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Abstract

An exploratory analysis on the variability of flood occurrence rates in Portuguese water-
sheds is made, to ascertain if that variability is concurrent with the principle of station-
arity. A peaks-over-threshold (POT) sampling technique is applied to 10 long series of
mean daily streamflows and to 4 long series of daily rainfall in order to sample the times
of occurrence (POT time data) of the peak values of those series. The kernel occur-
rence rate estimator, coupled with a bootstrap approach, was applied to the POT time
data to obtain the time dependent estimated occurrence rate curves, A(t), of floods and
extreme rainfall events. The results of the analysis show that the occurrence of those
events constitutes an inhomogeneous Poisson process, hence the occurrence rates
are nonstationary. An attempt was made to assess whether the North Atlantic Oscil-
lation (NAO) casted any influence on the occurrence rate of floods in the study area.
Although further research is warranted, it was found that years with a less-than-average
occurrence of floods tend to occur when the winter NAO is in the positive phase, and
years with a higher occurrence of floods (more than twice the average) tend to occur
when the winter NAO is in the negative phase. The authors conclude that the math-
ematical formulation of the flood frequency models relying on stationarity commonly
employed in Portugal, should be revised in order to account for nonstationarities in the
occurrence rates of such events.

1 Introduction

Nowadays, there seems to be a consensus among the scientific community that, due to
climate change, there is an intensification of the hydrological cycle (Bates et al., 2008),
assumably leading to more frequent and more intensive extreme hydrological phenom-
ena, like floods and droughts. Milly et al. (2008) argue that such climate change un-
dermines stationarity — a basic assumption that historically has assisted practice and
research in the fields of hydrology and water resources management.
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In Portugal, however, the generality of research on hydrological modeling relies on
the principle of the stationarity of hydrological time series (Quintela and Portela, 2002),
namely the academic research related to flood hydrology (Langa, 2000; Simoes, 2002;
Dias, 2008; Delgado, 2007), although general circulation models (GCMs) based on
some scenarios of greenhouse gas emissions show a trend for an aggravation of ex-
treme precipitation events in northern Portugal (Santos et al., 2002, p.167). In such
framework it is important to carry out research that could ascertain whether or not the
hydrological time series that are used in the design of water resources systems exhibit
definite signs of nonstationarity. If they do, the mathematical formalism applied to the
planning and management of such structures must be revised, namely the statistical
analyses that are usually employed in studies on extreme hydrological phenomena,
such as extreme rainfall events and floods.

The aim of the present study was to carry out an exploratory analysis on the vari-
ability of the streamflow regime in Mainland Portugal, in what concerns the occurrence
rate of floods, and ascertain if that variability is concurrent with the hypothesis of non-
stationarity.

Following this Introduction, in Sect. 2, the data set used in this study is presented.
This paper focuses primarily on mean daily streamflow data at 10 gauging stations
geographically spread over Mainland Portugal. Long series of daily rainfall records at
rain gauges located in 4 of the studied watersheds were also utilized. The peaks-over-
threshold (POT) sampling technique is applied to extract the dates (POT time data) and
peak values (POT value data) of flood events and extreme rainfall events, respectively,
from the streamflow and rainfall samples. A brief preliminary analysis is then carried
out to characterize the multi-year variability of the sampled POT data. In Sect. 3, a
nonparametric occurrence rate estimator, namely, the kernel technique (Diggle, 1985;
Mudelsee et al., 2003) was applied to the POT time data sampled in Sect. 2 in order
to estimate the flood occurrence rate, A(t), in the studied watersheds. This method,
coupled with a bootstrap confidence band, provides a powerful and reliable character-
ization of the multi-year variability of the obtained flood occurrence rates (Mudelsee
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et al., 2004).

The North Atlantic Oscillation (NAO) is a pattern in climate variability associated
with a redistribution of atmospheric masses. Several studies have established links
between the phases of the NAO and both rainfall and river flow in the western Iberian
Peninsula in winter months (Corte-Real et al., 1998; Rodriguez-Puebla et al., 2001;
Trigo et al., 2002b, 2004; Moran-Tejeda et al., 2011; Lorenzo-Lacruz et al., 2011). In
a study more congruent with hydrological extremes, Trigo et al. (2005) has established
links between the NAO and rainfall triggering of landslides in a region North of Lisbon.
Given the aforementioned evidence of the role of the NAO in modulating rainfall and
river flow in western Iberian watersheds, an exploratory analysis on the relationship
between flood occurrence in the studied watersheds and the NAO is carried out in
Sect. 4.

Finally, in Sect. 5, the most relevant conclusions of the article are drawn and oppor-
tunities of future research are presented.

2 Data
2.1 Streamflow and rainfall data

This paper focuses primarily on flood occurrence rates in 10 unregulated Portuguese
catchments. The data set consists of two types of hydrological time series — identified in
Table 1: (i) mean daily streamflow series at 10 stream gauging stations that define the
analyzed catchments, geographically spread over Mainland Portugal; (ii) daily rainfall
at rain gauges located in 4 of the studied watersheds. It should be mentioned that
the period of records and number of years shown in those tables refer to hydrological
years, which in Portugal begin on 1 October.

Figure 1 shows the location of the streamflow and rain gauging stations as well as
the outline of the catchments under study, whose areas are shown in Table 1.
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The utilized data set is somewhat representative of the data that is usually used by
researchers and practitioners in hydrology and water resources systems planning and
management in Portugal

It should be stressed that the research underlying this paper is primarily concerned
with the mean daily streamflow data. The daily rainfall data was utilized for the pur-
pose of checking whether there are significant discrepancies between peaks in rainfall
and streamflow, which would eventually suggest that the behaviour exhibited by the
streamflows was under a significant anthropogenic influence.

2.2 Peaks-over-threshold (POT) data

The peaks-over-threshold (POT) approach to hydrological frequency analysis, consists
of applying a sampling technique to a time series that retains the peak values that
exceed a given truncation level usually called base level or threshold (Lang et al.,
1999). Todorovic and Zelenhasic (1970) and Todorovic (1978) introduced the marked
point model for flood analysis that relies on the POT sampling technique.

Conventional analysis by the POT sampling technique consists of the following: from
a continuous time series x;, with ¢ running continuously from ¢, to t,, the /-th peak
value x;. corresponds to the largest value among those exceeding the threshold v, in
the time interval [t + t;, ty + t; + At], comprised in [t,, f,]. Formally,

t=ty+t;+At;
{xi} = max{x/x; > u}, 0 (1)

If the time of occurrence of x§ is denoted by 7; €[ty, t,] and if there are m flood
episodes of this kind, {T;, x;}/., represents a marked point process for the variable X.

Usually, the peak values, x§, are supposed identically independently distributed
(i.i.d.) variables. The time of occurrence of x;, that is T;, is associated with a Pois-
son process, with the number of occurrences in a given interval (e.g. a year) being a
Poisson variate with parameter 1 (Cunnane, 1979). In the context of POT sampling
of hydrological variables, the time series discretized in daily intervals, such as those
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employed here, though not rigorously continuous, conform to the general requirements
of a Poisson point process, as previously defined.

The selected peaks must meet the independence condition. Several criteria has
been presented in the literature in order to verify this hypothesis (Lang et al., 1999).
The criterion used in the present study, for the mean daily flow series, (NERC, 1975;
Cunnane, 1979) determines that peaks should be separated in time by three times
the time to peak and, furthermore, that the flow between two consecutive peaks should
decrease below as much as two thirds of the first peak. Due to the relatively small areas
of the watersheds being analyzed (Table 1), as most of the Portuguese watersheds,
times of concentration lower than 1 day are expected, except for Quinta das Laranjeiras
— S$10. For that reason and given the daily time-step of the data, we considered that
for the purpose of applying the forementioned independence criterion, the time to peak
equals approximately one day at the analyzed gauging stations.

The independence criterion applied to the daily rainfall series is similar to the one
applied to the mean daily flow series, the only difference being that the daily rainfall
must decrease to zero between two peaks.

The selection of the threshold, v, is a procedure that involves a great level of subjec-
tivity (Begueria, 2005). Lang et al. (1999) reviewed a number of systematic approaches
to carry out this selection. Lang et al. (1999) remark, however, that there is no univer-
sal and unequivocal method for selecting the threshold. In the present study, in what
concerns the mean daily flows, the threshold adopted equals 7 times the long term
mean daily flow, or modulus, which according to Quintela (1984) provides a lower limit
to identify the flood occurrences. Figure 2a shows the mean daily flows sample at Fra-
gas da Torre (S5) and the corresponding threshold. The criterion adopted to determine
the threshold, as applied to the daily rainfall records, considered that the mean number
of over-threshold values should be similar to the one obtained for the mean daily flows.
Such criterion resulted in a threshold equal to 12 times the mean daily rainfall.

After the threshold v was defined, the correlation structure of the peaks or ex-
ceedances was analyzed, namely the lag-one and lag-two autocorrelation coefficients,
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as exemplified in Fig. 2b. No significant serial correlation was found that could invali-
date the application of the selected thresholds.

Furthermore, tests were carried out to determine whether or not the thresholds were
adequate: the mean number of over-threshold events in a year and the mean ex-
ceedance above threshold, tests no. 1 and 2, respectively, reviewed by Lang et al.
(1999). The application of such tests did not invalidate the adopted threshold selection
criterion. As an example, the results of the application of the tests to sample S5 — Fra-
gas da Torre are presented in Fig. 2b and ¢, which show that the selected v is located
in the domain where the mean number of exceedances is decreasing and the mean
exceedance above threshold is approximately a linear function of u.

Furthermore it should be mentioned that, though it is not presented in this paper,
the procedure, suggested by Davison (2003, p.286), of imposing slight variations of
threshold levels, around the adopted ones, did not cause any significant changes to
the overall results of Sects. 3 and 4, and to the final conclusions as well.

2.3 Preliminary data analysis

With the application of a POT sampling technique (Eqg. 1), two types of data were
obtained: time data, {7',-}7; 1» Which are the instants of occurrence of extreme events,
and peak value data, {x;}" ,, which relates the magnitude of the events themselves.
Although this study concerns primarily with the forementioned time data, an ex-
ploratory analysis was made concerning the multi-year variability of the peak values,
{x'()}/~,, for both the mean daily flow and the daily rainfall data. This analysis was
performed by obtaining the series of running average exceedances over successive
periods of 15 years. Figure 3 shows those series, made dimensionless by their re-
spective means, for both streamflow and rainfall data. In the horizontal axis of that
figure, the year k refers to the hydrologic year k/(k + 1), which starts on 1 October of
year k as previously mentioned. A visual analysis of Fig. 3 suggests that overall the
samples do not exhibit trends or a significant multi-year persistences above or below
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mean values. It should be stressed that the beginning and the ending dates of the
running averages vary according to the sampling period of each case study.

A preliminary analysis was also carried out concerning the parameter 1 (occurrence
rate) which describes the Poisson processes that underly the POT approach. Any
counting process with stationary independent increments, i.e. the distribution of the
number of events occurring in any interval depending only on the length of the interval,
is a homogeneous Poisson process with parameter 1. With the introduction of a time
dependence in the process, the Poisson parameter becomes a time function, A(t). This
time dependence is useful for studying nonstationarities in A(¢). In the framework of this
paper, A(t) denotes the occurrence rate of flood events (Mudelsee, 2010, p.249) when
referring to mean daily flow, and the occurrence rate of extreme rainfall events when
referring to daily rainfall.

When the process is homogeneous, 1 is a constant and the variable
w; =(T; - ty)/(t, - t,) (normalized times of events above threshold) is distributed as
order statistics of random sample from the uniform distribution in the interval [0, 1]. A
graphical analysis of that hypothesis can be performed by plotting the empirical distri-
bution function of w;, F(w), and checking if there are any significant departures from
the uniform distribution F(w) =w, 0 <w < 1 (Davison, 2003, p.277-278). Figure 2e ex-
emplifies the former graphical analysis applied to sample S5 — Fragas da Torre where
the solid grey lines indicate the significance for a Kolmogorov-Smirnov statistic at levels
5% and 1%. Such figure suggests that the rate of the process may be non-uniform.
It was verified that the generality of the samples exhibited significant departures from
the uniform distribution.

An additional evaluation of whether there was any significant increase or decrease
in the intensity of those processes focused on the number of extreme events per hy-
drologic year, a discrete variable denoted by 1, for the hydrologic year k/(k +1). For
each sample of both streamflow and rainfall data sets, 1, was smoothed by means of
a LOWESS (locally weighted regression) curve (Cleveland, 1979), using a smoothing
parameter f = 0.2, which was the smallest f that enabled an adequate smoothing of
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the data. The former analysis is represented in Fig. 4, where, analogously to Fig. 3,
the year k in the horizontal axis refers to the hydrologic year k/(k +1).

Figure 4 shows that there is some variability in the occurrence rate of extremes in
the observed samples. Most notably, there seems to be an increase in the intensity of
the Poisson process in the period ranging from the late 1950s to the late 1960s in all
of the samples that cover this period, though in some samples it is more pronounced
than in others.

3 Nonparametric occurrence rate estimation
3.1 General remarks

In this section a nonparametric method for analyzing nonstationarities in the occurrence
rate A(t) of floods and extreme rainfall events is presented - the kernel occurrence
rate estimation method, or kernel technique (Diggle, 1985; Mudelsee et al., 2003).
According to Mudelsee et al. (2004), who reviewed a number of different approaches
to analyze trends in the occurrence of extreme events, the kernel technique is one
of the most powerful approaches because it does not impose parametric restrictions,
allows for nonlinear and nonmonotonic trends, and, coupled with a bootstrap approach,
provides reliable confidence bands, which are essential for interpreting the significance
of apparent trends in A(f).

The kernel technique is applied to the POT time data sampled from the original mean
daily flow and daily rainfall time series. After the estimated flood and extreme rainfall
occurrence rate curves, A(t), are obtained, a pointwise bootstrap confidence band is
constructed around them, allowing for a more rigorous interpretation of the results.
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3.2 Kernel occurrence rate estimation

The kernel technique is a nonparametric method developed by Diggle (1985) for
smoothing point process data. For estimating the intensity of a point process such
as the time-dependent occurrence rate, A(t), this technique may be formulated as:

ity=n'"> Kk (t _hT") (2)
i=1

where K is the kernel function and h is the bandwidth. A Gaussian kernel, K(y) =

(2 7[)('1/2) exp(—y2/2), was used as it can be efficiently calculated in Fourier space and
yields a smooth estimated occurrence rate, A(t) (Mudelsee et al., 2004, 2006). The
units of A(¢) are d™", i.e. the number of occurrences above threshold per day at a given
point in time, t. However, to facilitate the interpretation of the results, A(t) was multiplied
by 365.25, such that, for a given instant, ¢, the ﬁ(z‘) indicates the estimated number of
occurrences above threshold per year (yr‘1)

The application of Eq. (2) may lead to a boundary bias near t, and t,, consisting of an
underestimation of A(t) due to the nonexistence of data outside the interval [¢, t,]. This
boundary effect can be reduced by generating pseudodata, i.e. pseudo extreme events,
pT, outside of the observation interval, before estimating A(f). The straightforward
method of reflection was used to generate pseudodata (on the left side, for t < t:
pT(i)=ty—[T; —t,], covering an amplitude of 3 times h before t,; analogously on the
right side, for t > t,). Pseudodata generation is equivalent to the extrapolation of the
empirical distribution of events near the boundaries, hence the estimation of A(f) near
the boundaries of the observation period should be analyzed with caution (Mudelsee
et al., 2004; Mudelsee, 2010, p.251; Mudelsee, 2011). Considering 7! as the original
point data, 7, augmented by the pseudodata, pT, and m' as the total number of points
inTT, Eq. (2) can be rewritten as:
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ity =n'S K L. (3)
i=1

h

Figure 5 shows the estimated occurrence rates A(t) for the S8 — Ponte Juncais sam-
ple, with and without pseudodata generation, exemplifying the correction of the bound-
ary bias via pseudodata generation.

The selection of the bandwidth, A, determines the bias and variance properties of
the occurrence rate estimator A(t): a small A results in fewer data points that effectively
contribute to the kernel estimation, which leads to a reduced bias and a high variance;
on the other hand, a large h leads to an oversmoothing of the estimator, resulting in
a small variance and increased bias. The selection of the bandwidth can be seen as
a compromise between those two cases. Furthermore, since there is a high seasonal
variability of the hydrologic regime in Portugal and, as the objective is to describe multi-
year variability of A(¢), the bandwidth should be considerably higher than the year to
avoid the effect of the seasonal variability.

In this study the selection of the bandwidth used a straightforward method: Silver-
man’s rule of thumb (Silverman, 1986, p.48). This rule defines h as:

h=09A/5 (4)
with:
A = min {STD, IQR} (5)

where STD and IQR are, respectively, the standard deviation and the interquartile
range of the POT time data. Silverman (1986, p.48) comments that this method pro-
duces an adequate choice of bandwidth for many purposes. The bandwidths obtained
range from 1141 days (sample S6) to 2157 days (sample S9), which is adequate for
describing multi-year variability, because it smooths all the within-the-year seasonal
variability.
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3.3 Bootstrap confidence band

As described in Sect. 3.2, a nonparametric method for estimating a varying point pro-
cess intensity, the kernel method (Diggle, 1985), was used to characterize the occur-
rence rate of floods in the watersheds analyzed in this study. Point estimates may be
difficult to interpret without some measurement of the uncertainties associated with
those estimates.

For the purpose of quantifying the uncertainties associated with the results of Eq. (2),
a pointwise confidence band was constructed around A(t), by means of bootstrap sim-
ulations (Cowling et al., 1996; Mudelsee, 2011). This procedure consisted of drawing
a set of n flood dates from the original POT data, augmented by pseudodata, with
replacement, and calculating 1*(¢) after Eq. (2), using the resampled data and the
same bandwidth, A. The resampling-estimation procedure was repeated until 2000 es-
timated curves A*(t) were obtained. Finally, an algorithm developed by Cowling et al.
(1996) and used by Mudelsee et al. (2003, 2004) and Mudelsee (2011), namely the
percentile-t type confidence band was applied pointwise to the 2000 1*(¢) to construct
a 90 % bootstrap confidence band around A(t).

3.4 Results

The techniques described in Sects. 3.2 and 3.3 were applied to the POT time data
sampled from the mean daily streamflow series and the daily rainfall series to obtain,
respectively, estimated flood occurrence rates at the streamflow gauging stations, and,
correspondingly, estimated extreme rainfall events occurrence rates at the rain gauging
stations.

The results are presented in Fig. 6, which shows that the occurrence rates of extreme
events in both mean daily flow and daily rainfall time series exhibit significant multi-
year variability. For example: in graph S2 of Fig. 6, the peak of A(t) in the 1960s is
significantly higher than the upper limit of the confidence band at 1990.
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The results of Fig. 6 also show that there are some trends in the intensity of the
inhomogeneous Poisson process that are exhibited consonantly among the analyzed
mean daily streamflow samples, such as: (a) a peak in A(t) in the early 1960s is visible
in all the graphs with available data in those years, which indicates a higher frequency
of extreme events; (b) in graphs S8, S9 there is a peak in the 1930s followed by a
decrease in intensity until a minimum is reached in the late 1940s (also visible in graph
S7); (c) the graphs with data until the late 1990s and 2000s exhibit lower occurrence
rates in the more recent years.

The fact that such trends are visible in mean daily flow series from unregulated rivers
that are geographically distributed around the Portuguese territory (Fig. 1), suggests
that those trends are not due to possible anthropogenic influences in the watersheds.
The A(t) estimates obtained for the rainfall data corroborate this hypothesis since they
exhibit some of the same trends that are visible in the flow data of the catchments un-
der the influence of those particular rainfall gauging stations (the rainfall-flow influence
relationships are visible in Fig. 1: the rainfall in station R1 has influence in streamflows
at S6, R2 at S3, R3 at S4, and R4 at S2 and S5).

4 Relationship between flood occurrence and the North Atlantic Oscillation

The North Atlantic Oscillation (NAO) is a prominent and recurrent pattern in climate
variability of the Northern Hemisphere, which refers to a redistribution of atmospheric
masses between the Arctic and the subtropical Atlantic (Hurrell et al., 2003). Studies
carried out by Hurrell (1995) and Trigo et al. (2002a) have established links between
the NAO phase and precipitation in western Europe. Although the NAO is evident
throughout the year, its activity and impact on European surface climate is greater
during the winter season (Osborn et al., 1999; Moran-Tejeda et al., 2011). There is
also a number of studies on the influence of the NAO on precipitation and river flow in
the western Iberian Peninsula in winter months (Rodriguez-Puebla et al., 2001; Corte-
Real et al., 1998; Trigo et al., 2002b, 2004; Moran-Tejeda et al., 2011; Lorenzo-Lacruz
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et al., 2011), which have shown that when the NAQ is in its negative phase precipitation
and river flows tend to be above normal and vice-versa. Trigo et al. (2005) studied
the influence of the NAO on monthly and seasonal precipitation on an area prone to
landslides located north of the capital of Portugal, Lisbon, and concluded that the large
inter-annual variability of winter precipitation in that region is largely modulated by the
NAO mode.

Traditionally, the NAO index has been defined as the difference in normalized sur-
face pressure between Iceland (Stykkisholmur) and the Azores archipelago (Ponta Del-
gada). In recent decades, however, researchers have found that, during the winter sea-
son, stations located in the Iberian Peninsula could be used with some advantages over
Ponta Delgada: Lisbon was used by Hurrell (1995) as the southern station, and Jones
et al. (1997) used Gibraltar. In this work it was decided to use the Iceland-Gibraltar
index developed by the Climate Research Unit (Jones et al., 1997). Also, the winter
season has been defined as November to March (NDJFM) in accordance with Jones
et al. (1997) and Trigo et al. (2005), although other definitions of the winter season
are also used (Osborn et al., 1999). Figure 7 shows the winter NAO indices used in
this study along with a LOWESS (locally weighted regression) curve (Cleveland, 1979)
fitted to the data using a smoothing parameter f = 0.1 in order to obtain an adequate
multi-year smoothing.

The objective of this section is to ascertain whether or not the phase of the NAO has
an influence on the occurrence rate of floods in the studied watersheds. By visually
comparing Figs. 7 and 6 it is apparent that the peak in the estimated occurrences
rate in the 1960s corresponds to a prolonged NAO negative phase in the same years.
However, in the 1930s, where there are peaks in A(t) in graphs S8 and S9 of Fig. 6,
there is no similar negative phase in the winter NAO indices.

A quantitative analysis of the relationship between the winter NAO indices and the
occurrence of floods was made on a discrete annual time basis. Figure 8 shows, for
each streamflow sample, the number of floods per hydrologic year, A, (discrete POT
time data, Fig. 4), plotted against the winter NAO indices of the corresponding years.
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Such results suggest that years with positive NAO indices have a lower number of
floods than years with negative NAO indices. Although that correlation does not seem
to be particularly strong, Fig. 8 clearly shows that for every analyzed sample: (i) the
majority of years without floods have positive NAO indices, and (ii) the years with the
highest flood occurrence do not occur in positive NAO phases.

Figure 9 shows the same results as the previous analysis, but here 1, data from all
the samples were made dimensionless by their respective mean values A, and plot-
ted together against the winter NAO indices. In that figure, box plots were drawn to
represent the dispersion of the NAO indices for the values of 1, that are lower than
the mean (1, /1 < 1); between one and two times the mean (1 <1, /1< 2); and higher

than two times the mean (4, /1 > 2). The results clearly show that (i) years with a less-
than-average number of floods tend to occur when the NAO is in a positive phase, and
(ii) years with a higher number of floods (more that twice the average) tend to occur
when the NAO is in a negative phase.

Although the relationship between the NAO and the occurrence of floods in Por-
tuguese watersheds requires further investigation, the results of Figs. 8 and 9, and the
comparison of Figs. 6 and 7, indicate that an increase in the rate of flood occurrence
might be related to a decrease of NAO indices and vice-versa. That accordance is not
strong enough to establish a cause-and-effect type of relationship. However it does
merit to be scoped in future research.

5 Conclusions and future research

The current consensus on the effects of climate change on the hydrological cycle com-
promises the stationarity of hydrological time series. The generality of the research
on hydrological modelling in Portugal, and particularly the research involving flood hy-
drology, relies on the stationary principle. The objective of the research underlying
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this paper was to make an exploratory analysis on the variability of flood occurrence
rates in Portuguese watersheds, and to ascertain if that variability is concurrent with
the principle of stationarity.

For that purpose, a peaks-over-threshold (POT) sampling technique was applied to
10 long series of mean daily streamflows and to 4 long series of daily rainfall in order
to sample the times of occurrence (POT time data) of the peak values of those series.
A preliminary analysis of the POT time data suggested that the occurrence rates of
those events were non-uniform. The kernel occurrence rate estimator (Diggle, 1985;
Mudelsee et al., 2003), coupled with a bootstrap approach, was applied to the POT time
data to obtain the time dependent estimated occurrence rate curves, A(t), of floods and
extreme rainfall events.

The achieved results clearly show that, in the studied watersheds, the occurrence
of floods constitutes an inhomogeneous Poisson process, hence the flood occurrence
rates are nonstationary. There is a number of similarities in the behaviour of the es-
timated flood occurrence rates among the various samples, such as a peak in flood
occurrence rates in the 1960s and the 1930s. Such peaks are also visible in the re-
sults of the application of the kernel technique to the daily rainfall data, from rain gauges
located within 4 of the analyzed watersheds. The similarities in the behaviour of A(t)
among different watersheds that are geographically spread over the Portuguese terri-
tory, and between rainfall and streamflow suggests that the observed trends are inher-
ent to the natural multi-year variation of the hydrological cycle, as opposed to potential
anthropogenic influence on the catchments themselves. Furthermore, as mentioned
in Sect. 2.2, the observed trends in the estimates of A(f) are robust against threshold
selection in the POT sampling of extreme value data.

There has been a number of research papers that link the phases of the North At-
lantic Oscillation to the climate variability in western Iberia in general and in Portugal
in particular (Corte-Real et al., 1998; Trigo et al., 2002b, 2004, 2005; Moran-Tejeda
et al.,, 2011). An attempt was made to assess whether or not the NAO index casted
any influence on the flood occurrence rates in Portuguese watersheds. This was done
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by comparing the winter (NDJFM) NAO index with the number of floods within the hy-
drologic year, 1. The results of that analysis show that, although the correlation is not
particularly strong, the years with less floods tend to happen when the winter NAO is in
its negative phase, and vice-versa. This subject does, however, merit further research,
namely on the possibility of establishing projections of the flood occurrence rates if reli-
able long-range forecasts of the NAO are made available (see Sutton and Allen, 1997;
Rodwell et al., 1999).

In conclusion, the results presented in this paper suggest that the mathematical for-
mulation of the flood frequency models relying on stationarity, as those more commonly
applied in Portugal, should be revised in view of accounting for nonstationarities in the
occurrence rate of floods and extreme rainfall events.

Overall the obtained results lay the foundation for future research on nonstationary
hydrological modelling of floods in Portuguese watersheds, such as a hybrid Poisson
— extreme value distribution model (Mudelsee, 2011, p.264) which encompasses a
nonparametric description of the time dependence via the inhomogeneous Poisson
process and a parametric extreme value distribution. Such modeling of extreme hydro-
logical phenomena, coupled with a potential dependence on climate patterns such as
the NAO, could be of use to researchers and practitioners that deal with uncertainty
in water resources systems planning and management, associated with hydrological
extremes.
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Table 1. Mean daily streamflow and daily rainfall data. Sample code, name, period of records

and catchment area of the 10 streamflow gauging stations.

Mean daily streamflow samples

Code Name Period of records (no. of years) ~Catchment area (km?)

S1 Castelo Bom 1957/58-2003/04 (47) 897

S2 Castro Daire 1945/46—2003/04 (59) 291

S3 Cunhas 1949/50-2005/06 (57) 338

S4 Ermida Corgo 1956/57—2005/06 (50) 291

S5 Fragas da Torre 1946/47—2005/06 (60) 660

S6 Monte da Ponte 1959/60-1991/92 (33) 701

S7 Odivelas 1934/35-1966/67 (33) 431

S8 Ponte Juncais 1918/19-1974/75 (57) 604

S9 Ponte Sta. Clara-Dao 1921/22—-1972/73 (52) 177

S10  Quinta das Laranjeiras  1942/43-2005/06 (64) 3464
Daily rainfall samples

Code Name Period of records (no. of years)

R1 Almodovar 1959/60—1999/00 (61)

R2 Alturas do Barroso 1946/47—1995/96 (50)

R3 Campea 1959/60—1994/95 (36)

R4 Castro Daire 1916/17-2000/01 (85)
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Fig. 1. Map of Portugal. Location of the rainfall and streamflow gauging stations, as identified
by the codes presented in Table 1. The shaded areas correspond to the catchments under

study.

Atlantic Ocean

8630

Spain

Legend

_J;'i> Streamflow gauging station and its catchment

0

A

Main rivers

Rain gauging station

75000 150 000 Meters

Jaded uoissnosiq | Jadeq uoissnosiq | Jaded uoissnasiqg

I b i

Jaded uoissnosiq

HESSD
8, 8609-8638, 2011

Nonstationarities in
the occurrence rates
of flood events

A. T. Silva et al.

(8
S

o
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/8609/2011/hessd-8-8609-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/8609/2011/hessd-8-8609-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

a)

Mean daily flow (m®/s)
100 200 300 400 500
!

0
|

1960 1970

Time

c)

Mean number of exceedances

T — T T T
0 100 200 300 400 500

Mean exceedance above threshold  (m®/s)

Threshold, u (m*/s)

1980

100

50

T T
1990 2000

d)

T — T T T
0 100 200 300 400 500

Threshold, u (m®/s)

ACF

Emprirical distribution function

00 02 04 06 08 1.0

b)

0.0 02

04 06 08 1.0

Normalized time

Fig. 2. Peaks-over-threshold sampling technique applied to sample S5 — Fragas da Torre.
(a) Mean daily flow sample, (b) autocorrelation function (ACF) of the exceedances with a 95 %
confidence band, (¢) mean number of exceedances in a year, (d) mean exceedance over the
threshold with a 95 % confidence band, and (e) empirical distribution function of the times of
the events. The selected threshold is identified by the dashed lines in panels (a), (c) and (d).
In panel (e), the vertical ticks show the points in time associated with the flood occurrences,
the dotted diagonal line shows the uniform distribution and the solid diagonal lines show signif-
icance for a Kolmogorov-Smirnov statistic at 5% and 1 %.
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Fig. 3. Streamflow (top panel) and rainfall (bottom panel) data: running average exceedances
above threshold over successive periods of (the previous) 15 years, and made dimensionless

by the long term mean.
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Fig. 4. Number of extremes in year k, A, (bars). Multi-year variability described by a LOWESS

curve fitted to data, with a smoothing parameter f = 0.2 (solid lines).
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Fig. 5. Estimated flood occurrence rate at S8 — Ponte Juncais, with (solid line) and without
(dashed line) pseudodata generation; flood dates (represented by vertical lines) obtained from

the POT time data.
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Fig. 7. Winter NAO indices based on standardized sea-level pressures differences from
November to March — NAO (NDJFM) — between Iceland and Gibraltar from 1900 to 2009 (the

year corresponds to November of each NDJFM average). The solid black line is a smoothing
LOWESS curve.
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Fig. 8. Number of floods in a hydrologic year k/(k + 1), 1, plotted against the winter NAO
(NDJFM) index of the same year. Graphs are identified with the sample number in the top left

corner.

Winter NAO (NDJFM) index

8637

Jadedq uoissnosiq | Jaded uoissnosiq

I b i

Jadeq uoissnasiq | Jaded uoissnosiq

HESSD
8, 8609-8638, 2011

Nonstationarities in
the occurrence rates
of flood events

A. T. Silva et al.

(8
S

o
2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/8609/2011/hessd-8-8609-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/8609/2011/hessd-8-8609-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

)
~ z
2 HESSD
73
o e 8, 8609-8638, 2011
Ry
©
< Nonstationarities in
0 _ the occurrence rates
- of flood events
< - o ;
= A. T. Silva et al.
Iﬁ [7)
< g.
- :
M ©
R [ i 3
N
1s2<2 Foogromna i S DR 2 R ' .
- 2
C
S 1 10 BE R
- - .
| | | | | | =
-3 -2 -1 0 1 2 3 @

Winter NAO (NDJFM) index

Fig. 9. Samples S1 to S10. Number of floods in a hydrologic year divided by the mean number,

/1,(/1 of all the mean daily flow samples plotted together against the winter NAO (NDJFM) index
of year k.
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