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Abstract. The Soil Conservation Service Curve Number the medium textured soils may significantly contribute to the
(SCS-CN) method is widely used for predicting direct runoff total runoff and the linear formula may significantly under-
volume for a given rainfall event. The applicability of the estimate the runoff produced.

SCS-CN method and the direct runoff generation mecha-
nism were thoroughly analysed in a Mediterranean experi-

mental watershed in Greece. The region is characterized by

a Mediterranean semi-arid climate. A detailed land cover andl Introduction

soil survey using remote sensing and GIS techniques, showed

that the watershed is dominated by coarse soils with high hyThe Soil Conservation Service Curve Number (SCS-CN)
draulic conductivities, whereas a smaller part is covered withmethod is widely used for predicting direct runoff volume for
medium textured soils and impervious surfaces. The analysig given rainfall event. This method was originally developed
indicated that the SCS-CN method fails to predict runoff for py the US Department of Agriculture, Soil Conservation Ser-
the storm events studied, and that there is a strong correlatiofice and documented in detail in the National Engineering
between the CN values obtained from measured runoff angHandbook, Sect. 4: Hydrology (NEH-4) (SCS 1956, 1964,
the rainfall depth. The hypothesis that this correlation could1971, 1985, 1993). Due to its simplicity, it soon became one
be attributed to the existence of an impermeable part in &f the most popular techniques among the engineers and the
very permeable watershed was examined in depth, by devebpractitioners, mainly for small catchment hydrology (Mishra
oping a numerical simulation water flow model for predict- and Singh, 2006).

ing surface runoff generated from each of the three soil types The main reasons for its success is that it accounts for
of the watershed. Numerical runs were performed using thénany of the factors affecting runoff generation including
HYDRUS-1D code. The results support the validity of this g| type, land use and treatment, surface condition, and an-
hypothesis for most of the events examined where the linyecedent moisture condition, incorporating them in a single
ear runoff formula provides better results than the SCS-CNcN parameter. Furthermore, it is the only methodology that
method. The runoff coefﬁuent. of thls.formula can be taken features readily grasped and reasonably well-documented
equal to the percentage of the impervious area. However, thg,ironmental inputs and it is a well established method,
linear formula should be applied with caution in case of ex-\yigely accepted for use in the United States and other coun-
treme events with very high rainfall intensities. In this case, yjes "On the other hand, the SCS-CN main weak points are
the following: it does not consider the impact of rainfall in-
tensity and its temporal distribution, it does not address the

Correspondence tK. X. Soulis effects of spatial scale, it is highly sensitive to changes in val-
BY (soco@aua.gr) ues of its sole parameter; and it does not address clearly the
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effect of adjacent moisture condition (Hawkins, 1993; Ponceof a single CN value was not possible, since CN value was
and Hawkins, 1996; Michel et al., 2005). decreased steadily as rainfall depth was increased. He de-
Although the SCS method was originally developed in thescribed them as mainly forested watersheds with very per-
United States and mainly for the evaluation of storm runoff in meable soils. The assumption of the existence of such wa-
small agricultural watersheds, it soon evolved well beyond itstersheds presenting the above mentioned behaviour could be
original objective and was adopted for various land uses suclalso supported by the Dingman’s (2002) statement that many
as urbanized and forested watersheds (Rawls et al., 1984f the natural soils have saturated hydraulic conductivity val-
Mishra and Singh, 1999). Its scope also expanded beyondes, K, much higher than the normal range of rainfall in-
the evaluation of storm runoff and it became an integral parttensities. Furthermore, the analysis of the Soil Geographical
of more complex, long-term, simulation models (e.g. Choi etDatabase of Eurasia (2004) indicates that the coarse soils,
al., 2002; Holman et al., 2003; Lyon et al., 2004; Mishra and presenting very higlk; values, cover about 37% of the sur-
Singh, 2004; Zhan et al., 2004; Mishra et al., 2005a; Soulisveyed area.
and Dercas, 2007; Geetha et al., 2008; Moretti and Monta- In the previous studies, the criteria developed for the ap-
nari, 2008; Singh et al., 2008; Tyagi et al., 2008; etc). plicability of SCS-CN method require essentially the knowl-
Due to the widespread use and the general acceptance eflge of runoff data. However, the SCS-CN method is mainly
the method, its applicability was investigated in various re-developed to be applied in ungauged watersheds. Conse-
gions and for various land uses and climate conditions, whilequently,,it is necessary to analyse systematically the key
CN values were obtained experimentally from rainfall and characteristics of the watershed that are responsible for this
runoff measurements over a wide range of geographic, soilbehaviour in order to provide some indicators that could fa-
and land management conditions (Romero et al., 2007; Kingtilitate the evaluation of the applicability of the SCS-CN
and Balogh, 2008). The SCS-CN method has been also thmethod in ungauged watersheds..
subject of many studies aimed at finding a theoretical basis Thus, the main objective of this study is to investigate the
for the method, facilitating the use of the method in regionsfundamental mechanism for the generation of surface runoff,
and for climate conditions not previously evaluated, and sup-as well as to analyse the SCS-CN method applicability in
porting its further improvement (Hjelmfelt, 1991; Yu, 1998). a Mediterranean experimental watershed presenting similar
In spite of the widespread use of this method, there is nobehaviour. A detailed soil and land cover survey, along with
an agreed procedure to estimate CN from measured runofthe existence of a dense rain gauge network and detailed
Many methods were proposed leading to different CN val-runoff measurements, facilitated the in depth evaluation of
ues. The main difficulty is the large variability observed the SCS-CN method applicability in the study area. Further-
in the CN values evaluated for the same watershed for varmore, a runoff generation numerical simulation model was
ious rainfall depths. This variability was attributed to varia- developed for the case study area, in order to thoroughly an-
tions in the antecedent moisture conditions, to the temporahlyze the fundamental mechanism of runoff generation and
and spatial variability of rainfall, to scale effects, and many to justify the existence of such behaviour.
other reasons. Therefore, many studies aimed at improving
the method and finding a better way to incorporate the An-
tecedent Moisture Conditions (AMC) (e.g. Simanton et al.,2 SCS-CN method

1996; Mishra et al., 2005b; Jain et al., 2006; Sahu et al. . .
2007; Brocca et al., 2008; Kannan et al., 2008; Mishra et aI.,The SCS-CN method is based on the water balance equation

2008). P=I,+F+Q 1)
Hawkins (1973, 1979) for a certain number of watersheds ) )
in the US indicated the presence of a correlation between th&nd on the fundamental assumption that the ratio of runoff to
CN values and the rainfall depth. He attributed this corre-€ffective rainfall is the same as the ratio of actual retention to
lation to the existence of an impermeable area in the basinPotential retention,
which mainly contributes to the total runoff. For this type of
0 F
watersheds, he stated that the use of a runoff coefficient carp—~ = 5> (2)
be more accurate than the use of the SCS-CN method. His ‘o _ . o .
hypothesis was criticized on the ground that it was mainlywhere P is the total rainfall,/, is the initial abstractionf
based on indications only and, therefore, the mechanism stills the cumulative infiltration excluding,, Q is the direct
lacked detailed investigation (Roger, 1980). Hawkins (1993) runoff ands is the potential maximum retention. The com-
in a later study proposing a method to evaluate CN valuedination of Egs. (1) and (2) yields the basic form of the SCS-
from measured runoff, distinguished watersheds in three catcN method
egories depending on the type of correlation between rain- Ry
(P — 1)
fall and CN values calculated from measured runoff, namelyQ = P L +s
watersheds with standard behaviour, violent behaviour, and “_ _
complacent behaviour. In the latter category, the estimatiotwhich is valid for» > I,; otherwiseQ = 0.

®)
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Fig. 1. Map of the Lykorrema experimental watershed.

Based on a second assumption, that the amount of initial CN values can be obtained from tables for various soil
abstraction is a fraction of the potential maximum retention types, land cover and land management conditions, however
CN estimation based on real data from local or nearby similar

la =25, (4) watersheds is preferable.
Eg. (3) becomes In order to estimaté from real data, Eq. (5) can be solved
(P — 15)2 by the quadratic formula to (Hawkings, 1979)
S Gl LV 5
C=rra_ns ®) §=5(P+20 - 402 +5P0). )

In Eqg. (5), the initial abstraction rate is normally set to a
constant valuexX=0.2) in order forS to be the only param-
eter of the method. Furthermore, the potential retenfigs

Combining Eq. 7) with Eq. 6), CN value can be directly
estimated from rainfall and runoff data

expressed in terms of the dimensionless curve number (CN)ZN _ 25400 ®)
through the relationship 5 (P +20— \/m) + 254'
5= 22800 o5y (6)
CN
with S, in mm, taking values from 0, whe$i — oo, to 100,
whenS=0.
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3 Study area Table 1. Summary of watersheds characteristics.

The study area includes the small scale experimental water-

shed of Lykorrema stream (15.2 Rjn situated in the east Watershed Soil Type * _ Land Cover Area (R
side of Penteli Mountain, Attica, Greece (Coordinates: UL Upper Lykorrema ~ SL Pasture 6.049
23 5323’ E-3& 0413’ N; LR 23° 5600’ E-3& 0047" N) SCL Pasture 1.393
(Fig. 1). The region is characterized by a Mediterranean - ;gzg;n'(:hannels 002'232
semi-arid climate with mild, wet winters and hot, dry sum- Buildings 0.004
mers. Precipitation occurs mostly in the autumn—spring pe- Rock 0.128
riod. The yearly average precipitation value for the five years Lower Lykorrema  SL Pasture 3.658
studied is 595mm. The reference evapotranspiration rate SCL Pasture 2.962

— Stream-Channels 0.004
Roads 0.570
Buildings 0.167

varies from about 1mm/day during winter to 7mm/day dur-
ing summer. The hydrographic network of the watershed is
particularly dense including fifth-order streams according to
the Strahler (1952) method. *SL: Sandy Loam; SCL: Sandy Clay Loam

The watershed is divided in two sub-watersheds. The Up-
per Lykorrema watershed (7.84 Rnpresents a relatively
sharp relief, with elevations ranging between 280 m and
950m. lIts average elevation is 560 m and its average slop8ase Flow Index (BFI — the long-term proportion of base
is as high as 36%. Geologically it is characterized by schistflow on total stream flow) for the Upper Lykorrema water-
formations covering 96% of its area, while the rest is cov-shed is 0.79 and for the entire watershed is 0.75. Schnei-
ered by marbles. Schist formations in the area are not imder et al. (2007) correlated the BFI values with hydrolog-
pervious. They are tectonically intensely fractured and theirical soil characteristics and Longobardi and Villani (2008)
upper layer is eroded (Baltas et al., 2007). The Lower Lyko-correlated high BFI values to high watershed permeability.
rrema watershed (7.36 Kjnalso presents a relatively sharp Consequently, the high observed BFI values are in agreement
relief with elevations ranging between 146 m and 643 m. Itswith the above referred studies, since the studied watershed
average elevation is 310 m and its average slope is 21%. Geds dominated by coarse soils with high hydraulic conductivi-
logically it is characterised by tertiary deposits covering 70%ties.
of its area, while schists and marbles covering 26% and 4% Finally, the CN values were estimated for both watersheds
respectively. according to the tables and the methodology provided in

A soil survey in the area, showed that the watershed iS\EH-4. The weighted CN values were equal to 51 and 55

dominated by coarse soils with high hydraulic conductivi- for the Upper Lykorrema watershed and for the entire water-
ties and a smaller part is covered with medium textured soilsshed, respectively.

presenting relatively high hydraulic conductivities (Table 1).
A detailed land cover classification based on remote sens-
ing techniques, showed that the dominant vegetation type in
the watershed is pasture with a few scattered tufts of trees} Storm events
There is also a dense road network, mainly in the lower part
of the watershed, where a settlement exists. A small part offhe study area is equipped with a dense hydro-
the watershed is covered by bare rock (Fig. 1). In this studymeteorological network, which is fully operational since
the stream-channel surface, the roads, the buildings and th®eptember 2004. The installed equipment consists of
bare rock were supposed to be impervious areas. The deseven rain-gauges, two hydrometric stations at the outlet
tailed extent of the impervious surfaces was precisely meaef each sub-watershed, one meteorological station and four
sured with Geographical Information Systems techniques ustemperature-relative humidity recorders (Fig. 1). The data
ing aerial and satellite imagery (Table 1). It was found thatare recorded with a time step of 10 min. The Upper and
impervious surfaces cover 5.06% and 10.07% of the Uppetower Lykorrema experimental watersheds are operated
and Lower Lykorrema watershed respectively, which corre-from the Agricultural University of Athens and the National
sponds to 7.48% of the total watershed area. Technical University of Athens, respectively. In addition to
The aquifers system developed within the intensely frac-the very dense rain gauge network, special care was also
tured bedrock contributes significantly to the base flow of thegiven to the quality of the discharge measurements. The
watershed, which is continuous throughout the year. Generhydrometric station of the upper sub-watershed consists
ally, there is not an immediate response of base flow rateof a weir and a digital water level recorder, securing the
to the storm events. During wet years the base flow rateaccuracy of the discharge measurements. The second
increases continuously till late Spring whereas in dry yearshydrometric station consists of a digital water level recorder
base flow rate decreases slowly throughout the year. Thénstalled at a natural cross-section of the stream, while very
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Table 2. Characteristics of the storm events.

Upper Lykorrema watershed Entire watershed

no. Storm Event Duration(h) AMC Rainfall(mm) Runoff(mm) S(mm) CN Rainfall(mm) Runoff(mm) S(mm) CN
1 18/12/2004 25 | 91.3 7.0 236 52 83.8 9.0 189 57
2 21/12/2004 10 1] 21.2 1.0 64 80 22.1 1.2 64 80
3 29/12/2004 12 | 29.7 1.0 97 72 29.3 17 83 75
4 31/12/2004 16 1] 28.9 14 86 75 25.8 1.8 68 79
5 15/01/2005 31 | 103.9 55 301 46 119.9 10.9 290 47
6 20/01/2005 18 1] 37.3 25 100 72 36.1 3.7 83 75
7 22/01/2005 5 1] 8.9 0.2 31 89 7.3 0.5 19 93
8 31/01/2005 18 | 35.2 11 118 68 33.9 2.3 92 74
9 02/02/2005 10 1 22.5 2.1 54 82 34.8 2.6 91 74
10  15/02/2005 6 | 16.0 1.0 45 85 15.2 12 38 87
11 23/02/2005 9 | 18.2 0.6 60 81 17.1 11 a7 84
12 25/02/2005 4 Il 115 0.3 40 87 9.6 0.7 26 91
13 01/03/2005 16 | 13.4 0.5 43 85 11.4 0.8 30 89
14  04/03/2005 12 | 18.0 0.7 57 82 11.2 1.0 28 90
15  06/08/2005 2 | 21.0 1.6 54 82 55 0.3 16 94
16  23/09/2005 7 | 35.2 1.9 102 71 35.8 2.3 98 72
17 17/11/2005 21 | 59.4 3.0 175 59 46.1 1.8 145 64
18  22/11/2005 22 I 114.1 6.1 330 43 77.3 6.9 189 57
19  24/11/2005 21 I 85.0 5.1 237 52 82.3 7.8 196 56
20  25/11/2005 9 1 31.6 24 82 76 475 6.1 99 72
21 26/11/2005 11 ] 15.3 0.6 48 84 15.2 0.6 47 84
22  05/02/2006 11 | 59.8 5.1 148 63 53.2 7.1 108 70
23 09/10/2006 14 | 38.6 2.2 109 70 46.5 4.1 114 69
24 10/10/2006 7 1] 43.2 2.1 128 66 26.4 2.2 66 79
25  30/10/2006 38 | 105.9 6.1 299 46 122.9 14.6 265 49
26 11/02/2007 12 | 33.6 1.7 98 72 29.9 1.3 91 74
27  22/03/2007 17 | 72.2 34 217 54 68.2 4.8 182 58
28  08/12/2007 14 | 40.1 1.6 125 67 42.5 3.4 108 70
29  28/03/2008 23 | 24.0 1.0 75 77 24.2 25 55 82
30 05/04/2008 16 | 26.3 15 75 77 *no available data

frequent stage-discharge measurements secure the accuragtprm events are separated with long periods of dry weather.
of discharge measurements as well. A careful study of Table 2 indicates that normally in each

For the current analysis, all the storm events producingS€/es Of wet days, the first storm event belongs to AMC |
significant direct runoff that took place from September 2004at€gory and the following storm events in AMC Iil.
to August 2008 were used (30 events). A storm event was
considered significant when the value of peak flow rate in
the hydrograph was greater than 0.13snfor the Upper
Lykorrema watershed and 0.25fs for the entire watershed.
The end of an event was defined when a six-hour period
without rainfall occurred. In Table 2 details on the char- A numerical simulation model to predict surface runoff vol-
acteristics of these events for the Upper Lykorrema waterUme was applied in an effort to investigate the mechanism of
shed and for the entire watershed can be seen. The wdUnoff generation in the case study area. Based on the de-
tershed areal rainfall estimation was made using Thiessetgiled soil survey and land cover classification carried out in
polygons method, while base-flow was separated using thé&he area, the watershed was categorized in three main soil —
constant slope graphical method (Dingman, 2002). The poland cover complexes, namely Sandy Loam (SL) — Pasture,
tential maximum retentiofiand the CN value were directly Sandy Clay Loam (SCL) — Pasture, and impermeable sur-
estimated from the measured rainfall and runoff data usingaces.
Egs. (7) and (8). Antecedent Moisture Condition category It is assumed that the watershed is characterized by a Hor-
(AMC) was estimated based on the previous 5-days precipitonian surface runoff generator mechanism that results from
tation according to the NEH-4 procedure. It must be noted the saturation of the top soil “from above”. This assumption
that most events belong either to the AMC | (dry) category is justified because the region, in which the watershed under
or to the AMC 1l (wet) category. This probably happens be- study is located (Attica, Greece), is characterized by semi-
cause the number of wet days in Greece is normally low andarid climate conditions and as Dingman (2002) reported, “the

5 Runoff generation numerical simulation model
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H.orto_nian sgrfgce run.off is.an important response mecha-Table 3. Soils hydraulic properties.
nism in semi-arid to arid regions”.

The total amount of water, which infiltrates in each soll
type of the watershed (previously described) and which is
lost by surface runoff from each of the three soil types was
simulated by means of the HYDRUS-1D code (Simunek et SL 2.7 145 0.39 0.039 24
al., 1998). SCL 21 1.33 0.38 0.063 1.6

In numerical runs, the observed 10-min rainfall records of
the storm events, presented in Table 2, are used as inputs in
order to predict the corresponding amount of surface runoff

produced from each storm event and each soil type of the WaI-Eq' (9). In this study the empirical closed-form analytical

tershed. In HYDRUS-1D code, one-dimensional water romedeI of van Genuchten (1980) is used to describe, respec-

in a homogeneous, rigid, variably saturated porous mediun%'vel)./’ the 'water retention characteristi¢;/) and thek (6)
is described using Richards’ equation relationship. The parameters of the van Genuchten (1980)

model,«, n, 6, andé, for each soil type, were evaluated us-
9 9K(Y) [(%) _ 1] (9)  ng the Rosetta Lite Version 1.1 (Schaap et al., 2001). The
ar 0z 9z saturated hydraulic conductivity valug, for each soil type,
whered is the volumetric water content $LL3), ¢ is the was evaluated by measurements taken during the soil survey.

time (T), z is the vertical co-ordinate (positive downwards) Table 3 presents the values of the above mentioned parame-

(L), v is the pressure head (L), aid is the hydraulic con- ters for the two soil profiles.
ductivity (L T-1). The HYDRUS-1D code is generally con- A routing of the surface runoff produced from each of the
sidered robust, accurate and numerically reliable. three soil type watershed areas is not applied, since the hy-

A simplified uniform soil profile was simulated for the first drographic network is dense and all the three areas are di-
two soil — land cover complexes, whereas in the third case if€ctly connected with the hydrographic network, as can be
was assumed that runoff was equal to rainfall. The depth of€en in Fig. 1.
the soil profile was assumed to be equal to 1 m. Test simu- Simulation results for the Upper Lykorrema and the en-
lations with shallower or deeper soil profiles, indicated thattire watershed are presented in Table 4 including the total
reasonable variations in soil depth do not influence signifi-surface runoff,Qet, the runoff portion from SL soilQg),
cantly the results. impervious surface@mp, and SCL soil Qsc, for both wa-

To solve Eq. (9), the upper and lower boundary conditionstersheds and for each storm-event. Figure 2 presents a com-
and the initial conditions need to be specified. In this study,parison of the numerically simulated surface runoff amounts
the upper boundary condition is defined as an atmospherigvith the measured runoff values for each storm event. Gen-
condition where potential water fluxes across the soil surfaceerally, there is a good agreement between the measured and
correspond to the 10-min recorded precipitation storm eventshe simulated runoff values for both watersheds. For the
(Table 2). It is assumed that no ponding occurs at the soilUpper Lykorrema watershed the numerical model performs
surface and that all excess water is removed instantaneoushery well, yielding a coefficient of determinatioR?=0.95.
by surface runoff. Evapotranspiration is not considered inThe performance of the model is slightly inferior for the en-
the simulation runs. At the lower boundary of the 1 m uni- tire watershed R2=0.88). This result may eventually be at-
form soil profile, a zero pressure head gradient is definedtributed to the higher rainfall variability due to the larger size
i.e. free-draining soil profile. The free drainage boundary of the entire watershed. The simulated runoff generated by
conditions were chosen for the bottom of the soil profile be-the two different soil types is negligible for most of the events
cause permeable geological formations are presented in moahalyzed, except for two events for the SCL soil. The sat-
of the area and the aquifer was found in deep depths. Arnurated hydraulic conductivitX; of the SL soil was much
initially dry soil profile was supposed for all the events an- higher than the rainfall intensity in all cases examined, re-
alyzed, while the simulation for the events belonging to thesulting in zero direct runoff for the simulated events for both
AMC Il or AMC Il category started five days earlier to take watersheds. For the SCL soil, rainfall intensity was signifi-
into account the antecedent precipitation as it is defined ircantly higher than th& in only two events (no. 1 and no.
the (SCS-CN) method. 22 in Table 4) resulting to the generation of surface runoff

The soil profile was discretized into 500 soil compartmentsfrom this part of the watershed (maximum 10-min rainfall
to enhance the numerical stability and the accuracy of the sointensities were equal to 9.4cmhand 4cmh?). These
lution. The initial conditions were given in terms of pressure results support the hypothesis that the watershed under study
heads and were all set at 1 m. is a “partial area” watershed and that the main source of di-

In addition to the initial and boundary conditions, the wa- rect runoff is the impervious surfaces. However, it is evident
ter retention characteristic(y), and the hydraulic con- that in some extreme events with very high rainfall inten-
ductivity curve, K (0) or K(¥), must be specified to solve sities, some “inactive” parts of the watershed may generate

Soil o n O [ K
Type @Wm) ¢) M¥m3) mM3m3) (ecmh}
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Simulated Runoff (mm)

Fig. 2. Comparison of the measured and simulated surface runoff for each storm(@yéhiper Lykorrema watershe(h) Entire watershed.
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Table 4. Numerical simulation model results.
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Measured Runoff (mm)

Upper Lykorrema watershed

Entire watershed

no. Qs (mm)
1 0.00
2 0.00
3 0.00
4 0.00
5 0.00
6 0.00
7 0.00
8 0.00
9 0.00

10 0.00

11 0.00

12 0.00

13 0.00

14 0.00

15 0.00

16 0.00

17 0.00

18 0.00

19 0.00

20 0.00

21 0.00

22 0.00

23 0.00

24 0.00

25 0.00

26 0.00

27 0.00

28 0.00

29 0.00

30 0.00

QscL (mm)
2.59

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.33
0.00
0.46
0.00
0.00
0.00
1.65
0.50
0.38
0.00
0.00
0.00
0.20
0.00
0.00

Qmp (mm)

4.62
1.07
1.50
1.46
5.26
1.89
0.45
1.78
1.14
0.81
0.92
0.58
0.68
0.91
1.06
1.78
3.01
577
4.30
1.60
0.77
3.03
1.95
2.19
5.36
1.70
3.65
2.03
1.21
1.33

Qrot (Mm)
7.21

1.07
1.50
1.46
5.26
1.89
0.45
1.78
1.14
0.81
0.92
0.58
0.68
0.91
1.06
2.12
3.01
6.23
4.30
1.60
0.77
4.68
2.45
2.56
5.36
1.70
3.65
2.22
1.21
1.33

QsL (mm)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

QscL (mm)

3.78
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.52
0.00
0.40
0.00
0.00
0.00
2.50
0.84
0.43
0.00
0.00
0.00
0.33
0.00

Qmp (mm)
6.27
1.65
2.20
1.93
8.97
2.70
0.55
2.53
2.60
1.14
1.28
0.72
0.85
0.84
0.41
2.68
3.45
5.78
6.16
3.55
1.14
3.98
3.48
1.98
9.19
2.24
5.10
3.18
1.81

* no available data

Qrot (mm)
10.05

1.65
2.20
1.93
8.97
2.70
0.55
2.53
2.60
1.14
1.28
0.72
0.85
0.84
0.41
3.20
3.45
6.19
6.16
3.55
1.14
6.48
4.32
2.40
9.19
2.24
5.10
3.51
181
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Fig. 3. Measured runoff values in comparison to the runoff predictions of the SCS-CN mé#)ddbper Lykorrema watershe¢h) Entire
watershed.
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Fig. 4. CN values calculated by Eqg. (8) using measured runoff and using runoff estimated by the linear formula Eq. (9), against the total
rainfall depth.(a) Upper Lykorrema watershe¢h) Entire watershed.

additional surface runoff, resulting to unexpectedly high totaltion ratio, I,, of the watershed. According to their results,
surface runoff values. the average ratio\E1, /S) was evaluated to be equal to 0.037
and 0.014 for the Upper Lykorrema watershed and the entire
watershed, respectively. The rainfall — runoff CN — predic-
6 Results and discussion tion curves, which were calculated using the new suggested
initial abstraction ratios, were also plotted in Fig. 3 (dashed
In a first stage of analysis, the comparisons of the SCSiines). It is observed that the use of the estimategtio
CN runoff predictions based on the watershed characteristicdoes not essentially improve the obtained predictions. In the
were only considered. In this stage the watershed is treatedame figure, it must also be noted that, contrary to the SCS-
as ungauged. CN theory, the AMC Ill category events are not correlated
In Fig. 3 the measured runoff values are plotted against thavith higher runoff values. Indeed, in the studied watersheds
total rainfall for both watersheds. Each data point represent&igher runoff values were observed in dry periods (AMC ).
one storm and it is depicted with a different symbol depend-Hawkins (1979) and Steenhuis et al. (1995) also noted in
ing on the AMC category. Runoff predictions of the SCS- their studies that variation of CN value, according to AMC
CN method for the CN values estimated according to the soilcategory, does not improve the runoff prediction in partial
— land cover characteristics of the watershed and the thregrea watersheds.
AMC categories were also plotted. It is obvious, that there is In a second stage of analysis, the CN values were calcu-
no agreement between the measured and the predicted rundted for each storm event by Eq. (8) using as input the mea-
values for any of the two watersheds. sured surface runoff amounts. The obtained values of CN
Baltas et al. (2007), in a previous study that was conductedvere plotted against the total rainfall depth (Fig. 4). A clear
in the same watershed, tried to determine the initial abstracpattern is observed, with CN declining steadily while rainfall
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Fig. 5. Measured runoff values, predicted runoff by Eq. (9), and evaluated runoff from the impervious surface, plotted against the total
rainfall depth.(a) Upper Lykorrema watershe(h) Entire watershed.

depth increases. Figure 4 clearly indicates that there is notific events (marked in the figure), the linear approach sig-

a unique CN value that could characterise the watershed baiificantly underestimates runoff. Additionallg, values esti-

haviour. mated through linear fitting of Eq. (10) to the measured rain-
For this type of watersheds for which, even for large rain-fall and runoff values are equal to 0.05R%=0.90) for the

fall depths, the values of CN decrease steadily without be-Upper Lykorrema and 0.09Rf=0.89) for the entire water-

ing stabilized at a constant value, Hawkins (1979, 1993) sugshed and they were found slightly larger than the correspond-

gested that a linear runoff response of the form ing measured impervious fractions.

What are the mechanisms producing those significant de-
viations? The experimental watershed is covered by an im-

performed better than the CN method for predicting surfaceP€rvious surface (of zero hydraulic conductivity), a high

runoff, whereC is the runoff coefficient usually found to be Ydraulic conductivity coarse textured soil, but also by a
in the range of 0.01 to 0.05 medium textured soil of rather moderate hydraulic conduc-
tivity. Furthermore, the systematic analysis of rainfall data

Hawkings (1979, 1993) made the hypothesis that such be-

haviour may be attributed to the presence of a constant «simShows that the two storm-events, for which the deviation of

pervious” runoff-source-area fraction in the watershed (les%inear prediction is significant, are characterized by particu-

than 5%) and the value @ in Eq. (L0) is close to this frac- arly high rainfall intensities (maximum 10-min rainfall in-
tion value tensities were equal to 9.4 crmhand 4 cm htd).

The runoff coefficienC in Eq. (10) is assumed to be equal Therefore, the observed deviation may be attributed to the

to the fraction of impervious surface of the watershed mea-Presence of the medium textured area which, for some par-
sured by soil survey (i.eC=0.0506 for the Upper Lykor- ticularly high rainfall intensities, contributes also to total sur-
rema watershed, and@=0.0748 for the entire watershed). face runoff. To elucidate this contribution, the results ob-

Then, the CN values were again calculated by Eq. (8) usindamed by the performed numerical simulations were taken
as input-runoff the predictions of the linear equat@aCP into consideration. Indeed, numerical simulation model pro-

(with C identical to the fraction of impervious area) instead Vided an evaluation of the contributing percentage to the sur-
of the measured runoff. In Fig. 4 the resulted CN based on théace total runoff produced from each of the three different
theoreticalQ=CP predictions were compared with the CN SOil-type areas of the watershed (see Table 4).
obtained from measured runoff. The comparison indicates a Based on these results, an evaluation of the runoff pro-
relatively good agreement between the results obtained ugduced by the impervious surface could be made by de-
ing measured runoff and predicted by the linear Eq. (10)creasing the measured total runoff amount by a percentage,
(R?=0.98 andr?=0.97 for the Upper Lykorrema and the en- W;, calculated from Table 4 a®;=Qimp/Q1ot. Figure 5
tire watershed respectively). presents also the evaluations of runoff produced by the im-
The performance of the linear Eq. (10) is even more eluci-pervious surface obtained using measured data. The evalu-
dated in Fig. 5, in which the measured and predicted runoffated runoff data approach more closely the linear equation
values were plotted against the rainfall depths. The straighwith R?=0.93 andR?=0.86 for the Upper Lykorrema and the
line represents the runoff predicted by linear Eq. (10), with entire watershed respectively.
C assumed equal to the measured impervious fraction. The results support the hypothesis that in watersheds cov-
Figure 5 indicated that although the performance of theered with permeable soils the impervious part of the wa-
linear Eq. (10) is relatively good, however for some spe-tershed dominates in the direct runoff generation process.

Q=CP (10)
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Furthermore, numerical modeling results provide strong in-survey using remote sensing and GIS, as well as a numerical
dications of this behaviour. In such watersheds the use of theoil water flow model. The results support the validity of
linear Eqg. (10) was proven to be advantageous over the SCShis hypothesis for most of the events examined, where
CN method. In this case the runoff coefficient can be ac-the linear runoff formula provides better results than the
curately estimated in ungauged watersheds using soil surveCS-CN method. The runoff coefficieat of this formula

and remote sensing techniques. However, caution should bean be taken equal to the percentage of the impervious area.
shown, when the linear Eq. (10) is applied for extreme eventd-urther analysis of the runoff generation mechanism has
with very high rainfall intensities. In this case, Eq. (10) may shown that for some extreme rainfall intensity storm events,
significantly underestimate the produced runoff. This is morethe permeable part of the watershed may partly participate
clearly shown in Fig. 5 where the performance of the linearin the runoff production. In this case, the linear formula
formula is very good for all events, except for two specific significantly underestimates the total runoff.

events where the runoff is significantly underestimated.

The evaluation of the applicability of the SCS-CN method Edited by: R. Merz
in ungauged watersheds can be proven very important in less
developed parts of the world, where hydrologic information
is very scarce and SCS.-CN method f|nd§ a gregt ?‘Cceptancﬁeferences
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