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Introduction

The hydrological response of the catchment area de-
pends on rain characteristics, on initial moisture condi-
tions and also on landscape characteristics (topography,
soil, geology, land cover and hydrography) (Chow et al.,
1988). The most basic modelling approach uses lumped
models, but they tend to over simplify the catchment
heterogeneity (Eagleson, 1972). Therefore, hydrologic
models must take into account the spatial variability of
land-atmosphere interactions (Beven and Kirkby, 1979),
including the spatial variability of land use characteris-
tics through catchment area subdivisions.

For computing convenience, grid structures are
adopted in many hydrological models like the SHE
model (Abbott et al., 1986) or HYDROTEL (Fortin
et al., 1990). These models are very flexible, but may
have operational limits stemming from computational
constraints, the cumbersome nature of input and output
data and the lack of available large-scale data sets for

model calibration and validation (Maidment, 1993).
Physically-based distributed models, using this struc-
ture, are assumed to be based on physical processes that
can be represented in a deterministic way (Klemes,
1983). This assumption is possible in laboratories but is
not valid on a large scale (Beven, 1989).

The zone-based approach is another solution for
catchment subdivisions. Here the catchment is divided
into sub-units. Catchment variability can be assessed
using two different approaches.

In the first case, the catchment area is divided into
homogeneous units based on hydrological response and/
or using topographic geographic characteristics (Ross
et al., 1979). Some conclusions can be drawn after the
exploration of this concept. The hydrological response
units (HRU) are defined intuitively without a careful
consideration of the controlling hydrological processes
(Kite and Kouwen, 1992). The HRU size is arbitrary.
Then an another concept, representative elementary
area (REA) is proposed (Wood et al., 1988). The REA
concept assumes that variability is integrated over a
large enough area, so that the effects at the point scale
are attenuated (Grayson and Moore, 1992). The hyd-
rologic response can be considered as homogeneous on

the REA.
In the second case, the catchment is divided into
subcatchments (Rodriguez-lturbe and Gupta, 1983).



These units are obtained through the analysis of the
topographical catchment characteristics, using a digital
elevation model (DEM). This method imposes a critical
area which allows to distinguish between rill flow and
channel flow (Montgomery and Foufoula-Georgiou,
1993). This area represents the minimal extension of
source subcatchments.

These two approaches are used to capture the main
spatial variability of catchment characteristics. In the
first case, homogeneous units (HRU, REA) are obtained
in regards to physical characteristics and/or hydrological
processes. In the second case, unit segmentation is per-
formed by topographical analysis to obtain subcatch-
ments (Moore et al., 1993). The question of taking into
account the spatial variability of catchment character-
istics still remains.

Then, aggregation scheme must be defined to inte-
grate subcatchment variability. Area subdivision and
aggregation scheme choices are closely linked.

The aggregation of catchment characteristics has re-
percussions on hydrologic modelling and in particular on
effective rainfall modelling (Colosimo and Mendicino,
1996; Thieken et al., 1999). The hydrologic processes can
be analysed on a local, subcatchment or catchment scale.
Aggregation scheme necessitates the linking together of
scales, by a process called ‘‘scaling’’ (Klemes, 1983).
Scaling difficulties in hydrology have been identified
(Bloschl and Sivapalan, 1995), but no ‘‘factor scale’’
method has been found to link scales (Ambroise, 1999).
Various methods have been developed to analyse the
aggregation effects. Among them, descriptive statistical
analysis on subcatchment-by-subcatchment basis has
been used. The entropy theory (Shannon and Weaver,
1962) can also be used to study aggregation effects
(Singh, 1999). In this paper the effects of land use ag-
gregation on effective rainfall modelling are studied, on a
subcatchment-by-subcatchment basis, using statistical
analysis and the entropy theory. We chose the SCS
method to assess effective rainfall according to land use
aggregation scheme and threshold-areas.

The SCS method is well adapted to catchment scale
studies (Mishra et al., 1999; Beven, 2001) and imple-
mented in many hydrological models (Williams et al.,
1982; Leonard et al., 1987). It uses a curve number value
which is based on infiltration characteristics, land use
and cover, agricultural management and conservative
practices (Soil-conservation-service, 1972).

Land use aggregation effects on effective rainfall cal-
culation is assessed on Pallas catchment, 50 km?, located
in the south of France.

2. Materials and methods

Geographic information system (GIS) is used in ag-
gregation effects studies. Firstly, before the modelling

step, GIS is a useful tool to integrate catchment spatial
characteristics like soil, land use and topography (Fortin
et al., 1990). Spatial characteristics of rain (Chaubet
et al., 1999) and initial moisture conditions (Engman,
1997) can be integrated by GIS. Secondly, the aggre-
gation step requires the use of a spatial tool to obtain
area segmentation (Jeton and Larue-smith, 1993). At the
end, effects of aggregation scheme on characteristics
variability can be performed using GIS (Colosimo and
Mendicino, 1996; Becker and Braun, 1999; Thieken
et al., 1999; Dautrebande and Laime, 2000).

The database management system set up to study
catchment hydrological response uses the GIS ARC/
INFO software (Environment Systems Research Insti-
tute, Redlands, California), on a SUN SPARC station
platform (SUN Microsystems, Mountain View, Cali-
fornia) using a UNIX operating system.

The sub-areas segmentation method, land use aggre-
gation scheme and effective rainfall calculation must
be integrated to study land use aggregation effects on
hydrological response.

2.1. Subcatchment segmentation

The first step is to divide the catchment area into sub-
areas through an analysis focused on hydrological func-
tioning. This step involves extracting subcatchments
using topographical information obtained with the DEM.
In order to derive channel network from the DEM, it is
assumed that there is flow into a channel if its upstream
area exceeds a critical area. In this case, the cell is con-
sidered as a channel segment. At the channel junctions
and river sources, the “‘contributing subareas’ are cal-
culated using the watershed function of ARC/INFO.

The subcatchment delineation is performed with dif-
ferent threshold-areas from the more detailed unit area
(““local scale’’) to the total catchment area.

2.2. Land use aggregation

The second step consists in implementing land use
aggregation schemes. Land use catchment characteris-
tics are aggregated from local scale to subcatchment
scale. For the aggregation scheme, we chose the main
land use (the land use covering the largest area) to
characterise the subcatchment that we have called the
main land use aggregation scheme. This aggregation
scheme is adopted on a subcatchment-by-subcatchment
basis. This simple aggregation scheme allows the grad-
ual reduction of land use spatial variability by increasing
of the threshold-area.

The evolution of intra-subcatchment land use vari-
ability is studied using two methods.

The first method is a statistical approach. We have
defined the main land use index (MLI) and its standard



deviation among all the subcatchments (std dev), that
are calculated by
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where Pmay; is the area of main use of the i subcatch-
ment divided by the i subcatchment area, and k the
number of subcatchments.

The second method uses the entropy index (Singh,
1999). The entropy can be characterised by the entropy
index H' defined by
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where p; is area of land use i divided by the total
catchment area and m is the number of land use types.
The higher the entropy index H? is, more important the
catchment land use variability.

2.3. Effective rainfall calculation

The land use aggregation scheme has repercussions
on hydrologic modelling which is here assimilated to
effective rainfall. The SCS-CN method is used to cal-
culate effective rainfall in function of land use, soil type
and antecedent moisture. This method requires the cal-
ibration of one parameter (SCS parameter) to adjust the
initial abstraction, due to surface storage, interception
and infiltration, prior to runoff (Appendix A).

This approach can be adopted in optimal conditions
by using GIS-based overlay methods, where a map of
SCS soil type is superimposed onto a land use classifi-
cation to produce a map of CN for a catchment (Mat-
tikalli et al., 1996; Karvonen et al., 1999; Dautrebande
and Laime, 2000).

To analyse the effects of land use aggregation scheme
on catchment hydrological response, a homogeneous
soil is considered here for all testing steps. Therefore, for
different threshold-areas, the effective rainfall evolution
depends only on land use aggregation. Our purpose is to
determine the existence of a critical threshold-area or
subcatchment size appropriate for the application of
hydrological modelling.

For each studied event, a SCS model is calibrated
with rain and runoff data. Calibration is performed to
determine the SCS parameter. This calibration is set
with the more detailed land use cover available without
aggregation. Then, SCS model is applied given the cal-
ibrated parameter value for all aggregation  steps.
Therefore, sensibility of land use aggregation scheme on

3. Application and results
3.1. The Pallas catchment

The land use aggregation effects on hydrological re-
sponse is studied on the Pallas river, located in the south

of France (Fig. 1). Its catchment area (52 km?) is char-
acterised by a sparse population.
The database created for this study includes the DEM

with a 50 m horizontal resolution and the land use
coverage classified from a 1996 SPOT image with a 20 m
resolution.

Two land use classification types are proposed (Fig.
2). The first land use classification is characterised by 10
categories: two artificial themes (residential area and
urban area), five farming themes (bare soil, vineyard,

orchard, truck farming and crops) and three natural
themes (moor, garrigue and wood). The second is ob-

SCS model results is studied (effective rainfall calcu-
lated/observed).



tained by simplifying the previous classification types
into three categories: artificial, farming and natural.

3.2. Subcatchment segmentation and land use aggregation

Subcatchment segmentation is carried out using 13
threshold-areas from 12500 to 52 km? (equivalent to the
overall catchment area). For each segmentation, land
use maps are worked out on a subcatchment-by-sub-
catchment basis. Each subcatchment is associated to its
main landuse, i.e. the land use covering the largest area
of the given subcatchment. For each subcatchment
segmentation, we obtain two aggregated land use maps,
one for each land use classification (Figs. 3 and 4).

The classification used to qualify land use has serious
repercussions on the aggregated map. On a given sub-
catchment, the aggregation scheme leads to contradic-
tory results in terms of land use themes for the two
classification types (see definite subcatchments in Figs. 3
and 4).
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Fig. 1. Pallas catchment location (Herault, France).
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Fig. 3. Land use aggregation map for different segmentations with the 10 class classification.

As described in Section 2.2, the intra-subcatchment
variability of land use for each segmentation is studied,
using two methods. Firstly, the main land use index and
its standard deviation among all the subcatchments are
plotted versus the subcatchment segmentation, repre-
sented by the ratio threshold-area/catchment area (Fig.
5). Then, we have plotted the entropy index versus
subcatchment segmentation ratio (Fig. 6).

The main land use index decreases from 1 for the
more detailed land use cover to 0.58 (respectively 0.3)

for 3 class classifications (respectively for 10 class clas-
sifications). The higher the threshold-area is, the lower
the intra-subcatchment homogeneity for land use. From
a 6.4 km? threshold-area (that is to say 12% of the
catchment area), we can observe a break with the main
land use index increasing (Break 1). This point will be
discussed later.

The entropy index, and therefore the land use vari-
ability, is higher for the 10 category classification than
for the 3 category classification. After the 0.8 km?
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Fig. 4. Land use aggregation map for different segmentations with the 3 class classification.
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Fig. 7. Effect of segmentation on subcatchment geometry and land use
characteristics (10 class classification).

threshold-area, we can observe a change in the index
curve slope (Break 2). After the 6.4 km? threshold-area
(Break 1), the entropy index is different with the two
classification types.

Two breaks in land use aggregation steps have been
pointed out. The great modification of subcatchment
geometry between 6.4 and 12.8 km? can explain the
Break 1 (Fig. 7). The interpretation of the Break 2 is
more difficult. It could be caused by the decrease of the
number of subcatchments under a critical value (be-
tween 56 and 32 subcatchments) which has to be con-
firmed on other catchment (Fig. 6). These 2 breaks are
function of the geometry and the land use of the Pallas
catchment and their existence should be analysed on
other catchments.

3.3. Effects of classificationtype on curve number (CN)
calculation

The SCS method requires the soil series knowledge.
In this theoretical approach of effective rainfall sensi-
bility a homogeneous soil type (group C with slow
permeability in SCS model) is used here for the catch-
ment. According to SCS method, a runoff curve number
(CN) is calculated for each hydrologic soil-cover com-
plexes.

For each threshold-area, the curve number is calcu-
lated on a subcatchment-by-subcatchment basis. The
higher the threshold-area is, the more the CN difference
varies between the two classification types. To illustrate
this effect, the difference between the CN calculated with
the 3 and 10 class classifications is calculated (Fig. 8).
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Fig. 8. CN value difference between the 3 and 10 class classification.

The calculation of the mean CN shows that up to the
0.8 km? threshold-area (or 1.5% of the catchment), this
difference is not significant (Fig. 8). After this threshold-
area, this difference is significant.

3.4. Effects of aggregationon effective rainfall calculation

Three events were used to study the land use aggre-
gation effects on effective rainfall calculation. The fol-
lowing table summarises their characteristics. The
rainfall is measured on one point on the catchment. The
3 events have been chosen in such a way than the dis-
charge at the outlet is only due to surface runoff: the
effective rainfall is then equal the flow. The uncertainty
on the measurements of the discharge data leads to
estimate a 10% uncertainty on the effective rainfall.
Table 1.

For each event, the SCS parameter is calibrated with
rainfall and runoff data and its value is 0.5. This cali-
brated value is higher than 0.2, which is usually set in the
SCS method. So, in this theoretical study, the Pallas
catchment is more permeable than that given with the
SCS empirical estimation.

The effects of aggregation on effective rainfall are il-
lustrated for the 3 events (Fig. 9) and for the two clas-
sifications with the event 1 (Fig. 10).

Until the 0.8 km? threshold-area (1.5% of the catch-
ment) there is no difference between the 3 events for a
given classification taking into account the 10% of data
uncertainty (Fig. 9). Moreover, until the 0.8 km?
threshold, the 2 land-use classifications give the same
results on the event 1 (Fig. 10). Beyond 6.4 km?

Table 1
Event characteristics on Pallas catchment
Event 1 Event 2 Event 3

Rainfall (mm) 143 65 54
Effective rainfall (mm) 28.6 15.6 9.72
Runoff coefficient (%) 20 24 18
Total rainfall 10-day (mm) 0 47 57
Antecedent moisture (SCS method) Dry Average Average
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Fig. 10. Evolution of calculated/measured effective rainfall with ag-
gregation (event 1 with the two classifications).

threshold-area (12% of the catchment), we observe an
important difference between the 2 land-use classifica-

tions (Fig. 10). The difference between events remains
small (Fig. 9), but the errors on the estimation of the

effective rainfall increase strongly. Moreover, beyond
the 6.4 km? threshold, we notice the beginning of a
dysfunction: the effective rainfall calculation evolves
erratically with aggregation.

The comparison of the two classification types dem-
onstrates that higher the class number is, the higher the
upper borderline of the aggregation effect (Fig. 10).

4. Conclusions

This paper shows that land use aggregation and land
use classification type have effects on hydrologic mod-
elling and in particular on effective rainfall modelling.

The statistic approach, with the determination of the
main land use index allows the identification of bor-
derline threshold-areas from which the evolution of land
use variability is erratic. The entropy index, on the other
hand, shows that land use variability rapidly decreases.
So, to correctly describe the catchment land use, the best
way is to deal with the more detailed cover (Vieux,
1993). But up to a critical threshold-area, the land use
aggregation effect on effective rainfall calculation is not
significant. So in the scope of hydrological modelling, a
more detailed land use description is not required.

A similar study can be conducted to test the effect of
soil aggregation since the SCS method refers also to soil
types.

In this paper, it was demonstrated that for a hydro-
logical purpose, up to a critical threshold-area the ag-
gregation does not affect effective rainfall modelling.
This critical-area is obtained near 1 km? (2% of the
catchment) for the 3 class classification. This threshold-
area is usually given in scaling purpose (Farajalla and
Vieux, 1995). Further study is needed to assess if this
threshold-area is constant for different catchments or if
there is an aggregation scheme bias. It will be interesting
to determinate if the threshold-area concerns the sub-
catchment area (1 km?) or the catchment percentage
(2%). After this critical threshold-area, another aggre-
gation method such as the mean curve number calcu-
lation must be adopted to characterise the catchment.

Appendix A. The SCS method

The SCS method is based on runoff equation devel-
oped in 1947 (Mockus, 1949). A relationship between
accumulated rainfall and accumulated runoff was de-
rived from experimental plots for numerous soils and
vegetative cover conditions (Soil-conservation-service,
1972).

This equation is:

P lap?

d
1
PE Y4 5 lapsSh dA1p

where PE is accumulated effective rainfall, P;s accumu-
lated rainfall, la is initial abstraction (including surface
storage, interception and infiltration prior to runoff) and
S is potential maximum retention.

An empirical relationship used in the SCS runoff
equation relating la and S:

laYsaa S 0A2b

The calibration of this coefficient a can be performed
with runoff data. In most case, the value 0.2 can be set.
After an analysis of a large number of runoff events for
various catchments, a family of curves has been for-
mulated (Soil-conservation-service, 1972).

S values are transformed into curve numbers (CN) by
the following equation:

CN % 1000=010 p Sp dA3Pp

The specific curve number to employ is determined by
evaluation of land use (vegetation and land treatmentor
farming practices), soil series and the soil moisture.
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