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Abstract: Headwater catchments store valuable resources of quality water, but their hydraulic
response is difficult to assess (model) because they are usually deprived of monitoring stations,
namely hydrometric stations. This issue becomes even more pertinent because headwater catchments
are ideal for the practice of conjunctive water resources management involving the supply of towns
with groundwater and surface water, a solution that can be used to mitigate overexploitation of
groundwater resources in densely urbanized and populated areas. In this study, a stepwise approach
is presented whereby, in a first stage, a gauged basin was modeled for stream flow using the
JAMS J2000 framework, with the purpose to obtain calibrated hydraulic parameters and ecological
simulated stream flow records. Having validated the model through a comparison of simulated
and measured flows, the simulated record was adjusted to the scale of an ungauged sub-basin,
based on a new run of JAMS J2000 using the same hydraulic parameters. At this stage, a second
validation of modeled data was accomplished through comparison of the downscaled flow rates
with discharge rates assessed by field measurements of flow velocity and water column height.
The modeled basin was a portion of Jequitiba River basin, while the enclosed sub-basin was the
Marinheiro catchment (state of Minas Gerais, Brazil). The latter is a peri-urban watershed located in
the vicinity of Sete Lagoas town, a densely urbanized and populated area. This town uses 15.5 hm?
year~! of karst groundwater for public water supply, but the renewable resources were estimated to
be 6.3 hm? year™!. The impairment between abstraction and renewable resources lasts for decades,
and for that reason the town experiences systemic water table declines and sinkhole development.
The present study claims that the storage of quality water in the Marinheiro catchment, in a dam
reservoir, would help alleviate the depletion of groundwater resources in the karst aquifer because
this catchment could deliver 4.73 hm? year™! of quality surface water to the municipality without
endangering ecologic flows. The construction of a small dam at the outlet of Marinheiro catchment
could also improve aquifer recharge. Presently, the annual recharge in this catchment approaches 1.47
hm?3 but could be much larger if the small dam was installed in the water course and the captured
stream water managed properly.

Keywords: hydrologic modeling; ungauged catchment; stream flow downscaling; karst aquifer;
urban area; conjunctive water resources management; recharge; overexploitation; geo hazards
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1. Introduction

Karst aquifers are valuable groundwater resources and therefore managed for public and private
water supply in many regions around the globe [1-3]. In densely urbanized areas, the annual
abstraction through pumping may exceed the renewable resources provided by recharge, leading
the karst system to water table declines and subsidiary development of geo hazards (sinkholes).
The relationship between overexploitation, water table declines, and sinkhole development has been
reported in numerous studies [4-8] and described as follows: Excessive abstractions generate steep
cones of depression that accelerate groundwater flow toward them, while slow phreatic recharge is
replaced by more rapid downward percolation favoring suffosion, especially when the water table
is lowered below the rock head. These two processes are accompanied by increases in the effective
weight of the sediments due to loss of buoyant support that ultimately lead to sinkhole formation.
Overcoming the impairment between abstraction and resource renewability could be accomplished
through storm water infiltration. This is practiced in many urbanized areas to promote recharge and
reestablish hydrology to pre-urbanization patterns [9,10]. However, the implementation of storm water
infiltration in urban areas overlying karst aquifers is not recommended. Usually, urban storm water is
significantly loaded with sediments and transports dissolved contaminants (metals, hydrocarbons),
which can rapidly move through preferential flow paths and high permeability zones, reaching the
karst aquifer in a short period of time [11-16]. In addition to groundwater contamination, storm water
infiltration can also promote the development of new suffosional sinkholes.

A route to mitigate recharge declines and consequent groundwater resource reductions can be
through the conjunctive management of water resources. This concept involves the combined use
of groundwater and surface water to achieve public policy and management goals, and a few other
cases consider the use of other sources such as recycled water [17]. Conjunctive water resources
management enables greater water supply security and stability, helps adaptation to climate variation
and uncertainty, and reduces depletion and degradation of water resources [18,19]. The implementation
of conjunctive water resources management requires the selection of small catchments to store quality
water in dam reservoirs. Forested headwater catchments can effectively accomplish the task [20].
Besides, if they overlay an overexploited karst aquifer, they can be used to promote diffuse recharge
and improve water table recovery in the long term.

A successful selection of catchments to install dam reservoirs requires an evaluation of water
resources usually accomplished through hydrologic modeling [21,22]. In general, hydrologic models
simulate flow and routing processes at catchment and sub-catchment scales, based on spatially
distributed relief, soils, and land use data, as well as on precipitation, temperature, and other climate
records, and are validated for stream flow using available discharge records measured in hydrometric
stations [23-26]. Hydrometric monitoring of rivers is practiced at the national scale in many countries
and financially supported by public authorities but is usually restricted to a relatively small number of
medium to large catchments because maintenance costs are large. Headwater catchments are barely
included in the monitoring networks because their associated drainage basins are small. So, despite the
importance of these basins as quality water sources ideal for the practice of conjunctive water resources
management, they cannot be robustly characterized for hydrologic response, unless a stream discharge
record is obtained in the field using portable velocity meters, while the hydrologic model is validated
on the basis of that record. Validation of hydrologic models based on hydrometric station data are
widespread in the literature [27,28], but that is not the case when the studies are developed in ungauged
streams. The general purpose of this study is therefore to help improving hydrologic modeling of
ungauged watersheds. The specific purposes include (1) use a spatially distributed hydrologic model
(JAMS ]J2000 framework) to estimate stream discharge in a monitored catchment, (2) calibrate and
validate the model using stream flow data obtained from a hydrometric station, (3) use the calibrated
parameters to model stream discharges in an ungauged headwater sub-catchment, (4) validate the
model using discharges measured in the field with a portable velocity meter, and (5) evaluate water
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resources and recharge capacity in the headwater catchment. The rationale underlying the proposed
research is portrayed in Figure 1.
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Figure 1. Conceptual approach to conjunctive water resources management in a karst aquifer.

The study area is the Marinheiro catchment, a headwater tributary catchment of Jequitiba River
basin where the Sete Lagoas town is installed (state of Minas Gerais, Brazil). This town grew from
150.000 to 220.000 habitants in a period of 25 years (1993-2008). In that period, these people consumed
200 L habitant™! day~! of groundwater that was withdrawn from a karst aquifer. Groundwater was
pumped from the aquifer using a significant number (~ 100) of large yield (~ 8.0 L s7!) drilled wells
that worked 16 h every day [29,30]. In 2014, Galvao et al. [31] evaluated the long standing effects of
pumping in the geometry of hydraulic heads. A depressed area was delineated around the older wells
(1942), where depths to the water have ranged from 14 m post drilling to 62 m in 2012 (48 m drawdown
in 70 years). The study also suggested the link of this hydraulic head depression to the development
of various suffosional sinkholes. It is therefore pertinent to study this area and help the Sete Lagoas
Municipality to resolve the problem, suggesting the alleviation of pumping through the conjunctive use
of karst groundwater and surface water from the Marinheiro stream in the public water supply. In this
context, the Marinheiro catchment is a peri-urban basin of Sete Lagoas town whose recent master plan
directs the region toward urban sprawl. These political guidelines make the Marinheiro catchment
vulnerable to real estate speculation and soil sealing by the construction of houses and asphalt paving,
as well as other impacts. It is also worth recalling that the Marinheiro main watercourse is ecologically
relevant, acting as thinner of polluted waters flowing into the Jequitiba River.

2. Materials and Methods

2.1. Study Area

The Jequitiba River basin (area: 57,148 he) is located in the central region of Minas Gerais state
(Brazil; Figure 2), and is characterized by rural environment, except in Sete Lagoas town, which is
densely urbanized and populated. The study area comprises the Marinheiro catchment (1480 he),
which a small tributary headwater catchment of the Jequitiba River basin located in the neighborhood
of Sete Lagoas. The Jequitiba basin is located between the geographic coordinates X = 573,198 to
594,872 m and Y = 7,859,607 to 7,836,875 m, referred to the SIRGAS 2000 geodetic datum and UTM 23
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South projection, while the Marinheiro catchment fits within the coordinates X = 581,100.3 to 587,493.5
mand Y = 7,841,747.5 to 7,847,420.3 m.

-44,280 ] -44.250

3 Urban area of Sete Lagoas
Marinheiro catchment
L] Jequitiba sub-basin upstream the hydrometric station
[ Jequitiba River basin
Hydrometric station

Figure 2. Location of study area.

According to Koppen’s classification, the climate is subtropical (Cwa), characterized by dry
winters and hot summers. The mean annual rainfall was 1291.2 mm in the 2000-2018 period, while the
mean temperatures ranged between 18 °C and 24 °C from July to January-February, and showed a
mean annual value of 21.8 °C. The altitudes range from 629 to 932 m in the Jequitiba River basin and
between 717 and 918 m in the Marinheiro catchment (Figure 3a). The geologic substratum (Figure 3b)
of the Jequitiba River basin comprises an Archean crystalline basement composed of orthogneisses,
granites, and migmatites (24.3%) that were overlaid by Neoproterozoic carbonate rocks of the Bambui
Group, namely calcite and dolomite limestones from the Sete Lagoas Formation (42.7%), and pelitic
rocks with interlayered carbonates from the Serra de Santa Helena Formation (28.7%). Later, this
sequence was covered by alluvium, colluvium, and terrace sediments (4.4%) along and lateral to the
main water courses [32,33]. The Marinheiro catchment is dominated by carbonate rocks from the Sete
Lagoas formation, with a small area of Archean rocks cropping out around the catchment headwaters.
The comparison of Figure 3b with Figure 3c (soil map [34]) reveals that Archean rocks as well as pelitic
rocks cropping out in the catchment lowlands are overlaid with cambisols (36.7% coverage within
the Jequitiba River basin), pelitic rocks cropping out in the catchment highlands are overlaid with
neosols (12.2%), and limestones and terrigenous rocks are overlaid with latosols (49.6%). Accordingly,
the Marinheiro catchment is mostly covered with latosols and cambisols (along the headwaters). Land
in the Jequitiba River basin is mostly used for anthropogenic activities, such as livestock pasturing or
agriculture, which are distributed along the drainage network (Figure 3d). Forests occupy 15.8% of the
area, and urban areas 14.4% [35]. Agriculture is also dominant in the Marinheiro catchment, but native
vegetation is kept dense in some areas, especially along the headwaters.
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Figure 3. (a) Topographic map of Jequitiba River basin, with indication of towns, drainage network,
and main road network; (b) lithologic map of Jequitiba River basin; (c) soil map of Jequitiba River
basin; (d) land use and cover map of Jequitiba River basin. The geographic reference for the maps is
the Universal Transverse Mercator (UTM) projection system, SIRGAS 2000 datum, 23 south time zone.
The modeled sub-basin and Marinheiro catchment are also indicated in all panels.

The hydrogeology is characterized by fractured aquifers, developed in the Archean rocks.
Fractured-karst aquifers developed in the pelitic rocks interlayered with carbonates from the Serra
de Santa Helena formation, karst aquifers developed in the limestones from the Sete Lagoas
formation, and porous aquifers developed in the terrigenous rocks and soil layer [36]. Recently,
Monteiro et al. [37] estimated the recharge within the Jequitiba River basin (Figure 4) and derived
average values for the various aquifer types (m> ha™! year™'): 829.3-1357.0 (porous), 829.3 (karst and
fractured-karst), and 539.3 (fractured crystalline). According to Figure 4, average recharge within the
Marinheiro catchment is 340 m3 ha™! year‘1 within the fractured aquifer (= 30% of the catchment) and
1883 m? ha~! year™! within the karst aquifer (~ 70%), which means 1420 m3 ha™! year~! on average.

The town of Sete Lagoas has been supplied with groundwater from the karst aquifer since the
1950s [29], when the population was less than 25,000 inhabitants and groundwater was extracted
from cisterns. These sites became obsolete as the population grew, being progressively replaced
by drilled wells to satisfy the public water demand. In 1993, 65 drilled wells were pumped every
day for 16 h, extracting 8.0 L s™! each to satisfy the consumption of 150,000 people living in Sete
Lagoas [29,38]. The situation was re-evaluated in 2008 by Botelho [30], who counted 94 drilled wells
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(44% increase), keeping a similar mean abstraction (7.8 L s7!) to satisfy the consumption of 220,000
habitants (47% increase).
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Figure 4. Recharge within the Jequitiba River basin and Marinheiro catchment. Adapted from
Monteiro et al. [37].

2.2. Digital Data, Numerical Records and Software

The materials used in this study are indicated in Table 1 and comprised (a) a Digital Elevation
Model (DEM) ALOS PALSAR with a spatial resolution of 12.5 m [39]; (b) Sentinel-2 satellite images
with a spatial resolution of 10 m [40]; (c) the soil map of Minas Gerais state at scale of 1:650,000 and
corresponding data on hydraulic conductivity [34]; (d) the geological map of Minas Gerais state at scale
1:1,000,000 [33]; (e) Climatic data from weather stations in the municipalities of Belo Horizonte (BH),
Sete Lagoas (SL), Conceigdo do Mato Dentro (CMD), and Florestal (FLT) [41]; and (f) Hydrometric data
of station 41410000 [42].

Table 1. Materials used in the JAMS J2000 hydrologic model, namely spatial data and climatic and
stream flow records, and URLs of websites used for downloading the data.

Data Type Use in the Hydrologic Model URL of Website
Digital elevation model Hydrologic Response Units (HRU) https://www.asf.alaska.edu
Satellite images Land use mapping and HRU https://earthexplorer.usgs.gov/
Soil map and hydraulic N .
conductivity data HRU and data parameterization http://www.dps.ufv.br
Geologic map HRU and data parameterization www.portaldageologia.com.br
Climatic data Data for JAMS ]J2000 hydrologic model ~ http://www.inmet.gov.br
Stream flow data Calibration/validation procedure http://www.snirh.gov.br/hidroweb

The software Hydrus 1D (https://www.pc-progress.com) was used to estimate hydraulic
conductivity of soils based on soil texture data released with the soil map. The SPRING software,
version 4.3.5 (http://www.dpi.inpe.br/spring/english/), was used to interpret the satellite images
and delineate land uses and occupations. The JAMS ]J2000 framework (http://jams.uni-jena.de)
was used to perform the hydrologic modeling, including the calibration and validation procedures.
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The Quantum GIS (https://www.qgis.org) and ArcMap (https://www.esri.com/) were used to produce the
thematic maps (e.g., Figure 3), given its visualization capabilities exposed in numerous environmental
studies [43-63].

2.3. Hydrologic Modeling

The hydrologic modeling was developed in the following four main steps (Figure 5):
(1) pre-processing of climatic, stream flow, and cartographic data, followed by delineation of hydrologic
response units as detailed below, based on the overlay analysis of relief, soils, and land use maps.
The data records comprised the 2003-2016 period; (2) hydrologic modeling of a catchment monitored
for stream discharge, namely a sub-basin of Jequitiba River basin monitored at the hydrometric
station 41410000. The modeling was based on the JAMS J2000 framework developed by Krause [64]
and comprehended a calibration (2003-2011) and a validation (2012-2016) period. This step was
preceded by parameterization of input data and followed by the performance analysis of calibrated
models based on goodness-of-fit indices; (3) “Downscaling” of stream flow discharges to the scale
of an ungauged catchment enclosed in the monitored sub-basin, namely the Marinheiro catchment
(study area). The “downscaling” was based on a second run of JAMS J2000, keeping the previous
parameterization but adjusting the hydrologic analysis to the area, associated hydrologic response units,
and climatic characterization of the Marinheiro catchment. The “downscaling” step was validated
through comparison of discharge rates simulated by the JAMS J2000 framework and rates assessed in
the field at the catchment outlet using a portable flow meter, as well as on the basis of a goodness-of-fit
index; (4) Evaluation of reference and ecological stream flows aiming the assessment of surface water
resources within the Marinheiro catchment. The four steps are detailed in the next paragraphs.

Step 1 Step 2 Step 3
Pre-processing of input data Hydrologic modeling of a gauged basin Downscaling
Cgmanlcﬁgata s Climatic and
Xcel format hydrometric data in a
JAMS J2000 format I 7 1 Simulated streamflows Me:f?’::dui::z;ldﬂws
online platform U
Hydrometric data li\(lTECRKL RBIS) Calibration | Validation | Whole data s;::;r::%agaﬁgt catchment outlet
in Excel format period period period (portable flow meter)

\ﬁ_l

Perfornance analysis
Observed versus simulated hydrographs;
Goodness-of-fit indice
(RMSE)

Land use map
(SPRING software) Parametrization

Land use, soil and Hydrologic
geology Modeling
characteristics | *| (JAMS J2000 ) Step 4
{Hydrus sofware, software) Evaluation of surface water resources
scientific literature)

Land use map

Satellite images

Reference and ecological flows
—» (flow duration curves, maximum and minimum

Digital Elevation Hydrologic flows at given return periods)
Model
Response Units
- HRU (online platform J‘
HRU-WEB) Perfornance analysis

Goodness-offit indices Evaluation of surface water resources
(PBIAS, NSE)

Geology map

Figure 5. Workflow used to perform the hydrologic modeling.

In the first step, the variables precipitation, temperature, relative humidity, hours of sunshine,
wind speed, and daily stream flow data, compiled from the weather and hydrometric stations,
were organized in a series of Excel spreadsheets, namely listed in ascending order of time. In turn,
these spreadsheets were submitted to the online platform INTECRAL RBIS—river Basin Information
System (http://leutra.geogr.uni-jena.de/intecralRBIS)—developed by Zander and Kralisch [65], for the
conversion of the Excel spreadsheets into files in the specific format of the JAMS J2000 framework.

The cartographic data were cropped to the area of interest and verified for geometric and
geographic consistency. In addition, the satellite images were submitted to supervised classification of
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land use or cover using the SPRING software. The classification comprised classes for cultivated area,
water bodies, pastures, forest and exposed soil.

The online platform HRU-WEB (http://intecral.uni-jena.de/hruweb-qs/) was used to delineate the
homogeneous hydrologic response units (HRUs). The HRUs are used as modeling entities that have
the same pedological, lithological, topographical, and land use/land cover characterizations and are
heterogeneous from each other. They are connected by a topological routing scheme [66]. The lateral
water flow is simulated allowing a fully explicit spatial discretization of hydrologic response within
the modeled catchment. However, the delineation of HRUs may not account for karst heterogeneity.
Nevertheless, the model can be calibrated so that the observed and modeled stream flows match
well. This HRU-WEB platform is embedded with tools to intersect the digital elevation model with
soil, geology and land use and cover maps producing the HRUs as output. Each HRU holds a
specific identification number, centroid coordinates, and connection codes to adjacent HRUs or specific
water lines [67].

In the second step, the JAMS J2000 framework model was applied to simulate hydrological
processes at the scale of a sub-basin of the Jequitiba River basin located upstream of hydrometric
station 41410000, which encloses the Marinheiro catchment. The J2000 is a process-based spatially
explicit hydrological model, which simulates eco-hydrological processes on the river basin scale.
The method is a part of a modular and object-oriented modeling system called JAMS. Altogether,
the JAMS J2000 framework contains different environmental models and a plethora of components to
create custom tailored models for different research questions. In addition, JAMS possesses modules
for data preparation, analysis, and visualization. The full inventory of hydrologic modules used in
this study is listed in Appendix A. It is beyond the scope of this paper to describe them all in detail,
especially for their mechanics. Readers are invited to consult the original works.

The JAMS J2000 framework simulated discharge rates, on a daily time step, between the calendar
years 2003 and 2016. Using water balances and routing algorithms, the model also simulated
flow components (surface flow, percolation in soil layers, shallow and deep underground flow).
The simulated discharge rates were compared with the homologous rates measured at the hydrometric
station for the sake of calibration and validation. Calibration encompassed the 2003-2011 period
while validation the 2012-2016 period. Besides the measured discharge rates, other parameters were
used in the hydrologic modeling, which are listed in Tables A2-A4 of Appendix B. These parameters
were processed in the various JAMS J2000 modules (Appendix A), which were run until optimized
values (calibrated) were obtained. The calibration procedure was based on the NSIN II algorithm
(Genetic Multi-objective II) with daily time step, while adopting 5000 iterations as the stopping
rule [68]. The calibrated parameters are indicated in Appendix C. Following the calibration procedure,
the hydrological model was tested for performance through assessment of goodness-of-fit indices (a)
percentage of bias (PBIAS) [69] and (b) Nash-Sutcliffe (NSE) efficiency coefficient [70]. The performance
intervals are provided as Appendix D. According to Gupta et al. [69], the PBIAS estimates the percentage
trend of simulated data to be higher or lower than the observed data and can be described by the
following equation:

i—1(yi—oi)

n

PBIAS = [
t=19i

] x 100 1)
where PBIAS is the percentage of bias (%), y; is the simulated flow (m? s7!), and o; is the observed
flow (m® s71). A PBIAS = 0 occurs for a hydrological model with optimal performance. Positive or
negative values indicate, respectively, that the model overestimates or underestimates the simulated
flows. The NSE and LNSE coefficients are equated as follows [70]:

NSE = 1-

n AV
El:l(ol yl) (2)

i= 1(01‘ - OmEd)z
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n
LNSE = 1- —=1 >
Y (Inoj — InOmed)

where “In” represents the natural logarithm and o;, Omed, Vi, and ymedq represent, respectively,
the observed flow, the average observed flow, the simulated flow, and the average simulated flow
(m3s71). The values of NSE and LNSE (dimensionless) can vary from —co to 1. The closer to 1,
the greater the adjustment between the simulated and observed values. Results below 0 indicate that
the mean observed values are more representative than the values predicted by the model.

In the third step, the calibrated stream flows (20032016 series) were “downscaled” to
the Marinheiro catchment scale and estimated at the corresponding outlet. To accomplish the
“downscaling,” the JAMS J2000 framework was run using the previously calibrated parameters
(Appendix C) and the HRUs enclosed in the Marinheiro catchment. Then, the discharge rates estimated
at the Marinheiro catchment’s outlet using the JAMS J2000 framework were compared with homologous
rates estimated on the basis of flow velocities and water column heights, measured with a portable
flow meter in the period June of 2015 and February of 2018 (142 evaluations).

(Ino; — lnyl-)2

®)

Q= Av (4)

where Q (m® s71) is the discharge rate, A (m?) is the wet area of a circular stream section and v (m s™1)
is the measured flow velocity. The value of A was estimated as follows:

A= %(6—5@71 (6)) D2 5)
with
6 = Zcos_l(l— %) 6)

where /i (m) is the water column height measured at the stream section’s center, while D (m) and 6
(radians) are the stream section’s diameter and the angle between the stream section central point and
the stream water surface, respectively.

The performance of “downscaling” was checked through comparison of measured and simulated
hydrographs and calculation of the RMSE estimator.

B /_1(0i— Ep)°
RMSE = \/f @

where O; and E; represent the observed (measured Q) and estimated (with JAMS J2000 framework)
values of a target variable, while n represents the number of measurements and corresponding
estimations (142 in the present case).

In the fourth (and last) step, reference stream flows were evaluated within the Marinheiro
catchment, based on the simulated series of discharge (JAMS J2000 framework, period 2003-2016).
A reference stream flow launches the upper limit of water uses in a water course. According to
Harris et al. [71], the legal application of a reference flow favors the protection of rivers, because the
grants for stream water diversion in that context are based on low risk base flows. However, the setup
of reference flows is also an obstacle to the implementation of a grant system [72]. The most common
reference values are [73] Q7 19, which is the minimum flow of seven days duration and 10 years
return period, with a 10% risk of not being reached, and Qqg, which corresponds to a flow with 90%
probability of being exceeded in time. They are both seen as ecological flows, meaning that any granted
stream water diversion needs to permanently ensure these or larger flows in the target river [74,75].
In Brazil, states have adopted different criteria for setting up reference flows for granting but did not
present justifications for the adoption of specific values. In Minas Gerais state, the Mining Institute of
Water Management (IGAM; http://www.igam.mg.gov.br/) defined threshold values for the Marinheiro
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catchment, namely Q7 19 = 0.029 m3 s~ and Q90 = 0.075 m3 s71. The comparison of IGAM values with
counterparts determined by the JAMS J2000 framework represents additional performance criterion.

Besides the use in model performance assessment, the reference stream flows were used in the
evaluation of water resources aiming the proposed conjunctive use of karst groundwater and surface
water in the supply to Sete Lagoas town. Their calculation involved the definition of a flow duration
curve for the Marinheiro stream that was based on a probabilistic model [76,77],

Pi = 4 8
where p; is the probability of reaching or exceeding a stream flow, i is the order of the ith sorted flow
(descending order), and #n is the number of ordered data. It also involved the definition of maximum
and minimum flow values at different return periods (2, 5, 10, 50, and 100 years) using the log-normal
probability distribution [78].

3. Results

The modeled sub-basin (Step 2; Figure 5) of Jequitiba River basin is located upstream of hydrometric
station 41.410000. This sub-basin is represented in Figure 3 over the topographic, geologic, soil, and land
use maps and corresponds to the upper part of Jequitiba River basin. During the hydrologic modeling,
the overlay analysis of these geographic data generated 22,920 hydrologic response units characterized
by similar soil types, relief classes, and land uses/occupations. These attributes, together with the
climate data, were submitted to 5000 iterations in JAMS J2000 modules, which returned values for
specific hydrologic parameters as listed the Appendix C. The hydrologic model also returned simulated
stream flows that were compared with real discharge rates from 41.410000 station. The analysis of model
performance was based on the PBIAS and NSE indices. The calculated PBIAS were —9.50 (calibration
period), —3.65 (validation period), and 3.80 (whole period), indicating very good performance within
the whole period (see reference levels in Appendix D). As regards NSE, the homologous results were
0.58, 0.67, and 0.64, indicating good to fair performance.

The spatial distribution of flow components is displayed in Figure 6. It is clear from this figure
that direct flows dominate in the northwestern sector of the modeled sub-catchment where the Sete
Lagoas town is located. This is obviously explained by surface waterproofing in this urban area.
Concomitantly, the other flow components are lower in this sector, especially the deep groundwater
flow. In the Marinheiro catchment, the flow components are, on average, direct flow (DF) = 36.95 mm
year~!, percolation in soil layer (S) = 69.06 mm year~!, GF (upper) underground flow in the upper
aquifer layer (GF) (upper) = 49.32 mm year~!, and underground flow in the lower aquifer layer (GF)
(lower) = 17.3 mm year‘l. If the underground components S, GF (upper), and GF (lower) are summed
and converted in the m® ha™! year~! scale, the result (1356.8 m> ha=! year~) is similar to the recharge
estimated by Monteiro et al. [37] (1420 m3 ha~! year™).

The stream flows at the outlet of Marinheiro catchment were obtained through “downscaling”
of JAMS J2000 flows estimated at the 41.410000 station (Step 3). The results are illustrated in the
hydrograph of Figure 7. In the studied period, the daily average values of precipitation and discharge
were 4.02 mm and 0.21 m? s7!, respectively. When monthly averages were compiled from the
hydrograph and compared with the homologous values assessed in the field with the portable flow
meter, a fair approximation was observed between the two sets of values (Table 2). In the months of
April to November, the simulated flows were lower than the observed flows. Conversely, in the rainy
season the simulated flows were larger than the flows estimated in the field. The differences were
larger in the months of January and March, indicating a slight overestimation of the simulated flows in
these months. In the other months, the simulated flows approached the observed flows, especially
during the dry period. Overall, the calculated RMSE index was 0.07 m3 s~!, which is indication of
an acceptable “downscaling.” Similar values of RMSE in hydrological models that presented good
performance can be consulted in the works of Monte et al. [79] and Machado et al. [80].
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Table 2. Simulated (JAMS J2000), measured (portable flow meter), and residual (difference between
simulated and measured) stream flows in the Marinheiro catchment, averaged on a monthly basis.
The Root-mean-square deviation (RMSE) value indicates an acceptable performance of stream
flow downscaling.

Month Simulated Discharge Measured Discharge Residuals
(m3s71) (m3s71) (m3s71)
January 0.40 0.24 0.16
February 0.23 0.25 -0.02
March 0.30 0.17 0.13
April 0.16 0.17 -0.01
May 0.13 0.18 -0.05
Jun 0.11 0.16 —-0.05
July 0.10 0.14 -0.04
Augus 0.09 0.12 -0.03
September 0.08 0.12 —-0.04
October 0.09 0.14 -0.05
November 0.13 0.16 -0.03
December 0.36 0.30 0.06
RMSE = 0.07

The flow duration curve of Marinheiro catchment is illustrated in Figure 8. The figure shows
that the flow was equal to or greater than 0.06 m3 s~ (base flow) in 90% of the time and equal to or
greater than 0.36 m3 s (flood flows) in 10% of the time. The marked difference between flood flows
and base flows may indicate low capacity to maintain the volume of water that is drained into the
stream bed during the year, compromising the supply of water in the driest months unless the stream
water is stored in a dam reservoir. Moreover, this low storage capacity can be explained both by the
lithologic characteristics in which the river basin is located (karst) and by the abstractions that can
occur in the watercourse. The minimum and maximum flows simulated for the Marinheiro catchment
at various return periods are plotted in Figure 9. The maximum flows increase from 2.26 to 9.54 m3 s~
for increasing return periods (2 to 100 years). The minimum flows decrease from 0.14 to 0.06 m3 s~! for
the same periods. The calculated ecological flows were Q; 19 = 0.045 m3 s~ and Qg = 0.071 m3 571
These values were relatively close to the IGAM’s values (Q7 19 = 0.029 m® s7! and Qgy = 0.075 m3 s71),
especially the Qqg.

8.00

£ 0.13 \
< 0.06
0.03 - : ‘ : ‘ N
0 20 40 60 80 100
Permanence (%)

Figure 8. Flow duration curve of the Marinheiro catchment.
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Figure 9. Return period of maximum (Qmax) and minimum (Qmin) flows in the Marinheiro catchment,
estimated at return periods of 2, 5, 10, 50, and 100 years.

4. Discussion

The modeling of the Jequitiba River basin and the Marinheiro catchment based on the stepwise
workflow of Figure 5 proved efficient, given the close match between simulated and measured
stream flow discharges (Table 2) and generally good performance indicators (PBIAS, NSE, RMSE).
The approximation between ecological indicators Q7 19 and Qgg, derived from the hydrologic model
and by the public institution IGAM, is also an indication of efficient modeling and robust modeling
results. This was a key step and provides confidence in the interpretation and comments to follow.

In 2008, the ca. 220,000 inhabitants of Sete Lagoas were consuming approximately 200 L habitant™!
day~! of karst aquifer water pumped from 94 drilled wells at an average rate of 7.8 L s™! for 16 h every
day [29,30]. This represented an annual abstraction of approximately 15.5 hm? of groundwater. Based
on the hydrologic modeling, the annual groundwater resources (Figure 6) within the Sete Lagoas karst
(14.4% of the modeled catchment) represented in the 2003-2016 period 6.3 hm3 year~!. The difference
between availability and demand is therefore negative and approached -9.2 hm? year~! in 2008. In fact,
this difference has been negative for a long time and was the reason for the development of systemic
water table declines and suffosional sinkholes. The duration curve of the Marinheiro catchment
indicates that base flows are permanently (90% of the time) equal or greater than 0.06 m> s~! (1.89 hm?
year!). These flows are ecologic and therefore not grantable for uses such as public water supply.
However, the flows above 0.06 m® s™! can be considered for this use. For example, flows are equal
to or larger than 0.13 m3 s7! for six months (Figure 8) and even larger for shorter periods of time.
The relationship between flow and duration expressed in Figure 8 assumes the free flow of stream
water. If a small dam or weir is installed in the water course, then the durations can be extended longer,
namely one year, because the stream water is kept in the reservoir. In that case, the average flow c
(0.21 m? s71) can be a good proxy for a permanent flow. The difference between this value and the
ecologic flow represents 4.73 hm? year~! of quality water that could be proposed for the public water
supply in the context of conjunctive water resources management involving groundwater from the
karst and surface water from the Marinheiro catchment. This conjunctive water resources management
is suggested for other regions [18,81-85] and could help reduce pumping in the Sete Lagoas drilled
wells to mitigate water table decline and suffosional sinkhole formation, as proposed by Galvao [31].
It is worth noting that the proposed discharge rate (0.21 m® s71) has a return period <2 years (Figure 9)
and therefore is suited for water planning. We recall, however, the well-known limitations of return
period assessments and the risk of failure of water resources evaluations based on this hydrologic
indicator [86,87].
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According to Monteiro et al. [37], recharge in the Marinheiro catchment approaches 1420
m? ha™! year™ (142 mm year™?). This recharge refills the Archean basement (30% of the catchment)
but mostly the karst aquifer (70%), representing an input of 1.47 hm? year~! of quality water to the
karst aquifer. It can be considered a high value, when compared with a range of values determined by
Galvao [88] within the Serra de Santa Helena Environmental Protection Area next to the urbanized
area of Sete Lagoas. The creation of a dam reservoir in the Marinheiro catchment could increase aquifer
recharge to even larger values and hence improve productivity of boreholes downward. In a study
based on stable isotopes, Galvao [89] related groundwater origin directly to local precipitation, with a
limited recharge period, and locally receiving surface water contributions. It is therefore acceptable to
expect the possibility of local recharge from a dam reservoir and to assume that recharge could be
extended in time with the presence of that infrastructure. Studies all over the globe claim recharge
improvements triggered by dam installation. For example, a study in AlIKhod, Oman [90], claimed that
controlled releases of water captured by a dam optimized water percolation and enhanced artificial
recharge, which almost doubled in a period of eight years. Many other studies refer stream damming as
measure to manage aquifer recharge [91,92], while the problem has been addressed from multiple stand
points. For example, in a study developed in Ranchi (India), Mahto studied the feasibility of artificial
groundwater recharge structures for urban and rural environment, using geospatial technology [93].
Other authors compared recharge improvements obtained with single dams and cascades of dams
(check dams) [94]. The next step would be to look at the Marinheiro catchment as an opportunity to
manage recharge expecting an improvement of hydraulic heads around Sete Lagoas.

From a practical standpoint, the modeling results confirmed the ability of the Marinheiro catchment
to be used as source of quality surface water to the municipality of Sete Lagoas in the context of
conjunctive water resources management. More importantly, the present research proved the efficiency
of the modeling of ungauged catchments. Usually, the hydrologic modeling of gauged basins can
be robustly validated with measured stream flows, but the scarcity of monitoring stations hampers
validation of hydrologic models in headwater catchments. In the present study, a stepwise approach
was implemented whereby a gauged basin is modeled for stream flow in a process involving calibration
of hydraulic parameters and validation of simulated stream flows with measured counterparts.
Subsequently, the calibrated parameters were used to model the stream flows of an enclosed sub-basin,
in a process referred to as “downscaling.” Finally, the “downscaled” stream flows were validated in the
field by measurements of flow velocity and water column weight. To our knowledge, this sequential
approach involving a double validation of modeling results is uncommon and can be viewed as
relevant improvement of ungauged catchment hydrologic modeling.

5. Conclusions

A novel hydrologic approach was accomplished through a double run of the JAMS J2000
framework, whereby calibrated hydraulic parameters and simulated stream records were obtained at
the scale of Jequitiba River basin (first run), and then the simulated flows were adjusted to the scale of
the Marinheiro catchment (second run), which is a Jequitiba tributary. The Jequitiba basin also encloses
the town of Sete Lagoas (state of Minas Gerais, Brazil), which has for decades experienced severe
problems of water table declines and depletion of groundwater resources related to overexploitation
of a karst aquifer used for public supply. The double run of JAMS J2000 was accompanied by a
double validation of modeled stream flows. In the first run, the simulated stream flows could be
validated by comparison with stream flows measured in a hydrometric station installed in a section
of the Jequitiba section for years. The Marinheiro catchment is not gauged, and therefore that type
of validation was not possible. Instead, the simulated (downscaled) stream flows were validated by
discharge rates assessed in the field through measurements of flow velocity and water column heights.
Having finished the modeling, flow duration and return periods of stream flow were assessed using
probabilistic models. Altogether, the possibility to deliver 4.73 hm? year~! of quality surface water
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to Sete Lagoas to alleviate the pressure over the karst aquifer was considered. This water would be
stored in a small dam that would also improve aquifer recharge
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Appendix A
Table A1. JAMS J2000 modules used in the hydrologic modeling.
Module Parameter Description
mFCa Multiplier of field capacity
Start u mACa Multiplier of air capacity
P initRG1 Initial capacity in the upper underground reservoir
initRG2 Initial capacity in the lower underground reservoir
Interception ®, rain Maximum interception capacity of leaf area
soiMaxDPS Maximum storage capacity in the surface
soilPolRed Polynomial reduction factor of potential evapotranspiration
soilLinRed Linear reduction factor of potential evapotranspiration
soilMaxInf1 Maximum infiltration in the April-September period
soilMaxInf2 Maximum infiltration in the October-March period
soillmpGT80 Relative infiltration capacity in areas with waterproofing larger than 80%
Water in soil soillmpLT80 Relative infiltration capacity in areas with waterproofing smaller than 80%
s0ilDistMPSLPS Coefficient of infiltration distribution between medium and large pores
soilDiffMPSLPS Diffusion coefficient from large to medium pores
soilOutLPS Output coefficient from large pores
soilLatVertLPS Distribution coefficient between interflow and percolation
soilMaxPerc Maximum percolation capacity
s0ilConcRD1 Retention coefficient of surface flow
soilConcRD2 Retention coefficient of interflow
gwRGIRG2dist Distribution coefficient between storage in the upper and lower groundwater reservoirs
G dwat gwRGlfact Dynamic flow factor in the upper reservoir
roundwater gwRG2fact Dynamic flow factor in the lower reservoir
gwCapRise Capillary factor
Routing flowRouteTA Time of concentration
Appendix B

Parameterization of JAMS J2000 hydrologic model. The target watershed was the sub-basin of
Jequitiba River basin located upstream hydrometric station 41410000. The modeling also holds for all
enclosed catchments, namely the Marinheiro stream catchment. The parameterization of input data
resorted to computer programs, research articles, and technical studies where lithologic, soil and land
use properties were calculated or indicated. The selected values of all input parameters, as well as the
corresponding sources of information, are listed in Tables A2-A4.
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Table A2. Land use and occupation parameters used in the hydrologic model.

Land Use or o Sup.e rhicial Leaf Area Effective Root Depth
. Albedo (%) Resistance Index
Occupation - . . Growth (m) (dm)
(sm™1) (Dimensionless)
Cultivated area 20.0 70.0 0.6 1.1 2.0
Urbanized area 16.4 70.0 0.01 0.0 0.0
Cerrado biome 14.2 70.0 0.8 20.0 12.0
Water bodies 4.0 70.0 0.0 0.0 0.0
Forest 15.0 70.0 0.9 30.0 30.0
Bare land 20.0 70.0 0.0 0.0 0.0
Reference(s) [95,96] [97] [98] [99] [97]
Table A3. Soil parameters used in the hydrologic model.
. Minimum Permeability Air Capacity Field Capacity
Soil Type Depth (em) Coefficient (mm d-1) (mm) (mm)
Red-yellow argisol 170 1 40 600
Haplic cambisols 230 1 37 1150
Red-yellow 250 1 38 1500
latossols
Tholic Litholic 50 1 13 125
Reference Hydrus 1D software (https://www.pc-progress.com)
Table A4. Lithologic parameters used in the hydrologic model.
Maximum Storage = Maximum Storage L .
Li . Capacity in the Capacity in the Storage Coefficientin the  Storage Coefficient in the
ithologic Type . . Upper Groundwater Lower Groundwater
Upper Aquifer Lower Aquifer . .
Reservoir (d) Reservoir (d)
(mm) (mm)
Orthogneiss 50 900 13 365
Clastic sediments 50 800 16 365
Limestone 70 1000 17 365
Silstone 60 900 14 365
Reference [100]
Appendix C

Table A5. Intervals and values of JAMS J2000 module parameters obtained after calibration.

Module Parameters Interval Unit Calibrated Value

mFCa 0-5 - 4.99

Start up mACa 0-5 - 4.98
initRG1 0-1 - 0.40
initRG2 0-1 - 0.72

Interception o, rain 0-10 mm 5.80
soiMaxDPS 0-10 mm 3.49
soilPolRed 0-10 - 6.78
soilLinRed 0-10 - 1.57
soilMaxInfl 0-200 mm 129.97
soilMaxInf2 1-200 mm 75.99
soillmpGT80 0-1 - 0.07

Water in soil soillmpLT80 1-1 - 0.31
soilDistMPSLPS 0-10 - 0.13
soil DiffMPSLPS 0-10 - 0.34
soilOutLPS 0-10 - 2.27
soilLatVertLPS 0-10 - 0.70
soilMaxPerc 0-20 mm 5.10
soilConcRD1 0-10 - 1.49

s0ilConcRD2 1-10 - 9.99
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Table A5. Cont.

Module Parameters Interval Unit Calibrated Value
gwWRGIRG2dist 0-1 - 0.31
G dwat gwRGlfact 0-10 - 3.40
roundwater gwRG2fact 0-10 - 1.27
gwCapRise 0-1 - 0.41
Routing flowRouteTA 0-100 h 46.80

Appendix D

Table A6. Reference values of PBIAS and NSE and their relation to hydrologic model performance.
The evaluation of performance was done separately for the calibration period (2003 to 2011), validation
period (2012 to 2016), and full data period (2003 to 2016), allowing us to verify the replication
of parameters.

PBIAS (%) NSE Performance
0a10 0.75a1 Very good
10a15 0.65a0.75 Good
15a25 0.50 a 0.65 Fair
>25 <0.50 Inadequate
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