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Abstract

The Precordillera of the Andes Mountains (Mendoza, Argentina) is prone to severe flash floods, caused by heavy rainfall
events of short duration and high intensities. Two catchments were instrumented in order to study the rainfall-runoff process
and soil management impact on runoff and/or sediment yield. In the first catchment (Divisadero Largo, DL, 5.47 km?),
characterized by a large heterogeneity of surface geology, a data set of about 50 rainfall-runoff events covering the 1983—
1994 period was available. Vegetation cover changed significantly after the catchment was enclosed in 1989-1990. This
change was successfully mapped using Landsat TM image analysis. The second catchment (Cuenca Aluvional Piloto, CAP,
35 ha), the soil of which was homogeneous, was instrumented in 1992 for total runoff and sediment yield measurements. Three
small plots of 3 X 10 m? (bare soil, 42 and 60% vegetation cover) and three sub catchments (2—4.5 ha) were delimited with
different average vegetation cover. Data analysis showed the difficulty in relating runoff volume and sediment yield to simple
descriptors of the catchments such as the average slope and/or the average vegetation cover. The DL and CAP catchments were
modelled using the Areal Non Point Source Watershed Environment Response Simulation (ANSWERS) model with contrast-
ing results. Good agreement between model and observation could be achieved after calibration on the 3 X 10 m? plots, but the
model failed to correctly reproduce runoff on the three 2—4.5 ha CAP sub-catchments using the values calibrated on the small
plots. Better results were obtained on the larger and heterogeneous DL basin, where surface geology variations and rainfall
variability seemed to be the most influential factors. In this case, no sensitivity to vegetation coverage changes, induced when
enclosing the catchment, was found. On the other hand, the model proved sensitive to differences in vegetation cover at smaller
scales when the geology was homogeneous. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction 68.8—-69.1°W) (Argentina) are prone to heavy
summer rainfall events of short duration and high

The Piemont and Precordillera areas of the Andes intensities, characterized by a large spatial and
mountains situated in western Mendoza (33-33.5°S, temporal variability over short distances (Fernandez

et al., 1999). These events can generate severe flash
- floods, dangerous for the downstream city of
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set up in 1983 on a study area of about 600 km?,
westward of the city of Mendoza (Fernandez et al.,
1988). A small catchment (Divisadero Largo, DL,
5.47 km?) was also equipped for streamflow measure-
ments. The aim was a better understanding of the
rainfall-runoff process in the region. Another catch-
ment (Cuenca Aluvional Piloto, CAP, 35 ha) was also
instrumented in order to assess various management
practices on runoff and sediment yield.

Data collected on the DL catchment were used in
various rainfall-runoff studies using event-based
models. The major drawback of these models is the
specification of the initial soil moisture status of the
catchment. Braud et al. (1999) successfully used the
continuous version of the ANSWERS model (Beasley
et al., 1980) proposed by Bouraoui and Dillaha,
(1996) to avoid this problem. In this first study, vege-
tation cover was assumed constant in time. However,
when the catchment was enclosed and became a
natural reserve, vegetation cover increased signifi-
cantly. Vegetation cover influence on the catchment
response had to be studied in order to assess if the
severity of flash floods and sediment yield could be
limited by an increase in vegetation cover.

The CAP catchment data had been used to test
and calibrate standard sediments yield models such
as the USLE equation (Vich et al., 1998). Rainfall
simulator infiltration tests were modelled using
simple infiltration models (Nave, 1996; Vich and
Nave, 1998). However, the data set had not been
used to model the whole hydrological cycle and the
sediment yield in relation with the vegetation
coverage.

The aim of the present study were (i) to propose a
method to assess vegetation cover changes from
remote sensing (annual and long term evolution)
and take it into account in the ANSWERS model-
ling framework (DL catchment) and (ii) propose a
modelling of the rainfall-runoff-sediment yield
processes on the CAP catchment, taking into
account different vegetation cover. Given the satis-
fying results obtained on the DL catchment, the
same ANSWERS model was also tested on the
CAP catchment (three small plots of 30 m*> and
three sub catchments of 2—4.5 ha). Additionally,
the study allowed to test the applicability (and trans-
ferability) of the same model across scales under a
natural environment.

2. Material and methods
2.1. Model description

The original ANSWERS model, proposed by Beas-
ley et al. (1980) was an event-based rainfall—runoff
model. Bouraoui and Dillaha (1996) proposed a
continuous version, where the evaporation process
was included, allowing the model to be run continu-
ously. This last version, restricted to water transfer
only, was used in a first modelling work performed
on the DL catchment (Braud et al., 1999). The sedi-
ment transport module, proposed by Beasley et al.
(1980) was incorporated for the modelling work
performed on the CAP catchment.

The following processes are represented in the
model. After rainfall begins, precipitation can be
intercepted by the canopy, until the interception capa-
city is exceeded. Then, throughfall can infiltrate into
the soil, following the Green and Ampt (1911) model.
When the infiltration capacity is exceeded (Horton,
1940) or the soil reservoir is saturated (saturation
excess), water can accumulate at the soil surface
into micro depressions. Once their storage capacity
is exceeded, surface overland flow—modelled as a
homogeneous sheet of water moving over a plane—
can begin. Excess water is transferred to the channel
and routed to the outlet (Bras, 1990). Water in excess
of field capacity can drain to the groundwater when it
is present. If the subsoil is impervious, the soil reser-
voir is progressively filled until saturation. During
interstorm, water is allowed to evaporate from the
soil surface or to be transpired by the plants (Ritchie,
1972).

The sediment transport module simulates detach-
ment and transport up to 10 particle size classes.
Soil particles can be detached both by rainfall impact
and flow (shear stress and lift forces generated by
overland flow). Both types of particles can be trans-
ported by overland flow, provided that enough energy
is available to transport them. Otherwise, particles are
deposited.

Detachment of soil particles by raindrop impact is
calculated using the relationship described by Meyer
and Wischmeier (1969):

DETR = CE1 X CDR X SKDR X A; X R (1)

where DETR (kg sfl) is the rainfall detachment rate,
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Fig. 1. Location of the study area, in the Mendoza province, Argentina.

CDR is the cropping and management factor C (from
Universal Soil Loss Equation—Wischmeier and
Smith, 1978), SKDR is the soil erosivity factor K
(from Universal Soil Loss Equation), A; (mz) is the
area increment and R (m sfl) is the rainfall intensity.
CE1 is a constant with a default value of 6.54 X 10°
(Bouraoui, 1994).

The detachment of soil particles by overland flow
was described by Meyer and Wischmeier (1969) and
modified by Foster (1976) as follows:

DETF = CE2X CDR X SKDR X A; X SLX Q )

where DETF (kg sfl) is overland flow detachment
rate, SL is the slope steepness (%) and Q is the flow
per unit width (m*s”"). CE2 is a constant with a
default value of 52.5 (Bouraoui, 1994).

Both CE1 and CE2 can be considered as adjustable
constants. Detachment and transport are calculated for
various particle classes according to the particle size
distribution of the sediments. Yalin’s equations
(1963) as extended by Mantz (1977) for small parti-
cles are used to calculate actual transport capacity for
each particle. Details can be found in Beasley et al.
(1980); Bouraoui et al. (2000).

ANSWERS is a distributed model, where the catch-
ment is represented as a set of square grid elements,
over which properties are assumed to be uniform.
However, the model can take into account variations
of topography, soil type, vegetation cover and land

use across the catchment. The time evolution of vege-
tation cover and land use can also be described.
Rainfall spatial variability can be taken into account
through Thiessen polygons, each grid cell being asso-
ciated with one rainfall gauge.

2.2. Data available and data processing

Fig. 1 shows the localization of the catchments,
within the pilot zone defined westward of the city of
Mendoza, Argentina, near the Chilean border. The
climate of the zone is arid with an average rainfall
of 206 mm (Vich, 1996). Rainfall regime is character-
ized by summer events of low duration (a few hours),
high intensities and small spatial extension (Fernan-
dez et al., 1999). Winter events are of larger spatial
extension, but lead to low intensities. A telemetric
rainfall network has been operating since 1983,
providing rainfall intensities at about 25 gauges,
with a time resolution all the more fine as the intensity
is high (time of tipping of 1 mm auger capacity is
recorded). Four rain gauges are situated within the
DL catchment (stations 1100, 1400, 1500, 2000) and
one gauge within the CAP catchment (station 2100).
Their records could be directly used within the
ANSWERS model, leading to a very fine time resolu-
tion during rainfall events.

Climatic data, including mean daily air temperature
and incoming global radiation, as needed by the
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Table 1

Auvailable dates and channels of Landsat TM images
Dates Channels®,°

22 February 1986 ™I, 2,3,4,5,6,7
15 March 1988 ™I, 2,3,4,5,6,7

7 September 1988 ™I, 2,3,4,5,6,7
20 August 1993 T™3, 4,5

5 December 1997 ™I, 2,3,4,5,6,7

* The wavelengths corresponding to each channel are the follow-
ing: visible: TM1 (0.45-0.52 pm); TM2 (0.52—-0.60 pm); and TM3
(0.63-0.69 wm), infra-red and near-infra red: TM4 (0.76—
0.90 pm); TMS (1.55-1.75 pm); and TM7 (2.08-2.35 wm) and
thermal: TM6 (10.4-12.5 pm).

" The pixel size is 30 X 30 m2, except for the thermal channel
(TM6) which has a degraded resolution (120 X 120 m?).

model to compute potential evaporation, were
obtained from the Mendoza airport meteorological
station (information obtained from SMN-INTA and
J. Morabito INA-CRA) representative of desert condi-
tions.

2.2.1. Divisadero Largo

The catchment is 5.47 km? (7 km long and 1.5 km
wide), with relatively high slopes (the outlet altitude is
950 m and the highest point within the catchment is
1420 m high). Surface geology is complex, including
eight formations, six of which covering 23% of the
surface, can be considered as quasi-impervious. Soil
thickness is very low (from a few centimetres to about
1 m), with high coarse fragments of about 40% except
the Marine formation (10%). Vegetation is sparse and
dominated by shrubs less than 2 m height. In 1989—
1990, the catchment was enclosed to avoid cattle
grazing and was transformed into a natural reserve.
Since this date, an understorey of gramineas has
grown up, increasing the vegetation cover.

About 50 rainfall-runoff events collected between
1983 and 1994, including rainfall and streamflow time
series were available for model evaluation. However,
as the river was dry most of the time, problems with
the streamflow sensor were encountered, reducing the
quality of the data, especially for the last years. It was,
therefore, not possible to assess possible decrease of
runoff production after closure of the catchment from
data analysis only.

The derivation of input data maps, as needed by the
ANSWERS model was described in Braud et al.

(1999). A topography map with a 30 m resolution
(also the resolution of the model grid cell) was used
to derive the channel network and the slope map,
using the PC RASTER Package (Van Deursen and
Wesseling, 1992). Six soil classes were defined from
the geological map and the soil hydrodynamic proper-
ties defined from in situ and laboratory measurements
(Ligtenberg et al., 1992) and used in ANSWERS. In
this first study, a vegetation map was derived (four
classes according to the vegetation cover) from a
Landsat TM image of 22 February 1986, i.e. before
the catchment was enclosed. Finally, a surface storage
capacity map was derived by combining this vegeta-
tion map and the slope map, according to FAO
standard.

In the present study, additional Landsat TM images
were processed using the IDRISI software (Eastman,
1995) in order to define the annual and long term
evolution of vegetation cover. Given problems
encountered in reading old magnetic tapes, only five
images were finally available. The corresponding
dates and channels are given in Table 1. Radiometric
corrections, accounting for the sun position and the
date within the year, were performed in order to get
comparable reflectances for the various dates.
Previous studies (Zuluaga et al., 1988) had shown
that the atmosphere of the region was pure enough
to neglect atmospheric corrections, which were not
performed. All the maps were geo-referenced in the
same co-ordinate system (Braud, 1999). The Normal-
ized Difference Vegetation Index (NDVI) was calcu-
lated using Eq. (3).

™4 — TM3

NDVI = TMA T T3 100 3)
A previous study (Roby et al., 1988), combining
Landsat TM image analysis and in situ sampling led
to a relationship between NDVI and vegetation cover-
age Vi, (%). This relationship was adapted to account
for very low and negative values of NDVI associated
with a high reflectivity of bare soil, when vegetation
cover is low.

0 NDVI <0
Ve = 0.4125NDVI 0=NDVI=16 (4
2.64(NDVI — 13.5) NDVI = 16

This relationship was assumed to be valid for all the
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Table 2

Statistics of vegetation coverage (%) maps of the Divisadero Largo catchment

Date Minimum Maximum Average Standard deviation
22 February 1986 0 83.2 31.8 11.9
15 March 1988 0 70.0 13.7 9.4
7 September 1988 0 43.6 5.0 2.7
20 August 1993 0 515 8.2 5.7
5 December 1997 0 78.8 34.8 8.7

images, due to the absence of new coincident image
and in situ sampling. Obtained results (see Table 2)
were consistent with expectation, showing that Land-
sat TM images can be used successfully to describe
vegetation time evolution. Winter images from
September 1988 and August 1993 can be considered
as representative of the lowest vegetation cover of the
year. This minimum value is higher in 1993 as
expected after the closure of the catchment in 1989—
1990. Average values of February 1986 and Decem-
ber 1997 summer images were very close. However,
in 1986, this value was the maximum vegetation
cover, whereas in 1997, the growing phase of the
vegetation had just begun. Fig. 2 shows vegetation
cover for February 1986 and December 1997. It can
be seen that regions of very low vegetation cover in
1986, situated in the middle of the catchment, had
been significantly re-vegetated.

Average vegetation cover of March 1988 summer
image is much lower than that of February 1986, an
effect of the interannual variability of rainfall
regime. Indeed, between November 1985 and 22
February 1986, the cumulative rainfall was
164 mm, whereas it was only half this value
(83 mm) between November 1987 and 22 February
1988. About 38 mm additional rainfall fell between
22 February 1988 and 15 March 1988, but this was
probably insufficient to compensate a lower vegeta-
tion development in the first part of the growing
season. These continuous maps were transformed
into vegetation classes, according to cuttings in the
histograms (Braud, 1999)

As input for the ANSWERS model, three parameter
files were prepared, each one being characterized by a
typical Leaf Area Index evolution and a surface
storage capacity map (Braud, 1999), representative
of the 1983-1990 (before the closure), 1990-1993
(growing phase of the vegetation), 1994-1998

(supposed to be another stable state), because the
small number of available images did not allow for
a more precise description. These parameter files were
used to assess vegetation influence on model outputs;
namely runoff volume and peak discharge.

2.2.2. Cuenca Aluvional Piloto

The Cuenca Aluvional Piloto (35 ha) catchment is
situated westward of the city of Mendoza
(32°52/50”S, 68° 52'00"W). Within this catchment,
three small fields, denoted CAP1, CAP2 and CAP3,
of 3x10m? and three sub-catchments (Jarillal,
Grande and Garabato) were instrumented. Their
main characteristics are summarized in Table 3. The
three small plots could be considered as uniform in
slope and vegetation cover (Tables 3 and 4). They
were discretized as shown in Fig. 3.

For the three subcatchments, in situ measurements
of the height above see level were available on a
5%X5m? grid. As for the DL catchment, the PC
RASTER package (Van Deursen and Wesseling,
1992) was used to compute the slope map (see Fig.
4 for the maps and Fig. 5 for the histograms) and the
drainage network. Vegetation cover maps were
derived from in situ field survey. Two main vegetation
covers were found for each subcatchment (Table 4
and Fig. 4). The surface storage capacity was defined
according to Table 5. The geology of the catchment
was uniform, contrarily to the DL catchment, with
only one surface formation (Mogotes). Its hydraulic
characteristics have been published by Nave (1996);
Vich et al. (1998); Vich and Nave (1998) and were
derived from in situ rainfall simulator infiltration tests
on a 50 m? area. They are summarized in Tables 6 and
7. Another soil type, representing impervious zones
was also defined for the three subcatchments (see
Section 3.2).
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Table 3

General catchments characteristics within the Cuenca Aluvional Piloto catchment

Catchment Surface (mz) Average slope (%) Pixel size (m) Element numbers Channel flow element number
CAP1 30 19.6 1 30 0
CAP2 30 16.7 1 30 0
CAP3 30 14.6 1 30 0
Grand 3050 40.4 5 122 29
Jarillal 1975 28.6 5 79 23
Garabato 4525 16.5 5 181 49

2.3. Assessment of model performance and simulation
carried out

Parameter files described previously were used as
input of the ANSWERS model. In the DL catchment,
four rain gauges were used and rainfall spatial varia-
bility could be taken into account. Simulations were
performed from 1983 to 1997. On the CAP catchment,
the model was applied to the three small plots
(3% 10 m?) and the three sub catchments presenting
various vegetation cover from 1987 to 1998.

The following statistical criteria were used to quan-
tify model performance:

Average bias B:

1 n
B = ; Z(Yibmod = Yiobs) (5)
i=1
Efficiency E:

n

2
z (Yibmod - Yiobs)
i=1

E=1-= (©)
Z (Yiomod — ?iobs)z
i=1
Root Mean Square Error RMSE:
1 n
RMSE = J; > Fimod = Yiobs)’ )
i=1
Mean Absolute Error MAE:
1 n
MAE = — D [Yibmod = Yios| (3)
i=1

where n is the number of data, Y;,,q and Y,y are the

calculated and observed variables and Y, is the aver-
age of the observations. Regressions between
observed and calculated values were also estimated:
Yiomod = Slope”™ Yo, + Intercept with coefficient of
determination R%.

For the CAP catchment, B, E and RMSE were eval-
uated on total runoff and sediment yield. The samples
size (14—16 events) was not large enough to allow for
the definition of independent calibration and valida-
tion samples. Therefore, five events were drawn
randomly within each sample and kept apart for
model validation (in order to get statistically signifi-
cant results, what is called validation sample in the
following was composed of the calibration sample
plus the five validation events).

For the DL catchment, year 1985 had been used for
model calibration and the 33 events available on the
1983-1994 period used for model validation (Braud
et al., 1999), using all the above mentioned statistical
criteria calculated on total runoff and peak discharge.

3. Analysis of runoff and sediment yield data within
the CAP catchment

3.1. Results

A first step was to compare behaviours between the
smaller and larger scales. Table 8 shows statistics
calculated on the runoff coefficient RC (defined as
the ratio of runoff over rainfall), runoff volume and
sediment yield for the three small plots and sub catch-
ments. Runoff coefficients of the small plots were
high. CAPI field average value reached 0.44. It was
0.34 for the CAP2 field (60% vegetation cover) and
0.22 for the CAP3 field (42% vegetation cover). On
the other hand, average runoff coefficients never
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exceed 0.09 on the three sub-catchments showing a
dramatic decrease when moving from the small scale
(30m? to the medium scale (2000—5000 m?).
Furthermore, data analysis (Braud, 1999) showed
that, for the three small fields, runoff production was
associated with rainfall higher than 11-13 mm. On
the other hand, runoff could occur on the three sub-
catchments with total rainfall as low as 2—10 mm.
Associated runoff coefficients were lower than 0.01,
but this observation shows behavioural differences in
runoff appearance when moving form the smaller to
the larger scales.

The second step of the analysis was to seek for
relationships between runoff and sediment yield and
vegetation cover. Figs. 6 and 7 show the comparison
of runoff volume between the three small plots and the
three sub catchments respectively. Vegetation influ-
ence could clearly be seen on the three small fields.
Indeed, bare soil (CAP1) runoff and sediment yield
were almost always higher than for the vegetated
surfaces (Tables 6 and 7) as expected. However,
runoff and sediment yield were in general higher
(especially for larger events) for the 60% coverage
(CAP2) than for the 42% coverage field (CAP3).
The slope of the 60% coverage field was higher

Jarillal
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-80
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o
o
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2% g Tok
k2 — 52%
o
@
(=1
S

0 20 40

Fig. 4. Slope maps (%) (top panel) and vegetation maps (bottom panel) for the Garabato (left), Grande (middle) and Jarillal (right) catchments.
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Fig. 5. Slope histograms (%) for the Garabato (left), Grande (middle) and Jarillal (right) catchments.

(16.7% rather than 14.6%), but the result was unex-
pected. For sediment yield, bare soil production was
much higher than that of vegetated surfaces. On the
other hand, although runoff of the CAP3 field was
lower than that of the CAP?2 field, they exhibited simi-
lar sediments yields.

When comparing the three sub-catchments, the
interpretation of the results was less obvious. Table
8 and Fig. 7 show that runoff of the Grande catchment
was lower than that of the other two. Garabato catch-
ment average runoff coefficient was lower than that of
the Jarillal catchment, but Fig. 7 shows that it was
sometimes higher and sometimes lower. The average
runoff coefficient was the highest for the catchment
with the smallest area (1975 m?) and the intermediate
average slope (28.7%). The Grande catchment exhib-
ited the lowest average runoff coefficient, but the
highest average slope and the lowest vegetation
coverage (see Table 4). Table 8 shows that there
was no link between runoff production and sediment
yield on the sub catchments. Indeed, the Grande
catchment exhibited a sediment yield much lower
than the Jarillal one, although their average runoff

Table 5
Surface storage capacity (mm) for the three sub-catchments

was similar and although the Grande catchment
slope was higher than that of the Jarillal catchment.
The Garabato catchment produced the lowest sedi-
ment yield, but it was the second in runoff production.
This catchment exhibited the highest vegetation
coverage and lowest average slope.

3.2. Discussion

A dramatic decrease in runoff coefficients when
moving from the small scale (30 mz) to the medium
scale (2000-5000 mz) was observed. As the slope of
the sub-catchments was in general higher than that of
the small fields, that the soil and vegetation were
similar, it must be recognized that new phenomena
are probably activated when moving to largest scales.
One explanation might be found in different surface
storage capacities linked to differences in micro-topo-
graphy. Indeed, the three small plots were levelled and
chosen so that the slope was uniform. On the other
hand, under natural conditions, micro depressions, big
stones are more common and could retain more water
than on the small fields. The decrease of runoff when

Surface storage capacity  Slope (%) Grande Jarillal Garabato
Type 1 64%  Type250%  Type 1 75%  Type252%  Type 1 50%  Type 2 86%
Very low > 30% 9 5 6 6 9 7
Low 15-30% 7 4 5 5 7 5
Medium 10-15% 5 3 4 4 5 2
High 0-10% 3 2 3 3 3 1
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Table 6

Zable 6.a. Characteristics of the soil tipes (one type for the three small plots and two tipes for the

three sub-carchments).

CAPI CAP2 CAP3 Grande Jarillal Garabato
Depth (mm) (*) 20 30 40 150 40 120
- - - 20 20 20

Total porosity (-) 0.47 0.47

- 0.47
Fraction of coarse 453 453
fragments (%) - 453
Field capacity (fraction of 0.80 0.80
saturation) - 0.80
Wilting point (fraction of 0.20 0.20
saturation) - 0.20
Saturated hydraulic 19 16 7 8 16 16
conductivity (mm hr'") (¥) - | - | - 0.05 ‘ 0.05 l 0.05
Wetting front suction (cm) 0.12 0.12

- 0.12
Cocfficient Cof the USLE 003 [ 002 T 003 003 [ 003 [ 003
Coefficient £ of the USLE 0.27 0.27
Cocfficient CE/ (*) (**) 30%CE/ | 4.5*CE/ | 4.5*CE/ | 4.5*CE/ | 45*CE/ | 4.5*CE/
Coefficient C£2 (*) (**) 10¥CE2 | 5*CE2 | 5%CE2 S*CE2 | 5*CE2 | S*CE2
(*) Calibrated values
(*%) Reference values are C£7=6.54 10° and C£2=52.5
Table 6.5 Texture of the Mogotes formation.
Particle diameter <0.002 mm | 0.002-0.01 0.01-0.05 0.05-2 mm >2 mm

mm mm

Percentage 0.8 10 15 74.2 453
Specific gravity 2.65 2.65 2.65 2.65 -
Equivalent sand 0.002 0.01 0.05 2 -
diameter (mm)
Fall velocity (ms™) | 0.0000036 | 0.0000896 0.00215 0.2921 -

moving from smaller to larger scales was also
reported by other authors, e.g. Descroix and Nouvelot
(1997) in La Sierra Madre, Mexico; Bergkamp (1998)
in Castilla La Mancha, Spain. Bergkamp (1998)
explained this decrease in runoff production by the
absence of connection between runoff production
zones, and a partial downslope re-infiltration of the
runoff.

The rainfall threshold leading to the production of
runoff was found to be much smaller for the medium
scale than for the small scale. The runoff produced for
small rainfall amounts in the sub catchments could be
associated with the existence of quasi-impervious
zones very close to the channel outlet (presence of

Table 7
Texture of the Mogotes formation

big stones within the riverbed near the outlet). If we
assume that the average runoff coefficient associated
with these low rainfall events was representative of
the impervious area, we get 0.4% of the catchment for
the Jarillal catchment (7.9 m?), 0.083% for the Gara-
bato catchment (3.7 m2) and 0.23% for the Grande
catchment (7 mz). This area represents less than a
pixel of the ANSWERS model (25 mz). This observa-
tion justifies the adjunction of a second soil type with
a low hydraulic conductivity, in the modelling of the
three sub-catchments (see Tables 6 and 7). This low
value was assumed identical to that of the quasi-
impervious soil type of the DL catchment (Braud et
al., 1999). Only one pixel (the outlet) was assigned to

Particle diameter < 0.002 mm 0.002-0.01 mm 0.01-0.05 mm 0.05-2 mm > 2 mm
Percentage 0.8 10 15 74.2 453
Specific gravity 2.65 2.65 2.65 2.65 -
Equivalent sand diameter (mm) 0.02 0.01 0.05 2 -

Fall velocity (ms™ 1) 0.0000036 0.0000896 0.00215 0.2921 -
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Table 8
Statistics of runoff coefficient RC and sediment yield for the three small plots and the three subcatchments
CAP1 CAP2 CAP3 Garabato Jarillal Grande
Runoff coefficient RC (-)
Minimum 0.07 0.08 0.01 0.0003 0.0032 0.0005
Maximum 0.91 0.76 0.45 0.0454 0.0851 0.0274
Average 0.44 0.34 0.22 0.013 0.021 0.009
Standard deviation 0.24 0.21 0.13 0.017 0.020 0.010
Runoff volume (mm)
Minimum 1.9 2.1 0.2 0.002 0.01 0.004
Maximum 359 35.6 17.4 1.25 1.78 0.79
Average 11.7 9.8 5.5 0.27 0.41 0.17
Standard deviation 10.8 10.0 52 0.36 0.56 0.25
Sediment yield (kg ha™1)
Minimum 70.4 37.5 0.035 0.0013 0.0046 0.0031
Maximum 7950.2 1874.9 1090.0 44.9 628.4 235
Average 1451.7 379.1 187.6 7.2 454 49
Standard deviation 2286.1 572.1 314.0 12.5 151.2 7.8

this second soil type in the modelling work discussed
in the next section. This allowed the model to predict a
small runoff, even for low rainfall events. It was not
the case when only one uniform soil type was used.
However, the appearance of runoff even for small

o
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0 10 20 30 40
Runoff CAP1 (mm)

Runoff CAP3 (mm)
10 20

T T T T T

0 10 20 30 40
Runoff CAP2 (mm)

rainfall amounts (in general associated with previous
rainfall events not producing runoff) could be the
signature of preferential flows produced by macro-
pores, roots, or microtopography channelling water
movement (Estéves et al., 2000). The latter process

o
<

Runoff CAP3 (mm)
10 20

0 10 20 30 40
Runoff CAP1 (mm)

Fig. 6. Comparison of measured total runoff over the three small plots.
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Fig. 7. Comparison of measured total runoff over the three subcatchments.

could have disappeared on the small plots when
setting up the measurement devices. Preferential
flow is not taken into account in the ANSWERS
model, where runoff is assumed to move uniformly
on a plane sheet.

This first analysis showed the difficulty to directly
relate runoff and sediment yield with the average
catchment characteristics such as slope or vegetation,
even if the relationship was more direct for the small
plots. As mentioned before, this difficulty might
reflect that average parameters are not sufficient to
characterize runoff and sediment yield generation,
when the soil type is identical. Differences in micro-
topography, stone cover, shrubs species, presence of
litter could be responsible for differences in response.
However, the Grande and Jarillal catchments exhibit
similar surface stone and litter contents. The Jarillal
catchment exhibits a larger shrub fraction than the
Grande catchment, a smaller average slope and simi-
lar slope histograms (Fig. 5) and the Jarillal catchment
produces more than twice runoff and 10 times more
sediment. This result is far from expected, but other
studies led to such results (see Descroix et al., 2001
for a review). In their own study, they showed that

stoniness could enhance runoff when the stones were
embedded into the crusted soil, whereas when they
were free, the soil was protected and runoff reduced.
The information on stone status within the CAP catch-
ment is lacking and should be collected in order to
improve data analysis. Differences in shrub species
could also explain differences in runoff prediction.
Indeed, the Jarillal species, dominant in the Jarillal
catchment has prickly whereas the dominant shrubs
of the Grande catchment have larger leaves. Descroix
et al. (2001) also reported a better protection induced
by oaks than by coniferous. Differences in plants
should also be investigated further in the CAP catch-
ment in order to assess more efficient practices in
reducing runoff and erosion.

4. Application of the ANSWERS model

4.1. Application of the ANSWERS model to the CAPI,
CAP2 and CAP3 plots

In a first verification of model behaviour, it was
intended to reproduce infiltration and runoff volumes
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Bias, efficiency and root mean square error calculated on the three small plots with the calibration and validation samples for total runoff
volume. Averages and standard deviations of observed runoff volume appear in Table 8

Test® Calibration Validation

B E RMSE B E RMSE
CAP1
DF =150 KS =22 —5.37 0.51 6.74 —17.50 0.24 9.09
DF =20 KS=19 1.36 0.89 3.26 0.26 0.87 3.74
DF =100 KS=3 1.45 0.83 3.98 0.30 0.84 4.14
CAP2
DF =150 KS =16 —5.56 0.30 7.68 —-17.29 0.09 9.28
DF=30KS=16 —1.14 0.91 2.73 — 1.06 0.87 3.51
DF=150KS=17 —2.66 0.76 4.53 —3.89 0.70 5.35
CAP3
DF =150 KS= 16 63.41 0.33 4.00 —3.98 0.12 4.76
DF =40 KS=16 - 1.75 0.79 2.25 - 1.29 0.26 4.30
DF=150KS=17 —1.55 0.66 2.87 - 1.32 0.59 3.2

* DF is the soil depth (mm) and KS is the saturated hydraulic conductivity (mmh™ 1)
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Fig. 8. Comparison of observed and calculated total runoff (mm) for the three small plots. Black points belong to the calibration set and white
points are the validation events.
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measured during infiltration tests performed with a
50 m” rainfall simulator. Good results were obtained
with  the saturated hydraulic conductivity,
KS =28 mmh™', reported by Vich and Nave (1998)

Table 10

Bias, efficiency and root mean square error calculated on the three
small plots with the calibration and validation samples for sediment
yield. Averages and standard deviations of observed sediment yield
appear in Table 8

Test" Calibration Validation

B E RMSE B E RMSE
CAP1
DF=20KS=19 —60.0 0.99 257.6 225.1 0.87 7934
CAP2
DF=30KS=16 —68.1 095 141.6 29.6 0.79 250.1
CAP3

DF=150KS=7 —143 0.99 340 11.1 0.81 1294

* DF is the soil depth (mm) and KS is the saturated hydraulic
conductivity (mm h™1).

and a 150 mm soil depth, DF. These values were then
used on the three small plots, comparing model
performance when the subsoil was supposed pervious
or impervious. None of the cases led to good results
(Table 9) and model calibration was needed, DF and
KS being the adjustable parameters. Table 9 presents
the most significant results. The best results were
obtained when the subsoil was supposed to be
pervious with, either a large soil depth DF associated
with a KS one order of magnitude lower than that
given by the rainfall simulator infiltration tests, or a
KS corresponding to the rainfall simulator infiltration
tests, but a very low soil depth DF (Table 9). Fig. 8
shows the correlation between calculated and
observed runoff values for the three small plots and
Fig. 9 the correlation between calculated and observed
sediment yield, corresponding to the best validation
results for runoff volume (Table 10). These results
were obtained after adjusting the coefficients CE1
and CE2 (Tables 6 and 7), controlling detachment
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Bias, efficiency and root mean square error calculated on the three subcatchments with the calibration and validation samples for total runoff
volume. Averages and standard deviations of observed runoff volume appear in Table 8

Test® Calibration

B E RMSE
Jarillal
DF =40 KS=16 - 0.03 0.39 0.42
Grande
DF =150 KS=38 0.05 0.66 0.14
DF =150 KS=16 —0.02 0.60 0.15
Garabato
DF =150 KS=16 —-0.11 0.60 0.23
DF =120 KS=16 - 0.08 0.63 0.22

Validation

B E RMSE
0.57 —-25.0 2.83
0.04 0.51 0.17
0.06 0.40 0.19
0.12 —-11.74 1.27
0.14 —-11.12 1.26

* DF is the soil depth (mm) and KS is the saturated hydraulic conductivity (mm h™1).

by rainfall and by overland flow respectively, the first
process appearing as the most important in the case

study.

Finally, a simulation was performed in order to
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quantify model response to vegetation cover, using
the same values, DF =150 mm and
KS =16 mm h™" for the three small plots. The largest
runoff was calculated on the bare soil field (CAP1),
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Fig. 10. Comparison of observed and calculated total runoff (mm) for the three subcatchments. Black points belong to the calibration set and
white points are the validation events.
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Statistical comparison (calibration set) between observed and calculated runoff for the three sub-catchments when the vegetation cover was
assigned one of the types defined in Table 4 and assumed to be uniform. The reference simulations were chosen as the one leading to the best
statistical agreement on the calibration set. The initial fraction of the various vegetation types were: (i),Jarillal: 62% vegetation type 1 and 38%
vegetation type 2; (ii), Grande: 68% vegetation type 1 and 32% vegetation type 2; and (iii) Garabato: 76% vegetation type 1 and 24% vegetation

type 2
Reference simulation Vegetation Vegetation Vegetation Vegetation Vegetation Vegetation

type 1 type 2 type 1 type 2 type 1 type 2
Jarillal Jarillal Grande Grande Garabato Garabato
PER =0.75 PER = 0.52 PER = 0.64 PER = 0.50 PER = 0.50 PER = 0.86

Jarillal catchment: reference simulation DF =40 mm KS= 16 mm h ™ 1

B (mm) —0.03 - 0.05 -0.10 —-0.19 0.07 —-0.18 0.20

E(-) 0.39 0.38 0.30 0.31 —0.07 0.30 —0.48

RMSE (mm) 0.42 0.42 0.45 0.44 0.55 0.45 0.65

Grande catchment: reference simulation DF = 150 mm KS =16 mmh 1

B (mm) —-0.02 - 0.06 —0.01 - 0.05 —0.01 - 0.01 - 0.06

E(-) 0.60 0.16 0.82 0.44 0.82 0.82 0.18

RMSE (mm) 0.15 0.21 0.10 0.17 0.10 0.10 0.21

Garabato catchment: reference simulation DF = 150 mm KS =16 mmh 1

B (mm) —0.11 —0.19 —0.12 —0.18 —0.13 —0.11 —-0.19

E(-) 0.60 - 0.17 0.57 0.10 0.53 0.58 —0.18

RMSE (mm) 0.23 0.39 0.24 0.34 0.25 0.23 0.39

which agrees with the observation. On the other hand,
the model calculated a largest runoff on the CAP3
field (42% vegetation cover) than on the CAP2 field
(60% vegetation cover), which do not agree with the
observations (see Table 8). In this sense, the model
was consistent with its own hypotheses, because it
calculated a lower effective hydraulic conductivity
(taking into account coarse fragments and vegetation
cover) for the CAP3 field than for the CAP2 field,
which implied that the CAP3 field had a lower infil-
tration capacity. This parameterization of the model
should be improved in order to better fit with observa-
tions.

4.2. Application of the ANSWERS model to the three
subcatchments (Jarillal, Grande and Garabato)

The best results on the three subcatchments were
not obtained with soil characteristics calibrated on the
three small plots, except, to a certain extend for the
Jarillal catchment. Table 11 and Fig. 10 show the best
results. They were poorer than on the three small plots
in the calibration phase. Furthermore, they were not
stable, as statistics decreased dramatically on the vali-
dation samples. Sometimes, negative efficiencies
were obtained, which meant that model performance

was worse than if observation average had been used
as a predictor. It must be kept in mind that a few large
events were part of the validation samples and were
very badly reproduced by the model. Therefore, a
larger sample size, including more large events should
be necessary to get more robust results and judge the
model more completely. Sediment yield calculated by
the model was also compared with observed values.
Results were in general poor, in agreement with the
poor prediction of runoff. Results are, therefore, not
discussed in detail.

Vegetation cover influence on runoff generation
was the focus of this study. Sensitivity of model
outputs to vegetation cover changes was investigated
for each of the sub-catchment. A first set of test was
performed assuming uniform vegetation over the
whole sub-catchment and the six possible vegetation
covers defined for the three sub-catchments (see Table
4) were successively used as uniform vegetation
classes. The same statistics, as the ones presented in
Table 11 were recalculated in each case. They are
given in Table 12 (only for the calibration set).
They show that, except for the Grande catchment,
better performance were obtained with two vegetation
classes on the catchment rather than when using only
one of the vegetation type as uniform cover. This
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Table 13

Statistical comparison of observed and calculated runoff and peak discharge (1983—1994 period) on the Divisadero Largo catchment. The
columns labelled ‘1983—1990 parameter file’ correspond to a use of the 1983—1990 period vegetation characteristics as defined in Section 2.2.
The columns labelled ‘1991-1994 parameter file’ correspond to the use of the 1983—1990 vegetation characteristics over the 1983—1990 period

and the 1991-1994 vegetation characteristics over the 1991-1994 period

1983-1990 parameter file

1991-1994 parameter file

Runoff volume (mm)

Peak discharge m*s71)

Runoff volume (mm) Peak discharge m3s™1)

B —0.01 mm —245m’s71
MAE 233 mm 5.98m’s™1
E 0.615 0.51

RMSE 0.62 mm 223m’s1
Slope 0.55 0.38
Intercept 2.02 mm 4.04m’s"1
R? 0.625 0.625

— 0.04 mm —247m’s71
2.32 mm 5.60m’s71
0.617 0.513
0.62 mm 223m’s71
0.54 0.38
2.01 mm 4.02m?s1
0.628 0.636

might justify a posteriori the mapping of the vegeta-
tion over the catchments. Very bad results were
obtained for the Garabato catchment, when the second
type of vegetation was supposed to be uniformly
distributed over the catchment. This second vegeta-
tion type was only covering 24% of the surface.

Three vegetation types were characterized by a
vegetation cover of about 50%. However, the surface
storage capacities were different due to different
stones, mulch and/or gramineas coverage (see Table
5). Despite this difference, statistical results were in
general very close for the three corresponding vegeta-
tion types, showing that modifications of the surface
storage capacity was less influential on model perfor-
mance than changes in surface cover itself (when
surface cover is modified, Leaf Area Index and, there-
fore, transpiration rates are modified, leading to differ-
ent initial moisture conditions).

4.3. Application of the ANSWERS model to the
Divisadero Largo catchment

Calibration and validation phases of the
ANSWERS model had already been reported else-
where, using a temporally constant vegetation cover
(Braud et al., 1999), showing an efficiency of 0.6 for
total runoff and 0.46 for peak discharge. The shape of
the hydrographs was also satisfactorily reproduced. In
this section, it will only be focused on vegetation
cover influence on total runoff and peak discharge,
using the time evolution of vegetation cover (annual
and interannual) described in Section 2.2. Table 13

shows the comparison of the statistical criteria (calcu-
lated for the 1983—-1994 period with 33 events) listed
in Section 2.3 when only one or two vegetation evolu-
tion parameter files were considered. Only few differ-
ences were obtained between both cases. On the other
hand, results were slightly improved as compared to
Braud et al. (1999), who used a constant vegetation
cover. Peak discharge efficiency was 0.51 instead of
0.46. It showed the interest of taking into account the
annual vegetation cover evolution whereas the long
term one had no significant impact. Vegetation cover
modifications were, therefore, not so influential in the
DL catchment as they appeared within the CAP catch-
ment. A first sensitivity analysis performed by Braud
et al. (1999) had demonstrated that rainfall and soil
type spatial variability were one order of magnitude
more influential on runoff generation than vegetation
cover spatial variability. This additional study showed
that temporal variability of vegetation cover had also
little impact on runoff generation. An additional simu-
lation over the 1995-1998 period where no stream-
flow data were available confirmed these findings.
Two simulations were performed: the first one using
the 1983-1990 parameter file and the second using
the 1995-1998 parameter file (see Section 2.2). 55
events leading to non-zero calculated runoff were
selected and statistics of runoff volume and peak
discharge compared for the two simulations. This
comparison showed a slight decrease in average
runoff volume and peak discharge, which did not
exceed 2% for runoff and 1% for peak discharge.
However, maximum runoff volume was decreased
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by 10% and maximum peak discharge by 1% (not
shown).

4.4. Discussion

All the results presented in this section and in Braud
et al. (1999) showed contrasting performance of the
ANSWERS model. It proved to be very well adapted
to the simulation of the DL catchment or of the small
plots (CAP1, 2, 3), whereas it failed to properly repro-
duce measured runoff within the sub-catchments of
the CAP catchment (Garabato, Grande, Jarillal).
Model results were sensitive to vegetation cover
within the CAP catchment whereas it has little influ-
ence within the DL catchment. Several arguments can
explain these results. Within the DL catchment, soil
characteristics and rainfall variability appear as the
most influential processes on runoff generation,
whereas vegetation cover (spatial and temporal varia-
bility) is of second order. On the other hand, soil is
homogeneous within the CAP catchment. Rainfall
variability could be a possible candidate explaining
model poor performance within the Jarillal, Grande
and Garabato sub-catchments. Rainfall spatial varia-
bility is large within the Piemont (cumulative rainfall
was found to change by 100% over a few kilometres
on the DL catchment for the same event, Braud et al.,
1999). Fernandez et al. (1999) showed that 10% of a
rainfall event falls on less than 5 km? and 50% on an
area smaller than 100 km?. In the CAP catchment, the
rainfall gauge was situated within 500 m of the
various sub-catchments. Variability of cumulative
amount other such a short distance should be investi-
gated in order to see if it might be responsible for
significant variations of input rainfall over the three
sub-catchments.

Another point to be underlined is that it was neces-
sary to adjust soil parameters of the model for all the
small plots and sub-catchments in order to reproduce
observed runoff and sediment yield. It was not possi-
ble to use values adjusted at smaller scales directly at
larger scales. These results contrast with those
reported by Silburn and Connoly (1995); Connolly
and Silburn (1995); Connolly et al. (1997) on agricul-
tural catchments of various sizes in Australia. They
calibrated infiltration parameters using rainfall simu-
lator infiltration tests and used the derived values at
larger scales with success. The explanation might be a

higher homogeneity of agricultural surfaces across
scales as compared to natural ones. A possible cause
of non-transportability of model calibration from the
small plots to the larger scale might be found in the
presence of plant-residue mulch and more gramineas
at the surface of the catchments than at the surface of
the small plots. A more careful vegetation survey,
possible preferential infiltration zones and surface
storage could perhaps help understanding these differ-
ences. Influence of microtopography on runoff has
been evidenced in Sahel by Esteves et al. (2000).
An accurate definition of this microtopography in
relation with vegetation cover could be a research
line to investigate further in order to define water
paths better. Such a study could invalidate the model-
ling of surface runoff as homogeneous plane surfaces.

5. Summary and conclusions

In this study, the ANSWERS model was applied in
the Andes region of Mendoza at three scales: the local
scale (30—50 m?), the slope scale (0.2—0.5 ha) and the
small catchment scale (5.47 km?). The focus was on
vegetation cover influence on runoff and sediment
yield generation, the various catchments exhibiting
different vegetation coverage. This study also enabled
us to judge the possibility of using the same model
across scales.

A first part of the study was dedicated to the
mapping of vegetation cover and the definition of its
time evolution. For the smallest scales, in situ
measurements were used and are relatively easy to
implement. For larger scales, such a global survey
becomes impossible. The problem was addressed
through satellite image analysis. A methodology was
proposed in order to define vegetation cover maps
from Landsat TM3 and 4 channels and a limited
number of in situ measurements. The long term evolu-
tion of the vegetation cover (difference between pre
and post-closure cover) as well as seasonal evolution
were correctly seen. About three to four images per
year could be sufficient to define this seasonal evolu-
tion correctly.

Application of the same model across scales
showed contrasting results. The ANSWERS model
seems to be well adapted when soil variability (and
especially quite impervious regions can be identified)
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and rainfall variability are the dominant processes
explaining runoff generation. However, when the
microtopography of the surface and vegetation cover
might be the dominant process explaining runoff
paths, the model fails to correctly reproduce measure-
ments. A much finer resolution of topography would
be needed in order to identify water paths better. This
would imply a different modelling of overland flow,
water movement over plane sheets being invalidated
in this case. A better representation of vegetation and
surface feature in the parameterization of infiltration
would also be needed, because the actual one fails to
reproduce differences in behaviours observed in the
field. It would remain to validate these hypotheses,
once the question of rainfall variability at small scales
(of the order of 100 m) has been resolved in this
region, using appropriate rainfall gauges sampling.
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