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1. Introduction
On 1 January 1995 a large wave was recorded at the Draupner platform in the North Sea
on a water depth of 70m. The time history including this wave is shown in Figure 1. The
wave had a crest of 18.6m and height of 25.6m. The wave was measured with a downward
pointing laser sampling at 2.1Hz. The platform had a sparse structure which would have
had little effect on the free surface; it is therefore assumed to be an undisturbed field measurement. The wave caused minor damage to equipment below main deck level on the
underside of the structure.
The storm properties were approximately stationary over a five hour period with Hs =
12m and Tz = 12.5s. The Benjamin-Feir index, as defined by Janssen (2003), was ∼ 0.55.
However, if finite depth is allowed for (Onorato et al. 2006) this reduces to ∼ 0.07 and further
if the effects of directional spreading are accounted for (Waseda et al. 2009; Janssen and
Bidlot 2009). Unfortunately data were only recorded for 20 minutes in every hour. For
more information on the structure, the instrumentation, the meteorological conditions and
the wave record, see Haver (2004).
This wave has been much analysed as it is regarded as one of the few high quality
measurements of a ‘freak’ or ‘rogue’ wave. See for example Walker et al. (2005) and
Jensen (2005). In analysing the non-linear structure of this wave, knowledge of directional
properties of the wave is vital. The degree of spreading will influence the size of an extreme
crest (Johannessen and Swan 2001; Gramstad and Trulsen 2007; Onorato et al. 2009).
Unfortunately no directional data was recorded at this location. In this paper we examine
whether we can deduce anything about the directional spreading of this wave.
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Figure 1: The surface elevation time history recorded at the Draupner platform which includes the New Year Wave. For convenience the time is set to zero under the big wave.
One unusual aspect of the Draupner wave was the low frequency set-up beneath the
wave, first noted by Walker et al. (2005). Beneath a wave-group with a low level of directional spread there will be a set-down under the group (Forristall 2000). However, if waves
are propagating in different directions then a set-up may occur (Toffoli et al. 2007). In this
paper we explore this possibility.

2. Known spreading information
The nearest location known to the authors where directional data for this storm was recorded
is the Auk platform some 180km away (Ewans, private communication). The meteorological
conditions suggest this was part of the same storm, and the other sea-state parameters are
similar. At Auk, the wave directional spreading had a standard deviation about the mean
direction of 20◦ when a weighted average is taken over all frequencies.
Adcock and Taylor (2009a) analysed the overall directional spreading of the Draupner
storm using the low frequency bound waves to give an estimate of spreading. This was
done by comparing the magnitude of the low frequency waves with that predicted for various spreading angles. The ‘long wave discrepancy’ was then found between these, where
the discrepancy is given by
q
P
2
(Estimate − Filtered data)
q
long wave discrepancy =
.
(1)
P
2
(Filtered data)

The minimum discrepancy between these data was taken to be the spreading for the seastate (see Adcock and Taylor (2009a) for more details). The discrepancy for the Draupner
data is shown in Figure 2; (a) shows the discrepancy for each 20 minute record and (b)
the average over the whole time series. Thus the average over the whole storm was 20◦
in agreement with the figure recorded at Auk. However, this analysis broke down in the
vicinity of the large wave as discussed in section 6.
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(a) The long wave discrepancy of each 20 minute (b) The average long wave discrepancy for Draupsection of the Draupner time histories.
ner time histories. The results are spline fitted.

Figure 2: Long wave discrepancies for the Draupner data
Thus, we have evidence that over most of the five hour storm the waves had a mean
standard deviation of directional spreading of around 20◦ weighted across all frequencies,
suggesting that there was little wave energy travelling at angles greater than about 40◦ to
the mean wave direction.

3. The spectrum of the Draupner wave
If we consider the spectrum of the storm we can see that the local spectrum around the
Draupner wave is significantly different to that of the rest of the storm. Figure 3 shows
estimated spectra for all six of the hourly 20 minute records available during the storm, the
20 minute record containing the Draupner wave, and a five minute and two minute record
centered on the Draupner wave.
It can be seen that for five minutes of data around the giant wave, the spectrum is similar
to that for longer time periods, which in turn are similar in form to a JONSWAP spectrum
with a peak at around 0.067Hz. In the 2 minute spectrum there is a clear second peak at
0.083Hz. We call the peak around 0.067Hz – peak 1, and the peak near 0.0833Hz – peak 2.
A broadening of the spectrum around a large wave event is well known. This result
is found in experimental studies (Baldock et al. 1996; Johannessen and Swan 2001), numerical studies (Gibbs and Taylor 2005; Gibson and Swan 2007) and analytically (Adcock
and Taylor 2009c,b). However, these show a smooth broadening of the spectrum, rather
than the double peaked nature of the Draupner spectra. Furthermore, double peaked
sea-states generally exist where two wave systems are propagating in different directions
(Guedes Soares 1991). Thus the local double peaked nature of the spectrum is unusual.
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Figure 3: Spectra of time-records containing the Draupner wave. The 2 and 5 minute
records are centered on the giant wave. The 20 minute is the spectrum of the data shown
in 1. The 120 minute is all the available data for the storm. Data is windowed using a Hann
window. The data is smoothed by taking an average over 0.001Hz to improve the clarity of
the longer data sets.

4. Second order bound waves
Freely propagating, or linear, waves will interact to produce ‘bound’ waves which do not
move independently. To second order, these waves will occur at the sum and difference of
the frequencies of the linear waves. The freely propagating waves may be written as
ηf ree =

n=N
X

an cos (φn ) ,

(2)

n=1

where an is the Fourier coefficient, N the number of Fourier components used, and
φn = ωn t + ξn ,

(3)

where ξ gives the relative phase of the component.
The linear waves in equation 2 will interact to give a second order sea state given by
η = ηf ree + η2+ + η2− ,

(4)

where
η2±

=

n=N
X m=N
X
n=1 m=1

an am κ± cos (φn ± φm ) ,
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(5)

where κ+ and κ− are the interaction kernels given in equations 6. The kernels for finite
depth by Dean and Sharma (1981), see also Dalzell (1999) which gives corrections to the
finite depth case.


2
ωn2 + ωm
cos θ
ωn ωm
±
κ
=
+
∓1 ×
2g
2g
tanh(|kn | d) tanh(|km | d)


(ωn ± ωm )2 + g |kn ± km | tanh(|kn ± km | d)
+
(ωn ± ωm )2 − g |kn ± km | tanh(|kn ± km | d)


ωn ± ωm
×
2g ((ωn ± ωm )2 − g |kn ± km | tanh(|kn ± km | d))


3
ωn3
ωm
.
(6)
±
sinh2 (|kn | d) sinh2 (|km | d)

The magnitude of the wavenumber |k| and natural frequency ω are related by the linear
dispersion relation. The angle between the interacting components is θ.
We now consider the form of these kernels for water depth at Draupner of 70m. The
behaviour of of the sum term is comparatively straightforward. For any two interacting
waves, this will be a maximum when they are travelling in the same direction (unless the
ratio of the frequencies is large, in which case the assumption under which these equations
are derived is invalidated). Figure 4 (a) shows the variation in κ+ for the interactions with
the first peak in the Draupner spectrum. It can be seen that the sum kernel goes to zero
at around 80◦ for all frequency interactions and is negative for angles greater than this.
For the difference term the behaviour is more complex. For waves travelling in the same
direction, the kernel is always non-positive. However, if the waves are travelling at widely
differing angles then the kernel is positive, the value at which the kernel is zero being
strongly dependent on the frequencies of the waves interacting. This is shown in Figure 4
(b).

5. Second order sum waves during the Draupner event
We can see evidence of second order sum waves in Figure 3. Three peaks can be seen
at approximately twice the frequency of peak 1 (0.125Hz), twice the frequency of the peak
2 (0.175Hz), and the sum of the frequencies of the two peaks (0.15Hz). Unfortunately, the
frequency resolution limits the confidence in these assertions. It should also be noted that
some linear waves will be in this part of the spectrum. The relative magnitude of these
three second order peaks is interesting. The peak at 0.125Hz is much larger than one at
0.175Hz. This is to be expected as peak 1 is larger than peak 2. However, the peak at
0.15Hz is substantially smaller again. This is unexpected if the wave energy from both
peaks is travelling in the same direction. However, consideration of Figure 4 (a) suggests
this would be expected if some of the energy in the peak 2 was travelling at an angle
between perhaps 60◦ and 150◦ to the mean wave direction of peak 1.
Thus, the second order sum term is consistent with a hypothesis that a substantial
portion of the wave energy in peak 2 is travelling at a large angle to the waves in peak 1.
We cannot go further than this when considering the sum term due to the amount of linear
information in the spectrum at these frequencies.
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Figure 4: The kernels of the second order interaction. f1 = 0.06Hz and d = 70m.

6. Second order difference waves during the Draupner event
Adcock and Taylor (2009a) developed an approach to determining the spreading of a seastate from the second order difference record. As noted in section 2, they found the whole
storm to have a standard deviation of spreading of 20◦ . However, their analysis did not
work for a short section of time around the giant wave as described below.
The low frequency waves which are present in the time-history may be extracted by filtering in the frequency domain. These are shown in Figure 5, where the original time-series
has been low-pass filtered at 0.03Hz. It can be seen that under the giant wave the low-pass
filtered waves are positive. It is not expected that any linear waves will be propagating at
frequencies this low. Therefore, the waves propagating in this part of the spectrum may
be predicted from the linear waves using the interaction kernel given by equation 6. This
predicts that energetic wave-groups, which are directionally narrowly spread, will tend to
cause a set-down as pointed out by Forristall (2000). It is therefore surprising that there is
a significant set-up under the giant wave in the Draupner record as noted in Walker et al.
(2005). A set-down is observed under all other sizable wave-groups throughout the rest of
the data set. Adcock (2009) found no evidence that third or higher order interactions could
account for this set-up.
Walker et al. (2005) introduces an approach to linearising a free surface time history so
as to estimate the freely propagating, or linear, waves. These may then be used to estimate
the low frequency waves for given spreading as set out in Adcock and Taylor (2009a). Using
this linearised data, we can use a model for spreading to predict the low frequency second
order difference waves. If we use a frequency independent wrapped normal spreading
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Figure 5: The low pass filtered data for the time-history containing the New Year Wave,
together with the estimate of the long waves based on a wrapped normal spreading distribution with σ = 20◦ .
function
1
D (θ) = √ Exp −
σ 2π

(θ − θ0 )2
2σ 2

!!

(7)

with σ, the standard deviation of spreading around the mean direction θ0 , of 20◦ then our
estimate for the low-frequency wave is as shown in Figure 5. This is clearly completely out
of phase for around 2 minutes near the giant wave.
This suggests that either there is unusual physics happening around the giant wave, or
that our model of spreading is wrong. The interaction kernel (Figure 4 (b)) can be positive if
the two interacting components are propagating in different directions. Thus, if the second
peak of the spectrum was caused by a localised wave group moving in a direction different
to the mean wave direction of the storm, a set-up would be possible. The remainder of this
section examines this possibility.
The spectrum of the wave record for the section where the long waves are unusual is
shown in Figure 6. This is 120 seconds before through to 75 seconds after the crest of the
giant wave – note that this is a slightly different section of data to that used in Figure 3.
We can fit a JONSWAP spectrum to the data excluding the region around the giant wave.
This is also shown in Figure 6. We now assume that the linear waves are the sum of two
systems of waves: one has a JONSWAP spectrum whilst the other has a spectrum given by
the difference between the actual measured spectrum and JONSWAP spectrum (the area
shaded in Figure 6). We call these the ‘JONSWAP waves’ (J) and ‘transverse waves’ (t)
respectively. We have freedom to choose the phase of the individual Fourier components
in the transverse wave. We can iterate these so as to try and recreate the difference wave
observed in the original data. This iteration was carried out manually using the following
assumptions
7

Figure 6: The spectrum around the giant wave for which the long waves are unusual. Also
shown is a JONSWAP spectrum with parameters fitted to the time-series excluding this
data.
1. The sum of the JONSWAP waves and the transverse waves equals the original linearised time-series.
2. The JONSWAP waves have a JONSWAP spectrum.
3. For estimating the spreading it was assumed that both sets of waves had a spread
of 20◦ about their mean value. The angle between the mean direction of the two
systems of waves was ζ.
Figure 7 (a) shows the transverse wave which produces the difference waves shown
in Figure when the angle between the mean direction of the wave-trains is 120◦. The
JONSWAP waves are shown in Figure 7 (b). There is good agreement for around 60
seconds either side of the giant wave, regardless of exactly where the data is low-pass
filtered.

7. Other evidence
There are a number of other measurements and inferences which support the possibility
that the Draupner wave may have been caused in a crossing sea.
• Forces on the structure The forces due to this wave on the northern platform were
significantly lower than would have been expected for a wave of this size (Haver
(2004) and Hansteen et al. (2003)). Given that the height of the Draupner wave is
roughly the 50-100 year design condition for that part of the North Sea, the observed
peak horizontal force on the structure, as recorded by strain gauges on the suction
caisson foundations and lower structural members, was roughly half of that expected
for a wave of this height. This is consistent with a simplistic Morison-drag estimate.
If the wave components were at roughly 90◦ apart in direction, the total drag would
8

8

6

6

4

4
2

η (m)

η (m)

2
0

0
−2

−2
−4

−4

−6
−120 −100

−80

−60

−40

−20
Time (s)

0

20

40

−6
−120 −100

60

(a) The transverse wavegroup.

−80

−60

−40

−20
Time (s)

0

20

40

60

(b) The JONSWAP waves with high-frequency
parts removed.
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good fit to the observed difference terms.
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Figure 8: The difference waves under the Draupner giant wave. Comparison of filtered data
and predicted second order difference waves.
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scale as the vector sum of the wave amplitudes for the wave trains roughly in phase in
time, giving a force scaling as (82 + 62 ) ≈ 100. In contrast with both wave components
moving in the same direction the drag would scale as (8 + 6)2 ≈ 200.
• Absence of wave breaking The Draupner wave was an extremely steep event, with
ka ∼ 0.45, however there is no evidence in the wave-record that it was close to
breaking. If the wave was the result of a crossing event then it could be far steeper
without breaking.
• Meterology The weather conditions as described in Haver (2004) indicate that the
sea-state was the result of two lows, one large-scale and centered over southern
Sweden and a second smaller low which tracked down the centre of the North Sea
to the west of the Draupner platform. Thus the platform was outside the area where
the wind field seems to have been most severe, Haver (2004). The question arises
as to whether this combined wind field could give rise to a ‘crossing sea’ at Draupner.
This would depend on the local structure of the second low. If this was a locally
intense polar low (Rasmussen and Turner 2003) with strong circulation around an
‘eye’ (such local storms have been called Arctic hurricanes) then the production of
a strongly crossing sea-state would seem to be possible. The occurrence of polar
lows in the North Sea in the winter is highlighted by Arkjær (1992), and the possible
consequence for wave generation is discussed by Dysthe and Harkitz (1987), albeit
only in the context of uni-directional wave propagation.
The possibility of a locally intense polar low, which could produce a crossing seastate, does not explain the apparently localised nature of the transverse wave packet.
We have found no clear evidence of any other crossing components. However,
weaker crossing components which did not coincide with a large wave group in the
main roughly north-south wave field cannot be entirely discounted. Our analysis
method based on the 2nd order difference bound waves relies on the occurrence
of large linear components.
• Other wave events A number of accounts of unusual wave incidents suggest that
isolated wave-packets may travel in directions different to those of the surrounding
waves. An account in a BBC Horizon programme of an unusual wave hitting the cruise
ship Caledonian Star in 2001 states that this wave was travelling at 30◦ to the waves
around it. Video recorded during filming for The Deadliest Catch apparently shows a
fishing boat being hit broadside by a large wave travelling at around 90◦ to the main
swell waves. The wave which hit the Queen Mary in 1942 is described as hitting her
‘broadside’, so presumably this wave was travelling at roughly 90◦ to the majority of
the waves. Similar accounts are given by the crews of the Gloucester dragger (Prybot
2007) and the RMS Etruria (Liu 2007). Thus, perhaps, the Draupner wave belongs to
a population of freak wave events which are caused by short duration wave-packets
propagating independently to the direction of the surrounding waves. Such waves
would be potentially very dangerous to shipping, which might suggest why so few
events have been observed. Where wave directionality is directly measured, this is
usually averaged over an interval much greater than a few wave-periods, and even if
an unusual directional reading was observed it might well be attributed to data error
or averaged out.
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8. Conclusions
In this paper we have suggested that the Draupner New Year Wave was the results of two
waves propagating at around 90 to 120 degrees to each other. This is based on analysis
of the low frequency difference waves, which exhibit an unusual set-up under the giant
wave, which, to the second order, can only be explained if significant amounts of wave
energy were travelling in different directions. Our explanation is consistent with other evidence. However, whilst the meteorology suggests that the Draupner sea-state may be a
crossing sea, we offer no explanation as to why the energy from one wave-system should
concentrate into one short wave-packet, as the evidence in this paper suggest.
Acknowledgement TAAA was funded by an EPSRC studentship and ‘PhD plus’ fellowship. The Authors are grateful for the data provided by Dr. Kevin Ewans (Shell) and Dr.
Sverre Haver (Statoil).

References
Adcock, T. A. A., 2009: Aspects of wave dynamics and statistics on the open ocean. DPhil
Thesis, University of Oxford.
Adcock, T. A. A. and P. H. Taylor, 2009a: Estimating ocean wave directional spreading from an Eulerian surface elevation time-history. in press, Proc. Roy. Soc. A,
doi:10.1098/rspa.2009.0031.
— 2009b: Focusing of directionally spread wave-groups on deep water, an approximate
NLS-equation based model. submitted, Proc. Roy. Soc. A.
— 2009c: Focusing of unidirectional wave-groups on deep water, an approximate NLSequation based model. Proc. Roy. Soc. A, 465, 3083–3102, doi:10.1098/rspa.2009.0224.
Arkjær, P., 1992: Polar lows affecting Denmark. Tellus, 44A, 155–172, doi:0.1034/j.16000870.1992.t01-1-00005.x.
Baldock, T. E., C. Swan, and P. H. Taylor, 1996: A Laboratory Study of Nonlinear Surface
Waves on Water. Phil. Trans. R. Soc. A, 354, 649–676.
Dalzell, J. F., 1999: A note on finite depth second-order wave-wave interactions. Applied
Ocean Research, 21, 105–111, doi:10.1016/S0141-1187(99)00008-5.
Dean, R. G. and J. N. Sharma, 1981: Simulation of Wave Systems due to Non-Linear
Directional Spectra. Proceedings, International Symposium on Hydrodynamics in Ocean
Engineering, Norwegian Institute of Technology, Trondheim, Norway, volume 2, 1211–
1222.
Dysthe, D. B. and A. Harkitz, 1987: Big waves from polar lows? Tellus, 39A, 500–508.
Forristall, G. Z., 2000:
Wave crest distributions:
Observations and secondorder theory. J. Phys. Oceanogr.,
30,
1931–1943,
doi:10.1175/15200485(2000)030¡1931:WCDOAS¿2.0.CO;2.
11

Gibbs, R. G. and P. H. Taylor, 2005: Formation of walls of water in fully nonlinear simulations. Applied Ocean Research, 27, 142–157, doi:10.1016/j.apor.2005.11.009.
Gibson, R. and C. Swan, 2007: The evolution of large ocean waves: the role of local and
rapid spectral changes. Proc. Roy. Soc. A., 463, 21–48, doi:10.1098/rspa.2006.1729.
Gramstad, O. and K. Trulsen, 2007: Influence of crest and group length on
the occurrence of freak waves. Journal of Fluid Mechanics, 582, 463 – 472,
doi:10.1017/S0022112007006507.
Guedes Soares, C., 1991: On the occurrence of double peaked wave spectra. Ocean
Engineering, 18, 167–171.
Hansteen, O. E., H. P. Jostad, and T. I. Tjelta, 2003: Observed platform response to a
“monster” wave. Field Measurements in Geomechanics, Sweets & Zeitlinger, 73–86.
Haver, S., 2004: A Possible Freak Wave Event Measured at the Draupner Jacket January
1 1995. Rogue waves Workshop, Brest..
URL www.ifremer.fr/web-com/stw2004/rw/fullpapers/walk on haver.pdf
Janssen, P. A. E. M., 2003: Nonlinear Four-Wave Interactions and Freak Waves. J. Phys.
Oceanogr., 33, 863–884.
Janssen, P. A. E. M. and J.-R. Bidlot, 2009: On the extension of the freak wave warning
system and its verification. Technical Report 588, European Centre for Medium-range
Weather Forecasting.
Jensen, J. J., 2005: Conditional second-order short-crested water waves applied to extreme wave episodes. J. Fluid Mech., 545, 29–40, doi:10.1017/S0022112005006841.
Johannessen, T. B. and C. Swan, 2001: A laboratory study of the focusing of transient and directionally spread surface water waves. Proc. R. Soc. A, 457, 971–1006,
doi:10.1017/S0022112005006841.
Liu, P. C., 2007: A chronology of freaque wave encounters. Geofizika, 24, 57–70.
Onorato, M., A. Osborne, M. Serio, L. Cavaleri, C. Brandini, and C. Stansberg, 2006:
Extreme waves, modulational instability and second order theory: wave flume experiments on irregular waves. European Journal of Mechanics - B/Fluids, 25, 586–601,
doi:10.1016/j.euromechflu.2006.01.002.
Onorato, M., T. Waseda, A. Toffoli, L. Cavaleri, O. Gramstad, P. A. E. M. Janssen, T. Kinoshita, J. Monbaliu, N. Mori, A. R. Osborne, M. Serio, C. T. Stansberg, H. Tamura,
and K. Trulsen, 2009: Statistical properties of directional ocean waves: The role of the
modulational instability in the formation of extreme events. Physical Review Letters, 102,
114502, doi:10.1103/PhysRevLett.102.114502.
Prybot, P. K., 2007: Rogue wave slams Gloucester dragger. Gloucester Daily Times, 28
April 2007.

12

Rasmussen, E. A. and J. Turner, 2003: Polar lows: mesoscale weather systems in the
polar regions. Cambridge University Press.
Toffoli, A., M. Onorato, A. Babanin, E. Bitner-Gregersen, A. Osborne, and
J. Monbaliu, 2007: Second-Order Theory and Setup in Surface Gravity Waves:
A Comparison with Experimental Data. J. Phys. Oceanogr., 37, 2726–2739,
doi:dx.doi.org/10.1175%2F2007JPO3634.1 N2.
Walker, D. A. G., P. H. Taylor, and R. Eatock Taylor, 2005: The shape of large surface waves
on the open sea and the Draupner New Year wave. Applied Ocean Research, 26, 73–83,
doi:10.1016/j.apor.2005.02.001.
Waseda, T., T. Kinoshita, and H. Tamura, 2009: Evolution of a Random Directional Wave and Freak Wave Occurrence. J. Phys. Oceanogr., 39, 621639, doi:DOI:
10.1175/2008JPO4031.1.

13

