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UNCERTAINTY IN PREDICTION OF EXTREME STORM SEAS (ESS)
V. J. Cardon! and V. R. Swail?

1 Oceanweather, Inc.
Cos Cob, CT

2 Environment Canada
Downsview, Ontario

1. INTRODUCTION

This paper addresses the uncertainty in predictions of Extreme Storm
Seas (ESS), defined as occurrences of significant wave height (HS)
greater than about 12 m. ESS should not be confused with extreme
individual crest and crest-trough heights (Extreme Storm Waves or ESW)
which often occur within ESS and which are often referred to as
"rogue” or "freak” waves. ESS (and ESW) are of great importance in the
specification of design wave climates for use in calculation of loads
on offshore and coastal structures and study of ship responses. ESS
are also, of course, of operational interest to the shipping and
offshore industries.

This study is stimulated in part by the somewhat surprising frequency
of measurements of ESS in recent years from buoys moored off the east
and west coasts of North America and from offshore oil production
platforms in the northern North Sea, and in part by recent hindcast
studies which suggest a tendency for otherwise well validated wave
models to under specify storm peak ESS even when forced by carefully
hindcasted wind fields. The apparent increasing incidence of ESS has
also been argued to be a signal for climate change. The issues
addressed in this paper should be resolved before wave measurements or
model derived series of storm maxima may be used to assess climate
change or variability. Therefore, we strive in this study to identify
the sources of uncertainty in the wind/wave hindcast process and
attempt to estimate the uncertainty associated with each source.

The sources of uncertainty considered include: errors in wave height

measurements themselves under ESS conditions (Section 2[]); errors in
wind fields used to drive wave models (Section 30); effects
associated with wave model physics or numerics (Section 400y . we

conclude (Section 5[]) with an overall estimate of the uncertainty in
specification of ESS under even the b-st wave prediction circumstances
and recommend research needed to reduce this uncertainty.

2. MEASUREMENTS OF EXTREME WAVES
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2.1 Occurrences

Until the proliferation of moored data buoys off the east and west
coasts of North America, instrumental measurements of ESS were quite
rare. One notable earlier occurrence is the highest sea state sampled
by an array of platform mounted capacitance wave gages operated in the
northern Gulf of Mexico between 1969/1971 during the ODGP-OCMP
programs (Ward, 1974, Forristall et al., 1980). In hurricane Camille
(1969), a category 5 hurricane, one platform in deep water off the
Mississippi Delta measured a HS of 13.4 m and a maximum wave height of
21.9 m in the core of the storm. Since the ODGP-OCMP programs, many
measurements of waves have been acquired in tropical cyclones from
buoys moored in the Gulf of Mexico and off the cast coast of the U. S.
The maximum HS in a hurricane recorded to date was 14.3 m at NOAA buoy
41002 in hurricane Gloria (1985).

Significantly greater ESS have been measured just within the past five

years in severe extratropical cyclones (ETC). Table 10 gives a by no
mean; exhaustive list of measurements of ESS in recent years.

These are unsmoothed highest single estimates and are likely to
overestimate the true storm peak ESS, as discussed below. Two highly
publicized occurrence,,; are the ”"Halloween Storm” (HOS) of October 26
- 1 November, 1991 (HOS) (Wang and Mettlach 1992) and the ”"Storm of
the Century” (SOC) of March 12-15, 1993 (Wang, 1995). At Environment
Canada (EC) buoy 44137, moored in deep water south of Nova Scotia, the
measured peak HS exceeded 15 meters in both storms, with maximum HS of
17.4 m and crest-trough amplitudes exceeding 30 meters in HOS. At EC
buoy 44141, the maximum HS was 15.2 m. These heights exceed current
estimates of 100-year return period wave height extremes in deep water
south of Nova Scotia (Eid et A, 1992) by up to 50%. At NOAA buoy
41002, moored in deep water east of South Carolina, the peak measured
HS in the SOC was 15.7 meters, an all time record high for NOAA buoys
and again exceeding current estimates of design wave heights in that
area by a wide margin (e.g. the WIS estimate (Corson et al., 1981) for
this site is about 12 meters for the 100-year condition). Even more
recently, several events with peak HS greater than 14 m were observed
in the EC buoy array, most recently 14.0 m at 44141 in the storm of 6
April, 1995.

In the eastern North Pacific Ocean, NOAA buoy 46001 measured HS of
14.8 m on 28 November, 1979 the highest ever reported by a NOAA buoy
up to that time (Hamilton, 1982). Between 1986 and 1993 at least 15
occurrences of ESS are contained in the reports from the NOAA-EC array
of buoys, with the highest of 15.7 m at EC buoy 46208 on 12 November,
1990. In the eastern North Atlantic Ocean and North Sea, ESS have been
measured mainly within the last 5 years in association with an
apparent increase in storminess there (WASA Group, 1995). Off the
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coast of Iceland, where 4 waveriders have been monitoring offshore
since 1988, (Viggoson et al., 1993) a peak HS of 16.7 m was measured
on 9 January, 1990 at one of the buoys and 16.3 m at another as the
center of an intense ETC (minimum pressure < 940 mb) passed just north
of Iceland. Some notable ESS measured recently in the northern North
Sea/Norwegian Sea include a peak HS of 15.7 m in the ferocious storm
of 1 January, 1992 and 13.6 m in the storm of 31 January, 1995 both
measured at Magnus platform located at 61.6N, 1.30E.

2.2 Measurement Errors

The U. S. array of meteorological and oceanographic data buoys off the
East, Gulf and West coasts of the U. S. were deployed mainly during
the 1980’s and now number more than 60 with exposures ranging from
very near the coast (within 10 km) to moorings in very deep water up
to 500 km offshore. An array of similar buoys but with slightly
different measurement payload systems was deployed by EC offshore
beginning in 1987 off the West Coast and expanded to off the East
Coast beginning in 1991.

The most important characteristics of the buoy wave measurements in
relation to this study are:

(1) Canadian and U.S. non-directional wave measurements use a
"strapped down” accelerometer aligned with the buoy’s mast, with
the exception of buoy 44139, which employs a gimbaled Datawell
heave sgensor; the directional buoys (44014, 44025) use a gimbaled
Hippy 40 sensor;

(ii) Canadian buoys sample waves at 1 Hz for 35 minutes; the NOAA
buoys sample at 2.56 Hz (DACT payload) or 1.5 HZ (GSBP payload)
for 20 minutes;

(iii) significant wave height in tenths of meters and peak period
in tenths of seconds computed from the sample is recorded, along
with the 1-D (or 2-D) spectra;

The detailed specifications for the NOAA and EC buoy payloads in
operation during these events is given in NDBC (1993) and Axys
Environmental Systems Ltd., (1992), respectively. For waves, the total
measurement system accuracy is usually quoted as £ 0.2 m or 5% for HS
and £ 1 sec for TP. These estimates however, are derived from
calibrations carried out in low to moderate sea states (Gilhousen,
1987). In a recent field program, undertaken in the winter of
1994-1995 from a NOMAD buoy moored off the west coast of Canada, two
different heave accelerometers were recorded twice per second when the
HS exceeded 8 in. The preliminary analysis of the data (Skey et al.,
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1995) shows generally good agreement between the two sensors. However
this experiment does not indicate how faithfully the buoy itself is
tracking the sea surface in ESS conditions. Thus, while ESS have been
measured from buoys (North Atlantic, North Pacific) and fixed sensors
on platforms (e.g. Gulf of Mexico, North Sea) we are not aware of
measurements from both systems in the same sea state which might allow
an assessment of the errors associated with buoy motions and/or
mooring effects. We strongly recommend that such a comparison be made
in areas where ESS are possible (e.g. near platforms in the North Sea
or Norwegian Sea, and perhaps near the future Hibernia platform east
of Newfoundland). Until such an experiment is carried out it is
prudent to consider measurement errors in ESS conditions to be at
least 5% and possibly up to 10%.

2.3 Sampling Effects

In addition to possible measurement errors, one must consider the
effect of sampling variability, which for typical buoy sample lengths
imparts an uncertainty of £ 10-15% in estimates of HS and + 5% in
estimates of peak spectral period (Donelan and Pierson, 1983).
Sampling variability also imparts a bias in measurements of storm peak
HS. Typically, a buoy or platform obtains an estimate of HS once each
one, two or three hours, each estimate based upon a sample length of
18-35 minutes. If the duration of the storm peak at a measurement site
is at least 6-12 hours, which is a reasonable assumption for typical
extratropical storms, the buoy provides several measurements around
the storm peak, and the maximum of those samples is therefore a biased

overestimate of the true storm peak HS. For example, Table 20 shows a
part of the record of hourly reports from 44137 in the HOS around the
storm peak. Storm peak conditions evidently occurred between about
0355 UT and 0855 UT 30 October. The average HS over this period is
16.2 m. The absolute maximum estimate of HS is 17.4 in. The positive
bias of the highest HS is therefore about 7.4%. Forristall. et al.
(submitted) used accepted distribution functions for spectral
estimates and for HS and computed the expected value of the maximum HS
in a storm as a function of the spectral shape, the sample length,
number of measurements and the storm peak duration. For typical sample
lengths and storm durations in ETC, they find a positive bias in peak
HS of 5-10%, increasing with the number of measurement samples made
during peak conditions. In the validation of hindcasts of the HOC and
SOC made by different models (Cardone et al, 1995a) the highest
average of three consecutive estimates was used to represent the storm
peak in order to minimize this source of bias.

3. WIND FIELD SOURCES

Errors in wind fields used to drive wave prediction models in a
hindcast mode may be attributed to basically two sources: errors in
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measured winds which may contaminate analyses into which they are
assimilated, and deficiencies in wind field analysis methods
themselves, including the assimilation method and spatial and temporal
resolution. In addition, when wave models are used in a forecast mode,
additional wind errors arise in the inevitable growth of forecast
error with time of synoptic scale systems to the chaotic limit of
skill (typically 7-10 days). In this section these sources are
discussed with particular regard to high wind regimes typically
associated with ESS.

3.1 Wind Measurement Errors

Uncertainties in measured winds arc discussed for each source: ship
reports; buoy winds, platform winds, satellite winds.

Ship Reports. Ship reports of wind come in two flavors: Beaufort
estimates and anemometer estimates, and it is not always known which
type a given report falls into. A great deal of new research is
currently underway to improve the conversion of Beaufort Force or
Number into equivalent wind speed (e.g. Cardone et al., 1990; see also
COADS (1995)) . That research has been stimulated by interest in
historical marine winds for studies of climate variability and change.
However, the upper limit of the Beaufort Scale, namely Beaufort 12, is
equivalent to wind speeds which vary according to which scale is
adopted from 56 knots for the Cardone et al. (1990) scale to ">563
knots” for the official WMO scale. Thus, even if the estimation of
Beaufort number was unequivocal and the perfect equivalency scale was
known, this system simply runs out of dynamic range at wind speeds
associated with the generation of ESS.

An increasing percentage of ship wind reports are anemometer estimates
taken at some (often unknown) location on the ship. There are numerous
sources of error or uncertainty associated with wind measurement from
ships, including the height of the anemometer above sea level,
corrections (or lack of) for ship motion, averaging interval of the
measurement, and distortion of the true marine wind field by the
superstructure of the ship itself. A detailed review of the accuracy
of ship measurements is given by Taylor et al. (1995). The flow
distortion errors are almost always non-negligible, and may be the
dominant factor at high wind speeds depending on the location of the
anemometer and relative direction of the wind to the ship. The errors
may also be of either sign. For this reason, Dobson (1983) recommended
that corrections to measured winds from ships for anemometer height
not be done unless corrections were also done for flow distortion. The
latter is very difficult since there are many different, usually
unknown, effects which contribute to the flow distortion problem.

A joint study has been undertaken between Environment Canada, Bedford
Institute of Oceanography and the James Rennell Centre for Ocean
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Circulation (U.K.) using a Computational Fluid Dynamics (CFD) approach
to investigate flow distortion for various combinations of ship type,
loading, wind speed and direction. The CFD study shows that the flow
around the main anemometer site is very complex. The effect of the
ship is detectable up to 100 in upstream of the bow and for tens of
meters above the ship itself. There is no site on the ship which is
unaffected by the ship’s distortion of the air flow. From the results
of this study it may be possible to produce a more homogeneous set of
marine wind measurements from ships, corrected for the effects of
shipboard flow distortion, on which climate variability analysis can
be carried out and for use in assimilation of ship reports of wind
into storm wind field analyses. Until such effects are better
understood, ship reports should be considered unsuitable for very
refined analyses of wind fields in extreme storms.

Buoy Winds. Meteorological buoys are widely considered to be the best
possible source of data for marine winds. In addition to their direct
use in climate analysis, buoy winds are widely used for a number of
different applications: operational numerical weather prediction
analysis schemes; validation of wind fields; use as "truth” for the
validation and calibration of satellite and radar remote sensing
systems. Buoy winds by no means form a homogeneous data type. For
example considering only the U.S. and Canadian arrays we find the
following differences:

(i) winds from the NOAA buoys are 8.5 minute scalar average
speeds; directions are unit vector averages;

(ii) winds from the Canadian buoys are 10 minute wvector
average speeds and directions;

(iii) winds from the NOAA buoys may be at either 5, 10 or
13.8 m level; wind observations from the Canadian NOMAD
buoys are at 4.6 to 5.4 in;

(iv) Canadian buoys also report the highest 8 second running
scalar mean peak wind speed in the 10-minute sample; NOAA
buoys report the highest 5 second window average obtained in
the 8.5 minute sample.

It is therefore essential that the characteristics of these observing
platforms be well understood, in a wide range of environmental
conditions. Considerable work has been devoted to the demonstration of
buoy capability in low to moderate sea states (e.g. Gilhousen, 1987).
However, there has been little or no investigation of buoy winds in
ESS conditions. It is commonly believed by operational meteorologists
in Canada and the U.S. that the buoy average wind speeds are
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significantly underestimated in these conditions and that the reported
gust speed is a more reasonable measure of the true sustained wind
speed.

The field program noted above, undertaken during the winter of 1994-95
off the west coast of Canada, measured winds and waves from a NOMAD
buoy twice per second when significant wave heights exceeded 8 m. Air
temperature, magnetometer, buoy heading and vertical wind speed were
also recorded at 2 H,; sea surface temperature was recorded every 10
minutes. Preliminary results show that wind speeds vary considerably
over a very short time frame, e.g. a factor of 2 over less than 10

seconds (see Figure 1) . The wind direction may vary by more than 100
degrees over 10 minutes, with a standard deviation of 16 degrees

(Figure 20) . This variability will have a significant impact on the
vector mean wind speed computed for the hourly wind report. Detailed
analysis is presently being carried out to assess the magnitude of
errors introduced by this vector averaging, as well as potential
effects due to sheltering of the anemometers by the high waves
(individual waves up to 22 m were sampled), and errors due to buoy
motions (Skey et al., 1995).

Platform Winds. Winds measured from offshore platforms are potentially
the most accurate source of marine winds in extreme storms. Instrument
error can be very low provided the sensor is calibrated and checked
periodically, there is no appreciable sensor motion, and flow
distortion is minimal for sensors mounted well above the platform
superstructure. These conditions are increasingly being satisfied for
the newer platforms in the Gulf of Mexico, North Sea, Norwegian Sea
and in other frontier areas of offshore exploration and production.
Typically, the anemometer is a modem design, is calibrated,
electronically recorded and averaged, and mounted at the top of the
drilling derrick at heights of 40 in to as much as 100 meters off the
sea surface. The only adjustments typically needed for such
measurements are for sensor height and adjustment to neutral
stratification. Interesting data sets have been acquired in the recent
North Sea extreme storms noted above in ESS conditions which indicate
that sustained winds in the marine boundary layer in ESS conditions,
reduced to equivalent 20 in neutral stratification, can range as high
as 40 m/s with gusts to as high as 50 m/s. Interestingly, in the HOS
and SOC no buoy recorded average winds greater than 30 m/s during ESS
conditions.

Satellite Winds. Remote sensing of the ocean is clearly an essential
component of any future climate observing system due to the immense
area to be covered and the difficulties and expense of using
conventional in situ systems. However, these remote systems do not
measure the desired geophysical parameters directly, but instead
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measure other parameters such as radar backscatter. Algorithms to
convert to winds and waves must be developed and verified using
high-quality in situ measurements from ships and buoys - this
reinforces the importance of understanding the characteristics of such
measurements.

Several types of satellite sensors capable of producing information on
ocean waves and marine winds have been developed in recent years,
including scatterometers, passive microwave radiometers, altimeters
and synthetic aperture radars (SAR).

The scatterometer produces estimates of both wind speed and direction
from the measured radar backscatter from the ocean surface. Wind speed
accuracy may reach * 1 m/s in low to moderate wind speed conditions
and the uncertainty in wind direction is at least + 10 degrees after
a 180 degree ambiguity is removed by using neighbouring data or a good
first guess field. Spatial sampling is of the order of about 25-50 km.
Further algorithm development in conjunction with reliable ground
truth is needed to improve accuracy.

The altimeter and microwave radiometers provide information on wind
speed only. The radiometer provides wind speed data over a wide swath;
the altimeter provides information only on the sub-satellite track.
Accuracy 1is about #+ 1-2 m/s for the altimeter, and about + 2 m/s for
the radiometer for most cases. Little or no calibration has been done
for high wind speed cases.

The SAR provides detailed information over a wide swath with errors in
wind speed of about £ 1 m/s for low to moderate wind speeds in
comparison with accurate in situ measurements (Vachon and Dobson,
1995) . The wind direction may be deduced from SAR imagery under some
circumstances or may be taken from a wind analysis chart. The SAR data
may be used to study kilometer-scale wind speed variations and is
therefore useful in conjunction with mesoscale wind models.

With regard to ESS, one key question which remains unanswered is the
upper limit of sensitivity to wind speed for remote sensors. Empirical
evidence to date does not support sensitivity above equivalent 10
meter wind speeds of about 25 m/s which, if true as well for future
systems (e.g NSCAT) would seriously limit the usefulness of satellite
winds to prediction of ESS. Another limitation of remote sensing
systems which needs to be appreciated is temporal resolution. Several
recent hindcast studies suggest that the wind field features
responsible for the generation of ESS are relatively small scale and
evolve and propagate rapidly. Ideally, a three-hourly sampling is
needed to resolve such features. For even a wide-swath remote sensor
to satisfy this requirement, it must be mounted on at lust three
operational polar orbiting satellites.
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3.2 Wind Modeling Error Sources

SWADE (Weller et al., 1991) provided the first opportunity to develop
surface wind fields in a large ocean area during several storms, from
a data base which included not only high-quality surface wind
measurements from buoys but also a sufficient number of them to avert
the data gaps typical of open ocean areas. Initially, it was thought
that this data base (available in real time over the GTS) would
automatically lead to high-quality surface wind fields derived by
objective analysis schemes as applied in real time within the
operational systems of major centers such as NMC, ECMWF, FNOC and UKMO
or in post-analyses produced by NASA. Unfortunately, when these wind
fields for SWADE IOP-1 (centered on the development of an intense east
coast cyclone of October 23-31, 1990 which deepened at about 1
Bergeron) were used to drive the WAM-4 wave model adapted to the SWADE
area at high-resolution, errors in modeled sea states were found to be
intolerably large (Graber et al., 1991). However, when the same data
base was subjected to an intensive manual analysis using classical
kinematic analysis, and the resulting wind fields were used to drive
the WAM-4 wave model, wave hindcasts of unprecedented skill were found

(Cardone et al., 1995b), Figure 30 (from Cardone et al., 1995b)
compares the hindcast and buoy measurements of wave height at NOAA
buoy 41001 from WAM-4 hindcasts driven by the alternative objectively
analyzed wind and the kinematically derived winds.

The maximum HS observed in the SWADE array during IOP-1 was about 9 m.
Therefore, at least for this sub-ESS event, the SWADE study of Cardone
et al. (1995b) strongly suggests that the dominant error in
specification of sea state in moderately intense marine cyclones
arises in wind field errors. This in itself is not particularly new.
However, the study further shows: (1) that these errors can be brought
down to an acceptable level though an available tough tedious analysis
method, provided accurate surface wind measurements are available at a
data density roughly comparable to that achieved in the buoy array off
the East Coast; (2) given high-quality winds, 3G models provide
essentially perfect specification of the storm peak sea states about
developing marine storms, at least in deep water.

The most significant wind field features found in the storms modeled
in SWADE as well as in the hindcast studies of the HOS and SOC, in
terms of generation of storm peak sea states, were relatively small
scale, rapidly propagating surface wind maxima or "jet streaks” which
by virtue of their spatial and temporal coherency provide a dynamic
fetch to couple very effectively to the surface wave field. The
propagation speeds of these jet streaks, typically 15-20 m/s, do not
necessarily match the speed of the parent cyclone center. The most
extreme sea states in the SWADE IOP-1, HOS and SOC were measured at
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buoys directly in the path of the core of jet streaks. Figure 40, for
example shows the evolution of the surface wind jet streaks in HOS
which are believed responsible for the generation of areas of ESS
north of center of the storm.

Unfortunately, the SWADE hindcast study also shows that the objective
analysis systems used at major operational centers do not yet fully
realize the potential of the enhanced buoy array for surface wind
analysis, and do not accurately resolve the small scale rapidly
evolving features.

The deficiency of the operational systems is not simply attributable
to grid spacing or time step, as shown by Graber et al., (1995) who
used the SWADE kinematic winds in IOP-1 to systematically investigate
the effect of degrading the spatial and temporal resolution of the
reference SWADE wind fields on the accuracy of the hindcasts. Figure

500 is taken from their study. Figure 5all shows the reference wind
field and the jet maximum with 25 m/s peak winds at its core, which
was responsible for the generation of the storm peak sea states at

buoy 41001 (see Figure 300) . The time is just prior to the occurrence

of peak HS at 41001. Figure 5bl] shows the field of hindcast HS
hindcast, from the reference winds, at the same time. The effect of

degrading the temporal and spatial resolution is shown in Figure 5cl]
in terms of the distribution of peak HS at each buoy as a function of
spatial and temporal resolution. The reference winds were specified on
a 0.5 degree grid at hourly intervals.

Figure 5c] shows a variety of responses at different buoys, which
represent different locations within the evolving storm. At 41001, the
buoy directly in the path of the jet streak, the maximum sensitivity
is seen, and winds with 0.5 degree spatial resolution and no more than
3-hourly temporal resolution are required before the HS peak is
reduced. At buoys such as 44001 and 44008, which were moored north of
the storm track in a nearly linear slowly evolving wind field, even 12
hour sampling and 1.5 degree spacing did not degrade specification of
the local HS storm peaks. Well outside the SWADE array, at buoy 4401
1, where even the reference winds were not very accurate, the storm
peak HS was uniformly underestimated for all resolutions simulated.
Within the SWADE array, however, it was found that the errors in the
hindcasts of storm peaks resulting from the operational wind fields
were always significantly greater than the errors for the particular
cases simulated which matched the spatial and temporal resolution of
the operational center winds.

Given the difficulties of hindcasting accurate wind fields even in
data rich areas, one might expect even greater errors in forecasted
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surface wind fields in intense storms. While this is in general true,
there is increasing evidence that primitive equation mesoscale NWP
models when initialized from and nested within hemisphere or global
NWP models, can provide realistic mesoscale wind field features such
as those seen in storms which have generated ESS. For example, Ohm
(1993) (see also Gronas, 1994) modeled the North Sea/Norwegian Sea
storm of 1 January, 1992 and found quite accurate depiction of
intensification of the parent cyclone and of the main wind field
feature responsible for the generation of ESS which invaded the
northern North Sea and Norwegian Seas in this storm. In a related
study DesJardins (1995) used the EC MC2 mesoscale model, a fully
elastic nonhydrostatic model, to forecast the SOC and specifically to
examine how mesoscale features in the pressure field and sea surface
temperature patterns affect the boundary layer winds. These new
studies suggest that mesoscale NWP models include the essential
physics and dynamics to model many of the small scale wind field
features such as rapidly propagating jet streaks, mesoscale features
associated with the Gulf Stream and its meanders, mesocyclones
propagating along the bent-back warm front and sharp discontinuities
in the wind field. While mesoscale NWP models are typically designed
to be used in the forecast mode, they may also add value and accuracy
in wind fields if used as a dynamic assimilation tool to produce
accurate hindcasts of historical storm scenarios associated with ESS.

4. WAVE MODEL SOURCES

Numerical ocean wave models have advanced significantly within the
past decade, particularly with the introduction of the so-called third
generation (3G) class of models. First (1G) and second generation (2G)
models have also been improved and remain in widespread use for
climate assessment, engineering studies and operational forecasting.
For example, a number of comprehensive extreme wave climate assessment
studies using wave hindcasts made by the ODGP 1G model have been
carried out since 1988 for the east and west coasts of Canada.
Detailed verification studies have been carried out on these
hindcasts, using all available measured data for Canadian waters. The
results are summarized in a recent report (Atmospheric Environment
Service, 1995). The east coast study was recently updated using a 3G
model (Khandekar et al. (1994) and the old and new results are
compared by Swad et al. (1995). The 3G approach has also been used to
define the extreme wave climate in a basin (South China Sea) dominated
by typhoons (Cardone et al. 1994) and we would expect the 3G model to
be used increasingly in studies of this type over the coming years.
The WAM-4 cycle of the official WAM 3G model (WAMDI, 1988) is used for
operational global wave forecasting at several major NWP centers.

The three wave model classes are differentiated mainly by the
simulation of the physics of deep water wave growth and decay. Due to
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remaining uncertainties in the underlying physics, however, all models
rely to some degree on empirical tuning, based mainly on observations
of wave growth in stationary fetch-limited wind fields of moderate
strength. Most models are also tuned to allow the growth under
constant winds to saturate at or at least approach asymptotically the
wind speed dependent form for fully developed sea states proposed by
Pierson and Moskowtiz (1964) over thirty years ago, which was based
upon measured data over the wind speed range of 40 knots and HS up to
about 9 meters.

The extensive suite of wave measurements made in HOS and SOC provides
a rare opportunity to validate contemporary models in wave regimes far
removed from those used for model tuning, but comparable to those
encountered in the model applications cited above. Cardone et al.
(1995a) applied four widely applied spectral wave models, namely
Oceanweather’s 1G and 3G models (Khandekar et al., 1994), a 213 wave
model (Resio and Perrie, 1989) and WAM-4 (WAMDI, 1988) to these events
using identical grids, and driven by a common wind field derived for
each storm. The wind field was developed using kinematic analysis
which used all conventional data, including ship and buoy observations
received too late for use in real-time.

The alternative wave hindcasts were evaluated against time series of
measured HS, dominant wave period, TP, and one-dimensional (frequency)
wave spectra obtained at nine US and Canadian buoys moored in deep
water between offshore Georgia and Newfoundland. Extensive statistical
evaluation against time series and storm peaks were reported by
Cardone et al (1995a) and in general indicates that all models are
very skillful over a wide dynamic range of sea states up to the ESS
threshold. Above the ESS threshold, however, it was found that despite
the use of high-quality wind fields, the hindcast waves underestimated
the peak HS at those buoys which measured ESS conditions, as shown in

Figure 6. Investigation of the earlier hindcast results cited above
off the east and west coasts of North America showed a similar
tendency - when the measured HS exceeded 12 in, the hindcast results

were biased increasingly low (Figure 70). Similar results have been
reported in other ocean basins and hindcast studies.

At the present time it does not appear possible to implicate any
single cause for this under specification of ESS. Speculation with
respect to causes for this tendency includes: (1) wind speeds are
still underspecified, due to measurement uncertainties in ship and
buoy winds, which feed into the kinematic analysis; (2) wave model
growth reaches saturation prematurely; that is the P-M form can not be
simply extrapolated into ESS conditions; (3) the tuned mechanisms for
atmospheric input and dissipation source terms are extrapolated beyond
the limits of applicability; (4) mesoscale and gust-scale features
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embedded in the synoptic scale flow contribute additional energy; (5)
at these wave heights wind-wave coupling considerations become
important; (6) spatial and temporal resolution were insufficient.
While the temporal and spatial resolution of the wave hindcast models
applied in the SWADE and HOS/SOC studies are very high compared to
operational models, the relatively small scale of low-level jet
streaks and the Lagrangian nature of the generation process of very
extreme sea states may require even greater resolution.

5. CONCLUSIONS AND RECOMMENDATIONS

Numerous occurrences of significant wave heights greater than about 12
in (ESS) have been detected in recent years in routine wave
measurements from data buoys moored off the east and west coasts of
North America and from Northern North Sea and Norwegian Sea platforms.
ESS have been measured by a variety of instruments including
strapped-down and gimballed heave accelerometers mounted in a variety
of buoys, and capacitance wave gages, radar and laser profilometers
mounted from offshore platforms. These occurrences present a new and
extreme challenge to modem wave prediction technology.

We have discussed the sources of uncertainty in predictions of ESS in
terms of uncertainties arising in wave and wind measurements in ESS
generation regimes, in wind fields used to drive the wave prediction
models and in the wave models themselves, and offer the following
assessments and recommendations for further investigation.

Wave measurements. Instrument and/or buoy induced wave measurement
errors in ESS are unknown but are probably less than 10%. ESS measured
from fixed gages mounted on platforms are comparable to buoy measured
ESS, though the two types of measurements have not been acquired in
the same location in the same event. We strongly recommend a field
program be carried out to obtain such comparative data sets. Such a
program may be carried out now at any of several platforms in the
northern North Sea or within a few years at the Hibernia platform.
Absolute highest estimates of individual storm peak HS are biased
typically 5-10% high due to sampling variability, but averaging over
all measurement samples acquired during a storm peak duration can
reduce this bias to negligible levels.

Wind measurements. Ship reports of wind should be considered
unsuitable for very refined analyses of wind fields in extreme stores
because of the upper limit in the Beaufort Scale for such estimates
and contamination of anemometer estimates due to flow distortion,
instalment error and averaging uncertainties.

Winds from the buoy networks off the east and west coasts have greatly
increased the accuracy of wind fields carefully hindcast there from
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resulting in wave predictions of unprecedented accuracy in sub-ESS
regimes. However, operational meteorologists suspect buoys winds are
too low in ESS conditions and this is supported somewhat by the
difference between buoy wind speeds and platforms winds (as adjusted
to 10 in equivalent neutral) in ESS conditions. A field program
conducted off the west coast has sampled winds at high frequency in
high sea states. Those data may provide insight into the effects of
vector averaging and trough sheltering on operational buoy wind
reports in ESS. In addition we recommend a field program to obtain
both buoy winds and winds measured from a fixed platform at the same
location in ESS conditions. Satellite active and passive microwave
remote sensors promise routine global estimates of marine surface
wind, but for ESS prediction, two limitations need to be addressed.
First, there is no compelling field evidence to date that backscatter
or emissivity remain responsive to wind speed at wind speeds (at 10 m)
above 25 m/s. Second, unless such sensors are mounted on several
operational satellites, the spatial and temporal sampling required to
resolve the fast moving smaller scale wind field features apparently
responsible for ESS in many storms will not be achieved.

Wind Fields. Recent hindcast studies of extratropical storm scenarios
off the east coast of North America and over the North Sea indicate
that assimilation of the enhanced surface wind data provided by the
buoy and/or platform arrays through manual kinematic analysis provides
surface wind fields which are considerably more accurate than
real-time products of operational NWP centers. The same studies
suggest that such analyses may also successfully resolve and track
smaller scale rapidly propagating jet features which appear to be
critical to the generation of ESS within extratropical cyclones. The
recent implementation of kinematic analysis of marine surface winds on
an interactive graphical workstation (Cox et al., 1995) greatly
decreases the level of effort required to produce accurate wind fields
in data rich areas. However, if the wind data (e.g. buoy winds) are
biased in ESS conditions, so will the resulting wind fields in
critical generation areas. This emphasizes the need for a better
understanding of buoy winds in ESS conditions.

Real time forecasts of ESS conditions tend to be biased low because
small scale high wind speed areas are not well resolved by synoptic
scale NWP models. However, several recent and ongoing studies with
mesoscale NWP models nested within synoptic scale NWP models suggest
that such features may be resolved in cyclogenetic situations even in
the absence of initialization of small scale features within the
nested grid domain.

Wave Models. In sub-ESS wave regimes, contemporary wave models,
including the WAM model, and highly tuned 1G, 2G and alternative 3G
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models, may provide outstanding skill in specification of the
principal shape (total wave variance and HS) and scale (peak spectral
period) properties of evolving sea states about developing marine
storms when they are driven by high-quality winds, at least in deep
water. However, in ESS in extratropical settings, these same models
tend to underpredict the most extreme sea states by about 10%. This
tendency has not been observed in hindcasts of extreme tropical
cyclones (e.g. Cardone et al. 1994). This may be attributable to the
fact that wave models adapted to tropical cyclone problems typically
use much finer grids and time steps than when adapted to extratropical
problems. In addition, such models are driven by winds determined not
by in-situ surface wind but by primitive equation boundary layer
models which have been previously tuned against high-quality data sets
(e.g. Thompson and Cardone, 1995). Finally, in terms of stage of wave
development, tropical cyclone peak sea states are quite immature, and
therefore represent a wave regime within the tuning range of wave
models.

Our overall assessment of uncertainty is that the bias in ESS using
the most carefully hindcast wind fields in data rich marine
environments and a well validated spectral wave model is negligible in
tropical cyclone regimes and up to about 10% (low) in extratropical
regimes. It does not yet appear to be possible to separate the
contributions to this bias between buoy wind errors in ESS conditions
to this bias between buoy wind errors in ESS conditions and model
physics or tuning, though recent experimental and analytical work may
soon resolve the bias in buoy winds at ESS due to buoy motion or
trough sheltering, thereby allowing assessment of the pure wave model
contributions.
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Date (YMD)

690817
791128
810304
811112
820114
820214
830219
831110
831222
831222
840224
B40225
850417
850926
861123
871201
871215
880216
880305
881127
881127
881221
881130
890105
891010
900109
901027
901027
901112
901112
901112
901212
910923
911030
911030
911030
911220
920101
921204
921213
921214
921225
930118
930119
930314
930314
931227
931231

TABLE 1

Instrumental measurements of Extreme Storm Seas

Site

Platform
46001
46003

Platform

Platform

MEDS 140
46006
46002

MEDS 134

MEDS 168
46002
46022
46003
41002
46004
46005
46003
46003
46036
46004
46205
46002
46205
44138
460315
Buoy
46004
46205
46004
46208
46205

Platform
46003
44011
44137
44141
46185

Platform
44137
46184
46004
44138
44141
46185
41002
44137
44138
44138

(ESS, HS > 12 m)

Location

Gulf of Mexico
Gulf of Alaska
S. Aleutians
North Sea
Norwegian Sea
Grand Banks

E. Pac SE PAPA
E. Pac Oregon

Grand Banks

Grand Banks

E. Pac. Oregon

E. Pac. Eel River
S. Aleutians

S. Hatteras

E. Pac. Brit. Col.
E. Pac. Washington
S. Aleutians

S. Aleutians

E. Pac. Brit. Col.
E. Pac. Brit. Col.
E. Pac. Dixon Ent.
E. Pac. Oregon

E. Pac. Dixon Ent.
S. Cape Race
Bering Sea

S. Iceland

E. Pac. Brit. Col.
E. Pac. Dixon Ent.
E. Pac. Brit. Col.
E. Pac. Q. Char. Is.
E. Pac. Dixon Ent.
North Sea

S. Aleutians
Georges Bank
SE Sable Is.
SE Sable 1s.
Hecate Strait
North Sea

SE Sable 1Is.
W. Dixon Entr.
E. Pac., Brit. Col.
S. Cape Race
SE Sahle Is.
Hecate Strait
S. Hatteras
SE Sable Is.
S. Cape Race
5. Cape Race

through 1993
ESS (m)

13.4
14.8
14.0
12.8
14.8
12.7
13.0
12.0
12.5
13.3
13.5
12.0
12.0
14.5
14.0
13.5
12.0
12.0
12.0
14.8
12.8
12.5
12.2
14.2
12.9
16.7
12.6
15.0
14.0
15.7
14.7
14.0
13.2
12.0
17.4
15.2
14.3
19.4
13.4
14.1
13.8
12.3
12.7
13.1
15.7
15.0
14.2
14.3

Remarks

Hurricane Camille
Hamilton (1982)

Ocean Ranger Storm

Hurricane Gloria

Halloween Storm
Halloween Storm
Halloween Storm

New Year's Day Storm

Storm of the Century
Storm of the Century
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Table 2.

(41.2N,

Storm. Hour is UT. Dirl/D2 is wind direction,
SWH is significant wave height (
maximum wave height
is air temperature,

(m/s),

(sec), HMAX is
pressure, TAIR
deg. C.

YEAR HMON DY HOUR DIRI
1991 Oct 29 2355 359
1991 Oct 29 055 355
1991 Oct 29 155 358
1991 Oct 29 255 2
1991 Oct 29 355 3
1991 Oect 29 4S5 10
1991 Oct 29 555 4
1991 Oct 29 655 6
1991 Oct 29 755 11
1991 Oct 29 855 9
1991 Oct 29 955 17
1991 Oct 29 1055 15
1991 Oct 29 1155 14
1991 Oct 2% 1255 17
1991 Oct 29 1355 19
1991 Oet 29 1555 25
1991 Oct 29 1655 31
1991 Oct 29 1755 26
1991 Oct 29 1855 29
1991 Oct 29 1955 30
1991 Oct 29 2055 27
1991 Oect 29 2155 32
1991 Oct 29 2255 44
1991 Oct 30 2355 43
1991 Oct 30 055 39
1991 ¢ct 30 155 41
1991 Oct 30 255 41
1991 Qct 30 355 40
1991 Oct 30 455 41
1991 Oct 30 555 41
1991 Oct 30 655 55
1991 Oct 30 755 57
1991 Oct 30 855 77
1991 Oct 30 955 95
1991 Oct 30 1055 108
1991 QOct 30 1155 110
1991 Oct 30 1255 105
1991 Oct 30 1355 119
1991 Oct 30 1455 126
1991 Oct 30 1555 128
1991 Oct 30 1655 138
1991 Oct 30 1755 146
1991 Oct 30 1855 140
1991 Oect 30 1955 139
1991 Occ 30 2055 140
1991 Oct 30 2155 127
1991 Oct 30 2255 131
1991 Oct 31 2355 135

SPD1 DR2
10.3 30
12.4 24
14.0 26
13.5 30
16.1 31
17.7 38
18.4 32
18.0 36
18.2 43
tu.3 43
20.6 S0
20.5 351
19.7 53
20.0 58
18.6 59
18.9 62
19.0 65
19.4 59
20.7 58
20.7 59
21.6 57
20.6 64
21.7 76
21.7 717
22.6 75
24,3 79
24.8 BO
23.7 80
24.3 81
23.7 B2
24.4 95
21.6 98
1>.0 121
13.0 145
14.2 158
14.1 158
17.6 151
17.0 le4
17.4 167
16.5 167
15.4 173
13.5 177
12.6 169
12.2 168
11.8 169
9.1 156
11.2 164
11.0 175
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12.8
12.8
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15.1
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18.3
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18.3
18.3
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18.3
18.3
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.1.18.3

WH
7
1
3
8
5
9
1
2
9
5
5
7
2
9
4
[}
3
5
3
0
8
5
6
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3
3
2
4
3
2
7
8
8
2
1
1
4
2
3
1
6
4
5
3
m
7
6
0

17.1
17.1
17.1
17.1
13.5
16.0
13.5
11.6
11.6
13.5
15.1
13.5

SIMX
12.4
14.5
16.5
16.8
20.4
21.7
22.6
22.3
22.7
25.4
25.5
25.8
24.9
23.9
24.5
24,1
25.1
26.2
26.8
26.2
28.4
27.4
27.5
29.6
29.0
32.7
35.1
32.3
1.4
31.7
3.0
29.3
19.5
16.3
19.3
19.8
22.3
22.8
23.0
21.2
19.2
17.6
16.3
17.8
15.4
12.1
13.6
14.1

(m) ,

S2MX
12.3
14.4
16.3
16.8
20.2
20.6
21.9
21.4
22.5
24 .8
24.8
25.9
24.3
241
23.5
23.9
24.9
25.3
25.9
25.9
27.7
26.5
27.2
29.2
29.0
32.0
l3.9
32.0
31.3 .
31.5
3.8
28.6
19.9°
15.9
18.7
19.%
21.%
22.0
22.0
20.5
18.7
l6.4
15.5
17.2
15.3
11.7
13.8
14,2

M),

PER is peak wave period

61.1W)
SPD1/SPD2 is wind speed

in Halloween

PRESS 1/2 is sea level
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Buoy Wind Speed Variability
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moored off the West Coast of Canada Tface elevation from a NoMap buoy
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Buoy Wind Direction Variability
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Figure 2. Sample of 2—Hz record of wind direction from a NOMAD buoy moored off the
West Coast of Canada.
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Buoy 41001 -- OWI Winds Buoy 41001 -- NMC Winds
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Figure 3. Comparison of hindcast (solid line) and hourly buoy
measurements (+) of HS in SWADE IOP~1 with WAM-4 model
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{from Cardone et al.,1995b).
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Measured versus hindcast waves for all deep water sites
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POSSIBLE IMPACTS OF CLIMATE CHANGES
REGARDING
SAFETY AND OPERATION OF EXISTING OFFSHORE STRUCTURES

Sverre Haver
Statoil, Exploration & Production
Stavanger, Norway

1 INTRODUCTION

Over the last 10 years an increasing attention has been given to the
possibility of future climate changes due to man-induced disturbances
of the "green house” balance. Since the late eighties nearly all
winters have include one or more rather extraordinary storm event.

This is indicated by Table 10 showing the storms exceeding 10m
significant wave height. Too much attention should not be given to
this table. The measurements during the last few years have not all
been carefully verified. In spite of this, it clearly suggests that
most of the last 6 - 7 years have been much more severe than the
previous 15 - 20 years. Not necessarily in terms of the average
weather, but most of these years have included at least one storm well
in the excess of what was typical for the seventies and eighties.
Although the severity of the last few years may well be due to a
natural cyclic variation, it has resulted in an increased focus on
possible climate changes both among the public and in the mass media.

Offshore structures are typically planned to stay in operation for 20
- 30 years, or in some cases even longer. This means that offshore
structures installed during the eighties and nineties are likely to be
exposed to the consequences of possible climate changes. The
consequences of a climate change which can affect existing offshore
structures are:

Changing air - and sea temperatures.
Increasing water level.

Increasing rate of occurrence of storms.
Increasing severity of storms.

Two questions are of main interest concerning the long term operation
of marine structures. i): Does a climate change result in larger
environmental loads? ii): Does a climate change reduce the regularity
of important marine operations, e.g. offshore loading of o0il? The
first question may be crucial concerning the safety of the platforms,
while the latter mainly will effect the economics of an existing field
concept.

Regarding offshore structures, small changes in the mean temperature
are not expected to have any direct influence. It is reasonable to
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believe that the temperature changes will be small as far as the
present pattern of ocean currents essentially are maintained. This
will be assumed to be the case herein, and we will therefore focus on
the possible impacts of increasing water level and changing wave
climate. However, if the main current flows changes dramatically, it
may well be that the temperature aspect will turn out to be the most
important one, and, of course, important in a much broader sense than
the safety of offshore platforms.

A proper consideration of the consequences of climate changes with
respect to offshore installations would of course require that the
climate changes themselves where reasonably well known. This is not
the case. At present there seems to be a rather general agreement that
the mean global temperature will increase with about 1°C during the
next 50 years. However, when it comes to the consequences of this
heating concerning the actual weather, no generally accepted scenario
is known to this author. Herein we will not discuss the impact of
climate changes on the actual weather pattern. We will rather carry
out some sensitivity studies in order to at least identify, the most
crucial environmental parameters. Their importance will be ranked in
view of their possible consequences for design and operation of
offshore structures. It is worthwhile to note that the Norwegian
Petroleum Directorate presently requires the designers to add 0.3m to
the present water level to account for future climate changes.

The impacts of possible climate changes will be indicated for the
following offshore related cases:

[ ) Annual largest base shear of a drag dominated jacket.

) Annual failure probability of a jacket exposed to wave
- deck impacts.

[ The annual failure probability of the tether of a
tension leg platform.

) Estimated fatigue life for a structural member.

) Estimated down time of a marine operation.
2 DRAG DOMINATED JACKET
At first we will study the impact of possible climate changes on the
estimated base shear of a steel jacket. For this purpose a parametric

model for the base shear is adopted. Subsequently, the following
generic load model is used, Haver and Gudmestad (1992):
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0 y {4nD+ Lsioh 2] [4nD+Lsish 2] )
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QOmax 1s the maximum base shear, Cypax i1s the maximum wave crest, D is
the water depth, T is the wave period, L is the wave length, and A is
a proper coefficient. For the example jacket A = 0.015 is found to be
adequate. It should be noted that A is not a dimensionless
coefficient. Its dimension is such that with Cpax and L in m and T in
s, the base shear is given in MN,

The original design parameters are assumed to be: Cpax,100 = 15m, D =
70m, and T = 14s. (Cpax,100 is the 100-year crest height). The 100-year
load is then found to be about 19MN. If the water level is increased
with one meter, the load is more or less the same. On the other hand,
if the crest height is increased with 1m, the load is increased to
21.8MN, an increase of 15%. Increases the 100-year crest height with
2m, the corresponding load is found to be 24.9MN, i.e. an increase of
about 30%. If the overturning moment had been considered, the effects
of increasing the crest height would have been even stronger. The
sensitivity to the water level, however, would also for the
overturning moment have been rather small.

The design load is obtained by multiplying the 100-year load with a
load factor of 1.3 - 1.35. It is seen from this exercise that if a
climate change results in an increase of 10-15% of the 100-year crest
height, all the safety margin provided by the use of the safety factor
is lost.

The 100-year crest height is effected by the number of severe storms,
the severity of the storms, the duration of the peak of the storms,
and the distribution of the crest heights of a given storm. However,
in terms of the climate type of parameters, the crest height level is
completely governed by the severity of the storms. This means that if
the 100-year storm is increased by 10-15% due to climate changes, the
safety margin is in principle lost.

In practise, the structure is not likely to fail even if the design
loads are exceeded. Safety margins are also introduced for the
capacity of the structure. Furthermore, as the post-yielding strength
of the structure is utilized, it is found that the resulting safety
margin for jackets regarding collapse rather is in the order of 2-4.
In order to obtain such large forces, the waves have to become very
large and their crest will for many structures reach the deck level.

As wave-deck impacts take place, the failure mode of the structure
will usually be very different from the most likely failure mode
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without wave-deck impacts. As a consequence of this, the capacity of
the structure will typically be significantly reduced. The probability
of a severe wave-deck impact load will therefore be the leading
contribution to the failure probability of the jacket. In order to
assess the impacts of climate changes with respect to jacket failure,
it is assumed that the jacket will fail as the crest height reaches 2m
above the lowest deck level. The deck height of the example structure
is taken to be hp = 18m above storm sea level.

Concerning ultimate load calculations, one may consider the joint
distribution of the annual largest significant wave height, Hyp,1, and
the corresponding spectral peak period, Tp, (1). Herein Hyp,1 is
described by the following distribution, Haver (1992):

Fpthmo) = exp {-¢exP|:_(}%0)Y .\ (%) 7:”;

hpo > o (2)

¢ is the expected number of storms exceeding the level a, and 6 and
Y are parameters that are estimated by fitting the distribution to
observations. Herein we will adopt ¢=7.6,0.=7.5m, y=2.0 and 0y=(8.797
- 7.5V )1/Y = 4.58. The corresponding spectral peak period is modelled
by a log normal model with parameters being a function of the
significant wave height. This distribution is not important for the
present sensitivity study and it is therefore not given herein.
Reference is made to e.g. Haver (1992).

For a jacket structure in moderate water depths, the annual largest
loads are very well approximated by the loads occurring in connection
with the annual largest wave height. Herein the annual largest wave is
furthermore assumed to equal the largest wave within the peak part of
the annual largest storm. The wave heights in a stationary sea state
is modelled by a Weibull distribution with parameters, P=2.26 and
A=2.13, according to Forristall (1978). The distribution of the
largest wave out of N waves, Hy, is then given by:

A
FHNIH,,,Q_I(hlhmO) = exp {—Nexp _B(ﬁ;) }; h>0 (3)

N=A/t, is the expected no. of waves during the stationary peak of the
storm. The duration of the storm peak is assumed to be A=21600s and
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t,=0.75t,. The corresponding crest height is taken to be the crest of
a Stokian 5th order wave, and for the actual depth the crest height,
C, 1s approximately given by, Dalane and Haver (1995):

C=0.36H1-16 (4)

Structural failure takes place when the wave crest reaches a level 2m
above lowest deck level, i.e.:

g(C,AD) =hg+2-AD-C<0 (5)
where AD is the climate induced change in water level.

The failure probabilities are shown in Table 201 for various values of
o the annual no. of storms, ¢

o the most probable largest significant wave height

during one year, hmOl

o the climate change in water level, AD.

It is seen from the table that it is mainly the sea state severity
that will affect the failure probability.

With respect to the safety of jackets against ultimate collapse, the
only parameter that seems to be important is the sea state severity of
the most extreme sea states. Accordingly, focus should be given to
this parameter as possible consequences of climate changes are
considered. A small or moderate increase in water level is much less
important.

3 TETHERS OF A TENSION LEG PLATFORM

A crucial part of the tension leg platform (TLP) concept is the tether
system. A tether failure may develop into a catastrophic event if the
failure is due to overload. Subsequently, we will illustrate the
effects of possible climate changes concerning the safety of a tether
against yielding. The most unfavourable wave direction regarding
tether loading will for most TLP’'s be waves propagating along the
platform diagonal. For the actual area, the annual largest significant
wave height corresponding to the diagonal direction is described by
the following Gumbel model, Haver (1996):

hmo—¢ } (6)

Fpo(Mmo) = €xp {_exp - Tx
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The distribution parameters, € and X, are herein given by:

€= & (1+X;) and K= Ko (1l+Xy) (7)

€0=7.88 and Kp=1.44 are the base case parameter values, while X¢ and

X are parameters which are introduced in order to model possible
changes concerning the storm climate. The effects of such changes are
assessed in two ways. In the first approach, the consequences of
climate changes are demonstrated for various fixed choices of the
parameters, Xg and X,. Secondly, both parameters are modelled as
Gaussian variables with mean values equal to 0.1 and a coefficient of
variation of 50%. In words, this means that we expect both
distribution parameters to increase somewhat, but we are very
uncertain about this so the actual values may be much larger or much
less. By introducing the climate parameters as random variables, we
will see how important our uncertainties related to the climate
changes are when they are compared to other sources of uncertainties.

The variation of water level is due to tide, surge and, possibly, a
variation due to climate changes. The resulting water level is given

by:
W=Wrige+WsurgetWclimate (8)

The various components are modelled by the following distributions:

Fuo W) = -2{-;[21: - 24rccos (,,i) }; 9)
wo = 1.2m

FWgurge W) = MU Hsiger OWig.); (10)
Wiy = 0.025Hm0,  Owg, = 0.2m,

The climate contribution is modelled in two ways. At first it is
modelled as a deterministic parameter and the effect of an increase in
water level is shown for different values. Thereafter Welimate 1S also
modelled as a Gaussian variable with a mean value equal to 0.3m and a
coefficient of variation of 50%.

Herein the mean wind speed, U, is modelled as a function of the
significant wave height.
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The force in the tether can be written as a sum of components of
different origin. A simple model is given by:

T=To+Tyaterlevel (W) +Tsustained (U, Hmo) +Tpynamic (U,Hpo) (11)
The meaning of these components are:
To: Tether force due to pretension at mean water level.

Twaterlevel : Tether force variation due to the variation in the
water level. Tide, surge, and a possible climate effect, contribute to
this component.

Tsustained: Tether load due to the mean motion induced set-down of
the platform and the mean wind-induced overturning moment.

Tpynamic Tether load induced by the motions of the platform,
this includes the loads caused by both the slowdrift motion, the wave
frequency motion, and the springing/ ringing (high-frequency) motion.

We will not go into details regarding the modelling of the various
load components. For that purpose reference is made to Haver (1996).
The failure mode considered herein is yielding. The axial stress
caused by the load discussed above is given by:

Oy = — (12)

r
A

where A is the cross section area of the tether. Denoting the yield
stress by 0Yeild, failure is defined as the limit state function given
below becomes negative, i.e. the actual stress exceeds the yield
stress.

g<GX:GYield) =6Yield_Gx(W:U:HmO) (13)

The probability of yielding in a tether for this particular wave

direction is given in Table 30 for various choices concerning climate
changes. It is clearly seen that a small change in the water level do
not affect the safety of a TLP tether. It is more important to assess
the possible effects of changes in the storm climate.

The relative importance of the various random parameters are compared

in Table 40. In this connection Xe, Xk, and Welimate are introduced as
random variables with properties as given above. The probability of
yielding is given in the table heading and it is seen that it is
increased by a factor of 4 due to the assumed effects of climate
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changes. Furthermore, it is clearly seen that the failure probability
igs still completely dominated by the contributions which are due to
the inherent randomness of the annual largest storm, and the inherent
randomness of the largest dynamic tether load in the annual largest
sea state. This means that only Hyp,1 and Tpynamic have to be described
as random quantities. The remaining parameters may just as well be set
equal to their respective mean values. Concerning climate changes, the
most important quantities to address from a tether safety point of
view is the expected effects regarding the statistical properties of
the annual largest storm.

4 SIMPLIFIED FATIGUE ASSESSMENT

Assuming that the long term distribution of stress ranges can be
modelled by a 2-parameter Weibull distribution, the expected annual
fatigue damage is given by:

d\ =:1;'ﬂ1'5m*r(1+"i‘1’£) (14)

n; is the expected number of stress cycles in one year, 0 and M are
the Weibull-parameters, m is the slope of the S-N curve (fatigue
capacity curve), and g is a location parameter for the S-N curve.

Denoting the 100-year stress range with Oy, 6190, the scale parameter of
the Weibull distribution can be written:

ES _ ¢3n100
" (In mpoo)VM

where nj;gp is the number of stress cycles in 100 years. For the
purpose of this discussion we will assume njigg=5¢108. Introducing Eg.
(15) into Eg. (14) and using Sterlings formula, Abramowitz and Stegun

(1965), for the Gamma function, Eg. (14) can be written:
di =k —2— expl-{1+ ™). (1 4 my05+ D) (16)
dj k(mm(m),,,,,1 exp{ (1-{-,1)} 1+ %) m

r is a factor describing the effect of climate changes with respect to
100-year stress range, i.e. O0100,New climate = I®0100



Directory  Table of Contents

Athnternational Workshop on Wave Hindcasting & Forecasting

Eg. (16) is convenient for assessing the impacts of climate changes.
The effects will be indicated for two materials, steel with m = 3 ,
and aluminium with m = 7. The climate effects are indicated by showing
the effects on the annual fatigue damage of varying values of r and

N. If a climate change increases the 100-year sea state by 10%, the
corresponding effect on the 100-year stress range will typically be in
the order of 10 - 20%. We will therefore show the results for r = 1.1
and r = 1.2. A climate change may of course also effect the shape
parameter of the Weibull distribution for the stress ranges. Results
are therefore shown for shape parameters between 0.9 and 1.1. A
reasonable base case value is taken to be m = 1. It should be noted
that the 100-year stress range is kept the same for varying values of
N by changing 0 properly, see Eg. (15).

The results of this exercise are shown in Table 500. It is seen that
for steel the fatigue damage is increased by a factor between 1 and 3.
For aluminium, however, the impact is stronger, and the damage is for
the worst scenario increased by a factor of 7.

For critical structural intersections of steel structures, where
inspection is hard to carry out, a safety factor of 10 is used for
fatigue. In view of this, the impacts of the suggested climate change
are not dramatic. However, for intersections which are not critical
concerning structural safety, a safety factor of 2 is used, and for
these cases the impacts of climate changes may be of concern - in
particular when it comes to determine proper inspection intervals.

The present discussion concerning fatigue is obviously far from
complete. In some cases a lower level for the stress range is
introduced. The idea is that below this level, fatigue damage is not
accumulated. If a climate change causes a great number of stress
cycles to exceed this cut-off level, the effect may, of course, be
much stronger than indicated above.

The main message from this fatigue discussion is that concerning this
type of failure, the impacts of possible climate changes on the long
term distribution of stress ranges are of main concern. In order to
assess these impacts the effects of climate changes with respect to
the long term distribution of the significant wave height should first
of all be investigated.

5 CONSEQUENCES CONCERNING MARINE OPERATIONS

A climate change may have a significant effect on routine marine
operations. Herein we will illustrate this by consider the down-time
of a marine operation defined as follows. The operation has to be
stopped as the significant wave height exceeds 6m, and it can not be
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started again before the significant wave height has decreased below
4m. One can think of this as a simplified model of an offshore
oil-loading process.

A typical property of the oil-loading process is that the oil
production can go on as usual as far as storage capacity is available
for the produced oil. When this is no longer the case, the oil
production has to stop until the weather improves. In the present
example we will assume that production has to stop if the loading
process has stopped for more than 5 days. If the production stop goes
on for a long time, this will of course represent a significant loss
of income. Subsequently, we will illustrate how a climate change may
affect the estimated down-time, both with respect to the loading
process itself, and its effect regarding the annual accumulated
duration of the production stop. It should be stressed that the
various thresholds selected above are chosen for illustrative purposes
and do not represent any particular offshore loading system.

Hindcast data for the Statfjord area covering the years 1955 - 1986
are used for assessing the impacts of possible climate changes. At
first down-time episodes of the loading process is identified by
scanning through the hindcast data series. Thereafter a similar search
is carried out after multiplying the significant wave height series
with 1.1 and 1.2, respectively. In this way we can illustrate the
effects of a constant increase in sea state severity of 10 and 20%,
respectively.

The mean and standard deviation for the duration of the down-time

episodes are given in Table 6[]. It is seen that both the mean and the
standard deviation of the duration increase as the sea state severity
increases. The number of down time episodes are shown versus year in

Fig. 10. It is seen that the number of down-time events increases
considerably as the significant wave height severity increases.

As far as the down-time duration is less than 120 hours, the
production is not affected by the fact that loading does not take
place. This means that most of the down-time events concerning the
loading process do not affect production. The annual number of events

with a duration larger than 120 hours are shown in Fig. 20. The
impact of the selected climate changes is now seen to be very strong.

The annual accumulated duration of weather induced production stop is

shown in Fig. 3. 1t is clear that a loading concept like the concept
of this example will be rather sensitive to climate changes. With the

present climate the expected annual duration of no production is found
to be 35 hours. This number increases to 122 hours if the sea state
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severity increases with 10%, and to 226 hours if it increases with
20%.

It is hard to imagine that water level can have any effect on a marine
operation, and again we will conclude that the most important
parameter, for which the effects of climate changes should be further
investigated, is the significant wave height.

7 CONCLUSION

The impacts of possible climate changes are discussed for some
offshore related cases. Although this study is of an illustrative
nature, the following can be concluded:

o The most important consequence concerning structural
safety and marine operations is if and to which extent
the storms grow worse due to climate changes. The most
important parameter to "monitor” is the significant
wave height.

o A small to moderate increase in water level will not
have any significant effect on the structural safety.

If a climate change result in a 10% increase of the significant wave
heights of storms, it is likely to be rather important both concerning
safety of existing structures and the regularity of marine operations.

In the future it is also important to investigate to which extent the
main pattern of ocean currents may change due to climate changes.
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Table 1 Storm events exceeding 10m significant wave height in the
Northern North Sea

Year No.of Significant wave height | Year No.of Significant wave
Storms | (m) Storms [height (m)
July 73 - June 74 2 11.8, 12.1 July 84 - June 85 1 11.0
July 74 - June 75 0 July 85 - June 86 0
July 75 - June 76 2 10.3, 10.1 July 86 - June 87 0
July 76 - June 77 1 10.1 July 87 - June 88 1 10.0
July 77 - June 78 1 11.3 July 88 - June 89 3 13.0, 10.1, 10.3
July 78 - June 79 0 July 89 - June 90 1 10.0
July 79 - June 80 3 10.4, 10.2, 10.6 July 90 - June 1 2 13.6, 11, 6
July 80 - June 81 1 11.2 July 91 - June 92 5 11, 10, 10.5, 10.5, 13
July 81 - June 82 1 10.1 July 92 - June 93 3 10.5, 13.0, 10
July 82 - June 83 2 10.4, 10.5 July 93 - June 94 1 10
July 83 - June 84 1 10.2 July 94 - June 95 5 11, 11, 10, 10, 13
Table 2 Failure probabilities for various combinations of parameters
that may be effected by climate changes.
[0} P(g()< 0) ~ P(g()<0) AD P(g()<0)
hmO, 1
7.6 2.3 1074 10.0 2.3 1074 0.0 2.3 1074
8.8 2.7 1074 10.5 1.4 10-3 0.5 3.7 1074
10.0 3.1 1074 11.0 4.6 103 1.0 5.8 1074
15.0 4.5 1074 12.0 2.5 1072 2.0 1.4 1073
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Table 3

yielding in a tether

Effects of possible climate changes on the probability of

Xe P(g() < 0) XK P(g) ()< 0) Welimate P(g()< 0)
4.1 10-3 0.0 4.1 10-> 0.0 4.1 10->
0.1 7.0 10-3 0.1 8.7 10-> 0.5 4.6 10->
1.2 10-4 0.2 1.7 10-> 1.0 5.2 10->

Table 4 Relative importance of the various sourcesgs of randomness

concerning yielding in a tether.

( pp=16-10"%)
Parameter Relative importance (%)
Huo 1 76.8
Thynamic 20.6
Oyield 0.9
Xg 0.7
Wrige 0.6
Xe 0.4
Wsurge 0.0
Welimate 0.0
Table 5 Factor reflecting the increase in fatigue damage due to
possible climate changes. (Factor is equal to 1 for base case climate
and Yy = 1.)
m 3 7
k 1.0 1.1 1.2 1.0 1.1 1.2
Y Fatigue factor
0.90 0.57 0.76 0.98 0.50 1.00 1.80
0.95 0.76 1.01 1.32 0.73 1.40 2.60
1.00 1.00 1.33 1.73 1.00 2.00 3.67
1.05 1.28 1.71 2.22 1.40 2.80 5.10
1.10 1.62 2.16 2.80 2.00 3.70 7.30
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Table 6 Characteristics for the duration of down-time events for
offshore loading.

Case Mean (Hours) Standard deviation
(Hours)
Base case climate 55.0 39.8
10% increased severity 65.7 53.5
20% increased severity 74 .5 64 .4
30 —
— Base case
--- 10% increase , ~
25 . It l{\
@ ~ - 20% increase ‘o P Y
o 4 (! PR LA | S
8 & £y Ju ! e Lo
a s A A N A
o 20 - 134 nos o 2nt iy 8
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Figure 1 No. of down—time events concerning offshore loading
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Figure 2 No. of events of production stop.
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Figure 3 Annual Duration of production stop
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The WASA project:

Changing Storm and Wave Climate
in the Northeast Atlantic and adjacent seas??

by the WASAZ group?
Abstract

The European project WASA has been set up to verify hypotheses of
a worsening storm and wave climate in the Northeast Atlantic and its
adjacent seas. The observational record of the past hundred years is
analysed and GCM based scenarios of possible future climate change due
to increasing atmospheric greenhouse gas concentrations are examined.

In the present paper, the status of WASA is reviewed and a
preliminary assessment of the storm climate in the past hundred years
and of the wave climate in the past thirty is given. Also, an overview
of the wave hindcast activities is given.

A major methodical obstacle for WASA are the inhomogeneities of
the observational record, both in terms of local observations and of
analysed products (such as weather maps), which usually produce an
artificial increase of extreme winds and waves. To overcome these
obstacles, WASA is relying on robust indicators, such as annual
distributions of geostrophic wind speeds, and on state-of-the-art
hindcast simulations with wave models.

The results obtained so far are:

° The storm climate in the near-coastal areas of
Northwest Europe has not systematically worsened in the
past century. There is, however, considerable natural
variability on the decadal time scale.

° The statistics of the significant wave height in the
Northeast Atlantic has undergone a steady increase of
the wave height in the last 30 years. An upper bound
estimate for this increase amounts to 2-3 cm/year for
the 50% percentile of the annual wave height
distribution and 3-4 cm/year for the annual 10%
percentile.

1 Paper presented at the Fourth International Workshop on Wave
Hindcasting and Forecasting, Banff, Canada, October 16-20, 1995

2 WASA is an abbreviations of Waves and Storms in the North
Atlantic. The project is funded by the European Union’s Environment
program. Coordinator is Hans von Storch, Max-Planck-Institut fur
Meteorologie, Bundesstrasse 55, 20146 Hamburg, Germany, e-mail:
storch@dkrz.d400.de
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3 with contributions by Hans Alexandersson ¢, Evert Bouws 7, Juan
Carlos Carretero 1. Johannes Guddal 2, Ignacio Lozano Gonzalez 1,
Heinz GUnther 4, Dennis Jannink 7, Viacheslav V. Kharin 3, Gerbrand
Komen 7, Hinrich Reichardt 3, Wolfgang Rosenthal 4, Antonio Ruiz de
Elviral, Torben Schmith 5, Mark Stawarz 4 and Hans von Storch 3.

(1 Clima Maritimo, Madrid, Spain; 2 Det Norske Meteorologisk
Institut, Bergen, Norway; 3 Max-Planck-Institut fOr Meteorologie,
Hamburg, Germany; ¢ Institut fur Gewasserphysik, GKSS, Geesthacht,
Germany; ° Danmarks Meteorologiske Institut, Copenhagen, Denmark; ¢
Sveriges Meteorologiska och Hydrologiska Institut, Norrkdping,
Sweden;7 Koninklijk Nederlands Meteorologisch Instituut, De Bilt, The
Netherlands)

1 Background

In the public debate concerning climate change due to increasing
emissions of radiatively active gases into the atmosphere many people
are concerned about the possibility of an intensification of
extratropical storms. Even though the IPCC took a cautious stand in
this matter because of lack of evidence, a mixture of indirect
evidence (van Hoff, 1993; Hogben, 1994) and misleading scientific
statements (Schinke, 1992) created a substantial uneasiness in the
public. The offshore o0il industry in the North Sea was confronted with
reports about extreme waves higher than ever observed. The insurance
industry organized meetings with scientists because of greatly
increased storm-related damages. The Northern European newspapers were
full of speculations about the enhanced threat of extratropical storms
in the early part of 1993.

In this situation the Norwegian Weather Service organized two
workshops ”Climate Trends and Future Offshore Design and Operation
Criteria”, in Reykjavik and Bergen, and brought together people from
the o0il industry, certifying agencies and scientists to discuss the
reality of a worsening of the wave and storm climate. The workshops
did not create definite statements but the general impression that
hard evidence for a worsening of the storm and wave climate was not
available (for a summary see von Storch et al., 1994). A group of
participants then agreed to establish the ”"WASA project”. A research
plan was worked out and funding by the European Union was obtained.

In this paper the present status of WASA is reviewed.

2. The Scope of the WASA project
WASA aims at the
o Reconstruction of the storm and wave climate in the

Northeast Atlantic and adjacent seas in the 20th
century, and at the
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. Construction of future perspectives of the storm and
wave climate in the 21st century.

Two central questions are raised

. Is the storm climate in the past 100 years consistent
with the notion of intensifying or more frequently
forming storms in the Northeast Atlantic and adjacent
seas?

° How was / might be the response of the wave field and
of the storm surge statistics to the past / possible
future changes in the storm climate and other
atmospheric features?

To address these questions, long homogeneous observational data are
examined (Section 3[), and extended hindcast experiments are run with

wave models (Section 40l). Also the output of climate change scenario
experiments conducted with coupled ocean-atmosphere general
circulation models is evaluated and will be used to prepare scenarios
for possible future wave climates, but this aspect is not covered by
the present progress report.

3 The Analysis of the Observational Record
3.1 The Storm Climate

When assessing the temporal evolution of the storm climate, two
different types of data may in principle be considered. One source of
information could be the archive of weather maps, which covers more
than hundred years. Indeed, several attempt have been made to count
the number of storms, stratified after the minimum core pressure, in
the course of time (Schinke, 1992; Stein and Hense, 1994). These
studies are useful in describing the year-to-year fluctuations in the
past, say, 10 years. However, for the longer perspective this approach
renders inconclusive simply since the quality of the weather maps has
steadily improved. Thus any creeping worsening of the storm climate
apparent in the observational record (as reported by Schinke, 1992)
might reflect a real signal or a result of the ever increasing quality
of the operational analyses due to more and better observations, more
powerful diagnostic tools and other improvements in the monitoring of
the state of the troposphere. A more detailed mapping of the pressure
distribution, however, automatically yields deeper lows.4

4 This problem is severe for instantaneous maps when dealing with monthly mean maps, the
inhomogeneity becomes less significant.
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The inhomogeneity problem is illustrated by Figure 10 in which
the ratio of high-pass filtered standard deviations of air-pressure
variations in winter in the decade 1984-93 and in the decade 1964-73,
as derived from the DNMI analyses, is plotted. Obviously is the
variability greatly enhanced since the 1960’s in areas where little or
no in-situ observations are routinely available; this increase is

likely spuriously. In the area marked in Figure 1[0, between 70° N and
50°N and east of 20°W the bias seems less severe. For this area a

storm count was made (Figure 20]). There were slightly more storms in
the 1984-93 decade than in the previous decades (348 as opposed to
339, 336 and 330). In particular the number of analysed severe storms
per year in the area in the decade 1984-93 has increased. We do not
know to what extent changes in the analysis scheme is responsible for
the changing storm numbers in that area, therefore the result of this
storm count should be taken as an upper bound of an increase of storm
frequency and intensity. The results presented in the next sections
indicate that the signal is indeed, at least in the eastern part of
the area, spurious.
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SLP STD ratio (band-pass filtered)

Figure 1:

Ratio of synoptic scale standard
deviation of air pressure variations in
winter (DJF) as derived from DNMI
analysis in the decade 1984-1993 and
in the decade 1964-1973. The area “A” [t
south of 70°N and east of 20°W is
marked

Data: DNMI 1984-93 vs. 1964-73, DJF

Therefore any analysis of changes of the storm climate should be
supported by an analysis of local observations which are unaffected by
improvements in the process of mapping the weather. A good parameter
would be wind-speed, since it relates directly to damages and impact
of waves and surges. However wind observations - either determined
instrumentally or estimated - are usually of limited wvalue due to
inhomogeneities such as: change of scale, change of observer, change
of surroundings etc. (cf. Peterson and Hasse, 1987).

Therefore one must look for other and more homogeneous proxies
for storminess. An obvious choice is to base these on station air
pressure, the time series of which are considered to be rather
homogeneous because more or less the same instrument (mercury
barometer) and procedures have been used throughout the entire
observation period.
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From air-pressure two proxies for storminess may be formed,
namely the annual (seasonal, monthly) distribution of the geostrophic
wind speed derived from three stations in a triangle (Schmidt and von
Storch, 1993; see Section 3.1.10). An alternative is to consider the
annual (seasonal, monthly) distribution of the pressure tendency,
possibly after suppressing the non-synoptic variations by means of a
digital filter (Schmith, 1995) (see Section 3.1.20) .

Another homogenous proxy data time series is provided by
high-frequency sea level variations at a tide gauge. The wvariance of
such variations is controlled by the variance of the high-frequency

atmospheric disturbances5 (see Section 3.1.30).

5 "High—frequency” refers here to the time scale of synoptic disturbances, i.e. a few days.

Number/year

160
Figure 2: Storm count in the
area 70°N to 50°N and east of 140 -
20°W (see Figure 1) in the T
DNMI data in DJF for different 120 - |
multi-year intervals. The storms | o §EEES _ =]
are sorted after the core value z 100 v dasas *§
of the 1000 hPa level in meters. 80 - ::::%M FEEN ::::\--\.
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Figure 3: Scatterdiagram of station-mea:
wind speed and geostrophic wind speed ove
Denmark.

Observed vs, calculated wind

Donmark, 1980- 1884 incl.
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These proxy data geostrophic wind, high-frequency pressure
tendency and sea level variations, can not be used to reliably
estimate actual wind speeds; however, characteristic changes of the
statistical moments of the annual (seasonal, monthly) distributions
are connected with similar changes in the distributions of the wind

speed. Figure 30 demonstrates the link between the winds speeds,
averaged over 5 stations, from 1980 to 1984, and the geostrophic wind
speed derived from a triangle of pressure observations. There is an
overall good agreement except for high wind speeds. For example, an
observed mean wind exceeding 15 m/s corresponds to geostrophic winds
varying between 20 m/s and 60 m/s.

Even if the fit between simultaneous geostrophic wind speeds and
anemometer wind speed exhibits a significant scatter, correspond the
distributions of the two quantities well (Figure 4y . Thus changes of
statistical moments and percentiles of the wind speed distribution may
be deduced from changes of the same statistical moments of geostrophic
wind speed distribution.
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Figure 4: Percentile-percentile plot of station.
mean wind speed and geostrophic wind speed’
for the Danish triangle, derived from 5 years:
of daily data.
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A further proxy data from storminess is the number of ”"storm
days” derived from local observations. This approach was pursued by
Jbénsson (1981), who found no systematic changes for Iceland (cf. von
Storch et al., 1994). The Koninklijk Nederlands Meteorologisch
Instituut published an official assessment on the state of climate and
its change for the territory of the Netherlands (KNMI, 1993).
According to that report the maximum wind speeds observed during
severe storms have not been increased between 1910 and today.

3.1.1 Geostrophic Wind Analyses

Only 15 stations, situated in Northwestern Europe and the Northeast
Atlantic, with a continuous pressure record for about the last 100
years of three or four daily observations are considered in the WASA
project. For the time being only a subset of these stations are
available for analysis. The distance between stations is non-uniform,
ranging from approximately 100 km in Northwestern Europe up to 1000 km
in the North Atlantic.

A homogeneity test similar to Alexandersson (1986) was performed
on a subset of stations, where the distance to neighbouring stations
was not too big. In some cases it was necessary to adjust biases, but
these were less than 0.5 hPa in most cases. Subsequently, a (manual)
quality check for single mis-readings etc. of the pressure was
performed. It was found, that around 20% of these severe values were
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in error. These erroneous reading could in many cases be (also
manually) corrected.

Geostrophic wind time series were generated from two triangles,
namely one over Denmark and one over southern Sweden. Another time
series was computed earlier by Schmidt for the German Bight (Schmidt
and von Storch, 1993). All three analyses show a similar result -
namely no systematic increase, or decrease, of the 50%, 90% and 99%
percentiles of the annual distributions of geostrophic wind speeds.
Time series of these annual percentiles are shown for the Danish
triangle in Figure 5. For the Swedish triangle Gdteborg-Visby-Lund
the number of geostrophic wind speeds exceeding 25 m/s per year is

plotted in Figure 60l].

Figure 5: Time series of percentiles of!
geostrophic wind speed over Denmark. Units::

m/s.
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Figure 6: Time series of number of daily
geostrophic wind speeds exceeding 25 m/s, de-
rived from the triangle Goteborg-Visby-Lund
in Southern Sweden. The solid line represents
a low-pass filter.
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In a similar analysis of geostrophic winds in the Southern Baltic
Sea area Mietus (1994) found an increase of the annual maximum
geostrophic wind speed (derived from the triangle
Hel-Swinoujscie-Visby) since 1960 of about 0.2 m s-1/year.

3.1.2 Pressure Tendency Analysis

Large alr pressure tendencies are indicative for major baroclinic
developments so that large wind speeds are likely to occur somewhere
in the neighborhood. Therefore the use of 24-hourly pressure tendency
as another possible proxy for storminess was investigated for two
stations, namely Fan¢ in Denmark and Thorshavn on the Faroe Islands
in the North Atlantic. In both cases no systematic increase of the
50%, 90% and 99% percentiles of the annual distributions of the

pressure tendencies were found, as is exemplified in Figure 70 for
Fang.

6 The 90% percentile of a distribution X is that number %gqq, SO that the probability to observe any
realization of X < %gqe, is 90%. In case of distributions formed from 365 daily geostrophic wind speeds during
one year, the actual geostrophic wind is at 36 days equal or larger than the 90% percentile.

Percentiles are often called fractiles or quantiles.
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Figure 7: Time series of percentiles of 24-hour
pressure tendencies over Denmark Units: 0.1
hPa/3 hrs.
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3.1.3 High Frequency Sea Level Variations

The idea to use high-frequency variations of sea level as a proxy for
storm activity was suggested by de Ronde (cf. von Storch et al.,
1994), who analysed data from Hoek van Holland. For this port in the
Southern North Sea no trend towards more violent high-frequency events
were found.

A similar analysis has been made for Cuxhaven (German Bight),
where storm surge levels have increased continuously since the
beginning of the record in the middle of the 19th century. A closer
inspection of the data reveals however, that the increase of storm
surge levels is due to an increase of the annual mean sea level and
not due to changes in the intensity of high-frequency atmospheric

events (Annutsch and Huber, pers. comm.). Figure 80 displays the
temporal evolution of the annual mean sea level, with an increase of
about 30 cm in 100 years, and the time series of various percentiles
for the sea level variations relative to the annual mean.
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3.2 The Wave Climate

The analysis of data on wave height, gathered from ships of
opportunity or from ocean weather stations and light vessels, have
revealed a in part substantial worsening of the wave climate in the
North Atlantic (Carter and Draper (1988), Bacon and Carter (1991),
Hogben (1994)). However, such local data must be considered with great
care since they may exhibit upwards trends for various unphysical
reasons (cf. WASA, 1994).

To further examine the hypothesis of increasing wave heights we
have analysed the wave height reports from Ocean Weather Station M

(66°N, 2°E) (Figure oll). one might be tempted to see a slight
systematic increase in the data. However, these increases may well be
artificial due to the inhomogeneities in the series: in the early
50ies the numbers seem to be systematically too low; before 1979 the
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reports were based on visual assessments and after 1979 on
instrumental data. There is certainly an increase since the early
1980’'s, but this increase seems to be well within the ”"normal” range
of variability when compared with the earlier part of the record.

Figure 9: Time series of 1%, 5%, 10%, 25%:
and 50% percentiles of the annual wave heightl
distribution at Ocean Weather Station M.
Units: m.

Updated from WASA (1994).
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We have another data set at our disposal, namely the operational
wave height maps prepared by Koninklijk Nederlands Meteorologisch
Instituut for ship routing purposes. An example of such a map is shown

in Figure 100. When analysing these maps one has to keep in mind that
they suffer from the same homogeneity problems as all analysed

products such as weather maps (cf. Figure 1) . Also, one should be
aware of the fact that the local observations from ocean weather
stations and the like are incorporated into the maps so that the two
data sets - local information and analysed maps - are not independent
evidence. Nevertheless any increase in wave statistics estimated from
these maps represent an upper bound for any real signal.
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Figure 10: Example of a KNMI analysis of
the wave height field prepared for shiprouting
DUIpOses.

For two areas, 10° - 20°W x 50° - 55°N and 40° - 50°W x 50° -
55°N, from each map the minimum and maximum wave heights were derived.
Maps are available every 12 hours from 1961 to 1987. A distribution of
the 12 hourly box maximum wave height as well as the
box mean (= 1/2 (minimum. + maximum)) is derived for both boxes.

The percentiles for the resulting time series for one of the

boxes is displayed in Figure 110 . The regression coefficients for the
three curves are 2.7 cm/year for the 1% percentile, 3.4 cm/year for
the 10% percentile and 2.7 cm/year for the 50% percentile. If we
assume independence of the (annual) samples, the null hypothesis of
zero correlation is rejected with little risk.

Similar results are obtained for the other box; the results are
insensitive whether we use the box mean or the box maximum.

The rates of increase of the 50% percentile in Figure 110 fit
remarkably well with the rates derived by Bacon and Carter (1991) for
Light Vessel Sevenstones (2.4 cm/year) or Ocean Weather Station
Juliett (2.8 cm/year) for the mean wave height. Similar estimates,
derived from visual observations have been reported by Hogben (1994)
(2.8 cm/year of Sevenstones and 3.3 cm/year for OWS J).
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Kushnir’s et al. (1995) analysis supports these estimates of the
rise in annual mean wave height. They first integrated a wave model
over 10 years using surface winds from the ECMWF analyses as forcing.
Then a statistical model was built which describes the mean wave field
as a function of the mean air pressure field. This statistical model
was then used to estimate the mean wave field from the air pressure
field from 1962 onward. This procedure resulted in an increase of 1.9
cm/year at Sevenstones.

An interesting aspect is whether the distribution of wave heights
is merely displaced towards taller waves as a result of a shift of the
mean or if the spread of the distribution has becoming wider as well,
so that the extremes have grown disproportionately. The analysis of
the wave maps in the area west of Ireland indicates that the spread
has indeed become wider: The estimated rise from 1961 to 1987 is for
the 50% percentile is 73 cm whereas the increase of the 10% is 1.30 cm

in the area west of Ireland (Figure 110y .
4 Hindcast Experiments with the Wave Model WAM

Because of the limited value of the observational record of the North
Atlantic wave climate, a 40 years reconstruction (1954 to 1994) of the
wave conditions in the North Atlantic Ocean and adjacent seas is be
attempted by running the WAM wave model (Komen et al., 1994). Two
versions of this model are used:
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a "coarse” resolution version (1.5° x 1.5° latitude x longitude;
2094 active grid points) covering the whole North Atlantic (80°N to
9.5°N, 78°W to 48°E)

a "fine” resolution (0.5° x 0.75° latitude x longitude; 4105
active grid points) covering the Northeast Atlantic (77°N to 38°N,
30°W to 45°E)

For running the numerical simulations, two different wind data
sets are used. For the fine resolution simulation. wind estimates from
the air-pressure analyses prepared routinely by Det Norske
Meteorologisk Institutt (DNMI) are readily available. For the coarse
resolution model operational analyses of the Fleet Numerical
Oceanography Centre (FNOC) are used. An example of a FNOC wind field

is shown in Figure 1201

Figure 12: An example of a FNOC wind field.
. 77 e
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The FNOC data set suffers from a few gaps, in particular all 1994
is missing. These gaps are filled by temporal interpolation and by the
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use of ECMWF analyses. A polynomial method was used to interpolate the
wind field on the WAM grid of 1.5° resolution. Furthermore several
changes in the preparation of the analysis have taken place in the
course of time: until 1971 the pressure maps were prepared by hand,
and after that year dynamical analysis models were used. Until 1977
winds were geostrophically derived winds; the change from manual to
computer analyses was connected with an abrupt change of about 1 m/s
in the wind. Afterwards a ”Planetary Boundary Layer Model” (PBLM) was
used to specify the wind. During some time, the archived winds refer
to the 19.5 m level and sometimes to the 10 rn level. This
inconsistency was repaired by applying a standard logarithmic wind
speed profile. As a consistency tests PBLM winds and geostrophically
derived winds were compared in an overlapping period of 8 months
(April to December 77) when both sets of data are available. The two
sets of winds compared well in terms of directions, but the
geostrophically derived wind speed was found to be systematically

lower than the PBLM wind speed (see Figure 130) . A statistical
correction was applied to overcome the bias.
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Apart from these ”"detectable”
"non-detectable inhomogeneities” in the data,

observational record (withdrawal of ocean weather stations; advent of

Figure 13: Analysis of paired observations
of geostrophically derived wind speeds and
PBLM-generated winds. The frequency dis-
tribution for the geostrophically derived wind
speeds and for the PBLM derived winds are
labelled “distribution of”. The “bias” ist the
difference between the man geostrophically de-
rived wind speed, conditional upon a PBLM
wind speed given at the horizontal axis, and
the specified PBLM wind speed. “SI” is the
(conditional) coeflicient of variation (standard
deviation devided by the mean).
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inhomogeneities there are also
due to the changing

satellites etc), improved analysis techniques (such as computerized

analysis schemes)
demonstration of this problem, see Figure 10).

and other nonstationary operational conditions (as a
We use these data

nevertheless since we do not have a better product available at this
time. The wave climate response to the FNOC/DNMI winds will supply us

with an upper bound of the worsening of the wave climate;

at a later

time we could redo the hindcast runs with the re-analysed wind fields
presently prepared at the US NMC and at ECMWF.
Some storms from recent years were hindcasted at Clima Maritimo
using the coarse resolution Atlantic version of WAM and the FNOC
winds. The model data compared well in situ data gathered by buoys at
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the Cantabric Coast of Spain and at the Canary Islands. Also some
multiyear hindcasts were already executed.
The skill of these hindcasts is demonstrated by a case study for

1992 for a position off the Spanish coast (Figure 140) and a
statistic for the years 1980 to 1982 for the Northern North Sea

(Figure 150]) . The hindcast for the 1992 case is almost perfect, for
both wind analyses used, but the skill during the 3-year hindcast is
somewhat mixed, with good results in the second half and a severe
overestimation by the model in the first half.

Figure 14: Hindcast of the significant wave
height for the location of the buoy “Bilbao” for
two weeks in February 1992. The heavy (up-
per) line represents the measurements made
by the buoy and the light (lower) line the hind-
cast using the FNOC wind analyses.
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5 Conclusions

The results of our joint efforts for determining whether the storm
and/or wave climate in the North Atlantic Ocean and adjacent seas has
roughened are not unequivocal. Almost all local indicators,
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representative for storminess, indicate no worsening of the storm
climate, with the possible exception of the Southern Baltic Sea (as
reported by Mietus, 1994). For the wave climate, on the other hand,
more evidence has shown up in favour of the hypothesis of a worsening
wave climate, not only in the man wave height but also in the
extremes.

There are a number of caveats. The analysis of geostrophic winds,
pressure tendencies and high-frequency sea level variations covers
only the near-coastal areas of Northern Europe, and no robust analysis
is available for the en ocean regions. For the wave field, both the
analysed maps and the local observations are prone to inhomogeneities
which introduce an artificial increase of mean and extreme wave
heights. Because of these caveats further wave hindcast experiments
are presently underway to test the hypothesis of ”"taller waves without
a worsening of the local storm climate”.

An inconsistency in these statements concerning the storm and
wave climate concerns the considered time scales. The storm climate is
studied by time series of typically 100 years lengths, and seen in
this perspective, the storm climate does not appear to have changed.
The wave data, however, cover only the period since about 1960 - and
it could be that the trends of the last 30 years appear as mere
variations when compared with variations earlier this century. Indeed,
a recent analysis by Hurrel (1995) on the North Atlantic Oscillation
(NAO) has revealed that the NAO (in winter) which represents the
strength of the winter mean zonal circulation over the Atlantic has
steadily increased since about 1960. This intensification is
remarkable but not really ”"un-normal” if compared to the full record
of the NAO since 1864. Thus, the increase in wave heights, if it is
real, might well be another swing in the never ending sequence of up’s
and down’s of natural variability. Further close monitoring of the
development is required to eventually evaluate whether the other
possible explanation - systematic changes because of anthropogenic
climate change - might be adequate (cf. von Storch and Hasselmann,
1995).
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Fig
for

ure 15: Monthly percentiles of significant wave height at the location of Statfjord/Gullfaks
the years 1980 to 1982. The dotted line represents the observed wave heights, and the

dashed line the hindcasted wave heights.
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VARIATION OF MEASURED METEOROLOGIC AND OCEANIC VARIABLES OFF THE U.S.
ATLANTIC COAST, 1980-1994

J. M. Hubertz

U.S. Army Engineer Waterways Experiment Station
Coastal Engineering Research Center
Vicksburg, Mississippi 39180-6199

1. INTRODUCTION

The National Data Buoy Center, within the National Weather Service of
the National Oceanic and Atmospheric Administration, operates buoys
off the coasts of the United States from which atmospheric and oceanic
measurements are made. This program began in the mid-1970’'s with only
a few buoys in the Atlantic, Pacific, and Gulf of Mexico measuring
meteorological variables. More buoys were gradually added in the
1980's and 1990’'s, and measurements became more sophisticated.

This study examines data from five buoys off the Atlantic Coast for
the 15-year period from 1980 to 1994. These buoys are identified as
44011, 44004, 41001, 41002, and 41006. Their locations are shown in

Figure 10 . The data from these buoys were chosen for study because of
location along the coast in deep water and long period of record for
both meteorological and oceanic data.
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Figure 1. Location of Buoys (solid dots) with ID
Numbers.
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2. BUOY DATA

Data from all buoys, since inception of the program, are contained on
compact disks. Data from the above buoys were copied to a personal
computer hard drive. The "B” type records were extracted from all
possible records for each hour data were measured. This ”"B” record
contains information such as air and sea temperature, surface
atmospheric pressure, wind speed and direction, and wave height and
dominant period. This study emphasizes the long-term variation in wind
speed and wave height at each of the five buoy locations. The
long-term variation of air and sea temperature and surface atmospheric
pressure is examined at Buoy 41001. Gilhousen (1990) lists the
accuracy of the wind speed measurements as +/- 0.98 m/s or 10%, wave
heights as +/- 0.2 m or 5%, wave periods as +/- 1 sec, air sea
temperatures as +/- 1 deg C, and surface pressure as +/- 1 mb.

Early in the measurement program, data were recorded every 3 hours.
Subsequently, at different times and at different locations, data were
recorded at a l-hour interval. For various reasons, there are gaps of
varying length throughout the length of record. These gaps need to be
filled with valid data in order to obtain a continuous time series so
that averages over time are equally populated. In order to do this, a
file was constructed from the information in the ”“B” records which
consisted of records containing a date-time group and various
parameters. Each of these time series files was compared to a standard
set of dates and times every hour from 00 hours UT on Jan 1, 1980, to
2300 hours UT on Dec 31, 1994. When a gap in the buoy data was
detected, it was filled with the appropriate date-time, and the
parameter space was filled with zeros. This resulting time series was
then subsampled to obtain a time series with a 3-hour interval. A
3-hour interval was chosen since that corresponds to the frequency of
hindcast information from the Wave Information Study (WIS). Figures

2] and 300 illustrate the gaps in wind speed and wave height data at
41001. The longer gaps are presumably due to major overhauls and
replacement of equipment.
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Figure 2. Time Series of Measured Wind Data with
Gaps and Filled with Hindcast Data

Figure 3. Time Series of Measured Wave Data with:
Gaps and Filled with Hindcast Data

3. HINDCAST DATA
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A wave hindcast for the U.S. Atlantic Coast was recently completed,

Brooks (1995),

for the period 1976-1993.

The Corps of Engineers’

wave
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model WISWAVE 2.1 was used with global winds (2.5 deg at 19.5 m every
6 hours) produced by the U.S. Navy’s Fleet Numerical Meteorological
Oceanographic Center (FNMOC) to hindcast wave conditions on a 1l-degree
latitude longitude grid over the North Atlantic. Results from the
l-degree grid were linked to a quarter degree grid covering from 65
deg W to the Atlantic Coast. Hindcast results were saved every 3 hours
at WIS stations along the coast and at locations of measurements from
buoys. The latter were used to validate the hindcast results. The
Corps’ planetary boundary layer tropical cyclone wind model, Cardone
et al. (1994), was used to model tropical storms and hurricanes
passing through the finer grid since FNMOC wind fields do not
accurately represent these small storms. Modeled cyclone winds were
fused with far field FNMOC winds to produce a continuous history of
winds over the region including tropical cyclones.

Hindcast results were compared to available measurements to validate
the accuracy of the model results. Table 10 summarizes comparison

statistics for wave height from the measurement sites in Figure 10.
The first row for each buoy is the bias (model-measured), the second
row is root mean square difference, and the third row the correlation
coefficient r. Complete tables for all 38 possible buoys are in Brooks

(1995) . The results in Table 1[0 indicate a negligible bias, with a
mean absolute difference of about 0.6 m, and about 65-80% of the
variance of the measured record reproduced by the model. The WIS group
is continuing to keep hindcast wave information up to date by
performing monthly hindcasts with the most accurate wind data
available now. Work is underway to improve wind fields and wave
hindcast results by assimilating measured data.

4. DATA ANALYSIS

The hindcast wind and wave information is considered an accurate
representation of conditions during the 15-year period. The measured
record is considered the most accurate, but it suffers from gaps in
time. Thus, to obtain the most complete representation of climate, the
gaps in the measured record were filled with hindcast values for every
3-hour interval which was missing data. Minimums, maximums, means, and
standard deviations were calculated for each of these filled time

series. Table 200 summarizes these basic statistics for wind speed,
wave height, and peak period at the five locations listed in a north
to south order.
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Table 1. Comparison of Hindcast to Measured Wave Heights (m)
Buoy Years
93 92 |91 |90 |89 88 |87 |86 |85 [84 | 83 | 82 | 81 | 80
44011 0.4 0.0 0.0 0.1 0.0 -0.0 0.1 0.4 0.1 0.1
0.7 0.6 0.7 0.6 0.6 0.6 0.8 0.9 0.7 0.7
0.8 0.9 0.8 0.8 0.8 0.9 0.8 0.8 0.8 0.8
1420 |2143 |2233 (2780 |2601 2380 (2802 |2157 [2629 [1769 O 0 0 0
44004 0.1 -0.1 |-0.2 |-0.0 (01 -0.2 |-0.0 |01 0.0 0.1 -0.0 |-0.1 0.9 0.6
0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7 0.9 0.7 0.6 1.4 1.2
0.9 0.9 0.9 0.8 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.9 0.8 0.9
2897 2889 |1771 (2754 |1949 2464 (2207 |2782 |2050 [1034 |2794 (1550 |[1074 2084
41001 0.1 -0.3 |-0.1 |-0.0 (01 -0.2 |-0.2 ]0.0 -0.2 |0.0 -0.0 |-0.2 0.3 0.5
0.6 0.6 0.6 0.5 0.6 0.6 0.7 0.7 0.7 0.8 0.7 0.7 1.1 1.1
0.9 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
2224 | 2327 2007 (2721 |2182 1925 [2384 1859 (1025 |2618 |2842 (2177 |1337 2598
41002 0.1 -0.1 |-0.0 |0.1 -0.0 -0.2 |-0.1 |-0.0 (0.1 |-0.1 -0.2 |-0.2 0.2 0.3
0.6 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.9 0.8 0.6 0.8 0.7
0.9 0.8 0.9 0.8 0.8 0.8 0.8 0.8 0.7 0.7 0.8 0.8 0.8 0.8
2508 (1538 (2915 |[1536 |1926 [2229 (2898 |[1933 |669 1004 |2318 |2883 |2489 2028
41006 0.1 -0.1 |-0.2 |0.1 0.0 -0.2 |-0.1 |0.0 -0.0 |-0.1 -0.1 |-0.2
04 0.5 0.5 0.4 04 0.5 0.5 0.5 0.5 0.6 0.6 0.6
0.9 0.8 0.9 0.8 0.9 0.7 0.8 0.8 0.8 0.8 0.8 0.8
2898 (2686 (422 2577 (1956 |1931 |2028 |2115 (2835 [2912 |2666 |1744 O 0
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Table 2. Summary Statistics

Buoy ID Parameter Minimum | Maximum Mean Std. Dev. | No. of Observations
44011 Wind Speed 0.1 30.0 6.68 3.66 32144 @3hrs=11 yrs
44004 (m/sec) 0.1 35.0 7.32 3.72 43832 @3hrs=15 yrs
41001 0.1 31.2 7.39 3.74 43832
41002 0.1 30.1 6.60 3.25 43832
41006 0.1 30.0 5.75 2.87 37984 @3hrs=13 yrs
44011 Wave Height 0.3 11.6 2.11 1.27
44004 (m) 0.3 13.9 2.02 1.26
41001 0.3 12.2 2.04 1.20
41002 0.3 15.7 1.85 1.04
41006 0.3 9.6 1.68 0.85
44011 Peak Period 2.6 20.0 8.29 2.24
44004 (sec) 2.6 22.0 8.03 2.31
41001 2.7 24.0 8.15 2.25
41002 2.9 24.0 8.25 2.38
41006 2.6 24.0 8.54 2.35

There is little difference in mean and maximum wind speed from north
to south along the coast. Mean wave heights tend to be slightly higher
for locations north of about 35 deg. Maximum wave heights are a
function of storm passage with respect to buoy location. There is
little difference in maximum and mean wave peak periods. Note that
there may be some effect on periods due to the Gulf Stream which
generally flows west of 41006, 41002, and 41001, but through the area
where 44004 and 44011 are located. In general, there does not appear
to be trends or large variability in wind speed, wave height, or peak
period offshore along the U.S. East Coast, with the exception of lower
wind speeds and wave heights south of about Cape Hatteras.

4.1 Monthly Means

Mean values of wind speed and wave height were calculated from the
combined record for each month of the 15-year period at each of the
five locations. In addition, a mean for all Januaries, Februaries,
etc., over the 15 years was calculated. This latter mean is referred

to as the long-term mean. Figures 40-gl] are plots of monthly mean
wind speed and wave height at each buoy for the period of record. The
long-term mean for each of the 12 months is also plotted, being
repeated for each year of the period of record. This allows comparison
of monthly means each year to the long-term mean.

4.2 Wind Speeds
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There is a definite seasonal cycle for wind speed. Differences between
winter and summer long-term means are 4.0 to 2.5 m/sec with larger
ranges being at more northern locations. Monthly means in the summer
months generally do not depart more than the accuracy of measurements
(+/-1 m/sec) from the long-term means. The largest departures from the
long-term mean are in the winter months where it is evident that some
years are less and more ”stormy” than others. There is no consistency,
though, along the coast. No long-term trends over the 15 years are
evident, i.e., a gradual increase or decrease in wind speeds, but
there are periods when wind speeds are above and below the long-term
mean. For example, at 41001 wind speeds during the winters of 19801983
are higher and for 1986-1988 lower than the long-term mean. There is
less variability at 41002 and 41006, reflecting the lower incidence of
winter storms.

4.3 Wave Heights

Wave heights reflect the seasonal nature of the winds. Departure of
the monthly means from the long-term mean is small in the summer
months, but from 0.5-1.0 m during the winter months. There are almost
no cases when the maximums of the winter months are below the
long-term mean. For example, at 41001 during the winters of 1986-1988
when monthly mean winds were below the long-term mean, wave heights
were at or above the long-term mean. This probably is due to arrival
of swell at the site in addition to local wind-generated waves. No
long-term trends in wave height are apparent at any of the sites. This
contrasts with the observation of Carter and Draper (1988) that wave
heights have increased by 0.034 m/yr from 1962 to 1983 at a point off
Land’s End, England, at the western end of the English Channel.

4.4 Storm Occurrences

Histograms of wind speed and wave height were calculated from the data

at each buoy for 1980-1994. Table 300 summarizes the number of
occurrences by year at each location for wind speeds greater than or
equal to 15 m/sec and wave heights greater than or equal to 5.0 m.
These are arbitrary thresholds chosen to represent fully developed
seas in at least gale conditions. The period 1984-1994 was chosen to
equally represent each location, and thus describe conditions along
the U.S. East Coast. There are no data for 1980-1983 at 44011 and no
data for 1980-1981 at 41006.

Storminess, as defined by the thresholds above, varies year by year
without any trend. The number of storms decreases south of 41001 as
evidenced by wind speed, and there is a steady decrease in the number

of high waves from north to south. Figure 90 shows the total number
of occurrences from all buoys by year. The effect of the ”"Storm of the
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Century” in March 1993 is evident in Figure o[l by the greater number
of storm conditions. This is also true in 1989 when Hurricane Hugo
occurred. The large number of high waves without corresponding high
winds in 1987 is probably due to storms passing far from any of the
buoys but propagating swell to them. An example is Hurricane Floyd.
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Monthly and Long Term Means
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Figure 3. Mean Wind Speed and Wave Height at Buoy 44011
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Monthly and Long Term Means
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Figure 4. Mean Wind Speed and Wave Height at Buoy 44004
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Monthly and Long Term Means
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Figure 5. Mean Wind Speed and Wave Height at Buoy 41001
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Monthly and Long Term Means
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Figure 6. Mean Wind Speed and Wave Height at Buoy 41002
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Monthly and Long Term Means
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Figure 7. Mean Wind Speed and Wave Height at Buoy 41006



Directory  Table of Contents

Athnternational Workshop on Wave Hindcasting & Forecasting

Monthly and Long Term Means
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Figure 8. Mean Wind Speed and Wave Height at Buoy 41006
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Table 3. Storm Wind and Wave Conditions

Year

Buoy ID|84 |85 |86 |87 |88 |89 |9o |91 |92 |93 |94 |Tota1

Number of Occurrences of Wind Speeds > = 15. 0 m/sec

44011 87 43 115 |20 50 34 49 50 75 156 |45 724

44004 55 161 |69 69 29 51 49 43 86 89 23 724

41001 130 129 |12 31 36 63 56 61 93 187 |54 852

41002 25 30 29 23 5 33 22 16 50 46 23 302

41006 28 8 2 10 5 20 1 17 6 20 277 | 144

Total 325 |371 (227 (153 |125 |201 |177 |187 |310 (498 [172

Number of Occurrences of Wave Heights > = 5.0 m

44011 168 |118 |156 [129 (119 (77 84 78 99 162 |122 |1312

44004 87 95 96 158 |55 82 62 53 106 [128 |34 956
41001 81 68 63 138 |26 75 44 69 88 145 |81 878

41002 60 20 40 77 25 64 13 55 43 50 64 511

41006 35 16 19 21 3 57 1 17 4 26 36 235

Total 431 (317 [374 |523 |228 |355 |204 |272 [340 (511 [337
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Storm Conditions
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Figure 9. Storm Conditions by Year at All Buoy Locations

4.5 Other Parameters

Monthly mean values of air and sea surface temperature and surface
atmospheric pressure were calculated from measurements at Buoy 41001.
No data were available to fill in the gaps in the measured record. A
monthly value was calculated if at least 8 days of data (sampled
hourly, but not necessarily consecutively) were available in each
month.

The variation of air, sea, and air-sea temperatures is shown in

Figures 100d-1201, respectively. There is an apparent trend for
increasing air and sea temperatures in the 1980’'s and more constant
values for the first half of the 1990’s. The range in seasonal air-sea
temperature differences is about constant from 1980 to 1988 when it
starts to decrease, being about 2 deg C less from that point through
1594.
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Figure 10. Mean Monthly Air Temperature at 41001
for 1980-1994
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Figure 11. Mean Monthly Sea Surface Temperature
at Buoy 41001 for 1980-1994
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Figure 12. Mean Monthly Air Sea Temperature
Difference at Buoy 41001 for 1980-1994
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Figure 13. Mean Monthly Surface Air Pressure at
Buoy 4100] for 1980-1994

The variation of surface atmospheric pressure is shown in Figure 130 .
The range in seasonal variation of surface atmospheric pressure is
larger in 1980 to 1988 than from that point through 1994. This is
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consistent with less wind and wave energy at this site, as shown in

Figure 500, where values are closer to the long-term mean from the
late 1980’'s to 1994.

5. SUMMARY

Monthly mean values of wind speed and wave height derived from a
combination of measured and hindcast values at five locations spread
along the U.S. East Coast were examined to determine their variability
over the 15-year period from 1980 to 1994. No long-term trends of
increasing or decreasing wind speeds

or wave heights were apparent at any of the sites. The seasonal
variation, especially in the winter months, did depart from the
long-term mean as a function of year and location.

Storm wind speeds and wave heights, as determined by thresholds, did
not show any trends in time but did indicate fewer storm conditions
south of about 33 deg N.

Monthly means of air and sea temperature at the location off the coast
of North Carolina (Buoy 41001) indicate an increasing trend in the
1980's which levels off in the 1990’'s. Seasonal variations in air-sea
temperature difference and surface atmospheric pressure indicate a
more energetic period from 1980 to about 1988 when variations become
smaller. This is consistent with higher/lower wind speeds and wave
energy at this location for these periods.
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LINK BETWEEN NORTH ATLANTIC CLIMATE VARIABILITY OF SURFACE WAVE HEIGHT
AND SEA LEVEL PRESSURE

Y. Kushnirl, v.J. Cardone?, J.G. Greenwood?, and M.A. Canel
1Lamont-Doberty Earth Observatory, Palisades, NY
and
20ceanweather Inc., Cos Cob, CT
1. INTRODUCTION

With increased interest in climate variability the issue of
changes in storminess, in particular over the oceans, has been raised.
Carter and Draper (1988) and Bacon and Carter (1991) presented
convincing evidence for a positive trend in surface wave heights at
various North Atlantic sites, between the early 1960s and the late
1980s. Of particular interest is the long record of wave height
measurements at the Seven Stones Light Vessel (SSLV) located off the
southwestern tip of England. Significant wave heights appear to have
increased there by an average rate of 2% per year between 1962 and
1986. A similar trend is displayed at Ocean Weather Station Lima
(LIMA; 57°N, 20°W), between 1975 and 1988. The positive trend in these
records occurs mainly in the months of December, January, and
February. If real, these trends in wave heights should be related to
changes in storminess over the North Atlantic basin, and may reflect
significant changes in the intensity of individual storms. The
consequences to marine activities should be studied, and the
possibility of continued increase in storminess evaluated. It is
important therefore that we try to substantiate the wave height
observations by examining other climatic data directly associated with
the sea state, such as winds or pressure.

So far it was not clearly demonstrated that the trend in wave
heights is related to other climatic changes in the North Atlantic.
However, Kushnir (1994) noted a large-scale, interdecadal sea level
pressure (SLP) fluctuation in the North Atlantic. During the 1970s and
early 1980s the pressure gradient between about 50°N and 60°N was
stronger than during the 1950s and early 1960s. This variability is
consistent with the strengthening of the westerlies in this latitude
belt that could have lead to the trend in wave heights. Kushnir linked
the SLP change to the basin wide cooling of North Atlantic sea surface
temperature (SST). If the link between surface wave heights and SLP,
on interannual and interdecadal time scales, can be more clearly
demonstrated, one can substantiate and explain the surface wave
observation, and help understand the change in storminess in the
context of hemispheric and global climate variability.
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The goal of our study is to hindcast the surface wave field from
meteorological data, and compare the results with the observed wave
data. Since the meteorological data are independent from the observed
wave data, the hindcast can be used to verify the findings of the
observational studies described above. Because of the non-local nature
of the surface wave field, we need data from the entire North Atlantic
to hindcast the two decades of wave observations al SSLV and LIMA. The
ideal situation would be to use a basin-wide analysis of observed
surface winds, sampled several times per day, for a time interval
equivalent to the length of the observed wave records. Such data are
however not readily available. The approach taken in this study is to
combine a numerical wave hindcast based on a decade of detailed wind
analysis with a statistical hindcast based on the sea level pressure -
wave relationship found from the numerical hindcast, thus extending
the hindcast further into the past to the early 1960s.

Section 20 below describes the numerical hindcast. Section 30
explains the statistical hindcast and its results, and is followed by
the conclusions.

2. NUMERICAL WAVE HINDCAST

The numerical daily significant wave height (HS) hindcast from
observed wind information was derived using a highly developed and
widely applied first-generation discrete spectral model known as ODGP.
This model has been found to be skilful in the specification of
integrated properties of the wave spectrum, such as HS, as more
recently proposed second and third-generation models (Khandekar et
al., 1994). Vector winds from the 1980-1989, 12-hourly, 1000 hPa ECMWF
analysis, were used to force the wave model. The hindcast was
performed on a 2.5 by 2.5 degree, latitude-longitude grid covering the
entire North Atlantic from the equator to 70°N. The ECMWF 1000 hPa
winds are not necessarily representative of the surface winds at a
reference height (10 or 20 m) required to drive the ocean response
model. Therefore the 12-hourly winds were compared to reported
synoptic winds at weather stations LIMA and MIKE for all available
reports between 1983 and 1989. Systematic differences were expressed
as the mean ratio of 1000 hPa wind speed to weather ship wind speed,
and mean difference of 1000 hPa wind direction to weather ship wind
direction, in regular bins of 1000 hPa speed and direction. These
means were then applied to adjust the 12-hourly 1000 hPa winds at all
grid points. At LIMA (MIKE) the mean ship/gridpoint adjusted wind
speed difference over 3535 (3856) comparisons is -0.04 m Sec-1 (-.39 m
Sec-1) and the rms error is 3.41 (2.77) m Sec-1. These differences can
be attributed to systematic differences between reporting vessels in
such parameters as ship structure, anemometer height and location, and
instrument calibration. The adjusted 12-hourly wind fields were
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interpolated in time to obtain a 3-hourly time series used to force
the wave model.

The 3-hourly numerical wave hindcast provides a 10-year time
series of wave spectra and integrated properties at each grid point,
between 1 January 1980, and 31 December 1989. The time series of mean
monthly HS at the grid points nearest LIMA and SSLV are in excellent
agreement with the monthly means derived from measurements tabulated
in Bacon and Carter (1991). The year-around correlation between
monthly averaged hindcast and observed HS is 0.91 at LIMA and 0.95 at
SSLV, with better agreement in winter than in summer.

3. MONTHLY SLP AND HS VARIABILITY

To extend the wave hindcast back to the early 1960s we sought to
find the link between HS and a meteorological variable for which data
from this time period are available. Such variable is SLP, linked to
1000 hPa height by a simple conversion (to a reasonable accuracy 8
geopotential height meters correspond to a pressure change of 1 mb at
the sea level). We first established the statistical relationship
between monthly averaged ECMWF 1000 hPa height fields, and monthly
averaged hindcast HS fields using a canonical correlation analysis
(CCA, Barnett and Preisendorfer 1987; Bretherton et al., 1992). Since
the trend in annual mean wave height reported in Bacon and Carter
(1991) was largely due to changes in winter, we used 1000 hPa heights
and HS data for the cold-season months (November-March) only. A CCA
analysis resolves pairs of patterns that describe the covariability of
two samples. In the present analysis two pairs of such patterns were
found to dominate the covariability of the 1000 hPa height and HS

fields. The first pair of patterns (Fig. 10) explains 38% of the 1000
hPa height variance and 37% of the HS variance, with a correlation
coefficient of 0.97 between the corresponding time series. The second

pair of patterns (Fig. 2L captures 12% of the geopotential height
variance and 27% of the HS variance and the temporal correlation
coefficient is 0.83. Thus there exists a coherent relationship between
monthly perturbations in 1000 hPa heights and HS. One such

relationship (Fig. 1) is in the form of a geopotential height dipole
resembling the North Atlantic Oscillation (NAO, e.g., Lamb and
Peppler, 1987) and a corresponding wave height dipole between the
ocean area northwest of the British Isles and the middle of the
subtropical North Atlantic. A weaker than normal geopotential height
gradient along 50-60°N (hence weaker than normal westerlies there)
generally corresponds to stronger then normal gradient along 25-35°N
(hence a westerly wind anomaly). Other studies show that these changes
in monthly mean conditions also imply changes in the path and
intensity of individual synoptic disturbances in the sense that areas
of strong monthly westerlies experience more frequent passes of storms
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(Lau, 1988; Rogers, 1990). This relationship is found in our analysis
to bring along a reduction in wave heights in the eastern North
Atlantic and an increase in wave heights in the middle subtropical
North Atlantic. The second relationship between 1000 hPa height and HS

(Fig. 20) is between a pattern reminiscent of the eastern Atlantic
teleconnection pattern (Wallace and Gutzler, 1981), and wave heights
in the southeastern North Atlantic.

Normalized time series describing the evolution of the two CCA
modes of 1000 hPa height, for the period of HS record at SSLV, were
reconstructed from historical monthly mean SLP data. These SLP data
were taken from the COADS, summaries of ship observations (Woodruff et
al., 1987). The normalized SLP difference between the centers of

action in Fig lall (65°N 15°W and 40°N 35°W) was used as a proxy for
the temporal evolution of the first CCA pattern, and the normalized

SLP at the single center of Fig. 2all (50°N 25°W) as proxy for the
second pattern. The wintertime average of the first sea level pressure

index (Fig. 30 displays a negative trend between 1950 and 1992,
consistent with the findings of Kushnir (1994) and Hurrell (1995).
This trend in sea level pressure implies the deepening of the
Icelandic low and intensification of the Azores high between the early
1960s and the present. The SLP index corresponding to the second CCA
pattern displays no consistent trend over the period of interest.
Using the two SLP indices and the relationship implied derived from
the CCA analysis we calculated the winter months’ anomalies of HS
between 1962 and 1986 (the period of wave observations at SSLV). At
SSLV the correlation coefficient between the statistical hindcast HS
and the observed values is 0.72.

The trend in winter average HS due to the interdecadal trend in
North Atlantic SLP, as calculated from the statistical wave hindcast,

is shown in Fig. 4ald for the entire ocean basin. A positive HS trend
of up to 0.3 m/decade is found north of 40°N, and a negative trend of
up to 0.2 m/decade is found to the south of that latitude circle. At

SSLV itself (Fig. 4bld) our wintertime hindcast displays a 0.185
m/decade trend compared to the observed trend of 0.255 m/decade
calculated from the data in Bacon and Carter (1991). Since the
statistical hindcast explains only part of the of the observed
variability, a difference between the observed and hindcast data is
expected.

4. CONCLUSIONS

A combination of a numerical significant wave height hindcast
based on twice daily wind analysis from observations, and a CCA
analysis of the corresponding geopotential height data, enabled us to
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determine the relationship between wave height and SLP since the early
1960s. These SLP data confirm the existence of a trend in wave heights
(and storminess) in the eastern North Atlantic. The basin-wide
character of the wave height trend is uncovered by the analysis. The
trend is found to be linked to changes in SLP consistent with those
documented in Kushnir (1994) and Hurrell (1995). The reasons for these
climatic changes are not revealed by the present analysis. The SLP
indices in Kushnir (1994) and Hurrell (1995) indicate that trends of
the opposite sense occurred in the past. Thus the more recent
fluctuation may be part of a multidecadal signal, linked to a long
term interaction between the Atlantic Ocean and the atmosphere.
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CCA Hs vs Z1000: Pattern 1 Z1000 %var=37.72
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Figure 1: The leading mode of a CCA analysis between wintertime (Oct.-Mar.) monthly mean
1000 mb height and significant wave height (HS) in the North Atlantic Ocean, for the period
Nov.-Mar. 1980-1989. Left panels (a) displays the pattern of 1000 mb heights (in m) and right
panel (b) is the pattern of HS (in m). Negative contours are shaded.
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Figure 2: The second mode of a CCA analysis between wintertime (Oct.-Mar.) monthly mean
1000 mb height and significant wave height (HS) in the North Atlantic Ocean, for the period
Nov.-Mar. 1980-1989. Left panels (a) displays the pattern of 1000 mb heights (in m) and right
panel (b) is the pattern of HS (in m). Negative contours are shaded.
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Figure 3: The wintertime time series of sea level pressure difference (in mb) between the ocean
areas near Iceland and near the Azores.
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Linear trend of winter season Hs: 1952 to 1986
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Figure 4: Upper panel (a): The projected trend of significant wave height (HS) between 1962 and
1986 based on the combined dynamical hindcast and CCA projection, in m/decade. Lower panel
(b): Observed seasonal (Nov.-Mar. average) wave heights (m) at SSLV (data from Bacon and
Carter, 1991). A comparison of the linear trend fitted to the observations (solid line) and the
hindcast trend (dashed) in HS is also shown.
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1. INTRODUCTION

In the 1980’'s, the spectre of global warming created a renewed
interest in climate research. At that time, a direct link between
increases in atmospheric carbon dioxide (CO2) and mean global
temperature was hypothesized. Furthermore, extensive measurements such
as the data set from Mauna Loa Observatory in Hawaii indicated that
Cco? was increasing at a rate such that global temperatures would rise
by 3° or more by the middle of the next century. Implicit in this
theory was the premise that a single dominant factor, COz levels in
the atmosphere, controlled global climate and that climatic variations
tended to follow large secular patterns in time. Although little or no
empirical evidence existed to support a strong link between global
temperatures and CO? levels, mathematical simulations using a variety
of climate models (Schlesinger and Mitchell, 1987; Hansen et al.,
1988; and Bryan et al., 1988) suggested that such a link was
plausible.

In the early 1990’'s it began to be evident that the large secular
trends in temperature predicted in the 1980’s were not occurring, at
least not in the simple fashion originally, envisioned. Instead of
continuous global warming, a lowering of mean global temperatures
occurred approximately from 1990 through 1993. Part of this could have
been explained via the volcanic eruption of Mt. Pinatubo; however,
given the predicted magnitude of the effects of increased C02?, the
concept of a pronounced climate change dominated by long-term
variations in CO? seemed to be vastly overstated.

Today, there remains considerable debate concerning the
fundamental nature of climatic variability. On one hand, the concept
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of large secular variability does not seem consistent with recent
observations. On the other hand, the idea that climatic wvariability
occurs on such a slow time scale that it is of little practical
concern appears equally unfounded. Thus, we are now in the midst of
studies which are attempting to establish a new paradigm for
interpreting and understanding observed variations in global
circulation. In this new paradigm, we must reconcile the apparent
observed importance of climatic variations within this century with
the lack of a strong, secular signal in contemporary measurements.

One tool for exploring complex climatic interrelationships is
termed ”"downscaling.” Downscaling attempts to establish links among
climatic-scale variability and synoptic-scale phenomena. The present
study represents an initial effort to examine possible coupling
between long-term measures of atmospheric circulation and extreme
extratropical storms in the region of the North AtlantiC between
latitudes 30° and 55° North, longitudes 45° and 75° East. As discussed
by Resio (1978) such a coupling could play an important role in the
accurate estimation of extreme wave conditions of the type used in
designs of offshore structures. Given that recent storms such as the
Halloween Storm and the Storm of the Century (Cardone et al., 1995)
have far exceeded design wave conditions established in western
Atlantic areas, this, in turn, could have an important bearing or
future offshore developments in Canadian and U.S. offshore areas.

2. THE DATA SETS

Two fundamental data sets, covering the period from 1899 to the
present, are used in this study for examining climatic-scale
variations. These are 1) digital pressure fields and 2) synoptic
weather charts. Each of these data sets will be described below, along
with various data processing and analytical operations used to convert
these data into appropriate forms for analysis in this study.

2.1 Northern Hemisphere Pressure Fields (1899 present)

At the time of this study, daily pressure fields were available
from the U.S. National Center for Atmospheric Research (NCAR) for the
interval January 1, 1899 through the end of November 1993. Although
the nominal spatial coverage of the pressure data is from 80° South
latitude to 80° North latitude for all longitudes on a 5° spacing, the
actual geographic coverage of valid data varies considerably through
time. Since this project is focused on extreme waves in the Atlantic
Ocean near the coast of Canada, a subset of data covering 20° N to 70°
N and from 0° E to 180° E was selected to minimize situations with
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extensive missing data. Such situations would have been very difficult
to accommodate within the framework of subsequent analyses and,
potentially, could have biased the final results.

Weather maps used as the basis for the digital pressure fields
contain information on synoptic-scale features. Since we are seeking
here more of a large-scale circulation index, incremental five-day
averages were formed from the daily values. There are 72 such
increments in a typical year and 72 increments and one extra day in
leap years. In order to not have a sequence of 5-day intervals that
varied from year to year, February 29 was always included with the
5-day interval containing February 28 on leap years.

2.2 Synoptic Weather Charts

For this study, data were collected by hand measurements from
projected microfilm charts. Measurements were taken for each day that
an intense storm existed within the study area. Although there may
have been some subjectivity in the cutoff used to decide whether or
not to include a particular storm, a very large number of storms were
sampled in this study. Consequently, it is likely that all very
intense storms are included within the final sample. After January 1
1955, six-hourly charts became available. Measurements were taken
every twelve hours for intense storms on these charts. In this study,
information on 368 intense storms was taken by hand measurements from
weather maps. This information included the following parameters:

1. location of storm center,
central pressure
peripheral pressure
storm shape; and
storm pressure profiles.

U W N

An investigation of storm track characteristics over various
intervals of time indicated that significant variations occurred both
in terms of areas of cyclogenesis and in storm track locations and

orientations. Figure 10 shows storm tracks for the time intervals
1963-1966 and 1973-1985. Storms in the interval 1963 through 1966
tended to form quite far to the south off the U.S. east coast and move
essentially shore parallel up the coast past Nova Scotia. Storms in
the 1973-1985 interval tended to form farther to the north and farther
offshore and moved more zonally away from the coast. Visual
examination of these storm track patterns suggests that storm waves
generated in different coastal areas in the U.S. and Canada should be
very different in these two time intervals in response to these
shifting storm track patterns.

Table 10 gives the frequency of storms per decade from the
extreme storm sample. It is fairly evident in this table that the
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number of large storms per decade varies substantially over time. Some
of the wvariability in these numbers may be due to the selection
procedure used in this study and some might be due to the lack of
resolution on the earlier weather charts; however, since we restricted
our study to only large storms, it is unlikely that storms such as
these would have been missed in the original analyses. Consequently,

we feel that most of the variations contained in Table 1[0l represent
actual variations in the number of severe storms per decade. It should
be noted here that even though the frequency of large storms varies
substantially, it is not necessarily true that this variation will
directly affect the predicted extremes. For example, if fewer storms
occur, but the intensities of these storms are more variable, it is
possible that larger extrapolated extremes would be associated with
the time intervals of fewer storms.

2.3 Potential Limitations in Data Sets

One problem with the data that should be pointed out at this
point is the lack of temporal and spatial resolution in the pressure
fields in the pre- 1955 data.

Plotted profiles indicated that many of the storm profiles have a flat
section near their centers in this earlier time period; whereas, in
the period after 1955 essentially all storms have a relatively
well-defined minimum at their center. This suggests that the actual
lowest pressures were not properly resolved on the weather maps before
1955. This difference, along with the difference in temporal
resolution in the two time periods (24 hours vs. 12 hours), could have
some bearing on the hindcast wave heights, but it is difficult to
modify the pressure profiles objectively. Consequently, the data were
retained as taken from the maps. Possibly a subsequent study could
investigate alternative methods of specifying the pressures near the
centers of these storms.

3. PRESSURE-FIELD ANALYSES

3.1 Description of EOF Methodology

Let us define a discretized scalar field to be represented by a
set of n elements (in our analyses, n different pressure grid points),
each with m samples taken through time. At each specific observation
time, our data can be viewed as an n-dimensional random vector, S.
From m samples of these random vectors, we can construct a covariance
matrix with elements, Aij given by
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1 m
Aj; 5 — Esiksjk - Byl w
m k=1

where sjx and s4x represent the kth value at the ith location and the
kth value at the jth location, respectively, and u;, and u; are the
means of the ith and jth variables, respectively.

The fundamental algebra of the eigenfunction problem is the
solution of a set of values, Ai,Ay ,...,Ay, , for the set of
homogeneous linear equations in n unknowns

AxX = M (2)

where A is any matrix (the covariance matrix or correlation matrix for
our purposes here), x is a set of orthogonal column vectors (X1, Xp,
., Xn) and A is a diagonal matrix.

Rewriting equation 2 yields

A-M)x =0 ©)

where I is the identity matrix, which has a nontrivial solution if,
and only if, the determinant is singular, that is

|A-AL [=0 “)

Equation 3 is invariant with respect to multiplication of both sides
by a scalar constant. To remove this ambiguity, the eigenvectors are
constrained by the relationship

|Epl=1 (5)

which means that the sum of the squares of all of the components of
the vector must equal 1.

From the above description, we see that the EOF methodology
represents a transform from a coordinate system of n mutually
dependent variables into a coordinate system of n mutually independent
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variables (eigenfunctions). If we hypothesize that a natural system
always contains a mixture of deterministic and random influences, the
ordered eigenfunctions represent a set of optimal linear estimators of
the structure of the covariance among all of the stations. It is then
intuitive to select a subset of the first few eigenfunctions and
consider them as possible deterministic descriptors of the spatial
field of motions. The remaining unexplained variance can be treated as
a random residual.

To accomplish this separation of deterministic and random field
elements, we first form inner products between each n-dimensional
eigenfunction and each n-dimensional random vector containing the
observations for a particular time, i.e.

Wip = <EkpSik> (6)

where the subscript ”i” denotes the observation time, the subscript
"k" denotes the observation location (or station), and the subscript
"p"” denotes the eigenfunction number. This defines a sequence of
weightings (a measure of similarity) on each eigenfunction. Since the
eigenfunctions have been ordered via their eigenvalues, we can choose
to form these weightings for only a subset of all of the
eigenfunctions, say, sufficient to explain some desired percentage of
the total variance i.e.

-
S, TH, Ewipgkp (7)

where ux, is the mean value of the observations at station k, n’ is an
integer less than n and S’;x is the (i-k)th element of the partial sum
(restricted to only n’ eigenfunctions). The form of equation 7
emphasizes the fact that the origin of the eigenfunction coordinate
system is at the mean value of all variates, not at zero (ie. for our
study the mean pressure fields must be added to the vector sum in
equation 7).

3.2 Results of EOF Analysis

Figure 20 shows the mean pressure field for the entire period
from January 1, 1899 through November 1993. As can be seen there, the
dominant mean circulation features appear to be low pressure centers
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near the southern tip of Greenland and along the Aleutians, along with
high pressure areas centered in the Atlantic and Pacific Oceans at
about 30° N.

Table 20 gives the percent of the total wvariance contained in
each eigenfunction axis. As can be seen there, the first five
eigenfunctions contain over 88 percent of the total variance;
consequently, these functions will be treated in detail, while the
remaining eigenfunctions will be neglected in subsequent analyses. The
purpose of this reduction is only to simplify subsequent analyses and
discussions. Identical procedures based on a larger number of
eigenfunctions could be adopted in later studies if this appeared
fruitful.

Figure 3ald shows that the first eigenfunction represents a
pattern of pressures in the Atlantic and Pacific Oceans that
co-oscillate in the same sense (i.e. when one is higher than the mean
the other will also be higher than the mean and when one is lower than
the mean the other will also be lower than the mean). The center of
the Atlantic system is at about 65°N; and the center of the Pacific
system is at about 50°N. The fact that the Atlantic center has larger
values than the Pacific center indicates that the Atlantic Ocean has
more variance represented in this eigenfunction. When circulation
patterns are weighted positively on this eigenfunction, pressures will
tend to be higher than average near these centers of action. When
circulation patterns are weighted negatively on this eigenfunction,
pressures will tend to be lower than average in these areas. Figure

3bld shows a pattern with two major centers (again co-oscillating) ;
however, in contrast to eigenfunction 1, the location of these centers
is shifted southward to about 48°N in the Atlantic and 40°N in the
Pacific. When the circulation is weighted negatively, on this
eigenfunction, a large trough of low pressure exists along the middle
of the North American continent; and the pressures are higher than
average in the mid-latitudes in the Atlantic and Pacific Oceans. When
the circulation is weighted positively, pressures will tend to be
lower in the middle part of the continent, and pressures will tend to
be higher in the oceanic areas. It appears that a negative weighting
on this pattern seems to be indicative of a meridional flow rather

than a zonal flow. Figure 3cll shows a pattern with oppositely
oscillating regions in the Atlantic and Pacific. When the circulation
is positively weighted on this eigenfunction, the Aleutian low is
stronger than average and the Icelandic low is weaker. When the
circulation Is negatively weighted on this eigenfunction, the Aleutian
low is weaker and the Icelandic low is stronger than the mean. Figure

3dl also shows a pattern with oppositely oscillating regions in the
Atlantic and Pacific Oceans; however, in this case, the systems are
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shifted farther south. Figure 3el] shows a pattern with a very strong
signature over northern Europe and an elongated trough/ridge running
northwest to southeast from northern Canada through the Atlantic
Ocean.

When unsmoothed weightings on eigenfunctions 1-5 were plotted it
became apparent that the resulting time series contained large
seasonal components within them. This high-frequency variability made
it difficult to recognize any long-term characteristics in these time
series. In order to emphasize the longer-term characteristics, a
running 73-increment average was used to filter the eigenfunction

weightings. Figure 4[] shows that this smoothing results in a time
series that retains a great deal of information for short time
intervals yet still shows a signal that is rich in terms of multi-year
variability. Since we are interested here in climatic-scale
variability more than in large-scale variability, the smoothed
weightings will be used in all subsequent analyses.

In Figure 4[], we see that variations in the eigenfunction
weightings contain some very abrupt transitions along with
quasi-cyclical departures from the means that can persist for several
years. There also appear to be intervals in which the weightings on
different eigenfunctions are relatively in phase with each other (for
example, weightings on eigenfunctions 2 and 3 up to about 1915) and
periods in which the eigenfunctions are completely out of phase (for
example, weightings on eigenfunctions 2 and 3 in the early 1940’'s).
Since the eigenfunctions are constrained to be uncorrelated, this is
not surprising; however, this behavior strongly suggests that climate
Variability is not well described by a simple scalar function, such as
mean global temperature.

Of all of the series shown in Figure 4, only weightings on
eigenfunction 1 appear to contain a very long-term scale of
variability. Weightings on this eigenfunction rise from a minimum
value around 1925 to a maximum value around 1970 and then fall from
1970 to the end of the record in 1993. This indicates that the mean
pressures over this period varied in a fashion such that annual mean
pressures in the centers of the low pressure systems at northern
latitudes increased by about 6 millibars from 1925 to 1970 (from about
1003 mb to 1009 mb) and have since been intensifying back to about the
1920’'s values (to about 1004 mb by the end of 1993). This finding is
gquite interesting, since analyses of northern hemisphere mean
temperatures indicate a maximum value around the late 1930’'s followed
by a small minimum in the 1960’s and another maximum in the 1980’s.
Hence, the pressure fields analyzed here do not seem to contain the
same signal as found in mean temperatures.
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4. A SIMPLE WAVE MODEL DRIVEN BY STORM PARAMETERS

4.1 Description of the Model

Storm size, intensity, and track are all known to affect wave
generation during the passage of an extratropical storm. Unlike the
case for tropical storms, however, extratropical wind fields cannot in
general be accurately determined by a small number of parameters.
Thus, hindcasts driven by such a set of parameters should be regarded
as providing a measure of wave generation potential and should
probably not be regarded as providing actual wave values for these
storms. In this study, it is assumed that a simple duration-limited
prediction method will suffice to estimate wave-generation potential.
This should be reasonable since most waves in oceanic areas are
duration-limited rather than fetch-limited.

The simple model used here consists of two components, a wind
estimator and a wave estimator. The wind estimator used a simple
geostrophic estimate of wind speed, driven by the total pressure
difference across the storm modified by some shape functions. This
wind speed is reduced to sea level via a simple constant of
proportionality (0.53) and limited to no more than (33 m/sec) to
reduce the impact of individual extreme gradients on the predicted
wave field. This would be particularly catastrophic in the pre-1955
data in which the storms are sampled only once per day. The wave
height estimator is a simple algorithm which is equivalent to the
duration-growth in 2nd generation wave model.

4.2 Application of the Model to the Synoptic Data Set

The simple wave prediction model was exercised for all storms in
our data set. A single maximum value was retained for each storm from
these hindcasts; and the recorded maximum values from the Halloween
Storm and the Storm of the Century were added to this data set. The
largest predicted wave heights are in the 16 to 17 meter range, which
is roughly consistent with expected values for very large storms, but
is posesibly a bit high, given the number of storms that attain this
magnitude in our data series. The wind-wave model could be tuned to
reduce all of the values; but since the values are only used here as a
i indicator of relative wave conditions, and not as an actual hindcast
value, this was not done for this study.

Table 30 gives the distributions of the wave height as a
function of month and three-metre wave height categories. As expected,
a very strong seasonal pattern is observed. In this pattern, there are
no large (extratropical) waves occurring in the summer and an apparent
double-peaked distribution of very large waves in the rest of the
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year, with maxima in storm wave heights occurring in Autumn and
Spring.

5. RELATIONSHIPS BETWEEN EXTREME WAVE CONDITIONS AND CIRCULATION
STATES (DETERMINED BY EOF WEIGHTINGS)

In order to explore relationships between extreme wave conditions
and circulation patterns, the set of wave height maxima were plotted

against the smoothed weightings on eigenfunctions 1-4 (Figure ally . as
seen in this Figure, most of the relationships appear to show no clear
pattern; however, the relationship between weightings on eigenfunction
2 and the wave heights seems to indicate a fairly persistent
relationship across the entire range weightings, It appears that a
weighting of less than - 10 on this eigenfunction significantly
reduces the magnitudes of the expected extreme wave heights, In order
to test this hypothesis, a contingency table was formed with the
following categories in terms of weightings on eigenfunction 2 and
wave heights, respectively:

1) Wo_q: W2 < -10
2) Wy_5. -10 < W2 < O
3) W2_3: 0 < W2

1) Hy: 10 < H < 12
2) Hy: 12 < H < 14
3) Hy: 14 < H

where the units for the wave height stratification are meters. Table

400 constitutes a 3 by 3 contingency, table in which each entry
represents the number of occurrences within a particular joint Wy-H
category. A Chi-Squared test can be used to examine whether or not the
two variables are independently distributed. Using the distribution of

values shown in Table 400 a Chi-squared value of 10.38 was calculated.
Since this table has 2 degrees of freedom, it can be found to be i
significant at the 0.01 confidence level.

In order to investigate the effect of the relationship between
circulation states and waves on extrapolated wave height
probabilities, the hindcast wave heights were stratified into the
three categories of weightings on eigenfunction 2 as used in Table

s500. Each sub-population was analyzed separately using a generalized
extreme value (GEV) analysis, with a maximum likelihood fitting
method. Best-fit Gumbel-distribution estimates for each sub-population
are given in Table 50]. These results show that the 100-year wave
heights from these sub-populations vary considerably. In light of

Figure 40, it is evident that long-term fluctuations in weightings on
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eigenfunction 2 do occur, and, from the results shown in Figures

sa-eld, it seems likely that these variations will affect the
frequencies of extreme wave heights. The next section will develop a
methodology to treat the estimation of expected variations in extreme
wave conditions due to this effect.

6. VARIATIONS IN EXTREMES RELATED TO VARIATIONS IN CIRCULATION
PATTERNS

The estimation of expected variations in extreme wave frequencies
can be approached via a compound distribution perspective. Each of the
three populations of storms (stratified by W, category) can be
analysed to determine expected wave probabilities for storms within
that population. Using the Fisher-Tippett Type I distribution from
extremal theory, the cumulative distribution within a single
population can be expressed as

Fi(H)=e"" ®)

where F;j (H) is the cumulative distribution for category i and y is
given by

H—a
Y=( a 1) (9)

with a; and a,; representing the two parameters of the distributions,

To convert this to an expected exceedance of a given wave height,
we define an exceedance probability as

PH) = 1-FH) (10)

Given that each storm category has a probability of exceeding a
particular wave height, it is clear that the total probability of
exceedance may be obtained by summing these three independent
probabilities. i.e.

n

PH) = > P(HW,)p(w) (11)

i=1

where P(H/wi) is the conditional exceedance probability, given that
some discretized circulation indicator is in “state i”, and p(wi) is
the probability of circulation state ”"i.” The effect of including
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additional populations can be see by noting that a 25.1-metre wave
height is the largest 500-year wave height of all three populations in
Table 5 whereas from the summation estimate, a 25.l1-metre wave height
is expected to occur every 326 years.

7. EXPECTED VARIABILITY IN EXTREME WAVES DUE TO CLIMATIC
FLUCTUATIONS

Figure 40, which shows the smoothed weightings of pressure
fields on the first five eigenfunctions, seemsg to contain little
support for the existence of dominant secular variations in
circulation patterns this century. Instead, the patterns in these
weightings seem to emphasis a combination relatively short-term
variations (2-5 years) superposed on longer-term (decadal and longer)
variations. In order to use equation 11 to estimate the effect of
climatic variations on expected frequencies of extreme waves, it is
necessary to recognize that the stratified analyses essentially
treated each population as though it occurred with its mean

probability over the entire length of record. From Table 6] we see
that the mean probabilities of each category are . 1694 for category
Wo_1, .3306 for category Wy_5, and .5000 for category W,,_3. Departures
from these mean values will lead to a change in the expected return
periods. The magnitudes of these departures can be obtained by
inserting a multiplier inside the summation sign in equation 11, with
the value of the multiplier taken as the ratio from some subset of
years to the mean value over the entire interval.

Table 600 gives normalized decadal probabilities of occurrence

for each category of eigenvector 2 defined in Table 40 (considering
only the months October through April). The normalization factors in
this table are the mean probabilities of occurrence for the entire
length of record as discussed at the end of the last section. As can
be seen there, substantial trends exist in these probabilities, with
fluctuations of up to 300% in the probabilities of occurrence for
various categories. Inputting this type of variation into equation 11,
we find that decadal variations in the value of the 100-year wave
height can be over 30%.

Since the occurrence of the W, ;1 category of circulation pattern
is quite high and the occurrence of the W3 category is quite low near
the beginning of this century, we would expect only moderate storms
during this time. This is consistent with the data collected from the
weather maps, which indicate that large storms were relatively
infrequent and not as intense as those occurring later in the century.
Variations in circulation probabilities after 1920 have not been as
large as those before 1920. During the 1930-1940 period the
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circulation pattern produced more large storms due to the large
probability of occurrence of category Wy_3. This same increase in the
occurrence of category W3, is evident in the 1970-1980 data. The
1950’'s and 1960’'s, although producing a large number of storms, did
not appear to produce as many, very intense storms as those intervals
with higher probabilities of W;_3, circulation patterns.

An interesting point to note here is that the circulation pattern
produced by a positive weighting on the second eigenfunction tends
toward higher pressures off the east coast of North America. This, at
first, might seem somewhat contradictory, since one might expect the
pressures off of the coast to be lower when intense storms are located
there. The reason that this is not strictly true is that the pressures
reflected by the smoothed eigenfunction weightings are averaged over a
one-year interval; thus, the effect of a single storm, even if wvery
intense, will be relatively small. It is only when a large number of
storms occur (such as in the 1960’s) that the long-term average is
substantially affected. In a previous analyses of extreme storms, it
has been noted that some of the most intense storms appear to occur
following dramatic reductions in the zonal index. It is possible that
during periods of more zonal flows, the energy fluxes of smaller
storms preclude instabilities from generating extreme storms; whereas,
during periods of more meridional flows, the atmosphere is more
unstable in terms of large-scale oscillations which can produce
extreme storms. This is quite speculative, but does seem to be an
interpretation that is consistent with the data.

8. CONCLUSIONS

The analyses performed here provide information on a number of
topics of interest to researchers in areas related to climate
variability and potential consequences of climate variations. One
clear advantage of the downscaling methodology over analyses of global
means is that results can be related directly to synoptic-scale
phenomena which are of some recognizable significance.

The results of this study support the following conclusions:

1. Variations in large-scale circulation patterns do not exhibit large
secular variations. Furthermore, temporal variations in the weightings
of eigenfunctions, used to index circulation patterns, do not appear
to have a simple relationship to mean global temperatures. Since
several dimensions are required to represent the pressure field, our
results suggest that scalar estimates of climate variability (such as
El Nino vs. non El Nino years or mean global temperature) cannot be
used very effectively to categorize climatic variability.

2. The index of wave height generation potential used in this study
suggests that periods of more meridional flows may produce more
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extreme storms in terms of wave conditions. These variations can be
about 30% in the 100-year wave height; or, to put it in a slightly
different perspective, this wvariability can amount to a plus or minus
4.3 metres for a 100-year wave height of 13-metres.

3. The inhomogeneities in the surface pressure data, especially from
pre- 1955 to the present are a source of unknown error in the present
study. Some effort in the future should be directed toward addressing
this problem.

4. Calculated error bands in extremal statistics may have little
relationship to the actual uncertainty extremal estimates of long term
waves. The role of climatic variability, in this area appears to be
very significant. Consequently, it may not be possible to define a
"sufficient” number of years to perform a hindcast such that once that
number of years is achieved, there is no need to add additional years
to the record. Updating of hindcast data bases at regular intervals is
strongly recommended.
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Table 1
Number of Storms Per Decade
Decade Number of Storms
1900 - 1909 28
1910 - 1919 24
1920 - 1929 32
1930 - 1939 20
1940 - 1949 28
1950 - 1959 37
1960 - 1969 99
1970 - 1979 63
1980 - 1989 53
Table 2
Cumulative Percentage Variance Explained
Eigenfunction Cumulative
Percent Variance
1 38.1
2 56.4
3 71.2
4 81.8
5 88.7
6 92.2
7 93.7
8 95.5
9 96 .4
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Table 3
Monthly Distributions of Hindcast Wave Height Maxima
Month Upper Limit of Hg Category
3 6 S 12 15 18
Jan 1 8 32 24 11 0
Feb 1 17 28 28 10 2
Mar 1 13 19 24 19 5
Apr 0 12 11 S 7 2
Sep 0 0 0 0 1 0
Oct 1 2 5 5 4 0
Nov 0 7 11 13 4
Dec 1 6 17 10 10 1
Table 4
Contigency Table of Wave Heights And Eigenfunction Weightings
Hq H, H,
wW2-1 42 18 2
wW2-2 82 30 9
W2-3 94 66 23

Table 5
Estimated Gumbel Wave Heights For Storms in Each of the Three E2
Weighting Categories

Return Wo_1 Wo_o Wo_3

Pizisd (wave heights in metres)
10 11.2 13.5 16.2
50 13.2 15.7 17.9
100 14.7 17.4 21.3
250 16.2 19.0 23.4
500 18.2 21.1 25.1
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Table 6
Decadal Averages of the normalized Multiplier,A
Decade M Y A3
Starting
Year
1900 3.10 0.95 0.34
1910 1.40 1.54 0.54
1920 0.32 1.28 1.04
1930 0.78 0.29 1.49
1940 0.84 0.58 1.30
1950 1.09 1.00 0.96
1960 1.31 1.57 0.55
1970 0.11 0.81 1.39
1980 0.00 0.93 1.35




Directory  Table of Contents

Athnternational Workshop on Wave Hindcasting & Forecasting

Comparison of storm tracks in 1963-1966

Figure 1. :
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70

Figure 2. Mean pressure field for study area
for the period 1899-1993.
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Figure 3a. Eigenvector 1
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Figure 3c. Eigenvector 3
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Figure 3e. Eigenvector 5
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Figure 4. Smoothed weightings on eigenfuctions 1-5.
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A REVISED EXTREME WAVE CLIMATOLOGY FOR THE EAST COAST OF CANADA
V.R Swaill, M Parsons?, B.T. Callahan? and V.J. Cardone?

lEnvironment Canada
Downsview, Ontario

20ceanweather, Inc.
Cos Cob, CT

1. INTRODUCTION

Present design criteria for the northwest Atlantic Ocean off the east
coast of Canada are based on a wave hindcast of 68 severe storms
covering the period 1957-1987 (Canadian Climate Centre, 1991, Swail et
al., 1989). That hindcast employed a 1-G deep water wave model, which
was expected to yield conservative results since water depths in many
areas of the Scotian shelf are 50 m or less, and on the Grand Banks
there arc areas of 40 m depth; the Hibernia area itself is
characterized by 80 m water depths. In the verification stages of that
hindcast study it became apparent that for the large waves which
characterized the extreme storm data set, i.e. sgignificant wave
heights greater than 12 m, that even the 80 m depths at Hibernia were
showing effects of shallow water. A subsequent more extensive
verification study of all wave hindcasts for Canadian waters
(Atmospheric Environment Service, 1995) confirmed this finding,
revealing a positive bias in the hindcasts for all cast coast areas,
including the Grand Banks at sites in about 80 m depth.

As a result of this finding, and with the advent of new 3-G shallow
water wave models, it was decided to re-hindcast the 68 storms to
produce a revised wave climatology. At the same time the hindcast was
updated to 1995, to incorporate several more recent new storms
detected by the introduction of the Canadian moored buoy network in
1990, including the two largest wave events ever recorded, the
Halloween storm of 1991, and the ”"Storm of the Century” of March 15,
1993. These two storms have been extensively documented by Cardone et
al. (1995).

Sections 200-4[] of this report describe the wave model used in the
revised hindcast, the parameters of the production hindcast, including
the wind fields, bathymetry and ice edge, and the comparison of the
various 3-G model results with the original 1-G hindcast at selected

gridpoints. Section 5] describes the update of the storm population

to 1995, while Section 6] shows the results of the revised extremal
analysis based on the 3-G model.

2. WAVE MODEL
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The wave model used for the revised hindcast was the Canadian Spectral
Ocean Wave Model (CSOWM) described by Khandekar et al. (1994). This
wave model can be used to produce either 1-G or 3-G hindcasts, in
deep-water or shallow-water mode. It can also be used either with a
coarse grid alone, or with a coarse grid and a nested fine mesh grid.
In this study, all possible physics variations (1-G/3-G, deep/shallow)
were carried out; however, only the grid incorporating the nested fine
mesh was used. The CSOWM grid is laid out on a transverse Mercator
projection with an assumed equator at 51° W and a coarse grid spacing
of 1.084° of longitude on the assumed equator, The nested fine grid
has a grid spacing of about 0.3610 of longitude. The model grid is

shown in Figure 1. The model has 24 direction bands and 23 frequency
bands ranging from 0.039 to 0.32 Hz increasing in geometric
progression with a constant ratio of 1. 10064 for both the coarse and
fine grids. Winds corresponding to 19.5 m above mean sea level are
input to the wave model at 3-hour time steps. Further model details
are provided in Khandekar et al. (1994).

3. PRODUCTION HINDCAST
3.1 Wind Fields

The wind fields used in the hindcast of the previous 68 storms were
adapted for use in the present hindcast. These winds represent the
"effective neutral” 20 m winds. For use in this study the winds were
interpolated from the original latitude-longitude grid (1.25° latitude
by 2.5° longitude in the coarse mesh; half that in the fine mesh) to
the CSOWM grid. The winds were also interpolated in time, from the
original 2 hour timestep, to the 3 hour timestep used in tire CSOWM
hindcast.

3.2 Bathymetry

The bathymetry used in the study was the digital bathymetry file
produced in ETOPO5, which gives depths on a 5 minute grid. The depth
at each model grid point is simply the average of the depths of all
ETOPO depths which lie within the box represented by that point.

3.3 Ice Edge

The ice edge information was derived from the Walsh and Johnson (1979)
data set of monthly ice concentrations, updated to 1992 and
interpolated to the dates of the storms. The 5/10 ice concentration
contour was used as the definition of the ice edge - points with ice
concentrations greater than 5110 were considered as land by the model,
those with concentrations 5/10 or less were considered as open water.

Figure 20 shows an example of the determination of the ice edge at
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the time of a storm, as interpolated to the storm date from the
end-of-month ice edges.

The production hindcast of the original 68 storms was carried out
using the CSOWM wave model in 3 different modes - 1-G deep, 3-G deep,
3-G shallow using the wind fields, bathymetry and ice edge as
described above. From each model run the following elements were
archived for all grid points in the fine mesh area south of 54°N:

Hs - significant wave height
Tp - spectral peak period
VMD - vector mean direction

In addition, the full 2-D wave spectra were archived at 129 grid
points uniformly distributed within the fine mesh area.

4. COMPARISON OF MODEL RESULTS

The following paragraphs describe various intercomparisons of the 3
runs made with the CSOWM model in its various configurations, and the
original 1-G hindcast. In particular, the CSOWM 1-G deep results were
compared with those from the CSOWM 3-G deep model; the CSOWM 3-G deep
hindcast was compared to the 3-G shallow; and the 3-G shallow wvalues
were compared to the results from the original 1-G hindcast.

In Figure 3[], the results of the hindcast time series for the ”"Ocean
Ranger storm” of February 14-15, 1982 are shown. These results are
typical of time series from large storms on the Grand Banks. It is
clear that using the 3-G model in deep-water mode increases the
hindcast wave heights compared to the 1-G deep-water run. There is,
for this grid point at about 80 in depth, a corresponding reduction in
the 3-G shallow water hindcast, so that at the peak of the storm the
3-G shallow results are virtually identical to the 1-G deep. While not
all time series showed such exact correspondence of the 3-G shallow
hindcast and the 1-G deep, this tendency was predominant. Spectral
peak period was less variable among the model runs, although there was
a distinct tendency for the periods to be reduced in the 3-G models at
the peak of the storm.

Figures 40-600 show scatter plots for significant wave height and
spectral peak period for three pairs of comparisons: 1-G deep versus

3-G deep (Figures 4 a, bl); 3-G deep versus 3-G shallow (Figures 5 a,

bll); and 3-G shallow versus original 1-G (Figures 6 a, bLl). The
following conclusions can be drawn from these figures.

(1) In the most severe storms the 3-G deep model provides greater
storm peak HS than the 1-G model. This can be seen in Figure 40 which
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compares peak HS at the Grand Banks grid point for 3-G deep versus 1-G
deep. At the Scotian Shelf and Georges Bank locations this tendency
was seen over the whole range of storms hindcast, The average increase
in HS is 0.38 in for large storms (> 10 m) on the Grand Banks, and
0.29 in for all storms on the Scotian Shelf (not shown). Despite the
increase in HS, the 3-G model provides consistently lower peak periods

than the 1-G model (Figure 4bE]), with an overall bias of 0.49 s for
peak period in the range of 13.5 s. For the Scotian shelf the bias was
0.21 s for a mean peak period of about 11.7 s.

(2) The 3-G shallow water processes in the model result in lower storm
peak HS than the 3-G deep model. The effect of shallow water processes

on the Grand Banks is shown in Figures 5 a, b[]. The mean difference
in HS is 0.30 m (shallow lower than deep) over all 66 storms (in 2
storms sea ice covered the grid point selected). The effect is
greater, as expected, in the most extreme events. For example, in the
Ocean Ranger storm, which produced significant wave heights around 14
in, the difference was 1.18 in. For TP, the period is reduced by 0.61

s over the whole range of storms (Figure 5b0l).

(3) The combined effects of 3-G physics and shallow water processes,
coupled with differences in spatial and temporal resolution between
the original CCC and new CSOWM hindcasts results in increased wave
heights at deep water sites, and reduced values in shallow areas. This

can be seen in Figures 6 a, b, which compare the 3-G shallow versus
the original 1-G. This then compares the runs on which the new,
revised wave climatology will be based, with the runs from the
original east coast hindcast (Canadian Climate Centre, 1991). It is
clearly seen in these figures that the combined effects of 3-G
physics, shallow water processes, higher spatial resolution and lower
temporal resolution produces an average decrease of 0.69m in storm
peak HS (3-G shallow lower than original 1-G), and 1.10 s in spectral
peak period for the grid point nearest Hibernia.

The question immediately arises as to which of these runs agrees

better with measurements, Table 100 compares the storm hindcast peak
HS and associated TP with measurements, for those storms where
measured data were available near this location (10 storms). The bias
for this subset of 10 comparisons of measured data versus the original
CCC hindcast is identical (0.84 in) to that in the full verification
study over 34 comparison points. It is clearly seen that the new 3-G
shallow water hindcast gives by far the best agreement with
measurements, for both HS and TP (bias 0.11 m and 0.6 s respectively).
Correlation coefficients and rms errors were both slightly better as
well.

5. UPDATE OF STORM POPULATION
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When the original hindcast was completed in 1991, it included storms
occurring up until December 1987. Subsequently, several large storms
have occurred, including December 1989, January 1990, April 1995, and
the two largest wave events ever recorded by an instrument anywhere in
the world, the Halloween storm of October 31, 1991, and the ”"Storm of
the Century” of March 15, 1993. The significant wave heights measured
by the Canadian network of moored buoys were 17.3 m and 16.3 m
respectively, with estimated maximum waves of 30.7 m and 30.4 m. Four
of these recent storms were hindcast because of impacts associated
with the wave conditions. In addition, the Halloween storm and the
Storm of the Century were the focus of the most intensive wave
hindcast ever carried out for Canadian waters, as befitting their
status as record-breaking storms. The results of those two hindcasts
are described by Cardone et al. (1995).

As part of a separate study to develop interactive graphical
approaches to kinematic wind field analysis (Cox et al., 1995), a set
of the most recent storm event s occurring off the cast coast covering
the period 1988-1995 was identified and hindcast as a verification of
the new hindcast procedures. Those results were also added to the
updated storm population for the revised climatology.

The new storms were identified and selected through the following
stages:

1. scan U.S. National Data Buoy Center and Canadian buoys
for high wave events

2. scan microfilm synoptic charts from National
Meteorological Center for potential storms

These scans produced a Master Candidate List (MCL) of 71 storm events
with waves greater than 7 in between October 1988 - April 1995 in
study area. This list of storms was then reduced to the most severe 18
events, the top 10 of which were hindcast for inclusion in the revised

climatology. Table 200 lists the dates of the 18 events, showing peak
height observed and mean wave height of available buoys, and an
indication as to whether the storms were added to the final list for
hindcast.

6. EXTREMAL ANALYSIS

Hindcast fields of significant wave height and peak period from the
3-G shallow water and 1-G (old) runs were assembled for the original
68 storms. Extremal analysis was carried out on the results using a
Gumbel distribution fitted by method of moments at 3 points for
significant wave height; associated peak period was also computed as
in the original study, by regression ¢ n the significant wave heights,
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For the extremal analysis two thresholds were adopted. One admitted
storm peak heights above half the maximum value of the top-ranked
storm HS at each point. The second threshold was determined by the top
30 ranked storms. The latter method is the one used in the original
CCC study.

It can be seen from Table 3L that the 100-year values from the
half-maximum technique gave larger extremes than the top-30 method.
This is certainly due to the larger number of storms admitted by this
technique, which increase the standard deviation of the extreme
sample, and hence the slope of the Gumbel distribution function. It
should also be noted that the differences between the threshold
techniques exceeds those between the different wave models. It is also
clear that, in cases of shallow water, that the 3-G shallow water
model gave lower 100-year values than the original hindcast; however,
for deep water sites the 3-G physics resulted in a higher 100-year
value, since there was no compensating effect from the shallow water
processes.

7. SUMMARY AND FUTURE WORK

A revised hindcast has been produced for the northwest Atlantic Ocean
off the east coast of Canada, using a state-of-the-art 3-G wave model
incorporating shallow water effects. The hindcast data sets produced
replace those created in the earlier hindcast using a 1-G wave model
assuming deep water everywhere. Intercomparison of the time series and
scatter plots of the original hindcast and the various new CSOWM
hindcasts shows an increase in significant wave height due to the 3-G
wave model, and a corresponding decrease in shallow water areas due to
the shallow water effects in the model. The extremal analysis of the
significant wave heights and associated peak periods replace those
produced with the earlier hindcast. The differences are mostly small,
but some increase is noted in deep water areas due to the 3-G model,
and some decrease is noted in shallow water regions due to the shallow
water effects in the model.

Work which remains to be done is to hindcast the remaining 10 of the
new 14 storms after 1988, and incorporate the results into a final
extremal analysis of the whole domain for all grid points in the fine
mesh area south of 54° N.

Finally, the variability in storm climate from 1899-1993 shown by
Resio et al. (1995) illustrates the uncertainty associated with
extrapolating 100-year return period wave heights from limited subsets
of data. Reliable design should therefore be based on the longest
possible data period. Also, the occurrence of several large
wave-producing storms in the period immediately following the original
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hindcast highlights the need to update such hindcasts on a periodic
basis, especially given the hypothesis that the wave climate may be
changing due to global warming.
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Table 1.

measurements for Hibernia site.

Verification statistics for CSOWM hindcast runs versus

1-G DEEP 3-G DEEP 3-G SHALL 1-G ORIG
HS:
BIAS (hind-meas) 0.18 0.53 0.11 0.84
ST. DEV. (m) 1.31 1.23 1.18 1.21
CORR. COEFF. 0.77 0.86 0.81 0.79
TP:
BIAS (hind-meas) 1.71 1.23 0.65 1.87
ST. DEV. (m) 2.35 1.83 1.64 1.91
CORR. COEFF. 0.45 0.53 0.63 0.56
Table 2. List of most severe wave-producing storms 1988-95 (new)
STORM DATE PEAK WAVE MEAN WAVE HINDCAST
HEIGHT (m) HEIGHT (m)
881122 9.5 9.5 N
890105 14.2 10.6 Y
901111 10.7 5.1 N
920301 11.2 10.2 Y
920322 11.3 10.1 N
921204 13.4 11.6 Y
921213 10.8 9.7 N
921225 12.3 10.7 Y
930117 12.7 10.4 Y
930228 11.7 10.0 N
931227 14.3 11.2 Y
931230 14.3 11.2 Y
940304 10.1 8.9 N
941108 10.9 9.5 N
941209 11.5 11.3 Y
950205 9.1 8.7 N
950213 10.6 10.6 Y
950406 14.0 12.0 Y
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Table 3. Extremal analysis for 3 points for HS and associated TP for
the original CCC 1-G hindcast (1-GO) and the revised 3-G shallow water
hindcast (3-GS) based on the original 68 storms for 2 threshold
techniques.

Grand Banks Scotian Shelf | Georges Bank

Depth (m) 88 65 131

Top-30 Threshold

HS (m) :3-GS 14 .53 11.21 11.49
1-GO 15.12 11.72 11.32

TP (s) :3-GS 16.29 14 .24 14.19
1-GO 18.00 16.77 14.43

1/2 Max Threshold

HS (m) :3-GS 15.39 12.57 12.09
1-GO 16.20 12.83 11.85
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Figure 1. Canadian Spectral Ocean Wave Model (CSOWM) North Atlantic Grid
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Use of an Interactive Graphical Analysis System
to Hindcast the Storm of the Century, March 12-15, 1993

by B. Thomas

Atmospheric Environment Service
Bedford, Nova Scotia

1. INTRODUCTION

The Storm of the Century (SOC), March 12 to 15, 1993, deepened
explosively over the Gulf of Mexico then tracked northeastward across
the eastern US and Canada. Storm to hurricane force winds over the
western Atlantic built up extremely high waves. Buoy 44137, off the
Scotian Shelf southeast of Halifax, Nova Scotia, reported a
significant wave height of 16.3 in, and buoy 41002, off the South
Carolina coast, reported 14.7 in. The heavy seas caused the sinking of
the bulk carrier Gold Bond Conveyor early on March 15, about 100 km
southeast of Yarmouth, NS, with the loss of the entire crew.

Estimates of the 100 year return period significant wave heights
for the Scotian Shelf region of Canada’s east coast are 10 to 12 m
(Canadian Climate Centre, 1991). The significant wave height of 16.3 m
at buoy 44137, in deep water off the edge of the continental shelf,
south of Nova Scotia, exceeded the estimate of the 100 year return
period wave height at that location by 40%. Questions were raised as
to whether the unusual severity of the storm and the exceptionally
high waves were a consequence of climate change.

This study investigates the severe winds and waves that occurred
along the east coast of U.S. and Canada during the storm during the
period from March 13 to 15. An interactive graphical system called FPA
(Forecast Production Assistant) was used to hindcast the wind and
waves. FPA was developed by Environment Canada (de Lorenzis, 1988,
Paterson, et. al, 1992), and its use as a wind and wave hindcast
system was described by Swail, et. al. (1992). Latest versions of the
FPA workstation software incorporate the wind and wave models
developed by Cardone (1969, 1976) as optional ”"black box” components.

2. DATA

Buoy, ship, and drill platform data were used to edit and verify
the analysed fields in FPA and the hindcast wind and wave data. The

station locations are shown in Figure 1[J; with details in Table 10.
The buoys were all 6 in NOMADs, with the exception of 44014, a 3 m
Discus. Buoy anemometers are near 5 m whereas the anemometer of the
Cohasset Panuke rig 44144 was at about 80 m. The Canadian buoys report
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a 10 minute mean and an 8 second peak wind speed, whereas the U. S.
buoys report an 8 minute mean and an 8 second peak wind speed. The
wind speeds were converted to effective 19.5 m winds using the MPBL

model, described in Section 40, for comparison with the modelled
winds (times series of data, Figs SE]—lltb.

Figure 1. Station locations

Table 1. Station information

Station Name Depth (m) Lat/Long
44137 E. Scotian Slope 4500 41.2/61.1
41002 S. Cape Hatteras 3658 32.3/75.2
44004 Hotel 3231 38.5/70.7
44139 Banquereau 1100 44.3/57.3
44141 Laurentian Fan 4500 42.0/56.1
44138 SW Grand Banks 1500 44.2/53.6
44005 Gulf of Maine 202 42.6/68.6
44014 Virginia Beach 48 36.6/74.8
44144 Cohasset Panuke 30 43.8/60.7
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3. SYNOPTIC OVERVIEW

The low that would become known as the Storm of the Century (SOC)
developed over unusually warm waters in the northwestern Gulf of
Mexico on Friday March 12, 1993 (Walker, 1993). Over the 24 hours from
12 UTC 12 March to 12 UTC 13 March, the low deepened explosively from
1000 hPa to 972 hPa, as it moved east northeastward over the Gulf,
across northern Florida, to Georgia. Huo et. al. (1995) document the
synoptic evolution of the low and discuss the deepening mechanisms
that contributed to its explosive development. These included
tropopause depression latent heat release, weak static stability, jet
streak-induced ageostrophic circulation, and surface sensible and
latent heat fluxes. They describe the intensification of the warm
front and cold front with a well developed squall line ahead of the
cold front which was evident on satellite imagery by 00 UTC 13 March.
A low-level jet developed ahead of the prefrontal squall line. By 12
UTC 13 March the cold front had moved east of Florida and the
prefrontal squall line had spawned about 25 tornadoes as it swept
across Florida.

At 00 UTC 14 March the low reached its lowest pressure of 963 hPa

near Washington, DC while moving northeastward at 40 knots (Fig. 20).
(Note, the FPA analysis shows 962 hPa as a result of final editing of
the pressure gradient). Pronounced troughing extended northeastward
from the low, and pressure falls of 18 hPa in 3 hours were observed
north of the trough, out ahead of the low. A well defined warm front
lay in the trough, extending northeast from the low out over the
Atlantic. The cold front had advanced to the east and northeast at
about 50 knots, and a line of thunderstorm cells was evident along the
squall line from satellite imagery, moving northeast over the waters
south of Cape Cod. Satellite imagery and upper air soundings indicate
that the squall line was associated with an upper cold front, a
feature related to tropopause depressions. A cut-off low had formed at
500 hPa and the jet at 250 hPa had strengthened to 163 knots and
rotated around the base of the long wave trough, to lie downstream of
it. Note that the boundary layer over the western Atlantic prior to
the approach of the Storm of the Century had been destabilized by a
cold outbreak behind another low centre that deepened to 984 hPa on
March 12 as it tracked northeastward past Nova Scotia.
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Figure 2. Edited analysis at 00 UTC 14 March 1993. Mean
sea level pressure at intervals of 4 hPa, air temperature
(dashed) at intervals of 5°C, and subjectively analyzed fronts.
Edited modelled winds sampled at buoy/ship locations and
wind edit areas superimposed.

The SOC low centre began filling slowly after 06 UTC 14 March.
continued to track rapidly northeastward, reaching the New Brunswick
coast near 12 UTC 14 March (Fig. 30) and crossing the Gulf of St
Lawrence by 00 UTC 15 March (Fig. 4y . During this time the 250 hPa
southwesterly jet strengthened further, to 175 knots. The cold front
and squall line crossed the waters south of Nova Scotia and
Newfoundland on March 14. Convection had weakened along the squall
line, although the low level jet ahead of the squall line maintained
its strength.

It



Directory

Table of Contents O

4th International Worksho

p on Wave Hindcasting & Forecasting

.. .~ ,!, = " o * %&;‘ ——2;{ ';.
N : REegle s
': - / /. ’. " i
\ ‘s“_ ‘ b

','F . — ‘ \.
s ~

_ 3

_ FON ~ar

L |+ 0 Sa% ~ardons
S <./

<d AN T TN

M T T
[/ ./ 12 uTe Mar 142

Flgure 3. Asin F:g 2 but for 12 UTC l4 March 1993,

. S . T 1t - M
# A v~ L% e ags
\f STRITE L ST R
s J yonan o T "
N 7\, SRR
f 1 ST 4
. ., » L
T 1 S 4
. \\‘."‘ < T T 4 .
| N L
™ SN ~
PR ) - - - —
|\.‘.' . .‘, » e, 0 /I" -
- Tw -~ g ¥ B H
~ S "' ’ ..“).,.'. > ;
X -~ - - Lo =N
PO e
‘:'._' - ..l -‘-:’ -
- L
W e Q
b v X0° 160
v ' W
.\) Tpu
F2N . anrdre
~Y 4 0o uTC Mhr

The approach of the squa

Figure 4. Asin Fig. 2 but for 00 UTC 15 March 1993

11 line was evident at the buoys (see

Figs 500-110) by increasing temperatures and strong southeast winds,

and rapidly failing pressures.
diminished slightly with the passage of the squall line,

The winds shifted to the south and
and pressure
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levelled off. The cold front followed a few hours later, with rising
pressures, winds veering to southwest and increasing, and rapidly
falling air temperatures. Satellite imagery of the cold airmass over
the warm waters off the U.S. coast showed streamers and deep open and
closed cell convection, indicating a large degree of vertical mixing
in the cold air behind the front.

On March 15 the cut off low at 500 hPa became absorbed into the
general flow over southern Quebec, and the surface low pressure centre
moved into Labrador, leaving a slowly weakening broad trough of low
pressure back over the Maritimes and southward.
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Figure 8. Buoy 44139 (Banquereau) measured and modelled (ODGP) data for 13-17 March 1993. Buoy wind direction bad.
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Figure 9. Buoy 44 141(Laurentian Fan) measured and modelled (ODGP) data for 13-17 March 1993.
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Figure 10. Buoy 44005 (Gulf of Maine) measured and modelled (ODGP) data for 13-17 March 1993.
Buoy wind speed and direction and air temperature missing.
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Figure 11. Buoy 44014 (Virginia Beach) measured and modelled (ODGP) data for 13-17 March 1993.
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3.1 Winds north of the warm front

Easterly winds strengthened extremely quickly ahead of the
advancing warm front. At 00 UTC 14 March, in the Gulf of Maine, ships
reported 50 to 65 knot east winds, about 80% of the surface pressure
gradient, with air temperatures colder than the water.. There was a
low level jet of northeast to east winds located north of the low and
warm front. Upper air soundings and the CMC chart of maximum winds in
the low level indicate the jet increased in strength from about 45
knots at 5000 feet at 12 UTC 13 March, to about 85 knots at 4000 feet
at 00 UTC 14 March, over the Gulf of Maine.

As the warm front continued northward over the Maritimes, early
on March 14, gale to storm force easterlies developed over the Gulf of
St. Lawrence. A downslope wind storm occurred on the west side of Cape
Breton Island, where the station Grand Etang reported a gust of 114
knots.

3.2 Winds in the warm sector

Southeasterly gales south of the warm front, and ahead of the
cold front, increased to storm force on March 13, over a large area of
the western Atlantic. A narrow (about 100 km wide) band of 55 to 65
knot south to southeast winds were reported along the squall line.
Most of these reports were estimates, from ships just north of the
Gulf Stream or south of it, in neutral to unstable boundary layer
conditions.

Upper air soundings and the CMC chart of maximum winds in the low
level showed that an intense low level jet was associated with the
squall line. At 12 UTC 13 March, the CMC chart showed a southerly jet
of 80 knots southwest of Cape Hatteras, which verified well with the
sounding. At 00 UTC 14 March, the jet was analysed with a 95 knot
maximum, southeast of Cape Cod. A ship near the squall line, just
south of Cape Cod at this time, reported gusts to 80 knots (measured)
in the past three hours. At 12Z 14 March satellite imagery and surface
observations indicate the squall line was just west of Sable Island.
The upper air sounding from Sable Island showed a phenomenally strong
low level jet of 104 knots, from the south southwest, at 3000 feet. On

the CMC chart (Fig. 120) the jet was analysed in a north-south line
just cast of Sable Island with a maximum of 95 knots.

The strongest wind reports from Sable Island prior to passage of
the squall line were at 11 UTC, with south southeast 35 to 40 knots
with gusts to 56. The boundary layer became more stable as the warm
air moved further to the north, over the colder shelf waters off Nova
Scotia and Newfoundland. By 00 UTC March 15 the jet had moved east of
Newfoundland.
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Flg 12 CMC Max.winds in low level, 12 UTC 14 March 1993.

3.3 Winds behind the surface cold front

An intense southwesterly pressure gradient developed over a large
area of Atlantic coastal waters behind the cold front on March 13 and
14. The boundary layer in the cold airmass became increasingly
unstable, as air temperatures plummeted behind the cold front,
dropping 15°C in 12 hours, and quickly became 5° C to 10°C colder than
the water temperature. The band of strongest southwest winds was south
of Cape Hatteras at 00 UTC 14 March, with ship reports of 55 to 60
knots, and one report of 70 knots (estimated) from the ship Providence
Bay (GCSW), just south of Cape Hatteras, on the edge of the Gulf
Stream. The air temperatures had dropped 8° prior to the observation
to 10°C, and the water temperature was 19°C. Between 06 UTC 14 March
and 18 UTC 14 March there were several ship reports of hurricane force
winds (mostly estimates), in a band roughly 600 km long, aligned
southwest to northeast, about 300 km wide, in the general vicinity of
the Gulf Stream. Buoys 41002, 44014, and 44004 were on one side or the
other (southeast or southwest) of the band of strongest ship reports,
but reported lighter winds.
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The CMC charts of maximum winds in the low level showed an area
of strong southwesterlies, to the west of the intense prefrontal

southerly jet (Fig. 120). The axis of the southwesterly jet was less
well defined, as it lay in a broad fairly uniform area of strong
winds. There appears to have been one main jet core with a second

analysed only at 12 UTC 14 March (Fig. 1200) . From 00z 14 March to 00%Z
15 March, the southwesterly low level jet moved from southwest of Cape
Hatteras, to southeast of Cape Cod, to just south of Newfoundland,
following behind the cold front. The CMC charts showed maximum winds
of 84 to 91 knots in this area. The presence of this low level jet was
verified by the sounding at Cape Hatteras at 00Z 14 March, which
measured a low level jet of 80 knot southwesterlies at 4000 feet.

Momentum from this strong southwesterly jet would have been
transferred downward to surface, since the airmass was increasingly
unstable, and vertical mixing would have been enhanced by the low wind
shear. Increasingly colder air moved out over the warm waters of the
Atlantic and over the very warm Gulf Strewn, and the flow was aligned
from the southwest, through a large depth in the atmosphere.

3.4 Winds in the weakening pressure gradient behind the storm

The southwesterly gradient over the water behind the low and the
cold front began to weaken over the southeastern U.S. around 12 UTC 14
March, south of about 35°N latitude. By 00 UTC 15 March the gradient
had weakened over a larger area, to as far north as the latitude of
Cape Cod, roughly, and by 12 UTC 15 March the pressure gradient was
very weak in a broad trough of low pressure extending back over the
Maritimes and southward. The boundary layer was unstable, with a cold
airmass over warmer water. Winds at the surface became
supergeostrophic as the gradient aloft remained fairly strong. Strong
to gale force (25 to 40 knot) westerlies were reported at the surface.
These winds were 100 to 200% stronger than the geostrophic wind. The
CMC charts of maximum winds in the low levels show strong to gale
force winds at a few thousand feet. It appears that vertical mixing
was able to bring these stronger winds to the surface, despite the
slack surface pressure gradient.

4. WIND AND WAVE HINDCAST
4.1 Hindcast Method

The hindcast procedure had three main steps 1) obtain surface
pressure, air temperature, and sea temperature analysed fields from an
NWP model, and edit the fields to fit subjective analyses, 2) run a
wind modal to calculate winds from these fields, for input to the wave
model, then correct the winds to get a better fit with observations,
and 3) run the wave model. FPA (Forecast Production Assistant) wversion
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3.8, installed on an HP 9000 755 series workstation, was used to
perform the hindcast. The hindcast procedure was performed several
times, with successive levels of editing of the pressure and wind
fields, in order to improve the fit of hindcast pressure fields and
winds to observations, and in that way to improve the hindcast wave
results. The hindcast period was from 00 UTC March 11 to 12 UTC March
17.

The surface pressure, surface air temperature and sea surface
temperature fields were obtained from the twice daily analysis fields
from CMC’s global model, on a grid of 2° latitude x 2° longitude, over
an area covering the entire North Atlantic, in GRIB (GRIdded Binary)
files. FPA uses a GRIB to spline conversion routine to extract the
data then represent the data internally as a surface using cubic
splines, An internal resolution (”knot spacing”), of 200 km was used.
The fields are displayed as contoured analyses. The term “depiction”
is used to refer to the display of data fields at each time.

The 12 hourly fields were interpolated to 2 hourly fields, to
provide the information at the interval required by the wave model. In
order to interpolate the fields, the user must provide trajectory
information on important features, such as low pressure centres. This
process is called ”linking”, where the user marks the position of the
important features at each depiction time. The analysed fields at
every main synoptic time (each 6 hours) were subjectively edited using
graphical techniques to make the data fit better with observed data.
Pressure fields were edited, but temperature fields were not.

The winds which were used to drive the wave model were calculated
according to marine planetary boundary layer (MPBL) theory developed
by Cardone (1969, 1978). FPA contained a graphical feature that
allowed these winds to be subjectively editing prior to input to the
wave model. The MPBL model uses surface pressure, air, and sea
temperature to calculate the wind and adjust for stability. The winds
are "effective neutral” winds, calculated at 19.5 m. These are winds
that would produce the same surface stress on the sea surface in a
neutrally stratified boundary layer as the wind speed in a boundary
layer of a given stratification.

The wave model used was the first generation ODGP deep water
spectral ocean wave model (Cardone et. al, 1976), configured for the
north Atlantic. It runs with a two hour time step and a spectral
resolution of 15 frequencies by 24 directions. The coarse grid spacing
is 1.25° latitude x 2.5° longitude; the fine grid spacing is .625°
latitude x 1.25° longitude. The fine grid covers Canadian waters and
extends south to latitude 38.75°N. In the model, energy is transferred
to and from the wave spectrum from energy input by the wind, and
energy dissipation. The non-linear transfer of energy by wave-wave
interaction is not explicitly included. Shallow water physical
processes such as shoaling and refraction are not included in the
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version of ODGP used. The model can output data at specified grid
points, corresponding to locations nearest the marine stations. This
data was exported to a spreadsheet and plotted as time series for
comparison with observations. The modelled wave data can also be used
by FPA to prepare analyses of the hindcast wave height fields.

4.2 Pressure Fields in FPA

It was discovered that using many links on each depiction in FPA
produced errors in some of the interpolated pressure fields. Without
actually looking at each 2 hourly interpolated depiction, the errors
only showed up as spurious low or high wind speeds on the time series
of modelled winds, which were compared to buoy observations. In order
to eliminate these problems, which usually appeared as spurious deep
lows somewhere on the interpolated depiction, only minimal linking was
done. The position of the storm’s centre was the only link for most of
the hindcast period.

FPA analysed pressure fields were edited by comparing the
depictions to the subjective analyses from the Maritimes Weather
Centre (MWC), Bedford, NS, and deepening centres and tightening
gradients, etc., as necessary. The pressure fields were edited
successively with more detail each time, and the model run each time
to see how the results (hindcast winds and waves) improved. Most of
the editing was quite minor. Comparing the results at buoy 44137
showed that the pressure fields editing produced relatively small
improvements to the modelled winds and waves at that location.

The first wave model run was based on the original, unedited
depictions. For the second m only pressure centres were edited. The
low centre was deepened 1 hPa each at 00 UTC and 12 UTC 13 March and 3
hPa at 00 UTC 14 March. The position was shifted northeastward about
250 km at 00 UTC 14 March. Otherwise, changes to the low and high
pressure centres were fairly minimal or were not needed. (Slightly
larger changes were needed with a preliminary hindcast, which was
using an internal grid spacing of 400 km: the low centre was deepened
3 hPa at 12 UTC 13 March and 6 hPa at 00 UTC 14 March.) Detailed
editing of the pressure gradients was done on the next run, for each
12 hourly depiction, to improve location and sharpness of troughs,
tightness of gradients, etc. For a third man additional editing of the
pressure field was done to some of the 12 hourly depictions, to make
small improvements to the gradient. Finally, the 6 hourly interpolated
depictions were chocked and some small improvements to the gradient
were made to some of those. The feature that needed the most editing
was the troughing northeast of the low, on March 14.

4.3 Wind Fields in FPA

Once the editing of the hindcast pressure fields was complete,
the objective MPBL winds were edited. Editing the modelled winds
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produced the biggest improvements to the hindcast waves, compared to
editing the pressure field. For each 6 hourly depiction from 00 UTC 14
March to 18 UTC 15 March, the modelled wind was sampled at the
locations of buoy and ship observations, and compared to the adjusted
observations. For each sampled wind, the amount of correction, as a
percentage of the original modelled wind speed, was determined. The
modelled wind was compared to the adjusted peak buoy wind, since the
mean buoy wind appeared to be too low in the high seas. The
percentages at each sampled point were generalized to areas, which
were drawn on the depictions (Figs. 24). Only one value (percentage)
could be applied to each area, and the same value was used for the
given area throughout the series of depictions. Only one or two edit
areas per depiction were applied, and wind speeds only, not
directions, were corrected. FPA applied the corrections to the 2
hourly fields by interpolating the edit areas on the 6 hourly
depictions. Although the method of applying the corrections did not
allow much detail, it had the advantage of being fairly quick. After
running the wave model to assess the results, the wind editing was
redone once, to make slight improvements to the winds, and thus to the
resultant waves.

Sampling the objective MPBL modelled winds and comparing them to
ship and buoy observations showed that the objective MPBL winds were
significantly too light in some sectors of the storm. Therefore, the
wind speeds were increased subjectively. The wind speed percentage
correction for one area was 130%, i.e. modelled wind speeds at wave
model grid points within the area were increased to 130% of their
original value (increased by 30%). This area was generally over the
intense south to southwest gradient both ahead of and behind the
surface cold front. It covered a fairly large area from 00 UTC to 18
UTC 14 March, including the location of buoy 44137.

In the second area the modelled winds were increased to 190% of
their original value. This area corresponded to the weakening pressure
gradient in the wake of the storm, where observed winds became
supergeostrophic. The 190% correction covered a small area south of
Cape Hatteras at 12 UTC 14 March then the correction was applied to an
increasingly larger area as the pressure gradient slackened over more
of the western Atlantic. The 190% correction probably did not have
much effect on the modelled waves which might have propagated into the
area near the buoy 44137, based on the location of the correction area
and the winds in that area. The 190% correction area was not applied
to the area near buoy 41002, south of Cape Hatteras, where the second
highest significant wave height of the storm was reported, until after
the highest waves had already occurred.

5. WAVE FIELDS

5.1 Observations
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Table 2. Largest measured and modelled significant wave height at each
station.

Buoy Measured Modelled Difference Time of
Hs (m) Hs (m) in Hs (m) Observation
(day/hour)
44137 16.3 14.1 -2.2 15/01
41002 14.7 13.0 -1.7 14/01
44004 13.5 13.7 .24 14/12
44139 11.9 12.6 .65 15/08
44141 10.7 12.4 1.7 15/09
44138 9.9 11.7 1.8 15/13
44005 9.2 10.3 1.1 14/15
44014 8.2 10.7 2.5 13/20
44144 7.8 13.7 5.9 15/06

Waves built rapidly in the strengthening winds north of the warm
front. The waves at the Gulf of Maine buoy, 44005, built to 7 to 8
metres in the easterlies ahead of the warm front by 00 UTC 14 March.
They built to about 4 metres at buoy 44137 before the passage of the
warm front which occurred shortly after 00 UTC 14 March. Waves in the
warm sector continued to build rapidly, reaching 8 to 12 in the south
to southeast winds. The waves continued to grow, after the passage of
the cold front, and the highest wave heights were measured by the

buoys in the cold airmass southwesterlies. Table 2L shows the largest
significant wave heights at each station. Buoys 44137, 41002, and

44004 (Figs. 5L1-70) measured the largest significant wave heights,
with 16.3 m, 14.7 m, and 13.5 m. respectively, about six to twelve
hours after the passage of the cold front. These buoys were within 200
km or so of the ships with the strongest winds speeds.

Further north and east, at buoys 44141 (Fig. 9[]), 44139 (Fig.

8[]), and 44138, the waves peaked at about 8; to 10 m in the warm
sector southerlies, then diminished as the winds weakened. Winds at
44141 and 44138 diminished to 20 knots or less in the southwesterlies
behind the cold front, as the low was further away by this time, but
the waves increased again as swell arrived at the sites. At 44139,
closer to the tight gradient behind the low, the winds increased to
gale force, and waves were correspondingly higher. The arrival of the
swell can be seen by the jump in peak wave period.

The stations 44014, 44005, and 44144 reported largest significant
wave heights of 8 to 9 m in the storm, the lowest values of all the
stations. Energy dissipation due to bottom friction was a factor.
Water depths were only about 30 m and 48 m at rig 44144 and buoy
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44014, respectively. Buoy 44005 was in water of about 200 m depth, but
the long period waves travelling from the south southwest would have
moved over depths of less than 100 m before reaching the buoy. Bottom
friction would have begun to affect the waves in depths of less 225 m
(half the wavelength of the 17 second period waves). Wang anti
Mettlach (1992) noted the effect of bottom friction on 20 second waves
generated by the northeasterlies of the 1991 Hallowe’en Storm at most
nearshore U.S. buoys. Also. at buoy 44014, the fetch became
increasingly limited as the winds veered from south to southwest in
the cold airmass.

5.2 Evaluation of wave hindcast

The largest hindcast wave heights at each station are compared to

the largest measured values in Table 2. The wave model produced
quite good results at several buoys, with differences between highest
modelled and measured significant wave heights of less than a metre.
At buoys 44137 and 41002, with the two largest significant wave
reports of the storm, the modelled wave heights were about 2 m too
low. At buys 44138 and 44141, where the highest waves were swell
waves, arriving at the buoys when the winds had decreased. the highest
modelled heights were almost 2 m too high this may indicate the
modelled winds were increased over too large an area ahead of the warm
front) .

The effect of editing the wind fields was significant. The
modelled winds were increased 30% from the objective modelled winds,
primarily in the cold airmass, but also in the warm airmass over the
wanner waters of the Gulf Stream and Sargasso Sea. Wind editing
increased the largest modelled wave height at buoy 44137 from 10 m to
14 m. Prior to the correction to the winds, modelled winds at buoy
44137 were 5 to 10 knots lower than the mean wind for most of the 24
hours prior to the occurrence of the largest significant wave height.
This is consistent with results from Thomas (1993) where large
corrections to the objectively modelled winds were necessary in cold
outbreaks over warm ocean waters. At buoy 44137, beginning about 6
hours before the 16.3 m wave was reported, the modelled winds were
diminishing too quickly. This may explain why the hindcast was 2 m too
low.

The error statistics for wave height (Table 30) show that
when all the data are compared, the errors at buoy 44137 are not as
pronounced as when just the highest significant wave is examined. The
model results had a negative bias of about half a metre at buoy 44137.
The bias at the other buoys was positive, ranging from fairly small
values to about a metre at buoy 44014. The worst error statistics were
for buoy 44014, with a very large scatter index (77%), compared to 14
to 32% at the other buoys. The modelled winds at buoy 44014 (Fig.

110) appear to have been too high, and that may, have contributed to
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the hindcast waves being too high.
calculated since observations were only 3 hourly by day,
at night.

Statistics for rig 44144 were not
and missing

Table 3. Significant wave height (Hs) statistics, for coincident
observed and modelled data. 00 UTC 13 March to 00 UTC 17 March 1993.
Stn Mean Mean Bias RMSE S.T. r

Obs. Model (m) (m) (%)

Hs Hs

(m) (m)
44137 6.8 6.4 -.43 1.1 16 .97
41002 5.2 5.6 .44 1.2 23 .96
44004 5.2 5.4 .20 1.2 23 .96
44139 5.9 6.1 .18 .94 14 .99
44141 5.8 6.7 .90 1.8 30 .95
44138 5.4 6.3 .89 1.7 32 .96
44005 4.0 4.4 .42 .89 22 .97
44014 2.8 3.9 1.1 2.2 77 .80

Table 400 shows error statistics for the peak wave period
comparison over the course of the storm. Wave period was fairly well
modelled. The largest scatter indices were at buoys 44005 and 44014,
where the peak wave period diminished more quickly than the hindcast

periods.

Table 4. Peak wave period (Tp) statistics, for coincident observed and
modelled data, 00 UTC 13 March to 00 UTC 17 March 1993.
Stn Mean Mean Bias RMSE (s) S.TI. r
Obsvd Model (s) %
Tp (s) Tp (s)
44137 11.9 12.0 .16 1.7 15 .91
41002 9.8 10.7 .93 1.8 19 .88
44004 9.7 10.6 .92 2.2 23 .85
44139 13.3 12.3 -.96 2.4 18 .82
44141 12.7 12.8 .07 1.9 15 .83
44138 12.3 12.8 .46 2.4 19 .76
44005 8.1 9.9 1.8 3.2 40 77
44014 7.8 9.5 1.8 3.5 45 .52

The biggest difference between the observed and modelled wave height

was at the rig 44144,

where the modelled height was nearly 6 m higher
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than what was observed. Bottom friction as the long period waves
travelled over the continental shelf probably reduced the waves at the
site. This effect is not included in the wave model.

5.3 Comparison of largest wave heights with the estimated 100
year return wave heights

The largest significant wave height measured at buoy 44137
exceeded the estimated 100 year return value (Canadian Climate Centre,
1991) by 40%. However, at other Stations the wave heights were less

than, or near to the 100 year climate extremes (Table s00) .

Table 5. Largest observed significant wave heights compared to
estimated 100 year return period sig. wave heights.

Station Observed Est. 100 vyr.
44137 16.3 11.7
44139 11.9 11.3
44138 9.9 12.4
44005 9.2 10.1
44144 7.8 11.5

The estimated 100 year return period wave heights were based on
hindcasts of the winds and waves of top ranked severe storms from 1957
to 1988. The extremal analysis was prepared for the wave model grid
points on the Georges Bank, Scotian Shelf, and Grand Banks. The value
for buoy 44137, outside the study area, was taken from the contour
representation of the data. The same ODGP wave model as in the SOC
hindcast was used. The winds were produced using the same objective
MPBL model from pressure fields, then subjectively edited at each wave
model grid point using available observations (from ships and drilling
platforms) and streamline analyses. The values correspond to wave
heights with a probability of occurrence in any one year of .01. For
long period waves it was shown in the previous section that bottom
friction on the continental shelf may play a role in diminishing the
heights. Also, generally cooler water over the shelf would result in
relatively lighter winds than over the Gulf Stream and waters
southeast of it. Thus one would expect a higher extreme wave climate
off the edge of the continental shelf, compared to over the shelf. The
extreme wave climate results may be less applicable where buoy 44137
was located, as a result of these effects.

5.4 Hindcast wave height analyses

The hindcast wave height analyses are produced by FPA by fitting
the gridded modelled waves to a 3-D surface over the entire map area
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(see Fig. 130-150) . At the coast, the wave contours spread inland
because the surface must fit smoothly from the wave heights over the
ocean to "zero” heights over the land. A note of caution: when the
long period high waves reach the shallower waters of the continental
shelf, the hindcast analysed wave heights may be too high, as
discussed in the previous section.
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Flgure 13. Hindcast wave he1ght analysxs for 00 UTC 14
March 1993. Ice covered water hatched. Buoy locations
indicated by X.
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Flgure 15. Asin Fig. 13 but for 00 UTC 15 March 1993

The analyses show wavesg building rapidly south of Cape Hatteras
on March 13, reaching 11 to 12 m by 00 UTC 14 March. In another 6
hours there were at least 12 rn seas in an area roughly 1100 km long
and 300 km wide.. The largest analysed wave heights of the storm
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occurred between 12 UTC 14 March and 00 UTC 15 March, with a large
area of 14 m seas and a smaller area of 15 to 16 m seas. The analysed
wave maximum is over the shallower waters of the continental shelf by
00 UTC 15 March, however, so the maximum height may be too high.
Throughout the period from March 13 to 15, the wave maximum was
located in the cold air behind the surface cold front. The wave
maximum moved along an axis oriented southwest to northeast, in the
general vicinity of the Gulf Stream and passing near but not over the
buoys 41002, 44004, and 44137. After about 00 UTC 15 March, the
analyses show the wave heights decreasing, as the area of high waves
continues to propagate eastward. The swell actually decreased more
rapidly after 00 UTC 15 March than shown (from the results at buoys
44141 and 44138).

The general pattern and values of the hindcast analysed wave
heights agreed fairly well with the METOC analyses, particularly at 12
and 18 UTC 14 March with analysed maximum of 15 m. There are
differences by 00 UTC 15 March, with the METOC analyses showing the
wave maximum moving eastward, passing south of buoy 44137 rather than
northwest, and remaining too high in the diminishing swell at the
eastern buoys of 44141 and 44138.

The 00 hour analyses of the operational CSOWM showed waves
considerably lower at 12 UTC 14 March than the hindcast waves and the
METOC analysis, with waves of only 7 to 9 m, compared to 14 to 15 m.
The winds used to drive the operational model were only about 45 knots
in the area of the wave maximum, which would explain the lower wave
heights. The operational model does move the maximum toward the
northeast close to the Nova Scotia coast, at 00 UTC 15 March, as does
the FPA hindcast, as opposed to the METOC analysis which shows the
maximum much further east. However the CSOWM analysed wave height near
the buoy 44137 was only about 8 m at 00 UTC 15 March, compared to the
15 to 16 m measured. Over the continental shelf measured wave heights
were lower than offshore and the difference between measurements and
the operations CSOWM was not as marked. For example at the Gulf of
Maine buoy at 12 UTC 14 March and 00 UTC 15 March the measured wave
heights and the CSOWM analysed wave heights were both about 8 m.

6. SUMMARY AND CONCLUSIONS

Winds and waves over the western Atlantic increased dramatically
on March 13 and 14, 1993, during the Storm of the Century. There were
hurricane force winds reported from all sectors of the low. The
intense well defined southerly jet in low levels was associated with a
squall line ahead of the cold front. The area of strong
southwesterlies behind the cold front was quite broad, with the jet
axis at low levels less well defined. The winds in all gquadrants were
very strong due to an intense pressure gradient around the low Centre,
and unstable conditions near the surface, particularly near the Gulf
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Stream, in the warm sector, and over all waters in the cold airmass.
The southwesterly winds in the very cold airmass would have been
enhanced by vertical mixing and downward momentum transport through a
particularly deep layer, as the flow at all levels in the troposphere
was very strong and aligned from the southwest.

Waves increased rapidly ahead of the warm front and in the warm
sector, and continued to increase behind the cold front reaching the
highest reported values, of 14 to 16 m at buoys near the Gulf Stream,
in deep water off the edge of the continental shelf. The hindcast wave
height analysis indicate that the exceptionally high waves covered a
large area of the western Atlantic, with the maximum behind the cold
front.

A wind and wave hindcast of the storm performed using the ODGP
wave model and FPA software for display and editing of the fields,
produced good results that verified well with the measurements from
the buoys in most cases. At buoy 44137 the hindcast wave of 14.1 m
compared fairly well with the measured 16.3 m. However the hindcast
was very sensitive to editing of the input winds, which were increased
by 30% over a large area, in order to improve the agreement with buoy
and ship wind observations.

Measured wave heights during the most intense period of the storm
were several metres lower at stations located on the continental
shelf, compared to stations further offshore. The observations and
model results suggest that bottom friction over the continental shelf,
and limited fetch very near shore, in the southwesterlies, reduced the
heights of the long period waves. Also, the offshore stations were
located in or near warmer water, where increased instability would
result in stronger winds.

The waves measured at buoy 44137, located in deep water off the
edge of the continental shelf, just north of the Gulf Stream, exceeded
the estimated 100 year return period wave height by 40%. However at
other sites in or near Canadian waters the waves were less than, or in
one case comparable to, the estimated climate extremes.
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AN INTERACTIVE OBJECTIVE KINEMATIC ANALYSIS SYSTEM
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1. INTRODUCTION

The need for high-quality wind fields for ocean response models arises
in hindcast studies of operational and extreme climate, in coastal and
offshore structure design, and in forecasting for ocean platform
operation and ships. Ocean response models such as the third
generation (3G) wave model (WAM) and the Oceanweather’s 3G wave model
have shown great gkill in producing nearly perfect hindcasts of
significant wave height and peak period in severe tropical and
extratropical systems when driven by high quality wind fields. The
Surface Wave Dynamics (SWADE) study special Intense Observational
Period (IOP) of the October 1990 US East coast event put several wind
fields using both objectively derived and band-drawn man-intensive
wind fields through a common wave model (WAM 3G). The results show
(Cardone et.al., 1995) that the suite of hindcasts produced by wvery
sophisticated purely objective analysis schemes was clearly beaten by

hand-drawn kinematic analysis (Figure 100) . Unfortunately, this man
intensive, tediously produced analysis took approximately 100
man-hours to produce a 10 day hindcast, which is a time frame clearly
inapplicable to long term hindcast studies and forecasting
applications.

The Interactive Objective Analysis (IOKA) system was developed al
Oceanweather to combine the advantages of manual analysis both shown
during SWADE study and emphasized by Sanders (1990) and Uccellim et

al. (1992), with the speed of a purely objective analysis scheme in
deriving high quality marine surface winds, Using the SWADE winds as a
control, Oceanweather first developed the objective analysis

algorithm, Seidel, for the express purpose of analyzing wind fields.
The interactive part of IOKA consisted of manual editing/deleting of
wind inputs in ASCII format. This procedure worked well in SEAMOS
(Southeast Asia Meteorological and Oceanographic Hindcast Study) where
ships, typhoon model output winds and a background climatology wind
fields were combined using Seidel to achieve high quality wind fields
for some 200 typhoons and monsoons. While the procedure was
considerably faster that manual-kinematic analysis and yielded better
results than running pure typhoon winds by including observations, the
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system needed a final component: an interactive graphical workstation.
The Wind WorkStation was developed to allow the user to display and
manipulate the wind inputs to Seidel. This work station is already
used operationally in Oceanweather’s global 7-day wind/wave
forecasting service and has been used in several hindcast studies, the
most recent being the addition of 10 storms to the Canadian Climate
Center (CCC) East Coast Storm Study (CCC, 1991; see also Swail et.
al., 1995). This paper will present the steps involved in the IOKA
process, and describe the development and use of a graphical Wind
WorkStation.

2. INTERACTIVE OBJECTIVE KINEMATIC ANALYSIS

2.1 Overview

The heart of the IOKA system is the graphical interface known as the
Wind WorkStation (WWS). The WWS is an analyst-friendly MS Windows
based program (version 3.1, Windows 95 or Windows NT) which allows the
analyst to view and manipulate wind inputs for the objective analysis
algorithm. The display is very flexible and allows the user to both
scroll and use a true zoom capability (the wind barbs are redrawn to
the best possible resolution) to display any region of the basin. The
analyst may also customize the wind inputs displayed by the WWS to
plot optional information such as Significant Wave Height, Peak
Period, Surface Pressure and Station/Call Sign Identification, and may
display any or none of the wind inputs (useful for a final check of
the analyzed wind field). A selectable latitude/longitude grid may be
displayed with the data, and the final objective analysis wind field
can be displayed from every barb to every 4th barb according to the
user’'s preference. The program also supports printing on a true
Mercator projection with a fine resolution digitized coastline,

The WWS can be set up very easily in any basin, and supports any
latitude/longitude grid which is a sub-multiple of 2.5 degrees down to
.25 degrees. The latitude and longitude grid spacing need not be
identical. which is very wuseful in northern latitudes where less
resolution in longitude is desirable for computational speed
considerations. Currently, the objective analysis algorithm, Seidel,
supports up to 200 by 200 parallel grid (a 30 by 30 degree
latitude/longitude area with a .25 degree resolution, 300 by 300
degree area at 2.5 degree resolution) although this 1limit can be
easily increased should the need ever arise. Typically, grids between
60 and 70 parallels sguare arc used as a trade-off between resolution
and computational speed. The basic objective analysis method follows
the approach of Ooyama (1987) ky fitting quadratic forms to the
velocity components and wind speed separately, minimizing the
differences between the analysis and the observations in the
least-squared sense:
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where wty is the weight assigned to the inputs of class k; Fx is a
measurement of class k, Fint 1s the analysis value at the location of
the measurement, and & is a scale factor which is used to achieve the
desired level of smoothing. The fitted velocity components arc used to
recover the wind direction only, the wind speed is directly analyzed
(Cardone, et, al. 1993, see also Cardone and Grant, 1994).

The WWS uses a flexible storm database file to contain all wind inputs
and output (objectively analyzed) winds. This provides a single source
file for a particular storm/hindcast period and is very convenient for
archiving purposes, The WWS makes no assumptions as to the length of a
particular hindcast (though the storm database file can grow rather
large) and more importantly imposes no restrictions on the time
difference between maps. For instance. maps can be analyzed every 12
hours for a spin-up period, every 6 hours during the initial stages of
a storm, then every 3 hours during the intense period. The resulting
wind fields can then be time-interpolated to the desired time step for
input into a wave model. This flexibility greatly decreases the time
the analyst needs to spend on spin-up periods and greatly enhances
his/her ability to do a fine time step analysis during the storm
peaks. This is also very useful for long term operational climate
studies where long periods of inactivity can be hindcast with a larger
time step and important storm events can use a shorter time step.

2.2 Meteorological Inputs

The first stage in the IOKA system 1s the ©preprocessing of
meteorological inputs. Typically wind observations from buoys, ships,
off-shore platforms, coastal manned stations (CMANS), cloud track
winds, well exposed land stations and satellite-derived scatterometer
winds are used in the analysis of the marine wind field. The WWS
places no vrestrictions on the number of types of data, or the
inclusion of other types of data. Typically a pressure-derived
background wind field is also used, although this is optional if the
data density is significantly fine (grid spacing dependent). The
inclusion of other wind fields such as typhoon model output for
tropical locations is also commonly done. All data to be brought into
the WWS is first adjusted for stability and brought to a common
reference 1level, typically 20 meters, following the methodology
developed by Cardone (1969; see also Cardone et. al., 1990). Standard
buoy wind measurements (usually 5 to 10 minute averages) are
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temporally smoothed to effective hourly averages. Averaging is done on
meridional and zonal wind components of the wind to calculate the wind
direction, and on scalar wind speed to recover the average wind speed.
Buoy wind speeds derived by the ”"vector averaging” method are inflated
to effective “”scalar-averaged” wusing the empirical relationship
described Dby Gilhousen (1987) . Asynoptic observations can Dbe
optionally repositioned to on-hour locations wvia moving centers
relocation, which is essentially similar to the procedure that
relocates aircraft flight level winds to a moving vortex. Asynoptic
observations can also be included without moving centers by giving
them a lower weight in the objective analysis scheme, and signifying
to the analyst that it is an asynoptic observation and should be given
extra scrutiny to determine its representativeness in the wind field.
All wind inputs are put into the WWS input format, so-called ‘uvw’
file, and brought in the WorkStation storm database. Weights can be
assigned to each type of wind input; common wind inputs such as buoys,
ships, scatterometer winds, CMAN stations, typhoon model input and
background pressure-derived winds can be assigned default weights in
the objective analysis scheme which were determined by Oceanweather to
be representative of the wind’s reliability. Typically, buoys get a
very high weight, while ships get lower weight in the objective
analysis scheme. The analyst can also over-ride these standard default
weights, 1f they are deemed inappropriate for a certain data type.
Types of winds are also assigned standard colors (although these can
be customized for individual preference and display types), which is
very useful for the analyst when all the data i1s plotted on the
screen.

2.3 Interactivity with the Wind WorkStation

Once the wind data is incorporated into the WorkStation, it is
displayed as color-coded wind barbs (by type) over a coastline map on
an xy plot projection. The wind field can be viewed as a full basin,
or zoomed and scrolled to display any section. The analyst can ‘point
and click’ on any wind observation to bring up a text box which
displays the latitude, 1longitude, wind speed, wind direction and
station identification of the wind observation and its neighbors. The
analyst has the ability to delete individual wind observations,
deleted data, displayed in a light blue color, can be undeleted if the
analyst changes his/her mind. Usually quality control of the wind
inputs is done at this step, although automatic quality control can be
performed in the preprocessing step before bringing the winds into the
WWS. The analyst typically uses the background wind field, handdrawn
pressure charts, continuity analysis and other sources to determine
the quality and reliability of each piece of data.

The most important feature of the WWS is the ability to add highly
weighted Kinematic Control Points (KCP) to the wind analysis. This is
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the analyst’s most powerful tool in shaping the resulting wind field.
With the KCP, the analyst can input and define the fine-scale frontal
features, and add and maintain jet streaks and other features which
have proven to be very important in extreme storm seas (ESS) and are
often missed by purely objective methods. The analyst can use KCPs to
define data-sparse areas using continuity analysis, satellite
interpretation, climatology of developing systems and other analysis
tools. Winds can be run (put through the objective analysis) on an
individual map for instant feedback to the analyst, or run for the
entire length of the storm. When the winds are run interactively (one
map at a time) the analyst has the ability to add KCP points, run the
winds, analyze the changes reflected in the final winds, and either
make more changes or accept the winds as final. This interactivity
greatly enhances the analyst’s ability to make changes to the wind
field and boosts his/her confidence in the final wind product.

2.4 Export and Interpolation of the Wind Field

Once the final wind field is run through the objective analysis scheme
and accepted by the analyst, the final winds can then be exported from
the storm file database. If the output of the WWS is not at a regular
time step, or 1f a finer time step 1is required, a general time
interpolation program, TIME INTERP, is used. This program can produce
time interpolated wind fields on any time step, and can be optionally
used with a file of moving centers to help preserve features in the
interpolated maps. Output of the time interpolator can be sent
directly into a matching grid wave model, or put though a separate
spatial interpolation program, WIND2WAVEGRID, which can place the
winds onto any target wave model grid.

3. APPLICATION IN THE CCC EAST COAST STORM UPDATE STUDY

The IOKA system is currently being implemented in the addition of 10
recent storms to the CCC East Coast storm population. The previous 68
storms were hindcast using the same hand-drawn kinematic analysis
technique that was proven to give high quality winds in the SWADE
study. In this update study, the WWS was set up on a area from 22.5°N
to 77.5°N and 82.5°W to 0°E. Grid spacing was selected to be 1.25° in
longitude and .8333° in latitude, resulting in a 4489 grid point wind

grid (Figure 40). A three-hour time step was selected to do the wind
analysis this 1s also the time step of the wave model. Winds were
spatially interpolated to the CSOWM (Canadian Spectral Ocean Wave
Model) wave grid (Khandekar et. al., 1994) using the WIND2WAVEGRID
utility.

Wind inputs for the 10 update storms include US and Canadian buoys,
ships and CMAN stations. All data inputs are adjusted for height and
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stability to 20 meters neutral. The buoy observations are temporally
smoothed to effective hourly averages. Asynoptic data are not
currently being used in this study. The background field used for this
study is the ECMWF wind analysis for storms through 1994, and
Oceanweather’s wind analysis from its real-time global forecast for
the February and April 1995 storms. Both background wind fields are on
2.5 by 2.5 degree grids, and both have had real-time observations
already blended into the wind fields. However, Oceanweather’s global
winds have gone through the IOKA process and have had some analyst
interaction in a forecast mode.

Initial work on the April 1995 event has shown the WWS to be a
time-saving tool in the analysis of the winds. The analyst was able to
complete the analysis of the wind field in less time, due to the
ability to wview all the input and output winds together on one
display, and the ability to run winds interactively to achieve a final
wind product. Further significant time savings were also achieved by
not having to manually grid and enter a kinematic winds fields by
hand, which had been done in previous hindcasts. While some kinematic
sketches were done on printouts of the wind field, most work was done

directly on the WWS. Time histories (Figure 5L0) at two Canadian buoys
(44138 and 44141) show good agreement between the measured significant
wave height and the hindcast wave heights using the CSOWM 3G shallow
wave model. These wave time histories are equivalent to those expected
with hand-drawn kinematic analysis.

4. SUMMARY AND FUTURE DEVELOPMENT

IOKA system has proven to be an effective and time-saving tool for the
analysis of marine surface winds. It successfully Dblends the
man-intensive kinematic analysis with the speed of a purely objective
analysis. The development of the graphical Wind WorkStation has
increased both the efficiency with which an analyst can produce a
final wind field, and the analyst’s confidence in the final wind
fields delivered to the wave model. Additional tools such as the
general time interpolation and spatial interpolation routines have
allowed the analyst to use flexible intervals between maps, and easily
port the wind output to any target grid.

Development of and improvements to the Wind WorkStation continue
almost on a daily basis, owing to the number of current hindcasting
and forecasting studies the system is being used on. As the system is
applied to different basins, both tropical and extratropical, the need
for new tools arises and most wusers’ requests have already Dbeen
implemented into the current system. Areas of future development
include: the addition of a manipulative moving-centers table in the
WWS which can used for repositioning of asynoptic data as well as in
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the time interpolation of wind fields; addition of continuity tools
which would better allow the user to track and smooth such weather
features as fronts, troughs, ridges, and jet streaks; looping of final
wind fields in a movie sequence for final check of the continuity of
the wind fields; and contouring of the final wind fields.
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Figure 1. Comparison of Wave Heights derived from five objective analysis winds (NMC, ECMWF,
NASA, FNOC, UKMO), and Oceanweather’s (OWI) hand-drawn kinematic analysis winds during
SWADE I0OP2,
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Figure 4. Final Wind Barbs in the April 1995 CCC Storm. (Note: Winds are allowed to fall off in the
Baffin Bay since the basin is enclosed by ice.)
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A CASE STUDY OF THE 09 AUGUST 1988 SOUTH ATLANTIC STORM: NUMERICAL
SIMULATIONS OF THE WAVE ACTIVITY

Valdir Innocentini
Instituto Nacional de Pesquisas Espaciais
Sao José dos Campos, Brazil

Ernesto dos Santos Caetano Neto
Instituto de Pesquisas Meteoroldgicas
Bauru, Brazil

1. INTRODUCTION

Many cyclones develop or intensify in the 30° - 50° latitude belt in
the region east of the Andes Cordillera. Using ECMWF 1000-hPa analyses
during 1980-1986, Sinclair (1994) reported a high number of intense
cyclones over the South Atlantic cast of Uruguay during the winter.
Gan and Rao (1994) showed evidences that the Andes Cordillera plays a
significant role on westerly transient disturbances originating
frontogenesis on its lee sgide.

A typical example occurred in the period 9-11 August 1988. A severe
storm developed over the ocean and was responsible for an unusual wave
activity and flooding in some locations along the Brazilian shoreline
from 22° to 32° S. The news media reported several instances of
damages and the 1loss of 1lives. The Brazilian newspaper Jonial do
Brasil from Rio de Janeiro wrote in its edition of 11 August 1988: At
14h yesterday ... eight tubes of the drainage pipes at Leblon (a beach
in Rio de Janeiro) were damaged by the water strength. One of them,
with 8000 kg, disappeared carried out by the sea ... waves 3 m high
caused several damages ... people walking on the streets were forced
to run 1inside the buildings trying to find protection in higher
points. The editions of 12, 13, and 14 August are plenty of notices
about deaths and damages.

The aim of this work is, utilizing numerical models, to hindcast this
elusive event. We employ a hydrostatic mesoscale meteorological model
(LAM) to simulate the storm, and a 2nd generation wave model (SWM) to
hindcast the associated oceanic condition. The purpose 1is (i) to
investigate the possibility of forecasting extreme ocean wave events
due to lee cyclones developing over Uruguay and moving towards the
ocean, and (ii) to examine the surface wind evolution responsible for
the intense wave activity observed in Rio de Janeiro.

2. MODELS DESCRIPTION

The use of wind generated by a limited area atmospheric model is more
suitable to study the ocean wave evolution because many atmospheric
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mesoscale systems can be explicitly simulated, and generally more
realistic surface winds are obtained than in global models. Also, the
analyses and forecasts provided by international centers operating
global models are available only at each 6 or 12-h interval, reducing
the frequency to update the wind forcing for ocean waves.

Just a brief description of the numerical models is given here. More

detailed description can been found in Nagata et al. (1986) and
Innocentini and Caetano Neto (1994) regarding LAM and SWM,
respectively.

2.1 Limited area atmospheric model - LAM

The LAM is a flux-form primitive equation model developed by
researchers of the Numerical Prediction Division, Japan Meteorological
Agency (Yamagishi 1980; Tatsurni 1983), and modified by Nagata and
Ogura (1991). The version used here has 14 layers vertically in sigma
coordinate system

[0= (P-Ptop) / (Psurface=Ptop) )] with Piop=100 hPa. The layers are defined
by the 15 o0-levels corresponding to the pressure 1000, 990, 970, 940,
900, 850, 790, 720, 640, 550, 450, 350, 250, 150, and 100 hPa for
Psurface=1000 hPa. The prognostic variables II=Pgurrace~Ptop, U,Vv,q, and
specific humidity g are placed on the middle of each layer, and the
diagnostic variable dp/dt on the levels. As usually assumed in
numerical models with this kind of vertical coordinate, the surface
pressure tendency equation is formulated so that =0 at surface and
top. The geopotential height is calculated on the middle of each layer
by the vertical integration of the hydrostatic equation.

The horizontal domain utilized by the atmospheric model to simulate

the case study is represented in Fig. 20. It consists of 73 and 55
grid points in the east and north directions, respectively, in a
Mercator projection. The grid distance on this map is 104.125 km true
at 30° latitude. This resolution is more appropriated to capture the
broad-scale synoptic features of the event and not to simulate
explicitly the mesoscale embedded on it. The horizontal resolution of
the atmospheric model is fundamental in wave forecasting; Dell’Osso et
it. (1992) simulated the wave activity during the Gorbursh Storm
occurring in Mediterranean Sea with two ECMWF numerical models, one
the global model with resolution T106 and the other the limited-area
model with resolution T333, corresponding approximately to 125 and 40
km, respectively. They obtained realistic wave height forecasting only
with the 10-m winds provided by the limited area model.

The ECMWF global model resolution in 1988 was T106, very similar to
the resolution used in the present research. However, the 10-m winds
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obtained with the LAM model are stronger than that provided by ECMWF
analysis (at least in this case study), and the ocean waves generated,
as it will be shown, are due to a long-lived and very large fetch
originated from the synoptic scale, and therefore the resolution used
here seems to be satisfactory for the present purpose. In future
research (his case study must be carried out with higher resolution
and the results compared.

2.2 Ocean surface wave model - SWM

The SWM 1s a 2nd generation wave model incorporating advection,
refraction, shoaling, dissipation due to the bottom, input of energy
due to the horizontal wind 10 m above the surface, dissipation due to
the wave-breaking, and conservative nonlinear interactions. It is
based on the energy balance equation written for the wave spectral
variance. It follows the model developed by Golding (1983) in many
aspects. Concerning the parametrization of physical processes, the
main distinctions between the two models are the following:

° the advective process is performed using a
semilagrangian scheme (Bates and Mcdonald 1982);

° the sources terms (generation, dissipation due to the
wave-breaking, and nonlinear interactions) are tuned to
fit the empirical Sanders’ duration-limited growth
curve (Sanders et al. 1981);

o the nonlinear interactions are performed so that the
windsea is reshaped to resemble the Kruseman spectrum
(Janssen et al. 1984).

The wave spectrum is represented at each grid-point in 13 frequencies
corresponding to the periods 1, 2, 3, 4, 5, 6, 7, 8, 10, 13, 16, 20,
and 25 s, and 36 directions with an angular interval of 10°.

The only physical process requiring boundary conditions is the
advection. At the coast the spectral energy is imposed equal to zero.
At the open ocean boundaries, since the semi-Lagrangian scheme
requires the value of the advected wvariable in the point where “the
parcel” was located in the previous time-step, when this point is
outside of the domain (energy entering into the domain) the nearest
boundary point value 1is wused. If this point is inside, the
semi-Lagrangian scheme is applied normally.

The SWM is integrated in the same domain and grid mesh utilized by the
LAM, represented in Fig. 2.

2.3 The validation of SWM
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An intercomparison among several operational models for idealized
experiments described in The SWAMP Group (1985) are presented in
Innocentini and Caetano Neto (1994). This study shows that the wave
model employed in this research is satisfactory as a 2nd generation
wave model. However, the wave model is not considered in its final
version. A formulation controlling how fast the windsea average
direction aligns with the wind direction 1is currently Dbeing
investigated. The results are being compared with the method adopted
in the VAG 2nd generation model (Guillaume 1990) and with the EXACT-NL
3rd generation model (Hasselmann and Hasselmann 1985). This procedure
will reduce the shortcoming detected in 2nd generation wave models
submitted to situations of varying wind directions and wind velocities
(Ginther et al. 1981, van Vledder and Holthuijsen 1993).

Recently Innocentini (1995) studied the wave activity simulated by SWM
in the Mediterranean Sea forced by the Gorbush storm (Dell’Osso et al.

1992). Fig. 10 depicts the significant wave height, mean direction,
and mean period at Malta for the SWM (continuous line) and the third
generation wave model employed by them (dotted 1line refers to the
forcing given by the atmospheric model T106, and broken-dotted to the
T333). The SWM results were obtained with the 10m wind provided by the
ECMWF limited area with resolution T333. There is a general tendency
for SWM presenting higher wave in the maximums and smaller wave in the
minimums, but the difference always is less than 0.5 m. Greater
discrepancies are expected in mean period and mean direction, since
the third generation wave model wutilizes 25 frequencies and a 300
angular interval, and aligns the directional spectrum with the wind
direction slower. However, the difference in mean period and mean
direction never exceeds 1.5 s and 30° during the most active period of
the storm (from 2 to 3 December 1989).

3. SIMULATION OF THE 09 AUGUST 1988 STORM

The LAM is integrated for 48 hours initialized with the ECMWF global
analysis 1200 UTC 9 August 1988, when the lee cyclone shown by the
analysis is well defined. The analyses used are available at 1000,
850, 700, 500, 300, 200 and 100 hPa pressure levels with 2.5° of
horizontal resolution, and the variables are interpolated to the
O-levels and model grid-points using a cubic spline.

The 1200 UTC 10 and 1200 UTC 11 ECMWF global analyses are used to
update the LAM boundary values.
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Fig. 1. Evolution of (a) significant wave height in meters,
(b) mean period in seconds, and (¢) mean direction in
degrees for the Gorbush Storm at Malta. The SWM
simulation (continuos line) is obtained with the wind from
the limited-area atmospheric model, while the third
generation wave simulations with the limited-area (broken-
dotted) and global models (dotted).
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The water depth is assumed constant and equal to 1000 m in the SWM
simulation, which means that refraction, shoaling, and bottom
dissipation are neglected. This is a reasonable assumption, because
the ocean depth in the region considered relevant for this study is
smaller than 200 m only about 200 km from the coast. The 10-m wind
data is used to update the wind forcing at each 3-h period during the
SWM integration.

The coupling between the two models is performed in a one-way form.
The LAM simulates the meteorological episode and provides a 10-m wind
field at 3-h intervals to force the SWM. The initial wave field is
obtained running the SWM for 9 hours from an ocean state at rest
forced by the initial surface wind.

The 10-m wind is obtained by the relation

u* Z
lu(z)l = 041 In Za

where zp=0.05m in and u* 1is the friction wvelocity. First, u* is
calculated using |u| at the first LAM level imposing |u|=0 at Z=zg.
With u* computed, the same relation is evoked again to compute using
|u| at z=10 m. The wind direction at the first model level above 10 m
is assumed at z=10 m.

The 10-m wind obtained with LAM forecasting at T+0h, T+24h, and T+48h
are depicted in Fig. 20]. Initially the maximum velocity center of 12

ms-1 is located around 45°W, 38°S (Fig. 2ald) . The next forecasts show
this maximum enhancing to 20 ms-1 and moving northeastwards in the
first 24 h and southeastwards in the next period (Figs. 2b and 2c).
The most remarkable feature of these fields is the large region around

the point 40°W, 35°S at T+24h (Fig. 2bll) with velocity higher than 12
ms-1 directed towards the coast, except in its north flank and near

the coast. At T+48h (Fig. 2c0) the area around 42°W, 25°S (near the
coast of Rio de Janeiro) embedded in this large region experiments a
counterclockwise rotation of wind direction decreasing its eastward
component in relation to T+24h. The remaining part of this Ilarge
region displays nearly no change in wind direction. Then, one can
expect a vigorous windsea built at the area with wind speed greater
than 20 ms-1 being propagated towards the coast. The large fetch and
counterclockwise wind rotation observed above shall favors the swell
propagation along the shoreline 22°-26°, where Rio de Janeiro is
located.
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Fig. 2. Wind field in ms™ at 10 m height provided by the atmospheric model for T=1200 UTC 09 August 1988 at (a):
T+0h, (b} T+24h, and (c) T+48h. The isotachs are contoured every 4 ms ™' (2 ms™*) for values below (above) 16 mst. RT
refers to Rio de Janeiro location.
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Once the 10-m wind i1s obtained in the LAM through a crude
interpolation, a comparison with this field given by a global analysis

is instructive. Fig. 30 shows the 10-m wind ECMWF analyses at 1200

UTC 09 and 10 August 1988. Comparing Figs. 2ald and 3ald at 09 one can
note that the two maximum centers of 16 ms~! north and south of the
point 50°W, 35°S presented by the global analysis are not captured in
the LAM initial field. Some smoothing should be expected, because the
fields used initially to feed the LAM are obtained with a very coarse
vertical resolution near the surface. However t