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ABSTRACT  

A proper and an accurate evaluation of sediment concentration is required for manag-

ers and planners for the suitable and effective design of hydraulic structures. The design 

of most of the soil and water conservation structures is made inaccurately, since the num-

ber of studies conducted in the field of sediment temporal distribution is limited. The 

problem mentioned above is particularly exaggerated in developing countries where more 

effort is needed in research to achieve appropriate solutions for problems encountered. 

The main objective of conducting the present research was to develop a model through 

which the temporal distribution of the watershed sediment i.e. the sediment graph during 

a storm event can be estimated.  The model was developed on the basis of the easily acces-

sible hydrological data of the Amameh watershed in Iran comprising an area of 3712 ha. 

A water discharge rating curve, precipitation-runoff relationship and sediment rating 

curves were developed for the watershed study for the completion and refinement of the 

collected hydrological data. From the Sediment Rating Curve (SRC), it was observed that 

in most of the cases there was more than one value of sediment discharge for the same 

value of runoff discharge located at the rising and falling limbs of the hydrograph. There-

fore, the development of two separate regression equations for these sets of points was at-

tempted by using regression and confidence area ellipse approaches. The approach based 

on the hydrological data was then used for the development of a storm-wise temporal dis-

tribution prediction model for sediment yield. Based on the results of factorial scoring, it 

was found that the model developed on the basis of the concept of Unit Sediment Graph 

and convolution into direct sediment graph using the sediment mobilized could be sup-

posed as an acceptable performed model for the prediction of the sediment graph in the 

study watershed. 

Keywords: Amameh Watershed (Iran), Sediment Mobilized, Sediment Rating Curve, Syn-

thetic Sediment Graph, Unit Sediment Graph. 
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INTRODUCTION 

Soil erosion is a serious cause of concern 

for soil conservationists, hydraulic engineers 

and environmentalists world-wide. Eroded 

soil is a major air and water pollutant, caus-

ing many detrimental in-site and off-site im-

pacts. Soil erosion and sediment outflow are 

the results of very complex processes in-

volving a large number of variables relating 

to rainfall, soil, topography, vegetation and 

also management practices. The careful 

measurement and analysis of such data is a 

basic pre-requisite for successful planning 

and design of any soil and water conserva-

tion program.  Sediment outflow rate is a 

function of runoff magnitude, which is said 

to be the response of a watershed system. 

Although the measurement of inputs and 
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outputs of a watershed is difficult to make 

with absolute accuracy, the mathematical 

relationships between these variables or pa-

rameters can be established with reasonable 

accuracy. 

The use of models in hydrology can be 

categorized into two classes of assessment 

(a) of the existing state of the water re-

sources for the prevailing hydrological re-

sponse and (b) of the watershed and predic-

tion of the future conditions of hydrological 

response (FAO, 1979). Since sediment mod-

eling is not as mature as pure hydrologic 

modeling, it needs to be considered in a 

wider perspective and at greater depth. Dif-

ferent approaches related to sediment model-

ing have been suggested by several scientists 

working in this area of research.  

The studies in modeling of Sediment 

Graphs (SG) were started in the 1970’s. 

Sediment transport models or sediment 

graphs which relate sediment flow rate as a 

function of time are used for soil erosion 

control, hydraulic structure design, water 

resource planning, river morphology, and 

water quality assessment.  

The commonly used technique for the de-

velopment of the Unit Sediment Graph 

(USG) suggested by Rendon-Herrero (1978) 

is applicable only to gauged basins. A form 

of USG was indeed developed whose stan-

dard unit was 1.0 ton (910 kg) for a given 

duration, distributed over the watershed 

area, analogous in unit hydrograph analysis 

to 1.0 in (25mm) of excess (effective) rain-

fall over the same area (Singh, 1992). Dur-

ing the same period, Williams (1978) devel-

oped a model based on the Instantaneous 

Unit Sediment Graph (IUSG) applicable to 

un-gauged watersheds that was based on 

watershed characteristics. The concept of 

IUSG defined as the distribution of sediment 

from an instantaneous burst of rainfall pro-

ducing one unit of runoff  was considered to 

be the product of the IUH and the sediment 

concentration distribution. Chen and Kuo 

(1986) proposed a procedure to generate 

synthetic USG by using the correlation 

analysis. But the model was only able to 

synthesize sediment graph from one unit of 

effective sediment yield from a storm of 

one-hour duration. Gracia (1996) developed 

a method for generation of synthetic sedi-

ment graph based on the IUH theory for 

flood prediction and on the convolution in-

tegral theory. The method was applicable to 

wherever physical information i.e. areas, 

slopes, length of channels and soil type are 

available. Banasik and Walling (1996) stud-

ied the relationship between the lag time of 

the direct runoff hydrograph and the sedi-

ment graph, and the application of the lag 

times were examined for the estimation of 

IUSG. They developed the sediment graph 

model for one of the tributary of the River 

Exe, River Dart, in South-West England. 

Kothyari et al. (1997) have also applied the 

kinematics wave equation for estimation of 

temporal variation of sediment yield for sin-

gle storm-events in small watersheds 

through simulation and expression of over 

land flow and sediment detachment and 

transport. The literature review showed that 

most of the pioneering techniques in devel-

oping sediment graphs need measured sedi-

ment graphs and hydrographs, as well as 

many other inputs such as the rainfall ero-

siovity factor and intensity for a specific 

storm and time parameters of hydrographs 

are required.  

Owing to the lack of availability of hydro-

logic data, a proper assessment of the hydro-

logical phenomena such as sediment yield 

using easily applicable and statistically ac-

ceptable models is necessary. Under the cir-

cumstances, there is the need for a sediment 

graph model having wide applicability under 

natural field conditions and requiring only a 

few and easily accessible input data. The 

sediment graph models developed based on 

the physical characteristics of a watershed 

and precipitation data are a viable and con-

venient tool for researchers working in this 

area under actual field conditions since they 

are the most widely available data in the wa-

tershed scale.  

The main objective of the present study 

therefore was to develop a model through 

which the temporal distribution of the water-

shed sediment, i.e. the sediment graph, dur-
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ing a storm event can be estimated. The 

study was conducted in the Islamic Republic 

of Iran encountering different problems re-

lated to soil erosion mainly caused by water 

and comprising 1648145 km
2
 area. The 

country is almost evenly distributed between 

mountainous areas and plains with an aver-

age precipitation of 365 and 95mm per an-

num, respectively (Mahdavi, 1992).  

MATERIAL AND METHODS 

In the present study, an attempt has been 

made to develop a conceptual model of 

sediment graph using available hydrologic 

data. The Amameh watershed, located in the 

northeast of Tehran and about 40km of it has 

been selected for development and applica-

tion of the models. The Amameh watershed 

which covers an area of 3712 ha is one of 

the mountainous sub-basins of Jajroud 

River. It lies between 35°-51′-00″ to 35°-

75′-00″ N latitude and 51°-32′-30″ to 51°-

38′-30″ E longitude as shown in Figure 1. 

Some geographic characteristics of the wa-

tershed are summarized in Table 1. 

The geological formation belongs mainly 

to the third geologic era. In some parts of the 

area, Conglomerate, Marls and Schist layers 

are seen alternatively in a severely folded 

form. The Quaternary formation also exists 

only to a limited extent in the collovial and 

alluvial areas of the watershed. There are 

twelve rainfall stations located over the en-

tire watershed including ten storage and two 

recording ones. Of these recording rain-

gauges one of them is situated at the outlet 

and the other one at the center of the water-

shed. One more recording raingauge is also 

available outside the watershed, which was 

used for climatological analysis.  

Outlet (Kamarkhani) 

Amameh 

Watershed 

N 

35°-75′-00″ 

5
1
°-3

8
′-3

0
″ 

35°-51′-00″ 

5
1
°-3

2
′-3

0
″ 

Hydrometry Station ◘ 

Recording Raingauge • 
◘
•
 

•
◘

Figure 1. General view and the location of the Amameh watershed in Iran. 
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The mean annual precipitation calculated 

by the Thiessen method and the annual run-

off are found to be 848.4 and 504 mm, re-

spectively. Most of the precipitation (almost 

73%) falls during the Winter and Spring sea-

sons (December to May). The months of 

April and September are the wettest and the 

driest months during the year, respectively. 

The annual mean temperature in the area is 

8.6°C while the absolute maximum and 

minimum temperatures are 35 and -24°C, 

respectively. The least and the highest val-

ues of evaporation occur during the months 

of February and July, respectively. Accord-

ing to the Demarten classification, a very 

humid climate is dominant over the water-

shed. Humid and semi-humid climates are 

found in the lower portions of the area. 

There are two hydrometery stations, lo-

cated at the outlet (Kamarkhani) and the 

middle of the watershed over the main 

stream (Baghtangeh). The locations of the 

stations have been depicted in Figure 1. 

Both the stations have been equipped with a 

scale, limnograph (recorder) and a bridge 

since about 30 years ago. The stream dis-

charge was measured by broad crested weirs 

and the available stage-discharge relation-

ship. The average long-term discharge at 

Kamakhani station is 0.575 m
3
/s, while the 

maximum and the minimum observed dis-

charges are 21.2 and 0.01 m
3
/s, respectively. 

The modeling processes have been carried 

out at Kamarkhani station located at the out-

let. More than 80% of the Amameh water-

shed has been covered by mountainous 

rangelands.  

In order to develop a sediment graph 

model, the following processes were em-

ployed. Based on the availability of data a 

model has been conceived with sediment 

mobilized as input. The sediment mobilized 

which is the direct excess sediment flow to 

the stream and is analogous to excess runoff 

(Das, 2000) was obtained from a relation-

ship between sediment mobilized and excess 

runoff (Sadeghi, 2000). The excess runoff or 

rainfall excess which is the remaining vol-

ume of rainfall that flows out as surface run-

off after fulfilling the initial abstractions 

(Das, 2000) was also estimated by using a 

most appropriate precipitation-runoff rela-

tionship developed for the watershed 

(Sadeghi et al., 2000). The design sediment 

graph was then obtained by developing a 

unit sediment graph for which the concept of 

the average unit sediment graph was con-

ceived in the study. The average unit sedi-

ment graph was obtained by using the avail-

able hydrological data. The general concepts 

and assumptions of the unit hydrograph 

were used for the simulation of the unit 

sediment graph (Rendon-Herrero, 1978). 

The assumption of equality for the effective 

duration of mobilized sediment and the ex-

cess rainfall over the entire watershed, as 

suggested by Rendon-Herrero (1978) and 

Singh (1992) was also taken to be applicable 

Table 1. Geographic characteristics of the Amameh Watershed. 

Parameter Value 

Mean elevation (m) 

Maximum elevation (m, amsl) 

2620 

3868 

Minimum elevation (m, amsl) 1800 

Watershed perimeter (km) 29.50 

Drainage density (km/km2) 3.39 

Time of concentration (h)  2.93 

Average slope of the watershed (%)  28.50 

Average slope of main river (%) 13.80 

Length of the main river (km) 13.50 

Circularity ratio 1.33 

Bifurcation ratio 5.80 

Length and width of equivalent rectangle (km) L=18.98, W=3.57 

Length between the centroid and the outlet (km)  6.50 
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on the present study. Due to the high degree 

of affinity between the concepts of genera-

tion of runoff and sediment during the effec-

tive period of precipitation, the effective du-

ration of 0.5-h, considered as an appropriate 

duration for an average hydrograph unit in 

this study. It was also proposed for the deri-

vation of the average USG for the Amameh 

watershed. Thus, the USG with original 0.5-

h effective duration and larger were selected. 

The USGs with a longer effective duration 

were converted into 0.5-h USG by using the 

S-Curve.  

The unit sediment graph developed for the 

T-hour mobilization period, analogous to a 

T-hour unit hydrograph, was then converted 

to a sediment graph by convoluting its ordi-

nates with the unit amount of sediment mo-

bilized. The flow chart shown in Figure 2 

details the step by step procedure for the 

development of a design sediment graph 

model for the Amameh watershed. Since 

most of the available sediment graphs in the 

study area are based on discrete data due to 

Sediment Runoff Precipitation 

Flow discharge 

Total 

Sediment graph 

Direct 

Sediment graph 

Storm data 

Hydrological char. 

SEDIMENT 

GRAPH 

Figure 2. Sediment Graph Modeling in Amameh Watershed. 

Excess 

runoff 

Excess 

Sediment 

Direct 

Hydrograph 

Discrete Sediment data 

Climatological char. 

Water Discharge 

Rating Curves 
Sediment  

Rating Curves 

Total 

Hydrograph 

Average 

USG 
Sediment 

mobilized 
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unavailability of sediment concentration re-

cording instruments, the continuous sedi-

ment graphs were drawn by estimating 

sediment discharge for the respective flow 

discharge with the help of separate equations 

developed for falling and rising limbs 

(Sadeghi, 2002). The Direct Sediment Graph 

(DSG) was then obtained by separating the 

base flow of sediment load from each of the 

storm-wise continuous sediment graphs and 

ultimately used for comparison. A new ver-

sion of MUSLE was further revised for the 

study area to estimate the values of the 

sediment mobilized (Sadeghi and Singh, 

2001). The average unit sediment graph ob-

tained through analysis of the hydrological 

data was then convolved to a direct sediment 

graph by using the values of sediment mobi-

lized and knowing the effective duration of 

the storm. 

The results of modeling were finally com-

pared with the help of qualitative and quanti-

tative approaches. Visual comparison was 

used for the qualitative evaluation of results 

whereas the Absolute Relative Error (ARE), 

Integral Square Error (ISE), Relative Square 

Error (RSE), Ratio of Error (REO), Bias 

(Bs) and Correlation of Determination (R
2
) 

were used for quantitative comparison 

(Sadeghi, 2000).   

RESULTS 

The validity of the suggested modeling 

process was ascertained by using eight se-

lected storm events during 1970-1997 for 

the Amameh watershed based on qualitative 

and quantitative evaluation parameters. As 

per the procedure explained earlier, the unit 

sediment graph and the sediment mobilized 

generated during each of the incremental 

segments of effective duration of the rainfall 

hyetograph were required for obtaining the 

sediment graph models. The average storm-

wise unit sediment graphs for 0.25-h and 

0.5-h duration were obtained for the study 

area and are presented in Figure 3. The fol-

lowing power equation was then developed 

between sediment mobilized and excess 

rainfall by using 15 storm events and used 

for converting USGs into SGs.  

ES = 8.486ER
1.628

         (r=0.949)           (1) 

where ER is excess runoff in mm and ES is 

excess sediment in tones. 

0
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Figure 3.  0.5-h and 0.25-h Unit Sediment Graphs for Amameh Watershed. 
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The sediment mobilized (excess sediment) 

generated during each of the time incre-

ments of effective rainfall duration for vari-

ous selected storms was obtained. Based on 

the fundamental principle of the unit hydro-

graph, the ordinates of a direct sediment 

graph (SG) were calculated by using the ap-

propriate unit sediment graph for the water-

shed. The derived USGs were then con-

verted into a direct sediment graph by multi-

plying the ordinates of USG with the sedi-

ment mobilized (Equation 1). If the distribu-

tion of the sediment mobilized for all the 

incremental time intervals during the effec-

tive duration of excess runoff was available, 

then the design direct sediment graph was 

simulated on the basis of the concepts, of the 

superposition approach (Subramanya, 2000) 

used in unit hydrograph analysis. In the case 

that the distribution of sediment mobilized 

was not available then the design direct 

sediment graph was obtained during a single 

step of convolution.  

In order to compare the results of model 

simulation on sediment graphs, it was ob-

served that the graphs made predictions by 

using average USG obtained on the basis of 

hydrological data for different storm events 

have a sharp peak and a steep rising as well 

as falling limbs. It, therefore, predicts higher 

peaks, lesser volumes and shorter times to 

peak as well as base times in comparison 

with the respective observed sediment 

graphs. The general shape of sediment 

graphs in all of the cases is almost the same. 

The quantitative evaluation of the perform-

ance of the model developed was also car-

ried out on the basis of a number of statisti-

cal parameters. The details of its perform-

ance as evaluated on the basis of each of the 

parameters have been set out in Table 2. The 

model was compared with other models de-

veloped using some different approaches 

and it was implied that the model based on 

hydrological data stands out from the view-

point of base time estimation and in terms of 

the values of coefficient of efficiency, root 

square error, integral square error and root 

mean square of error criteria. It was also 

found that the more accurate the analysis of 

hyetograph results the more precise the 

sediment graph.  

CONCLUSION 

The main objective for conducting the pre-

sent study was to develop a sediment graph 

model through which the temporal distribu-

tion of the watershed sediment generated 

during a storm event can be estimated.  The 

model was developed on the basis of the 

easily accessible hydrological data of the 

Amameh watershed in Iran. The unit sedi-

ment graphs developed for different storms 

were then obtained and converted to 0.25-h 

and 0.5-h USGs, and average USGs, for 

these durations were obtained for the water-

shed. The direct sediment graph of a storm 

was then predicted with the help of a super-

position technique after multiplying the or-

dinates of the appropriate T-h USG by the 

respective sediment mobilized for each time 

increment. The results of the study revealed 

that, although the model developed on the 

basis of hydrological data has not performed 

perfectly, the predictions have been made 

within the acceptable range of forecasting of 

natural and stochastic phenomena. It is 

therefore suggested that these ettorts be ex-

Table 2. Summary of Prediction Performance of the Sediment Graph Model for Amameh Watershed.   

ARE 

Parameter 
Total 

yield 

Peak 

rate 

Peak 

time 

Base 

time 

ISE RSE REO Bias 
R2 

(yield) 

R2 

(peak) 

Value 40.56 52.23 55.90 29.61 28.69 1.07 0.29 0.64 0.85 0.60 
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tended to achieve more accurate and easily 

applicable models. 
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