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Abstract

Understanding how streamflow and its components, baseflow and quickflow, vary spatially according to climate and landscape

characteristics is fundamental for dealing with different water-related issues. Analytical formulations have been proposed to

investigate their long-term behavior and additional influencing factors, suggesting that they are mainly controlled by the aridity

index ( Φ). Nevertheless, these studies assume the catchment as a closed water balance system, neglecting inter-catchment

groundwater flow (IGF). This simplification makes the analysis of the long-term streamflow components and their main control

mechanisms challenging, given that many catchments cannot be considered as closed hydraulic entities. Here, we assessed the

controls of the mean-annual streamflow components and their behavior under an open water balance assumption, using observed

data of 731 Brazilian catchments with diverse hydroclimatic conditions. Our results indicate that indeed streamflow components

are primarily controlled by at the mean annual timescale. The consideration of an open water-balance significantly improved the

performance of the functional forms to describe streamflow components while also elucidating the assessment of other influencing

factors on the streamflow behavior. Land cover, groundwater, climate seasonality and topographic attributes appeared as the

main control mechanisms beyond aridity. Overall, our study provides new insights of the main control mechanism of the

streamflow behavior at the mean-annual scale, while shedding light on the importance of the open water-balance assumption

for model development and water resources management.
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Figures S1 to S8

This supporting information contains additional figures that support the findings of the paper. Figure S1
provides the baseflow index (BFI) of the 731 catchments evaluated in the study. In Figure S2, we display
the deviations between estimated and observed streamflow values for all evaluated catchments. Figure S3
and S4 show the spatial distribution of estimated values of L’vovich water-balance components and their
deviations (estimated and observed), respectively. In Figure S5 and S6, we show the scatter plot of the
baseflow ratio’ deviation and quickflow ratio’ deviations, respectively, and the 12 climatic and physiographic
attributes. Figure S7 illustrates the correlation between the evaluated attributes and the deviations (Δ) of
the streamflow components considering the control sample. In Figure S8, we show the Spearman’s correlation
heatmap for the selected attributes.

Figure S1. Correlation matrix of the Baseflow index (BFI), defined as the ration of baseflow to total
streamflow (QB

Q ), of the 731 Brazilian’s catchments evaluated in this study. We computed BFI according to

5 different streamflow partitioning methods: Lyne and Hollick filter (one and three passes), Eckhard filter
and United Kingdom Institute of Hydrology smoothed minima method – 5 (UKIH5) and 90 (UKIH90) days.
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Figure S2. Deviations (mm) between estimated and observed total streamflow (Q) and its components,
baseflow (QB) and quickflow (QD) for both no-correction (black) and Aeff-corrected conditions. RMSE were
computed considering all catchments (RMSEALL), catchments with φ > 2 (RMSE>), and φ < 2 (RMSE<).
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Figure S3. Spatial distribution of the L’vovich water-balance components and aridity index for both no-
correction (a-d) and Aeff-corrected (f-i) conditions.

Figure S4. Violinplot of the deviations between estimated and observed L’vovich water-balance components
of the Brazilian’s biomes for both no-correction (black) and Aeff-corrected conditions (red). The Pantanal
biome was not illustrated here as we evaluated only one catchment of this biome.

Figure S5. Scatter plots, linear regression and regression coefficients of the no correction (black) and
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Aeff-corrected (red) baseflow ratio’ deviations (∆QB

P ) and the 12 climatic and physiographic attributes.

Spearman’s correlation of the no correction and Aeff corrected conditions are shown in black and red,
respectively. Statistically significant correlations are indicated with *.

Figure S6. Scatter plots, linear regression and regression coefficients of the no correction (black) and
Aeff-corrected (red) quickflow ratio’ deviations (∆QD

P ) and the 12 climatic and physiographic attributes.

Spearman’s correlation of the no correction and Aeff corrected conditions are shown in black and red,
respectively. Statistically significant correlations are indicated with *.
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Figure S7. Spearman’s correlation heatmap between the 12 climatic and physiographic attributes and the
deviations (Δ) of the streamflow components for the control sample. Values with annotation exhibited a
significant correlation (p-value < 0.05).
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Figure S8. Spearman’s correlation heatmap for all 12 climatic and physiographic attributes.
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• Key Points:

• We assessed the controls on long-term streamflow components under an
open water balance assumption

• Inclusion of inter-catchment groundwater flow significantly improves the
performance of the aridity-based long-term streamflow formulations

• Partitioning streamflow into baseflow and quickflow improves the under-
standing of the water-balance main control mechanisms

Abstract

Understanding how streamflow and its components, baseflow and quickflow, vary
spatially according to climate and landscape characteristics is fundamental for
dealing with different water-related issues. Analytical formulations have been
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proposed to investigate their long-term behavior and additional influencing fac-
tors, suggesting that they are mainly controlled by the aridity index (𝜙). Nev-
ertheless, these studies assume the catchment as a closed water balance system,
neglecting inter-catchment groundwater flow (IGF). This simplification makes
the analysis of the long-term streamflow components and their main control
mechanisms challenging, given that many catchments cannot be considered as
closed hydraulic entities. Here, we assessed the controls of the mean-annual
streamflow components and their behavior under an open water balance as-
sumption, using observed data of 731 Brazilian catchments with diverse hydro-
climatic conditions. Our results indicate that indeed streamflow components are
primarily controlled by 𝜙 at the mean annual timescale. The consideration of
an open water-balance significantly improved the performance of the functional
forms to describe streamflow components while also elucidating the assessment
of other influencing factors on the streamflow behavior. Land cover, groundwa-
ter, climate seasonality and topographic attributes appeared as the main con-
trol mechanisms beyond aridity. Overall, our study provides new insights of the
main control mechanism of the streamflow behavior at the mean-annual scale,
while shedding light on the importance of the open water-balance assumption
for model development and water resources management.

1. Introduction

Understanding catchment hydrological responses to rainfall (𝑃 ), represented
by the water-balance components streamflow (𝑄) and evapotranspiration (ET),
and how it varies with climate and landscape properties is crucial for water-
related issues and remains as one of the major challenges in hydrological studies
(Gnann et al., 2019, Padron et al. 2017, Willian et al., 2012). However, addi-
tional insight on water balance partitioning can be gained by looking into the
decomposition of streamflow int its components (Sivapalan et al., 2011). The
two-step water balance proposed by L’vovich (1979), assumes that 𝑄 may be
disaggregated into two primary components: direct runoff (𝑄𝐷) and baseflow
(𝑄𝐵). The former represents the fast response of a catchment to a rainfall event,
while the latter denotes the slow response, representing the water stored in the
catchment system that supplies the total streamflow between rainfall events and
during dry periods (Price, 2011; Meira Neto et al., 2020; Zhang and Schilling,
2006). As a quick response, 𝑄𝐷 is usually associated with flood and soil erosion
hazards; while 𝑄𝐵 is related to water supply and aquifer recharge issues. Ac-
curate knowledge of these components and how they are controlled by climate,
land-use conditions, and catchments’ physiographic characteristics is of primary
importance to improve water resources management strategies, especially in a
context of changing climate and increasing water demand (Miller et al., 2016;
Santhi et al., 2008; Wada et al., 2016).

The investigation of this interplay between streamflow components, climate, and
catchment properties in the long-term water balance is commonly done through
the Budyko framework (Budyko, 1974; Cuthbert et al., 2019; Gnann et al.,
2019; Li et al., 2013; Liu and You, 2021; Meira Neto et al., 2020; Wang and
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Wu, 2013). This hypothesis considers the partitioning of 𝑃 into ET and 𝑄 to
be a function of 𝜙 (Meira et al., 2020; Wang and Wu, 2013), formalizing this
relationship into the Budyko curve, which describes the long-term relationship
between the actual and potential evaporative fractions, ET/𝑃 and PET/𝑃 . This
framework has been widely used to evaluate the main control mechanisms of
water-balance components, as it provides a useful way to compare the hydrologic
fluxes of different watersheds for a specific amount of available water and energy
(Barnhart et al., 2016). By analyzing how catchments with a specific property
deviates from the Budyko curve or how this specific property correlates with
the parametric version of the Budyko equation, it can be inferred how and how
much this particular property affects the water balance components beyond 𝜙
(Berghuijs et al., 2020).

Sivapalan et al. (2011), through the mathematical formulation of the two-stage
water balance proposed by L’vovich (1979) and extended by Ponce and Shetty
(1995), characterized the spatial and temporal variability of the water balance
components for over 300 catchments across the United States. Despite their
interesting findings of both regional and temporal patterns, the authors did
not associate their results with climate or landscape characteristics (Meira Neto
et al., 2020). Gnann et al. (2019) utilized the L’vovich (1979) and Ponce-
Shetty frameworks (Ponce & Shetty, 1995; Sivapalan et al., 2011), to propose a
numerical model for Baseflow Coefficient (BFC = 𝑄𝐵/𝑃 ), reporting that the
aridity Index (𝜙), which is usually used to express climate conditions by the ratio
between energy and water availability (𝜙 = PET/𝑃 ), does not satisfactorily
explains the geographical distribution of the BFC in humid catchments, but
it becomes more important for arid catchments. Meira Neto et al. (2020)
also investigated the role of the 𝜙 on the long-term (mean-annual) 𝑄𝐷 and
𝑄𝐵, using the L’vovich and Budyko frameworks for 378 catchments within the
conterminous United States. In contrast to Gnann et al. (2021), the authors
identified 𝜙 as a suitable predictor of the spatial variability of mean-annual 𝑄𝐵,
suggesting that more studies considering humid catchments are necessary to
investigate whether the pattern observed in Gnann et al. (2019) can be seen
as the expression of an even higher variability of baseflow fraction over very
low 𝜙 values. Likewise, Cheng et al. (2021) and Yao et al. (2021) proposed
analytical formulations of BFC as a function of 𝜙 considering, additionally, the
catchment’s storage capacity in their framework. Their results suggest a good
performance of their approaches to capture the mean-annual spatial variability
of observed BFC across the conterminous United States, Australia and United
Kingdom. In both studies, the storage capacity was shown to be an important
factor for the prediction of 𝑄𝐵 at humid sites.

The Budyko and L’vovich approaches, however, assume a closed water balance
system (Liu et al, 2020), meaning that water gains or losses through inter-
catchment groundwater flows (IGF) are considered negligible (Gnann et al.,
2019; Kampf et al., 2020). A direct consequence of the closed water-balance
assumption is the use of the topographic catchment area (𝐴topo) rather than
the effective catchment area (𝐴eff) - an equivalent area proposed by Liu et al.
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(2020) that considers inter-catchment groundwater exchanges by evaluating the
deviations between recharge and discharge rates - as the basic spatial unit to
compute hydrologic fluxes and to define possible mechanisms that may affect the
catchment hydrological response (Wagener et al., 2007). Nevertheless, there is
strong evidence that catchments are “leaky” and cannot be considered as closed
hydrologic entities, as they may lose or gain water through different mechanisms
such as IGF, transferring water beyond their topographic boundaries (Fan, 2019;
Liu et al., 2021; Muñoz et al., 2016; Schwamback et al., 2022). In fact, given
that hydrological connections between neighboring catchments do exist, these
cases may be the rule rather than the exception (Le Moine et al., 2007). That is,
𝐴topo may be often different from 𝐴eff (Fan et al., 2019; Liu et al., 2020; Safeeq
et al., 2021).

Schaller and Fan (2009) when evaluating the exporter/importer condition of
1555 catchments across the United States found that catchments might ex-
port (import) up to 90% (50%) of their flow to other catchments through IGF.
Schwamback et al. (2022) also reported that nearly 32% of a total of 733 Brazil-
ian catchments showed more than 30% of difference between their 𝐴topo and 𝐴eff,
concluding on the need to consider inter-catchment connectivity in hydrologic
studies. Safeeq et al. (2021) investigated the water-balance closure assump-
tions of six river basins (>1000 km²) and ten headwater catchments (< 5 km²)
in the southern Sierra Nevada. Their findings indicated IGF to be much higher
than typical amount of measurement bias for both evaluated spatial scales, ar-
guing for a greater consideration of inter-catchment groundwater fluxes when
evaluating hydrological processes, especially for small spatial scales

Despite the importance of the hydrologic connectivity for catchment’s water bal-
ance computation and for hydrological implications, they are mostly neglected
in hydrological studies (Bouaziz et al., 2018; Fan, 2019; Safeeq et al., 2021). To
our knowledge, all the empirical evidence gathered so far at evaluating stream-
flow components and their main controls mechanisms assumed a closed water-
balance assumption, considering that catchments are not connected to their
surroundings (Bouazis et al., 2018, Liu et al., 2020). Such simplification may
hamper the analysis of the long-term water balance components and hinder the
understanding of how different mechanisms control their properties, given that
catchments’ leakage violates the initial close water-balance assumption and may
consequently hamper any empirical inference (Kampf et al., 2020).

Here, we discuss the effect of the assumption of a closed water balance system
on the possible mechanisms that control the catchment’s hydrological responses
to climate, following a two-step water balance formulation. We ask the following
question: Does the consideration of IGF into the water balance tend to improve
our understanding of the mechanisms controlling its components? To do that,
we first investigate how 𝜙-based formulations of 𝑄𝐵 and 𝑄𝐷 differ when using
both 𝐴topo and 𝐴eff for the water balance closure of 731 Brazilian catchments.
Further, we perform a simple assessment of the role of additional climatic and
landscape catchment’s attributes as possible controls on long-term streamflow

4



components under both 𝐴eff and 𝐴topo perspectives. The manuscript is orga-
nized as follows: In section 2, we describe the dataset used in the study. Section
3 shows the methods used in the study as well as the long-term water balance
frameworks proposed by L’vovich (1979) and Budyko (1974). In sections 4, we
present and discuss the results and, in section 5, we highlight the main conclu-
sions of the paper.

1. Data

We used the Catchments Attribute for Brazil dataset (CABra), a large-scale
dataset that includes a set of more than 100 attributes, divided into 8 classes
(topography, climate, streamflow, groundwater, soil, geology, land-use and land-
cover, and hydrologic disturbance) for 735 catchments distributed across the
Brazilian territory (Figure 1). CABra includes daily time-series of streamflow,
actual and potential evapotranspiration and precipitation for a 30-year period
(1980-2010), with up to 10% of missing data. For a detailed description of
the methodologies used to obtain the catchments’ attributes, see Almagro et
al. (2021a). The mean-annual potential evapotranspiration available in the
CABra’s dataset was computed following the Priestley-Taylor method (Priestley
and Taylor (1972). We excluded from our analysis three catchments highly
disturbed by human activities, which presented a large discrepancy between
streamflow and precipitation (runoff coefficient ( 𝑄

𝑃)> 1); and one catchment that
exhibited inconsistency between precipitation and evapotranspiration data.
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Figure 1 - (a) The 731 catchments of the CABra’s dataset evaluated
in this study. Dark gray lines indicate rivers. (b) Six main biomes
of Brazil with the (c) distribution of evaluated catchments for each
biome. (d) Brazil, in dark gray, in the global context.

To partition 𝑄 into 𝑄𝐷 and 𝑄𝐵, we used the one parameter low-pass filter devel-
oped by Lyne and Hollick (1979), following previous studies that also evaluate
these streamflow components (Gnann et al., 2019; Lucas et al., 2021; Meira Neto
et al., 2020; Sivapalan et al., 2011; Trancoso et al., 2017). As well as Gnann
et al. (2019), we applied the recursive filter in a 3-times running (forward-
back-forward), setting the parameter to 0.925 for all catchments to allow for
intercomparison. As pointed out by Meira Neto et al. (2020), there is an inher-
ent uncertainty in this step, as the streamflow components obtained with the
digital filter cannot be attributed to specific processes. For this reason, we also
tested, for all evaluated catchments, different streamflow partitioning methods:
Lyne and Hollick filter (one and three passes), Eckhard filter (Eckhard, 2005),
and United Kingdom Institute of Hydrology smoothed minima method - 5 and
90 days (Institute of Hydrology, 1980). With the exception of the Eckhard fil-
ter, the partitioning methods showed a good agreement with the 3-time running
Lyne-Hollick filter (Figure S1, supplementary material). Therefore, we keep us-
ing the 3-time running Lyne-Hollick filter for the subsequent analysis in our
study.
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1. Methods

(a) Climate-based Formulation for L’vovich Water Balance Components

We used the mathematical formulation proposed by Meira Neto et al. (2020),
which combines Budyko (1974) and L’vovich (1979) frameworks to define
climate-based functional forms to describe the streamflow components 𝑄𝐵 and
𝑄𝐷 as a function of aridity Index (𝜙). According to the L’vovich formulation,
under the assumption of negligible changes in water storage and other water
gain or losses processes (Gnann et al., 2019), the annual water balance can be
conceptualized as a two-stage partitioning: initially, the precipitation (𝑃 ) is
partitioned into 𝑄𝐷 and an infiltration component, called catchment wetting
(𝑊 ). Later, part of the water that is being stored in the catchment, represented
by 𝑊 , is transformed into 𝑄𝐵 or evapotranspiration (ET). The combination
of 𝑄𝐵 and 𝑄𝐷 yields the total streamflow (𝑄). Thereby, the two-stage water
balance partitioning can be mathematically expressed by Equations 1 and 2,
respectively.

𝑃 = 𝑄𝐷 + 𝑊 (1)

𝑊 = 𝑄𝐵 + 𝐸𝑇 (2)

Alternatively, the water balance components may be expressed as:

𝑃 = 𝑄 + 𝐸𝑇 (3)

𝑄 = 𝑄𝐵 + 𝑄𝐷 (4)

The Budyko framework, in turn, hypothesizes that, considering a negligible
change in water storage condition over long time scales, the long-term mean
partitioning of 𝑃 into 𝑄 and ET (Equation 3) is largely controlled by the climate,
expressed in terms of 𝜙 (Berghuijs et al., 2020; Meira Neto et al., 2020). Despite
the complexity and uniqueness of catchments (Beven, 2000), several studies
have proved that this general relationship holds true for different catchments
around the world (McDonell et al., 2007; Padrón et al., 2017; Wang et al.,
2016; Williams et al., 2012). If we normalize Equation 3 by the long-term mean
precipitation (𝑃 ), seeking to synthesize data of different sites and isolate the
effects of land cover and climate type (Willians et al., 2012), and reorder it, we
obtain:
ET
𝑃 = 1 − 𝑄

𝑃 = 𝑓𝐸(𝜙) (5)

where 𝑓𝐸(𝜙) represents the functional form that relates 𝜙 with the evaporative
fraction ( ET

𝑃 ). This equation is also known as the Budyko hypothesis. In this
framework, the averaged catchment’s behavior over many years is constrained
by two physical limits: water (or demand) limit and energy (or supply) limit
(Padrón et al., 2017). The former indicates that the catchment cannot evapo-
rate more than it receives from precipitation, while the latter implies that the
catchment’s actual evapotranspiration cannot exceed the potential evapotran-
spiration (PET) (Bouaziz et al., 2018). If we assume that 𝑄 is also largely
controlled by 𝜙, we can write, from Equation 5, the following expression:
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𝑓𝑅(𝜙) = 1 − 𝑓𝐸(𝜙) (6)

where 𝑓𝑅(𝜙) represents the functional form which relates 𝜙 with the runoff
coefficient ( 𝑄

𝑃 ). Since 𝑄 can be partitioned into 𝑄𝐷 and 𝑄𝐵, we can combine
Equations 4 and 6 to get:

𝑓𝑅(𝜙) = Qd
𝑃 + Qb

𝑃 (7)

𝑓𝑅(𝜙) = 𝑓𝐵(𝜙) + 𝑓𝐷(𝜙) (8)

where 𝑓𝐵(𝜙) and 𝑓𝐷(𝜙) represent the functional forms that relate the streamflow
components, 𝑄𝐷 and 𝑄𝐵, with 𝜙, at a long-term time scale. From Equations 1,
2, 5 and 8, we can rewrite the L’vovich water balance components as a function
of 𝑓𝐵(𝜙) and 𝑓𝐷(𝜙):
𝑄𝐷 = 𝑃.(𝑓𝐷(𝜙)) (9)

𝑄𝐵 = 𝑃 .(𝑓𝐵(𝜙)) (10)

𝑊 = 𝑃.(1 − 𝑓𝐷(𝜙)) (11)

𝐸𝑇 = 𝑃.(1 − 𝑓𝐵(𝜙) − 𝑓𝐷(𝜙)) (12)

1. Functional forms and calibration procedure

Meira Neto et al. (2020) suggested that 𝑓𝐵 and 𝑓𝐷 may be well represented by
a simple exponential decay function, such as following:

𝑓𝐷(𝜙) = exp (−𝜙𝑎 + ln [{ 𝑄𝐷
𝑃 }

max
]

1
𝑏 )

𝑏

(13)

𝑓𝐵(𝜙) = exp (−𝜙𝑐 + ln [{ 𝑄𝐵
𝑃 }

max
]

1
𝑑 )

𝑑

(14)

where 𝑎, 𝑏, 𝑐, and 𝑑 are shape parameters, and the terms of the form ln[∗] are
shift coefficients to satisfy the condition when 𝜙 → 0, 𝑄 → 1, observed by
Budyko (1974). This condition means that when 𝑃 is many times greater than
PET (𝜙 → 0), 𝑄 should reach 1. On the other hand, if PET is many times
greater than 𝑃 , 𝑄 should reach 0. For a detailed description of these functional
forms and the limit conditions, the readers are referred to Meira Neto et al.
(2020) and Budyko (1974).

To obtain the best parameters for the functional forms, as well as their un-
certainties, we conducted a calibration-validation procedure proposed by Meira
Neto et al. (2020). First, we randomly divided the total dataset in two calibra-
tion and validation subsets, with sample size equal to half of the total sample
size (n = 731 catchments). Then, we fitted the functional forms 𝑓𝐵 and 𝑓𝐷 to
the calibration subset, using the Levenberg-Marquardt nonlinear least square
algorithm (Seber & Wild, 2003). We repeated this process 100 times. Finally,
we computed the mean and the coefficient of variation of parameters 𝑎, 𝑏, 𝑐,
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and 𝑑, as well as of the determination coefficient (R²), calculated for the vali-
dation subset, using the functional forms fitted to the calibration subset. We
repeated these steps varying values (0.1 to 0.9) of (𝑄𝐷/𝑃)max. The final value
of (𝑄𝐷/𝑃 )maxwas set to 0.38, which yielded the best results in terms of R².

1. Investigating the Closed-system assumption

To consider the effects of groundwater connectivity, we used the effective catch-
ment area (𝐴eff) approach proposed by Liu et al. (2020). This approach in-
troduces the concept of 𝐴eff, an equivalent area that accounts for the inter-
catchment groundwater flows (IGF) in the water balance (Schwamback et al.,
2022). The idea behind this concept derives from the fact that 𝑄 at the catch-
ment outlet represents the response of the 𝐴eff, as it is influenced by recharge
(𝑃 − ET) and inter-catchment groundwater connectivity, whereas 𝑃 − ET rep-
resents the response of the topographic area (𝐴topo), which is not directly influ-
enced by IGF (Liu et al., 2020). The 𝐴eff is defined as:

𝐴eff = 𝐴topo. ( 𝑄
𝑃−𝐸𝑇 ) (15)

The correction using 𝐴eff is based on dividing the long-term mean catchment’s
streamflow 𝑄 [m³/s] by the 𝐴eff [m²] rather than 𝐴topo [m²], shifting the unit
of 𝑄 to the same as 𝑃 and ET [mm]. As 𝑄𝐵 and 𝑄𝐷 derive from 𝑄, they
were also corrected. We applied this correction for all 731 evaluated catchments
and compared the results with those obtained considering the traditional 𝐴topo
approach. Following Schwamback et al. (2022), we classified the evaluated
catchments as follows: catchments with substantial deviations of the 𝐴eff

𝐴topo
ratio

( 𝐴eff
𝐴topo

≥ 1.3 or 𝐴eff
𝐴topo

≤ 0.7) were classified as ‘Gaining’ and ‘Losing’, respec-
tively. The other catchments were classified as ‘Small gain’, if 1 < 𝐴eff

𝐴topo
< 1.3,

and ‘Small loss’, if 0.7 < 𝐴eff
𝐴topo

< 1. This categorization considers that a deviation
larger than 30% between 𝐴eff and 𝐴topo may substantially impact hydrological
studies.

1. Identification of other influencing factors on streamflow compo-
nents

To investigate the effect of the 𝐴eff correction in the identification of influenc-
ing factors on streamflow behavior, we computed the Spearman’s correlation
considering the deviation between estimated and observed streamflow compo-
nents’ ratio (Δ𝑄′/𝑃 = (𝑄′/𝑃)Est − ( 𝑄′

𝑃 )
Obs

) , where 𝑄′ denotes either 𝑄,
𝑄𝐵 or 𝑄𝐷, illustrated in Figure 2, and different catchments’ attributes (Barn-
hart et al., 2016; Willians et al., 2012). We used the Spearman’s correlation,
considering that the relations between deviations and influencing factor may
be non-linear. Thus, we assume that the relations must be monotonic (Padrón
et al., 2017). It is important to emphasize that in our study positive correla-
tions indicate that the functional form tends to overestimate the observed values
(positive deviation) with increasing values of the attribute. In other words, a
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positive correlation means that increasing values of a certain attribute disfavors
the evaluated streamflow component, while negative correlations indicate the
opposite.

We selected 12 climatic and physiographic attributes (Table 1) of the CABra’s
dataset, guided by the idea of fundamental hydrologic landscapes units (FHLU)
and their major control mechanisms (Winter, 2001). FHLU are used to describe
and compare the hydrological behavior of different catchments and are charac-
terized by the combination of climatic, geological and topographic conditions
(Gharari et al., 2011). The selected attributes cover fundamental character-
istics of the catchment: land cover, topography, climate, geology, soils, and
groundwater (Almagro et al., 2021a; Price, 2011). Additionally, attribute se-
lection was corroborated by previous studies which also evaluated influencing
factors/predictors of the streamflow or of other water balance components be-
havior (Beck et al., 2013, 2015; Liu et al.; 2020; Padrón et al., 2017; Salinas et
al., 2013).

Table 1

Climatic and Physiographic Attributes Investigated as Possible Influencing Fac-
tors on Streamflow Components.

Attributes’ classes Attribute Unit
Climate Aridity index -

Precipitation Seasonality (Woods, 2009) -
Groundwater Water table depth (WTD) m
Geology Permeability log (k) m²
Soil Fraction Sand %

Fraction Silt %
Fraction Clay %

Topography Mean Slope %
Mean Elevation m
Catchment Area km²

Land Cover Forest Cover %
Crops Cover %

Note. Attributes were classified according to Almagro et al. (2021a).

1. Results and Discussion

(a) Predictive performances of �-based formulations

We fitted the three functional forms ( 𝑓𝑅, 𝑓𝐵 and 𝑓𝐷) relating 𝜙 to observed
values of 𝑄/𝑃 , 𝑄𝐵/𝑃 , and 𝑄𝐷/𝑃 (Table 2). The low values of coefficient
of variation (CV) indicate a robust fit for both scenarios (with and without
correction). The differences between final parameter values for the cases with
and without correction were somehow expected, given that the correction 𝐴eff

𝐴topo
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may significantly alter the values of 𝑄, and consequently, 𝑄𝐵 and 𝑄𝐷.

Table 2

Results From the Calibration-Validation Procedure

Parameters No correction Aeff/Atopo corrected
Mean C.V Mean C.V

𝑎 1.1 4.54% 0.71 7.70%
𝑏 1.23 0.77% 1.3 0.65%
𝑐 1.2 3.30% 0.75 2.71%
𝑑 0.74 1.10% 0.8 0.42%

Note. Mean and C.V of the shape parameters (𝑎, 𝑏, 𝑐, and 𝑑) obtained from
the fitting procedure for the no correction (Left) and the 𝐴eff correction (Right)
condition.

Figure 2 shows the functional forms (considering the mean values of the fitted
parameters) for the 731 catchments analyzed in this study, considering both
no-correction (left panel) and 𝐴eff correction (right panel). In general, the
curves presented a good fit to the observed data. This result suggests that
the functional forms are able to reproduce the long-term streamflow (and its
components) relationship with 𝜙. Focusing on the left panel, it can be seen that
higher scatter is found for catchments with substantial deviation values of the
ratio 𝐴eff

𝐴topo
(gaining or losing water condition). In general, the functional forms

overestimated the ratios for catchments with losing water condition and under-
estimated the ratios for catchments with a gaining water condition. It is also
worth noting that despite the gaining or losing-water condition or the aridity
index, all catchments exhibited low values of 𝑄𝐷

𝑃 , which may suggest that for
Brazilian catchments 𝑄𝐵 plays a major role in the streamflow water-balance
component. In fact, Brazilian catchments presented much higher values of base-
flow index (BFI) (Figure S1) in comparison with other studies that adopted
the same 3-passes Lyne-Hollick filter for United States and United Kingdom
(Gnann et al., 2019; Yao et al., 2019), and New Zealand catchments (Singh et
al., 2019).
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FIGURE 2 - Functional forms and observed values of the streamflow
components ratio. Left panel: No correction condition. Catchments
classified according to Schwamback et al. (2022). Right panel: Aeff
corrected condition.

We found a smaller deviation between the observed values and the fitted func-
tions when the effective area correction was applied (Figure 2, right panel).
Nevertheless, this is not true for catchments with higher values of the aridity
index (𝜙 > 2), which exhibited a worse performance in terms of the RMSE (Fig-
ure S2). These arid basins, which are mainly located in the northeastern portion
of Brazil, are characterized by non-perennial hydrologic regimes, exhibiting the
highest values of streamflow elasticity among Brazilian’s catchments (Almagro
et al., 2021a). Such atypical hydrological condition may have impacted the per-
formance of the functional forms after the proposed correction. To shed light
on this improvement, we plotted the estimated values of the L’vovich water bal-
ance components against all the observed values together with the predictive
capabilities of the analytical formulations, expressed in terms of the mean value
of the coefficient of variation R², obtained in the calibration-validation proce-
dure (Figure 3). The results confirm that 𝜙 is a major control mechanism of
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the hydrological water balance terms. For the no-correction condition, 𝜙 was
able to explain 0.78, 0.67, 0.79 and 0.98 of the variability of 𝑄𝐵, 𝑄𝐷, 𝑄 and
𝑊 , respectively. For the 𝐴eff corrected condition, the capability of 𝜙 to ex-
plain these L’vovich water balance components was even greater, exhibiting R²
mean values of 0.89, 0.68, 0.90 and 0.99, for the same variables, respectively.
Similarly to Figure 2, catchments with substantial deviation values of the ratio

𝐴eff
𝐴topo

ratio exhibited a higher deviation from the 1:1 line. Moreover, the 𝐴eff
correction slightly reduced the C.V. values, indicating an increase in the model’s
robustness.

The improvement in predictive performance when the 𝐴eff-corrected 𝜙-based
analytical formulations suggests that the inter-catchment connectivity exerts
a significant control on explaining the inter-catchment variability of streamflow
components. It is worth mentioning that the 𝐴eff correction did not significantly
improve the estimations of 𝑄𝐷 and 𝑊 . The former represents the catchment’s
fast response to precipitation. It is not directly liked to IGF and, therefore,
shouldn’t be affected by the proposed correction. The latter, on the other hand,
is computed as the difference between 𝑃 and 𝑄𝐷. Since the proposed correction
did not improve the estimations of 𝑄𝐷, it follows that 𝑊 should not improve
either. Furthermore, even in the no-correction condition, 𝜙 was able to explain
0.98 of 𝑊 variability. Thus, there was not much space for improvement.

Figure 3 - Observed versus estimated values of the L’vovich water bal-
ance components for the no correction (upper panels) and Aeff cor-
rected (lower panels) conditions. Mean (standard deviation) of R² is
shown in each plot, considering the 100 repetitions of the calibration-
validation procedure. An additional 1:1 line is plotted for reference.
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Further, we evaluated the performance of the functional forms to represent
the relationships of the L’vovich water balance components (Figure 4) at the
mean annual scale. This analysis can elucidate the long-term interrelationships
between the water balance variables for all considered catchments in a comple-
mentary way to the traditional Budyko-based analysis (Sivapalan et al., 2011;
Meira Neto et al., 2020). Overall, the functional forms of both conditions were
able to reproduce the observed trajectories of the relationships between water-
balance components. It is worth noting that the no-correction condition case
exhibited, in general, a larger spread of the observed data. Nevertheless, it is
evident that the 𝐴eff correction improved the modelling, reducing the deviations
between observed and estimated values. We focus our analysis on the second
partitioning of the L’vovich water balance, as similar conclusions may be in-
ferred for the first partitioning. As can be noted, the functional forms were able
to capture the different responses of 𝑄𝐵 and 𝐸 upon an increase in 𝑊 . For
low wetting values, a quick and almost linear increase in 𝐸 is observed, while
𝑄𝐵 remains null. As 𝑊 exceeds a certain threshold, 𝑄𝐵 grows quickly. As
observed by Meira Neto et al. (2020), at this threshold, the relationship 𝑊 x
𝐸 loses its “linearity”, since part of the is being 𝑊 transformed into 𝑄𝐵. The
scattered pattern observed in 𝑄𝐵 x 𝑊 relationship (Figure 4d) confirms the
role of IGF in the water-balance components. 𝑄𝐵 is strongly influenced by IGF
and inter-catchment water exchanges conditions in Brazil are extremely variable
(Schwamback et al., 2022). When the influence of IGF is not consider in the
computation of streamflow components, a larger amplitude of 𝑄𝐵 values can be
observed for a fixed value of 𝑊 . This scatter pattern is not observed in the first
partitioning, which represents the catchment’s quick response to rainfall events
and consequently is not directly influenced by IGF.
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Figure 4 - Observed (black) and estimated (coloured) mean annual
values of the L’vovich water balance components, for the no correction
(upper panels) and Aeff corrected (lower panels) conditions.

Figure 5 shows the spatial variability of the relative deviation between esti-
mated and observed water balance components. The mean annual catchments’
water-balance components are shown in Figure S3. We did not detail the results
obtained for 𝑊 , given that both correction conditions achieved optimal perfor-
mance to describe it. We note higher correspondence between the deviations’
signals of 𝑄𝐵 and 𝑄. This is expected, since the mean baseflow index (BFI)
of the CABra’s catchments is approximately 0.80, indicating 𝑄𝐵 as the main
primary component of the total streamflow. No clear correspondence, however,
was found between signals of relative deviations in 𝑄𝐷, and 𝑄 or 𝑄𝐵. We found
higher relative deviations for the 𝑄𝐷 component, given the lower performance
of the functional forms to represent it.

For the no-correction condition (Figure 5, upper panel), we observed higher 𝑄𝐵
deviations, in terms of absolute values, for the Amazon and Caatinga biomes
(Figure S3), which were pointed out by Schwamback et al. (2022) as two biomes
with large discrepancy in terms of the 𝐴eff

𝐴topo
ratio. This can also be seen, with

lower magnitude, for the Atlantic Forest, which also exhibited large divergence
in the 𝐴eff

𝐴topo
ratio. There is a slight predominance (~60% of the catchments) of

positive deviations for the arid Caatinga biome, whose catchments were prone
to present, in general, a losing-water condition, suggesting that the functional
forms tend to overestimate 𝑄𝐵 for these basins. This pattern is also clear
for the northeastern Cerrado, which is border with the Caatinga biome. The
opposite situation was observed in Atlantic Forest (~58% of catchments with
negative bias), where most catchments (72%) present an effective area larger
than the topographic one. In fact, these catchments are highly affected by
human hydrologic disturbances, which may hamper an accurate analysis. If
we selected only catchments with low anthropic impact (hydrologic disturbance
index < 0.1, see Almagro et al. (2021a) for a detailed description of this index),
the percentage of catchments with positive (negative) deviations grows up to
70% for Caatinga (Atlantic forest). We did not find a clear pattern for the
Pantanal and Pampa biomes, as they present a more heterogeneous condition
in terms of the 𝐴eff

𝐴topo
ratio and a low density of monitoring gauges (Almagro et

al., 2021a).

The 𝐴eff corrected condition (Figure 5) significantly reduced the deviations of
𝑄𝐵 and 𝑄 estimates. This improvement cannot be noticed for the other com-
ponents (𝑄𝐷 and 𝑊 ), since the 𝐴eff correction did not significantly improve
their estimations. However, as one can note in Figure S4, the 𝐴eff correction
decreased the number of their outliers. It is worth noting that the 𝐴eff cor-
rection was not able to alter significantly the deviations for some catchments,
located in the northeastern Brazil, suggesting that other factors than climate
(aridity index) and inter-catchment connectivity ( 𝐴eff

𝐴topo
) may also be controlling
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their hydraulic behavior. Actually, as mentioned above, this region is largely
affected by human hydrologic disturbances (Almagro et al., 2021a; Nascimento
and Neto, 2017) due to its complex network of reservoirs that significantly al-
ters the local water budget (Schwamback et al., 2022). Therefore, the proposed
correction may not be sufficient to overcome the limitation of the functional
forms to characterize streamflow components in these basins.

Figure 5 - Spatial distribution (including the 6 main Brazilian biomes)
of the relative bias between observed and estimated values of the
four L’vovich water balance components for the no correction (upper
panels) and Aeff corrected (lower panels) condition.

1. Influencing factors on streamflow components

Figure 6 shows the scatter plot of Δ𝑄/𝑃 versus the 12 selected attributes. Sim-
ilar plots considering 𝑄𝐵 and 𝑄𝐷 are displayed in the supplementary material
(Figures S5 e S6) and the results are summarized in Figure 7. Following de
Lavenne and Andréassian (2018), for verification purposes, we computed the
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same correlations for a reduced sample, representing catchments in which we
assume a “true” closed water balance to occur. This “control sample” contains
114 catchments that show little influence of IGF, thus having similar values of
effective and topographic areas (0.95 < 𝐴eff/ 𝐴topo< 1.05) (Figure S7).

The relationships are characterized by a high degree of uneven variability and
nonlinearity. The 𝐴eff correction significantly altered the correlation (magni-
tude, significance and signal) between deviations and some attributes, indicating
that, indeed, the consideration of IGF affects the identification of influencing fac-
tors on streamflow components. As also observed in Beck et al. (2013,2015) and
Padrón et al. (2017), the correlations were all rather weak (< 0.4), emphasizing
the role of aridity as the main control on the long-term water balance (Budyko,
1974). The main differences between correlations (no-correction versus 𝐴eff cor-
rected) were found for (1) land cover, (2) topography, and (3) groundwater
attributes, and (4) climate seasonality.

For the land-cover attributes, the consideration of 𝐴eff resulted in correlations
shifting from negligible and/or insignificant to moderate and significant, sug-
gesting that not considering IGF in our formulations may have masked the re-
lationships between streamflow and land cover. The positive correlation found
for forest cover suggests a decrease in 𝑄 for the same 𝜙 values and increasing
values of the attribute when IGF is considered, which is consistent with the
general conclusions of previous studies (Silveira & Alonso, 2009; Zhou et al.,
2015). In fact, as pointed out by Padrón et al. (2017) and Gan et al. (2021),
catchments with large forest rates tend to favor ET over 𝑄, since it increases the
water retention potential and may decelerate water movement as a consequence
of longer flow paths and poriferous soils. Similar patterns can be observed for
𝑄𝐵 and 𝑄𝐷, although with lower magnitude. The opposite rationale can be
applied for the negative correlation found for crops cover: catchments with a
predominance of agricultural cover tends to amplify 𝑄 and reduce ET (Dias
et al., 2015), which might be explained by decreasing in the catchment’s water
retention ability (Zhou et al., 2015). The control sample (Figure S7), shows
even higher absolute correlation values for both land cover attributes.

We also found significant correlations between catchments’ mean slope and 𝑄-
deviations (Figure 6) for both scenarios, which supports previous findings in-
dicating slope as a major control mechanism of streamflow (Beck et al., 2013,
2015; Padrón et al., 2017; Trancoso et al., 2016). For non-corrected area values,
the negative correlation suggests that increasing mean slope favors streamflow
production for a fixed value of 𝜙 (Zhou et al., 2015). In fact, hilly catchments
tend to gain water through IGF (Schwamback et al. (2022); Liu et al. (2020)),
which in turn favors the generation of streamflow components, and might ex-
plain why such behavior was observed in the uncorrected case. After the 𝐴eff
correction, the correlation shifted the signal, suggesting the opposite: catch-
ments with steeper slopes disfavor the generation of 𝑄, the same happening
with 𝑄𝐵. This somewhat counterintuitive result (one might have expected that
IGF inclusion would lead to null correlation, and not an inverse signal) requires
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a more in-depth analysis. Brazilian watersheds with stepper slopes have, in
general, deeper water table levels (Figure S7), which might lead to having less
interactions between groundwater and surface water, disfavoring 𝑄𝐵. Since 𝑄
is dominated by 𝑄𝐵 in Brazilian basins (Figure S1), this might explain the ob-
served effect of slope on these components when 𝐴eff was considered (Figure 7).
This is also seen in the control sample results (Figure S7), in which a positive
and significant correlation for 𝑄𝐵 and 𝑄 (𝜌 ∼ 0.3) was found. That is, indeed
Brazilians’ steeper watersheds are prone to disfavor 𝑄𝐵 due to the distance to
the water table. The low correlation values for the relationship between slope
and 𝑄𝐷 for both corrected and uncorrected scenarios, makes it hard to draw a
meaningful conclusion out of the analyzed data.

Looking at the other two topographic attributes when no IGF is accounted, we
found a negative correlation for catchment’s mean elevation (𝜌 = −0.28) and
a positive correlation for catchment area (𝜌 = 0.33), suggesting that elevated
and/or small-sized watersheds favors 𝑄 (Figure 6). Nevertheless, after applying
the proposed correction, we noted that the correlation of both attributes shifted
from moderate and significant to negligible and insignificant, suggesting that the
effects of these attributes on streamflow components are mainly related to inter-
catchment water exchanges. Similar results were found for 𝑄𝐵. Catchments
are prone to gain water through IGF (Schwamback et al., 2022) with increasing
elevation, while large catchments are prone to lose water, given their higher
water retention capacities and lower hydrological responses (Zhou et al., 2015).
Indeed, Brazilian’s catchments with larger areas are inclined to present an 𝐴eff
lower than 𝐴topo (median 𝐴eff

𝐴topo
= 0.82 for the 100 largest catchments). The

opposite happens with elevated catchments (median 𝐴eff
𝐴topo

= 1.26 for the 100
highest basins). Moreover, elevation and area should exhibit a similar IGF be-
havior as in mean slope, as these variables are relatively well correlated (Figure
S8). Similar to the slope analysis, the correlation values found between �𝑄𝐷 and
these two topographic attributes are rather weak. Finally, the control sample
further suggests the incorporation of IGF to explain the previously suggested
relationships between topographic indices and streamflow components (Figure
S7).

The positive correlation between streamflow components and WTD in the no-
correction condition indicates that catchments with a deepest water table tend
to show larger values of 𝑄 and its components for the same 𝜙 (Figure 6 and 7).
Nevertheless, just as observed for the catchments’ mean slope, not considering
effects of IGF may have masked this relationship. Catchments with higher
absolute values of WTD tend do exhibit a gaining-water condition (median
𝐴eff/𝐴topo = 1.30 for the 100 watersheds with deepest water table), which
may influence the results. The consideration of the 𝐴eff shifted the signal of
the correlations between 𝑄 and 𝑄𝐵, maintaining its magnitude, suggesting the
opposite: catchments with deeper water table tend to show lower values of 𝑄
and 𝑄𝐵 for the same � due to the lower interaction between groundwater and
surface water. Once more, the control sample corroborates with this conclusion
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(Figure S7). Regarding 𝑄𝐷 , the correction led to insignificant correlations,
suggesting that WTD is not a main control mechanism of quickflow in Brazilian
catchments.

Figure 6 - Scatter plots, linear regression and regression coefficients
of the no correction (black) and Aeff-corrected (red) streamflow ra-
tio’ deviations (� Q

P) and the 12 climatic and physiographic attributes.
Spearman’s correlation of the no correction and Aeff corrected condi-
tions are shown in black and red, respectively. Statistically significant
correlations are indicated with *.
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We did not find a significant correlation between 𝜙 and deviations for both con-
sidered condition (Figure 7), since the functional forms modeled 𝑄, 𝑄𝐵 and 𝑄𝐷
as a function of it, and, therefore, have already accounted for aridity. For the
precipitation seasonality (no-correction condition), we found a negative corre-
lation for 𝑄 and 𝑄𝐵, and a positive correlation for 𝑄𝐷 (Figure 7), suggesting
that 𝑄 and 𝑄𝐵 are favored in catchments with summer-dominant rainfall, while
𝑄𝐷 is disfavored. The 𝐴eff correction reduced the correlations for the first two,
shifting it from 𝜌 = 0.22 and 0.33 to 𝜌 = 0 and 0.15, respectively, and
increased from 𝜌 = 0.08 to 0.30 for 𝑄𝐷, indicating that total streamflow is
not directly affected by precipitation seasonality due to its opposite impact on
streamflow components: precipitation seasonality seems to favor baseflow and
disfavor quickflow in Brazilian catchments.

Our findings, also observed in the control sample, differ from the reported in
previous studies that investigated the role of seasonality on the water-balance
(Gan et al., 2021; de Lavenne & Andréassian, 2018; Padrón et al., 2017; Yokoo
et al., 2008), with exception of Potter et al. (2005), which also observed the
same behavior in Australian catchments. In fact, understanding the role of sea-
sonality on water-balance partitioning is a complex task. Yokoo et al. (2008)
showed that its effect on long-term water-balance closely depends on other phys-
iographic attributes, such as soil and topographic characteristics. Gan et al
(2021) suggested precipitation seasonality’ effect as dependent of vegetation
conditions, pointing the coupling of vegetation and seasonality as crucial to
understand the long-term water balance. Actually, the seasonality index ne-
glects fine-scale variations, such as daily and intra-monthly rainfall characteris-
tics, which may hamper capturing the role of rainfall temporal distribution on
long-term water-balance partitioning. Moreover, our results may be affected by
the uneven distribution of precipitation seasonality exhibited by our evaluated
catchments, since most of them (~85%) exhibits a summer precipitation cycle,
despite their diverse hydroclimatic conditions (Almagro et al., 2021a). In view
of the aforementioned, we argue that assessing the role of seasonality on long-
term water-balance requires a more in-depth analysis, which is not the main
purpose of this study, considering water and energy temporal distributions at
finer scales and their co-dependence with landscape characteristics.

Considering the soil attributes, we found overall low correlation values (𝜌 ≤ 0.2).
For uncorrected conditions, our results suggest that clay/silt fractions disfa-
vor/favor streamflow generation, while after the correction the strength of the
correlations were reduced, which may indicate that part of their contribution to
streamflow generation are related to IGF. In fact, according to Fan (2019) and
Gnann et al. (2021), soil properties are a key control of the subsurface hydraulic
properties, which affects streamflow generation. However, the low correlation
values prevent us from pursuing a discussion on possible mechanisms that may
affect streamflow components and the water-balance partitioning. Interestingly,
when we look at the control sample (Figure S7) such relationships receive higher
correlation values (especially for 𝑄𝐷), showing that such soil properties might
actually have a stronger influence in streamflow generation. For sand fraction
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the correction switched the relationships from favoring total streamflow and
its components to disfavoring 𝑄𝐵, 𝑄 while still favoring 𝑄𝐷, although with
lower correlation values. That is, it indicates that before the IGF consideration,
the streamflow favoring-condition of high-sand content catchments may be at-
tributed to its high susceptibility to inter-catchment water exchanges. Actually,
Brazilian catchments with high sand content shows, in general, a gaining water
condition (median 𝐴eff/𝐴topo = 1.15 for the 100 watersheds with higher sand
fraction).

Interestingly, the 𝐴eff correction strengthened the correlation between deviations
and permeability (Figure 7). For both conditions, we found a negative correla-
tion, which indicates that with greater the permeability, streamflow components
will be favored. This finding reinforces permeability as a major influencing fac-
tor of the streamflow components’ characteristics. The fact that the proposed
correction increased the correlation magnitude indicates that permeability ap-
pears as an important control when IGF processes are included in the water
balance. The very low correlations found for 𝑄𝐷 highlights, as expected, the
absence of a link between quick flow production and geological settings.
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Figure 7 – Relationship between the 12 selected attributes and the
deviations (Δ) of the streamflow components. Attributes from top
to bottom: forest cover, crops cover, mean slope, mean elevation,
catchment area, water table depth, aridity index, precipitation sea-
sonality, sand fraction, silt fraction, clay fraction, and permeability.
Left panel: spearman’s correlation heatmap. Values with annota-
tion exhibited a significant correlation (p-value < 0.05). Right panel:
direction of the relationship. Up and blue (down and red) arrows
means that the attribute favors (disfavors) the respective streamflow
comoponent.

1. Limitations and broader implications of the study for hydrological pro-
cesses

(a) Limitations
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Despite using a large-sample hydrology dataset, which avoid wrong conclusions
that may derive from few anomalous catchments with atypical hydrologic behav-
ior (Addor et al., 2020; Gnann et al., 2021; Gupta et al., 2014), it is important
to recall some limitations that may arise from this study. First, measurement
errors in both hydroclimatic and physiographic catchments attributes can signifi-
cantly affect our results (Westerberg & McMillan, 2015). Although the CABra’s
dataset provides diverse reliable attributes for more than 700 Brazilian catch-
ments, some of them are derived from gridded data (Almagro et al., 2021a),
which may not represent well hydrological process of smaller scales (Gudmunds-
son and Seneviratne, 2015). Moreover, other sources of uncertainty in the ob-
served/estimated data, such as errors associated with the different mathematical
methods to estimate PET and ET, non-representative rating curves to derive
𝑄, and inherent uncertainties of the digital filters to partition 𝑄 into 𝑄𝐵 and
𝑄𝐷 (Meira Neto et al., 2020), may also affect our findings.

Second, to relax the closed water-balance assumption, we used the
𝐴eff methodology proposed by Liu et al. (2020). However, this simple
method may not be effective for some catchments with unusual hydrological
behavior, such those found in the northeastern part of Brazil, characterized by
(i) a non-perennial regime with little groundwater contribution that challenge
the 𝐴eff computation and/or (2) high hydrological disturbances, which may
exacerbate the deviations of the 𝐴eff/𝐴topo ratio and violate the Budyko
hypothesis (Berghuijs et al., 2021; Schwamback et al., 2022). In fact, there are
other ways to consider inter-catchment groundwater transfers: apply correcting
or scaling factors to others climatic input data, such as precipitation; or
even explicitly consider IGF as a parameter in hydrologic models to compute
groundwater exchanges (Mouelhi et al., 2006; Perrin et al., 2003). As pointed
by Le Moine et al. (2007), these different options may result in significantly
different IGF values, which in turn, could impact our findings.

1. Broader implications

In this paper, we have focused our attention in the definition of the main con-
trol mechanisms of 𝑄, 𝑄𝐵, and 𝑄𝐷 under an open water-balance perspective.
The findings reported here, such as the importance of considering IGF, can
be incorporated in the development of hydrological conceptual models to pre-
dict the catchments’ hydrological response to future changes in the evaluated
attributes (Fenicia et al., 2014; Gnann et al., 2021). In fact, models need to ad-
equately represent hydrological processes to predict changes accurately (Clark
et al., 2017). If we correctly understand the main drivers of change and how
they are expected to change, we can use this information for the development
of models that ally model complexity, realism and performance (Atkinson et
al., 2002). In addition to predict catchments’ long-term hydrological response
under change, which is still a controversial approach (Berghuijs et al., 2020), our
results may represent a step forward for the characterization of water-balance
components in ungauged basins, associating 𝜙, IGF, and other landscapes and
climate parameters that proved to be important for the characterization of the
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catchments’ hydrological behavior. Finally, we highlight other questions that
can be arise from our study: (i) How does the role of influencing factors, such
as groundwater and land use, vary in different types of climates? (ii) How can
human interventions be considered in the characterization and prediction of wa-
ter balance components and in the accounting of hydraulic connectivity? (iii)
What are the uncertainties associated with the different methods of considering
inter-catchment water transfers?

1. Conclusion

In this study we asked what is the impact of a closed water-balance assump-
tion on the understanding of the factors that control the long-term streamflow
components. To do that, we investigated the performance of recently proposed
functional forms to describe 𝑄, 𝑄𝐵, and 𝑄𝐷 as a function of 𝜙 considering both
an open and close water-balance assumptions and further examined 12 climatic
and physiographic attributes that may also contribute to explain the spatial
variability of these water balance components, applying our framework to a set
of more than 700 Brazilian catchments.

Our findings demonstrate that: (i) streamflow components can be modeled
as a function of 𝜙. The functional forms were able to explain most of the
mean-annual spatial variability of 𝑄, 𝑄𝐵, and 𝑄𝐷 (R² = 0.79, 0.78 and 0.67,
respectively) and to capture, in general, the relationships between the L’vovich
two-step water balance components; (ii) An open water-balance consideration,
by means of the proposed 𝐴eff correction, improved the performance of the
functional forms to describe 𝑄 and 𝑄𝐵 (R² = 0.89 and 0.90, respectively), sug-
gesting that, in many catchments, inter-catchment groundwater transfers can
not be considered negligible. Furthermore, the proposed correction contributes
to disentangle our understanding related to the role of factors controlling the
long-term streamflow; (iii) Finally, other factors than 𝜙 and IGF may also con-
trol the streamflow components. In particular, land cover, climate seasonality,
groundwater and topography attributes appear to significantly impact the water
balance partitioning. Our findings may also contribute to the comprehension
and development of hydrological models, seeking to improve our knowledge re-
lated to long-term streamflow behavior, its controlling mechanisms, and how
they are expected to change.
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