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Abstract

The understanding of the hydrology of plain basins may be improved by the combined
analysis of rainfall-run-off records and remote sensed surface moisture data. Our
work evaluates the surface moisture area (SMA) produced during rainfall-run-off
events in a plain watershed of the Argentine Pampas Region, and studies which hydro-
logical variables are related to the generated SMA. The study area is located in the
upper and middle basins of the Del Azul stream, characterized by the presence of small
gently hilly areas surrounded by flat landscapes. Data from 9 rainfall-run-off events
were analysed. MODIS surface reflectance data were processed to calculate SMA
subsequent to the peak discharge (post-SMA), and previous to the rainfall events
(prev-SMA), to consider the antecedent wetness. Rainfall-run-off data included total
precipitation depth (P), maximum intensity of rainfall over 6 hr (Il6max), surface run-
off registered between the beginning of the event and the day previous to the
analysed MODIS scene (R), peak flow (Qp), and flood intensity (IF). In contrast with
other works, post-SMA showed a negative relationship with the R. Three groups of
cases were identified: (a) Events of low l6max, high prev-SMA, and low R were asso-
ciated with slow and weakly channelized flow over plain areas, leading to saturated
overland flow (SOF), with large SMA; (b) events of high 16max, low prev-SMA, and
medium to high R were rapidly transported along the gentle slopes of the basin,
related to Hortonian overland flow (HOF) and low post-SMA; and (c) events of
medium to high I6max and prev-SMA with medium R were related to heterogeneous
input-antecedent-run-off conditions combined: Local spatial conditions may have
produced HOF or SOF, leading to an averaged response with medium SMA. The inter-
actions between the geomorphology of the basin, the characteristics of the events,
and the antecedent conditions may explain the obtained results. This analysis is
relevant for the general knowledge of the hydrology of large plains, whose functioning

studies are still in their early stages.
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1 | INTRODUCTION

The analysis of surface water dynamics is essential to understand the
processes involved in the hydrological response of watersheds. Those
processes are the result of complex interactions between land use,
soil properties, antecedent conditions, and rainfall characteristics
& Taboada-Castro, 2012).

Hortonian overland flow, saturation overland flow, and throughflow

(Rodriguez-Blanco, Taboada-Castro,
are recognized as the mechanisms by which rainwater reaches streams
(Dingman, 2015). Topography is a key controlling factor of these
hydrological mechanisms: It is involved in the development of soil
and, as a consequence, in its vegetation cover, which are closely
related to surface run-off potential (Dunne, Moore, & Taylor, 1975;
Mc Donnell, 2013; Smith & Goodrich, 2005).

Hydrology of large plains differs considerably from that of hilly and
mountainous areas. Although the components of the hydrological
cycle are the same in both areas, their interaction and relative impor-
tance are different (Paoli & Giacosa, 1983). Extensive plains are charac-
terized by the presence of shallow local depressions instead of a clearly
developed river network (Dalponte et al., 2007). When these areas are
affected by floods, water is accumulated in such depressions and
moves very slowly as sheet flow. This is a consequence of the low mor-
phological energy-content of this hydrological system, due to the low
regional slopes, and the vertical movement of water dominates over
its horizontal movement (Kovacs, 1983; Kruse & Zimmermann,
2002). Thus, infiltration and evapotranspiration are the main mecha-
nisms by which most of the water discharges (Varni, Usunoff,
Weinzettel, & Rivas, 1999).

Argentine Pampas Region is a plain of over 1.5 million km?, with
lands of high fertility and productivity (Quiroz Londofio, Romanelli,
Lima, Massone, & Martinez, 2016). There, 90% of the country's grain
production takes place (Magrin, Travasso, & Rodriguez, 2005), and
48% of the cattle stock is raised (Canosa, Feldkamp, Urruti, Morris, &
Moscoso, 2013), because it is the most productive rain-fed and the
strongest economic region of Argentina (Holzman, Rivas, & Bayala,
2014). In this region, there are gently hilly areas which occupy a small
portion with respect to that occupied by plains: only 13% of the region
(Mateucci, 2012). Thus, these areas are of local importance on hydrol-
ogy, with well drained and sloped landscapes where water outflows
horizontally in a river network. Run-off from these areas reaches the
neighbouring plains and vanishes or moves over the surface and
contributes to increase water storage, evapotranspiration, or water
outflows by connections between overflowing depressions (Aragén,
Jobbagy, & Viglizzo, 2010; Dalponte et al., 2007). The Pampas Region
is periodically affected by large floods. When flooded, some depres-
sions discontinue their agricultural production and temporarily become
sites for wildlife. Thus, the study of the dynamics of areas under humid
conditions is of special interest for land use decision makers from
different points of view.

The joint analysis of different hydrological variables improves the
understanding of the hydrological functioning of an area (Latron &
Gallart, 2008; Wu & Liu, 2015). The application of satellite imagery
for detecting surface water has been widely used worldwide with dif-
ferent purposes: floodplain and wetland inundation mapping (Chen,
Huang, Ticehurst, Merrin, & Thew, 2013; Huang, Chen, & Wu, 2014;

Klein et al., 2014), hydrologic model calibration (Khan et al., 2011), or
to detect the changes in water bodies areas (Baker, Lawrence,
Montagne, & Patten, 2007; Rokni, Ahmad, Selamat, & Hazini, 2014;
Varni, Entraigas, Migueltorena, & Comas, 2013). However, the rela-
tionships between remote sensed data for run-off events and the cor-
responding hydro climatic registered variables have not been
frequently analysed. In this sense, Frazier, Page, Louis, Briggs, and
Robertson (2003) related wetland inundation to river discharge,
whereas Hamilton, Sippel, and Melack (2002) and Papa, Prigent, and
Rossow (2008) related the monthly flooded area to river stage in large
plain basins.

The objectives of this work are to assess the surface moisture area
(SMA) generated during rainfall-run-off events and to analyse which
hydrological variables are related to the moisture area in a plain basin
of the Pampas Region. In addition, this manuscript discusses the
dynamics of possible hydrological processes in the basin. At a regional
scale, the study area is representative of other non-typical hydrological
systems associated with plain areas of the world. At a local scale, the
basin is characterized by the coexistence of a small gently hilly area
with a neighbouring flat landscape which causes a particular hydrolog-
ical behaviour. The hydrological dynamics at this and other comparable
plain areas around the world (e.g., Brazilian Pantanal, Orinoco Llanos in
Colombia and Venezuela, the plains of Manitoba and Saskatchewan in
Canada, the plains at the east of Europe and Western Siberia, and
those located at the east of Australia, among others) is complex and
needs further research and investigation because its understanding is
still not complete (Aragén et al., 2010; Dalponte et al., 2007; Jobbagy,
Nosetto, Santoni, & Baldi, 2008; Scioli, 2016; Viglizzo et al., 2009). This
manuscript discusses the relationships between remote sensed SMA,
and a set of hydrological variables registered or calculated during rain-
fall-run-off events in the watershed, on a daily basis. The results of this
novel analysis for the Pampas Region are considered key for the

adjustment of prediction models implemented by decision makers.

2 | MATERIALS AND METHODS

2.1 | Study area

Del Azul basin is located in the Argentine Pampas Region, between
36°00" and 37°20" S and between 60°15' and 58°45" W. The climate
is temperate humid with an average annual temperature of 14.4°C.
The average annual rainfall is 912 mm and 71% occurs between
October and April.

The study was carried out in the area covered by the upper and
middle basins of the Del Azul stream (Figure 1), which has an area of
981 km?. According to the geomorphology described by Zarate and
Mehl (2010) and to the topography analysed by Sala, Kruse, and
Aguglino (1987), the upper sector of the watershed is located in the
Dominio Serrano (Range Domain), and the middle sector in the Dominio
Extraserrano (Extra-range Domain) of the Del Azul basin. The upper sec-
tor is characterized by watershed divides and valleys. Watershed
divides include two geomorphological units: summits and plain areas.
Summits are between 280 and 400 masl, with slopes which exceed

5%. The plain areas, with average slopes of 0.9%, constitute the
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headwaters of the drainage network, where, in addition, some wet-
lands are located. A shallow loess-like deposit (<1 m) above a calcare-
ous crust—a layer formed by silts cemented by calcium carbonate
locally known as tosca (INTA (Instituto Nacional de Tecnologia
Agropecuaria), 1989)—covers the plain areas. Valleys occupy the area
between the hillsides and the flood plains, where isolated mounds with
gentle slopes constitute secondary watershed divides with a moder-
ately undulating relief. Floodplains are narrow strips along the water
courses, with low relief and poor drainage.

The middle basin is located between the foot of slopes of rock out-
crops and Azul city, which is situated at 130 masl. It is a plain with gentle
hills and slopes ranging from 0.2% to 2%, covered by aeolian sediments
with a thickness between 0.8 and 1 m above a calcareous crust.

Considering the soil cartography of Argentina published by INTA
(Instituto Nacional de Tecnologia Agropecuaria; 1992), Argiudolls and
Hapludolls are the predominant soil classes in the study watershed.
These soils may be shallow in the hilly areas by the presence of rock
or by the calcareous crust previously mentioned. Natraqualfs and
Natracuolls occupy the adjacent area to the water courses. Agriculture
and cattle fattening are the main land uses in the study area. Rotations
include mainly winter crops (wheat and barley), summer crops

(soybean, corn, or sunflower), and pastures in less proportion.

2.2 | Surface moisture area

Moderate Resolution Imaging Spectroradiometer (MODIS)-based

products were analysed and processed to calculate SMA subsequent
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(a) Location of the upper (I) and middle (Il) basin of the Del Azul. Weather stations and flow monitoring station (Seminario), (b) land use

to the peak discharge and previous to the rainfalls which caused the
run-off events, to consider the antecedent wetness. The products
the

Administration's Earth Observing System Data and Information System

were acquired from National Aeronautics and Space
(http://reverb.echo.nasa.gov/reverb). Those included scenes of the
product MYDO9GQ version 5: daily MODIS/Aqua surface reflectance
at 250-m resolution (provides estimates of the surface spectral reflec-
tance corrected of atmospheric scattering and absorption), level 2G.
This product includes surface reflectance for Band 2 (near-infrared or
NIR, 841-876 nm bandwidth) and Band 1 (Red, 620-670 nm band-
width). This medium spatial resolution is appropriate for analyses at
regional and local scales (Hansen, Townshend, DeFries, & Carroll,
2005; Holzman & Rivas, 2016; Holzman, Rivas, & Piccolo, 2014). In
addition, the daily temporal resolution of this product increases the
chances of finding cloud-free images coinciding with the rainfall-run-
off events.

The main advantages of reflectance-based methods estimating
SMA are (a) mature technology and (b) high spatial resolution in com-
parison to other types of sensor (e.g., microwave instruments). How-
ever, the main disadvantages are (a) no data availability under cloudy
sky and (b) limited ability to penetrated vegetation canopy and soil
(Petropoulos, Ireland, & Barrett, 2015). On the other hand, microwave
methods are robust techniques to estimate surface soil moisture. How-
ever, the main limitation is the coarse spatial or temporal resolution.
Also, there are other issues as surface roughness effect, low penetra-
tion depth in saturated, or near-saturated soils (Li, Crow, & Kustas,

2010; Njoku & Entekhabi, 1996).
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The relationship between reflectance in different bands of the
electromagnetic radiation spectrum and surface soil moisture has been
studied extensively (e.g., Gao et al., 2013; Lobell & Asner, 2002).
Several studies have demonstrated that reflectance in the solar spec-
trum domain decreases with soil moisture increase, and this property
has been used to estimate soil moisture (Ahmad, Zhang, & Nichols,
2011; Ghulam, Qin, Teyip, & Li, 2007; Jensen, 2007; Milfred & Kiefer,
1976; Weidong et al., 2002).

Also, diverse works show that the longer the wavelength in the
optical domain (400-2,500 nm), the better potential to detect soil
moisture (e.g., Sriwongsitanon et al., 2015; Zhu et al., 2010). Thus,
Band 2 (NIR) is an appropriate alternative to identify not only moist soil
but also flooded areas (Amani, Parsian, Mirmazloumi, & Aieneh, 2016;
Brakenridge & Anderson, 2006; Gao et al., 2013). It is important to
note that the surface horizons of dominant soils in the study area are
well-structured clay loam and silty clay loam soils. Thus, near surface
soil moisture has influence on surface soil moisture, associated with
capillary action, and so, in surface reflectance (Holzman, Rivas, &
Piccolo, 2014).

Band 2 data were selected to calculate the SMA. Nine scenes
which were coincident with run-off events of significant magnitude
were analysed. It should be noted that a possible limitation of the
method to retrieve SMA at 250-m spatial resolution can be the
mixed-pixel effect in small and heterogeneous basins. Considering this
aspect, only events registered during autumn or winter were selected,
because during these seasons, according to Varni, Entraigas, and Ares
(2008), the watershed is predominantly under fallow or with winter
crops in early stages of growth (Figure 1b). As a consequence, soil cover
with actively growing vegetation is very low, poor hydrologic condition
dominates, and evapotranspiration is low. Thus, the surface condition
of the basin is uniform, and the signal is dominated by low-covered
and bare soil at the analysed scale. The scenes included in the analyses
corresponded to dates previous to rainfall events and subsequent to
the corresponding peak flows registered in the gauging station and
are indicated in Figure 2. Other scenes were processed to consider a
wider temporal trend of surface moisture, which included the available
data during the period between 12 days before the peak of the run-off
events analysed and 6 days after the date of the run-off peak.

To detect surface moisture, an observational threshold criterion
was applied analysing basic statistics of water and moist soil areas.
The chosen surface reflectance threshold value varied between 0.15
and 0.18, considering that all values below it corresponded to free sur-
face water or moist soil. This threshold was consistent with reflectance
values for saturated soils showed in previous works (Fabre, Briottet, &
Lesaignoux, 2015; Tian & Philpot, 2014). A mask containing the values
of interest was built, and the percentage area of surface moisture
previous to the events (prev-SMA, %) and subsequent to the events
(post-SMA, %) were calculated. Because there was no cloud free scene
previous to event number six, whose run-off started on July 13, 2014,

no mask could be built for that case.

2.3 | Rainfall data

The rainfall was measured by six automatic weather stations located

in the study area (Figure 1a). The rain gauges are constructed

according to the World Meteorological Organization, which record
the rain every minute with an accuracy of 0.20 mm through a tipping
bucket recording rain gauge. The rainfall over the watershed was
calculated hourly using the Thiessen polygons method for each rain-
fall associated with a run-off event. This method computes a regional
precipitation value as a weighted average of point measured values
(Dingman, 2015).

The calculated rainfall variables were total precipitation depth
(P, mm) and maximum intensity of rainfall over 6 hr (I6max, mm h™%),
calculated as the maximum of the rainfall averages over 6 hr for each

rainfall event associated with run-off.

2.4 | Run-off data

Stream water levels were registered at Seminario station, located at
the outlet of the middle basin (Figure 1a). The levels were measured
with a pressure sensor every hour. The records were turned into flow
through the stage-discharge rating curve of the section, obtained by
stream discharge measurements conducted with current meters. Total
run-off separation in direct and base flow was performed by applying a
digital filter (Rodriguez, Vionnet, Parkin, & Younger, 2000) based on
one of the methods reviewed by Nathan and McMahon (1990) and
Chapman (1999). The filter removes the high frequency component
of the hydrograph (i.e., direct run-off) and determines the low
frequency component (i.e., the base flow).

The run-off variables considered in this study were surface run-off
registered between the beginning of the event and the day previous to
the analysed MODIS scene (R, mm), total surface run-off calculated
between the beginning and the end of the event (Rt, mm), peak flow
(Qp, m® s71). Flood intensity (IF, m® min™%), which describes the dis-
charge speed to reach the peak flow during a flood event (Oeurng,

Sauvage, & Sanchez-Pérez, 2010), was calculated by Equation 1:

IF = M~, (1)
Tp

where Qb is the baseflow at the beginning of the event (m®s™Hand Tp
is the time to peak (h).

Events over 20 m® s™%, which were considered of a relevant mag-
nitude according to the basin area and the climatic characteristics of
the region, were included in this analysis. Depending on rainfall and
run-off data, and MODIS scenes availability, nine run-off events were
analysed. Figure 2 shows the cases studied in the context of the com-
plete rainfall and run-off data for the years 2012, 2014, and 2015.

2.5 | Statistical analyses

Data normality was assessed using the Shapiro Wilk's test with a con-
fidence interval level of 95% (Di Rienzo et al., 2015). The variables
post-SMA, prev-SMA, P, I6max, R, Rt, and Qp were normally distrib-
uted (p > .05). The flood intensity data did not show normal distribu-
tion (p < .05) and a square root transformation was applied to these
data. The new variable was identified as IFr.

Considering the available data and following the parsimony princi-
ple, the simplest model was selected to describe and explain the rela-
tionships found (Montgomery, Peck, & Vining, 2002): The simple
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FIGURE 2 Daily rainfall and run-off data for the years 2012, 2014, and 2015. The studied cases are identified by the run-off start date (R), and by
the date of the MODIS scenes which were analysed previous to the event (Ma), and subsequent to run-off peak (Mp), followed by the event
number. The corresponding rainfall (P) of each event is also indicated. Soil moisture area (SMA) obtained from MODIS scenes includes the available
data of the period between 12 days before the peak of the run-off events analysed and 6 days after the date of the run-off peak. Run-off data
available for the year 2015 include the period 01/01-27/10
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linear regression models between post-SMA and P, 16max, R, Qp, and
IFr were performed. In addition, the simple linear regressions between
IFr and I6max, Rt and 16max, and R and prev-SMA were analysed, to
explain different aspects of the relationships between post-SMA and
the considered hydrological variables.

The linear regression significance between the variables was
tested, and the models were assessed by the coefficient of determina-
tion (R?). The models were tested for normality of the error terms using
Shapiro Wilk's test with a confidence interval level of 95%. Indepen-
dence of errors and homogeneity of variance of the errors' terms of
the models were analysed with the plot of studentized residuals versus
the fitted values (Myers, 1990).

3 | RESULTS

The main characteristics of the events studied are summarized in
Table 1. Figure 2 also shows total precipitation of each analysed case
and SMA values obtained. The events included a variety of conditions
in relation with minimum and maximum values of rainfall, its intensity,
and run-off response.

The SMA subsequent to the peak discharge (post-SMA) showed
values above the mean (11.3%) in four of the nine examined situations.
Figure 3 shows the SMA previous to the events (prev-SMA) and the
post-SMA obtained for three scenes corresponding to the dates with
maximum and minimum post-SMA and the case with the closest value
to the calculated average post-SMA.

Most of the analysed cases corresponded to 2012 and 2014
autumns-winters, seasons with rainfalls of 91.1 and 106.1 mm, respec-
tively, which are above the 30-year seasonal mean (56 mm). These par-
ticularly rainy seasons generated overflows of different magnitude
which affected Azul city in three times during 2012 (18/05/2012;
17/08/2012; 23/08/2012).

Considering the linear regression models performed (Table 2), the
identified post-SMA showed negative and statistically significant linear
relationships with the run-off registered between the beginning of the
event and the day previous to the MODIS scene analysed subsequent
to peak discharge (R; p < .05). Surprisingly, SMA was smaller during
events with high run-off than during those with low run-off and peak
flows recorded at the outlet of the basin. The relationship between R
and prev-SMA showed the same trend (Table 2).

TABLE 1 Mean, maximum and minimum values of the variables
analysed for the nine studied events in the watershed of the Del Azul.

Variable Minimum Maximum Mean
post-SMA (%) 1.4 23.1 11.3
prev-SMA (%) 0.43 19.6 10.3
P (mm) 353 141.9 70.9
I6max (mm h™?) 2.8 10.7 57
R (mm) 3.2 36.7 15.3
Rt (mm) 3.5 36.9 9.8
Qp (m®s? 3.5 36.9 17.5
IFr (m*? min"¥/?) 0.48 2.7 15

The model between post-SMA and peak flow (Qp) also showed
negative trend with statistical significance (p < .05), but the residuals
were not independent and did not show homogeneous variance. The
linear relationship between post-SMA and IFr was not statistically
significant (p > .05).

The post-SMA also showed a negative linear relationship with the
maximum intensity of rainfall over 6 hr (I6max; p < .05), but post-SMA
and precipitation did not show a statistically significant linear relation-
ship. In addition, statistically significant relationships between IFr and
lémax and Rt and Iémax were found, with normally distributed and
independent residuals, and of homogeneous variance. These relations
suggest the relevance of 16max in the speed of water transport within
the basin and on run-off response (Nu-Fang, Zhi-Hua, Lu, & Cheng,
2011; Shi, Yan, Li, Li, & Cai, 2010).

4 | DISCUSSION

The negative linear relationships between post-SMA and R and
between R and prev-SMA are notable. The maximum intensity of rain-
fall over 6 hr and its effect on run-off and its speed of transport along a
basin with a particular geomorphology may be key factors involved in
those negative relationships. The antecedent wetness may have also
conditioned the response found by interacting with 16max, as it is
analysed below. The post-SMA did not show clear statistical relation-
ships with the hydrological variables Qp and IFr. Only the variable IFr
will be considered to discuss the mentioned negative trends, as it is
highly correlated with Qp (Pearson correlation coefficient of 0.99,
p < .05).

Some authors found positive relationships between water-satu-
rated area and river stage in plain basins of Siberia (Papa et al.,
2008) and the north and centre of South America (Hamilton, Sippel,
& Melack, 2004) considering monthly data of several years. Accord-
ing to their hydrological dynamics, these watersheds are regularly
subjected to seasonal inundation. In contrast, the watershed under
study is characterized by the occurrence of floods not regularly pre-
dictable, where humid periods are followed by droughts or by others
without flooding conditions, but not in a regular seasonal pattern
(Kuppel, Houspanossian, Nosetto, & Jobbagy, 2015; Scarpati &
Capriolo, 2013). In relation with this particular tendency, our study
was carried out at individual events scale, to understand which vari-
ables contribute to the hydrological response of the events evaluated
in terms of the SMA. In our case, making a monthly analysis using
data of several years would have masked important events which
may cause overflows and that are of critical interest for the region.
In addition, this watershed has a particular geomorphology, in which
plain areas coexist with gentle slopes. This characteristic combined
with the variables that influence run-off response and the underlying
processes which generate run-off may explain the negative relation-
ships between water-saturated area and river stage, as it is discussed
below.

The interaction between the rate of input, the storage, and the
hydrological response may guide the identification of the dominant
processes which contribute to run-off generation (Spence, 2010).

Hortonian overland flow takes place when rainfall rate surpasses
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the associated surface run-off (R, mm) and (indicated by circle size): (a) the surface moisture previous to the beginning of each event (prev-SMA), (b)
the maximum intensity of rainfall over 6 hr (I6max), (c) the square root of the flood intensity (IFr). Images of pre-SMA (i) and post-SMA (ii) are

included: 1) maximum area (i: 22/04/2015; ii: 08/05/2015), Il) minimum area (i: 11/05/2012; ii: 23/05/2012), lll) the case with the closest value to

the calculated average area (i: 31/08/2014; ii: 10/09/2014)

TABLE 2 Linear regression models, included variables, model coefficients, performance, and assumptions including the adjusted regression
coefficients. Each linear model was tested for normality, independence and variance homogeneity of residuals

Linear regression models

Model's assumptions

Variable Regression coefficients

Dependent Independent Slope of regression line Intercept
Post-SMA P -0.07 16.20
Post-SMA 16max -1.81 21.57
Post-SMA R -0.48 18.62
Post-SMA Qp -0.05 17.77
Post-SMA IFr -5.08 18.75

IFr 16max 0.29 -0.18

Rt 16max 4.19 -6.29

R Prev-SMA -1.20 28.54

the infiltration capacity of soils (Mishra & Singh, 2003). Saturated
overland flow results from the saturation of the surface soil horizon
as a consequence of the presence of a subsurface horizon of lower
hydraulic conductivity or from the rise of a shallow water table
(Pilgrim & Cordery, 1993). Dingman (2015) points out differences
in run-off generation mechanisms according to peak run-off rates.
Montgomery and Dietrich (1995) also report different run-off mech-
anisms under different wetness conditions. Dry previous conditions
are, in general, related to Hortonian overland flow, whereas
saturated overland flow is related to wet previous conditions
(Lana-Renault, Regliés, Serrano, & Latron, 2014; Saffarpour,
Western, Adams, & McDonnell, 2016; Smith & Goodrich, 2005).

Linear regression Residuals' Independence

significance normality and variance
homogeneity

p value R? p value of residuals

>.05 0.11 >.05 Not satisfied

<.05 0.46 >.05 Satisfied

<.05 0.59 >.05 Satisfied

<.05 0.47 >.05 Not satisfied

>.05 0.41 >.05 Not satisfied

<.05 0.74 >.05 Satisfied

<.05 0.71 >.05 Satisfied

<.05 0.54 >.05 Satisfied

Smith and Goodrich (2005) express that both mechanisms may occur
in the same watershed and even at a same point in a watershed.
Meanwhile, Orchard, Lorentz, Jewitt, and Chaplot (2013) discuss that
overland flow is a consequence of the interactions between different
spatially variable factors (rainfall intensity, evapotranspiration,
soil moisture patterns, land use, etc.). Thus, this leads to the
coexistence of the run-off mechanisms at different sites of a basin
during the same event and/or between different events (Saffarpour
et al., 2016).

Considering the data set analysed and the relationships shown in
Figure 3, three groups of cases defined by combined values of rate

of input (analized by rainfall intensity), antecedent condition (analized
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by the previous SMA), and hydrologic response (in terms of surface

run-off) may be defined:

a. events of low rainfall intensity, high antecedent moisture, and low
run-off (events 2, 4, 6 and 9);

b. events of high rainfall intensity, low antecedent moisture, and
medium to high run-off (events 1 and 5);

c. events of medium to high rainfall intensity, medium to high

antecedent moisture, and medium run-off (events 3, 7 and 8).

During events of high antecedent moisture and low rainfall
intensities, run-off at the outlet of the middle basin showed the low-
est values with the lowest flood intensities that indicate that run-off
flowed slowly down the basin. Then, water had a longer overland
residence time in comparison with the other events. This increased
the infiltration potential and water storage. In addition, shallow soils
in the area had more chances to become saturated. According to the
low peak discharges and low rainfall intensities, Dingman (2015) and
Latron and Gallart (2008) related events of these characteristics to
saturated overland flow. The plain areas and wetlands of the basin
expressed their storage capacity in these cases: Paoli and Giacosa
(1983) pointed out that in areas of low regional slopes, every little
pond and depression act as reservoirs that diminish the volume of
surface water to run-off. This favours the expression of retention
and detention of plain areas and wetlands, in addition to weakly
channelized water flow. The response during these events associated
with the geomorphological characteristics contrasts with the high
run-off reported by Latron and Gallart (2008) in a Mediterranean
watershed with humid climate and mean slope of 25.8% under previ-
ous wet conditions. These authors also reported large saturated
areas within the watershed, registered by visual observations. In
our case, according to Orchard et al. (2013), the plain areas and wet-
lands at the headwaters combined with the events characteristics
and the previous conditions may have been important in the genera-
tion of saturated overland flow. In addition, the increment of the
humid area of riparian zones and temporal path flows, which was
studied by Ares et al. (2016) in the approach of hydrological and sed-
imentological connectivity in the upper basin of the Del Azul stream,
may evidence the occurrence of this mechanism. Thus, these situa-
tions evidence the particular water dynamics in the basin, supported
by the highest surface moisture values obtained after peak discharge,
above 10% of the area.

Events of low antecedent moisture and high rainfall intensity
were associated with medium to high run-off magnitude and IFr.
These events were rapidly transported along the gentle hillslopes in
the upper and middle basins to the water course by the drainage
network and water stayed during short times on land surface. In
these cases, rainfall intensity commanded a quick and channelized
water output from the basin, and water did not stay in the water-
shed to increase wetness; therefore, the area of surface moisture
remained low.

Janzen and McDonnell (2015) and Saffarpour et al. (2016) also
reported significant run-off under dry previous conditions with high

rainfall intensities in watersheds of humid climate and slopes of

23.3% and between 2% and 50%, respectively. In this sense, Janzen
and McDonnell (2015) pointed out that under low antecedent mois-
ture, high accumulated rainfall or high rainfall intensities are the neces-
sary conditions to generate high run-off. However, in the studies
conducted by Latron and Gallart (2008), small run-off depths were
registered under the same conditions, but they also found no saturated
area in the catchment.

Events 1 and 5 may be associated with Hortonian overland flow,
in relation to their high run-off peaks (Dingman, 2015), high rainfall,
and flow intensities. Low vegetation cover and shallow soils may
have favoured the generation of this mechanism. Bare or almost bare
land surface occupies a relevant surface during autumn and winter in
the study area (Varni et al., 2008), the seasons under analysis. Thus,
vegetation cover, which prevents soils from sealing by raindrop
impact, is reduced. Seals and crusts decrease infiltration and enhance
Hortonian overland flow (Kirkby, 2005). In studies conducted in the
upper basin of the Del Azul stream, Ares, Chagas, and Varni (2014)
pointed out the relevance of land cover to control run-off: The
authors obtained average final infiltration rates of 34.3 mm h™! for
bare soils and 115.5 mm h™?* for soils under no tillage covered by
wheat stubble in 100%, during rainfall simulations. Dry antecedent
conditions may favour the sealing process as dry soil aggregates
show higher aggregate detachability than humid aggregates
(Vermang, Demeyer, Cornelis, & Gabriels, 2009), which was corrobo-
rated for the Del Azul basin soils. In the same area previously
mentioned, Ares et al. (2016) registered important erosion signs
(seals and rills) as a consequence of event 1 which was related to
high discharge and IFr. Hueso-Gonzdlez, Ruiz-Sinoga, Martinez-
Murillo, and Lavee (2015) reported the occurrence of Horton's flow
in dry bare soils of Spain, under high rainfall intensities which
originated quick and sharp run-off responses.

The third group of events is associated with more heterogeneous
input-antecedent conditions than the cases in groups 1 and 2 and
response results in medium run-off with medium saturated area and
high flood intensity.

The dominating run-off mechanism within a watershed is the
result of the combination of land slope, soil vegetation cover, soil
type and thickness, and local distribution of meteorological factors
(Spence, 2010). The heterogeneity of landscape topography is
indeed recognized as a key factor contributing to differences in
run-off generation mechanism (Allan & Roulet, 1994). In addition,
Spence (2010) pointed out that the interaction between the spatial
distribution of landscape units and topography controls the storage
of the basin and the necessary connections to run-off generation.
Thus, the available data up to now may indicate that the conditions
registered during these events may have led to a spatially variable
run-off response related to the interactions between the particular
geomorphological characteristics of the basin, the previous surface
moisture conditions, and the differences in rainfall intensities. There-
fore, it is probable that some areas produced Hortonian overland
flow and some others saturated overland flow, under local spatial
conditions comparable to those described for groups 1 and 2,
respectively. Then, some areas may have generated large discharges,
and others low discharges. This spatial variability of factors, which

determines the coexistence of different run-off mechanisms, has
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been reported by Lana-Renault et al. (2014), who pointed out that
consequently the local hydrological responses are complex under
these conditions. As a result, the final run-off response at the outlet
of the catchment, of medium magnitude in comparison with the
other events analysed, may be an average of those spatially variable
responses and is associated with medium SMA after peak
discharges.

The performed analyses suggest that run-off response and the
associated moisture area in the study area are dependent not only
on antecedent moisture or maximum rainfall intensity but also on
the interactions between these factors with the geomorphology of
the landscape. These interactions may determine the predominance
or the combination of Hortonian overland flow and/or saturated
overland flow. In coincidence with Saffarpour et al. (2016), it is also
important to highlight the existence of run-off processes induced
not only by previous wetness but also by rainfall intensity, not fre-
quently reported in previous works for humid areas under agriculture.
In this sense, our results contribute to the understanding of the coex-
istence of different run-off mechanisms and may be also important
from the perspective of the modelling of these processes together,
a topic of current interest in hydrology (Li & Sivapalan, 2014; Wang,
Chen, Bao, & Zhang, 2017).

5 | SUMMARY AND CONCLUSIONS

This manuscript studies the relationships between SMA extracted
from satellite images analysis and a set of hydrological variables cor-
responding to individual rainfall-run-off events registered in a plain
basin of the Argentine Pampas Region. In contrast with previous
studies, which were carried out at a monthly scale, the relationship
between the surface moisture retrieved from daily MODIS surface
reflectance data and the run-off of the events associated with the
scenes subsequent to peak discharges showed a statistically signifi-
cant negative linear relationship. Likewise, the relationship between
the surface moisture and maximum rainfall intensity over 6 hr
showed the same trend. In addition, the square root of the run-off
intensity and lémax was positively related, which indicates that
rainfall intensity is associated with the speed of water output from
de basin.

The joint analyses between rate of input-antecedent condition-
hydrological response contributed to identify the predominant run-off
mechanisms during the events. These mechanisms, in relation to the
particular geomorphological characteristics of the basin, helped to
explain the negative relationships between post-SMA and R. Events
of low rainfall intensity, high antecedent moisture, and low run-off
were possibly associated with saturated overland flow. In these cases,
water transport was slow: The buffering effect of plain areas and
depressions became important and flow run weakly channelized, water
stayed longer on the land surface, and added to the water already
stored in the watershed. As a result, a large SMA remained after peak
discharge.

During events of high rainfall intensity, low antecedent moisture
and medium to high run-off Hortonian overland flow may have

prevailed. In these cases, rainfall intensity induced a quick and

channelized transport of run-off down the hillslopes, high IFr, and sur-
face water permanence for short periods. This response was associ-
ated with that of sloped watersheds, and the conditions described
may have determined the small SMA.

Events of medium to high rainfall intensity, medium to high ante-
cedent moisture, and medium run-off were related to more heteroge-
neous input-antecedent-run-off responses than the previous cases.
Thus, it is possible that local spatial conditions may have produced
Hortonian overland flow or saturated overland flow leading to an aver-
aged response as a result of the local variability along the watershed.
Therefore, medium SMA was detected.

This work shows the first analysis of these relationships for the
region. Considering the method used to obtain SMA, it should be
noted that although the surface reflectance of soil moist and flooded
area is a physical property, threshold to define SMA can vary according
to soil types, slopes. That threshold should be checked in the area
where the method will be implemented.

According to our results, it is important to mention that the
incorporation of future data may evidence possible non-linear trends.
However, this first interpretation of the relationships is considered
essential to improve the understanding of the complex hydrological
dynamics of basins where gently slopes coexist with neighbouring
plain lands. These hydrological systems show highly variable
responses corresponding to floods not regularly predictable.
Thus, the examples reported in our work may be particularly inter-
esting in the context of climate change. Besides, the analyses carried
out are key to the development of the hydrological modelling of
plain watersheds, which needs a comprehensive vision of these
systems to explain their particular dynamics. Finally, our work is
relevant for the general knowledge of the hydrology of large plain
areas around the world, whose functioning studies are still in their

early stages.
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