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ABSTRACT

Intensive precipitations in desert areas are a very scarce phenomenon. Nevertheless, from time to
time these events take place, as in 1997 in Southern Atacama Desert in Chile. The study area within
the Copiapd catchment is intensively exploited by mining activities. However, in recent years the
landscape has been more and more used for agricultural purposes. Vineyards for grape production are
irrigated with water from the Copiap6 River and from groundwater aquifers. The agricultural activity
is mainly focusing on the flat valley bottoms, as well as drainage lines that become active in cases
of precipitation events. Thus, this study seeks to investigate the geo-hazards related to precipitation
events in order to quantify the risk for population and agricultural areas. Therefore, this study applies
a hydrological model calibrated in the ungauged basin of Quebrada Cinchado. The results demonstrate
that events like the one on the 12.06.1997 generate intensive floods and related sediment discharges
that endanger population and agricultural areas. The applied methodology allows quantification of
flooding and mudflow risks, as well as to assess the spatial distribution of geo-hazards.
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Evaluacion de las amenazas naturales y de la vulnerabilidda en la
Cuenca del rio Copiapo: El caso de estudio de la subcuenca Cinchado

RESUMEN

Las precipitaciones intensas en zonas desérticas son un fendmeno escaso. Sin embargo, cada cierto
tiempo estos fendmenos pueden ocurrir, como sucedid en el afio 1997, en la zona sur del Desierto de
Atacama, Chile. El area de estudio, la cuenca del rio Copiap6 es un area intensamente explotada con
fines agricolas, con vifiedos para la produccion de uva de mesa de exportacion, que son regados con
agua del rio Copiap6 y de los acuiferos subterrancos. La actividad agricola se centra principalmente
en el fondo de valle, en laderas y conos aluviales, como también en subcuencas que se activan en
caso de eventos de precipitacion concentrada. Consecuentemente, se investigan los geo-amenazas
relacionadas con los eventos de precipitacion a fin de poder evaluar el riesgo para la poblacion y las
zonas agricolas asociadas. Se aplicé un modelo hidrologico y se calibr6 en la cuenca de la Quebrada
de Cinchado, afluente esporadico del rio Copiapo. Se evidencia que eventos climaticos como los de
las inundaciones de junio de 1997 pueden generar inundaciones y descargas de sedimentos que ponen
en peligro a la poblacion y las zonas agricolas. La metodologia aplicada permite la cuantificacion del
riesgo de inundaciones y flujos de barro como también evaluar la distribucion espacial de los peligros
de origen natural.
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INTRODUCTION

The marginal desert environment of the
Copiapo valley in the Atacama Desert is
characterizedbyevolutionarymorphological
traits of an inherited landscape, highlighting
forms associated with the action of water,
expressed by intense slope dissection,
as well as prominent alluvial deposits
forming relict slopes, as described for the
Chilean Semiarid regions by WEISCHET
(1968). CASTRO et al. (2009) found that
there are landscape dynamics associated
with El Nino events, generating increased
landscape vulnerability.

Generally the natural conditions are reflected
in production systems, which are related
to a strong seasonal production of vines.
During El Nifio events, basins activities
reactivate and lead to great torrential flows,
as recorded by VILES and GOUDIE (2003)
in IRIBARREN (2007) in semiarid Andean
basins of Chile. Environments where
climate is characterized by scarce or erratic
precipitations are classified as sensitive, since
sporadic intense precipitations significantly
accelerate soil erosion (RODOLFI, 2006).
These conditions are given especially in
the Chilean semiarid regions when El Nino
fluctuations take place.

Despite the fact that the Atacama Desert in
the north of Chile is one of the driest places
on earth, it happens from time to time that
vast amounts of rainfall cause runoff and
generate flash floods that form a major
threat for people living or working in these
areas. In February 2001, many parts of the
northern Atacama Desert were affected by
large floods, resulting from heavy rainfall
associated to La Nina, which caused lots of
infrastructural damage (HOUSTON 2006).
In June and August 1997 flooding occurred
in the Copiapd area after a few hours of
heavy rain. The floods caused damages on
many buildings in the urban area. Despite
the risk for residents, those floods also
destroyed huge agricultural areas and
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caused severe damages. Particularly most
of the alluvial areas in the valley of the
Rio Copiapo are used for grape production.
These grapes are grown as cash crops that
are more and more exported abroad. The
Atacama region exports 98,8% of grapes
to the international market. To satisfy the
growing demand for cheap grapes, the
farmers cultivate all available flat areas in
the Copiapd valley that can be irrigated
efficiently by water from the Copiapo
River and ground water (DIRECCION
GENERAL DE AGUAS 2004). On the one
hand, these activities created lots of jobs
in the agricultural sector and reduced the
dependency on mining which is the biggest
economic sector in the region. However,
most of the agricultural areas lie in potential
geo-hydrological hazard zones. In case of
a severe flood event in the Copiapo valley
or in one of the neighboring watersheds,
wide areas of agricultural activity could
be destroyed by torrential flash floods with
great economic loss as a consequence.

Most of the heavy rains in the Atacama are
related to El-Nino/ Southern Oscillation
Phenomena (ENSO) and occur during the
southern hemisphere summer (CAVIEDES
2005). Though, flood events can also be
generated by La Nina event as shown by
HOUSTON (2006a). Due to these specific
climatic pattern related to La Nina/ El
Nino, extreme droughts or floods may
occur according to the characteristics of the
affected regions (KANE 2006). The rain in
Copiapd is generally stronger in EI-Nino/
La Nina years, but most of it occurs during
the winter months from June to August
when low-pressure areas from the south
reach to the southern parts of the Atacama
Desert (HOUSTON 2006).

Forinstance, in 1997 El Nino caused extreme
precipitation events in Brazil, Paraguay,
Uruguay, North-eastern Argentine and
Chile. The Atacama Desert was blooming
again in 1997 after 40 years (KANE 2006).
These extreme events represent not only a



threat in terms of flooding, flash floods,
mudflows and landslides endangering
human life, but also in terms of financial
and economic losses. The socio-economic
loss in 1997 in Venezuela, Colombia,
Bolivia, Ecuador and Peru was calculated
up to US $2.5 Billion (SANTOS 2006).
In 1997, in the Copiapo region, the Elibor
Campamento Station, which is 30 km
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south of Copiap6, measured a monthly
precipitation of 109 mm in June and 92
mm in August. In comparison, the average
yearly rainfall is 12 mm. In June and
August 1997 most of the precipitation was
falling in just a few hours, consequently,
large flood events were generated with
related damages (Fig. 1).

Fig. 1. Mud flow deposits in the vicinity of Copiapé after the precipitation in June 1997. Source:
Museo Virtual de la Region Atacama (geovirtual.cl)

Fig. 1. Depésitos de flujos de lodo en las cercanias de Copiapé después de las precipitaciones de
junio de 1997. Fuente: Museo Virtual de la Region Atacama (geovirtual.cl)

Already after 10 mm precipitation events,
surface runoff makes roads impassable
and water is ponding in areas with no or
bad drainage. In the future, settlement and
economic activity will grow, especially
in regions exposed to hazard due to an
increasing demand on cheap land and
higher frequency and magnitude of
extreme events (MUNCHNER 2005).
Therefore a quantification of the risk for
settlement areas and agricultural land is

not only economically interesting but also
highlights the related risk for the local
population.

This study examines torrential rains in an
ungauged tributary of the Copiap6 River
and assesses their impacts on runoff, erosion
and depositional processes. Moreover, we
quantify the magnitude of the flooding
events and evaluate the consequences for
farmers and residents in the area.
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MATERIALS AND METHODS
Study area

The analysis focuses on the Quebrada
Cinchado micro watershed, tributary of
the Copiapd River. The selected area
corresponds to a sector that underwent
major changes in relation to the original
desert landscape due to the installation
of vine yards to produce grapes that are
exported as cash crop. The study basin is
regarded as a representative basin of the
middle section of the Copiap6 valley. In
terms of the physical characteristics and
the morpho-climatic domain it may account
for some recurring dynamic patterns in the
larger Copiap6 River system.

The landscape is typical for the Andean
mountain desert areas characterized by
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a medium altitude level. The watershed
drains through structural monoclinal slope
systems developed in detrital volcanic rock
sequences (Cretaceous, AREVALO, 2005).
These slope systems are representative
concerning the marked weathered outcrops
towards the talwegs. On top of these slopes
Miocene gravel deposits constitute the
highest erosion surfaces. Consequently,
these top surfaces are rather smooth. The
talweg of Cinchado is active only during
El Nino rainfall events. Figure 2 shows
the catchment of the Copiapd River and
the study area (black line). Mean annual
precipitation is about 12mm but this varies
according to El Nino /La Nina activities.
Mean annual temperature is about 28° with
maximum values in January.
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Data about the maximum daily precipitation
for the meteorological station of Elibor
Campamento, 30 km south of Copiapo,
provides the base for the estimation of runoff
during one storm event and it also helps
to assess the rainfall amount of a 100-year
storm and the related discharges. The rainfall
used in this study represents the highest
amount of precipitation ever recorded in this
area, fallen on the 12" of June in 1997 and
amounting to 92.4 mm. According to the
frequency analysis, this rainfall has a return
period of 61 years. This data is used as input
for modeling of runoff and erosion processes
in the Quebrada Cinchado catchment with
a surface area of approx. 250 km? and the
outlet near Pabellon (27° 40’217 lat S; 70°
14°21” long W) (Fig. 2).

For the erosion hazard assessment the Unit
Stream Power - based Erosion Deposition
Model (USPED) (MITASOVA et al,
1996) was applied. USPED uses the same
input factors as the RUSLE (RENARD
et al., 1991), but it additionally implies
the topography (curvatures) and uses
the transport capacity of water to gain
information about erosion and deposition.
With information about the erosion and
deposition processes it is possible to
estimate the damages caused on agricultural
areas. The input information about the soil
erodibility was derived by soil texture
analysis, organic content and soil structure
and permeability measurements (KUNTZE
et al., 1994). Therefore 12 representative
profiles following a catena approach
(CONACHER & DALRYMPLE 1969)
were analyzed. C-factor values were set to
1 since an analysis of NDVI values using
ASTER multispectral data yield a vegetation
cover that is less than 1% of the total area.
The topographic factor was derived from a
digital elevation model (ASTER GDEM)
with a 30m resolution. Subsequently, the
Topographic Wetness index was calculated
according to BEVEN & KIRKBY (1979)
(see also WILSON & GALLANT 2000).
The support practice factor is not relevant
in the area and hence, set to 1. R-factor
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was calculated for the Elibor Campamento
Station based on a 92.4 mm precipitation
within 11 hours. R-factor was calculated to
values of 42.53 hundreds of ft-tons/acr.

In order to figure out if there are shallow
landslides endangering agricultural areas
and people working there, the Stability Index
Mapping Extension (SINMAP) (PACK et
al., 2005) for ArcGIS was used to calculate
the factor of safety as a proxi for a potential
land slide hazard in the catchment area. To set
up the model there is the assumption of quite
homogeneous geotechnical characteristics
of the Quebrada Cinchado catchment. The
parameters utilized for soil density were
measured at the field and set to 1500 kg/m?.
The repose angle was set to 40° according
to the catchment substrates. All other
parameters were kept constant following the
default values given by the model.

Since there was almost no information
about the hydrology of the study area of
Quebrada Cinchado, a hydrological model
was utilized (TOPMODEL, BEVEN &
KIRKBY 1979; BEVEN 1998) to estimate
the runoff. TOPMODEL is a hydrological
model that is based on topography, and
hydrological processes are simulated
according to physical laws (WHEATER et
al., 2008). The model uses input parameters
that are directly measurable like infiltration,
hydraulic conductivity, soil water deficit,
soil depth, etc. This type of model has the
advantage that the hydrology of a catchment
can be modeled without knowing the exact
discharge. Thus, the model is able to simulate
runoff characteristics of ungauged basins.

To calibrate the model the study is based on
several assumptions. Thus, the only runoff
tracers in the Quebrada Cinchado were
micro terraces that were surveyed along a
10km longitudinal profile on both sides of
the flood plain. Because no dating of the
terraces were possible we hypothesize that
the 12.06.1997 runoff event reached the
height of the terrace embankment varying
from a few centimeters in the upper parts
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of the catchment to more than 2.5 m close
to the outlet. In total there were 500 cross
profiles surveyed. Finally, the model
calculations were made based on i) the
runoff cross sections; ii) approximated
runoff velocities, and iii) the runoff volume
for two calibration sections as shown
in figure 3 (yellow and green area). The
calibration was performed by choosing the
input parameters of TOPMODEL in a way
that runoff volumes for the two calibration
sections correspond with the height of the
terrace profiles. During a field trip additional
soil information was collected like grain-size
distribution, content of organic matter and
surface infiltration. Moreover evaporation
was estimated using the mean potential
evaporation at the meteorological station
of Elibor Campamento (1396 mm/year).
The precipitation input was only available
in daily time steps. Thus, a precipitation
scenario according to local observations
was generated, as shown in figure 4. This
scenario is consisting in two maxima one at
the beginning and one after three hours.
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The runoff volume was calculated based
on the cross sections that are defined by
the height and width of the micro-terraces.
Figure 4 illustrates the runoff volumes
generated on the 12.06.1997 for the two
calibration cross sections. As shown,
runoff occurs only three hours after the first
precipitation event and is falling together
with the second precipitation maximum.
Thus, infiltration excess runoff is formed
and the second precipitation peak increases
the runoff. Consequently, the hydrograph
is characterized by a steep runoff increase
with values of 33,91m?%ssec in the small
and 86.91 m’/sec in the large calibration
catchment. This is a frequently observed
phenomenon in desert areas where floods
suddenly take place and move down the
drainage network (e.g. BESLER 1992).
After the maximum rainfall is decreasing,
runoff also decreases. However, the second
runoff maximum occurring after 5.5 hours
is reached quicker than the first peak due
to the fact that the shallow soils are already
saturated.
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sections (green and yellow). Source: Dangel (2009).

Fig. 3. Cuenca de la Quebrada Cinchado (rojo) y dos cuencas de calibracién (verde y amarillo).
Fuente: Dangel (2009).
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RESULTS AND DISCUSSION

The runoff volume was calculated based
on the cross sections that are defined by
the height and width of the micro-terraces.
Figure 4 illustrates the runoff volumes
generated on the 12.06.1997 for the two
calibration cross sections. As shown,
runoff occurs only three hours after the
first precipitation event and is falling
together with the second precipitation
maximum. Due to infiltration excess runoff
is formed, whilst the second precipitation
peak increases the runoff. Consequently,

Drainage and rainfall for test areas
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the hydrograph is characterized by a steep
runoff increase with values of 33,91m3/sec
in the small and 86.91 m?*sec in the large
calibration catchment. This is a frequently
observed phenomenon in desert areas where
floods suddenly take place and move down
the drainage network (e.g. BESLER 1992).
After the maximum rainfall has decreased,
runoff also decreases. However, the second
runoff maximum occurring after 5.5 hours
is reached quicker than the first peak due
to the fact that the shallow soils are already
saturated.
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Fig. 4. Discharge and rainfall for the two small test catchments.

Fig. 4. Caudales y precipitaciones en dos pequefias cuencas de testeo.

After calibration of the hydrological model
the maximal discharge calculation was
made for the entire Quebrada Cinchado
(see Fig 5). The highest runoff was also
registered more than three hours after the

precipitation event with maximum runoff
volumes of 108m?*sec. This represents a
severe hazard for the population and the
agricultural activities in the lower Quebrada
Cinchado.
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Fig. 5. Modeled runoff for a 92,4mm event,

in m%/s instead of drainage catchments.

Fig. 5. Escurrimiento modelizado para un evento de 92,4mm, en las cuencas de drenaje, en m?/s.

With an assumed precipitation event
that exceeds the 92.4mm event by 50%
(138.6mm) the model yields a maximum
runoff of about 488m?/sec. (Fig.6). This is
four times more than for the 92.4mm event
as shown in Fig. 6. Moreover the maximum
values in runoff are reached much earlier
compared to the 92.4mm event. This is
due to infiltration excess and quicker
saturation of the soil. However, it has to be
taken into account that the model setting is
conservative in terms of infiltration values.
Hydrophobicity or bio crusting was not taken
into account; it normally reduces infiltration
and hence increases runoff. Consequently,
high amounts of water reach the valley
outlet and destroy plants on farmland and
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even represent a major threat for humans
remaining in the flooding area. Calculations
show that in case of an event exceeding the
1997 rainfall, the runoff rise significantly
and thus, represents a severe hazard for the
population and the agricultural activities in
the lower Quebrada Cinchado. Concerning
the agricultural activities the first grapes
can only be harvested 5 years after planting.
This means, that if wine yards are damaged,
more than 5 years are needed to restore
the activity. Figure 7 shows the areas that
are located up to half a meter above the
drainage network (in red) and hence are at
severe flooding risk under conditions like
the 1997 event.
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Fig. 6. Escurrimiento modelizado para un evento de 138,6mm, en las cuencas de drenaje, en m?/s.
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Fig. 7. Flood risk areas (red hachures) and main land use in the Copiapé valley. Source: Dangel
(2009).

Fig. 7. Areas de riesgo de inundacién (achurado rojo) y principal uso del suelo en el valle de
Copiapé. Fuente: Dangel (2009).
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Apart from the water that is accumulated
along the river network and thus, generating
concentrated runoff with high energy, soil is
also eroded and sediments are transported
with the runoff. During the 1997 event high
sediment concentrations were deposited in
areas where transport energy is low (Fig.1).

The soil erosion and deposition processes
modeled with USPED for the Quebrada
Cinchado catchment, shows that 71% of the
entire area is affected by erosion whereas
deposition occurs on 29% of the area. On
average more sediment are eroded than
deposited. Consequently, a large part of the
sediments are washed off to the Copiapo
River catchment.

Figure 8 (left side) illustrates the spatial
distribution of erosion and deposition areas.
Generally, high erosion rates are modeled
along the drainage network. However, in
flat drainage sections high deposition values
can be observed. Hence, valley bottom
areas are prone to very high morpho-
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dynamics during runoff events. In the case
of Quebrada Cinchado agricultural activity
is mainly concentrated on the valley bottom
areas. As shown in figure 8 these areas are
at a very high risk concerning flooding,
erosion and sedimentation processes.

Parts of the sediments that are transported
within the drainage network are the result of
sheet and rill erosion processes. However,
high amounts of sediments can reach the
drainage system due to land sliding that may
result in mudflows or hyper-concentrated
flows. To assess landslide hazards the
SINMAP model was applied. Figure 8 (right
side) shows the spatial distribution of slope
stabilities that are a proxy for land sliding
hazard. Instable, sliding prone, slopes were
especially located on the western slopes of
the lower Quebrada Cinchado catchment.
The spatial distribution of instable areas
close to the river network enhances the
already high risk presented in the valley
bottom areas of the lower catchment.
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Fig. 8. Left: Soil erosion and deposition in the lower Quebrada Cinchado. Right: Slope stability
model based on SINMAP application. Source: Dangel (2009).

Fig. 8. Izquierda: Erosion y depositacion de suelos en la seccion mas baja de la Quebrada
Cinchado. Derecha: Modelo de estabilizacion de las vertiente, basado en una aplicacion SINMAP.
Fuente: Dangel (2009).
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CONCLUSIONS

Although heavy storms have a recurrence
period of several years or decades, they
represent a major threat for the people and
the economy in affected areas. With the
expansion of the irrigated agricultural areas
to the neighboring watersheds of the Rio
Copiapd, the likelihood of being affected by
erosion or flooding events rises significantly.
The application of quantitative methods
allows assessing the risks related to geo-
hydrologial hazards. Although the analysis
are based on different hypothesis, the study
demonstrates that even in ungauged basins
with field observations and measurements
the main input parameters can be estimated.
The models allowed identification of high
risk areas in the Quebrada Cinchado,
concerning flooding, mudflows, erosion
and sedimentation. The study also shows
that scenarios like an increase of 50% of the
12.06.1997 precipitation lead to exponential
higher runoff volumes. Thus, the modeling
approach is also able to assess consequences
of future climate change.
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