started in June 2012, which was a little later than usual.
This was the time when the crop ﬁelds were ploughed in
preparation for cultivation in the major rainy season. The
cultivated land and most of the pasture was completely
devoid of vegetation in early June. Although the pasture
land is green by mid-June, crops start to grow towards the
end of June, and most of the cultivated crop ﬁelds are at an
early stage of crop growth and do not turn green until midJuly. From around mid-July, the cultivated land begins to
be covered with vegetation. Around mid-August until the
Hydrol. Process. 28, 5972–5984 (2014)
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end of September, the catchment is almost completely
green and covered with vegetation. Crop harvest of most of
the crops begins in early October. Part of the cultivated
land that is close to the river became swampy from midJuly until the end of September and was ploughed and
made ready for sowing in early October. These vegetation
dynamics were accounted for when interpreting SSY.

RESULTS AND DISCUSSIONS
SSC-discharge hysteresis analysis

We observed ﬁve types of hysteresis: anticlockwise (A),
clockwise (C), two types of eight-shaped anticlockwiseclockwise-anticlockwise (ACA) and clockwise-anticlockwise-clockwise (CAC) and complicated patterns. Whereas
most of the events with single peak discharge and short peak
discharge time showed any of the ﬁrst four hysteresis
patterns, events with multiple peak discharges or prolonged
single discharge time showed complicated patterns.
Although the September events showed all the abovenamed ﬁve types of hysteresis (Table I and Figure 6(a)), the
events with clockwise hysteresis showed much larger
sediment yields than those with anticlockwise hysteresis
and other types of hysteresis for similar peak discharges
(Table I). Flow for the event 27–28/9/2012 with a peak ﬂow
of 16 m3 s 1 and clockwise hysteresis had a sediment yield
of 89.8 t, whereas the event 10/9/2012 with the same peak
ﬂow and with anticlockwise hysteresis had a sediment yield
of only 17.6 t. The same is true of the event 4–5/9/2012 with
a peak ﬂow of 30.27 m3 s 1 and a clockwise hysteresis
(ﬂow duration of 8:50 h) as compared with the event of 1/9/
2012 that had the same peak ﬂow but anticlockwise
hysteresis (ﬂow duration of 12:20 h). This suggests more
sediment is generated from the river channels than from
other sources in September. This is because crop vegetation
cover in September is higher than in the other months of the
year, and sediment contribution from the agricultural areas
is less in this month than in the previous months.
Sediment yields after mid-August are much smaller
than sediment yields before mid-August for similar peak
ﬂows (Table I). Nearly all the August events showed
complicated hysteresis patterns except two of them in late
August that showed anticlockwise patterns (Figure 6(a)).
Anticlockwise hysteresis patterns showed much less
sediment yield than those with complicated patterns.
July events mainly showed anticlockwise and complicated patterns but for events with similar peak ﬂows, the
ones with complicated hysteresis types showed higher
amounts of sediment yield, followed by events with
anticlockwise hysteresis patterns. Events with clockwise
hysteresis had the lowest amount of sediment yield,
indicating channel sources are less important sources than
Copyright © 2013 John Wiley & Sons, Ltd.

other sources for this month, while at the same time it
indicates that complicated environmental conditions are
involved in sediment transport. All the four June events
showed three types of hysteresis patterns (anticlockwise,
clockwise and complicated). A large event in June with a
complicated hysteresis pattern showed much greater
sediment yield than an event with similar magnitude but
an anticlockwise pattern. The clockwise hysteresis
patterns of June and July events tend to be associated
with sediment entrainment from deposition of antecedent
run-off events, especially when there is a relatively short
time gap between successive events that reduces the time
of subsurface ﬂows to transport the deposited sediments
before the succeeding events. For example, the Qpeak time
gap between the successive events 27/6/2012 to 27–28/6/
2012 and the successive events 1–2/7/2012 to 2–3/7/2012
is 23 and 21 h, respectively, and they resulted in clockwise
patterns to follow anticlockwise patterns in the ﬁrst events.
However, this pattern does not seem to be consistent for the
consecutive events of 25–26/6/2012 to 27/6/2012 with a
Qpeak time gap of 30 h, which both showed anticlockwise
hysteresis patterns. More work would be needed to shed
light on the effect of consecutive events on hysteresis
patterns. Regardless of peak ﬂow or duration of ﬂows, all
October events and the one November event showed ACA
hysteresis pattern, except for the small mid-October event
that showed an anticlockwise hysteresis.
In general, anticlockwise hysteresis, including more of
anticlockwise type ACA patterns, dominates in the study
area, implying channel sources are less important than
other sources. We also observe from Figure 6(b) that the
percentage of complicated hysteresis patterns is high for
events with relatively high peak ﬂows indicating
complicated processes involved in sediment transport
with increased amount of peak ﬂows.
SSY and relationship with Qpeak

The relationship between SS and discharge reﬂects the
overall pattern of erosion and SS delivery operating in the
catchment area, shedding light on basin SS response
(Walling and Webb, 1982). In our study area, there was a
good relationship between the peak ﬂows and sediment
concentration for the 15 events in September with a
correlation coefﬁcient of 0.88. All the September events,
whether high or low, were associated with lower sediment
yields than similar events in other months of the rainy
season. The hysteresis patterns suggest that the contribution
of sediment yield from the river channel is more important
than contributions from the agricultural areas and hillslopes
for this month. The dominance of channel erosion as a
sediment source may explain the good correlation between
sediment yield and peak ﬂow in September.
Hydrol. Process. 28, 5972–5984 (2014)
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Table I. Characteristics of discharge and sediment concentration and hysteresis patterns of the 45 events in the Koga catchment

Date
8/10/2011
8–9/10/2011
1/10/2012
2/10/2012
15/10/2011
30–31/10/2011
3/11/2011
25–26/6/2012
27/6/2012
27–28/6/2012
30/6/2012
1–2/7/2012
2–3/7/2012
3/7/2012
4/7/2012
6/7/2012
6–7/7/2012
8/7/2012
14–15/7/2012
15–16/7/2012
22/7/2012
25–26/7/2012
6/8/2012
17–18/8/2012
23–24/8/2012
26/8/2012
28/8/2012
31/8/2012
31/8/2012–1/9/
2012
1/9/2012
2–3/9/2012
3–4/9/2012
4–5/9/2012
6/9/2012
6–7/9/2012
9–10/9/2012
10/9/2012
12–13/9/2012
16/9/2012
17–18/9/2012
25/9/2012
26/9/2012
26–27/9/2012
27–28/9/2012

Qmean
(m3 s 1)

Qpeak
(m3 s 1)

SSC
mean
(mg l 1)

SSY
(tonnes)

Hysteresis
pattern

Duration
(h)

10.8
10.0
16.23
13.0
0.3
5.8
1.4
13.8
3.7
5.1
19.6
10.2
14.1
22.0
22.8
12.2
25.8
19.5
32.4
30.49
19.16
30.02
17.52
34.09
22
21.2
22.9
13.5
25.0

15.2
16.1
46.8
28.3
0.7
17.9
3.7
45.5
6.2
13.0
45.9
23.7
25.8
32.6
45.9
22.5
38.0
43.6
46.5
45.6
46.7
46.4
44.9
44.0
46.7
46.6
46.0
20.3
46.7

3987
1405
322
252
636
8175
4416
4228
4602
3024
3866
2785
3581
7104
6814
8719
5918
5635
6420
3704
3437
1930
792
599
330
469
479
214
454

3647
820
446
239
7
1924
388
1502
468
479
3080
831
1032
8778
3831
1445
9630
5352
12146
7675
3804
6717
1231
848
1087
511
675
70
697

A-C-A
A
A-C-A
A-C-A
A
C
A-C-A
A
A
C
Complicated
A
C
C-A-C
C
A
Complicated
A
Complicated
Complicated
A
Complicated
Complicated
Complicated
Complicated
A
Complicated
A
Complicated

20:20
15:50
20:40
19:40
8:20
10:30
16:20
12:40
9:10
16:00
15:50
8:50
6:00
15:30
13:20
9:30
28:00
18:40
20:30
24:00
16:30
30:00
18:40
12:40
30:20
12:40
14:50
7:30
17:40

15.5
27.4
9.8
15.1
22.0
22.6
9.1
11.9
7.9
12.5
14.8
5.1
14.8
23.7
10.8

31.1
47.0
10.4
30.3
46.3
46.9
21.5
16.3
12.4
20.7
34.3
8.9
46.7
47.4
16.0

258
452
128
424
313
412
195
110
102
247
178
177
529
664
206

136
536
28
194
387
600
98
18
33
104
179
29
405
518
90

A
A-C-A
Complicated
C
A-C-A
C-A-C
A
A
Complicated
Complicated
C
A
Complicated
A
C

12:20
12:00
11:40
8:50
11:40
19:00
7:50
7:00
11:50
10:20
13:20
13:10
13:40
10:20
19:10

SSC, suspended sediment concentration; SSY, suspended sediment yield; A, anticlockwise; C, clockwise; ACA, anticlockwise-clockwise-anticlockwise;
CAC, clockwise-anticlockwise-clockwise.

For the 23 events in the high rainfall months of June,
July and August, the correlation coefﬁcients are much
smaller (Figure 8). The highest yields were not necessarily
related to high peak ﬂows. Some of the small events had
the highest yields. This is likely related to the dependence
of sediment yield on sediment availability from the
agricultural areas and hillslopes during this time of
Copyright © 2013 John Wiley & Sons, Ltd.

the year. Although the number of October and November
events is not representative enough to draw ﬁrm
conclusions about the relationship between sediment yield
and peak ﬂows, the few events do suggest that peak ﬂows
are not directly correlated with sediment yield.
study in the highlands of Ethiopia (Vanmaercke et al.,
2010) suggested that the variations in SSC are mainly due
Hydrol. Process. 28, 5972–5984 (2014)

5980

E. YESHANEH, A. EDER AND G. BLÖSCHL

(a)

(b)

Figure 6. Percentage of hysteresis patterns observed for the considered 45
events (a) for each month and (b) versus peak discharge

to changes in sediment supply during the rainy season,
which is related to the depletion of readily available
sediments and the development of a vegetation cover. The
modelling study of Easton et al. (2010) indicated that
sediment delivery to the main stem of the Blue Nile is
dominated by upland landscape erosion in the early part
of the crop growing season when tillage occurs and before
the soil is moistened and plant cover is established. They
also suggested that once plant cover is established in midAugust, landscape erosion is negligible, and sediment
export is dominated by channel processes. Similarly,
White et al. (2010) indicated that erosion is controlled by

channel factors rather than upland factors after midAugust when erosion controls switch from upland to
channel factors. Figure 7 indeed indicates that sediment
yield in our study area has a decreasing trend from midJuly till the end of September regardless of the magnitude
of peak discharges. Zegeye et al. (2010) found the
greatest rates of erosion early in the planting season, but
they became negligible in August. In our study, the
sediment yield signiﬁcantly decreased from the end of
August until the beginning of October while there were
events with similar peak ﬂows as those in June and July.
This again suggests the depletion in dominant sediment
sources, the ploughed crop ﬁelds, that led to a tremendous
decrease in sediment yield in September, due to the
effects of land cover. The decreasing trend of sediment
yield after mid-August (Figure 7) for the same peak ﬂows
and the two distinct types of sediment patterns (Figure 8)
also indicate that erosion rates for the main rainfall
season signiﬁcantly decrease after mid-August due to
the effects of land use/cover. Figures 9 and 10 show
the seasonal patterns of rainfall and vegetation cover
[crop Normalized Difference Vegetation Index
(NDVI)] of the West Gojam zone, which contains
the study area of this paper. Crop NDVI, derived from
satellite imagery, characterizes the general vegetation
dynamics in the area (Verieling et al., 2011) and is
used from crop monitoring. NDVI = 1 indicates the
highest amount of green vegetation cover. Figures 9
and 10 clearly show the decrease in sediment yield
with increasing crop vegetation cover while rainfall is
still high.
Throughout the world, the relationship between SSC
and water discharge (Q) during ﬂoods tends to be highly
variable (Lenzi and Marchi, 2000). Some studies used the
seasonal variability of SS data for generating sediment
rating curves (Mossa, 1996), whereas other studies
pointed out the need for a more detailed study at the
time scale of individual ﬂood events to improve the
knowledge of sediment dynamics (Nadal-Romero et al.,

Figure 7. Suspended sediment concentration (SSC) and Qpeak of the considered events

Copyright © 2013 John Wiley & Sons, Ltd.
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2008). Vanmaercke et al. (2010) found very low
correlations of the rating curves even after the data were
stratiﬁed into three periods in a study conducted in a
medium-sized catchment in the highlands of Ethiopia.
Nadal-Romero et al. (2008) observed high sediment
concentrations and a heterogeneous temporal distribution
related to seasonal variations in surface run-off production for ﬂoods in a 0.45-km2 humid Mediterranean bad
land area in the Central Pyrenees. For our study area,
based on the sediment yield of the 45 events and their
corresponding peak discharges, Figure 8 shows two
different sediment rating curves. The ﬁrst relationship
applies to events in August, September and the two
October events; the second relationship applies to June,
July, October and November. The ﬁrst relationship shows
better correlation (R2 = 0.82) than the second one
(R2 = 0.65). The lower correlation coefﬁcient of the
second sediment rating curve is due to the high sediment
yield associated with some of the low peak ﬂows due to
the abundant availability of loose sediment from the
ploughed ﬁelds in this period of the year, as also observed
from Figure 11 (a), (b) and (c). The rating curve for
August, September and the ﬁrst two October events is
associated with lower sediment yields than the other
curve for similar amounts of peak discharges, indicating
there was a depletion of sediment from the sediment
sources in September and August. These ﬁndings suggest
that the agricultural ﬁelds (the pasture and crop ﬁelds) and
hillslopes are more important sediment sources than the
channels for most of the yearly rainy season.
Table II shows soil loss estimated by some studies
conducted in Ethiopia. Regardless of the different ﬁgures,
all the studies indicated the severity of soil erosion in the
highlands of Ethiopia. On the basis of a 2010 land cover/
use classiﬁcation by Yeshaneh et al. (2013), the area

5981

Figure 9. Average rainfall and crop Normalized Difference Vegetation
Index for 1999–2006 for West Gojam zone (Province) of the Amhara
region (EC-JRC, 2007)

Figure 10. Sediment yield calculated for the study area (October 2011–
September 2012)

upstream of the monitoring station of our study area that
drains to the monitoring station consists of 5248 ha of
cultivated land, 1848 ha of woody vegetation and 2742 ha

Figure 8. Sediment rating curves based on Qpeak
Copyright © 2013 John Wiley & Sons, Ltd.

Hydrol. Process. 28, 5972–5984 (2014)

5982

E. YESHANEH, A. EDER AND G. BLÖSCHL

(a)

(b)

(c)

(d)

(e)

Figure 11. (a) June run-off from ploughed ﬁelds, (b) June ﬂow at the monitoring station, (c) Land use/cover in June with soil conservation attempts (soil
bunds), (d) Land use/cover in September and (e) soil and water conservation attempts (stone bunds with tree planting along with the stone bunds)

of other land use/cover types, that account for 53%, 19%
and about 28% of the land use/cover of the area,
respectively. Based on the ﬁne temporal resolution
(temporal resolution of 10 min) continuous discharge
and sediment data we recorded at the monitoring station,
we calculated a total sediment yield of 252 277 t year 1
from the 9838 ha, which is 25.6 t ha 1 year 1. This ﬁgure
is somewhat smaller than the ﬁndings of most of the
studies conducted in the high lands of Ethiopia, although
it is greater than sediment yields from catchments where
effective soil and water conservation measures are
practiced. This estimate is extremely high from an
environmental point of view. The relatively low amount
of sediment yield we estimated compared with previous
studies could be attributed to various reasons. One
possible reason could be our continuous measurement
of discharge and sediment data with high temporal
Copyright © 2013 John Wiley & Sons, Ltd.

resolution, with better technology equipments than
previous studies, which we believe has increased the
reliability of sediment yield estimation, although there is a
possibility of overestimation by previous studies with less
regular monitoring. No studies have been performed in
the catchment as to the extent the existing soil and water
conservation structures have changed the sediment yield
of the study area. Although there is a need for an in-depth
study of the effect of the existing structures and other
future additional options on soil erosion in the catchment,
the existing structures might have contributed to reducing
the sediment yield relative to estimates for the entire
highlands of Ethiopia. It has been noted by Yeshaneh
et al. (2013) that there is an increasing tendency to
eucalyptus tree planting in the catchment in recent years;
its impact on sediment yield should be studied along with
the conservation measures.
Hydrol. Process. 28, 5972–5984 (2014)
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Table II. Soil loss estimates by different studies in Ethiopia

Study
1
2

Tadesse (2001)
Hurni (1993)

3

Nyssen et al. (2007)

4

6

Ethiopian highlands
reclamation study
(World Bank, 2007)
Ethiopian highlands
reclamation study
(World Bank, 2007)
Vanmaercke et al. (2010)

7

Guzman et al. (2013)

5

Soil loss in
t ha 1 year 1
31
42
14.8
130
35
4.97–65.43
5.2, 24.7 and 7.4

Increased SS load due to intensive land use has been
ﬂagged out as a major concern by a number of studies in
catchment and stream management (Restrepo et al., 2006;
Marttila and Klove, 2010). Schiettecatte et al. (2008)
identiﬁed the highest soil losses from crop ﬁelds in a
151-km2 subwatershed in Cuba at times when the soil is
tilled and left bare for several weeks. They suggested
that conservation measures would be most efﬁcient
during those times. If, in our study area, the erosion
process continued at the same rate (assuming soil
formation is negligible), the top 10 cm of soil will have
been eroded in the next 50 years, which will leave the land
extremely degraded, making agriculture not practicable at
that time. Out of the total yearly sediment yield of
252 277 t, 91% is transported from early June to midAugust, which suggests that soil and water conservation
measures need to particularly target this time of the year.
This ﬁnding is in line with those of McHugh (2006), who
indicated that severe erosion in a watershed in the
highlands of Ethiopia is associated with a few erratic
storms rather than steadily across all seasons. As stated by
Food and Agriculture Organization, about 50% of the
highlands of Ethiopia were already ‘signiﬁcantly eroded’
in the mid-1980s, and erosion was causing a decline in
land productivity at the rate of 2.2% per year (World
Bank, 2007). The total area that drains to the reservoir,
including the area downstream from our monitoring
station, is 13 677 ha. With a sediment yield of 25.6 t year 1
ha 1, it is also worth noting that a total volume of
269 000 m3 of sediment reaches the Koga irrigation
reservoir every year, which puts the sustainability of the
irrigation dam in question.
Copyright © 2013 John Wiley & Sons, Ltd.

S and W
conservation
measures

Estimated for
Entire highlands
Plot based from cultivated ﬁelds
in the highlands
199-ha agriculture-dominated
catchment in the northern highlands
of Ethiopia
Plot based from
cultivated lands

Yes

Entire highlands
513 300-ha (divided into subcatchments)
agriculture-dominated catchment in
Northern highlands
477, 113 and 112-ha agriculture-dominated
catchments in the highlands

Yes
Yes

CONCLUSIONS
We found anticlockwise hysteresis patterns between
discharge and SSC to be dominant in the Koga catchment
suggesting that the main sediment sources are the
hillslopes and agricultural areas with smaller contributions from the river channels. However, there exist
complex hysteresis types where the conclusions are less
clear. During the period when the land is completely
covered by vegetation, sediment yield associated with
clockwise patterns was found to be greater than that
associated with anticlockwise and other patterns, suggesting
river channels contribute more to sediment yield in such
conditions than the other sources. Complicated and other
types of hysteresis patterns mostly associated with long
events of multiple peaks suggest that a multitude of factors
of sediment delivery in the study occur, which cannot be
inferred from the hysteresis patterns. Sediment availability
from the agricultural areas and hillslopes that depends on
land use/cover was found to more strongly control the
variations in event sedigraphs and rating loops than peak
discharge. SSY–peak discharge plots indicated much lower
sediment yield for the time after mid of August when the
catchment was almost completely covered with vegetation
as compared with similar events when the agricultural land
was devoid of vegetation. Two distinct types of sediment
rating curves based on peak discharges were observed for
seasons with and without vegetation cover. SSY in the area
is very high (25.6 t ha 1 year 1), and 91% of the yearly SSY
is transported from early June to mid-August because of the
availability of loose sediment from the ploughed ﬁelds at
this time of the year. If the erosion process continued at the
Hydrol. Process. 28, 5972–5984 (2014)
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same rate, the top 10 cm of soil will have been eroded in the
next 50 years. An amount of 269 000 m3 of sediment
reaches the Koga irrigation reservoir every year. This
highlights the urgent need for appropriate soil and water
conservation measures.
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