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Abstract: This study investigated the seasonality of low-flow discharges in the Tibagi
watershed, Parand, Brazil, through the analysis of three indices: Seasonality Ratio (SR),
Seasonality Index (SI), and Seasonality Histogram (SH). The indices were computed and
compared using previously calculated low-flow discharge data (Qgs) and physiographic
information on sub-watersheds. A ‘Seasonality Calendar” was developed, illustrating
the period and intensity of low-flow discharge occurrences in the watershed. The results
indicate that, despite the watershed not presenting a strong seasonality, there is a tendency
for low-flow discharges to concentrate in certain months, notably in August, September,
and October. Spatial analysis reveals varied patterns with a certain trend of increased
seasonality intensity (parameter r) towards downstream (north) and as the watershed
area increases. These indices emerge as valuable tools for water resource management,
aiding decision-making for allocation and hydrological regionalization, such as optimizing
granting water resource distribution during dry seasons based on the identified low-flow
patterns and establishing different reference low-flow values throughout the year.
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1. Introduction

Low flows in streams and rivers are the result of a combination of meteorological
processes (rainfall and evapotranspiration) and the dynamics of water storage in the
catchment [1,2]. The study of low-flow discharges and their seasonal characteristics is of
great importance to many areas related to water resources, as it represents a crucial decision-
making tool in water resource management [1,3-6]. It is important in the calculation of
surface water availability for water supply planning, design and waste load allocation,
reservoir storage, irrigation, recreation, navigation, and conservation, and a widely used
variable in hydrological modeling [1,2,6,7]. The analysis of the seasonality of low-flow
discharge occurrences also proves to be an important factor for the government, as water
rights permits (or granting) in surface water bodies are based on it [6,7]. Furthermore,
understanding and knowledge of the distribution of hydrologically homogeneous regions
in terms of minimum seasonality presents itself as an interesting tool for determining points
of water use in water bodies (abstraction, effluent discharge) [7], especially in relation to
agriculture, which accounts for 50% of the country’s water demands, representing the
sector with the highest demand [8]. So, understanding the pattern of seasonal behavior
and its intensity would help in mitigating damage to cultivation of crops and planning
seeding throughout the years.

To quantify and analyze this seasonality, various indices have been developed, al-
lowing for a more precise assessment of flow patterns over time. In this study, we focus
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on three main indices: Seasonality Ratio (SR), Seasonality Index (SI), and Seasonality
Histogram (SH). These indices, widely utilized in previous studies [4,6,9-13], provide
a robust comparison and analysis, allowing observation of the low-flow seasonality pattern
in the watersheds and its temporal-spatial behaviors. In addition, these indices are used
to characterize and identify hydrologically similar regions and correlate them with the
hydroclimatological aspects of each region.

In Brazil, the standout study, similar to the others conducted, is that of [13]. Other
studies on the seasonality of low flows, primarily for decision-making purposes such as
water rights permits in the granting process, have been conducted by analyzing periods
with different patterns of minimum flows and then examining the impact of the water
balance with these seasonal flows [7,14-20]. In general, those researchers use seasonal
reference low flow solely because their regions demand more water in certain periods of the
year, without considering a temporal-hydrological approach that could be supplemented
with seasonality indices [21].

The Tibagi watershed presents, in various regions, a considerable watershed com-
mitment index (ICB), which represents an indicator of water stress, as discussed in the
diagnosis by [22]. This raises questions about the reference flow methodology in Parana
and in Brazil, which is based only on the 95% exceedance probabilities throughout the entire
historical series. Therefore, commitment indices such as the ICB, along with seasonality
indices, can serve as tools to identify possible locations for the use of seasonal reference
flows, as will be discussed throughout the text [22].

In this context, there are two important resolutions, such as CNRH n° 140/2012 and
CNRH n° 141/2012, which provide autonomy to granting authorities to explicitly consider
seasonal variation when significantly present [23,24]. Considering this, if significant sea-
sonality is observed, seasonal reference low flows could be employed in decision-making
processes, such as water granting and license process, endorsed by the Agéncia Nacional
de Aguas e Saneamento Basico (ANA) itself [25]. Thus, this study presents a different and
new perspective in the Parana state region, showcasing the application of these indices
at the watershed scale to understand and analyze the seasonal behavior of low flows and
to correlate it with local catchment and climatological aspects. These seasonality indices
provide an interface application for water resource management, aiding decision-making
for optimizing water resource distribution during dry seasons based on the identified
low-flow patterns and establishing different reference low-flow values throughout the year.

2. Materials and Methods
2.1. Study Area

This study was carried out in the Tibagir River watershed, which has a vast longi-
tudinal extension, being one of the largest watersheds in the state of Parand, Brazil, with
a total area of 24,530 km?. The watershed is situated in the central-eastern portion of the
state, and the main activity performed in the Tibagi River watershed is agriculture [22]. The
Tibagi watershed shows a notably south-north orientation which encompasses three ecore-
gions, according to the classification in [26], which are the following: Alto Parana Atlantic
forests (Biome: Tropical and Subtropical Moist Broadleaf Forests), Araucanian moist forests
(Biome: Tropical and Subtropical Moist Broadleaf Forests), and Cerrado (Biome: Tropical
& Subtropical Grasslands, Savannas and Shrublands), as shown in Figure 1. Ecoregions
represent the distribution of species and communities more accurately than maps derived
from biophysical features [27]; however, they are also related to rainfall and temperature
patterns. Agriculture, livestock, and forestry cover 73% of the watershed area; 25% is
covered by forest and camps; and 1% is related to urban areas and other small sharing
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areas [28]. Additionally, the Tibagi River enters the Capivara Reservoir, which has a concern
regarding phosphorus loading from its watershed [29].
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Figure 1. Locations of ecoregions and stream gauges present in the Tibagi watershed [26].

2.2. Data and Materials

The data for this study were obtained from the Hidroweb repository, maintained by
ANA [30], resulting in 24 stream gauges with consistent data. We investigated stream
gauges with at least 10 years of uninterrupted daily flow records, with less than 2 months
of annual missing data. These selected thresholds aimed for the most extensive spatial
coverage in the catchment, preserving the statistical representativeness of the low-flow
calculation considering the minimum of 10 years of data [4]. Out of that, 17 stream gauges
were retained for analysis, spanning from 1931 to 2014, and covering an area ranging
from 29.7 to 21,938 km?, calculated using the Shuttle Radar Topography Mission (SRTM)
shapefiles available in [31]. Figure 2 illustrates the available data periods of all stream
gauges presented in Table 1.

Table 1. Stream gauge information in the Tibagi watershed, for the period of available data
(1931-2014).

Gauge (ID) Longitude (°) Latitude (°) Area (km?) Qo5 (m3/s) Qo5 (m3/s) Qoss (m3/s) Altitude (m)
64508500 —50.788 —23.170 1049 3.831 3.733 3.980 368.5
64508020 —50.733 —23.232 942 4.026 4.026 4.350 394.3
64507100 —51.068 —23.249 181 0.706 0.746 0.675 384.8
64507000 —50.984 —23.250 21,938 77.356 71.467 86.953 349.5
64506000 —50.995 —23.312 21,826 121.306 108.200 138.466 356.6
64504591 —51.196 —23.354 134 0.928 1.124 0.784 524.1
64504100 —50.824 —23.439 29.7 0.206 0.207 0.206 510.8
64501000 —50.923 —23.637 18,758 89.401 83.944 101.538 427.8
64465000 —50.410 —24.509 1665 34.104 30.831 39.945 700.3
64480000 —50.133 —24.717 1593 4.110 4.110 4.110 990.6
64477600 —50.089 —24.750 1190 7.880 7.337 8.309 973.9
64475000 —50.006 —24.782 8929 3.550 3.550 3.660 974.7
64447000 —50.391 —24.947 433 20.941 18.786 25.174 774.8
64450002 —50.083 —25.033 5731 1.820 1.720 1.820 997.3
64442800 —50.525 —25.199 1342 4.850 4.521 5.583 797.1
64440000 —50.150 —25.200 225 5.100 4.990 5.100 781.6
64441020 —50.533 —25.464 1344 0.722 0.673 0.797 803.2

The data include Qg5 (minimum flow with 95% exceedance probability), Qos,, (Wet season), and Qoss (dry season).
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Figure 2. Stream gauges and their respective periods of data availability. Each circle corresponds to

a single year of data.

To obtain the low-flow discharges, the series of daily mean flows were analyzed. The

flow duration curves for each river gauging station were used to calculate the Qo5 values,

which represent the flow equaling or exceeding 95% of the monitoring period.

The decision-making process in all Brazilian states relies on a percentage of low-flow

reference values, as represented in Equation (1) [21]. These values determine the maximum

legally granted water usage for each watershed user. This allocation remains constant

throughout the year, with no explicit adjustments for seasonal variations, despite the

existence of legal resolutions addressing seasonality [21]. The maximum water usage can

be defined as

Qmax = & - Qref ’

)

where Qqy is the maximum legally granted flow rate, « is the permissible percentage to be

allocated, and Q,y is the respective low-flow reference value, different for each state [21].

In Brazil, Qg5 is the most commonly used reference for defining water rights permits. This

includes its application in Parand [32], including in the Tibagi watershed, and in 9 other states

(out of 27) across the country. The parameter « ranges between 0.2 and 0.9 [21].

2.3. Seasonality Indices

The distribution of seasonality effects of low-flow discharges in the Tibagi water-

shed region and the identification of hydrologically homogeneous regions were evaluated

through three seasonality indices: Seasonality Ratio (SR), Seasonality Index (SI),

Seasonality Histogram (S H).

and

The SR method, proposed by [12], involves dividing the series into two periods:

a summer period and a winter period. The low-flow discharges were calculated for each

of these periods. Subsequently, the minimum flows obtained from the partial series of

summer periods (Qgs;) are divided by the minimum flows obtained from the partial series

of winter periods (Qosy). Thus, SR is represented by
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The presence of a winter low-flow regime is indicated when SR > 1, and conversely,

SR ()

when SR < 1, there is an indication of a summer regime. When SR = 1, there is no
indication of seasonality.

The SI method, proposed by [9], is used to express the seasonal distribution of low-
flow discharge occurrences. The method involves the application of Equations (3) to (7) to
obtain two main parameters: directional angle () and mean vector length (r).

The directional angle 0 represents the mean day of occurrence of low-flow discharges,
expressed in radians. It is calculated by converting the day of the year into an angle, where
6 = 0 corresponds to 1 January; § = 7t/2 to 1 April; § = rto 1 July; 8 = 37t/2 to 1 October;
and 6 = 27 to 30 (or 31) December) (In normal years, days range from 1 to 365, but in leap
years the range is from 1 to 366.).

The mean vector length 7, also called the seasonal concentration index [6], is a dimen-
sionless measure of the variability in low-flow occurrences. It ranges from 0 to 1, where
r = 1 corresponds to strong seasonality (all low-flow events occur on the same day) and
r = 0 indicates uniform distribution throughout the year.

The Seasonality Index takes into consideration the days when the flow was less than
or equal to the low-flow discharge (Qgs), which are transformed into Julian calendar dates
(Dj). Thus, the directional angle (6;) in relation to D; is obtained as

_2r

0;=—D;.
] 365/ ©)
The arithmetic mean of the Cartesian coordinates xy, g over a total of N days j is
obtained by
Xp = %Zcos(ej) , and
j
: @
Yo =5 Zsm(Qj) .
]
g is obtained by
§ =tan! (Z9> , for the 1st and 4th quadrant, or
0
®)

0 = tan ! <ZQ> + 77, for the 2nd and 3rd quadrant.
0

The mean day of occurrence is obtained by transforming back 6 into a Julian day, by

365
= —0.
27

r=/x5+ ;- 7)

The third method is the SH, proposed by [11], which results in a seasonal histogram

D (6)

Finally, r is

on a monthly scale. The SH allows for a more detailed description of the seasonal dis-
tribution of low-flow discharges than SI [12]. Again, based on the Julian calendar, the
method counts the occurrences of flows lower than or equal to the low-flow discharge
(Qos of each stream gauge) in each month and provides complementary information to SI.
Particularly, it indicates which months are affected by low-flow discharges and provides
a good representation of the shape of the seasonal distribution, including multimodal and
asymmetric distributions.
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3. Results and Discussion
3.1. Seasonality Ratio

In the SR, as required by the index method, two periods were defined: winter (April to
September) and summer (October to March), considering the driest and wettest periods in
Parand, respectively. The selection of these periods has also been used in other hydrological
studies, such as the study conducted by [33]. The values of Qos;, and Qoss are shown in Table 1.

The SR values found range from 0.7 to 1.3 and are spatially visualized in Figure 3. It
is observed in Figure 3a that out of the 17 watersheds, 13 had SR > 1 and 4 watersheds
had SR < 1. Additionally, when classifying the watersheds into equally spaced intervals
(as shown in Figure 3b) to better visualize the seasonality pattern, it can be seen that eight
watersheds fall within the range of (1.1,1.3], eight watersheds fall between (0.9,1.1], and
only one watershed falls in the range [0.7,0.9].
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Figure 3. Spatial distribution of Seasonality Ratio (SR) in the studied sub-watersheds. (a) Organized
into two classes of SR greater and lower than 1, and (b) organized into three classes to highlight
the differences.

Although low-flow discharges are usually lower in winter, it is noted that the SR
values, overall, are around 1.0, with an average and median of 1.1, indicating that there is
not a significant difference, in most of the studied sub-watersheds, in summer and winter
low-flow discharges. This is in line with the reference flow values (for both winter and
summer periods) calculated and presented in Table 1.

This scenario differs from other watersheds, where low-flow values are influenced by
distinct drivers, such as snow accumulation during winter and periods of high potential
evapotranspiration exceeding precipitation during summer, as observed in European
and North American watersheds [6,11,34]. As discussed by [34], in these regions, low
flows mostly occur during winter in higher elevation regions, such as the European Alps,
Scandinavia, the Rocky Mountains, and the Upper Midwest and Plains states, due to
freezing temperatures that inhibit snowmelt. This contributes to a broader SR interval,
contrasting with Southern Brazilian watersheds, as reported by [13], where the precipitation
regime is more uniform throughout the year and there are no snowing conditions.

The SR values are consistent when considering the climatic characteristics of the
state of Parand, according to the K&ppen classification [35]. The Tibagi river watershed is
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classified as Cfa (in the north) and Cfb (in the southern portion), as illustrated in the map
in Figure 4a.

The Cfa classification indicates a humid subtropical climate with a tendency for rainfall
concentration in the summer months but without a strictly defined dry season. On the other
hand, Cfb represents a humid temperate climate, also without a clearly defined dry season
throughout the year. Thus, the relatively homogeneous distribution of rainfall throughout
the year is consistent with the SR values found, reflecting the expected pattern for these
climatic classifications. The distribution of SR values throughout the basin can also be
better visualized in Figure 4b for each Koppen classification. Higher values of SR are
associated with the classification of the Cfb clime in the southern region of the watershed.

The SR values found by [13] in Rio Grande do Sul were also observed to be close to
unity. This possibly occurred due to a well-distributed rainfall regime throughout the year,
as also indicated by the Koppen classification (the same as the Tibagi watershed, Cfa/Cftb).

Ref. [11] found a strong relation between the altitude of the studied watersheds and
their respective low-flow discharge values, which is reflected in the SR index. A distinct
winter low-flow pattern is evident in Austrian watersheds at higher altitudes. This occurs
due to rivers freezing during this period, resulting in river supply from snowmelt in spring
and rainfall in summer.

00w 00w (b)
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B cfa
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0 25 50 km

w T
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#164465000)

64480000)% 5 09
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Figure 4. (a) Koppen climatic classification, and (b) boxplot of Seasonality Ratio (SR) values found
using the Képpen climatic classification class in the Tibagi watershed. The upper and lower limits of
the boxes represent the 75th and 25th percentiles, respectively. The whiskers show the maximum and
minimum values, and the red line represents the median.

Figure 5 explores the SR index correlation with physiographic aspects of the Tibagi
watershed. No clear relation was identified between altitude and low-flow discharges.
Similar results were found by [13]. However, according to Figure 5d there is a clear trend of
increasing SR as the watershed increases, that is, it increases exponentially to the watershed
area. That indicates a spatial scale effect on seasonality by catchment area.

Thus, as observed in the strong correlation shown in Figure 5d, the larger the log of
the watershed area, the greater its tendency to have lower flow values during the winter
period in the Tibagi watershed.
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Figure 5. Regression and correlation analysis of physiographic aspects in the Tibagi watershed,
between Seasonality Ratio (SR) and (a) latitude, (b) longitude, (c) altitude, (d) drainage area,
(e) normalized low flow (by area).

3.2. Seasonality Index

The Seasonality Index (SI) method aims to determine the mean day of occurrence of
low-flow discharges D, and its respective seasonality intensity through the vector r, which
is a measure of the variability in low-flow discharge seasonality, ranging from zero to one.
One way to explore the SI method is the possibility of presenting the conventional hydro-
graph on a polar plot, in such a way that the days are transformed into angles, as indicated
by Equation (3), and the days are plotted against the mean daily discharges, as illustrated
in Figure 6. This representation becomes useful by treating time as a cyclical variable,
especially when the aim is to visualize seasonal patterns, analyze shifts, and emphasize
the low-flow or maximum discharges of a certain historical series or for a period, as rep-
resented in Figure 6b. It is evident that, for Station 64508020, the low-flow discharges are
concentrated, mostly, in the second half of the year with D = 08/24, as shown in Figure 7.
This analysis is not so evident through visual inspection of the conventional hydrograph.

The SI index, by computing the values of 6 and r for each of the stream gauges
(according to Equations (5) and (7)), produces a ‘Seasonality Calendar’, as illustrated in
Figure 7, which can be also interpreted as a mean value of the polar hydrograph.
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The analysis of Figure 7 allows for extracting important information about the entire
watershed. It reveals not only the dates on which low-flow discharge occurrences are
concentrated but also their intensities. These pieces of information are visually repre-
sented by the mean day of occurrence vector (r). Thus, the Seasonality Calendar repre-
sents an effective graphical tool for observing and synthesizing the seasonality regime of
a particular hydrographic watershed.

( b ) e low flow

daily discharge

low flow

()

2004

2006

2008 2010 2012 2014

Date

Figure 6. (a) Normalized hydrograph and (b) normalized polar hydrograph of flows normalized by
the mean (Q/Qmean), from 2003 to 2014, for station 64508020. Flows equal to or less than the annual
Qo5 are the low-flow discharges of the station, indicated by red dots.
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Figure 7. Average occurrence of low-flow discharges, in terms of mean day (0) and length of the mean
vector (r), for the stream gauges of the Tibagi watershed. Each station is represented by one color.
The length of the line represents the magnitude of the mean vector  in the polar coordinates.

In the case of the Tibagi watershed, as represented in Figure 7, it is noticeable that
the occurrences of low-flow discharges in 14 out of 17 stations in the watershed tend to
concentrate in the second half of the year. This trend is not unique to discharge; according
to the Climatic Atlas of Parand of 2019 [36], similar seasonal patterns are observed in
other climatological variables, such as precipitation and humidity, which also decrease
during this period. Comparatively, temperate regions like Europe and North America
exhibit distinct patterns, with low flows often occurring in winter due to snow-related
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processes [34]. Additionally, the intensity of this seasonality, represented by the r values,
varies from 0.13 to 0.55, according to Table 2.

The values calculated in the SI index and its parameters are presented in Table 2 and
are also spatially represented in Figure 8. The D values range from 150 to 330 (30 May
to 26 November). As illustrated in Figure 8a, the Tibagi watershed exhibits a diverse
distribution of the mean day (D) throughout the region, with an average occurrence in
the watershed on 30 August. The smaller watersheds usually show a higher seasonality
intensity. The southwestern part of the watershed shows an early mean day D, showing
that the average day of occurrence is closer to the middle of the year, meaning in the middle
of Parand’s winter. In a non-leap year, following a conventional calendar, the data reveal
the distribution in the Tibagi watershed according to Table 3. The results in the watershed
corroborate the drought pattern described by [37].

Table 2. Results obtained by the SI method for all stream gauges.

Gauges r D Mean Day (mm/dd)
64508500 0.31 260.7 09/17
64508020 0.53 236.8 08/24
64507100 0.55 296.9 10/23
64507000 0.34 243.6 08/31
64506000 0.39 2124 07/31
64504591 0.31 330.9 11/26
64504100 0.34 279.5 10/06
64501000 0.15 206.6 07/25
64465000 0.29 2153 08/03
64480000 0.40 276.9 10/03
64477600 0.16 241.6 08/29
64475000 0.39 264.3 09/21
64447000 0.28 175.7 06/24
64450002 0.18 259.2 09/16
64442800 0.21 161.2 06/10
64440000 0.13 310.2 11/06
64441020 0.15 150.2 05/30

The columns show the correlation coefficient (r), number of days (D), and mean day of occurrence in the format
mm/dd.

Table 3. Distribution of the values of mean day (D) of occurrence of low-flow discharges in the Tibagi
River watershed.

Mean Day Occurrence (%)
28 August-27 September 29.4%
27 September—27 October 17.6%
30 May-29 June 17.6%
29 July—28 August 17.6%
27 October—26 November 11.8%
29 June-29 July 5.9%

The table shows the periods of mean day (D) occurrence and their respective percentages in the Tibagi
River watershed.

In American and European regions, a distinct seasonal transition in flow patterns
can be observed [34]. While [34] initially hypothesized that low flows would primarily
be influenced by temperature variations (and closely linked to evapotranspiration), their
findings revealed a different mechanism. In catchments experiencing winter low flows,
the primary driver of the impact of rising temperatures on low flows was related to
changes in snow dynamics, including accumulation and melting processes. Higher summer
temperatures are expected to intensify soil moisture deficits, potentially causing reduced
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flows [38-40]. However, these temperature increases are unlikely to significantly alter
the timing of low flows, as the peak temperatures—and consequently, the periods of
highest excess potential evapotranspiration—are still projected to occur from mid- to late
summer [34].
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Figure 8. Spatial distribution of (a) mean day (D) of occurrence of low-flow events in the
17 sub-watersheds studied, and (b) length of the mean vector (r).

The scenario of non-uniform distribution of the parameter D indicates that in the
Tibagi watershed there is not a strong and marked seasonality considering low flows. This
observation becomes evident when analyzing the mean day intensity vector (r). However,
it is possible to observe that the further downstream in the watershed, the greater the
seasonality, as evidenced by Figure 9b, because the further north (higher latitude), the
greater the r (correlation coefficient of 0.61).

However, as observed by [13], r values above 0.4 can be indicative of moderate
to strong seasonality. Upon examining Figure 8b, it is noted that only two watersheds
presented r values falling into this category, both located further downstream in the Tibagi
watershed, in the northern part of the state.

This increased seasonality, evidenced by a more pronounced dry period, was discussed
by [37], who demonstrated a more accentuated dry period in regions to the north of Parana.
This observation has also been highlighted by other studies such as [41,42], underlining
that the northern part of the state is characterized by lower rainfall. Furthermore, Ref. [43]
verified that the north and northwest regions of Parand present a high risk of water scarcity.

Ref. [37] concluded that there were more droughts in Parand State as one moved away
from the ocean and the altitude of the state decreased, also indicating a higher seasonality.
Moreover, Refs. [44,45] reported that the occurrence of dry periods is strongly associated
with relief and maritime/continental influences, which in turn influence the air masses
acting in each region. Similarly, regions with higher altitudes record higher rainfall indices
throughout the year [37], leading to lower seasonality, as observed in Table 2 and Figure 8b.

Despite the relative increase in seasonality, it is important to emphasize that it remains
low. This is because a significant portion of precipitation in the Tibagi watershed (70%) is
influenced by atmospheric systems originating in the Amazon region [46], which promote
a relatively uniform distribution of rainfall throughout the year, resulting in lower season-
ality in the region [36]. This pattern is unique, as these atmospheric systems contribute to
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water abundance in the state of Parand and rare occurrences of droughts throughout the
year, as evidenced by the Seasonality Index.

The results of r and D are consistent with the observations of [33], who described the
rainfall regime in the region as more uniform throughout the year in much of the Tibagi
watershed, contrasting with less intense precipitation in the northern part, reflected in the
more pronounced Seasonality Index. Moreover, the dry period, as described by [37], also
confirms the behavior observed in Figure 8a.
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Figure 9. Regression and correlation analysis of physiographic aspects in the Tibagi River watershed,
between latitude and (a) mean day (D) and r between (b) latitude, (c) altitude, (d) drainage area, and
(e) normalized low flow (by area).

Therefore, both r and D, the parameters associated with the SI index, can be used
for characterizing the region and identifying hydrologically homogeneous areas (such as
precipitation, altitude, and soil characteristics) in terms of the seasonality of minimum
flows and can be adopted as criteria for the regionalization of minimum flows.

The SI index offers more detailed information than the SR index, as highlighted
by [13]. Furthermore, the SI is not only valuable for assessing the seasonality of minimum

flows but can also be employed in the analysis of the seasonality of flood flows, as indicated
by [9-12].
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The parameters of the SI method can also be applied for delineating hydrologically
homogeneous regions considering the seasonality pattern. Its parameters (D and ) can
offer important support in decision-making for water resource allocation, especially in
contexts of water conflict and high criticality, as observed in various areas of the Tibagi
watershed [47].

One possible application of the SI in decision-making could be the following: First,
identifying regions with water conflicts or critical basin conditions, as demonstrated by [47],
and then analyzing the distribution of R to assess basin seasonality and the average day
of seasonality D, which could help evaluate the hydrograph of mean flows. Based on this
analysis, a seasonal reference flow could be defined (e.g., ‘summer” and ‘winter’) within the
granted low-flow value, as shown in Equation (1). In this case, there would be two reference
flow values for the basin, varying according to water availability, as current legislation
already allows [23,24]. Finally, water allocation to users could be made more flexible by
using seasonal reference flows, as highlighted by [21].

3.3. Seasonality Histogram

The SH method presents the occurrence of low flows for each month of the year, at
all river gauge stations. These frequencies are presented in Figure 10. This method stands
out for its richness of detail compared to the other two seasonality indices and can be seen
as a more elaborate ‘synthesis’ of the other methods. Displaying the occurrence of events
in each month of the year using 12 parameters allows for a more detailed and thorough
analysis of the seasonal hydrological distribution of occurrences.

This monthly resolution enables the identification of specific trends and anomalies that
broader indices might overlook. For example, the SH can reveal the behavior of multimodal
distributions, indicating that low-flow events may occur across multiple months rather than
concentrating in a single period. This is crucial for understanding hydrological patterns
throughout the year. Such behavior is summarized in the low values of R, along the low-
flow value concentrated in D. Moreover, the SH provides a more detailed view of months
particularly vulnerable to low flows, offering valuable insights into potential water scarcity
periods that may require targeted management strategies.

It is observed in Figure 10 that the months with the highest occurrences of low flows
are August, September, and October, respectively. These values behave very similarly to
those obtained by the D parameter in the SI index when observing the spatial distribution
by regions.

Regarding water resource management in the Tibagi Basin, the SH index can be
a powerful tool for assessing water availability on a monthly basis and optimizing resource
use. The SH index enables the identification of regions with greater seasonality, while
areas of higher criticality can be highlighted through the use of the watershed commitment
index (ICB), similar to the water stress index (WSI), as demonstrated in the study by [47]
for the Tibagi Basin itself. Thus, analyzing how seasonality influences relative flow gains
during specific periods of the year becomes a promising approach to enhancing water
resource management.

This information allows public authorities to focus efforts on investigating the fea-
sibility of establishing a seasonal reference flow, thereby promoting more efficient water
resource management. In this context, as discussed by [21], Equation (1) can be adapted
to determine different Q,,r values throughout the year, adjusting to seasonal conditions
(e.g., a monthly or six-month basis). This would enable users to strategically plan for the
sustainable use of water resources, taking into account the hydrological characteristics of
each period.
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Figure 10. Spatial distribution of Seasonality Histogram (SH), representing the occurrence of flows
equal to or less than Qg in the Tibagi sub-watersheds, in the months of (a) January, (b) February,
(c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November,
and (1) December.

4. Conclusions

The Tibagi watershed generally exhibits weak seasonality in low flows, with the
exception of two northern sub-watersheds where seasonality is moderate to strong, driven
by stronger droughts. Among its sub-watersheds (only 2 out of 17 show r values above 0.4,
and 0.7 < SR < 1.3), there is a tendency for low-flow concentrations during certain periods
of the year, as indicated by the D parameter and better observed through the SH method,
where the months of August, September, and October shown the highest occurrences of
low flows, respectively.

The correlation between SR and the watershed area aligns with the water resource
management organization in larger areas. Even small watersheds are more susceptible to
water conflicts, and the larger ones exhibit higher seasonality in low flows. In this context,
seasonality indices are a valuable alternative to guide decision-making, providing a deeper
understanding of the spatial behavior of water availability, considering the reference flow
for the water grant criteria of the state of Parand, through Qos. These indices can be an
important tool for companies and management agencies, such as for the licensing and
granting process, when deciding on water intake locations (or dilution, in the case of
effluent discharges), allowing for a more precise analysis of seasonal demands and the
frequency of water resource use. Furthermore, the indices can be used as a basis for the
use of seasonal reference flows, as already discussed by [25]. The additional results of
this research can be a starting point for how seasonality can be included in water resource
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management, considering the lack of methodology in CNRH n°® 140/2012 and CNRH
n° 141/2012.

Moreover, the indices can be useful in defining homogeneous regions along with other
relevant watershed characteristics (geography, altitude, etc.) regarding low flows, aiming
for hydrological regionalization appropriately, and assisting water resource management in
Parana. We found a correlation of the Seasonality Index with the watershed area. The larger
the area, the larger the SR we found, and the larger the SR, the lower the g95, suggesting
a spatial scale dependence of the low flows on seasonality.

Despite methods like SI and SH standing out as the best options for describing
hydrological regions’ seasonally and assisting in water resource management, including
licensing and the application of seasonal reference flows when necessary, the SR method
also proves to be a useful alternative. It can provide an initial analysis of differences between
rainy and dry periods of the year, offering important insights for subsequent analyses.

Future research on this topic could address a large dataset to determine seasonality
patterns across Brazil resulting from meteorological drivers and catchment storage dy-
namics based on the approach in [2], including how seasonality patterns interact with
anthropogenic influences such as changes in land use or water withdrawals. Furthermore,
by identifying regions of higher seasonality, benefits can be gained from using seasonal
reference flow to define water rights.
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