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Abstract. The low-lying Netherlands is at risk from multi- 1 Introduction
ple threats of sea level rise, storm surges and extreme river _
discharges. Should these occur simultaneously, a catastropdel ~Storm surge barrier closure

will be at hand. Knowledge about the likelihood of simulta- ) i , ,
neous occurrence or the so-called “compound effect” of suchl Ne low-lying Netherlands is at risk from multiple threats of

threats is essential to provide guidance on legislation for dike>¢2 |€Vel rise, storm surges and extreme river discharges. The

heights, flood barrier design and water management in genlylaeslant storm surge barrier near Hoek van Holland, built
eral. to protect the densely populated Rotterdam area, closes au-

In this study, we explore the simultaneous threats of Northtomatically when the water level is predicted to exceed the
Sea storm surges and extreme Rhine river discharge for thAP (Amsterdam Ordnance Datum) sea level by more than
current and future climate in a large 17-member global cli-3 M at Rotterdam and/or 2.90 m at DordredBegrse2010.
mate model ensemble. We use a simple approach, takin he water level depends on both sea conditions (tide and

proxies of north-northwesterly winds over the North Sea and®U"9€) and the Rhine river discharge. In the event of an ex-

multiple day precipitation averaged over the Rhine basin foriféme discharge alone, the barrier should remain open to pre-
ent the damming of excess water. In the case of an extreme

storm surge and discharge respectively, so that a sensitivityf® s ’ -
analysis is straightforward to apply. By investigating soft ex- joint even.t, the barrier W!|| be re-opened if the water level at
tremes, we circumvent the need to extrapolate the data ant!® landside becomes higher than the water level at the sea-
thereby permit the model’s synoptic development of the eX_slde, and the_ risk th_at water It_'—.\vels will not be n_"namtamed at
treme events to be inspected. a safe level in the tidal area is acc_eptgd (F. Diermanse and
Our principle finding based on the climate model data isC- P M- Geerse, personal communication, 2013).

that, for the current climate, the probability of extreme surge
conditions following extreme 20-day precipitation sums is
around 3 times higher than that estimated from treating €x—rhe pytch coast is at risk from storm surges when strong
treme surge and discharge probabilities as independent, §¢,, or northwesterly winds are present over the North Sea,
previously assumed. For the future climate (2070-2100), theyg hese wind directions have the largest fetch. The meteo-
assumption of independence cannot be rejected, at least ngfgical situation leading to these conditions and present in
for precipitation sums exceeding 7 days. the highest observed/gn den Brink et a].2004 and mod-

elled (Van den Brink et a].2004 Sterl et al, 2009 surges is

a large-scale depression centred over or near southern Scan-

dinavia. The largest modelled surge was accompanied by 3-

hourly winds in excess of 45kn (23 mY over the North

Sea Gterl et al, 2009.

1.2 Surge-favourable meteorological situation

Published by Copernicus Publications on behalf of the European Geosciences Union.



2018 S. F. Kew et al.: Simultaneous occurrence of surge and discharge extremes

1.3 The independence assumption and reported related
research

HKV consultants, a Dutch independent company providing
consultancy services and research in water and safety, state
in Geersg2013 that “In determining the hydraulic bound-
ary conditions for tidal rivers it has been assumed, until now,
that storm surges at Hoek van Holland and Rhine discharges
at Lobith are uncorrelated. The assumed lack of such a corre-
lation is based on research from the sixtiBe Quay 1967,

Van der Made1969” (our translation). The probabilities of
surge and discharge were therefore assumed to be indepen-
dent at the time of the Maeslant barrier’s construction. How-
ever, a change to the assumed probabilities of simultaneous
surge and discharge extremes, would probably not have af-
fected the design for the barrier, but it would have implica-
tions for the dikes that the barrier protects (F. Diermanse,
Deltares, personal communication, 2013).

The probabilities of the storm surges and high Rhine dis-
charge are thus often treated independently, assuming that the
correlation between them is small, but the issue of indepen-
dence is still under debate. It received renewed attention after
a recent simultaneous surge and extreme discharge event on
5-6 January 2012. Leading up to this event, a westerly flow
regime with an anomalously high North Atlantic Oscillation
(NAO) index (the 3-month running mean reached the highest
since spring 1992), had brought a succession of precipitatin
systems over the Netherlands. In December 2011, twice th%_ . A "
normal monthly precipitation sum was recorded in the North (9t 9réy shading) and assess the North Sea wind conditions

. . favourable for surges (dark grey shading). Numbered boxes indi-
of the Netherlands, and during th.e first \{veek of J.anuary, 50_cate the configurations used for sensitivity testing in S2ét.
90 mm fell in 5 days — an event with a 1-in-5 to 1-in-20 yr re-
turn period (R. Sluijter, personal communication, 2012). The

final storm with northwesterlies in its wake generated a h|ghF|g 1) using an empirica”y tuned Simp'e water ba|ance equa_
North Sea surge. Maeslant barrier closure came into discusijon, accounting for large-scale and convective precipitation,
sion (but was not realised) and the surge prevented sluicegyaporation and snow accumulatiova den Brink et al.
in Friesland and Groningen from diSCharging to the sea f0r2005 Eq 4) The h|gh_t|de surge was calculated fo”owing
5 consecutive tidal cycles and 8 in total (K.-J. Van Heeringen,Eq_ (1) of Van den Brink et al(2004 using the 12 h aver-
Deltares, personal communication, 2012), creating havoc fogged wind speed and direction at a central grid box over the
the waterboards. The uneasiness generated by the assumptiQ@rth Sea and the sea level pressure (SLP) (for the baromet-
of independence stems not only from the risks implied if it is ric pressure effect) at Hoek van Holland.
incorrect, but perhaps also a sense that it is counter-intuitive, van den Brink et al. (2005) took advantage of the large
as both surges and extreme discharge are frequently assogirchive of ECMWF seasonal forecast ensemble runs (1987—
ated with present or recently present synoptic low pressureoo4) to obtain 1570yr of data, which they regarded as in-
systems. We seek to investigate the independence assumgependent due to the ensemble’s low seasonal forecasting
tion and present the results in a way that can be related to theil| for the Netherlands. In this aspect, their study was a
Intuitive expectation. substantial step forward over previous work on joint proba-
The recent study byan den Brink et al(2009, featuring  pjlities (e.g.Van der Made 1969, which had been limited
a short assessment on storm surge barrier closure, finds ng, the very short observational times series of around 50 yr
apparent positive correlation between the amplitude of Northajthough reaching the same conclusion). However, despite
Sea surges and Rhine discharges. Most barrier-closure condhe adequately verified independence of the ensemble runs,
tions in their data were caused by a high surge level and wergney admit that the initialisation period 1987—-2004 might not

relatively insensitive to extreme river discharge. They con-pe entirely representative of the full range of the present cli-
centrated on 20-day precipitation sums accumulated over theate's variability.

Rhine basin and modelled the discharge at Lobith (a station
upstream of the Rhine delta, near the Dutch-German border,

ig. 1. ESSENCE grid cells selected to represent the Rhine basin
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Their conclusion that there is no positive correlation be-reasons behind the strength/weakness of the connection be-
tween the amplitude of North Sea surges and Rhine distween the North Sea wind distribution and precipitation over
charges is drawn from their Fig. 6gn den Brink et al.  the Rhine basin, i.e. the large-scale factors that contribute to
2005, which displays a scatter plot of the water level at Hoek a “joint event”.
van Holland versus the Rhine discharge at Lobith. We note Our results will offer answers to two basic questions:
from the same figure, however, that the spread of sea lev- L . .
els does show some dependency on discharge. For example 1+ Aftér extreme precipitation over the Rhine basin, what
the lowest sea levels are obtained only when the discharge IS the probability distribution of North Sea wind
is also low, and high discharges (limited data) occur only ~ diréction and strength compared with climatology?
with medium-range sea levels. The relationship between the ~ (S€cts3.1-3.4)

extreme discharges and surges could be investigated more, |5 there an enhanced probability of a storm surge after

thoroughly. An examination of the synoptic situation for the a period of extreme precipitation over the Rhine basin?
extreme events would also give insight beyond correlation (Sects3.5-3.6)

statistics into the physical evolution of the scenario and thus
if and how a joint extreme event (simultaneous high dis- After comparing the current climate probabilities with

charge and storm surge) might occur. those for future climate projections (Se8t7), we will dis-
cuss these results in the light of the study\fan den Brink
1.4 Effect of a warming climate et al.(2005 (Sect.4).

Sterl et al. (2009 conducted a study of extreme North
Sea surges by forcing a surge model with meteorolog
ical input from ESSENCE, a 17-member ensemble of
the ECHAMS5/MPI global climate model. They calculated

1.0.000 yr return surge levels and found no statistically sig—A” data used are derived from the ESSENCE data Stetr(
nificant change for the Dutch coast during the 21st cen-g¢ 5 2008 a 17-member ensemble simulation spanning the
tury. Some climate modelling studies suggest there will beyears 1950-2100, generated from the ECHAMS/MPI-OM
an increase in the frequency of westerly winds but ther€qq hieq global climate model. It has a horizontal resolu-
is no support for a change towards more northerly (Surgeyjon of T63 and 31 vertical hybrid atmospheric levels, and is
favouring) winds. The contribution from high river discharge forced by the SRES Alb scenarigdkicenovt et al, 2000.

is not taken into account. Multi-day winter (DJF) precipita- Thea gifferent ensemble members are formed by perturbing

tion extremes are likely to increase in intensieqv et al, e injtial state of the atmosphere, with ocean conditions un-
20113. The combined probability of a storm surge and high changed.

discharge could therefore also change for a warmer climate.
In addition, the number of barrier closures is expected to in-
crease (exponentially) with sea level rise and the duration o
closure will also increasé/an den Brink et a].2005 Kats-
man et al.2017), but we will not look into sea level rise here.

2 Methodology

2.1 Data set and study regions

In keeping with other climatology studies, we use a 30yr
eriod to represent the “stationary” climatic conditions, but
ffectively lengthen the time series to 510yr using the en-
semble of climate model runs. Incidentally, a single 30 yr pe-
riod of observations is too short to conclude anything signif-
, icant about joint probabilities of extreme events. If a longer
1.5 lIdealised approach range of years are used, there is the risk that the “climate”

i ) ) itself evolves. For exampldBuishand et al(2013 present
There are multiple factors affecting both discharge and segomogenized precipitaiton observations from the past 100 yr

level, such as land use and tides. Rather than using dischargaehd show that mean winter precipitation in the Nether-
and surge models to encompass all complexities, we insteaflys increased by about 35 %. Lengthy observational series
take a more idealised approach. We use simple parameteig,q|d not be used directly — the background trend must first

— northwesterly winds over the North Sea and multiple daype removed, introducing further assumptions about the rela-
precipitation averaged over the Rhine basin — as proxies fofy e contribution of climate change at each data point.

surge and discharge respectively. They are calculated Using \yie make use of the first 30 yr period, 1950-1980, to rep-

a large global climate model ensemble which offers & goodiggent the recent past climate, (which we will refer to as the
representation of natural variability. We study the effect of ¢\, rent climate in the remainder of the manuscript) and the fi-

changes to these parameters on the probability of & joinf5| 30 yr period, 2070-2100, to represent the future climate.
event, in order to gain some understanding of the sensitivity, hoth cases, we explore the winter season DJF alone. All
of the results to the choices made. Our objective is not simply,ind variables are derived from daily averages of 10 m zonal

to provide the best guess for the dependence between surgg,§ meridional wind components. Other variables extracted
and discharge but, through investigating a range of conditions, .o daily precipitation, and mean sea level pressure.
and examining the synoptic context, to better understand the
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Note that, within a few weeks, the memory of the initialis-  The default lag between the end of thelay precipitation
ing synoptic configuration is lost. Considering the ESSENCEDblock and the timing of the wind assessment is set at 0, which
baseline simulation starts in January 1950 and the earliess reasonable for multi-day precipitation sums. This is the
data we use is for November 1950 (20 days before 1 Decemlag for which correlation between 20-day precipitation sums
ber) and we select periods that are 30yr long, the storms irand stream flow at Lobith is maximised (about 0.75). For 10-
one ensemble member will be completely unrelated to theday precipitation sums, the correlation is maximised for a lag
storms in another. of 2 days, but is still quite high (about 0.72) for a lag of 0.

Figurelillustrates the regions taken to be relevant for this See Fig. S1 in the Supplement and the related caption for the
investigation and the ESSENCE grid. The Rhine basin is repbackground to these calculations.
resented by a box of 12 grid cells, centred over Germany. Pre-
cipitation is averaged over the box with equal weighting for 2.2 Definitions for extreme discharge and surge
each cell. A total of 9G:-day @ in range from 1 to 20) pre- conditions
cipitation sums are created for every year of every ensemble
member, each ending on a subsequent day of the DJF seasdVe make the following choices to identify extreme dis-
The first 20-day sum thus runs from 12 November—1 Decem-charges and storm surges in the data set. We assume that a
ber and the ninetieth 20-day sum runs from 9-28 Februanhigh discharge occurs if the quantijé (wherex is fixed at
(also in leap years). 99 %) ofn-day basin-averaged precipitation sums denoted by

Wind conditions are assessed within a box over the Northr,, (wheren takes a value in the range of 1-20 days), is ex-
Sea with equal weighting for each grid cell. The bound- ceeded. In subsequent equations and figures, the notgtion
aries of the North Sea box were chosen based on the re-e. r, with an asterisk, is used to represent the set-day
gion of strong winds shown in the synoptic map for the precipitation sums that satisfy the condition> g gq.
strongest surge in ESSENCE found Byerl et al.(2009 We assume that an imminent storm surge is expected when
(their Fig. 2b). The default region is 2 cells wide and 4 cells the North Sea daily average NNW wind componentex-
long. The configuration is varied, as illustrated, as part of aceeds the distribution’s quantilg’. Herex is also chosen
sensitivity study. to be 99%. The set of wind events meeting the condition

We assume that the probability of a storm surge is en-w1 > gj49 is marked with an asterisk;;.
hanced when the wind is from the NNW direction. For this  If extreme discharge events and storm surges occur inde-
reason, we calculate the projection of the wind vector ontopendently, we can expect the probability of observing a surge
the NNW axis, as well as the resultant wind strength and di-P (w}) to be fixed at -x = 0.01 regardless of (any extremes
rection over the North Sea box. . ) in) the precipitation history, i.eP (w3|r,;) = P(w]) = 0.01.

The NNW axis (unit vector) is denotéd= cosdi +sind j, Note that the 99 % quantile is a soft extreme, approxi-
wheref = —67.5° is the angle measured anticlockwise from mately one event per winter season, equivalent to a return
the horizontal axis (convention in vector calculus) arahd ~ period of 1yr. We choose soft extremes in order to ensure
j are unit vectors in the zonal and meridional directions.  that a reasonably sized sample of joint events is available in

The projectionws, of the wind vectorp = ui +vj, onto  the data set (see next section for the expected sample size).
the NNW axis$, is given by Statistical methods can be used to estimate the return peri-

. . ) . ods of extremes beyond those observed in the data, far into
w1 ="v-§ =uC0Y67.5") —vsin(67.5%). the tails of the individual event distributions. Modelling ex-
The magnitude of the wind field is averaged over the Northtremes of thgoint events would be more challenging. How-
Sea box with equal weighting for each grid cell. ever, we also wish to examine the synoptic (physical) evolu-

The wind direction representative for the North Sea box istion in the lead up to the extreme joint events, for which we
given by the unit vector of the resultant wind vector over the require the events to be observed in the data series, as op-
N grid cells, i.e. posed to being modelled from it. In this study we therefore

N A investigate soft extremes alone.
Zk:l Vg (1)

W= ,
| 2.3 Assessing joint probability and sampling error
wherevy, is the unit vector in the direction of the wind in a

single grid celk. The compass bearing, (angle from which For a 30yr period, a 90 d_ay DJF season and 17 ensemble
the wind is coming, measured clockwise from north follow- members, ESSENCE provides 3@0x 17 = 45 900 n-day

ing nautical convention) is given by the inverse tangent Ofpreu_pltatlon sum_and yvmd event pairs. Note that_we do not
the ratio of the zonal to meridional component of the resyl-restrict the analysis to independent (non-overlapping) events.

tant wind vector. This can be written as In total, 459 events will exceed thgg o4 threshold by con-
struction. If the probability of a storm surge is independent

6 = tan? Sy ur/llvk 1180 @) of precipitation history, we can expect on the order of 4—
Z,’(\’Il v/ okl ' 5 joint (high discharge and surge) events to occur by chance.
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Fig. 2. DJF Climatologies of wind direction@), wind speedb) and NNW wind componer(c) averaged over the North Sea box (shaded
dark grey in Figl). Bars show the distribution for the current climate (1950-1980) and dots for the future (2070-2100). The dashed vertical
lines in(b) and(c) mark the location of the 99 % quantiles of the current (black) and future (grey) climatologies.

If the events are not independent, we should see a signifi2.4 Variable parameters

cantly larger number of joint events, or a smaller number in

the case of an inhibiting effect. We express the magnitude off he number of joint events identified in the data set and, con-

change in the joint probability by a scale factsr,obtained ~ sequently, our estimate of the joint event probability could be

by normalising the result by the expected independent probsensitive to our choice of parameters defining the surge and

ability P (w}) =0.01: discharge proxies. In this document we will look at the sen-
sitivity of the results to the configuration of the North Sea

P(w3lry) 3 wind assessment box and the precipitation interval,

Twi“)' ) It is also possible in our scheme to set a lag between the
wind assessment and the peak of the weighted precipitation

Naturally there will be some sampling error associatedmaximum (a centre of mass calculation) within a block. In

with the number of joint events that actually occur or the the current study, we simply use the default set-up with zero

number that are expected to occur by chance. To obtain an efag.

timate of the amplitude of sampling error, we take 1000 ran- There are several other variable parameters which may be

dom samples of the same size (459) as the precipitationvaried in the set-up we have used. These will be mentioned

conditioned sample. The sampling strategy is as follows: wein the final section.

select 459 unique days, out of the full 45 900 available, using

a random number generator. We obtain the sample wind di-

rection, speed and NNW component distributions afigl, 3 Results

exceedance. This procedure is repeated 1000 times, deliv:

ering 1000 wind distributions and exceedances. The nor-3‘1 Climatology of current North Sea winds

malised exceedance of the climatologigghg threshold for |, £ 5 the full season DIF wind climatologies (1950-1980)
arandom sample is expressed by of wind direction (a), wind speed (b) and NNW wind com-
N P(w[7) ponents (c) are presented. Results for the future (2070-2100)
Sjoint = P 4) are also included in this figure and subsequent figures but
1 these will be commented on in Se&.7. For the current
where the tilde denotes a quantity derived from a randonlimate, it is seen in Fig2a that the most common wind
sample. direction is SW, th_e Ief_:lst common is l\_INE, and the_: surge-
We present figures for the distribution of exceedanceg@vourable NNW direction (right-most bin) occurs with just
Eq. @) compared to the precipitation-conditioned sample Over one-third of the peak frequency. The peak frequency
Eq. 3). We also show the wind PDFs (not restricting to wind In Fig. 2¢ is for a slightly negative NNW wind component,
extremes) and their anomaly to the climatological PDFs forWhich is consistent with Fig2a as the SW direction vector
both the precipitation conditioned sampR(ws |r}), and the ~ Projects negatively onto the NNW axis. Thgog threshold
random samples? (w1[7,). is 12.0m s in the positive NNW direction. We now exam-
ine how the wind distribution departs from the climatology,
after a period of heavy precipitation.

Sjoint =

www.nat-hazards-earth-syst-sci.net/13/2017/2013/ Nat. Hazards Earth Syst. Sci., 13, 201029 2013
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(a) Wind after n=1 precipitation extreme (b) Wind after n=5 precipitation extreme (C) Wind after n=20 precipitation extreme
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Fig. 3. Wind directions following extreme (bars for current climate, dots for future) and random samples (95 % density range, shaded for
current climate, outlined for future) afday precipitation sums (upper row) and their anomaly (lower row) with reference to the climatology
(1950-1980 for current climate, 2070-2100 for future).

3.2 Wind direction conditioned on preceding heavy wind directions as a whole is relaxing back towards the cli-
precipitation matological form.

3.3 Wind speed conditioned on preceding heavy

Figure 3 shows the direction of North Sea wind on the day precipitation

following an n-day period of heavy precipitation over the

Rhine basin and the PDF's anomaly with respect to the fullrollowing single-day precipitation extremes, there is also
climatology of Fig.2a. The 95 % range in frequency density g shift of the wind speed distribution towards higher wind
obtained from the PDFs of 1000 random Samples of the totagpeeds (not Shown)_ The mode, for examp|e, increases from
population (described in Se@.3) is presented as a shaded apout 9ms? to 11 mst. For largern however, the wind
region to illustrate the magnitude of error due to sample sizespeeds are not significantly different to the climatological
A significant departure from the climatological PDF (cli- gjstribution.
matology effectively r_epre;ented by the shaded band) is ev- Theqo.99 exceedance is significant far= 1 (Supplement,
ident. For 1-day precipitation events (left hand column), therig. s2a). We can say that following a 1-day precipitation ex-
peak of the distribution is shifted clockwise (from SWto W) reme, the wind speed is nearly 4 times more likely to be ex-
with respect to climatology, favouring westerlies, whilst the {yeme than for climatology. For = 5 (Fig. S2b) and: = 20
NNW direction is not favoured more than in the climatol- (Fig. S2¢), there is an indication that higher exceedances than

ogy. For 2-day extremes (not shown) the peak rotates furthepormal can be expected, but the departure from climatology
towards the north. For 5 day precipitation extremes (mid-is not significant.

dle column), the north-west quarter is favoured significantly
and southerlies are suppressed. Following 20-day precipita-
tion extremes (right hand column), the NNW direction is still
favoured more than for the climatology but the distribution of

Nat. Hazards Earth Syst. Sci., 13, 20172029 2013 www.nat-hazards-earth-syst-sci.net/13/2017/2013/
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(a) After n=1 precipitation extreme (b) After n=5 precipitation extreme (C) After n=20 precipitation extreme
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Fig. 4. Exceedance of the climatologicg} oq for days immediately following extreme-day precipitation sums (marked on the horizontal

axis by a black triangle for 1950-1980, and grey triangle for 2070-2100) and, for comparison, for the 1000 random samples (see Sect. 2.3 for
details on construction of the samples) presented as a histogram (bars for 1950-1980, dots for 2070-2100). The vertical lines enclose 99 ¥
of the 1000 samples (black dashed for 1950-1980, grey dotted for 2070-2100). The climatological exceedance, 0.01, which is the expectec
exceedance if assumig(w3) and P (r,;) are independent, is marked by a black diamond. The multiplication factors between the expected
exceedance and the black and grey triangles are written in the panels in black and grey, respectively.

3.4 NNW wind component conditioned on preceding

heavy precipitation —— Probability when independent — box1

Sjoint

We now look to see if there is any evidence of an enhanced2
probability of storm surge wind conditions after a period of £
extreme precipitation over the Rhine basin. Figure S3 inthee ¥ 7
Supplement shows the PDFs of the magnitude of the NNW 2
wind component over the North Sea, followinglay precip-
itation extremes over the Rhine basin. A positive shift of the
PDF is apparent for ali-day sums considered. The change - o
is also significant for magnitudes exceedifiy.

To illustrate the changes to the extreme end of the dis-
tribution, we display in Fig.4 the ¢34 exceedance for
precipitation-conditioned NNW wind components (triangle

bab

Normalised join

marker) as well as the distribution gf’y, exceedances ob- ° T T T T
tained from 1000 random samples of the same size (his- 5 10 15 20
togram). The precipitation-conditioned exceedance is an es-

timate of the true joint probability? (wj|r,;) but will be af- summation interval, n [days]

fected by the limited sample size. We expect the random sam-
ple exceedances to be distributed about the climatological exFig. 5. Summary of effect of changing North Sea box dimensions
ceedance (diamond marker), which is 0.01 by construction©n the normalised joint probabilit§joint (exceedances of the clima-
with a spread associated with the error due to sample siz&®!0gicalqggg) for NNW wind component (1950-1980). Configu-
When the precipitation-conditioned exceedance lies outsid&ations of the four North Sea boxes can be seen in Figith the
of the 99 % range of random sample exceedances (marked b%fime colour coding.
dashed vertical lines), we assume that the probability of the
joint event is significantly different to climatology. . . )

The exceedances of thg'y, threshold in Fig4 are seen 35 Senytuwty to the assessment location for wind
to be significant for alk considered. For example, extreme conditions

NNW winds (black triangle) are 3—4 times more likely than _ ] ) o
the climatologicalgs, exceedance when following 20-day Figure5 shows the impact on the estimated scaled joint prob-

extreme rainfall events over the Rhine basin (Bi). ability, Sjoint (EQ. 1), of changing the size and position of the
North Sea box (see Fid.for configurations) used to assess

the NNW wind component. The joint probabilities are raised
up to a factor of 5 above the unconditional probability of a
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Fig. 6. (2) ESSENCE SLP climatology in hPa (45 900 entries) for DJF 1950-1®3&RA-Interim SLP climatology (B5° x 1.5°) for DJF
over the 30 yr period 1979-2009.

surge, following a 2-day precipitation extreme. For a 10-day SLP composites and their anomalies of days satisfying
precipitation extremeSjoint ranges from about 2 to 4.3, de- the wind and precipitation criteria are shown in Fig.
pending on the region used for wind assessment. For a 20Fhe composite of days satisfying the NNW extreme wind
day precipitation extremeSjoint ranges between about 1.3 to condition (a) shows a low pressure centre over southern
3.3. Box 1 and box 2 give similar results for alday sums,  Scandinavia and a ridge north of the Azores and another
and indicate larger joint probabilities at larg¢han the other  low between Greenland and Newfoundland. Depicted as an
boxes. Box 1 and 2 are more elongated than box 3 and 4anomaly with respect to the total climatology (b), the com-
The fact that we look for extreme winds in a direction nearly posite reveals an east-west SLP dipole centred over the
parallel to the longest side of the box, may cause events feaNorth Sea. The location of the SLP minimum is in good
turing larger synoptic systems to be preferentially selected byagreement with the surge-favourable conditions reported in
the elongated boxes. Larger spatial and temporal correlationthe literature.
might then be expected, favouring larger joint probabilities of ~ Figure 7c—d shows the SLP composite and anomaly for
events over the Rhine Basin and the North Sea. days satisfying the precipitation criterion for 20-day precip-
Van den Brink et al(2004 use model wind data from a itation sums. Similar figures for 1-day and 10-day sums are
single location over the North Sea to model surges. The locafound in the Supplement, Fig. S4a—d. For the 1-day event,
tion corresponds closest to the north-east most cell of box 1the dominant feature is a negative SLP anomaly centred over
thus their wind input, and potentially their results, should be Denmark. For the multi-day sums, a weaker negative SLP
most similar to the more weakly anomalous results attainecanomaly is featured but is positioned further to the south east,
from box 3 or 4. as well as a positive anomaly to the west of France. Note that
That the largest joint probabilities attained for all boxes arethe reference date used for these composites is the last date in
found following 2-day precipitation events probably signifies then-day period, meaning that the rainfall has fallen over the
that the same synoptic system is responsible for heavy rain-days preceding the synoptic situation shown. For all three
and the subsequent surge created by the increase in Northeryrecipitation summation periods shown, the SLP anomaly
winds as the system passes. A second peak in joint probabikonfiguration favours northerly or northwesterly wind flow
ity occurs at 10 days for box 1, 2 and 3. The precipitation isover the North Sea.
likely to have been generated from more than one synoptic Figure7e—f displays the SLP composite and anomaly sat-
system — the first of which does not necessarily contribute tasfying both the surge and 20-day precipitation criteria. Sim-
the surge conditions, as 10 days is an adequate length of timiar figures for the joint condition for 1-day and 10-day pre-
for the full passage of at least 2 depressions. In the next seipitation sums are found in the Supplement, Fig. S5. The
tion, the evolution of the systems involved is clarified further. anomaly dipole structures are heavily influenced by the re-
quirement to fulfill the NNW wind criterion. The dipole pat-
3.6 Sea level pressure composites tern is similar to that for the composite of days satisfying the
wind conditions alone (Figib) but the amplitude is stronger.
In F|g 6 we present the full SLP C"matology for the DJF There is much more I’Idglng evident over the At|antiC, com-
season for ESSENCE (Figa) alongside similar results from Pared to the composites conditioned on precipitation only
ERA-Interim for reference (Figsb). Both show a region of  (Fig. 7¢c).

low pressure extending across the Atlantic between Green- Figure8shows the composite for the joint event fos= 20
land and the UK — the storm track. as a temporal sequence from 1 day before the reference date
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Fig. 7. (a) Composite satisfying North Sea wind criteria (459 entries) and its andfimalyith respect to full climatology (Figha). (c) Com-

posite satisfying 20-day precipitation criteria (459 entries), for which the precipitation has fallen over the 20 days preceding the synoptic
situation shown, and its anomdly) with respect to the full climatology in Figa. (€) Composite jointly satisfying the wind and 20-day sum
precipitation criteria (15 events) and its anomg)ywith respect to the full climatology in Figa.

to 20 days before the reference date. Over this period, twgressure about a strong ridge — is also present in the compos-
synoptic regions of low pressure pass central Europe in théte (Fig. 8).

composite (see labels A and B in FRB). In the Supplement,

a single event contributing to this composite is singled out3 7  joint events in a future climate

for comparison (Fig. S6). There are approximately 6 synop-

tic low pressure systgms (_Iabels AtoF) _and the_:ir troughsThe same analysis has been carried out for the future years
that contribute to precipitation over the Rhine basin. Clearly2070_21OO using box 1 to assess the North Sea wind condi-

a succession of low pressure systems contribute to the precipy

N X . o ons.
itation maximum. A notable feature is the strong ridging over The DJF climatology (Fig2, grey dots) shows some small
the east Atlantic that causes low F to move south over Eu- '

) . changes compared to the current period. The PDF of bearings
rope and brings Northerly winds over the UK and the North becomes more peaked, still with a maximum from the SW

Sea. This feature — the rotation of a synoptic region of low .o tion. The frequency of winds from the NW quarter is
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Fig. 8. Evolution of the SLP composite satisfying the joint extreme conditians 20 for precipitation) at timeg§" (15 events). Time
references are in days relativeTo

very slightly reduced. There is a small widening of the PDF climatology becoming more peaked (F8fp, grey lines). Fol-
in wind speed, giving a slightly higher 99 % quantile. The lowing 20-day precipitation extremes, the future wind distri-
99 % quantile of the PDF for the NNW wind component is bution is closer to the full climatology than for the current
lowered by a small amount (from 12.0 to 11.8 ) This  climate (Fig.3c and f).
suggests there will not be a great deal of change in surge Regarding the NNW wind component after a precipitation
conditions, and if anything, the probability of extreme surgesextreme, a shift away from climatology towards more pos-
would be reduced. itive values is still evident in the future PDF (Supplement,
Following 1-day precipitation extremes, the frequency of Fig. S3, grey dots). The departure from climatology is gen-
wind from the W to NW directions, is less pronounced in erally less than for the current climate foe= 1 andn = 20.
the future (Fig.3a and d, grey dots). However the frequency Forn = 5, the current and future wind samples are very sim-
of winds from the NNW direction remains about the same.ilar. Forn = 20 the joint event probability is, by contrast to
Following 5 day precipitation extremes, the current and fu-the current climate, not significant (see exceedanag)'gf
ture wind distributions are very similar (Figb and e, com-  in Fig. 4c) and in the particular sample our dataset produces,
pare grey dots to bars) despite the PDF of the total windis less (but not significantly less) than the climatological
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Fig. 9. Venn diagrams showing schematically the set of wind ex-
tremes (‘)T’ yellow) and 20 day precipitation extremes, blue)

as subsets of the total data available (grey) and their overlap (green)
By construction, both they1+ andrJ, subsets are 1% of all days. If
the wind extremes are independent of the precipitation extremes, thes -10 -
probability of the joint event (green overlap) B(w1*) P(r5,) = B
0.01 % of the total number of days, or equivalently, 1% of wind
extremes occur by chance within the subset of precipitation ex-
tremes(a). However, ESSENCE data shows the percentage of joint  _og
events (green overlap) to be 2—4 times lar@@®r considering 20-

day precipitation events. There are still, however, a large proportion

of wind extremesl, yellow) that do not overlap with the set of Rhine basin 20-day precipitation sum [mm]
extreme precipitation events.

component

T T T
0 50 100 150 200

Fig. 10. Data density (kernel density estimation) for Rhine basin
20-day precipitation sums (DJF, 1950-1980) against the North Sea

bability. If th t climat tile definii NNW wind component evaluated on the last of the 20 days. Labels
probability. If we use the current climate quantile definition indicate the proportion of the data cloud enclosed by the contours.

of an = 20 precipitation extreme, the joint event probabil- gjack contours are for the pure results from the ESSENCE data set.
ity is still insignificant (joint ~ 0.014, not shown). Follow-  Grey contours show how the distribution would look if the two vari-
ing a shorter precipitation extreme of=5, the chance of aples were independent. Black (grey) shading is used where the true
a surge is similar to the current climate, i.e. raised about 4distribution’s frequency density exceeds (undercuts) that of the in-
times above the independent probability. dependent distribution for the same NNW wind speed. Thin dashed
lines show the 99 % quantiles for each variable estimated from the
pure data. The thick dashed line shows the 99% precipitation quan-
tile of the sub groupw} satisfyingw; > 9499 The cross marks the

4 Summary and discussion mean of the 2-D distribution.

In this study, we explored the simultaneous occurrence of
extreme North-Northwesterly winds over the North Sea and
extremen-day precipitation over the Rhine basin (proxies for precipitation is indeed larger than when independence is as-
North Sea storm surges and extreme Rhine river dischargsumed.
respectively) for the current and future climate in a large 17- The probability of a NNW wind extreme conditioned on
member global climate model ensemble. The conclusions ara preceding 20-day rain extreme (as seen in b)igs over 3
based on results from the ensemble. times greater than for the unconditioned case (using box 1
After extreme rain over the Rhine basin, we find that the of Fig. 1 for the wind conditions). Although this increase
probability distribution of North Sea wind strength and di- is significant, it is still quite small — approximately 97 % of
rection shows significant departures from the 1950-1980 clisurge conditions occur without a preceding 20-day precipi-
matology. Wind directions in the West to North West quarter tation extreme. Figur8 illustrates the results schematically
are favoured following both single and multi-day precipita- with Venn diagrams. The area of overlap between thevget
tion events, whilst the climatological mode direction, SW, is of wind extremes and the se}, of precipitation extremes in-
less favoured. creases more than 3-fold between panel a and b, but the joint
Sampled over all directions, wind speeds are significantlyevents are still a tiny fraction of the two individual sets.
larger than climatology only when following extreme precip-  To place these results in context with thoseVlah den
itation events of short duration. The magnitude of the windBrink et al. (2005, we produced our own version (Fid0)
projected in the NNW direction, however, increases over cli-of their Fig. 6b. We plot 20-day precipitation sums instead
matological values also for multi-day events, including ex- of Rhine discharge, and North Sea NNW wind component
tremes (1 > g399). The exceedance of thg'y, threshold  instead of the sea level at Hoek van Holland and, for clarity,
was shown to be outside of the range that can be expectedisplay density contours rather than a scatter plot. Just as for
from sampling error. These changes therefore suggest thdig. 6b of Van den Brink et al(2009, there is no correla-
the probability of a surge conditioned on preceding heavytion to be seen between the two variables (black contours,
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Fig. 10) and, at a first glance, the assumption that surge andvind component and the likelihood of storm surg8sefl et
discharge are independent appears valid. However, the sigl., 2009. The increased frequency of westerlies appears to
nificance of our results becomes clearer when they are comaegatively impact the probability of an extrenjuént surge-
pared to the distribution that would result if the assumption ofdischarge event, when the discharge extreme results from
independence were true. Therefore, in addition, we simulatednultiple days of precipitation. In multiple day extremes, the
a distribution for which we know that the wind and precip- precipitation generally results from the passage of several
itation variables are independent (grey contours). It is madesystems, and the discharge and surge events may be decou-
by replacing the actual wind values, following each 20-daypled (not from the same system). The chance that the days
precipitation sum, with wind values selected randomly from subsequent to a precipitation extreme will bring westerlies
all days. A comparison between the two distributions (blackrather than surge-favourable winds is enhanced in the future
and grey) allows the way in which the actual distribution de- climate.
parts from the assumptions of independence to be visualised. The joint probability was found to be sensitive to the North
Shaded black (grey) regions indicate where the actual distriSea box dimensions used for the wind conditions and to the
bution’s density is larger (smaller) than that of the indepen-length of the precipitation sum used as a proxy for discharge.
dent probability distribution for a given NNW wind compo- It would be instructive and straight forward to test the fol-
nent. Although we have only investigated soft extremes, it islowing parameters in an extended sensitivity analysis: Rhine
evident that the departures from the independent distributiorbasin assessment region dimensions, lag between the precip-
are greatest in the top right hand segment of the figure, i.e. initation reference date and the wind assessment, position of
the tail of the joint distribution. It is also noteworthy that the reference date in precipitation block, start date and number
actual distribution is aligned slightly more to the diagonal of years included in the climatology, season, axis of projec-
axis, indicating that the actual correlation between the twotion for winds, duration of wind condition, quantiles defining
variables is slightly more positive than for the independentthe extreme events.
probability distribution. The shift of the PDF for the condi-  Whilst this simple set up is useful for preliminary investi-
tioned samples with respect to the climatology (Supplementgations, there are several important factors which introduce
Fig. S3c) can also be gleaned from this figure, by noting thefurther uncertainty and should be taken into account in a
pattern of grey and black areas in the regions exceeding thenore thorough investigation using sophisticated surge and
qo.99 thresholds (dashed lines). discharge models. These are, for example, the contribution to
A new observation-based study by HKV Consultants discharge of rapid snow melt, the possibility of dam breeches
(Geerse2013, motivated by an internal report of our work upstream, the river basin configuration and tides. Changes to
on the “current climate” periodew et al, 2011h, also finds  the joint probability of extreme surge and discharge events
a slight dependence between surge and discharge and com the future are likely from sea level rise, increases in storm
cludes that it leads to an additional increase of about 8 cnfrequency or intensity, and earlier and potentially more rapid
in normative water levels at Dordrecht. They note, however,snow melt. We also assumed tlatiay precipitation is well
that it is still an open question whether strong extremes ofcorrelated with discharge (see Fig. S1) and also that the mag-
discharges and sea surges have the same correlation patteritude of daily averaged winds from the NNW are related to
as observed in the data. For dike design and safety assessdrges. The question of how strongiytreme®f aggregated
ment, the 8 cm increase would be considered substantial. Fgurecipitation are related extreme®f discharge and how the
the barrier itself, this would not jeopardise its standard ofrelationship is influenced by spatial and temporal patterns of
operation (F. Diermanse, Deltares, personal communicationthe precipitation field over the days of aggregation was be-
2013). yond the scope of this idealistic study, but would be very
Inspection of the SLP composites satisfying the joint con-interesting to investigate.
ditions for wind and rain extremes shows an intuitive se- We particularly recommend a comparison of the present
quence where, for a 20-day extreme precipitation sum, rain igesults for the current climate with the output of coupled
accumulated from at least 2 synoptic systems and the Nortlsurge-discharge models when driven by the same global en-
Sea surge conditions are generated at the rear of the final sysemble (containing the same synoptic systems). Itis also rec-
tem as it passes across southern Scandinavia. ommended that robustness of the results be checked by a
Projections for the future (2070-2100) suggest that surgesomparison using model runs from other GCM ensembles.
following multiple day precipitation extremes will be less A major question remaining is how these results extend to
likely than at present. The assumption of independence bevery extreme events with multiple-year return periods.
tween extreme surge and discharge events was found to valid
for the longer multiple day precipitation sums=£ 20) in the
ESSENCE data set. It is known that DJF westerly wind com-
ponents increase in the ESSENCE data set (ECHAM5/MPI-
OM) with climate change\@an Ulden and van Oldenborgh
2006 but that there is insignificant change to the northerly
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