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Abstract

Data acquisition by automatic monitoring allows obtaining a large number of data, supporting a better understanding of the monitored
region. The use of automated discharge measurement enables a better understanding of floods, the relationship between surface and ground-
water flow rate values, and aquifer recharge. However, automatic instruments processing and storage may fail, leading to missing values in
some intervals of the recorded time series. These missing values may be replaced by estimates from the regional flow rate or other statistical
approximations. For evolved karst systems, however, those techniques may not be adequate due to their rapid discharge responses to rainfall.
The aim of this paper is to develop a method able to estimate fluviometric monitoring missing values, based on time series correlation for
correlated data. These estimates were obtained from automated monitoring through pressure transducers in 6 streams in a region of approxi-
mately S0S km?, predominantly covered by the carbonate and metapellitic Neoproterozoic rocks of the Bambui Group. The proposed method
is composed of four sequential steps: computing the streamflow-data autocorrelation and the cross-correlation of pluviometry with the flow
rate; calculating the precipitation fraction that directly contributes to the discharge; fitting of a linear relationship between pluviometry and
the monitored daily discharge, to calculate discharge values on days when automatic measurements failed; and approximation of the calcu-
lated and monitored discharge values, using a number of statistical criteria. The results show the maturity of the karst aquifer system, with
fast ground-water flow and low storage, well-calibrated stage-discharge rating curves for the 2016/2017 hydrological year and that the values

estimated by proposed methodology present a deviation of less than 9% over the monitored data.
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INTRODUCTION

The study area has 505 km? and it is in the northern zone
of the metropolitan region of Belo Horizonte, Minas Gerais,
covering the entire region named Environmental Protection
Area (Area de Protegdo Ambiental — APA) of Lagoa Santa Karst
and its surroundings. This area is undergoing rapid urban and
industrial expansion, which leads to a substantial increase in
water demand. Therefore, the assessment of the regional hydro-
logical basins flow is fundamental for the understanding and
sound management of its water system.

In order to perform the streams fluviometric analysis, pressure
transducers were installed. The pressure is measured every 15 min-
utes and then averaged as daily discharge data. Automated moni-
toring, however, may present flaws in data collection and storage,
leading to missing values in the recorded time series. Typically,
data failure completion involves one of the following methods.

Existing data failure completion methods typically use:

* either interpolators or percentile methods to fill gaps at

time intervals greater than 24 hours;
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* long series of data to complete minor failures;

* average discharge regionalization methods and perma-
nence curve;

e correlations of physiographies between similar basins.

As described by Obregon et al. (1999), the discharge
regionalization method, as well as the permanence curve, are
the main hydrological functions to complete monitoring flaws.

Freund and Wilson (1998) used the Quadratic Least Square
Regression model to measure the correlation of hydrologi-
cal data between fluviometric stations. Barbosa (2004) used
discharge regionalization to fill flow rate data failures in the
southern region of Minas Gerais State, Brazil. Collischonn and
Tassi (2008) proposed the transfer of flow rate data between
basins and the establishment of a linear relationship between
the discharge and drainage areas. Tamiosso et al. (2013) used
the classical Manning methodology to fill defects in flow rate
data failures. However, in well-developed karstic environ-
ments, the heterogeneity and anisotropy of the system indi-
cate specific characteristics for different basins and an almost
instantaneous flow rate response to rainfall events. The existing
methodologies are not fully adequate for karst environment
and there is a lack of limited specific studies about this theme
in karst regions. The author presents a solution to manage the
presence of missing values in time lapses due to acquisition

failures in automatized fluviometric monitoring.
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The proposed method was applied to a data set from the
northern zone of the metropolitan region of Belo Horizonte,
Minas Gerais, covering the entire region named APA of Lagoa
Santa Karst and its surroundings.

The study area is represented from base to top by the Belo
Horizonte Gnassic-Granitic-Migmatitic Complex, overlapped
by the rocks of Sete Lagoas and Serra de Santa Helena forma-
tions, which are part of the Bambui Group.

The carbonate rocks of the Sete Lagoas Formation (Bambui
Group) encompasses the majority of the area. Over this zone,
a typically karstic landscape developed through chemical dis-
solution along fractures, faults, bedding planes, and litholog-
ical contact, which resulted in swallow holes, depressions,
conduits, caves, polje, and other morphological features. Such
aspects control most of the direct and fast aquifer system
recharge, conduction and discharge in surgences and resur-
gences. They express an evolved terrain in which drainages are
predominantly controlled by groundwater, thus exhibiting a
strong interaction with each other.

Therefore, a distinctive diversity is generated for this kind
of terrain characterized by the easy interaction between surface
and underground environment, mostly promoted by water in
the mentioned morphological structures considering the qual-
itative and quantitative fragility of carbonate systems, because
of the heterogeneity and rapid response to pluviometric events

with a close relationship between surface and groundwater, the

development of a methodology that can correlate daily rainfall
events is necessary in order to complete the missing values in

a daily discharge series for karst environments.

PHYSICAL CHARACTERISTICS
OF THE STUDY AREA

The area has approximately 505 km? and itislocated 35 km
north of the city of Belo Horizonte, in the state of Minas Gerais,
Brazil. It encompasses, partially or fully, the municipalities of
Lagoa Santa, Vespasiano, Sao José da Lapa, Funilindia, Confins,
Matozinhos, Pedro Leopoldo, and Prudente de Morais. It also
entirely covers the region called APA Karst of Lagoa Santa and
its surroundings (Fig. 1).

Geologically, the western and southern limits of the study
area comprise the Belo Horizonte Gnassic-Granitic-Migmatitic
Complex, covered by the Neoproterozoic sediments of the
Bambui Group (Fig. 2).

The Bambui group consists of the carbonates of the Sete
Lagoas Formation, composed of, from the bottom to the top:
Pedro Leopoldo Member, which is predominantly constituted
by impure calcilutites (usually fine-grained and light-colored);
and Lagoa Santa Member, constituted by pure dark-colored
coarse-grained calcarenites. The basal Member is mainly dis-
tributed in the eastern region of the area and it is in contact

with the crystalline rocks in the southwest portion of the area.

Figure 1. Location Map of the study area, highlighting Environmental Protection Area (Area de Protegdo Ambiental - APA) — Lagoa Santa

Karst (yellow).
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On the other hand, the upper Member comprehends more
than 60% of the area, distributed from the center to the bor-
ders (Fig. 2).

The weathered metapelitic sediments of the Serra de Santa
Helena Formation overlap that sequence, located in the east-
ern portion of the area and, to alesser extent, to the north and
upstream of the Palmeiras stream basin (Fig. 2).

The Cenozoic covers, represented by alluviums on the
stream margins and dendritic lateritic covers (Fig. 2), include
the pelito-carbonate sequence of the Sete Lagoas and Santa
Helena Formation.

As described by Pessoa (2005), the crystalline basement
can be found in lower stage-discharge from west to east, and the
margins of the Velhas river are its deepest regions. The thickness

Figure 2. Geological Map (adapted from Ribeiro et al. 2003) emphasizing the monitored fluviometric stations.



Braz. J. Geol. (2020), 50(4): e20190031

of the sedimentary basin varies from tens to hundreds of meters
as it approaches the limits of the area. Paula (2019) describes
average soil thicknesses ranging from 50 to more than 100 m
in some regions. Galvio ef al. (2016), through tubular wells
profiles, states that, in regions near the eastern boundary of
the area (regions near the Velhas river), the basin thickness is
greater than 300 meters.

Structurally, the contacts between the members of the Sete
Lagoas Formation are abrupt and discordant. On the other
hand, the top and bottom contacts of this geological unit are
tectonic, represented by sub-horizontal shear zones, frequently
followed by basal displacement flaws and kinematic indicators
of reverse movement (Ribeiro et al. 2003).

The rupture deformation process that occurred in the
zone generated an intense fracture system, which facilitates
the aquifer recharge. It is also responsible for the conduction
of ground-water flow, either through the fractures themselves
or through their dissolution by the action of water and forma-
tion of conduits.

The hydrogeological context of the region is represented
by the carbonate aquifer of the Sete Lagoas Formation, the
main hydrogeological unit, which is deposited directly over
the crystalline aquifer formed by the Belo Horizonte Complex
and partially covered by the aquitard formed by the pelitic sed-
iments of the Santa Helena Formation and Cenozoic covers.

The gneiss-granite basement represents alow potential fis-
sural aquifer (Vieira et al. 1998). Its hydrogeological interac-
tion with the limestone of the formation above (Sete Lagoas
Formation) is still not well known. The groundwater flow direc-
tion, however, is known to be sub-parallel toward the Velhas
river (Andrade and Amorim 2018).

The limestones of the Sete Lagoas Formation consti-
tute the main aquifer unit in the area, with thickness ranging
from few meters up to more than 250 m. As stated by Vieira
et al. (1998), the Lagoa Santa upper Member presents higher
water potential if compared to the Pedro Leopoldo Member.
This potential is based on the degree of fracture, specific capac-
ity measured in the region’s tubular wells, and other parame-
ters. Paula and Veldsquez (2019) pointed out the importance
of exposed and fractured carbonate massif zones with aquifer
recharge, reaching average values for the area of 119 mm for the
hydrological year 2016/2017. Ribeiro et al. (2019) describe
how the groundwater flow of the region is influenced by hor-
izontal planes and eastward fractures.

The metapelites of the Serra de Santa Helena Formation act
as aquitards or poor aquifers. The former actslocally as recharge
regions for the inferior carbonate aquifers (Pessoa 2005).

The hydrography of the area is represented by the water-
shed of the Velhas river, being flanked in its northeastern and
eastern portions by the same river, which acts as the base level,
with heights from 630 to 660 m. To the southwest and west,
the Mata stream borders the region, which is a tributary of the
Velhas river, located on the right margin (Fig. 3).

Within the area, there are six watersheds that directly or
indirectly drain more than 90% of the study area into the Velhas
river, through the Palmeiras, Gordura, Jaguara, Samambaia,

Flor, and Jaque streams. The fluviometric stations are placed

between 1 and 2 km downstream from the meeting of those
streams with the Velhas river, ensuring the maximum dis-
charge flow rate from these points. It is worth mentioning
that the Palmeiras stream emerges directly into a sink, and
its monitoring point is located less than 1 km from that sink.
Additionally, the Samambaia stream monitoring point was
installed in the middle portion of the basin, due to legal con-
straints. However, the chosen point represents more than 80%
of the total discharge flow rate of this water body (Paula 2019).

The Palmeiras stream flows into a swallow hole and resur-
faces after 2.5 km in one of the Jaguara springs (Auler 1994),
from where it flows superficially to the Velhas river.

The other streams drain superficially to the left bank of
the Velhas river, except for the Samambaia stream, which is
entirely drained by a swallow hole, 3 km in a straight line from
the left bank of Velhas river. Its resurgence is still unknown.

The residual flow rate of some of the analyzed drainages
is affected by several catchments and water abstractions for
irrigation and animal watering, drying up during the dry
season, when its use is more intense. An important dam
located upstream regulates part of the Samambaia stream
residual volume.

The streams flow predominantly over karst terrain, except
for the Jaque and Flor streams, which partially drain over the
metapelites. The physical characteristics of each drainage are
described in Table 1. Small marginal basins to the Velhas river
and Mata steam flow over covering sediments.

In the basins located entirely above the limestones, the
occurrence of low drainage density, without significant trib-
utaries, with the predominance of only first and second order
drainages and the concordant orientations of the streams (Fig. 3
and Tab. 1) show a well-evolved karst controlled by tectonics.

The average annual precipitation values, based on the years
from 1980 to 2017, of the pluviometric stations that surround
the area Lagoa Santa (1943049), Vespasiano (1943049), Pedro
Leopoldo (1944009), and Sete Lagoas (OMM: 8670), pres-
ent a historical average of 1,258.8 mm spread over 93.7 days.
There are two well-defined seasons, a dry one from April to
September and a rainy one from October to March, which
accounts for approximately 90% of total rainfall.

The climatic water balance of the area performed for the
same hydrological year of this study (Oct/2016 to Sep/2017)
allowed obtaining actual evapotranspiration (AET) of 750 mm
(74%), potential evapotranspiration (PET) of 895 mm, water
surplus (WS) of 260 mm (26%), and water deficit (WD) of
145 mm, for a precipitation of 1,010 mm recorded at Lagoa
Santa station (Paula and Veldsquez 2019).

The pluviometric data of Lagoa Santa station from 1980
to 2017 have an average of 1,190 mm, 18% higher than the
values monitored in the hydrological year 2016/2017 (Paula
2019). However, this same author shows that the stream dis-
charge monitored in the hydrological year of study remains
with adherence of 98% compared to the values monitored
by Auler (1994) during the dry period. Therefore, despite
various drought stages as well as anthropic interference, the
groundwater contribution to this studied hydrographic sys-

tem remains unchanged.
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Figure 3. Hydrographic map highlighting the fluviometric monitoring points. In yellow, the APA (Environmental Protection Area) limit area,

Lagoa Santa Karst.

Table 1. Physical and lithological characteristics of monitored

watersheds.
Area Stream Drainage
Basi Lithol
asins (km?) Length (km) Direction ithology
Flor 16 5.0 swyNg  Pelite-
Limestone
Palmeira 31 6.0 NW/SE Limestone
Gordura 39 14.0 SW/NE Limestone
Samambaia 48 9.0 SW/NE Limestone
Pelite —
Jaque 59 17.0 S/N Limestone
Jaguara 125 14.0 SW/NE Limestone

MATERIALS AND METHODS

The analyzed data correspond to the monitoring per-
formed from October 2016 to September 2017, equivalent
to a regional hydrological year at Lagoa Santa station, which
has more than 50% of influence on the evaluated area (Paula
and Veldsquez 2019).

The pluviometry used for each basin was the one corre-
sponding to the most influential pluviometric station out of
four pluviometric stations that surround the area. Paula and
Veslédsquez (2019) carried out a study in the region which
verified, from the Thiessen distribution map, the pluviomet-

ricinfluence of each station on the watersheds, namely: Lagoa
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Santa (1943049) — Samambaia Basin, Vespasiano (1943049)
and Lagoa Santa (1943049) — Jaque Basin, Pedro Leopoldo
(1944009) — Jaguara and Palmeiras, and Sete Lagoas Basins
(OMM: 8670) — Gordura, Flor, and Velhas river Basins.

The streamstages were obtained by pressure transducers
(Solinst and Schlumberger) installed in six streams (Tab. 1).
They were calibrated by barometric pressure transducers to
obtain the correct water column on the transducer, later con-
verted into water-level coordinates or stages.

Discharge measurements were carried out with conven-
tional current-meters on a bi-monthly basis during the mon-
itoring period.

The stage-discharge rating curves relate the height of
the water column of a given course (stage) to its discharge.
To make the curve, it is necessary to simultaneously measure
the discharge of a stream and its stage, during both the dry
and rainy periods, widely representing the fluviometric vari-
ation of the water body.

The discharge-stage ratio can be calculated graphically,
mathematically or by calibration table. In this work, the inter-
national graphical flow rate h/Q is used (Eq. 1):

Q= a(h-h)’ (1)

Where:

h = the stage height measured for a certain monitored dis-
charge Q;

h,, = the level at which the flow rate is zero,

a and b = linear constants determined for the location.

To determine the fitting parameters from the univocal
relation of the pairs (Q, 1), the expression must be linearized,
determining a and b by linear regression and h, by trial and
error (Zahed Filho et al. 2001), the SOLVER tool of Excel
2016, which searches for linearization (Q, ) to obtain the
smallest possible error for data value h , was used in this step.

The discharge-stage rating curve remains valid as long as
the physical characteristics of the stream remain close to those
of the period in which the data were collected, and the per-
centage deviations between the analyzed years are less than
10% (Piscoya et al. 2013).

The effect of rainfalls on discharge variation was evaluated
by the pluviometry-autocorrelation function of and cross—cor-
rection between those two variables. The autocorrelation func-
tion (Egs. 2 and 3) (Ferrari and Karmann 2008 ) measures the
linear relationship or the dependency between a series and its
lag values, that is, the duration time of the event. Ferrari and
Karmann (2008) describe that, for a karst system, the time
required for memory loss from initial conditions is between
0.1 and 0.2 for r (k). If such values are found in short time
intervals, this indicates an active and well-developed karstic

system with little storage.

()
ri)= ¢ )

€0 =7 Tpf(xe = %) (Kewx — %) ®3)

In these equations:

r = the autocorrelation coefficient;

k = the lag time;

C = the autocorrelation of the series;

C (0) = the correlation in k equal to zero, in the length of the
series;

x, = the observed value.

x = the average of the observed values.

The cross-correlation function (Egs. 4 and S) measures
the relationship between two series, in this case, precipitation
and water level, and the possible causal relationship between
them (Ferrari and Karmann 2008). Understanding the delays
between the inflows and outflows in the karstic aquifer is use-
ful for estimating a particle travel time through the system.
For rxy(k) > 0 while k > 0, the input influences the output.
If the symmetric function is centered at k = 0, both variables x
and y respond to another independent signal and, hence, there
is no influence of the input on the output. The delay index k
(days) is defined by displacement time between k = 0 and k,
where rxy (k) is between 0.1 and 0.2.

oy () = 222 )
Cay () = 7 Tt (ke = %) Qean = ) (5)
Where:

= the correlation coefficient;

k = the time (days) for the discharge to respond to a precip-
itation event;

ny = the cross correlogram;

0,0,= the standard deviations of the two-time series;

C =the autocorrelation of the series, n the length of the series;
x, = the value of an observed variable;

x = the average of these observed values;

¥, = the value of an observed variable;

y = the average of these observed values.

Graphs were plotted, using flow rate data, to represent the
time series of flow rate per day for each water body.

In the area of this study, where the response to rainfall
events is almost instantaneous, methods that do not correlate
daily pluviometric events with instantaneous flow rate would
not represent the behavior of the region. Hence the necessity
of developing a methodology to directly correlate a complete
data series (rainfall) with one that is missing values (flow rate),
in order to obtain the effect of pluviometry on the flow rate,
enabling completion of the missing curve data. The method
is composed of the following four steps:

The first step consisted of performing the autocorrelation
of the flow rate time series (Eq. 3), in order to assess whether
such data were correlatable, which can be verified when the
autocorrelation coefficient tends to range from 0.1 to 0.2, from
which the memory loss of the event occurs. Furthermore, at

this stage, the cross-correlation (Eq. 5) between precipitation
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and flow rate was performed to calculate the time k in days that
the flow rate takes to respond to a rainfall event.

Secondly, the portion of the pluviometry which directly
influences the flow rate of the water body (Egs. 6 and 7) Should
be determined. To accomplish this goal, AET was calculated
using the Thornthwaite method (1948), and this value was
then subtracted from the annual pluviometric total. AET cal-
culations were performed using spreadsheets provided by
Rolim et al. (1998).

Piy =Pnk)[(Pa —AET)/P;)] for P#0 (6)

Piy = Pin-1)s for P=0 (7)

Pi (mm) = the portion of rainfall that effectively contributes

to flow rate,

P (mm) = daily pluviometry;

P_=total annual rainfall;

n = any day of the calendar year;

k (days) = delay time between flow rate response and precip-

itation event;

AET (mm) = the actual evapotranspiration;

s = the estimated surface runoff reduction, determined accord-

ing to Equation 8.

s = Q (n+1) ( 3 )
Qn

Where:

Q (m?®/s) = the monitored flow rate;

n (day) = a day of the calendar year.

The factor s is calculated in the period when there are no
rainfall events in order to evaluate the natural reduction of the
flow rate without rainfall inputs.

To calculate the portion of daily rainfall that effectively
contributes to the stream flow rate (Pi), it was assumed the
same annual ratio obtained between these parameters (Eq. 6).

The purpose of the third step was to construct a linear rela-
tionship between pluviometry (P) and monitored daily flow
rate (Q) by obtaining Equation 9, based on the linearization of
the three values (maximum, average, and minimum) of daily
precipitation and the three values (minimum, average, and

maximum) of the monitored daily flow rate (m?/s).
Q=aP+b ©)

Where:

Q (m?®/s) = the daily monitored flow rate;

P (mm) = the daily pluviometry;

a and b = respectively, the angular and linear coefficients

obtained graphically.

When P is correlatable to Pi (Eqgs. 6 and 7) and Q is cor-
relatable to P (Eq. S), Q is also correlatable to the calculated
flow rate (g) that is influenced by P. (Eq. 10).

q=aP+b (10)

Since gis the calculated daily flow rate, P. (mm) is the portion
of the daily rainfall that effectively contributes to the discharge
in all days of the hydrological year; a and b are, respectively,
the angular and linear coefhicients obtained graphically above.

Then, by using Equation 10, the flow rate values can be
obtained on the days when automatic measurements failed.

The fourth and last step focused on calculating the daily
standard deviation of the monitored and calculated flow rate
-0, (Qgq) aiming to obtain an estimate g of the monitored val-
ues Q. The average standard deviation of all daily data&(Q) is
used on days in which measurements of Q are not available.

The resulting corrected flow rate gc (m?/s) for each day
of the calendar year can then be approximated according to
Equations 11 and 12.

qcn =qm) *0n Wwhen Q #0 (11)
gcn =qm) + & when Q=0 (12)
Where:

gc (m?®/s) = the resulting daily flow;

q = the calculated flow;

o =the standard deviation of monitored and calculated flow rates;
& = the average standard deviation of monitored flow data;
n = a day of the calendar year.

The = sign varies according to the rainy or dry season, the
standard deviation being added in the rainy season and sub-
tracted in the dry period. In order to approximate the calculated
rating curve of the resulting daily flow rate to the monitored rat-
ing curve, the sum of the standard deviation in the rainy season
tends to correct the effect of the storage caused by consecutive
rain events. Additionally, the subtraction of the standard devia-

tion in the dry season tends to restrict flow rate to the baseflow.

RESULTS AND DISCUSSION

Rating curve

The discharge values measured in the field were plotted
next to those calculated using the rating curves (Figs. 4A-4G),
aiming to obtain the adhesion between both curves. For a
better graphical representativeness, the data were presented
through values in m*/h.

The proportional difference between the sum of the mon-
itored values minus the calculated values was less than 10%,
considered a good adherence between the curves. The char-
acteristic curves of the Gordura, Jaguara, Samambaia, and
Jaque streams presented excellent adherence with root mean
squared (RMS) of less than 10% of the average streams dis-
charge. The characteristic curves for the Velhas river, Flor and
Palmeiras streams presented larger deviations, requiring refine-

ments of points and greater data acquisition.

Time series analysis
To identify the maturity level of the karstic system and

the relative storage capacity of the aquifer system, the flow
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Figure 4A. Rating curve of Gordura stream: calculated and monitored discharge.

Figure 4B. Rating curve of Flor stream: calculated and monitored discharge.

Figure 4C. Rating curve of Jaguara stream: calculated and monitored discharge.
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Figure 4D. Rating curve of Palmeiras stream: calculated and monitored discharge.

Figure 4E. Rating curve of Samambaia stream: calculated and monitored discharge.

Figure 4F. Rating curve of Jaque stream: calculated and monitored discharge.
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Figure 4G. Rating curve of the Velhas river: calculated and monitored discharge.

rate time series (Eqs. 3 and S) were evaluated using the auto-
correlation analysis (Fig. 5), as well as the cross-correlation
flow rate (Fig. 6) with pluviometry. As proposed by Ferrari
and Karmann (2008) and observed in Figures S and 6, the
system loses memory between r(k) 0.1 and 0.2, in a karstic
environment, changing the rating curve behavior and there-
fore no longer representing a cause-effect correlation. The tem-
poral response relationship for autocorrelation (Fig. 5) and
cross-correlation (Fig. 6) will be evaluated between the pro-
posed interval of r(k), where the cause-effect relationship is
still maintained. In other words, where the flow rate data are
still correlatable in this interval (Fig. 5) as rain interferes with
the flow response (Fig. 6).

The presented autocorrelation data is indicative of a maxi-
mum lag of two days for the Gordura, Jaguara, and Flor streams;
three days for the Palmeiras stream; four days for the Jaque and
Samambaia streams, and also the Velhas river. The higher values
found for the Velhas river and Jaque stream may be related to
the fact that these water bodies are not located exclusively in
carbonate terrain. As for the Samambaia stream, the regular-
ization of its ground-water flow is responsible for the slower
flow response to precipitation.

The others presented greater values from 1 to 3 days in
relation to the return time. Overall, the results are expressions
of a well-developed karstic system and low fast ground-wa-
ter flow storage.

The cross-correlation result (Fig. 6) shows a one-day
response to the Gordura, Jaguara, Palmeiras, and Samambaia
streams; two days for the Jaque and Flor stream; and three
days for Velhas river.

The higher delay times found for the Velhas river may be
related to the fact that it is not located exclusively on carbonate
terrain and that contribution from other river systems exists
external to the studied area. The slower response identified in
the Jaque stream may be related to its predominantly pelitic
geology. The Flor stream is being affected by the catchment

present in its extension. The other basins, predominantly in

10

karst terrains, presented an immediate response to rainfall
events, as well as a very short system memory effect indicating
a fast recharge for the underground system and high hydrau-
lic conductivity.

Cause and effect data for the Gordura stream were close
to 24 hours (Fig. 6). In order to test the adherence of the
mathematical method to calculate the return time proposed
by Ferrari and Karmann (2008), the results obtained for the
Gordura stream were compared to the results found by Teodoro
etal. (2019) in their tracer trials in the same basin. The former
encountered a 23-hour delay between launch and reception
of dye tracers in this basin. Thus, the efficiency of the method
proposed by Ferrari and Karmann (2008) to estimate the
travel time of a particle through the system can be evidenced.

Failure completion

The monitored and calculated hydrogram values were plot-
ted together for comparison (Figs. 7A-7G). Pluviometry data
corresponds to the station closest to the analyzed stream.

Since the goal is not only to complete the missing values but
also to test the proposed methodology, the rating curves calcu-
lated and monitored during the hydrological year 2016/2017
were analyzed. For a better understanding, the data were eval-
uated according to drought and rainfall seasons, pluviome-
try events, sequential rains, high-intensity rainfall peaks, and
anthropogenic interference whenever existing.

It was observed that during the dry season, from April to
September, there is better adherence to the rating curve than
during the rainy one. This phenomenon is probably due to a
better response of discharge to pluviometric events without
interference accumulation as a result of sequenced rainfall.

The calculated rating curves generally exhibit a slight shift to
the right relative to the monitored values (Fig. 7). This occurs
because the cross-correlation method was evaluated on a
time scale of days. If the rainfall records were logged in hours
(at the abscissa axis of the graphics in Fig. 7) it is certain that

the time lag would be lower, thus the displacement between
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Figure S. Flow rate data autocorrelation, where k(k) between 0.1 and 0.2 is representative of the loss of system memory (final of the

correlation between flow rate data).

Figure 6. Cross-correlation between flow rate and rainfall data, where k(k) between 0.1 - 0.2 represents system memory loss (final influence

of pluviometry on flow rate).

rating curves would be smoother and closer to the monitored
and calculated rating curves.

In sequential rain events, the inclination of the rating curve
is produced, enhancing periods of greater recharge. The geom-
etry of the observed and calculated curves was very similar in
shape, presenting excellent adherence to the methodological
aspect and can also be used for flow rate separation and aqui-

fer recharge calculations.
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High-intensity rain spikes generated an instantaneous increase
in discharge. For such cases, the calculated flow values are higher
than the monitored ones. This happens because the calculated
values react automatically to the daily pluviometry event, and
despite the estimated surface runoffreduction (Eq. 8), thisis per-
ceived in units of days. The best fit for these variations would be to
obtain hourly rainfall data so that the effect of Equation 8 would

attenuate the calculated rating curve for hourly discharge events.
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Figure 7A. Hydrograms of monitored and calculated streamflow rates of the Velhas river.

Figure 7B. Hydrograms of monitored and calculated Jaque streamflow rates.

The Velhas river dataset (Fig. 7A) had no missing values
during the monitoring process. In the rainy season, a calcu-
lated curve shift below the monitored curve is observed, which
is likely due to the size of the Velhas river basin and other
pluviometric and fluviometric contributions. The difference
between the measured and calculated annual volume per reg-
istration day was approximately 18.3% for the year and 1.7%
for the dry period.

The Jaque stream (Fig. 7B) presented a minor monitoring
failure at the end of September 2017. The difference between the
annual volume measured and calculated per recording day was
approximately 10.6% for the year and 5.6% for the dry period.
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The Jaguara stream (Fig. 7C) presented monitoring failure
between August and September 2017. The difference between
the measured and calculated annual volumes was less than 2%
for the analyzed hydrological year. The volume of water pro-
duced by rainfall events is not reflected in the measured flow
rate (green curve) which is attributed to the contribution of
deeper waters for this stream.

The Gordura stream (Fig. 7D) presented a period of mon-
itoring failure in the transition between the rainy and dry peri-
ods (February and June 2017) with a difference between the
measured and calculated annual volume of approximately 6.5%

for the year and 1.7% for the dry season.
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Figure 7C. Hydrograms of monitored and calculated Jaguara streamflow rates.

Figure 7D. Hydrograms of monitored and calculated Gordura stream flow rates.

The Samambaia stream (Fig. 7E) presented two periods
of monitoring errors. The first, from October to December
2016 is represented by a pressure transducer operating error in
the pressure transducer, which recorded only the same value.
The second, from July to September 2017 represents a data
collection failure, from the end of the rainy to the beginning
of the dry period, displaying a downward displacement of the
calculated rating curve when compared to the monitored one.
This is due to the effect of flow rate regularization attributed
to a dam located upstream to the monitoring point. It is sup-
ported by the fact that the recession began only in July, unlike

other basins analyzed in the region. The difference between
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the monitored and calculated annual volume per record day
was approximately 5%.

The Palmeiras stream (Fig. 7F) showed a period of mon-
itoring failure between October and December 2016 and
August and September 2017.

Despite the consistency of the calculated data in relation to
rainfall events, there are divergences recorded in the dry season.

As there are more than 15 km between the fluviomet-
ric and rainfall stations, there are some periods during rainy
season where recorded rain events did not lead to increased
monitored water levels. This is attributed to the rainfall event

not occurring over the basin area and as a consequence, there
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Figure 7E. Hydrograms of monitored and calculated Samambaia streamflow rates.

Figure 7F. Hydrograms of monitored and calculated streamflow rate for Palmeiras stream.

was no increase in the streamflow calculated through its rat-
ing curve. The pressure transducer records showed no errors,
as there was a considerable reduction in the calculated values
happening since the beginning of the dry period and there is
no considerable variation in the monitored values (which hap-
pensin the other basins of the studied area). In a short period,
from January to April 2017, when the monitored pluviome-
try and fluviometry data are more consistent, the difference
between annual volumes was approximately 6.3%.

The Flor stream (Fig. 7G) presented a period of monitoring
failure during most of the rainy season and the beginning of

the dry one. The low streamflow monitored between June and
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July 2017 is related to the strong catchments identified in this
stream. In a short period, from June to September 2017, where
there is a correspondence of calculated and monitored data, the
difference between annual volumes was approximately 8.2%.

The developed methodology presented an excellent adher-
ence between calculated and observed data when comparing
the different pluviometric and fluviometric situations in the
basins, which are not correlated to anthropic interference.
The difference between calculated and observed values was less
than 9% for the hydrological year and less than 4% in the dry
season. The mean square error shows satisfactory results for

the Samambaia, Gordura, Jaguara, and Jaque basins. The other
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Figure 7G. Hydrograms of the monitored and calculated flow rates of the Flor stream.

basins presented higher normalized root mean squared nRMS,
probably due to the calibration of the rating curve and inter-

ference present in these basins.

CONCLUSION

The rating curve data showed a good adherence between
the calculated and measured values, and it is possible to apply
these equations for the hydrological year 2016,/2017 to obtain
flow rates in this area. To continue using such curves, one
should update the percentage deviations on an annual basis.
The curve should be calibrated to maintain the error of less
than 10%. Despite presenting percentage deviations lower
than 10%, a larger number of points are required in order to
reevaluate the mean square error For the Velhas river and Flor
and Palmeiras stream curves.

The correlation results indicate an aquifer system with a
fast and well-evolved ground-water flow controlled by conduits
and, consequently, with low storage values. This is supported
by the correlation coeflicients, and cross-correlation ranging
from 1 to 4 days, highlighting rapid responses of the under-
ground system water level to rainfall events.

The methodology developed for the completion of time data
in correlated series proved to be efficient as long as no anthropic
or outside interference occurs to the evaluated system. This is
exemplified by the Velhas river in relation to the extension ofits
basin. Also, by Flor and Palmeiras streams that are impacted by
water withdrawals by catchments beyond and by the distance
between the fluviometric and pluviometric stations, as seen in
the Palmeiras stream basin. It was not possible to establish the
distance relationship between the rainfall measurement point
and streamflow, as it is controlled by nature factors. Therefore, it
is recommended that pluviometric and fluviometric stations

be installed near these points, in order to improve data quality.
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The shape of the calculated rating curve fitted to the moni-
tored curve showed good adherence, presenting some deviations
regarding the responses of the correlation events or the quality of
the rating curve used. Because it is a mathematical-based meth-
odology compared with natural events, the deviations of less than
10% (for analyzes in which no anthropic or other interference has
occurred) show an adequate method to be used in carbonate basins.

Therefore, for correlated coefficients, the use of the fill-
in method is reliable and useful for time series, especially for
small basins, since in large basins the chances of interferences
occurring at more than one point are greater.

Finally, it is important to emphasize that the method
was developed for only one hydrological year. Available data
over longer periods may increase the precision of the results.
For future studies, it is recommended to apply the proposed
methodology to longer periods, as well as in other correlated
systems such as groundwater level, pluviometry, flow rate, and
non-carbonate terrain, aiming to validate the method in other
areas or geological contexts.
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