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Abstract. Recent evidences of the impact of persistentl Introduction

modes of regional climate variability, coupled with the inten-

sification of human activities, have led hydrologists to study

flood regime without applying the hypothesis of stationar- One of the challenges facing the field of hydrology is gain-
ity. In this study, a framework for flood frequency analysis ing a better understanding of flood regimes. To do this, flood
is developed on the basis of a tool that enables us to adtréquency analysis (FFA) is most commonly used by engi-
dress the modelling of non-stationary time series, namely, thd€€rs and hydrologists worldwide and basically consists of
“generalized additive models for location, scale and Shéme’estimating flood peak quantiles for a set of non-exceedance
(GAMLSS). Two approaches to non-stationary modelling in probabilities. Generally current methods of FFA assume that
GAMLSS were applied to the annual maximum flood recordsthe flood series data are independent and identically dis-
of 20 continental Spanish rivers. The results of the first ap-tributed (Stedinger et al., 1993; Khaliq et al., 2006) or, in
proach, in which the parameters of the selected distribution®ther words, they are free of trends and abrupt changes
were modelled as a function of time only, show the presencésa|asv 1993). In fact, all water-related infrastructures were
of clear non-stationarities in the flood regime. In a second ap&nd are currently designed assuming a stationary world. In
proach, the parameters of the flood distributions are modellede€cent decades the evidence of natural variation in the cli-
as functions of climate indices (Arctic Oscillation, North At- Matic system, as well as the potential influence of human
lantic Oscillation, Mediterranean Oscillation and the Western@ctivity on climate change or in directly changing the hydro-
Mediterranean Oscillation) and a reservoir index that is pro-109ic cycle (NRC, 1998), have made the hypothesis of sta-
posed in this paper. The results when incorporating externalionarity widely questionable. With this point in mind, sev-
covariates in the study highlight the important role of inter- €ral researchers have begun exploring the validity of this hy-
annual variability in low-frequency climate forcings when Pothesis in flood regimes in many regions around the world,
modelling the flood regime in continental Spanish rivers. considering the effect of natural climate variability (Douglas
Also, with this approach it is possible to properly introduce et al., 2000; Franks, 2002; Mudelsee et al., 2003; Milly et al.,
the impact on the flood regime of intensified reservoir reg-2005; Villarini et al., 2009a; Wilson et al., 2010) or land use
ulation strategies. The inclusion of external covariates perchanges (Hejazi and Markus, 2009; Villarini et al., 2009b;
mits the use of these models as predictive tools. Finally, the¥ogel et al., 2011). These studies have revealed clear viola-
application of non-stationary analysis shows that the differ-tions of the assumption of stationarity, which is consistent
ences between the non-stationary quantiles and their statiof¥Vith studies that indicate an acceleration in the hydrologic

ary equivalents may be important over long periods of time. cycle (Allen and Smith, 1996; Held and Soden, 2006).
Focusing on the Iberian peninsula, a lack of stationarity in

some components of the hydrologic cycle has been demon-
strated in several recent studies (De Luis et al., 2009; Gonza-
lez et al., 2009; bpez-Moreno et al., 2010, 2011; Lorenzo-
Lacruz et al., 2011). These results have detected the presence
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of trends, and their conclusions suggest an important linkopening the way to the possibility of incorporating this and
between the variability exhibited in hydroclimatic variables other climate indices in FFA.
and the main low-frequency climate forcings affecting south- Recently, Milly et al. (2008) stated that the stationarity hy-
ern Europe. However, little research has examined the prepothesis must be abandoned and that “stationarity is dead”
ence or absence of stationarity in flood regimes of Iberianand “should not be revived”. The authors called for innova-
Peninsula rivers, with the exception of Silva et al. (2012) tive thinking and methods to provide estimates of hydrologic
and Lopez and Frarés (2013). Results in these studies showindicators that would be both reliable and useful for wa-
the teleconnection between the observed changes in flootkr management. Non-stationary modelling of floods in the
regimes and anomalies in the indices that describe the tempdberian Peninsula has not been previously studied but in light
ral evolution of low-frequency atmospheric circulation pat- of current knowledge, it is now necessary to study floods with
terns. Therefore, it is inevitable that climate forcings are a non-stationary point of view. The river basins of continental
pointed to as potential modulators of the frequency and magSpain are sites of broad interest for addressing this approach
nitude of floods in the Iberian Peninsula, given that the penin-due to the importance of low-frequency atmospheric circu-
sula is located in a region exposed to disturbances from botlation patterns as flood generation mechanisnigpéz and
the Atlantic Ocean and the Mediterranean Sea. Other facFran&s, 2013).
tors in addition to low-frequency climate variability that may  In the literature, various methodologies using probabilis-
influence the magnitude and frequency of river floods aretic modelling of flood frequency in a non-stationary context
linked to human activities, such as changes in land use, defohave been proposed. Khalig et al. (2006) presented a review
estation, dam construction, etc. With respect to continentabf most of them, including the incorporation of trends in the
Spain, one of the human activities that may have a considerparameters of the distributions, the incorporation of trends in
able impact on flood frequency is the high degree of regula-statistical moments, the quantile regression method and the
tion of major rivers, which is the result of the construction of local likelihood method. Studies of FFA under non-stationary
numerous dams in the twentieth century: the number of largeeonditions have mostly assumed trends in time (Olsen et al.,
dams grew from 58 in 1900 to 1195 in 2000 and with a to- 1998; McNeil and Saladin, 2000; Stedinger and Crainiceanu,
tal storage capacity of 56 500 RniBerga-Casafont, 2003), 2001; Strupczewski et al., 2001; Renard et al., 2006; Yietal.,
which is as high as 16 % of the annual precipitation over2006; Leclerc and Ouarda, 2007; Delgado et al., 2010). The
Spain (Estrela et al., 1999). Therefore, the effect of inten-time-varying models provide useful tools for reconstructing
sifying the strategies of regulation by dams in time must bethe behaviour of flood frequency. However, the adoption of
considered when modelling floods in most of the continentalpredictions from a model that is only time dependent is not
Spanish rivers. entirely correct; trends can change in the short- and long-
Advances in the field of synoptic climatology have shown term because of climate variability and the intensification of
that ocean—atmosphere interactions are not chaotic or rarhuman activities, which are the true drivers. For this rea-
dom, and that it is possible to identify patterns of low- son, in the last decade some researchers have explored the
frequency variability which are semi-stationary. These ob-possibility of incorporating climate indices as external forc-
servations have helped overcome the difficulties encounterethgs into models for FFA, assuming linear and nonlinear de-
in studying the relationship between climate variability and pendences (Katz et al., 2002; Sankarasubramanian and Lall,
hydrological variables. The patterns of low-frequency vari- 2003; El Aldouni et al., 2007; Kwon et al., 2008; Aissoui-
ability have been characterized by normalized indices. Thes&gayeh et al., 2009; Ouarda and El-Aldouni, 2011). The re-
indices are very helpful because they provide us knowledgesults have shown the feasibility of incorporating climate in-
about the average condition of the atmosphere’s general cirdices as covariates in the models, and so enabling the models
culation at the macroscale. Studies in various regions ofo better describe changes in flood regimes over time by in-
the world have shown the important influence of phenom-corporating predictive variables. On the contrary, few studies
ena such as ENSO (El Rib—South Oscillation) on interan- have included the impact of anthropogenic activities in the
nual and interdecadal hydrological variables (Waylen andmodelling of flood frequency. One example is the study made
Poveda, 2002; Philips et al., 2003; Xu et al., 2004; Jin etby Villarini et al. (2009b) who incorporated a population in-
al., 2005; Zhang et al., 2007). In Europe, the North Atlantic dex to describe the impact of land use changes in an urban
Oscillation (NAO) has been shown to be the main source ofwatershed. Problems that have confronted the implementa-
low-frequency variability in the flow regime in several ma- tion of non-stationary FFA are linked to the selection of the
jor rivers (Shorthouse and Arnell, 1997irRbu et al., 2002; model and the complexity involved in estimating parameters.
Massei et al., 2010; Markovic and Koch, 2013). The influ- In general, non-stationary models have a larger number of
ence of the NAO on rivers of Spain has also been estabparameters than stationary ones, and so the question of par-
lished in recent years by various researchers (Trigo et al.simony becomes an important debate.
2004; Gamiz-Fortis et al., 2008; M&n-Tejeda et al., 2010a, The aim of this paper is to address the non-stationary mod-
b; Lorenzo-Lacruz et al., 2011;8pez and Frar&s, 2013),  elling of river floods in continental Spain and demonstrate
that the incorporation of climate forcings (through various
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Figure 1 shows the location of the 20 flow gauge stations
selected for this study within the continental Spain, which
occupies approximately 84 % of the Iberian Peninsula. It is
important to note that given the crucial impact of reservoirs
on the flood regime of major rivers, sites were selected with

= natural as well as altered regimes.
S 2.1 Flood data
=
&

The series of annual maximum daily flows from 20 gauge
stations cover the period 1950-2007. Table 1 shows their
main characteristics. The stations are distributed through-
out continental Spain: 8 are in natural regimes and 12 have
upstream reservoirs which potentially can affect their flood
regime (altered regime). It is important to note that the se-

Natural regime lection of annual maximum daily flows corresponds to hy-
4 E:l“r" regitne drological years, i.e. beginning on October 1 and ending

on September 30 of the following year. The hydrometric

Fig. 1. Spatial distribution of the selected 20 flow gauge stationstime series and reservoir information were obtained from the
in continental Spain. Circles indicate natural regime and trianglesdatabase of the Centro de Estudios Hidédigios del CEDEX
altered regime. (http://hercules.cedex.es/general/default)ntm

2.2 Reservoir index (RI)
climate indices) and human activity (using a specific index ) o ] )
for the presence of reservoirs) may result in appropriate co dimensionless reservoir index (RI) is proposed as an in-

variates to describe changes in the frequency and magnituo‘éicator of the impact of regulation strategies following the
of floods. In addition. we will show the differences over construction of dams on flood regimes in rivers of continen-

time in estimated quantiles by considering and excludingt@! Spain. Itis given by:

non-stationarity in order to analyse the importance of using N
non-stationary models. It has been observed that the maig| — Z (ﬁ) ) <Q> 1)
patterns of low-frequency atmospheric variability affecting —H\Ar Cr

Europe are correlated in their principal variability compo- ) )

nents; therefore, in order to address the question of parsiwheren is the number of reservoirs upstream of the gauge
mony in the models, we propose using empirical orthogonalStation,4; is the catchment area of each reservair, is the
functions analysis (EOFs) to identify the principal compo- catchment area of the gauge station,is the total capacity
nents (PCs) that contain the greatest variance of climate inof €ach reservoir, andr is the mean annual runoff at the
dices. These PCs will be used as the external forcing covarigauge station. Table 2 shows the maximum (i.e. nowadays)
ates, reducing the number of model parameters. To incorpov@lues obtained for RI at sites with altered regimes, where
rate the external covariates we have used the “generalizel® different degrees of alteration for each site vary from a
additive models for location, scale and shape” (GAMLSS),low alteration in stations 2015, 5029, 8032 and 9002 to a
as proposed by Rigby and Stasinopoulos (2005). GAMLSShigh one in stations 4014 and 5047. The RI threshold value

has been successfully used by Villarini et al. (2009b, 2010aP&tween low and high alteration was found to be 0. 25z
b, 2011) in hydrological studies. and Franés, 2013). Similarly, Fig. 2 shows two examples of

the time evolution of RI for two study sites compared with
the annual floods series. This figure shows the lesser dam
impact of the altered flood regime for flow gauge station 2015
2 Case study (interior of the Iberian Peninsula), while flow gauge station
7006 (Mediterranean coast) shows a high degree of alteration

The Iberian Peninsula is surrounded by two huge and cony e fio0d regime after dam construction in the late 1950s.
trasting masses of water (the Atlantic Ocean and the Mediter-

ranean Sea), which coupled with a complex geography en2 3  Flood generation mechanisms in continental

sures a marked irregularity in the spatial and temporal distri- Spanish rivers

bution of precipitation (Rodguez-Puebla et al., 2001; Trigo

et al., 2004). This irregularity in rainfall is directly trans- According to previous studies, floods in the western part of
ferred to the flow regime of the Iberian rivers (Benito et al., the Iberian Peninsula are closely linked to changes in win-
2008). ter precipitation (Capel, 1981; Benito et al., 1996; Rodrigo et
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Table 1. Main characteristics of the analysed flow gauge stations.

J. Lopez and F. Fran@&s: Non-stationary flood frequency analysis in continental Spanish rivers

Basin Maximum Basin Maximum
area annual peak area annual peak
Station  (knf) (m3s71) C.v. Station (knf) m3s1) cwv
1427 712 900 0.744  5047* 6162 596 0.952
1734 558 500 0.682 7006* 7111 345 0.628
2002* 1500 414 0.890 7029* 14894 259 0.825
2015 12740 764 0.819 8032* 984 585 0.886
2046 770 235 0.851 8090 829 291 0.929
2052* 252 176 0.969 9002* 25194 4950 0.411
3005 3253 658 0.770 9018 238 391 0.514
4014* 34771 3830 1.321 9071 943 320 0.459
5004* 16166 2278 1.141  9096* 7796 3318 1.232
5029* 1111 242 0.830 9111 2384 1304 0.838
* Indicate stations with upstream dams. C.V.: coefficient of variation.
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Fig. 2. Temporal evolution of the reservoir index (RI) and annual maximum floods (Qmax), for the flow gauge stations 2015 (left, low altered

regime) and 7006 (right, high altered regime).

Table 2. Maximum (present) reservoir index (RI) for the flow gauge these systems mainly affect the Mediterranean coast, with
stations under altered regime (high altered stations in italic).

no significant effects on the Iberian central plateau. How-
ever, the flood regime in the Mediterranean fagade is not so

Station R Station RI simple. Other factors affect flood regimes, such as the com-
2002 0.276 5047 0.991 plexity of the orography, melting snow process in Pyrenean
2015 0.014 7006 0.360 rivers in the north-eastern part of the peninsula (Beiguetr
2052 0.058 7029 0.465 al., 2003), and the high degree of dam regulation.

4014 0.517 8032 0.013 The influence of air masses from the Atlantic entering
5004 0.329 9002 0.009 from a southwest—northeast direction also affects river basins
5029 0.019 9096 0.129

in the northeast of the peninsula, where major floods occur
during the winter months as in the western basins. The north-
west Mediterranean area facilitates the entry of air masses

al., 2000). Winter precipitation is mostly advective, which and acts as a moisture corridor towards the Pyrenees, where
is the result of the entry of frontal systems that generatefhe air flows are reactivated and generate orographic pre-
persistent and heavy rainfall. They are associated with lowcipitation. In the basins of the Cantabrian coast (peninsular
pressure areas in the Atlantic that send moist air across thBorthern), air flows from the north and northwest have an im-
peninsula, highlighting the impact that atmospheric circula-Portant influence, while rainfall in the interior of the Iberian

tion patterns such as the AO and NAO can have on floogPeninsula generated by these atmospheric flows makes a
generation. On the other hand, the generation of floods irsmaller contribution.

the eastern part of the Iberian Peninsula is linked to the

development of mesoscale convective systems (Llasat and

Puigcerver, 1994) that produce heavy rainfall during the late

summer and early autumn. Benito et al. (2008) mention that
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2.4 Climate indices (annual maximum peak discharges in this paper) has a para-
metric cumulative distribution function and its parameters
The teleconnection between the flood regime and climatecan be modelled as function of selected covariates, in this
indices that characterizes low-frequency climate variability case time £) or climate indices (AQ MO;, NAO; and
has recently been the subject of study worldwide. Previ-WeMQ;) and reservoir index (R). Therefore, three differ-
ous studies in continental Spain have shown links betweement models were used for the flood frequency analysis in
the temporal evolution of flow and rainfall regimes and the study sites: the stationary model (model 0), in which the
the evolution of low-frequency circulation patterns (Trigo et distribution parameters do not depend on covariates, i.e. the
al., 2004; lbpez-Bustins et al., 2008; Man-Tejeda et al., parameters are constant in time; the time—-varying model
2010b; Lorenzo-Lacruz et al., 2011). Our attention is focusedmodel 1), where the distribution parameters vary as function
on four climate indices: North Atlantic Oscillation index of time only; and the model (model 2) that incorporates ex-
(http://www.cru.uea.ac.uk/ Arctic Oscillation index lttp: ternal covariates, where the distribution parameters can vary
[lIwww.cpc.noaa.goy Mediterranean Oscillation indekitp: as a function of climate and reservoir indices.
Ilwww.cru.uea.ac.ul/ and Western Mediterranean Oscilla- A GAMLSS model assumes that independent observations
tion index fttp://www.ub.edu/gc/English/wemo.hinThese  y; for i = 1,2,3,...,n have distribution functior¥, (Y;|6;)
indices were selected to incorporate climate forcings in nonwheref; = (6;1,6;2, ..., 6;,) is a vector ofp distribution pa-
stationary modelling of the flood frequency in continental rameters accounting for location, scale and shape random
Spanish rivers and acting as potential predictive variables. variable characteristics. Ordinarily; is less or equal to
Climate indices for the winter period (December to Febru-four, since, one, two, three and four distribution parameters
ary) were used as external covariates in the non-stationarguarantee enough flexibility for most applications in hydrol-
models, because it was observed that the greatest influence otjy. The distribution parameters are related to covariates by
low-frequency atmospheric circulations patterns on the vari-monotonic link functiong (-) for k = 1,2, ..., p where the
ability of river flood regimes in continental Spain occurred parameters were modelled through proper link functions. In
in those months (Trigo et al., 2004; Lorenzo-Lacruz et al.,this paper only identity and logarithm link functions worked
2011; Lopez and Frarés, 2013). To satisfy the principle of properly (Table 3). GAMLSS involves several models; in
parsimony, we propose a prior EOFs analysis. EOFs analysiparticular we use the semi-parametric additive formulation:
is similar to principal components analysis, but it is usually
undertaken with two objectives: finding spatial patterns and "
reducing the dimensionality of a set of variables that reveal
multicol?inearity. With the Igtter objective it was decided to ¥ 1) = icBic+ ;h’k(x’k) @
use this analysis because previous results have shown a high
degree of correlation with climate indices that describe thewhere 8, are vectors of lengtn, ®; is a matrix of ex-
behaviour of macroscale atmospheric circulation patternsplanatory variables (i.e. covariates) of ordex m, By is
EOFs analysis showed that the first two principal compo-a parameter vector of length and# jx (-) represents the
nents (PCs) account for 93 % of the total variance of the fourfunctional dependence of the distribution parameters on ex-
indices, and so it was decided to retain these two first PCplanatory variables:j;. This dependence can be linear or
as explanatory covariates of the selected distribution paramsmooth through smoothing terms. In this study the smooth
eters. The first component (PC1 — 66 %) explains the tempoelependence is based on cubic spline functions. The addition
ral evolution of the winter indices NAO, AO and MO; while of smoothing terms in Eg. (2) has many advantages, such
the second component (PC2 — 27 %) is clearly linked to theas identifying nonlinear dependence in modelling the pa-

J

evolution of winter WeMO. rameters of the parametric distributions on explanatory vari-
The modelling period was 1950-2007, which is the com-ables. This dependence can be linear or smooth through cubic
mon period for floods and climate indices records. splines functions.

When smooth dependence is incorporated to describe the

relation between distribution parameters and selected covari-
3 Methodology ates, this dependence tends to increase the complexity of the

model. In order to avoid model over-fitting, the degrees of
Modelling of time series, for which the stationarity hypoth- freedom of the cubic splines are optimized using the Akaike
esis can no longer be taken for granted, requires a modiformation Criterion (AIC) and the Schwarz Bayesian Cri-
elling framework in which the parameters of the selectedterion (SBC). For a detailed discussion, reader can con-
distributions can vary as a function of explanatory variables.sult Rigby and Stasinopoulos (2005) and Stasinopoulos and
As mentioned in the introduction, in this paper we use theRigby (2007). With these criteria, final models are provided
“generalized additive models for location, scale and shape'with a balance between accuracy and complexity. It is worth
(named GAMLSS), as proposed by Rigby and Stasinopounoting that in none of the cases were the degrees of free-
los (2005). In GAMLSS the response random variaBle dom in the cubic spline greater than#y(This is achieved
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Table 3. Summary of the probability density function considered to model the annual maximum floods and the used link functions.

Link functionsg(-)

Probability density function 01 02 03
Gumbel fy (7161, 62) = %exp[(ygfl) - exp(y;fl)] Identity ) In() -
—00 <y <00,—00 <61 <00,0p>0
__ 1 1, [ogm-61]? i _
Lognormal fy(¥101,602) = NCTE exp{ 20 } Identity () In()
y>0,00>0,60,>0
i 2t ol (2 _
Weibull fy(¥101,602) = 7 exp{ (91)} In() In()

1
y>0,00>0,0,>0

1,
95 —y
y%2 expl —
1 ©0307)

Gamma fyl61,60) = —— 1 In () nQ) -
(922)022 r g
y>0,61>0,6,>0
6163—1 %
Generalized Gamma fy(y|61,62,63) = %exp{— (ey—z) 1} In() In() Identity ()
2

y>0,—00<60; <00,6p>0,03>0

because increased model complexity is linked to the extracindependence of the residuals of each model. The first four
tion of information from the data. However, as degrees ofstatistical moments of the residuals and the Filliben correla-
freedom tend to zero, the cubic spline tends to a straight linetion coefficients were examined, and a visual inspection of
Therefore, the linear trend is included as a limiting case indiagnostic plots of the residuals (residuals vs. response, qg-
representing the dependence of distribution parameters oplots and worm plots) was made. This action ensures that
covariates. If there are no additive terms in any of the dis-the selected models can adequately describe the systematic

tribution parameters, we have a model of the form. part, the remaining (residual) information being white noise
(random signal). All of the calculations were performed on
gk(0r) = 1B . (3)  the platform R (R Development Core Team, 2008), using the

_ L ) freel ilabl | kage.
This is the parametric linear model, whebg 8, is a com- reely availablegamisspackage

bination of linear estimators. In case all the distribution pa-
rameters are independent of the covariates, thefdhe 4 Results
model simplifies to a stationary model with constant param-
etersgy (6x) = constant. 4.1 GAMLSS implementation
Once we define the functional dependence between distri-
bution parameters and each selected covariates and the €Fhis section presents the fitted non-stationary models (mod-
fective degrees of freedom for the cubic spline, we selectels 1 and 2) for the 20 study sites. Table 4 summarizes the
the distribution functionFy (y;|0;) according to the largest selected distributions as well as the type of dependence of
value of the maximum likelihood. In this paper, we consid- distribution parameters as a function of time for model 1. Ta-
ered as candidates five widely used distribution functions inble 5 summarizes the selected distributions, the significant
modelling streamflow data (Table 3): Gumbel (GU); Lognor- covariates for each parameter and the type of dependence of
mal (LNO); Weibull (WEI); Gamma (GA); and Generalized distributions parameters as a function of external covariates.
Gamma (GG). The first four have two parameters and the lasFirst of all, it can be seen in both tables that the GG and
one has three parameters. For a detailed discussion on theolyNO distributions offer the best overall results in modelling
model fitting, and selection, the reader is referred to Rigbythe flood frequency in continental Spanish rivers. And sec-
and Stasinopoulos (2005), Stasinopoulos and Rigby (2007pnd, the observed results show that temporal trends and ex-
and Villarini et al. (2009b). ternal forcings can affect the behaviour of the mean and the
In the absence of a statistic to evaluate the goodnessariance of the flood peak discharge.
of fit of the selected models as a whole, verification was Model 1 shows that in most sites (80 %) the parameter
made in accordance with the recommendations of Rigbyincludes time dependence and this dependence is generally
and Stasinopoulos (2005) by analysing the normality andvia non-parametric smoothing functions. The paramgiés
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Table 4. Summary for the fitted models type 1 and the type of dependence between time and the distribution parametedcates the
dependence is via the cubic splines with the indicated degree of freedom; withpmeags linear dependence; and ct refers to a parameter
that is constant.

Station  Distribution 67 6 63 | Station Distribution 61 6 03
1427  LNO csf,2) ct. — | 5047 LNO cs{,2) ct -
1734 GA t ct — | 7006 LNO cst,2) t -
2002 LNO cst,2) ct. —| 7029 LNO cst,3) ct -
2015 LNO csf,1) ct - | 8032 GG t ct ct
2046  WEI cs(,2) t - 8090 GG cs(,2) t ct
2052 LNO cs(,1) cs¢,1l) - 9002 GA cs{,2) t -
3005 GG cs(,2) ct ct| 9018 GG cs(,2) ct ct
4014 GA cs(,1) ct - | 9071 GG cs(,2) ct ct
5004 LNO cs(,2) t - 9096 LNO t t -
5029 GA cs(,2) t - 9111 GG ct cs(2) ct

Table 5. Summary for the fitted models type 2, with the indication of the selected distribution, the significant covariates (PCs and/or RI), and

the type of dependence with the distribution parameters). ipglicates the dependence is via the cubic splines with the indicated degree of
freedom; without cs] means linear dependence; and ct refers to a parameter that is independent of the covariates (i.e. constant).

Station  Distribution 61 02 03 \ Station  Distribution 69 02 03
1427  LNO PC1 +cs(PC2,1) PC1+PC2 5047 LNO PC1+PC2+RI cs(PC2,2) -
1734 GA cs(PC1,1) + PC2 PC2 + 7006 LNO PC1 + cs(RI,1) ct -
2002 LNO PCl+RI ct —-| 7029 LNO PC1+RI ct -
2015 LNO PC1 ct —-| 8032 GG PC1 ct ct
2046  WEI cs(PC1,2) ct - 8090 GG PC1 cs(PC2,1) ct
2052 LNO PC1 ct —| 9002 GA PC2 ct -
3005 GG cs(PC1,2) ct ct 9018 GG PC1 +PC2 ct ct
4014  WEI cs(PC1,2) + PC +RI ct -+ 9071 GG PC2 ct ct
5004 LNO PC1 + cs(RI,1) ct - 9096 LNO PC1 PC1 -
5029 GA cs(PC1,2) ct - 9111 GG PC1 + cs(PC2,1) ct ct

independent of the time trends in most models (55 %); therehigher order moments are less sensitive to climate and dam
are seven cases with linear dependence and only two casesgulation variations.
with smooth dependence. For the sites in which the best fit- Figure 3 top panels show, for station 2015 in the Duero
ted model was the GG distribution, the paramétgis time basin, the strong correlation between the AO, MO, and NAO
independent in all cases. winter climate indices and annual maximum peak discharges
For non-stationary models that incorporate external co-(top left panel), and the PC1 (top right panel) where patterns
variates (model 2), the high significance of PC1 is clear asof correlation are particularly evident in the central and west-
shown by the explanatory covariate in the parameters of thern peninsular basins. In addition, the lower panels of Fig. 3
selected distributions. It can also be seen in Table 5 that PC&how for station 1427 (northern basin) the strong correlation
is a significant covariate in parametgrin 18 sites, whileitis  between the WeMO winter index and annual maximum peak
a significant covariate for only 3 sites for paraméteThese  discharges (lower left panel). A high degree of correlation is
results are due to the strong influence that the AO, MO, andalso observed with the PC2, which mainly captures the vari-
NAO exert in modulating the hydroclimate in much of the ability of this climate index (lower right panel).
Iberian Peninsula. A weak statistical significance is observed Concerning the results in the 12 study sites under altered
for PC2, which is an explanatory covariate in 8 sites foréhe regimen, Rl is a significant covariate in 6 of them, which,
parameter and 4 sites for thg parameter. The lesser signif- not surprisingly, have high values of RI. For model 2 the de-
icance of PC2 is explained by the lesser influence of WeMOpendence of parametéi with respect to the climatic and
in modulating flood regimes, with its influence limited to the reservoir indices is general and usually linear, giving more
basins to the north of the Iberian Peninsula. In a similar wayparsimonious models. In contrast, paraméters indepen-
to the results obtained in model 1, the paraméteof the dent with respect to external forcing in most sites (70 %).
GG distribution is independent of climate and reservoir in- Figure 4 and Table 6 summarize the fitting quality of
dices. In other words, it seems that skewness coefficient andhodel 2 for nine representative study sites, which are based

www.hydrol-earth-syst-sci.net/17/3189/2013/ Hydrol. Earth Syst. Sci., 17, 318203 2013



3196 J. Lopez and F. Fran@&s: Non-stationary flood frequency analysis in continental Spanish rivers
100C 900
® Qmax(2015) - NAOW 800 . 4 Qmax(2015) - PC1
800 . + Qmax(2015) - AOw 700
N - A Qmax(2015) - MOw 600 4
600 . & aee 500 N A,
- 400 A A A A
400 en 2 e A L4 200 . a
s DBy Sen A F Ak
& 200 :.AC & ; 7‘23 Aot ® . 200 N . A a N
o o & g 0 0% @ Aa A A M
e SRt | RV T
g - -2 -1 0 1 2 3 -4 3 2 -1 0 1
O 140C 140¢

120¢

100C

800

AN A
600 A 600 Al
A TN A AL a
400 & 400 ‘4
A, pa B A A A, N Ak Al
200 A A 200 A
00 AA ﬁA N AA@ Pnd Aqgmm A, ‘A AAA AA?‘AA N An:.: A
o A D A A o A 4 A A
- -1 0 1 - 2 -1 0 1
Winter climate indices PCs

A Qmax(1427) - WeMOw

A

120C

100C 4

800

A Qmax (1427) - PC2

Fig. 3. Scatterplots between annual maximum peak discharge and the corresponding values of the principal components (right panel) and
winter climatic indices (December to February) (left panel) in two representative flow gauge stations: upper panel with low altered regime
and lower panel with natural regime.

Table 6. Residuals moments for model 2 (external forcings as co-4.2 Results with non-stationary approaches: models 1

variates) and computed Filliben coefficient. and 2
Filliben

Station Mean Variance Skewness Kurtosis coefficient Figure 5 shows the observed values, the estimated median
1427 0.003 1.017 0.134 2451 0.992 and the 2.5th and 97.5th percentiles for the same nine repre-
1734  0.001 1.018 0.213 2.768 0.994 Sentative sites. The results obtained with non-stationary mod-
2002 0.000 1.017 -0.154 2.093 0.989 els assuming temporal dependence only (model 1) show a
2015 0.000 1.017 0.035 2.929 0.993  pattern of decreasing trends in most of the study sites, par-
2046 0.001 1.024  -0.042  2.785 0.996 tjcularly during the post-1970 period. Model 1 adequately
2052 0.000 1.018 0.025 2.140 0992 {escribes the changes in annual maximum flood peaks; how-
3005 0.003 1.019 -0.023 3.458 0.991 X . :
4014 0.014 1017 0.339 046 0gg7 €ver, time-trend models are unable to identify subsequent
5004 0.000 1.018 —0.286 2636 0.992 changes (as can be observed in the stations 1734, 2002, 2015
5029 0.001 1.016 0.029 2.422 0.997 and 8032). These sites, with natural or low altered regime, re-
5047 0.007 1.017 0.344 3.539 0.988  veal that the increased frequency of floods in western rivers
7006 0.000 1.017 0326  2.520 0991 after 1995 is ignored by time-trend models. Moreover, sites
7029 0.000 1018~ —0.374 2172 0.989 4014, 5004, 5047 and 7006 show the effect of intensified reg-
8032 0.002 1.018 0.013 2.537 0.995 : N : ; .
8090 0.002 1014  —0.004 3.009 0993 ulation by reservoirs with abrupt changes in the series during
9002 0.001 1.018 —0.184 2.644 0.995 the 1960s and 19705, not well reproduced by model 1.
9018 0.002 1.017 0.007 2.174 0.994 Figure 5 also shows the results obtained in modelling
9071 0.001 1.016 0.019 2.154 0.993 flood frequency under non-stationary conditions while in-
9096  0.006 1017 -0.258 3.441 0.988 corporating external forcings (model 2). The improvement
9111 0.008 1.012 —-0.001 2.257 0.994

after incorporating external covariates in the description of
the changes in the flood series is clear and corresponds with
AIC and SBC criteria. It can be seen that model 2 cap-

on the residual plots and the estimates of the first four mo-tures more adequately the dispersion of flood values, and
ments of the residuals. The results do not indicate significanshows the effect of climate and reservoir indices modulat-
deviations from normality in the residuals (for a sample sizeing the frequency and magnitude of floods. As in the tem-
of 58, the critical value of the Filliben’s coefficient is 0.979). poral trend models, model 2 captures the presence of trends
This result supports the inference that the models fit the datan the flood frequency. The results of flood frequency in the
adequately. A similar conclusion was obtained for model 1. western basins of continental Spain show the presence of an
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4 Qmax[LNO [6:=PC1+cs(RI), Qnax GG [Gi=exp(PC1), Qnax[ GG [6i=exp(PCL+PC2),
' G=exp(ct)] G=exp(ct), G=ct] G=exp(ct), Gi=ct]
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Unit normal quantile

Fig. 4. Worm plots of model 2 residuals for nine representative sites (* means altered regime). The two black dotted lines correspond to the

95 % confident limits.

increasing trend during the period 1950-1970, then a strondlood magnitude has obviously diminished considerably over
downward tendency is observed between 1970-1995, and fthe past 40 year period. Incorporating Rl enables us to char-
nally in some sites (1734, 2002, 2015 and 5004) a slightacterize temporal changes in the median, and to incorporate
increasing trend is seen during the period 1995-2005. Thighis effect in the model, as can be seen at stations 4014, 5004,
pattern can also be observed in mountain basins near th8047 and 7006 in Fig. 5.
Mediterranean coast in the east of continental Spain. The By analysing the modelling results in the non-stationary
presence of reservoirs has clearly impacted the flood frescenario with model 2 and the stationary scenario with model
quency in river basins with a high Rl (4014, 5004 and 5047),0 in the two cases presented in Fig. 6, it is possible to observe
as a steep decrease shows in the frequency and magnitude thiat the median is overestimated in the stationary model for
floods. Model 2 reproduces this behaviour, steeply decreadow values of PC1, while the model underestimates the me-
ing the median, as can be seen in Fig. 5. dian for the high values of PC1. These situations are very im-
The modelling of flood frequency in Mediterranean basins, portant because — when applying the models for estimating
and particularly those near the coast and the Pyrenees, relesign floods — this could lead to major problems if we con-
veals a weak or null influence for atmospheric circulation tinue simplifying reality with stationary models. It is clear
patterns. Figure 5 shows how model 2 does not adequatelthat higher floods are linked to high values of PC1, while
describe flood behaviour for station 9018. These resultsmaller floods are clearly linked to low values. The flood se-
clearly show that floods in these basins are linked to mechyies for station 5004 (Fig. 6, left panel) shows that the high
anisms different that those considered in this study. In parimpact of reservoirs complicates the identification of the rela-
ticular, this station is in a Pyrenean basin that experiencesionship with PC1. However, the incorporation of Rl enables
a bimodal flow regime with a strong influence of snowmelt us to identify the impact of regulatory strategies and address
processes in flood generation. The flood modelling in basinghe more complex relationship under non-stationary condi-
located in the southern Mediterranean area shows the potertions.
tial of the reservoir index (RI) as a covariate that explains
changes caused by regulation strategies at these sites, as the
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4.3 Comparison between stationary and non-stationary  2), for an exceedance probability of 0.01 (i.e. return period

of 100yr). Estimates are presented for 9 of the 20 study
sites, which are representative of natural regimes, low al-
The study of floods in operational hydrology aims to estimatetered regime, as well as those that are substantially altered.
flood events for a given exceedance probability that is de-The graphs highlight the problems of assuming stationarity
fined a priori in order to obtain flooding maps, design protec-in estimating flood events. It can be seen that non-stationarity
tive measures, and/or propose flood risk management plangiodels indicate the existence of periods in which flood fre-

Legislation on flood risk in Europe is based on the FFA for quency experienced significant variability (decreases and in-

estimating floods associated with various return periods suclgreases). We can generally speak of a similar pattern of in-
creases in flood frequency during the periods 1960-1975

models

as 50, 100 and 500 yr (Benito et al., 2004).

Figure 7 shows the results of FFA in stationary condi- and 1995-2005. A clear decrease in flood frequency can be
tions (model 0) and non-stationary conditions (models 1 andseen during the period 1975-1995. Sites with a high altered
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regime show that the construction of dams have caused a d¢he non-stationary models were fitted for the period 1950—

crease in the frequency of floods, especially evident at sta1990. Then, we used the models as a predictive tool for the

tions 4014, 5004, 5047 and 7006. period 1991-2007. The results shown in the left panel of
These results suggest that an event-based design assumiRgy. 8 highlight the difficulties in making predictions beyond

a stationary model can lead to two possible major problemsthe range of values used in the fitting process with model

assuming a risk greater than that which is contemplated; od. It is evident that the temporal-trend models validate erro-

over-sizing the structural and non-structural measures. Ameously, in this case resulting in flood underestimation due

FFA of station 2015 with model 2 shows that the peak floodto the trend persistence. A better performance is obtained

for an annual exceedance probability of 0.01 during the 58 yrby model 2 (Fig. 8, right panels), where changes in the fre-

of the observation period ranges from a maximum value ofquency of floods at the two sites are more adequately cap-

1899n?s1in 1968 to a low of 223 Ms~1 in 1988. These  tured during the validation period.

values demonstrate that inferences drawn from flood events Unquestionably, the incorporation of climate indices helps

under non-stationary conditions may show dramatic changeghe models capture the changes in the frequency of floods in

especially if compared with the estimated stationary quantilethe fitting and in the validation periods. But, of course, in or-

(989 n? s~1). Similar behaviour can be observed in all study der to use model 2 as a predictive tool, climate and reservoir

sites. These results reinforce our questioning of the hypothindices predictions are needed.

esis of stationarity and lead us to suggest the urgent need

for FFA that can take this dynamic behaviour into account.

An important point is that in the context of non-stationarity, 5 Conclusions

the term “return period” loses meaning, as the probabilities . . .

of excess change from year to year. Therefore, new defini;rhe flqod frgquengy analysis L_mder non-stationary conditions

tions should be created that assume the hypothesis of nord? 20 rivers in continental Spain between 1950 and 2007 was

stationarity (Olsen et al., 1998; Sivapalan and Samuel, 2009'3,he main objective of the present study. This statistical mod-

Salas and Obeysekera, 2013). elling was conducted using GAMLSS models, which have
’ the flexibility to deal with non-stationary probabilistic mod-
4.4 Non-stationary models as predictive tools elling, as well as the ability to model the dependence of dis-

tribution parameters with respect to external covariates (cli-
Returning to the inference of flood events, models with tem-mate and reservoir indices).
poral trends (model 1) show certain problems, as can be seen Departures from the traditional assumption of stationarity
in Fig. 8. Two flow gauges (station 2015 with low altered in the flood series in rivers of continental Spain are clear and
regime, and 5004 with high altered regime) were selected anthis conclusion is consistent with those obtained in recent
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Fig. 8. Results of modelling the annual maximum floods at stations 2015 (top panels, low altered regime) and 5004 (bottom panels, high
altered regime) with models 1 and 2. Only the period 1950-1990 is used for fitting the models (black circles and lines). The models are then
used as predictive tools (red lines) for the period 1991-2007 and observations not used in the fitting are shown with grey circles.

studies of the precipitation regimes at different scales in the The non-stationary modelling approaches used in
Iberian Peninsula (Norrant and Douggiroit, 2005; De Luis GAMLSS showed that temporal trends and external forcings
et al., 2009; lbpez-Moreno et al., 2010;iR et al., 2010; mostly affect the mean of the distributions, with much less
Rodfiguez-Puebla and Nieto, 2010) as well as in monthlyeffect on the variance. In the modelling of time-dependent
flow regimes (Moan-Tejeda et al., 2011; Lorenzo-Lacruz et parameters, we found that there is a non-linear dependency
al., 2012). Our results show that changes and trends in floothrough parametric smoothing formulations. It can be seen
regime are clearly linked to low-frequency climate forcing that the models that involve non-parametric cubic spline
and the effects of dam regulation over the last 50 yr. formulations are more flexible and tend to better reproduce
Although several mechanisms may be responsible for genthe dispersion of floods in time. However, the types of
erating floods in Spanish rivers, this work shows that out-models that provide a good fit and flexibility are highly
side the Mediterranean coast in many basins the origin okensitive to changes in the evolution of predictive variables.
floods is linked to winter precipitation, which is the result Therefore, they should be used with caution, because there is
of frontal systems associated with the Atlantic circulation. a tendency to over-parameterise when optimizing the degree
This can be seen in the significant negative correlation beof freedom of these models.
tween the winter climate indices such as AO, MO and NAO The implementation of EOFs analysis prior to the in-
and the magnitude of floods. In northern peninsular basinsorporation of climate indices enabled us to identify mul-
the flood genesis is mostly influenced by air masses fronticollinearity, and so to obtain more parsimonious models.
the Atlantic and moist flows from the north. However, in These findings also affect the dependence of the distribution
these basins we observed a less obvious teleconnection witharameters with respect to the PCs. Our previous analyses di-
WeMO, which is consistent with other reported results foundrectly using winter indices as external covariates in the mod-
by Lopez-Bustins et al. (2008) studying the precipitation els exhibit nonlinear dependencies, while incorporating the
regime in this area. For Mediterranean basins, it is clear thaPCs as covariates the dependence on the parameters are lin-
the low-frequency atmospheric circulations patterns used irear in most cases.
the study did not significantly govern the flood regime. This  The FFA with the models under non-stationary conditions
is explained by the influence of other factors in the generatiorshows that, for an annual maximum peak discharge with 0.01
of runoff (e.g. more complex geography, mesoscale convecannual exceedance probability (corresponding to the return
tive events, high degree of regulation, snowmelt, etc.). Thes@eriod of 100yr under stationary conditions), the variations
factors are less dependent on macroscale climate forcings. obtained are dramatic, with extended periods in which the
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