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14, Alr-sea energy e'.xchange

. Solagradiatbon

Some energy from the sun is absorbed in the oceans Laem O
{43 whememit passes to the atmosphere and finally back to the ocean again
as winds drive waves and currents - the air-sea interface is therefore

crossed three times by these energy exchanges. >
e e e et et

(D;he seasonal variation in heat con¥tent of the upper ccean
is primarily determined by the net heat flux across the interface between
the atmosphere and ocean. Short-wave radiation from the sun is mainly

absorbed in the upper 10-20 m of the ocean but this heat is redistributed

-

in the wvertical by turbulent mixing brought about by strong winds, S

. e

C),']f‘l::fmechanical energy source for this process is proportional
to the third power of the wind speeé‘.icy/]iucrgasing winds cause a rapild
cooling and deepening of the oceanic boundary layer as shown ia Fig. 14.
In the winter, the high frequency of storms causes the mixed layer to be
deep’M near 100 m whereas, in the summer, the mixed layer is

évwnnhun

shallow and usually less than 20 m in depth. The chenge from a summer

to winter regime and vice versa takes place in the autumm and spring
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l4. Temperature ancmalies dve to cyclones

Namias (1959 and 1972) and Bjerkmes (1966 and 1969) have
related anomalous weather patterns to anomalies in sea surface temperature.
On the other hand, Ramage (1974), Davis (1976) and Bell (1976) have
suggested that temperature anomalies develop more frequently from anomalous
. atmospheric circulations, rather than the other way round. In this
connection, Elsberry and Garwood (1978} have shown how an extendéd period
without storums may result in upper—ocean temperature anomalies that persist
for months. The predominance of either anomalously high or low temper-
atures is related to the thermal structure in the ocean that is established
on the transition date between the deep mixed layer of the winter regime

and the shallow mixed layer in the summer.

Flsberry and Garwood {1978) suggest that persistent anomalous
sea surface temperatures are caused not by anomalous solar radiation but by
anomalous redistribution of heat in the vertical. They show that the
distribution of heat is governed by oceanic turbulence on two time scales,
The first associated with diurmal heating in light wind conditions and the
second associated with the time-distribution of storms. During the autumn.
cooling, when solar heating is decreasing the passage of a storm can cause
a sudden deepening of the mixed layer and marked surface cooling as shown

in Fig. 14. . In addition to the upper cooling a warming of almost 5%

J

is shown in a shallow layer near 50 m. This wég%ing is caused by the downwind

transport of heat due to turbulent mixing. In strong storms the downward
flux of heat at the base of the mixed layex can be 5 to 10 times the value
of the upward flux of heat lost to the atmosphere. Both effects cause
surface cooling which, from one strong storm, can amount to a significant

fraction of the seasonal cooling.

During periods of light winds the diurnal solar heating
cycle produces a layer of warmer, less dense water near the surface.
This stable stratification inhibits deep turbulence. A critical period
occurs during the spring when solar heating is increasing and the frequency
of high wind speeds is diminishing. The-stratification near the surface
then increases and isolates the subsurface oceaﬁ layers from the turbulent
energy sources near the surface. Thus the stremgth of the storms at this

time, and the duration of weak winds between them, influence strongly the
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Fig. 14. .1 Ocean temperature profiles (solid lines) at
50 N, 145 W from 10 to 16 October 1954 with the initial profile
repeated as a dashed line to indicate the cooling and deepening of
the oceanic boundary layer (horizontal ticks) during the passage of
a weak and a strong storm. (After Elsberry and Garwood 1978.)
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Fig. 1l4. .2, Relative sea-surface temperature of 50 N, 140 W

averaged over March-December as a function of transition date.
(After Elsberry and Garwood 1978.)



day on which the occean thermal structure makes the change from winter
to summer regime, Once the transition is made ,the shallow surface layer,
only 25% or 33% of its previous depth, warms rapidly with the increasing
solar heating. An early transition to a summer regime would therefore

be expected to be followed by warm temperature anomalies. Using data
from Ocean WeatherShip P (SOON IASDW),Eleerry and Garwood (19?8).shcwed
that the surface temperature averaged from March to December did indeed
depend on the date of transition as is illustrated in Fig. 1l4. . At
this station the median transition date is Julian day 117 (27 April) with
a range of M 70 days in their 19-year sample. One role of atmospheric
storms 1s to determine the timing of the transition from the deep isothermal
layers of winter to the shallow summer time boundary layer. This change,
coupled with the diurnal heating cycle, determines the nature of the

subsequent anomalies.




14. 4
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Waves and swell

Most of us have at sometime been fascinated by ocean waves
and their rhythmic movements. Some of us have probably tried to confirm
that every seventh wave is larger than the others — a long-standing
myth. During storms many may have wondered how large would be the
greatest possible wave. The most famous reliable report of an extreme
wave came from the crew of the USS Ramapo. This Navy tanker, l46 m long,
was en route from Manila to San Diego on 7th February 1933 when it met
a disturbance in which the pressure fell to 992 mbar and the wind rose
from 15 to 30 m/s over several days. The ship was running with a high
sea when the top of an approaching wave was seen to be level with the
horizon and the crow's nest. From the geometry of the situation it was
possible to calculate that the wave was 34 m high {(trough to crest) and
its period was timed at 14.8 seconds. Arakawa and Suda (1953) gave an v
interesting account of the seas encountered by a Japanese Fleet which
steamed through a typhoon on 26th September 1935. One ship reported
wave heights of 25 m and another reported waves up te 30 m but this
report was discounted. Arakawa and Suda reported that wave heights
above 20 m were extremely rare, The life of these extreme waves is
transitory being not much more than a minute or two. They owe their
height to the addition of a number of component waves each travelling
at slightly different but constant speeds which, by chance, all arrive
at the same place in step; the component waves separate as they continue

on thelr journey, and the wave subsides.

The British Ocean Weather Ship "Weather Reporter' was
instrumented to measure wave heights at its station in the North Atlantic.
The original instrument could record waves up to 15 m in height but this
limit.was soon found to be inadequate and was extended tc 18 m. On the
12th September 1961 the ship lay close to the track of the dying
hurricane Betsy when the recording pen hit the stops in a giant wave,

By drawing a crest on the wave trace it was found to have had a heigh?!
cof at least 20 m, The ship had risen 20 m in 7% seconds and dropped

a similar distance in the next 7% seconds. Draper (1965) considered
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that because the instrument was only operated for 8% of the time the
highest wave at that station was probably about 24 m. The 20 m wave

was the highest instrumentally recorded wave until the centre of
hurricane Camille 1969 passed within 23 km of an offshore oil platform
standing in 104 m of water in the Gulf of Mexico. The central pressure
of the hurricane was 901.8 mb and it was moving north at 6.6 m/s. The
highest wave on the recorder was 23.6 m and its period was 12.3 s (Earle
1975). It is clear from the foregoing that the highest waves produced
by tropical cyclones are amongst the highest encountered on the oceans

and are of prime importance to mariners and englneers.

Memtion should be made of the o called "freak" waves although
tha frequency of reports received during the last decade has prompted
the use of the term "episocdic" wave, because an episode is a recurring
event. Episodic waves are defined as waves of very considerable height
ahead of which there is a deep trough., Thus it is the unui@l steepness
of the wave which is the outstanding feature dangerous to shipping. Ship
tend to drop into the trough and, at best, loose their bows. The area
off the southeast coast of Africa between Cape 5t. Lucia and Port
Elizabeth favours the formation of episodic waves. The strong Agulhas
current there flows south-west over the 100 fathom line with an average
speed as high as 2 m/s in places. The extreme waves occur when gale~
force south-westerlies blow against the current amg in the presence
of a long swell from the southwest. Gales also blow against strong
currenty over the Gulf Stream off the east coast of America and over
the Kuroshio current off the east coast of Talwan but episodic waves
are much less frequent in these areas. It is probable that some other
feature such as sea bed topogrgphy or wind sequence enhances their

formation over the Agulhas current.

The detailed mathematical description of occean waves and
sea state is a rather complicated subjectthat came of age in the late
1990w, it will not be pursued here. The reader reguiring more complete
information will find it in the papers to which reference is made.
However, it'éi’fortunate that a simplified theory which omits many of
the complicating factors is adequate for many practical applications
including the description of scome of the more important aspects of

tropical cyclone waves.



14.4.1

Pefinitions and relationships

Ocean waves are primarily generated by the wind blowing over
the water although earthquakes under the sea-bed can also give rise to

long waves known as "tsunamis'. Oscillatory waves are described by their .

~height, length and period. Wave height 13 the vertical distance from

the top of the crest to the bottom of the trough. Wavelength 1s the
horiinntal distance between successive crests whilst the wave period is
the time between successive crests passing a given point. The wave fre-
quency 1s the inverée of period i.e. the number of cresgts passing a given
point in gne second. As sea waves_advanéE'in deep water, ooly their

shape and part of their energy mové forward; the water particles themselves
do not advahde with the waves. The motion of the water particles is
confined to whatever current is flowing and to movement around a vertical’
circular path as they are displaced by successive waves. Particles below
the surface also deascribe circular orbits but the diameter of the orbits
decreases exponentially with deprh. For practical purposes the motion of
water due to surface waves is confined to a layer of depth equal to about
one half a wave length. In water less deep than this the particle orbits -

are flattened and become elliptical.

The distance over which the wind maintains an approximately
constant speed and direction while generating waves is known as the "fetch".
[

In the open sea the height; length and period of the formed waves depends

"on the fetch, wind speed and the time duriné which it blows (Fig.l4.} }.

Waves in the generating area that is, those still being driven by the
generating'wind,.are‘steep and have waﬁeléngths of 10 to 20 times the
wave height; such waves are called "seas". A gea is a mixture of all
wavelengths up to'a maximum that depends on the greatest wind speed 1n

the generating area. The sea in the storm area therefore has a relatively
confused appearance és the many different waves reinforce or cancel one
another as they progress at different speeds.  In general, the Iastest
moving wavéa 1.e. those with the longest wavelength, advance at a speed
slightly less than that oY the ﬁind which generates them. If typhoon
winds apply more force tﬁ%h a wave can accept it steepens untll its

crest becomes a wedge of less than'lzo? at which time, the ''steepness" of
the wave i.e, the ati of héight to wavelength, will reach the critical
value of one-seven { and the crest will be blown éffiby the wind to form

a breagking wave at sea. Mariners have many times described how, near the
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centre of a typhoon, the tops of waves are blown off by the flerce winds
as shown in Fig.; . The abundance of spray and foam together with the
torrential rain, often blurs the demarcation between sea and air. A long
wave can accept more energy from the wind and so rises higher than those
of shorter wavelength. The waves which grow most rapidly are those having
a component of the wind speed in the direction of wave motion equal to

the speed of wavc propagation.

When waves move out of the area where they are being forced by
the wind they become free moving waves known as "swell". These waves
are relatively well defined and "long crested” i.e. they are extensive
across the direction of propagation, and they have a distinct rhythmic
rigse and fall. The distance over which swell travels after leaving the
generating area is known as the "decay distance” and may amount to several
thousand kilometres. During this pericd the waves become lower and their
crests more rounded and they assume a more symmetrical shape with lengths
30 to more than 500 times their height. Besides losing height, swell
tends to increase both in length and period as it progresses. This is
caused by the phenomena known as "dispersion” {m which the long period
waves travel faster than those of shorter wavelength. Consequently, the
first swell to arrive at a distant point are those of greatest length
and period. Fig. 14.2 shows how the period and height of swell changes

- with distance of travel.

There are several kinds of surface water wave and their
classification, together with the relevant primary disturbing and
restoring forces, are illustrated in TFig. 14.3. Alsc shown is the
relative amount of energy found in ocean waves having a particular frequency.
Most energy is seen to occur in gravity waves having periods between 1 and
30 seconds. Much of the energy of typhoon winds is used to produce such

waves particularly those with periods around 10 seconds (Fig. 14.f 3.
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The speed at which a wave form propagates is called its phases?eed Ly

Luvt cds-ﬂ-f-.llf'. - and #-is related to e wavelength L and period T such that
Vf\

C = L/T (14.1)
Small amplitude gravity waves can be shown to propagate in water of
depth d at a speed C given by

C= gT/27 . tanh (27d/L) (14.2)
. where g is the acceleration due to gravity (9.8 m/sz). Gravity waves
may be classified into three groups 1) deep water waves in which the
ratio d/L is greater than 1/2; 2) shallow water waves in which the ratio
d/L is less than %/@5 and 3) transitional waves in which d/L lies in
the range 1/25 to 1/2. Equation (14.2) can be simplified for both deep
water and shallow, waves, as defined, because tanh (277 d/L) will thenr pe
approximately equal to one and 27 d/L respectively. The deep water wave
speed Cg will t: . be given by

G = gT/2T

= Ly /T (14.3)

where Ly is the wavelength. No suffix is required on T because, for
oscillating waves, the period remains constant and independent of the

water depth.

From equatiensl4.l and 14.3 it is possible to express Co» Ly
and T in terms of each other. This has been done in Table l4./, and-en
+£he right of the. table the -equations-sre—expressed—for-use-with-metres.and
_BBeondsT—

Table 14.f/ Read down to express the quantity in the top row in terms of

the .quantity in the left hand columm. Vsz mtbvis gud secondo

/I 2P ¢ ) T Loy % -
/,, /{o ._,.-"-(.gLOXZTTJ_.)'% (2T1L/g) 2 g L2l o.slzg.ifi%
_. %'J ‘_éfﬂr_fcoz)‘g cg' 2Weglg 10.64 002_ . Cp 0.64 Cgp ¢
T éﬁf’élzv ngrz--w" T 1.56 Tz. 1.56 T T
From this table, for example, it is seen that
Cg = 1.25 LE or 1.56 7T (14.4)
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- Going back to eqn (14.2) and using the shallow water (d/L<1/25)

approximation the shallow water .speed is

cmfod = 313,07 4. B

and 18 seen to depend only on the depth of the water. Tsunamis have
a wavelength long compared to the depth of even the Pacific¢ ocean so
that over the deeper parts of the ocean where d may be 5 km the speed

of propagation will be about 220 m/s.

;Swell waves consist of atrain of waves which can be considered
as a moving "wave group". It 1s observed that the leading wave of a
group weakens and disappears whereas new waves appear at the rear of
the group., This is readily observed in the case of a bow wave caused by
a ship, The term "group speed” is applied to the rate of motion of the
wave group as a whole and according to the theory of gravity waves in deep
water this speed - 1S one half of the phase or wave speed. The group
speed is important because it is the speed with which energy is propagated
and, of course, it will determine the time of arrival of swell at a location

thallow akev Ha gvoup and ghast veloctbies dve 2gpuat.

from a distant typhoon.A‘The swell received on & shore will be remote

descendants of the waves. which left the storm. o : ;

The total energy of a wave systém is the sum of its kinetic
energy (due to the water particle velocities) and its potential energy
(due to part ol the ITluid mass being above the trougnj. I1I the potential
energy 1is determined relative to mean water level and the waves are all
propagating in the same direction then the kinetic‘energy i equal tb
the potential energy and their aum in'one wavelength per unit crest

width 18 given by : x-
r

; ¢

;f; ®p w2L/8 . (14. ) ¥° 9

[\h"'-,.‘g.

fd B0 Mo gave it fromn
where € 18 the density of the water/ 'The teral average wave ensrgy

per unit surface aresa is called the eﬁergy'density'and is given by

f

- ' o
£ 7 S
£ = Y/ Cgu¥/e : Qe £



It is thus seen that the total energy beneath unit area of a sea wave
depends mainly on its height. Lafge waves have large energy which has
been derived from the wind. Some additional wind energy is also absorbed

in water turbulence and white caps.

As an oscillatory wave moves into shoaling water only the
period remains constant, the wave height becomes progragadvedy greater:
the crests become shorter and more pointed and the trough becomes longer
and flatter. Eventually the wave will attain the critical steepness
(0.14) and break; this happens when the wave reaches a still water depth
of about 1.28 times the wave height. The actual value depends on the
beach slope and wav&bperiod. The ratio eof breaker height(Hb) to deep
water wave height (Hdg is given approximately by . .
’ Ho Ly H, 3 s

B, /iy = 0.3 (zh¢/ﬁ°) (14.8) La b
and is seen to be greater for long, low swell. However, in practice,
the ratio seldom exceeds two. As depth decreases beyond L/Z the wave
speed and length also decrease and there ié, at first, a slight fall
in wave height. The original height is regained when d/L is approximately
equal to 0,06 after which the height grows again until breaking depth

1s reached.

The foregoing simple description of waves was confined to
idealised cases in which the waves were small and moncchromatic that

is, of only one pericd. In practice, the wind generates waves with

a wide spectrum of periods and wave lengths and their directions of
motion may also differ. The state of the sea then becomes confused as
these various wave trains interfere with each other. This is illustrated
A2 by ep (0] gy whodhe [ a) amn (bD
by the wave records in Fig. lé.&\whiaﬁ\were cbtained in 28 m of water
f
near Waglan Island,ﬂiust south of Hong Kong, during the approach of
b d (0 Do Lotan 0 Wb Loty Grutl oy Mowicsn .
typhoonsﬂ\ Nevertheless, a dominant wave train is usually apparent to
an observer. The concept of a "significant wave height" (Hg) was
introduced by Munk (1944) to represent the characteristics of the real
sea in the form of waves of one period. He defined the significant
height as the average of the one-third highest waves and stated that
it was about equal to the average height of the waves as estimated by
an experlenced observer, This latter wave helght is sometimes called

the "characteristic height" (He) when it is necessary to differentiate
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Fig. 1l4.)t . Records of wave heights and periods off Waglan Island when

(a) typhoon Rose was centred 185 km to the south and (b) typhoon Iris was
centred 185 km to the SW. Indicated wave heights have to be corrected

for attenuation in the water above the gauge and for the frequency response
of the instrument which detects waves with periods between 4 and 25 seconds.

Corrected heights of the largest wave in each recording are shown.



between it and a measured significant height-(§;/3). Apps }2%
and Chen (1973) compared instrumental determinmation of wave heights

in typhoons at Hong Kong with visual estimates. They found that,

in the cases studied, the visual reports were indeed close to the
significant wave height as defined, notwithstanding the fact that

there are sometimes more than one wave train present.

The characteristic wave period observed visually (Tc)
is not well related to the average period (T) of the waves. An
average of the periods of the waves used to determine HlfS can be
formed although it does not exist in nature. This average (T1/3)
is often called the significant period (TS) although the name is not
altogether a happy one. In hurricane Camille 1969 Ts’ as defined,
was on average equal to 1.24 T (see Fig. 14.7) with a standard
deviation of 0.04. A somewhat lower ratio close to unity is

found in Hong Kong typhoons.

Tsunamis and other waves resulting from large displacements
of water, such as might occur in some landslides, approximate to the
form of asolitary wave'" in which the wave form is predominantly above
the still water level. A true solitary wave is difficult to form in
nature because smaller dispersive waves are generated at the trailing
edge of the wave. Laboratory measurements indicate that the speed of

propagation of a solitary wave is given by the formula

= : —T T (14. 9 )



T

+12 -

+65

WAYE HEIGHT — m

T T T T T
18 m WAVE 22+m WAVE 22+m WAVE
13s PERIOD 13s PERIOD 13s PERIOD

A ]

Fig. l4.4 (c).

AW
AT

TIME — s

100 120

Wave heights in hurricane Camille at about 1600 h on

17th August 1969 as measured by a variable inductance staff gauge on
an oil rig in 104 m of water in the Gulf of Mexico. The
the rig at the time was 951.6 mbar and the mean wind speed was 30 w/s
equivalent to 24 m/s at the 10 m level. Gusts of 53 m/s
experienced. (Af

ter Patterson 1971).

['ll'_I'!w‘-:||niu.v;-|—rvvr||_||!-Um
! T. OLIVE Apr. 1978 DISTANT 350 km i
L Wave Ht. 0.0 -0.15m
H Wave Pd, 2 — 4min ]
-
Wi |
4
w -
|
: W ‘
[TH
[ 4
N N T R - | I R R VO S 1 l P I O I | 1,_I__.I_[_.J._.I_.ﬂ

09 oa
G.M. T. TIME — h

pressure on

were being

HACHIJO — JIMA 25 Sept. 1953 5
L. —5m
e ! 4
= l . ; I 43
- ! __.1
1 I L 0
12.00 12.10 12.20 12.30
i OMAE — ZAKI 16 Aug. 1953 |,
= -1
| 1 1 L 0
12.40 12.50 13.00 13,10
TIME IN HOURS AND MINUTES,
Fig. 14.5 Examples of long swell with periods of a few minutes produced

by typhoons. The upper record is from the tide gauge in Hong Kong harbour
on 24 April 1978. The lower two are redrawn from Unoki and Isozaki 1966.



14.4.2 Tvphoon waves and swell

.1 - Waves on the coast
1
One of the early precursory signs of a typhoon is often

the slew heavrng of water in harbours and the foaming around i{slands

or cliffs due to a very lon low swell. The period of these waves X
can be as long as ooé orlgg%(ﬁinutes and they are sometimes Knowu as
Yforeruvnners", They often arrive during the fine weather and light

wind conditlons which freruently precede the storm. It was thearrival
cof this 1ong low swell which used to send coastsl fishermeu scurrylng

for shelter. The forerUnners, travelling fast, often arrive some rdme
before metnorologists con51der it necessary to hoist’ signals to warn

'the approach oi a t}phoon.

_ Instrumental recordings of these long waves are shown im
Fig. 14.5. Over deep water they have small he1ghts and are not easily
noticed bj observers on ships but, the wave heights increase in shallow /’//
water near the shore. Although it is probable that these waves are
somehow generated by extreme winds near the typhoon centre the exact
Imechaﬂlsm is not known. Pierson (1955) shows that in a fully devnloped v
sea there 15,,theoret1cally, no appreclable amount of energy associated
with waves having group velocities greater than or equal to the windspeed. .
In a typhoon with 70 m/s w1nds & maximum period of about 45 seconds
would be indicated but, in prsctlce the period will be less because
- the sea is not fully developed Additionally, gierson shows that the 3(cgrtsf
energy 1s assoclated with waves having a phase speed of 1.22 times e
“the wind speed aud that the eoergy of waves faster tham this drops off
rapidly.: Becaus;kaIly arisen sea is not achieved in a typhuon, waves_:
“with greatest energy have periods around 12 seconds and a speed of
the order of 20 m/s or only 0. 3 times the wind speed. The current
_theory © wind, generated waves. does not therefore adequately account
. fox the long period forerunners. Basoom (1959} reported that the R4
: longest swell period observed was 22, 5s but subsequently the British
- Ocean Weather Ship "Weather Reparter" recorded a swell with a period
‘of 36 s in the d}ing hurricane Betsy during 12-15 September 1561
(Chakrabartl 1976) This swell may have originated in hurricane 4
_'Debble about 3000km te the southwest. -
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Spectra from hurricanes Camille and Eloise and typhoons

The distance (r) together with direction of each
cyclone from the recording station (see text) is indicated along with

the height of the significant waves (Hs), their period (Ts) end the

peak spectral density (Sm) at the frequency peak. Spectral densities

at other freguencies can be obtained by multiplying the ordinate by

S .
m
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P /
) All the waves generated by the wind near the centre:
v
of a typhoon propagate Lﬁﬁléfti outwards. The longer ones may
travel fiat enough (see Table 14.2) to move out of the gale
ahda Shor =

areatfnd arrive at a shore, as a long low swell, many hours

before the strong winds and gales,

Table 14,2 Characteristics of deep sea waves

-~

Period Wéve length Wave speed Group speed
s m m/s m/s
20 624 31.2 15.6
15 351 23.4 11.7
10 156 15.6 7.8
8 100 12.4 6.2

This long swell arrives quite suddenly and usually has a period

in the range 15 to 20 seconds. As time goes by the swell is
reinforced by others with shorter period and greater height

that have taken a longer time to travel and the periods of the
significant waves then decrease to 10-15 seconds and their

height increases.greatly.' This increase in height and decrease |

in period of the significant swell is well illustrated by

the spectra (a spectrum shows the energy of waves of different
frequency) for typhoon Elsie in Fig. 14.6. As the swell moves

on shore, it increases in height and breaks to pound on the beach
with a noise which can sometimes be heard several kilometres inland.
The fairly regular boom, arriving during the otherwise quiet
conditions of fine weather and light winds, is ominoua.f1““7 °“°“‘"F’ —
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While not referring specifically te forerunners,
Gherzi (1936) proposed that typhoon swell was generated by
"pumping” or vertical pulsations of the air column over the
central regions of a typhoon. Bascom (1959) has suggested
that such pulsations might be the cause of forerunners.
However, any such oscillations of atmospheric pressure would
have to have an amplitude of several millibars and although
variations of pressure are found near the centre of typhoons
{sect. ) oscillations of the kind believed to be needed
to generate forerunners have not been observed, Munk (1949) e
showed that waves with very long periods are caused by variations
in the shoreward transport of water by breaking surf with
irregular height. However, the long waves ahead of typhoons

are most noticeable when the sea surface offshore is relatively

quiet. Yoshida (1950) showed thecretically that variations N

of water level with periods of a few minutes could be caused

on the open sea by non-linear interaction between short waves.
Because of their long period, forerunners propagate at high speeds
around 70 m/s and arrive at a coast long before the normal

typhoon swell and seas, Forerunners are not detected ahead of

all typhoons.

Waves with an even longer periocd than forerunners
are sometimes produced by tropical cyclones. They are called
"edge waves" and have periods from several minutes to several

hours. They are discussed In sect.



It is appropriate to note here that the direction from which
the swell arrives has many times been shown to be NOT a reliable indicater
ofrthe current bearing of a typhoon. Neither does the amplitude of the swell
give reliable indication of the distance to the storm. The rate of change of
swell frequency at a coast éan give an indication of the distance to a typhoon
by using the relationship

Distance = 4.9/rate of change of frequency (14.10)

. However, even this method can be greatly in error. A distant storm produces
a long crested swell as opﬁosed'to the short crested more confused swell from
closer storms. A long period swell indicates that the storm is intense unless
there are strong intervening winds as may happen during the northeast monsoon
(éect. ). Finally, if a tropical storm or typhoon moves as fast as its
longest waves none of them will propagate ahead of the storm to give warning
of its approach. This condition usually occurs when the storm speed is more

than about two-thirds of that of its maximum significant waves.

As a typhoon moves closer to a station on the coast a more
confused, short-crested sea arrives and at this time, on the periphery of a
typhoon, the period of the significaﬁt waves will decrease to a minimum of
about 8 8, or 6~7 8 in the case{of a tropical storm. The continueé approach
‘of the tropical cyclone results:iﬁ the further increase 1n height of the
significant waves but their period begins to rise again as winds at the
station increase., The significant waves obtain maxima in height and period
in the ring of hurricane force winds around the eye as illustrated in the
Eloise case of Fig. 1l4.7. The period of the significant waves increases because
the tops are blown off short-perlod waves at high wind speeds and relatively
more wind energy goes towards increasing the height of the longer period waves.
The spectrum becomes more peaked with most of the energy in a rel%ﬁ}ﬁ?iytfd'Q?“)
narrow band of long period waves as shown for hurricane Camille in Fig. la.Gx
At the height of the storm the period of the significant waves 1s usually
found between 10 and 13 s which is less than the 15-18 s periods associated

with deep extratropical cyclones.

The spectra shown in Fig. 14.6 for typhoon Elsie 1975 were obtained
from recordings made in 28 m uflwater off Waglan Island to the south of Hong
Kong. The spectra for hurricane Camille 1969 were obtained from a recorder
on an oilﬁdrilling platform standing in 104 mw of water in the Gulf of Mexico.
In 1975 hurricane Eloise passed over a meteorological buoy (sect. )

anchored in 2.4 km of water in the Caribbean. A time series of the wave
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height spectra during the passage of this hurricane is shown in Fig. 14.8
aloqg with the 15 minute mean wind speeds. This diagram shows, on the
vertical lines corresponding to different times, the distributiocn of energy
amongst the waves cf different frequencies. The dashed lines shows the wave
frequency having the greatest energy at any time. Eloise was weak at the
beginning of the record, when it was centred 650 km to the south over the
Yucatan peninsula, so that no early long-period swell was recorded. Note
the sudden increase of the height and period of the waves with greatest
energy around 0500 GMT on the 22nd September - some 16 hours before gale
force yinds arrived — and the decrease in both their height and peried in

the eye of the hurricane.

Just off the southwestl end of Waglan Island in 28 m of water,
about 15 km from Hong Kéng harbéur and in its southeast approaches, a wave
recorde§ {s mounted about 7.8 m below mean sea level on a massive 20 m tower
weighing about 60 tonnes gPthﬁitqu&-&t to prevent overturning. It was
found that instrumental recordings of maximum wave height were about 1.43
times greater than wave heights reported visually (Apps and Chen 1973). W
Fig. 14.9 shows the maximum wave heights recorded at this site during
the period 1959-1971 when typhoons or severe tropical storms, which passed
south of Hong Kong with a westerly movement, were centred in the indicated
two degree areas. The instrumental récordings have been supplemented by

visual estimates of the significant wave height mu1t1plied by 1.43, \

e .

o Tha e KﬁYaM.$h0wr\th F5;4|0'“‘ R
Coxy Ee%a%49“9h4P-¢0uld_be_£ound-be&weearthg_v}au&l

asLima%9a—e%—%he—paxied—fﬁéﬂﬁﬂawsigniEieanzgwaues_andmthose_measured
'ias;;umeaﬁa&kﬁ;&—Fig:i#=ia is based on the instrumental records for
the summer of 1971, the higher waves in this period yere due to tropical

cyclones in the South China Sea.
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.2 Waves in the open sea

In 3 typhoon circulation the sea never attains the fully
arisen state indicated on the right-hand side of Fig. 14.1 because
both the fetch and Lhe duration in the generating areas are seveé@y limited.
The areas of a typhoon in which both the wind direction and speed remain
reasonably constant are small when compared with extrztropical cyclones
or the trade winds. TFetches of only 20-40 km and duraticns of only 1 to 2
hours are typical for wave generating conditions near the centre of tropical
cyclones. There are exceptions of course, a few very large typhoons have
gale areas as extensive as those in deep extratygpical cyclones. In
addition, typhoons can interact with monsoons (sect, ) to form wave
generating areas having long fetches and duration. For example, a typhoon
in the South China Seé can enhance the northeast monsoon in gutumn as is
shown in Fig.\q- or the southwest monsoon in the South China Sea in
summer as shown in Fig.ﬁ%::g‘-. In the former case, a ship in the Taiwan
Straits enccuntered waves of height 9.5 m and period 12 seconds. In the
southwest monscon case, winds of gale force, reaching 20 m/s at times,
extended nearly 2 000 km from just east of Malaya to Manila, generating
waves of about 6 m height with period 9-11 seconds. These large waves
crashed over Roxas Boulevard in Manila Bay causing flooding and much

damage.

Notwithstanding the limited fetch and duration of the winds
in the wave-generating area the extreme winds in a tropical cyclone can

nevertheless raise seas of record height. -,

L#;}The total energy of the waves associated with a typhoon usually
amounts to between lOl'6 and 1017 Joules. This corresponds to about ten
per cent of the kinetic energy c¢f the typhoon as a whole (sect. ). oOf
the total wind energy dissipated by surface friction in a typhoon about

five per cent goes towards increasing and maintaining the waves (Unoki 1957b). o

(‘\"ﬁ‘f&‘*t Y Pomfraphs o Comtclion W JONSWAP -
A Jo d vnereds Aure ;o




During the Joint North Sea Wave Project (JUNSWAR) in 1968-1969,
it was found thet most of the properties in comection with wave growth
could be explainsd by the non-linear erergy transfer due to resonant
wave~wave interactions (Hasselmann, XK. et al. 1973). The principal encrgy
balance was betwesn the input by wind in the central region of the specimum
and the non=linear transler of energy away from this reglon to longer and
shorter waves. The rapid growth of waves on the forwnrd face of the snectrum
was aszocizted primarily wilh the non-linesr energy flux seross the peak
due to resonant wave-wave intersetion. The non-linesr cnergy tronsfer
controlled not enly the rate of growth of the nevly developing waves, but
also the form of the spectrum, in partieuvlsar the developrent of a pronounced

Fry abad fetches arpra

peak, and the migratin of the peak itowards lower frequencies. A?:z' gl of the
momentan trasferved across the air-sea interface went into the prinmeipal
casiponents of e wave spectrurm,  About 80-90% of tile wave-induced momentum
flux passzes into currenis via the non-linear transfer to shorier waves and
subsequent dissipation; the rest renains in the wave field and is advected
away, At larger Tetches, the interpretation of the energy balance became
ambi.uous on account of the uwnknown dissipation in the low freguency part

{ the sjpectmaon,

The result of JONSWAP also showed that the swell attenuation
could not be explained sitply by the gencrally accepted bottom {riciien
1 % « Fa of 2
law, as the extensive swell data available through the experiment conbracted
the thecry, They suggested thab elthier the friction law needed to be 1
s L. N bockscaflarimg et
modified or thiat some other nechnicm, such as : - T oy boton

_ as Graned
irrcguleritics, ' the cause of the at cnuation, ot st A 7k
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The Jgx-m description of the sea surface in typhoous in the open
sed—we—rely TIOwE—eabirely on shipboard visunl observations of sea
anq sweil. The accuracy of many of these chbservations will of necessity
be poor. _The visibility in storms is Iimited by rain and sea spray and
there are many distractions. In addition, the waves in most areas of a
tropical cyclone congist of a locally generated sea and swells from
other reglons of the storm. Consequently, several wave trains will
usually be in evidence at a given location and the determination of the
predominant swell height and direction from on board ship is often a very
difficult task, For example, the recording of wave heights in Fig. 14 . (b)
shows strong rhythmic variations indicative of heats between wave tralns;
these are often clearly identified in wave gpectra as illustrated in

Fig, 14. é . Verploegh (1961) estimated that the average



observational error for a visual determination of the height of a 5.5 m
wave was 1 m. Nevertheless, good observations are available in sufficient

number to permit us now to describe the gea state in these storms.

In a classic paper Arakawa and Suda (1953)Vbresented the observations
of the Imperial Japanese 4th Fleet as 1t passed through a typhoon near 41°N 144°E
in September 1935. The typhoom, with central pressure of about 960 mbar, was
moving rapidly at 21 m/s on a north northeasterly course and beginning to take
on extratropical characteristics. The diameter of the eye was about 31 km.
‘The distribution of wind velocity, sea, swell and the tracks of the various
flotillas are shown in Fig. l4il, The wind speeds are averages over 20 minutes
and the maximum observed was 42 m/s. The highest wave was over 20 m. Two
features are noteworth}&, the very high asymmetry of wind speed, attributable
to the high speed of movement of the typhoon centre, and the high seas in the
right rear sector. The unusually pyramidal, confused and mountainous seas
in the right rear quadrant were attributed to the sudden change of wind
direction in this sector, from S.E. to $.W. which, in turn was attributable
to embryonic fronts in the storm. The bows of two destroyers were broken off
during this encounter and total angles of roll i.e. from port to starboard,

of up to 1000 were recorded.

_ In 1939 the Royal Dutch Meteorological Institute published gﬁ
analysls of 3 300 Netherlands ship observations made in typhoons between

1910 and 1935 (K.N.M.I. 1939} The average direction of swell determined

from these observations 1s shown in Fig. 14.1). Tannehill (1936)v;r0pounded

~ the rule that if you stood with your back to the wind in a northern hemisphere
hurricane or typhoon then the swell will be moving off to the right. The
results from the Dutch ships and from Arakawa and Suda show that this rule

is not always valid in the right rear quadrant within about 330 km (200 n miles)
of the centre. Swell waves are not deflected by the earth's rotation because

the water body carrying them has no significant, sustained velocity.
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Fig. 14.l7- . The average direction towards which swell runs is indicated
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Tannehill (1936), Arakawa and Suda (1953), Pore (1957)%
Unoki (1957a)”and Harris (1962f/a11 agree that the highest waves are
found in the right hand semicircle. The high seas in this semicircle are
due to the stronger winds found there - see Fig. — and the increased
effective fetch and duration caused by Ehe storm movement. When the speed
of the storm centre approximates the group veloclty of the larger waves -
usually around 8 m/s - then both the fetch and period during which the
strongest winds act on these waves is greatly increased. A dangerously high
and steep sea 1s produced to tﬁe right of the centre as waves build up in a
kind of resonance effect. There is disagreement in the literature as to which
of the two right hand quadrants usually contalns the highest waves.
Unoki (1957a) finds that the right rear is the preferred place whereas
Pore (195?)Mfinds that the highést waves are found about equally frequently
in the right front and right rear quadrant. It is probable that the difference
arises from the different ratics of maximum wind speeds to speed of travel
of the tropical cycleones studiéd. The case of the fast moving typhoon
studied by Arakawa and Suda (1953) illustrated in Fig. 14.[| is a good exanple,
and shows the highest waves in the right rear quadrant., The right hand
gsemicircle is referred to by mériners as the "dangerous semicircle” while that

on the left of the track is euphemistically called the "navigable semicircle”.

The sea conditions in the rear semicircle are usually worse than
those 1in the front semicircle for two reasons. Firstly, for a point on the
sea surface at the rear of a storm, the high winds would have blown for a
longer time and at.a-higher avefage epeed - over a few hours - than at a
point an equal distance ahead of the typhoon. Secondly, the sea in the rear
semicircle will be raised on a swell left behind by the winds in the front

gemicircle, so causing the confused seas found in the rear (Fig. 14.13).
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Fig. 14.'> . The percentage of observations from the indicated
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Fig. 14.1% Dpistribution of mean wave heights (H ) in metres shown with
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Unoki (1957a and 1957b) analysed visual observations of waves
in 47 typhoons made on board Ocean Weather Station Tango (ZODN 1350E) and
Ocean Weather Station Extra (3901\1, 153DE) and from special low level
flights made around eight typhoons in 1946 by aireraft of the U.S. Navy.
In addition, observations from the weather ship '"No. 4 Kaiyo-maru" when
it passed through the eye of a typhoon of central pressure 898 mbar in
October 1944 have been analysed. From this data the distribution of waves
in terms of direction of typhoon movement, speed of typhoon movement and
central minimum pressure are shown in Figs. 14.14 and 14.15. The
distribution of wave steepness is also shown in Fig. 14.16. Because of
the difficulty involved in determining wave periods and the few
observations near the centres of typhoons no distributions for wave
periods are presented but, it can be said that 1) waves of long period
are more frequent in the rear semicircle than in the front semicircle;

2) the maximum wave period increases as the central minimgm pressure
decreases; 3) the period of the significant waves decreases with distance
from the centre from 10-12 seconds to about 8 seconds at 1000 km (See
Fig. 14.7 ) or 6 seconds for weaker storms with lowest central pressure
greater than 980 mbar; and 4) the overall distribution pattern is similar

to that for wave height.

Fig. 14.16a 'shows the wave patterns in hurricane Gloria on
30 September 1976. The photographs were obtained using an L-band
synthetic-aperture radar on board the NASA Convair 990, the longest

waves of 275 m wave length are found near "A" in the front right
{2.3gece

f { o
L. & ¢ L - o) snheov
\

quadrant, | "§ e wav €4 oy
I.‘
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Fig. 14. ' The distribution of mean wave heights (H ) in metres in

typhoons having a central pressure between 960 and 980 mbar and the
indicated speeds of progression.

Lol
940 - 960 mbar 0 %00 1wookm 960~ 980 mbar

Fig. 14.1L The distribution of mean wave steepness relative to the

direction of movement in typhoons of indicated intensity. (Redrawn from
Unoki 1957b)
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Fig. 14. ! Wave patterns in hurricane Cloria on 30 Sept. 1976 as seen
by L-band synthetic-aperture radar mounted on an aircraft. Wave fronts
are shown as two parallel lines with separation proportional to the wave
length which is also indicated in metres. The dashed circle of radius
65 km corresponds to the ring of maximum winds. The maximum low-level
wind measured was 50 m/s. The three images A, B and C are the radar
presentations of sea waves in 7 by 7 km squares at the corresponding
locations marked in the diagram. (Courtesy of C. Elachi, Jet Propulsion
Laboratory 1976)



To assist both ship captains and meteorological forecasters
in determining the sea state Brand et al (1975) analysed the sea height
reported by ships in 21 tropical storms and typheoons in 197} in the
Western Pacific {excluding the South China Sea). The reports included
estimates of the height of swell and sea separately. The characteristic
height - called '"combined height" by Brand et al (1971) - is obtained by
taking the square root of the sum- of the squares of the sea and swell
heighes, Altogether 173, 12-hour analyses of the combined sea height
were obtained. The average distance from the storm centre to combined
seas of height 2.7, 3.7 and 4.6 m were determined and they are shown in
Table 14.3 and Fig., 14,17. There was insufficient data to extend the

analysis to seas over 4.6 m in height.
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Table 14.% Mean and standard deviation o+ disbunca
: from the storm centre of the 2.7, 3.7
and 4.6 m combined sea heights in tropical.
storms and typhoons having maximum wind

speeds in the indicated ranges (th“-g,q“chalifYI)

Max. Wind Combined Mean Standard

Speed Sea Height Distance bDeviation
n/s m {(ft) km km
$ 17 2.7 (9) 515 274
3.7 (12) 291 232
4.6 (15) 143 169
18-32 2.7 (9) 587 315
3.7 (12) 402 261
4.6 (15) 265 . 228
33-50 2.7 (9) 780 389
3.7 -(12) 580 328
4.6 (15) . 439 269
7 51 2.7 (9 1067 297
3.7 (12) 841 254
4.6 (15) 671 213

1)

The values of combined sea height in Fig. léfsgnd Table 14-3%
are radially averaged means ovér all the storms examined. The results
are In reascnable agreement wiéh those of Unoki (1957a) shown in Fig. lé.ftk.
Deviations from the means in iﬂdividual.cases were considerable as is
“indicated by the relevant standard deviations in Table 14.3 . Two-
thirds of the observations should lie within plus or minus one standard
deviation frﬁm the mean so that, for a typhoon with maximum winds of
50 m/s (equivalent to a central pressure of about 950 mbar), a 3.7 m
combined sea would be found within 587-1095 km of the storm centre on

two-thirds of oceccasions.

Brand et al (1975i.found that the chosen sea heights were about
200 km further out to the right and rear of the storm centre, relative to
the direction of motion, and the greatest asymmetry was found in storms
which had recurved. In addition, it was found that the radius of the -
chosen wave heights was markedly dependent on the, length of time for which
the storm had existed but not on its speed of propagation. Regression
equations were developed to assist in forecasting thewﬁverage ra@ésﬁrto seas
of 2.7, 3.7 and 4.6 m. The average radius to the 3.7Lcombined seaﬁin degrees
cf latitude (111 km) was
56.61 + 0.19 (duration) + 0.06 {(max. wind)} + 0.48 (size) - 0.18 Hy

(14! )



where the duration is expressed in the number of 12 h periods since

gale force winds first developed, the maximum wind is in m/s, the

size is the average radius to the outer closed isobar in degrees of
latitude, and H7 is the geopotential height of the 700-mbar ridge lire
to the north of the storm, in decawmetres. The corresponding coefficients
in eqn. (14. 1/ ) for 2.7 and 4.6 m seas are 60.72, 0.24, 0.06, 0.55,
0.19 and 44.21, 0.16, 0.06, 0.42, 0.l4 respectively. A schematic example

of the seas around a tropical typhoor is shown in Fig. 14.1 8

Lenguet~Hig ins (1952) rroposes that if the spectrun is sufficient(y
narrow, the wave heights should be approxirated by a Reyleigli distributicn,
Recently there has been controversy over how well the Rayleigh distribution
matches the observed distribution of wave heights. Most of this controveray
stems from comparisons based on difi'erent definiticns of the significant
wave height, Once consistent definitions are used, all available data
su; port the conclusion that the Rayleigh distribution overpredicts the
heights of the higher waves in a record. Forristall (1978) snalysed 110
hours of hurricane-gencrated waves in the Gulf of Mexico and shouwed that
the results permitted the empirical Fitting of the data to a Weibull distri-

- tion. Statisties developed from the enpirical disvribution show that the
- significant wave height is 0,942 times that caleulated from the Rayleigh
distribution and the expected value of the maximum wave in 1000 is 0,907
times the height caleulated from the Rayleigh distributicn,

Al
bt = Sorl

109 Hauy = 07700 Hy Jlu N Sy
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.3 Waves in the eve

In the region of the calm eye there is no sea but only swell.
This radiates inwards, from all directions, from the generating area in
the surrounding ring of hurricane force winds. The swells from different
directions have similar periods so causing a marked reinforcement
and cancellation of waves going in different direction; this results in
the sea rapidly rising in huge pyramids, appearing from nowhere and
collapsing just as suddenly, as the component waves mpve on. Marinars

fendS hawt Bewm iened Ao Mywabev suvloc @

have—often—degcribed Such A did i gl L a—perrdipbond Iin a boilling
cauldron. Masters of old sailing ships found theséogiéﬁbg;tremely dangerous
because, although they acknowledged that the waves were not as high as in
the region of hurricane force winds, there was, in the eye, no wind to
hold the ship steady or to give it way consequently, the sea took complete
charge violently tossing the vessel and coften causing severe structural
damage and loss of masts. The following passage Fasgbjohn Eliot‘s b/’//
"Handbook of Cyclonic Storms of the Bay of Bengal')described conditions
in the eyeof a China Sea typhoon on 2lst September 1869 as experienced by
the ship "Idaho",

" Till then the sea had been beaten down by the wind,
and only boarded the vessel when she became completely
unmanageable; but now the waters, relieved from all restraint
(in the calm center), rose in their own might. Ghastly
gleams of lightning revealed them piled up on every side in
vough, pyramidal masses, mountain high, - the revolving
circle of the wind, which everywhere enclosed them, causing
them to boil and tumble as though they were being stirred
in scme mighty cauldron. The ship, no longer blown over on
her side, rolled and pitched, and was tossed about like a cork.
The sea rose, toppled over, and fell with crushing force upon
her decks. Once she shipped immense bodies of water over
both her bows, both quarters, and the starboard gangway at
the same moment, Her seams opened fore and aft. Both
above and below the men were pitched about the decks and many

of them injured."




19 1

After analysing the experiences of several weather ships and
military vessels in the calm eye of typhoons, Arakawa (1954) wrote: " It \///
is. definitely concluded that, in nearly all typhoons, the most dangerous
sea is always that found in the right or dangerous semi-circle and not
that found in the calm centre. The sea is usually wvery high and
dangerous in the calm centre, but the sea in the right or dangerous
semi-circle is alwéys more pyramidail, mountainous and counfused than the
sea in the calm centre. This is an established truth well confirmed for

about three fourths of a century (75 years)."

Phe wave records from the buoy EBLO in hurricane Eloise (Fig. 14.7
and 14.8) show that waves in the right semicircle of tﬁhis hurricane were
considerably higher than in the calm eye. The spectral peak in the right
semicircle had a period of 11 s and an émplitudé of 121 mZ/Hz corresponding
to waves of 11 m height, 1In the eye the peak was at the same frequency
but had decreagsed in amplitude to 31 mlez, corresponding to 5.5 » waves.
Fig. 14.7 shows that the height of the significant waves were 9 m and 5 m
just outside and in the eye, reépectively.. ’

Fig., 14, 3N shows.that there are most probably censiderable
differences between sea states in the eyes of slow and fast moving typhoons.
The figure indicates that slow moving eyes contain gwell frow all directions
whereas the faster moving eyes contain swells only from the right hanﬁ semi-

circle with a very high dominant swell from the right rear.



.4 Waves and local wind
" In a fully arisen sea the theoretical relationship between the
maximum wave height Hm and the local wind speed V has been derived by

different authors, in different ways, and is approximately
2
H =0.26 V'/g (14. {2 )

However, in a typhoon, a fully arisen sea does not form and eqn (l4. %)

" would greatly overestimate the wave heights. Cline {1926}, neglecting \//N
other factors which influence wave height, gave a simple rule of thumb

(here converted to S.I. units) that the wave height (in metres) is given

by dividing the wind speed (in m/s) by 3. This is in remarkable agreement
with Unoki's finding, illustrated in Fig, 14.1? » that the significant

wave height HS in typhoons is given by
H =0.31V (l4. 138 )

This equation is not meant for use in places where the fetch of the wind

could be decreased by land.

Simultaneous instrumental recordings of wave height and wind

Ispeed in nine typhoons at Hong Kong and in hurricane Camille 1969 suggest

a ;éue of 0.29 - for the constant in eqn 4.3 . Points fo::E;;IHY; cdl fo1se

and typhoon Rose are entered in Fig.{{ .{? for comparison. The good

agreement between the instrumented recordings and Unoki's shipboard, visual

observations is a tribute to the seamen who made them. ~
Ty Fig. 14.19

shows that at high wind speeds the "probable wave height" (N.75 times Hm

in this case) given by the WMO version of the Beaufort Wind Scale is

considerably greater than is found in typhoons. This cannot be attributed

entirely to fetch and duration limitations in typhoons because, at the wind

speeds 1In question, Roll (1954) obtained even lower heights from observations v

made on ten Ocean Weather Ships in the North Atlantic. Unoki (1957h) showed 7

that, as might be expected, the wave height for a given wind speed was lower

when the wind was increasing than when it was decreasing; eqn 14,13

gives a compromise height.
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The most probable maximum wave depends upon the state of the
sea and the number of waves observed. If we describe the state of the
sed by the significant wave height HS then the most probable maximum wave

Hm is found by putting n equal te one in the equation
'3
H = 0.707 H (1n ¥/n) (14. 'y )

where N is the number of waves used to find HS. When using instruments
to determine HS it is usual to consider runs of from 10 to 30 minutes.
"Near the centre of typhoons these runs usually contain about 70 and 210

waves respectively giving approximate ratios of Hm of 1.5 and 1.6, Using

<

10 minute records in typhoons Apps and Chen (1973) found a ratie 1.5.
Earle (1975) presented data from 30 minute records from Camille yielding
an average ratio of 1.63; the number of waves in the records varied from
162 to 249. When Hs is determined visually it is found that the ratic of
Hm/HS usually lies between l.ﬁ.and 1.6; accepting the latter wvalue and
substituting for HS in egqn (l4. 13 Y yields

H = 0.5V (1 1)

In other words the maximum wave heiéﬂ%i¥§";‘;ropical cyclone is approximately
PATEA v ety es e Seeend

equal to one half the wind speedA. Again, thls formula is in reasonably

good agreement with others found for the maximum wave height in storms other

than tropical cyclones (Unoki 1957b). In the extreme hurricéne Camille the o

maximum ten-minute wind at the oil rig, corrected to 10 m height, was

43.6 m/s; this speed was recorded at the height of the storm just before

recordings ceased. The wave height given by half the wind gpeed is 21.8 m,

the highest wave recorded in the previous hour was 22.99 m, this is better

agreement than should be expected in general and indeed, the foregoing

rule-of-thumb formulae should be used with caution because they do not take

account of factors which affect wave heights in typhoonsother than wind speed.

The pericd of the significant waves in a typhoon also increases
with wind speed, rising from a mean value of about 8 seconds at 10 n/s to a

mean around 12 seconds at 40 m/s.



5 Wave height and period relationships

A number of relationships between various wave statistics in
tropical cyclones are useful and they.aré shown in Table 14, W . Some
of them can be ﬁeduced from thd assumption that wave heights are distributed
according to a Rayleighi distribution law, others have been determined
empirically. The root mean square heigh‘{'}irms ig the square root 6f the
mean of the squares of all the wave heights in the sample. The standard
deviation ¢/ is thé square root of the mean of the squarea.of the departures
of all wave heights from the 0glt:;'J\rvhvwr:we heiéht H. o

; Table 14. L + Height and period relationships T
in tropical cyclone waves - 77
E: .- S =m ['Lq
H/H 0.89_. Hmln5 = 1,68 : me/T 0.98 - =
H/H _=1,4] H = =280 ° T/T. = 0.8]
- 8 Ims Ims 8 .

/8 = 2,36 B =4 o TQAJ4HSw 3.85

. : L}
Most of these ratios were reported by Earle (1975) from 20 wave v

racordinge, each of thirty minutes duration, made in hurricane Camille.

The two ratios containing O are theoretical bugié;naistent with the Camille
observations. The value of Tsﬁ(f“; iz given by Bretschngider (1957) as

an approximate relationghip. In Camille this ratio varied from 4.40 to 3.15.
For H less than 9 m ratios were egual to 4 or more,abova 9m they were all
less than 4 with the_value 3.85 corresponding to significant waves of 10 m,

height.

o Aﬁ equivalent ane c&h be found having the same totél energy

as that upder a spectral curve. ; It has been shown that ‘the height of this.
equivalent wave should.be multlplled byﬁff to give the hexght of the
gignificant wave. From which it: follpws tﬁat _"

s-* 1.41 j% ....?j.;....f,........ (1&.16)
E .
Ey : , H .
where u' is the area under thc spectrum having a vertical axis expressed

in H /A\The period of this waye is given by

B A T T =0.88 T ..., il (L4 AT)
- ) 5 ) * )

where T 1s the perLod w1th the maxlmum energy

'Qﬂx,_-- 94 ﬁﬁ,cx¢ea,numd44 e 0 nﬁwm&wv ’iﬂwnnﬁ a vtdlt«lb e
Rr ek o 3 Tor wE, u1¢ﬂp LN WL anfu+u44, #E;u

;?. . W= u\ﬁg
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144( Forecasting tropical cyclone waves

y Engineers often wish to know the probability of occurrence

of extreme waves at a given location because this is a eritical factor
affecting the design of coastal and offshore structures. TIf an area

is subject to visitations by tropical cyclones it is usually found that
these give rise to the extreme waves there. The problem of assessing
the recurrence period for these waves can be solved by using extreme-
value statistical techniques on a large sample of wave heights from
‘historical storms. Unfortunately, the necessary wave sample 1s seldom
available. It is therefore necessary to estimate the wave conditions
which would have prevailed in past storms. Historical meteorclogical

"wave

conditions are used for this purpose. This technique is known as
hindeasting'. It is applied to as many past storms as are required to
form an adequate sample for the statistical techniques. A variety of
methods of hindcasting are available but the cheice of method for a
particular application must depend on the meteorclogical data availabie.
The distribution of wind velocity is all important in determining the
greatest wave height in tropical cyclones but this is seldom known to
the desired degree of accuracy. The fetch of the maximum winds is ()
usually taken as being proportional to the radius of maximum winds & .

' However, in the typhoon region it is almost impossible to estimate this
‘factor for early historical typhoons. The storm characteristics mest
generally known are its track, speed of movement and estimated central

pressure deficit ( & p).

The data deficiencies are usually circumvented by assuming some
model distribution for the maximum winds and thelr fetch in terms of the
[4\} hU\iq‘( i Fresgvre fz‘(,ll'_

storm: )ﬁe.ﬂd NP and radius of maximum winds ,.K and then using empirical

wave accretion relationshlps such as those depicted by the curves in

Fig. 14.1.
\_Inm Ny [ L
14.6. 1/§_;Lgn1ficag; uaye methods
Bretschneider (1957) : analysed thirteen east coast hurricanes

and found that a reasonable representation of the significant wave field

in a steady state storm could be given in terms cof the highest significant
wave. He found that if the distributions wete expressed in d1mens1oﬁﬁle§s
form with HS/HS nax plotted in terms of r&Rhﬁhere ? is the radial dlstance

te a point, : - then the results of hlS



| 1y
14e5.1 Energy Index Method

Reid (1954) proposed the concept of en Inergy Index, rm.nP, for
classifying hurricsnes. Since the liinctic energy of the low Jevel
circulation of a trepiczl cyclone is proportional to r .AP .and the
wave energy is proportional to IH2 , Various relationshi;s be tireen

the wave characteristics and the Energy Index can be derived.

Bretschneider (1957) analysed thirteen east coast hurricanes
and found that a reacscnable representation of the significant wave
field in a steedy state storm could be given in terms of the highest
significant wove. He found that if the distributiins were expressed
in dimensionless form with I-IS/I-I:3 Hinia plotted in terms of r/ o vhere
r is the radial distance to a point, then the results of his |
investigations cowld be represented by a single set of curves, The
distribution is shown in Fig. 14.20 and permits H_ to be estimated

wt

atl ary point if E_ is Jnown, MHe found that H_ _— in the open

s max
sea could be estimated from the following eguation here expressed

in S.I. units in terms of Energy Index, T 6P, and other variables:

RNE \
0,16 r_.8F 10 -
Ho o= 5403 el ) (140,290 v v £) (14.418)
vhere I - is the maximum significent wave height in m,

r is the radius of maximum wind in m,
AP is the central pressure defieit in wbar,
V is the forwerd speed of the storm in m/s,

® is a coefficient whose value depends on the variaticns

Mavrmal apad b B i’wp.‘m,
v, is the storm maximu: sustained wind speed in m/s at

in effective feteh with storm motion,

10 m above the sea which is found at radius P and is

deterrined using the formulat

1 o :

V= 484 (@F)% - 0,12 1, £ 1077 + 05V (14.19)
where f is the Coriolis acceleration.

The corresponding period T_ is deriwed from the relationsuip

T = 3.85[@ discussed in sec. 14e4.2+5. The distributicn of wave

-

heights over the storm area is obtained from the model in Fig. 14.20.
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4ﬂhve helghts calculated by this_.method are vary sensitive to

the value chosen for F» The determination of R‘ls not always straight
forward and storm structure can vary considerably from the model adopted.
ln addition, it is not clear how the coefficient ”2" should be chosen,
The wave height will be a maximum when the forward speed of the storm

is close to the group velocity of the largest waves - about 8 m/s -

the appropriate value for the coefficient “a",should therefore be

expected to decrease for slower and faster storms, \hlth Yall-gat _egual

to, Q.5 go “@ agreement ig obtained.between-the ohserved and calculated

T

o i b st A P

e

of -thé v lue of "a'-ag a function BF Vv bnly,_does not yield results
&hich»afe-better—ehan~those.us;ng_ﬂ.__fi:l It is of interest that the
calculated wind speeds %ﬁ agree with Ehe near-sea-level observations in
Eloise and the 1935 typhoon. However, in all the other cases the

anemometer readings have been reduced to the 10 m by the 0.2 power law

and these winds are less than %“Sge calculated. The best procedure for

reducing winds in the eye wall to the 10 m level has not yet been %S
ascertained (See sect 5. ) j
5
f~%
//
. Teble 14.4 contains the caleculated H using o = 1 and o = 0.5.

s max
© It shows that the calculated wave heights with of = 1 are very

close to the ectually observad values for H, Camille, H, Eloise
T. Ro el T Lt TR I A uvevole { el ’bu" wtva
se and T, Elsie, mLmuch too high for theé fastemoving
tyrhoon of 1935, The calculated values with & = 045 are on average

about 10% lower then those with A = 1.

»
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Table 14.{ . Observed s wave height's in tropical cyclones /\ th RaYe ITH’\ e8(S .
o F -—
: Latt S d i i
Tropical Date a pee Pc AP Radius Radius Max. 10m Hs i Hm T
Cyclone of of of 10 min.
Storm eye Max Wind
Winds R Speed ?)::
°x m/s mbar mbar km km m/s m m
H. Camille 17 Aug 1969 | 29 7.1 905 108 9 35 44+(53)  13.5 (11.8) 23.6 (20.3) | Inner eye wall 9-16 km
iy Heg 851 oy y Outer eye wall 28-37 km
foe WA 0il rig 10 mln 19m wind 5!#;)»{%
o repivelent wes 44 m/s o 16m
i | of =
bk 6l Sl i Fastest averaged radar
7 echoes 60 m/s at 35 km .
H. Eloise 23 Sep 1975 28 7.7 966 47 22 28 35 (35) 8.8 ( 8.5) - ( ) Buoy EB 10
(3-) et By 74 ot FL Y
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For mere accurate work the graphical method of Wilson (1955,
1961) can be used. In this method a model wind field is described by
Ap and E and is then moved in equal time steps along the path of the
hurricane at the forward spsed of the storm q*. The components of the
wind along given vectors to a site are used to generate wave heights there
so that a time history of the sea state at the site is generated and expressed
as the height of the significant waves from different directions.

. <, i o Madscd

Bea (1974) used Wilson's method on the 43 hurricanes iﬂﬁEhe Gulf of
Mexico during the 70 years 1900-1969. He compared his result with such
measured data as were available and found that the median ratio of observed
to hindcast waves helghts was 0.85, an overestimate of 15%Z, 95% of the
results were within the limits 0.70 to 1.42, The largest hindcast wave

height(Hﬁ\was 26.8 m in hurricane Betsy {l0th September 1965). Bea was able

to use these hindcast data to obtain a relationship of the form Hséi e? where
Yo o
#z was expressed in terms of Dxp, R E and their logarithms o+ The relation-

ship was used to generate the curves of Fig. l4, 29. The importance of the

forward movement of the hurricane in determining the maximum wave height is
21

clearly shown in Fig. l4.28 where the biggest waves occur with forward speeds

of 6 - 11 m/s. This is about the speed of the major wave groups (Table 14.2).

After sn intensive study of the Gulf of Mexico hurricanes the U.S5.
Department of Commerce (1968) proposed a set of "maximum credible" values for
AN P> ;?End V of 103 mbar, 29 km and 9.3 m/s respectively. For a hurricane
with this specification Bea (1974) derived 2-hindcast H nax of 20.1 m whilst
Bretschneider (1972) obtained 20.9% m. This values correspond to a maximum
wave of about 34 m. Ackers et al (1972) applied the Sign;i;can&.uax methods
to South China Sea typhoens to obtain an estimate of the deep wa%ir gignificant

wave heights off Hong Kong. Their results are shown in Fig. 14.38.
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Hasselmann et al (1976) noted that measurements of fetch-limited
spectra could be normalised in such a way as to be approximately constant
in shape with varying fetch. They %22£§i%ﬁ that the shape was stablised
by‘non—linear interactions between waves which cause{ a short decay time for
swell travelling through a local sea containing significant energy at a
frequency close to the swell. This effect causes a migration of the spectral
peak to lower frequencies. They showed further that the invariance of the
shape of the normalised spectrum was not limited to uniform-wind, fetch
limited situations but applied generally for a growing wind sea. Ross (1976)
measured wave spectra in Etnp£5+%%;}icanes from an aircraft using a ﬂﬁﬁ%&v
altimeter. He determined that they had a remarkably steep slope on the low
frequency side and agreed well with the shape of the normalised spectra found

by Hasselmann et al (1976). The invariance has also been demonstrated Feem /v
L. B atl vy on (a2 a (o seNe %5

Kitagorodskii (1961) also proposed the similarity theory of waves and
mgde the assumption that the dominant part of the power spectrum of a
wind-generated sea is a function of only four variables, i.e, frequency,
gravity, wind speed and fetch, All wave varisbles, when non-dimensionalized
in terms of gravity, g, and the friction specd, v,, should be functions only

of the single non-dimensional fetch,

N n
F = (gF)/v,

vhere F 1s tlie feteh length, In the Joint North Sea Wave Project (Hasselmarnn
+ o, 72) +h Gt . + 1 :
et al, 1972) the friction speed , v,, is replaced by the wind speed at the
N
the nen=dimensicnel peak frejuency, fr’ was found to bhe:

—

0 m level, v

10?
Al N
£ = 2.84°F 0.3 (1s21)

and ﬁ; is the peak freguency.

3 . ] " - N -
Similarly, the non-dimensional total energy, E, showed a linear fetch
dependences:
Q L3 =7
E=1.6F 10 (14.22)
A
where B is defined as:

2 /
(v.:',.m\/ r
Jog, v
~ 4770

ana E 1 +the: o o Ao e 1 o ‘ i i
and E is the arca under the curve of g wave spectrun and is proportional to

the total wave energy per unit sca area.

- Ay . . s
Eqn (14.21) and (14.22) constitute the basis of Fig. 14.1.
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Ross (1976) proposed that the generation of waves in a tropical
cyclone was of a local nature and was determined largely by the radius
of curvature and speed (3 20 m/s) of the local wind., From hurricane
'megsurements he was able to derive equations for several parameters of the
normalized spectrum in terms of ¥, the radial distance from the eye and
Vo the 15-minute averaoge wind at 10 m. In his model, the fetch F is
replaced by ERrmedisd-disbanee—feoe—tim—esey r, vhich represents a

paraneterization of feteh or duration., The non-dimensional peak freauency,

/f.\'r s is given by
_ N :
£ =0937 (14023)

N
and the nondimensional total energy, E, is given by

E = 1,3 50456 1075 (14.24)
where A "

T = (g;r)/v,io
is the non-dimensional radial distence from the eye, PrEE
Fmminvte-averese-trind-at—30-n, The validity of these equations for fast-

moving storms (> 7 m/s) haos not been established. Given a specified
tropical cyclone wind field on an arbitrary set of grid points and the
. AN N .
location of the storm centre, then r, E and f]h can be gquickly computed
il :

and E or H: = 4N E con be easily displayed.

Ross parametrical hurricane wave model can be represented by two
curves as shown in Fig. 14.23, where the non-dimensiocnal significant

A
wave height, HS s is defined as

A Hﬁ 24
H = =S
s 2
Vi

Chen (1979) cnslysed the data recorded in Hong Kong during the passage

of nine typhoons in the South China Sea between 1971 and 1977 and obtained

Q

the following relaticns:

ik, AQ 58 -5

™ e P 2

2= 1,971 "7 10 (14.425)
IAS A0 ‘3"7

£ = 1.5 7 (1426
/\7 ~ AO-"; "'2

hs = e T 3 10 i (14—-27)

A A

where the non-dimensicnal terms, E, Hy £ have the same definitions as
AT

those proposed by Ress, using winds recorded at Waglan Island (74.7 m)

reduced by 0.2 power law to the 10 m level, Using the same set of data,

Chen also obtained an empirical relation of HB = 3,844 E, which is very

! w
- e idae

close to the theoretical relaticn of F

+
lc'
(=]
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Figure }8.--Ross parametrical hurricane wave model
| (fm = frequency spectrum.maximum, R = localdis-
tan€e from hurricane eye, ¥ = local Windspeed, and
the aceeleration of gravity g=9.8m/s> )nt{etric |
upits. Plotting H) /3 and i, againw these di~ /
| m:::'iy.lc ‘:}orms collapses the ertire model into
\ th two etrves./ This graph may be used to esti-
mate the hurricane wave height and frequency for
any location where {orecastwinds and distance from
the storm center are known.
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.. The hindcasting methods described in the previous section have now
been superseded, for many purposes, by the use of electronic computers and
numerical models. The models are based on the integration of the wave
energy-balance equation in which the rate of change of wave energy at a point
ig equated to the energy being advected to and from the point plus the local
transfer of energy between the sea and the atmosphere. It is necessary to
consider the transfer of energy from the wind to sea for growth, wave breaking,
frictional dissiﬁation and the effects of opposing winds. Wave propagation

is corrected for digpersion and angular spreading. These calculationg are
carried out separately for waves of different frequencies and direction so

that two dimensional spectra - which show the energy in waves of different
frequency and direction - can be determined for each point. Fer example,

Uji (1975) used a square grid of spacing 40 km and at each point he considered
22 wave frequencies'and 16 directions. There were therefore 352 (16 x 22)
numbers at each point of the grid for each step in the integration. Spectra

at selected points in a fast and a slow moving typhoon are shown in Fig.lé.%&??
However, the wind field is all important in determining the waves and this

is seldom known in sufficient detail. This deficiency controls the accuracy

attainable from numerical models, Several methods are used to approximate

4
the wind field but most are based on the variables D p, K and V.

Uji used his wodel to investigate the effects of typhoon speed V on
the waves and found that the highest waves occurred at a speed of 12 m/é.
He chose a model typhoon based on typhoon Vera (1959) which had le = 75 mbar
and a central pressure of 935 mbar. In this model typhoon the highest wave
was calculated to be 13 m when the storm was stationary and 16 m when moving
at 12 m/s - an increase of 23%. The height fell again for faster movement
to 15 m at 17 m/s. Fast moving typhoons had no significant seas 400 km ahead
of the centre and the area of highest waves was found in the right rear of

the storms.

Cardone et al (1976) used a 37 km grid and a fundamental wind-field
model based on the interaction between the geé%al atmospheric pressure field
and the axially symmetric field in a hurricane, to hindcast waves in Gulf of
Mexico hurticanes. They claimed significant advantages for their method of
specifying thé wind field in that it differentiated between the fields in

small intenge hurricanes with small radius to maximum winds (e.g. Camille 1969)
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Fig. 14,9 Two dimensional wave spectra (see text) in typhoons moving along

a straight path in the direction of the arrow at 3 and 17 m/s. The first
(outer) contour represents a spectral density of 0.03 mzs/(z T /16) others

are drawn at 0.1, 0.3, 1, 3, 10 and 30 with the 10 mza/(Z'n‘/l&) contour
thickened. The direction of the waves is towards the origin. (After Ui 1975).
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and those with a large eye and extensive area of gale or hurricane force
winds (e.g. Carla 1961) and thereby improved the accuracy of wave hindcasts.
Fig. 14.33 shows maximum spectra hindcast for hurricanes Camille and Carla
and an observed spectra from an extra tropical cyclone in the eastern North

Atlantic during December 1959. Although the maximum average (30 min.) wind

speed in the extra tropical cyclone is only half of that in hurricane Camille

the effects of the longer fetch and duration are able to generate sea states

with a lower characteristic frequency.

a

Brgnd et al (1976) used a coarse grid (74 km) model to determine

the sea - states associated with large and small typhoons, fast moving
and slow typhoons and rapid and slowly intensifying typhoons. The results

of their computations showed good agreement with the observational data.

In September 1975, hurricane Elloise passed 29 km southwest of
a NOAA data buoy in the Gulf of Mexico, where the highest sea state
with a significant wave height of 8.1 m was recorded. Fig,'-?%.
' O {nu'.‘gf wevds of e Ik rn-fd
qlhows model contours of significant wave heightanf or the entire Gulf
of Mexico as predicted by the full scale computer using directional
spectral wave model (Cardone et al, 1976) in the SAIL (the Sea-Air
Interaction Laboratory of NOAA's Atlantic Oceanographic and Meteorological

Laboratory in Miani).

Experiments in forecasting hurricane-generated waves were made
in real time for Hurricane Belle in 1976 over the east coast of the
U.S. and for Hurricane Anita in 1977 in the central and western Gulf
of mexico, using the numerical spectral model of Cardone et al (1976)
end the parametric model of Ross (1976). Cardone et al (1977)
analysed the experimental data and demonstrated the feasibility
of obtaining useful forecasts of Sea states in hurricanes with the
existing model capabilities, It also indicates that the accuracy
in the forecast of wave conditions is criticcally dependent on
accurate forecasts of storm track, intensity and size,

Ross and Cuxdone (1978) made a comparison of parsmetric snd spectral

el - 1~ i - - »
medicds for the prediction of hurricane waves and the results indicated
that given o proper specification of the wind field within tropical -,

(=

cyelones, accurage predietivn of the zenerzted wave field can be produced

by botli the seeetrel am P iAoy HisdT } ot £

y L the gpeetral and | arametric metlods, Nevertheless, significant
differences do occur for the wnusual cases of very slow and very fast
moving storms,
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Figure M .--Contours of significant wave height in the

Gulf of Mexico as predicted by the full-scale com~
puter wave model for hurricane Eloise when the
highest sea state was observed at the NOAA data
buoy. Wind barbs indicate wind direction and speed
(kn) computed with the SAIL hurricane wind model.
The interval between contours is 1 m. ' Significant
wave height at the buoy (+) was 8.1 m; the location
of the eye of the storm is shown by "', The stip-
ling inthe upper rightand lower regions are points

onthe standard grid which were inactivated for this .
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14.6. Marine Navigation

14.6.1 Ships approaching typhoons

A The sea state arcund a tropical cyclone is of the utmost
importance to a ship's captain since it can affect his navigation long
before the gale force winds are experienced. Swells from a typhoon
usually cover an area much greater tham that effected by gales. A heavy
swell can rise quickly and may so effect the speed of a vessel as to make
it {mpossible to evade a destructive rendezvous with the central regions
cf a tropical cyclone. Many hair-ralsing accounts of near total disaster
from this cause have been told. An illustrative account, from recent
times, was given by Commander Taylor {Taylor 1971) after his destroyer, v
the [I.5.5. Agerholm {2 500 tonnes) was caught by the swells from the moderate
typhoon (952 mbar} Joan on the 15th October 1970 when the ship was en route

from the Gulf of Tonkin to Hong Kong (Fig. 14.28). Extracts from his story
follow :- 6.

"At about 0500 on the 15th October some effects of weather
were felt as the ship rounded the southern portion of Hainan Island.
As we continued on a NE track duriﬁg the forenoon the weather became

. increasingly rough, with wind and moderate seas from 0200, and an

occasional large swell from about 0600. This combination of sea and
swell made it impossible to select a "good" course. Several swells
crested on a height even with the bridge. One particularly large swell
took the UHF can-type antenna off the top of Mount 51 and threatened to

break out the pilot house windows.

Consequently, we reversed course along our original track
(Fig. 14.10) ...... Qur intent waé to run back along Hainan Island
until the unfavourable weather improved and then proceed again to Hong
Kong. We did not, at this time, associate the heavy swells with Typhoon

Joan, reported to be 350 miles (650 km) to the southeast.



TYPHOON JOAN .
OCTY. 1970
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Fig. 14. 26 'Ihé, track of typhoon Joan and the U.S.S. Agerholm
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At about 0130 (local time) on 16 October the ship was running
southwest at 12 knots..... Rather than proceed south and closer to the
possible path of the storm, the decision was made to turn about and lie
te. I had some qualms about making the turn with the heavy sea state, but
word was passed to stand by for heavy rolls and the turn was made without
difficulty. Turns for seven knotd were indicated and the ship rode fairly
well, with a great deal of pitching. Radar held several peaks on Hailnan
Island and bearings on these showed the ship to be making no speed over
the ground. At about this time we first associated the heavy ground swell

- with Typhoon Joam.

.+ At - sunrise we were greeted by an endless ptocession

of huge seas swe¢ping by, most of them with foaming tops from the

high wind, Shortly after sunrise the steering alarm soﬁnded and the
bridge lost steering control. While we desperately attempted to
maintain our heading by engines, the after steering room reported

a fire in the electrical junction box and a complete loss of power

to after steering. Very fortunately the rudder was nearly amidships
and the bridge was able to maintain heading by using the engines until
manual steering could be set up. ........ The loss of power was
determined to have been caused by water dripping through the vent to

“the wain deck. ........

By 0700 Ogggﬁfulﬁth we were pitching heavily and winds were
gusting to 55 knots&_ Shortly thereafter the latest report on Joan
indicated that the storm had turned and was proceeding northwest,
directly toward us, at a distance of about 180 miles (330 km). There

was ne longer any doubt as to the scurce of our troubles.
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The answer to our wondering which direction we should
evade in was readily arrived at, since we could make no headway in
»any direction except downwind. Even this might put us across the

path of the storm.

The decision teo turn the ship downwind was a distressing
one to make because I felt she might roll over in the 40-foot e
(12,1 m?? éven though fully loaded with fuel. Vigibility was extremely
restric%ed bacause of flying spray and mist and it was impossible to

plck an optimum time for the turn.

Shortly after 0800 on the 16th I directed the 00D to bring
the ship about. I stood on the wing of the bridge trying to plck wq
an optimum time, Wind and flying spray made it difficult to see and
hear, The cfficer of the deck immediately put his rudder over and
ordered full speed on the cutboard screw and a standard bell on the
inbpard to provide good rudder control. Agerholm was caught by a
30-foot (9.1 m) swell on the beam as she came smartly around. This
large swell simply lifted the ship up and dropped her again, with
littie rolling motion. I was fully convinced by now that if several
large steep swells caught her broadside during the tutn she might
roll over. Succeeding experience proved this lack of confidence in

my "Fram I" to be unjustified.

As we steadied on a downwind course of about 2200, there
was a very noticeable air of relief on the bridge. The relative wind
intensity dropped to about 35 kno&%izgéh a corresponding drop in nolse,
and the ship appeared to be proceeding easily down the face of the
large swells. Steering control was scomewhat difficult and speed was
increased to 15 knots. Immediately thereafter, Agerholm had her stern
picked up by a large swell and she careened wildly off to the right to
broach to in the trough of the gwell, heeling over to port at an
extreme angle which I estimated to be in excess of 50 degrees. ODne
could have stepped cut of the port pilot house door directly into the
sea. I had a premonition of the end, but surprisingly enough she
righted hereself tfo a?sﬁgﬁ%e of about 30 degrees, where she was held
by an estimated Go—knotﬁyind. Somehow we were able to regain control;
as 1 remember, it was through an initial burst of speed on both engines
followed by a backing bell on the inboard (port) engine that we were

able to preclude the same incident from occurring again.
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At this point I was thoroughly surprised at still having
a ship, and my confidence had vastly increased. This confidence made
my next 12 hours a little easier.

(2 banis)

We quickly learned that with winds of 50 knots jor more
aft of the beam, the ship was extremely difficult to hold downwind,
Each time the ship broached on a sea, or tried to, the wind would
push the stern downwind, down the slope of the swell, and force the
bow around te windward. The only effective means of preventing this
was to use speed to provide rudder control. But here agaln, excessive
speed could easily lead to '"surfboarding" down a swell with a high
prebability of broaching. Through a nerve~racking trial and error
period, we discovered that with the starboard engine ahead standard
and the port engine ahead one-third we could easily maintain good
helm contrel. ........ We were attempting to keep the seas on the

starboard quarter in eorder to open from the storm's center.

A% each large swell passed the ship she would settle into
the following trough and appear to be making no way through the water.
The succeeding swell would 1ift the stern and at the same time the
bow would bury itself in the trough, with only the jackstaff pedestal

remaining visible forward of Mount 51.

As the ship moved higher on the face of the appreaching sea
she would slowly pick up forward motion, her progress being marked by
the jackstaff proceeding through the white water like a submarine
periscope, until finally the bow would surface and the ship would drop
over the crest into another trough. During.each of these cycles
Agerholm's speed would appear to increase from zero to an estimated

15 knots {dmis) .

It became increasingly apparent that we were now slaves of
the storm, being committee to run downwind in an attempt to open the

storm center......

The seas
were very large, steep and confused, indicating that we were guite

cleose to the storm center. Large swells routinely came cresting by
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at a level above the pilet house. Occasionélly seas cn)opposing

: . (i3 m
courses would come together, ejecting gysers 60 feethr more into
the air. A look in any direction gave the appearance of a maelstrom

in 'which no ship could survive, and we were in the middle.

Since reversing courée ét 0800 we had had no means of
navigation and an accurate DR track was almost impossible to plot.
seev.vse  Of immediate concern was the fact that the wind was slowly
backing, thus Agerholm's course- was continually.shifting to the ﬁng?
and east. We knew that the Paracel Islands were some 60 mile;ifq the
southeast. Avoiding these became one of my primary concerns. .......
Radar was useless and visibility at all times was less than cone mile,
At about 1430, somewhat soomer than I had anticipated, the fathometer
. gave an indication of shoaling water which I correctly assumed to be
the Paracellcroup. varssass Visibllity was extremely restr%fted and
every large swell periodically broke into a giant surfline. I conned
the ship past this first reef by fathometer information with a distinctly
sick feeling in the pit of my stomach, straining to see anything that
might be surf, with the Intention of immediately bringing the ship
about in the évent I could identify anything, or if the fathometer
indicated rapidly shoaling wéter. The fact that I could probably 7

make no headwaf, even if I should successfully make the turn, remained

v
~

in my mind.
«everes. our heading was changed to 070° which placed the
wind and seaslabout.30 degrees on the fort quarter, at'a_boint where
almost full right rudder was required to prevent broachiﬁg. On this
heading the wind heeled the ship over to a constant ZO-SQ degrees,
which increased each time a following sea paSSed: 3
By dark, Agerholm was riding well, having crossed behind the
storm center at a range estimated“to have been 60 miles (110 km). We.
were able to open the storm on a course of 0900, although seas were
st1ll mountainous and the true wind remained between 65—80 knots(!i*&’ﬂh)ﬁ
} '/iReconstruction based upon these final sightings indicated
thaL we had been making a fairly steady 17 knotg, ruaning with the
seas on the stapdard/one~third combination. This was double what we

believed our spéed to be.
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Maneuvering was still restricted in that we could not turn

more than 30 degrees off the downwind course. The wind, however, dropped
occasionally to 55 knots (28 m/s) and for the first time the barometer
increased, having dropped some 0.80 of an inch (27 mbar) over the last day .-
and a half to a low of 28.80 (975 mbar). By 2100 on the 1l6th the ship
was riding easily, relatively wind was between 35 and 45 knots (18-23 m/s),
with the seas more stable. We were thus abic to maintain our desired 090°

heading. I felt the bridge for the first time in almost 24 hours.

As I look back, the wind was the predominant facter with which
we had to contend. Seas were generally mountalnous but when the true
wind speed remained between 50-60 knots (26-31 m/s) it was not too difficult
running downwind. Feriodically, however, the wind would increase to 70-80
knots (36-41 m/s). Dufing these periods the seas would quickly Increase
in height and appear to run in several directiomns, crésting white foam
continuously. Visibility decreased radically and noise intensity increased.
Maintaining a downwind heading became increasingly difficult, and ghe-ship
would be boarded by successive seas. One could hear and feel each swell as
it rumbled from aft along the ship. We were surrounded by white water and
flying spray. The total effect was frightening and the question foremost
in everyone's mind was "When will this end?" or "How much longer can we
take it?" By comparison, when the wind dropped to 40-50 knots (21-26 m/s)}

it was almost like a Sunday afternoon at the park.

L&

7. In Fig. 14. 2t  are shown two sets of curves which give

the eatimated resultant speed—of;advance of a ship in waves of different
helghts and from different directions relative to the ship's heading.
The curves (A) is for a ship capable of 15 kn in good conditions and
those in (B) are for a ship capable of 20 kn. They show, for example
that a ship capable of ?0 kn {(curve (B}) when meeting seas of helight

8.5 m from a direction 060° from the ship's heading will be slowed to

about 8 kn. These are average figures and will vary from ship to ship- -

as well.as with wind conditions. Curves for individual merchant ships

can be derived from a study of the ship's log. Fig. 14.2% shows tﬁtpical
curves for a vessel with an economical cruising speed ofifi kn. The effect
of wind speed alon? on a vessel’'s speed is given in Fig. 14.%f3 for various

ship types assumed to be in normal loading conditions.
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. Expected ship speed as a functio
to ship's heading for power settin

SHIP SPEED — kn

and (B) 20 kn (Redrawn after James=3957) ,
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Fig. lagﬂ_Typical curves showing the effect of waves on the speed of a
conventional cargo liner of about 20 000 tonnes displacement and having
a normal economical speed of 11 kn.
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14.6.2
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Ships near a typhoon centre

ol Over the years the huge waves and violent winds near the centre
'of deep typhoons have brought disaster to many ships. Just two typhoons
during World War TI caused more damage to ships of the U.S. Navy than

occurred in direct confrontation with the Japanese (Somervell and Jarrell . .-

_1969). The loss of the bows of two Japanese destroyers in the September

1935 typhoon (960 mbar) was mentioned in sect., 14.4.2.2, but, it was a
component of the U.8. Pacific Fleet which meet with the most tragic typhoon
disaster ever to be recounted. It ﬁccurred on the i8th December 1944 when the
Fleet was caught near the centre of an intense typhoon while ocperating irn
support of the invasion of the Philippines in an area about 500 km east of
Luzon. Three destroyers capsized and went down with practically all hands.
Serious damage was sustained by a light cruiser, three small carriers,

three escoft carriers and three destroyers. In his report the then

commander in Chief, Pacific Fleet, Admiral Nimitz wrote: "Lesser damage

was sustained by at least 19 other vessels from C.A.s (heavy cruisers)

down to D.E.s (escort vessels). Fires occurred on three carriers when

~ planes were smashed in their hangers; and some 146 planes on various ships

were lost or damaged beyond economical repair by the fires, by being smashed
up, or by being swept overboard. About 790 officers and men were lost or
killed and 80 injured., Several surviving destroyers reported rolling 700

or more}; and we can only surmise how close this was to capsizing completely

for some of them, The following conditions were typical during the typhoon:-
(a) Vigibility zero to a thousand yards.
by Ships not merely rolling, but heeied far over continually by the

force of the wind, thus leaving them very little margin for further
rolling to leeward.

(c) Water being takén in quantity through ventilators, blower intakes,
and every topside opening.

(d) Switchhoards and electrical machinery of all kinds shorted and

" drowned out, with fires from short circuits. Main distribution
board in engine room shorted by steam moisture when all topside
openings were closed to keep out water,

(e) Free water up to two or three feet over enginesor fireroom floor
plates, and in many other compartments. It apparently all came
in from above: there is no evidence of ships' seams parting.

(£ Loss of steering control, failure of power and lighting, and
stoppage of main propulsion plant. Loss of radar and of all

ability to communicate.



(g) Planes on carriers going adrift, crashing into each other, and %ﬁﬁ;
starting fires. )
(h) Wind velocities and seas that carried away masts, stacks, hoats,
davits, and deck structures generally, and made it impossible for
men to secure gear that had gone adrift, or to jettison or strike
below topside weights when the necessity had become apparent. Men
could not even stay up where they would have a chance of getting
" clear of the ship......
(k) Testimony that the ships lost took a long roll to leeward, varying
from 50 to 800; hung there a little while, and then went completely

over, floating a short time before going down."

mr——— —————

-1 In most years some cargo vessels are last in typhoons and the questior
arises as to how modern ships should be handled in the central regions of a
typhoon. The matter 1s controversial and is discussed in some detail - with hal
ralsing accounts - in the "Heavy Weather Guide" (Harding and Kotsch 1965) to whi
the interested reader is referred. In essence there is disagreement between thc
who believe in Captain Elmer Malanot's "Typhoon Doctrine” in which he recommends
that the engines are stopped when winds of 60 knets (30 m/s) are encountered
and those who consider that the minimum of steerage way should be maintained
to keep the vessél headed more or less into the biggest waves with the wind
on the starboard bow if at all possible, so as to "open with the storm'" that is,

to move away [rom the centre,

g Malanot's Typhoon Doctrine calls for a master to get 30 miles

(56 km) of sea room before the effects of the typhoon are felt and then,
when the wind attains 60 knots {30 m/s) or more and the sea becomes confused
the engines should be stopped and the ship allowed to drift until the
dangerous area has passed., Of the many examples which Captain Malanot
glves to illustrate the success of his technique: of not fighting the waves,
perhaps the most impressive is that of his passage through typheon Ruth
which passed Okinawa in October 1951. He was then in command of a vessel
of 4 500 tonnes displacement, with a draft of 122" (3.71 m) forward and
17" 3" (5.26 m) aft and metacentric height {(G.H.) about 4.84' (1.48 m).
The intense typhoon Ruth passed 25 miles (46 km) east of the vessel on
which a minimum pressure of 948.9 mbar was recorded., His ship drifted
easily broadside to the wind at speeds up to 5 knots (2.5 m/s) but the
direction of the largest and most destructive waves was always from a
direction different from that of the wind. Visibjlity was from zero to

300 m and the vessel pitched heavily with rolls of -35° and occagionally 43°
"in general the vessel adapted iltself easily to the heavy confused sea.
It did not ship any water except for a very few times in the heaviest

rolls when a few inches of water above the gunwhale were scooped off the

crest of wave'. Malanot is fully convinced that a seaworthy ship of
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any size or draft, with an adequate metacentric¢ height, will be safer

with engines stopped rather than using them to "hurl their vessels against
the gigantic power of nature and succeed only in their own destruction.....
For a ship dead in the water the onrushing crest of a wave will not hit the
ship but only 1lift it". Malanot says that the ship will drift more or

less broadside to the wind "which in a typhoon is always from a direction
different from that of the biggest and most destructive waves". The part of
. the foregoing sentence in quotatiom marks is not, of course, true; the wind
and the most damaging waves are quite oftenm from approximately the sane

direction.

W | In the same reference (i.e. Harding & Kotsch 1965) letters to

the United States Naval Institute Proceedings on the "Typhoon Doctrine”
were reprinted,Extracts from some of these letters follow to illustrate

the problem areas. Cmdr. C.R. Calhoun U.S.N. was in charge of the destroyer
"Dewey" in the December 1944 typhoon and the ship survived an astounding

roll.of 75°, Three other destroyers the "Hud{', "Monaghan" and "Spence"

sunk after taking a long roll to leeward, v&qp#wg-ia:mF%E£E3§F4¥¢EFqiﬁﬁ§
therewa-44;t4a_uhila—aadp¢#uu;ament,nnmpln;aly—evar. The burden of Calhoun's

letter was that these three destroyers were not lost because their commanders

pounded them against the seas with engine power but because of their inherently

low margin of stability. He beleived that the "Hull" and possibly "Menaghan"
> capsized after their engine rooms had been flooded and power lost. The

. "Dewey" could not be moved more than 10° either way of a position in the

trough with the wind on the port beam. It was found that this vessel rode

best with one third power on the port engine and 20° of right rudder to

keep the wind one point abaft the beam.

BY . Lt. Cdr. Graham U.S5.N.R. (Ret.) had one experience of a breakdown
in vi@ent weather and experienced the conditions described by Malanot.
However, he considered that the excessive rolling which results could be
dangerous especially in the case of a cargoship loaded with bulk ore. The

cargo could shift and the vessel founder. He wrote:

" When heaving to, head to sea, the recommené%ion usually found
in seamanship books is to keep the sea from two to four points on the bow.
The purpose of this is to give the bow a chance to rise to the oncoming sea
instead of poking her nose right into it. I disagree with this }ecommend—
ation, however. T have found {t best to head directly into the sea. With
a gale force wind on the weather bow, you have to keep way on her to prevent

her from falling off into the trough, and the stronger the wind the more
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way you require. By heading directly into the weather vou can cut speed

iy
to a bare minimum, which means fewer - and much lesd forceful - seas coming
aboard. Another advantage is that it reduces rolling materially., T have

followed this practice for years and am convinced of its superiority.

In Hurricane Carol we made good 1% miles in 5 hours (by accurate
Loran fixes) which is as close to stopped — the ultimate ideal - as one

could wish.‘I

" The above is applicable only when wind and sea are from the
same direction, of course, but that is the normal situation, In or near the
eye of a storm, however, with dangercus seas coming from different directions,
it is impossible to avoid heavy rolling. Under such circumstances, I can
appreciate the wisdom of stopping and drifting, as is recommended in

."Typhoon_Doctrine .

e

_“.... concluded that no rules can cover all vessels. All depends on the

Captain John F, Wilson of the S.S. Pioneer Lake U.S. Lines

vegsel's size, her cargo, how it is stowed, and her handling qualities

which only her master can know,

~ " In a loaded C-2 T fear rolling more than pitching or pounding.
© Experience has taught me just about how much work my vessel can stand.

As long as possible, I "weather a gale,” by maintaining steerage-way on

40 RPM, with a2 man at the phone and a throttle watch, to increase should
she go off." He also described his experience in the T.E.8. Virginia
(32500 tonnes displacement) in the Caribbean hurricane of September

1933. He was caught in the centre of the hurricane and his barometer,
corrected, fell to 927.8 mbar "the wind force was more than 125 mph (56 m/s)
proved by the fact that the anemometer on Swan Island, near us, broke down
at this force. The ship went out of control; the rain, drivem by the wind,
cleaned the paint off steel stanchions, as though they had been sandhlasted.
Rain water ran over the thresholds and under the outside doors, spilling
into the main lobbies and cascading down the main stair cases. Our heads
Tang 25 though we had taken guinine tshlets. o Hreath woTe easily, mem
in the fireroom had to remain near the floor plates. The hurricane bridge
rails were folded back to the deck by the wind. Lifeboats were torn from
their chocks and smashed against the boat deck house. I attempted to go

down the outside ladder, and my 140 1lbs. was wirtually supported by the wind;



I had to haul myself down. Fantastic and freakish damage was sustained'.
Le I

'—7 In & discussion of the difflcylties encountered by ships in
typhoons Piddington (1845) wrote that "Hatches are not usually made strong .

307 eqvy o Fte \‘!r*f[f"“)

enough"”. Doberck (1886 and 1898) expressed the same opinion but,ﬁ}t still
happens that ships are lost in typhoons because hatches are broken and holds
flooded. A cubilc metre of water weighs ome tonne and the stresses on decks

‘and hatch covers from water falling from breaking waves must be great indeed.



14.6.3 Ships in port

L1 Very few ports in the Western Pacific area can be described
as generally safe for large ships in typhoon conditions although some
ports may g.f‘i{fm%ofiﬁ}‘ﬁ]ﬁ?rpj?, .\pﬁfEffglﬁfuucbj;ziqPStances' Brand and
B bel loch (lQ?E%Lrate only ngosuka and Kure as good typhoon havens. Among
the many factors to be considered in assessing a port are its exposure to
wind and sea, the adequacy of moorings and seabed conditions for anchoring,
congestion, currents,storm surge effects and the influence of nearby hills
- and mountains on the wind flow. The change in direction of the wind which
accompanies the close passage of a typhoon centre accentuates these problems
because an anchorage that may be sheltered for one wind direction may
suddenly become extremely hazardous if the wind direction reverses. A
frequent cause of disaster to a well secured and prepared vessel is an
impact with a drifting ship that has either broken froﬁ it moorings or
is dragging its 3ﬁf§3ﬁi%u For these reasons it is usual for all ccean-going
vessels larger thaq&tonnes to put to sea early enough to obtain adequate
sea room before a storm arrives — this aspect of evasion is discussed in
gsection 14.5-“.
LY
.2 The chains used to secure vessels to anchors or to mooring buoys
frequently break under typhoon conditions. For example, when the centre
of a typhoon passes sufficiently close to Hong Kong harbour to cause gusts
there of 50 m/s or more then about 30 ocean-going cargo vessels can be
expected to run aground or sink. VWhen the centre of the small typhoon Rose
1971 (963 mbar) passed just to the west of Hong Kong harbour there wetre
40 ocean-going vessels riding at buoys. Twelve or 30% of these ships broke
their cables and there were 38 vessels (not all at buoys) in trouble. In
the stronger fyphoon Ruby (955 mbar) 1964, 44% of the cables broke. In
view of the large number of casualties and the great financial losses
arising from this cause the problem of cable breakages, and mooring in
typhoons generally, will be discussed further, in the Hong Kong context,
although experience there will be typical of that in many othey ports

of the region.

.3 When a vessel breaks away from its mooring buoy in Hong Keng

harbour it is, of course, theship's cableor securing shackle that parts.
reman (nkeck; PRty et :
The typhoon moorings jare of two types, "A" class for vessels not exceeding
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183 m in length and "B" class for vessels up to 113 m in length and they
are spaced at intervals of 427 m and 305 ﬂ;5§EPQCtively The A (B) class
buoys are fixed toc a 90 (50)tonne cancreteLby 33 m of 89 (77) mm stud link
steel cable tested to 251 {207) tonnes tension. Ships make fast to these

buoys with their own cable which has to be of a size not 1esq than that

\hrequired by Llcyd s rules for the class of ship ' By these rules a number |

where L)= ship's length, B I greatest breadth, D = depth at mid length from Ly

J is calculated from the formula: ~ b
1
i. LS d~‘.a L$ dkg FOQ}-II.!'_'J
f EE(B +d) + 0.85 X(D - §) + 0.85(1 + h) (14. 18 ) .
. 5 . 5
\ L
!
[

top of keel tec the deck, ds; the summer draft, 1 = overall length of 4
superstructure and h is its height'above deck, This number is then entered

inte a table (approprtate to the unlts used) to obtaln the minimum size nf

cable and anchor [ For a 74 m cargo vessel of 3 m draft the rules would
g T T
typically, speclfy an anchor exceeding 1.7 tonnes and a 44 mm diameter mild
steel chain which would have a breaking strain of about 92 tonnes. From an
analysis of 102 cable breakages in the period 1960-1973 George (1974)
concluded that about 65% could be attributed to cable fractures and 35%

to joinming shackle failures.

-4 Cables (or shackles) usually start to break when the gusts (2 second
‘average) begin to exceed 25 m/s. As & rough working rule about iﬁ of
vessels break loose with 25 m/s gusts rising to 35% for typhoons in which
the gusts attain 60 m/s:r From long experience the Marine Department issue
recommendations on typhoon mooring in a booklet entitled "Shipmaster's -
Ggide”. Although the professional mariner will wish to consult this guide
the engineer,metecrologist or amateur sailor may be interested in the following
selected recommendations fof an average ocean-going cargo liner. Make fast
\the ship's cable to the mocring buoy with a shackle of approved type and
adequate dimensions, run the ship's cable through the anchor cable hawse
(damage to a cable can result in only moderate winds if led over a sharp
edge). Two shackles (55 m) of chain should run from the ship, the second
bower anchor should be dropped under foot and veered out . .as necessary, all
ballast tanks should be completely filled to reduce windage and yawing
(and to facilitate salvage should the vessel go aground), have towing lines
ready for use fore and aft and a spare bower anchor suspended over the ship's
foredeck ready to assist the second bower anchor if necessary. Finally,
+ S S Ty £ A
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Ehe ship's propulsion machinery should be used to ease the strain on the
anchor cable. However, in the poor visibility in the viclent rain extreme
care should be taken not to overrun the buoy between squalls or to
accentuate a yaw. I can add that ships which have broken from their
moorings and have been trying to hold position with anchors and engine

have been known to run aground against the wind in the poor visibiliry.

.5 George (1974) conmsiders a simplified example of a breakage
caused by a sudden shift in wind direction - the usual cause. 1In his
illustration a 38 m/s head wind causes a ship resistance of 25 tonnes
this is added to the 12 tonnes resistance due to a 2.5 m/s head current
giving a total resistance of 37 tonnes. If the wind suddenly veers
through 90° to blow the ship to an equilibrium position against the
current the total ship resistance rises to 185 tounes sufficient to break
the specified cable for the ship considered. In addition to the stresses
caused by veering of the wind in squalls in a harbour formed by hills,

' there are stresses due to the snatching caused by waves when the cable is
fully extended in squalls., Two cables should be used if their combined
strength does not exceed that of the buoy cable. George (1974) suggests
that a central hawse pipe and cable would obviate bad leads and permit the

use of both bower anchors in an emergency.

.6 Ships at anchor and those at buoys should have out sufficient
cable to allow for the increase in the depth of the water which results
from the storm surge. In Hong Kong rises of more than 2 m in the main
harbour and 3.5 m in Tolo Hérbour are rare but greater rises are possible

elsewhere (see sect. l4, )

.7 The s.s. '"Queen Elizabeth", 84 323 tonnes, when commanded

by Captain William Hsuan in August 1971, successfully rode out typhoon
Rose while anchored in Hong Kong harbour. The vessel was anchored in
14,6 m of water in the western harbour to the southwest of Tsing Yi Island
and was exposed to the full force of the typhoon., Sustained winds of

40 m/s with gusts to 62m/s were typical for that area. The wind force

on the vessel must have been enormous because its windage area is in

excess of 1-2 hectares. In normal weather the ship rode to only the po¥t



anchor but Captain Hsuan augmented this by the middle anchor some

12 hours ahead of the typhoon passage and, in addition, dropped the
starboard anchor six hours ahead of the typhoon. This sequence was
:adopted to prevent the cables fouling as the wind veered. Each anchor
welghed approximately 16 tonnes and the length of chain out varied From
165 m to 247 m for the differeﬁt anchors; the corresponding weights of
the cables being 42 and.62 tonnes réspectively. - Captain Hsuan tells
me thét he -did not use the ship’s engines and that he had no troubled
during the typhoon but he aftexwards discovered that the anchors

had dragged 1.85 km towards the west.




14.6.:4

Drifting ships

In most years one or more carge ships have to be abandoned
on the cuter fringes of a typhoon and are left to drift. The problem
then arises of locating the drifting vessel after the storm has
passed. The meteorclogist is usually called in to help in this task
given the last position and time at which each vessel was left to

drift. Good results are attainable by relatively crude methods.

The procedure that I have used for finding drifting cargo
vessels is to move them from their last known position at 8% of the
wind veleocity as determined from 3-hourly weather charts. The factor
0.08 applied to the wind velocity to get the drift speed,or leeway,
was determined from experience. In this way a 10 m/s wind would
generate a 0.8 m/s drift and a 40 m/s wind a 3.2 m/s drift. These
are approximate average speeds for medium sized cargo vessels, Of
course, the exact speed will wary with the type of vessel and, in.
particular, a nearly submerged ship will travel more slowly than a
similar vessel with normal draught. The graph in Fig. 1l4. Eﬂ;
gives an indication of the spread to be expected although the curves

shown refer to the head-on wind resistance and speed.

The "Yoneyama Maru'" a 6 900 tonne vessel carrying 9 900 tonnes
of iron ore was zbandoned in a typhoon and forms an interesting case
study. She was caught in typhoon Emma to the southeast of Talwan on
the 13th November 1959 and her steering quadrant was smashed and the
rudder jammed to port sc as to give starboard helm. She drifted to
the southwest under the influence of a strong northeast winds dodging
the islands in the Balingtang Channel, Fig. l4. 3o . On the 17th
November the vessel entered the circulation of typhoon Freda which
eventually passed about 75 km (40 n. miles) west of the ship on the
18th November. The master of the tug "Tai Koo", from Hong Kong,
located the drifting ship on 2ist November but high seas prevented his
securing the tow until the 23rd November. A strong surge of the north-
east monsoon caused the tow to be dreopped on the 26th November but it
was picked up again on 2nd December and the vessel was safely towed

to Hong Kong.
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During the 16 days during which the "Yoneyama Maru" was adrift
she covered about 1163 km averaging 73 km/d or 0.85 m/s (1.68 kn). At the
end ‘'of each of the three legs its estimated position was within 40 km
(22 n. mile) of the position fixed by the tug. No allowance for wind—induesd
ossdbor currents was made. Normal surface currents in the area at that time
of the year are about 0.25 m/s but normal curreﬁts are probably perturbed by

the passage of typhoons.

When tracking rubber dinghies and small lifeboats it 1is usual to make
allowance for wind induced surface currents and their deflection by the earth's
rotation and to obtain leeway from specially prepared tables. MHowever, it is
unlikely that either type of vessel would survive typhoon conditions., The
U.S. Navy Fleet Numerical Weather Central at Monteyey hag a sophistlcated
computer programme for determining the drift of a floating object (Bone 1976).\///
Twice each day,the wind field 1s'analyéed and the resulting wind-induced
currents calculated. Sea currents are calculated from the sea surface temperature
and that at 183 m depth. The leéway of the object in terms of a percentage of
wind speed is ohtained from experience and allowance can be made for objects
which drift at an angle to the wind, However, the calculations are baged on
a grid of size 370 lmm which is too course to be of much use in tropical cyclone
gituations. | '

In the old days, sailing vessels had no choice but to drift with the
wind once they were caught in a typhoon and as they passed close to the centre
of the storm the winds would change markedly in directien. For this reason
itshfﬁihaﬂg%pened that when the storm had passed sailing vessels found them-
selves not far from the place at which they first encountered the gales (see
Section 2.1.1).



14.6.5
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Typhoon evasion

The masters of ships operating in the Western Pacific are
f}equently faced with the problem of evading typhoons. On‘average there
are about 150 days on which warnings are_issued for one or more typhoons
and 50 days dn which warnings are issued for two typhoons; they are some
four to five times as numerous as Atlantic hurricanes and occur throughoul
the year. The problems of evasion are therefore encountered more frequently
in the Western Pacific than elsewhere and they_are often more complex as
is strikingly illustrated in FigS.14.3F‘”J}#W?n.the course of a year the
delays and costs resulting from evasive action can add up to disturbingly
large figures, WNevertheless, for the great majority of vessels, typhoon
evasion is the foremost precautionary measure and the most prudent and cost-

effective procedure whether the ship be in port or at sea.

In its simplest terms , typhoon evasion consists of ﬁavigating a
vessel sc as to keep it at all times at & safe distance from the centre of
mature typhoonms. When, for some reason, this cannot be attalined the aim
should be to ensure that the vessel is in the navigable semicircle of the
storm at the time of I{ts closest approach. All this implies that the vessel
can move at a speed comparable to that of the storm. The slower the vessel
the more complicated becomes the evasion problem and the earlier must action
be initiated. Sometimes as much as 3 to 5 days lead time on the closest
approach of the storm is required to permit a vulnershle vessel to obtain

a safe position.

The most common evasion technique is called by Somervell and
Jarrell (1969) "crossing the T" and invelves running downwind and sea ahead
of an approaching typhoon so as to cross the storm's track and reach a
latitude south of the storm's centre. Of course, this should only be
attempted if the track can be cleared well ahead of the gale force winds
otherwise, the rising seas will progressively slow the vessel and ensure
a rendezvous with the storm centre as occurred in the incident recounted
in section 14.5.1. A latitude south of the centre should always be achieved,
if possible, as this is safe from storms which start to recurve but

subsequently resume a westerly track {sect. ).

Recurvature is a problem both for the meteorolgist and the
mariner. As explained in section a meteorologlst can sometimes

feel quite confident that a storm will or will not recurve only to have the
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situation change completely in a wmatter of twenty-four hours or so. A
thich hus nor recuovvedand (g

vulnerable vessel at a latitude north of a typhoon cnjfrn =" within

about 1 000 km diskimeis not in a secure position until its bearing from

the storm centre is 045° or wmore. Fortunately, during recurvature, typhoons

tend to move more slowly (but not always) and give time for manceuvring.

However, once the stormg are caught up by the polar westerlies they rapildly

accelerate reaching speeds up to 15 m/s in summer and 25 to 30 mfs by

mid~autumn. Under these circumstances, although the storm may begin to

weaken the radius of the gales often increases and it then becomes almost

impossible for a ship to escape the dangerous vegions of the typhoon.

The reference to a typheon's slower movement during recurvature applies only

to true recurvature that is,when the direction of the storm's movement

passes through north to take on a significant easterly component; it

does not usually apply when the storm swings from é westerly to a more

northerly course.

Forecast positions given in warning messages should be used in
an advisory role. They are of the nature of best current estimates and
should not be taken as exact predicticms; this applies particularly to
forecasts for extended pericds of more than 24 hours. It is unfortunate
that current warning formats do not allow for some statement of confidence
in the given forecast movement bacause, in some circumstances, the
meteorologist can be very confident of his prediction for 48 hours or more
but, on other occasions e.g. as a storm moves cleose to a recurvature
situation, the probability of recurvature may bhe about 50%, leading to
widely dispgerate forecasts of near equal probability yet only one is
issued. The mariner should, therefore, always be on guard against the
possibility of an unexpected recurvature or the failure of a predicted
recurvature. The climatological charts of section are of some
assistance in indicating the probability of recurvature in different areas.
The foregoing remarks apply to changes in movement but, changes in intensgity
can sometimes have equal operational significance. A vessel which could
safely traverse a tropical depression or tropical storm could be in
difficulties in a typhoon. It is indicated in section how rapidly
these storms can intensify. Estimates of current intensity should not be
significantly in error in these days of satellite observations but, for
planning purposes, it is advisable to allow fur some deepening with time

unless there are strong indications to the contrary.
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Recognising the errors currently inherent in forecast of
‘tropical cyclone positions Somervell and Jarrell (1969) recommended the L/’f
plotting of ellipses to delineate the danger areas assoclated with each
forecast position. The ellipses, centred on the forecast position, have
their minor axes perpendicular to the forecast track and of length equal to
twice the average error appropriate to the forecast period. The major axes
are 1.5 times the minor axes and ile along the track to recognise that errors
in forecasts of speed tend to be greater than those of direction, The ellipée
is then expanded outward by a distance corresponding to the radius of the
15 m/s winds as given in the warnings. Brand and Belloch (1976) recommend L
delineating the area covered by 15 m/s winds around a forecast position and
then expanding this outwards by the error appropriate to the forecast perilod.
In 1975, average forecast errors were running at 200, 500 and 800 km for 24,
48 and 72 hour forecasts (JIWC 1975) so that the dangerous areas as delineated
by thes%:methods 3# very large and, in the face of the situation depicted in v
Fig. 14.% would cover much of the Western Pacific. Although the great majority
of forecasts will verify well within the area delineated by the described

methods allowance should still be made for the occasional large error as a

storm moves up to a latitude where recurvature is posgible.

When in port, evasive action must be taken early because sea
conditions in the port approaches caﬁ severely restrict navigation many hours
ahead of the arrival of a typhoon centre and so prevent a vessel from obtaining
safe sea room. TFor example, in 1949 a Royal Navy Fleet was late in leaving
Hong Koung harbour ahead of an approaching typhoon. It attainedathe open sea
near Waglan Island but could make no further headway. Balr-raising acceunts
" were subsequently told of the struggles to keep the ships off the rocks as
the typhoon passed by. Fortunately, no vessels were loat kut wnch damage
was caused and the flight deck of the aircraft carrier HMS Triumph was buckled,
Fig. 14.2 shows that high seas can be experienced at Hong Kong when typhoons
are still centred far away. Even the small typhoon Rose 1971‘prdduced waves
at Hong Kong of over 10 m in height (Fig. 14. g~ ) when still centred more
than 185 km or 14 hours away.. ‘ '



S

=

-

Yo
Somervell and Jarrell (1969) caution against relying on the v
ship's radar to assist in evading the most severe parts of a typhoor.
'They remark that airwreconnaissance crews find that "aside from super
typhoons its the exception when you find the classical depiction"
(sect. 10.7.1). 1In addition the wind has been known to stop the radar
aerials from rotating - or even to drive them hackwards — and there
are limitations arising from heavy rainfall, flcoding, loss of electric
- power and violent ship movements. Most of the vessels in the R.N. fleet
mentioned in the previous paragraph lost the use of their radars as did

the U.S5, Navy vessels in the 1944 typhoon.

Some of the difficulties of achieving successful evasion are
well illustrated by the case of the U.S.8. Agerholm and its encounter
with typhoon Joan 1971 (sect. 14.5.1). The track of the typhoon with
6 bourly Fositions is shown in Fig. 14.3}  (incidentally, note the rz’Qafg-
E;ﬁiﬁféii track determined by'aircraft fixes, just west of LuzzgffmvThe
larger full circles show the forecast positions for 24, 48 and 72 hours
after the time of issue of the 1123007 warning (JTIWC 1975). Circles of
radii 200, 500, and B0OO km have been drawn around the forecast positions
to correspond with the appropriate average forecast errors (JTWC 1675).
These circles have not been expanded to take account of the diameter
of the 15 w/s winds but even so the danger area for the 72 hour forecast
position, as determined by this technique, already covers most of the
South China Sea. A ship unable to leave the shelter of Hainan until
1416002 would clearly be i1l advised to try to cross the "T" to achieve
a safe position south of the typhoon centre, especially as Joan was at
that timéfé;acking due west. A run towards Hong Kong was therefore

LIV Pesition orrh afa FyPhopon poirs a's hyp
attemptedkfs stated earlier)aLghip—ueu&é—then—beLat risk should the
situation change and the typhoon curve to the morth. By 1505007 the sea
state prevented further progress although Joan was still 600 km to the
southwest (Cf.average 3.7 m sea at 580 km in Table 14.3). The typhoon
position and ferecast positions issued at 132300Z (solid triangles) and
subsequently, were excellent and a big improvement on the earlier
forecasts; this illustrates the neeJ:%eep up-to-date with both warnings
and forecast positions. However, after 150800Z, good as they were, these
warnings were of no relevance to the Agerholm which had lost all options

and was by then at the mercy of the typhoon.
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Fig. IQ‘HThe track of typhoon Joan with 21;, 48 and 72 hour forecast
positions issued by JIWC Guam (1970) at 112300 % and 132300 3. Average
forecast error circles (JTWC 1975) are shown.
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The first step in making a safe evasion is to recognise a
threat based upon current warnings and a knowledge of the tracks
taken by earlier storms at different times of year. A master next
has many things to consider, the characteristic of his vessel, the
type of cargo, the urgency of his operation and hé has to balance
the cost of fuel and time involved in a diversion against the risk of
damage to ship or cargo in an encounter with the storm. The science
of tracking and forecasting typhoons has now reached a level such
that a ship routing service in the Western Pacific - like that used
on the longer trans-Atlantic and trans-Pacific routes - would greatly
reduce the very large financial losses that are now caused annually

by typhoons to ship operators.

Firally, meteorologists preparing a typhoon forecast and
mariners attempting to evade a typhoon have two things in common.
Firstly, their decisions are made after considering very many factors
and assessing their effects in the light of ~ - experience and judge-
ment. Secondly, after the event, it is crystal clear to every armchalr

critic as to where they went wrong!
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List of Symbols used in Chagpter 4.4 gnd 14,5 oed 6

& Wave amplitude

A Projected ares sbove the water line

B (reatest breadth

C Wave celerity or phase speed

C, Deep water wave speed

d Water depth

ds Summer draft

L Depth at mid length from top of keel to the deck

E Area under the spectrum having a vertical height expressed in é-az
which is proporticnal to total wave energy per unit sea area

E.H Area under the spectrum having a vertical helght expressed in H2

E Non-dimensional wave energy

£ Coriolis acceleration

,i\'m T rEreguepcyiofithe peak spectral density

fm None~dimensional pesk freguency

F Fetch length

/I'} Non~-dimensinnal fetch length

g LerdArceleration of gravity

h Height above deck

H Wave height

H’b Bresker height

H Characteristic wave height

Hm Maximm wave height

" Deep water wave height

Hrms Root-mean-square wave height

H Significant wave height

HS nax Maximum significent wave height

E,? Geopotential height of the 700 mbar ridge line

H Average wave height

Ej Average wave height of the one=-third highest waves

1 Overall length of superstrueture

L Wave length

L, Deep water wave length

L

Ship!'s length

[4]
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Number of waves

Central barometric pressure

Central pressure deficit

Radial distance from the eye

Radius’ of maximum wind

Wind friction faetor

Non-dﬂnension;l‘:ggstance from the eye

Spectral density

Peak spectral density

Wave period

Cheracterigtic wave period

Wave period with maximum energy

Mg Period of Wawe WikD Mo iamum WW
Significant wave period

Zero-crossing wave period

Average wave period

Aversge period of the one-third highest waves

Wind speed

Wind speed at 10 m level

Maximan wind speed at R

F'omamhg:@eed of the storm

A coefficient for estimating HS X

Total wave energy per unit sea ares o Andriw d.um-t:,
Total wave energy in one wave length per unit crest width
Density of the water |
Stendard deviation



