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EXECUTIVE SUMMARY

This report reviews the role of vessel response forecasting as an aid to decision-making for weather-
sensitive offshore operations, and reviews recent work undertaken by the industry and HSE.

In an earlier HSE pilot study on response forecasting in 2000 and 2001, comparisons were made
between forecast and measured motions of a number of FPSOs/ FSUs and semi-submersible drilling
vessels operating in the North Sea. Findings from the HSE pilot study and an earlier BP pilot study are
reviewed; methods used to predict vessel motion responses are summarised, and key sources on
uncertainty and factors influencing response predictability are assessed. Potential applications of
response forecasting in offshore operations are then reviewed, together with issues raised in discussions
with potential users and providers of response forecasting services.

Key findings from this study were as follows:

It proved to be difficult to distinguish between the commercial benefits and health and safety
benefits of response forecasting, because each has an impact on the other. Response
forecasting may prove to be a useful tool to help manage the balance between commercial
benefits and health and safety risks.

Response forecasting has been used successfully offshore since the early 1980s as an aid to
decision-making during deepwater drilling and crane vessel operations in areas exposed to
ocean swell. Similar technology is also used in ship routing and vessel management software.
The technology needed to carry out response forecasting for these applications already exists,
and the methodology is well established.

The BP and HSE pilot studies demonstrated that it is feasible to combine traditional wave
forecasting with engineering models to predict the real-time response behaviour of floating
structures.

There are likely to be particular benefits from response forecasting in cases where the vessel
has a resonant response at frequencies away from the peak of the wave spectrum (such as the
low-frequency resonant heave of a semi-submersible drilling rig or pipelay barge) in areas
exposed to ocean swell.

Drilling rig operators who took part in the pilot studies generally found that heave motion
information obtained from response forecasts was useful in day-to-day decision-making,
helping them to decide when to disconnect the riser and hang off in a timely and safe manner.

It is more difficult to predict reliably the motions of monohull (ship-shaped) vessels such as
FPSOs and FSUs. Motions of such vessels are generally sensitive to changes in their heading
and loading condition. These parameters vary from day to day on an FPSO or FSU due to
changes in the environment or operational requirements.

Another difficulty for FPSOs and FSUs is that some of the parameters of greatest concern
from a health and safety standpoint (such as the occurrence of green water on deck, or the
behaviour of attached shuttle tankers) are difficult to predict. Indicative information about
susceptibility to green water is available, but better understanding will be needed before this
information can be converted into a reliable response forecasting tool.

The BP and HSE pilot studies stressed the importance of having accurate and up-to-date
vessel motion RAO information for use in the response model.

There may be a potential role for response forecasting in helping to reduce the number of
aborted helicopter journeys, and in helping to predict conditions in which the helideck may
become unsafe due to a change in environmental conditions.
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A review of the current status of response forecasting in relation to offshore operations
concluded as follows:

. Semi-submersible drilling Response forecasting tools are available, and have
operations in areas exposed ~ been found to be useful.
to ocean swell:

. Crane vessel and heavy lift ~ Response forecasting tools are available, and have
operations: been found to be useful.
. FPSOs and FSUs: Response forecasting tools will require further
development and validation before they are useful.
. Green water and water Software is available to assess susceptibility to
impact prediction: green water. Further research will be needed before
such tools are used in offshore decision-making.
. Shuttle tanker operations: Other tools are under development.
. Helicopter operations: There may be potential to develop a response

forecasting tool to improve logistics planning and
operational efficiency.

. Diving support and supply Traditional weather forecasts are generally
vessels: sufficient, though there may be a role for response
forecasting in crane operations.

. Emergency rescue and Human and other factors often determine safe
recovery: operating limits. No obvious application for
response forecasting.

. Jack-ups in transit: Local weather forecasts specific to the rig move are
generally required for wet tows. Vessel routing tools
are under development for dry tows.

Good communications between forecasters and decision-makers are essential to make
effective use of response forecasting. The HSE and industry bodies have a role in
disseminating information and in promoting general awareness of new technologies such a
response forecasting.

A simple, user-friendly and preferably graphical presentation format is essential to allow
decision-makers to make effective use of forecast information. Commercial factors and
pricing were also considered to be important issues for a response forecasting service.

On-board response forecasting systems could be installed on board many offshore vessels,
making use of existing computer and satellite communications technology. An on-board
system has a number of potential advantages over a shore-based response forecasting service.

Providers and potential users of response forecasting services both need to gain confidence in
the reliability and practical benefits that are achievable, and operators are wise to be cautious
about adopting such services before these benefits are clear. Even a small number of false
alarms or failures to predict unacceptable conditions could quickly cause response forecasting
to fall into disrepute, and might cause genuine warnings to be ignored.

Further research and careful validation studies are needed in some areas (e.g. FPSOs and
FSUs) to help establish response forecasting as a useful and reliable tool. Successful
validation will depend on having reliable, good-quality measured data.

It seems unlikely that operators will regard response forecasting as a high-priority research
topic for a Joint Industry Project, but it may be a suitable topic for a study funded by
Government (e.g. through the EPSRC) or by the European Union.
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1. INTRODUCTION

The Health and Safety Executive (HSE) commissioned BMT Fluid Mechanics Limited (BMT) to
review the role of vessel response forecasting as an aid to decision-making for weather-sensitive
offshore operations, and to review recent work on this topic undertaken by the industry and HSE. This
review follows an earlier HSE pilot study in which comparisons were made between forecast and
measured motions of a number of monohull FPSOs/ FSUs and semi-submersible drilling vessels
operating in the North Sea.

HSE’s main concern is to address health and safety issues and to minimise hazards to personnel
working offshore. Response forecasting can also provide economic and commercial benefits, but these
benefits were secondary issues in the context of this study.

1.1 OBJECTIVE

. To identify whether response forecasting has a role in decision-making for weather-sensitive
offshore operations, and in minimising health and safety hazards.

. To identify which offshore activities are most likely to benefit, and what level of response
predictability can be achieved.

. To review these issues with a number of operators and other interested parties, to identify
what can realistically be expected of response forecasting, potential health and safety benefits
and areas of concern.

1.2 TERMS OF REFERENCE
This investigation took place under HSE Contract No. 6109.
1.3 SCOPE OF WORK

BMT undertook the following tasks:

i) A review of published papers and reports describing response forecasting studies and
related issues, including a report on a pilot study undertaken by the HSE;

i) Discussions with a small number of operators and other interested parties;
iii) Review of issues raised in (i) and (ii), bearing in mind HSE’s responsibilities for health
and safety.

This investigation took the form of a desk study to review existing report material, followed by a small
number of meetings and telephone discussions with industry representatives.

1.4 REPORT CONTENTS

After reviewing the early history of response forecasting, Section 2 of this report summarises key
findings from two response forecasting pilot studies undertaken by BP and the HSE, and from two
related HSE studies on offshore weather-sensitive activities. Section 3 reviews the basic principles of
response forecasting and sources of uncertainty. Section 4 reviews offshore weather-sensitive
operations in which response forecasting may potentially play a role. Section 5 discusses issues raised
in discussions with users, potential users and providers of response forecasting services. Section 6
presents conclusions from the study as a whole, together with observations on further work that may be
required to establish the reliability of response forecasting.



2. BACKGROUND REVIEW

Standard metocean forecasts supplied to offshore operators contain information about the natural
environment, such as wind and wave conditions, visibility and temperature. These forecasts do not
always provide information in a form that is convenient or appropriate for use in decision-making,
however. Response forecasting aims to make information available in a form that can be assimilated
more readily and effectively by describing how the vessel will respond to forecast weather, taking
account of the vessel’s motion characteristics, the forecast sea state, its period content and
directionality.

The objective of response forecasting is therefore to provide operators with predictions of the motions
of their vessels several hours or days ahead, which may then be used as an aid to planning and
decision-making for weather-sensitive operations such as drilling and heavy lifts. Response forecasting
can provide information that is directly relevant to decisions that have to be made offshore, whereas
traditional wind and wave forecasts may be less obviously related to the concerns of decision-makers,
and may first have to be interpreted by metocean experts and naval architects. Response forecasts can
therefore, in principle, be a valuable supplement to traditional wind and wave forecasts.

Response forecasting is likely to be of most benefit in situations where there is a complex relationship
between the vessel’s behaviour and the metocean environment, and where secondary metocean
parameters such as the wave period and direction are important. Responses such as drilling rig heave
motions, helideck motions, maximum vessel excursions, riser and mooring line loads and the
probability of green water on deck and underdeck wave impact can all, in principle, be forecast from
basic metocean information. Clearly some of these parameters require more complex models and
information than others, however, and some can be predicted more reliably than others.

The HSE’s interest in vessel response forecasting arises from its potential for predicting sea conditions
in which health and safety hazards may occur, and its potential to help operators avoid unsafe
conditions. BMT was therefore asked to review the current state-of-the-art of response forecasting, to
identify the potential health and safety benefits, which activities are most likely to benefit, and what
level of response predictability can be achieved.

Sections 2.1 and 2.2 of this report outline the origins and early history of response forecasting, and then
summarise key findings from an early BP pilot study on response forecasting. The BP study concluded
that response forecasting could be a useful aid to decision-making during drilling operations West of
Shetland. Rig heave motion forecasts in swell conditions were used to help decide when to disconnect
the riser and hang off. Significant benefits were reported by those involved in that study, one rig
operator commenting that the forecasts enabled them to take advantage of short operational periods
when they would otherwise have been hung off. A short validation study was also performed, and
comparisons with measurements over a two-week period indicated that rig heave motions can be
predicted reliably.

Section 2.3 summarises the findings of a more extensive pilot study undertaken by the BOMEL
Consortium for the HSE early in early 2000 and over the winter of 2000/2001. The general objective
was to validate and provide confidence in the response forecasting process. Comparisons were made
between forecast and measured motions of a number of drilling rigs and FPSOs/ FSUs operating in the
North Sea. This study generally supported the conclusions of the earlier BP study, but it proved
difficult to draw firm conclusions because of uncertainties surrounding the quality and interpretation of
the measured motion data.

Section 2.4 reviews two related studies, which were undertaken for the HSE and are relevant in the
present context. These are a review of storm incidents undertaken by the UK Meteorological Office
(UKMO) and a safety review of offshore operations undertaken by PAFA Consulting Engineers.

Section 2.5 concludes with a note about the WMO Handbook of Offshore Forecasting Services, which
reviews the range of available weather forecasting services and products, and their use in offshore
decision-making.



2.1 EARLY HISTORY

The origins of response forecasting go back to a number of classic papers on the theory of ship
seakeeping [1, 2]. These papers established the mathematical basis for describing a ship’s motions in a
seaway using wave spectral methods.

Key events in the early history of response forecasting are noted in two review papers [3, 4]. Efforts to
develop onboard guidance systems for ships started in the late 1970s when shipboard computers were
first introduced. The US Coast Guard and DNV carried out important pioneering work, and several
attempts were made to develop commercial systems for the shipping industry. One of the more
successful implementations was by Hoffman Associates on offshore crane vessels [5], where the
benefits were found to outweigh the costs.

A further important landmark in the development of response forecasting for offshore drilling took
place in 1983 when Shell invited Oceanweather to develop a specialised wind and wave forecast for the
world’s largest drill ship at that time, Discoverer Seven Seas, operating in water depths of more than
2,000m off New Jersey [4, 6]. Warnings of exceedance of critical threshold levels of significant wave
height, vessel heave response and heave acceleration were required to manage the drilling riser system
and avert potential loss of the riser. 72-hour wave forecasts were issued twice daily, and an important
feature was the use of a team of meteorologists to modify the output of NOAA’s best numerical model
that was available at that time for this region. Forecast sea states and simplified sea spectra at the vessel
location were transmitted to a computer on board the ship, wherein heave accelerations and other
vessel responses were calculated and displayed to the drilling supervisor.

A critical evaluation of the forecast system over the first six months of service against wave
measurements at a nearby buoy and recorded ship responses showed excellent skill in predicting
important potential threshold events. There was a surprisingly small growth of errors with time.
Differences between measured and forecast H; peaks (above 2m) increased only slightly between
‘nowcasts’ ' and forecasts 24 hours and 48 hours ahead. The service operated over the full 16 months
of the drilling programme, during which several deepwater drilling records were broken with no
mishaps.

2.2 THE BP PILOT STUDY

An early application in UK waters of response-based forecasting was on BP’s Buchan Alpha floating
production semi-submersible, where heave motion forecasts gave sufficient notice to increase the air
gap and to disconnect the rigid riser system if necessary.

BP [7] later carried out a pilot study on the use of response forecasting to aid decision making on
drilling rigs operating West of Shetland, in conditions exposed to Atlantic swell. This study was based
on a vessel response forecasting service developed jointly by BP and the UK Meteorological Office
(UKMO), for predicting drilling rig heave motions up to five days ahead.

This work was undertaken because several weather-related incidents had occurred during drilling
operations for Foinaven that were not adequately predicted by traditional offshore weather forecasting.
One such incident occurred in February 1996 when the significant wave height H, reached 13m, and 7,
changed from 12s to 20s in a couple of hours. A worsening sea state had been predicted, but not
periods in the 18s to 20s range. The main area of difficulty for traditional forecasting was found to be
in predicting the arrival of Atlantic swell, soon enough to allow the riser to be disconnected and hung
off in a safe manner. Experience gained from North Sea operations was found to be not relevant West
of Shetland, because of the importance of Atlantic swell.

Greater accuracy was found to be necessary in defining wave energy at long periods, because drilling
rigs are very susceptible to heave at these periods. An initial study showed that the UKMO Wave
Model did in fact contain the necessary information about swell wave energy at very long periods, but
that this information was not normally provided.

A ‘nowcast’ is a forecast of metocean conditions occurring now (i.e. zero hours ahead) based
on past measurements and a numerical forecast model.
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A trial response forecasting service was therefore set up for three rigs: Sedco Explorer, Paul B Loyd Jr
and Stena Forth. Feedback from the Sedco Explorer trial indicated that the forecast rig motions were
accurate and allowed the rig operators to take advantage of short operational periods when the rig
would otherwise have been hung-off.

Measurements were made on Stena Forth over a short period in December 1997 and January 1998, and
generally good agreement was found between the forecast and measured rig heave motions. Figure 1
compares measured heave motions with forecasts made using non-directional and directional wave
models. Agreement improved when wave directionality was taken into account, although this did not
provide a full explanation of differences between the measured and forecast motions. Other possible
explanations included inaccuracies in the rig motion response amplitude operators (RAOs), which did
not take account of recent rig modifications, and lack of sheltering from the Shetland Islands in the
UKMO Global Wave Model.
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Figure 1 - Measured and forecast heave, Stena Forth at Bruce Field, from Grant et al. [7].

Although quantitative comparisons were not possible in other cases, because visual methods were used
to estimate heave, rig personnel generally expressed belief in the accuracy of the prediction system,
which agreed with their subjective judgement, and confirmed that the information was useful as an aid
to offshore decision-making.

2.3 HSE PILOT STUDY

The BOMEL Consortium [8] undertook a more extensive pilot exercise for the HSE to validate and
provide confidence in response forecasting for offshore vessels operating in UK waters. This exercise
took place during two winter periods (early 2000 and late 2000/ early 2001), and involved monohull
FPSOs/ FSUs and semi-submersible drilling vessels. The aims of the BOMEL study were to evaluate
the value of motion response forecasts from an operational and safety perspective, to use advances in
electronic communication to send response forecasts to installations, and to test forecasting methods
for vessels free to weathervane. Response forecast models were generated for a number of
representative vessels, and the UKMO (in conjunction with Global Maritime) produced 48-hour
forecasts of vessel motions and wave heights. The forecast vessel motions were then evaluated against
data measured on the installations.

The installations and operators taking part in the study were:

U Banff FPSO (PGS Atlantic Power)
U Schiehallion FPSO (BP)
. Anasuria FPSO (Shell)



Alba FSU (ChevronTexaco)

Sedco 706 semi-submersible (Total)

Santa Fe 135 semi-submersible (Santa Fe Drilling)
Glomar Arctic 3 semi-submersible (Global Marine)

Total also provided access to measured wave records from the North Alwyn platform, to allow
validation of the wave forecast data. Figure 2 shows an example comparison between measured and
forecast wind and waves.
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Figure 2 - Example comparison between forecast and measured
wave and wind data, from reference [8].

The first winter exercise, described in [9], confirmed that wave parameters were predicted well by the
UKMO wave model, and limited data collected on the installations indicated that motion responses
could also be forecast reasonably well. Feedback from the operators indicated, however, that too much



information was being sent to them, and so the data was reduced to the most needed responses (roll,
pitch and heave) together with wave height.

The study concluded that heave motions of semi-submersibles were generally well predicted, but roll
and pitch motions were underpredicted. There was variable agreement between the predicted and
measured heave motions of the monohulls, however, and there was generally poor agreement in roll
and pitch. Wave height forecasts were found to be fairly accurate, confirming findings from studies
elsewhere.

Motions of a spread-moored drilling semi-submersible in waves are inherently more predictable than
those of a weathervaning FPSO. The drilling rig’s orientation is fixed, and its heading relative to the
waves is known. The rig’s heave motions are also relatively insensitive to the wave direction. In
contrast, both the loading condition and heading of an FPSO vary significantly from day to day due to
changes in the environment or operational requirements, and the RAOs for a monohull are generally
sensitive to both parameters.

The study found it difficult to obtain accurate and reliable vessel motion RAO information. In some
cases the RAOs supplied by operators were out-of-date, and the report also notes that the RAO data did
not necessarily represent the vessel’s actual loading condition, which varied from day to day. Reliable
response forecasts require reliable RAO information and a means of taking into account variations in
the vessel’s loading condition and heading.

The study clearly demonstrated the potential value of motion response forecasting in offshore decision-
making, but noted that its reliability depends on the quality of the metocean forecast and the reliability
of the response model. Validation of the response forecasting process also requires reliable on-board
measurements and good communications between the forecaster and operator. The level of correlation
between the forecast and measured responses varied markedly between different vessels and between
different response components, and the reliability of each stage of the forecasting process would have
to be addressed before conclusions can be drawn about the method’s overall reliability.

Commenting on the reliability of the on-board measurements, the report noted that those working with
measurement systems on installations had not generally been involved with their specification and
selection, and there appeared to have been a degree of misinterpretation and uncertainty in defining
parameters (e.g. whether the results represented extreme or significant motions, and the location at
which the heave motion was measured). Data collection methods and their accuracy clearly varied
between vessels. Good communications, and a good understanding by everyone of what is being
measured and forecast, are crucial to ensure that the response information is appropriate and reliable,
and that comparisons with measurements are made on a like-for-like basis.

Commenting on the HSE pilot study, one operator believed that the technology had improved
substantially over the four-year period since the study was carried out. Monitoring instrumentation,
software, hardware and communications have all improved on most vessels, and greater confidence
should be achievable if the exercise were to be repeated now. The spatial resolution used in metocean
forecasting today is also better than that used during the trial, and it is possible to forecast wind and
surface current conditions as well as waves, and thus take proper account of the vessel’s heading. The
findings of the HSE pilot study and the problems experienced at that time may therefore be of limited
relevance today.

2.4 RELATED STUDIES

2.4.1 Review of Storm Incidents

The UKMO [10] carried out an investigation for the HSE in 2002 into storm incidents in UK waters.
The background to this study included the Schiehallion bow impact incident in November 1998, which
was attributed to significant 18-seconds period wave energy from the south-east being overtaken by
swell of a similar period from the south-west.

The first stage of this study involved compiling a catalogue of all notable storms occurring in UK
waters over the period October 1986 to June 2000. This database was derived from The UKMO’s

Wave Model data archive, based on four representative locations (North West Approaches, Northern,
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Central and Southern North Sea). Sources of information were then reviewed for the occurrence of
incidents or reported extreme behaviour, and to determine the locations of mobile rigs at the times
identified. Reported incidents were then correlated with various weather parameters, in order to
establish whether there were any patterns. 49 such incidents were identified, 30 of them related to
waves (e.g. green water or wave impact) and 19 related to mooring failures.

Modelled wave spectra from a large number of these storms were then used to compute responses of a
typical semi-submersible and an FPSO. The aim was to investigate motions relative to the local water
surface, to establish the range of motions expected over a large number of storms, and to establish
whether documented offshore incidents can be explained by the computed vessel motions.

Conclusions from this study included the following:

. There were strong indications that vessels suffer deck inundation and green water problems
when there are large relative motions at the vessel’s bow and stern. Forecasts of such events
would be valuable, and spectral wave models are capable of predicting such occasions.

. Heave is important operationally for drilling and helicopter operations, and it is important to
be able to anticipate these motions in moderate and severe weather conditions.

. No strong correlation pattern could be found for mooring incidents, and not all mooring
failures occurred at high loads. Use of forecast data on board vessels to anticipate the likely
behaviour of the vessel and moorings was found to be beneficial.

2.4.2 Review of Safety of Offshore Operations

PAFA Consulting Engineers [11] undertook a review to establish whether the safety of offshore
operations could be improved by the provision of installation-specific weather data. These
improvements might include better use of existing instrumentation, better integration of (and access to)
weather monitoring instrumentation from adjacent platforms, upgrading data collection and recovery
from a few select platforms to provide representative high-quality data across the UKCS, and site-
specific forecasts, either in present-day format or including installation-specific parameters and
responses.

A broad range of weather-sensitive offshore operations were considered in this study, including crane
and mechanical handling, supply vessel operations, helicopter flights, over-side and diver maintenance
operations, emergency rescue and recovery, FPSO shuttle tanker loading operations, support from
semi-submersibles and jack-up drilling rigs. Each has a different requirement for monitoring
instruments and forecast data to allow appropriate operational decisions to be made.

Companies in the offshore industry and involved with weather-sensitive operations were approached
for their views on whether the safety of these operations might be improved if they had a better range
of site-specific metocean and weather forecast data. Mandatory occurrence reports were also examined,
and interviews were extended to a few key players in the Norwegian industry.

Regulations relating to metocean and vessel motion issues include the Offshore Installations and
Pipeline Works (Management and Administration) Regulations 1995 (MAR). The primary requirement
is that: ‘The duty holder shall make arrangements for the collection and keeping of (a) such
meteorological and oceanographic information; and (b) such information relating to the motions of the
offshore installation, as is necessary for securing, as far as is reasonably practical, the safe operation of
the installation, and the safety of persons on or near it.” This regulation is non-prescriptive and allows
the duty holder to set and achieve his own standards. From comments received during the study, it
seemed that very variable standards were being applied across installations on the UKCS. One operator
was seen as having the most advanced, best funded and most enlightened policy, with a highly detailed
and prescriptive approach to the management and implementation of adverse weather procedures.
Others put more emphasis on reviewing procedures and documentation prepared by external
contractors. Some subscribed to 24-hour weather forecasting and advice services, while others relied
on their service providers to make provision for their own needs.



PAFA reviewed weather limitations on helicopter operations, small monohull vessels (such as supply
boats, DSVs and ERRVs), shuttle tankers, support operations, topside and maintenance operations. The
vessels’” heave, pitch and roll motions affected a number of different aspects of these operations.

PAFA also reviewed mandatory occurrence reports (MORs). Two databases were examined: the CAA
database of helicopter operation incidents, and the HSE database of offshore incidents. OCIMF also
provided information about shuttle tanker loading incidents. 53 helicopter incidents between 1976 and
2000 referred to meteorological factors or inaccurate metocean data. Some claimed that the forecasts
were out of date, and most of these problems were attributed to inaccurate information from shore-
based meteorological stations.

The majority of the HSE reports that cited metocean conditions related to incidents caused by wind.
Several related to items dislodged by wind and falling onto the deck or into the sea. Sixteen incidents
related to wave damage — either due to green water, damage to boat bumpers or under-deck damage.
Five were caused by vessel movements in waves. Six mooring line breakages and/or anchor dragging
were reported. Seven incidents related to cranes or mechanical handling equipment, where difficulties
occurred in high winds.

None of these reports was supported by any evidence about wind or wave conditions at the time,
however, so it was difficult to know whether operating limits had been exceeded.

Various shuttle tanker incidents were reported by OCIMF, some due to operations taking place in
marginal conditions. DP technology seemed to be reducing the occurrence of such incidents, although
NPD noted that they were receiving reports of incidents with DP shuttle tankers despite improvements
in DP technology. An incident where the DP system on the Balder FPSO could not cope, and the vessel
turned broadside to the weather, was mentioned, together with an incident where a gangway from a
flotel with DP became detached. The cause was traced to a change in the current, which was too rapid
to allow the DP system to respond. Such rapid changes in the current are possible in some areas of the
North Sea.

NPD had seen many collisions between supply boats and platforms, some of which were also due to
rapid changes in environmental conditions.

Helicopter operations receive a great deal of attention in the report, and in particular the special
problems of helicopter operations from floating installations. Difficulties had been reported in
assessing whether a helicopter will remain stable on a moving helideck, and the report noted that this
issue is being investigated in a CAA research project.

Pilots had also questioned whether present-day motion measurement parameters are sufficient to make
a land/ no land decision. There seemed to be scope for providing better instrumentation and a better
model against which the pilot can evaluate landing clearance and on-deck stability. Pilots considered
present-day motion indicators to be too simplistic, because they do not take account of the difference
between rapid wave motions and longer-period swell motions. The report also noted that it is difficult
to measure the wind direction from a weathervaning floater, because of the influence of the deck
structure on the measurements, and it is also difficult to measure the wave height from any monohull.

Helicopter operations vary markedly between different sectors of the UKCS, depending on the nature
of the vessels and installations, metocean conditions, the likelihood that helicopter operations may be
curtailed by deck motion limitations, directions to which the installation is exposed, flight distances,
reliance on weather information from shore-based or platform-based facilities, and conditions in which
ERRVs can operate.

Amongst other issues, the report noted that it may be necessary to suspend operations and evacuate the
lower decks of FPSOs in wave conditions where green water may occur. There appeared to be
relatively little information about the range of environmental or response parameters that contribute to
such events, however, and whether operations managers can identify them before there is a serious
occurrence. It was also unclear whether existing adverse weather policy documents properly recognise
the possibility of green water events.



Over the North Sea as a whole metocean measurement and forecasting services were found to be
disjointed. There was considerable redundancy, but also variable and uncontrolled quality. It was
suggested that the offshore industry could obtain better value and higher quality for a lower overall cost
if companies were to invest in a shared activity rather than operate independently. Such a service
would also bring benefits to a wide range of people earning their livelihoods on the UKCS, and
possibly extend safety benefits to other industries.

PAFA also noted the need to validate improved weather forecasting information and methods,
including response forecasting. The report mentions the HSE’s response forecasting pilot study [8],
noting, however, that it would be a retrograde step to introduce such schemes without assessing the
reliability of the information.

2.5 THE WMO HANDBOOK

At this point it is appropriate to draw attention to the Handbook of Offshore Forecasting Services [12],
produced by the World Meteorological Organisation (WMO) and downloadable from the Association
of Oil and Gas Producers (OGP) web site www.ogp.org.uk. Section 4 of the Handbook reviews the
range of weather forecasting services and products that is available, and its use by offshore personnel
in decision-making. The Handbook also includes discussions about different ways in which forecast
information can be made available, and about sources of error and uncertainty.

The WMO Handbook expresses surprise that many offshore users rely on a level of forecast services
commensurate with routine daily operations when planning and executing extremely weather-sensitive
operations. It expresses the view that this may be due to lack of awareness on the part of the user on the
range of forecast services available. The WMO Handbook aims to fill this awareness gap.

The range of decisions taken offshore covers a broad spectrum, from routine and frequent daily tasks to
decisions taken once in a project’s lifetime. The costs, safety and environmental implications in making
these decisions vary widely. The Handbook lists a typical range of offshore operations, and the types of
forecast services and formats that are most appropriate for each. The Handbook believes that
developments in response forecasting, in particular, are likely to be rapid in the coming years.

Traditional weather forecasts, used in routine day-to-day decision-making and logistics planning, are
based on ‘categoric’ information. This means that in any particular time period, and for any particular
parameter, the forecaster provides a single value or range of values. Categoric forecasts are unlikely to
provide sufficient detail for certain operations, however, and this is particularly true for operations
where a ‘weather window’ is needed (in other words a minimum period during which the environment
remains below a certain threshold value). A weather window may be required for a period as short as
30 minutes, or may extend to two or three days, depending on the operation. In cases where long
weather windows are required, ‘probabilistic’ forecasts, expressing the risk of exceedance of the
threshold, may be required. Probabilistic forecasts may in particular be needed for drilling and heavy
lift operations, and for rig moves.

The Handbook considers it important that both the forecaster and decision-maker understand the
differences between alternative types of forecasts and alternative presentation formats that are
available, and which of these is most appropriate for a particular operation and decision-making
process.



3. RESPONSE PREDICTION

3.1 BASIC PRINCIPLES

This section of the report starts with a brief outline of methods used to predict vessel motions in
response forecasting models, and demonstrates by means of an example how such a model can give
information useful for offshore decision-making. It concludes with a brief discussion on sources of
uncertainty in the response forecasting process and response predictability.

Response forecasting has its roots in standard linear ship seakeeping theory [1, 2], details of which may
be found in many standard naval architecture textbooks [e.g. 13, 14, 15]. Essentially the same theory is
used for most floating vessels and structures, including FPSOs, supply vessels, drill-ships, semi-
submersibles, tension leg platforms and spar buoys. The responses of practical importance vary
between different classes of vessels and operations, however. Most of the hydrodynamic coefficients
(added mass and damping) and wave forces used in these models can be calculated using strip theory
for ships, or three-dimensional wave diffraction theory for more complex structures. Some components
(e.g. the viscous component of roll damping for ships, or the drag on pontoons of semi-submersibles)
are calculated using empirical formulae derived from model tests or full-scale measured data.

The key equations underlying ship seakeeping theory are summarized in Appendix A. These equations
define how the responses of the vessel are first calculated in regular waves, in order to define response
amplitude operators (RAOs) as a function of wave frequency and direction. The RAO function is then
used in conjunction with a wave spectral model of the sea state to calculate the response spectrum.
Statistics of the response, such as its standard deviation, significant and most probable maximum
values, are then calculated from moments of the response spectrum.

This process is illustrated in Figure 3 to Figure 5. Figure 3 shows three wave spectra, all with the same
significant wave height, H; = 3m. One represents a wind-generated sea with a peak spectral period,
T, =10 seconds, and the other two represent swell waves with peak spectral periods, 7, = 15 and 18
seconds. Figure 4 shows a typical heave motion RAO for a semi-submersible rig, as a function of wave
frequency. The RAO curve has a high but narrow peak at the rig’s natural heave frequency. This peak
is followed by a characteristic dip, where the upward and downward heave forces on the pontoons
almost cancel. The natural heave period of a semi-submersible drilling rig is typically long, of the order
of 20s to 30s.

Wave spectral density, Hs =3m
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Figure 3 - Wave spectra, Hs = 3m, Tp = 10s, 15s and 18s.
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Figure 4 - Typical heave motion RAO for a semi-submersible rig.
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Figure 5 - Heave motion response spectra for a semi-submersible rig.

Figure 5 shows the rig’s heave response spectra in these three wind sea and swell conditions. The
platform responds very much more to swell than a wind sea because the frequencies present in the
swell spectrum are closer to the rig’s natural heave frequency. The significant out-to-out heave motion
of the rig is 1.2m, 2.0m and 4.0m in waves with peak periods 10s, 15s and 18s respectively. There is
therefore more than a threefold increase in the rig’s heave motion as the wave period increases from
10s to 18s, illustrating the rig’s sensitivity to long-period swell waves.

These results illustrate how response forecasting of the rig’s heave motions can provide valuable
additional quantitative information about the rig’s behaviour that may not be obvious from the sea state
parameters H, and 7, alone, and which can help the rig operator decide whether to continue drilling, or
to disconnect the riser and hang off until sea conditions improve.
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3.2 RESPONSE UNCERTAINTIES AND PREDICTABILITY

There are many sources of uncertainty and inaccuracy in the response forecasting process, including
uncertainties in basic metocean measurements, assumptions and inaccuracies in metocean models used
to predict wind and wave conditions, assumptions and inaccuracies in vessel response models, in
definitions of parameters and in the interpretation of results. All of these sources of uncertainty affect,
to a greater or lesser extent, the reliability of the forecast response. It is therefore important to
understand the main sources of uncertainty and inaccuracy that are present, and to take steps to
minimise those that are most significant.

Validation studies associated with ship routing software concluded [3] that in Northern Hemisphere
mid-latitudes (e.g. around the UK) a gradual fall-off in weather forecasting skill occurred over a period
of about 5 days. This decay in skill was attributed almost entirely to the inherently chaotic nature of the
evolution of synoptic scale weather systems.

Linear ship seakeeping theory was considered to be sufficiently accurate to provide ships with
guidance on their course and speed, and to avoid heavy weather damage. Variability in the input sea
and swell parameters gave rise to greater variability in the vessel’s response than the linearity
assumption in seakeeping theory. The authors [3] quoted an example where use of linear theory
resulted in 5% to 10% overprediction of a ship’s roll motions, whereas a difference of 2 seconds in the
forecast wave period resulted in 50% difference in the predicted roll angle near the ship’s natural roll
period. The authors considered that emphasis should be placed on accurate modelling of multi-
directional seas when predicting ship motions for operational purposes. Ignoring swell also caused
large errors, especially when predicting roll. Accuracy improved significantly when sea and swell were
both considered.

The HSE pilot study found that wave conditions were forecast fairly well, based on a comparison
between predicted and measured significant wave heights and zero-crossing periods. The HSE study
found significant differences between measured and predicted vessel responses in a number of cases. It
was not easy to identify the source of these discrepancies, however: whether they had come from
uncertainties in the RAO data or vessel response models, inaccuracies in the measurements, or general
uncertainties in definitions of parameters and in the interpretation of data.

Past experience suggests that a major source of uncertainty is often confusion about the way in which
parameters are defined, especially in cases where the terminology in common use has become lax, and
several alternative definitions are possible. Wave statistics are a major source of confusion in this
context. It is important that everyone understands whether wave heights and responses represent
significant or maximum values. The metocean community generally uses significant values, whereas
mariners commonly quote maximum values. There are further more subtle sources of confusion:
whether maxima represent single-amplitude (zero to peak) or double-amplitude (trough to peak)
values, and whether the maxima represent most probable or expected maxima, or values with a lower
probability of exceedance (e.g. 10% or 5% exceedance).

Wave periods are another major area of confusion, and many different definitions of wave period are in
common use, including the peak wave spectral period and mean zero up-crossing period. Values of
these two periods typically differ by 30 to 40%, and it is important to distinguish between them when
responses are highly sensitive to wave period.

The simple calculations in Section 3.1 assumed that the waves were uni-directional (i.e. long-crested),
and that the rig was moored head-on to the waves. Uncertainties in the mean direction of the waves or
the degree of degree of directional spreading (i.e. short crestedness) of the waves are sometimes a
significant source of uncertainty in forecasting vessel responses, especially for monohull vessels. These
two parameters (the mean direction and degree of wave spreading) are often described collectively as
wave ‘directionality’, without distinguishing between them, but the uncertainties in each are different,
as are their effects.

There are many other possible sources of uncertainty in response modelling, including approximations

in linear ship seakeeping theory and the possibility of inaccurate or out-of-date information about the
vessel’s RAOs, its heading or loading condition. Some model approximations are necessary to enable
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equations to be solved, or computer forecasts to be run in real time. Others reflect lack of information
or imperfections in the state of knowledge.

Subjective factors are also important. Section 2.2 quoted the example of drilling rig operators who
‘believed’ rig heave forecast information and found it to be useful because it supported their own
subjective judgements about the way in which the rig would behave, and when drilling should be
suspended. In this case, response forecasting provided confirmatory information to support decision-
making, but was not the primary basis on which decisions were made.

The value of incomplete or imprecise information varies from one situation to another. In some
circumstances inaccurate response forecasting will lead to false alarms and a general loss of confidence
in the method, and might cause genuine warnings to be ignored. In other circumstances, however,
limited and imprecise forecast information is sufficient to allow precautions to be taken to minimise
hazards. In such cases a limited and imprecise forecast is more useful than no information at all.

All of the above factors affect the general “predictability’ of response forecasts, and their usefulness as

an aid to offshore decision-making. Section 4 of the report will now consider the predictability of
responses in the context of a number of specific weather-sensitive offshore operations.
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4. OFFSHORE OPERATIONS AND APPLICATIONS

4.1 DRILLING, PIPELAY, HEAVY LIFT AND DEEPWATER INSTALLATION

Two of the earliest successful applications of response forecasting were in deepwater drilling and crane
vessel operations [5, 6], and both the BP and HSE pilot studies reported favourable feedback from
drilling rig operators about the value of response forecasts in areas exposed to ocean swell. Drilling and
heavy lift operations in areas exposed to ocean swell continue to be the most successful offshore
applications of response forecasting.

These two types of operations are highly weather-sensitive, and require warning periods of several
hours in order to suspend operations in a timely and safe manner. With short weather windows
available for such operations in areas such as West of Shetland, reliable and accurate forecasting is an
essential pre-requisite for a successful operation. In these circumstances response forecasting can
provide direct commercial benefits to the operator, as well as health and safety benefits in terms of
reduced risks to the vessel and on-board personnel.

Although response forecasting does not seem to have been used to date by those engaged in pipelaying
and deepwater subsea installation, these operations have many features in common with heavy lift and
drilling. All of these operations are susceptible to ocean swell, and require sufficiently long weather
windows and an adequate warning period to suspend work. All of these operations are therefore likely
to benefit from response forecasting in areas exposed to ocean swell.

Many of these operations can be performed using either semi-submersible or monohull vessels. The
benefits from response forecasting are likely to be greatest in cases where semi-submersible rigs are
used.

As noted in Section 3.1, heave motions of semi-submersibles are especially sensitive to long-period
ocean swell, and it is difficult for the rig operator to judge from traditional wind and wave forecast
information when swell waves are expected, and whether the period of those waves will be such as to
excite a large heave response. Response forecasts can provide an immediate indication of whether the
vessel’s heave motions are likely to go outside its operating envelope.

Response forecasts will only be reliable, however, if the underlying wave model is capable of
representing the generation of swell waves from distant storms and their propagation across the ocean.
Certain older wave models did not represent swell propagation accurately enough, and caused non-
uniformities in the resulting wave field, but this problem has largely been solved in recent models. The
wave model must also describe the energy content of the waves down to low enough frequencies, with
a sufficiently fine frequency resolution, and with sufficient directional detail.

Semi-submersibles have a number of advantages over monohull vessels in terms of predicting the
vessel’s heave response. The heave motion characteristics of a semi-submersible are relatively
insensitive to changes in the vessel’s heading, making uncertainties in the wave direction of lesser
significance than for a monohull vessel. This means that heave motions of a semi-submersible can
often be predicted more reliably than the motions of a monohull vessel.

Many of the operations listed in this section take place with the vessel at a known draught, and often
also at a known heading, and so its operating condition is known with a high degree of certainty.
Having a known draught and heading ease the task of making reliable response predictions. Reliable
heave motion predictions depend nonetheless on having up-to-date and accurate information about the
vessel’s response amplitude operators (RAOs) at the relevant draught and heading.

4.2 FPSO AND FSU OPERATIONS

The motions of monohull (ship-shaped) vessels are generally more sensitive to the directionality of the
wave spectrum than those of semi-submersible rigs, and are less easy to predict reliably. Operations on
board an FPSO or FSU also tend to be affected by a broad and complex range of response parameters,
such as roll and pitch limits on separation equipment and the risk of occurrence of green water.
Response forecasts for monohull FPSOs and FSUs are therefore likely to be inherently less reliable
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than for semi-submersible drilling rigs, and the general feeling seems to be that they are likely to be
less valuable as an aid to offshore decision-making.

One of the complicating features of an FPSO or FSU is variability in its heading. FPSOs and FSUs
may be either weathervaning or thruster-controlled. The heading of a weathervaning vessel depends
entirely on the forces and moments exerted by wind, waves and current, and varies as the environment
changes. The heading of a thruster-controlled vessel can be maintained within certain limits, but is still
likely to vary for operational reasons (e.g. to minimise roll motions, or to assist tanker offloading).
Reliable response forecasts depend on being able to keep track of these changes in vessel heading, and
take them into account in the forecasting process.

The other complicating feature of FPSOs and FSUs is the large change in draught that occurs as the
vessel is loaded and unloaded. Reliable response forecasts depend on being able to keep track of these
changes in vessel draught, and being able to take them into account in the forecasting process.

Response forecasts can in principle take account of variations in a vessel’s draught and heading, simply
by having pre-calculated look-up tables of RAOs, and choosing (or interpolating between) different
RAO curves as necessary. The main difficulty is in ensuring that the forecaster has up-to-date
information about the vessel’s current heading and draught, and any future anticipated changes, so that
these can be taken into account in the forecast.

‘Nowcasts’, based on the vessel’s current loading condition and heading, are already possible, but
forecasts into the future are less easy. It is possible, at least in principle, to forecast the heading of a
weathervaning FPSO from forecast wind, current and wave conditions, provided suitable force and
moment coefficient data are incorporated into the response model. Weathervaning modules already
exists in many vessel motion simulation programs, and can in principle be incorporated into response
forecast software.

Bearing in mind the need to include up-to-date information about the vessel’s heading and loading
condition, one might consider integrating the response forecasting process into the vessel’s on-board
management system. An integrated on-board forecasting system would ensure that up-to-date
information about the vessel is used automatically, and would also enable the user to investigate ‘what
if” scenarios before making decisions. Similar systems are already used on board trading tankers and
container ships, as an aid to route planning, fuel and engine management, and avoidance of storm
damage, and can in principle be used on board FPSOs. This possibility is discussed further in Section
5.4.

In the longer term one might also envisage using a response forecasting service to assist in controlling
mooring, riser and DP loads. Although this is possible in principle, such a system would require a
considerable amount of information about the vessel and its environment, and a more complex
response prediction model than is needed for predicting first-order vessel motions. Considerable
research and validation would be needed to ensure that the results are reliable enough for use in
offshore decision-making.

4.2.1 Green Water and Wave Impacts

Several FPSOs and FSUs operating in UK and Norwegian waters have suffered damage in the bow
region, and in some cases green water has also been observed over the sides and stern. None of these
incidents has directly endangered life, but the unexpected nature of the events prompted the HSE to
undertake a study [16] into the susceptibility of FPSOs and FSUs operating on the UKCS to such
incidents. Green water was defined as unbroken waves overtopping the bow, side or stern structures of
monohull FPSOs and FSUs.

The bow of a weathervaning FPSO or FSU is always exposed to waves. Green water can cause damage
to sensitive and safety-critical equipment at the bow, such as control valves, ESD systems, and fire
detection and protection systems. In cases where the FPSO’s accommodation is at the bow, the front of
the deckhouse and helideck are also susceptible to damage.

The HSE study examined 16 FPSOs and FSUs operating in UK waters for green seas susceptibility
using MARIN’s GreenLab software, and a sensitivity study was undertaken to investigate the effects of
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varying the wave parameters and the vessel’s draught. A brief study was also undertaken to explore
options available in design and operations to mitigate green water risks, and to reduce the likelihood of
significant green water occurrences.

This study concluded that nearly half of the vessels examined were highly susceptible to green water
over the bow. More green water was likely to occur in situations with wave heights and periods lower
than design extreme conditions. Freeboards were found to be generally insufficient at maximum
draughts to prevent green water occurring on deck. The majority of the vessels were also susceptible to
green water over the sides, the most likely area being aft of midships.

Further investigations confirmed that there was some correlation between susceptibility levels
predicted by the GreenLab exercise and recorded incidents, although some differences were found,
possibly due to operating practices and mitigation measures that were already in place. As expected,
the highest numbers of incidents were recorded in the winter months, and the number of events had
increased with the number of installations in service.

Response parameters, such as green water, that depend on the relative surface elevation between the
vessel’s deck and water surface, are less easy to predict reliably than the motions of the vessel itself.
Useful guidance about susceptibility to green water can be obtained from models such as GreenLab
[16], but the predictions should be seen as indicative rather than as reliable forecasts.

Interest in wave impact on FPSOs was stimulated by an incident on the Schiehallion FPSO during a
storm in November 1998, when a wave caused structural damage at the bow above the waterline. This
incident occurred in steep wave conditions, but the significant wave height was well below the
100-year design maximum for the area. Subsequent research programmes, such as MARIN’s SafeFlow
JIP, have sought to understand the circumstances in which bow impact occurs and the controlling
parameters [17]. SafeFlow found that the magnitude of the impact was dominated by the characteristics
of the wave (i.e. local wave steepness) rather than by the motions of the ship.

Further research will be needed into the sea conditions in which green water and wave impact occur
before the risks can be predicted reliably, and before this information can be used with confidence in
offshore decision-making.

4.3 SHUTTLE TANKER OPERATIONS

UKOOA [18, 19] has recently issued guidelines on tandem offloading operations for FPSOs. These
guidelines note that in certain wind and current conditions the tanker may have difficulty maintaining
alignment with the FPSO. Permanent tug assistance may be needed when an FPSO is located in an area
with high surface currents, widely variable wind conditions, or long periods of adverse weather.

A recent HSE report [20], reviewing risks of shuttle tanker and FPSO operations, highlighted
difficulties caused by fishtailing and surging behaviour of tandem-moored vessels. The report
expressed the view that surging is the most critical hazard affecting offshore offtake operations, and
suggested various risk reduction measures.

Forecasting the behaviour of a coupled FPSO and tanker is a complex process, requiring detailed
information about the two vessels’ loading conditions, the metocean environment and many other
parameters, as well as a model capable of assessing the vessels’ directional stability, fishtailing and
surging behaviour. Considerable research is likely to be needed, together with model testing and full-
scale correlation studies, before such models can be implemented in response forecasting. It seems
likely in fact that semi-empirical models, based partly on operating experience, may be more useful in
this role than straightforward simulation models.

MARIN’s Offloading Operability JIP should be noted in this context. This is an initiative to develop a
simulation tool that can assist when evaluating an offloading tanker approaching an FPSO, and tandem
offloading from an FPSO to a shuttle tanker. The objective is to develop tools that can assist with the
assessment of limiting weather criteria and risk assessment of safety of offshore offloading operations.
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4.4 HELICOPTER OPERATIONS

The HSE and CAA are responsible for regulating UK offshore health and safety and aviation safety
respectively. Helicopter transport is primarily the CAA’s area of regulatory responsibility, whereas
installations are the responsibility of the HSE. In practice, however, both regulators share a common
interest in many aspects of helicopter safety performance, and jointly seek continuous improvement.

A recent HSE review [21] of the safety record of helicopters noted that the fatal accident record for the
UKCS compares favourably with other regions of the world. The average fatality rate per billion
passenger kilometres for UK helicopter transport was found to be similar to that for travel by car. The
report noted, however, that there was no room for complacency, and that a major fatal accident had
occurred in 2002 following a rotor blade failure.

The report [21] stressed the need for the UK oil and gas industry to continue to pursue safety initiatives
and research projects to further reduce risks. A number of recent safety initiatives and improvements
are listed, including industry restrictions on offshore flights in poor weather conditions, and a CAA
initiative to develop a new motion severity index (MSI) to better establish whether a helicopter can
safely remain on a moving helideck.

Similar needs are emphasised in a recent HSE review of the safety of offshore operations [11]. A large
number of incidents and problem areas identified in that report relate to helicopter operations, and a
significant number of those relate to metocean factors. Many of these issues relate to vessel motion
behaviour in waves, especially its heave, roll and pitch responses.

A recent incident highlighted the way in which vessel motions can influence the helicopter’s stability
on deck. In an incident in November 2001 on the West Navion drillship a Super Puma AS322
helicopter toppled onto the helideck after the vessel changed its heading following a DP fault,
subjecting the helicopter to an increasing crosswind component. One person was severely injured by
flying debris.

Metocean information services are already available to help co-ordinate the logistics of helicopter
operations. The ‘Helimet’ service, operated by Muir Matheson in conjunction with Meteo Consult, is
specific to helicopter operations, and is based on a network of fully automated weather observations
sent from offshore installations in the UK sector. The system incorporates vessel motion sensors, and
analyses helideck heave, pitch and roll to produce summary statistics that can be transmitted in real
time to aid planning of long-duration flights. The reliability of the instrumentation and quality of data
vary between different information providers [11], however, and the results should be used with care.

Certain operators are understood to use the Nowcasting International service to assist with the logistics
of helicopter operations. This service is based on traditional weather forecast information, and does not
include vessel response data.

Current helicopter landing criteria are based on defined heave, roll and pitch motion limits, and
proposed new criteria will include a motion severity index (MSI) to better establish whether a
helicopter can safely remain on a moving helideck. At present the decision about whether to land is
made when the helicopter has reached the platform, based on the pilot’s assessment of when to land
combined with motion measurements.

There may be potential to use helideck response forecasting as an aid to planning helicopter operations,
so as to reduce the number of occasions when the vessel’s motions are found, on arrival, to be too large
for a safe landing, and to predict conditions in which the helideck may become unsafe after landing due
to a change in environmental conditions. Any such forecasts should be seen as an aid to decision-
making when planning flights, however, and should not reduce the pilot’s responsibility for deciding
whether to land on arrival at his destination.

4.5 DIVING SUPPORT AND SUPPLY VESSEL OPERATIONS

Diving operations are weather-sensitive, and require sufficient time to recover ROVs and divers onto
the vessel before weather conditions deteriorate to the point where recovery becomes hazardous.
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Supply vessel operations are also weather-sensitive, but can generally be suspended at fairly short
notice. Traditional forecasts of wind and wave conditions are likely to be sufficient in both cases to
enable decisions to be made, and it seems unlikely that response forecasting will offer significant
benefits.

Certain operators are understood to use the Nowcasting International service to assist with the logistics
of supply vessel operations. This service is based on traditional weather forecast information, and does
not include vessel response data.

Crane operations on board floating vessels might potentially benefit from response forecasting,
especially in cases where the motions of the payload on the crane wire are sensitive to particular
frequencies present in the waves. There is often a fairly complex relationship between the behaviour of
the payload and the characteristics of the lifting system, vessel and sea conditions, however, and it may
prove difficult to make practical use of response forecast information in decision-making.

4.6 EMERGENCY RESCUE AND RECOVERY

WS Atkins recently undertook a review [22] for the HSE on the effects of weather on performance and
response times in offshore rescue. Wind and waves affect the speed with which stand-by vessels
(SBVs) and fast rescue craft (FRC) are able to respond to incidents, such as calls to recover men
overboard or survivors from ditched helicopters. Basic information about the factors influencing speed
loss of FRCs and SBVs was found to be lacking, and methods for estimating the speed loss of FRCs
did not exist. Weather factors were found to influence launch and recovery, as well as key activities on
board the FRC, but crew training and equipment had a significant influence on rescue performance
when searching for survivors and manoeuvring the FRC. It was therefore difficult to distinguish the
influence of weather from other factors.

This lack of basic information about the influence of weather on offshore rescue and recovery, and
about the seakeeping performance of FRCs, makes it difficult to assess whether there is a potential role
here for response forecasting.

4.7 JACK-UPS IN TRANSIT

There have been many past incidents, and a number of losses, where jack-ups in transit between field
locations have been caught unexpectedly by a change in weather conditions [23]. No known losses
have occurred in recent years, as a result of improvements in operating practices and weather
forecasting, and the adoption of dry tows for long sea journeys. Jack-up tows are nonetheless highly
weather-sensitive operations, which cannot easily be aborted (by setting the rig down onto the seabed)
once the weather has deteriorated.

Rig moves are often over relatively short distances, and are undertaken as ‘wet tows’. In the past
operators have sometimes relied on standard offshore weather forecasts when carrying out wet tows,
rather than obtain a local forecast specific to the rig move itself. As noted by the WMO Handbook [12],
however, weather and sea state limits for many rig moves are relatively mild, and are often
significantly lower than for offshore drilling operations. This means that a bespoke weather forecast
for the local sea area and rig move, focussing on limiting weather and sea conditions, is generally
necessary.

The main requirements for an incident-free wet tow are careful attention to operating practices, reliable
weather forecasting for the tow in question, and avoidance of wet tows in anything other than mild sea
conditions. A response forecast is unlikely to add much to the benefits obtained from a traditional
weather forecast.

Over longer distances the rig is often carried on board a specialist vessel, and is then known as a ‘dry
tow’. Longer dry tows are likely to benefit more from a ship routing service than from traditional
weather forecasting. The SAFETRANS JIP should be noted in this context. One of the deliverables
from SAFETRANS is a ship-based system that measures key responses of the cargo/ ship during
transit, and provides real-time advice to the tow captain on weather routing and heading changes. Full-

scale validation trials are taking place on board a self-propelled transport barge and towed barge.
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The WMO Handbook recommends that operators should consider obtaining specialist forecast advice
for all rig moves, regardless of whether they are undertaken as wet or dry tows. Discussion of rig
towing limits should be discussed in detail with the forecast provider so that specific critical thresholds
are known to the forecast staff, and can be considered in the preparation of the forecasts.
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5. DISCUSSIONS WITH USERS AND SERVICE PROVIDERS

BMT approached a number of potential users and providers of response forecasting services to assess
the health and safety benefits from such a service, and to identify issues that might reduce its
effectiveness. These discussions sought to answer the following questions:

. What has been the industry’s experience with response forecasting to date, its potential
benefits and problems?

. What are the main sources of uncertainty?

. What was learned from the BP and HSE pilot studies?

. Which responses are reasonably predictable, and which are not? What level of predictability is
achievable?

. What response forecasting services are currently available?

. Which offshore operations are likely to benefit most from response forecasting in terms of

health and safety?

. What has prevented those benefits from being realised? Is it lack of validation of the technique
and resulting lack of confidence, or is it lack of incentive to adopt the technique, lack of
understanding by potential users, or unpredictability of the responses?

The following sections highlight key issues and concerns that came out of these discussions, especially
any that related to health and safety, and suggest possible ways in which response forecasting might be
validated and demonstrated further so as to make it a more robust, reliable and practically useful tool
for offshore decision-making.

5.1 HEALTH AND SAFETY BENEFITS

It proved difficult during this study to distinguish between the commercial benefits and health and
safety benefits of response forecasting, because each has an impact on the other. Benefits that provide a
commercial advantage may enable operations to take place in conditions where they would otherwise
be suspended, and thereby potentially introduce additional health and safety hazards. In these
circumstances the commercial benefits and the health and safety risks have to be carefully managed.
Response forecasting may provide a useful tool to help achieve this.

Heave motions of semi-submersible rigs used for drilling and pipelay can be predicted fairly well, and
there are likely to be significant commercial and safety benefits if the operation can be suspended well
before rig motions exceed acceptable limits. One drilling rig operator commented that response
forecasts enabled him to use a cheaper and less capable rig on one occasion than would otherwise have
been possible.

There are likely to be similar commercial and safety benefits from response forecasting for heavy lift
and crane vessel operations in areas exposed to ocean conditions.

The commercial and safety benefits of response forecasting are less clear for weather-sensitive
operations on board monohull (ship-shaped) vessels such as FPSOs, FSUs and shuttle tankers. Motions
of monohull vessels are more difficult to predict reliably than those of semi-submersible drilling rigs,
because they depend on the vessel’s heading and loading condition, and on a wider range of
environmental parameters. The occurrence of green water and wave impact, shuttle tanker fishtailing
and surging, mooring and riser loads, are even more complex and difficult to predict.

An early warning system to advise operators about conditions in which green water is likely on board
FPSOs and FSUs would potentially have health and safety benefits. Such a system would enable
personnel to evacuate exposed areas of deck, and vulnerable operations to be closed down, and could
be based on a ‘traffic light’ system (green for normal operations, amber for a warning of possible
hazards, and red when there is a high level of risk and precautions must be taken). A similar system
could potentially be implemented on semi-submersibles, to warn of conditions in which there are risks
of underdeck wave impact, enabling the vessel to be deballasted before impacts occur.
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Better understanding of the circumstances in which green water and deck impact occur is essential,
however, before predictions about susceptibility to such events can be converted into a reliable
forecasting system. Recent research has given some indication of the types of conditions when green
water and deck impact are most likely. An early warning system, in its present state of development
and based on current knowledge, might cause a large number of false alarms, which might cause the
system to fall into disrepute and warnings to be ignored.

Benefits from response forecasting in other applications are generally not obvious, although helicopter
operations might benefit from having a response forecasting tool available to improve logistics
planning and operational efficiency.

One contributor to the study noted that authorities will not be able to require operators to implement
response forecasting as an aid to decision-making until the forecasting process has been validated
against measured data, and the health and safety benefits have been clearly demonstrated.

5.2 COMMUNICATIONS, AWARENESS AND TRAINING

The HSE pilot study highlighted the need for good communications, and raised two distinct
communications issues. The first was a purely technical issue. The data transfer systems must be
adequate to transmit detailed wave and response spectral information. This seemed to be an area of
difficulty during the HSE pilot study, but modern digital satellite communications should generally
provide more than adequate technology and capacity to transmit the necessary data.

More importantly, the HSE study also highlighted the need for good human communications between
the forecaster and the offshore decision-maker. The forecaster needs to understand the objectives of the
offshore operation, and how forecast information will be used in the decision-making process. The
decision-maker needs to understand what the forecast is telling him, its reliability, accuracy and
limitations. This is true regardless of whether the product is a traditional wind/ wave forecast or a
vessel response forecast.

The need for good human communications is recognised explicitly by many operators during major
weather-sensitive offshore operations, where it is usual for a forecaster to be based offshore for the
duration of the operation. This allows decision-makers to have direct contact with the forecaster, so
that communications are as effective as possible. An added benefit is that the offshore forecaster can
monitor local weather conditions, and understand in detail the decision-making process. This type of
service is normal for heavy lift operations, and is becoming more common when installing subsea
components such as manifolds, risers, flowlines and TLP tethers.

The issues of communications, industry awareness and training came up several times during the
present study. Several contributors commented on the variable skill levels and experience of those
involved in decision-making offshore. Many of those making decisions on board offshore vessels now
come from an onshore background, and have little experience of marine issues.

One contributor commented that if his rig was West of Shetland, he would definitely use vessel
response forecasts. He continued: ‘A lot of negativity can surround these new tools, but how much of
this can be attributed to lack of understanding?’ Another contributor commented that RAOs are not
generally well understood by offshore personnel unless specific education or training has been given,
and very few shore-based managers have the skill set to make best use of the data. He quoted an
example where the combination of a marine-based OIM and a rig manager with a marine background
had contributed greatly to the successful use of response forecasting.

Achieving a better level of understanding is partly a matter of better communications, partly a matter of
making appropriate information and training available, and partly a matter of the industry becoming
generally more aware of new technologies such as response forecasting. The WMO Handbook [12],
cited earlier, is a valuable aid to understanding some of the important issues. The HSE and industry
bodies such as OGP, UKOOA, BROA and IADC also have a role in disseminating information and
promoting general industry awareness.
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5.3 RESPONSE FORECASTING SERVICES

A number of companies offer ship routing and management services, and these services sometimes
include vessel response forecasting. Response forecasting is incorporated, for example, in the Vessel
System Optimization and Safety System (VOSS) developed by Ocean Systems in association with
Oceanweather [3], and now widely used by tanker and container ship operating companies. VOSS is
based on using real-time on-board ship seakeeping prediction and ship routing software, combined with
weather models, hull and engine monitoring instrumentation, and digital satellite communications, to
assist ships’ captains to plan voyages, optimise fuel costs and avoid heavy weather damage. Shipboard
weather routing and seakeeping guidance systems, complemented by a small motion sensor package,
became available for merchant vessels during the early 1990s [24].

Oceanweather was also responsible for developing and operating the pioneering response forecasting
system used on board Discoverer Seven Seas during drilling operations in 2,000m water depth in 1983
[6], and continues to offer a broad range of metocean and forecasting services, including response
forecasting, to the marine and offshore communities [4].

A number of other companies worldwide offer response forecasting services, including the UKMO and
Fugro Geos in the UK. Both of these companies confirmed that their services continue to be used
regularly by offshore operators, mainly in connection with heavy lift and drilling operations. Users
have reported significant benefits from these services when combined with traditional wind and wave
forecasts. Response forecasting proved to be particularly valuable during a recent heavy lift operation.
One supplier commented, however, that marketing such a service is hampered by lack of convincing
and effective validation of the forecasting process for offshore operations.

A number of users and service providers commented on the economics of operating a response
forecasting service, and the charging basis for such services. One contributor commented that users
have become accustomed to paying relatively little for basic weather forecast information, and this
makes it difficult to sell response forecasting at a price that covers the set-up and running costs of an
operations and vessel-specific service.

One operator commented, however, that the costs of setting up a vessel-specific response forecast
model and using it during a typical offshore operation are insignificant in comparison with the
additional confidence provided. His company was pleased with the results from the response
forecasting pilot studies, and would continue to use response forecasting services when operating West
of Shetland.

Another operator noted that the commercial price charged for the service must be realistic in relation to
the value placed on the information by the operator. It would not be possible to justify paying a large
daily charge on a continuous basis, although this operator would pay for such a service on occasions
when he has to carry out a difficult operation in hazardous conditions, such a heavy lift operation West
of Shetland. In these conditions it would also be normal to have a forecaster dedicated to the project
and possibly offshore. An occasional one-off service of this type would be funded in a different manner
from a routine forecasting service.

One contributor suggested that users might welcome an extreme weather warning service, where the
user is only advised when forecast responses exceed a certain predetermined threshold level. This type
of service would again have to be funded on a different basis from a routine daily forecast.

5.4 ON-BOARD RESPONSE FORECASTING

Ship routing and management systems generally use computer systems on board the vessel to carry out
response forecasting and operational planning activities. On-board response forecasting systems could
be installed on board many offshore vessels, making use of existing computer and satellite
communications technology. An on-board system has a number of potential advantages over a shore-
based response forecasting service:

e [t can be tailored to meet the needs of individual field operations and users;
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e The only information that has to be transmitted to the vessel is traditional weather and
directional wave spectral data;

e It is relatively straightforward to take account of the vessel’s current or predicted future
operating condition;

e The response forecasting module can be integrated into the vessel’s on-board management
system, automatically linked to both the vessel’s monitoring system and to external metocean
services;

e [t enables the on-board user to investigate a range of ‘what if’ scenarios before making a
decision.

It is already common practice for operators to have software on board offshore installations to help
interpret and present information supplied by meteorological services. It would be possible to extend
this software to include a response forecasting ‘black box’ containing the formulae needed to convert
standard meteorological data into vessel response forecasts. The analysis would be performed using
either an in-built seakeeping program or RAO data in the form of pre-calculated look-up tables, and
could take account of the vessel’s condition on the day, such as its heading and load condition.

Such a system would have to be carefully designed, however, to minimise the need for specialist user
input or intervention, and to present the information in a format that can be readily understood and
interpreted by the user.

5.5 PRESENTATION FORMAT

The information supplied by the forecaster must be in a form that can be easily and quickly assimilated
by the non-expert user if such a service is used in routine offshore decision-making. It may also be
necessary to tailor the format to the needs of the individual user and for individual operations.

Operators involved with the first phase of the HSE pilot study [8] found that the forecast information
was too complicated and contained too much detail. A simpler and more visual form of presentation
was devised for the second phase of the study, and was much better received.

Contributors to the present study also commented on the need for a simple, easy-to-understand form of
presentation. One contributor expressed doubts about whether offshore operators could make use of
full wave spectral information even though the technology now allows it. Another commented on the
major efforts that have gone into the presentation of output from ship routing and performance
forecasting software to make it easy to use on board ships.

Encouraged by advances in computing and digital communications technology, forecast products are
now being made available in graphical screen-based formats, rather than as traditional tables of
numbers. Contributors to the present study welcomed this development, and drew attention to a service
provided by Nowcasting International, which uses traditional weather and metocean forecasts from a
range of different sources to provide near-term forecasts, and packages these in a convenient screen-
based format. One such form of presentation involves a display of forecast metocean parameters at
various times ahead, such as the wind speed, direction, wind and swell H; and 7, , and the current
speed and direction where available. This information is displayed over a grid of points surrounding the
location of interest, enabling approaching changes in weather conditions to be seen on screen. It is also
possible to display additional information such as wave spectra and time histories.

Operators consulted during this study praised Nowcasting International’s interface format, which
allows easy interpretation of forecast data, and provides an early and visible indication of impending
changes in metocean conditions. One operator noted that, although he has not so far considered
incorporating vessel response forecast data into the display, this would be feasible. Another contributor
noted that ‘anything that can be presented in a simpler form is better than the standard, hence my
preference for companies such as Nowcasting International’.

Commenting on the results from the HSE pilot study, one operator considered that it is important to
select appropriate time intervals over which to average data, and to smooth predictions where

necessary so that they do not display too many short-term variations due to ‘noise’ in the forecast
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weather. Rapid variations are distracting when trying to interpret the forecasts, and can lead to the
results being dismissed as unreliable.

5.6 FUTURE WORK

During this and earlier studies drilling rig operators expressed considerable confidence in the reliability
of response forecasts for predicting the heave behaviour of semi-submersible rigs in areas exposed to
ocean swell, and in the value of such forecasts for offshore decision-making. Heavy lift and crane
vessel operators also make extensive use of response forecasting services.

There is considerable uncertainty about the reliability of response forecasting for most other
applications, however, especially for FPSOs and FSUs, and major doubts about whether such forecasts
are of value in offshore decision-making. These doubts stem partly from genuine difficulties in making
accurate predictions about parameters of concern to operators (such a green water), and partly from a
lack of convincing validation data.

Providers and potential users of response forecasting services both need to gain confidence in the
reliability and practical benefits that are achievable, and operators are wise to be cautious about
adopting such services before these benefits are clear. Even a small number of false alarms or failures
to predict unacceptable conditions could quickly cause response forecasting to fall into disrepute, and
might cause genuine warnings to be ignored.

One of the original objectives of the HSE pilot study was to validate response forecasting for FPSOs
and FSUs, and to identify the level of reliability that can be achieved. Findings from this study were
clouded, however, by uncertainties in a range of factors including the validity and accuracy of vessel
motion RAOs supplied by operators, the appropriateness and accuracy of on-board measuring
equipment, parameters that had been measured and reported, sampling rates and statistics, and in the
definition and interpretation of parameters.

Further research is therefore still needed to develop and improve the accuracy of response forecasting
procedures for FPSOs and FSUs, and to validate these techniques. One obvious possible way to meet
this need would be to carry out a Joint Industry Project (JIP). Operators were pessimistic, however,
about the chances of success for a new research JIP in this area. Response forecasting is unlikely to be
seen as a high-priority topic by most companies, and the benefits are generally too remote and
uncertain. One operator nonetheless suggested that it would be worth bringing the topic to the attention
of the FPSO Forum and other industry bodies, in order to gauge their response. One contributor
commented that the pressure for such an investigation should ideally come from operators and end-
users rather than from the metocean community.

It might be more feasible to carry out the necessary work as an academic research study, mainly funded
by Government (e.g. through the EPSRC) or European Union, but with major support and a
contribution in kind from industry. Possible objectives of such a study might be to develop a better
initial understanding of what is required by operators and is achievable from response forecasting for
FPSOs and FSUs, to develop better models to meet these needs, to validate these methods carefully and
thoroughly against offshore measured data, and to identify the main sources of uncertainty in the
forecasting process.

The validation part of the study would not necessarily have to be carried out in real time. Existing
measured vessel motions data and archived metocean forecast data may be suitable for the purpose, but
it is essential that:

. Sufficient information is available to check each stage of the forecasting process, from the
original wave forecasts, through the response prediction model, to the information that would
be supplied to an end user;

. Measured records are examined carefully and critically;

. Discrepancies and possible errors in the data are discussed with the originators, and incorrect
or suspect data are rejected;
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Measurement instrumentation is fit for purpose, maintained properly, and measures to the
required level of accuracy;

There are no ambiguities regarding definitions of measured parameters or what the records
represent;

Reliable, up-to-date and appropriate RAO information is used in the forecasting model.
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6. CONCLUSIONS

This report reviews the role of vessel response forecasting as an aid to decision-making for weather-
sensitive offshore operations, and reviews recent work undertaken by the industry and HSE.

In an earlier HSE pilot study on response forecasting in 2000 and 2001, comparisons were made
between forecast and measured motions of a number of FPSOs/ FSUs and semi-submersible drilling
vessels operating in the North Sea. Findings from the HSE pilot study and an earlier BP pilot study are
reviewed; methods used to predict vessel motion responses are summarised, and key sources on
uncertainty and factors influencing response predictability are assessed. Potential applications of
response forecasting in offshore operations are then reviewed, together with issues raised in discussions
with potential users and providers of response forecasting services.

Key findings from this study were as follows:

It proved to be difficult to distinguish between the commercial benefits and health and safety
benefits of response forecasting, because each has an impact on the other. Response
forecasting may prove to be a useful tool to help manage the balance between commercial
benefits and health and safety risks.

Response forecasting has been used successfully offshore since the early 1980s as an aid to
decision-making during deepwater drilling and crane vessel operations in areas exposed to
ocean swell. Similar technology is also used in ship routing and vessel management software.
The technology needed to carry out response forecasting for these applications already exists,
and the methodology is well established.

The BP and HSE pilot studies demonstrated that it is feasible to combine traditional wave
forecasting with engineering models to predict the real-time response behaviour of floating
structures. Response forecasting offers long-term potential to replace some of the subjective
measures of performance currently used in offshore decision-making by more quantitative
measures of the vessel’s response, and usefully complements other forecasting services
currently used by the offshore industry.

There are likely to be particular benefits from response forecasting in cases where the vessel
has a resonant response at frequencies away from the peak of the wave spectrum (such as the
low-frequency resonant heave of a semi-submersible drilling rig or pipelay barge) in areas
exposed to ocean swell. Decisions based on a traditional wave forecast may not recognise the
highly frequency-dependent nature of the response.

Drilling rig operators who took part in the pilot studies generally found that the heave motion
information obtained from response forecasts was useful in day-to-day decision-making,
helping them to decide when to disconnect the riser and hang off in a timely and safe manner.
The forecasts generally matched their subjective judgements, and were considered to be
accurate.

It is more difficult to predict reliably the motions of monohull (ship-shaped) vessels such as
FPSOs and FSUs. Motions of such vessels are generally sensitive to changes in their heading
and loading condition. These parameters vary from day to day on an FPSO or FSU due to
changes in the environment or operational requirements.

Another difficulty for FPSOs and FSUs is that some of the parameters of greatest concern
from a health and safety standpoint (such as the occurrence of green water on deck, or the
behaviour of attached shuttle tankers) are difficult to predict, and depend on a complex range
of parameters. Indicative information about susceptibility to green water may be obtained
from the GreenLab software, but better understanding will be needed before this information
can be converted into a reliable response forecasting tool.

The BP and HSE pilot studies stressed the importance of having accurate and up-to-date
vessel motion RAO information for use in the response model, which take account of any
major modifications to the vessel, and take account of day-to-day variations in its loading
condition and heading.
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There may be a potential role for response forecasting in helping to reduce the number of
helicopter journeys that are aborted on arrival because the helideck motions are too large for a
safe landing, and in helping to predict conditions in which the helideck may become unsafe
after landing due to a change in environmental conditions.

Table 1 summarises key findings from a review of the current status of response forecasting in
relation to offshore operations.

Table 1 - Summary of operations, applications and status of response forecasting.

Operation/ application Status

Semi-submersible drilling operations  Response forecasting tools are available, and have

in areas exposed to ocean swell been found to be useful.

Crane vessel and heavy lift Response forecasting tools are available, and have

operations been found to be useful.

FPSOs and FSUs Response forecasting tools will require further
development and validation before they are useful.

Green water and water impact Software is available to assess susceptibility to

prediction green water. Further research will be needed before
such tools are used in offshore decision-making.

Shuttle tanker operations Other tools are under development.

Helicopter operations There may be potential to develop a response

forecasting tool to improve logistics planning and
operational efficiency.

Diving support and supply vessels Traditional weather forecasts are generally
sufficient, though there may be a role for response
forecasting in crane operations.

Emergency rescue and recovery Human and other factors often determine safe
operating limits. No obvious application for
response forecasting.

Jack-ups in transit Local weather forecasts specific to the rig move are
generally required for wet tows. Vessel routing tools
are under development for dry tows.

Good communications between forecasters and decision-makers are essential to make
effective use of response forecasting. The HSE and industry bodies have a role in
disseminating information and in promoting general awareness of new technologies such a
response forecasting.

A simple, user-friendly and preferably graphical presentation format is essential to allow
decision-makers to make effective use of forecast information. Commercial factors and
pricing were also considered to be important issues for a response forecasting service.

On-board response forecasting systems could be installed on board many offshore vessels,
making use of existing computer and satellite communications technology. An on-board
system has a number of potential advantages over a shore-based response forecasting service.

Providers and potential users of response forecasting services both need to gain confidence in
the reliability and practical benefits that are achievable, and operators are wise to be cautious
about adopting such services before these benefits are clear. Even a small number of false
alarms or failures to predict unacceptable conditions could quickly cause response forecasting
to fall into disrepute, and might cause genuine warnings to be ignored.
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Further research and careful validation studies are needed in some areas (e.g. FPSOs and
FSUs) to help establish response forecasting as a useful and reliable tool. Successful
validation will depend on having reliable, good-quality measured data. The quality of existing
data measured offshore varies substantially, however, and considerable effort may be needed
to extract meaningful information.

It seems unlikely that operators will regard response forecasting as a high-priority research
topic for a Joint Industry Project, but it may be a suitable topic for a study funded by
Government (e.g. through the EPSRC) or by the European Union.
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7. ABBREVIATIONS

BMT Fluid Mechanics Limited

British Rig Owners Association

UK Civil Aviation Authority

Dynamic positioning

Diving support vessel

Engineering and Physical Sciences Research Council
Emergency rescue and recovery vessel
Emergency shut-down

Floating production storage and offloading

Fast rescue craft

Floating storage unit

Significant wave height

UK Health and Safety Executive

International Association of Drilling Contractors
Joint industry project

Offshore Installations and Pipeline Works (Management and Administration)

Regulations

Maritime Research Institute Netherlands
Mandatory occurrence report

Motion severity index

Oil Companies International Marine Forum
Response amplitude operator

Remotely operated vehicle

Stand-by vessel

Tension leg platform

Spectral peak wave period

Mean zero up-crossing wave period
United Kingdom

UK Continental Shelf

UK Meteorological Office

UK Offshore Operators Association
Wind speed

World Meteorological Organisation
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APPENDIX A: RESPONSE PREDICTION FORMULAE

A1. EQUATIONS OF MOTION

The following standard textbook formulae [13, 14, 15, 25] are typical of those used to predict the
motions of ships and floating structures in waves, and of formulae likely to be used in vessel motion
response forecasting models. Equations describing the motions of a ship or floating structure in waves
are often assumed to take the linearised form:

(M+A)X + Bx + Cx = F(¢)

where X is a six-component vector describing the vessel’s rigid-body motions in surge, sway, heave,
roll, pitch and yaw, F is a six-component vector describing the wave forces and moments acting on
the vessel in the corresponding directions. Dots denote differentiation with respect to time ¢. Thus X
and X represent the vessel’s six-degree-of-freedom velocities and accelerations respectively. The 6x6
matrices M, A, B and C describe the vessel’s structural mass, hydrodynamic added mass, damping and
hydrostatic stiffness properties respectively.

For the purpose of this report it is convenient to simplify the system further, and consider a single
degree of freedom equation:

M+A)X + Bx + Cx = F@©)
Ship seakeeping theory is usually based on linear Airy wave theory in which the wave surface, forces
acting on the vessel and its responses in regular waves of amplitude a and period 7, travelling in a
direction 6, are described in terms of quantities that vary sinusoidally with time. The response and
force may be defined in terms of complex quantities:

x = xgexp(iot), F = aFy(@)exp(iwt)
where the angular frequency @ = 27/T. This enables the equation of motion to be written:

(=M + Aw* + iBw + Clx, = aFy(8)

The solution xy, may therefore be expressed in the form:

aF,(0)
Xy = 3 -
-M+Aw° + iBw + C
or alternatively:
X = aH(f.0)
where f = @/27x, and:
F,(6
H(/.0) = 0©

-(M+A)@* + iBo + C
The response amplitude operator (RAO) for a specific degree of freedom is the absolute value of H:
RAO(f.,6) = |H(f,0)|

The hydrodynamic added mass and damping matrices, A and B, and the wave force F in the above
equations may be calculated using either strip theory (in the case of a conventional ship form) or three-
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dimensional linear wave diffraction theory (for more general structures). Most of these programs also
calculate the response amplitude operators as a function of frequency and heading, and some also allow
terms such as quadratic roll damping to be represented. RAOs may alternatively be obtained
experimentally from model tests performed in a wave basin.

A2. SPECTRAL RESPONSE

Having calculated the vessel’s motion response amplitude operators using the procedure described
above, the following textbook equations [15, 25] may then be used to convert wave spectral
information, such as would be available from a wave forecasting service, into vessel response statistics.

The sea state is likely to be defined in terms of its directional wave spectrum, S (f, 8), where f is the

wave frequency and @ is the wave direction. The vessel’s heave response spectrum may then be
calculated using the formula:

Se(f) = j S(f.6) RAO>(f.6) o
0

where RAO (f, 6) is the response amplitude operator describing the amplitude of the vessel’s motion
response per unit wave amplitude, as a function of frequency and direction. The standard deviation of
the response is then oy , calculated from the area under the response spectrum:

ox’ = myy = [ Sp(Hdf
0
If the response spectrum is narrow-banded, the response is Rayleigh distributed, and the significant

out-to-out response is:

Ry, = 4oy

and the most probable maximum, MPMpy, and the expected maximum, EMy, single-amplitude
responses in a time interval 7 may be calculated using the formulae:

MPM, = oy Zln(i)
Rz

EMy = o] |20y + — 2L
T, T
ke [21n(——)

TRz

where ¥ is Euler’s constant = 0.5772, Tk, is the mean zero up-crossing response period, which is
obtained from the variance and second-order moments of the spectrum as follows:

_ .
L mey = [ £7 S(Hdf
Mg2 0

The relevant exposure period 7 will depend on the weather-dependent operation in question and the
parameters of concern. 7 may be the time taken to carry out an operation, or the time required to
achieve a safe condition after a forecast of adverse weather has been received, or the duration of a
storm, depending on circumstances.
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The directional wave spectrum, S (f, ) must provide information about wave energy over the
frequency range that is relevant to the response in question. Thus if the objective is to predict low-
frequency heave motions of drilling rigs, the wave spectrum must contain information about energy in
long-period swell waves, and must resolve the wave spectrum finely enough to define the heave natural
response peak.

If suitable wave spectral data are not available, and the only information available is the significant
wave height, H;, and peak spectral period, 7, (or mean zero up-crossing period 7T) it will then be
necessary to use a standard textbook wave spectral model defined by these parameters. A number of
such models are in common use, such as the Pierson-Moskowitz and Bretschneider spectra to represent
fully-developed ocean waves, or the JONSWAP spectrum to represent fetch and duration-limited
conditions.

A theoretical model of directional wave spreading may also be required if the response of the vessel is
particularly sensitive to wave directionality.

Particular care may be needed if both swell waves and a wind sea are present, and these come from
different directions. These two components should then be defined using separate values of H; and 7,
for each component, and separate directional wave spectra.

When the above formulae are evaluated numerically the infinite integrals have to be replaced by finite
sums. The upper and lower limits of the sum must be chosen carefully so that they cover the full range
of important natural response frequencies, and, as noted above, the frequency steps must be resolved
finely enough to define the vessel’s narrow-band natural response peaks. Special care will be needed
when the periods of these responses are very long and the motions are lightly damped.
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