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Abstract

Williams proposed in' 1975 an equation derived from the Universal Soil Loss Equation (USLE) and
adapted it to runoff models. This equation,called the Modified Universal Soil Loss Equation (MUSLE)
requires flood parameters: peak of discharge, flow volume, and four parameters describing soil loss
ability. These parameters are defined for standard runoff plots and may be extrapolated to small
watersheds according to topography, soil, and land use and vegetation maps. Several methods are
proposed in the literatureto estimate these parameterswith betteror less precision. Usinga water balance
model, it is possible to estimate the instantaneous discharge entering into a reservoir and to obtain the
flood parameters required by MUSLE. Other parameters necessary for using USLE are:

• K measures the resistance of the soil to erosion, it depends on the soil composition,
percentage oforganic matter, structure, permeability, and of different ratios: fine sand, loam,
clay, and stones.

• LS comprehends land erodibiJity linked to relief, it depends of the length and the inclination
of the slopes.

• C is defined as the ratio between the soil losses observed in two standard plots for the same
soil, the first plot is cultivated, the second is bare; C varies between 0 and I during the year.

• P is a coefficient between 0 and 1 expressing erosion reduction to soil conservation practices.

In a first' stage, these parameters were considered constant for the watershed and the MUSLE is
computed by an optimization method. The total amount of soil losses during the floods are added
and the result is compared to observed dam siltation. In a second stage, the parameters were
estimated with fuzzy logic.

Introduction

Large reservoir sedimentation has been noticed in several places in the south and east
Mediterranean countries. The top soils here consist ofdecomposed limestone, sandstone and rnarl
that are eroded. Due to agricultural activities in unforested areas, high intensity rainfall causes
soil erosion and consequently reservoir sedimentation. Globally, the dam volume lost is estimated
as between 3 and 10% (Gazzalo et aI., 1977). Less than ten years after their construction several
dams, in the semiarid area, were filled with sediments up to the level of inlet so that it was
impossible to use the outlet pipe. Some of these were filled with sediments up to the level of the
spillway. .

When the dykes have been filled with sediments, there exists no economical solution to recover
the lost reservoir volume. Usually, new dykes will be built in the vicinity. An ancient Syrian dam,
in Badia of Horns called the Bardeh dam that was built in the roman period was recently used in



a rehabilitation experiment (Kara Damour and Miski, 1997). The reservoir volume as recovered
by opening a hole of 1.6 m diameter in the dam wall and forming a sloping tunnel towards the
filled reservoir. The water reaching the lake and leaving through the hole could dredge about
800 000 m' of sediments by the mid-sixties. The hole was then closed with concrete and the dam
became ready to store water again. However, again it has been filled up with sediments up to the
crest of the dyke.

When small reservoir constructions are initiated, empirical formulas are often used to estimate
the amount of bed load and suspended load at dam site (Foumier's or Tixeront's formula in Cherif
et aI., (995). In central Tunisia, in the semiarid dorsal region that extends from Cap Bon to the
Algerian border, 30 artificial reservoirs were chosen to constitute a network of hydrological
observations (Albergel and Rejeb, 1997). These lakes have highly diverse intake areas ranging
from somewhat uninhabited semi-forests 10 areas that are devoted entirely to agriculture. Their
watershed areas vary from a few hectares to several dozen square kilometers. They are also
representative of the rainfall gradient of the semiarid region, which is 250 to 500 mm of rainfall
annually. The data obtained in this network are used to calibrate models for simulation of
sediment transport and dam siltation.

Williams (1977) proposed an equation derived from the Universal Soil Loss Equation (USLE)
and adapted to runoff models. This equation, named the Modified Universal Soil Loss Equation
(MUSLE) requires various flood parameters, e.g., peak discharge, flow volume, and four
parameters describing soil loss ability. These parameters are based on standardized runoff plots
and then extrapolated to small watersheds according to topography, soil, land use, and vegetation.
Several methods are proposed in the literature to estimate these parameters with better or worse
precision.

In this paper we try to calibrate MUSLE with the data observed in the 18 watersheds of the small
reservoirs in the semiarid mountains of Tunisia. Peak discharge and flow volume were measured
for each event (Albergel et aI., 1998). An estimation of the total annual soil loss was obtained
through bathymetry measurements taking into account the sediment transport evacuated by the
spillway. The model is validated by a comparison between the calculated soil losses and the
observed silting up of the lakes. A method to estimate the MUSLE parameters is shortly
presented.

Annual soil loss estimation

The bathymetry of each reservoir was done at least once every hydrological year, and was
compared with a detailed ground survey, making it possible to determine the reservoir's rate of
silting, and to estimate depth-volume and depth-surface relationships.
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The bathymetry of the reservoir was assessed with spot probing of the lake bottom following
transverse lines held by a cable stretched between two shores of the reservoir. The end of each
transverse line was adjusted to level and positioned on the lake's plane. Each estimated point
(approximately 500 per reservoir) was defined by three Cartesian coordinates (horizontal position
and depth). A geostatistical approach using kriging (Matheron, 1965) made it possible to
establish the resevoir's depth-volume ratio. The volume of silt was determined from the
difference in effective reservoir volume from one year to the next. The reservoir acts as a
sediment trap, and when the sediment is not discharged, the sediment volume corresponds to total
sediment transport of the watershed. The density of the sediment is measured for samples taken
when the lake is empty.

In the case of discharge, the volumes discharged were assigned an average concentration of solid
matter. This concentration was calculated for samples taken during the floods. Figure I shows
the initial bathymetry of the reservoir Fidh Ali in central Tunisia, built in 1991. Figure 2 shows
the results of the bathymetry for 1991, 1993,1996, and 1997.

Fidh Ali 8athymelry
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Figure I. Bathymetry of Fidh Ali in 1991 (initial volume was 135 000 rrr').

The total erosion was measured for each observed watershed. In table 1, we give an example of
data for five Hydromed pilot sites, El Gouazine, Fidh AIi, Es Senega, Kamech, and M'Richet El
Anze,
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Table I. Siltation of reservoirs and watershed erosion of five areas in Tunisia.

Lake Date of the Date of last Initial volume Silt volume Watershed
dyke bathymetry m3 m3 erosion (t)

El Gouazine 1990 1998 237,000 16,000 20,600
Fidh Ali \991 1998 135,000 46,000 55,200

Es Senega 1991 1998 80,400 12,100 17,200
Kamech 1993 1998 142,000 15,000 28,300
M'Richet 1991 1998 42,400 8,700 10,600

Profil on long

Disl8m:.e cummu," fm)

Figure 2. Time evolution of sediment build-up for Fidh AIi reservoir.

In Fig. 2 the dike crest height represents an y-axis value ofO. From 0 to 250 m we have a first
type of sedimentation appearing in calm water and constituted by fine particles. More upslope,
the lake bed presents holes and bumps, the flood deposits the sediments by waves. A deposit
measured one year can be eroded next year, as the deposit measured at 300 m in 1996 was eroded
in 1997.

Modified Universal Soil Loss Equation (MUSLE)

During a storm event causing a flood in a small watershed, the total amount of soil losses can be
calculated by the Williams equation (Hadley, 1985):

(I) MUSLE

where A = total amount of soil loss during the flood (t), Qm" = peak of discharge (rrr's"), Vflood

= volume of the flood (m'). The K is resistence of the soil to erosion, it depends on soil
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composition, percentage oforganic matter, structure, permeability, and on different ratios of fine
sand, loam, clay, and stones. The LS includes land erodibility linked to the relief, it depends on
lengths and the inclination of the slopes. The C is defined as the ratio between observed soil
losses in two standard plots for the same soil, where the first plot is cultivated and the second is
bare; (C varies between 0 and I during the year). The P is a coefficient between 0 and I
expressing erosion reduction due to soil conservation practices. The a and 13 are two constants.
WilIiams (1977) found the values a=II.8 and 13=0.56 in S.1. units.

Applying MUSLE to dam siltation

Statistical method

In a first stage, the product axKxLSxCxP and 13 are considered constant and having the same
value for one watershed. Values of these parameters are computed by an optimization method.
The total amount of sediment transported by the flow considered as the total erosion is calculated
using the following equation:

T = V, x d +L Si X C,

where T = total amount of sediment transported between two bathymetric measurements (t), Vs

= total measured volume of sediment (m'), d = average density of the sediments, i = number of
floods occurring between two measurements of bathymetry, Si = volume of water discharged over
the spillway during the flood i (m'), C, = the average concentration of solid matter measured in
the samples during the flood i (t mol).

This total amount is compared with a total amount calculated with MUSLE as

The two first measurements of bathymetry are used to calibrate the model and to calculate a and
13, the others are used for validation. Table 2 gives the values of the observed and calculated solid
transport at Kamech reservoir.

Date Observed transport Calculated transport
(t) (t)

1991 0 0 Dyke building

01/10/94 1666 1666 Beginning of the
observations

05/07/95 993 993 Calibration

31/07/96 8725 8014 Calibration

30/04/98 3468 3026 Validation

201



This model allows one to compute the solid transport for each flood since the beginning of the
measurements. Figure 3 shows the sediment transport at the Karnech reservoir since the Isi

October 1994. The solid transport is not a linear function of time. The hydrological year 1995
1996 caused about 60% of the sedimentation.

Analytic method

For darns where there are few or no bathyrnetry observations it may be useful to use the MUSLE
by determining the coefficients K, LS, C, and P. In practical terms, these parameters are defined
for standard erosion plots and very difficult to estimate for a field catchment.

In a recent study, the Modified Universal Soil Loss Equation (MUSLE) was successfully applied
using the US LE parameters as fuzzy numbers in 18 Tunisian watersheds (Albergel et al., 1998).
The validation of the model was done by a comparison between the calculated soil losses and the
observed silting up of the lakes for which the sediments evacuated by the spillway were added.
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Figure 3. Sediment transport at Karnech reservoir.

Conclusion

Since 1994, measurements of sediment rates in 30 reservoirs have been executed. This kind -of
observations is very expensive and cumbersome. In order to simplify this procedure we need to
find an easy methodology based on readily observed variables such as daily rainfall and
characteristics of the watersheds. These experiments are believed to lead forward to such a
methodology. Studies like this may also lead to the revealing of which areas siltation is the most
serious and to indicators that may be used as early warning signs of siltation.
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