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1 INTRODUCTION
The main purpose of the project is to develop methodologies for operational use of SAR with focus
on wave‐current interaction.
The problem is approached in two ways: first, analyzing a large database of satellite observations to
search for indications that currents influence wave observations by satellites, and secondly,
analyzing cases on a local scale and verifying with in‐situ measurements.
This report summarizes the results of this study. It is our intention to publish parts of this report in
met.no’s report series.

2 ALTIMETER WAVE HEIGHT VS HIGH RESOLUTION WAVE MODEL
2.1 Introduction
Purpose of this study was to see if changes in wave field due to wave‐current interactions could be
traced with altimeters. An analysis of differences between significant wave heights as measured by
altimeters, gathered during a longer period of time, and as modeled with wave models is performed
to see if these can be related to areas with known strong currents. Another study is being
performed globally (personal communication with Fabrice Ardhuin). Preliminary results from this
study indicate that largest errors are seen in areas with known wave‐current effects, like for
example in the vicinity of the Agulhas current outside South Africa, and in areas of the Gulf Stream.
Some areas along the Norwegian coast are known to be dangerous for ships due to wave current
interactions (Figure 1). It was therefore of interest to perform this analysis on a regional scale. Some
known circulation patterns are known, (personnel communication, Institute of marine research,
imr.no, Figure 2 ). For example south going currents on east coast of Greenland, southeast going
current from Island to Shetland, the Gulf Stream becoming the North Atlantic current that comes
into the Norwegian basin and pursues along the shelf northward. Close to North Cape the current
separates from land and goes northward. Fishermen report of dangerous seas where the Norwegian
Sea and the Barents Sea meet. Another driver is that a new wave hindcast database (historical
database) is being built on a fine‐meshed grid (10km) at met.no and results from here are interesting
for such a study.
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Figure 1 From ’Den Norske Los’. Red areas along the Norwegian coast were defined as dangerous in certain
conditions (crossing seas due to topography and wave‐current interaction).

Figure 2 Figures from the Norwegian Institute of Marine Research (ref: Paul Budgell, Bjørn Ådlandsvik, Vidar
Lien, Institute of Marine Research., personnel communication). Left: circulation and temperature in waters
at 50 meter depth in winter 1995, a winter with high NAO index. Right: same as for left, but for winter 1996,
with low NAO index.
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2.2 DATABASE
2.2.1 Wave model data
The Norwegian Meteorological Institute (met.no) has been running the 3rd generation wave model
WAM operationally for wave forecasting purposes since 2000. It replaced the 2nd generation wave
model WINCH that was run for about 15 years. WINCH was also used in a hindcast study, producing
wave information every 6 hours (from 1957 to now) over the eastern parts of the North Atlantic and
Norwegian seas including parts of the Barents Sea. A new hindcast study was initiated by Statoil,
Hydro and Norwegian Shell in 2006 to renew this database using more up to date tools: wind fields
driving the wave model are now given by re‐running the atmospheric model HIRLAM on a grid
resolution of 10 km and 40 vertical layers with boundary conditions given by the global ERA40
hindcast (ECMWF), see Figure 5 for area coverage. The wave model is WAM10 on a 10km grid as the
atmospheric model. No satellite data are assimilated in the Norwegian models.

Figure 3 Coverage of the WAM10km and HIRLAM10km (smallest area, blue), and the HIRLAM20 and WAM50
that give boundary conditions to the finer scale models.

2.2.2 Altimeter data
Altimeter data from 1993 to 2007 were kindly made available by the group of Bertrand Chapron at
IFREMER, (Brest, France). The database consists of a large amount of data. Satellites included in the
dataset are ERS‐2, GFO and TOPEX. The study was performed using data from 2000 and 2001
because of availability of model data at start of this work. The coverage of each satellite varies in
the Norwegian seas due to different northern limit of the orbits. TOPEX goes only up to 66° N, GFO
goes up to 72° N, and ERS‐2 goes up to 80° N.
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2.3 METHOD
Significant wave height evaluated using altimeters were sorted out within the area of WAM10
together with information on date, geographic position and which satellite they come from. Given
each of these satellite measurements, representing an area of 5 by 5 km, a modeled value was found
from the hindcast database by using the criteria: closest in space and time. With a time step in the
hindcast database of 1 hour, the difference in time between observation and model value must be
30 minutes at most, and with a grid spacing of 10km, the largest distance between observation point
and grid point must be at most of the order of 7 km. Currents may vary within such spatial and time
resolutions, but consequences for the results are disregarded at this stage of the study.
Some statistics are calculated and presented for the WAM10 area in the next section. Values are
calculated using collocated data within smaller areas of the WAM10km grid, using all hits within the
period January 2000 to December 2001. Values presented herein are:

MeanError =
RMSE =

1
N

∑ (Yi − Xi)

1
(Yi − Xi ) 2
∑
N −1

with Y=Hs (WAM10km), X = Hs (satellite), N is number of data.
Statistics where seen to be very dependent of number of hits. In ice covered areas the number of
hits is reduced due to absence of data during winter, and in intermediate periods, altimeter values
can be present while the model has defined ice at the nearest grid point, resulting in a wave model
height of zero. Constraints have been given to the database, by sorting data within cells of 1°x0.5°
and restricting statistics to only cells containing at least 300 data.

2.4 RESULTS
2.4.1 Quality assessment of altimeter data
Significant wave height from different satellites have different behavior, but overall, the comparison
with wave model data is very good, as can be seen from Table 1, showing scatter and probability
density plots between observed and modeled values of Hs. There is a high correlation as can be seen
in table 1 summarizing the statistics.
Table 1 Statistics between significant wave height from altimeters (ERS2, TOPEX and GFO) and met.no’s
WAM10km model data in 2000 and 2001. N: number of cases, a and b are regression line coefficients, corr is
correlation.

N
a
b
ERS‐2 1.142.018 0.96 0.16
TOPEX
745.466 0.95 0.07
GFO
1.129.881 0.97 0.18
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Probability density, data: 1142018/1142018=1.00, grid: 75x75
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Figure 4 Comparison between model significant wave height (WAM Hs) and collocated altimeter wave
heights from ERS2 in the WAM10km area. Statistics are given in Table 1.
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0.45

15

0.4

0.35

0.3

WAM Hs [m]

10

0.25

0.2

0.15

5

0.1

0.05

0
0

5

10

15

0

TOPEX H [m]
s

Figure 5 As Figure 4, for TOPEX.
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Probability density, data: 1129881/1129881=1.00, grid: 75x75
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Figure 6 As Figure 4, for GFO.
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2.4.2 Regional distribution of Mean Error and RMSE

Figure 7 Mean Error (top) and RMSE (Bottom) between Hs from WAM10km and Hs from the ERS‐2 altimeter
during 2000 and 2001.
.
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Figure 8 Mean error (top) and RMSE (Bottom) between Hs from WAM10km and Hs from the GFO altimeter
during 2000 and 2001.
.
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Figure 9 Mean Error (top) and RMSE (Bottom) between Hs from WAM10km and Hs from the TOPEX
altimeter during 2000 and 2001.
.
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Figure 10 Mean Error (top) and RMSE (Bottom) between Hs from WAM10km and Altimeter Hs from all 3
satellites (ERS2, GFO and TOPEX) during 2000 and 2001.
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2.5 DISCUSSION
There is a high correlation between significant wave height measured by altimeters and the modeled
values from the new hindcast database (Wam10km). Regression line is also very good. Geographical
distribution of errors and RMSE show high values for certain areas for all satellites: outside Stad
(northwest of southern Norway), outside Northern Norway, in the southwest of the Norwegian Sea
and areas around the Faroes. A peak is seen west of Scotland. These areas are known for current
systems:
‐

‐
‐

Stad: the North Atlantic current takes a turn northward when reaching the coast at Stad,
following the edge of the Norwegian continental shelf around Haltenbanken, off mid‐
Norway.
SW of Norwegian sea: The anticlockwise circulation in the Norwegian sea has a strong
current going from Island to the Faroes, meandering with the bottom topography.
There are strong tidal currents around the British Isles. The area with a peak in mean error in
Hs just west of Scotland should be a place with strong wave current interactions.

‐
Areas in the Barents Sea show signs of higher errors along tracks, indicating the distribution of data
is too uneven to conclude with respect to wether wave‐current interaction influence on errors in the
model. Areas close to the ice‐edge outside Greenland also show higher mean errors, but this could
be a result of the ice‐edge moving back and forth.
Larger mean errors and RMSE values are also seen off the coast of Northern Norway. Tides are
strong here, and the North Atlantic current flows along the coast northward.

2.6 CONCLUSIONS
Sources of errors in wave height are many for this comparison: Number of cases per area, ice‐edge
effects, errors in wind fields. Further analysis is needed but this first step study gives us the
opportunity to state:
‐
‐

Significant wave Height from altimeters are valid data
Stronger BIAS and RMSE are seen in areas with known currents.

Recommendations are to extend the database as far as possible and analyse the differences in more
detail, especially in specific areas. A hindcast of the currents is being built up. Correlations with
winds and currents should be worked on as well as with the wave values.

WACUSAR_sluttrapport.doc

19.12.2008

3 STORM CASE STUDY
3.1 Introduction
This project was initialized following the storm on 1st November 2006 (also named the Borgny storm
in the EXWW procedures; EXWW: Ekofisk eXtreme Wave Warning, operated by met.no for
ConocoPhillips). This storm produced a significant wave height (Hs) of 12 m at Ekofisk (56.5N 3.2E,
see Figure 11) operated by ConocoPhillips. Some damages were recorded on some platforms in the
North Sea, like the ones made by a wave hit on life boats on the northern side of the Valhall
platform operated by BP, at 56.0N,3.5E about 40 nautical miles SSE of Ekofisk. Due to subsidence
and strict safety levels, parts of the personnel on these platforms were demobilized to onshore
previous to the storm. A SAR passage was recorded across the area about 9 hours after the peak of
the storm had passed Ekofisk and was not timed optimally for a study. But one year later, on the 9th
November 2007, a new severe storm produced Hs up to 11m at Ekofisk (Figure 12). No severe hits
were recorded here, but large waves are seen in the measurements as well. Waves large enough to
be called rogue waves in both storms. A SAR scene was recorded with Envisat ASAR around 09 UTC,
close to the peak of the storm at Ekofisk, and an analysis of the data is presented hereafter.

3.2 Significant wave height and dominant wave length from SAR
Significant wave height and dominant wave length were retrieved from the SAR image with the
software SARTool by the French company BOOST Technologies (now part of CLS). Geographical
distributions are shown in Figure 13. SAR sensors are known to have limited sensibility to short wave
components along the satellite ٛraveling direction (“azimuth cutoff”), and hence wave direction may
be shifted, and waves shorter than 300 m along satellite ٛraveling direction may even not be imaged
at all. However, for this case, waves are very long (between 300 and 400 m) for part of the scene,
and the SAR retrieved wave field should be quite accurate. The highest waves are seen in the same
area as in the wave model. Longest wave lengths are seen between the wave height peak area and
Ekofisk, which may suggest variations at smaller scales than we usually discuss and forecast. The
wave heights from the Wam10km model also indicate variations at small scale that may be a result
of variations at small scale in the wind, or result of refraction from bottom topography (see Figure
14) or current interaction. The SAR image furthermore suggests that the Norwegian Trench acts as a
wave‐guide for the longer waves and swell propagating south‐southwestward. Under such
conditions wave‐current‐bottom interaction south of Jæren at the opening to the Skagerrak can be
significant leading to complicated sea states as suggested by the SAR image. This could be further
investigated.
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Figure 11 Significant wave height on 1st November 2006 at 00UTC (Borgny storm), produced with the
operational model WAM10km at met.no. Maximum of 12m in the Ekofisk area (black cross).

Figure 12 Significant wave height (color coded) on 9th November 2007 at 06UTC (Andrea storm),
produced with the operational model WAM10km at met.no. MSLP and wind from HIRLAM10km. The
wave height maximum is 11.5m off Southwest‐Norway.
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Figure 13 Left: Significant wave height of the longest waves retrieved from an Envisat ASAR scene from 9th
November 2007 at 10 UTC. Right: Peak wavelength from the same scene.
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Figure 14 Bottom topography in central North Sea. There are shallow ridges (40m) NNE of Ekofisk.
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4 WAVECURRENT INTERACTION OFF KARMØY
4.1 Models
A fine scale wave model (SWAN, Simulating Waves Nearshore, Booij et al., 1999) was set up off the
coast of western Norway in a wave energy study for FOBOX AS (Fred Olsen). A hindcast was
performed on a region with 74x67grid points and special resolution 500m. This region was
considered too small for studying effects of variation in currents and wind. A new geographical area
was defined with the same spatial resolution but now reaching further south, east and north,
thereby including Boknafjord and Sletta (Figure 15 and Figure 16). The bottom topography was
generated from point data obtained from NorgeDigitalt (http://www.norgedigitalt.no). The data was
interpolated to the new grid of 120x170 grid points and 500m spatial resolution in both directions.
HIRLAM is the main operational weather forecasting model at met.no. It is a hydrostatic
atmosphere model run on several different grids which are nested into each other. The 10km grid,
which covers the Barents Sea, the Norwegian Sea and the North Sea provides input to HIRLAM5
(HIRLAM version 6.2 until July 2006) and HIRLAM4 (HIRLAM version 6.3 with 4km spatial scale after
July 2006) that both covers Norway. Data from HIRLAM at this finest grid is used to force SWAN on
its 500m grid.
Surface currents were obtained from met.no’s operational ocean model MI‐POM which is met.no’s
version of the well‐known Princeton Ocean Model (POM). This version is improved and enhanced
compared to the original version (Engedahl H., 2001). The ocean model setup which has the finest
resolution at Karmøy is the Skagerak model with a spatial grid scale of 1.5km. This model is hereafter
referred to as Skagerak1500. Skagerak1500 is run daily, providing 60 hours prognoses with output
every 6 hours. Due to the M 2 tidal cycle of 12.42 hours, the variations in the current field can be
relatively large from one output field to the next and the peak of the tidal cycle may not be picked
up at all.
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Figure 15 In red: SWAN area for the wave‐current interaction study.

Figure 16 Topography in the SWAN area. Black square is area where hindcast study was performed.

Figure 17 Waves in WAM10km (blue) and in SWAN (red) on 9th November 2007 at 00 UTC. Red arrows are
peak direction of waves in SWAN, showing refraction effects around Utsira. Blue anchors are positions
where SWAN spectra and SAR information are retrieved.
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4.2 SAR and model data off Karmøy

Figure 18 Wave lengths in meters as retrieved from the SAR images in the BOOST software at the given
positions. Wave lengths are shorter near shore. But right behind Utsira, they are longer (320‐342m) than
offshore waves (315m).

Figure 19 Comparison of SAR dominant wave wavelength and SWAN peak wave length (no current).
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Figure 20 Comparison of SAR dominant wave direction and SWAN peak wave direction (left: no current,
right: with current).

Figure 21 Times series of significant wave height during the month (19th October – 19th November 2007)
when SWAN was run with and without current. Green: SWAN with current, Blue: SWAN without current
(but underlaying the green line almost all the time). Red, observations from the FOBOX buoy west of
Karmøy.

Wave dominant length and direction are retrieved from the SAR passage on 9th November 2007 at
10 UTC from positions in the SWAN area, and compared to SWAN results on this time (See Figure 18
to 20). The range of wavelengths is much larger as measured by the SAR than as modelled in SWAN.
Except for 3 measurements, all SAR directions are towards 130‐140 degrees, while SWAN gives a
wave direction towards 100 degrees. It is plausible that waves should not be veered so much onto
shore as seen in the SWAN results since the wave heights seem to be overestimated in the model
(see Figure 21).
Wave directional spectra are compared (example shown in Figure 22 and Figure 23 ). The ocean
surface waves give. In the SAR spectrum (Figure 23), two local maxima (blue), one at the upper left
and one at the lower right of the figure (two because of directional ambiguity). Wave length is there
278m, corresponding to waves with peak period of 13.3 sec, or frequency at .075 Hz. This maximum
is seen as the red maximum in the SWAN spectrum (Figure 22), which is in the direction of the wind.
SWAN also indicates a high energy swell component from WSW. This is also seen in the SAR
spectrum, but with less energy than in the windsea direction. The time series (Figure 21) showed Hs
was too high in the model. The SAR spectrum indicates that it is because of too much swell.
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Another observation from the SAR spectrum is the strong signal in the east‐west direction. This is
known to be related to streaks on the sea surface because of strong winds. The peak direction of this
signal is the direction perpendicular to the wind direction.

Figure 22 Directional wave spectrum from SWAN at the time of the SAR passage (spectrum at same position
and time is given in next figure (timing in figure is erroneous).

Figure 23 Wave spectrum from SAR on 9th November 2007 at 10 UTC.
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Figure 24 Average currents in the period 19th October to 18th November 2007. The coastal current is seen to
have a jet outside SW Karmøy, leaving there the coast towards Utsira and splitting there in two branches.

Figure 25 Bias (left) and standard deviation (right) between SWAN Hs with and without current. The current
jet is seen to make differences, although not large in value.
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Currents are given in this model system only with data every 6 hours. Swan was run with and
without current effects, and only weak effects, hardly measurable, were seen on wave parameters.
Overall though, some signal is seen. The average current during the month between 19th October
and 19th November 2007 is shown in Figure 24. Average bias and RMSE in Hs from runs with and
without currents are shown in Figure 25. The largest biases are outside the strongest currents, while
the largest RMSE are within the current jet.
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5 WAVE LENGTH AT EKOFISK
It is known that values of wave peak period and wave length are sometimes very dependent on
which system is used to measure the waves. There are 3‐4 different operational wave recorders at
Ekofisk. Data from SAR scenes over Ekofisk during a period of almost 3 months are analysed and
compared to wave lengths deduced from the in‐situ measuring systems. The sensors at Ekofisk used
here are:
‐ Waverider buoy situated about 1 nm from the Ekofisk complex.
‐ MRF: a MIROS Range Finder (altimeter) situated on the bridge connected to the south flare.
‐ LASAR system on bridge between 2/4‐B and 2/4‐K. This is a system of 4 lasers mounted a few
meters apart, used to evaluate directional and spectral information using a directional wavelet
method.
Wavelength from the in‐situ measuring systems is calculated using the peak wave period (Lp =
g/2π*Tp^2) and assuming the deep water relation is adequate, which is not exactly right at wave
lengths longer than about 250m (depth is 70m at Ekofisk). These values are intercompared in Figure
26 and Figure 27. Wave lengths are seen to be mostly within 50 to 200 meters. 3 cases are around
300m.

Figure 26 Peak wave length from LASAR (left) and MRF (right) compared to waverider wave length at the
collocated times with SAR passages during 3 months at Ekofisk.
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Figure 27 Peak wave length from MRF compared to the LASAR at the collocated times with SAR passages
during 3 months at Ekofisk.

Wavelengths measured in‐situ are compared in figures 28 to 30 to SAR wavelengths. We see SAR
data have a wider range of wavelengths, 150 to 450 m.

Figure 28 LASAR (left) and MRF (right) wave lengths compared to peak wave length from the SAR.
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Figure 29 WAVERIDER wave lengths compared to peak wave length from the SAR.

6 CONCLUSIVE REMARKS
In general the SAR –model and in‐situ wavelength comparison need to emphasize the fact that
SAR is a filter that manifests detection of the longer waves and swell. In contrast in‐situ
observations are less sensitive to swell. Hence the comparison will usually show results as
demonstrated here. Similar deficiencies with respect to swell are also known to exist for wave
models. We see here (previous section) that some data are similar, probably in cases where waves
are high. This can be analysed and proven, but such a study is out of scope of the present project. It
is recommended to extend the data base, which is possible, and to compare parameters evaluated
from the long frequency part of the in‐situ measured spectra.

The analysis close to the coast indicates that the SWAN gives too much swell and refracts the waves
too little. Refraction by current may cause such an effect, but it could not be proven here because of
the poor resolution of the current fields. In average the wave‐current interaction study shows that
RMSE is high in the current area, and that biases appear outside the current. This can be used in the
altimeter study of the first work package, but it is here also recommended to extend the period with
altimeter data.
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