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ABSTRACT
Runoff source areas can serve as focus areas for water quality monitoring and catchment management. In this study, a 
conceptual form of the Soil Conservation Service Curve Number method (SCS-CN) is used to define variable-source runoff 
areas in a meso-scale catchment in the Zagros mountain region, southwest of Iran. The analysis indicates that for the average 
and dry antecedent soil wetness (the dominant soil moisture conditions), the original SCS-CN criterion that assumes 
the initial abstraction of rainfall to be equal to 20% of the maximum potential soil water retention fails to predict runoff 
source areas correctly, suggesting the ineffectiveness of the original form of the method for the study region. However, the 
determination of the initial abstraction based on hydrograph-hyetograph matching technique provides reasonable results, 
outperforms the original form of the SCS-CN based method and, more importantly, highlights the significance of having 
localized rainfall and runoff data. Under wet soil conditions, both techniques provide similar results; the robustness of the 
SCS-CN based method is thus supported only for wet soil conditions.
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INTRODUCTION

Water resource protection requires strategies and plans 
to avoid the release of pollutants into water bodies that 
are sources of freshwater (O’Connor, 2002; Krewski et al., 
2004). In this regard, a sound knowledge of underlying 
hydrological processes and their impacts on water 
availability would be useful in the prediction of runoff 
production, in order to assess water yield and pollutant loads 
(Martinez-Mena et al., 1998). Information about areas that 
contribute to runoff is essential to modelling and managing 
catchments (Richards and Brenner, 2004). Therefore, it is 
important to define which areas deliver water to a river in 
order to identify the portion of the catchment that should be 
considered for management practices.

The basic assumption of variable source hydrology is 
based on the concepts of Hewlett and Hibbert (1967), Dunne 
and Black (1970a, b) and Dunne et al. (1975). Over the past 
two decades the theory has been further developed and 
applied by some researchers (Boughton, 1990; Srinivasan 
et al., 2000; Lyon et al., 2004; Richards and Brenner, 2004; 
Schneiderman et al., 2007; Leh et al., 2008). Variable source 
areas are those parts of the catchment in which saturation-
excess runoff generation occurs (Steenhuis et al., 1995), due 
to local conditions such as concave slopes, soil infiltration 
characteristics and shallow ground waters. These parts 
are usually located at the boundaries of rivers where these 
conditions combine to produce saturation-excess runoff 
(Anderson and Burt, 1978; O’Brien, 1982). The location 
and extent of these areas can change for each storm due to 
catchment antecedent wetness, spatio-temporal variations of 
rainfall and soil heterogeneities (Beston and Marius, 1969; 
Richards and Brenner, 2004).

The Soil Conservation Service Curve Number (SCS-CN) 
method (now renamed as Natural Resource Conservation 
Service Curve Number method, NRCS-CN) was originally 
developed for conditions prevailing in the United States 
(SCS, 1964). Since then, it has been adapted for other parts of 
the world. Although some research centres have developed 
additional criteria, the basic concept is still widely used all over 
the world, probably due to its simplicity. It incorporates four 
main factors affecting runoff generation − soil type, land use 
and treatment, surface conditions and antecedent moisture 
conditions − in a single Curve Number (CN) parameter 
(Soulis et al., 2009; Rezaei-Sadr, 2017). This is a very important 
characteristic of this method which improves its applicability for 
regions with poor spatial distribution of runoff gauging stations.

Although curve numbers have been estimated for 
agricultural catchments very successfully, estimations for 
semi-arid rangelands and also forested catchments were not 
as successful (Hawkins, 1993). The same is true for mountain 
regions because there is often a complex interaction between 
rainfall-runoff processes and landscape factors (Rezaei-Sadr, 
2015). While some of these factors (e.g., land use and cover, 
topography, soil characteristics, and hydrologic condition) have 
been defined for urban and agricultural catchments, runoff 
from mountainous catchments, especially in arid and semi-
arid climates, is poorly understood (Sprenger, 1978; Tedela, 
2008; Rezaei-Sadr, 2015). Moreover, the relationship between 
the CN and the rainfall depth in such catchments reflects the 
inevitable effect of soil-cover complex spatial variability on the 
hydrological response (Soulis and Valiantzas, 2012). In this 
regard, Soulis and Valiantzas (2013) proposed a method to 
identify the spatial distribution of CN along the catchment by 
exploring the correlation between CN and rainfall depth.

Most Iranian basins, especially in mountain regions, are 
not equipped with enough runoff gauging stations, which 
limits available data records. The objective of this study was to 
explore the extent of the applicability of the SCS-CN method to 
delineate runoff source areas in a semi-arid mountain region, 
where water contamination negatively impacts on a growing 



http://dx.doi.org/10.4314/wsa.v44i2.14
Available on website http://www.wrc.org.za
ISSN 1816-7950 (Online) = Water SA Vol. 44 No. 2 April 2018
Published under a Creative Commons Attribution Licence 291

population and on agricultural production. To this end, 
delineating runoff source areas resulting from two different 
methods, namely the original SCS-CN method and observed 
rainfall-runoff analysis, will be compared for a catchment 
dominated by highly permeable soils and located in the Zagros 
mountain region, in the south-west of Iran.

METHODS

Application of the SCS-CN method to variable-source 
area theory

The SCS-CN method estimates runoff depth for a storm by the 
SCS runoff equation (SCS 1972):
 

 
𝑄𝑄 = 𝑃𝑃𝑒𝑒2

𝑃𝑃𝑒𝑒 + 𝑆𝑆 
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(1)

 Pe = P – Ia (2)

where Q is the direct runoff depth (mm), P is the depth 
of rainfall (mm), Pe is the depth of effective rainfall (mm) 
after runoff begins, S is the maximum potential soil water 
retention (mm) and Ia is the initial abstraction. Substituting 
Eq. 2 into Eq. 1, the storm runoff depth is calculated from the 
expression:
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 Q = 0   P < la (4)

The value of S is derived from curve number (CN) as
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(5)

In order to estimate S from real rainfall-runoff data, Eq. 3 
can be solved in terms of P and Q (Hawkins, 1979):
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When specific values of P and Q are available, solving for S 
and substituting into Eq. 5 gives the observed CN for the event. 
When storm variability is considered, a CN for application to a 
specific locality can be obtained (Simanton et al., 1996).

Steenhuis et al. (1995) showed that Eq. 1 could be 
interpreted in terms of a saturation-excess runoff generation 
process. Once raindrops precipitate on the soil surface and 
if the rainfall intensity is less than the infiltration rate, a 
moisture front spreads out and downward, increasing the soil 
moisture content until the soil becomes saturated, after which 
additional rainfall becomes runoff (Dingman, 1994). At this 
time, the saturation-excess runoff generation mechanism 
starts to occur. During any short time period, the rate of 
runoff generation will be proportional to the fraction of the 
catchment (Ai) that is effectively saturated, which can be 
expressed as:
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where ΔQ is the depth of excess rainfall generated during a 
time period over the whole catchment area and ΔP is the depth 
of rainfall during the same period (Schneiderman et al., 2007). 
According to Eq. 1, the contributing area is the derivative of 
Q with respect to Pe. By writing Eq. 1 in differential form and 
differentiating with respect to Pe, the fractional contributing 
area can be written as (Schneiderman et al., 2007):
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Equation 8 has to satisfy the limits when Pe = 0 and when 
Pe approaches infinity. When Pe = 0, the contributing area is 
zero and when Pe = ∞, the contributing area equals 1. Moreover, 
it indicates that when Pe equals S, %75 of the catchment is 
contributing (Steenhuis et al., 1995).

By simply assuming that the dominant runoff generation 
mechanism is of the saturation-excess type, the conceptual 
method proposed by Steenhuis et al. (1995) provides a 
simple way to predict runoff source area in a catchment. 
In this method, based on the original SCS-CN method, 
it is assumed that the initial abstraction of rainfall (Ia) is 
20% of the maximum potential soil water retention (S). 
Although this assumption is still used widely by engineers 
and practitioners for ungauged catchments, some researchers 
reported that this criterion did not result in accurate runoff 
prediction (Hawkins, 1979; Steenhuis et al., 1995; Jiang, 2001; 
Hawkins et al., 2002; Mishra and Singh, 2004; Baltas et al., 
2007; Xiao et al., 2011). For this reason, as an alternative, the 
hydrograph-hyetograph matching technique is applied to 
determine the initial abstraction and the results are compared 
with the original criterion. In the rainfall-runoff analysis, 
each rainfall hyetograph matches with its corresponding 
runoff hydrograph and the rainfall depth before the recorded 
hydrograph starts to rise was considered as the initial 
abstraction. Then, the graphs depicting runoff contributing 
area as a function of effective rainfall are generated for 
different AMC classes using Eq. 8.

Figure 1 
Location of Abolabbas Catchment in the Zagros mountain region, in the 

south west of Iran
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Site description

The study was conducted in Abolabbas catchment (279 km2) 
(49° 54´ to 50° 05´ E and 31° 42´ to 31° 44´ N) in the Zagros 
mountain region, in the south-west of Iran (Fig. 1). The 
catchment is characterized by irregular topography, high 
spatial variation of land use and cover, heterogeneous rainfall 
patterns and a semi-arid climate (Rezaei-Sadr, 2015). Average 
annual precipitation is about 680 mm which mostly occurs 
in the autumn-winter period (Rezaei-Sadr et al., 2012). The 
altitude ranges between 688 and 3 300 m and average elevation 
is 1 899 m. The average slope of the catchment is as high as 
10% (Rezaei-Sadr, 2015). There is one rain gauging station 
with a weekly chart and one water level gauge recorder with 
a vertical scale at the outlet of the catchment. Twenty-four 
recorded rainstorms with 15-min time intervals from January 
1981 to December 2007, which were monitored by Khuzestan 
Water and Power Authority, Ahvaz, Iran, along with their 
corresponding direct runoff values, were used (Table 1). To 
separate each rainfall from the subsequent event, the end of a 

rainfall event was defined when a 6-h period without rainfall 
occurred.

Soils are generally highly permeable, well-drained, 
calcareous, gravelly loams with large percentages of 
rock and gravel at the surface. The main geological 
formation series are Gachsaran (MIgs), Bakhtiari (Pibk), 
Asemari (Omas), Pabdeh(PeEpd)-Gurpi(Kgu), Fahlian-
Darian (JKkgp) and Bangestan (Kbgp) as well as Alluvial 
deposits (Qft2) (Zarei, 2012; Rezaei-Sadr, 2015). The main 
characteristics of these formations are presented in Table 2. 
According to this table, approximately 85% of the catchment 
is covered by highly permeable soils caused by a large crack 
and fissure system on the surface. The remaining portions, 
comprising 15% of the catchment area, are covered by soils 
of low permeability (Zarei, 2012). The surface conditions 
of the catchment areas which were provided by remote-
sensing images as well as field observations (Zarei, 2012) 
are presented in Table 3. Woodlands and pasture are the 
dominant land use (cover) which comprises about 98% of 
the catchment area.

TABLE 1
General characteristic of 24 rainstorms used in the study, along with CN and S values calculated from measured rainfall-runoff data 

and AMC classification based on 5-day antecedent rainfall

Date Rainfall, P (mm) Runoff, Q (mm) Scal CNcal

Five-day antecedent
rainfall (mm)

SCS-CN AMC
Class (average)

03 Jan 1981 22.2 2.27 137.9 64.8 10.5 I
12 Jan 1981 70.2 8.48 172.3 59.6 14.5 I
17 Jan 1982 55.2 5.18 159.1 61.5 6.5 I
28 Jan 1982 81.6 12.88 158.9 61.5 4.5 I
18 Mar 1982 46.8 11.2 159.4 61.4 34 II
24 Jan 1983 42.2 6.43 158.3 61.6 0 I
29 Nov 1986 96.5 27.08 130.1 66.1 0 I
15 Mar 1989 17.3 1.79 117.8 68.3 7.5 I
06 Mar 1991 91.5 16.31 115.4 68.8 17.5 I
02 Jan 1992 26.3 8.4 105.7 70.6 11 I
25 Feb 1992 43.6 11.98 106.9 70.4 20 I
05 Jan 1994 27.1 1.36 92.2 73.4 0 I
16 Jan 1994 18.9 1.72 86.4 74.6 0 I
21 Mar 1994 27.5 2.65 94.0 73.0 8.5 I
12 Jan 1995 22.4 1.25 82.5 75.5 0 I
23 Feb 1995 35.3 3.13 77.2 76.7 8 I
23 Apr 1995 24.1 2.91 86.2 74.7 8 I
17 Jan 1996 59.7 4.66 68.7 78.7 68 III
21 Feb 1996 20.4 2.6 64.9 79.6 20 I
04 Mar 1996 29.4 2.51 64.1 79.8 24 II
15 Apr 1996 53.8 7.54 51.8 83.1 0 I
12 Jan 2004 84.1 8.3 50.8 83.3 118.5 III
06 Feb 2004 35.9 2.49 49.8 83.6 12.5 I
07 Dec 2007 58.7 4.3 45.5 84.8 37.5 II
Average moisture condition (AMC II) 73.3
Dry moisture condition (AMC I) 55.0
Wet moisture condition (AMC III) 89.6
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RESULTS AND DISCUSSION

Dry wetness condition

The relationships between effective rainfall (Pe) and the 
fraction of the catchment that is effectively saturated (Ai) 
resulting from both the original SCS-CN criterion and 
hydrograph-hyetograph matching are shown in Figs 2 and 3. 
In comparison with the original SCS-CN criterion, a different 
pattern results for the dry wetness condition when using 
hydrograph-hyetograph matching (Fig. 3). By applying the 
Ia = 0.2S criterion, a threshold of 36 mm effective rainfall depth 
is achieved, below which no area contributes to runoff (Fig. 2). 
However, this is not consistent with the recorded rainfall and 
runoff data. 

In Fig. 4, the plot of observed rainfall depths versus 
the corresponding runoff depths is shown for dry wetness 
condition and a power relationship is fitted to the data with a 
correlation coefficient of r = 0.83. It is clear that for the effective 
rainfall depth of 36 mm, approximately 5 mm runoff depth is 
expected, revealing that a portion of the catchment contributes 
to runoff. This result can be attributed to the geological 
and morphological aspects of the study region, which differ 
considerably from the prevailing conditions of the regions 
where the SCS-CN method was developed.

Based on the classification of the geological formations 
(Zarei, 2012), about 15% of the catchment is covered by soils 
of low permeability (Table 2). This causes the infiltration-
excess runoff generation mechanism to occur shortly after 

the onset of rainfall, since the rainfall intensity exceeds the 
infiltration rate. These parts are located in the middle of the 
catchment on both sides of the main stream (Fig. 5), and the 
runoff originating from these areas is directly discharged 
into the Abolabbas River, causing the hydrologic response 
of these parts to be rapid. Moreover, the catchment area 

TABLE 2
Characteristics of the geological formations and soil permeability throughout Abolabbas catchment

Formation Composition Area (km2) Permeability

Gachsaran Anhydrite, marl, gypsum, halite 19 Relatively high
Bakhtiari Conglomerate 16 High
Asemari Cream to brown lime 83 High
Pabdeh-Gurpi Shale, marl, limestone 37 Low
Fahlian-Darian Limestone 52 High to very high
Bangestan Shale, limestone 50 Low to high*
Alluvial deposits Limestone, conglomerate and marl 22 Relatively high to high

*Bangestan formation is composed of three different formations, Ilam, Saivak and Kazhdomi. Ilam and Sarvak formations (44.6 km2) are completely 
comminuted with high permeability and low runoff coefficient. Kazhdomi formation (5.6 km2) has low permeability and high runoff coefficient.

TABLE 3
Land use/cover of Abolabbas catchment

Land use/cover Condition/practice
Area

km2 %

Row crops
Rain-fed 2.13 0.75
irrigated 1.89 0.67

Woodlands
Good 104.40 36.85
Fair 24.73 8.73
Poor 66.53 23.48

Pasture
Fair 76.37 26.96
Poor 6.43 2.27

Farmstead – 0.80 0.29
Figure 2 

Observed runoff (dots) and calculated runoff (line) versus effective 
rainfall for dry antecedent moisture condition resulted from the original 

SCS-CN method (Ia = 0.2S criterion)

Figure 3
Observed runoff (dots) and calculated runoff (line) versus effective 

rainfall for dry antecedent moisture condition resulted from the 
hydrograph-hyetograph matching technique
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consists of steep slopes, with an average gradient of 10% 
(Rezaei-Sadr, 2012). The high velocity of water caused by 
these steep slopes, forces the surface runoff to move rapidly 
and the water transport process is dominated by the existing 
channel network rather than hillslopes. Therefore, at the 
beginning of the rainstorm a significant volume of runoff 
contributes to the surface flow and rapidly joins the main 
stream due to areas of low permeability as well as steep 
slopes. This is consistent with the left Pe–Ai relationship 
in Figs 2 and 3, which was obtained from the hydrograph-
hyetograph matching technique.

Average wetness condition

In Figs 6 and 7, Pe–Ai graphs obtained from both original 
SCS-CN criterion (Ia = 0.2S) and hydrograph-hyetograph 
comparison are shown. Similar to the dry wetness condition, 
for the original SCS-CN criterion, a threshold of 12 mm 
effective rainfall depth is detected, below which no area 
contributes to runoff. However, the hydrograph-hyetograph 
matching technique shows that after receiving 12 mm 
effective rainfall, nearly 20% of the catchment contributes 
to runoff showing a considerable difference between the two 
techniques.

Hence, the proposed method by Steenhuis et al. (1995), 
in its original form which uses the criterion Ia = 0.2S, does 
not provide reliable results for dry and average wetness 
conditions, since the runoff generation mechanism is highly 
influenced by other factors such as rainfall intensity and soil 
permeability, leading to provocation of the infiltration-excess 
runoff generation mechanism. Moreover, the steep slopes 
diminish the rate of infiltration, leading the channel network 
to be the dominant mechanism of water transport throughout 
the catchment. On the other hand, the hydrograph-hyetograph 
matching technique provides more accurate results, probably 
because it incorporates the effects of all meteorological, 
geological and morphological aspects of the catchment. Since 
the overwhelming majority of rainfall events occur under 
dry and average moisture conditions throughout the region 
(Table 1), there is not enough evidence to support the reliability 
of the original SCS-CN method for delineating runoff source 
areas. In this regard, applying measured rainfall and runoff 
data to determine the initial abstraction of rainfall is strongly 
recommended.

Figure 4 
Plot of observed rainfall depth versus observed runoff depth for dry 

antecedent moisture condition

Figure 5
Distribution of low permeability soils, including Pabdeh-Gurpi and 

Kazhdomi formations (dashed areas) around the stream network of 
Abolabbas catchment

Figure 6 
Observed runoff (dots) and calculated runoff (line) versus effective 

rainfall for average antecedent moisture condition resulted the original 
SCS-CN method (Ia = 0.2S criterion)

Figure 7 
Observed runoff (dots) and calculated runoff (line) versus effective 

rainfall for average antecedent moisture condition resulted from the 
hydrograph-hyetograph matching technique
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Wet condition

The Pe–Ai graphs for wet conditions are shown in Figs 8 and 9. It 
is clear that both techniques yield very similar results under wet 
conditions. For example, both graphs show that after receiving 
12 mm effective rainfall on the ground, approximately 48% of 
the catchment area contributes to runoff. In both graphs, at the 
beginning of rainfall, runoff contributing area increases sharply 
with the increase in effective rainfall. However, after about 30 
mm of rainfall, which is nearly equal to the estimated maximum 
potential soil water retention (S) under wet conditions, the 
pattern is changed. The contributing area now increases slightly 
with increasing effective rainfall and asymptotically approaches 
a constant slope. According to these graphs, it is obvious that 
the two techniques predict the contributing area correctly in the 
limit of Eq. 8 when Pe = ∞. Moreover, both Pe–Ai relationships 
follow Eq. 8 that indicates that when Pe equals S, 75% of the 
catchment is contributing to runoff. The fact that similar results 
were achieved via both methods confirms that the original form 
of the SCS-CN based method is reliable for wet soil conditions. 
This is because, at the time of rainfall, the antecedent wetness 
of soil is enough to provoke the saturation-excess runoff 
generation mechanism throughout the catchment. Under these 
circumstances, the fraction of rainfall which infiltrates into the 
soil is low, and therefore increased runoff contributes to surface 
flow which rapidly joins the channel network.

CONCLUSION

In order to define runoff generation mechanisms and variable-
source runoff areas within a spatially highly heterogeneous 
catchment in the Zagros mountain region, southwest of Iran, 
a modified conceptual method based on the SCS-CN method 
(Steenhuis et al. (1995) is proposed. By simply assuming that 
the dominant runoff generation mechanism is saturation-
excess type, the method provides a simple way to predict 
the fraction of catchment area producing saturation-excess 
runoff. Two techniques for determining initial abstraction, 
comprising the original SCS-CN criterion that assumes the 
initial abstraction equal to 0.2S and hydrograph-hyetograph 
matching, were applied. 

It was proven that the method in its original form cannot 
provide accurate results for dry and average antecedent 
moisture conditions. However, using the hydrograph-
hyetograph matching technique, which incorporates the effect 
of geological and morphological aspects such as soils of low 
permeability and steep slopes, can more accurately represent 
the actual runoff throughout the catchment. On the other 
hand, under wet soil conditions, similar results are obtained 
from both techniques. This demonstrates that the SCS-CN 
based method is reliable for wet moisture conditions because, 
at the time of rainfall, the antecedent wetness of soil is enough 
to provoke the saturation-excess runoff generation mechanism 
throughout the catchment.
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