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SOME CHARACTERISTICS OF TYPHOONS

introduction

This chapter is concerned with the characteristies of typhoons

and severe tropical storms as they occur between the equator and about
35°N. 'There are differences between typhoons and weaker tropical storms b+ 1.

espeeia&&y_uhenmth?~iatter~havemmove&—wei&«awaymirommthevtropics.\”We will
s § H PRV

not be concerned here with-these-eomplicattons for there are differences
enough between individual typhoons no twe of which are exactly alike; many

show large departures from the normal in both detail and major characteristics.

It is found that the coarse structure of typhoons, severe tropical
storms and the more intense tropical storms is essentially the same; the
differences being of degree rather than kind. This typical structure is
illustrated in Fig. 1.1. The main visible features commeon to these storms
are the spiral rainbands, a central relatively calm rain-free eye and a
canopy of cirrus clouds. Iﬁ—%hiﬁ~eha@$enjw% wilijzbnsider all tropiecal
cyclones which possess these three important features rather than to concen-
trate arbritrarily on typhoons alcne. Frank and Jordan (1960), in a climato-
logical study, restricted their attention to those tropical cyclones with a
central pressure of 990 mb or less as they found that the eye and spiral
bands tended to become well defined at this pressure in Pacific storms but at
a somewhat higher pressure in Atlantic storms. Unfortunately,this choice is
again arbritrary for the fall of pressure from enviromment to storm centre has
a greater influence on the structure of the storm than has the absolute value
of the central pressure itself; furthermore, 21% of published aerial reconnai-
ssance observations in well defined eyes of western Pacific cyclones during
the eleven years 1958-68 reported central pressures in excess of 990 mb and
6% gave pressures equal to, or greater than 1000 mb. Accordingly, and not-
withstanding the title of this chapter, we will be discussing all tropical
cyclones with the characteristics of the genus, that is, with eyes and spiral
bands, and this will include all typhoons and severe tropical storms and some
well developed tropical storms.

The winds, rainfall and storm surge in tropical cyclones are of prime

importance and these will be dealt with in separate chaptery

Spiral Rainbands and Cirrus Canopy

The most remarkable and distinctive feature of typhoongis the spiral



'S
cloud-bands which converge near the eye around which they forf1 a "wall"

of c¢loud. These spiral bands or rainbands as they are called are shown
schematlcally in Fig. 1.1. They are composed of convective shower clouds A
tnd Fo 1" ht!é‘—""""""‘

gndmthe_nrnnnr+1ﬁ" ef—them whlchL?x@u;ke—eamu&en&mbae—ﬂiﬁe 1ncreasé&‘?ewards

the typhoon centre. Because weather radar can "see” rain, & typhoon within

radar range appears on the display rather like a spiral nebula or rotating
firework {catherine wheel) with rainbands apparently being flung outward
from the eye wall. The eye itself seldom contains rain-bearing clouds ang
therefore usually appears clear. Fig. L.l shows a_photegya?h-eiLéd;adar Prrnnim’w.
seaaen_at_a_tima—uh;;-T.S. Wendy;w&e—eeﬁ&n5&*r1KﬂT1Ur1mmﬂﬂnnnﬂr1ﬁ“the—faﬁgr.
Both the spiral rainbands and the central, clear eye are visible. These
remarkable bands are characteristic of hurricanes and typhoons but their
existence was entirely unsuspected before 1943 when they were first observed i

by radar from ships of the U.S. Navy operating in the Pacific (see Sec. 10.6).

Rain, as we know, is formed by rising air in the lower and middle

troposphere, the spiral pattern of rainbands therefore indicates the approxi-

mate distribution of rising air, at these levels. The rain free areas contain

either weak, short-lived, rising currents or clear descending {subsiding) air.

Although normal weather radars detect only those clouds which contain
precipitation elements (rain, hail, snow), all clouds can be photographed
from high flying satellites. 1In the photograph in Fig. 4.2 the eye of severe
' Ailcerntd T #ts:quvur&db
tropical storm Judy <can just be aeeﬁ—iathe high cirrus cloud canopy or
shield which, at this stage of development, covers mostly the southwest part
of the storm. Spiral cloudbands can be seen outside the c1rrus c%?ud shleld

SLQW 8¢ FVRrury N g PR 3 Abeded
these are the tails of bands which contain tharya&a—ﬂsoonﬁkby radar. Radar
and satellite photographs of typhoons Dot 1964 and Shirley 1968 as they

were approaching Hong Kong are shown in Fig. 4.3 and L.k,

The spiral bands seen on radar and the clouds as seen on satellite
photographs of typhoons and tropical storms often take the shape of a comma
or a double comma (see Fig. 4.2) that is, they have a central circular area
with gpiral tails swirling oul towards the southwest and northeast. This
double comma formstion is so commen that the symhbol § is used to represent

the centre of tropical cyclones on weather charts. A mature typhoon usually



Fig. 4.1

Photograph of a radar display showing spiral rainbands and the rain-free
central eye of severe tropical storm Wendy 200 km southeast of Hong

Kong at 2115 GMT on 7iH Septembes 1968. The eye has a diameter of 25 km s
and the radius of the picture is 110 km. From aircraft reports the sus-
tained surface winds were around 30 m/s and the central pressure was

measured to be 983 mb. The radar - a Plessey Type L3S with 100 mm

wavelength - was located at Hong Kong.

Fig. b.2

Severe tropical storm Judy as photographed by Nimbus IT satellite at
0333 GMT on 28 May 1966 from an altitude of 1,130 km. The photograph
vas received at Hong Kong K direct—Pfrem—bthe—sabediite. At this time Judy
had an eye about 40 km in diameter, a pressure of 972 mb and sustained
winds of approximately 25 m/s. Hainan Island and the east coast of Indo
China are visible on the left of the photograph.



has a more circular form (Fig. ) the comma shapes being most frequent)&’

3¢$ﬁ in the formative and dissipative stages of tropical cyclones.

There are several theories to account for the spirael rainbands in
the convergent inflow (Gentry 196k4) but it is not known which of them - if
any - describe the process which is dominant in nature. Wind shear, gravity
waves and the systematic seeding of low-level clouds in the inflow by pre-
cipitation falling from clouds at higher levels in the outflow, are among
the effects considered as possible caﬁifsngvf?ikfpirals. However, similar

convective spirals form in laboratory s which simulate same of the
contyts an

e
conditions found in typhoons and they are not unknown in the fields of aero-
dynamic, e T ‘7dvad)m emicy .

When tropical depressions form in the equatorial trough with easterly
trades to the north and equatorial westerlies to the south (Fig. ), the
two airstreams turn cyclonically and converge towards the depression centre.
Existing lines of convergence (cloud lines) in the trades and the westerlies
intensify and new ones develop as the inflow curves into the northeast and
southwest guadrants. Fletcher (19L45) first suggested that this mechanism
might eccount for the spiral banding and Wexler (1947) expanded on the theory.
The outflow at the top of the depression being anticyclonic is opposed to
that in the lower layers and the shear between the levels is found to be
greatest in the northeast and southwest sectors (Fig. 8. ). This shear
spreads out the cumulo-nimbus anvils in the convergent bands and so makes the
outer cloud bands broader and more marked than those to the east and west
of the centre. This can be seen in the satellite pictures in Figs. 4.2 and
4.4, Over the Pacific, on some occasions, wind speed maxima occur in both
the inflowing trades and westerlies and they are probably associated with
both the development of the depression angmﬁﬂm%mggvergence in the southwest

and northeast quadrants.

As storms move away from their formative areas and approach typhoon
intensity, the upper anticyclonic outflow becomes more developed and the
shear between the lower cyclonmiec inflow and the upper anticyclonic outflow
tends to become more gymmetrical, the typhoon then appears more circular in
shape. The circular symmetry is usually enhanced at this stage because some
of the outflowing air subsides and so evaporates its cloud particles to fom
a sharp edge to the cirrus canopy. This subsiding air also inhibits deep convec-



Fig. L.3

Radar photographs showing the rain-free eyes and rain areas in: (a) Typhoon
Dot at 0800 GMT on 12%h Oct., 1964L. The eye, 7O km in diameter was located
185 km south-southeast of Hong Kong and the minimum pressure was about 973 mb.
(b) Typhoon Shirley , with pressure 966 mb, centred over Hong Kong at 09L45

Y  OMT on 21#t Aug., 1968. The diameter of the eye was 90 km and the Lema
Islands can be seen (open arrow) about 35 km south of the Royal Observatory
radar. The eyes of both typhoons were larger than is usual and in addition,
Dot was an exceptionally wet typhoon. The radars used to obtain pictures
(a) and (b) had wavelengths of 230 mm and 100 mm respectively.

(a) (b)
Fig. ]-I».]-l Et,‘:u

The cloud areas in typhoons Dot and Shirley as photographed from Batellites
% TEROS VIII at 0211 GMT on 13k Oct., 1964 and ESSA 6 at 0221 GMT on 21# Aug.,
> 1968 respectively. The dashed circles are centred on the eyes of the typhoons
and have a radius of 220 km {120 wmpi)eg) in both photographs and in Fig. 4.3
(a).

b)
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tion in the outer parts of the spirel bands so giving the typhoon a
surrounding "moat" of fine, clear weather. By inhibiting convection in
the- outer bands the region of vigorous convection is concentrated in the
inner regions of the typhoon and the latept heat released there makes a
maximin contribution tc the warming of the core. The subsiding air in the
"moat" is spread over a large area and a limited depth and does not warm

air columns in the enviromment as much as those in the core region.

When a storm meets strong upper westerly winds the cirrus cutflow
ig predominantly in the direction of these winds and broad dense cloud
bands extend thousand of kilometres to the northeast (Sec.!f-é )3 this

Y0 8(40-1'46
mechanism edse produces anninverted comma configuration.

Size of typhoons

The size of a typhoon can be expressed in many ways. For some
purposes a knowledge of the dismeter of the area containing hurricane or
gale force winds is useful but this information is often lacking. The cloud
mass associated with the storm as seen on satellite photographs, can be used
as an index of size and is so used in one method of estimating the maximum
surface wind speeds in a tropical cyclone (Sec. 11.4). However, the simplest
means of cbtaining a measure of size is to use the radii of the outermost
closed isobar to surround a tropical cyclone centre on a weather map. A ship
or station located within the ocuter closed isobar will usually be within the
circulation, that is, it will be affected by the winds, however light, which
are feeding into the storm. The shortest radius tec the cutermost closed iso-
bar (drawn at 1 mb intervals) is a convenient and easily made measurement and
on this basis the distribution of sizes of tropical cyclones with eyes is
shown in Teble 4.1 together with data on the shortest radius of the closed
1000 mb isobar)if one was present‘&&&—i%—w&9—pee3ibie~bo—&cterminc*its~v&inef
During the eleven years 1958 to 1968 the average length of the shortest radius
wvas 430 km but ranged in individual storms from 60 km to 1100 km. Radii less
than 135 km and more than 1050 km were found in most years,

Those who are unfamiliar with typhoons do not usually appreciate how
large they can be, in order to illustrate this point I have transposed
typhoon Agnes 1968 onto a map of Europe Fig. 4.5. Typhoons of similar
size occur in most years. When a tropical cyclone first forms it is often

quite small but usually grows to reach maturity and a moderate size over the
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Isobars around the centre of typhoon Agnes. = at 1200 GMT on OpM
- Septewhex 1968 - superimposed upon a map of Europe to indicsate
scale. Agnes was centred near 2L.7°R 137.52? at this time and
was weakening to severe tropical storm intensity.



first few days of its life. In those typhoons which grow further to
beccme very large the central pressure usually increases and maximum
wind speeds decrease but gales become much more extensive, spreading
outwards to affect large sreas., Table 4.1 shows that the average radius
at the time of minimum pressure is less than that for all observations

and much less than the average radius at the time of greatest size.



Table 4.1

Relative Percentage Frequency of Occurrence of the Shortest Radius of the
Outermost Isobar (1 mb interval) and of the 1000 mb Isobar in Tropieal
Cyclones which at some time attained at least Severe Tropical 3torm Inten-

gity as determined by Aireraft Reconnaissance.

( 1958 = 1968 )

Rango of Radfi | AL Obmorvations farSt SR S L the tlmw of
1000 mb  Outoermost 1200 mb Outermost 1000 mb  Qutermost
iscbar icgbar isobar izobar isobar iachar

deg. Lat km % % % %
0.0 - 0.9 0 - 100 15.8 Tad 6,7 0.9 21.5 1.3
1.0 - 1.9 110 - 210 35.9 11.0 28,2 3.1 33.9 18.3
2,0 = 2.9 220 - 320 25.0 23.2 25,1 8.4, 2443 22,8
2.0 = 3.9 330 - 430 13.2 23.0 17.9 1.6 1244, 18.3
440 = 449 440 = 540 6.2 16.9 12.3 19.6 34 16.5
5.0 = 5.9 550 - 660 2.6 11.9 T2 19.1 2,8 13.4
.3 - 6,9 670 - 770 0.5 7 ol 1.5 14.2 1.7 4D
740 = 7.9 780 - 880 041 3.5 9.5 10,2 0.2 3.6
8.0 = 8.9 89 - 990 2.1 1.5 0.5 8.0 0.0 Ja9
2.9 = 2.9 1000 = 1120 3.0 0.7 %.0 5.8 0.0 0.9
Total No. of Observationd 1850 3524 195 225 177 224
Mean (deg. Lat/km) 2.2/240  3.9/430 2.8/300 5.4/460 2.1/230 3.5/39%0




The areas covered by hurricane force winds and gales are often
stated in typhoon warnings and the sizes of typhoons can be compared on
this basis. Small typhoons may have only a narrow band of hurricane force
winds within about 20 km of the centre whereas in the larger typhoons,
such as Yda 1958, hurricsne force winds can be found as far as $00 km from
the centre. The area of gales is equally variasble. For example, in the
1906 Hong Kong typhoon gales were confined within a radius of about 25 km

" and there have been cther typhocons even smaller than this; the)Japanese
call them "mamie taifu"” or "midget typhoons". At the other extreme, once
or twice a year, a typhoon grows to haviuéggﬁf as far as 650 km from its
centre. On averageiggn mature typhoons,lylnds of hurricane and gale force
occur within sbout € km and BBﬂrkm of the centre respectively, as is

shown by Figs. and

Fig. 4.6 shows a small severe tropical storm moving onto Taiwan

on 'Tyﬁ'August 1959, The storm began to form the day before

to the north of Pratas Reef and south of Ho%g %??g.ﬁﬂgcairqw “
However, its existence was not suspected until 62’kﬂgz w1nds and a pressure
of 99f mb were reported from stations in Taiwan. This storm was so small
that it escaped observation in an area well frequented by ships and aircraft
and surrounded by ccastal observing stations. It may have just attained
typhoon intensity before landing. The rainfall from so smal]l a storm was
remarkable, in twelve hours 1001 mm of rain were recorded at a station to
the west of the mountains Fig. hfa. It may help §pﬂ% igadﬁi% better to

talle

appreciate the magnitude of this downpour if thay—ame—peméadad that the
mean annual rainfall for London is omdy 610 mm! Flooding in southwest

Jlov
Taiwan due to this lixtle tromicsl cyclone was the worst experienced there

for 62 years. The locations and conditions which favour the formation of

these small typhoons are dlscussed in section @ w

’E af au{#au-ﬂyi
yphoonshéometlmes shrink is—stre during the decaying phase. Fig. 4.1

shows a redar photograph of the relatively small typhoon Wendy 1968
Just after weakening to severe tropical storm intensity. The diameter
of the cloud cover ss seen from a satellite was about 330 km and the

diameter of the rain area, as seen by radar, was about 160 km.
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{a) (b) (e)
Fig. h.,"?

A small severe tropical storm moving onto Taiwan, (&) and (b) show
winds and pressures (c) shows daily rainfall. Most of the rain
fell in twelve hours. (Adapted from Wang {1960)).

1989
j-"“l AUG,
0O00 GMT

1

Fig. h.ﬁ

Typhoon Ellen and an unusually small severe tropical storm to

the southwest of Talwan. The storm was not detected until it
struck Taiwan (Fig. 4.$)
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Improved observations over the Eastern North Pacific have
recently revealed that very small tropical cyclones occasionally form
there, Tropical storm Katrina 1971, which may have reached hurricane
intensity for a time, as indicated by a wind report from one ship, was
a very small, tight storm which, in its early stages, had a size approach-
ing that of a tornado (Denney 1972). A similar, very small storm in the
same area was reported by Baum (1970). A small hurricane, Rebecca 1968,
had maximum winds of 100 knots whilst the diameter of gales was less than
75 km, Denney (1972) éﬁ:ﬁiéhe& that the diameter of the circle of gale
force winds in a tropical storm with an eye and eye wall can be as small
as 28 km or so. Figs 4.6 and 4.7 show that similar typhoon/tropical storms
occasionally occur also in the Western Pacific and that, accordingly,
the diameter of the circle of gale force wind in this area must be
considered to range from about 27 km to a little more than 650 km with an
average diameter of about 360 km (Fig.4. ) in mature typhoons.
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The height of typhoons

.

On theoretical grounds both Espy (1841) and Ferrel (1856) consi-
dered that typhoons had great depth; the former spoke of them extending
to the "surface of the atmosphere" while the latter referred to "some high
level™ although implying that it was the level of cirrus clouds i.e. T - 20 km
that he hed in minagd. Howevef, on crossing extensive mountainous terrain

typhoons always weaken and are occasionally destroyed; considaretien—ed this

<£aat led some meteorologists to the mistaken view that tropical cyclones were

confined to the lowest layers of the sastmosphere,.

Heywood (1933) summarised the results of pilot balloon ascents made
from Hong Kong on cccasions when typhoons were nearby and showed that the
cycleonic wind circulation persisted up to at least 9 km. Depperman (1939)
agreed with Heywood on the great depth of typhoons and in addition pointed
out that on those occasions when they crossed Baguio Observatory - situated
more than 1.6 km above mean sea level - g pronounced pressure minipum and a
V shaped barograph trace were recorded, indicating that the typhoon must
extend far above the mountain top. However, until the mid-nineteen forties,
divergent views on the depth of tropical cyclones versisted in the face of’
these observations and in spite of the fact that theoretical studies as
eérly as 1920 (Sect.<4.[-Z ) had shown that rising currents snd cloud must
extend to at least 15 km in order to account for the low surface pressures

cbserved,

In discussing the vertical extent of typhoons one can consider

clouds, winds or temperatures; we will here confine our attention to clouds.

Clouds in mature typhoons usually extend up to the tropopause
(Fig. ) waich in the tropical Western Pacific is found near 100 mb at
a heighf of 16.8 km. 1In the more intense typhoons the rising air penetrates
the tropopause and the general eloud top may then be as high as 19.8 km as
found in typhoon Tda 1958. Reports from high level reconnaissance flights
by U.2 aircraft and some satellite photographs, indicate thet cumulo-nimbus
tops in the eye-wall sometimes protrude through the general cirrus canopy to
form a ring of higher cloud. Similar conditions have been found in Atlantie
hurricanes. Gentry (1967) reports that in hurricane Isbell (October 196k,

central pressure 968 mb), the pilot of a U.2 reconnaissance asireraft reported



that ¢irrus tops near the storm centre were at 16.5 km and that some
cumulo-nimbus tops protruded through the cirrus up to 18.6 km. The
tropopause was at 16.0 km. In hurricane Beulah (September 1967, pressure
950 mb) Waco (1970) reported that cirrus tops rose from 15.2 km (121 mb)

at 90 km from the centre to 16.2 lm (105 mb) as the eye was approached and
then increased abruptly "in wall-like fashion" to 16.5 km (100 mb) at the
eye wall, 1In terms of pressure, U.2 pilots have reported cloud tops u@’tOClr
55 mb.

The most frequent observations of cloud-top height in typhoons come
from radér observations and although these observations really refer to rain
or snow rather thaﬁi&loud and although they can be misleading at times, care-
ful analysis has shown that they substantiate other observaticns that put the
top of the clouds between 10 and 20 km according to the intensity
of the typhoon. 'Ibps are most frequently found near the tropopause
Just below the 100 mb level i.e. close to 16 km.

It is of interest to note the disc-like proporticns of typhoons and
tropical storms for their average diameter of 860 km is approximately fifty
times their depth., For comparison we may note that coins usually have a

diameter only twenty times their thickness.

A small number of anomalous typhoons occur in which mean wind speeds
of about 35 m/s are found at the surface yet ¢loud tops do not extend above
2.5 km, In July 1967, an aerial reconnaissance of typhoon Billie, (Fett
1968) found surface winds of about 40 m/s whilst cloud tops were no higher
than 1.2 km. Tett reported that he had flown into three similar storms and
considered that 40 m/s was the upper limit of the surface wind speed in them.
Warm subsident air was found over the low level eyes of these typhoons but
the exact mechanism by which it was caused 1s unknown but is probably due to
subsidence caused by low level divergence associated with changes in the
ring of maximum winds. The temperature of the air at T00 mb above the eye of
Billie was 18.500 and the surface pressure wag 982 mb. Aerial and satellite

photographs of this typhoon are shown in Figs. 4.8 and L.9.



Fig. 4.8 Photograph of the eye of tropical storm Billie taken from_ 8 _— ST
reconnaissance aircraft at an altitude of 3 km at 0330%6n St
July 1967. The tops of the cumulus and strato-cumulus clouds

were about 1.2 km above the gurface. Surface wind speeds were
35 to L0 m/s (After Fett 1968)
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Fig. 4,9 EBSATI Satellite photograph of tropical storm Billie +taken at
23ggi on gﬂﬁ July 1967. The centre of the circulation can be seen

near 16.5 N 128°E on the north side of the mass of overcast cloudi-
ness (After Fett 1968)

gl



4.5

Pressure

v

The pressure of the atmosphere at the surface of the earth - the
barometric pressure - is very low near the centre of typhoons and it can be
nda~y Fu tuvhoe 2 |
sa8id that no lower atmospheric pressures have heen recorded

chiyhfl> . _ ey
earbh. However,hﬁ%wer Pressures may occur in severe tornadoes but,so_iaz Ocec v

suoh—p*eauureﬁhhave not been measured.
Heg

When a typhoon centre moves across a ship or location at which there
is a barograph a "V" trace similar to that in Fig. 4.10 is recorded. The .
points to note in this figure are the diurnal pressure wave (Sect. 3.3) before
and after the passage of the typhoon and the shape of the trace, concave down-
ward, producing an ever steepening curve as the centre of the typhoon moves
nearer. The rate at which pressure falls as a tropical cyclone approaches
depends on its central pressure, pressure gradients, speed of movement and
rate of intensificetion. Fast-moving typhoons with low central pressures

cause the pressure to fall rapidly producing very steep traces on barograms.

The mean-sea-level pressures at each hour before and after the passage
of 12 typhoons over or close to the Royal Observatory, Hong Kong heve been
plotted in Fig. 4.11 they have been corrected for diurnal variation and are
centred on the hour of lowest pressure. In general, the typhoons were deeper
(that is, they had a lower pressure) than indicated in the figure because, in
some cases, the pressure minima occurred between the clock~hour readings and
in others, the typhoon centre did not pass directly over the Observatory. The
pressures at the different hours have been averaged and used to draw the heavy
mean curve, All these typhoons passed sufficiently close to the observatory

to cause gales there.

The pressure one day or less ahead of the passage of a typhoon can vary
widely. From Fig. 4.11 it can be seen that eighteen hours shead of the closest
passage of these 12 typhoons the pressure has been as high as 1010 mb, in the

1939 typhoon, and as low as 992 mb in typhoon Mary . These two typhoons clearly

illustrate that the "pressure depth" - the fall of pressure from the environs
to the centre - is more significant than the central pressure minimum itself
because, in the 1939 typhoon the eye of ﬁhich rassed over the Royal Observa.toryJ
the central pressure was only a little lower than that on the periphery of
typhoon Mary . The enviromment of the 1939 typhoon had a pressure some 18 mb
higher than that of Mary.
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Fig. 4.10 Barogram from the Royal Observatory Hong Kong made during the passage of
typhoon Wanda 1962 some 17 km to the south. The barograph reading is un-
corrected; the true minimum at the station was 953.2 mb whilst in the eye
of the- typhoon it was 9LL.0 mb.
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Fig. L.11 Hourly readings of the barometer at the Royal Observatory Hong Kong before
and after the passage of 12 typhoons which caused gales there. The read-
ings have been corrected for the normal diurnal variation of pressure and -
the curves are centred on, the time of the lowest pressure. The heavy curve
is the mean of the other twelve.
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The very short notice of an approaching typhoon indicated by the
barometer on 23rd November 1939 (curve 1 Fig. 4.11) and 18th September 1906
(curve 2) should be noted. The latter storm was the one mentioned in section
2.3. The indication of the barometer most frequently misleads in this manner
during the autumn at times when the winter anticyclone intensifies owver China
and holds the pressure high, or even causes a temporary rise, ahead of an
approaching typhoon. Many instances of such developments misleading masters
of China clippers in the old days will be found in accounts of their journeys.
When the winter anticyclone intensifies it is possible for the pressure to
continue to rise at a coastal station as a typhoon approaches although, of
course, the typhoon will be usually taking in colder air - the cause of the
pressure rise — and weakening. In temperate latitudes a lerge—asd rapid
fall of station presaur:IFg:'gch;l:;v;; anticyclone is replaced by a

fast moving typhoon (see Section. 13.9..1 and Fig. 13.9 % )

The pressure readings of Fig. 4.11 have been plotted against
distance from the centre of the typhoon, in Fig. 4.12,to give an indication
of the pressure profile for each storm. The figure was prepared with the
assumptions that the storms maintained their speed and did not change in
intensity during their passage over the station. The curves have a
basically similar shape which is shared by the two mean curves based
on pressures reported by ships around intense typhoons. Im general, the
deeper the typhoon the greater the pressure gradient, however, there are
some exceptions to this rule and in particular, the very large gradient

in the 1906 typhoon - curve 2 - is noteworthy.

Gherzi (1951) states that China typhoons often have a steeper
"hourly rise" than "hourly drop" and that "1000 mb seems to be the pressure
value preceeding the precipitous "V" fall of the barometer". From Fig. 4.12
we can see that his first statement is correct both in the mean and in
individual cases but that his second statement has little value because in
some typhoons e.g. curves 1 and 2, pressure is falling fast before 1000 mb
and in others e.g. curves 10, 11 and 12, the "V" is not encountered until well
below 995 mb. The exact reason why, during the passage of a typhoon, the
pressure rise should be faster than the fall, is not known. There are
assymetries in the pressure field around a typhoon and in particular the
gradient to the right of the direction of movement - usually the side nearest
a surface anticyclone - is frequently larger than elsewhere in the storm but
this would not explain the rapld rise of pressure behind typhoons crossing
Shanghai and Hong Kong. When typhoons cross the coast and move:r inland
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Fig. 4,12 The hourly pressure readings of Fig. 4.11 are here plotted against
distance from the typhoon centres. The heavy curve is the mean
pressure profile, The curve marked R & M refers to the pressure
profile in a 963 mb model hurricane (Malkus and Riehl 1960). The
curves marked 960 mb and 950 mb are the mean of pressures reported
by ships around 6 and 11 typhoons respectively with central pressure
close to the indicated values (Lee 1970).
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they are deprived of their source of sensible heat and moisture (the ocean)
and immediately begin to fill (Sect. 13.4). The more rapid rise of pressure
béhind the typhoon can then be attributed to the rising pressure due to the
£filling of the storm being additional to that due to the movement of the
centre away from the coastal observing station. Syono (1962) shows that the
effect occurs in Japan and he also attributes it to the weakening of typhoons
as they cross the coast. He illustrated this weakening by showing that the
central pressure of the September 1934 Muroto typhoon rose 35 mb during the
first two hours after reaching the coast and then rose a further 20 mb during
the succeeding two hours. The barograph trace from the 1934 Muroto typhoon
is shown by the full line in Fig. 4.13 The traces for the Tacloban and
Cantabria typhoons do not show such marked asymmetry suggesting that as
these typhoons crossed the Philippines they did not fill as rapidly as those
cr&U%ihg Japan or entering the Asiatic mainland. Barograms recording the
passage of typhoons across ships and small islands in the Pacific are usually

nearly symmetrical.

The lowest cogfirmed pressures in typhoons together with those in
ih O dv QYLaS
o€t tropical cyclones, are listed in Table 4.2 from which it will be seen

A
that the deepest typhoons are found in the region, to the east of Luzon
and Taiwan between 12° and 25°N and west of 150°E ( see Fig. s

Although large and deep tropical cyclones are much more frequent in this
area than elsewhere in the world it 1is nevertheless possible to have
equally large and deep cyclones in the North Atlantic, South Pacific,

Bay of B:hgal and the Indian Ocean but they occur there very infrequently;
confirmed pressures below 910 mb have not yet been reported from the last

three of these areas nor indeed, from the South China Sea.

During the _ years 1951 - 197 reconnaissance aircraft found
typhoons with central pressures lower than 900 mb and they are listed
in Table 4.3. The circumstances in which the three lowest pressures in
this table were measured have been the subject of special investigations.
The case of typhoon Ida 1958 6877 mb) was examined by Jordan (1959) whilst
Holliday (1975 and 1976) has described the soundings in typhoons Nora 1973
(877 mb) and June 1975 (876 mb). In the case of typhoon June the eye
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diameter was very small (9 km) and the dropsonde entered the eye wall at
low levels so missing the region of the lowest pressure,From the 700 mb
height of 1984 " - a record low value - it is estimated that the lowest

central. pressure would have been about 873 mb.

Apart from the "Labour Day Hurricane" of 1935 there are as yet no
generally accepted reports‘of sea level pressures lower than 900 mb from any
~ part of the worid other than that just to the east of the Philippines. In
‘passing, it is worth noting that the Matecumbe Key reading of 892.3 mb
remains the lowest and only reading of less than 900 mb to be made on land.
In hurricane Camille of 14th - 22nd August 1969 - the most intense hurricane
since that in 1935 - a pressure of 909.4 mb was recorded on an aneroid
barometer at the west end of the Bay St. Louis Bridge (Simpson et al 1970)
to the northeast of Wew Orleans. The lowest pressure reported from a land
statlon during the passage of a typhoon is 908.4 mb recorded at Miyako Jima,
Ryukyus in 1959 (Table 4.2).

Both Reid and Piddington presented lists of low pressures recorded
on board ships and some of these and others have been discussed by Krebs (1911},
Tannehill (1938) and in the Meteorological Magazine (Amom 1933). For
‘completeness we will mention some of the lowest readings from different

geographical areas.



LOWEST PRESSURES IN TYPHOONS & HURRICANES

Teble 4,2
L. 5 ()

Rank

Place
Fast of Luzon

Fast of Luzon
Y00 miles or
about

East of
Eyukyus

Miyako Jima
(Ryukyus)

Murcto Misaki
(Kyushu)

Matecumbe Key
Florida ,USA

False Point
India

Cossack
W. fustralis

-

West o Gugim |

Latt. & Long.
o o
18.? N 135.3E

(o]

17°%  130°E

25°N

135°E
2}, 8% 125.3°E

33.3°N8 13%.2°%

ok 0%  80.6%
20.3°8 86.7°E

20.7% 117.1°E

12-3°% 14| 3°E

Method of

Observation

A/e drop-sonde

# "
S.5.8apoercea

5.5."No.4 Kaiyo-
Maru"

Land Station

Land Station

OTHER AREAS

Land Station
Land Station

Land Station

Al dvog-Samid 2

Date

24 Sept

18 Aug
6 Oct
15 Sept

21 Sept

2 Sept
22 Sept

T June

'q Nov tcf:’.{- ‘SUNE

1958

1927
19Lk
1959

193%

1935
1885

1881

Pressure
Name mb
Ida 877
- 886.7
- 898
Sarah 908. L
- 911.8
* Labour Day" 892.3
Hurricane
- g18.9
- 914
276

Reference
Jordan {1959}
Keijser (1928)
Arakawa  (195h)
Tshizaki (1969)

Teksheshi {1962)

Tannehill {(1938)

Keijser (1928}
Tannehill (1938)

Hn”l d &7 (‘4765
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The low pressure observed in the Dutch ship 585 "Sapoercea" in 1927
was measured with a mercurial barometer which was subsequently calibrated at
Manila. This reading - which was checked by several people on board - was
for meny years the lowest confirmed sea level pressure in the world until
superceded by the 1958 aircraft observation in typhoon Ida . In passing,
it is of interest to note that the typhoon through which the "Sapoerocea”
passed on the 18th August l92f subsequently crossed nerth Luzon and passed
about 100 km south of Hong Kong on the 20th having averaged approximately ?'"/5
lﬁfkpdts during the intervening two days. Twenty-seven years before the
"Sapoeroea" observation the American steamer "Arethusa" recorded s similar
pressure {885.8 mb) at 13.6°N 134.5°E on 16th December 1900. This observation
is recorded in the U.S. Pilot Chart for the Pacific for July 1901 and is of
interest because, taken with the cbservations in Tables 4.2 and 4.3, it shows
that extreme typhoons (pressure less than 900 mb) have been encountered in
the mbﬁths from June to December inclusive with the sole exoept;on of July.
|- I-
A low pressure reading made on the 25th September 1905 on board the
Coast Guard Cutter "Basilan" is given as a record in some books and papers
(e.g. Dunn and Miller 1964). This ship, and the 5SS "Pathfinder" of the Coast
Survey, were sheltering some Ill.gl:n;&’es gpart in Frank Helm Bay on the islang
of Samar when the centre of a typhoon, known as the ['Cantabria' typhoon(FUé'+-'3)
pessed between them. In the Philippines Weather Bureau's Monthly Bulletin
for September 1905, Mats presented an account of the observations made in this
typhoon. He records both in the text and tables that the SS "Pathfinder™
observed a minimum pressure of 920.1 mb (690.12 mm) and that on board the
"Basilan" "the barometer remained ten millimeters below the graduated glass
(700 mm)",., Both readings therefore indicate a minimum pressure of about
690 mm or 920 mb and both ships entered the eye of the storm. Xrebs (1911},
quoting Mata's article as the source, gave the "Basilan' minimum as 682.0 mm
(909.3 mb) but as the source itself claims a reading no lower than 690.12 mm
or 920.1 mb there must be some mistske, accordingly, I have not included this
reading in Table 4.2.
The lowest pressure recorded in the Scuth China Sea was on board
the "S.S. Empire" in the eye of a typhoon about 175 km southeast of Hong
Kong near 21.0°N 115.2°E at 8 a.m. on 17th August 1913, The Royal Observatory
Hong Kong recorded the original report as 915.3 mb (27.03") whereas
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Table 4.3 ALL TYPHOONS W1TH CENTRAL PRESSURE BELOA 900 MB AND OTHER ANNUAL MINIMA
AS DETERMINED BY AERTIAL RICONNAISSANCE 1951 - 1979

Jdsar JTyphoon

1951
1952
1953
1954
1955
1956
1957
1957
1957
1958
1959
1959
N360
1361
1961
1662
1963
1964
1965
1366
1967
1967
1368
1969
1969
1970
1971
1971
1972
1973
1973
hara
1975
1976
1976
1977
1978
1979

Iris
Bess
Nina
Ida
Clara
Wanda
Virginia
Hegter
Lola
Ida
Joan
Vera
Trix
Nanoy
Violat
Karen
Carmen
Sally
Besa
Kit
Opal
Gilda
Agnes
Viola
Fleie
Hope
Irma
Nadine
Betty
Nora
Patasy
Gloria
June
Louise
Therese
Babe
Rita
Tip

Gt
late

4 May
11 Nov
13 Aug
28 hug
13 Jul
31 Jul
22 Jun

8 Oct
16 Nov
24 Sep
28 Aug
23 Sep

6 Aug
13 Sep

71 Qct
12 Nov
12 Aug

8 Sep
30 Sep
26 Jun

3 Sep
14 Nov

3 Sep
26 Jul
24 Sep
23 Sep
11 Nov
24 Jul
15 Aug

6 Oot
10 Oct

& Nov
19 Nov

3 Oct
15 Jul

8 Sep
25 Oet
12 Dot

lgta  Lgoe.
N E
11.8 129.2
16,2 131.8
18.7 136.8
19.1 124.7
25.5 125.0
23.0 128,0
15.0 127.8
22.3 141.9
13.17 140.4
18.9 135.3
21.1 125.2
19.6 142.9
23.4 129.8
19.9 131.0
20,72 140.8
15.6 136.1
13.4 124.7
18.2 124.1
20.6 143.3
24.3 132.3
20,6 157.4
15.5 138,2
18.5 138.9
19.7 122.4
20.2 137.2
20.5 147.5
15.6 132.3
19.9 1271
21.7 126.8
14,8 128.2
15.8 131.6
17.0 125.2
12.9 141.3
15.9 127.8
22.5 136,6
21.0 127.0
12,8 1321
16.8 137.7

(in mb)

910
915
883
888
920
915
895
898
897
877
884
894
918
882
882
897
898
894
901
312
Y s
890
904
891
890
895
884
838
910
877
893
331
875
895
895
906
878
870

{yme b1t

I

Flt.Lvl, Max,
Hind (in kn)

185

100
130
160
120
115

30
130
100
150
192

110
112
110

80
100

95
150
100
129
110
120

90

95
110
110

4bs, Max
Wind (i

120
160
170
150
115
150
130
122
150
1310
170
118
180
140
127
145
110
150
125
120
115
165
110
123
141
125



14

Gherzi (1951) gives 910.6 mb (683 mm). The lowest pressure reported
in the South China Sea (south of 23°N) by aircraft reconnaissance is e ka\
915 mb in typhoon Elsie on 13 October 1975. “\?L"E,/;

In Fig.4.14 the lowest préssure recorded each year in typhoons
in the Pacific, in the South China Sea (south of 23°N), at Waglan Island
and at the Royal Observatorj Hong Kong (R.O.H.Kr) have been plotted on
Gumbel's extreme probability paper. The pressures over the sea (1951-1975)
.are from aircraft reconnaissance observations and those at Waglan and at
- the Royal Observatory Hong Kong (1953-1975) are from barograms. There
is a 66% probability that pressures fnrgaﬁﬁgﬁz periods beyond the last
plotted point will lie within the band imdiented by the arrows. The
diagram indicates the lowest pressures appropriate to a return period of
100 years - that is the lowest pressure that will be equalled ot‘E;;;;;§$J
once in 106G years, on average - are, reading from top to bottom, 843);'93?)

935 and 945 mb respectively. A

Two features of Fig.4.14 are of interest. Firstly, the pressures
found and expected at Waglan Island are lower than those at the Royal

Observatory Hong Kong notwithstanding the fact that the distance between

the stationa is only 18.7 km, This is attributable to the tendency for
moved onke mavwlang C hing.
typhoons to weaken progressively as theyk\

typhoonsinr-ihat—repion—is—fremehe—~oaatmsouthaast. Secondly, the lowest
pressure recorded in the Pacific in 1974 was only 931 mb. This value

is plotted at the extreme left of the top curve. The number of tropical
storms was 10% more than usual that year but less than half of them
developed into typhoons. However, the central pressure in typhoon Gloria
was falling fast as it approached the Philippines and it is probable
that it fell below 930 mb before landfall but there were no aireraft

observations to confirm this.
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4.5.1 PRESSURE GRADIENTS AND FALLS X

The pressure gradients found in the region outside the eye wall or
mature typhoons in low latitudes are possibly exceeded only by those in
tornadoes. Examples from some Philippine typhoons have been given by
Depperman (1939) who also listed some repaid falls of pressure which result
when typhoons approach a station. In the "Cantabria" typhoon, the difference
in pressure between the S5 "Pathfinder" in the eye of the storm and Borongan
- a gtation 48 km distant - was 74.7 mb giving a gradient of 1.55 mb/km.
Depperman (1939) gave similar gradients for the "Tacloban" typhoon of 24th
November 1912. A good measure of a pressure gradient was made on 17th August
1971 when the centre of typhoon Rose passed over a station on Cheung Chau
Island some 18.75 km southwest of the Royal Observatory Hong Kong. The central
pressure was then 963.2 mb and was 21.4 mb less than the simultaneous reading
at the Royal Observatory. This indicates an average pressure gradient of
1.14 wb/km. There is no doubt that gradients in excess or 3Imb/km occur in
some mature typhoons but good measurements are rarely obtained because stations
with accurate barometers are usually too far apart and those few which are
close together are seldom crossed by intense typhoons; even when these
requirements are met it is difficult to be sure that readings are accurately
simultaneous. Approximate gradients can be computed from the rate of fall
of pressure at one station if the speed of movement of the typhoon and steady

conditions are assumed.

The greatest rate of fall of pressure recorded in a typhoon near
land occurred on the S8 "Pathfinder" during the "Cantabria" typhoon wheu
the pressure fell 36.3 mb in 27 minutes. At Tacloban, during the NHovember
1912 typhoon a decrease of 36.9 mb in 30 minutes was recorded whilst a
fall of 16.53 mb in 5 minutes was measured on a mercurial barometer. The
speed of these two typhoons were 16 and 12 knots respectively. Rates of
fall of pressure similar to these indicated for the Philippines typhoon in
Fig. 4.13 were also recorded in Hurricane Janet on 28th September 1953
when it approached €orozal in British Handuras. A fall of 76 mb in 2h 10 min
was recorded on this occasion. Gherzi (1951) cites a fall in presaure at
Macau of 33.3 mb in 30 minutes during the approach of the 1906 "Hong Kong"
typhoon. I have been unable to confirm these figures because the records
are no longer available but they are also quoted by Natario (1957b). The
pressure gradient in this typhoon at Hong Kong was also great and can be
calculated from curve 2 in Fig. 4.12 to be about 1.43 mb/km. The typhoon
was moving across Hong Kong and Macau at about 10.7 knots, or 19.8 km/hr;
at this speed the fall in pressure at Macau of 33.3 mb in 30 minutes
corresponds to a pressure gradient of 3.36 mb/km. Some very rapid pressure



falls have been reported frommoving ships because, of course, when a ship
salls towards the centre of an approaching typhoon the time for the pressure
at the ship to fall to the central minimum will be much less than for a

stationary observer.
The greatest falls of pressure over one hour at stations near the

centres of approaching typhoons were averaged by Depperman for 25 typhoons
of different intensities. His result, converted to S.I., units, are given in

Table 4.4 together with his derived gradients in mb/km.

Table k. b
_ Number of Mean Gradient
Minimum Pressure Pc Iyphoons mb/h mb /km
mb
920 - 933 i 26.8 1.2
934 - gkt 4 1k, 7 0.6
gl - 960 7 . 15.2 0.6
961 - 973 8 . 13.6 0.5

These results indicate that, on average, pressure gradients in typhoons
increase as the central pressure falls; a2 result that is alsoc suggested

by the pressure profiles in Fig. L4.1ll. It is important to realise that this
is a generalization, pressure gradients in individual typhoons can vary
greatly from the average. The individual observations which were used by
Depperman to prepare Table L.L4 show a wide range of variation. For example,
the greatest gradients found in typhoons with central pressures arcund

950 mb varied by a factor of three from 0.25 mb/km to 0.79 mb/km. Or,
putting it the other way round, gradients of about 0,81 mb/km were found in
typhoons with central pressures as low as 520 mb and as high as 970 mb. The
maximum pressure gradient is more closely related to the "pressure depth”
i.e. the difference between the pressure of a typhoon's environment and the
central minimum than to the central pressure alone but, again, there can be

8 wide variation between individual typhoons.

There have been many attempts to represent a typhoon's pressure
profile {curve showing changes of pressure with distance) by mathematical
equations. Some of these equations are discussed in section but, they
are all more or less jdealised and individual profiles usually show departures
from the ideal.

/6
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, Sometimes, when ak?¥opical-s¥e&eae moves into an area in which
environmental conditions are favourable for deepening, the central pressure
can fall extremely rapidly. These cases of "explosive deepening” (Sect. 13.2)}
are ?sually observed in the same seneraluiiffgﬁi;E§§£5%61y low pressures that
is, Jwae to the east of North Luzon and Taiwanlh Surface pressures in the
eye determined from frequent aireraft reconnaissance enable an estimate to be
made of the change of,centrél pressure with time or the rate of degpening of
a typhoon. The most rapid fall of pressure ever measured in the eye of a
‘tropical cyclone occurred in typhoon Irma during November 10th to 1lth 1971
(Holliday 1973). I flew into this storm in the reconnaissance aircraft on the
first daylight penetraiﬁs& a{?zf a minimum pressure of 884 mb was recorded for
the second time; this waskthe third lowest pressure on record. The change of

Irma's  central pressure is shown in Fig. b.1§ where it will be seen that
falls of 97 mb in 24.5 h and 51 mb in 8 h were recorded. The average rates
of deepening were 4.0 mb/h (95 mb/24h) over & 2L h pericd and 6.2 mb/h
(7.4 mb/12h) over a 12 h period; these figures exceed the previous records
esteblished in typhoon Ida in Sept. 1958, which were 3.8 mb/h and 4.3 mb/h

respectively., The most frequent rate of deepening of typhoons is about 0.6 mb/h.



§.5.2 Frequency of central pressure Minima

Since the advent of aerial reconnaissance in 1945 the
centres of most tropical cyclones in the Western Pacific have been
penetrated several times each day. On most flights, the mean sea
level pressure in the eye is determined or, if no eye has formed, the
location and magnitude of the lowest pressure in the storm circulation
is reported. From these observations of central pressure minima it is
posslble to obtain some idea of thelr relative frequency of occurrence.
In the period 1958-68 2 288 observations of the central pressure were
made in 224 tropical cyclones which reached typhoon intensity or nearly
so. 1) The lowest pressure reached in each of these typhoons has been
used to prepare Table 4.5. All these tropical cyclones developed eyes.
2) The third column of the Table shows the number of typhoomns to
attain minimum pressures within the ten millibar ranges indicated in
the first column. Frangliﬂg Jordan (1960) show a similar table for
the period 1950 - 57 andr$1962} presented one for the perlod 1950 - 61.
Frank and Jordan's results - 1950 - 57 - are shown in Table 4.4 together
with those from 1958 -~ 68. The differences at the higher pressures
result from different criteria for storm selection and from the fact that
the earlier data includes some estimated pressures read from the tracks
of tropical cyclones published by the Japanese Meteorological Agency
whereas the later list includes only measured pressures. For pressures

lower than 990 mb &gll three lists show zimilar distributions.

1) The reconnaissance data in the Guam Annual Reports is intended
to refer only to ;yclanes which attained typhoon intensity as
defined by the U.S.A. convention of one minute mean wind speeds.

2} Eye data were not published for 1958 but observations in later
years indicate that all severe tropicsl storms developed eyes.
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Table 4.% . Frequency of ﬂf;tern Pacific typhoons which attained

minimum sea level pressures in the listed intervals.

Number Annual Average Percent of total

Hzﬁwu 1950_195715 1953-19632} 1950-1957  1958-1968  1950-1957 1958-1968

> 1000 12 0 1.5 0 58 0
990-999 58 15 743 1.k 28-L &7
980-980 33 23 k.1 2.1 16-0 10- 3
970-979 21 3h 2.6 3.1 102 15-1
960-969 22 3h 2.8 %9 107 15-2
950-959 11 1% 1.4 1.3 5:3 6-3
940-94g 11 23 1.4 2.1 5-3 10.2
930939 12 27 1.5 2.5 58 12:0
920-929 7 14 0.9 1.3 3.4 6-1
910-919 8 19 1.0 1.7 39 8-&
900-909 9 12 11 1.1 bl 5.4
£ 900 2 9 0.3 0.8 1-0 40
Total 206 224 25.9 20.5 100.0% 100.0%

1) From Frank and Jordan 1960.

2)  All typhoons(and some severe tropical storms) penetrated by
reconnalssance flights and published in the Annual Reports of

the Joint Typhoon Warning Centre, Guam.
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It has long been known that typhoons which attain very low pressure
are less frequent than those with higher pressure minima but there was no

reason to believe that there was other than a gradual and steady decrease

‘of frequency with pressure depth, However, the sets of data presented in

Table 4.5 show a marked decrease of frequency at about 960 mb, with only
half as many troplcal cyclones in the pressure range 950 to 939 mb as are

in the range 960 to 969 mb. Furthermore, below 950 mb the data show an
increase of frequency, for example, 39 typhoons had minimum pressures in

the range 930 to 939 wb whereas there were only 25 in the range 950 ~ 959 mb.
As suggested by Ito (1962) this indicates that there may be somé barrier to
overcome, or critical condition to be met, before the central pressure of
typhoons can fall below 960 mb. When this condition is fulfilled typhoons
more frequently continue to deepen to 939 mb or less than to remain at

pressures in the range 940 ~ 959 mb,

The bi-~modal distribution is of interest because it indicates that
there may be two characteristic types of typhoons; those corresponding to
the higher mode having pressures of about 950 mb or more and those corresponding
to the lower mode, at about 935 mb, having pressures less than 950 mb.
Tropical cyclones with one minute mean winds in excess of 65 m/s (130—iem>
are called "super typhoons" by the U.S. Joint Typhoon Warning Center at Guanm,
but this is an arbitrary choice. The data in Table 4.5 show that a less
arbitrar? grouping could be made by naming those typhoons having central
pressures of 950 mb or less as super typhoons. It can be argued that it is
the wind speed which determines the intensity and destructiveness of typhbons
and therefore they should be classified by this characteristic., Unfortunately

iFimnrad uind
the surface wind speed is npot directly measured by reconnaissance aircraft

15 Fvue Hhet
whereas the central pressure 1s instrumentally determined. fYhere is a
considerable spread of wind speeds for a given central pressure and for

950 mb there will be a spread around 55 m/s {11lo~¥m) (sect ) bﬁtﬂfV“’u*‘ﬂf

:l be Rt < ly destawh
typhoons with central pressures of 950 mb or less and_inanau&a&iduuﬁﬁumas

y.ramt Fupeviskive, mha*evcvmuvpva,uu. e,
infn:mahion 4 Of the typhoons placed in ‘the 'super' class by JTWC add /1 M.

4
hawu pressures below 950 mb although there are several with minimum pressure

between 945 and 949 mb.



4.5.3

Peripheral pressure

There is a considerable variation in the pressure of the atmosphere
surrounding individual typhoons. At Hong Kong, the pressure 12 hours
before the commencement of a tropical cyclone gale has been as high as 1011
and as low as 990 mb and the few barograms in figure 4.8 show that a similar
variation exists in the pressure on the periphery of typhoons.

In Table 4.6 the mean value of the outer closed isobar (ome millibar
interval) at the time of 3517 flights into 224 tropical cyclones has been
listed with respect to time of year and location, From this table it will
be seen that the monthly mean pressure of this isobar lies between 1007-5 mb
and 1008.6 mb from October to April inclusive and is less than 1006 mb in
June, July and August. The overall annual average is 1006.8 mb. It is
interesting to note that the lowest average pressures were found outside
the tropics in the months of July and August. The highest and lowest
environmental pressures in individual tropical cyclones in this sample
were 1019 mb and 995 mb respectively, the former occuring in the month of
November and the latter in July.

The preasure of the outer iscbar usually changes little during the
life of a tropical cyclone. 1In the 224 tropical cyclones examined the
environmental pressure fell from the first to last observation in 54% of
cyclones, rose in 28% and remained the same for the remaining 172. Similarly
the difference between the greatest and least peripheral pressures observed
during their lifetimes was usually only a few millibars, with changes of
10 mb or more being found in only 6% of the storms. The greatest observed

varlation was 13 mb.

The pressure of the outer isobar around a tropical cyclone at any
location is usually two to three millibars lower than the normal monthly
mean sea level pressure for that particular place; the actual values for
the period 1958/68 being 1006.8 mb for the mean environment of tropical
cyclones and 1009.0 mb for the normal monthly mean pressure.



Table 4,

The mean pressure of the outermost isobar ( 1mb interval )} of tropical cyclones which at some time achievad
at least severe tropical storm intemnsity. The pressures were read from surface charts nearest in time to individual
aircraft reconnaissance flights in the period 1958/68. Monthly mean pressures at selected stations are included for
comparison. :

Latitude Jan Feb Mar Apr May June July  Aug Sept Oct Nov Dec Year
Degrees N Add 1000 mb to figures shown

> 215 - - - 8.0 7.1 5.8 3.7 4.9 7.2 8.8 6.9  10.7 6.2
22.5 to 27.4 - - - 9.8 6.4 5.6 4.1 5.1 6.0 9.0 9.4 6.6 6.2
17.5 to 22.4 - - 11.3 8.9 5.6 5.1 4.5 5.1 6.2 8.3 9.3 9.0 6.4
12.5 to 17.4 9.2 - 10.4 8.2 £.5 6.0 6.8 6.5 7.4 7.9 8.6 8.2 7.4
7.5 to 12.4 8.8 - 7.5 8.1 7.7 8.7 7.8 7.4 6.8 8.5 8.5 6.7 8.0
g 7.4 3.0 - - 7.9 €.0 8.0 - - - 9.0 6.7 4.9 6.6
No.of Observations 34 0 35 175 158 192 478 628 672 297 181 164 3,517
Mean all areas 5.0 - 8.5 8.4 6.6 5.9 5.2 5.4 6.5 8.4 8.6 7.5 6.8
Tokyo 1931/60 15.9 16.0 15.7 14.9 12.5 9.7 9.6 10.7 12.8 17.2 18.7 17.1 14.2
Hong Kong 1931/60 20.4  18.0 16.1 12.9 9.3 6.1 6-3 5.1 8.2 14.3 17.3 20,0 12.8

Manila 1951/60 13.8 13.0 12.9 1i.2 10.0 2.3 9.3 872 9.2 10.1 10.8 12.7 10.9



4.5.4 Pressure-profile equations

Engineers and meteorologists have made many attempts to find a
general mathematical expression for the pressure profile in tropical
éyclones. Such a formula is sought by engineers for use in tropical-
¢yclone models used to compute the effects of waves and storm surge on
structures. Meteorologists would use the formula to compute the central
pressure and maximum winds in a tropical cyclone from cbservations of

pressure in the outer parts of the storm.

Takahashi (1962) listed five of the numercus empirical formulae
which have been used. Theoretical models from which pressure profiles
could be deduced have also been postulated. One such model was the
modified Rankine vortex (vr = constant) proposed by Depperman (1947). All
these formulae may be made to fit quite well the profiles of specific storms
.at certain times in their life, but they cannot be usefully used for tropical
cyclones in general. The main source of difficulty derives from the fact
that as a tropical cyclone develops, most of the changes in profile occurs
in the inner regions of the storm. Pressures in the outer parts give little
indication of conditions further in. This feature is illustrated generally
by the profiles in Fig. 4. || but more specifically by the excellent
pressure profiles obtained by aircraft reconnaissance of the developing
hurricane Anita (1977) (Fig. 4.51;;3. A further difficulty is that a
number of tyopical cyclones each year fail to develop in the classical manner
and show assymmetries such that the winds and pressure profiles vary from one
quadrant to another. This condition is most frequent in the autumn when cold
air and upper westerly distrubances penetrate to lower latitudes. Sea surface

temperature anomalies have also been associated with such asymmetries. Strong

asymmetries were found, for example, in the well probed cyclone Kerry (1979) -
in which aircraft winds up to 70 m/s were observed (Sheets and Holland 1979).
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Fig. 4.5.4.(1) Profiles of pressure and wind obtained by aircraft
reconnaissance on 30 and 31 August and 2 September 1977 as hurricane
Anita formed. The central minimum pressure on these dates was 1004,
989 and 926 mb respectively.



If attention is confined to mature storms of typhoon strength in
a relatively steady state then it is found that when their profiles are
normalised to reduce the effects of different central pressures p and
different ambient pressures P then they tend to be similar. This was shown
by Schloemer (1954) to be the case for nine Atlantic hurricanes and is
illustrated in Fig. 4. by plotting (p - PJ)/(P - P.on a log scale against
distance from the centre. P is the pressure at radius r. The curves resemble a
family of rectnngular.hyperﬁulae of general formula xy = constant. If the
radius of maximum winds 78 is taken to be the constant in the genecral
formula then,
(p = P, WP, - P = exp (-1./7] - (4. )

or p=p_+ (p, - p) exp (-1 /7) - (4. )

which is the formula most commonly used by engineers. Holland (1980) made

the expression more general by the use of scaling factors A and B to give

P =D+ (b, - B oxp (-A/x") - @)

The factor B defines the shape of the profile and A determines its

location relative to the storm centre. Indeed, by combining equation (4. )
and the gradient and cyclostrophic wind equations (sect. 3 ) he showed
that
- Al/B
ro= A (4. )

A lower limit of one for the value of B,is determined from the observation
that no tropical cyclone was known in which the radius of maximum pressure
gradient was less than half of the radius of maximum winds. An upper limit
of three is indicated by the constraint of constant angular momentum
(vr = constant) in the inflowing air., In reality there is a loss of
cyclonic angular momentum due to friction so that an upper constraint near
2.5 is more realistic. It is probable that B increases as Po falls so that
deep tropical cyclones have values of B around 2,2 while weaker ones have

B values of 1.5 or so.



In summary, pressure profiles in mature tropical are best
described by equation (4. ) if the radius of maximum winds is known
and a few inner pressure values are available to define B. If only the
radius of maximum winds is known then B can be set equal to 1.5 or to a
higher value if satellite images or other sources indicate storm
intensity. Setting B at one, gives the original Schloemer (1954) equation

(4. ).



4.6 The Eye

4.,6,1 Introduction

The eye of a typhoon 1s a unique and awe-inspiring phenomenon which,
over the years, has aroused the curiosity of laymen and mariners. As one
enters an eye the sudden reduction of the wind speed from hurricane force to
5 m/s or so and the simultaneous cessation of torrential rain is most
impressive. On some od¢asions itq%gupg?sible to hear the roar of the winds
under the eye wall.from within the‘Felative calm of—the-eye. Usually, the
sky is covered with a broken layer of low strato-cumulus and cumulus clouds
which sometimes heap up near the middle of the eye - see Fig. 1.1 - to form
what Robert Simpson (1951) has ecalled the 'hud-cloud', In zﬁ;-eyes of” gost
F!ﬁﬁzﬁhﬁ patches of blue sky by day, and starlight by night, are visible from
the ground. Aircraft flying in the eye at middle levels by day ;;;;o in
slowly subsiding, warm, cloud-free air surrounded by dazzling, white, eye-
wall clouds with broken low cloud below and a deep blue sky above; quite
frequently the blue sky is obscured by a thin layer of cirrus cloud at high
levels the brilliance of the scence is then greatly reduced and is sometimes
quite dull. There exists a popular misconception that there is no cloud
in the eye, this error is perpetuated in many books and articles both
old and new. There is no caﬂbe on record of an eye being completely free
of cloud. TIn a mature typhoon the eye is usually nearly circular but,
occasionally in mature typhoons and frequently in weaker storms, the eye i«il clo
adoptg an elliptical or more distorted shape‘which may persist for,ggﬁy

hours or, occasionally, days.

On the 15th August 1951 Robert Simpson flew into the eye of typhoon
"Marge"® and brought back some magnificent photographs and the following

vivid accounts-

" 3Soon the edge of the rainless eye became visible on the (radar)
screen. The plane flew through bursts of torrential rain and several
turbulent bumps. Then, suddenly, we were in dazzling sunlight and
bright blue sky.

Around us was an awesome display.; Marge's eye was a clear
space 40 miles in diameter surrounded by a coliseum ¢of clouds whose
walls on one side rose vertically and on the other were banked like
galleries in a great opera house. The'upper rim, about 35,000 feet
high, was rounded off smcothly against a background of blue sky.
Below us was a floor of low clouds rising to a dome 8,000 Ffeet above



sea level in the centre. There were breaks in it which gave
us glimpses of the surface of the ocean. 1In the vortex around
the eye the sea was a scene of unimaginably vieclent, churning
water,"
The features of the eye that have been described here are well illustrated
in a remarkable photograph of the eve of the intense typhoon MIda™ 1958, X
this was presented by Fletcher et al (1961) and is reproduced here as
Fig, 4.16. The photograph was taken from a U.5.A.F. U.2 reconnaissance
aircraft flying over the typhoon at a height of about 21 km (69 000 ft). The
near vertical eye wall 19.8 km (65000 ft) deep with spiral banding can be
Elearly seen as can the broken low cloud and the sea surface which appears
black i?efﬁﬁeee?tograph. One hour before this photograph was taken the
lowest susEape-pressure ever measured on earth -~ 877 mb - was observed in -
this eye which was then 17 km {Swé—memiten) in diameter. The height of the
700 mb surface was 2 005 m ¢(6-588s8&) and the temperature there was 29.8°C or

about 19°C more than in the normal tropical atmosphere.

There are many early accounts of conditions in the eye as experienced
at sea., The most impressive feature there is the so called "pyramidal sea"
caused by the interference of large waves generated by hurricane force winds
around the eye. At one moment crests of waves, moving in different directions,
combine to form a huge pyramid of water which is quickly replaced by a deep
depression in the sea surface as the troughs of the waves re-enforce each other.
fhe appearance of the sea surface has often been described as being like that
of boiling water — a greatly magnified version of the choppy conditoons found
in busy harbours and waterways. As typhoons cross islands or peninsulas of
. land, birds, bats, butterflies and other insects are picked up by the inflowing
winds and blown into the eye from which they canmnot escape. Large numbers of
birds have been known to drop exhausted on beoard any ship that they encounter

in the eye.

Observers on land have often reported conditions in the eye as having
been Yoppressive', "sultry” and "suffocating'. It is always hot and usually
humid in the eye but the impression of being suffocated is considered as
being largely due to psychological reaction following the rapid transition
from hurricane winds and torrential rain to relatively calm conditiomns.
Depperman 1939 quotes cases when conditions have been reported as suffocating

although no change in temperature or other element was recorded by instruments.
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However, extraordinarily high temperatures have been found to prevail
at the surface in a few exceptional typhoon eyes due to subsidence

gsect ).

Before going on to discuss conditions in the eye in more detail
we should note that they can be very variable. Pressure, temperature,
humidity and the types and heights of clouds vary not only from one eye
to another but also change within fifteen minutes or so in individual eyes.
The rapid change in eye structur%y; as revealed by changes In the position
and organization of rain-bearing clouds, is readily apparent on the screens
of weather radar seté when the eyes are within range. The dramatic changes
shown in Figs. 4.16, 4.20 and 4.21 illustrate the rapidly changing
conditions in the eye and eye wall. The eye wall is not always a complete
ring, breaks in the ring of cloud are quite frequent, even in intense
storms but In the latter case the breaks are socon repaired.\ The apparently

unstable state of the typhoon eye gives hope that man may one day be able

effectively to moqﬁfy processes taking place ea—the.pariphesy-of-—the-eve thao

BEYAr S

and so moderate thehwind speeds dhewe (chapter ).

The formation of an eye is an integral part of tropical cyclone
intensification,



Fig. 4i¢£ The eye of the intense Typhoon "Jda" as seen from a U.2 aircraft flying at a

Fig. 4.17
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height of about 21 km near 18.9°N, 135.3°E that is approximately 1 000 km
northwest of Guam at about 0600 GMT on 24 September 1958. The eye wall
extends 19, 8kmvertically from the sea surface Zﬁ?rom Fletcher et al ﬁgeﬂ?
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Photograph of a radar screen showing the large, 200 n. mile diameter eye of
Typhoon "Carmen" at 2200 GMT on 20%i August 1960. The radar was located at
Xadena, Okinawa and was a type CFS with a wavelength of 3Ccmm The_range
rings are at 100 and 200 n.miles. / from J.T.W.C. Annual Report 19697
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4.6.2

s ol

Formation of the eye

There are two features of amn eye of a typhoon or tropical storm
whjch need to be explained. Firstly, why is there a central area of
relatively light winds at the surface surrounded by a ring of high
velocity wind and, secondly, why is there a generalised sinking motion in
all but the lowest layers of air in the eye?

It was Ferrel who, in his 1856 paper and his book of 1889, first
indicated that inflowing air in the lower levels of a cyclone would

- accelerate towards low pressure until its speed and the curvature of its

path increased to such an extent that the resulting centrifugal force
became as strong as the pressure-gradient force driving it inwards (sect
}. When this position is reached the air cannot make further
progress towards the centre and escapes by rising upwards while retaining
its strong rotary motion. In the upper part of the storm the pressure
gradiepnt decreases (sect ) and the ring of cyclonic winds must then
expand because the centrifugal force can no longer be balanced by the
reduced pressure gradient force., The alr continues to move outwards during
its ascent because the pressure gradient weakens further with height and
even changes direction at the highest levels ({sect ). As the
rotating ring of rising air moves further away from the centre its speed
is reduced, and it is deflected to the right by the earth's rotation and

‘g0 ultimately blows anti-cyclonically around the perimeter of the storm

and away from its centre., At the point where the f£low changes from cyclonic
to antieyelonic rotation the air will be moving radially direetly outwards
(Fig. 4.18). Ferrel indicated that a fresh supply of air would come down
from above into the centre of the typhoon to replace the outward flowing
air. It is this subsident motion which warms the air in the eye and keeps

it free of heavy cloud and raim,.

During the last thirty years Ferrel's theory has been improved
and enlarged and put on a firmer mathematical basis. The new theories
vary in the number jn the kind of assumptions that they use and in their
approaches , howaues,—it—is—usuaily-eonsidered-that Durst and Sutcliffe(1938)
c 5 B]rers[lgﬁﬂll:(- 7, Synnn(l?&l\,a € 2, Malkus{1958) ¢ )
Kuo (1959 ¢ 4 and Rieh1(1963) § o!l § made significant contributions
to the modern, generally accepted theory of eye-formation. Some of these
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contributions provided mathematical proofs that an eye is a necessary
feature of a typhoon. The earlier of these writers pointed out that as
air moved in towards the storm centre the conmservation of absolute angular
momentum (page ) required that the wind speed should increase and
become infinite at the centre, however, dynamical analysis was used to show
that before the centre was reached cyclostrophic and Coriolis forces
(primarily the former) would provide a limit to both the penetration and
speed of the inflow and 8o create a ring of maximum winds. Kuo showed
that the total energy gained by the inflowing air is limited by the
available pressure fall and that this also puts an upper bound on the
maximum speed attainable; in other words, the inflowing air cannot move
ever closer to the centre of the storm and so increase in speed indefinitely
as would be the case if the conservation of absolute angular momentum were
the only consideration. The energy constraint limits the inflow to some
minimum radius at which the converging air must turn upward and eventually
move outward in the upper part of the typhoon. Kuo also considered the
effect of surface friction and showed that this worked so as to permit

the converging air to penetrate closer to the storm centre and so form

a smaller eye. If the ground below the storm is hilly or mountainous

the loss of tangential motion is rapid and the converging alr may reach
the storm centre, the eye then disappears. The effects of this process

can be seen to take place on the radar screen as typhoons move inland

(See "Vipla" pictures Fig. ).

These theories predict that, if certain specified factors do not |

change, then the eye of a typhoon will be smaller at lower pressures, at
lower latitudes and in areas where surface friction is increased; both
Kuo and Riehl predict an increase in eye diameter of about ten times as a
typhoon moves from 10°¥ to 30°N Fig. . This seems to be a greater
change than 1s observed in nature, so 1t is probable that other changes
usually take place in a typhoon or its environment to preserve a moderate
eye size during its northward movement,

Ty =N
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Fig. 4.'% . Winds in knots at 13.7 km relative to the centre of hurricane
Donna as composited from West Indian rawin observations on 6ph-9s4f September
1960. The radius of the inner ring of observations is 11l km {66-rrmiiee)
and of the outer ring 555 km (360-mv—mites). The hurricane is moving to the

left, The dashed line indicates where the winds are blowing directly away
from the centre (After Riehl 1963),
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Fig. 4. '!t. (a) Schematic diagram of the motion of the air in the eye of a
weak typhoon [after Kuo ( )J . (b) Probable air movement in a deeper
and more vigorous typhoon with strong convection in eye-wall regionm.



4.6.3

Alr movements iu the eye

Durst and Sutcliffe (1938) derived a model of the air motion in
and around the eye of a tropical cyclone and they were followed by
Malkus (1958) and Kuo (1959) both of whom considered the circulations
in the eye in greater detail. Kuo's proposed model is shown in Fig. 4.19 (a).

Durst and Sutcliffe pointed out that the rapidly rotating air just
outside the core would impért a rotational velocity to the air in the core
and that, being unbalanced by a pressure-gradient force, it would move
outward producing subsidence in the core., Malkus noted that the slowly
subsiding air receives angular momentum from the eye wall - i.e. is dragged
around by the fast moving air in the wall - during the whole of its descent
in the core. The cyclonic angular momentum is weak at high levels and
increases as the air subsides to levels where the eye wall is rotating
faster. When core air arrives in the lowest kilometre or so it has
considerable rotationmal velocity and experiences a centrifugal force
which, together with the outward directed coriclis force, causes it to
move outwards and rise with the air in the eye wall. This evicted air
at low levels is replaced by air from above and a pumping action is
established. If there is a small pressure gradient in the eye then the

drag must cause the winds to become super-gradient before the pumping

action can begin. On the basis of certain plausible assumptions Malkus

calculated that in an eye of diameter 60 km the speed of the radial outflow
at the eye wall would average about 2 m/s and the subsident flow would
average about 0.10 to 0.15 m/s; at this rate, alr would take about 24
hours to subside from 200 mb to the lowest 1 km.

Kuo (1954) considered that the great shear between the rapidly
rotating eye wall and the relatively calm core air makes the air there
unstable for small displacement so that horizontal turbulent eddies are
formed at the interface thereby interchanging or mixing eye-wall air
with core air and creating drag or friction. He showed, mathematically,
that this friction would cause a wind field to be established in the eye
such that the wind velocity (mainly tangential) was zero at the centre
and increased in proportion to the distance from there. Such a wind

profile is frequently observed om reconnaissance flights.[feck 5

The steady state motion in and around the eye and .the low surface
pressure there are established by a kind of chain reaction. The diverging

low level air in the eye pumps down air which is heated adiabtically as it
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descends and so — having a lower density than the replaced air - causes a
lower pressure at the surface; this causes a greater and faster low level
inflow to the typhoon which, in turn, increases the speed of the air around
tha'aya wall and so increases the pumping action which causes a greater
subsidence of air, a greater warming, a lower pressure and so on, until a
balance between centrifugal force, pressure - gradient force and frictional

force is reached in the air circulating in the core.

If very low preasureé are to be produced within the eye the pumping
action must be efficient and this, in turn, implies that the eye diameter
should be in the optimum range. In a large eye a lot of pumplng would be
required to cause any significant sinking of the large volume of core air;
it is theréfore unlikely that sufficlent sinking and warming would occur to
create very low pressures. On the other hand, in a very small eye a relatively
large percentage of the subsiding air would mix with coocler, surrounding
eye-wall cloud and be further cooled by evaporation of cloud particles;

these processes would hinder the furmatijg of a very warm eye and low surface
pYessuTa. F:} P N X T TR JJ-\‘F rﬁﬁwﬂj Baut 29 & ofea el
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It is interesting to note that, to maintain a warm core and low
surface pressure, it is essential that pumping and subsidence be maintained.
If the pumping ceased cooling caused by mixing with eye-wall air and
evaporative cooling of cloud particles would soon cause general cooling and

a rise in surface pressure. This F.Kes plice when o byplosn moves
on e band.

The air in the core, whilst maintaining a subsident motion in the
average does not sink uniformly or homogeneously as one mass. Currents of
more rapidly sinking air are found within the slowly subsiding core mass.

The existence of this phenomenon has been determined from the rapid changes
in temperature which are frequently encountered in the core by reconnaissance
alrcraft (e.g. Simpson {195 )) and, more particularly, by the sequence of

U.2 photographs of typhoon Ida 1958 which show cloudy and clear air
periodically plunging over the ,rear upper rim of the eye wall rather like a
waterfall Figs. 4.2¢ and 4,%), Such asymetrical sinking-and warming can
destroy large eyes by providing new localised low pressure centres; similarly,
they may well contribute to the instability of eyes of more normal dimensions.
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Fig. 4.20, Photograph in the eye of typhoon Ida 1958 from a U 2 aircraft;
details are the same as in Fig. 4.\\. A cloudy tongue of air can be seen
plunging over the rear eye wall - bottom of picture - into the eye. The
typhoon is moving towards the north which is at the top of picture. The eye
wall is cylindrical with an occasional slight forward tilt. The low-level
eyenclaud with tops at 2.2 km rotated in a solid, disc-1like manner through
281" in 11 minutes i.e. 26° /min or one revolution in 14 minutes.

[Fletcher et al ( )] 1

Fig. 4.7( . Close up view of the leading edge of the caﬂcading air column
(top right) of Fig. 4.1 . The black areas are patches of the sea surface, in
shade. The rolled and scalloped edge of this plunging cloud indicates strong
shearing and turbulent motion, It is shown at height of about 18 km, When
this "ventilation tube" fell to 2,2 km it caused a disturbance of the eye cloud
at that level. [ Fletcher et al ( ) J
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4,6.4 Qrigin of the air in the eve

There has long been uncertainty as to whether some or all of the
air-in the eye at low levels has come down from the stratosphere. Aircraft
observations In the late forties and early fifties showed that the core air
was too moist to be of entirely stratospheric origin and Simpson (1952) and
Jordan {(195Z) both pointed out that some lateral mixing of moisture must
take place. Malkus (1958) was able to show that the air in the core comes
from three places namely, the stratosphere, the tops of cumulo-nimbus
clouds in the eye wall and from the eye wall at middie levels, She
calculated that approximately 97% of the air in the eye at 700 mb originated
from surrounding clouds so that only 37 descended from the stratosphere.
Ingenlous observations, described in the next paragraph, have confirmed
this figure as being of the right magnitude, At 850 mb approximately 25%
of the air has come from 400 mb and above and will have originated in
cumulo-nimbus anvils which, on growing into the very dry warm core, are
rapldly cooled by evaporation and then, being denser than their initial
environment, plunge downwards. KXessler 1958 ( } has shown that on one
occasion in~growing cumulo-nimbus anvils produced rain which fell into a
hurricane eye. O0On such occasions the rain could be expected to evaporate
rapidly, c¢ooling the ambient air and producing a downdraft current of
initially relatively cool gir. It is only intitially that the air is
colder and falls,it quickly undergoes subsident heating and must then be

pumped down against buoyancy.

Ostlund (1967 and 1968) made some very Interesting observations
of the concentration of tritiumin hurricene Hilda 1964 and Betsy 1965.
Tritium is an isotope of hydrogen and virtually all of it in the world
wags produced by the testing of nuclear fusion bombs In 1961/1962. These
explosions placed some tritium in the stratosphere from where it has been
slowly returning to the troposphere as tritiated water — HIC - in which
one atom of hydrogen has been replaced by one of tritium. The concent-
ration of this substance in atmospherig_weater vapour 18 therefore greater
than in sea water and this permits trifium to be used as a label or tracer
to indicate the origin of a sample of water vapour. Alr which spirals
into a typhoon picks up water vapour from the sea - low in tritium -

whereas water vapour from the stratosphere or upper troposphere should
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be rich inm tritium. By wmeasuring the concentration of tritium in water
vapour in the eye wall and comparing it with the concentration found in
the eye, Ostlund was able to show that most of the water vapour in the
eye wall had come from the sea surface and of that in the eye at 800 wb,
5% had come from the stratosphere., Furthermore, in the case of Betsy
1965, he was able to show that 867 of the water vapour in the eye wall had
come from the sea surface and that the proportion varied with the
intensity of the storm. It will, therefore, be seen that caleulations

and observations éurrently agree that, at low levels in the eye, a few
percent of the total air (plus its water vapour) has come down from the

stratosphere,

Size of the eye

The diameter of the eye of a troplcal cyclone can be taken
as the diameter of the circle defined by the cessation of rain, the
diameter of the ring at which the wind speed begins to decrease from
the maximuym or decreases tc some lesser specified value or calm, or the
diameter of the cylinder of relatively cloud-free air as seen from an
aeroplane, or the diameter of the rain-free area as seen by radar.
There is no agreed standard but, to-day, the "vradar eye" and the "visual

eye' as observed by an aircraft flying in the middle troposphere are

the ones that are most commonly used by meteoxologists.

‘Depperman (1937) summarised approximately two hundred cases
when a calm or lull in the wind speed was reported as tropical cyclones
crossed observing stations in the Philippines. Thesge date are showmn in
Table 4.7 and 1t will be seen immediately that the duration of both the
calm and the relative calm decrease as the depth of the typhoon increases.
The speed of progression of mature tropical cyclones has not been found to
depend on their intensity and sc the data in Table 4.7 indicate that
deeper typhoons tend to have. smaller eves. At an avevrage rate of pro-
gression of 6 m/s (12 knots) the eye as defined by the lull would have
average diameters ranging from about 10 km for deep typhoons with central

pressure below 933 mb to about 60 km for the weaker storms,



Table 4.7. The duration of absolute and relative calms in tropical
cyclones over the Philippines compared to their lowest
central pressures.

ABSOLUTE CALM RELATIVE CALM
Pressure Humber of Range Mean Number of Range Mean
cagses Duration cases Duration
mb minutes mimites minutes mimites
below 933 4 10 - 30 18 3 4 - 60 26
933 - 945 7 '3 -~ 40 16 3 12 - 60 29
946 - 959 5 5 -~ 105 37 10 10 - 120 30
960 - 972 Ill 2 -138 32 27 5 = 240 27
973 - 985 15 2 - 210 39 45 3 - 660 110
986 - 999 17 7 =150 64 44 10 - 480 165
1000 and over - - - 4 8 - 300 107
Total 59 Mean 41 Total 136 Mean 108

Since the introduction of aerial recomnailssance it has been possible to
examine the eyes of many more tropical cyclones and to get more information

from them. Most reconnaissance flights have been made at a level of

. 700 mb or approximately 3 km and, in most cases, the eye diameter reported

by the air cobservers is determined from a combination of visual and radar
observations at this level. However, when these observations are not
conclusive, as 1s sometimes the case in weak, forming or dissipating storms
then the diameters of the rings of strongest winds and steepest pressure
gradlents are used to assist in defining the eye. In a mature typhoon

the difference between the radar eye and the visual eye at the usual
flight level (700 mb) is quite small Jordan (/2% } but there can be large
differences in weaker storms when the eye wall is not well defined by
rain-bearing clouds, The accuracy of the aireraft observations - which
were originally made in units of nsutical miles - is about one mile for
diameters of less than 15 n.m&le (27.8 km) but increases to about 5 n.miles
(9.3 km) for greater diameters. Observers seldom report the larger

diameters as being other than a multiple of five miles.
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The relative frequency of occurrence of eyes of different diameter
in Western Pacific tropical cyclones as determined from aerial reconnaissance

flights during 1958/68 is given in Table 4.8.

Table 4.8
Eye Diameter n.miles £5 10 20 30 40 50 60 70 80 >85
Eye Diameter ¥m g 18 37 26 74 93 111 130 148 157
Number of Observations 13 407 586 479 264 104 65 19 137 136 -2010
Fercéntage % 1 20 29 24 13 5 3 1 2 2 -100%

Average diameter 50.7 ¥m (27.8 n.miles)
Standard Deviation 34.4 km (18.6 n. miles)

The average eye has a diameter of 50.7 km and this is true for
all observations and for the sub-group of those made at the time of lowest
pressure in each storm. Although approximately 73% of eyes had diameters
between 10 and 60 km individual diameters ranged from 3.7 km (2 n. miles)
in typhoons Olive 1965, Irma 1966 and Carla 1967 to 278 lm (150 n.miles) in
typhoon Sally 196l.

The case of Carmen 1960 is of interest. Air observers several times
reported the eye diameter as being 185 km (100 n. miles) as determined
from the wind speed maxima and pressure gradients at the 700 mb flight level.
However, the diameter of the eye as seen on the radar screen at Kadena, Okinawa,
Fig. 4,17, was much greater than this, being approximately 370 k m (200 n.miles),
This is the largest eye on record. Sometimes cloud bands become arranged
fortuitiously and transitorily in a near circular form to produce Ffalse eyes,
this however was not the case with Carmen for the eye was pesrsistent and
the low surface pressure of 979 mb, the 700 mb height of 2,926 m, the
700 mb temperature and dew point of 18°C and 13°C respectively, all indicate
a normal weak dynamic eye. At the time of the photograph the maximum
éﬁrface winds, as reported from the aircraft, were 26 m/s. Typhoon Carmen
was teiativcly weak throughout its life but was quite large with a diameter
of over 1500 km in the later phase of its existence.
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Factors affecting the diameter of eyes

Kuo (1959) showed theoretically that the diameter of the eye
of a typhoon should decrease if the central pressure is reduced - other
factors remaining constant. In practice, of course, other factors do
not remain constant, the sea temperature changes, conditions In the
environment and in the air feeding inteo the typhoon change as does
the typhoon's latitude, nevertheless, the tendency for low cemtral
pressures to be associated with small eye diameters is implicit in
Depperman's data and can be illustrated using the observations made
from aircraft, Table 4.9 shows the percentage {(and numbers) of eyes
having diameters and central pressures in various ranges for observations

of 178 Eyrhoons MHamed ¥y
made ai the time when eachi}owest pressure, It will be seen that deep
typhoons are usually associated with small eyes but that the converse
rule does not hold., It is also of interest that the mean diameter in
each pregsgsure group increases with pressure until 979 mb and then
decreases glightly. The mean diameter of tropical cyclone eyes at
pressures less than 920 mb for example, is 34.1 km and increases to
59.4 km for storms with central pressure between 960 and 979 mb and
then falls again to 51.6 km for weaker gstorms. This same tendency,
expressed in terms of the duration of relative calm is shown in both
Depperman's data (Table 4.8) and in the large sample of over 2 000

observations made by reconnaissance alrcraft at times other than that

of minimum pressure,

Shimada (|14 ) estimated the dismeter of the eyes of 12 typhoons
from their speed of movement and the time between the wind speed falling
to 5 m/s and increasing to this value again at island stations over which
the eye passed. On this basis he concluded that the eye as defined
wigually - the "cloud e&e" - at 700 wh was approximately twice as large
as the surface "wind-eye'" and that the diameter of the wind maximum at
700 mb was three times as large as the surface "wind-eye". The diameter
of the surface "wind-eye" would be under-estimated by Shimada's procedure
unless the exact centre of the eye éassed over the observing station and,
of course, the diameter of the eye as defined by the maximum surface
winds would be greater than that defined by winds of 5 m/s, However,
his Ilimited results indicate that, in general, the diameter of the ring
where the winds are greatest at flight level may be approximately 502
greater than the cloud eye at this level and that at the surface, winds



Table 4.9

The diameter of the eyes of tropical cyclones at the time of minimum pressure - one for each storm -

are given here as a frequency distribution by different ranges of M.SL. pressure.

The observations

are from reconnaissance flights info Western Pacific tropical cyclones which attained at least severas

tropical storm- intensity during the period 1958 to 1968.

Diameter

n. mile
0 - 20
2l - 40
41 -~ 60
61 - 80

> 80

Total

Mean Diameter
n. mile

km

< 920

% (W

78.1 (25)

18.7 (&)

3.1 (1)

17.9 (32)
18.4
34.1

Pressure in mb

920 - 939
% (N)

45.7 (16)
51.4 (18)

2.9 (1)

19.6 (35)

2342

46.7

340 ~ 959
% (N)

48.4 (15)
45.2 (14)
3.2 (1)
3.2 (1)

17.3  (31)

272

50.4

960 - 979
% {N)
40.0 (22)
36.4 (20)
20.0 (11)
1.8 (1)
1.8 (1)
30.7 (55)
32.0
59. 4

Z 3580
£ (M)

42.3 (11)
46.2 (12)
3.8 (1)
7.7 (2)

14.5 {26)

27.8

51.6

Total
% (")
49.7  (89)
39.1  (70)
7.8 (14)
2.8 (5)
0.6 (1)
100 (179)
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greater than 5 m/s will be found for some distance inside the reported eye.

The eye wall of a typhoon as seen by radars which scan in the
vertical plane (Fig. ) 1is nearly always vertical over at least the
lowest 3 km and the radar eye at 700 mb and near the surface is therefore
of approximately the same size, The near vertical nature of the eye wall
in typhoon fIda“(lQSS)is seen in Fig. 4.11. Furthermore, Figs, and
show typhoons Elsie 1966 and Iris 1970 centred over 370 km (206—Trmites)
away from the radar. At this disfance, the normal radar horizom for
this particular station is over 9 km (@&980-H#) therefore, the radar
sees only that part of the top of the typhoon which rises above the
horizon i.e, above 9 km, The measured diameter of the radar eye in
these typhoons as shown, is 18 and 16 n.miles respectively whereas
alrcraft at the usual height of 700 mb were reporting 17 and 14 n.miles
respectively. Other similar measurements in these and other typhoons
show that the high-level radar eye frequently has about the same diameter
as that reported at 700 mb, at least, to within the limits of accuracy .. i >

Jusw (_‘T}u‘ ffﬂrg oistaner Vevres w Hofbawu"tw
of the meas rement QF SBEface wind max is found under the medar
elovds bl v e vmdios¥al (lustvart A in Fig 3. ab0) ijﬁ'?

eye-wallL

as—that_at. the-surfeceor-possthty-—a Ittt tetarger 48" f6urd-by" Shimada. Phs

From aerial reconnaissance observations Shimada ( ) showed
that on 704 of occasions the eyes of typhoons and severe tropical storms
attained their smallest diameter during the 24 hours prior to the lowest
pressure being achieved and that, on 10% of occasions, the lowest pressure
and smallest eye occurred simultaneously. Similarly, I found that in
200 typhoons and severe tropical storms during the period 1958/68, the
mimimum eye diameter occurred before minimum pressure on 80% of occasioms,
gimultaneously on 10% and after the lowest pressure (and maximum winds)
on 10% of occasions. However, in this sample, only 25% of the total number
of observations of smallest eyes occurred in the 24 hours prior to minimum
pressure, most of them having occurred earlier than this. Both of these
sets of data are subject to uncertainties imposed by the irregular
intervals, usually exceeding six hours, between reconnaissance flights,
nevertheless, they do indicaée that in about 9 out of 10 typhoons gnd
severe tropical storms the eye attains its smallest size before or near

to the time of development of the lowest pressure and maximum winds.



4.9 Characteristics of other cyclones

Since 1949 a bewildering number of new types of cyclone have been '
discovered, described and named with a certain lack of comnsistency. 7
Readerg will come across such terms as Kona storm, subtropical cyclone, Jlﬂﬁl‘?dﬂﬁg
cut—off low, cold low, hybrid cyclgzzrzgéz::;::ne, monsoon depression,
polar low, heat low, frontal cyclone and extratropical cyclone. Spiegler
-(1972) has criticised the current practice of naming cyclones according
to the location of their formation or most frequent occurrence because,
for example, tropical cyclones sometimes form and move outside the tropics,
extratropical cyclones have been observed to develop in the tropics in the
winter season and subtropical cyclones have developed in both tropical and
mid-latitude regions. He proposed that cyclones be classified according
to their characteristics and energetics (Table 4. ) and be named
accordingly. As Spiegler states there are three main categories: baroclinic¥,
barotropic* and hybrid or intermediate cyclones. His categorisation is
helpful but incomplete and his proposed terminclogy has merit but I will
not use 1t exclusively as some terms are in geperal, widegpread usage and

will be better understood by most readers.

Fig. &.\ is a schematic diagram showing the circulation
component of various cyélones and anticylones according to weather,
divergence and vertical motion. A similar diagram could be drawnm to
show how the different kinds of cyclone present a whole spectrum of
tropospheric temperature anomalies in their central region ranging from
the warm core of the tropical cyclones, to the warm layer over cold layers
in the monsoon depression (Fig. 4.3) or the deep cold core found in both

subtropical and frontal cyclones.

We will briefly discuss frontal or extratropical cyclones, hybrid
cyclones, Indian mcnsoon depressions, subtropical cyclones and heat lows. For
a more complete description of.the last three the reader is referred to
Ramage (1971).

* See glossary page.
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Fig. 4.1 Some weather systems arranged schematically accordlrg to
weather, divergence and vertical motion. Levels of non-
divergence are denoted by heavy lines. ( From Ramage 1971).
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Fig. ﬂ-.‘h Mean pressure profiles from 14 extratropical depressions and
25 typhoons all having minimum central pressures of approximately
950 mb. The pressures in the individual typhoons and extra-
tropical cyclones varied from 937 to 963 wb and 944 to 968 md
tespectively,



.9.1 Frontal or extratropical cyclones

These cyclones form on fronts separating two distinct alr masses
from which they derive their energy as desecribed in section 3.9.1. Tropical
cyclones produce and maintain their own available potential energy whereas
frontal depressions derive most of their kinetic energy from the pre-existing
potential energy of the baroclinic atmosphere. They can therefore form as

‘readily over land as over sea. On average they tend to be larger than typhoons
(Fig. 4.1 and &3 yand to have higher central pressures. However, their
central pressure can fall lower than that in many typhoons. Readings as low
as 925.9 mb were recorded in frontal cyclones in Scotland in Jﬂg:gﬁ;;l.ﬁ&
and on H.M.S. "Tarisa" over the North Atlantic in February IB?ﬂ*Put these
readings do not approach those of many mature typhoons such as are listed "
Table 4.3. An essential difference in structure is ?ut in the magnitudes

waguibad s @
of the central minimum pressure but in the*faaaniated pressure gradients.
Fig. ﬂ.l. shows the mean pressure profile for 14 mature frontal cyclones
and 25 typhoons all of which had central pressures of approximately 950 mb.
The rapid change of pressure with distance from the typhoon eye wall is
immediately apparent and is in marked contragt to the flatter profile of
the extratropical cyclones. The very large gradient: in the eye wall of a

typhoon accounts, of course, for the extreme winds found there; Fig. 4.3
compares these winds with those found in frontal cyclones of similar depth.
The peak in typhoon winds shown in Fig.4.} is considerably weakened by
the averaging process because the *“Fing ;Ei;igg; is found at differnt
distances from the centre in different typhoons nevertheless, the magnitude

of the peak is sufficient to illustrate the point.

Extratropical depressions have a cold core which slopes with
height towards the colder air mass. When the cyclone reaches full maturity
and is fully occluded the core will be more nearly vertical - the system
will become near barotropic -iand wind shear in the vertical will be small.
When these conditions are obtained a banded structure in the clouds is o ftea
formed and the appearance of the storm from space is similar to that cf &
large tropical cyclone without an eye. This is illustrated in Fig.ﬂ._L*
which shows an Atlantic depression which started life as hurricane Loils
in the Caribbean. At the time of the photograph the central pressure
was 962 mb and the shear (or thermal wind) through the 1000-500 mb layer

was unusually weak for such a well defined system. The warm and cold
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front zones are well defined (cf. Fig. 3.20). Some of the deepest winter
cyclones form when tropical cyclones take on frontal characteristics as

they move northeastwards into higher latitudes (Section 13.10).

Some of the differences between typhoons and frontal cyclones
are given in Table 4. ; -Fig. 4.% shnwsthﬂw typhoons are much warmer
in the troposphere and have a much higher tropopause and a colder
gstratosphere than have frontal depressions. In the lower and middle
troposphere winds increase with elevation in frontal depressions and

decrease in typhoons. At one time meteorologists tried in wvain to apply

frontal theory to tropical cyclones and to puwt fronts in their circulation -

typhoons have no fronts in the sense that different surface air masses are
involved. One other significant difference between typhoons and frontal
cyclones is that the former move at only a fraction (typically about 10%)
of the speed of their maximum winds whereas frontal cyclones travel at
speeds comparable to their maximum winds. It follows that if there were

fronts in a typhoon they would soon disappear as they become wrapped round

and round the centrs 3o mixing the air masses. However, when typhoons reach

high latitudes and are carried away at high speeds by the polar westerlies
of temperate latitudes they change their nature and acquire fronts
{section 13.10).
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4.9.2 Hybrid or semitropical cvclones

Each year in the Atlantic and North Pacific Oceans several storms
occur which are not entirely tropical in character in so far as they derive
thelr energy both ffom the release of latent heat and from baroclinic
processes iwermaweiiable—potentlal-aners oo ted—to—horizonbal—tonperature
graklnEls associated with the proper positioning of warm and cooler alr masses.
Such hybrid or semitropical storms - in Spiegler's terminology - must
develop over warm sea in order to obtain their tropical characteristiecs and
they would be expected more frequently in spring or autumn when surges of
polar air are more likely to penetrate far enough southward to develop
barcclinic regions over the warm oceans. Simpson and Pelissier{1971) proposed
the term 'neutercane' for these storms but Splegler (1972) is opposed to its
use on etymological grounds and since 1t has not gained general acceptance

we will use the terms hybrid or semitropical cyclone.

Moore & Davies (1951) were the first to point out that some pre-
season hurricanes comprised a category distinct from the extratropical and
the usual troplcal cyclones. More recent case studies of hybrid storms have
been made by Dunn & Staff (1964), Simpson and Pelissier (1971) and
Spiegler 1971. The latter author lists the characteristics of hybrid storms
as: 1) containing significant areas of organized convection sometimes with
spiral bands containing the more vigerous convection 2) a circular windfield
3} development in a greatly modified maritime polar air mass with, in some
cases, mixing with maritime tropical air in the equatorward side of the
circulation; temperatures in the lower troposphere are therefore somewhat
lower than in - the mean tropical atmosphere 4) a weak baroclinic zone is
usually evident in the initial stages on the polgiward side of the storm
but no fronts can be.identified near the cyclone centre 5) maximum winds
occur near the centre 6) the circulation weakens with elevation 7)there is
little or no horizontal temperature advection and 8) the temperature
distribution radially outward from the cyclone centre and in the immediate
vicinity of the eyclone at low and midtropospheric levels is relatively

homogenecus so that there is no significant warmegr cold core.



The features which most clearly differentiate semitropical
cyclones from tropical storms and typhoons are the absence of a warm
core and the presence of temperatures there less than those in the mean

tropical atmosphere in the lower and middle troposphere.

Given the necessary environmental conditions - warm sea, little
shear in the vertical and no replenishment of the cocler air mass - these
hybrid storms can develop well defined eyes and warm cores to become tropical
stofms or typhoons. To the mariner they will usually be indistinguishable
from tropical storms and it is only when conditions are totally unsuitable

for transformation that the distinction serves a useful practical purpose.



Q.Qﬁ3 Monsoon Depressions

s

About two monsoon depressions form over the northern part of
the Bay of Bengal during each of the months from June to October imclusive.
They extend horizontally over some 2000 km (Fig.|+ .¢ 3 have a height of
10 km and usually move northwestwards although some depressions have been
known to move westwards or northwards. Maximum surface wind speeds are
found about 400 km from the centre and may reach gale force over theh gea
but seldom attain 15 m/s over land. These depressions bring copious and
vital rainfall to India; daily totals often amount to about 100 mm at
first rising to 200 mm or more as the storm moves westward at about 50fday
(about 6 m/s). The region of heaviest rainfall is located slightly to
the west of the surface low pressure which seldom exceeds 8 mb bélow normal
and is typically about 992 mb or only two to three millibars ;ess than the
planetary scale monsoon trough which usually lies from northwest to south-

east across India at this time of year.

Monsoon depressions frequently develop when low-pressure waves
move from Burma into the northern part of the Bay of Bengal. The low-pressure

, hyg Crossed
wave is famwfimies the remnant of a typhoon or tropical storm which emtesed

Indo-China fremtirecSenth firinafen or it is associated with the advection
of positive vorticity ahead of a westward-moving trough or jet maximum in
the upper troposheric easterlies. Of four or five such low-pressure waves
which enter the Bay of Bengal in an average monsoon month, two or three
intensify into monsoon depressicns (Koteswaram and Baskara Rao 1963).

Ramage (1971) finds that of 13 tropical cyclones which crossed the Indo-China
coast during the period 1929-1937 only 7 redeveloped into monsoon depressions

whereas 37 of the latter formed during the same perioed.

The energetics of monsoon depressions are not yet well understood.
In their initial stages the depressions are similar to the tropical depressioms
that form over the Pacific and it is believed that they owe their origin to
similar CISK air-sea interaction processes but, some form of dynamical in-~
stability may also be involved (Krishamurti et al 1975). As in the Pacific
depressions the clouds are intitially primarily convective but, as the

depression moves off the sea, increasing amounts of stratiform cloud form.
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The question arises as to why monsoon depressions do not deepen
into warm-core tropical cyclones as do the Pacific depressions? One
important reason 1s that the monsoon depressions move close to land very
soon after formation and thereby loose their primary source of sensible
heat and molsture. Secondly, the wind shear over the Bay of Bengal, at
this time of year, 1s strong (~ 15 m/s between 850 and 200 mb ~ Fig. 4.7)
with low level soﬁthwesterlies and strong easterlies at higher levels
(Fig. 4.6); conditions which do not favour the establishment of a deep warm
core. The shear is much less (=7 m/s) over the Bay of Bengal in

November and over the Pacific in summer (Ramage 1971).

Monsoon depressions have a narrow (approx. 1000 km) vertical tube
of cyclonic vorticity with a closed circulation extending up to 9 km. The
core of the depression is cold in the low levels and warm above 500 mb
(Fig. 4.8). The air to the west of the low level cold core is also warm
and has 1ts origins over the deserts of northwest India. Above the depress-
ion, at 200 mb, strong easterly winds prevail (Fig. 4.6) and these have
often been held as the cause of the westward movement of the storms.
However, Krishnamurti et al (1975) suggest that simple zonal flow steering
concepts cannot account for the motion. They consider that the steering
‘18 a baroclinic phenomenon associated with the centre of convergence to

the west of the depression centre.

Occasionally, similar depressions form over the South China Sea

in the monsoon trough and move into Indo=China.
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4.9.4

Subtropical cyclones

».

Sometimes large amplitude waves in the polar westerlies plunge
southward and become over extended so that a "cut-off low" 1is left in what

was the trough of the wave whilst the basic westerly current resumes its

flow to the north of the cut-off low. This low « which lies in the middle
troposphere ~ is cold relative to its enviromment so that its cyclonic
circulation increases in infensity with height i.e. it is cold cored. Since
westerly waves can penetrate as far south as the equator in winter time,
'Cutuoff lows have been chserved at all latitudes. Palmén (1949), Palmer (1951)
and Frank (1970) have studied examples of these tropical, high-level,

Fwaht fist
cold-core storms sometimes called "distal" cyr.:la:me:s.«H—f‘J'\-‘-‘““’*""w r¢ no Ju o5 t
2ithay b Ha guvéue e pv at 3(mmbq$') 0y kapPJns Frequantiy nea | w
zoas' o) Srndim, (hen Ha cyelona moy b colled o fmid-bvopesphivec ¢yelonp.

Sometimes, the cyclonic circulation works its way downward and
reaches the surface, this happens frequently in the winter over the eastern 3

Pacific to the north of Hawaii where the surface cyclones are known as "Kona"

r,\s

storms and occasionally cause widespread flooding in the islands. Simpson
(1952) was the first to describe these surface cyclones which he called
"subtropical cyclones'" and he showed that they were always preceeded aloft

by a cut-off low of the Palmen (1949) type just described. Ramage (1962 and

hwga 0w nAPYS e A

1971) has subsequently described three cyclones in some detail and shown
that the middle troposphere between 400 and 600 mb is the layer of largest
ﬁressure gradients, strongest winds and greatest convergence, all increasing
from the periphery inwards. As indicated in Fig. 4.1 the convergence leads

to rising motion above and subsidence below the 400-600 mb layer - with
corresponding divergence.

The subtropical cyclone must be distinguished from a large
amplitude trough in the polar westerlies which may also be associated
with a surface low and will generally have bad weather concentrated to
the east of the trough axis. Although the subtropical cyclone develops
from such troughs and may eventually be absorbed by another its fields
of motion, clouds, and weather-are much more symmetrically disposed.
The eye 1s usually large having a diameter of over 200 km and arcund it
at a distance of 300 to 900 km will be found the maximum winds usually

of about 15 m/s over the sea. In the upper troposphere the storm is

I S Y eyt Ja rus PTGIAIsLP ena (g941)

relatively warm cored like that in a weak tropical cyclonme. Subtropical .

cyclones can persist as very slow moving cyclones for several days.

.g:l_.li’g‘hru} Arn.,.! Pwh M'IQHLQ J».i-.-,\_t,}
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Occasionally a surface low forms over the south China sea on the
eastern edge of a mid-tropospheriec cut-off low, moves westward and intens-
ities reaching maximum strength (around gale force) beneath the upper cold-
cored vortex. The system can then remain stationary for several days
before drifting over Indo China or South China and weakening (Ramage 1959).
Rainbird fl?ﬁﬂ} finds that approximately 25% of the annual rainfall over

the Mekong catchment falls -from these storms.

The main features which distinguish a subtropical cyclone from
a tropical storm or typhoon are firstly the large central eye region having
a diameter of 200 km or more, secondly, the large diameter (300-900 km)
at which the maximum winds of about 15 m/s are found and thirdly, the mid-
tropospheric cold core around which winds increase with height up to about
400 to 600 mb.

Over the sea a subtropical cyclone can change into a tropical
cyclone but the process 1s prolonged and very rare. Because of this
feature subtropical cyclones are of significance to mariners who may
traverse them in relative safety with little risk of encountering hurricane
force winds without adequate warning. These cyclones may be identified
in warnings from different centres as subtropical cyclonmes, cold-cored
depressions or as "Kona" storms, but they are often mistaken for tropical

depressions.



4.9.5

Heat lows

Heat lows are formed where summer solar radiation warms dry
ground day after day through a cloudless sky, absorption by the
atmosphere of re-radiation from the ground warms the lower troposphere
reducing its density and thereby leading to low pressure - a heat low -
at the surface. Although these lows tend to weaken during the night
as heat 1s lost by radiational cooling they can be persistent, though
shallow, summer features. Heat lows are predominently a desert phenomenon
but they also form occasionally over the Red Basin of Szechwan in the
spring where they can persist for three or four days. Surface air converges
towards the pressure minimum and rises. Under these circumstances cloud
and rain would be expected were it not for the fact that either the humidity
is too low or an inversion stops ascent or a combination both (Ramage 1971).
Of course, if clouds were to form in a heat low they would then interrupt
the solar radiation and so destroy the system. Heat lows are found on the
axils of the heat trough and in latitudes frequented by the oceanlc sub-
tropical highs which maintain the same gentle mid-trospopheric subsidence
that also keeps weather fine in these highs (Ramage 1971). Heat lows are
of no direct relevance to the study of tropical cyclones but they will
sometimes be found over southwest China in the same heat trough that,
further east, gives rise to the formation eof typhoons. Heat lows cannot

move from their source regiomn.

Heat lows are readily differentiated from tropical cyclones
because the former are associated with fine weather and are located

over land.
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