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ABSTRACT
Gray et al. (2003) have identified channel width as an emerging important feature of channel design.
In this paper a powerful new procedure is advanced for the analysis of navigational aberrancy and
channel width requirements. The procedure combines fast-time Monte Carlo maneuvering
simulations with least squares regression of extreme value functions and the application of order
statistics methods. Minimum required navigation channel width (between bridge piers) was estimated
by the authors using the PIANC (Permanent International Association of Navigation Congresses)
concept design method, fast-time Monte Carlo maneuvering simulations, and full-mission, real-time
simulation. Excellent agreement between the fast-time Monte Carlo and full-mission, real-time
simulation is reported.

Fig. 1 Gravina access project alternatives

tonnage of waterborne commerce through Tongass
Narrows has seen a decreasing trend over the past
decade the total number of vessel transits has seen an
increasing trend and the character of the marine traffic
has been shifting from commercial cargo towards cruise
ships.
As indicated in Table 1 there were over 519 cruise
ship calls at Ketchikan in 2001 and 385 of those calls
were by large cruise ships. Overall, cruise ships calling
at Ketchikan carried over 650,000 passengers in 2001.

PART I
INTRODUCTION
Tongass Narrows is the most heavily trafficked
waterway in Alaska. The U.S. Army Corps of
Engineers Waterborne Commerce Statistics Center
reports nearly 14,000 vessel trips in or through Tongass
Narrows in 1999 (the latest year for which final
statistics have been compiled). While total cargo
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Table 2 presents the design vertical clearance and
approximate natural channel width for all bridge
alternatives, and Table 3 presents statistics of the
effective navigational widths of the natural channels for
large cruise ships. The effective natural channel widths
are determined at the 5 fathom depth contour
perpendicular to the nominal navigational track.
Alternatives C3(a)/C4. Alternatives C3(a)/C4 are
the two bridge alternatives with vertical clearance
suitable for large cruise ships.
Alternatives C3(b) and D. The 120-foot vertical
clearance of alternatives C3(b) and D is suitable for
such AMHS ferries and small cruise ships, but
unsuitable for large cruise ships.
Alternative F1. Alternative F1 comprises a bridge
with vertical clearance suitable for large cruise ships
over East Channel, the channel currently favored by
large cruise ships, and a bridge with 120-foot vertical
clearance over west channel, affording passage for
AMHS ferries.
Alternative F3. Alternative F3 comprises a bridge
across East Channel with a vertical clearance of 60 feet
and a bridge across West Channel, with a vertical
clearance suitable for large cruise ships. The 60-foot
bridge is not suitable for cruise ships, AMHS ferries,
Inter-Island Ferry Authority ferries, or the larger U.S.
Coast Guard cutters.

Table 1
2001 Cruise Ship Traffic Calling at Ketchikan
Ship Size

Passengers

Ships

Port Calls

Small

11,962

24

134

Large

640,524

15

385

Total

652,486

39

519

The year-to-year increase in the annual cruise ship
passengers has increased at a rate averaging 37,700
passengers each year over the past twelve years. Large
cruise ship traffic is projected to increase to at least
450, and perhaps as many as 700, port calls by 2020.
Currently Ketchikan averages 3 large cruise ship
calls per day during mid-summer and on peak days
Ketchikan is visited by 5 large cruise ships. According
to high estimate projections the average daily port calls
by large cruise ships could grow to 5 by the year 2020.
In addition to cruise ships Ketchikan hosts about
1000 annual scheduled departures by vessels of the
Alaska Marine Highway System (AMHS). During a
recent August AMHS made 116 port calls at Ketchikan.
Tongass Narrows also serves as an important
waterway for commercial barge traffic, major U.S.
Coast Guard vessels, commercial fishing vessels, and
countless private recreational watercraft.

Table 2
Gravina Access Project Bridge Alternatives

GRAVINA ACCESS PROJECT

Bridge Design Vertical
Class of
Alternative
Clearance
Design Vessel
(feet)
C3(a)
185 or 200 Large Cruise Ships

Tongass Narrows separates the city of Ketchikan,
located on Revillagigedo Island, from The Ketchikan
International Airport on Gravina Island.
Access
between Ketchikan and its airport is currently
accomplished via a short ferry crossing at location C4
in Figure 1. The Alaska Department of Transportation
and Public Facilities is investigating ways to improve
access to Gravina Island, both to improve access to the
airport and to gain access to developable land and
resources located on Gravina Island. Several proposed
bridge locations were studied, first with fast-time
Monte Carlo maneuvering simulator techniques and
then with full-mission, real-time simulations. This
paper reviews these processes and compares their
results.

120

AMHS Ferries

C4

185 or 200

Large Cruise Ships

D

120

AMHS Ferries

F1

185 or 200

Large Cruise Ships

F3

185 or 200

Large Cruise Ships

Table 3
Tongass Narrows Natural Channel
Width Statistics by Channel Branch
Tongass
Narrows
Channel
Branch

Project Alternatives
The project alternatives crossing Tongass Narrows
to provide access to Gravina Island are shown in
Figure 1. The alignments of the four bridge alternatives
used for the navigation simulations are shown.
Alternatives C3(a) and C4 (C3(a)/C4) have identical
bridge alignments across the Tongass Narrows marine
navigation channel. The alignment of bridge alternatives F1 and F3 cross Pennock Island and both the East
and West Channels of Tongass Narrows.
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C3(b)

Effective
Navigational
Minimum for
Large Cruise
Ships (feet)

Lowest 5%
Channel
Width
(feet)

Median
Channel
Width
(feet)

North
673
950
1,690
East
477
1,220
1,680
West
476
580
1,930
The approximate natural channel width is between 5- fathom
(30-foot) depth contours.
Channel widths are estimated perpendicular to vessel trackline.
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Smooth or sloping and hard
Rough and hard
 Cargo hazard level: low, medium or high
 Additional width for passing distance in two-way
traffic
 Additional width for bank clearance
PIANC’s concept design method was applied to
Tongass Narrows using the Carnival Conquest class of
cruise ship as the design ship.
The principal
dimensions of the ships are given in Table 4, and the
results are summarized in Table 5.

PIANC RECOMMENDED PROCEDURES
The Permanent International Association of
Navigation Congresses (PIANC) has headquarters in
Brussels, Belgium. It is an organization concerned with
technical aspects of navigation and port infrastructure,
and with the associated safety, economic and
environmental matters. PIANC was founded in 1885
and is sponsored by 40 national governments, including
the United States, which joined in 1902.
The four technical committees of PIANC’s U.S.
section: Environment, Shallow-Draft Waterways and
Ports, Deep-Draft Waterways and Ports, and Sport and
Recreation Navigation complement the structure of the
international organization.

Table 4
Dimensions of Cruise Ships in Design Ship Class
Parameter
Dimension
Length
894.0 feet
Beam
141.7 feet
Draft
27.2 feet
Speed *
7.0 knots
* Federal regulation restricts speed
to 7 knots in Tongass Narrows.

Concept Design Methods
Chapter 5 of PIANC’s “Approach Channels – A
Guide for Design,” PIANC (1997), outlines a concept
design method for channels based on a design ship (or
ships) and determines the minimum recommended
channel width as a multiple of the design ship beam. In
addition to the intrinsic maneuverability of the design
ship(s), the considered factors are:
 Vessel speed (knots): fast, moderate, slow
 Prevailing cross wind (knots)
 Prevailing cross current (knots)
 Prevailing longitudinal current (knots)
 Significant wave height and wave length
 Depth of waterway relative to design ship draft
 Aids to navigation:
Excellent with shore traffic control
Good
Moderate with infrequent poor visibility
Moderate with frequent poor visibility
 Bottom surface:
Smooth and soft

In the calculation of the estimated minimum
channel widths shown in Table 5, the following
assumptions were made in all cases:
 The cross current is 0.5 knots;
 The longitudinal current is 3.0 knots;
 The cargo hazard is low; and
 The bank configuration is steep and hard with a
rough and hard bottom surface.
According to the PIANC concept design method,
under the most favorable of assumptions and
circumstances, the minimum recommended channel
width could be as little as 326 feet, while under the least
favorable of assumptions and circumstances, it might be
as large as 609 feet.

Table 5
Minimum and Maximum Channel Widths of Tongass Narrows
Estimated Using PIANC Concept Design Method (One-Way, Light-Density Traffic Only)
Channel Widths (in feet) at Various
Wind Speed Water
Intrinsic Vessel Maneuverability
(knots)
Depth (ft)
Good
Moderate
Poor
Aids to Navigation
Good
40
411
439
482
10.15
41
326
354
397
33
40
482
510
553
Moderate with Frequent Poor Visibility
40
468
496
538
10.15
41
383
411
453
33
40
538
567
609
Minimum Channel Width
326
354
397
Maximum Channel Width
538
567
609
Design ship is Carnival Conquest class cruise ship.
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 Local current
 Water depth (affecting vessel squat and
maneuvering characteristics)
 The location and nature of banks (giving
rise to the “bank effects” that plague
vessels in restricted channels)
The simulated maneuvers operate under the
command of programmed autopilots. Conditions and
parameters for each run were drawn from underlying
probability distributions for direction of travel
(northbound or southbound), tidal stage and associated
current, unsteady wind, initial off-track error, initial
heading error, and initial yaw rate).
A run begins some distance (e.g., one mile) before
the passage under the bridge alignment and continues a
short distance beyond it. When passing the plane of the
bridge, the closest points of approach to the bank, both
on the left and on the right, are recorded as state
variables for the run. Runs are repeated hundreds of
times to obtain sample probability distributions for the
closest point of approach to each bank, as illustrated in
Figure 3.
Final Design Method
Full-mission, real-time simulation methods are
appropriate for final design once the potential bridge
alignments have been winnowed down to one
alternative. This is because they best evaluate human
factors and also because such techniques are the only
methods that can garner the confidence of marine
pilots.
Full-mission simulators not only include the
hydrographic, hydrodynamic, wind and current models
common with the fast-time simulator, but also display
visual projections of above-water features (topography,
buildings, aids to navigation, etc.) that are viewed by
the marine pilots operating the simulated vessel(s).
Additionally, weather phenomena such as fog can be
simulated, and the simulated time of day can be
adjusted for daytime, dusk, or night-time. The marine
pilots operate the simulated vessel from a realistic
mockup of a navigation bridge. The mockup includes
engine, rudder, and bow thruster controls; radar;
fathometer; compasses; global positioning system
(GPS), and radio. Visual and radar images of other ship
traffic can also be generated. However, compared with
fast-time Monte Carlo only a limited number of
full-mission simulations can be accomplished as the
simulations are conducted in real-time.

Fig. 2 Use of real- and fast-time simulation (Figure 6.8 from
PIANC (1997))

Preliminary Design Method
PIANC does not specifically describe a method for
the preliminary design stage, but Chapter 6 of
PIANC (1997) describes detailed design methods for
channels. Two methods are described, as depicted in
Figure 2, the first using real-time simulation methods
and the second using fast-time simulation methods.
Further applications of simulators are described in
Chapters 7 and 8 of PIANC (1997).
Fast-time simulation is appropriate to a preliminary
design for which alternative bridge alignments must be
evaluated. The advantage of fast-time simulation is the
substantially lower cost and elapsed time per run
compared with real-time simulation, which makes fasttime simulation more economical in the preliminary
evaluation of multiple sites. The disadvantage is that
the assessment with fast-time simulation is less
realistic, particularly regarding human factors.
Monte Carlo fast-time simulations were used for
the preliminary design of this study. Maneuvering
models of suitable vessels are used in multiple fast-time
simulator runs through the channel associated with a
bridge alignment to be evaluated. The channel model
include:
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alternatives C3(a)/C4, and for AMHS ferries for
alternatives C3(b) and D. An identical analysis was
undertaken for bridge alternatives F1 and F3. Only the
Monte Carlo simulation results from the C3(a)/C4
alternative are presented here.
Synopsis of Results
Marine vessel transits were simulated at the bridge
alignments of four project alternatives: C3(a)/C4,
C3(b) and D. The number of transits simulated for each
bridge site alternative is summarized in Table 6. Cruise
ships were used for the full-mission simulations, so the
focus here is only on cruise ship transits. The greatest
horizontal clearance directly sampled by the fast-time
Monte Carlo simulator at each bridge alignment was
1,222 feet for alternatives C3(a)/C4, 502 feet for
alternative C3(b), and 664 feet for alternative D.
The horizontal clearances required for a 50-year
service life were estimated using the probability
distributions obtained from these simulations,. The
predications are from a sample of 26,639 transits by
large cruise ships and 45,550 transits by AMHS ferries.
Summarized statistics for horizontal clearances are
given in Table 7.

Fig. 3 Sample probability distributions for closest point of
approach to each bank

PART II
MONTE CARLO FAST-TIME SIMULATIONS
Monte Carlo maneuvering simulations as set forth
in Table 6 were carried out for large cruise ships for

Table 6
Summary of Monte Carlo Maneuvering Simulations
Class of Vessel
and Bridge Alternatives
Large Cruise Ships—
Alternatives C3(a)/C4

Direction
of Travel

Number of
Distinct
Vessels

Number of
Transits
Simulated

Number of
Independent Climate
Realizations

Northbound

8

7,944

993

Southbound

14

41,860

2,990

Total
AMHS Ferries—
Alternatives C3(b) and D

49,804

Northbound

6

29,988

4,998

Southbound

6

29,994

4,999

Total

59,982

Table 7
Maximum Horizontal Clearance Statistics for 50-Year Service Life
Vertical
Bridge Clearance
Alternative
(feet)

Design Class
of Vessel

C3(a)/C4 185 or 200 Large cruise ships

Most
Probability of
Horizontal
50%
Probable Exceeding Most Clearance with
Confidence
Clearance
Probable
Exceedance ProbaExtreme
(feet)
Clearance
bility of 0.9999 Clearance (feet)
1,002

0.76

792

1,117

C3(b)

120

AMHS ferries

364

0.64

296

377

D

120

AMHS ferries

587

0.70

393

653
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Table 8
Horizontal Clearance Statistics at Common Probability Levels
Bridge
Alternative

Vertical
Clearance
(feet)

Design Class
of Vessel

0.9
(1 in 10)

0.99
(1 in 100)

0.999
(1 in 1000)

0.9999
(1 in 10,000)

C3(a)/C4

185 or 200

Large Cruise Ships

298

503

710

918

C3(b)

120

AMHS Ferries

124

184

244

318

D

120

AMHS Ferries

124

185

287

451

These statistics represent horizontal clearances
exceeded by one ship.
Additional statistics for
horizontal clearances are discussed later.
The autopilot parameters necessary to ensure good
performance in Tongass Narrows confirm that the
professional marine pilots are applying a high level of
skill when piloting the large cruise ships through
Tongass Narrows. It was observed that the gusting
wind was most responsible for the rare large off-track
performance. Once a vessel was forced off-track by the
wind, the off-track course was further exacerbated by
bank suction effects. Not included in these Monte
Carlo simulations are emergency maneuvering actions
to avoid an actual grounding or impact with bridge
piers. Those pilot actions might include crash stop
maneuvers, application of bow thrusters, and/or
dropping of one or both anchors. It is assumed that the
marine pilots and ship masters would have the bow
thrusters on standby and the anchors rigged for
emergency deployment before transiting Tongass
Narrows, especially on a windy day. Thus, the rare offtrack behavior that dominates the horizontal clearance
requirements identified by this Monte Carlo study may
not represent actual groundings or impacts with bridge
piers, but merely the potentiality of such groundings or
impacts.
The majority of ship transits are confined within a
narrow corridor around the intended trackline. To
illustrate this, Table 8 provides the horizontal
clearances at common probability levels.
For alternatives C3(a)/C4 (large cruise ships), there
are real, measurable, nonzero probabilities of allision
with a bridge pier over the 50-year service life, unless
the bridge piers are located outside the natural channel,
i.e., located so that the ship will go aground first. The
probability of a large cruise ship excursion to the limits
of the natural channel (≈ 1,340 feet) over a 50-year
period is approximately 36%. Consequently, unless the
bridge piers are located outside the natural channel, pier
protection is important.
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Analysis Procedure
Tracklines
Cruise ship tracklines through Tongass Narrows
were provided by Capt. Robert G. Winter of the
Southeastern Alaska Pilots Association.
Autopilot
Two- and three-term trackline autopilots are
alternatively applied in these Monte Carlo simulations
to mimic the actions of a local marine pilot and
quartermaster
(helmsman)
navigating
Tongass
Narrows.
The autopilot attempts to follow a
predetermined trackline that is defined by waypoint
coordinates and headings between waypoints. The
autopilot functions in two different modes.
Mode 1 is a steering mode that mimics a mechanical or human autopilot commanded to steer to maintain a course heading (e.g., “steer 285° true”). This is
accomplished using a standard two-term autopilot
function (i.e., heading error and yaw rate error):

δ = c1 (ψ − ψ o ) + c2 (ψ& ' − ψ& o' )

(1)

where:

δ

ψ
ψo

is the commanded rudder angle
is the actual (instantaneous) vessel heading
is the desired course heading

c1 and c 2 are constants (i.e., “gains”)
The dot indicates a temporal derivative. The prime
denotes non-dimensionalization by
g/L pp where g is gravitational acceleration and

Lpp is the length between perpendiculars.
Mode 2 is a mode that attempts not only to steer a
particular course but also to simultaneously adhere to
the predetermined trackline, minimizing the off-track
distance. This is accomplished by using a three-term
autopilot function. If the commanded rudder angle
exceeds 10 degrees it is applied in steps of 5 degrees,
thus imitating a human pilot:
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δ = c1 (ψ − ψ 0 ) + c2 (ψ& ' − ψ& o' ) + c3
where:
s

ε (s)
c3

ε ( s)
L pp

The heading error dead zone used in these Monte Carlo
simulations was ±1 degree.

(2)

Initial Position and Heading
Initial position and heading at the start of each
Monte Carlo trial are treated as random variables.
Northbound vessels start from a random position within
a 1,000-foot-diameter maneuvering area off the
Ketchikan terminal, with a random heading that is
between 15 degrees to either side of the trackline
heading. Southbound vessels start from a random
position within a circular area near Waypoint 5. The
diameter of this circular area is equal to the beam of the
ship. The initial ship heading is random between 5
degrees to either side of the trackline heading.

is a parameter (e.g., distance along track
between waypoints)
is the cross-track position error, distance
measured perpendicular to the trackline
is an additional constant (i.e., “gain”)

Autopilot Gains
Gains were determined using trial-and-error
experimentation. Gains used in these Monte Carlo
simulations were (c1, c2, c3) = (3, 0.2, 2).

Speed
Federal regulations, 33 CFR § 162.240 (b), limit to
7 knots the speed of vessels in the sections of interest in
Tongass Narrows. These speed restrictions effectively
limit or eliminate the likelihood of overtaking traffic in
the most restricted areas of Tongass Narrows.
Northbound vessels start a simulation from within
the maneuvering area off Ketchikan terminals with an
initial speed of 1 knot and a commanded speed of 7
knots. The southbound vessels start from their initial
position near Waypoint 5 with an initial speed of
8 knots and a commanded speed of 7 knots. The
command speed is held steady at 7 knots throughout
every passage.

Looking Ahead and Overshoot at Waypoints
The heading and off-track error are computed by
the autopilot based on an anticipated ship position half
a ship length directly ahead of the bow. This creates
some “look ahead” that anticipates future course
changes and avoids a vessel’s overshooting at
waypoints. Human pilots do look ahead and anticipate
changes.
Dead Zone to Sensitivity to Off-Track Error
Human pilots are insensitive to small off-track
errors. When the off-track error is small, the human
pilot is, in general, content to command the
quartermaster to steer a course for heading alone, which
results in a track that is essentially parallel to the
intended track. However, when the off-track error
exceeds some threshold, the human pilot will command
measures to bring it back to within acceptable bounds.
Discussions with a marine pilot at the Southeastern
Alaska Pilots Association indicated that, for passage
under a fixed bridge, a pilot would correct for any
detectable off-track distance.
Fixed bridges are
normally provided with range marks and range lights.
If the range marks were 8 inches wide and separated by
60 feet, then a misalignment equal to the width of the
range mark would correspond to an off-track error of
33.75 feet at a distance of one-half nautical mile
(approximately 3½ ship lengths). The detectable offtrack error would become progressively smaller as the
ship approached the bridge.
The off-track dead zone modeled in these Monte
Carlo simulations is half the beam of the ship on either
side of the track line.

Bank Effects
Ships transiting narrow channels are subject to
hydrodynamic forces known as “bank effects.” These
are forces of attraction towards the bank brought about
by the accelerated fluid flow between the vessel and the
bank. For large R, these forces decay roughly at the
rate of 1/R, where R is the distance from the ship to the
bank. The attraction forces to opposing banks for a
ship navigating down the center of a channel are equal
and opposite, thereby canceling. The forces to the near
bank become stronger as the vessel moves off
centerline, and there is a net force towards the near
bank.
Bank effects in these fast-time Monte Carlo
maneuvering simulations were modeled using the
method of images (Newman, 1965). The banks were
located in the hydrodynamic model of Tongass
Narrows at the mean lower low water (MLLW)
contours on each side of the channel.
One-Way vs. Two-Way Traffic
While two-way traffic is legal in Tongass Narrows,
the de facto practice of vessels requiring pilotage is to
make courtesy passing arrangements outside the speed
restricted region. As a consequence of these practices,
two-way meetings between large vessels are in actuality
rare or nonexistent.

Dead Zone for Sensitivity to Heading Error
Similar to the dead zone for sensitivity to off-track
error, the marine pilot and quartermaster will exhibit
insensitivity to small errors in heading. The helmsman
will not act to correct heading below this threshold.
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Large Cruise Ship Principal Dimensions
Principal dimensions of the eight large cruise ships
modeled for northbound transits and the fourteen
vessels modeled for southbound transits are given in
Tables 9 and 10. These sets of ships are augmented

with respect to 2001 data to capture the continuing
trend towards larger cruise ships. Some of the smaller
ships in the 2001 Ketchikan cruise calendar have been
replaced by larger ships of the same cruise line.

Table 9
Principal Dimensions of Cruise Ships Modeled Using the Fast-Time Monte Carlo Simulator - Northbound
Ship
I.D.

% of
Northbound
Transits

Transverse
Windage
Area (sq. ft)

Lateral
Windage
Area (sq. ft)

N-1

109,000

20,262

114,322

28,180

48,621

11,303

69,972

26.00

45,578

91,000

12,918

99,038

119

25.50

40,798

77,713

13,994

87,196

106

132

26.58

39,372

77,441

12,918

98,499

826

106

116

25.25

38,309

78,491

13,456

97,961

29.79%

648

101

118

25.26

31,450

55,451

9,958

69,972

8.51%

807

110

142

27.20

50,006

101,500

21,221

125,518

Maximum
Beam

(feet)

Water Line
Beam (feet)

10.64%

858

118

158

26.25

49,050

N-2

3.19%

713

97

97

26.33

N-3

1.06%

870

105

121

N-4

9.57%

781

103

N-5

27.66%

773

N-6

9.57%

N-7
N-8

LWL

(feet)

Draft
(feet)

Displacement Approximate
(L.T.S.W.)
GRT

Table 10
Principal Dimensions of Cruise Ships Modeled Using the Fast-Time Monte Carlo Simulator - Southbound
Ship
I.D.

% of
Southbound
Transits

S-1

Maximum
Beam

Lateral
Windage
Area (sq. ft)

(feet)

3.30%

858

118

158

26.25

49,050

109,000

20,262

114,322

S-2

1.83%

713

97

97

26.33

28,180

48,621

11,303

69,972

S-3

7.33%

870

105

121

26.00

45,578

91,000

12,918

99,038

S-4

4.40%

781

103

119

25.50

40,798

77,713

13,994

87,196

S-5

7.69%

680

93

105

23.00

31,103

50,760

11,845

83,808

S-6

10.26%

773

106

132

26.58

39,372

77,441

12,918

98,499

S-7

9.89%

826

106

116

25.25

38,309

78,491

13,456

97,961

S-8

8.06%

765

106

118

26.25

38,391

78,000

13,994

87,196

S-9

3.66%

557

88

88

27.30

22,528

23,500

8,237

54,142

S-10

11.72%

648

101

118

25.26

31,450

55,451

9,958

69,972

S-11

3.66%

807

110

142

27.20

50,006

101,500

21,221

125,518

S-12

5.86%

921

117

156

28.90

63,467

142,000

23,363

143,348

S-13

7.33%

722

96

106

23.60

32,566

53,900

11,845

83,808

S-14

15.02%

704

106

124

26.58

33,344

63,000

12,918

77,508
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Ship Maneuvering Characteristics
The ease with which a vessel can be held to a
desired course in open water or in a restricted channel is
determined by the inherent controllability of the vessel
and the actions of the helmsman/ pilot. There are a
number of definitive maneuvers that serve to
characterize the controllability of a ship. These include
the direct or reversed spiral, zigzag, turning circle, etc.
The results of the zigzag maneuver are indicative of the
ability of a ship’s rudder to control the ship. An
example of the zigzag trials results for one of the ships
in our study is shown in Figure 4. Results for ships in
this study were compared with simulated results for the
same ships to ensure that the models behave
reasonably.
Zigzag, turning circle and spiral maneuver
characteristics were collected for as many of the cruise
ships currently calling at Ketchikan as possible. The
zigzag maneuver characteristics for typical cruise ships
are summarized in Table 11 and a typical zigzag
maneuver trial record is provided as Figure 4.

Wind
A Monte Carlo procedure was used to generate a
sophisticated pseudo-time function for unsteady wind
acting over Tongass Narrows. The unsteady wind
process is divided into two steps, the first to determine
the mean wind speed and direction and the second to
determine the magnitude and direction of gust
perturbations.
Average Wind Parameters
Hourly vector (magnitude and direction) mean
wind (one-minute average) is available from the
Ketchikan Airport, which is located parallel to and
immediately adjacent Tongass Narrows. Monthly joint
probabilities of wind speed and direction were
developed from the Ketchikan Airport wind data.
Monthly joint probabilities for May, June, July, August
and September, corresponding to the cruise season in
Alaska, were composited to obtain a joint probability
distribution of wind speed and direction for the period
May through September.
This composite joint
probability is for a 25-year period of record extending
from 1974 through 1999.
Table 12 is the resulting cumulative probability
distribution for one-minute average wind speed at the
Ketchikan Airport during the period May through
September, and Figure 5 depicts the joint probability of
mean wind speed and direction from.

Table 11
Zigzag Maneuver Characteristics
10º/10º Zigzag Maneuver
Overshoot Angles
(degrees)

Cruise Speed,
Ship I.D. knots

N-1
N-2
N-5
Cruise
Ship

I.D.

N-1
N-2
N-5

1st

2nd

Overshoot

Overshoot

21.3
-6.6
7.0
21.0
-5.0
8.8
21.4
-7.5
11.0
20º/20º Zigzag Maneuver
Speed,
Overshoot Angles
knots
(degrees)

20.7
-21.5

1st

2nd

Overshoot

Overshoot

-13.0
--18.2

19.2
-21.4

Period
(seconds)

201
195
194

Table 12
Cumulative Probability, P(U), of Wind Speed at
Ketchikan Airport for May through September (Period
of Record, 1974-1999)
U (knots)
P(U)
U (knots)
P(U)
0
0
26
0.999799
2
0.000696
28
0.999907
4
0.093681
30
0.999907
6
0.272504
32
0.999923
8
0.566432
34
0.999923
10
0.710326
36
0.999923
12
0.886132
38
0.999938
14
0.955805
40
0.999938
16
0.976085
42
0.999938
18
0.989636
44
0.999954
20
0.997479
46
0.999985
22
0.997974
48
0.999985
24
0.999567
50
1.000000

Period
(seconds)

241
-222

The implemented Monte Carlo procedure generates
a one-minute average wind speed, U (knots), and
average wind direction, U_dir (degrees true).

Fig. 4 Results of the 20°/20° zigzag test for vessel C (shown
as example)
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Fig. 7 Sample of typical simulated time history of gusting
wind, U = 20 knots (one-minute average)

Fig. 5 Joint probability of wind speed and direction

Pseudo-Time Domain Gusting Wind
The average hourly maximum gusts at Ketchikan
are 152% of the one-minute average wind speed. The
standard error of the regression fit shown in Figure 6 is
4.6.
80

70

Gust Wind Speed (knots)

60

50

40

30

Discussion of Results for Alternatives C3(a)/C4
Figure 8 shows the cumulative probability
distributions of east and west bank sweeps at the bridge
alignment of alternatives C3(a)/C4 for combined northand south-bound large cruise ships. A sweep is defined
as the extreme extents of the intersection of the vessel
footprint with the bridge alignment line. It is given in
terms of the distance from the east end to the two
extreme points measured along the bridge alignment
line. At the 0.9 probability level, the width between
east and west bank sweeps is approximately 298 feet; at
the 0.99 level, the width is approximately 504 feet.
Figure 9 shows the probability density function for
the horizontal clearance at bridge alternatives C3(a)/C4.
The most frequently occurring clearance is on the order
of 131 feet, approximating the weighted average of the
maximum beams of the cruise ships.

20

Number of Obersvations: 20,440
10

Regression Coefficient to Linear Fit: 0.78

1.0000

Gust Wind Speed = 1.52 x One-Minute Wind Speed
0
0

5

10

15

20

25

30

35

40

45

0.9000

50

One-Minute Average Wind Speed (knots)
0.8000

Fig. 6 Correlation between peak gusts and one-minute
average wind speed at Ketchikan Airport where the gust
amplitude is in knots

Cumulative Probability

0.7000

A Monte Carlo procedure was implemented that
returns gust amplitude, direction and duration during
each simulation, conditioned on the one-minute average
wind speed. The instantaneous wind realization is the
vector sum of the one-minute average wind vector and
gust vector. Figure 7 is a sample of a typical simulated
time history of wind.

0.5000
0.4000

Eastern Shore
(Revillagigedo)

Western Shore
(Gravina)

0.3000
0.2000
0.1000
0.0000
400

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

Sweep (feet)

Fig. 8 Cumulative probability distributions of east and west
bank sweeps for combined north- and southbound large cruise
ships for alternatives C3(a)/C4

Current
Current in Tongass Narrows is primarily tidal in
origin. A Monte Carlo scheme was developed that
exploits the cumulative distribution for current velocity
to generate a current velocity and direction for each
simulation.
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That is the number of large cruise ship transits through
Tongass Narrows projected to occur over the next 50
years, according to the middle projection in
Glosten (2001). The most probable extreme value is
approximately 1,002 feet. However, the probability of
exceeding this most probable value (in 50 years) is
nearly 76%. For 50% confidence in 50 years the
horizontal clearance should be 1,117 feet. A natural
channel width of 1,340 feet is given in Table 2. At that
horizontal clearance, the confidence is approximately
64% in 50 years.
Table 13 provides order statistics for the horizontal
clearance at bridge alternatives C3(a)/C4.
Order
statistics are provided for the horizontal clearance
expected to be violated by one, two, three, four, and
five ships over a 50-year period in which 26,639 large
cruise ships transit.
The fourth column gives the horizontal clearance
that is expected to be exceeded with near certainty
(probability of 0.99999). Over a 50-year period it is
nearly certain that at least one ship would violate a 792foot horizontal clearance. Likewise, it is nearly certain
that at least five large cruise ships would violate a 646foot horizontal clearance over the same period.
The final column of Table 13 gives the average
return period between large cruise ship allision events.
If there are five large cruise ship allision events in fifty
years the average return period is ten years.

0.0045
Most frequently occuring clearance
(approximately equal to beam of
large cruise ships).

0.004

Most probable extreme
clearance in 26,639 large
cruise ship transits.

0.0035

Natural channel width
at 30 foot water depth

Probability Density

0.003

0.0025

Probability density for maximum
horizontal clearance in 26,639 large
cruise ship transits (approximately
50 years according to middle
series traffic projection).

0.002

0.0015
Probability density
for horizontal clearance.
0.001

0.0005

0
0

200

400

600

800

1000

1200

1400

Horizontal Clearance (feet)

Fig. 9 Probability density distributions of horizontal
clearance for combined north- and southbound large cruise
ships for alternatives C3(a)/C4

The distribution to the right in Figure 9 was
developed using order statistics procedures applied to
the cumulative and density distributions at bridge
alternatives C3(a)/C4.
Order statistics provide a
method whereby the cumulative density distributions of
extreme values can be determined from the underlying
distributions. If f(x) is the probability density and F(x)
is the cumulative probability, then the cumulative
probability distribution of the maximum in N independent trials is [F(x)]N and the probability density
function (found by differentiation) is N f(x) [F(x)]N-1.
The distribution given on the right in Figure 9 is
the probability density function for the maximum
horizontal clearance in 26,639 large cruise ship transits.

Table 13
50-Year Order Statistics for Horizontal Clearance for Bridge Alternatives C3(a)/C4
Number of
Large Cruise
Ships
Allisions
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Most Probable
Horizontal
Clearance
1,002 ft
942 ft
906 ft
881 ft
862 ft
846 ft
832 ft
820 ft
810 ft
801 ft
792 ft
785 ft
778 ft
771 ft
765 ft

Probability of
Horizontal Clearance Average Return
Exceeding Most
with Exceedance
Period (Years)
Probable Horizontal
Probability of
Clearance
0.99999
0.76
792 ft
50.0
0.70
728 ft
25.0
0.68
692 ft
16.7
0.67
12.5
666 ft
10.0
0.66
646 ft
8.3
0.65
629 ft
7.1
0.65
615 ft
6.3
0.65
603 ft
5.6
0.65
592 ft
5.0
0.64
583 ft
4.5
0.64
574 ft
4.2
0.64
566 ft
3.8
0.64
559 ft
3.6
0.64
552 ft
3.3
0.64
546 ft

Order statistics for 26,639 large cruise ship transits corresponding to 50 years, according to the middle series
projections of Glosten (2001)
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Fig. 10 Extrapolation of Type I extremal probability for horizontal clearance for combined north- and southbound large
cruise ships for alternatives C3(a)/C4

the natural channel. If bridge piers are located within
the limits of the natural channel, then pier protection is
required.
This Monte Carlo maneuvering study did not
consider the mitigating effects of emergency
maneuvering actions to avoid grounding or allision with
bridge piers. These actions, which may be anticipated
in actual practice, include crash-stop maneuvering with
the main propulsion, applying bow thrusters, and/or
dropping one or both anchors. The ameliorating effects
of these actions have not been simulated or otherwise
measured in this study, but may be anticipated to reduce
the probability of allisions and also to reduce the speed
at which impacts (if any) occur.

Figure 10 presents a Type II extremal probability
fit of the tail of the cumulative probability distribution
for large cruise ships at bridge alternatives C3(a)/C4.
Also shown are 68% and 98% confidence bands for the
fit. The narrowness of the bands indicates that an
excellent fit was obtained (especially in the region of
horizontal clearances between 600 and 850 feet).
Above about 940 feet, the confidence bands widen.
The number of ship transits is indicated by the vertical
scale on the right.
Monte Carlo Maneuvering Simulations – Summary
and Conclusions
Monte Carlo maneuvering simulations have been
carried out for the Gravina Access Project for 49,804
large cruise ship transits for bridge alternatives
C3(a)/C4, and for 59,982 transits of large conventional
AMHS ferries for bridge alternatives C3(b) and D.
Gusting wind has been identified as the principal cause
of the rare large off-track excursions; when such
excursions occur, they are exacerbated by bank suction
effects.
Probability distributions for common transit
operations and for the maximum channel width requirements in 50 years have been developed from the Monte
Carlo database. Statistics descriptive of common transit
operations are given in Table 8, and for the maximums
in 50 years in Table 7. The statistics in Table 8 are
determined by interpolation within the Monte Carlo
database while the maximums in 50 years given in
Table 7 are determined using order statistic methods.
There are real, nonzero 50-year probabilities for
large cruise ship excursions extending to the limits of
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PART III
REAL-TIME NAVIGATION SIMULATION
A full mission (360° bridge view) simulation of
cruise ship transits of Tongass Narrows was conducted
at STAR Center in Dania, Florida.
This study looked at navigation under a proposed
high bridge at three sites: 1) over East Channel with
bridge option F1; 2) over West Channel with bridge
option F3; and 3) over ‘North Channel’ (near the
airport) with bridge option C3(a)/C4 (see Figure 1).
Options C3(a)/C4 present the same navigational
opening for ships transiting North Channel. The
navigation opening was set for each bridge at 550'.
This is the distance between the east and west bridge
pier fenders.
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The latitude, longitude, heading, COG, SOG, port
and starboard propeller revolutions, rudder or thruster
angles, and bow and stern thruster thrust settings were
recorded at 5-second intervals for each simulated
transit. The record was used to determine the swept
path of the ship as it passed under each of the bridge
options. Example tracks are show in Figs. 11 and 12.

The simulations were conducted with four ships.
They were: the Carnival Destiny, Carnival Spirit,
Voyager of the Seas and Golden Princess. The Voyager
of the Seas is the largest of the ships considered. It is
an azipod ship, as is the Carnival Spirit, which was
used for one day only. The Carnival Destiny and
Golden Princess are conventionally steered ships
(rudders behind twin open propellers) and are slightly
smaller than the Voyager of the Seas.
Nine licensed pilots and one pilot in training from
Alaska participated in this study. The group included
pilots from the Southeast Alaska Pilots Association and
Alaskan Coastwise Pilot Association (subsequently
these two organizations have merged). The licensed
pilots were selected by their respective pilot
associations to represent a cross section of experience
and familiarity with the Ketchikan waterway. An
additional pilot was provided by STAR Center. This
pilot was not experienced in Ketchikan waters, but was
experienced in handling large cruise ships in the
Caribbean and elsewhere.
The participation and
comments from a pilot who was not familiar with
pilotage in Ketchikan was requested by the project
sponsor. His runs and comments were evaluated
separately from those of the Ketchikan pilots to see if
there were prejudices about the bridge/channel options
that were affecting the tests.
Variations of environmental conditions that were
tested included wind speed and direction, currents,
visibility (both day and night, and in fog) and run
direction (northbound and southbound). Four wind
speed conditions were simulated: calm, 15 knots,
20 knots and 30 knots. The 30 knot wind speed was
proposed by the Ketchikan pilots as an extreme case,
but one that they are faced with in piloting cruise ships
into and out of Ketchikan in the summer months. It
should be noted that winds of this velocity are rarely
measured at Ketchikan airport (see Table 12). The
wind was modeled as fluctuating in both magnitude and
direction. The magnitude fluctuation was ±50% with
direction fluctuating ±15°. The wind speed model was
frequently criticized as not being realistic, and indeed it
did not include all of the local variations that may be
experienced due to local typography and thermal
variations.
The tidal current model also did not accurately
represent the real world condition. Again the model did
not include all of the local variations that may be
experienced due to local bathymetry and other effects.
However, it is not expected that the lack of reality of
the currents as modeled will affect the degree of
difficulty of navigating either the East or North Channel
bridge options. Based on the comments of the pilots,
the West Channel navigation is expected to be more
difficult than demonstrated herein, because of localized
current effects.
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Fig. 11 Example real-time simulated trackline southbound in
West Channel

Fig. 12 Example real-time simulated trackline northbound in
East Channel
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at how much the rudder was varied during the approach
to the bridge, not the absolute value of the rudder angle.

Analysis of Navigation Data
The objective of the real-time analysis was to
evaluate the probability of aberrancy (aka probability of
allision) with bridge piers for each of the bridge site
alternatives and to compare the results with the Monte
Carlo simulation.
The data were also evaluated for other measures of
the degree of difficulty in navigating the different
channels with the bridge options simulated. This
analysis looked at the number of adjustments the pilots
made to the rudder (or thruster direction for azipods),
the use of bow thrusters, and adjustments to RPM as
they transited the final approach regions shown in
Figures 13 and 14. These adjustments are generally
accepted as one measure of the degree of apprehension
when approaching a difficult maneuver.

North Channel - southbound

C3/C4
North Channel - northbound

Fig. 14 Regions considered as final approach to bridge
C3(a)/C4 adjustments in these regions are counted as a
measure of degree of difficulty

The final navigation analysis measure was of the
time it took for the simulated voyages to reach the F1
and F3 bridges when proceeding southbound from a
standstill at the dock, and the times it took for
northbound vessels to go from either the F1 or F3
bridges up to the dock. These times were used in a
separate economic impact studies in which the
additional time required to maneuver into and out-of
West Channel was considered.

East Channel - southbound

F1
West Channel
southbound

East Channel - northbound

F3

West Channel - northbound

Probability of Aberrancy

Fig. 13 Regions considered as final approach to bridges F1
and F3 adjustments in these regions are counted as a measure
of degree of difficulty

Calculation of the Probability of Aberrancy
The probability of aberrancy was calculated using
the same methodology as it was in the Monte Carlo
analysis. For the purposes of this discussion aberrancy
is defined as the deviation from the intended track
including the swept path of the vessel. A sample of the
results is shown in Figs. 15, 16 and 17.

Average speed in each of the channels for each
direction was calculated. An additional measure of
difficulty was the standard deviation of the rudder angle
(or thruster direction for azipods). This measure looks
.0%

Solid Lines are Weibel
Distritubion fits of the
Measured Probability
Distribution of Distance
Data

10.0%
20% of Cases needed a horizontal clearance
Greater than 435'-183' = 252'
20.0%

Cumulative Probability

30.0%

40.0%

50.0%

20% of Minimum
Distances to East
Bridge Pier are
Closer than 183'

80% of Maximum
Distances to East
Bridge Pier are
Closer than 435'
Maximum Distance on
Ship to East Bridge Pier

Minimum Distance from
Ship to East Bridge Pier

70% of Cases needed
a horizontal clearance
Greater than 352'-249'
= 103'

60.0%

70.0%

80.0%

30% of Maximum
Distances to East
Bridge Pier are
Closer than 352'

90.0%

100.0%
550

500

450

400

70% of Minimum
Distances to East
Bridge Pier are
Closer than 249'

350

300
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200

150

100
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0

Distance from east Bridge Pier in Feet

Fig. 15 Cumulative probability distribution (raw data & fit) for distances to east pier North Channel – bridge option C3(a)/C4
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Fig. 16 Extrapolation of Type II extremal probability for horizontal clearance for combined north- and southbound transits of
North Channel real-time (STAR Center) simulation results - bridge option C3(a)/C4

Fig. 17 Extrapolation of Type II extremal probability for horizontal clearance for combined north- and southbound transits of
North Channel fast-time (Monte Carlo with autopilot) simulation results - bridge option C3(a)/C4

Degree of Difficulty

makes to rudder angle, RPM and the thrusters is one
measure of the apprehension that the pilot is experiencing when approaching a critical navigational point.
In addition, the number of adjustments (changes) is
dependent on the wind, current and bank conditions as
well as the on the type and size of ship. This is not an
exact measure and is only proposed as an additional
way of looking at the data.

Statistical Measures of the Degree of Difficulty
The simulation data files contain continuous
records of the rudder angle (or thruster angle for
azipods), propeller RPM, bow and/or stern thruster
power and speed through the water. It is generally
accepted that the number of changes that the pilot
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The method chosen and described here does not
include the degree of difficulty of maneuvering into or
out of each channel. It is proposed only as a measure of
the degree of difficulty of passing through the bridge
opening.
To calculate the number of adjustment made during
the approach to the bridges, the following steps were
taken:
1. A region was defined for each channel in each
direction as the final approach to the bridge. The
region is where the ship is on a direct alignment to
the bridge opening. It was chosen to exclude the
navigation required to enter the channel. The idea
is to choose a region were the navigational
challenge is directly comparable. The selected
regions are shown in Figures 13 and 14.
The location of the GPS antenna on the simulated
ship is used as the reference location to determine
whether the ship is in or out of the region of
interest.
2. The length of each region is determined from the
position data so that the number of adjustments can
be normalized. The number of adjustments is
divided by the length of the region to give the
number of adjustments per nautical mile. Thus the
different approaches with slightly different lengths
can be compared on a common basis. This
comparison of adjustments per nautical mile is only
valid for approaches of approximately equal length.
3. The number of adjustment was determined by
counting the number of times the rudder angle,
propeller RPM and thruster power were changed
(in 5 second intervals) while the ship was in the
region of interest.
4. On the advice of the STAR Center staff, the number of adjustments in RPM and bow/stern thrusters
was cut in half from the actual count. They

reported that in their experience pilots do approximately twice as many adjustments in RPM and
thrusters on a simulated ship as they do with a real
ship. This is apparently due to the fact that in the
simulated ship the pilot had direct control of RPM
and thrust and will therefore adjust it more
frequently than on a real ship. On a real ship a
command must be given to a quartermaster (or
ship’s officer) to make the adjustment.
5. The standard deviation of the amount of rudder
angle (thruster angle for azipods) is also calculated.
This is a measure of the amount of movement of
the rudder, not the actual angle of the rudder. This
measure also captures the level of maneuvering
(thus degree of difficulty) required to navigate
through the channel and under the bridge.
6. The average speed through the water is calculated
for each channel in each direction. This can also
be related to the degree of difficult of using the
waterway, as higher speeds are sometimes required
to maintain heading and course in difficult wind,
current or bank suction conditions. It should be
noted that there is a 7 knot speed limit in each of
the regions evaluated except south of F3 in West
Channel. Therefore, the higher average speed
recorded for northbound transits of West Channel
might in part be attributed to the lack of this
restriction and not just to the requirement for
maintaining control.
Results
Table 14 contains results of the above described
measures of degree of difficulty for navigation in each
channel in each direction based on the real-time
simulated transits.

Table 14
Summary of Results for Measures of Degree of Difficulty
Average of All Runs in each Channel
East
Channel

North
Channel

West
Channel

97

76

88

Standard Deviation of Rudder Angle (deg.)

11.5

10.0

11.9

Average Speed (knots)

8.0

8.2

8.6

Adjustments per nautical mile
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Discussion
These measurements do not indicate that the
West Channel bridge option (F3) is significantly
more difficult to navigate than either the East Channel bridge option (F1) or the North Channel option
(C3(a)/C4). In navigating the three channels the
pilots required a comparable number of adjustments
and rudder deflections as they approached the bridges. The slightly higher number for the southbound
East Channel maneuvers may indicate that the ships
were not quite up to speed in the early part of the
analysis region and thus more rudder movements
were required to counter wind and current effects. It
is also possible that the extra width in East Channel
allowed for more adjustments; i.e., the pilots had
more lateral room and freedom to make adjustments
to improve their alignment with the bridge opening.
There may be other psychological and physical
factors at work that caused the pilots to hold
commands longer in the C3(a)/C4 and F3 approaches
than in the F1 approach; however, these reasons are
not evident in the data or in the post-exercise pilot
evaluations. The high levels of stress and task
difficulty noted for West Channel in the post-exercise
pilot evaluations are not evident in the way the ship
was piloted.

forward speed, but with the ship several feet off the
dock. The times do not include casting-off and any
delays due to other traffic in the area. The time of
arrival at the dock was chosen by the pilot as
indicating that the ship had arrived. The speed was
near stop at this point. Again the times do not
include making up lines and any delays due to other
traffic in the area. Only a subset of the total number
of cases was simulated starting from the dock or was
run all the way to arrival at the dock.
On average, West Channel required 22 more
minutes when southbound and 24 more minutes when
northbound compared with East Channel. Differences in run time due to maneuvers at the south end
of either channel were not computed. This set of
tests was not designed to evaluate maneuvers south
of Pennock or Gravina Islands.
Analysis of Post-Exercise Pilot Evaluations
Description
After each exercise the pilot for that exercise was
asked to fill out (without consultation with his
associates) a questionnaire about the exercise. The
questionnaire and all the original answers are contained in RTM STAR Center (2002). Several of the
questions were in regard to the controllability of the
simulated ship model. The answers to these questions are not evaluated herein. Of particular interest
were the answers questions regarding vessel trackline
(vessel position with regard to centerline; CPA to
channel boundaries and/or buoys; transiting bridge
span), overall safety, task difficulty and stress level.
The answers are given in Table 15.

Measurements of Time Delays for Ships Using West
Channel
Each simulation run data file contains the times
for vessel position in 5 second intervals. With this
information it is possible to determine the time it took
for the simulated ship to go from the dock to the
bridge or from the bridge to the dock. The
simulations departing from the dock started with zero
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Table 15
Results of Post-Exercise Pilot Evaluations
Average of All Runs in each Channel
East Channel
North Channel
West Channel
All Pilot Evaluations (Scale 1 to 5)
Vessel position with regard to centerline
(1 = Not at all Satisfactory, 5 = Extremely Satisfactory)
CPA to channel boundaries and/or buoys
(1 = Not at all Satisfactory, 5 = Extremely Satisfactory)
Transiting bridge span
(1 = Not at all Satisfactory, 5 = Extremely Satisfactory)
Ketchikan Pilot1 Evaluations (Scale 1 to 5)
Overall Safety
(1 = Not at all Safe, 5 = Absolutely Safe)
Task Difficulty Index
(1 = Not at all Difficult, 5 = Extremely Difficult)
Stress Level Index
(1 = Not at all, 5 = Extremely High)
STAR Center Pilot Evaluations (Scale 1 to 5)
Overall Safety
(1 = Not at all Safe, 5 = Absolutely Safe)
Task Difficulty Index
(1 = Not at all Difficult, 5 = Extremely Difficult)
Stress Level Index
(1 = Not at all, 5 = Extremely High)
1

4.1

3.9

3.3

4.1

4.0

2.8

4.0

3.8

2.7

3.6

3.5

2.3

3.3

3.2

4.3

3.1

3.1

4.1

3.4

2.8

2.4

2.6

3.0

3.5

2.8

2.5

3.1

Responses include both licensed pilots and pilot-in-training

Results
An attempt was made to determine if the
evaluations of the pilots for overall difficulty and stress
level correlate with the degree of difficulty as measured
by the number of adjustments per nautical mile. Some
correlation was shown; however, a very large scatter in
the adjustments data indicate that correlation is tenuous.
The results are shown in Figs. 18 and 19.
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SNAME 2003 Annual Meeting Paper

Comments on Post-Exercise Pilot Evaluations
The post-exercise pilot evaluations contain a
perspective on navigation in East, West and North
Channels that is not captured in the analysis of the ship
data. It is apparent in the opinion of the pilots that
navigation in West Channel is more stressful, more
difficult and is less safe overall. Their evaluations of
vessel position with respect to centerline, channel
boundaries and when transiting the bridge also show
dissatisfaction with their simulated transits of West
Channel. There is almost no difference in their postexercise evaluations of a bridge in North Channel or a
bridge in East Channel.
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It is noteworthy that the comments of the STAR
Center pilot do show some small prejudice on the part
of the Ketchikan pilots with respect to stress, difficulty
and safety when comparing East and West Channels.
The responses of the STAR Center pilot indicate that he
felt the task of navigating West Channel was slightly
less difficult and slightly less stressful than the other
pilots. However, he rated the overall safety of both
East and West Channels as being about the same as the
Ketchikan pilots. Because the data sets are so small, we
have not done tests to see if this difference of opinion is
statistically significant. It is also possible that the
Ketchikan pilots are commenting on real-world
experience with respect to stress and difficulty in using
West Channel and the STAR Center pilot is reacting
only to the simulated world experience. It is intuitive
that the simulated experience is neither as stressful nor
as difficult as the real world experience. Supporting
this observation is the fact that the STAR Center pilot
on average found transiting all three channels to be less
stressful and less difficult than did the Ketchikan pilots.
Nonetheless, he thought that the C3(a)/C4 bridge option
and navigating North Channel was less safe than did the
Ketchikan pilots.
It is also of interest to find that there is no evidence
of an increasing number of adjustments in rudder angle
and thrust settings when compared with post-exercise
evaluation of increased stress or increased task
difficulty. Only the responses of the STAR Center pilot
indicate that he made more adjustments in those
scenarios he ranked as more stressful. On average the
responses and behaviors of both sets of pilots showed a
very sight decrease in the number of adjustments per
nautical mile with an increase in their opinion as to the
difficulty of the task. Again the scatter in the data is
very high and correspondingly the confidence in the
correlation is very low.
Real-Time Simulations – Summary and Conclusions
The STAR Center real-time simulation program
was proposed as a verification and refinement
procedure for a selected bridge site alternative. Realtime simulation is most useful in identifying navigation
problem areas, refining aids to navigation, developing
pilot confidence in the selected alternative, and for
training pilots in techniques for navigating the selected
channel. Also, since the cases in the real-time matrix
tended toward severe and extreme weather conditions,
these simulations demonstrate the possibility and
difficulty of worst case conditions. The fact that the
three bridge options can be navigated with similar ease
in benign conditions does not tell the decision makers
the whole story. The real-time simulations revealed
varying navigating difficulties in worst case conditions.
The real-time program is also of value in determining
the navigation time differences between the options.
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Using real-time simulation to prepare statistical
evaluations of alternatives is limited in its usefulness.
Statistical significance improves with experimental
repeats. Unfortunately real-time simulation takes time.
The 15 day program at STAR Center completed 144
transits averaging 9.4 cases per day. The cases were set
up to include; 3 bridge sites, 2 transit directions, 2 ship
types, 4 wind conditions, day, night and fog conditions
and harbor modifications. Nominally the program
could complete only 1 case for each combination of the
above variables. Multiple repeats were possible only
by doing a limited number of night and fog conditions.
In the final analysis the real-time simulations taken
alone provide only synoptic and anecdotal information
about the alternatives.
PART IV
COMPARISON OF METHODS
Results
The probabilities of aberrancy (probability of
allision) determined from the fast-time and real-time
full-mission simulations are shown in Tables 16
through 19. Table 19 shows the probabilities of
aberrancy for the 550' horizontal clearance for all three
bridges.
The probabilities shown in these tables are the
probabilities for each transit that a cruise ship (from the
population simulated) will hit one or the other side of
the navigational opening.
The real-time (STAR Center) simulations are for
only four ships, all of which were over 100,000 GRT.
Thus it can be assumed that the probabilities determined from the STAR Center tests are conservative
because of the large ship sizes chosen (assuming
smaller ships are easier to control). The estimates are
also conservative in that the real-time simulations did
not use a distribution of wind speeds based on statistics
from the site. The set of cases simulated overrepresented severe and extreme wind conditions.
The fast time simulations are for a population of
cruise ships representative of those currently calling in
Ketchikan, with some modifications to model expected
growth in very large ship traffic. The fast-time
simulations are also calculated for a distribution of
wind speeds based on statistics from the site.
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Table 16
Extrapolation of Type II Extremal Probability of
Aberrancy for Combined North- and Southbound
Transits of East Channel Fast-Time and Real-Time
Simulation Results - Bridge Option F1
Horizontal
clearance
(feet)
477
500
525
550
575
600
625
650

Monte Carlo
fast-time
simulation
estimate of
aberrancy
1.3519%
1.0662%
0.8203%
0.6286%
0.4798%
0.3649%
0.2765%
0.2088%

STAR Center
real-time
simulation
estimate of
aberrancy
1.5307%
1.1146%
0.7852%
0.5503%
0.3838%
0.2664%
0.1840%
0.1266%

Ratio of realtime estimate to
fast-time
estimate

Horizontal
clearance
(feet)

1.13
1.05
0.96
0.88
0.80
0.73
0.67
0.61

E. Channel
Option F1
550'
W. Channel
Option F3
550'
N. Channel
Option
C3(a)/C4
550'

Table 17
Extrapolation of Type II Extremal Probability of
Aberrancy for Combined North- and Southbound
Transits of West Channel Fast-Time and Real-Time
Simulation Results - Bridge Option F3
Horizontal
clearance
(feet)
476'
500
525
550
575
590†

Monte Carlo
fast-time
simulation
estimate of
aberrancy
1.6742%
1.3014%
1.0040%
0.7768%
0.6027%
0.5183%

STAR Center
real-time
simulation
estimate of
aberrancy
1.1849%
0.8526%
0.6050%
0.4292%
0.3044%
0.2478%

Ratio of realtime estimate to
fast-time
estimate
0.71
0.66
0.60
0.55
0.51
0.48

†

The channel width (from 5 fathom to 5 fathom bathymetry contour)
at the location of the F3 bridge is approximately 590' measured
perpendicular to the trackline (course) of ships at this point. Thus the
probability of aberrancy to 590' is the probability of grounding at this
point. The probability of aberrancy for widths greater than 590' have
no meaning, for the ship would be aground on either the west or east
side of the channel.

Table 18
Extrapolation of Type II Extremal Probability of
Aberrancy for Combined North- and Southbound
Transits of North Channel Fast-Time and Real-Time
Simulation Results - Bridge Option C3(a)/C4
Horizontal
clearance
(feet)
500
525
550
575
600
625
650

Monte Carlo
fast-time
simulation
estimate of
aberrancy
1.0674%
0.8183%
0.6289%
0.4846%
0.3743%
0.2898%
0.2248%

STAR Center
real-time
simulation
estimate of
aberrancy
0.8171%
0.5761%
0.4049%
0.2837%
0.1983%
0.1382%
0.0961%
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Table 19
Extrapolation of Type II Extremal Probability of
Aberrancy for Combined North- and Southbound
Transits of all Channels Fast-Time and Real-Time
Simulation Results for 550' Horizontal Clearance

Ratio of realtime estimate to
fast-time
estimate
0.77
0.70
0.64
0.59
0.53
0.48
0.43

Monte Carlo
fast-time
simulation
estimate of
aberrancy

STAR Center
real-time
simulation
estimate of
aberrancy

Ratio of realtime estimate to
fast-time
estimate

0.63%

0.55%

0.88

0.78%

0.43%

0.55

0.63%

0.40%

0.64

Discussion
There are two comments worth noting with respect
to the probability of aberrancy.
The first is the demonstration that the fast-time
Monte Carlo simulations are conservative estimates
with respect to the piloted real-time simulations. This
was expected. The autopilot of the fast-time simulator
is not as good in decision making with respect to course
keeping and way point arrivals as are experienced
human pilots. It is interesting to note that the
improvement with respect to the autopilot simulations
was greatest for the West Channel cases.
The
hypothesis here is that the human pilots demonstrated a
heightened level of effort and caution when using West
Channel compared to the wider East Channel. The
autopilot was programmed to treat each of the channels
the same. The increased probability of allision with the
F3 bridge calculated in the fast-time Monte Carlo
simulations was due to the narrowness of the channel
and resulting bank suction effects. The autopilot is not
programmed to be prepared for bank suction, but the
human pilots are.
The second observation is that the probability of
allision for a 550' bridge opening is less in the West
Channel with the F3 option than it is in either North
Channel or East Channel. In addition, the North
Channel bridge option is less likely to be struck than the
East Channel bridge. Thus based on the data from the
real-time simulations, a 550' horizontal opening bridge
in the West Channel is less likely to be struck than
either of the other two options.
This conclusion is most probably the result of the
shape of the approach channel and does not indicate the
level of safety of using the channel. The pilots were
very skillful in navigating the cruise ships in the
simulations through each of the channels.
The
narrowness of West Channel and also of North Channel
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the 5 fathom contour on the west side. The minimum
widths are measured as the projection of the natural
opening perpendicular to the ship track.
The
probabilities shown are measured at the bridge site and
assumed to be comparable to the probabilities of width
required at other narrow sites in the waterway. Again it
must be noted that these values are based on the
population set of cruise ships used in simulations and
for the distribution of wind conditions simulated. The
fast-time simulated probabilities of grounding are
assumed to be conservative with respect to real world
probabilities because the ships were driven by an
autopilot. The real-time simulated probabilities of
grounding are assumed to be conservative with respect
to real world probabilities because the experimental set
used only large cruise ships and was overpopulated by
severe and extreme wind conditions. However, in spite
of these limitations, the relative risk of grounding in the
three channels is instructive.
The results of the real-time simulation study at
STAR Center as presented in Table 20 found that the
risk for a potential grounding in East Channel is
somewhat higher than was determined by the fast-time
simulation program. The real-time study found that the
risk for a potential grounding in West Channel is
somewhat lower than was determined by the fast-time
study.

forced the pilots into a narrower horizontal clearance
when using these two bridges. In East Channel there is
more room both to the north and to the south of the
bridge (F1). The data indicate that it is not necessary to
cross under the F1 bridge in as narrow a width as is
necessary in the other two locations. The evidence
suggests that the risk of using West Channel is not due
to the probability of hitting the bridge.
An estimate of the probability of running aground
can also be developed from the data. However, this
estimate will be only for the probability of running
aground at the site of the bridges. It is possible to
develop probabilities of running aground at other sites
along the length of the channel; however, the data
required to make this determination were not retained
from the simulations.
However, looking at the
probability of going aground at the bridge location can
be used to develop a reasonable relative measure of the
risks of grounding in the three waterways.
The minimum natural channel widths for each of
the three channels as presented in the Monte Carlo
simulation report (Glosten, 2002) are shown in
Table 20 along with the estimates of the probability of
exceedance (probability of potential grounding) from
both the fast-time and real-time simulations. The
distances are measured perpendicular to the nominal
trackline (course) of the ships using the channel and
measured from the 5 fathom contour on the east side to

Table 20
Extrapolation of Type II Extremal Probability of Grounding for Combined North- and Southbound Transits of all
Channels Fast-Time and Real-Time Simulation Results

Minimum Horizontal
Clearance
(feet)

Estimate of the Probability of Grounding,
including cases were avoidance maneuvers
would prevent grounding

Ratio to North
Channel Risk

Monte Carlo
Fast-time simulation

STAR Center
Real-time simulation

from
Fast-time
cases

from
Real-time
cases

East Channel at Idaho/Calif.
Rocks
477'

1.3519%

1.5307%

8.66

27.4

West Channel north of G"5"
476'

1.6742%

1.1849%

10.72

21.2

North Channel at Charcoal Pt.
687'

0.1561%

0.0559%

1

1
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Table 21
Fast-Time and Real-Time Simulation Results Extrapolation of Type II Extremal Probability 50-Year1 Order
Statistics for Potential Groundings5 of Large Cruise Ships Operating in East and West Channels
Channel

Most Probable
Number of
Potential
Groundings

Probability of
Exceeding Most
Probable Number of
Potential Groundings

Median Number of
Potential
Groundings

Expected
Number of
Potential
Groundings

Average Number
of Potential
Groundings per
Year

Fast-Time Simulation Results
East2

181

0.865

523

1,353

27

West3

224

0.866

649

1,583

32

North4

20

0.873

60

243

5

Real-Time Simulation Results
East2

205

0.865

593

1,483

30

West3

158

0.866

459

1,227

25

North4

7

0.881

22

102

2

1

Order statistics for 26,639 large cruise ship transits corresponding to 50 years, according to the middle series projections of
Glosten (2001).
2
Natural channel width of East Channel is approximately 477 feet between the 5 fathom (30 foot) depth contours.
3
Natural channel width of West Channel is approximately 476 feet between the 5 fathom (30 foot) depth contours.
4
Natural channel width of North Channel is approximately 687 feet between the 5 fathom (30 foot) depth contours.
5
Potential groundings are events that would result in an actual grounding if extreme avoidance measures are not
implemented in a timely manner.

The potential number of groundings given in
Tables 21 and 22 are the result of a statistical
extrapolation of the swept widths calculated in the fasttime and measured in the real-time simulation studies.
However, it is important to understand that each
potential grounding does not imply that a grounding
occurs. A potential grounding is comparable to an
aviation near-miss. Most aviation near-misses do not
become mid-air collisions and most potential
groundings do not become actual groundings. Most can
be prevented by avoidance maneuvers.
The extrapolation gives a measure of the relative
risk of using the two waterways, but is not a measure of
absolute risk. An estimate of actual risk can be
postulated by comparing the potential groundings with
actual groundings. In the 10 year period from 1991 to
2000 there were 3,304 large cruise ship calls in
Ketchikan. There were no groundings in East or North
Channels. Thus the real world sample of the upper
bound of the conditional probability of a grounding
given a potential grounding is less than 1 grounding in
10 years or 1 in the number of potential groundings in
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3,304 transits. The expected number of potential
groundings determined by fast-time simulation for 10
years in North Channel is 50; the expected number in
East Channel is 270. Thus the sample conditional
probability for a grounding given a potential grounding
is less than 1/(50+270) i.e. less than 0.31%. In other
words for every 1,000 potential groundings, avoidance
maneuvers by the pilots would prevent 997 of them
from becoming actual groundings. For 50 years of
transits of East Channel between California and Idaho
Rocks with 1,353 predicted potential groundings only 4
are predicted to be actual groundings. The upper-bound
risk of grounding per transit over a fifty year period
assuming that the risk is the same in the next fifty years
as it has been in the previous 10 years is 4/26,639,
approximately 0.00016.
Assuming this accident
avoidance rate is the same for both East and West
Channels, the risk of grounding per transit for West
Channel is estimated to be (0.0031 x 1,583) / 26,639 =
0.00019. These calculations used the results of both
fast-time and real-time results and are presented in
Table 22.
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Table 22
Estimate of the Upper-Bound Limit of the Risk of Grounding of Large Cruise Ships Operating in East and West
Channels

Channel

Predicted
Number of
Potential
Groundings in
10 Years

Upper-bound
Conditional
Probability of
Grounding given a
Potential Grounding

Expected
Number of
Potential
Groundings in
50 years

Expected
Number of
"Actual"
Groundings in
50 years

Risk of
Grounding
per Transit

1/(270+50)=0.003125

1,353

4

0.000159

same as East Channel

1,583

5

0.000186

1/(300+20)=0.003125

1,483

5

0.000174

same as East Channel

1,227

4

0.000144

Fast-Time Simulation Results
East/North

270 + 50

West/North
Real-Time Simulation Results
East/North
West/North

300 + 20

Order statistics for 26,639 large cruise ship transits corresponding to 50 years, according to the middle series projections
of Glosten (2001).
Natural channel width of West Channel is approximately 476 feet between the 5 fathom (30 foot) depth contours.
Natural channel width of East Channel is approximately 477 feet between the 5 fathom (30 foot) depth contours.
Potential groundings are events that would result in an actual grounding if extreme avoidance measures are not
implemented in a timely manner.

large azipod ship and was handled by an individual
who is not yet qualified as a Ketchikan pilot. It
should be noted again that the STAR Center pilot was
not familiar with navigating in Tongass Narrows.
Given the circumstances of these two cases, the
authors feel that these groundings are not
representative of the grounding rate to be expected
from experienced Ketchikan pilots. However these
cases support the generalization that West Channel is
more difficult and risky than East Channel, but they
are not adequate to develop a quantitative measure of
the level of risk.
There were three near miss groundings in East
Channel. Runs 12a, 12b and 301 were all within
75 feet of the 5 fathom shoal at Idaho Rock. All were
northbound transits. Southbound runs were not
continued down as far as Idaho/California Rocks.
There was also a grounding at Gravina Point during the turn into West Channel from Nichols Passage.
However this difficult turn can be avoided by
entering West Channel from Revillagigedo Channel.
The upper-bound limit on the grounding risk per
transit predicted by both the fast-time and real-time
simulations studies can be used in a risk factored cost
analysis of the two bridge options. The predicted
risks are very low and essentially identical given the

These estimates from the two simulation studies
indicate a comparable risk of grounding in East
Channel at Idaho/California Rocks and in West
Channel north of buoy G"5". However it can be
reasonably argued that the grounding potential at
Idaho/California Rocks is less then it is in West
Channel. The hazard in East Channel is a point
hazard. It can be maneuvered through in a slight
zigzag (thus widening the effective opening slightly).
In addition, there is a fair amount of maneuvering
room both north and south of the rocks. The
minimum clearance in West Channel lasts for a
significant distance (approximately 2,500 feet, equal
to about 2-½ to 3 ship lengths), and thus does not
allow for any maneuvers that might ease the passage.
Also there is little additional room south of or north
of the constriction. There were two groundings of
interest in the real-time simulation cases. Both were
in West Channel. One occurred during a northbound
transit when the ship hit the shoal just north of the F3
site on the east side of the channel (Pennock Island
side). The other also occurred on a northbound
transit just north of the F3 site, however on the west
side of the channel (Gravina Island side). One transit
was handled by the STAR Center pilot on the
conventionally propelled ship, the other was on the
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adjustments as the bridge is approached, also
demonstrate that the F1 and F3 bridge options are
nominally similar with respect to navigation.
However, in spite of their success, the pilots found
the transit of West Channel to be more stressful,
difficult and unsafe than transits of East Channel.

differences in the uncertainties associated with the
two studies. The real-time study with a small sample
size has a lower statistical significance and higher
uncertainty. Again is it to be understood that the
real-time simulation program looked only at very
large cruise ships with human pilots and the fast-time
simulation program looked at a representative mixed
of cruise ship sizes guided by an autopilot.

Correlegram for Estimates of Abberancy

Comparison of Methods – Summary and Conclusions
The statistical information that was developed
from the real-time simulations has been enormously
useful as a confirmation of the larger and statistically
more significant body of work prepared using Monte
Carlo methods and the PC-based fast-time simulator.
Despite the level of uncertainty given the limited of
cases from the real-time simulations, the probability
of aberrancy, relative risk, probability of potential
grounding and risk of grounding are astonishing
similar to the more statistically significant numbers
from the fast-time program. Correlation diagrams for
the probability of aberrancy between the real-time
and fast-time simulations are presented in Figs. 20
and 21.
The real-time simulations can be seen as a
verification of the models and conclusions of the fasttime program. However again it must be emphasized
that there were significant differences in the two
programs. The fast-time program depended on a
computerized three-term autopilot to handle the ships
and included a matrix of actual ships representative
of the distribution of ships calling at Ketchikan and
included a distribution of wind conditions representing the statistics of the site. Approximately
50,000 transits with large cruise ships were simulated. The real-time simulation program although
guided by experienced human pilots, was limited to 2
ships and 4 wind conditions, two of which were a
statistical rarity for summer months in Ketchikan.
The program was skewed toward worst case
scenarios. Yet despite the differences the results of
both approaches are of the same order of magnitude.
The primary conclusion of the real-time
simulation project is that there is a significant
difference in the perception of risk of using West
Channel and the statistics of risk based on pilot
performance in West Channel. The pilots were
exceedingly skillful in their ability to safely simulate
the transit of very large cruise ships in severe and
extreme wind conditions up West Channel and under
the F3 bridge option. The confines of West Channel
forced them to use a smaller amount of the
navigational opening under the F3 bridge option than
they did under the F1 bridge option. The measures of
the difficulty of the task, the number of navigation
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Fig. 20 Correlegram for estimates of abberancy

Correlegram of Horizontal Clearance at Equal Abberancy

Horizontal Clearance: Monte-Carlo Fast-Time Simulation
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Fig. 21 Correlegram for estimates of horizontal clearance
at equal abberancy
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The other significant conclusion is that the
measures of relative risk developed by fast-time
simulation are upheld by real-time full-mission
simulations. The comparative risk of potential
groundings and allisions are as follows in Table 23:

represent all of the elements of that skill in a
trackline autopilot function.
• In the case of large cruise ships operating in
Tongass Narrows, the rare instance of extreme
navigational abberancy was typically the result
of perturbations initiated by gusting winds being
exacerbated by bank suction.
• The channel widths obtained from the PIANC
concept design method correspond to significant
probabilities for large cruise ship allisions. It is
the authors’ opinion that the PIANC concept
design method was not a conservative estimator
in the example application.
The Gravina Access Project provides an example
of proactive application of maneuvering simulation in
advance of a civil infrastructure project with a
potential impact to navigation. It is the understanding and opinion of the authors that the fast-time
Monte Carlo and full-mission simulations were
significant factors in the decision process leading to
the recommendation of a preferred alternative in the
Gravina Access draft environmental impact
statement.

Table 23
Normalized Risk Factors for Tongass Narrows
Passages of Large Cruise Ships
Location

Normalized Risk Relative to
the Natural Channel at
Charcoal Point

Charcoal Point

1.0

North Channel
with C3(a)/C4 550' bridge

4.0

East Channel
at Idaho/California Rocks

8.7

West Channel
north of G"5"

10.7

The risk of using West Channel at its narrowest
point is estimated to be 24% greater than the risk of
transiting East Channel at its narrowest point.
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SUMMARY AND CONCLUSIONS
In a recent paper reporting on a 2001 international workshop on channel design Gray et al.
(2003) have identified channel width as an emerging
important feature of channel design. This paper has
reported on the application of fast-time Monte Carlo
and full-mission simulations to aid the assessment of
navigational abberancy and potential impacts of new
bridge alternatives on large cruise ship transits of a
narrow natural waterway.
By combining fast-time Monte Carlo maneuvering simulations with least squares regression of
extreme value functions and the application of order
statistics methods, a powerful new procedure has
been advanced for the analysis of navigational
aberrancy and channel width requirements. Salient
observations include:
• Fast-time Monte Carlo provides much larger
sample sets than does full-mission simulation.
• Estimates of horizontal clearance and
navigational abberancy from fast-time Monte
Carlo are comparable, with estimates from
fast-time Monte Carlo providing conservative
estimates of the values obtained from
full-mission simulations.
• The conservatism of the fast-time Monte Carlo
estimates is most likely attributable to the skill of
the marine pilots and the inability to fully
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