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[1] Seiches affecting the Port of Rotterdam are generated in the Southern North Sea.
Their generation is investigated with observations and numerical simulations. A wavelet
analysis of the observations, both at sea and in the harbor, shows that low-frequency
energy (0.1-2.0 mHz) does indeed occur at sea prior to each seiche event in Rotterdam.
An analysis of 6 years of weather charts indicates that all 51 seiche events in this period
(with amplitude exceeding 0.25 m) coincided with the passage of a low-pressure weather

system. Some of these low-pressure systems included a sharp cold front (classical or
ana), whereas others included a more diffuse cold front (split or kata). Numerical
simulations with a hydrodynamic model driven by meteorological observations

reproduced the seiches for situations with the sharp cold

fronts correctly. The seiches that

were simulated for situations with the gradual cold fronts do not agree with the
observations, which is ascribed to the inadequate atmospheric forcing of the

hydrodynamical model.
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1. Introduction

[2] Due to supply of energy from open sea, standing
waves can occur in harbor basins. Occasionally, the ampli-
tude of these waves (also known as seiches) becomes
abnormally large, apparently in response to changes in the
energy supply from sea. This response of harbor basins is
relatively well known [Mei, 1989]. However, the detailed
mechanisms of the origin of the low-frequency energy are
not well understood.

[3] Low-frequency energy at sea can be generated by a
number of mechanisms, for example, surf beat, tsunamis,
internal waves, and atmospheric disturbances [Wilson,
1972; Giese and Chapman, 1993; Korgen, 1995]. The
dominating source may differ from harbor to harbor,
depending on the occurrence of such mechanisms and
the specific geographic situation of the harbor. The present
study is aimed at the source of seiches in the Port of
Rotterdam, Netherlands (Figure 1). Here, seiches occur
mainly in the Calandkanaal (length ~20 km, depth ~20
m) with measured amplitudes up to 0.9 m (at Rozenburgse
Sluis (ROZ), near the closed end of the Calandkanaal). For
almost all of the observed seiches, the dominant frequency
is the lowest eigenfrequency equivalent to a period of 90
min (somewhat dependent on the water depth which varies
with the tide). A relatively small number of events has
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been observed in which the response at the second
eigenfrequency is dominant (equivalent to 50 min). These
observed frequencies agree with predictions by Kernkamp
[1999], who showed that the lowest two eigenfrequencies
of the Calandkanaal are approximately 0.19 mHz and
0.33 mHz.

[4] Atmospheric phenomena are the most probable cause
of these seiches. This hypothesis is supported by the fact
that all significant seiche events occur during the passage of
low-pressure areas and cold fronts. The other potential
generating mechanisms are either extremely rare near Rot-
terdam (e.g., tsunamis), or they do not generate energy near
the eigenfrequencies of the harbor (e.g., surf beat).

[s] The generation of seiches by atmospheric disturban-
ces has been studied earlier for Nagasaki Bay, Japan
[Hibiya and Kajiura, 1982]. For this case, numerical
simulations showed that a sudden increase (“jump”) of 3
hPa (mbar) followed by a gradual decrease in pressure
generated long waves at sea, subsequently causing the
observed seiche.

[6] Gomis et al. [1993], Garcies et al. [1996], Monserrat
et al. [1991a, 1991b], and Rabinovich and Monserrat
[1996, 1998] studied seiches at the Ciutadella inlet of the
Balearic Islands. They too found a high correlation between
atmospheric pressure fluctuations and seiche intensity inside
the inlet. Vidal et al. [2001] showed with numerical simu-
lations, forced by observed pressure fluctuations, that these
seiches are generated by a standing wave at sea between two
of the Balearic Islands.
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Figure 1. Port of Rotterdam.

[7]1 Candela et al. [1999] studied the atmospheric gen-
eration of seiches in harbors near the Strait of Sicily, Italy.
These seiches were also found to coincide with the passage
of low-pressure systems. However, numerical simulations
driven by synthetic low-pressure systems (without cold
front) did not reproduce the observed low-frequency energy
at sea. In contrast to this, simulations with hypothetical
atmospheric pressure jumps did produce seiches. These
jumps were not measured and further observations are
needed to confirm their occurrence.

[8] The possibility of meteorologically generated seiches
in the Port of Rotterdam has been suggested for a long time
[see, e.g., Wemelsfelder, 1957]. However, most previous
studies of seiches in the Port of Rotterdam focused mainly
on the phenomena inside the harbor [see, e.g., de Looff and
Veldman, 1994; Kernkamp, 1999].

[9] The aim of the present work is to describe some
typical (meteorological) observations during seiche events
in the Port of Rotterdam and to analyze a potential mete-
orological origin for these events. To address the problem
for the Port of Rotterdam, measurements of water levels,
atmospheric pressure and wind have been obtained at a
number of locations at sea and inside the harbor. These
measurements are analyzed in this study with a wavelet
technique. The generation of low-frequency energy at sea
and the response of the harbor to this incoming energy is
numerically simulated for two events.

2. Measurements
2.1. Data Acquisition

[10] Pertinent measurements obtained in the time interval
1995-2001 are used for this study. Surface elevation, wind
speed and atmospheric pressure at sea were measured at
Europlatform (EUR), Lichteiland Goeree (GOE) and Meet-
post Noordwijk (MPN). Figure 2 shows the locations of these
offshore platforms, all within 40 km from the harbor mouth.

[11] At one or more of these platforms, the surface
elevation measurements (obtained with step gauges and
radar altimeters) are available for one long period (5
consecutive winter months of 1996—1997) and for a few
events in 1995, 2000 and 2001. The sample rate of the
surface elevation measurements is 4 Hz (prior to 2000) or
2.56 Hz (2000 and later). Inside the harbor, surface eleva-
tion measurements are available from Rozenburgse Sluis

(ROZ), located near the closed end of the Calandkanaal (see
Figures 1 and 2). These measurements have been taken
continuously since 1995 with a floater, sampled at a 60-s
interval. Meteorological measurements (atmospheric pres-
sure, wind speed and wind direction) were also available at
the platforms at sea as 10-min-average values for the same
time periods.

[12] Meteorological measurements at Hook of Holland
(HOH) with a sampling interval of 10 min (Figures 1 and 2),
consisting of average values based on 10 min centered
around the time stamp, were used to analyze the meteoro-
logical situation during all seiche events in the period
1995-2000. In addition, wind speed, wind direction, atmos-
pheric pressure, precipitation and air temperature are
obtained continuously since January 2000 as one minute
averages at Rotterdam Airport (RA, Figure 2).

2.2. Data Analysis

[13] For this study, seiche events are defined as episodes
in which the seiche amplitude at ROZ exceeds 0.25 m. To
identify these seiche events and the corresponding increased
levels of low-frequency energy at sea, a wavelet analysis
based on the Morlet wavelet [Morlet et al., 1982] has been
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Figure 2. Hydro-meteo observations at platforms EUR,
GOE and MPN at sea near the Port of Rotterdam.
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applied to the entire surface elevation data set. This analysis
technique transforms the original data from the time domain
to the timescale (period) domain.

[14] The Morlet wavelet in terms of time domains ¢ and ¢
and period 7 is given by

A [-1\?
O(T,1,1) = e (T) 12, (1)

in which m is a constant value, which needs to be larger
than 5 to ensure zero mean of the wavelet (for this study
m = 0).

[15] The wavelet transform %(7, £) of a time series x(¢) is
then defined as the inner product of 1) and x(¢),

(T,1) = \/LT K :o x0T, 1,7)dt (2)

in which the asterisk indicates the complex conjugate (see,
for example, Farge [1992] and Torrence and Compo [1998]
for a more comprehensive general descriptions of the wave-
let transform).

[16] This transformation can be used to determine wave-
let spectra defined as W (7, ) = |X(T, 1)|*. From these
spectra, the occurrence of seiches or of low-frequency
energy at sea can be identified.

[17] To inspect the time records of the seiche measure-
ments visually, the tidal components and the high-fre-
quency wind waves have been removed from the surface
elevation to retain time series in the seiche frequency band
(0.1-2.0 mHz). This filtering of the time signal was
achieved by Fourier transforming the spectrum in the seiche
frequency band back to the time domain. The seiche
frequency band was well isolated from the other frequency
bands by cosine tapering the original time series (over 10%
both at the start and at the end of the signal) before the
Fourier transform.

3. Atmospheric Disturbances
3.1. Low-Pressure Weather Systems

[18] With wavelet analysis, a total of 49 seiche events
(amplitude exceeding 0.25 m) were identified at Rozen-
burgse Sluis (ROZ) in the filtered water level signals from
January 1995 till December 2001. Meteorological measure-
ments and a visual inspection of the weather charts show
that all these events coincided with low-pressure systems
with cold fronts crossing the Southern North Sea towards
the Dutch coast. However, not all cold fronts moving from
sea towards the Dutch coast generated a seiche event. On
average approximately one cold front passes the southern
North Sea per week and on average seven seiche events
occur each year. The fact that most cold fronts do not
coincide with significant seiching is ascribed to either the
low advection velocity of these systems (inferred from
successive weather maps; this situation mainly occurs in
summer) or to insufficient strength of these systems
(inferred from precipitation radar images).

[19] A review of pertinent meteorological data (weather
maps, precipitation radar images and point measurements
of atmospheric pressure, wind speed and wind direction)
showed two types of cold fronts during seiche events. The
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Figure 3. Conceptual cross-sections of the two types of
cold fronts (moving from left to right). (left) The classical
cold front has one front location at the Earth’s surface
(circled “a”). At higher altitudes the air rises slowly, which
results in less precipitation in that area (circled “b””). (right)
The split cold front has a front location at the surface
(circled ““a”) as well as at a higher altitude (circled “b”).
The circled “c” indicates the location of the shallow layer
of warm air at the surface front. Precipitation is mainly
formed near the upper front (circled “d”).

first type is sharp with a narrow line of showers (sometimes
accompanied by thunder showers, particularly just before
the main storm season). Usually, this type of front
approaches the coast from a westerly to northwesterly
direction. The passage of the front across the harbor
coincides with the start of the seiches and it is accompanied
by one or more sharp changes (“jumps’) in atmospheric
pressure and wind direction. The second type of cold front
is accompanied by gradual changes in atmospheric pressure
and mild precipitation (spread out over a larger area and
over a longer time interval, during which the seiche
occurs), usually approaching the coast from a northwesterly
direction.

3.2. Two Types of Cold Fronts

[20] The above two types of cold fronts have character-
istics similar to those of two types of cold front that are
conventionally distinguished in meteorology [Bader et al.,
1995; Browning and Monk, 1982; Browning, 1985]. The
first is the classical cold front (also called ana cold front or
type 1 cold front). It is characterized by sharp changes in
atmospheric pressure and wind direction (Figure 3). In this
type of front, relatively warm and moist air is forced to
ascend rapidly through a column with a width of 2 to 3 km
(“a” in Figure 3). This results in a line convection and a
narrow line of intense precipitation. In the area behind the
front (“b” in Figure 3) the moist air continues to ascend
(less rapidly than at the surface front), resulting in mild
precipitation.

[21] The second type is the split cold front (also called
kata cold front or type 2 cold front). This type of front is
characterized by gradual changes in atmospheric pressure,
wind speed and wind direction (Figure 3). It can develop
from classical cold fronts.

[22] In this type, two fronts occur, one at the Earth’s
surface (“a” in Figure 3) and one at higher altitudes (“b” in
Figure 3); hence the name split front. In this case, dry, cold
air is forced to move over a shallow layer of warm moist air
(“c” in Figure 3). At the head of this intruding layer of cold
air, at an altitude of 3 km to 6 km, warm air is forced to
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ascend (““d” in Figure 3). This causes most of the precip-
itation. The precipitation is more diffuse and less intense
compared to the classical cold front.

[23] The above-described types of cold fronts are sterco-
typical descriptions of extreme situations. Obviously, inter-
mediate situations can be expected and have in fact also
been found. During seiche events, gradual cold front sit-
uations with scattered precipitation are found as frequently
as situations with a broad line of showers near the cold
front. Classical cold front situations (with a narrow line of
precipitation similar to the situation shown in Figure 7 in
section 5.2.1) have been observed during approximately 10
percent of the seiche events.

4. Numerical Simulations
4.1. Governing Equations

[24] Numerical simulations with a hydrodynamic model
have been made to investigate the origin of the low-
frequency energy at sea. The model solves the continuity
equation and the nonlinear momentum balance equation of
the water column.

[25] In Cartesian coordinates (x and y) the depth-averaged
continuity equation is

oh 0
- + 5 (D) +

9
ot ox gy (WD) =0, G)

dy

in which /% is the water level above a reference level, ¢ is
time, D is the total water depth, u, is the depth-averaged
velocity in x direction and u, is the depth-averaged velocity
in y direction.
[26] The depth-averaged momentum equation in x direc-
tion is
0 K,

0 0 5
a (MXD) + a (MXHXD) + 6—y (uxuyD) = ? s (4)

in which p is the density of water and K, is the net force per
unit area acting on the water column in x direction. The
latter term consists of contributions from pressure gradients
(atmospheric and hydrostatic), wind stress, bottom friction,
horizontal Reynolds stresses (based on eddy viscosity)
and Coriolis force. Similar expressions apply to the y
direction.

[27] The hydrostatic pressure gradient term and the
atmospheric pressure gradient term in x direction are given
by, respectively,

Oh Op
Kx¢/1ydr()statiu - —PgD a 9 Kx,atmospheric = _Da 3 (5)

in which p is the atmospheric pressure.
[28] The magnitude of the wind shear stress is described
by

Kx‘wind = CdPa UlO‘x|U|0|7 (6)

in which p, is the density of air, Uj, is the wind speed at 10
meter elevation, U, , is the wind speed component in the x
direction and C, is the wind drag coefficient. This drag
coefficient is taken to increase linearly from 0.6 * 107 at
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U;p = 0 m/s to a value of 1.95 * 107> at U;q = 10 m/s,
beyond which it is taken constant.

[20] The magnitude of the shear stress at the bed in x
direction is given by

Kx,bed = 7Cbp”x|u|7 (7)

in which u represents the depth-averaged flow velocity and
C, is a dimensionless shear stress coefficient. C,, is taken to
vary with the local depth, resulting in a typical value of 2 *
1073 (for D = 30 m).

[30] The lateral Reynolds stresses are described using an
eddy viscosity (v;). In x direction (and similar in y direction,
using u, instead of u,) the net force per unit area is

Pu,  Puy
—pDv, (Tu + —u) . (8)

For the simulations described in this study, v, = 1 m?/s is
taken (similar to previous calculations based on this model
set-up).

Kv,Reynolds =

4.2. General Description Numerical Model

[31] The hydrodynamic model solves the above described
equations on orthogonal, curvilinear, boundary-fitted coor-
dinates (the Delft-3D package, used in a 2D mode for this
study) [see, e.g., Gerritsen et al., 2000].

[32] The equations are discretized on a staggered grid:
The water level points are defined in the center of a cell,
whereas the velocity components are situated at the cell
borders. The equations are solved using the alternating
direction implicit (ADI) method, in which the time step is
split in two. In the first half of the time step, the x
derivatives are determined with an implicit numerical
scheme, and in the second part of the time step the y
derivatives are determined likewise. Both a large-scale
model and a nested small-scale model of the (Southern)
North Sea including the harbor have been used.

4.3. Grids, Initial Conditions, Boundary Conditions
and Driving Forces

[33] For the large-scale simulations, the model set-up for
the Southern North Sea of the PROMISE project has been
used [Gerritsen et al., 2000], with resolution increasing
from 30 km at the northern boundary to 600 m near the
harbor mouth (Figure 4). Weakly reflective boundary con-
ditions were applied at the open boundaries, located at the
Norwegian Sea in the North and the English Channel in the
southwest. These weakly reflective boundary conditions are
based on linearized Riemann invariants. These boundary
conditions are nonreflective for waves that pass normal to
the boundary and reduce reflection in case these are of
oblique incidence.

[34] The computations were forced by synthetic fields of
atmospheric pressure and wind speed, which were obtained
by converting the measured time series of these parameters
at a fixed location (at sea or an onshore location near the
harbor, depending on the case) into frozen spatial fields.
These fields were advected with the velocity of the front
(speed and direction), which was inferred from a number of
point measurements of atmospheric pressure and, if avail-
able, a sequence of precipitation radar images.
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Figure 4. Large-scale computational grid from the
PROMISE project. Port of Rotterdam is indicated by the
asterisk.

[35] Tides have not been included in the simulations, and
all simulations started with an initially undisturbed water
level. To assure a gradual start-up of the model, the
simulations started with initially slowly changing atmos-
pheric pressure and wind speed. This was achieved by either
using the original time series (atmospheric pressure) or by
damping the start of the original time series (wind input).

[36] For the small-scale simulations, the model set-up by
Kernkamp [1999] was used (Figures 5 and 6). This includes

475

4701

%

y £590%%
SIS
RIS
IR
465 R SSSSEIIISELSS
I 0 2% 2202029 7
IS
RIS %

%

F 0s0 %% %%
460 RIS
ORI
KL
L R
455 S

R
QLR

450

X%
555
%

%
%
S

2062007,

9503
K
25
5%

445}

%
%%
(5ot
55
o
i

%S
%

%
0

295%
o2otosts
SR
o2o%s
R

y co-ordinate (km)

4401

ALY
;
7

o,
2
~'I':, Vs
ety

4351

0y, %
% attie oty
4. = 2 L 4
30 RIEL T %
o K

4251

420 1 1 1 1 1
25 35 45 55 65 75 85

X co—ordinate (km)

Figure 5. Small-scale, nested computational grid (see
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Figure 6. Detail of small-scale computational grid,
showing depth values in meters. The location of ROZ is
indicated by the asterisk.

the harbor area that is seiche prone (resolution 50 m),
together with a small part of the North Sea. These simu-
lations were forced by the results of the large-scale model,
which were applied at the open boundaries of the small-
scale area as weakly reflective boundary conditions (similar
to the type of boundary condition used for the large-scale
model).

[37] Preliminary small-scale simulations have been made
for the harbor area (without the small North Sea part) with
a measured water level near Hook of Holland (Figures 1
and 2) as boundary condition at the harbor mouth. The
results from these simulations showed that the model is
capable of simulating the observed eigen period at ROZ,
although the corresponding seiche amplitudes were over-
estimated because the water level boundary condition does
not allow energy radiation back to sea. A more thorough
description of the eigenperiods of parts of the harbor based
on this calculation grid has been given by Kernkamp
[1999].

5. Seiche Events
5.1. Selection of Events

[38] Two seiche events were selected for close analysis
and simulation. The first occurred during one of the 35 most
severe storms ever recorded by the Royal Netherlands
Meteorological Institute (KNMI). A number of publications
have been dedicated to this storm, describing the front that
occurred in this storm as a typical example of a classical
cold front [see, e.g., Mellink, 2000]. The second event
occurred during a situation with a split cold front (a more
“normal” case).

5.2. Seiche With Classical Cold Front

5.2.1. Meteorological Observations
[39] On 30 October 2000 a seiche event occurred that
coincided with a classical cold front that passed over the
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Figure 7. Radar images of precipitation for 30 October 2000 (0900, 1000 and 1100 GMT). The
geographic area is shown in the top left image. Gray scales show precipitation intensity from white (mild
precipitation) to black (intense precipitation). Images have been edited for clarity in gray scales. Source:

Royal Netherlands Meteorological Institute (KNMI).

southern North Sea in an easterly direction. This front
showed up as a line of showers (line convection) on
precipitation radar images (Figure 7) and as a small jump
of approximately 2 hPa in the observed atmospheric
pressure.

[40] The left column of Figure 8 depicts the meteorolog-
ical measurements obtained at Rotterdam Airport for this
event. The cold front passage is obvious as a sharp change
at 1050 GMT in atmospheric pressure, wind direction,
temperature and precipitation.

5.2.2. Measured and Simulated Surface Elevation

[41] The seiche event showed an abrupt increase in
amplitude, coinciding with the passage of the cold front
(1050 GMT). Subsequently, the amplitude slowly decreased
over the next 12 hours (Figure 9). Rabinovich and Monserrat
[1996] describe this type of seiche as an “impulse type”:
“strong initial oscillation(s) followed by a fast or slow decay
of seiche heights.” The normalized wavelet spectrum of this
seiche event (bottom left panel of Figure 9) shows a peak
near the eigenperiod of the harbor near 5400 s.

[42] The right panels of Figure 9 show the surface
elevation measurements at sea (EUR) and the corresponding
wavelet spectrum. This wavelet spectrum indicates that

prior to the seiche, low-frequency energy is found at sea
in a narrow band near the eigenperiod of the harbor.

[43] The atmospheric pressure measurements from the
different locations at sea were self-similar with only a shift
in time. This indicates that the pressure and the wind fields
can be reasonably well approximated as moving frozen
fields. The front velocity (23 m/s) has been determined
from the time lags between the observed jumps in atmos-
pheric pressure at various stations. The direction of move-
ment of the front (from west to east) was inferred from
precipitation radar images.

[44] With these rather crude estimates, both the occurrence
of the low-frequency energy at sea and the seiche in the
harbor are well reproduced as shown by the simulated time
series and the corresponding wavelet spectra at sea and in the
harbor (EUR and ROZ; compare Figure 10 to Figure 9).

5.3. Seiche With Split Cold Front

5.3.1. Meteorological Observations

[45] On 8 and 9 November 2001 a seiche event occurred
that coincided with a weaker cold front that passed over the
North Sea in a southerly direction. This front had the
characteristics of a split cold front: It did not show sharp
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Meteorological parameters 30 and 31 October 2000
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Meteorological parameters 8 and 9 November 2001
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Figure 8. Meteorological observations at Rotterdam Airport (left) during seiche event of 30 October
2000 and (right) during the seiche event of 8 and 9 November 2001. (top to bottom) Atmospheric
pressure, wind speed, wind direction, air temperature and cumulative precipitation.

changes in atmospheric pressure and wind direction. The
precipitation radar images for these 2 days (not shown here)
show that rain was diffuse over a large area. Several local
thunderstorms occurred scattered behind the front. The right
column of Figure 8 shows the meteorological observations
at Rotterdam Airport for this event.
5.3.2. Measured and Simulated Surface Elevation

[46] This seiche event showed alternatingly increasing
and decreasing amplitudes with a maximum of approxi-
mately 0.5 m (Figure 11). This type of seiche is labeled by
Rabinovich and Monserrat [1996] as the “complex” type:
“a few consecutive abrupt and gradual amplifications and
reductions of seiche oscillations.” The temperature registra-
tion during this event shows a number of sharp changes.
The largest temperature drop coincides with the minimum
of atmospheric pressure. This corresponds with the passage
of the cold front (1050 GMT), which approximately coin-
cides with the start of the event.

[47] The normalized wavelet spectra of the measured
surface elevations in the harbor and at sea are shown in
Figure 11. The maximum value of the wavelet spectrum for

ROZ is found at a period of approximately 6000 s. In
contrast with the previous case, here the wavelet spectra are
more diffuse, with multiple peaks.

[48] In contrast to the classical cold front situation of 30
October 2000, the atmospheric pressure observations from
different locations were not self-similar. The assumption of
a moving frozen atmospheric pressure field is therefore a
crude approximation at best. This means that a unique
direction and speed of the front are not defined. Never-
theless, and for lack of better data, a simulation using the
frozen field approach was carried out to investigate its
feasibility under these circumstances. The direction of the
front was estimated from weather charts, and the velocity of
the front was taken from the measured wind velocity at
Rotterdam Airport during the passage of the cold front. The
frozen pressure and wind fields, based on atmospheric
pressure and wind measurements at Rotterdam Airport,
were translated in the direction from North to South with
a velocity of 12 m/s.

[49] The numerical results (Figure 12) show that the
seiche is not well reproduced (compare to Figure 11, note
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(left) Filtered observed surface elevation at ROZ on 30 October 2000 ((top) Arrow indicates

the approximate time of the front passage over the harbor area) and (bottom) the corresponding wavelet
spectrum. (right) Filtered observed surface elevation at sea ((top) location EUR, 30 October 2000) and

(bottom) the corresponding wavelet spectrum.

the differences in scales). The simulated wavelet spectrum
at sea (bottom right panel in Figure 12) shows that energy
is generated in the seiche frequency band. The rather erratic
behavior of the simulated spectrum resembles that of the
observed spectrum, but otherwise the differences are large.
The maximum amplitude of the seiche in the simulations is
correspondingly poorly estimated: 0.15 m simulated versus
0.5 m observed. The peak period of the simulated seiche is
also not correct; the simulated period is 80 min, whereas it
is 100 min in the observed spectrum (see bottom left panel
in Figure 11). In section 4.3 it was already indicated that
the model is capable of reproducing the correct eigenper-
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iods and corresponding seiche amplitudes. This suggests
that the incorrect results for the harbor simulation for the
gradual case are due to errors in the simulated water levels
at sea.

[s0] A further analysis of the simulated signals at sea
showed that the results were rather sensitive to changes in
direction and velocity of the front. A change in direction of
10 degrees counterclockwise resulted in a reduction of the
maximum amplitude found in the surface elevation at EUR
of 11%. Considering the uncertainty of the estimated front
velocity (0 ~ 3 m/s) simulations were also made with a
front velocity of 9 m/s and 15 m/s. In the first case this
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Figure 10. (left) (top) Simulated seiche at ROZ (30 October 2000) and (bottom) the corresponding
wavelet spectrum. (right) (top) Simulated water level at EUR (30 October 2000) and (bottom) the

corresponding wavelet spectrum.
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Filtered water level ROZ, 8 and 9 November 2001
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(left) Filtered observed surface elevation measurements at ROZ on 8 and 9 November 2001

((top) Arrow indicates the approximate time of the front passage over the harbor area) and (bottom) the
corresponding wavelet spectrum. (right) (top) Filtered observed surface elevation measurements from
EUR (8 and 9 November 2001) and (bottom) the corresponding wavelet spectrum.

resulted in a reduction of the maximum amplitude found at
sea (EUR) by 50%, the second case showed a doubling of
the maximum amplitude at EUR.

6. Discussion and Conclusions

[s1] All seiche events in the Port of Rotterdam in the
period of 1995 to 2001 with a maximum amplitude exceed-
ing 0.25 m coincided with the passage of a cold front, some
accompanied by thunder showers. They coincided with
either a classical cold front with sharp changes in atmos-
pheric pressure and wind direction, or a split cold front with
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gradual changes of these meteorological parameters. To
further investigate seiches coinciding with gradual cold
fronts, more observations have been acquired in the winter
of 2001-2002.

[52] Measurements at sea showed distinct peaks in wave
energy in time and frequency prior to each seiche event. The
corresponding wavelet spectra were narrow-banded com-
pared to the full seiche frequency band (0.1-2.0 mHz).

[53] Computations with a numerical hydrodynamic model
forced by fields of atmospheric pressure and wind, based on
observations from a location at sea, correctly reproduced the
generation of low-frequency energy at sea by the classical

Simulated, filtered water level EUR, 8 and 9 November 2001
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Figure 12. (left) (top) Simulated water level from ROZ (8 and 9 November 2001) and (bottom) the
corresponding wavelet spectrum. (right) (top) Simulated water level from EUR (8 and 9 November 2001)

and (bottom) the corresponding wavelet spectrum.
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cold front and the occurrence of a seiche event in the Port of
Rotterdam with the correct amplitude. On the other hand,
the numerical simulations for the split cold front could not
correctly reproduce the low-frequency energy at sea and,
therefore, also failed to reproduce the seiche event in the
harbor. These incorrect results for the split cold front
situation are ascribed to errors in the forcing of the large-
scale model. The characteristics of the split-front situations
indicate that (contrary to the classical cold front situations)
they do not lend themselves to being approximated by
frozen pressure and wind fields. The errors that can be
introduced by the use of frozen fields for these cases are
also illustrated by the large sensitivity of the results for the
estimated parameters of these fields (direction and speed).
Therefore, the driving forces in future simulations will be
taken from a high-resolution (2 km) dynamical numerical
meteorological model (that has only recently become avail-
able as an experimental version) instead of the synthetic,
frozen fields of the present study. It is hoped that these high-
resolution meteorological model results will introduce the
relevant time and length scales. In any case, errors intro-
duced by using an estimated constant direction and speed of
the meteorological system (especially for the gradual cold
fronts) will then be avoided.
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