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ABSTRACT

Due to sediment deposition, overall sediment yield is usually less than
soil loss from the soil surfaces of a watershed. The ratio of sediment yield at
a watershed outlet to gross erosion within it is usually referred to as the
sediment delivery ratio (SDR). Since the relationship between detachment
and transport of the soil particles is not linear for each storm, simulation of
SDR was performed on an individual storm basis using the ANSWERS model
modified for prediction of the SDR in a small -agricultural watershed (3.62
ha) located in south of Iran with an average slope of 2.6% and fallow
conditions. Data from independent rainfall events during 1994 te 1997 were
analysed. Stepwise regression analysis showed that SDR was correlated with
antecedent soil moisture content (ASM), maximum suspended solids
concentration of runoff (Cn.x), and mean rainfall intensity (Ipean).
(p= 0.001). Because it was expected that the total runoff volume would also
make a significant contribution to soil erosion and SDR, the effect of the
runoff volume of each storm was also tested. Further stepwise regression
analysis showed not only a higher coefficient of determination (R>= 0.90)
but also a higher significant level introducing other variables, i.e. runoff
volume (o 2 0.53). In the case of introducing runoff volume as a new
variable in the regression equation the model was an artificial one.
However, the relationship between SDR and the watershed hydrological
properties best represents the situation of soil erosion in our study area. For

other watersheds of different sizes, soils, and slope characteristics, more
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research is necessary to investigate the relationship between SDR, watershed
characteristics and climatological conditions. The overall average SDR for
the watershed under study was 54.70%_, which can be recommended for

estimation of soil erosion and sedimentation from the watersheds.
Kev words: Agricultural watersheds, ANSWERS model, Iran, Sediment

delivery ratio, Shiraz, Soil erosion.
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INTRODUCTION

Sediment yield from a watershed has been shown to be usually a
fraction of the total eroded soil materials. Wade and Heady (29) reported
that the sediment transported from 105 agricultural production areas in USA
ranged from 0.1 to 37.8% of the gross soil erosion. The sediment yield from
a watershed in some cases may be 25% (3) or 30% of eroded materials (15).
The delivery of sediment as reported by Brierley and Fryirs (8) could be
around 70% of the eroded soil as in Wolumla Creek catchment of Australia.
Golubev (14) showed that 10 % of the total eroded soil from the Oka Basin
in European USSR was transported into the large rivers. Since the sediment
yield of a watershed is always less than the total soil eroded (9, 11, 22) the
concept of sediment delivery ratio, SDR, as a percentage of the gross
erosion could be applied in the USLE to determine the net soil erosion from
a watershed (17, 28, 30, 31).
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The value of SDR for a watershed depends on different factors such
as the nature and distribution of the deposition points, slope characteristics,
drainage distribution patterns, crop coverage, land management, and soil
textures (3, 18, 20, 25, 30). Renfro (24) concluded that the SDR is
influenced by sediment source, magnitude and proximity of sediment
materials, deposition areas, and watershed characteristics. The SDR of a
light soil is lower than that of a heavy textured soil (24, 25). This could be
due to the selective properties of the erosion process.

Piest et al. (23) found no relationship between sediment yield and
soil erosion for 55 rainfall events over 6 years. For several Mississippi
watersheds, the SDR values were not correlated with any physical
parameters of the watershed (27). However, the SDR varied widely, and
ranged from 1% to 54.4%. This parameter was explained to be a function of
the season, antecedent soil moisture, intensive cultivation, biotic activity,
and freeze-thaw (19). Sheridan et al. (25) conducted their research on the
monthly, seasonal, and annual variations in SDR. They showed that SDR
was not constant for single rainfall events but was a function of crop
coverage, land use management, rainfall intensity, and distribution,

Williams (32) and Williams and Berndt (33) studied 5 watersheds for
8 years and concluded that the SDR was a function of sequential segments
of the main channel of the watershed. Ebisemiju (10) studied the
relationship between SDR and degree of the slope, slope length, soil
erodibility factor and soil infiltration of the watershed on a soil with and
without crop coverage. He concluded that, slope length and soil erodibility
dre the two most important factors in estimation of SDR when Crop coverage
exists, and the slope steepness and average soil infiltration are the major
factors involved when the watershed is without crop coverage.

Although several equations are available to calculate SDR, none of
them is universally applicable. These equations lump the watershed
characteristics, resulting in an average value for SDR. Since detachment and
transport relationships are not linear (12), an individual storm approach
should be considered to simulate runoff, sediment yield, and SDR during a
rainfall event. Among the individual storm-based models that exist, we
chose the ANSWERS model (6) which uses the characteristics of the

individual storms and runoff factors, to estimate SDR.
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The objectives of this study were to:

1. Develop a sediment delivery ratio (SDR) concept and incorporate it into
ANSWERS model. '

2. Evaluate the accuracy of the modified modél for simulation of data and
comparing with observed ficld data of a small agricultural watershed for
different individual rainfall events.

3. Develop a regression equation to demonstrate the effects of hydrological

parameters of rainfall events and watershed responses on SDR.

MATERIALS AND METHODS

Experimental Watershed

The ANSWERS model (4, 5) was applied using data from a small
agricultural watershed located in Badjgah Valley, 16 km north of Shiraz,
Iran. This small agricultural watershed has an area of 3.62 ha and a time of
concentration of 15 minutes. The watershed has an average slope of 2.6%
with minimum slope of 0.2% and a maximum slope of around 4.83%. A
topographic map of this watershed is shown in Fig. 1. This small
agricultural watershed was used because it is representative of most
watersheds of Fars province in south of Iran, and has substantial runoff and
sediment data since 1988.

Precipitation occurs primarily during November through May with the
greatest frequency occurring in February. The average annual rainfall in the
valley is 400 mm and rainfall events fit the B distribution form (1, 2). The
rainfall data were from the recording raingauge installed at the College of
Agriculture weather- station. The storm events used in this study are
representative of those received in this region of Iran. The basic assumption
in selection of the precipitations in our study was that the rainfall events
were independent and identically distributed over the watershed. There is no
general agreement as to separate different rainfall events. Thus, at least one
hour lag time with no precipitation between two consecutive storm events
was considered to identify them as two independent rainfalls (2).

The predominant soil types on the experimental site are Kuye-Asatid
(loamy-skeletal over fragmental, carbonatic, mesic, Fluentic, Xerorthent)

sandy loam in.the upper portion of the watershed and Ramjerdi (fine, mixed,
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mesic, Fluentic, Xerochrept) clay loam in the lower portion. Information
concerning soil texture, total porosity, soil type, and the area of each soil
type in the watershed was collected from Solhi (26). Several studies have
been conducted on this watershed since 1988. Our soil test and field
observations showed that the structure of the soil and other physicochemical
properties of the watershed soils did not change significantly. Therefore we
believe the previous watershed soil physicochemical data could be used for
simulation of runoff and sediment without major error in the model outputs.
At the time of simulation, the watershed was under fallow conditions

providing maximum runoff and soil erosion.

Fig. 1. Location of the experimental watershed in Bajgah valley in the north
of Shiraz. Adapted from Amin et al. (2).

Soil samples were taken intermittently during the course of the study
in order to update the antecedent soil moisture information (ASM) needed in
the simulation. Representative plots of each soil type were completely
saturated in order to measure the field capacity of the soils. This was

determined by taking samples over two days. Infiltration capacity of the soil
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was determined by the double-ring infiltrometer method (16). The soil
erodibility factor, K, was determined using particle size dis_tribution of the
soils of the watershed under study (34). Channel sizes and.spccifications
were determined through direct observations and measurements using
topographic map of the watershed. Other information such as depth of the
control zone for infiltration of the soils was extracted from the ANSWERS

user's manual (6).

A 15-cm and a 22-cm Parshall flume were installed in series at the
outlet of the watershed to measure runoff flow rate from the site. As the
flow was measured water grab samples were taken for laboratory
measurement of the suspended solids.

Three single severe storms of different rainfall amounts and
intensities in 1996 and 1997, which produced substantial runoff and
sediment, were used to investigate the response of the watershed. The data
also served to modify transport capacity of the overland flow (rainfall and
overland flow detachment coefficient of the ANSWERS model) to provide a
close agreement between observed and simulated values of sediment yield
from the watershed. In addition to the data from these three rainfall events,
the simulated hydrologic data of seven more severe storm events from 1994
and 1995 were used to develop a stepwise regression equation between SDR
and hydrologic outputs. For accuracy of the simulation, a grid system of 10
m x10 m was used in preparing the input data file for the watershed.

The ANSWERS model was used in this study for the following
specific reasons:

1. ANSWERS is a deterministic model with different subroutines which can
be modified for different purposes without changing its other parts.

2. The model can be transferred to other watersheds without calibration.

3. Numerous watersheds of various sizes and configurations have been
simulated by ANSWERS and its hydrological and erosion/sedimentation
parts are well tested and verified.

4. The model accounts for the spatial variability of slope, crop coverage and
management in a rational and reasonably accurate way.

5. The model has been applied since 1988 in a small agricultural watershed
and a substantial runoff and- sediment data are available for research

purposes.
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ANSWERS Basic Erosion Model
Erosion is represented in a subroutine called SED in the ANSWERS

as detachment by rainfall and overland flow and transport processes.
Detachment and transport rates are compared and the lower rate equals
predicted soil loss (6). Rainfall and overland flow detachments are
calculated using the relationships described by Meyer and Wischmeier (21),
respectively as:

DETR = CE,xCDRxSKDRxA;xR? [1]
and

DETF = CE>,xCDRxSKDRxA;xSLxQ (2]
where in equations 1 and 2:

CE, and CE, = rainfall and overland flow detachment coefficients,
respectively.

DETR = rainfall detachment rate, kg min™',

CDR = cropping and management factor, C from USLE chart (34),

SKDR = soil readability factor, K from USLE nomograph (34),

R = rainfall intensity during a time interval, mm min’'

DETF =-overland flow detachment rate, kg min™',

SL = slope steepness, and

Q = overland flow rate per unit width of an element of the watershed
network, m® min™',

Sum of DETR and DETF is the available potential sediment, which could be

transported by overland flow. Once the available detached sediment is

calculated, the transport capacity is computed and compared with the

available delivered sediment. Sediment transport capacity is the maximum

limit by which characteristic flows, on a geometric plane, can carry

detached sediments without depositing them. In the ANSWERS model it is

expressed as a sediment mass per unit width per unit time and is modelled as

follows:
TF = 161 x SL x Q°7, when Q < 0.046 m? min™' 131
TF = 16320 x SL x Q*>,  when Q > 0.046 m* min"' (4]
Where:

TF = potential transport rate of sediment, kgmin'm"
Development of these equations is given in details by Beasley (4) and Beasley and Huggins
(6). ANSWERS simulates these entire processes for each element and each
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time increment (specified by user of the model) during the simulation of a
storm event and after, while the hydrograph is receding.

The sensitivity of the ANSWERS model to the overland flow
detachment coefficient and its modification along with rainfall detachment
coefficients and the overland flow capacity coefficients has been reported
by Beasley et al. (7). Based on a number of close¢ examination of
photographs and field survey information, the rainfall detachment
coefficient. CE,, was increased by a factor of 4. Later. the simulation results
of ANSWERS showed that the accepted value of CE; was twicc the original
value. In 1982, the overland flow dectachment ratc cocflicicnt CE; was
increased by a factor of 50 due to rainfall simulator data (7). A re-
examination of the flow detachment equation showed that this cocfficicnt

should be increased by a factor of 5 of the original version (7).

RESULTS AND DISCUSSION

The accumulated rainfall during the study period (Nov.1996 to May
1997) was 256.6 mm, and as compared to the 25-year average of 414 mm. it
shows that this period was particularly dry. Table 1 contains all the rainfall
cvents recorded from 1994 to 1997. During 1996 to 1997. most precipitation
events were of low intensity, except three. which produced substantial
runoff and sediment yield from the watershed.

To calculate the sediment delivery ratio by the ANSWERS model, the
agreement between the simulated and observed runoff values was
investigated (13). A correlation cocfficient of more than 92% between
predicted and observed values of the runoff data rclated to the three selected
single rainfall events showed a very good prediction of runoff (13). In the
sccond step, the predicted values of sediment yield in the rainfall events
were compared to the observed values. These were notl in close agrecment.
Therefore, ANSWERS s sediment transport capacily coefficients for laminar
and turbulent overland flow (Eqs. 3 and 4) werc reduced by 20%. and the
rainfall and overland flow detachment cocfficients were increased 5-fold and
decrcased to 0.013 times its original value. respectively. Modifications of
these coefficients corresponding to our watershed observed data showed that

the correlation coefficient between observed and predicted values of the
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sediment yield had a range of 92 % to 96% for the selected rainfall events
(p=0.001). The details of these modificatios are given in Garosi (13).

The ANSWERS model with the modified coefficients of transport
capacity and detachment rates was applied to calculate the SDR. The results
of the simulation are summarized in Table 1. The results of simulations
showed that the SDR of the watershed under study changed from one rainfall
cvent to the next.

The average value of SDR was 60.4 % for the rainfall events of
1994, 59.5 % for the rainfall events of 1995, and about 44.3% for the
rainfall events of 1997. The overall average of SDR was 54.70% for the
watershed under the study. As Table 1 shows the value of SDR was 31.7 %
for the rainfall event of 17/1/97, 51.2 % for the rainfall event of 24/3/97,
and about 50% for the rainfall event of 29/3/97. The amount of rainfall
during the last storm was 19.25 mm, (about one-third of the storm of
24/3/97), but the rainfall intensity was higher and more runoff and sediment
yield was produced. Thus, antecedent soil moisture had a very significant
effect on SDR.

Table 1 contains the average and maximum rainfall intensities of the
three major storms of 1997. The average rainfall event intensitics were 2.05
mm hr', 2.03 mm hr', and 2.06 mm hr’', with maximum intensities of 6 mm
hr', 3.75 mm hr', and 12 mm hr', respectively. Therefore, the rainfall
detachment was similar for the first and third storm, but the mean and
maximum runoff rates were higher in the case of the third rainfall event.
Antecedent soil moisture was 32% for the first storm and 72 % of saturation
for the last storm. This explains why SDR was about 50% for the third
rainfall event as compared to 31.70% for the first event.

The antecedent soil moisture for the second storm event was 65% of
saturation. With 60.3 mm of rainfall, the runoff volume was 7 mm. The
storm duration was almost 30 hr, which resulted in flow detachment rather
than rainfall detachment. Therefore, the SDR wvalue for this storm wﬁs
51.2%. Different factors that might have affected the value of SDR are
presented in Table 1. These factors were tested in a stepwise regression for
the ten most severe storms which occurred between 1994 and 1997. The
results of the simulations are shown in Table 2. The results of the stepwise
regression showed that the SDR was firstly related to ASM, the antecedent

soil moisture of the watershed, secondly to the maximum sediment
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Table 1. Rainfall events of 1994 to 1997 and the results of watershed responses.

Date: Rainfall Durat. Runoff ASM Rainfall rate Runoff Sed. con. SDR
vear, amount Rate Mean Max %
morith, (mm) (hr) (mm) (% sat.) Lnean Linax mean mm SR ¥3 p—
day P ——— (mm hr') —-eeee-mv
1994/8/
11 26.92 5.00 13.12 77 5.04 9.00 1.47 5.80 17189 31158 68
16 19.80 10.67 234 77 1.85 6.00 0.18 1.65 7220 29075 55
17 43.50 11.67 19.52 77 3.83 9.00 1.22 5.70 14658 28587 69
1994/12/
19 20.50 13.67 57 2.11 1.50 6.00 0.08 1.80 5135 32431 54
20 15,75 8.67 61 3.26 2.58 7.50 0.37 1.44 15917 31966 56
mean SDR =604
1995/2/
5 34.50 10.33 9.10 67 3.33 7.50 0.57 245 14240 32409 61
7 32.30 12.67 5.44 42 2.55 6.75 0.33 2.52 13988 33635 58
mean SDR =59.5
1997/1/
17 28.00 13.67 3.10 32 2.05 6.00 0.19 1.26 13736 39970 317
1997/3/
24 60.30 29.67 7.00 65 2.03 3.75 0.21 0.62 11940 31460 51.2
29 19.25 9.33 571 72 2.06 12.00 0.36 5.11 8790 29940 50.0

mean SDR =443

Total average SDR =547
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concentration (Cumay) in the runoff flow and finally to the mean rainfall
intensity, Iyean according to:
SDR = -16.35 +0.56 ASM+ 0.0009 C.x + 3.361 Iycan, R? = 0.88 5]

where

SDR = sediment delivery ratio, %,

ASM = antecedent soil moisture, %,

Cmax = maximum suspended load, mg 1", and

Imesn = mean rainfall intensity, mm hr!

Table 2. The results of the stepwise regression between SDR and hydrological responses of the

site under study.
Step Regression Equation Significance level P-value R*
entering new variable (%)
1 SDR=40.69+0.85 ASM 5 070 057
2 SDR=-20.5+0.68ASM+0.001 C 5 007 034
3 SDR=-16.35 + (.56 ASM + 0.0009 Cray +3.361 lyean 15 0.10 0.88

This equation is for fallow conditions and also single rainfall events.
The relationships between SDR and ASM and SDR and ASM and C.x were
significant at the 5% level while the relationship between SDR and ASM,
Cuax. and Ig.., was significant at the 15% level.

It was expected that the runoff volume would also have a substantial
effect on SDR. But further stepwise regression analysis showed that entering
this factor in the SDR equation resulted in increasing the significance level
to more than 54%. Therefore, runoff volume for our situation did not have
much effect on SDR.

As the stepwise regression shows (Table 2) the maximum sediment
concentration has appeared in the second and third steps increasing the R?
but the coefficients of this variable in the second and third equation are
0.001 and 0.0009, respectively. Thus the effect of the maximum sediment
concentration is not so high in the third equation. However, in the final step
(Eq. 5). mean rainfall is introduced, which has caused the R? to increase to
0.88. This equation has also physical meaning based on the watershed
situation. The average ASM of a watershed soil could be’ estimated or
measured directly by soil sampling and properties of a rainfall event with a
specified recurrance period could be also achieved. The maximum runoff

sediment concentration from historical data of our watershed or from the
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nearby watershed could be estimated and finally the sediment delivery ratio
of the watershed could be calculated.

Further stepwise regression analysis showed a higher coefficient of
determination (R?=0.90) but also a higher significance level introducing
other variables, i. e. runoff volume (a20.53). In the case of introducing
runoff volume as a new variable in the regression equation the model was an

artificial one.

SUMMARY AND CONCLUSIONS

In planning a variety of water conservation projects such as dams and
sediment basins, the design of the specific structure can be optimized by
reducing the gross erosion by SDR. In the previous works the SDR was
studied on a long-term basis (monthly, seasonally, or annually) providing
very little contribution to the understanding of smaller periods of time, i.e.
during individual rainfall events. Therefore, the effects of the watershed and
storm characteristics were lumped together. To conduct research on a rainfall
event basis many factors that are related to soil erosion and transport of
particles to produce sediment yicld must become clearer. Using a single
rainfall cvent basis oriented model such as ANSWERS will allow for a more
precise understanding of the physical and climatological factors affecting
soil erosion and sediment yield. After modification of the rainfall and flow
detachment coefficients, the ANSWERS model was modified to find the SDR
for rainfall events in the selected watershed. This study was conducted in a
3.62 ha watershed, under fallow conditions, to allow for maximum soil
erosion. As Eq. 5 shows, the SDR will increase with high amount of ASM
and high rates of soil detachment by rainfall in the watershed. Under high
mean intensities of rainfall, the high rate of soil detachment in the watershed
resulted and suspended solids will more likely stay in suspension and be
transported to the outlet of the watershed. Therefore, in these cases, SDR
will increase. As Eq. 5 indicates, the maximum sediment concentration does
not have significant effect on SDR. However, this equation is specific to the
watershed in this study. For other watersheds of different sizes and

characteristics more detailed work is ngeded.
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