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ABSTRACT

Since groundwater and surface waters are important components of the hydrological system, determining their interaction is essential
for the efficient management of water resources by predicting the consequences of interference, whether due to the growth of demand
or due to climate change. However, integrated scientific studies on these water resources are scarce, including in the Guariroba’s
Environmental Protection Area, responsible for supplying 31.3% of the Campo Grandem/MS’s population, representing a local
water security element. Thus, this work had as objective to evaluate the interaction between surface-groundwater in an unconfined
sedimentary aquifer system, based on hydrograph separation methodologies of base flow, Flow Duration Curve (FDC) analysis, Master
Recession Curve (MRC) evaluation and verification of the relationship between the surface flow, piezometric levels (PL) of the wells
and the monthly precipitation. The results indicates a proportional relationship between rainfall, superficial flow and PL variations; the
FDC smooth slope suggests that the baseflow is sustained by the groundwater discharge, corresponding to 89% of the total flow; the
low-flow index indicates that the groundwater’s storage capacity is about 80%; the Base-Flow Index (BFI) ranging from 0.804 to 0.921,
indicates a stable flow regime, aquifer’s high permeability conditions, though not uniform, and low runoff.

Keywords: Base flow; Barnes’ graphical method; RECESS; Eckhardt’s recursive digital filter; Inverse filter.

RESUMO

Sendo as aguas subterranea e superficial importantes componentes do sistema hidrolégico, a determinagdo da sua interagao ¢
imprescindivel para a gestao eficiente dos recursos hidricos por prognosticar as consequéncias de interferéncias, seja devido ao
crescimento da demanda, seja devido as mudangas climaticas. Todavia, estudos cientificos integrados destes meios hidricos sdo escassos,
inclusive na Area de Protecao Ambiental do corrego Guariroba, responsavel pelo abastecimento de 31,3% dos habitantes de Campo
Grande/MS, representando elemento de seguranca hidrica local. Assim, este trabalho teve como objetivo avaliar a interacio entre as
aguas superficial e subterranea em um sistema aquifero sedimentar nao confinado, a partir de metodologias de separa¢ao de hidrograma
de vazoes diarias, da analise das Flow Duration Curve (FDC), da avaliacio da Master Recession Curve (MRC) e da verificacao das variagcdes
das vazoes superficiais, dos niveis piezométricos (NP) dos pogos e das precipitagoes mensais. Os resultados indicam uma relacao
proporcional entre as precipitagoes, as vazoes superficiais e a variacao dos NP, a inclinagao pouco acentuada da FDC sugere que a vazao
de base ¢ sustentada pela descarga subterranea por corresponder a 89% da vazio total; o indice de /ow-flow indica que a capacidade de
armazenamento subterrineo ¢ de cerca 80%; o Indice de Vazio de Base (Base-Flow Index — BFI) variando de 0,804 a 0,921, indica um
regime de vazao estavel, condi¢oes de alta permeabilidade do aquifero, embora nao uniforme, e de baixo escoamento de superficial.

Palavras-chave: Escoamento de base; Método grafico de Barnes; RECESS; Filtro digital recursivo de Eckhardt; Filtro inverso.
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INTRODUCTION

The management of water resources in a river basin
is carried out by disregarding the interactions between the
groundwater and superficial water, evaluating and studying them
separately, as well as proposing independent protection policies.
However, the interaction between both resources is an important
factor for efficient management and development of use and
preservation policies.

The interaction between surface and groundwater can
occur in two ways, basically, because, in most watersheds, surface
and groundwater systems are connected to each other and the
surface flows are controlled by changes in groundwater levels
(RASSAM et al., 20132; BRODIE et al., 2007; ALLEY; REILLY;
FRANKE, 1999).

The first interaction occurs through the infiltration of
surface water into groundwater, when the stream flow level is
higher than the saturated zone level. The other form of interaction
consists of the discharge of the groundwater to the superficial
flow, denominated base flow, when the saturated zone level is
higher than the streamflow level (ZHAO et al.,, 2018; LI et al.,
2016; ABO; MERKEL, 2015a; WINTER, 1998; BEVANS, 1986).

This relationship between surface and subsurface water is
associated with the concept of aquifer recharge as being an essential
component of the water balance, whose discharge as a base flow
is characteristic of wet climate and controlled by the hydraulic
gradient between the surface water level and groundwater level
(MILANO etal., 2015; ASSEFA; WOODBURY, 2013; BAKKER;
BARTHOLOMEUS; FERRE, 2013; HEALY; SCANLON, 2012;
GOMEZ; RODRIGUEZ; VIVES, 2010; BALOOCHESTANI,
2008; NIMMO; HEALY; STONESTROM, 2005; DE VRIES;
SIMMERS, 2002).

The natural recharge of groundwater and the direction
of the underground flow are influenced by the duration and
intensity of precipitation, topography, soil type and geology,
changes in river slope and meanders in the flow channel and by
human actions (OLIVEIRA et al., 2017; MEIXNER et al., 2010;
SANTOS; KOIDE, 2016; SILVEIRA etal., 2016; ABO; MERKEL,
2015b; LUCAS; WENDLAND, 2015; CASCHETTO et al., 2014;
VONFREYBERG; MOECK; SCHIRMER, 2015).

Several techniques have been developed to estimate the
groundwater recharge and, therefore, to study the surface-groundwater
interaction. The most used physical methods consist of: direct
measurement, Darcy, Flow Duration Curve (FDC) analysis,
hydrograph separation and recession curve analysis. The most
important chemical methods are the isotopic composition analysis
and the tracer techniques. (ZHAO et al., 2018; LI et al., 2016;
BAKKER; BARTHOLOMEUS; FERRE, 2013; SCANLON;
HEALY; COOK, 2002; GAYE; EDMUNDS, 1996).

The hydrograph separation method quantifies the portion
of the base flow that contributes to the total flow, resulting from
the groundwater recharge. (BRODIE; HOSTETLER, 2005).
The analysis of the base flow has been used in the last century,
from the Boussinesq’s equation (1904), whose hydrograph
separation techniques were evaluated by Nathan and McMahon
(1990), Tallaksen (1995), Smakhtin (2001), Brodie et al. (2007)
and, recently, for Mei and Anagnostou (2015), Thomas, Vogel
and Famiglietti (2015) and Lott and Stewart (2010).
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However, the application of these methods requires care due
to the uncertainties generated by the lack of some consideration
factors that influence the water balance, such as precipitation and
evaporation, as well as inaccuracies in streamflow measurement
(RANTZ, 1982).

In the last two decades, some software have been developed
for the application of hydrograph separation techniques, through
of various types of algorithms and filters, allowing the reduction
of analysis time and the complex hydrograph studies. (ARNOLD;
ALLEN, 1999). Stand out the HYSEP, which offers at least 3 filters
(SLOTO; CROUSE, 1996); the HydroOffice that offers 11 filters
(GREGOR; MALIK, 2012a); and the RECESS which allows to
generate the Master Recession Curve (MRC) (RUTLEDGE, 1998).

Despite numerous existing methods and tools, the importance
of water resources and the existence of several aquifer systems
nationally, scientific studies assessing the interaction between
underground and surface water resources are scarce and mostly
non-integrated.

This situation is not different in the Guariroba’s Environmental
Protection Area (Area de Protecio Ambiental do Guatiroba - APA
Guariroba), which, despite representing approximately 31.3% of
the total water production capacity to supply the Campo Grande’s
population (5.000m’h™") (PLANURB, 2013), the scientific technical
studies carried out in the area are attributed to the physical
characteristics of the watershed, justifying the accomplishment
of this research, integrating the surface water and groundwater
resources, assisting in the efficient and adequate management of
the water resources of this watershed, adding local water security.

Thus, the objective of this study was to evaluate the
potential relationship between surface water and groundwater
of a watershed where the aquifer system is sedimentary and not
confined and located in the Brazil’s tropical region, based on
surface flow variability, low-flow period, hydrograph separation and
recession curve displacement analysis, considering the vatiations
in the piezometric level (PL) and precipitation, validating the
application of these methodologies, both regionally and nationally,
thus assisting in the elaboration of watershed management plans
and in support of decision-making for water’s multiple uses.

MATERIAL AND METHODS

Study area

Due to the strategic importance for the State Capital’s public
supply, the Guariroba’s Environmental Protection Area (APA
Guatiroba) was created, through Municipal Dectee n. 7.183/1995.
The APA Guariroba is located in the Brazilian Midwest Region,
in the center of the Mato Grosso do Sul State and east of the
Campo Grande/MS (Figure 1), with a total area of 362 km?
(CAMPO GRANDE, 2008).

The climatic classification is Aw type, according to the
Képpen model, with rainy summer and dry winter. The average
annual temperature is 23.2 °C, with abrupt variation throughout
the year, minimum of 5.7 °C in winter and maximum of 37.5 °C
in summer (CAMPO GRANDE, 2012; PLANURB, 2013).
The average annual rainfall is between 1,400 to 1,500mm (CPRM,
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Figure 1. Study area, linigraph contribution area, linigraph, wells and rainfall gauging stations localizations.
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Figure 2. Monthly averages of precipitation and temperature
between 1996 and 2010. Adapted from PLANURB (2013).

2011), with minimum precipitations recorded in the winter months
and highs in the summer months (Figure 2).

The Guariroba stream is a tributary of the Botas stream
and is included in the Rio Pardo Planning and Management Unit
(Unidade de Planejamento e Gerenciamento do Rio Pardo— UPG Pardo),
which, in turn, belongs to the Parana River Basin. The main
tributaries to the Guariroba stream are the streams: Rondinha, Tocos,
Desbarrancado and Saltinho, which are perennial. The Guariroba
reservoir, with 4.25 million m?® of dammed water, is located in the
watershed’s downstream (CAMPO GRANDE, 2008).

The predominate outcrop in the APA is the Caiua Formation,
while in the valley bottom the Serra Geral Formation predominates
(Figure 3a). The predominant soil is the Quartzarenic Neosols
of sandy texture, to a lesser extent the Red-Yellow Latosols and,
associated with the fluvial plains, occur the hydromorphic and
alluvial soils (CAMPO GRANDE, 2008) (Figure 3b).
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The Geomorphology (Figure 3c) of the APA is predominantly
of very broad hills, complemented by the fluvial plains and exposed
soils, the latter two associated to the valley bottoms, where they
present the lowest altimetry heights, forming the stream channels
and receiving the groundwater discharge. The topography is
smooth slope (4 to 8%) and the relief ranging from 440 to 640m
(CAMPO GRANDE, 2008), as shown in Figure 3d.

The predominant soil use in the APA is the exotic pasture,
with eucalyptus forestry advance. In the valley bottoms there are
occurrences of wetlands and meadows, Cerrado biome typical
formations (CAMPO GRANDE, 2008).

Regarding hydrogeological characteristics, APA is constituted
by Bauru Aquifer System (Séstena Aquifero Banru— SAB), characterized
as a sedimentary and unconfined aquifer, it allows subsurface flow
which is responsible for the maintenance of the drainage base
level that forms the Guariroba watershed stream to its mouth in
the Ribeirdo Botas stream (CAMPO GRANDE, 2008).

The hydraulic parameters were determined by TAHAL
and SANESUL, for the SAB outcrop area in the Mato Grosso
do Sul State as: average specific capacity (q) of 0.57m>h'.m’;
hydraulic conductivity (K) between 0.002 and 3.66m.d’,
transmissivity (T) between 0.14 and 328m?>.d, effective porosity
(n) between 10 and 15%; and pumping rates (Q) of the wells
between 10 and 80m>h* (TAHAL, 1998).

The SAB also has a renewable annual reserve of 19.6x10°m’?
and an annual renewable watet reserve of 3.9x10°m’, in a recharge
area of about 134.6x10° km? in Mato Grosso do Sul State. The
infiltration rate estimated is 10%, for water balance and granting
purposes; currently considered the most exploited aquifer in the

State (CAMPO GRANDE, 2010).
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Figure 3. Maps of: (a) Geology; (b) Pedology; (c) Geomorphology; and (d) Hypsometry.

Sampling information

In this research, daily mean flow, monthly piezometric levels
of wells and daily rainfall were used from March 2015 to February
2017, whose data were not faulty and covered 2 hydrological years.

The flow was measured by a lingraph with a datalogger,
located upstream of the Guariroba reservoir, which was built for the
Campo Grande water supply. Such a point was defined as there is
no pumping interference, which is not constant throughout the day.

As the measurement pointis not located in the downstream
section of the APA Guariroba, automatic delimitation of the
contribution area of the lingraph (Figure 1) was performed,
using the digital elevation model (DEM) of the SRTM (Shuttle
Radar Topography Mission) image, with spatial resolution of
30x30m (USGS, 2014). This technique can be better visualized
in Schmitt and Moreira (2015). The delimited contribution area
of the lingraph was 318.074 km?

The measurement of the temporal variation of the
piezometric levels (PL) of the production wells was realized monthly
(at least 24 hours without pumping), with the use of an electronic
meter of water level of the Hidromec. Although 19 wells were
identified, 2 of them were not allowed to perform this research
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(PO-12 and PO-13) and in 13 of them the measurements were
regular enough for the elaboration of this research (Figure 1).

All the wells were measured in the same days, as well as the
measurements of instantaneous flow in the Guariroba stream, using
Newton’s windlass, by the technique of half section and upstream
of the lingraph, in order to verify its register. The methodology
of flow measurement is proposed by the ANA (Agéncia Nacional
da Agua - National Water Agency) (ANA, 2014).

The PL monthly variation of each well was plotted with
the instantaneous flows, in order to analyze their relationship.

The daily rainfall data during the time period of this
research were obtained from the pluviometric stations of the
National Hydrological Network (Rede Hidroldgica Nacional), available
at ANAs SNIRH (Sistera Nacional de Informagcies Sobre Recursos
Hidricos — National Information System on Water Resources)
(CALDEIRA et al., 2015; MACEDO et al., 2013; TUCCI, 2007).

Three rainfall gauges stations were selected that were
closer to APA Guariroba, with at least 5 years of data recorded
to be representative samples (TUCCI, 2007) and that had no
measurement failure during the research period (Table 1).

The data used in this study wete evaluated for their consistency
and were compared with the values consisted available in the

RBRH, Porto Alegre, v. 24, 8, 2019
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Table 1. Selected gauging stations.

ANA Code Name Latitude Longitude Historical Series
02054014 DNOS-8.DRS -20°27°06” -54°37°39” 1976-2017 (1976-20006)
02054020 Alegre -20°28’15” -54°05’48” 1976-2017 (1983-2000)
02154002 Vau do Balsamo -20°59°38” -54°30°29” 1983-2017 (1983-2000)

(Consistent data period)
historical series. The applied methodology was the Double Mass Pl dimchitgs

(TUCCI, 2007) and there was no inconsistency in the rainfall data.

To calculate daily and monthly rainfall averages, the
distance-weighted-squared interpolation method was used between
the rainfall gauges stations and the centroid of the study area.
According to Collischonn and Dornelles (2013), such a method
of spatial interpolation allows a rainfall gauge station closer to
the study area to have greater weight in the calculation of average
rainfall.

Hydrograph analysis

Hydrographic analysis techniques are important for the
investigation of the mechanisms governing the relationship
between groundwater and surface water. Its advantage is to use
daily surface flows data, through the identification of the runoff
and the groundwater discharge, as well as the portion that recharges
the aquifers (ABO; MERKEL, 2015a). The criterion for the use
of this methodology consisted in the availability of daily flow
data collected from March 2015 to February 2017, thus enabling
the application of the methodology.

Flow Duration Curve analysis

The Flow Duration Curve (FDC) was used to characterize
the low-flow and the base flow periods, as well as to evaluate the
relationship between the surface flow and groundwater discharge,
by the curve shape analysis. The FDC was obtained through
the elaboration of a semi-logarithmic graph between the flow
(ordinate) and its frequency (abscissa), representing the probability
of a certain flow occurring, also providing details of the low-flow
values (RASSAM et al., 2013b).

The interpretation of the FDC occurred from the evaluation
of its slope; if it were steep, runoff would prevail; if it were
smooth, the base flow dominates the total flow. Also, how the
FDC forms in its upper and lower parts would demonstrate the
characteristics of the perennial storage of the watershed; if the
lower part were a flat or steep curve, it would indicate, respectively,
a high or a low storage capacity (SEARCY, 1959).

Finally, the low-flow index was evaluated from the result
of the relationship between Qq, and Qs , consisting of reference
flows that are 90% and 50% of the period matched or exceeded.
The purpose of this relationship was to characterize the base flow
variability and to indicate the contribution of the groundwater
storage (NATHAN; MCMAHON, 1990). A low result of the
low-flow index would represent a lower variability of the base

RBRH, Porto Alegre, v. 24, €8, 2019

Discharge

Time.
Figure 4. Schematic showing the manual hydrograph separation
from Barnes’ method. The segment between A, B and the time

axis represents the base-flow, while the supper one is the runoff
flow. Adapted of Costa and Bacellar (2010).

flow, which would sustain the flow over time as a response to
groundwater storage (NELMS; HARLOW; HAYES, 1997).

Base flow separation

The importance of the quantification of the baseflow
due to aquifer discharge consists in providing information on the
dynamic behavior of the watershed’s groundwater. According to
Fetter (2001), the higher groundwater discharge capacity as the
base flow is directly proportional to the hydraulic gradient between
the piezometric and surface water levels.

The base flow separation can be accomplished by the
application of several methods; from manuals, through the visual
interpretation of hydrographs (Figure 4); even by automatic
techniques.

The automatic continuous separation techniques by the
Base Flow Index (BFI) was used because of its ability to divide
historical series of superficial flows in to rapid flow discharge
(due to direct response of runoff to a rainfall event) and in to
slow flow (due to long-term discharge of the aquifer storage)
(COLLISCHONN; DORNELLES, 2013; TUCCI, 2007; NATHAN;
MCMAHON, 1990).
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The BFI consists of the proportion in which the base flow
contributes to the total flow of the watershed and indicates the
capacity of a watershed to store or release water during the dry
season (TALLAKSEN, 1995).

This index is dimensionless, ranging from 0 to 1. Results close
to 1 indicate that the flow regime is relatively stable and therefore
has high stream sustainability during dry periods. In impermeable
watersheds with predominant surface flow regime, the index is
around 0.15; while values close to 0.9 are found in permeable
watersheds and with relatively stable flow regime (TALLAKSEN,
1995). Also watersheds that are not connected to an aquifer can
have a BFI equal to 0 (WINTER, 1998).

However, this index is influenced by the hydrological
properties, the geological formations and the types of soils of
the watershed (GREGOR; MALIK, 2012b).

Thus, Maillet (1905) proposed that the water storage in the

aquifer and the base flow can be described mathematically as a
linear relationship, based on the Boussinesq model (BOUSSINESQ),
1904), an exponential model for recession can be accepted for
most of the aquifers (DEWANDEL et al., 2003), according to
Equation 1, adapted by Mattiuzi et al. (2016).
Q(1+At) =Qe K )
where: Q.4 and Q, are respectively the flows at the end and at
the beginning of the recession period (m?.s™), k is the constant
of the recession characteristic period (day) and At is the recession
period (day).

The constant of the recession period (o) consists of the
exponential portion (efA%) of Equation 1, while the constant of
the recession characteristic period (k) (Equation 2) is obtained
from the Equation 1 mathematical development, whereas recession
periods are periodic.

—At

o[ ©

In order to obtain the a and k constants, three methodologies
were used: Barnes’ Graphical Method (SILVA, 2009), Correlation
Method (MATTIUZI et al., 2016) and Master Recession Curve
Method (MRC) (COSTA; BACELLAR, 2010).

The criteria for applying the Barnes’ Graphical Method
consisted of the possibility of using surface flow data obtained at

k=

longer time intervals than the daily ones, requiring less data and
still with measurement failures (SILVA, 2009). Thus, its advantage
is to enable this study to be carried out in regions with scarce
primary data, where there is difficulty in obtaining data or a lack
of technical and financial resources.

On the other hand, the correlation and the MRC methods
were used due to the possibility of being replicated in watersheds
with historical series of daily superficial flows, even if they are short
and discontinuous, available in the ANA’s SNIRH (ANA, 2016).
These methods consider that the recession periods are cyclical and
follow the same trend, although different from each other, due to
the conditions precedent to rainfall events vary (soil moisture and
piezometric level) (COSTA; BACELLAR, 2010; RUTLEDGE,
1998; NATHAN; MCMAHON, 1990).
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Figure 5. Hydrograph of monthly measured flows, two linear
regressions of the characteristic recession periods (1 and 2) and
their respective regression equations.

In turn, the MRC method was performed automatically
using a software to avoid subjectivity in the manual determination
of recession periods (ARNOLD; ALLEN, 1999).

For the application of the Barnes’ Graphical Method,
the flows were measured monthly with the Newton’s windlass,
which were plotted on a semi-logarithmic graph and two recession
periods were identified, between June to September in 2015 and
May to October in 2016.

Each recession period was linear mathematically regressed,
one for each period, whose angular coefficients represent the
(-1/k) (Figure 5). Thus, the a constant was calculated from the
average of the k values.

For the application of the correlation method, the periods
with decreasing daily flows were identified, since there was no
rainfall during the identified periods, otherwise, the decreasing flow
period has been discarded (MATTIUZI et al., 2016; SMAKHTIN,
2001; TALLAKSEN, 1995; NATHAN; MCMAHON, 1990).

Another criterion used in the selection of the characteristic
recession period was the coefficient N (Equation 3), which
represents the period in days when the surface flow ceases and
the streamflow being only the base flow contribution (LINSLEY;
KOHLER; PAULHUS, 1958). Thus, N resulted in 3 days.

N =0.83.A%2 ©)

where: A is the area of contribution to the section of the lingraph,
in this work, 318.074 km?.

Lastly, periods of at least 2 delay days were filtered, that
represents the time interval between the end of a runoff and the
beginning of another hydrograph ascension period (NATHAN;
MCMAHON, 1990).

Thus, 20 recession periods were identified over 5 days
(3 days to runoff cease and apparent recession greater than 2 days)
and no precipitation.

For each period, the flows at the times (t+At) and t and the
time interval At were identified, and then Equation 2 was applied
to obtain the k constants; finally, the o constant was calculated
from the k constants average.

RBRH, Porto Alegre, v. 24, 8, 2019
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The third methodology used to determine the k and a
constants was from the Master Recession Curve (MRC), which
consists of a main curve to which the Recession Curves (RC) tend
to converge (TALLAKSEN, 1995; NATHAN; MCMAHON,
1990), because in wet regions, recessions are interrupted by rainfall
episodes, and thus, several short recession stages are generated,
with distinct responses due to the initial condition of the watershed
and the rainfall event characteristic (RUTLEDGE, 1998).

The RC automatic identification and their overlaps
determination (Matching Strip Method), were performed by the
RECESS tool (RUTLEDGE, 1998), with inlet flows in cubic foots
per second and operated in a DOS environment.

This tool uses the coefficient N to disregard the runoff
contribution periods as well as the base flow minimum period of
2 days. Then, these periods were plotted in a semi-logarithmic
graph, performed the linear mathematical regression (Figure 6),
whose angular coefficient corresponds to (-1/k), which made
possible the calculation of k and a constants.

The o constant analysis had as purpose to evaluate the
relationship surface-groundwater, because the greater the result
value of this constant, would indicate that the base flow sustains
the streamflow (ABO; MERKEL, 2015a).

According to Nathan and McMahon (1990), values
ranging from 0.2 to 0.8, are typical of runoff; between 0.8 and
0.94, intermediate flow; and between 0.93 and 0.995, base flow.

From the k and a constants calculated by the three methods
previously described, the Eckhardt’s Recursive Digital Filter
(ECKHARDT, 2005) and the Inverse Filter IF) (BORGES etal.,
2017) were applied to the daily flow series for the base flow
separation from runoff.

The hydrograph separation techniques by the filters application
are important because it allows the reduction of processing and
data analysis times, complex hydrographs study and impartiality
in the research (GREGOR; MALIK, 2012b; ARNOLD; ALLEN,
1999; SLOTO; CROUSE, 1996).

The criteria for the application of Eckhardt’s Recursive
Digital Filter and the Inverse Filter (IF) consisted of being
characterized as generalist and simple application (BORGES etal.,

2
=-0.02018x + 1.91736

NN

2
- 16
1.4 \\
0 5 10 15 20 25
days
——RCs  eeeeeeee Linear (RCs)

Figure 6. Master Recession Curve (MRC) obtained from the linear
mathematical regression of the recession curves (RC).
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2017; MATTIUZI et al.,, 2016; COLLISCHONN; FAN, 2013;
ECKHARDT, 2005). In addition, daily flow data ate available in
the ANA’s SNIRH (ANA, 2016), making it possible to replicate
this study in other watersheds.

Eckhardt (2005) proposed that the several filters equations
could be simplified from a generic equation, provided that the
streamflow was equal to or greater than the base flow, at the same
instant of time (Equation 4).

Qbi = A'Qb(i—l) + B()1 (4)

where: Qb is the base flow (m’.s™); Q; is the streamflow (m’.s™);
Aand B are calculation parameters and i is the time interval (day).

The parameters A (Equation 5) and B (Equation 6) are
expressed as a function of the parameter BFI (Maximum Base
Flow Index) and the recession period constant (a ). The BFI,,
is the maximum value that the BFI can result.

A=( 1 - BFImax J.a 5)

1-a.BFImax

B (1—-a).BFImax ©)
1—a.BFImax

Collischonn and Dornelles (2013) propose that BFI,,,,
parameter be calculated by Equation 7, which has adequate
adjustment for the Brazil’s South and Central regions, from the
relation between the reference flows Qy, and Qs, (m’.s™), for
BFl <1

BFImax = 0.8344 220 1 0.2146 (7
50

Substituting Equation 5 and Equation 6 into Equation
4 gives the Eckhardt equation (Equation 8), for Qb, <Q, ; which
was applied in the average daily flows series, obtaining the average
daily base flows (Qb, ).

(1- BFImax).a.Qb(H) +(1-a).BFImax.Q;

= 8
Qb 1-a.BFImax ®

For the Inverse Filter Method (IF), the parameter BFI,,,
was obtained from Equation 9, which consists of the division
between the sum of the maximum possible base flows (Qb', ), by
the total stream flow sum (Q, ). In turn, Qb was the result of
the ratio between the base flow of a later time step (Qby;,y)) by
the recession period constant (o) (Equation 10), provided that
Qb <Q; (BORGES et al., 2017).

N ob
BFl, =7Z{Ni?o~l )
Qb i+
Qb =—) (10)

Conceptual methodological steps

The methodological steps used in this research are
summarized in the flowchart (Figure 7).
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Figure 7. Conceptual flowchart summarizing the methodology steps used in this research.

RESULTS AND DISCUSSIONS

Hydrological analysis

The visual analysis of monthly PL fluctuation compared to
the variation of average monthly streamflow, indicates that there
is a proportional delay time relationship between the streamflow
peak and PL depth between 10 and 11 months for PL with more
than 60m (Figure 8, PO-01 and PO-04); between 4 and 6 months
for PL between 25 and 35m (Figure 8, PO-07 and PO-10);
and 1 month for PL less than 8m (Figure 8, PO-08 and PO-16).

The delay time variation may be due to the influence of
direct and indirect factors, among them the time period that parcel
of the rainfall that infiltrates takes to cross the unsaturated zone
to the saturated zone, the hydraulic properties variation of the
soil and aquifer; the piezometric level and the climate (rainfall)
(MATTIUZI etal., 2016; ABO; MERKEL, 2015b; WINTER, 1998).

It is important to note that, even though the aquifer is
sedimentary and unconfined, there are visible texture variations in
the surface coverings, which surely occur in subsurface, implying
a permo-porosity heterogeneity of the layer.

The distance between the wells and the lingraph also
influences the delay time variation because as the distance increases,
the subsurface flows paths are longer and deeper, making the
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responses caused by the groundwater discharges, at the stream
flow, less pronounced (ALLEY; REILLY; FRANKE, 1999).

The one-dimensional Boussinesq equation that considers
the change in groundwater storage under stable conditions, as
inversely proportional to the distance of the streamflow (TUCCI,;
HILEMAN, 1992), complementing the validation of the results
obtained.

Abo and Merkel (2015a) argue that such proportional
variations provide potential connection evidence between surface
and groundwater. The same authors (gp ¢if) comment that if flow
rises occur during the dry season, when the piezometric level
are generally at the deepest levels, it indicates that there are late
groundwater discharges.

From the Figure 9 analysis, the direct relationship between
the precipitation, streamflow and the piezometric levels is nototious.
However, the indirect relationship may occur. Abo and Merkel
(2015b) identified the occurrence of piezometric levels elevations
during the dry season due to intense irrigation for the agricultural
production in a Syria’s arid region.

Regarding precipitation, it is necessary to show that the annual
average rainfall resulted in 1,486mm, within the limit proposed
by the CPRM (2011), which ranges 1,400 to 1,500mm.year’ for
the study area.

RBRH, Porto Alegre, v. 24, 8, 2019
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Figure 9. Monthly variations of streamflow and rainfall.

FDC and MRC analysis

From the FDC analysis, which resulted in smooth slope
curves (Figure 10), it is possible to suggest that there is a significant
contribution of the base flow to the total streamflow, resulting in
a uniform flow sustained by the groundwater discharge.

RBRH, Porto Alegre, v. 24, €8, 2019

In addition, the upper and lower portions of the FDC
curves ate slightly sloped, which shows a high storage capacity.
It is added that from the result of the low-flow index (Qqq/Qsp),
the underground storage ratio is about 80%.

In fact, the study area can be characterized as a medium to

low superficial flow system and low base flow variability, because
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Figure 10. Flow duration curves (FDC).

the angular coefficient of the MRC (Figure 6) is close to -0,02,
resulting in k =50days and a=0,98. This a value is characteristic
of temporary intermediate flows systems soon after the rainfall
periods, followed by periods whose flow is maintained by the base
flow NATHAN; MCMAHON, 1990).

Abo and Merkel (2015a), whose research had been carried
out in a sedimentary and unconfined watershed, but arid climate,
found that the base flow was supported by the groundwater storage,
according to FDC analysis. On the other hand, the proportion
of groundwater storage, according to the low-flow index, ranged
from 45 to 58%, lower than the result obtained for the APA
Guariroba. It is justified by the fact that in the Syria’s arid region
there is water deficit and the aquifer storage capacity is reduced
due to the low rainfall availability, an inverse climatic condition
to which the APA Guariroba is submitted.

Base flow analysis

The quantitative details and results obtained from k and
a constants by the Barnes, correlation and MRC methods are
shown in Table 2.

The values disparity of the k and a constants obtained
by the Barnes’ method, in relation to the correlation and MRC
methods, can be explained by having been obtained from the angular
coefficients of the linear math regression of monthly measured
streamflow. This time period is relatively long to the watershed
recession characteristic, resulting from the MRC analysis, whose
rainfall responses are temporary and short-lived. In addition, the
Barnes” method is more appropriate for recession periods of runoff
than of base flow (HE etal., 2016; COSTA; BACELLAR, 2010).

The k and a constants obtained by the correlation and
MRC methods translate the rapid response of the runoff to the
total flow during the rainfall event and after being maintained by
the groundwater discharge. The recession coefficient obtained
by the MRC method represents the closest condition to the
real base-flow recession of a watershed, since, theoretically, it
indicates the trend that all the small recession stages converge
(GREGOR; MALIK, 2012b; HUANG; KUNG; LEE, 2011,
COSTA; BACELLAR, 2010).

The base flows variation obtained by the hydrograph
separation technique, from the Eckhardt’s (Figure 11a) and Inverse
(Figure 11b) filters application, for each of the o constants (Table 2),
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demonstrates the base flows disparity resulting from the o constant
application obtained by the Barnes’ method in both filters.

Quantitatively, the base flow is dominant in the study area,
contributing annually to the total flow between 81.93 and 93.14%,
and on average 89.45% (Table 3). The results demonstrates that
there was an increase in the base flow contribution in the second
year of the research, reflecting the higher rainfall and, consequently,
greater groundwater storage and discharge

According to Miller et al. (2016) and Costa and Bacellar
(2010), watersheds that presented greater water availability resulted
in greater base flow proportions due to their direct and proportional
relationship to the storage capacity, being the main factors that
influence this availability are the geological, geomorphological,
pedological and climatic characteristics.

Mattiuzi et al. (20106) verified that the more permeable the
soil and aquifer characteristics, the higher the aquifer recharge
rates, in watersheds on subtropical climatic influence in southern
Brazil, justifying the greater capacity of the APA Guariroba to
possess high groundwater availability due to its infiltration capacity
resulting from its permeable lithologic and geological frameworks.

Despite the resultant difference of the a constant, obtained
by the Barnes’ method, the results of the proportion of the base
flow contribution to the total flow converged to the same percentage.

According to the results of the monthly average BFI, which
ranged from 0.804 to 0.921, indicates permeable conditions of
the watershed, stable flow regime, high base flow contribution
and low runoff (Table 4).

Abo and Merkel (2015a) obtained that the base flow was
dominant at the total flow, ranging between 86.3 and 88.2%, and that
the BFI resulted between 0.8 and 0.9, indicating that the perennial
flow of the watershed was maintained by the groundwater discharge,
high permeability of the aquifer and low runoff, in a Syria’s arid
region. Mattiuzi et al. (2016) verified that permeable geological
frameworks had good capacity of regularization of the ascension
and recession flow in response to a rainfall event. Conditions are
similar to the results obtained for the APA Guariroba, justified
by the aquifer geological characteristic to be sedimentary and
unconfined which favors the infiltration and the subsurface flow.

In turn, Zhao et al. (2018) verified in a China’s arid
region from the hydrochemical techniques application, that the
groundwater discharge as the base flow is not dominant over
the runoff, because the BFT resulted between 0.2 and 8.2%. Tt is
justified by the geological characteristics of the watershed to
be composed of fine clay sediments, which hinders the rainfall

RBRH, Porto Alegre, v. 24, 8, 2019
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Table 2. Average values of the parameters used to obtain the a constants by different methods.

Parameters Methods Averages Standard
Barnes Correlation MRC deviations
0, (m’s?) 5.47 5.24 5.52 5.41 0.12
Qrinr) (mis) 454 4.96 5.13 4.88 0.25
(t+At) (days) 88.96 3.25 3.68 31.96 40.30
(_1 / k) -0.0021 -0.0169 -0.0202 -0.0131 0.0079
k (days) 476.19 59.05 49.55 194.93 198.92
a 0.9979 0.9832 0.9800 0.9870 0.0078
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Figure 11. Total and base flows separated using different filters ((a) Eckhardt and (b) Inverse Filter) and 2 constants.

Table 3. Average values of the total flow (Q), base flow (@) and base-flow contribution (ﬁ) to the total flow, obtain by different

filters and a constants.

Period Parameter Eckhardt Inverse Filter
ara
Barnes Correlation MRC Barnes  Correlation MRC
mar/2015-feb /2016 0 (m’s™) 5.89
05 (m’.s”) 4.98 5.27 5.28 4.64 5.36 5.40
BFI (%) 86.52 90.83 90.95 81.14 92.27 92.93
mar/2016-feb /2017 0 (mi.s?) 5.79
@ (s 4.97 5.21 5.22 4.678 5.30 5.35
BFI (%) 87.53 91.23 91.27 82.71 92.73 93.35
Average 0 (m’.s) 5.84
0b (m’.s) 4.97 5.24 5.25 4.66 5.33 5.38
BFC (%) 87.03 91.03 91.11 81.93 92.50 93.14
Standard deviation Q0 (m'.s?) 1.13
0b (mP.sh) 0.49 0.66 0.68 0.37 0.69 0.72
BFC (%) 11.70 9.14 8.79 12.24 8.57 7.99
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Table 4. Monthly average and standard deviation of the BFI using different filters and a constants.

BFI Eckhardt Inverse Filter
Barnes Correlation MRC Barnes Correlation MRC
Minimum 0.743 0.843 0.850 0.673 0.865 0.881
Maximo 0.946 0.938 0.934 0.939 0.950 0.951
Average 0.855 0.898 0.900 0.804 0.914 0.921
Standard deviation 0.056 0.023 0.020 0.074 0.020 0.017

infiltration and subsurface flow, aggravated by the climatic condition
of water deficit.

Statistically, the IF method associated to the use of the a
constant obtained by the MRC method, resulted in mote consistent
values than the other methods and constants, due to the lower
value of the standard deviation (0.017).

The techniques used in this research provided estimates
of aquifer conditions from easily acquired and low cost data, even
that short or discontinuous historical series, thus contributing
to the hydrogeological characterization of regions with lacking
information or data about the groundwater conditions, as in the
case of the APA Guariroba.

The practical application of this research and its results
will be to help the adequate planning and management of the
water resources in the Mato Grosso do Sul State, since, besides
being unpublished at the State level, make it possible to determine
the interaction between surface and groundwater for each Water
Resources Planning and Management Units (Unidade de Planejamento
¢ Gerenciamento de Recursos Hidricos — UPG), as well as how the change
in one resource can affect the other; not dissociating them and

reaching the conjunctive and integrated planning and management
(FOSTER; AIT-KADI, 2012).

CONCLUSIONS

From this research, it is concluded that:

* The relationship between surface water and groundwater
resulted in high interaction, both by the base flow and by
the groundwater storage;

*  The piezometric levels variation of in shallower wells occurs
more rapidly in response to dry or wet climatic seasons;
in addition, the closer the wells are to the streamflow, the
shorter the contribution time to the total flow;

*  The base flow is sustained by groundwater storage due to the
low-flow index result of 80% and the FDC smooth slope;

*  The high permeability condition, although not homogeneous,
low runoff and high contribution of the base flow to
the total flow are due the high result of the BFI monthly
average (between 0.804 and 0.921);

*  The correlation and MRC methods to obtain the o constant
and the Eckhardt’s and Inverse Filters was adequate
for hydrograph separation and for surface water and
groundwater relationship analyze; in contrast the Barnes’
method is inappropriate for short recession periods (a few
days) of base flow;

12/15

*  The extension of this study to the Water Resources Planning
and Management Units (UPG) of the Mato Grosso do
Sul State will result in the knowledge of the supetficial
and groundwater interactions regionally, assisting in the
conjunctive and integrated planning and management of
the water resources;

*  Finally, itis recommended to verify the results obtained in this
research from stable isotope hydrochemical methodologies,
as well as the accomplishment of geophysical survey for
the aquifer lithological heterogeneity confirmation.
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