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139 South Meals, Suite 202  Drive, P.O. Box 3089 

Valdez, Alaska   99686 
907/835-5957 Fax 907/835-5926 

 
 

Date: March 9, 2010 
 
Subject: Analysis of SAFETUG Wave Spectra with Respect to PWS Wave 
Conditions—Project Report 
 
To:   SAFETUG Data Analysis Project Team 
 
From: Wave Analysis Sub-Committee (John French, Tom Kuckertz, Steve Lewis, 
and Stan Stephens) 
 
GENERAL.  
PWSRCAC’s participation in the Maritime Institute of the Netherlands’ (MARIN) joint 
industry projects, SAFETUG I and II, has produced considerable quantities of data and 
tug information that are of interest to PWSRCAC.  The SAFETUG Data Analysis Project 
was formed to analyze the SAFETUG data and information and to report the findings 
with respect to their applicability to the Prince William Sound (PWS) tug escort system 
to the Board.  By forming a project broadly representative of board members, committee 
members, and staff, it is expected that the SAFETUG data analysis project will enhance 
understanding of SAFETUG and its applicability to accomplishing PWSRCAC’s 
mission of “citizens promoting environmentally safe operation of the Alyeska terminal 
and associated tankers.”   
 
The SAFETUG I and II, joint industry efforts, were devoted to testing the ability of 
Voith water tractors (VWTs) and azimuthing stern drive tugs to perform escorting and 
berthing operations.  The tests were performed with real tugs on the open water (North 
Sea) and using scale models in wave tanks at MARIN.  In accordance with the testing of 
physical systems, energy with specific properties is used to excite the system (i.e. the 
VWT and ASD tugs and models) and the behavior of the system with respect to the 
excitation is observed.  Actual North Sea testing had to use sea conditions found at the 
time and place of the test; however, wave tank tests could be done using a wide variety 
of controlled or simulated “sea states” with which to test scale model tugs.   
 
PWSRCAC is interested in answering the following question: “Are the waves with 
which the SAFETUG studies were conducted the same as might reasonably be found in 
Prince William Sound and the Gulf of Alaska?”   To answer this question we will 
compare the wave spectra used in the SAFETUG testing to the wave conditions in 
Prince William Sound and the Gulf of Alaska.   
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WAVE-HEIGHT-PERIOD ENERGY SPECTRA.  
As is customary in the testing of systems, the driving energy is typically specified as a 
spectral density.  For the SAFETUG research, the exciting spectra are the probabilities 
that waves of a specified height and having a specified period will occur in a portion of 
the ocean wherein operations of the tested vessel are to occur.  Fourier transform theory 
states that if one can test the system with the complete energy spectra and if the system 
is linear then all possible behavior of the tested system can be identified and observed.   
 
Typically, one cannot drive a system with the complete energy spectra and most 
systems are nonlinear.  Nevertheless, useable test results are possible if the spectra used 
to drive the test are reasonably representative of the conditions under which the system 
is expected to operate and is also reasonably representative of the conditions limiting 
such operations.  When all is said and done one expects that the testing will yield 
knowledge of the conditions under which the system will perform its expected function 
and those conditions under which it will not.   
 
A generalized example of operability regions superimposed on energy spectra is shown 
in Figure 1.  If the figure pertains to operation of a tested tug, the wave-height-period 
spectra of Figure 1 show areas where operations are possible and those areas (i.e. wave-
height and period combinations) wherein operations are not possible.  Note that various 
criteria (e.g. Hinchinbrook Entrance closure conditions, etc.) can be compared to the 
operability areas.  At this point, PWSRCAC is interested in determining the extent to 
which the SAFETUG I and II results are applicable to PWSRCAC’s interests.  Ideally, 
one would like for the end result of the project to be plots specific to the Enhanced 
Tractor Tugs (ETTs) and Prevention Response Tugs (PRTs) that currently make up the 
PWS tug escort fleet.   
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Figure 1 

Generalized Regions of Operability Overlaying Wave-Height-Period Spectra 
 
The wave period (namely, the length of time between waves) is a very important 
concept and there are several definitions of wave period to consider.  The energy found 
in wave spectra tends to be grouped among a set of periods.  A generalized example of 
this is shown in Figure 2 with energy spectra versus frequency (1/period) plotted 
against frequency.  As indicated in Figure 2, there are three periods of interest: (1) the 
wave period occurring most frequently and also known as the peak period and 
represented by the symbol TP; (2) the average of the lengths of all periods observed and 
represented by the symbol T1; and (3) the average of all periods defined by the up-
crossing of the average sea level to the next up-crossing and represented by the symbol 
T2.  These periods are related  
 

TP < T1 < T2 
 
For JONSWAP spectra, the relationships between the periods are shown in Table 1.   
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Figure 2 

 

 
Table 1 

 
TEST POINTS WITH JONSWAP AND PWS WAVE SPECTRA.  
The SAFETUG I and II studies were performed in Europe and considered European 
(North Sea) sea conditions in executing the SAFETUG I and II project.  Specifically, the 
JONSWAP (Joint North Sea Wave Project) wave spectra were used as the starting point 
for the studies.  A recent study (Reference 1) commissioned by the Prince William 
Sound Science Center reports the statistics for meteorological conditions on annual and 
semi-annual bases for Prince William Sound and the Gulf of Alaska near the 
Hinchinbrook Entrance.  The SAFETUG tested wave conditions will be compared with 
wave-height-period spectra of Reference 1.   
 
To verify compatible period terminology, the period definitions used in each study are 
listed in Table 2.  Note that SAFETUG studies used the average period (T1) in some of its 
reports and whereas the PWS Meteorological Study did not reference mean periods.  
Additionally, The PWS Meteorological Study referenced an average crest-to-crest 
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period not used in the SAFETUG studies.  The terminology for TP and T2 represent the 
same type of period in both studies.   
 

Period Symbol SAFETUG Usage PWS Met Report Usage 
TP Peak Period Modal (Peak) Period 
T1 Mean (average) period  
T2 0 Up Crossing Period Average Period (0 crossing) 
T4  Crest to crest period 

Table 2 
 
The North Sea (JONSWAP) wave-height-period spectra are shown in Figure 3.  As noted 
previously, testing with complete spectra was not feasible.  Six test points, shown as the 
red dots in Figure 3, were deemed by MARIN to be a reasonable covering of the 
JONSWAP spectra.  These six points are associated with the wave conditions under 
which the tugs are expected to perform their missions.  Extensive testing was 
performed in the wave tanks simulating the wave conditions represented by these six 
points in the wave-period spectra.  Additional, testing was performed by MARIN to 
verify stability of the tugs in extreme waves.  The seven extreme-wave test points are 
shown overlaying the North Sea wave-height-period spectra in Figure 4.  Waves having 
significant heights of 35 feet are included in the set of extreme test points.  These 
represent extreme conditions for the North Sea; but, do they represent extreme 
conditions of PWSRCAC interest? 
 
In order to compare wave-conditions of the North Sea with those of Prince William 
Sound and the Gulf of Alaska, the plots used must use the same definitions for periods 
and waves on their respective axes.  SAFETUG reports and the PWS Meteorological 
study both use the same definition (significant wave height) for wave height; however 
the SAFETUG wave-height-period spectra (and the locations of the test points) are 
represented in terms of T2 (0 up-crossing period) while the PWS Meteorological Study 
represents its wave-height-period spectra in terms of peak period (TP).  For the purposes 
of the comparisons of test points in the PWS vs. JONSWAP spectra, the test points need 
to be located correctly on the spectra to be compared.   
 
As Reference 1 indicates, the most desirable period to use is the zero up-crossing period 
(T2).  Indeed, the JONSWAP spectra are represented using T2; however, the PWS 
Meteorological Study represents its spectra in terms of the peak period (TP).  The 
relationship between TP and T2 for the JONSWAP spectra is shown in Table 1.  This 
allowed for conversion of the test points shown in the JONSWAP spectra to TP periods 
that allow comparison with the PWS Meteorological Study spectra.  The test points are 
tabulated in Table 3 using both TP and T2.   
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SAFETUG Wave Conditions Used in Testing 
Wave 
Peak 
(Modal) 
Period ‐ 
Tp (s)  

Signif Wave 
Height (m) 

Signif Wave 
Height (ft) 

Zero Up‐
Crossing Period 
‐ T2 (s) 

Driver or 
Point ID 

Testing 
Purpose    

6.0  1.0  3.3  4.7  Wind  Wave Tank and Operations 
6.0  1.5  4.9  4.7  Wind  Wave Tank and Operations 
6.0  2.3  7.5  4.7  Wind  Wave Tank and Operations 

10.0  1.0  3.3  7.8  Swell  Wave Tank and Operations 
10.0  2.5  8.2  7.8  Swell  Wave Tank and Operations 
10.0  4.0  13.1  7.8  Swell  Wave Tank and Operations 

                    
10.9  10.5  34.5  8.5  Extreme ‐ A  Ultimate Stability Tests 
9.3  10.5  34.5  7.3  Extreme ‐ B  Ultimate Stability Tests 
9.3  8.3  27.1  7.3  Extreme ‐ C  Ultimate Stability Tests 
9.3  6.3  20.5  7.3  Extreme ‐ D  Ultimate Stability Tests 
9.3  4.3  13.9  7.3  Extreme ‐ E  Ultimate Stability Tests 
7.4  7.3  23.8  5.8  Extreme ‐ F  Ultimate Stability Tests 

7.4  5.3  17.2  5.8  Extreme ‐ G  Ultimate Stability Tests 

Table 3 
 
TEST POINTS AND NORTH SEA SPECTRA.  
The North Sea JONSWAP wave-height-period spectra are shown in both Figure 4 and 
Figure 5.  The spectra themselves are the small black numbers that represent the number 
of times out of a total of 1006 measurements that waves with a particular height and 
period occurred.  Note that the horizontal axes are scaled in terms of zero-up-crossing 
periods.  The vertical axes are scaled in terms of significant wave height.  The significant 
height is defined as the average of the highest one-third of the wave heights.  The areas, 
more or less, in the lower left are associated with wind-driven waves while the areas in 
the lower middle are associated with swell-driven waves indicating that the six test 
points associated with routine operations have been appropriately located in the wave-
height-period space.  The upper portion of the figures show the spectra associated with 
extreme waves with more extreme as height increases.  The seven extreme-wave test 
points appear to cover the extreme-wave portion of the JONSWAP wave-height-period 
spectra as shown in Figure 4.   
 
TEST POINTS AND PRINCE WILLIAM SOUND / GULF OF ALASKA SPECTRA.  
The Prince William Sound Meteorological report (Reference 1) provides statistics on 
meteorological conditions at seven locations in Prince William Sound and the Gulf of 
Alaska: Port Valdez, Valdez Narrows--Middle Rock, Valdez Arm—Potato Point, Bligh 
Reef, Central PWS—West Orca Bay, Western PWS, and Hinchinbrook Entrance—Seal 
Rocks).  Summer, winter, and annual wave-height-period spectra from West Orca Bay 
(central Prince William Sound) and Seal Rocks (Gulf of Alaska) were chosen for 
analysis.  The analyses conducted consist of locating the six test points associated with 
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routine operability of the SAFETUG tugs on the wave-height-period spectra 
representing summer, winter, and average annual conditions at West Orca bay and Seal 
Rocks.  The extreme wave test points were not plotted on these spectra because they 
exceed the wave heights for which the spectra have been presented and these test points 
are associated with stability rather than the tug’s ability to perform its mission.   
 
In several respects the spectra as taken from the Prince William Sound Meteorological 
Report are represented in slightly different fashion than the JONSWAP spectra of Figure 
3 and Figure 4.  The PWS spectra have significant wave heights associated with the 
horizontal axis and wave periods associated with the vertical axis whereas wave 
periods are associated with the horizontal axis on the JONSWAP spectra and wave 
heights are on the vertical axes of the JONSWAP spectra.  Additionally, the PWS spectra 
are plotted in terms of peak period (TP) rather than the zero-up-crossing period (T2) of 
the JONSWAP period.  The six test points, using the symbol “o,” were properly located 
in the PWS spectra according to the equivalencies shown in Table 3.   
 
The PWS spectra contain some additional information not found in the JONSWAP 
spectra as used by SAFETUG.  These include the region of a fully developed wind 
driven sea (i.e. driven by winds in the same direction over a very long fetch for a very 
long time).  The spectra themselves are given in terms of percentages of expected 
occurrence.  The colored portion of the spectral plots indicates the area over which most 
of the wave energy will be found.  The coloring allows one to easily discern the peaks 
(i.e. the areas of greatest probability of occurrence) in the spectra.  Depending on the 
size of the area of coloration, the coloration boundary occurs in the range of 1.00% to 
0.25%.  Waves represented by the peaks (orange coloration) typically have a probability 
of occurrence ranging from 7.5% to 2.5%.  Note that all probabilities of occurrence must 
sum to 1.00.  The axes display the cumulative probabilities in wave height and wave 
period.  Indeed, they sum to 1.00 (or 100%).  All waves have thus been included in the 
spectra and the spectra might be deemed complete.   
An examination of the PWS spectra will reveal that five of the six test points are located 
in the full wind driven region of the PWS spectra.  As in the JONSWAP spectra, the 
lower left portion of the spectra is the portion in which “easy” operability of the tugs 
might be expected.  That portion to the left and up is where operation is expected to be 
more difficult or impossible.  Note that the PWS spectra do not show waves with 
heights in excess of 5 meters (15 feet).  This is not an issue for waves within Prince 
William Sound; but it does appear to be an issue or perhaps a data gap for the Gulf of 
Alaska.   
 
ANALYSIS OF PRINCE WILLIAM SOUND SPECTRA.  
The spectra for West Orca Bay for summer, winter, and annually are given in Figure 5, 
Figure 6, and Figure 7 respectively.  A cursory examination of the spectra associated with 
the other stations within Prince William had wave-height-period spectra that were 
considerably less severe than the West Orca Bay.  Consequently the spectra for these 
stations were not analyzed.   A close examination of the West ORCA Bay spectra reveals 
that they reasonably complete both with respect to season and annually.  As one might 
expect, waves are smaller during the summer and higher during the winter.  All of the 
waves tend to be less than 5 (15 feet) meters in height regardless of season and are 
mostly less than 2 to 3 meters (6 to 9 feet) in height.   
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An interesting feature of the West Orca Bay spectra is its multi-modality (i.e. multiple 
peaks).  The JONSWAP spectra are not multi modal.  The West Orca Bay spectra are tri 
modal in the summer and bimodal in the winter.  Regardless of season the peaks in the 
spectra occur for waves with heights of less than 1 meter (3 feet).  The tails (i.e. areas of 
low but not zero probabilities of occurrence) run to no more than approximately 4 
meters in height with very small probabilities of occurrence in the area of extreme wave 
steepness.  More waves having extreme steepness at heights of concern occur in the 
winter than in the summer in central Prince William Sound.   
 
At this point we want to ask the question: “Are the waves with which the SAFETUG 
analyses were conducted the same as might reasonably be found in Prince William 
Sound (i.e. West Orca Bay)?”  For a JONSWAP spectra 1% (Figure 3 or Figure 4) of the 
waves have a period longer than 9 to 10 seconds, 2% of the waves have period shorter 
than 4 seconds, and 3% of the waves have a height in excess of 5 meters.  For the West 
Orca Bay spectra during wintertime (Figure 6) (the most severe season), waves having 
periods of 15 seconds or greater occur 3% of the time, waves having periods of 5 
seconds or less occur 26% of the time, waves having a height of 2.4 (7.5 feet) meters or 
greater occur 1% of the time, and waves having a height in excess of 4.5 meters do not 
occur.  Except for the multimodal characteristics, the JONSWAP spectra compares 
reasonably with the West orca Bay SPECTRA.  The peak in the spectra are primarily 
confined to wave heights less than 1 meter (3 feet) and, except for small waves, the test 
points cover the West Orca Bay spectra for those areas where operability on a routine 
basis is expected.  Consequently, the safe tug test results are based upon wave data 
representative of the waves to be found within Prince William Sound.  It is reasonable 
to next compare the performance of tugs used in the SAFETUG studies with the tugs 
operating in the PWS escort system.   
 
ANALYSIS OF GULF OF ALASKA SPECTRA.  
The wave-height-period spectra for the Gulf of Alaska near Hinchinbrook Entrance at 
Seal Rocks are shown in Figure 8, Figure 9, and Figure 10 for summer, winter, and 
annually respectively.  It is unknown if the Seal Rocks spectra are representative of 
other regions in the Gulf of Alaska.  A close examination of the Seal Rocks spectra 
reveals that they are reasonably complete both with respect to season and annually 
except that approximately 1% of the waves have heights exceeding 4.5 meters (14 feet).  
There are more large waves during winter.  As one might expect, waves are smaller 
during the summer and higher during the winter; however, the waves at Seal Rocks 
tend to have significantly greater heights than at Orca Bay and the peaks in the spectra 
are much broader with respect to height than at West Orca Bay.   
 
Meteorological data associated with waves at Hinchinbrook and Seal Rocks are 
problematic in several respects.  The buoys at Seal Rocks and other instrumentation at 
Hinchinbrook are known to saturate at wind and velocities and wave heights of interest 
to PWSRCAC.  The measurements produced tend to be underreported.  That is the 
waves may be higher and the winds may have greater velocities than actually 
measured.   
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Wave action at Hinchinbrook is driven by meteorological components not considered in 
the JONSWAP spectra.  Specifically, currents in the Hinchinbrook Entrance, crosswinds 
(to wave direction), and steepness of large waves were not considered in the SAFETUG 
analyses and their use of the JONSWAP spectra.  SAFETUG studies were appropriate to 
the open North Sea without the channeling caused by tides at Hinchinbrook.  Severe 
winds, at times crosswise to the direct ion of wave travel are known to occur at 
Hinchinbrook and further out in the Gulf of Alaska.  Although wave steepness is 
implicitly considered when using JONSWAP, explicit steepness data is available in 
Reference 1 that may prove useful if considered in any evaluation of waves at 
Hinchinbrook and in the Gulf of Alaska.   
 
As with the spectra from West Orca Bay, the Seal Rocks spectra are multimodal, bi 
modal at Seal Rocks.  Unlike the West Orca Bay spectra, the Seal Rocks spectra have 
broad peaks with respect to wave height extending to almost 4 meters (12 feet) of wave 
height.  The broadness of the spectra extends into the extreme steepness portion of the 
spectra and significantly into the swell and its steepness issues portion of the spectra.  
In both winter and summer, the Seal Rocks spectra is indicative of considerably more 
severe seas than will be found at West Orca Bay.  As navigators of the seas near Seal 
Rocks already know, large swells and steep waves occur with considerably greater 
frequency than in Prince William Sound itself.   
 
At this point we want to ask the question: “Are the waves with which the SAFETUG 
analyses were conducted the same as might reasonably be found in the Gulf of Alaska 
(Seal Rocks)?”  For a JONSWAP spectra 1% (Figure 3 or Figure 4) of the waves have a 
period longer than 9 to 10 seconds, 2% of the waves have period shorter than 4 seconds, 
and 3% of the waves have a height in excess of 5 meters.  For the Seal Rocks spectra 
during wintertime (Figure 9) (the most severe season), waves having periods of 15 
seconds or greater occur 5% of the time, waves having periods of 5 seconds or less occur 
5% of the time, waves having a height of 2.4 (7.5 feet) meters or greater occur 4% of the 
time, and waves having a height in excess of 4.5 meters occur 1% of the time.  
Considerable differences between the JONSWAP spectra and the Seal Rocks spectra are 
apparent with the Seal Rocks spectra representing more severe seas than that 
represented by the JONSWAP spectra.  The wintertime peak extends to 3 meter waves 
that have steepness issues at long and short periods not found in the West Orca Bay 
spectra.  The six test points do not bracket the primary peak in the wintertime 
indicating that this set of points (at which operability might be presumed) is incomplete 
with respect to verifying applicability of SAFETUG results to operability in the Gulf of 
Alaska.  The SAFETUG test results are applicable to summer time operability most but 
not all of the time.  Testing at, perhaps three test points having 12 second periods  and 
wave heights to 5 meters is necessary for SAFETUG to be complete applicable to 
operation in the Gulf of Alaska.  It is reasonable to next compare the performance of 
tugs used in the SAFETUG studies with the tugs operating in the PWS escort system.   
 
SUMMARY.   
The SAFETUG Data Analysis Project Team was formed to help determine the 
applicability of SAFETUG I and II results to PWSRCAC’s interests in the PWS tug fleet 
and to create a better understanding of the SAFETUG results throughout PWSRCAC.  A 
first step in evaluating the applicability of the SAFETUG results is to determine the 
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extent to which the wave-height-period spectra used to drive SAFETUG simulations 
and testing is appropriate to sea conditions in Prince William Sound and the Gulf of 
Alaska.  Comparison of spectra used in the SAFETUG testing with spectra from a study 
conducted for the Prince William Sound Science Institute indicated that the North Sea 
Spectra is reasonably comparable to the spectra for central Prince William Sound.  As a 
consequence, the waves used in the SAFETUG studies are reasonably comparable to the 
wave conditions of central Prince William Sound.   
 
The comparison with the wave-height-period spectra for the Gulf of Alaska is 
problematic in that the more severe sea conditions that can be found in the Gulf of 
Alaska and at Hinchinbrook Entrance are not present in the North Sea spectra.  The 
extent to which SAFETUG studies are applicable to those wave conditions more severe 
than those of the JONSWAP spectra is unknown.  The SAFETUG results appear to be 
mostly applicable to tug operations in Prince William Sound but more testing with 
longer period waves is needed to confirm applicability to operations in the Gulf of 
Alaska.   
 
RECOMMENDATIONS.   
1.  Conduct more testing of the SAFETUG models with the longer period and perhaps 
steeper waves associated with extreme conditions of the Gulf of Alaska. 
 
2.  Proceed with the next step of the SAFETUG Data Analysis project to compare the 
performance characteristics of the SAFETUG models and tugs with the performance 
characteristics of the Enhanced Tractor Tugs (ETTs – Nanuq and Tan’erliq) and the 
Prevention Response Tugs (PRTs – Attentive, Aware, and Alert). 
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Figure 3 
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Figure 4 

 

 North Sea  source GWS Annual, All Directions  



4-8 Attachment  

SAFETUG Wave Analysis Report Draft (Rev 01) Page 13 of 19 

 
 
 

 
Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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