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ABSTRACT: Knowledge about long-term average flow is essential for planning and managing
water resources because it represents the potential water availability. One technique used to
determine streamflow is regionalization, but because most gauge stations normally are associated
with large drainage areas, the extrapolation of regionalization equations does not accurately
represent the water availability; therefore, this method is not recommended. The main objective of
the present paper is to propose a new method of estimating water availability that minimizes the
risks of extrapolating regionalization equations for long-term average flow. The method is based on
the use of a threshold value of the runoff coefficient to obtain the long-term average flow at the
positions of the basin where the runoff coefficient estimated by the regionalization equation exceeds
the threshold value. It was found that values of the runoff coefficient estimated average flows
greater than twice those of the threshold values. The use of this method allows a reliable estimation
for long-term average flows in regions of extrapolation without compromising the security of the
available water supply.
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INTRODUCTION

Potential water availability is represented by long-term average flow. Knowledge about water
availability is essential for both the planning and management of water resources (MASIH et al.,
2010) because it represents the highest streamflow that can be regularized without considering the
losses due to evaporation and infiltration (PRUSKI & PRUSKI, 2011).

The quantification of streamflow on the hydrography helps policymakers to decide the best
water use (PRUSKI & PRUSKI, 2011; FIOREZE & OLIVEIRA, 2010), but this guantification,
when available, is restricted to places where the gauge stations are located. Generally, there are no
measurements of streamflow in parts of the rivers in which the estimate of it is required (ARAI et
al., 2012). To fix this problem, streamflow regionalization, which is a technique used to supply
hydrological information about places with little or no data available, has been frequently employed
(MASIH et al., 2010; MAMUN et al., 2010; SAMUEL et al., 2011).

A multiple regression technique is used to determine the magnitude of streamflows for a
certain return period in areas with little data availability and to transfer flows from these locations to
sections of the hydrography where there is no streamflow measurement. Regression equations are
used to estimate streamflows based on the most relevant traits associated with the drainage area
(MALEKINEZHAD et al., 2011), but because the gauge stations are located in sections with large
drainage areas, the streamflow estimation for small areas is not recommended because of the
extrapolation of regression equations. Nonlinear dynamics and spatial variability in hydrological
systems make the formulation of scaling theories difficult; therefore, the development of knowledge
related to scale effects, scaling techniques, parameterization and linkages of parameters across
scales is highly relevant (BARRIOS & FRANCES, 2012).
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Extrapolating regression equations beyond the limits of the sample data used to estimate the
parameters of the linear regression model is not usually recommended and has been discouraged for
two main reasons. First, the confidence interval on the regression line expands as the independent
variable values deviate from the average. Second, the relationship between the independent and
dependent variables may not be linear for extrapolated values used in the regression
(NAGHETTINI & PINTO, 2007).

In a study on streamflow regionalization performed in the ljui River basin, which is located in
the Rio Grande do Sul State (Brazil), SILVA JUNIOR et al. (2003) observed that the behavior of
extrapolation of long-term average flow for basins with drainage areas smaller than those used to
obtain the regionalization models presented high uncertainty in the variables obtained with a
tendency to overestimate these streamflows.

The impossibility of estimating streamflows for drainage areas smaller than the areas
among the gauge stations limits the estimation of water availability to an insignificant part of the
hydrography, which prevents planning and managing water resources for a large part of the
hydrography. The statistical analysis of regionalization models is not enough to estimate
streamflows in the hydrography (LI et al., 2009), and the use of a physical indicator in regions
where an equation extrapolation was used enables a safer management of water resources in these
areas (PRUSKI et al., 2012). Considering the necessity of information about water availability in
areas of equation extrapolation use, the main objective of the present paper is to propose a new
method that minimizes the risks of extrapolating regionalization equations for long-term average
flows.

MATERIAL AND METHODS
Characterization of the study area

This study was performed for one sub-basin of the Sdo Francisco basin: the Corrente River
sub-basin. A previous study by RODRIGUEZ (2008) identified 15 homogeneous regions in the Sdo
Francisco basin, and the Corrente sub-basin was region 11. The Corrente sub-basin, with a drainage
area of 34,253 kmz?, is responsible for approximately 5.4% of the total area of the Sdo Francisco
River basin and is located in Western Bahia State, which is a strategic geographical position
because it connects South Central and Northeastern Brazil. The climate ranges from wet in the far
western region to semi-arid near the Corrente River’s mouth. The climate conditions are propitious
to the development of irrigated agriculture, making this region one of the most important
agricultural areas in the country.

Data used

This study uses seven stream gauge stations located in the Corrente basin. The gauge
stations are part of the hydrometeorological network of the Hydrological Information System
(Hidroweb) of the Brazilian National Water Agency (ANA). The stations used all had at least 20
years of data.

Streamflow regionalization

Parametric regression (mainly multiple linear regressions) is one of the most widely used
regionalization methods. The relation most frequently uses statistics associated with streamflow and
the characteristics of the basin (B, C, D, ..., M) as a potential function (LI et al., 2010; SAMUEL et
al., 2011). The multiple regression model is expressed as:

Q=aB’C‘D’...M" (1)
where,

Q - streamflow of interest, m3 s

B, C,..., M - topological and climatic characteristics used as independent variables, and
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a, b, c,..., m — constants, dimensionless.

The independent variables considered represent the physical and climatic characteristics of the
basin (OLIVEIRA et al., 2013). The physical characteristic of the basin was the drainage area. The
variation of rainfall in the basin directly affects the behavior of specific flow discharge. Therefore,
the inclusion of rainfall as an explanatory variable of streamflow may be a significant improvement
in the regionalization model (DINPASHOH et al.,, 2004). The climate variable used in
regionalization is the average annual rainfall. This study used a single variable, instead of the
drainage area and precipitation, defined by PRUSKI et al. (2013) as

PA
P =
* 31,536 @)

where,
Peq - streamflow equivalent to the annual rainfall volume, m®s™;
P - annual average rainfall in the drainage area considered, mm year, and
A - drainage area, km?,

The use of a single variable allows not only a two-dimensional representation of the
relationship between the dependent and independent variables but also a gain of one degree of
freedom in statistical analysis. Thus, the independent variables used were the drainage area and the
streamflow equivalent to the annual rainfall volume.

The spatial distribution of the regionalized hydrological variables was performed in the
hydrographic base developed by the National Water Agency (ANA) for Brazil at a scale of
1:1,000,000.

The explanatory variable associated with rainfall was obtained from historical rainfall series,
and the map of the average annual rainfall is shown in Figure 1.

Legend
River

Rainfall (mm/year)
- High - 1300.27

B Low : 767.039

FIGURE 1. Annual average rainfall spatial distribution in the Corrente basin.

The selection of equation that led to the best statistical adjustment was made using the
absolute error estimated by the square root of the mean square error, the coefficient of
determination and relative error.

Proposal to minimize the use of extrapolation of the regionalization equations

The runoff coefficient, which is the ratio of long-term average flow and the Peg, ranges from
zero to one. The regionalization equations tend to present a wide range of variation of streamflows
for regions where the extrapolation is used. Sometimes the runoff coefficient obtained is greater
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than one, which is physically unlikely. Thus, analysis of the runoff coefficient on the hydrography
may impose a real physical limit to the extrapolation of the long-term average flow equation.

After the selection of a regionalization model, possible deviations caused by the extrapolation
of the regionalization equation are minimized by the use of a threshold value for the runoff
coefficient. The threshold value is defined as the highest value obtained from several stream gauge
stations in the hydrologically homogenous region considered. Thus, if the runoff coefficient
estimated in the section of hydrography is higher than the threshold value, the long-term average
flow must be estimated as

Qlt_adj = Cthrl:)eq (3)
where,

Qutagj - stands for the long-term average flow adjusted according to the threshold runoff
coefficient, m® s, and

Cur - runoff coefficient used as a threshold for extrapolation of the regionalization equation,
equal to the highest C value observed among gauged stations, dimensionless.
RESULTS AND DISCUSSION
Table 1 shows drainage areas, long-term average streamflows, specific long-term average
flow discharges and runoff coefficients for the seven gauge stations considered in this study.

TABLE 1. Station name, river name, drainage area, long-term average streamflow, specific long-
term average flow discharge and runoff coefficient for the gauge stations in the Corrente

basin.
Code Station name Latitude Longitude Drainage area  Qu R C
(km?) (m®s?) (Ls?tkm?)
45590000 Correntina -13.341 -44.638 3.648 33.213 9.1 0.280
45740001 Mocambo -13.278 -44.563 7.950 42.318 5.3 0.163
45770000 Arrojado -13.453 -44.569 5.465 59.204 10.8 0.334
45840000 Gatos -13.712 -44.638 7.710 82.969 10.8 0.336
45880000 Colb6niado Formoso -13.712 -44.638 8.780 84.995 9.7 0.302
45910001  Sta Maria da Vit. -13.399 -44.,197 28.200 215.392 7.6 0.237
45960001 Porto Novo -13.291 -43.909 29.700 219.273 7.4 0.231

The smallest drainage area among the seven gauge stations is 3,648 km?; the specific long-
term average flow discharges range from 5.3 to 10.8 L s km™, and the runoff coefficients range
from 0.163 to 0.336.

Equations 4 and 5 are the regionalization equations using area and Peq as explanatory
variables, respectively. Table 2 presents the values of the coefficient of determination (r?), root
mean squared error (RMSE) and amplitude of relative error.

Q, = 0.0254 A°&° (4)
Q. =0.5126P, *** ()

TABLE 2. Coefficient of determination, RMSE, amplitude of the relative error of regional
regression equations considering area and Peq as independent variables.

r2 RMSE relative error
Area 0.898 12.97 -19.1t0 62.9%
Peq 0.893 13.33 -19.7 to 64.9%
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The explanatory variable that led to the best statistical adjustment was the drainage area, with
a RMSE of 12.97, coefficient of determination of 0.893 and range of relative error of -19.1 to
62.9%. Therefore, the equation selected to estimate the long-term average flow was equation 4.

Figure 2 graphs the variation in long-term average flow and runoff coefficient according to
the drainage area for one tributary of the Corrente River, the Guara River.
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FIGURE 2. Runoff coefficient estimated by regionalization (C) and the threshold value (Cthr) (a)
and long-term average streamflow obtained by regionalization equation 4 (estimated
QIt) and imposing the threshold value defined by equation 6 (QIlt_adj) (b) for the
Guaré River.

Figure 2 shows that both the runoff coefficient and the specific long-term average flow
discharge, which corresponds to the slope of the curve of the long-term average streamflow
(equation 6), decrease as the drainage area increases.

d (Q mld ) A -0.120
qlt dA ( )

The rate of decrease of C and qit is much more pronounced for small drainage areas and
becomes smoother as the drainage area increases. For small drainage areas, the values of C
estimated by the regionalization equation (equation 4) reach values close to 0.7, while the highest C
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value observed at the streamflow gauge stations is 0.336 (Table 1). Therefore, the estimation of C
using the regionalization equation results in an estimated C value higher than twice the highest
observed value at the gauge stations. This fact showed the risk associated with the use of flow
regionalization equations beyond the limits of the data used to estimate the parameters of the
regression model, i.e., the extrapolation of the regionalization equations.

Analysis of the behavior of qi, as a function of drainage area, revealed a behavior similar to
that of C. Thus, for a drainage area of 1 km?, there is a qi equal to 22.3 Ls™* km, which is a value
higher than twice the highest qi: estimated at the gauge stations and is equal to 10.8 Ls* km. Even
for a drainage area of 100 km?, the qi: value is 12.9 Ls* km, which exceeds the highest qi: value
estimated at the gauge stations.

Therefore, for small drainage areas, some C and qi values exceed more than twice the values
observed at the seven gauge stations considered in this study on the regionalization of streamflows
in the Corrente basin. Similar results were found for low flows in RODRIGUEZ (2008), PRUSKI et
al. (2012) and PRUSKI et al. (2015). Although the qi and C values tend to increase toward the
headwaters, there is no guarantee that this trend of growth is as pronounced as that represented in
the graphs of C versus drainage area (Figure 2) and in the q variation rate expressed by equation 6.

The fact that streamflows estimated by regionalization equations tend to be overestimated
near the headwaters is not a major issue for maximum flow because the increased flow increases the
safety of the project. However, for low flows and long-term average flows, an overestimation is
problematic because it creates a false expectation of water availability, as showed in PRUSKI et al.
(2013). Moreover, if the regulatory agencies allow withdrawals based on an extrapolation of the
regularization equation, it can cause environmental problems, such as the intermittence of the river
channel in dry seasons.

To reduce the risk of overestimating the long-term average flow at these hydrographic
positions, i.e., in areas where the C value exceeds the Cwr value (which is the highest C value
observed among gauged stations, equal to 0.336), the long-term average flow was adjusted by a
value equal to Cr (red curves in Figure 2, C versus drainage area). The Qit value must be adjusted
as:

Qlt_adj =0.336 Peq (7)

The use of the restriction to a maximum value of C imposes a physical restriction for the long-
term average flow, which reduces the risk of overestimating flows rates in this part of the
hydrography. Therefore, streamflows were represented by red lines in the graphs of streamflow
versus drainage area (Figure 2) until the areas where the red line intercepts the black line. After the
intersection point, streamflows were represented by black lines.

Considering various segments of the Corrente basin hydrography at the 1:1,000,000 scale, it’s
observed (Figures 3a and 3b) that the C values range from 0.230 to 0.844, and the qi: value ranges
from 7.28 L s* km? to 23.90 L s km™. A significant part of the hydrography showed C values
above 0.336, which is the threshold value for the imposition of restrictions. The range of variation
of the values was even more pronounced for larger scales.

Figure 3c shows segments of the hydrography of the Corrente basin, also at a 1:1,000,000
scale, where long-term average flow must be adjusted based on the Ciur value. Adjustments were
necessary for most of the basin. In this basin, 73% (25,182 km?) of the total area is submitted to the
threshold Cir. This fact demonstrates the relevance of the procedure, not only because of the
proportion of the area affected but also because of the relevance of variations that may be higher
than 100%.

Although there are no similar studies available for the long-term average flow, equivalent
results were observed by PRUSKI et al. (2015) when analyzing the performance for low flows.
These authors showed that it was necessary to adjust 88% of the total Urucuia basin (a sub-basin of
S&o Francisco basin) area using a threshold value. PRUSKI et al. (2012), in a study performed in
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the Para river basin for low flows (a sub-basin of S&o Francisco basin as well), also observed that it
was necessary to adjust approximately 85% of the total basin area based in a threshold value

proposed by the authors.
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FIGURE 3. Runoff coefficient (a), specific long-term average flow discharge (L s-1 km-2) (b), and
segments of the Corrente basin (outlined in red) where it was necessary to adjust the
long-term average flow rate based on the runoff coefficient used as the threshold for
the extrapolation of the regionalization equation (c).

The restriction on the use of regionalization equations for only drainage areas larger than the
smallest drainage area among the gauge stations makes the planning and management of water
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resources a very difficult task because most of the hydrography is associated with smaller drainage
areas than the smallest drainage area among the gauge stations. On the other hand, the use of
overestimated values for water availability will obviously create false expectations concerning the
amount of water available. Therefore, the reliable estimation of water availability is essential for
proper water resource planning and management.

CONCLUSIONS

The use of equation regression is not recommended for regions beyond the limits of a gauge
station, and this restriction makes a difficult task for policymakers because most of the hydrography
is located in extrapolation regions.

It was found that the values of runoff coefficients estimated by the regionalization equation
were greater than twice the highest observed values at the gauge stations. Thus, this overestimation
creates a false expectation of water availability, and the use of the regionalization equation in the
extrapolation area may cause several problems for users and managers of water resources.

As the information about water availability is necessary in every segment of a river, the use of
a threshold value allowed estimation of the information for regions of extrapolation because this
value has imposed a physical limit to long-term average streamflow regionalization. Therefore, the
proposed method allows a reliable estimation for long-term average flows in regions where the use
of a regionalization equation is not recommended without compromising the security of the
available water supply.
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