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What does it take to flood the Pampas?: Lessons from a decade
of strong hydrological fluctuations
S. Kuppel’, J. Houspanossian, M. D. Nosetto?, and E. G. Jobbagy'

1Grupo de Estudios Ambientales, IMASL-CONICET/Universidad Nacional de San Luis, San Luis, Argentina

Abstract while most landscapes respond to extreme rainfalls with increased surface water outflows,
very flat and poorly drained ones have little capacity to do this and their most common responses include
(i) increased water storage leading to rising water tables and floods, (ii) increased evaporative water losses,
and, after reaching high levels of storage, (iii) increased liquid water outflows. The relative importance of
these pathways was explored in the extensive plains of the Argentine Pampas, where two significant flood
episodes (denoted FE1 and FE2) occurred in 2000-2003 and 2012-2013. In two of the most flood-prone
areas (Western and Lower Pampa, 60,000 km? each), surface water cover reached 31 and 19% during FE1 in
each subregion, while FE2 covered up to 22 and 10%, respectively. From the spatiotemporal heterogeneity
of the flood events, we distinguished slow floods lasting several years when the water table is brought to
the surface following sustained precipitation excesses in groundwater-connected systems (Western Pampa),
and “fast” floods triggered by surface water accumulation over the course of weeks to months, typical of
poor surface-groundwater connectivity (Lower Pampa) or when exceptionally strong rainfalls overwhelm
infiltration capacity. Because of these different hydrological responses, precipitation and evapotranspiration
were strongly linked in the Lower Pampa only, while the connection between water fluxes and storage was
limited to the Western Pampa. In both regions, evapotranspirative losses were strongly linked to flooded
conditions as a regulatory feedback, while liquid water outflows remained negligible.

1. Introduction

Flooding is a natural process in flat continental and coastal landscapes, and a key component of the hydro-
logical connectivity ensuring the water-mediated transport of energy, matter, and living organisms, and
ecological processes and features [Heiler et al., 1995; Pringle, 2001]. Yet, because they also affect infrastruc-
ture and agricultural production ecosystems (e.g., crops and pastures), flood events are commonly seen as a
hazard, potentially jeopardizing local economies, transportation networks, and human life [de Loe, 2000; Vig-
lizzo and Frank, 2006].

Very flat sedimentary regions with low topographic gradients and poorly developed drainage networks pre-
clude the surface drainage of excess water (i.e., precipitation inputs exceeding evapotranspiration) often
have relatively stagnant hydrological systems that lead to shallow water tables and long-lasting floods [Fan
et al., 2013]. While in well-drained and sloped landscapes enhanced liquid water outflow is the most imme-
diate response to rainfall excesses, stagnant systems are more likely to respond with (i) increased water stor-
age leading to rising water tables and floods, (ii) higher evapotranspirative water losses favored by higher
water storage and availability and, at very high levels of water storage, (iii) enhanced liquid water outflows
favored by the surface water connectivity [Aragon et al., 2010]. The relative importance of these three hydro-
logical pathways significantly determines the timing, duration, and extent of flood episodes, with strong
ramifications on ecosystem functioning (e.g., evapotranspiration is linked to primary production), biogeo-
chemical balances (e.g., liquid outflows are associated with nutrient and salt exports), and atmospheric feed-
backs (e.g., flooded area affects surface energy exchange processes).

Extended flat landscapes show low horizontal water transport as a result of low surface runoff and slow
groundwater fluxes that become dominated by local-to-intermediate-scale flow paths [Toth, 1963]. Hence,
the water balance of these systems is primarily driven by precipitation and evapotranspiration, while the
fluxes of groundwater (GW) and its connection with surface water (SW) are highly dependent on the
hydraulic conductivity and texture/porosity of soils [Brunke and Gonser, 1997; Ferone and Devito, 2004; Kollet,
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2009]. In landscapes with shallow groundwater, the degree of GW-SW coupling affects in turn the genera-
tion of flood events and the behavior of regional water storage (response (i) above). High GW-SW coupling
will first result in GW recharge until water tables get close enough to the surface to emerge and increase
the area of surface water bodies, while low GW-SW coupling will result in a more rapid flooding before infil-
tration and GW recharge take place. These two idealized extreme responses can be seen as triggering, in
the first case, slow flood episodes lagging behind strong rainfall periods, while the second case would cause
faster flood appearance and retraction with a notable hysteresis between GW and SW dynamics.

In landscapes that are usually nonflooded, precipitation inputs directly control soil moisture and evapo-
transpiration through both bare soil evaporation [Chen and Hu, 2004] and plant transpiration [Baldocchi and
Xu, 2007; Chen et al., 2008]. Yet, where water tables are shallow soil moisture is also influenced by ground-
water dynamics [Kollet, 2009; Soylu et al., 2011], and this can have positive or negative effects on evapo-
transpiration rates. Obvious enhancing effects are related to the increased water availability for both direct
soil evaporation and plant transpiration. However, inhibiting effects can arise as well if water excesses
hinder plant transpiration through waterlogging and root anoxia [Beltrao et al., 1996; Rathore et al., 1998;
Nosetto et al., 2009], increased soil salinity [Nosetto et al., 2013], and die-off or lack of successful establish-
ment of cultivated vegetation [Viglizzo et al., 2009]. The net effect on evapotranspiration will thus depend
on vegetation tolerance to salinity and waterlogging, and on the extent to which direct evaporation from
moist or waterlogged soils can compensate for reduced transpiration [Moffett et al, 2010]. Although we
expect that increased evaporative losses will occur in surface water-covered areas, the surrounding flood-
free landscapes of the plains in which water tables are closer to the surface may result in either negative or
positive net changes in their evapotranspirative losses. Finally, extreme flooding can favor the coalescence
of surface water bodies, triggering long-distance runoff and surface water drainage out of the flooded
region (response (iii) above) as more commonly seen in humid sedimentary plains like the Amazon basin
[Richey et al., 1989].

The Argentine Pampas are subhumid eolian plains that experience large episodic flood events covering a
significant fraction of the landscape for months or even years [Moncaut, 2001; Aragén et al., 2010]. Several
regions around the world share this particular topographic/climatic setting, including the Pantanal (Brazil)
[Hamilton, 2002], the Orinoco Llanos (Colombia and Venezuela) [Hamilton et al., 2004], the plains of Mani-
toba and Saskatchewan (Canada) [Jobbagy et al., 2008], the Great Plains of Hungary [Jobbagy et al., 2008],
and Western Siberia [Biancamaria et al., 2009]. Extending over more than 600,000 km? the Pampas are
mostly covered by annual crops that have displaced cultivated pastures and native grasslands [Hall et al.,
1992; Viglizzo and Frank, 2006; Baldi and Paruelo, 2008]. However, the reciprocal influences of land use and
environmental hazards, such as floods, have hindered a harmonious combination between ecosystem con-
servation, human well-being, and efficient farming in this highly productive region [Viglizzo et al., 2009;
Nosetto et al., 2009, 2012]. As the agricultural use of these arable lands is expected to further intensify in
response to increasing global food demand and trade [Paruelo et al., 2005], careful land management strat-
egies must consider the peculiar hydrological behavior of very flat regions.

The understanding of flood dynamics at large spatial and temporal scales in extremely flat sedimentary
regions like the Pampas is still in its early stages [Viglizzo et al., 2009; Aragén et al., 2010]. The continuous
emergence and improvement of remote-sensing tools has allowed a more systematic detection of floods
and surface waters dynamics [Brakenridge, 2014]. In a portion of the Western Pampa, a first attempt that
combined surface water area, level and stock estimates together with precipitation data provided the first
quantitative characterization of a single flood cycle (1996-2005) and its associated water balance shifts [Ara-
gon et al., 2010]. Yet, the yearly resolution and limited temporal and spatial extent of this study did not per-
mit evaluation of the timing of floods in response to extreme rainfall episodes, to compare different
subregions of the Pampas or distinct flooding cycles, or to ultimately assess the relative importance of the
three hydrological responses (i, ii, and iii). In this study, we characterize the dynamics of floods throughout
the entire Pampas region of Argentina for a period of nearly 14 years that encompassed at least two major
flooding cycles. Based on multiple remote sensing tools, we link these floods to water inputs (precipitation),
outputs (evapotranspiration), and storage (total water mass and groundwater levels) to evaluate to what
extent slow, groundwater-driven floods or fast, surface water-driven floods prevail. We also explore the rela-
tive importance of landscape water storage (i), evapotranspiration (ii) and surface drainage (iii) in balancing
water excesses in the region.
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Figure 1. (a) Recurrence of surface water cover in the Argentine Pampas at 500 X 500 m? resolution, expressed as the relative time span
under flooded conditions throughout the period from March 2000 to December 2013. The lowest class corresponds to a permanent
absence of flooding, as detected by MODIS. The next highest class includes any pixel covered by water at least in one MODIS period (8
days) and up to 5% of the time (254 days). (b) Maximum surface water cover (SWC) at GRACE resolution (1° X 1°) during the same time
period. The focus regions are delimited by the dashed red (Western Pampa) and blue (Lower Pampa) lines.

2. Material and Methods

2.1. Study Region

The study region encompasses most of the Argentine Pampas (Figure 1), a large plain covering approxi-
mately 600,000 km? with low elevation (<200 m) and regional topographic gradients (typically less than a
0.1% slope) [Kruse and Zimmermann, 2002; Viglizzo et al., 2009]. Rainfall in the region decreases from NE to
SW, gradually shifting from a relatively even distribution throughout the year to spring-summer-
concentrated rain events [Magliano et al., 2014]. Several subregions can be identified in the Pampas, with
the most relevant ones in terms of extension and flooding incidence being the Western Pampa and the
Lower Pampa (the latter term being preferred to Flooding Pampa—also found in the literature—to avoid
confusion). While both regions share a common eolian sedimentary origin [Zarate, 2003], the Western
Pampa displays a stronger imprint of wind a deposition on its soils and landforms with widespread dune
landscapes, sandy to sandy loam materials, and high density of water bodies in the lower portions of the
landscape [Iriondo, 1990; Imbellone and Giménez, 1998]. The Lower Pampa has experienced a strong influ-
ence of fluvial forces that reshaped many of the original eolian landforms [Tricart, 1973]. Being further away
from the Andean dust sources than the Western Pampa, the Lower Pampa received slightly finer sediments
with a higher proportion of silt [Zarate, 2003]. In both regions, subsurface soil horizons with finer texture
and secondary calcite formation are common, particularly in lowlands, resulting from illuviation of current
and past soil formation cycles, and the spatial extension, thickness and impermeability of these soil horizons
is higher in the predominant natric soils of the Lower Pampa [Krohling, 1999]. The stream and river network
in both regions is very poorly developed [Drago and Iriondo, 2004], yet the Lower Pampa shows more per-
manent water courses, particularly the lower leg of the Salado River that flows into the Atlantic Ocean. Due
to a higher proportion of waterlogged and salt-affected soils [Lavado and Taboada, 1988], the Lower Pampa
has a lower fraction of its territory devoted to annual crop cultivation than does the Western Pampa [Baldi
and Paruelo, 2008].

2.2, Remote Sensing of Surface Water Cover

The surface water coverage data were estimated at 500 X 500 m? resolution with a temporal resolution of
8 days, from 6 March 2000 to 27 December 2013, using the scenes h13v12 and h12v12 of the standard
black-sky shortwave albedo product from the MODIS BRDF/albedo product (MCD43A) [Lucht et al., 2000;
Schaaf et al., 2002]. Based on a reference water albedo value of 0.06 for solar elevation angles greater than
30° [Gao et al., 2006], which is much lower than the albedo of the typical land cover in the landscape
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(grasslands, crops, and fallow lands) [Loarie et al, 2011; Gao, 2005], we applied a simple observational
threshold criterion, fixed to 0.09, below which each pixel is considered as covered by water. The MODIS-
derived estimate of water-covered pixels was also spatially aggregated to provide the surface water cover
(SWCQ), expressed in percentage of the corresponding area. To improve the accuracy of our SWC estimate,
we calibrated our estimates performed in the two focus regions, using LANDSAT data with higher resolution
in the same fashion as Aragén et al. [2010] from 2000 to 2011 (see supporting information Text S1).

2.3. Other Data Sources and Analysis

The terrestrial water storage (TWS), which is the total vertically integrated water stored above and below
the Earth’s surface, is provided by the Gravity Recovery And Climate Experiment (GRACE) land data [Swen-
son and Wabhr, 2006; Landerer and Swenson, 2012]. We used the three RLO5 solutions releases of the 1° X 1°
near-monthly products from April 2002 to December 2013, provided by the Center for Space Research at
the University of Texas at Austin (CSR), the Jet Propulsion Laboratory (JPL), and the German Research Centre
for Geosciences (GFZ), to which were applied the scaling factors (provided along with the data sets) com-
pensating for signal modification from sampling and post processing of the original data [Landerer and
Swenson, 2012]. Finally, we averaged the three data sources to derive a mean TWS record—then spatially
aggregated over both focus regions, as this approach allows reducing the noise within the available gravity
field solutions [Sakumura et al., 2014]. Note that the two 60,500 km? wide focus regions (see section 3.1) are
smaller than the characteristic GRACE footprint (200,000 km?) [Longuevergne et al., 2010], calling for a cau-
tious, somewhat qualitative interpretation of the TWS variation and its relation with the other components
of the water cycle.

The Tropical Rainfall Measuring Mission (TRMM) provides estimates of precipitation based on remote-
sensing observations, covering a global belt (180°W-180°E) between latitudes 50°S and 50°N [Kummerow
et al., 1998]. We used the TRMM Multisatellite Precipitation Analysis (TMPA) product generated with version
7 of the 3B42 algorithm, which incorporates a post real-time calibration and merging with monthly rain
gauge data [Huffman et al., 2007, 2010]. The 3B42V7 precipitation estimates, originally with 3 h and 0.25° X
0.25° resolution, were aggregated to daily data for the period covering 1 March 2000 to 31 December 2013.
We evaluated the accuracy of these estimates, finding good agreement with in situ precipitation measure-
ments (see supporting information Figure S2). Evapotranspiration (ET) was estimated from an empirical for-
mula derived from the methodology of Di Bella et al. [2000], calibrated for the Pampas

_ —88.3439+1.77636 - (0.02 - T;—273)+286.406 - NDVI

ET ,
30

(M
expressed in millimeters per day with resolutions of 8 days and 1 X 1 km? Ts is the level-3 MODIS daytime
land surface temperature in Kelvin (MOD11A2 product), and NDVI is the Normalized Difference Vegetation
Index derived from the surface reflectance bands of the MOD09Q1 product. This ET estimate was preferred
to the MODIS evapotranspiration product (MOD16A2) [Mu et al., 2011] because the former compared much
better to ET values brought by other independent studies [e.g., Nosetto et al., 2015] than the MODIS-based
ET did, as it significantly underestimates evapotranspiration in the Pampas region. Importantly, it should be
kept in mind that the ET estimate used in this study was only applied in nonflooded areas, with water-
covered pixels being excluded from regional averaging.

Lastly, an estimate of monthly groundwater depth (GWD) covering the 2000-2013 time period was recon-
structed at the regional scale based on the long-term records available at six sites (Table 1). Because of the
location of the monitoring wells, the regional GWD estimate is only considered representative of the West-
ern Pampa, and therefore used for the analysis of this subregion alone. To this end, we used as primary
information the GWD monthly variation, given that all sites did not share the same measurement periods
and dates, and that the absolute levels of GWD are strongly dependent on the elevation and location of
each well in the local landscape (valley, hilltop, etc.), but their temporal level shifts are not and display simi-
lar patterns across sites. At each site, GWD variation rates from one record date to the subsequent one were
calculated and converted to monthly rates, excluding any intervals longer than 2 months. For each month
of the calendar from March 2000 to December 2013, GWD variation rates were averaged across sites to gen-
erate a unique time series. Finally, the regional absolute GWD time series was obtained by propagating the
regionally averaged GWD variation rate from April 2000 backward (to March 2000) and forward (until
December 2013), taking the cross-site-averaged monthly GWD at this date as a reference since all sites have
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Table 1. Study Sites Used for Long-Term Groundwater Level Measurement (2000-2013)*

Site Longitude (°) Latitude (°) Elevation (m) Wells
Catrillo —63.45 —36.40 131 3
General Pico (Linea 1) —63.73 —35.68 134 7
Intendente Alvear —63.70 —35.31 131 16
La Paz —61.86 —36.50 117 1
Quemu Quemdu —63.58 —36.05 121 3
Speluzzi —63.80 —35.48 147 7

°For each site, the name, geographic coordinates (decimal degrees), elevation (masl), and number of monitoring wells are indicated.

a recorded GWD value then. Note that a similar procedure had been applied beforehand across the mea-
surement wells of each site—except for La Paz site where there was only one well, so as to avoid giving too
much weight to sites having a large number of wells (Table 1).

3. Results

3.1. Spatial Distribution

While permanent water bodies were very scarce in the Pampas, intermittent ones (i.e., flooded areas) were
widespread and most abundant in the center-north part of the Western Pampa, and in the Salado River
basin in the Lower Pampa (Figure 1a). A few large areas with near-permanent water coverage were identi-
fied, including the Guamini lagoons i (37.0°S, 62.5°W), Hinojo lagoon (36.0°S, 62.5°W), Picasa lagoon (34.3°S,
62.3°W), and Melincue lagoon (33.7°S, 61.5°W) (Figure 1a). A clear WNW-ESE corridor of approximately
700 km, from the western edge of the region to the Atlantic Ocean, encompasses 49.800 km? of territory
that became flooded at least once (Figure 1a). We focused the rest of the study on two rectangular subre-
gions covering about 60.500 km? each and matching GRACE data cells (Figure 1b). In the first one (red
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Figure 2. Region-averaged (a) surface water cover from 6 March 2000 to 27 December 2013, (b) terrestrial water storage from April 2002
to December 2013, and (c) 6 month-accumulated precipitation (PPT) anomaly (current month and the five preceding ones, using March
2000 to February 2014 as the reference period).
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dashed line in Figure 1, 34°S-36°S, 61°W-63°W, hereafter referred to as Western Pampa), 21% of the terri-
tory was flooded at least once and up to 5% of the time. In the second focus region (blue dashed line in Fig-
ure 1, 35°S-37°S, 58°W-61°W, hereafter referred to as Lower Pampa), 25% of the territory was included in
that flooding frequency class. Areas intermittently covered by water more than 5% of the time were much
less common, representing only 7.5 and 4.7% of the Western and Lower Pampa, respectively. Note that the
lower Parana River Delta region, although displaying some of the most significant water body occurrence
and maximum surface water coverage in the study frame, was excluded from our analysis since it is hydro-
logically and geologically disconnected from the Pampas and responds to the Parana River water level fluc-
tuations [see, e.g., Zoffoli et al., 2008].

3.2. Temporal Distribution

In the two focus regions two major flood events could be identified since the beginning of the 2000s (Fig-
ure 2a). The first event (hereafter FE1) started before 6 March 2000, when MODIS data began to be available,
peaking in 2001-2002, and lasting until late 2003. The second event (hereafter FE2) took place over the
course of the year 2012 and the first half of 2013. Flood episodes of lesser importance also occurred in 2007
and during the austral summer of 2009-2010, more markedly in the Western Pampa (Figure 2a).

In addition to its duration, FE1 was the most extensive flood episode with water covering up to 30.6 and
18.5% of the Western Pampa and Lower Pampa areas, respectively (Figure 2a). In the Western Pampa, the
surface water cover remained above 10% for three and a half years (May 2000 to October 2003), with short
drier periods in July 2000 and early 2001. Surface water cover fluctuated around a basal value—by analogy
with the stream base flow definition of Arnold and Allen [1999]—of 14-15% from mid-2000 to mid-2003
with a 2 month long peak in late 2001, when the maximum was reached, and later decreased throughout
the second half of 2003. The temporal dynamics of FET were somewhat different in the Lower Pampa, as
there were at least five distinct peaks of surface water coverage above 13% between August 2000 and
November 2002, lasting only a few weeks, while basal flood coverage remained around 3% during most of
that flooding cycle.

Compared to FE1, FE2 was briefer and less extensive. A first stage could be seen in the Western Pampa with
a moderate cover peak in March 2012 (11%), while the maximum flood extent occurred in late October
2012 (22%), before retracting almost completely by the austral winter of 2013. This flooding cycle was even
more succinct in the Lower Pampa, starting during the austral fall of 2012, reaching its water cover peak in
early September 2012 (10%), and receding by the end of the austral summer in early 2013.

In addition, a significant long-term reduction of the terrestrial water storage was observed following FE1 in
the Western and Lower Pampa (Figure 2b), with a respective decline of 162 and 143 mm from maximum
annual average values (July-June) in 2002-2003 to minimum values in 2012-2013, in coherence with the
larger-scale water depletion reported across the La Plata basin [Chen et al., 2010]. Four stages in the overall
water storage trend could be distinguished: (1) a steep decrease at the end and during the aftermath of
FE1, by 168 mm (Western Pampa) and 146 mm (Lower Pampa) from April 2002 to April 2004, (2) a some-
what stable trend from 2004 to 2007, (3) a decreasing storage from 2008 to 2011, and finally (4) an increas-
ing trend, by 73 mm (Western Pampa) and 76 mm (Lower Pampa) between December 2011 and December
2013. Also, terrestrial water storage displays a marked and relatively regular seasonal cycle in both regions,
with a slightly larger mean amplitude in the Western Pampa (107 mm) than in the Lower Pampa (90 mm).

The time span of both main flood episodes (FE1 and FE2) corresponded to sustained positive precipitation
anomalies in both focus regions (Figure 2c). In the Western Pampa, from the beginning of MODIS record to
the peak of FET the monthly rainfall anomalies summed 453 mm over 20 months, while the 9 month long
ascending phase of FE2 corresponded to an accumulated anomaly of 420 mm. In the Lower Pampa, the
recorded ascending phase of FE1 until the first large peak took 19 months and coincided with by a summed
rainfall anomaly of 548 mm, versus 253 mm within the 7 months of the FE2 buildup. Precipitation excesses
of similar magnitude but with shorter duration were visible in the Western Pampa in 2007 and early 2010,
when minor flood episodes occurred there. In addition, marked variations of water storage appeared to be
a signature of precipitation anomalies (Figures 2b and 2c). In particular, the deep storage valley in 2009 is
synchronous with a strong negative accumulated anomaly reaching 305 and 375 mm (i.e,, 51 and 63 mm/
month on average) in the Western and Lower Pampa, respectively, while a decrease in surface water cover
is also noticeable for the Western Pampa (Figure 2a).
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increase of TWS, (2) August to Septem-
ber 2012: similar increase of TWS (40 mm) with a small increase of SWC, (3) September to November 2012 (no
TWS record available in October 2012): sharp decrease of SWC down to 3% with a slight increase of TWS, (4)
November 2012 to February 2013: progressive decrease of TWS by nearly 70 mm while SWC went back to its
“pre-FE2” value.

The two regions thus differ in the much more hysteretic profile of the SWC-TWS relationship in the Lower Pampa,
where the flooding extent associated to a given water storage was significantly different between the water-
gaining phase and the water-losing phase. For example, in the latter subregion the water storage was roughly the
same in August 2012 and in February 2013 (TWS < 15 mm) but in the first case it corresponded to flooded condi-
tions (SWC = 6.8%) that had almost disappeared in the second case (SWC = 1.3%) (Figure 3b). Note that in most
cases the visible hysteresis loops are clockwise, meaning that the changes in water storage lag behind those of
surface water cover. Finally, in both regions there is a horizontal displacement of the TWS-SWC relationship
between the cloud of points corresponding to FET and that encompassing FE2 (Figure 3). This TWS offset of nearly
100 mm confirms that less water storage was necessary to cause FE2 than FE1, as could be inferred from Figure 2.

3.4. Regional Water Cycles
The correlation analysis between the different components of the water cycle provides insights about the
mechanisms triggering flooding in both regions (Table 2 and Figure 4). In the Western Pampa there was a
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positive but weak association of precipi-
Table 2. Spearman'’s Rank Correlation Factor Between Annual Quantities

(uly-June) From 2000-2001 to 2012-2013° tation to changes in total water storage,
Pair of Variables Western Pampa Lower Pampa a mild coupling between surface and
SWC/TWS S A t9ta| water stocks, and’ a ‘strong associa-
SWC/ATWS 0.164 —0.073 tion of evapotranspiration to water
SWC/PPT 0423 0.599 stocks but none to precipitation (Table 2
SWC/ET 0.890 0.852 . ) )
SWC/PPT-ET O e and Figure 4). This suggests that this
TWS/PPT —0.136 0.136 hydrological system has a relatively
UBIEAET 0.745 0518 weak, perhaps lagged or cumulative,
TWS/PPTET 0427 0218 response to rainfall, while evapotranspi-
ATWS/PPT 0.582 0.309 P Intall, while evap P
ATWS/ET 0.091 0.200 ration depends much more on soil water
ANTREARAHET 0.509 0345 storage than rainfall. Water balance reg-
PPT/ET 0401 0.797

ulation there most likely follows a path
“Significance against the null hypothesis is indicated at p < 0.1 (italic) and involving water accumulation/depletion
p<001 (bold). (response pathway (i), see section (1)
and, with a certain lag, increased/
decreased evapotranspirative losses (pathway (ii)), respectively. Moreover, the robust coupling between total
water storage and the groundwater level in the Western Pampa (Figure 5a) would suggest that belowground
compartments were the main drivers of the TWS dynamics, at least outside of flood events, and that surface
dynamics were linked to those of groundwater. This hypothesis is supported by the fact that the evolution of
the surface water bodies in the Western Pampa was strongly linked to groundwater depth during the whole
study period, although the relationship substantially changed after 2011 (Figure 5b). Indeed, surface water
cover showed a steeper response to phreatic rise and fall (i.e., with negative and positive changes of ground-
water depth, respectively) in 2012-2013 than it did over the 11 previous years.

In the Lower Pampa a faster response of evapotranspiration to precipitation excess seemed to take place.
By comparison to the Western Pampa, the precipitation was mildly related to surface water cover (instead
of total water storage) and strongly to evapotranspiration; the correlation between SWC and TWS was
slightly tighter, and total water storage had nil effect on evapotranspiration while surface water cover
strongly did (Table 2 and Figure 4). In this case, the response pathway (i) to water excesses would be limited
to water accumulation in the shallowest soil layers and at the surface, this storage being itself restricted by
rapid evapotranspirative losses to the atmosphere (pathway (ii)). These mechanisms may reflect that the
more shallow water table levels of the Lower Pampa are always offering water to plants and hence no par-
ticular stimulation of evapotranspiration is seen by increasing water table levels, just the effect of rain. Alter-
natively, more salty soils and groundwater may prevent water table contribution in the Lower Pampa,
making evapotranspiration more responsive to rainfall than to that salty water pool. Moreover, the larger
correlation between surface water cover and total water stock in this subregion (Table 2) would not indicate
larger water transfer between aboveground and belowground compartments, but rather that occasional
surface water bodies play a central role in the water cycle of the Lower Pampa, being the most dynamic

Western Pampa Lower Pampa

Surface water Surface water

Figure 4. Statistically significant connections between the components of the yearly water cycle (left) in the Western Pampa (right) and in
the Lower Pampa: precipitation (blue), evapotranspiration (red), surface water cover (green), and terrestrial water storage (gold). The size
of the black arrows is proportional to the associated Spearman’s rank correlation factor (see Table 2).
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component of the terrestrial water

LX) (A) reservoir. This hydrological picture

. * ¢ is coherent with the relative

E o1t ) . decoupling between SWC and

% . 'R .:' TWS at shorter time scales during

g . . o0 N both flood events in this region

B ol '..o FEY SR . . (Figure 3b), and the pulse-like pro-

g 8 :° Yog o s file of surface water as compared
= & & °

= e e o to that of the Western Pampa: a

g ~ ot o o0, larger number of peaks and a

E -0.1¢ TWS(R_Z_3'8%1,1',?!/33001')222 * O lower basal value of SWC (Figure

« %S 2a).

* The third potential pathway as a

3oy = (B) response to rainfall excesses, sur-

- SWE = 2 203-GID? - 16.03-GWD + 3199 face water outflows, is difficult to

« (R2=0.88,p <0.001) quantify. The definition of the

£ sl \\\ ] fWC :(32'2:7352‘/,\/5:(%6516) exact limits of the river watershed

5 i VT I during flooded periods is very

§ '.?.;\:-_ﬂ NN : uncertain due to the coalescence

% = = :'\'i-\ . \\\A a of water bodies and small water-

q;) 1ol S A o . sheds that would otherwise

& " '-ﬂ'ﬁ\!r- - AA)‘R\‘ behave as closed basins, yet a con-

(’% " ;.i\;i-% BN servative estimate of the basin

—=- 2000 - 2011 il. ‘---i-',‘i areas (which yields an exagger-

0 o 20122013 " ated figure of surface water out-

3 3 flow) can take the rectangular

areas used in our study (Figure Ta),
the latter being located for their
most part in the 150,000 km? wide
watershed of the Salado river
[Gabellone et al., 2005]. Combining flow rate records from stations Junin—where the Salado River exits the
Western Pampa—and Guerrero—where in the Salado River exits the Lower Pampa—(P. Garcia, personal
communication, 2014) gave a maximum drainage of nearly 15 mm/mo from the Western Pampa and
40 mm/mo from the Lower Pampa in November 2001—the highest recorded values in the available 2000~
2004 period, and roughly corresponding to the peak of FE1 in the Western Pampa. Outside these anoma-
lous peaks, the river flow fluctuated around basal flow values corresponding to 3-6 mm/mo. We can thus
deduce that liquid water losses in pathway (iii) remain of secondary importance in the water budget of the
Argentine Pampas, although they can be dramatically increased at the peak of large flood events.

2
Groundwater depth (m)

Figure 5. Depth to groundwater in the Western Pampa, compared with (a) terrestrial
water storage and (b) monthly averaged surface water cover.

4. Discussion

Unlike humid sedimentary plains such as the Amazon or the Fly River basins where repeated seasonal water
excesses (i.e., precipitation larger than potential evapotranspiration) lead to seasonal flooding cycles every
year [Martinez and Letoan, 2007; Swales et al., 1999], the subhumid plains of the Pampas displayed sporadic
pulses of floods that lasted several months or even years, followed by several years without flooding condi-
tions. There, the subhumid climatic setting makes water input and output somewhat balanced on a yearly
basis. Significant water excesses are relatively unusual, yet they can trigger intense long-lasting flood epi-
sodes, as opposed to the more periodical and predictable water balance of the aforementioned humid
regions. For this reason, the onset of floods in the Pampas and other flat subhumid regions may represent
one of the most serious disturbances of both natural and human systems whose adaptation and adjustment
is hampered by the lack of periodicity and hence predictability [Turner et al., 1989].

Two kinds of flood dynamics can be distinguished in the Pampas: slow flood episodes characterized by a
moderate surface water cover lasting several years (e.g., most of FE1 in the Western Pampa), and faster
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flood events showing moderate-to-high water cover for weeks to months (e.g., FE1 and FE2 in the Lower
Pampa). It is important to highlight that even the faster floods described here are much slower than the typ-
ical flashier flood events of just a few days observed in the more sloped territories that cover the majority of
the continental surface. The two flood types that we described for the Pampas may occur in combination,
as was likely the case during the peak of FE1 in the Western part of the plain in October 2001 (Figure 2a).

The fact that floods showed slower dynamics in the Western Pampa is most likely related to the higher
belowground groundwater connectivity, favored by deep sandy sediments, and the lower surface water
connectivity, caused by the blockage of surface flow by the wind-shaped relief of this part of the region
(Figures 3a and 5) [Viglizzo et al., 2009]. By contrast, the sediments of the Lower Pampa are finer and imper-
meable layers are more widespread, lowering belowground connectivity. In addition, Taboada et al. [2001]
showed that the natric soils of the Lower Pampa are subject to swelling-shrinking cycles, resulting from air
entrapment and pressure buildup from above (ponding) and below (groundwater head). When connection
with the atmospheric pressure is reestablished following the evaporation of ponds (usually in Austral
summer), desiccation cracks facilitate groundwater recharge. This particular mechanism may further
enhance the vertical decoupling during flood episodes, while also accelerating flood retraction. As initially
hypothesized, this low coupling between the aboveground and belowground water compartments not
only affected the timing of floods but resulted in hysteretic dynamics in which surface water accumulation
preceded groundwater recharge, and the latter could still take place when surface water cover plateaued or
even dropped, provided that there were sufficient rainfall inputs (Figure 3b). Note that this sequence of
events seems to have even occurred, to a lesser extent, in the Western Pampa during FE2 (Figure 5b), prob-
ably because the precipitation anomaly then was twice that of FE1 (Figure 2c). Lastly, note that the surface
connectivity in the Lower Pampa is higher due to scarcer local topographic barriers for water flow, yielding
an easier coalescence of water bodies during floods (Figure 1a) [Lavado and Taboada, 1988; Chaneton and
Lavado, 1996].

Another consequence of this regional difference in flood dynamics is the quality of flooding water. In the
Western Pampa, the groundwater-driven floods are likely to bring water with high salt content, causing top-
soil salinization after their recession [Taboada et al., 2009]. By contrast, the floods in the Lower Pampa are
somewhat similar to a temporary water table above an impervious natric horizon, so that the rain-fed flood-
ing water does not result in topsoil salinization. The latter, when it occurs, originates from the appearance
of bare ground surfaces after overgrazing and/or land use changes. From this perspective, floods cannot be
considered a disturbance in this region, as they contribute to recover the quality of soils and grasslands
[Taboada et al., 1999; Chaneton and Lavado, 1996].

The duration and the possibility to predict floods in the Pampas depend on the dominant response path-
way of the hydrologic system and the rate at which large precipitation excesses build up. Whether
increased water storage occurs predominantly above (expansion of surface water bodies) or belowground
(water table rise and soil moisture increase) dictates how these two compartments interact and to what
extent slow or fast flooding patterns prevail. In the Western Pampa a storage anomaly of 100 mm over the
arbitrary zeroing of the GRACE records seemed to correspond with sustained flooding (Figure 2b), so that
whenever the region approaches this storage the long-lasting and more devastating slow floods should be
expected following additional water excess, even if the latter occurs at a slow rate. Below such regional
water storages, faster floods can be expected only if additional water excess rapidly builds up, i.e., short and
intense positive precipitation anomalies are required. As new flooding episodes unfold and GRACE data
availability and processing quality improve, early warning of floods in the Pampas will be not only possible
but highly desirable. A more quantitative understanding of storage thresholds and precipitation excess
magnitude and buildup rates is still needed to achieve this goal.

From a historical perspective, both FE1 and FE2 corresponded to largely unusual precipitation excesses in
both regions: over the last century (1911-2013), 2001 and 2002 were among the five wettest years on
record with 200-400 mm above the long-term reference, while the rainfall amount of 2012 was unprece-
dented (430-580 mm of anomaly) (supporting information Figure S3). Also, in the Western Pampa the 3
year accumulated rainfall anomaly reached 917 mm for the 2000-2002 period, i.e., nearly the average yearly
precipitation of the region (not shown). Keeping in mind the limits of this in situ-based analysis (see sup-
porting information section 3), these results seem nonetheless to point to the exceptionality of the rainfall
conditions that coincided with FE1 and FE2, and to the fact that precipitations excesses above 200 mm/yr
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are likely to result in flooding the Pampas. As mentioned in the previous paragraphs, the magnitude of the
flood will notably depend on the pathway taken by the water input, itself influenced by the antecedent
water storage in the region and the intensity of the rainfall events.

The most important water output in the Pampas, evapotranspiration (ET), had a more immediate response
in the Lower Pampa than in the Western Pampa, as suggested by its much higher correlation with precipita-
tion. In contrast, in the Western Pampa, the effect of evapotranspiration seems to be mediated by water
storage, i.e., precipitation excess leads to increased storage and this causes higher evapotranspiration.
These differences between subregions may stem from the larger storage capacity of the Western Pampa as
compared to the Lower Pampa given its higher soil porosity and depth and large water table fluctuations
[Aragén et al., 2010]. Further, the evapotranspiration data used were limited to nonflooded areas which,
despite the large flood events, represent by far the largest portion of the studied regions. Therefore, the
remarkable correlation between annual mean surface water cover and annual evapotranspiration, both in
the Western and Lower Pampa (Table 2), shows that increased regional evaporative losses (pathway (ii)) are
associated with flood events. This negative net feedback—in the sense that it tends to self-regulate water
excess—is mostly the result of enhanced plant transpiration, to which the ET estimation method that we
used is most sensitive, as confirmed by the similar positive correlation between surface water cover and
NDVI (not shown). However, this method provides less information about direct soil evaporation. In spite of
being a secondary component of ET, direct evaporation could push the negative feedback even more since
wetter soils and increased capillary movements of groundwater towards the surface could greatly enhance
this flux [Moffett et al., 2010; Shokri and Salvucci, 2011]. Also, our analysis suggests that when the whole
region is integrated, the possible positive feedback of waterlogging restricting transpiration in lower land-
scape positions, as shown by Nosetto et al. [2009], is likely overwhelmed by the negative feedback of
enhanced water supply to plant transpiration mentioned above. A modeling approach could help quantify
the relative importance of these ET components in flooded and nonflooded conditions and compare them
with the potentially important contribution of evaporation from ephemeral wetlands [Drexler et al., 2004;
Mohamed et al., 2012].

Finally, of the three basic hydrological responses to high precipitation anomalies—which include (i) water
storage, (ii) evapotranspiration, and (iii) surface water outflow—only the first two were significant in the
Pampas. Surface water outflow is surprisingly small in the region as suggested by available flow data for the
Salado River (see section 3.4), although lateral surface water movement at local scale can be an important
driver of water body coalescence [Aragon et al., 2010]. While this could open avenues for an efficient drain-
age network reducing the negative impact of flood episodes on human infrastructures while also benefit-
ting—directly and indirectly—agricultural systems, it should be kept in mind, as mentioned in the
introduction, that floods are a key driver of the ecological balance of riparian and wetland ecosystems.

5. Conclusions

Investigating the flood dynamics in the extensive plains of the Argentine Pampas during the 2000-2013
period, we highlighted two major flood events, in 2000-2003 and 2012-2013, covering up to a quarter of
the 120,000 km? wide focus area. These floods were subsequent to unusually intense precipitation excesses,
and resulted in significantly increased evapotranspirative losses. This feedback might explain the relatively
mild change of total water storage during flood events, given that there were negligible horizontal water
fluxes. Two types of floods dynamics were identified, and there are not mutually exclusive. Slow floods
were primarily driven by large groundwater recharge bringing the water table near to or at the surface,
leading to moderate water cover for several years. Faster floods were triggered by surface water accumula-
tion and could produce an extensively flooded landscape for weeks to months. We also found that water
dynamics substantially differed between the two halves of the study region (Western Pampa and Lower
Pampa), owing to a weak connectivity between aboveground and belowground water compartments in
the Lower Pampa as compared to the sandier soils of the Western Pampa. As a result slow, groundwater-
driven floods occurred only in the latter region, mostly during the 2000-2003 period. Faster, surface-driven
floods were by contrast dominant in the Lower Pampa, but were also found in the Western Pampa when
the exceptional rainfall rates overwhelmed the infiltration capacity. In addition, despite the similarities with
other large floodplains mentioned in the introduction, the Pampas are distinctively characterized by the
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absence of a significant river system, which, associated to extremely low slopes, makes vertical water
exchanges the dominant components of the regional water cycle. As a likely consequence, this subhumid
region shows a strong sensitivity of floods to positive rainfall anomalies, over the course of weeks to a few
months in the Lower Pampa, and at monthly-to-multiannual time scales in the Western Pampa. Finally, the
two distinctive hydrological behaviors identified in the Pampas bear consequences for designing efficient
flood risk anticipation systems: in addition to near-real-time rainfall and surface water monitoring in the
entire region, a more extensive network of phreatic sensors could be of significant added value to warn of
the buildup of stored water in the groundwater-connected landscapes such as the highly cultivated West-
ern Pampa.
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