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Abstract

Estimation of low-flow quantiles or indices at ungauged sites is traditionally done through
regional low-flow frequency analysis. However, traditional methods imply a prior aggregation.of
the regional information due to the usual focus on a given quantile. This leads to loss of
information for estimating additional quantiles or performing additional applications. In the
present study, the recently proposed regional streamflow based frequency ‘analysis (RSBFA)
approach is evaluated for the estimation of low-flow quantiles. The approach, originally applied
to floods, is based on regionally estimating the daily streamflow series at the ungauged site to
later obtain hydrological quantiles through a local frequency analysis. In the present study, the
RSBFA approach is applied to low flows through a case study in the province of Quebec,
Canada, considered in prior traditional regional low-flow studies. Although the RSBFA approach
does not systematically lead to the best results, its relevance resides in the fact that the whole
regionally estimated daily streamflow series is provided at the ungauged site. This allows an easy
estimation of low-flow quantiles associated to particular durations, such as the 7-day (30-day)
average low flows corresponding to a return period of 2 or 10 years (5 years). Furthermore, a
large range of additional low-flow quantiles, such as ggs, (Streamflow expected to be exceeded
95% of the time divided by the catchment area), may be obtained from the regionally estimated
streamflow series with a very good performance. Therefore, any specific or absolute, annual or
seasonal low-flow quantile may be easily obtained by a local low-flow frequency analysis
without repeating the regional procedure. The approach does not require complex models, and it
may also allow combining regional and local information in a straight forward manner.
Keywords: Regional frequency analysis; low-flow event; ungauged site; flow duration curve;

daily streamflow series; quantile.



1. Introduction

Estimation of low-flow quantiles, also called low-flow indices, is essential for water resource
management, water quality regulation and habitat protection (e.g. Pyrce 2004). This estimation is
obtained at ungauged sites by regional low-flow frequency analysis. Most low-flow frequency
analysis approaches reported in the literature are based on regional (or global) regression (e.g.
Ouarda et al. 2005; Laaha and Bloschl 2006; Tsakiris et al. 2011). They establish a relation
between low-flow quantiles and catchment descriptors. More complex procedures for
characterising this relation, such as by artificial neuronal networks, are also studied (e.g. Ouarda
and Shu 2009). Other approaches can be classified as geostatistical methods (e.g. Castiglioni et
al. 2009). They account for spatial correlation between low flows at nearby sites; and a dense
gauging network is required for their application. One example is the baseflow correlation
technique (e.g. Stedinger and Thomas 1985; Reilly and Kroll 2003). The procedure requires the
availability of a number of streamflow measurements during the baseflow conditions for the
same days at both gauged and “ungauged” sites; and a high correlation between sites. A low-
flow hydrology review is presented in Smakhtin (2001), and a broad comparison among different
regional low-flow procedures can be found in Salinas et al. (2013).

Most studies on regional low flows focused on the estimation of a given quantile or of a
limited number of them. Examples of the former case include qose defined as the streamflow
expected to be exceeded 95% of the time divided by the catchment area (e.g. Laaha and Bldschl
2006); Q107 defined as the 7-day average low flow corresponding to a return period of 10 years
(e.g. Reilly and Kroll 2003); and Qsss defined as the streamflow exceeded on average 355 days

in a year (e.g. Castiglioni et al. 2011). A number of studies presented results for several low-flow



quantiles, such as Q7 and Q107 (e.g. Vogel and Kroll 1992; Tsakiris et al. 2011) or Q27, Q107
and Qs 30 (e.g. Ouarda and Shu 2009).

Alternatively, low-flow quantiles may be estimated by a regional flow duration curve (FDC)
or by a regional low-flow frequency curve built from gauged sites (e.g. see Fennessey and. VVogel
1990; Smakhtin 2001; Castellarin et al. 2004; Castellarin et al. 2013). However, only partial
information is also obtained by these approaches due to the focus on a given‘type of low flows.
For instance, a given regional FDC that allows estimating Qgse, defined as the streamflow
expected to be exceeded 95% of the time, cannot be directly used to estimate other low-flow
quantiles such as Q.7 or Qs3o. In addition, a given regional low-flow frequency curve cannot
simultaneously estimate Q7 and Qs 30, for which the regional procedure needs to be repeated.
Although some of these quantiles may be correlated (e.g. see Fennessey and VVogel 1990; Salinas
et al. 2013), their direct estimation may be valuable for addressing different purposes of a low-
flow analysis. In this regard, Smakhtin (2001) underlined that despite correlations, different low-
flow quantiles should be directly estimated from observed streamflow series when the quality of
the record is suitable. In relation to ungauged sites, it was indicated that several low-flow
quantiles may be extracted from streamflow series generated at a target site when a suitable
model is considered for such estimation.

An alternative approach to construct FDCs was introduced by Vogel and Fennessey (1994)
with ‘the aim of providing a median annual FDC that is less sensitive to the period of record
considered, and which may have an impact on the low-flow range of the FDC if such a period is
not long enough. This approach also allows obtaining regional annual FDCs related to a given
probability, which may in turn allow estimating low-flow (or flood) quantiles (Castellarin et al.

2007). However, similar to what happens in the aforementioned approaches, annual FDCs would



need to be properly recalculated if low-flow or flood quantiles related to aggregated data, such as
Q2,7, need to be estimated (e.g. Claps and Fiorentino 1997).

In the present study, a recently proposed approach for estimating hydrological quantiles. at
ungauged sites is adapted and evaluated in the case of low flows. The approach, called regional
streamflow estimation based frequency analysis (RSBFA), is introduced and applied to floods in
Requena et al. (2017). The notion behind the RSBFA approach is the regional-estimation of daily
streamflow series at the ungauged site, to later perform a local frequency analysis to estimate
desired quantiles (Ouarda 2016). An overview of the path adopted by RSBFA in comparison to
traditional low-flow regional frequency analysis approaches is presented in Fig. 1. This
alternative approach has a number of advantages in comparison to traditional regional methods.
It provides the complete daily streamflow series at the ungauged site, where all the regional
information is included. Therefore, it avoids the prior aggregation step involved in traditional
regional frequency analysis procedures focused on a given quantile or given application (e.g. low
flows or floods), and allows using all the regional information just once.

In particular, the application of the RSBFA approach to carry out a regional low-flow
frequency analysis implies that, for instance, any low-flow quantile related to any average annual
(or seasonal) d-day minimum flow series may be easily obtained from the regionally estimated
streamflow series. Therefore, a whole set of low-flow quantiles may be estimated without the
need to repeat the regional analysis if an additional quantile is required. It also facilitates the
straightforward estimation of both specific and absolute quantiles. The approach is very flexible
due to the fact that regionally estimated streamflow series may be in turn used for performing a
number of applications such as stationary or non-stationary frequency analysis, and univariate or

multivariate frequency analysis studies on low flows or floods. Furthermore, the approach does



not specifically need a dense gauging network or streamflow measurements at the ungauged site
for streamflow estimation, and does not rely on complex statistical models. Finally, the RSBFA
approach allows easily combining local and regional information in the case of partially gauged
sites, without the need to resort to complex statistical models such as empirical Bayes estimation
(Fill and Stedinger 1998) or parametric Bayesian approaches (Seidou et al. 2006). Indeed, if a
short streamflow record is available at the target site, it can simply be combined with the
regionally estimated streamflow record into a single streamflow series. At-site frequency
analysis can then be applied to the combined streamflow series in a straightforward manner. It is
important to note that the RSBFA approach also presents the advantage of allowing the direct
use of daily streamflow estimates that are often already available at the ungauged sites from
previous regional transfer studies. The considered RSBFA approach is adapted and applied to
low flows through a case study in the province of Quebec, Canada, where several regional low-
flow frequency analysis approaches have been previously applied in the literature (Sect. 3). The
methodology is described in Sect. 2. Results are illustrated, compared to the ones obtained by

traditional approaches, and discussed in Sect. 4. Conclusions are presented in Sect. 5.

2. Methodology
The regional approach considered in the present study for estimating low-flow quantiles at
ungauged sites is the RSBFA approach presented in Requena et al. (2017). It consists of two
main steps:
(i) Regional estimation of daily streamflow series at the destination (or ungauged) site;
which is in turn divided into:

a) Regional estimation of the FDC streamflow quantiles at the destination site;



b) Transfer of daily streamflow series from source sites to the destination site;

(i) Estimation of low-flow quantiles at the destination site by a local frequency analysis.

Note that step (i) is often carried out in advance, and hence the results of the estimation of
streamflow series at the destination site are often already available. The regional FDC
streamflow quantile estimation in step (i.a) is generally carried out for a limited number of
streamflow quantiles, which are obtained from the whole daily streamflow information. This
regional estimation allows obtaining the daily streamflow series at the ungauged site by the
transfer procedure in step (i.b). A given minimum flow series may then be extracted from the
regionally estimated streamflow series at the destination site, with the aim of obtaining any
desired low-flow quantile by a local frequency analysis (step (ii)). Therefore, the low-flow
quantiles finally estimated in step (ii) are separately obtained from the streamflow quantiles
regionally estimated in step (i.a), and they do not need to be identified during the regional
procedure.

Step (i) is common for the application of the procedure to any type of frequency analysis,
such as floods or low flows, and is summarised in Sect. 2.1. However, step (ii) needs to be
slightly adapted to the type of analysis to be performed. The adaptation is related to which series
need to be extracted from the regionally estimated streamflow series in order to apply the local
frequency analysis. The adaptation to low flows is presented in Sect. 2.2. Assessment measures
for evaluating the performance of the approach when applied to low flows are presented in Sect.

2.3.

2.1. Regional estimation of daily streamflow series



The first step of the methodology consists in the regional estimation of the daily streamflow

series at the destination site. A summary of the procedure is presented herein.

a) Regional estimation of the FDC streamflow quantiles: The estimation of the FDC
streamflow quantiles at the destination site is carried out through the regression-based
logarithmic interpolation method presented in Shu and Ouarda (2012). The modifications
introduced by Requena et al. (2017) for applying a more objective procedure to ensure
decreasing monotonicity over the FDC are also considered. First, a point-wise FDC is
built at each gauged site from the observed daily streamflow series. This is achieved by
identifying the streamflow quantiles associated  with given percentile points (or
probabilities of exceedance) p. The following 17 un-evenly fixed percentile points are
considered as suitable for properly characterising the FDC (Shu and Ouarda 2012): p =
0.01%, 0.1%, 0.5%, 1%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%,
99%, and 99.99%. Second, each of these streamflow quantiles is estimated at the

destination site by a regional regression equation in order to build its point-wise FDC:

In(Qp) = In(by) +b; In(Vy) + b, In(V,) + -+ + b In(Vy), (1)

where @, are the streamflow quantile values at the gauged sites for a given percentile
point p, and (V;,V,,...,V,) are the descriptors selected by stepwise regression for
characterising @,,. The values of the regional parameters (b, by, ..., by) are obtained from
Eq. (1) by using information from gauged sites. They are then used for estimating Q,, at
the destination site by replacing its catchment descriptor values in Eq. (1).

By definition, a FDC must present a decreasing monotonicity over percentile points.
Hence, if the estimated point-wise FDC does not initially preserve this condition, a

smoothing curve is fitted to ensure it (Ouarda et al. 2010):



b)

ap+b
pC+e

Q, = , a<0, b>0andc € [0,1] (2)

where a,b,c and e are parameters estimated by a least square approach. Finally,
intermediate points of the FDC are estimated by logarithmic interpolation, or by the
smoothing curve (if it was previously fitted to ensure decreasing monotonicity), in order
to supply values required during the streamflow transfer process.

Transfer of daily streamflow series: Transfer of daily streamflows from source sites to
a destination site is based on the nonlinear spatial interpolation method (e.g. Hughes and
Smakhtin 1996). The latter assumes the same probability of exceedance p of the
streamflow of a given day for the source and destination sites. The influence of several
source sites may be considered in the procedure by weighting the streamflow estimated
by each source site. Based on the findings of Shu and Ouarda (2012), four source sites are
considered in the present study, and their selection is based on spatial proximity (e.g.
Hughes and Smakhtin 1996). Note that in the literature, from three to five source sites are
usually considered for streamflow transfer (e.g. Patil and Stieglitz 2012; Ergen and

Kentel 2016).

2.2. Estimation of low-flow quantiles by a local frequency analysis

The second step of the RSBFA approach is the estimation of quantiles at the destination site
by a local frequency analysis, which in this study is focused on estimating low-flow quantiles.
The procedure is described below. Once the daily streamflow series at the ungauged site is
regionally estimated through the procedure described in Sect. 2.1, it is used to extract annual or
seasonal minimum flow series. In this study, winter and summer events are considered (Herrera

2008). The average seasonal d-day minimum flow for summer and winter events is obtained for

9



each year through a moving window. This is done for both d = 7 and 30 days (see Sect. 3 for
details).

Distributions commonly used in low-flow frequency analysis are considered for fitting each
minimum flow series (e.g. see Smakhtin 2001; Ouarda and Shu 2009). Candidate distributions in
this study are the Gumbel (G), Weibull (W2), two-parameter lognormal (LN2), three-parameter
lognormal (LN3), generalised extreme value (GEV), gamma (GA), Pearson‘type I (P3), log-
Pearson type 111 (LP3) and generalised Pareto (GP). Several parameter estimation methods are
considered in the procedure, such as the method of moments, the method of L-moments or the
maximum likelihood approach. The well-known Bayesian information criterion (BIC) (Schwarz
1978) is applied to identify the best model for fitting the data by considering parsimony (see Laio
et al. 2009 for details). The desired low-flow quantiles are then estimated by the selected
distribution. Goodness-of-fit tests and graphical representations may be useful in identifying the
best model; yet only the BIC is considered in this study for more objective comparison purposes

(see Sect. 3).

2.3. Evaluation of the approach

Error assessment measures used for evaluating traditional regional low-flow frequency
analysis approaches are considered for assessing the performance of the low-flow quantiles
estimated in this study. Their application is based on a jackknife (or leave-one-out) procedure,
which entails estimating low-flow quantiles at a gauged site as if it were ungauged. This is a
procedure commonly applied to assess the performance of regional approaches, and their use in
this study allows obtained results to be compared with those of traditional approaches applied to

the same case study. In the present study, this implies that the daily streamflow series regionally
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estimated at a given site (Sect. 2.1) is obtained without considering its available information. The
probability distribution selected for fitting the extracted data series (Sect. 2.2) is then used for
estimating the desired low-flow quantiles. The procedure is performed for each site. In particular,
the assessment measures considered are the Nash criterion (NASH), root mean squared error

(RMSE), relative root mean squared error (RRMSE), mean bias (BIAS) and relative mean bias

(RBIAS):
N A2
NASH = 1— M 3)
2i2.(qi — g)?
1 Nt
RMSE = \/ﬁtzhl(qi — )2 4)

1M g —Gp\°
RRMSE = \/—Z (q‘ q‘) (5)
Ny i=1 qi

1 M A
BIAS= > (q:— ) ©)
t =1
1 Nt .= A.
RBIAS = —Z (ql q‘), (7
Ny i=1 qi

where g; is the low-flow quantile regionally estimated through the jackknife procedure at the site
i, g; isthe local low-flow quantile at the site i, N, is the total number of sites in the study region,
and g is the mean of the local low-flow quantile over the N, sites. The local low-flow quantile is
estimated from observed streamflow series at the given site. It is important to mention that
NASH is equivalent to the coefficient of determination used in evaluating low-flow approaches

in some other studies (Viglione et al. 2013). The overall performance of a given approach is
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usually considered as suitable if NASH is equal to or larger than 0.8 (e.g. Chokmani and Ouarda
2004). RMSE indicates the precision in the regionally estimated low-flow quantiles regarding the
local quantiles; whereas relative RMSE reflects the average precision. Relative RMSE eliminates
the scale effect that is present in RMSE. Consequently, RMSE may be dominated by the error of
a few large basins, while this is not the case for relative RMSE. BIAS indicates if the regionally
estimated low-flow quantiles tend to underestimate/overestimate the local quantiles, and relative
BIAS reflects the average tendency for an underestimation/overestimation. Note that error
measures such as RMSE and BIAS may be large if local low-flow quantiles are large; whereas
relative RMSE and BIAS may be large if local low-flow quantiles are small (see Egs. 5 and 7).
Therefore, different error measures should be considered for a complete and proper performance

assessment.

3. Case study

The case study considered for the application of the RSBFA approach to low flows is the
hydrometric station network of the southern part of the province of Quebec, Canada. For
comparison purposes, the definitions of low-flow events and quantiles, as well as the sites used
in the regional low-flow frequency analysis approach adopted in the present study are the same
as the ones used in previous low-flow studies dealing with the same database. Three low-flow
studies exist in this regard. Low-flow quantiles were regionally estimated based on their relation
with catchment descriptors by multiple regression (MR) in Ouarda et al. (2005) and by artificial
neuronal networks (ANN) in Ouarda and Shu (2009). The effect of considering a recession
parameter based on a non-linear reservoir model as predictor in low-flow quantile estimation was

investigated in Charron and Ouarda (2015). Due to the specific focus of the latter study, different
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information from the one used by the former two studies was considered. Hence, only low-flow
quantiles obtained in Ouarda et al. (2005) and Ouarda and Shu (2009) are considered for
comparison purposes in the present study.

In the aforementioned studies, winter and summer low-flow events are studied separately to
account for the strong differences in seasonal low-flow regimes. The low-flow quantiles (Qrq)
for the return periods T = 2, 5, 10, and durations d = 7 and 30 days (Qs 30, Q2,7and Q1o,7) are then
analysed for the winter and summer seasons. These low-flow quantiles are commonly used for
water quality control and habitat maintenance (e.g. see Pyrce 2004). Note that the d-day T-year
low-flow quantile (Qrg4) is overall defined as the average annual (or seasonal) d-day minimum
flow expected to be exceeded on average T-1 out of every T years (e.g. Reilly and Kroll 2003) or
with a non-exceedance probability of 1/T (e.g. Tsakiris et al. 2011).

Hydrological data is available for the 190 hydrometric stations managed by the Ministry of
the Environment of the province of Quebec. As a result of a data quality assessment for low-flow
analysis, 134 and 129 sites were respectively considered when estimating Qr.3o and Q7 for the
summer season. For the winter season, 135 and 133 sites were respectively considered when
estimating Q30 and Qr7. The sites have natural flow records of at least 10 years, and passed
stationarity (Kendall 1975) and independence (Wald and Wolfowitz 1943) tests. These four sets
of sites are also considered in Ouarda et al. (2005) and Ouarda and Shu (2009). Commonly used
distributions in low-flow frequency analysis were considered in the model selection process
performed by the BIC. Corresponding Q30 and Q7 local low-flow quantiles are available from a
low-flow frequency analysis performed at each of the studied sites (Ouarda et al. 2005). A

summary of the descriptive statistics of the local low-flow quantiles is presented in Table 1.
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Physiographical and meteorological descriptors are also available at each site. The following
descriptors were selected by stepwise regression to characterise low-flow quantiles in Ouarda et
al. (2005), and were also considered in Ouarda and Shu (2009). These descriptors are the
catchment area (BV), fraction of the catchment controlled by lakes (PLAC), fraction of the
catchment occupied by forest (PFOR), annual mean degree-days below 0°C (DDBZ), summer
mean liquid precipitation (PLME), curve number (CN) and average number of days with a mean
temperature exceeding 27°C (NJH27). A summary of their descriptive statistics is also displayed
in Table 1. In particular, winter low-flow quantiles were characterised by BV, PLAC, PFOR and
DDBZ; and summer low-flow quantiles were characterised by BV, PLAC, PLME, NJH27 and
CN. A log transformation was used for BV and DDBZ, and a square root transformation for

PLAC. They are also used in this study for comparison purposes.

4. Results and discussion

The described methodology:is applied to the case study for the four low-flow quantiles being
considered: winter Qrzo, Winter Qrz, summer Qrso and summer Q7. Since each low-flow
quantile is based on a different set of sites, the procedure is applied four times. As a result, a 30-
year regionally estimated daily streamflow series is obtained each time, and the corresponding
minimum flow series is extracted: the winter 7-day, winter 30-day, summer 7-day and summer
30-day minimum flow series. Note that the procedure could be done just once if a unique set of
sites was considered. In such a case, the four minimum flow series would have been obtained
from the same daily streamflow series regionally estimated at the ungauged site. Nevertheless,
the four sets of sites are used in the present study for comparison purposes with results obtained

by traditional regional low-flow frequency analysis approaches.
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The coefficients of determination corresponding to the regressions used to estimate the FDC
streamflow quantiles at ungauged sites are very high for the four low-flow quantiles, with values
equal to or larger than 0.91. These values of the coefficient of determination are obtained
through a jackknife procedure, as explained in Sect. 2.3. Note that if low values of the coefficient
of determination were obtained, additional descriptors could be needed in <the regional
regression. Otherwise, the performance of the regression-based RSBFA approach should be
carefully assessed. The performance of regionally estimated daily streamflow series is in the
same order of magnitude as in Shu and Ouarda (2012), where a different study period and
different sites were considered. The distributions mostly selected for fitting the minimum flow
series extracted from the daily streamflow series regionally estimated at each of the studied sites
are the G, GA, LN2, LN3 and W2 distributions. For the winter 7-day minimum flow series, the
G, GA, LN2, W2 and LN3 distributions were found to provide the best fit for 39%, 23%, 18%,
17% and 2% of the sites, respectively. For the winter 30-day minimum flow series, the G, LN2,
GA, LN3 and W2 were selected for 39%, 27%, 21%, 6% and 4% of the sites. For the summer 7-
day minimum flow series, the LN2, G, GA, W2 and LN3 were selected for the 34%, 20%, 19%,
13% and 12% of the sites. And for the summer 30-day minimum flow series, the LN2, GA, W2,
G and LN3 distributions were selected for 42%, 16%, 14%, 13% and 10% of the sites.

Low-flow quantiles regionally estimated by applying the RSBFA approach are visually
compared with local low-flow quantiles in Fig. 2. These Q-Q plots show regionally estimated
quantiles to be similar to local quantiles, although several exceptions exist. Winter low-flow
quantiles show two clear outliers, sites ‘081007° and ‘081002°. These two sites were also found
as outliers in traditional approaches, and the reason for their low-flow underestimation was

attributed to having a very large PLAC and DDBZ values (Ouarda and Shu 2009).
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Site ‘081002’ is found as a less noticeable outlier for summer low-flow quantiles (Fig. 2). In
the summer season, traditional approaches identified site ‘090601’ as a noticeable outlier. This
site was also found as an outlier for the RSBFA approach. The reason of its underestimation was
attributed to a very large PFOR, low PLAC and low CN compared with sites of a similar size.
The MR approach also identified site ‘076601° as an outlier, but the site was correctly estimated
for ANN-based approaches (Ouarda and Shu 2009). The reason of its overestimation was
attributed to a low NJH27 and a low CN compared to sites of a similar size. This site was also
found as an outlier in the present study. Overall, low-flow Q-Q plots for the RSBFA approach

seem to be closer to MR results than to ANN-based results (see Ouarda and Shu 2009, Figures 4

to 9). Error (q; — g;) and relative error (?) results for each site are respectively displayed in

Fig. 3 and Fig. 4. Aforementioned sites ‘081007, ‘081002 and ‘090601’ present a large error
(Fig. 3), but their associated relative errors are not especially large (Fig. 4). The exception is site
‘076601°, due to the association of<a small local low-flow quantile (see Fig. 2). Without taking
into account site ‘076601°, sites with a large relative error are usually associated to a small error
due to presenting a small local low-flow quantile.

Performance of low-flow quantiles estimated by the RSBFA approach is quantitatively
compared with performance of traditional low-flow regional approaches. Assessment criteria
results for winter and summer low-flow quantiles are displayed in Fig. 5 and Fig. 6, respectively.
As seen in both figures, all NASH values are larger than 0.8; and hence, all approaches may be
considered as suitable. Winter low-flow quantile performance results in Fig. 5 are diverse. The
advanced Ensemble ANN (EANN) approach obtains the best results for all criteria except for

BIAS. The worst RMSE and RBIAS values are obtained by the RSBFA approach. The worst
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RRMSE values are given by the Single ANN (SANN) approach, except for Qio7. The worst
BIAS values are presented by the MR approach.

Summer low-flow quantile performance results in Fig. 6 show a more defined situation.
ANN-based approaches always lead to better results than the MR or RSBFA approaches, both of
which make use of regional regression. Recall that the RSBFA approach uses regional regression
for estimating the point-wise FDC at the ungauged site. This better behaviour of ANN-based
approaches is probably due to their ability to represent a non-linear relationship between summer
low-flow quantiles and catchment descriptors. In particular, the EANN approach always lead to
the best results. By analysing summer results obtained by the RSBFA and by the MR approach;
it is found that the RSBFA approach leads to lower RMSE and BIAS, but larger RRMSE and
RBIAS values.

The larger non-linearity presented by summer low-flow quantiles in comparison to winter
low-flow quantiles for the case study may also be supported based on the fact that the non-linear
SANN and EANN approaches have smaller RRMSE and RBIAS values for summer than for
winter results; whereas the opposite happens for the MR or RSBFA approaches (see Fig. 5 and
Fig. 6). In this regard, it is important to mention that winter results obtained for the RSBFA
approach by considering a larger number of available descriptors, led to an overall performance
improvement; yet the opposite occurred with summer results (not shown). Therefore, the use of
additional descriptors in the (linear) regression-based approach only improves results for winter
low-flow quantiles, which supports the argument of summer low-flow quantiles having a non-
linear behaviour. Thus, approaches that are able to account for non-linearity are expected to lead

to better results in this case. Note that a number of regional approaches considering non-linearity
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have been recently introduced in hydrology; yet they are usually applied to floods (e.g. Chebana
et al. 2014; Durocher et al. 2015, Ouali et al. 2017).

As could be expected, results indicated the EANN approach to be an advanced and notable
approach able to adequately estimate winter and summer low-flow quantiles. The other
approaches may also be considered as suitable, as they have large NASH values. However, they
present a different performance depending on the additional assessment criteria to be considered,
and on the type of event being studied. In this regard, it is important to underline that although
results obtained by the RSBFA approach are not the best ones, they are overall comparable to
results obtained by traditional approaches. Furthermore, these results are achieved although,
unlike traditional approaches, the RSBFA approach is not specifically applied to estimate a given
low-flow quantile and does not use complex models. Also note that the whole procedure used to
estimate Q.7 by the EANN, SANN or MR approaches has to be repeated to obtain any other low-
flow quantile such as Qs30. While onthe contrary, in the case of the RSBFA, Qs 3o is obtained
from the regionally estimated streamflow series at the ungauged site. Hence, in this case,
estimating the low-flow quantile only requires extracting the associated minimum flow series
and fitting a probability distribution. Moreover, when the desired quantile is Qiq7, it is directly
obtained by the fitted distribution already used to estimate Q7. Therefore, the RSBFA approach
has the advantage of being able to directly obtain additional low-flow quantiles from the
corresponding fitted probability distribution or from the existing regionally estimated streamflow
series.

A further example of additional low-flow quantiles directly obtained from the regionally
estimated series is given below. For this case, the well-known qgse is considered, which is the

streamflow expected to be exceeded 95% of the time divided by the catchment area. Jackknife-
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based assessment results are obtained by calculating this specific low-flow quantile ggse fromthe
regionally estimated streamflow series at the site considered as ungauged, and from the observed
streamflow series at the given site. Performance results are shown in Table 2, and the
corresponding Q-Q plot is displayed in Fig. 7. Note that four sets of sites were considered in the
present study for comparing d-day T-year low-flow quantiles obtained by traditional approaches.
As illustration for this particular analysis, results are shown for the set of sites considered when
estimating winter Qr7. As seen in Table 2 and also in Fig. 7, qose results show a very good
performance, with a very large NASH and very small values for the other assessment criteria.
The same holds when obtaining results by considering any of the other sets of sites.

The absolute low-flow quantile Qgse as estimated when obtaining the point-wise FDC at the
ungauged site by regression equations using information from all gauged sites (result of step
(i.a)), is also compared with the value ‘0f Qgss calculated from the regionally estimated
streamflow series obtained by the transfer procedure (result of step (i.b)). As shown in Table 2
and Fig. 7, Qgso results are largely improved when obtained from the regionally estimated
streamflows. This is likely due to the positive effect of the four source sites in the transfer
procedure. The same holds when obtaining results by considering any of the other sets of sites.
Note that gose, results regarding the FDC are not shown due to the fact that the FDC estimation is
not based on specific quantiles. Also note that RRMSE and RBIAS values are the same for Qgse
and Qse, 0btained from the regionally estimated streamflow series, as qose is a specific quantile
obtained by dividing the estimated Qgso, by the catchment area.

Additionally, any kind of local frequency analysis could be performed at the ungauged site,
thanks to the availability of the whole daily streamflow series. In this regard, the proposed

approach may facilitate the development of multivariate low-flow frequency analysis to properly
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deal with the marked multivariate nature of low flows (Ouarda et al. 2008). Furthermore, the
RSBFA approach allows easily combining local and regional information, which is a tedious
matter usually addressed in the literature by proposing complicated methods such as Bayesian
procedures (e.g. Fill and Stedinger 1998; Seidou et al. 2006). All the aforementioned benefits
support the use of the RSBFA approach to conduct regional frequency analysis in practice.
Further research could consist in the application of the RSBFA approach by considering
different procedures for estimating the FDC at the ungauged site. Furthermore, the FDC
estimation at the ungauged site could be performed by using a subset of sites selected based on
similarity and homogeneity instead of by using all available sites (e.g. Castellarin et al. 2004;

Mendicino and Senatore 2013).

5. Conclusions

A recently proposed approach for conducting regional hydrological frequency analysis is
applied to low flows in this study. The approach, called regional streamflow estimation based
frequency analysis (RSBFA), was originally applied on a flood case study when it was
introduced. It consists in the regional estimation of the daily streamflows at the ungauged site,
with the aim of later performing a local frequency analysis to obtain hydrologic quantiles at the
ungauged site. A suitable performance is observed for the RSBFA approach for the case study.
Although the RSBFA approach does not systematically provide the best results, in part due to its
lack of focus on the direct estimation of particular low-flow quantiles (as opposite to traditional
approaches), it possesses a number of practical benefits. The method consists in a simple
approach that provides the complete daily streamflow series at the ungauged site where all the

regional information is included. Practically, this turns the ungauged site into a gauged site,
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which allows easily obtaining any additional low-flow quantiles, as well as performing any local
(e.g. seasonal or annual, univariate or multivariate, stationary or non-stationary, etc.) frequency
analysis on the target site without repeating the regional procedure. A strong advantage of the
RSBFA procedure is represented by the easy estimation of low-flow quantiles associated with
particular durations (e.g. 7 or 30 days) from the regionally estimated daily streamflow series.
Therefore, in practice, traditional low-flow frequency analysis approaches could be preferred if
few low-flow quantiles are of interest; whereas the RSBFA approach would be preferred if the
focus is on the estimation of a large number and/or different types of low-flow quantiles. The
RSBFA approach would be also relevant to estimate both flood and low-flow quantiles, as well

as to easily combine local and regional streamflow series.

Acknowledgements

The financial support provided by the Merit scholarship program for foreign students —
Postdoctoral research fellowship of the Ministére de I’Education et de I’Enseignement Supérieur
du Québec managed by the Fonds de recherche du Québec — Nature et technologies is gratefully
acknowledged. The authors also thank the financial support provided by the Natural Sciences
and Engineering Research Council of Canada (NSERC). The authors would also like to thank the
Editor, Andras Bardossy, the Associate Editor, Félix Francés, and two anonymous reviewers

who help improve the quality of the present paper.

21



Acronym list

Acronym Definition

ANN Artificial neuronal networks

BIC Bayesian information criterion

EANN Ensemble artificial neuronal networks

FDC Flow duration curve

MR Multiple regression

RSBFA Regional streamflow based frequency analysis
SANN Single artificial neuronal networks
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Table 1. Descriptive statistics of local low-flow quantiles and catchment descriptors.

Variable Unit Notation ~ Min Mean Max Std. dev
30-day 5-year low-flow quantile Qs.30 0.00 26.27 369.00 55.52
7-day 2-year low-flow quantile Winter me st Q27 0.00 28.71 406.00 62.18
7-day 10-year low-flow quantile Q107 0.00 22.68 341.00 50.75
30-day 5-year low-flow quantile Qs,30 0.01 70.44 1280.00 167.27
7-day 2-year low-flow quantile ~ Summer  m3s™ Q7 0.00 85.62  1560.00  203.89
7-day 10-year low-flow quantile Q107 0.00 58.91 1080.00 143.49
Catchment area km? BV 0.69 5655.52 96600 11685.7
Fraction of the catchment controlled by lakes % PLAC 0.00 6.33 32.00 6.57
Fraction of the catchment occupied by forest % PFOR 6.50 85.78 100.00 15.97
Annual mean degree-days below 0°C degree-day DDBZ 920.60 1635.15 2963.10 529.29
Summer mean liquid precipitation mm PLME 306.00 464.51 664.00 77.40
Curve number - CN 21.00  45.08 78.20 12.56
Average number of days with mean - NJH27 0.80 12.28 36.60 7.57

temperature > 27°C
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Table 2. Jackknife assessment results for the specific and absolute low-flow quantiles ggse and

Qosy, for the sites used when estimating winter Qr 7.

Quantile  Estimate from NASH RMSE RRMSE (%) BIAS  RBIAS (%)
Oo5% Regional streamflows  0.988 0.00 4.49 0.00 0.97
Regional streamflows ~ 0.999 1.79 4.49 0.50 0.97
Q95%
Regional FDC 0.882 21.09 48.62 2.27 -7.78
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Figure caption list

Fig. 1 Hlustration of the paths adopted by the RSBFA approach and traditional low-flow regional

frequency analysis techniques.

Fig. 2 Low-flow Q-Q plot for the RSBFA approach. Particular sites are marked.

Fig. 3 Error of the low-flow quantile regionally estimated by the RSBFA approach. Particular
sites are marked.

Fig. 4 Relative error of the low-flow quantile regionally estimated by the RSBFA approach.
Particular sites are marked.

Fig. 5 Assessment criteria results for the winter season.

Fig. 6 Assessment criteria results for the summer season.

Fig. 7 Example of Q-Q plots for the specific and absolute low-flow quantiles q95% and Q95%.

Regional estimation obtained by considering the sites used when estimating winter Qr 7.
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Fig. 1 Hlustration of the paths adopted by the RSBFA approach and traditional low-flow regional

frequency analysis techniques.
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Fig. 2 Low-flow Q-Q plot for the RSBFA approach. Particular sites are marked.
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Regional estimation obtained by considering the sites used when estimating winter Qr7.
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Highlights
e The regional streamflow based frequency analysis approach is applied to low flows.
e Results are compared to traditional methods for a case study in Quebec, Canada.
e The performance and advantages of the proposed approach are discussed.

e The approach estimates different quantiles without redoing the regional procedure.
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