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EXECUTIVE SUMMARY

On July 18, 2006, the cruise ship Crown Princess, which had been in service
about a month, departed Port Canaveral, Florida, for Brooklyn, New York, its
last port on a 10-day round-trip voyage to the Caribbean. Slightly more than an
hour after departing, while on a heading to intersect its track to Brooklyn, the
vessel’s automatic steering system began a turn to port. In an effort to counter
the effects of a perceived high rate of turn, the second officer, the senior watch
officer on the bridge, disengaged the automatic steering mode of the vessel’s
integrated navigation system and took manual control of the steering. The second
officer turned the wheel first to port and then from port to starboard several times,
eventually causing the vessel to heel at a maximum angle of about 24° to starboard.
The heeling caused people to be thrown about or struck by unsecured objects,
resulting in 14 serious and 284 minor injuries to passengers and crewmembers.
The vessel incurred no damage to its structure but sustained considerable damage
to unsecured interior components and to cabinets and their contents.

The National Transportation Safety Board determines that the probable cause
of the Crown Princess accident was the second officer’s incorrect wheel commands,
executed first to counter an unanticipated high rate of turn and then to counter
the vessel’s heeling. Contributing to the cause of the accident were the captain’s
and staff captain’s inappropriate inputs to the vessel’s integrated navigation
system while the vessel was traveling at high speed in relatively shallow water,
their failure to stabilize the vessel’s heading fluctuations before leaving the bridge,
and the inadequate training of crewmembers in the use of integrated navigation
systems.

The Safety Board’s investigation of the accident identified the following
safety issues:

e Actions of captain, staff captain, and second officer.
* Training in use of integrated navigation systems.
* Reporting of heeling incidents and accidents.

* Emergency response following severe incidents.

As aresult of its investigation, the Safety Board makes recommendations to
the U.S. Coast Guard, to the Cruise Lines International Association, and to SAM
Electronics and Sperry Marine (manufacturers of integrated navigation systems).

VI National Transportation Safety Board
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FAcTUAL INFORMATION

Accident Narrative

At 1406' on July 18, 2006, the Bermuda-registered cruise ship M/V Crown
Princess (figure 1), operated by Princess Cruises, departed Port Canaveral, Florida,
for Brooklyn, New York, on the last leg of a 10-day round-trip voyage to the
Caribbean (figure 2). It was the vessel’s fourth voyage after being christened in
Brooklyn on June 14. A total of 4,545 persons were on board — 3,285 passengers
and 1,260 crewmembers. A Florida state harbor pilot had the conn—that is, was
in control of the ship’s movement.? The ship’s captain, staff captain (second in
command on Princess Cruises vessels), relief captain, second officer, two fourth
officers, and two helmsmen were also on the bridge.* According to the captain,
the wind was light, the sky was clearing, visibility was good, and the sea state was
“slight” as they left Port Canaveral.

At 1437, according to the ship’s log, the pilot left the bridge, disembarking
soon afterward, and the captain assumed the conn. The captain then began
increasing the ship’s speed in increments of 10 propeller revolutions per minute.
At 1456, as recorded on the vessel’s VDR,* the captain told the chief engineer, “We
want to go as fast as we can for the time being for the weather.” The staff captain
told investigators that the captain was hoping to “get ahead of” a developing storm
along the vessel’s route. Around the same time, the captain shifted control of the
engines to the engineroom. The chief engineer, now in direct control of the vessel’s
propulsion system, continued to increase the ship’s speed.

" Times in this report are eastern daylight time according to the 24-hour clock. Times on the vessel's
various clocks, logs, and other recording devices (such as onboard cameras) differed. Investigators’ efforts
went into determining the time a particular event occurred. The approach was to synchronize all times with
those recorded by the vessel's voyage data recorder (VDR) from a global positioning system (GPS) receiver.
VDR time was then converted to local time (eastern daylight time) in the accident area.

2 A Florida-licensed state pilot is required for all foreign-registered vessels in foreign trade and for all
vessels over 500 gross tons operating into or out of Port Canaveral, unless specifically exempted by the port
director.

3 The Crown Princess was staffed with more than one second officer and more than one fourth officer.
The report refers only to those on watch during the accident sequence. One of the fourth officers on the bridge
was observing. The relief captain was on board because he was scheduled to relieve the captain at the ship’s
next port of call (Brooklyn). See “Personnel Information” section for details about the watch officers.

4 The VDR continuously recorded audio data from the bridge, in addition to collecting data related to
the ship’s operation. For more information, see “Voyage Data Recorder” section. VDR data from the Crown
Princess are plotted in appendix B. A transcript of the vessel’s VDR audio recording is found in appendix C.

National Transportation Safety Board
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From the dock to a point beyond where the pilot disembarked,’ the bridge
crew controlled the vessel’s steering manually. At 1501, on orders from the
captain, the crew engaged the trackpilot, the autopilot function of the vessel’s
integrated navigation system (INS).® The INS on the Crown Princess was a NACOS
(Navigation and Command System) manufactured by SAM Electronics of
Hamburg, Germany.’

The crew set the course to 100° in heading mode, one of three available
steering modes in the trackpilot.® According to the ship’s log, the seas were calm
and there was a gentle breeze from the northeast. Shortly after the course was set,
the captain noticed that the vessel’s heading was fluctuating, and he reviewed the
trackpilot settings (table 1). According to the second officer, the course fluctuations
were causing “quite an excessive rate of turn.” The second officer said that he
asked the captain, “Would you like to go back into hand steering?” and the captain
said, “No, I've got the conn.”’

FTTIT IR LR R A RS

Figure 1. The Crown Princess sailing past the Statue of Liberty as it arrived in New York
from the shipyard in Italy. The cruise ship was nearly 1,000 feet long, had 19 decks, and
could carry more than 4,000 people. (Photo courtesy Princess Cruises)

5 Pilots ordinarily board and disembark about 1 mile southeast of whistle buoy 3 in Canaveral Harbor
(National Oceanic and Atmospheric Administration, National Ocean Service, United States Coast Pilot, vol. 4
[Atlantic Coast: Cape Henry, VA, to Key West, FL], 2004, p. 419).

6 The International Maritime Organization, a specialized agency of the United Nations, defines an INS
as follows: “A combination of systems which are interconnected in order to allow centralized access to sensor
information or command/control from workstations, with the aim of increasing safe and efficient ship’s management
by suitably qualified personnel.” (International Maritime Organization document STW 36/3/1 “Validation of Model
Training Courses,” August 12, 2004, p. 27.) See “Integrated Navigation Systems” section for more information.

” SAM Electronics, formerly STN Atlas Marine Electronics, is a wholly owned subsidiary of
L3 Communications Corporation, New York.

8 The other steering modes were course mode and track mode. For details, see “Integrated Navigation
Systems” section.

® The second officer’s statement was made during an investigative interview. Investigators were unable
to verify the exchange on the VDR audio recording from the bridge. See “Voyage Data Recorder” section for
a discussion of the limitations of the VDR audio recording.

2
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Accident Site

Figure 2. The Crown Princess was returning to New York from a Caribbean cruise with
ports of call at Grand Turk Island, Ocho Rios, Jamaica, and Grand Cayman Island when
it heeled about 10 nautical miles east of Port Canaveral, Florida. Inset shows the ship’s
track from Port Canaveral to the accident site. Water in the area was relatively shallow,
about 26 feet below the vessel’s keel.

3
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Table 1. Sequence of events while the trackpilot was engaged.

Time Event
1501 Crew shifts steering from manual to trackpilot
1503 Captain notices heading fluctuations
1505:06 Trackpilot rudder limit alarm sounds
1505:38 Captain: “We’re wandering all over the place”
1506:09 Captain: “At the moment she is not responding other than 10 degrees at a
time”
1506:27 Rudder limit alarm sounds
1507:07 Staff captain increases rudder limit to 10°
1508:00 Rudder limit alarm sounds
1512 Staff captain: “Is it okay now?” Captain: “No”
1513 Staff captain discusses trackpilot settings with captain
1513 New course input to trackpilot, vessel begins turn to port
1514:33 Captain: “Stay in that turn . . . OK, we’ll run like that”
1518:14 Captain to second officer: “Okay, you got the conn”
1522 Heading approaches ordered course of 040°, again begins to fluctuate
1522 Captain and staff captain leave bridge
1523 Relief captain leaves bridge

At 1505:06, during the second heading fluctuation, when the rate of turn
reached 9° per minute, the trackpilot’s rudder limit alarm sounded." According to
the operating instructions for the NACOS," the rudder limit alarm indicates the
following;:

The set rudder limit value has been reached; with this rudder limit, the
maneuver cannot be performed without a deviation, or, the present rudder
angle lies outside the rudder limit. Remedy:

e Increase the rudder limit,
*  Wait until the rudder angle becomes less than the rudder limit, or

* Switch over to manual steering.

® The rudder limit was a trackpilot function that the crew could set to limit the extent of rudder
movement.

" SAM Electronics, Operating Instructions: Radarpilot 1100, Chartradar 1100, Conningpilot 1100, item
ED 3051 G 032 (revision 2005-01), p. 268. International Electrotechnical Commission standard IEC 60945
requires manufacturers to provide crew operating and service manuals. The NACOS operating manual for
crewmembers was 293 pages long, divided into sections for radar functions, automatic identification system,
conning displays, trackpilot functions, VDR, alarms, and care and maintenance. Instructions related to the
trackpilot covered operational and steering modes, definitions of terms, data displays, and adapting the
trackpilot settings to actual states such as weather. A separate, later section included 35 trackpilot alarms in
a listing of all alarms to the operator.

4
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After the alarm sounded, the captain called the staff captain over and said,
“We're wandering all over the place . . . we put her into NACOS-1.”*? At 1506:09,
the captain said, “ At the moment she is not responding other than 10 degrees at a
time.” At 1506:27, the rudder limit alarm sounded again. The staff captain checked
the INS settings. He told investigators that the rudder limit was set at 5°. VDR data
show that the vessel’s speed was about 19 knots at the time.

About 1507, the staff captain increased the rudder limit from 5° to 10°. The
staff captain later explained to investigators:

... you exceed this alarm of too much [rudder] and with basically 5 degrees
[of rudder limit] set, the ship cannot go back on track within a certain time
... so L intervened with the captain still having the conn and increased the
rudder limit up to 10 and . . . we regained the intended heading that he
wanted.

The staff captain further explained:

To increase the rudder limit, it doesn’t really mean . . . that the system
will apply ten degrees of rudder. Normally, that gives us more allowance
and a little bit more faster response . . . but, of course, it doesn’t mean that
by setting the [rudder] limit that the limit is used constantly. The limit is
only there if there is a need for using it by the system. . . . Since you are in
heading mode, it doesn’t really make a difference because this applies only
when you move from heading or course mode down to track mode."

The staff captain added that he was not aware of guidance from the cruise line or
the manufacturer on when to change the rudder limit."

At 1508, the rudder limit alarm sounded again. At 1513, the vessel began
a turn to port to intersect the first plotted track to New York. The course change,
from a heading of 100° to a heading of 040°, was executed through several small
adjustments to the autopilot’s set heading. The vessel’s speed had now reached 20
knots. The captain directed the second officer: “Stay in that turn . . . OK, we’ll run
like that.” The captain then asked the second officer for the heading of the next
navigation track.

At 1518:14, the captain turned the conn over to the second officer. About
1519, the vessel’s heading again began to fluctuate around the set heading. The
captain and staff captain left the bridge at 1522, and the relief captain left about a

2. NACOS-1 was the Princess Cruises term for trackpilot 1. The term is not consistent with the SAM
Electronics designations. Its origin was not determined.

3 See “Integrated Navigation Systems” section.

' Generalinstructions for setting the rudder limit were given in the SAM Electronics Operating Instructions,
“Trackpilot Functions,” section 26.2, “Adaptation to Suit the Weather and the Type of Waterway,” as follows:
“The rudder limit value should be reduced if a constant course is to be steered for a long time on the open sea
or if, for example because of the loading state or other reasons, large angles of the rudder are not permitted.
In coastal approaches, the rudder limit value must be suitably increased so that the ship can turn with a small
radius or can be controlled at low speed” (p. 208).

5
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minute later. The second officer, the two fourth officers, and the two helmsmen (as
lookouts) remained on the bridge.

About 1523, the vessel reached a turn rate of about 10° per minute to
starboard. The turn then shifted to port, and the rate of turn reached nearly 20°
per minute. The rate-of-turn indicator (figure 3) displayed red for turns to port,
green for turns to starboard. The indicator did not show turn rates beyond 30° per
minute in either direction, although a turn rate of any size was displayed digitally
next to the indicator. The second officer told investigators that shortly after he
took the conn, the rate-of-turn indicator “was a bright color red . . . my eyes were
instantly drawn to it.”
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Figure 3. Trackpilot display on the Crown Princess. The rate-of-turn indicator is at the
top, abbreviated ROT. The highest rate of turn displayed in either direction on that indicator
was 30° per minute. The digital display on the right above the indicator could show any
rate of turn. The rate of turn displayed here is 18.7° to port.

At 1524, the second officer disengaged the trackpilot and, because he was
closer to the wheel than either of the helmsmen, took manual control of the steering.'
The second officer told investigators, “I just saw the rate of turn and instinct took
over, I thought . .. we're going to be swinging to port really fast here and I've got to
get hand steering . . . [to] try to stop the swinging.” VDR data show that for about

5 The trackpilot was disengaged during the entire accident sequence. Disengaging the trackpilot also
disengaged the rudder limit setting and the rudder economy setting (described later in the report).

6
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a minute after disengaging the trackpilot, the second officer repeatedly turned the
wheel back and forth between port and starboard (table 2). VDR data also show
that after the second officer disengaged the trackpilot, the speed at which he moved
the wheel exceeded the rudders” ability to respond to his commands.'® Thus, the
rudders lagged the wheel inputs. The vessel’s response lagged the steering inputs
even farther (see “Vessel Dynamics” section for details).

Table 2. Sequence of events after the second officer disengaged the trackpilot and began steering
manually. Wheel commands indicate manual inputs to vessel steering, not the resulting rudder
movement.

Time Event
1524:05 Second officer disengages trackpilot, switches to manual steering mode
1524:11 Wheel command: port 10°
1524:18 Wheel command: starboard 10°
1524:20 Fourth officer: “Port ten”
1524:21 Second officer: “| know”
1524:22 Fourth officer: “Port ten . . . man you are port ten, you are port ten”
1524:23 Second officer: “Yeah, | am coming over to starboard”
1524:26 Wheel command: port 30°
1524:26 Warning sound (continues for 1 min 49 sec)?
1524:28 Fourth officer: “You are at port ten”
1524:29 Second officer: “Yeah, | am coming over . ..”
1524:36 Warning sounds (last less than 1 sec)
1524:42 Wheel command: starboard 10°
~1524:40-1525° Captain, staff captain, and relief captain return to bridge
1524:43 Relief captain: “Reduce the speed, reduce the speed”
1524:45 Wheel command: starboard 30°
1524:48 Warning sound (continues for 1 min 6 sec)?
1524:49 Wheel command: port 35°
1524:49 Second officer pulls back on throttle, orders 0 revolutions per minute
1524:50 Wheel command: port 45°
1524:59 Wheel command: starboard 5°
1525:00 Wheel command: 0° (midships)
1525:00 Captain: “Stop the engines, stop the engines, stop the engines”
1525:34 Wheel command: starboard 45°
1526:20 All audible warnings stop

@ Investigators could not determine which device sounded the warning.

® The officers arrived back on the bridge over a period of several seconds. Time was estimated from the VDR audio record
and interview statements.

6 The Crown Princess was equipped with two rudders. See “Vessel Information” section.

7/
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The second officer first turned the wheel to port 10°. He told investigators
that he had meant to turn to starboard, but instead went to port. He was unable
to explain his action. Eight seconds after turning to port, he turned the wheel to
starboard 10°. The fourth officer on watch immediately alerted the second officer
that the rudders were at port 10°. (Although the second officer had already turned
the wheel to starboard, the rudders required several seconds to respond.””) The
second officer acknowledged the fourth officer’s statement, saying, “Yeah, I am
coming over to starboard,” but he then turned the wheel to port 30°.

Several seconds after being reminded, “You are at port ten,” and after again
telling the fourth officer that he was “coming over,” the second officer turned the
wheel to starboard 10°. The VDR recorded numerous audio alerts around this time,
along with the sound of objects falling to the bridge deck. The second officer told
investigators, “I've never seen a ship lean over that far before.” He further stated,

I don’t remember just like moving the wheel around and I can’t say which
way I was doing it and how much I was doing it because by then, the ship
was leaning over so much that I was just basically trying to do anything
that I thought was going to assist in getting the ship upright.

The captain, staff captain, and relief captain ran to the bridge, arriving over
a period of several seconds. The relief captain, who arrived first, ordered, “Reduce
the speed, reduce the speed.” Two seconds later, the second officer turned the
wheel to starboard 30°, followed 4 seconds later by a turn to port 35°. The second
officer then pulled back on the throttle, ordered zero revolutions per minute,'®
and turned the wheel to port 45°. Ten seconds later the captain ordered, “Stop
the engines, stop the engines, stop the engines.” By that time, the wheel had been
turned to midships and the staff captain had arrived.

About 1525, the vessel reached a maximum angle of heel of about 24° to
starboard (see “Heel Angle Determination” section). At the same time, the vessel’s
rate of turn reached a maximum of 80° per minute. Immediately after the vessel
reached its maximum heel, the staff captain turned the wheel hard to starboard.
All audible warnings ceased at 1526:20, and the vessel returned to even keel about
1527. By then, its speed had slowed to 12 knots.

7 As explained in the “Vessel Information” section, either 14 or 28 seconds were required for the steering
gear to move a rudder from hard over in one direction to hard over in the opposite direction, depending on
how many rudder pumps were operating. According to the International Convention for Safety of Life at Sea
(SOLAS) 1974, as amended, chapter II-1, regulation 29, “Steering Gear,” section 3.2: “The main steering gear
and rudder stock shall be capable of putting the rudder over from 35° on one side to 35° on the other side with
the ship at its deepest seagoing draught and running ahead at maximum ahead service speed and, under the
same conditions, from 35° on either side to 30° on the other side in not more than 28 s [seconds].” The rudders
on the Crown Princess moved about 3° per second.

8 As noted earlier, the captain had passed engine control to the engineroom. Because the bridge did not
have direct control of the engines when the second officer issued the engine order, the engine speed was not
immediately reduced.

8
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Princess Cruises, like other cruise lines, employed dedicated observers on
both bridge wings'® to monitor the balconies for fire. After the accident, the captain
asked the observers whether they had noticed any passengers or crewmembers
fall overboard. They told him that they had not. The captain decided against
mustering the passengers because of the information from the observers and his
sense that the passengers were “in shock” as a result of the accident.

Responses to a Safety Board questionnaire, which was sent to most
passengers who were evacuated to hospitals and 200 other passengers selected
at random,” describe the passengers’ reactions to the ship’s sudden heeling.
Passengers in cabins saw televisions fall from their bases and tables and chairs
move rapidly about the cabins, while those in public areas observed similar
occurrences for both light and heavy objects. A 54-year-old man who was entering
the buffet on the fifteenth deck wrote,

They had reset the tables for dinner with wineglasses and china. The ship
began to list to the starboard. The glasses and plates began to slide off the
tables and I saw my sister-in-law fly off her chair. I fell off my chair, [I]
tried [to] grab my wife and slid across the room. My sister-in-law seriously
injured her hand and was taken off by ambulance. My son jumped off his
bunk bed and hurt his knee. I was scraped and hurt my hamstring.

During the accident, water, people, and objects spilled out of the ship’s
swimming pools. A 44-year-old woman, who was near one of the pools at the time
of the accident, reported:

I first realized something was wrong when I felt the boat tilt and it was
uncomfortable to stand upright. We (my husband and I) noticed the water
slowly coming out of the pool and drinks on tables falling. A second tilt
occurred and we moved quickly towards the railing for support, and
watched [as] “a small wave” of water, people, and belongings moved out
towards the starboard side. The tilting stopped for a few seconds and then
a much greater tilt occurred with a “large wave” [spilling] out knocking
over people, chairs, tables, and miscellaneous belongings.

The captain made several announcements over the vessel’s public address
system after the event. Following the first announcement, he asked the senior
physician on the vessel about the condition of any injured passengers. She
recommended, and he agreed, to return to port to enable those who needed more
extensive medical treatment than available on the ship to be taken to hospitals.

The Crown Princess returned to Port Canaveral and docked with gangways down
at 1836.

' The bridge wings were enclosed extensions of the bridge on either side.
20 Of the 278 questionnaires that were sent, 117 were completed and returned to the Safety Board.
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|
Injuries

The type and number of recorded injuries to passengers and crewmembers
in the accident are listed in table 3. Princess Cruises provided investigators with
the names of 239 passengers who sought medical treatment, along with such
information as cabin number, sex, age, date of birth, triage tag number, hospital,
and injury description. Many names did not have entries for triage tag number or
injury description. Princess Cruises also provided investigators with a list of 57
crewmembers who received injuries during the accident. The injuries were similar
to those of the passengers.

Table 3. Injuries sustained in the Crown Princess accident.

Injury Type Crew Passengers Total
Fatal 0 0 0
Serious 0 14 14
Minor 57 227 284
None 1,203 3,044 4,247
Total 1,260 3,285 4,545

NOTE: Title 49 Code of Federal Regulations (CFR) section 830.2 defines a fatal injury as any injury that results in
death within 30 days of an accident. It defines serious injury as that which requires hospitalization for more than 48
hours, commencing within 7 days from the date the injury was received; results in a fracture of any bone (except simple
fractures of fingers, toes, or nose); causes severe hemorrhages, nerve, muscle, or tendon damage; involves any internal
organ; or involves second- or third- degree burns, or any burns affecting more than 5 percent of the body surface. A 67-
year old male passenger on the vessel died 37 days after the accident, according to his death certificate, as a result of
sepsis and pneumonia, secondary to metastatic preexisting lung cancer.

Listed injuries included sore extremities, minor bruising, scratches,
lacerations needing stitches, broken bones, and chest pains. Minor injuries such
as scratches and bruises were not recorded. A medically trained passenger who
assisted vessel medical personnel in the dining facility, designated as a medical
center in the event of a large-scale emergency, estimated that over 125 passengers
were treated there. Investigators determined the number of injured passengers
based on information provided by Princess Cruises and on records of shoreside
hospitals and fire and rescue agencies.

The Safety Board obtained 57 medical records of passengers treated at local
hospitals, 10 describing injuries considered serious. They included a passenger
with a dislocated shoulder, a passenger with muscle tissue lacerations, and
passengers with fractures to the ribs, humerus, wrist, or foot. The remaining
passengers sustained minor injuries such as contusions, lacerations, sprains,
strains, or reported pain. Injuries resulted primarily from people striking objects
on the vessel or objects on the vessel striking people. An additional four seriously
injured passengers were identified from the passenger questionnaires; no medical
records were received for those passengers.
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Personnel Information

General

The captain was in command of the Crown Princess. The staff captain reported
to the captain, and the senior first officer and the other first officer reported to the
staff captain. The senior second officer and other second officers reported to the
tirst officers, and the third and fourth officers reported to the second officers.

Captain

The captain, a United Kingdom national aged 54 at the time of the accident,
joined P&O Cruises® as a third officer in 1973 after graduating from a British
maritime academy, and served on both passenger and cargo vessels. From 1977,
he worked exclusively on passenger vessels. The first vessel on which he served
as captain was the Island Princess, in 1997. In 1999, he was captain of the Grand
Princess, the first of the current generation of large vessels he commanded. He
was the first captain of the Crown Princess, from its delivery voyage through
the time of the accident. All performance appraisals in his personnel file were
positive.

According to Princess Cruises records, the captain completed courses in
automatic radar plotting aids (ARPA) in September 1985, a 3-day computer chart
systems class in July 1997, a 3-day course in the NACOS INS at the SAM Electronics
facility in Germany, also in July 1997, and a course in electronic chart display and
information systems (ECDIS)* in November 2001. In addition, he completed a
5-day course in bridge resource management in December 1995.

Three nights before the accident, the captain went to sleep at 2100 and arose
at 0500. Two nights before the accident, he went to sleep at 2200 and arose at 0600.
The night before the accident, he went to sleep at 2200, and he awoke at 0500 the
day of the accident.

Staff Captain

The staff captain, an Italian national aged 43 at the time of the accident,
graduated from an Italian maritime academy in 1981. He spent the next 10 years
on various cargo vessels, including tankers, bulk carriers, refrigerated cargo
vessels, container vessels, and general cargo vessels. He joined Princess Cruises

21 As explained in the “Operational and Management Information” section, P&O Cruises, like Princess
Cruises, became a subsidiary of Carnival Corporation.

2 ECDIS is a navigation system that combines electronic navigation information, including vessel
position, waterway information, and other critical parameters, into a single navigation display that can be used
in lieu of paper navigation charts.
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in March 1991 as a second officer and had served as a deck officer exclusively on
its vessels since. The performance appraisals in his Princess Cruises personnel file
were positive.

According to Princess Cruises records, the staff captain completed a
5-day course in bridge resource management in January 1995, a course in spoken
English,” and a 4-day course on the NACOS system at the SAM Electronics facility
in Germany in 2002. The staff captain told investigators that he regularly availed
himself of opportunities to learn about the NACOS INS:

I've done some personal training, including the various [INS] set ups on
the new ships with . . . electronics technicians. Every time that . . . a new
updated version of generation of [INS] systems [was installed], because
I'm very keen with electronics, I always tend to have some more updates.
So, continually I've done three new ships in a row, the Coral Princess, the
Diamond Princess, and this is the other one. I think I received probably extra
training from SAM Electronics.

Three nights before the accident, the staff captain went to sleep at 2200 and
awoke at 0600. Two nights before the accident, he went to sleep at 2200 and awoke
at 0700. The night before the accident, he went to sleep at midnight and awoke at
0500.

Second Officer

The 27-year-old second officer, a United Kingdom national, was enrolled
in a British maritime institute from 1996 through 2000. While a student, he
served as a cadet on Cunard Lines vessels,* receiving positive appraisals of his
performance. In June 2000, on graduating from the institute, he joined Cunard
Lines as a third officer and served on passenger vessels through the time of the
accident. Performance appraisals in his personnel file were generally positive.

After joining Cunard Lines, the second officer alternated between the
Queen Elizabeth 2 (QE2), the Vistafjord (later rechristened the Caronia), and various
Seabourn vessels.” He served on the QE2 until April 2006 and then went on leave.
On his return to duty in June, he served on the Diamond Princess for 2 2 weeks,
then reported to the Crown Princess on July 7, 2006. He spent 5 days familiarizing
himself with the vessel, then assumed the responsibilities of second officer.

% Princess Cruises required officers who were not native speakers to demonstrate proficiency in the
English language. Students had to pass an examination in spoken English to earn a certificate of proficiency
after taking this course.

2 The operations of Cunard Lines, which became a subsidiary of Carnival Corporation, were combined
with those of Princess Cruises and P&O Cruises, also acquired by Carnival Corporation. See “Operational and
Management Information” section.

% Seabourn was part of the Princess/Cunard/P&O organization.
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Princess Cruises records indicate that the second officer completed a 5-day
bridge resource management course in the United Kingdom in June 2001 and a
3-day course on the NACOS INS in July 2004, in Germany, conducted by SAM
Electronics. The first vessel on which the second officer served that had a NACQOS
INSwas the Diamond Princess. However, he told investigators that because the vessel
operated almost entirely in Alaskan waters, where manual steering predominated,
the INS “wasn’t really utilized” and he did not interact with an INS until joining
the Crown Princess. He also said that the QE2 did not have a NACQOS.?

In the 3 days before the accident, the second officer was on watch from
midnight to 0400 and from noon to 1600. He then slept from 0430 to 1100, except
on the day before the accident, when he slept from 0430 to 1000 and from 1730 to
midnight. He slept again the morning of the accident from 0430 to 1100.

Vessel Information

History and Construction

The Crown Princess was constructed in Monfalcone, Italy, by Fincantieri
Cantieri. The manufacturer conducted sea trials of the vessel in March 2006. The
trials included maneuvering tests, inclining (stability) tests, checks of mechanical
and electrical systems, and checks of NACOS components. The vessel sailed to
Brooklyn, New York, and entered service there in June.

The gross tonnage of the Crown Princess was 113,561. The vessel had 19
decks and was 947 feet long, 195 feet high, and had a beam of 159 feet including
the bridge wings (the beam was 118 feet without considering the bridge wings).
The vessel’s maximum speed was 21.5 knots. Its forward draft on the day of the
accident was 8.36 meters (27.4 feet), and its aft draft was 8.76 meters (28.7 feet).

Classification and Inspection

The Crown Princess was registered in Bermuda. The ship was dual-classed
by Lloyd’s Register and Registro Italiano Navale. The Crown Princess was inspected
by its flag-state authority, the Bermuda Maritime Administration. Under the
control verification system, the U.S. Coast Guard examined the vessel and issued
a passenger vessel certificate of compliance.”

% According to SAM Electronics, the QE2 was retrofitted with a NACOS 35-4 INS in 2004.

27 The Coast Guard’'s control verification program was established to monitor the safety of foreign-
flag vessels that embark passengers from U.S. ports. Vessels are subjected to initial, annual, and quarterly
examinations. A passenger ship control verification certificate is issued on satisfactory completion of the
annual examination, which includes tests of emergency systems as well as observation and evaluation of crew
actions and of communication dealing with emergency situations (U.S. Coast Guard Office of Marine Safety,
Security and Environmental Protection, “Report of the Cruise Ship Safety Review Task Force,” October 31,
1995 <www.uscg.mil/lhg/g-m/nmc/pubs/studies/pas_vsl.htm>).
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Propulsion and Steering

The Crown Princess was powered by four V-16 and two V-12 Wartsila ZA40S
diesel engines that provided power through two 19-megawatt Siemens electric
propulsion motors to two fixed-pitch, six-bladed propellers. The two rudders®
were capable of being turned a maximum angle of 45° but were limited to 35°.%
Each rudder had two pumps, only one of which operated while the ship was at
sea. With one pump operating, 28 seconds were required for the steering gear
to move a rudder from hard over in one direction to hard over in the opposite
direction. Half that time, or 14 seconds, was needed with both pumps operating.
The port and starboard rudders were synchronized, so that the same rudder
order from the bridge control system went to each steering gear unit.

The Crown Princess was equipped with a SAM Electronics NACOS 65-5.
In the SAM Electronics numbering system, the first two digits refer to the
configuration of components in the system, while the third refers to the particular
NACOS generation. NACOS generation 5 was the most modern NACOS
equipment at the time the Crown Princess was launched.

The vessel’s steering gear units were controlled through one of two
electronic steering control systems on the bridge. The first, a Sperry Marine
Navipilot 4000, was a basic heading control system or autopilot. Sperry Marine
also supplied the manual steering-control system. The second was the SAM
Electronics trackpilot system. A steering mode selector switch was located on the
bridge center control console. In general, the trackpilot was used mostly in open
waters, with manual steering normally used when arriving to and departing
from port or in pilotage waters. Princess Cruises allowed the officer on watch
to select the steering mode (see “Operational and Management Information”
section).

Voyage Data Recorder

As required by SOLAS 1974, as amended, the Crown Princess was equipped
with a VDR.* The ship’s VDR, model VER3000 manufactured by Broadgate Ltd.,
recorded inputs from 9 audio channels, 16 data channels, and a video source
(ARPA radar). The recording period was 12 hours, after which the data were
recorded over. The data were retained in a hard disk drive that was removed after
the accident and taken to the Safety Board’s recorder laboratory in Washington,

2 The rudders were of the compensated spade type. Spade refers to the rudder shape. Compensated
means that part of the blade area was forward of the stock or pivot point.

2 After the ship reached 5 knots, the rudders were limited to 35° of motion in either direction by a relay
in the steering control.

% See “Integrated Navigation Systems” section.

31 SOLAS chapter V, regulation 20, requires passenger ships constructed on or after July 1, 2002, to
carry VDRs. The VDR on the Crown Princess met the requirements of International Maritime Organization
resolution A.861 (20) and International Electrotechnical Commission performance standards for shipboard
voyage data recorders, as listed in IEC 61996.
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DC. A simplified schematic of a representative VDR system architecture is shown
in figure 4. The schematic is similar to, but does not match, the architecture of the
VDR installed on the Crown Princess.

VDR audio data were recorded by eight microphones on or near the ship’s
bridge and from transmissions and receptions on channel 16 of the ship’s VHF
transceiver.”” Safety Board investigators characterized the quality of the audio
recording as “fair.”?® The size of the bridge made it possible for crewmembers
to converse too far from any of the microphones for their voices to be recorded
accurately. Princess Cruises personnel told investigators that they were researching
options available to improve the quality of the recordings, which included seeking
the advice of professional audio engineers.
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Figure 4. Generic VDR system architecture. Among the parameters recorded on the
Crown Princess VDR were latitude and longitude, wind speed and direction, rate of turn,
heading (magnetic and true), speed (ground and water), rudder (order and position), water
depth below keel, engine (command and response), time (hour, minute, second), date
(day, month, year), main alarm—hull opening (watertight and fire doors), and radar image.
Data were sampled and recorded once per second. The recorded radar video was updated
about every 9 seconds.

32 Two microphones were in adjacent spaces, two on the bridge wings and four on the bridge itself, in
addition to the one that recorded the ship’s VHF radio.

% According to the Safety Board’s VDR audio data report: “The majority of the crew conversations were
intelligible. The transcript that was developed may indicate passages where conversations were unintelligible
or fragmented. This type of recording is usually caused by noise that obscures portions of the voice signals or by
a minor electrical or mechanical failure of the VDR system that distorts or obscures the audio information.”
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Waterway Information

Port Canaveral is located on the Atlantic coast of Florida, approximately
50 miles southeast of Orlando. A dredged entrance channel, 7 nautical miles long
and 400 feet wide, runs into the port from the southeast (refer to figure 2). The
channel is divided into outer, middle, and inner reaches; cruise ships dock in the
inner reach.*

The accident occurred in the open ocean about 10 nautical miles east of
Port Canaveral, in U.S. territorial waters. According to the navigation chart for
the area,® water depths near the accident site range from 45 to 62 feet (13.7 to 18.9
meters). The significance of water depth to vessel performance is discussed in the
“Shallow Water Effects” section.

Meteorological Information

The National Weather Service marine forecast for Flagler Beach, Florida,
to Cape Canaveral, issued at 0353 on July 18, 2006, read: “. . . variable winds
5 to 10 mph. Seas 2 feet. Intracoastal waters smooth. Scattered showers and
thunderstorms.”

At 1100 on July 18, the National Hurricane Center issued a tropical storm
watch for eastern North Carolina. According to the Hurricane Center’s bulletin,
a tropical depression had formed off the coast about 220 miles south-southeast of
Cape Hatteras that “could become a tropical storm later today or tonight.” The
depression developed into tropical storm Beryl.

Toxicological Testing

Princess Cruises, in accordance with the requirements of 46 CFR 4.06-1(b),*
directed deck and engineering crewmembers on duty at the time of the accident
to provide samples for toxicological analysis. Samples were obtained from the
captain, staff captain, relief captain, second officer, fourth officer on watch, relief
fourth officer, two helmsmen, and five engineering crewmembers. All samples
tested negative for the presence of alcohol and illegal drugs.

34 United States Coast Pilot, vol. 4, pp. 418-420.

% Ponce de Leon Inlet to Cape Canaveral, chart 11484, Coast Survey, United States—East Coast, Florida
(Washington, DC: U.S. Department of Commerce, National Oceanic and Atmospheric Administration, National
Ocean Service, 1997).

% The regulation, which applies to foreign-flag ships operating in U.S. territorial waters, states, in part,
“The marine employer shall take all practicable steps to have each individual engaged or employed on board
the vessel who is directly involved in the incident chemically tested for [illegal] drug and alcohol use.” Samples
are tested for the presence of alcohol, marijuana, opiates, amphetamines, cocaine, and phencyclidine.
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Crewmember involvement in vessel operations and in the response to the
accident precluded testing them for alcohol and drugs immediately afterward.
That circumstance is provided for by Coast Guard regulations at 46 CFR 4.06,
which require that alcohol tests be conducted within 2 hours of a serious marine
incident”” and that drug tests be conducted within 32 hours “unless precluded by
safety concerns directly related to the incident.”?® Alcohol testing is not required
more than 8 hours after a serious marine incident.*

Officers and crewmembers were breath-tested for the presence of alcohol
between 1918 and 1953 on July 18 (4 to 5 hours after the accident). Except for one
sample that was collected the morning of July 19, urine samples for drug analysis
were collected between 2100 and 2230 the evening of the accident. Thus, all
samples were collected within the regulatory time limits.

Survival Factors

Shipboard Response

Asrequired by SOLAS chapter IX, the Crown Princess had written emergency
response procedures and regulations in place before the accident. They included
checklists and contingency plans for 17 different potential shipboard emergencies,
among them collision, fire at sea, man overboard, medical emergency, and oil
spill.

Princess Cruises fleet regulations instructed that in an emergency, captains
were “to maintain an overview of the entire situation” without becoming overly
involved in the actual response to the emergency. Captains were to make “such
announcements as are necessary to reassure and advise both passengers and ship’s
company.”*

Immediately after confirming that the vessel was under control, the Crown
Princess captain told passengers, over the vessel’s public address system, to sit
down and stay in place. He explained that there had been a steering failure and
that he would give them more information shortly. Subsequent announcements
included calls to muster the stretcher party and the passenger-assistance party. The

37 A serious marine incident is defined at 46 CFR 4.03-2 as (a) a marine casualty or accident that results
in any of the following: (1) one or more deaths, (2) injury that requires medical treatment beyond first aid and
renders the individual unfit to perform routine duties, (3) property damage exceeding $100,000, (4) actual or
constructive total loss of an inspected vessel, or (5) actual or constructive total loss of any uninspected vessel
that exceeds 100 gross tons; (b) discharge of 10,000 or more gallons of oil into U.S. waters; or (c) the release
of a reportable substance into the environment of the United States.

% Title 46 CFR 4.06-3 (a) (1) (i-ii) and (b) (i-ii).
% Title 46 CFR 4.06-3 (a) (iii).

40 Princess Cruises, Fleet Regulations, Fleet Instructions, Emergency Response, EME 1.2, “Emergency
Duties—Captain and Senior Officers.”
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captain also announced to the passengers that they should return to their cabins.
He did not sound the general emergency alarm after the incident, which would
have signaled passengers to go to their muster stations. As noted earlier, he asked
the observers on the bridge wings whether they had seen anyone fall overboard,
and they replied that they had not.

Medical facilities on the Crown Princess consisted of a primary medical center
and a dining hall available for use as a secondary medical facility. The primary medical
center was made up of five wards, or rooms, containing seven beds and various basic
first aid supplies, as well as a pharmacy, cardiac equipment, and an x-ray machine.
Two physicians and three nurses were on the staff. About 16 crewmembers were
billeted to the stretcher party, which was divided into four teams.

Both physicians reported that they were in their cabins when the ship began
to heel. The senior physician indicated that she suspected that there would be
injuries after items in her cabin began falling over. Because the other physician
had experienced a similar heeling incident on another Princess Cruises vessel, the
Grand Princess, 5 months before the accident,* he quickly recognized the severity
of the event and the potential for injuries. Both physicians went immediately to
the medical center. They were joined by passengers with medical training, who
provided medical assistance under the supervision of the ship’s physicians.

The most seriously injured patients remained inside the vessel’s medical
center to enable medical personnel to monitor them. Passengers with less serious
injuries were asked to wait in the area outside the medical center, and chairs were
brought for them. A third area was set up in a dining room for those with minor
injuries such as scratches or bruises. Two emergency medical technicians were put
in charge of injured passengers in the dining room. The ship’s nurses assisted in the
medical center and also accompanied stretcher parties to assist injured passengers
throughout the vessel. Several passengers with medical training offered to help,
and they assisted in the shipboard response.

Shoreside Response

About 1600, the Brevard County, Florida, sheriff’s office learned of the
accident from the ship’s agent. The sheriff’s office contacted the fire chief at
Canaveral Fire Rescue to advise him of the situation and to inform him of the need
to transport between 20 and 50 injured people to hospitals. The fire chief activated
the rescue service’s mass casualty plan and departed for the cruise terminal.*?
Triage and transport vehicles were in place before the Crown Princess arrived.

41 On February 4, 2006, the Grand Princess returned to the port of Galveston, Texas, after a passenger
suffered a medical emergency. During the return, the vessel heeled an estimated 12° to 15°, injuring two
crewmembers and one passenger. Neither the Coast Guard, the Safety Board, nor the flag state investigated
the accident. Princess Cruises attributed the accident to poor communications and poor bridge resource
management among the bridge crew.

42 Canaveral Fire Rescue participates in a mass casualty drill once a year in Melbourne, Florida.
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Coast Guard Station Port Canaveral received initial notification of the
accident from a passenger on the Crown Princess at 1550. Coast Guard personnel
in Port Canaveral established direct communication with the vessel, via VHF
radio, around 1600. The master reported a steering casualty that caused the vessel
to abruptly turn, resulting in injuries to several persons on board. Station Port
Canaveral briefed Coast Guard Sector Jacksonville, which contacted Princess
Cruises management. Company management informed Sector Jacksonville that
the vessel planned to return to port. The Coast Guard Captain of the Port (COTP)
later issued a verbal order denying entry to the vessel until a Coast Guard marine
inspector could board and verify that the steering gear was functional.

At 1710, a Coast Guard 47-foot patrol boat departed Station Port Canaveral
with two Canaveral Fire Rescue officers and two Coast Guard marine inspectors
on board to meet the Crown Princess while it was returning to Port Canaveral. They
boarded the vessel at 1733. The marine inspectors observed a satisfactory basic
steering gear test, which was completed at 1743, and conveyed the information
to the COTP. About 1800, as the vessel continued its return to port, the COTP
rescinded his order, and the vessel was allowed to enter the port. The vessel
continued its return to Port Canaveral and lost no time en route as a result of these
Coast Guard actions.

After the vessel docked at 1836, helicopters airlifted two seriously injured
people to hospitals. Ambulances then transported 101 people—93 passengers
and 8 crewmembers—to local hospitals, four in the Cocoa Beach/Melbourne
area, one in Orlando, and one in Daytona Beach. A total of 97 fire, rescue, and
ambulance department personnel from 10 different agencies, with 9 fire engines, 21
ambulances, and 2 helicopters, responded to the accident, all under the command
of the Cape Canaveral Volunteer Fire Department chief, who served as the incident
commander.

Tests and Research

Postaccident Steering Tests

On July 20, after the passengers had disembarked and the crew had
inspected the vessel and its critical components, the Crown Princess departed Port
Canaveral for New York. An authorized SAM Electronics technician boarded the
vessel at Port Canaveral to test the vessel’'s NACOS system, with Safety Board
investigators, Coast Guard representatives, and a Lloyd’s Register surveyor on
board to supervise the tests. A representative of Bermuda, the vessel’s flag state,
joined the group on board.

Before the vessel sailed, the technician performed a comprehensive steering
gear test and found that it operated within acceptable limits. During the sailing,
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the crew activated the NACOS trackpilot, with course changes completed in both
heading and course modes. At the captain’s direction, the vessel was kept below
full speed until it reached the open ocean (July 21). Other vessel conditions during
the test were similar to those at the time of the accident, except that no passengers
or their baggage were on board and the swimming pools were empty. Data from
the vessel’s trackpilot showed that the system performed as designed in all test
phases. The Crown Princess reached New York on July 21.

At the Safety Board’s request, SAM Electronics reviewed the short-term
voyage recording in the NACOS for evidence of a system malfunction. After
the review, company personnel stated, “No malfunction of the Trackpilot could
be found in the recording.”* The company concluded that an improper rudder
economy setting* and rudder limit setting “can lead to a nonproper function of
steering in Heading mode for this ship’s speed of 18 to 20 knots together with the
measured water depth.” The company further concluded, “It must be assumed
that the squat effect influenced the steering ability of the ship. The rudder gain
setting by the crew for the Trackpilot (Rudder Economy = 5 is a tolerant value)
has been too low for [these] conditions.” (See “Shallow Water Effects” section for
more information.)

Heel Angle Determination

As a result of limitations in the onboard Siemens integrated monitoring,
alarm, and control (IMAC) system sensor, only heeling values from starboard 15°
to port 15° were measured. The vessel’s VDR did not record heeling data, nor was
it required to do so. The IMAC retained the heeling data, which were retrieved by
Safety Board investigators after the accident.

Because of the likelihood that the vessel’s maximum heel angle exceeded the
limits of the IMAC data, Safety Board investigators sought other information for
determining the maximum angle. Princess Cruises provided the Safety Board with
images taken at regular intervals by videocameras positioned at various locations
on the ship. One set of images was taken every 2 to 3 seconds by a camera on the
vessel’s port side. The date and time were stamped on each image.* Investigators
determined thatimages recorded during and after the event, from July 18 at 1113:38
through July 19 at 0814:00, were of interest in determining maximum heel angles at
specific times during and after the event.

Safety Board investigators digitized part of the video to a computer-based
video system so they could review and extract still images. The investigators then

4 The response from SAM Electronics was dated September 6, 2006.

4 The rudder economy setting allowed operators to enter one of 10 levels of weather/sea state conditions,
with corresponding increases or decreases in rudder movement limits. See “Integrated Navigation Systems”
section for details.

4 The basis of the time stamped on the images is unknown but is consistent with Central European time,
offset by 1 hour for daylight saving time.
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used two methods to determine the maximum angle of vessel heel from the images
taken by the shipboard camera. One method was to measure the angle formed by
the apparent horizon in an image and the vertical axis of the vessel, taking into
account the distortion created by the camera lens (figure 5).

The other method was to measure the difference between the angle of the
shadow created by the vessel on a reference point on the images and the angle that
would have been created by the ship’s orientation to the sun at that time, given the
sun’s angle over the horizon and the ship’s orientation. Investigators obtained the
sun’s angle from U.S. Naval Observatory data and the ship’s orientation to the sun
from VDR data. The maximum angle of heel calculated from the shadow images
was 24.2° to starboard at 1524:57 (figure 6).%¢

angle of heel, with reference lines added by investigators. Stamped time corresponds to
1525:02 eastern daylight time. The apparent bending of the horizon is an artifact of the
wide-angle camera lens, which causes straight lines to appear curved and bow outward
from the image center.

4 The ship’s VDR clock time was different from the time stamped on the videocamera image. To
synchronize the times, investigators assumed that the ship reached its peak heel angle at VDR time 1524:57,
halfway between the first and last 15° angles recorded by the vessel’s heel sensor.
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Figure 6. Calculated and recorded heel angles of the Crown Princess. The maximum
heel angle calculated from shadow images was 24.2°; that calculated from the apparent
horizon line was slightly less (23.4° to 23.5°).

Stability Considerations

At the Safety Board’s request, the Coast Guard reviewed the stability
conditions of the vessel relative to applicable standards of the International
Maritime Organization. The Coast Guard found that the ship complied with all
International Maritime Organization intact stability?” requirements for passenger
ships at the time of the accident.® The Coast Guard’s report found that the
maximum righting arm* occurred around 32°.%

47 Intact stability is a naval architecture term referring to how an intact, or undamaged, vessel responds
when heeled over.

48 Code on Intact Stability for All Types of Ships Covered by IMO Instruments (London: International
Maritime Organization, 2002), chapter 3.

4 The concept of the “righting arm” relates to a vessel's ability to restore itself to an upright position.
When a vessel heels, both its center of gravity and its center of buoyancy shift to the side, but the center of
buoyancy shifts faster. The horizontal difference, known as the righting arm, creates an imbalance that makes
the vessel tend to right itself. The righting arm increases as the heel angle increases, but only to a point—the
“angle of maximum righting arm.” When the heel angle increases beyond that point, the righting arm will
decrease. When it reaches zero, the vessel will continue to heel until it capsizes.

50 Details of the Coast Guard stability review are found in Coast Guard Marine Safety Center Memorandum,
Serial H2-0603148, November 24, 2006.
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Vessel Dynamics

Safety Board investigators studied the vessel dynamics both before and
after the second officer took manual control of the steering. The investigators used
VDR data from about 5 seconds before the trackpilot was disengaged until about
15 seconds after the commanded rudder oscillations ceased. Figure 7 plots the
second officer’s wheel (rudder) commands against the rudder response and the
heeling angle.

The data show that after the second officer disengaged the trackpilot at
1524:05, the vessel’s rudder positions corresponded to the rudder commands for
about 10 seconds. Then, at 1524:15, the rudder positions began to deviate from the
wheel input as the rudders lagged the wheel commands.” The deviation lasted
until shortly after the rudders were commanded to midships (1525), after which
the vessel gradually returned to even keel. The vessel’s response lagged both
the rudder commands and the rudder positions. From 1524:30 to 1525:10, while
the rudders remained at port, the vessel’s heading diverged from its direction of
motion. That difference is known as the drift angle. The greater the drift angle and
the greater the speed, the greater the resultant heel angle. The vessel’s maximum
heel occurred about 1524:57, as shown by the red line in figure 7.
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Figure 7. After the second officer began steering the vessel manually, he turned the
wheel faster than the rudders could follow, as shown by the divergence between the
rudder commands (light blue line) and the rudder responses (dark blue line). As the vessel
attempted to respond to the commands, it heeled increasingly to starboard (red line).

51 Lag results when the rate of wheel inputs exceeds the rudder response rate, which for the Crown
Princess was 3° per second.
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Shallow Water Effects

As shown in figure 8, the water depth was about 5 meters (about 16 feet)
below the keel of the Crown Princess during the first part of the trip, gradually
increasing to 8.3 meters (27.2 feet) at 1524, when the second officer assumed the
conn, and reaching 10.7 meters (35.1 feet) at the end of the accident sequence.

Undarkeal Clearance (meters)

15

1|:|- f

0+——T 777
§ & &8 & & B8 8§ & B 8

Figure 8. Underkeel clearance of the Crown Princess during the accident sequence,
from data recorded by the vessel’s VDR.

When a vessel moves through shallow water, it experiences a complex
hydrodynamic phenomenon that affects both its clearance above the waterway
floor, known as squat, and its steering precision. As a vessel’s speed increases,
the water level around the hull is lowered, because as water moves under the
hull, the velocity and kinetic energy of the water increase. To compensate for the
increase in kinetic energy, the potential energy (energy of a system derived from
elevation rather than motion) must reduce, because the total energy of a system
must remain constant. The reduction in potential energy is achieved through the
lowering of the water level around the hull. Squat is approximately proportional
to the ship’s speed squared; hence, halving the speed reduces the squat effect by a
factor of four.™

52 Navigation and Vessel Inspection Circular No. 2-97, change 1, COMDTPUB P16700.4; Ch-1
<http://www.uscg.mil/hg/g-m/nvic/2 97/n2-97ch1.htm> (accessed May 3, 2007).
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The greater a vessel’s speed in shallow water, the less predictable its
steering.” That holds true whether the vessel is steered automatically or manually.
Test trials performed on model ships in tanks show that turning radius increases
exponentially with a reduction in water depth under the keel. Some trials show that
a ship’s turning diameter increases 60 to 100 percent at a water depth of 1.25 times
ship’s draft.>* A ship’s draft of 8.5 meters (27.9 feet) and an underkeel clearance of
8 meters (26.3 feet) equals a water depth of 16.5 meters (54.1 feet), giving a ratio
of water depth to ship’s draft of about 2:1 and meeting the general definition of
shallow water.®

Princess Cruises informed its crewmembers about squat effects in its fleet
regulations and deck standing orders:*

...The effects of squat can have an adverse affect on the ship’s handling
characteristics, and these must be borne in mind when in confined waters:

* The vessel’s stopping distance and turning circle is increased.
* The propellers and rudder become less effective.

The company also posted information about squat effects on the bridge of
the Crown Princess (table 4).

Table 4. Information about squat effects posted on the Crown Princess bridge.

Draft Increase (Loaded)
Underkeel Clearance Ship’s Speed (knots) Estimated Maximum Squat (meters)
4 meters 24 3.48
14 1.18
4 0.01
8 meters 24 3.0
4 0.08

NOTE: The notice posted on the bridge also included other information.

% A.J. Jurgens. and A. D. Jager, “Controllability at Too High Speeds in Too Shallow Water,” Proceedings
of MARSIM 2006 (International Conference on Marine Simulation and Ship Manoeuvrability), Terschelling,
The Netherlands, 2006.

5 Edward V. Lewis (ed.), Principles of Naval Architecture, vol. 3, Motions in Waves and Controllability
(Jersey City, New Jersey: Society of Naval Architects and Marine Engineers, 1989), pp. 280-281.

% Princess Cruises defined shallow water as “depths less than twice [vessel] draught” (NAV.7, Fleet
Regulations and Standing Orders). Other sources define shallow water as either two or three times ship’s
draft. Principles of Naval Architecture (vol. 3, p. 279) defines shallow water as a water-depth-to-ship’s-draft
ratio of 3 or less.

% Princess Cruises, Fleet Regulations, Deck Standing Orders, Navigation, NAV 7.10, “Squat.”
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After the Crown Princess accident, SAM Electronics commissioned a
university to determine the effect of shallow water and high vessel speed on
the maneuvering characteristics of a large vessel. The study found that in water
depths of about 6.8 meters (22.3 feet) below the keel, the yaw-checking ability
of a vessel the size of the Crown Princess will be “significantly reduced,” and the
INS’s ability to control the vessel steering will be reduced as well. The author
concluded:”’

... Our analysis could show that due to the large beam of the vessel, a
steady heel results in a large alteration of the hydrodynamic blockage
which then results in a large impact on squat as such. A secondary yawing
moment is generated due to the steady heel which forces the vessel into
a turning circle exactly to the side of the heel. If the heel is initiated by
an initial turning motion, then the secondary heeling moment will clearly
amplify this turning motion, which can then only be compensated by more
rudder action.

... As the rudder action required to yaw check the first turning must result
in a large rudder moment, all this results in a hunting where the amplitude
of that hunting gradually increases. . . . According to our analysis, the only
way to control the hunting is to keep the yawing instability of the ship
under a certain limit, which must also reduce the squat effect. . ..

As the auto pilot sees a completely different system compared to its deep
water design characteristics, there is according to our results no possibility
for the autopilot to cope with such kind of situation.

After receiving information from its customers and the university study,
SAM Electronics made several changes to its NACOS equipment (the updates are
available as an option to vessel owners and only on generation 5 NACOS) as well
as to its training material and operating manual:

* The NACOS autopilot will operate normally until the ratio of water
depth to ship’s speed reaches a theoretical threshold at which shallow
water effects become apparent (based on the formula d < 0.085v?, where
d = depth in meters, v = speed in knots). At that point, the operator hears
a warning sound. If the water-depth-to-speed ratio goes lower (based on
the formula d < 0.065v?), a second alarm alerts the operator that the ship
has entered the critical squat range, below which limit, according to the
university study, the ship’s maneuverability changes significantly.” The
alarm points are set based on vessel-specific information. Both alarms

5 8. Kruger, “Determination of the Squat Effect on the Course-Keeping Ability of a Large Cruise Liner”
(Hamburg: Technische Universitdt Hamburg-Harburg, Institut flir Entwerfen von Schiffen und Schiffssicherheit,
2007), p. 3.

% The coefficients 0.085 and 0.065 are based on theoretical computations. For the value 0.085, the
university study stated that it is well known that shallow water influence can be found if the wavelength of the
ship’s own wave system is greater than two times the water depth. This results in a relation between water
depth (d) and ship’s speed (v) of d = 0.085v2, when ship’s speed is in knots. The value 0.065 comes from
theoretical computations for a hull form equivalent to that of the Crown Princess. The influence of shallow
water was found to be significant for depths equal to or below 0.065v2.
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can be activated and deactivated independently. They are activated
only if the trackpilot is engaged and the limit values persist for a defined
period.

* A ”low rudder limit” alarm sounds if the rudder limit is set so low that
the next turn in track mode cannot be executed with the preplanned
turn radius. In addition, a “high rudder limit” alarm operates using a
new parameter called “maximum allowed rate of turn,” which is used
to calculate an upper limit for the rudder limit set by the operator. Its
value is determined by the ship’s turning ability and its speed.

* Information on shallow water and high-speed effects (such as squat) on
vessel maneuverability was added to the NACOS training curriculum
and the NACOS operating instructions. The following warning about
the squat effect was added to the operating instructions:*

Shallow water may effect [sic] the dynamics and manoeuvrability
of a vessel. Shallow water is considered to be a depth of less than
2.5 times the draught of the vessel. If sailing with high speed in
shallow water the draught of the ship may increase considerably
caused by the squat effect. The squat effect increases with higher
speed and lower water depth.

These effects may change the designated steering behavior of
the ship in a material manner. Previously set parameters for the
TRACKPILOT ability to steer the ship will no longer match with
that ship behavior.

After the accident, as noted earlier, an authorized SAM Electronics
technician tested the vessel’s NACOS INS. He also prepared a one-page guidance
document on the trackpilot for Princess Cruises bridge crews. The document listed
the trackpilot parameters and summarized the control given by the various rudder
economy settings, as well as the weather conditions under which they should be
used. The rudder limit definition from the operating manual was also reproduced,
with the following comments and recommendations:

The rudder limit setting is a parameter that must be manually adjusted
depending on the vessel’s speed and sea conditions. At high sea speeds
a small rudder angle should be entered, i.e. 5 degrees. At slower speeds,
when more rudder angle is required to perform a turn (required rate of
turn not attainable with the smaller limit) a larger rudder limit should be
utilized, i.e. 15 degrees.

Acknowledgment of the [rudder limit] alarm silences the buzzer only, but
continues the rudder limitation.

% SAM Electronics, Operating Instructions, section 36.1.
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Operational and Management Information

Corporate Organization

Princess Cruises, founded in 1965, became a subsidiary of the Carnival
Corporation in 2003.% In fall 2004, after acquiring Cunard Cruise Lines, Carnival
Corporation merged the fleet operations of Cunard Lines and P&O Cruises of
Australia with those of Princess Cruises.®! At the time of the accident, Princess
Cruises, Cunard, and P&O Cruises operated under a single management structure,
while retaining separate brand identities. Princess Cruises considered deck officers
to be interchangeable on the vessels of the three companies.

Crewmembers on Princess Cruises, Cunard, and P&O ultimately reported to
the vessel captains, while the captains reported to the Princess Cruises fleet captain,
marine operations. The fleet captain and senior vice president, fleet operations,
reported to the executive vice president, fleet operations. The executive vice president
reported to the chief executive officer of Princess Cruises. The chief executive officer
of the three cruise lines was a director of Carnival Corporation & PLC and reported
to the vice chairman and chairman of the board of the corporation.

Personnel at both Princess Cruises and Holland America Line, another
Carnival Corporation subsidiary, indicated that the corporation allowed the
individual cruise line subsidiaries latitude in overseeing vessel operations. That
latitude extended to personnel selection, training, safety management systems,
and vessel design and acquisition.

Princess Cruises Operations

Fleet Oversight. Princess Cruises management personnel told Safety Board
investigators that they had known the fleet captains for many years and were
familiar with both their strengths and their weaknesses. Management personnel
regularly visited the vessels to observe vessel operations. All ship’s officers met
with their superiors at the midpoints and ends of their assignments to review and
discuss their performance. The performance appraisals were then sent to the senior
vice president, marine operations, and finally to the fleet captain.

80  See Princess Cruises website <www.princess.com/news/article.jsp?newsArticleld+na735&submit
=pk> (accessed December 10, 2007).

6 The corporate website states: “Carnival Corporation & plc is a global cruise company and one of the
largest vacation companies in the world. Our portfolio of leading cruise brands includes Carnival Cruise Lines,
Holland America Line, Princess Cruises and Seabourn Cruise Line in North America; P&O Cruises, Cunard
Line and Ocean Village in the United Kingdom; AIDA in Germany; Costa Cruises in southern Europe; and
P&O Cruises in Australia” <http://phx.corporate-ir.net/phoenix.zhtml?c=200767 &p=irol-prlanding> (accessed
October 10, 2007).
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The fleet captain, marine operations, oversaw a staff of two marine
inspectors who visited each vessel at least once a year to observe operations and
ensure compliance with procedures. The inspectors operated independently of
the auditors that the company dispatched as part of its required internal safety
management system audits. The inspectors reported their findings to the vessel
captains, with suggestions for improvement, if necessary, as well as to Princess
Cruises management. The company began the program because the demands
of overseeing its growing fleet prevented senior management from visiting the
vessels as often as they would have liked.

Princess Cruises also read out VDR data and listened to VDR conversations
after all incidents of concern to the company. Management personnel estimated
that in the 3-year period before the accident, they had read out and listened to
about 12 VDRs.

Watchkeeping Policies and Procedures. Princess Cruises watchkeepers
had the discretion to steer using an automated INS mode or manually, within
the standards that the vessel captains established in their standing orders. Deck
standing order NAV.7.14 of the company’s fleet regulations®> advised crewmembers
to use the INS because “it ensures [that the] maximum information is available to
officers.” However, it advised crewmembers not to rely exclusively on the INS
for navigation information but to verify the information against chart and other
navigational information. As the order stated, “The Integrated Bridge System is
not a substitute for maintaining a safe navigational watch.”*

Standing order NAV.7.14 attached the following provisos to the selection of
the trackpilot’s operational mode:

Operation in Heading Mode should be selected when a steady heading is
required, particularly when in close proximity to other vessels. If a close-
quarters situation is developing, then Heading Mode should be selected in
preference to Course or Track Mode.

Operation in Course Mode may be appropriate when necessary to deviate
from the System Track when a set CMG [“course made good,” that is,
course over the ground] is desirable.

Operation in Track Mode may be used provided the System Track and/or
Electronic Chart positioning has been confirmed as reliable and traffic
conditions permit. Particular attention shall be paid to Position and Speed
Sensor status, as well as the Horizontal Chart Datum in use prior to
selection.

52 Princess Cruises, Fleet Regulations, Deck Standing Orders, Navigation NAV.7.14, “Integrated Bridge
Systems (IBS),” reissued May 2002.

8 Princess Cruises referred to its INS as an integrated bridge system (IBS). Until recently, the terms IBS
and INS were used interchangeably. However, International Maritime Organization regulations now distinguish
between them. An INS is considered to be a component of an IBS, which includes other components such as
communications, security, and cargo control.
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The standing order directed second officers and deck officers of higher
rank on ships having integrated bridge systems to complete “an appropriate
training course” before being permitted sole charge of the watch while at sea. In
addition, Princess Cruises advised its watchkeeping officers to “be familiar with
[the system’s] alarm messages, their meaning, and the action to take on their
activation.”

Postaccident Actions. Within days of the Crown Princess accident, Princess
Cruises issued a letter to its deck officers instructing them not to use the NACOS
trackpilot or speed pilot systems on their ships until they were satisfied that all
watchkeeping officers fully understood the “correct and safe operation” of the
equipment. Watchkeeping officers were also instructed to reread the NACOS
instruction literature. Over the next several months, additional instructions were
issued regarding the use of checklists for transferring the conn, for assuring deck
officers’ familiarity with bridge procedures and emergency equipment, and for
engaging or disengaging automated steering. The cruise line also cautioned
officers about the effects of shallow water on steering, reminding them to be
especially careful about using the trackpilot in shallow water “at higher speeds.”
In a fleet regulation reissued in May 2007, captains were informed that “. . . good
seamanship would require that following a departure from a port anchorage either
they or their designee (staff captain) should remain on the Bridge until satisfied
that the ship and the Bridge Watch are settled.”

The cruise line informed the Safety Board that it had increased the
complement of its bridge crew by adding a third officer. In addition, the company
said that it was undertaking a trial period on nine of its vessels in which the
first officers would divide the 0400-to-0800 and 1600-to-2000 watches, to create
increased flexibility in the oversight by first officers of new officers during
“demanding times on their watches.”

In a fleet regulation reissued in September 2007,% Princess Cruises required
the reporting of marine casualties “wherever they occur” to the flag state. The
regulation stated: “. . . if the casualty occurs outside U.S. territorial waters but
the ship is bound directly to a U.S. port, then a report must be made to the [Coast
Guard].” Inarelated regulation,® the cruise line required the immediate notification
of its corporate offices if any on a list of 13 incidents occurred, to include “any
incident causing the vessel to heel more than 5 degrees.”

Princess Cruises managers told the Safety Board that after the accident, they
established a professional marine standards department to enhance the standards,
protocols, and procedures of their operations, and to develop a program of human

8 Princess Cruises, Fleet Regulations, Deck Standing Orders, Bridge Procedures BRP.3.1, “Company
Navigation Orders,” reissued May 2007.

% Princess Cruises, Fleet Regulations, Fleet Instructions, Legal and Documentation LEG.7.2, “Marine
Casualties,” reissued September 2007.

% Princess Cruises, Fleet Regulations, Fleet Instructions, Communications COM.2.2, “Incident Reporting
to Shore Management,” reissued September 2007.
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element understanding. No additional information was provided regarding the
composition of the department, its location in the Princess Cruises management
hierarchy, or the manner in which the department would carry out its duties.

Princess Cruises also sent its SAM Electronics-certified NACOS trainer to
its vessels to conduct 3-hour on-site training sessions in the use of the NACOS
INS. The training was intended to serve as both refresher training for those who
had previously completed a NACOS course and initial training for those who had
not. In addition, the cruise line informed the Safety Board that it had employed
an inhouse bridge team equipment trainer, approved by SAM Electronics to
conduct NACOS training. The individual was to give bridge personnel one-to-one
instruction on their NACOS equipment during 3-day visits to their vessels. Princess
Cruises also required all captains to attend a 5-day bridge resource management
course, irrespective of the year in which they had first completed such training.
Princess Cruises managers indicated that they were revising a course for deck
officers that would include practicing emergency scenarios in a full 360° bridge
simulator, using a variety of scenarios.

Princess Cruises also implemented the use of a new technological aid
for accounting for passengers after a mishap, in addition to developing new
procedures for responding to mishaps both on vessels and at its corporate offices
and for reporting mass casualty incidents to authorities. The cruise line indicated
that it recommended that user-friendly guidance from operations manuals specific
to vessel bridge equipment be developed and placed in a readily accessible location
on vessel bridges.

Additional Information

Heeling Incidents on Cruise Vessels

Previous Occurrences. As part of the investigation of the Crown Princess
accident, Safety Board investigators interviewed representatives of other cruise
lines based in the United States” regarding heeling incidents on their vessels in
the 15 years before the accident. To focus on more severe episodes, investigators
defined a heeling incident as an unexpected and unplanned heeling of a vessel
during a turn, reaching an angle equal to or greater than 6°. Cruise lines that
provided heeling incident data to the Safety Board maintained different record-
keeping systems with varying definitions of heeling incidents and accidents, and
employed different investigation procedures.

6 Norwegian Cruise Lines, Holland America Line, and Royal Caribbean/Celebrity cooperated with the
Safety Board’s investigation, in addition to Princess Cruises, which, at the Safety Board’s request, voluntarily
submitted internal information on heeling incidents and accidents that had not been investigated by government
agencies.
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Most of the incidents were not required to be reported to a government
agency because of their location or the scope of the event, and therefore most
were not investigated by such agencies. The cruise lines themselves supplied most
of the data on incidents. Because the intent of the Safety Board’s review was to
determine whether commonalities were present among operator errors in the use
of INSs, incidents not involving INS use, such as collision-avoidance maneuvers,
were not considered.

Safety Board investigators reviewed information on 13 accidents and
incidents involving large passenger cruise vessels (those carrying more than 1,000
passengers) equipped with an INS. Five cases were found in which the incident
arose exclusively from a technical malfunction in either the vessel’s steering system
or its INS.

In a 1994 incident, a vessel turned sharply to port after the second officer
shifted vessel steering control from heading mode to track mode in the vessel’s
INS. The cruise line investigated the incident, which occurred outside U.S.
territorial waters. The bridge officer on watch was unaware of a requirement that,
before making the shift between the two modes, the ship had to be within 5° of
the proposed course heading. The proposed track heading diverged 24° from the
proposed heading, and with the rudder limit having been increased from 5° to
10°, the vessel turned sharply to the proposed heading. Thirteen passengers and
crew received minor injuries in the incident. The cruise line determined that the
operating manual did not provide guidance on this type of situation, and that it
had no policy to train deck officers in using the INS. It later revised its own INS
operating procedures and training standards to address those issues.

In a 1999 incident, a passenger vessel turned sharply to starboard when a
watchkeeper engaged the INS after manually steering the vessel. The cruise line,
which investigated the incident, determined that the watchkeeper had entered an
incorrect rudder limit, one that was considerably beyond the maximum rudder
limit that the vessel permitted. However, the INS accepted it and then attempted
to turn the vessel sharply. Further examination revealed a fault in the system that
was subsequently corrected.

In 2001, a passenger vessel turned sharply and heeled, injuring 28
passengers and crew. The Coast Guard, which investigated the incident, found
that a wa