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ABSTRACT. Floods are recurring events in Buenos Aires Province, mainly caused by high-intensity
precipitation, and in some cases, they persist for long periods. The objective of this study is to analyze how the
topography of the central-western portion of Buenos Aires Province determines the occurrence and the extent of
floods. The presence of shallow lakes characterizes the area which is controlled by the topography. LANDSAT 5
and 8 images corresponding to periods of drought and flooding in the area were compared with topographic profiles
and digital elevation models generated from SRTM 3 arc/sec data. The results showed that in those areas where
there are aligned dunes, and after significant storm drain engineering works, during the wet periods, the lakes, their
overflows, and the subsequent runoff to the east of Buenos Aires Province flow freely, limiting the flood areas.
Due to this topography, the lakes became a more permanent feature of the landscape, even during extreme drought
events. In contrast, in those areas where parabolic dunes predominate, the landscape is more affected by droughts
and floods. During drought events, we observed a small number of shallow lakes, and during strong storms with
high-intensity rainfall, the number of lakes increases and large flooded areas generate damage to agricultural fields
and neighboring cities, either due to natural causes or improvised and illegal storm drains. Early warning of flood
risks and a systematic territorial ordaining would be the key to the management of the area.

Seguimiento de la variabilidad espacio-temporal de las inundaciones en el centro-oeste de
la Provincia de Buenos Aires (Argentina) mediante técnicas de teledeteccion. El papel de
las dunas de arena

RESUMEN. Las inundaciones son eventos recurrentes en la provincia de Buenos Aires causados principalmente
por precipitaciones de gran intensidad. En algunos casos, persisten durante prolongados periodos de tiempo. El
objetivo de este trabajo es analizar como la topografia del centro-oeste de la provincia de Buenos Aires ha
determinado la ocurrencia y extension de las inundaciones. El area se caracterizada por la presencia de lagunas
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que son controladas por la topografia. Imagenes de satélite LANDSAT 5 y 8 correspondientes a periodos de sequia
e inundacion fueron comparadas con perfiles topograficos y modelos de elevacion digital generados a partir de
datos SRTM de 3 arc/seg. Los resultados demostraron que, en aquellas zonas donde existen dunas alineadas, con
importantes obras de ingenieria (desagiies pluviales), las lagunas, sus desbordamientos y la posterior escorrentia
se realiza de manera encauzada hacia el este de la provincia de Buenos Aires, limitando las areas de inundacion.
Debido a esta disposicion topografica, los lagos tuvieron un mayor periodo de permanencia, incluso en eventos
extremos de sequia. Por otro lado, en aquellos lugares donde predominan las dunas parabdlicas, el paisaje se ve
mas afectado por las sequias e inundaciones. Durante los eventos de sequia se observa un menor numero lagos
poco profundos, y durante tormentas fuertes, con lluvias de alta intensidad, el nimero de lagos aumenta y las areas
inundadas se extienden, generando dafios a los campos agricolas y a las ciudades vecinas, ya sea por causas
naturales o por drenajes improvisados e ilegales. La alerta temprana de los riesgos de inundacion y una ordenacion
territorial serian la clave para la gestion de la zona.
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1. Introduction

The manifestation of droughts and floods in the distribution and extension of water bodies in a
certain region depends on a series of factors. In one hand, several studies had shown that the
precipitation, either by its scarcity or by its excesses, constitutes one of the main variable that determine
the manifestation of floods and droughts (Quirds, 2002; Kwak and Kondoh, 2008; Ferrelli and Aliaga,
2016). On the other hand, the geology and its related processes, the terrain slope, the vegetation, the
topography and the soil types (Scarpati et al., 2008; Frot and Wesemael, 2009) are key factors in the
landscape evolution (Kasprak et al., 2019). Although such factors should be considered when studying
floods and droughts (Tripaldi et al, 2018); they are seldom discussed. Even more, for aeolian
environment, there is a lack of information about the role of the topography and the aeolian
morphologies associated, mainly dunes, in the development of the surface drainage and water
accumulations process.

The modern dune systems (Perillo, 2001) constitute one of the most prominent morphologies
created by sedimentary deposits driven by wind (Blumberg, 2006). These systems have complex
arrangements of geomorphic elements, including the dunes and interdune areas. These areas occur on a
wide range of scales, are characterized by a variety of morphologies (Al-Masrahy and Mountney, 2013),
and contain important paleoenvironmental and paleoclimatic information (Ivester and Leigh, 2003,
Tripaldi and Zarate, 2016). The dune system of Buenos Aires Province (Argentina) in the study area
have mainly longitudinal and parabolic dunes. The longitudinal dunes are arranged in parallel ridges,
with a well-defined wavelength when they are large (Courrech du Pont, 2015). Meanwhile, parabolic
dunes typically have a U- or V-shaped lobe with two trailing arms pointing upwind encompassing a
deflation basin (Yan and Baas, 2017). They are known to be genetically associated with an adequate
sand supply (Yan and Baas, 2017), moderate to high vegetation cover (Tsoar, 2001; Ivester and Leigh,
2003; Pye and Tsoar, 2009), unidirectional wind (Ivester and Leigh, 2003) and are mostly found in
humid and cold areas (Tsoar, 2001). As in other areas worldwide, these dunes are mostly inactive and

338 Cuadernos de Investigacion Geografica, 47 (2), 2021. pp. 337-354



Floods, remote sensing and sand dunes

stabilized by vegetation (Ivester and Leigh, 2003), but also deeply disturbed by cattle grazing and
agriculture (Zarate and Tripaldi, 2012; Contreras et al, 2018; Tripaldi et al., 2018).

There are shallow lakes between the dunes that intervene in the hydrological characteristics.
Water coming from both rainfall and groundwater in low runoff areas and from what is stored in the
dunes recharges these shallow lakes (Yang et al., 2003). In the case of the Pampean region, water from
rainfall is not always able to infiltrate because the water table is very close to the surface and only minor
amounts of floodwaters percolate through the dune field; so, this water would be transported to form
shallow lakes (Forte Lay et al., 2008). Topography, climatic regime, drainage, soils and anthropogenic
activities explain the structure and functioning of these lakes (Ferrelli and Aliaga, 2016).

There may be considerable portions of known aeolian systems that remain under-sampled, or
systems that remain undocumented (Barrineau et al., 2019); but thanks to the studies of dunes using
remote sensing (Blumberg, 2006; White et al., 2015; Telfer et al., 2015; Saadouda et al., 2018; Contreras
et al, 2018; Tripaldi et al, 2018), significant advances in the knowledge of their evolution and
morphological dynamics have been made. Morphometric analysis is cost-effective (Moller et al., 2008;
Mashimbye ef al., 2014) and is an established technique for determining the geomorphology of aeolian
environments, providing relevant information about processes and controls of dune formation (White et
al., 2015). Digital elevation models (DEM), as those derived from Shuttle Radar Topographic Mission
(SRTM) data have also been used to determine the heights of dunes and delineate possible flood areas
depending on the geomorphological characteristics of these sites (Blumberg, 2006; Bubenzer and
Bolten, 2008; Ho et al., 2010; Tripaldi ef al., 2018). The recent increase in the availability of high-
resolution remote sensing data offers important information for the study of aeolian environments
(Telfer et al., 2015).

During recent decades, several hydrological events in the Pampean region have been studied
due to their effects on agricultural production and soil cover, and their impact on the population and its
access to drinking water (Sierra et al., 1994; Scarpati et al., 2008). During the 1949-50, 1962-63, and
1988-89 harvests seasons, severe droughts reduced national production of grains by more than 30 %,
while during the 1985-1987 and 2001-2002 periods, successive floods in the area made agricultural tasks
difficult if not impossible in some sectors.

The west-center of Buenos Aires Province is characterized by cycles of floods and droughts
(Sosnovsky and Quirds, 2006; Labraga ef al., 2011). In general terms, landform characteristics give
information on flow characteristics, such as direction, depth, and behaviour (Carrivick and Rushmer,
2006). In this case, the flat topography and low slopes cause these events to be enhanced due to the low
water retention capacity in dry years and limited expulsion capacity of local water excesses in wet
periods. In this last scenario, water can be preserved both in the sediments, as it happens in the landscape
(McLaren et al, 2009) for longer periods. The lakes located in the west-center of Buenos Aires Province
were referred by Frengiielli (1956) as basins originated by acolian excavation. However, in this region,
most of the lakes and creeks are relict basins, whose waters occupy the remains of ancient river channels
barely discernible today in the field (Dangavs, 2005). In the last fifty years, the succession of severe
meteorological droughts and significant flood periods (Labraga et al., 2011) have not only affected
economic activities but also the dynamics of the water bodies and, with it, the biodiversity and land
cover of the Pampean region (Quirds et al., 2002; Taboada et al., 2009; Ferrelli, 2012).

Floods not only alter landscapes over different space-time scales but also provide sudden and
abrupt inputs of water and sediment (Carrivick and Rushmer, 2006). Floods are also related to changes
in social, economic and land use conditions (Kwak and Kondoh, 2008). The use of efficient climate
forecasts and knowledge about the repetition of extreme events are the basis for planning the
management of water resources (Labraga et al., 2011), control policies and early warning of risks. These
studies can also provide valuable information as to how effective management actions have been in
mitigating effects of anthropogenic land use (Sankey et al., 2018). In short, the objective of this study
is to demonstrate how the topographic conditions associated with a dune system located in the Buenos
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Aires Province determine the characteristics of the extension, permanence, and recurrence of floods in
the region.

2. Study area

Southern South America, particularly the central-western region of Argentina, shows an
extensive Quaternary aeolian cover (Zarate and Tripaldi, 2012; Contreras et al., 2018; Mehl et al., 2018),
known as the Mar de Arena Pampeano (Pampean Sand Sea) (Iriondo, 1990; Tripaldi et al., 2018), where
stabilized dune fields are common and potentially reflect drought variability in the Late Quaternary
(Tripaldi and Forman, 2007). These dune systems comprise a large variety of dune morphologies and
occur in a variety of environmental settings under different climatic conditions, from humid-subhumid
to semiarid-arid (Tripaldi and Zarate, 2016). An important part of these dunes was locally reformed in
the past 100 years, which apparently coincides with intensified agrarian use and drying in the late 19"
and early 20™ century (Tripaldi and Forman, 2007). The shallow lakes in the Pampean region record
water run-off, as well as are affected by the wind action, whose predominant direction is from the north
and have a wide range of intensities. These dynamics were associated with pronounced droughts
followed by floods, likely because of a marked seasonality in the annual precipitation regime and a
regionally unstable environment (Stutz et al., 2014; Mehl et al., 2018). The study area covers 21,040
km? in the central-western region of Buenos Aires Province (Fig. 1), described by Dangavs (2005) as:
“sandy Pampa, which lacks drainage, with abundant troughs in interdune depressions in an N-NE
direction and relicts of old drainage ditches”. The fact that the region is crossed by dunes, that hinder
the runoff, is one of the factors that determine the development of surface drainage (Taboada et al.,
2009). This region has smooth slopes (Quiros et al., 2002), is made up of a large plain with a smooth
regional gradient from west to east, the average of slopes is 25 cm per km (Taboada et al., 2009). The
regional hydrography is characterized by a diagonal system of stagnant waters with a remarkable
alignment of its shallow lakes and waterlogged areas. This system contains shallow lakes as reservoirs
associated with the longitudinal dunes, partly active due to current removals and, in part, strongly
devastated in fixed or semifixed sandy areas, that may continue approximately along the 61°30' W
meridian, following the sinuous course of old drainage lines. Throughout this region, numerous basins,
mostly small, are often only flooded during prolonged rainy periods, arranged in wavy lines distributed
like a string of beads (Frengiielli, 1956).

At the S and SW there is a parabolic dune field of approximately 20,200 m* with a SW-NE
orientation in which agricultural and livestock activities are developed. The width of the dunes ranges
from 2 to 5 km, whose heights range between 2 and 6 m. Like the longitudinal dunes there are shallow
lakes, with an average length of 200 m in normal periods, dry completely or occupy the entire interdune
sector, reaching a maximum length of 6 km (Contreras et al., 2018). The water bodies in this region
were characterized by Quirds and Drago (1999) as a shallow, whose depth average range between 0.7
and 7.3 m. Consequently, these strong morphometric changes represent potential flood risks,
considering that it is an area of great agricultural exploitation and that, in many cases, these buckets are
over the boundaries of the peri-urban areas of the different localities of the region. Finally, this field
dune field is divided into Eastern (wet) and Western (dry) sectors separated by the 650 mm isohyet.

The region is characterized by a temperate climate, with significant climate variability, where
the occurrence of long periods of floods and droughts affect the availability of water resources. Most of
the region receives a range of precipitation between 650 and 1,100 mm/year (Aliaga et al., 2017) and
presents a NE-SW precipitation gradient (Tripaldi et al., 2018). This regime of precipitation can also
amplify the role of vegetation as an active agent in the sandy landscape evolution (Duran et al., 2008).
Regionalization of the Pampean climate in the Buenos Aires Province carried out by Aliaga et al. (2016),
according to its rainfall regime and temperature distribution, indicates that the study area is located in
the humid subregion. Within this subregion, annual precipitation is higher than 650 mm, and moving
water is often the dominant natural process shaping the land surface (Charlton, 2007; Liu and Coulthard,
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2015). The annual precipitation shows a marked seasonality of high rainfall during the autumn (March-
April) and spring months (October-November), whereas winter is the dry season. This average
difference is inherited from the inter-annual variability in rainfall across the region (Barrineau et al.,
2019). This zone is affected by extreme precipitation and drought events with variable duration and
intensity. In the last 50 years in Argentina, a succession of severe droughts and significant flood periods
occurred, all of them affecting both the economic activities and the number of shallow lakes that
characterized the area. These events included the plain areas, where the dynamics of water resources are
directly related to the regularity, intensity, and frequency of rainfall. On the other hand, during dry
events a decrease in the cultivated areas and an increase in aeolian erosion processes were observed
(Aliaga et al., 2016).

The shallow lakes in this region are not located in an environmentally protected area, therefore
its resources are anthropically exploited, although in many cases in low use. Furthermore, from the
trophic standpoint, they were characterized as very variable, from eutrophic to hypertrophic and has
been found high biomass of their biotic communities, with a variable abundance of piscivore,
planktivore (with a predominance of Odontesthes bonariensis) and filtering fishes (Quirds et al., 2002).
The fauna present in these shallow lakes is in turn affected by both the annual climatic seasons and
drought and flood periods. In droughts have been documented generalized fish mortalities, while in
periods with positive hydric regimes have been found algal blooms and high abundance of fish (Quirds
et al., 2002).
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Figure 1. Study area and comparison between water bodies and dunes a) Argentina and Buenos Aires
Province. b) Delimitation of dune fields. c¢) Longitudinal dunes. d) Parabolic dunes. Modified from LANDSAT
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3. Materials and Methods

To analyze wet and dry conditions, we used the Standardized Precipitation Evapotranspiration
Index (SPEI), which takes into account both precipitation and potential evapotranspiration in its
formulation to expresses the water supply-demand relationships in order to understand for climate
change influences (Vicente-Serrano et al., 2012).

The SPEI is a drought index that incorporates the effect of evapotranspiration on drought
analysis to identify changes in water demand. The SPEI was computed at 1 (month) and 12 (annual)
timescales using a 34 years-long monthly. The monthly values (SPEI-1) allow knowing the distribution
and the percentage of occurrence of extreme events during the year, while the annual values (SPEI-12)
allow intra-annual comparisons during the study period. The datasets have a spatial resolution of 0.5°
by 0.5° and were extracted for grid point in Lat. -35.75 and Long: -62.25. For drought analysis, the
grading is similar to the SPI with drought categories as: extreme (SPEI > - 2.0), severe (-1.5 < SPEI <
- 1.99), moderate (-1.0 < SPEI <-1.49) and near normal (1.0 < SPEI <-1.0).

The spatial analysis of 31 satellite images over the period (1986-2017) and its relationship with
the SPEI 12-month made it possible to make a comparison of the study area during extreme events of
flood and drought. To determine the role that dunes play in the distribution and morphometric
characteristics of the shallow lakes that characterize the area during extreme events, two historical cases
of flood and drought were selected. The LANDSAT 5 TM Path/Row 227/85 image (corresponding to
12/16/2008) was used for the extreme drought event, while the image LANDSAT 8 OLI Path/Row
227/85 was employed for the extreme flooding event corresponding to 13/03/2017.

The distribution and number of shallow lakes in both years were determined by a combination
of bands 4-5-3 for the LANDSAT 5 TM image, while 5-6-4 for the LANDSAT 8 OLI image, both
generated in ArcGIS 10.1 (Odriozola and Contreras, 2016). The use of this methodology was chosen
based on the least amount of errors that are generated in the unsupervised classification using the
IsoClusters tool of ArcGIS 10.1. The results were represented cartographically.

Morphometric variables of the shallow lakes were estimated through the comparison of both
years. The studied variables were surface area and lake density. The lake density is defined as the area
occupied by lakes in a region, referred to as the total area and expressed as a percentage. The SPEI-12
was used to determine their relationship to lake density.

The topographic description was made based on the 90m SRTM image corresponding to the
study area. Once the digital elevation model was generated, topographic profiles were generated using
Path Profile spatial analysis tool of the Global Mapper 19.1 software. Flooding and flood models were
generated using the Water level tool of the Global Mapper 19.1. The determination of the topographic
characteristics corresponding to the dune area and its possible responses during extreme flood and
drought events was carried out using 1 m of water level increase with the water level increase tool.

4. Results and Discussion

The intra-annual analysis of SPEI 1 has shown that in the study area there is a predominance of
extreme floods over extreme droughts. On the other hand, the highest humidity values are distributed
from spring to autumn, but mainly between late summer and early autumn (Fig. 2). This situation is due
to the predominance of winds from the N and NE coming from the South Atlantic anticyclone, which
contributes humidity to the region. On the other hand, extreme drought events are found in the winter,
at which time the SW winds from the South Pacific Ocean predominate, characterized by being cold
and dry.
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Figure 2. Annual distribution and percentage of occurrence of extreme flood and drought events. Period
1984-2017.

The comparison of SPEI 1 between 2008 and 2017 shows significant differences in both extreme
events (Fig. 3). Although the year 2017 was characterized by extreme floods, this event was fueled by
the manifestation of the El Nifio phenomenon during 2015 and 2016, according to information from the
National Oceanic and Atmospheric Administration (NOAA, 2020). In this sense, the water-saturated
soils, added to the abundant rainfall during 2017, generated the overflow of the shallow lakes, which
have a limited capacity for water retention, mainly those located to the S and SW of the study area.
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Figure 3. Comparison between SPEI I values for the years 2008 and 2017

On the other hand, in the first half of 2008, mainly during April, the values of SPEI 1 were
inverse to those of 2017. This is not a minor fact since an extreme drought event was manifested at the
same time than an increased annual rainfall and during the month with the greatest recurrence of the
expected occurrence of extreme flood events. Subsequently, during June, in both years there was a slight
trend towards extreme drought events; however, they remain within normal values until September,
when a rebound was observed. In this case, in 2017 reaches severe flooding events again, allowing water
to enter in the region.
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In summary, these results evidence that, in the study area, the precipitations registered during
the first quarter of the year, determine the hydrological levels of the water bodies, being significant the
influence of the winds from the NE to the continental interior, mainly for the western portion of the
study area.

In the region of parabolic dunes (Fig. 4), the magnitude of the floods did not change in relation
to the low percentage of lake density in extreme flood events. However, the response of the lake density
between the longitudinal dunes and the eastern parabolic dunes, except for the difference in values, was
similar because both dune systems are in a more humid sector of the study area.

The western parabolic dunes, being in a more arid sector, only exceeded 10 % in lake density
in the most extreme years of flood events with a difference of 30 years. The limited recurrence of
extreme flood events could explain the lack of investments in storm drainage works in the region, which
is why, in the floods of 2017, the channeling was done privately and without impact studies, which
generated numerous legal conflicts, as will be explained later.

Comparing the distribution of floods to the north of the study area between 2008 (driest year of
the period) and 2017 (last year of extreme flooding), the shallow lakes were aligned following the
orientation of the longitudinal dunes in both meteorological conditions of flood and drought. Towards
the south, in the period of drought, surface water was basically absent in the area (Fig. 4). In the wet
period (2017), large flooded areas were observed (Fig. 5), which allowed the establishment of a
boundary between the elongated shallow lakes within the longitudinal dunes to the north and significant
extensions of small shallow lakes interdunes to the south (Fig. 5).
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Figure 4. Distribution of shallow lakes and ponds in the central west of Buenos Aires Province during an
extreme drought event, December 2008. Delimitation of the area of longitudinal (LD) and parabolic (PD)
dunes in the study area.
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Figure 5. Distribution of shallow lakes and ponds in the central west of Buenos Aires during an extreme flood
event, March 2017. Delimitation of the area of longitudinal (LD) and parabolic (PD) dunes in the study area.

Lake density (Table 1) was employed to compare the total study area into sub-regions (Fig. 4):
the sector of longitudinal dunes and the sector of parabolic dunes, which in turn is subdivided into
eastern areas (more significant presence of shallow lakes) and western areas (drier). Therefore, the water
fluctuation of the landscape could be estimated from the values of lacustrine density in both events and,
on this basis, to establish temporal and spatial comparisons.

Table 1. Comparison between the occurrence of shallow lakes and ponds during extreme events of drought and
flood in the center-west of Buenos Aires (years 2008 and 2017, respectively)

Area 2008 2017
km? km? % km? %
Study area 21,040 6,928 33 14,389 68
PD Total 9,017 732 8 4,592 51
PD Eastern 5,358 584 11 4,106 77
PD Western 3,659 147 4 486 13
LD 12,023 6,196 52 9,797 81

The longitudinal dunes sector has more stable conditions regarding the temporality and
extension of its lakes. In contrast, the shallow lakes associated with parabolic dunes, which are
particularly sensitive to changes in environmental controls (e.g., temperature, precipitation, and wind
regime) and human disturbances (Yan and Baas, 2017), present a rapid response and, therefore, would
act as sentinels in scenarios of change, both current and future.
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The longitudinal dunes allow channeling and temporary connections between the depresions
seen in the landscape with the reappearance of ponds in extreme flood events, which accommodate
excess water and can achieve considerable size (Stanistreet and Stollhofen, 2002). There are no overflow
processes, or they are reduced and, therefore, the flooded or waterlogged surfaces are smaller (Fig. 5).
On the contrary, the interdune area of the parabolic dunes is extensive (reaching values of up to 6 km?)
and flat, which enhances the processes of overflow and waterlogging of the shallow lakes, and
consequently, large areas of flooded ground are generated during heavy precipitations.

Aeolian dune-field patterns reflect the complex external environment within which the pattern
evolves (Ewing and Kocurek, 2010; Yan and Baas, 2017) and are sensitive to climate change (Xu et al/,
2015) over a wide range scales (Ewing et al., 2015). In this case, regions with different type of dunes
(parabolic and longitudinal) show essential differences in terms of the number of lakes or the area
covered by water or floods in the interdune areas. These lake fluctuations can be associated with
subdecadal variability (Forman and Pierson, 2003). The differences found are related to the levels of
moisture availability (Bullard and Livingstone, 2002) and the amount of rainfall in the wet period. The
study area is located in the transition zone between dry and humid climates of the Pampean region
(Aliaga et al., 2016), separated by the 650 mm isohyet. During extreme flood events, this limit shifts to
the SW, incorporating the western parabolic dune sector into the wet region. On the contrary, in extreme
drought events, the limit displaces towards the NE, which results in the shallow lakes of the eastern
parabolic dunes sector drying out completely; during such periods the longitudinal dunes maintain a
higher number of permanent shallow lakes, being within the humid region.

The highest percentage of lake density occurred in the longitudinal dunes, coinciding with a
very strong flood event in 1987 (Fig. 6). Subsequently, the flood peaks reached 20 %, a number that
reversed in 2004, with heavy investments in projects of storm drainage engineering towards the Salado
River basin, in direction to the NE. According to the Ministry of Economy of the Argentine Republic,
more than 300 US million dollars were invested in rural areas to prevent future floods (UCOFIN, 2012).
After that date, a decade associated with aridity began, only increasing the values of lake density to 15
% during the first months of 2017, where abundant rainfall occurred.
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Figure 6. Comparison of lake density between the three regions and the SPEI 12. In brown, the longitudinal
dunes field, in yellow, the field of eastern parabolic dunes, and in green, western parabolic dunes field.

In 2014, Argentina returned to a wet period with abundant rainfall during 2015 and 2016
associated with "El Nifio" phenomenon that lasted until mid-2017 when droughts returned (Figure SPEI
12). During the wet period in the study area, we observed significant differences in the landscape, mainly
in the density and area of the shallow lakes. In such a small area, we distinguished how the rainfall and
the landforms (the dunes type) condition the distribution, density, and expansion of the water bodies.
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The quantitative analysis of both satellite images in the wet period allowed us to calculate the
total area corresponding to lakes and ponds as well as the flooded areas (Fig. 7). On 15/01/2014, there
were 8,626.92 km?® of water in the region, where 60 % corresponded to shallow lakes and ponds and the
remaining 40 %, to flooded areas. On 10/30/2014, the water inundated region covered 21,573.89 km?,
where 59 % belonged to shallow lakes and ponds, and the rest to flooded areas.
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Figure 7. Comparison between water bodies and flooded areas in the study area between 2008-2017.

The results of the comparisons between the two dates and between the geomorphological
regions reveal even more significant differences. On 01/15/2014, of the 8,626.92 km* with shallow lakes
and flooded areas, only 303.45 km? belonged to the parabolic dunes’ region, and of that surface, 72 %
corresponded to flooded environments. The remaining 28 % were water bodies, i.e., before the wet
period started, 91 % of the water in the study area was in the humid wetland region. Ten months later,
the area with shallow lakes and flood increased to 23,506.65 km?, where 92 % corresponded to the sector
of the longitudinal dunes and the remaining 8 % to the parabolic dunes. Although the proportions
between the areas of shallow lakes and the waterlogged sectors are maintained for longitudinal dunes
(60 % shallow lakes and 40 % waterlogged sectors), the most significant differences are those of the
parabolic dunes, where the area goes from 28 % in January to 49 % of water bodies in October and the
remaining 51 % to flooding areas. In summary, whereas in the humid, aligned dunes region, the
landscape responded to flood events with an increased water-covered ground, the patterns that dominate
the landscape remained the same. In the region of parabolic dunes with a drier climate, the changes are
more significant, generating substantial landscape changes associated with the water-covered ground.
Undoubtedly, it is a complex situation, since environments that vary so much in short periods expose
the population to issues most associated with the risk of flooding (Contreras and Paira, 2016).

In the longitudinal dunes, the greater availability of water, in addition to the channeling of the
interdune areas, allows the development of agricultural activities in the higher interfluvial areas (Fig.
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1c), leaving the waterlogged areas for livestock exploitation. On the other hand, parabolic dunes have
important implications for land use as vegetated dune fields often carry significant socio-economic
activity (Yan and Baas, 2017). Therefore, the landscape with parabolic dunes and a drier climate allows
for agricultural activities to be carried out on both the dunes and the interdune areas. The use of these
sectors with higher risk is not only linked to larger farms, but it is also due to the presence of fine
sedimentary material in the soil composition that provides more nutrients than the poor soils on sandy
dunes.

Changes in these types of systems have many local environmental and economic impacts (Xu
et al., 2015). In this region, as a result of these socio-environmental interactions, the most significant
flood damages in agriculture will be found in the parabolic dunes region. Although the levels of the
overflow of the shallow lakes or the increase in the water level are inferior to that of the longitudinal
dunes, the floods are sufficiently significant to harm an annual harvest (Fig. 1d).

Postdepositional modification of dune morphology is primarily a result of erosion by rain and
wind, bioturbation and human disturbance (Ivester and Leigh, 2003). Under certain conditions, parabolic
dunes may be transformed into other dune morphologies (Yan and Baas, 2017), including longitudinal
dunes (Meurisse et al., 2005). In this study area, abundant and frequent precipitations erode the crest of
the parabolic dunes, leaving the disposition of their arms in the landscape and generating the longitudinal
dunes characteristic of the region (Contreras et al., 2018). In the parabolic dunes sector, extreme drought
events are more frequent and, therefore, the water bodies dry up completely. On the surface of the dry
interdune areas, a large quantity of loose fine sediments rebuilds the parabolic dunes when transported
by the wind (Contreras et al., 2018). The parabolic dunes remain active due to either anthropogenic
pressure or prolonged drought (Yizhaq et al., 2007).

Sand dunes can deflect and confine flows, dam and divert water courses, and thus, determine
the position of many contemporary depressions and channels (Maroulis ef al., 2007; Liu and Coulthard,
2015). In accordance to these effects, the DEM and topographic profiles of both types of dunes (Figs. 8
and 9) showed that the lakes in the longitudinal dune area (Fig. 8) have channel-like shapes and, in
general, the interdune area are permanently inundated. In contrast, in the parabolic dunes area, the lakes
are only filled during floods (Fig. 9).

The sedimentary records in dune systems and their related geomorphic forms respond to
climatic and environmental changes (McLaren et al., 2009; Thomas and Bailey, 2019). Dangavs (2005)
correlated the degree of eutrophication of shallow lakes in relation to age. Shallow lakes occupying
older (Pleistocene) depressions are deeper; therefore, they tend to have higher water transparency and
presence of macrophytes. On the other hand, in depressions formed during the Holocene, lakes are
shallower and either turbid or directly dry during drought periods.

During events of extreme drought in the region, there are significant socioeconomic
consequences, such as the reduction in the area of crops and pastures as the area occupied by bare ground
increases and so does evaporation (Ferrelli, 2012). In addition, the effects of this phenomenon are
observed in a reduction of the depth of the shallow lakes (Quirds et al., 2002). In contrast, an increase
in rainfall generates an extension of the cultivated area, an increase in drinking water for the inhabitants
and an increase in lake surface area (Sosnovsky and Quiros, 2006; Ferrelli, 2012) as well. If this increase
exceeds the load capacity of these shallow lakes, flooding and waterlogging processes begin.

In summary, the topographic profiles help to explain why the two dune landscapes do not
originate the same responses during the same extreme event, despite being very close to each other. The
region of parabolic dunes is in a latent state of vulnerability to the occurrence of floods. The topographic
differences are observed in both the windward and the leeward sides of the dunes, where we perceived
that the water level on one side was two or three meters higher than the other (Fig. 9b). The crest of the
dune would act as a barrier or natural dam, preventing the passage of water to the next interdune area,
considering that there is a general slope with direction W-E.
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Figure 8. a) Location of cross section A-A'in the DEM. b) Topographical profile of the area of longitudinal
dunes and distribution of shallow lakes with their respective water levels during extreme events of drought
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Figure 9. a) Location of the cross-section B-B' in the digital elevation model. b) Topographical profile of the
parabolic dunes and distribution of shallow lakes with their respective water levels during extreme drought
and flood events.
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In this framework, in mid-2017, different localities were affected by flooding, in both urban and
rural areas. Stakeholders proceeded to reduce the inundated zones by clandestine ditches and channels
(InfoCielo, September 20, 2017). Thus, they opened up a way through the dunes, in the same way as in
other areas worldwide —especially in those that have been fixed due to agricultural activities and recent
engineering projects (Zeng et al., 2018). This allowed the circulation of water from one interdune area
to another, generating an extraordinary increase in the water levels registered, even surpassing historical
values.

It is not the first time that districts in the region have come into conflict because of floods, and
in this occasion, the municipality of Trenque Lauquen filed a criminal complaint against the
municipality of Daireaux (Fig. 1) and, at the same time, made a formal complaint about clandestine
channels to the Water Authority of Buenos Aires Province. In the meantime, the municipality of Trenque
Lauquen stopped the drainage by closing the passage of water (InfoCielo, September 20, 2017). These
social conflicts caused by emergency actions carried out without contemplating any possible
environmental impacts are persistent in locations at risk and could even affect those communities who
were not under any risk.

The severity and complexity of the water crisis are, for Somlyody and Varis (2006), due to
sectoral response management and responses to crises and problems without a predictive attitude and
systematic approach, among other things. The flood events that occurred in the west of Buenos Aires
Province during 2017 was a clear example of a lack of territorial planning and management that included
the geographical variables, both human and natural. The management of the early warning occurrence
of, for example, floods should not be focused strictly on climatic variables because, as it has been shown,
differences in the topographic conditions of a place can result in reducing or enhancing the risk.

5. Conclusions

Buenos Aires Province has witnessed extreme flooding and drought events through historical
times; however, in recent years, due to climate variability, the events characterized by heavy rainfall are
increasingly recurrent. In this study, we show how topography increases the risk of flooding, shortage
of drinking water, stakeholder conflict, etc. The same precipitation event does not affect limiting areas
in the same way, due to the presence of geomorphological differences.

The development of aligned longitudinal dunes allows the channeling of the shallow lakes
overflow in flood events while contributing to the water permanence during droughts. However, the
parabolic dunes respond inversely, in extreme drought events the interdune areas are arid, whereas in
flood events the overflows of the shallow lakes occupy large areas of the landscape that contains them.
Furthermore, these dunes constitute a natural barrier to the general slope W-E that, when crossed by
engineering works (in many cases clandestine), flood events take on historical dimensions.

Using the map with the distribution and variability of precipitations in the Pampean region and
the distribution of dunes as a reference, it was possible to verify that both, the longitudinal and the
eastern parabolic dunes are within the humid region, whereas the western parabolic dunes are in the dry
one. The 650 mm isohyet displacements determine the presence of shallow water bodies, such as semi-
permanent puddles.

Predictions about flooding or drought risk are crucial for the management of a region affected
by climate variability and with certain topographic features. The need for territorial management that
provides adequate guidelines on how to mitigate natural disasters are needed. A systematic view of flood
vulnerability is the key to minimizing the adverse effects these events bring with them.

This paper determines how three aspects linked to flood risk converge in a relatively small area
but present significant differences: 1.- Climatic characteristics: longitudinal dunes in the NE have larger
and recurring precipitations, and their water elasticity varied considerably between the years of extreme
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moisture and drought in comparison with the SW area, which is more arid and where flood events
occurred after 30 years; 2.- Types and distribution of geoforms: aligned dunes generate more channeled
floods, simulating river runoff, while parabolic dunes create large flood areas similar to shallow lakes
or ponds; and 3.- Anthropic intervention: strong investments against the reduction of flooded areas in
the aligned dunes has reduced more than half the lake density during extreme flood events. In contrast,
the reduced or lack of works in the region of parabolic dunes led not only to floods similar to those that
occurred 30 years ago, but in turn led to illegal engineering works, further aggravating the situation
generated by the natural disaster.
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