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s u m m a r y

The present study investigates the use of the spatial copula approach for predicting flood quantiles at
ungauged basins. Spatial copulas are the formalization of traditional geostatistics by copulas. In regional
flood frequency analysis (RFFA), the regression of flood quantiles is often carried out at the logarithmic
scale. Consequently, traditional interpolation methods introduce a bias and provide suboptimal predic-
tions. In this study, the copula framework is examined for offering proper corrections in this framework.
Moreover, copula techniques separate the regional distribution of flood quantiles from spatial depen-
dence. This provides a full probabilistic model that represents a more flexible framework where proper
combinations of regional distribution and dependence can be adapted to various situations that are
encountered in RFFA. The adequacy of the investigated methodology is evaluated on a real world case
study involving hydrometric stations from southern Quebec, Canada. Results show that the spatial copula
framework is able to deal with the problem of bias, is robust to the presence of problematic stations and
may improve the quality of quantile predictions while reducing the level of complexity of the models
used in RFFA.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Knowing the likelihood of threatening events is of primary
interest for water resource managers. In practice, a large number
of years of record is required in order to collect adequate informa-
tion for carrying out a reliable at-site frequency analysis. Regional
flood frequency analysis relies on at-site quantile estimates to
transfer hydrological information to an ungauged site. There are
two main approaches in regional flood frequency analysis (RFFA)
for predicting flood quantiles at ungauged locations: The quantile
based regression which predicts directly at-site flood quantiles cor-
responding to a given return period (Chebana and Ouarda, 2008;
Ouarda et al., 2001; Pandey and Nguyen, 1999; Tasker et al.,
1996) and the parameter based regression that predicts the at-
site distribution before calculating the desired flood quantiles
(Chebana and Ouarda, 2009; Eng et al., 2007; Haddad and
Rahman, 2012; Hosking and Wallis, 1997). Notice that the latter
approach includes as a special case the popular index flood model
(Hosking and Wallis, 1997). In the following, the quantile based
regression approach is investigated.

Spatial modeling was shown to be useful in RFFA in a large
number of publications (Archfield et al., 2013; Castiglioni et al.,
2009; Chokmani and Ouarda, 2004; Hundecha et al., 2008;
Nezhad et al., 2010; Skøien et al., 2006). The flood generating pro-
cesses of a given basin may depend on several factors including the
physiographical characteristics of the basin and the meteorological
conditions in the region of study. Two rivers representing different
basin characteristics can produce river discharges possessing very
different characteristics even if they are very close geographically.
Direct interpolation from the geographical coordinates is therefore
inappropriate. This motivated the development of suitable spaces,
called physiographical spaces, where hydrological variables can be
treated as spatial data. On the other hand, it was found that hybrid
techniques that combine both geographical distance and similarity
between the basin characteristics can improve the quality of
regional models (Eng et al., 2007; Haddad and Rahman, 2012).
Geographical distance is often implicitly included in RFFA models
through the use of the latitude and longitude as physiographical
characteristics. Therefore, the term physiographical space is used
in the present work to designate general spaces, in which spatial
methods can be applied.

Kriging techniques are developed for predicting statistical vari-
ables, such as precipitation, at unknown locations as linear combi-
nations of observed values. One property that may explain the
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popularity of kriging, is that it minimizes the predictive mean
square errors (Schabenberger and Gotway, 2004). However, this
property assumes that spatial data can be characterized by a mul-
tivariate normal distribution (MVN), which is usually not valid for
flood quantiles. Conversely, the logarithm transformation is com-
monly used for describing the exponential relationship between
flood quantiles and basin characteristics (Pandey and Nguyen,
1999; Eaton et al., 2002). At the original scale, this strategy creates
bias and produces suboptimal predictions because of the nonlinear
nature of the data (Schabenberger and Gotway, 2004).

Copulas have been introduced in the field of hydrology for pro-
viding a more realistic evaluation of risks associated to flood events
by characterizing multiple aspects of the hydrographs (e.g.
Chebana and Ouarda, 2009, 2007; Requena et al., 2013; Salvadori
and De Michele, 2004; Shiau et al., 2006). In this framework, cop-
ulas offer a simple and efficient way to account for the dependence
between different aspects of the hydrograph, such as peak, dura-
tion and volume. The usefulness of the copula framework ema-
nates from the simplicity by which the model separates the
marginal distribution from the dependence structure. This decom-
position of the model allows combinations of proper components
for fitting data that would otherwise be difficult to describe.

The motivation for using copulas to describe the dependence
structure of spatial data was discussed by Bárdossy (2006). The
objective was to develop a more general approach for characteriz-
ing spatial patterns that traditional methods fail to model. Building
a copula that allows easy formulation of the spatial structure
according to the separating distance can be a difficult task and
not all copulas are suited for spatial analysis. The Gaussian copula
is a particular case that ensures the continuity with the existing
methodologies, while allowing marginals to belong to various
classes of distributions. For predictive purposes, Bárdossy and Li
(2008) showed that copulas provide a practical way of writing a
predictive distribution at a new location. Adopting a copula frame-
work for spatial modeling, therefore called spatial copula, is a way
of generalizing traditional kriging techniques such as indicator
kriging, trans-Gaussian kriging and normal rank kriging
(Kazianka and Pilz, 2010), as well as providing additional
flexibility.

This study proposes the recently developed spatial copula
approach as an alternative geostatistical method for predicting
flood quantiles at ungauged locations. One of the interests of con-
sidering spatial copulas is to provide a correction for the bias and
to account properly for the nonnormal distribution of the at-site
flood quantiles in order to define optimal predictors. To this end,
spatial copulas provide a simple expression of the mean of the pre-
dictive distribution, which in terms of square errors corresponds to
the best predictors at the original scale (Bárdossy and Li, 2008).
Accordingly, the present work aims at evaluating the gain of accu-
racy made by adopting spatial copulas in RFFA. A second objective
is to examine how the more general framework of spatial copulas
may be used to provide predictions that are more robust and to
adapt to problematic situations.

The present study is organized as follows. Section 2 provides a
review of the methodology of spatial copulas and proposes some
specific adaptations to RFFA. Section 3 illustrates a real world
application to hydrometric stations in the southern region of the
province of Quebec, Canada. Finally, discussions are provided in
Section 4 and concluding remarks are drawn in Section 5.

2. Methodology

We only provide a short introduction on copula theory in this
section for assuring the completeness of the document. For a more
detailed treatment on the topic of copulas, the reader is referred to

Nelsen (2006) and Salvadori et al., 2007. The present section also
follows closely the general methodology developed in Bárdossy
(2006) and Bárdossy and Li (2008), where further discussion on
the technical aspect of spatial copulas can be found.

The methodology section is divided in several subsections that
develop the steps to follow for performing RFFA in a spatial copula
framework. Section 2.1 reviews the basics of the copula theory.
These are necessary to develop the methodology of the present
work. Section 2.2 discusses the particularity of the copulas adapted
to spatial analysis and provides an adaptation of the general struc-
ture to RFFA. Section 2.3 presents common methods used to build
the physiographical space and shows how to integrate this infor-
mation in a regional model. Sections 2.4 and 2.5 describe respec-
tively the dependence and the marginal components that
characterize the regional model. Finally, Section 2.6 proposes esti-
mation procedures and Section 2.7 explains how to predict the
flood quantiles of the spatial copula model.

2.1. Basic concepts

Copulas aim at providing a framework where dependence is
treated separately from marginal distributions. This section
reviews the necessary elements to understand the methodology
described in the following sections. For more information on cop-
ulas, the reader is referred to the general introduction provided
by Nelsen (2006).

A d-dimensional copula

C : ½0;1�d ! ½0;1� ð1Þ
is a multivariate distribution defined on the unit hypercube, which
respects some regularity conditions (Nelsen, 2006). The main result
concerning copulas is known as the Sklar’s theorem that states that
every multivariate distribution G can be expressed in function of a

copula C and marginals fFigdi¼1:

GðxÞ ¼ C F1ðx1Þ; . . . ; FdðxdÞ½ � ð2Þ

where x0 = (x1, . . ., xn) e Rd. Moreover, if each marginal Fi is continu-
ous, then C is unique. Conversely, copulas can be constructed from
existing distributions:

CðuÞ ¼ G F�1
1 ðu1Þ; . . . ; F�1

d ðudÞ
h i

: ð3Þ

where u0 = (u1, . . ., ud) e [0, 1]d. The values ui are pseudo-
observations and correspond to uniform observations on the unit
hypercube. An important copula built from Eq. (3) is the Gaussian
copula for which G =UR is a MVN with correlation matrix R and
Fi = / are standard univariate normal distributions. Both UR and /
have a zero mean and a unit variance.

As suggested by Eq. (2), the modeling strategy consists of find-
ing the best combination of copula C and marginals Fi, even if the
resulting distribution G is not a member of a well-known distribu-
tion family. Another appealing property of copulas is their invari-
ance to strictly monotonic transformations of the variables. This
property removes the subjectivity of choosing the best transforma-
tion, which otherwise affects the shape of the dependence (Nelsen,
2006).

2.2. Spatial copulas

Spatial data may be seen as a single realization of a random field
Z(s) e R defined as a set of random variables indexed by a location
s e R2. Accordingly, let z = (z1, . . ., zn) be a set of observations of the
random field Z where every observation is simultaneously col-
lected at respective location si. For RFFA, z represents at-site flood
quantiles estimated from gauged stations located at si in the
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