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ABSTRACT: The distribution of outliers is used as a tool for finding the extreme value distribution of meteorological
parameters and to provide return values for large return periods from short records. Its potential is demonstrated for five
cases. For extreme winds in the Northern Hemisphere (NH) the method shows that appropriately transformed annual
maximum wind speeds can be described by a Gumbel distribution; for extreme waves it rejects the proposed adoption of
an exponential distribution and points to a Gumbel distribution; for extreme daily European precipitation R it confirms the
theoretically predicted value k = 2/3 in its Weibull distribution and it also justifies the application of the Gumbel distribution
to R?* up to return periods of about 50000 years; for seasonal precipitation in the Netherlands it highlights enhanced
extreme precipitation in the coastal area in December-January-February (DJF) and failure of the k = 2/3 hypothesis
outside June-July-August (JJA); for sea levels in the Southern North Sea it points to the Gumbel distribution and provides
improved estimates for the 10*-return value of the sea level at coastal stations, which is elaborated for the Dutch tidal
station Scheveningen. Copyright © 2009 Royal Meteorological Society
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1. Introduction

Much scientific research has been done on finding the best
estimates of weather (related) extremes, like precipitation,
wind speed, sea surges (e.g. Cook 1982; Koutsoyiannis
2004a; Van den Brink et al. 2004b), as well as other geo-
physical hazards, like earthquakes or tsunamis. An impor-
tant issue in any of these studies is the choice for the dis-
tribution to be made to fit the observed extremes. Mostly,
the generalized pareto distribution (GPD) is applied to the
(independent) exceedances over a high threshold, or the
generalized extreme value (GEV) distribution to annual
maxima. However, estimates of high return values depend
strongly on the value of the shape parameter of these
distributions, which is hard to estimate with sufficient
accuracy from the observational records. A method to
bypass the problem is to try to lengthen the observational
series by means of combining. This approach is applied
by Van den Brink ef al. (2005) by treating the sequence
of operational seasonal ECMWF (European Centre for
Medium-Range Weather Forecasts, Reading UK) fore-
casts as observational series of the current climate. It also
forms the basis of the regional frequency analysis, where
spatially homogeneous records are combined to reduce
the statistical uncertainty (Buishand 1991; Hosking and
Wallis 1997).
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In an earlier article (Van den Brink and Konnen 2008)
we developed an alternate approach to the problem. It is
based on the empirical distribution of the highest value in
an observational series (the ‘outlier’). The method pro-
vides a diagnostic whether extrapolation to high return
values is justified, and is able to yield an estimate of
that return value with a higher precision than the tradi-
tional methods. By applying the method on the ERA40
wind data, we illustrated (Van den Brink and Konnen
2008) the potentials of that approach showing that the
transformed ERA40 extreme wind speeds over the North
Atlantic area are well described by a Gumbel distribution
up to return periods of 10* years.

As an elaboration of Van den Brink and Konnen
(2008), we here apply the same method to five quantities
related to severe weather events. First, to extreme ERA40
wind speeds over the Northern Hemisphere. Second,
to extreme significant ERA40 wave heights over the
Northern part of the Northern Hemisphere (NH). Third, to
extreme daily precipitation in Europe, using the ECA-D
dataset (Klein Tank et al. 2002). Fourth, to extreme daily
precipitation in the Netherlands. Fifth, to extreme surges
in the Southern North Sea, by merging observations
with data generated by the WAQUA surge model (de
Vries 2000) driven by the ECHAMS5-MPI climate model
(Jungclaus et al. 2006).

This paper is structured as follows: Section 2 describes
the theoretical framework; Section 3 gives some remarks
about the interpretation of the theory; Section 4 describes
the extreme value analysis of the applications mentioned
and Section 5, the discussion and conclusions.
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2. Theory

In this section we present a short outline of the theory. For
a more general formalism, reference is made to Van den
Brink and Koénnen (2008), who gives a slightly different
derivation. The Appendix proves the equivalence of the
two derivations.

The probability of an extreme event can be expressed
in its return period 7'

1
T =

=T_7F (1)

with F the cumulative distribution function of the annual
maxima of the variable y. The probability that a 7T-year
event yr happens to occur in a certain year is given by:

1 1
Pr(y>yr)=1—F(yT)El—(1——)= 2)

T) T
The value of yr is called the return level or the return
value. The probability that a T-year event happens to

occur at least once in a m-year period is (assuming
independence):

1 n
Pr(y, > yr) = 1 — F(yp)' =1 — (1 _ ?> )

in which y, is the highest value (the outlier) in a n-year
period. It then follows:

1 n
Pr(y, <yr) = (1 - ?>

—In(Pr(y, < yr)) =-—nln (1 — %)

—In(—In(Pr(y, < y7))) = —1n (—ln <1 - %)) — In(n)

)
If we define:
1
AXr =—1In (—ln <1 - ?>> — In(n) (5)
then it follows:
Pr(y, < yr) = G(AX7) (6a)
in which G is the standardized Gumbel distribution:
Gix)=e* (6b)

For all practical situations, Equation (5) can be approxi-
mated by:

AX7 Z1n(T) — In(n) @)
Van den Brink and Konnen (2008) gives a graphic
visualization of Equation (6), showing how the horizontal
‘distance’ on a Gumbel plot between the plotting position
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of the highest event in a record and its theoretical
distribution is Gumbel distributed.

3. Interpretation

Here, we summarize some of the practical aspects of
Equation (6).

1. Equation (6) is exact if and only if F'(y) is known.
In practical situations, F' has to be empirically deter-
mined. Then, F is assumed to be of a certain
distribution-type F, and its parameters 0 are esti-
mated from the data. Given that situation, Equa-
tion (6) can serve as a goodness-of-fit measure for F,
as a wrong choice for Fﬁ results in a wrong estimate
of AX, (denoted as AX,) and hence in A)A(n being
not Gumbel distributed. Note that no free parame-
ters are left in Equation (6). We refer to Van den
Brink and Konnen (2008) for the influence of sam-
pling effects on the distribution of AX,.

2. Equation (6) becomes of practical relevance in the
case that multiple records are available, as every
record ends up with a single value of AX,. Combi-
nation of all values of AX, enables to test whether
they are Gumbel distributed, and thus whether the fit
to the data is appropriate for extrapolation. See Van
den Brink and Konnen (2008) for a summary of the
interpretation of the statistical distribution of AX,.

3. Equation (6) focuses on the highest event in a
record, and is thus especially of interest for the
analysis of extremes, and for extrapolation purposes.
Although not necessary, it is often convenient to
use one of the extreme value distributions for F.
In that case, Equation (6) represents the application
of extreme value theory twice: first by bringing
F to one of the extreme value distributions, and
then by bringing AX, to the standardized Gumbel
distribution (Equation (6b)).

4. While the standard goodness-of-fit tests are focused
on testing how well the fit behaves in interpolation,
this method focuses on extrapolation, which is much
more appropriate in extreme value analysis.

5. For convenience, we assumed in Equation (1) F to
be the distribution of the annual maxima. However,
the derivation by Van den Brink and Konnen (2008)
shows that Equation (6) holds for any arbitrary
parent distribution.

6. In case of applying the method to time series of
a given element observed on different locations,
the first step is usually in the time domain and
the second step in the spatial domain. In case of
application to one single time series, the second step
can be achieved by splitting the record into multiple
(independent) shorter records and then by bringing
the set of AX, of the sub-series to the standardized
Gumbel distribution.

7. Equation (6) is valid for every F(y) and n, as
it analyses the probability of occurrence of the
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observed highest event (its ‘exceptionality’) and not
its value. This implies that the records on which the
method is applied, neither need to run simultaneously
in time (like in gridded data) nor need to be of equal
length. Also, records of different distributions (e.g.
for land and sea or tropics and extratropics) could be
combined.

8. The method can thus be considered as a pooling
technique on the frequency of the variable (which
is more general than pooling on its amplitude).

9. Special attention has to be paid to obtain indepen-
dent values of AX,, as required by Equation (3).
The method has no restrictions due to statistical
(in)dependence of the elements in the underlying.
records, as it only requires that the events that deter-
mine the values of A)A(n, i.e. the most exceptional
events in every record are independent. In case
of meteorological-related events this is guaranteed
when the most exceptional events originate from dis-
tinct meteorological systems. A simple criterion is
to require a minimum temporal interval between the
dates that these events occurred. If an extreme event
determines A)A(n for multiple records, then the event
should be considered only at its most exceptional
moment, i.e. only that record where the event has the
highest (estimated) return period. In the case of spa-
tially distributed time series (like gridded data) where
the area of interest is very large, one can require that
either the time interval exceeds a certain threshold, or
the spatial distance is large enough. These thresholds
depend on the variable of interest: extreme hourly
precipitation will have a much smaller spatial and
temporal correlation than daily temperature extremes.
In the first situation, a time interval of 1 day or a
spatial distance of 500 km will satisfy, whereas for
temperatures, a time interval of 14 days or a distance
of 2000 km will be more appropriate. Too large val-
ues for these thresholds only marginally influence
the empirical distribution of AX,, as the probability
that multiple independent record extremes happen to
occur within the time interval is very small.

10. The largest value of A)A(n in a set of records does
not necessarily imply that it also corresponds to the
highest event in that set but that, in the perspective of
the location-specific climatologies, the event is most
exceptional to occur in the given n-year period.

11. The analysis of the distribution of A)A(,l can be
performed by plotting the ordered values of AX,,
which is expressed in Gumbel-variate units, for m
independent records on a Gumbel plot. In such a
representation, AX, should be at the ordinate and
the Gumbel-variate-transformed m at the abscissa.
Note that m in this case represents the number of
records, and not the number of years in a record. The
distribution of AX, can thus easily be compared with
the theoretical distribution (Equation (6b)), which
is represented by the diagonal on such a Gumbel-
Gumbel plot.

Copyright © 2009 Royal Meteorological Society

12. If the m values are Gumbel distributed according to
Equation (6b), it can be concluded that the assump-
tion about the type of F is confirmed, and that the
extrapolated fit of Fy is unbiased for all m records,
up to return periods of > ;" n; years, i.e. the total
number of years in the m records.

13. While a Gumbel plot of AX » gives information about
its statistical properties, a spatial representation of
the values of AX » informs about the areas where the
assumptions about F' may fail. If low (or high) values
of A}A(,, are clustered in certain areas, this indicates
that the assumptions about F fail for its extremes.
(e.g. over sea, over mountains or latitude-bounded)

14. The method indicates whether the fitted distributions
lead to systematic biases in the extrapolation or not,
but do not provide information about the statistical
uncertainty in the estimate of extreme return values.

4. Five Applications
4.1.

In our work Van den Brink and Konnen (2008), we
showed that the ERA40 annual extreme wind speed u
over the North Atlantic area is Gumbel distributed if u* is
fitted instead of u, with k the locally determined Weibull
shape parameter — a hypothesis originally put forward by
Cook (1982). Here we extend this analysis to the entire
NH (latitude >10°N).

We use the 44 annual maxima for every grid point of
the 10 m wind speed from the ERA40-dataset (Uppala
et al. 2005) for the period 1958-2001. The T159 res-
olution is interpolated to a spatial resolution of 1° for
the whole NH. Note that inhomogeneities in the wind
may exist (especially on the Southern Hemisphere, Wang
et al. 2006).

We calculated the Weibull shape parameter k from the
upper 36% of all 6-hourly wind speeds for every grid
point on the NH, fitted a Gumbel distribution (using max-
imum likelihood estimation, MLE) to the annual maxima
of u*, and calculated A)A(,, according to Equation (5).
Then the NH was subdivided into 24 boxes, each of size
20° in latitude and 60° in longitude (Figure 1).

We required a minimum interval of 3 days between the
1200 outliers in each box in order to ensure mutual inde-
pendence. This yielded 11 up to 256 independent values
of AX,, depending on the box. The Gumbel plots of
the distribution of AX, for every box are included in
Figure 1, together with the positions of the largest out-
liers. The size of the circles corresponds to the value of
AX,.

Figure 1 shows that outside the tropics (latitude
>30°N), the assumption that the extremes of u* can be
described by a Gumbel distribution is confirmed, but that
in the tropics the assumption fails. The kinks in the Gum-
bel plots of AX, in that region can be attributed to the
occurrence of tropical cyclones, which generate a second
population in the distribution of extreme winds (Van den
Brink et al. 2004a).

Extreme NH wind speeds
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4.2. Extreme waves

Caires and Sterl (2005) present global estimates of 100-
year return values of significant wave heights, based
on the ERA-40 reanalysis data. Their calculation of
return values is based on the peaks-over-threshold (POT)
method, with a threshold on the 93% level of all
6-hourly data. They conclude that ‘the large amount
of data used in this study provides evidence that the
distribution of significant wave height belongs to the
domain of attraction of the exponential’. Here, we test
this conclusion by calculating the distribution of A X, for
the waves in the 1958-2000 period between 30 and 70 °N.
To ensure independence in the set of calculated values of
AX, we required each pair of outliers with a mutual
distance less than 7500 km to be separated by more than
4 days (>96 h). This selection procedure results in 192
independent values for A)A(,l, representative for a total of
192 x 43 = 8256 years.

Figure 2 shows the Gumbel plot of the 192 indepen-
dent Yalues of AX,, for three choices of the distribu-
tion F: an exponential distribution (using L-moments,
like in Caires and Sterl 2005), a GEV and a Gumbel
distribution (using MLE). It shows that the exponen-
tial fit clearly underestimates the distribution of AX,,
and thus overestimates the extremes. According to Equa-
tion (7), the average ‘distance’ A}A(,, between the highest
event in a 43-year record and the 100-year return value
should be In(100) — In(43) = 0.84. Instead, the estimated
value AX, = 0.84 corresponds in Figure 2 to a theoret-
ical value AX, = 2.04, i.e. a return period of 330 years
(Equation (7)). Fitting a GEV distribution leads to under-
estimation of high values of AX,,, a general feature of the
GEV distribution, see Van den Brink and Kénnen (2008).

number of independent grid points

2 5 10 100
© T T T T T T T
—®— Gumbel to annual maxima
v}l —®— GEV toannual maxima
—@— exponential to POT
<l theory
(Y) -
N -
c
<X
< -
O -
‘T -
oL
I
1 1 1 1 I 1 1 1

| —3

3 2 -1 0 1 2 3 4 5 &6
Gumbel variate

Figure 2. Gumbel plot of the statistical distribution of AX, for the
significant wave heights in the 1958-2000 period between 30 and 70 °N
for three assumed extreme value distributions of the wave heights
(Gumbel, GEV and exponential). Assuming them Gumbel distributed
performs best. The exponential to POT is the distribution applied by
Caires and Sterl (2005). POT stands for peak-over-threshold.

Copyright © 2009 Royal Meteorological Society

However, fitting a Gumbel distribution to the annual max-
ima gives good results for the distribution of A)A(,l. This
result is in accordance with Bouws et al. (1998) who state
that “The Fisher-Tippett Type I (i.e. Gumbel) distribution
often seems to give a good fit to 3-hourly data from the
North Atlantic and North Sea” (p. 106).

We conclude that the proposal of Caires and Sterl
(2005) to use an exponential distribution for the distri-
bution of extreme wave heights must be rejected. The
consequence of using a Gumbel distribution instead is
that the 100-year return values become on average 15%
lower than the values of Caires and Sterl (2005).

4.3.

Wilson and Toumi (2005) argue on theoretical grounds
that the extreme precipitation R is Weibull distributed:

k
Pr(R<r)=1-—exp |:— <RL> j|
0

with the shape parameter k& equal to 2/3. Analogously
to the argument that justifies the transformation of the
wind speed in Section 4.1, this implies that R%*? is
exponentially distributed, with a fast convergence of its
normalized maxima to the Gumbel distribution.

We extracted daily precipitation of 2482 European
stations from the ECA-D dataset Klein Tank et al. 2002
of different lengths running in the period 1951-2008. We
required that the records are more than 20 years in length.
This leads to 2147 records with a total of 88470 annual
maxima. We fitted a Gumbel distribution to the annual
maxima of R%*? for the 2147 records (using MLE), and
calculated A)A(,, according to Equation (5).

To ensure independence in the set of calculated values
of AX, we required each pair of outliers with a mutual
distance less than 1000 km to be separated by 2 or more
days. This leads to 1379 independent values for AX,,
representing a total of 56261 years. The Gumbel plot
of the 1379 independent values of AX, is shown in
Figure 3, together with the locations of the stations used.
Only the 1379 mutually independent stations are shown.
The colours correspond to the values of A}A(n.

Figure 3 shows that the distribution of AX, corre-
sponds well with theory, which confirms the assumption
of Wilson and Toumi (2005) that extreme precipitation is
Weibull distributed with shape parameter k = 2/3 up to
return periods of about 50 000 years.

The highest AX,, value of 10.02 is found in the 1974-
2005 record of Meknes, Morocco (5.53°W, 33.88°N) on
24 October 1977, with 249.9 mm. Its estimated return
period of 584 500 years has a probability of almost 10%
to occur within 56261 years. Note that the precipitation
amount of this event is only the 25th highest in the whole
record, but nevertheless the most excep}ional event given
its climatology (i.e. its distribution Fj) and its length
n of 26 years. The even higher value for AX, that is
present in the set (10.89 for the 204 mm event in Lien
i Selbu, Norway on 17 March 2003, with an estimated

Extreme precipitation rates in Europe

®)

Int. J. Climatol. (2009)
DOI: 10.1002/joc



H. W. VAN DEN BRINK AND G. P. KONNEN

1 [ 1 [ 1 [ 1 [ 1 [ 1 [ 1
70°
e-25 -15 -05 05 15 25
65° ° 1
~.
60°
10 ) N N Y N N N Y O v |
9 ° -
o 8 -
55 8 C
[ C
e C
4 - -
50° 3 -
5] C
7] C
o] C
4 C
> C

45°
LI
-2-10

40°

35° I
30°

25° 1 day sums, annual maxima of R i’s
5 GEV sha p e p arameter =0 ‘ ‘
20° 0 — — — — — [ [ — — N
310° 315° 320° 325° 330° 335° 340° 345° 350° 355° 0° 5° 10° 15° 20° 25° 30° 35° 40° 45° 50°

Figure 3. Gumbel plot of the statistical distribution of AX, and the spatial distribution of AX, for the annual maximum 1-day precipitation

sums R, obtained by fitting a Gumbel distribution to R%/3 to the 2147 records of the ECA-D dataset (1951-2008). The colour coding in plot

and map indicate the magnitude of AX, and relate the points on the graph with their positions on the map. Only the 1379 independent values
of AX, (out of 2147) are shown.

return period of 2.8 x 10° years) showed after detailed
inspection to be erroneous.

Our conclusion, above, that the (transformed) precipi-
tation is Gumbel distributed, seems to be contradictory to
many papers that state that precipitation is heavy tailed
(e.g. Koutsoyiannis 2004b, and references therein), i.e. is
distributed according the GEV distribution with its shape
parameter 6 > O:

_ ~1/0
GEV(y) = exp {— [1 +o <¥)} } )

The answer can be found in the work of Furrer and
Katz (2008), who give an expression for the GEV shape
parameter if the GEV distribution is used as a pen-
ultimate distribution for normalized maxima from the
Weibull distribution:

1—k
kIn(i)

=~

10)

with k the Weibull shape parameter, and i the number of
independent events in a year or season.

To compare both approaches, we also fitted a GEV dis-
tribution to R itself, assuming the GEV shape parameter
to be constant over Europe, and estimated its value by
iteratively fitting a GEV distribution to all 88470 annual
maxima (normalized by the local estimates of the location

Copyright © 2009 Royal Meteorological Society

and scale GEV parameters, see Buishand 1991, Appendix
A for details). This yields a value for 6 of 0.1008, in
good agreement with literature (e.g. Gellens 2002) and
consistent with the value according to Equation (10) for
k=2/3 and i = 150. .

Figure 4 shows that the distribution of AX, obtained
by fitting a GEV distribution to R with a constant shape
parameter of & = 0.1008 to the 2147 records, is as good
as in the case that a Gumbel distribution is fitted to
R?*73 (Figure 3). This empirically proves that the GEV
distribution with Equation (10) can indeed (Furrer and
Katz 2008) serve as a very good pen-ultimate distribution
for the Gumbel distribution.

Figure 5 shows the Gumbel plot for the 1951-1998
record of Mont-Aigoua, France (44.1 °N, 3.583 °E), which
is the record with the highest absolute precipitation
amount in the ECA-D dataset, namely 520 mm on 24
February 1964.

The fits are the Gumbel distribution to R%3, the GEV
distribution to R with the shape parameter fixed to
6 = 0.1008 and the GEV distribution to R. The values
for AX, of 1.05, 1.94 and 2.15, respectively, indicate
a return period of the largest event of 137, 335 and
413 years, depending on which of the three respective
fits is adopted. The vertical axis is linear in R*/3, which
transforms the GEV fit with shape parameter 0.1008
almost into a straight line. The GEV fit with a fixed
shape parameter and the Gumbel fit are almost similar,

Int. J. Climatol. (2009)
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Figure 4. Comparison of two Gumbel plots of the statistical distribution

of the 1379 independent values of AX, over Europe for the annual

maximum 1-day precipitation sums R. Red: as obtained when a Gumbel

distribution is fitted to R (identical to the Gumbel plot in Figure 3).

Blue: as obtained by fitting a GEV distribution with constant shape
parameter 6 = 0.1008 to R.

both in the estimates and in the uncertainty ranges. They
outperform the GEV fit with a free shape parameter,
which is too sensitive to the outlier.

In most practical cases fitting a Gumbel distribution to
R?/3 will thus be preferred over fitting a GEV with fixed

shape parameter to R, as the more symmetrical confi-
dence intervals of the former leads to better estimations
of the upper confidence interval of extrapolated return
values.

4.4. Extreme precipitation in the Netherlands

We applied the GEV distribution with fixed shape param-
eter to 1-day precipitation maxima to the four seasons
separately, using 294 station records in the Netherlands
with a length of at least 20 years. The total sets con-
tains 16 524 years and covers the period 1906-2007. The
records can be downloaded from http://www.knmi.nl/
klimatologie/monv/reeksen/. The GEV shape parameter
is fixed and is like before empirically determined.

To ensure independence in the set of calculated values
of AX,, we required each pair of outliers to be separated
by 2 or more days.

Figure 6 shows the following features:

e The JJA 1-day precipitation maxima are well described
by a GEV distribution with a fixed shape parameter
of 0.109. This value is almost the same as the value
derived from the ECA-D dataset and is in accordance
with the k = 2/3 Weibull shape parameter predicted
by Wilson and Toumi (2005). The distribution of the
119 independent values of AX,, representing a total of
6672 JJA maxima, closely coincides with the diagonal
of the Gumbel-Gumbel plot (Equation (6b)).

e The fixed GEV shape parameter for DJF is almost
zero. This deviates considerably from the value of
0.1 expected for a Weibull shape parameter k = 2/3.

return period [years]
2 5 10 25 50 100 108 104
T T T T T T T T T T T T
1500
1250
= 1000
© —
°
€
E 750}
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c
k]
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Figure 5. Gumbel plot for the annual maximum 1-day precipitation sums R in Mont-Aigoua, France (1951-1998). The fits are the Gumbel

distribution to R%3 (red), the GEV distribution with & = 0.1008 to R (blue), and the GEV distribution with free shape parameter (green). The

vertical axis is linear in R%/3. The largest observed 1-day amount (520 mm) is indicated by a dashed horizontal line. The horizontal distances of

the maximum observed value to the three fits (the magnitude of A)?,,) of 1.05, 1.94 and 2.15 indicate return periods of this event of 137, 335
and 413 years, respectively. The vertical bars indicate the 95% confidence intervals. The green bar runs till R = 2361 mm/day.

Copyright © 2009 Royal Meteorological Society
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Figure 6. Gumbel plot of the statistical distribution of AX, and the spatial distribution of AX,, for the 1-day precipitation sums for the Netherlands

in MAM, JJA, SON and DJF (1906-2007). The colour coding in plot and map indicate the magnitude of AX, and relate the points on the graph

with their positions on the map. The independent values of AZX, are shown in colour; the dependent values are indicated by the open circles.

The number of independent values m is indicated for each season. The total number of stations is 294; the closed circles in the DJF graph are
the 178 stations where the event on 4 December 1960 caused the outlier.

This suggest that the conditions behind the Wilson and
Toumi (2005) formula are violated. We speculate that
this failure is related to the absence of deep convection
in winter, combined with the lack of orographic forcing

in this flat country.

e The DJF maxima are much more spatially correlated
than the JJA maxima, with only 30 independent values

Copyright © 2009 Royal Meteorological Society

of AX,, representing 1562 years. This reduction can
be attributed to the fact the DJF maxima are due to
large-scale precipitation, with a larger spatial correla-
tion than the convective precipitation that causes the
JJA maxima. The precipitation on 4 December 1960
caused the record extreme for 178 stations (indicated
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Figure 7. Gumbel plot of the statistical distribution of AX, and the spatial distribution of extreme sea levels in the southern North Sea,

generated by the WAQUA surge model coupled to the ECHAMS/MPI-OM GCM. The colour coding in plot and map indicate the magnitude

of AX,, and relate the points on the graph to their positions on the map. The total number of stations is 969; only the 204 independent
values of A)A(n are shown.

by the filled black circles in Figure 6), with a maxi-
mum amount of 83.9 mm in Joure (5.82°E, 52.98°N).
This event also caused the highest AX, value of
8.95 in Den Helder (4.75°E, 52.97 °N) with 83.3 mm.
Its estimated return period of 5 x 107 years is very
unlikely to happen in a 1562-year period, and hints
on underestimation of the DJF extremes by a GEV
distribution with fixed shape parameter and hence on
rejection of the Wilson and Toumi (2005) hypothesis.
Evaluation of the DJF 1-day precipitation extremes in
the ECA-D dataset (1379 independent values, figure
not shown) leads to the same conclusion; due to the
larger dataset the deviation of the most extreme out-
liers from the diagonal in the Gumbel-Gumbel plot is
more pronounced. The outlier in the plot in Figure 6
suggests that our method is able to detect this bias in a
dataset consisting of as few as 30 independent values.

e The independent values of AX, in DJF are clustered
in the coastal zone. The coastal clustering can be
attributed to the relatively warm sea and the cold
land, resulting in nocturnal convection over sea which
occasionally affects the coastal zone.

e The MAM and SON seasons show a mix of summer-
and winter features, which is apparent in values of the
GEV shape parameter that are in between the summer
and winter values. It is also be read from the Gumbel
plots of A}A(,, as the dots in them less perfectly follow
the diagonal, particularly in SON.

4.5.

In the ESSENCE project (Sterl etal. 2008) the
ECHAMS/MPI-OM climate model (Jungclaus et al.
2006) has been used to simulate the climate from 1950 to
2100, assuming future greenhouse gas concentrations to
follow the SRES A1b scenario (Nakicenovic et al. 2000).
Winds and sea level pressures from 17 integrations are

Extreme sea levels
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used to drive the WAQUA/DCSM98 surge model (de
Vries 2000). This results in 17 independent records of
150 years for 19 stations. For details we refer to Sterl
et al. (2009). Here we test the assumption whether the
GEV shape parameter can be taken to be constant for
the 19 available stations. We found an optimal value
of —0.005, i.e. practically equal to zero, which means
that a Gumbel distribution performs best for extrapola-
tion purposes. We divided the 17 records in subsets of
50 years, resulting in 3 x 17 x 19 = 969 values of A)A(,,.
We required a minimum time interval between indepen-
dent events of 3 days, resulting in 204 independent values
of A}A(n, resembling a dataset of 10200 years. Figure 7
shows the distribution of A)A(n, as well as the locations
of the outliers. It shows that fitting a Gumbel distribu-
tion results in very good agreement with theory, i.e. in
unbiased estimates up to return periods of 10* years.

We checked this result with observations from 30
stations along the Dutch coast, with a total length of
1832 years, running within the period 1851-2007. In
order to reduce sampling effects in the distribution of
AX,, long records were split into sub-series of at least
20 years, leading to 78 (sub)series. The distribution
of AX, is given in Figure 8, which shows that the
19 independent values agree very well with theory,
confirming the result of Figure 7 to return periods of at
least 400 years.

The Gumbel plot of the 1896-2005 record of observed
water levels at Scheveningen is shown in Figure 9. This
record gives the highest value of A)A(,,. Although the GEV
and Gumbel fits are almost similar, the application of the
Gumbel distribution results in a considerable reduction
of the uncertainty for high return periods. The Gumbel
fit gives a 17 cm higher 10*-year return level, but has a
four times smaller 95% confidence interval than the GEV
fit. The estimated return period of the 1953-disaster (the
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Figure 8. Gumbel plot of the statistical distribution of AX, of extreme

sea levels along the Dutch coast. The period covered is 1851-2007;

the 30 available records are split into 78 sub-series. Only the 19
independent values of AX, are plotted.

highest observation in the record) is 455 years (A)A(,, =
1.47, probability of 23% to occur in a 105-year period)
according to the Gumbel fit, and 602 years (AX, = 1.75,
probability of 17%) according to the GEV fit.

5. Discussion and Conclusions

We have developed and explored a new tool for extreme
value analysis, i.e. the evaluation of the distribution
of the probability of outliers AX, in observational
series. It is proved that this distribution should obey
the standardized Gumbel distribution. The absence of
adjustable parameters in the AX, distribution causes
empirical analysis of this distribution to be a powerful

instrument for verifying whether an adopted distribution
to the (annual) extremes of a series is justified. The
availability of this tool enables the calculation of large
return values with a higher accuracy than hitherto seen.

We tested in five examples the potential of this tool
on a variety of meteorological-related problems, which
encompasses extremes of precipitation, wind speed,
waves and surges. In all cases, it is found that the method
is able to reject or accept the choices of the adopted
(extreme value) distributions or to minimize the num-
ber of free parameters in them. Additionally to that, the
method also turns out to be able to identify special fea-
tures, like coastal effects or second populations in the
distribution of extreme events.

The method can equally well be applied to results
from more advanced statistical techniques (for instance
to take dependence and/or non-stationarity into account)
than the currently used classical extreme value theory, as
the method only uses the ‘distance’ between the highest
observation and its estimated return period for validation.
The (more or less advanced) way how this estimate is
obtained is not relevant in our method.

An interesting application might be to use several
(advanced) techniques to minimize the statistical uncer-
tainty in estimates, and then to use the current method
to determine possible systematic biases. In this way, an
optimal balance can be found between the systematic bias
and the statistical uncertainty in the estimates of large
return values from short observational time series.

The results of this paper lead us to believe that the
method offers an effective and very robust instrument for
extreme value analysis that is applicable to a much wider
range of problems than yet explored. These may include
risk analysis due to non-meteorological hazards such as
earthquakes and maybe even to problems in fields outside
geophysics. With this in mind, we believe that the present
analysis represents only a first step in exploring the full
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Figure 9. Gumbel plot of the annual maxima of the sea level at Scheveningen (1896-2005), the Netherlands. Shown are the fits according to a
Gumbel (red) and a GEV distribution (blue). The vertical bars indicate the 95% confidence intervals.
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potential of this kind of method in extrapolating, selecting
and empirically verifying the shape of the distributions
of extreme events and for investigating the properties in
its far tail.
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6. Appendix

The derivation in Section 2 uses the return period T
as the basic variable, while Van den Brink and Konnen
(2008) use the highest observed value y, in a n-year
record as starting point. The first evaluates AXr, i.e.
the probability that a T-year events happens in n years,
whereas the second considers A X, i.e. the return period
T for the highest event y, in n years. Here we show the
equivalence of both approaches.

In order to transform Equation (6) into Equation (11)
of Van den Brink and Konnen (2008), we use that F'(y)
and — In(— In(F)) are monotonic functions:

Pr(y, < yr) = G(AX7) (A.1)
Pr(F(y,) < F(yr)) = G(AXr) (A.2)
Pr(—In(—In(F (y,))) < —In(—=In(F(y,))) = G(AX7)

(A3)

Subtracting In(n) on both sides of the sign < gives:

Pr(—In(—In(F (y,))) — In(n) < —In(—In(F (y,)))
—1In(n)) = G(AX7) (A4)
Using the definitions of AX,, (Equation (11) of Van den

Brink and Konnen 2008) and AX7 (Equation (6) of the
present paper):

AX, = —In(=1In(F (y,))) — In(n) (A.5)
AX7 = —In(=1In(F(yr))) — In(n) (A.6)
gives:
Pr(AX, < AX7) = G(AXr) (A7)
Substituting x for AXy gives:
Pr(AX, <x)=G(x) (A.8)

Copyright © 2009 Royal Meteorological Society

which shows that Equation (6) of the present paper and
Equation (11) of Van den Brink and Konnen (2008) are
equivalent.

The probability that a T-year events happens in n
years (i.e. the AX; formulation) is commonly used in
risk analysis, whereas the return period of the outlier
(i.e. the AX, formulation) is easier to apply in practical
situations.
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