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10.1

RADAR AND . TROPICAL CYCLONES

Introduction

When a tropical cyclone was first 'seen' by radar in 1944, it was
immediately recognized that a powerful new toocl for the detection and tracking
of these storms had beenrn found, Today, radar is considered to be an indispensable
fool: for any tropical cyclone warning service and many specially designed sets
are now in use around the world for this purpose. Although there are books on
radar and radar meteorology, the aspects of the subject particular to tropical
cycleones are given only cursory treatment and it is my experience that many
meteorologlsts and others are uncertain of the value and limitations of radar
for detecting and tracking these storms. The correct interpretation of radar
presentations of tropical cyclones is of paramount impgrtance in the preparation
of wind, surge and fleood warnings to individual communities. Accordingly, I
have thought it desirable to give the subject a more detailed treatment than one

might expect te find in a primarily meteorological text.

Tn some ways it can be said that the idea of detecting objects with
radio waves is as old as their discovery, for when Heinrich Hertz first
clearly generated these waves in 1884 (following their prediction, from
theoretical considerations, by James Clerk Maxwell in 1862) he showed that
they could also be reflected and refracted by certain objects, as Maxwell had
predicted. Subsequently, methods were devised to use this reflecting or
“echo-sounding" property o detect objects and to meaiaii.their distance from
the transmitter. These methods were at first known bysnames as ''radio location"
and "radio detection” but in 1942 the U.S. Navy coined the immediately popular

acronym 'radar' from the term "Radioc Direction and Ranging".

1t 1s very seldom that a committee produces anything original but it
is a remarkable fact that radar in the form most commenly used by meteorolbgists
today derives from a committee set up in England in 1934 for the Scientific
Survey of Air Defence. 8Sir Robert Watson-Watt was a pioneér in this
field which followed on from his work in the British Meteorological Office
{and from 1921 in the Department of Scientific_and Industrial Research) on the
radio location of thunderstorms. The principle of this form of radar is that
powerful pulses of radic waves of short duration, are transmitted and on encoun-
féring a scattering or reflecting object some small fraction of the energy in
each pulse will be returned by the object or "target"as an "eche" which, 1f
strong enough, can be detected by sensitive receivers. The direction of arrival
of the returned pulse gives the direction to the target and its distance away

can be determined from the time it takes the pulse to travel to the object



and thence to the receiver in straight lines at the speed of light which

is’ assumed to be constant. The currently accepted value of the speed of
. R +

light in a vacuum is 299 792 458 m/s with an uncertainty of - 1.2 m/s but

by
for most practical meteorological purposeshyelocity of 3 x 108 m/s is assumed.

By using large parabolic aserials and radio waves with a wavelength

of less than 1 m known as microwaves it is possible to produce a highly

Pl
directional radioc beam with which it is possible to scan, as with a search-

light, until a "return™ or “echo” is obtained from scme target. The returned
bulse is usually received by the same aerial as is used for transmission, an
automatic switch closing off the receiver during the short time interval used
for transmitting. The angle of "elevation" above the horizontal of the beam
and its "azimuth" or bearing from north, indicate the direction of the target.
This information and the distance.to the target can be displayed on a variety

of direct reading indicators but for our purposes we need to consider only two.

The movable aerial is most frequently oriented sc that its beam is
approximately horizontal and is rotated sbout a vertical axis. During the
rotation frequent pulses of radio energy are transmitted. Any echoes that
are received can be located in azimuth and distance on a plan position
indicator - (PPI), This is a cathode~ray tube, similar to those used for
the screens of television sets, in which & received scho is made to brighten
the screen to produce a spot or "blip™ at a distance from the centre of the
tube proportional to the distance to the target and on a bearing from the
centre corresponding to that of the target. Distances are readily estimsted
from range markers which appear as concentric circles (Fig. 10:3‘1? The
brightness of the target as seen on the PPI varies, to a limited degree,
according to the intensity of the received echo. A strong echo is
shown as a brighter return than a weak one. Such a PPI presentation, being a
projection on the horizontal plane through the radary of echoes received from
all points of the compass, is rather like a map and, indeed, such indicators
. are uged on ships and aircraft to display coastlines and other features to

assist in navigation. The origin can be shifted from the centre of



the display if it is desired to confine attention to echoes from a
[0-7¢6)
particular sector (Fig. k-3l

It will be clear that if the target is a high flying aircraft
it could be above the radar beam and would not appear on a PPI. Such
high targets can be detected by elevating the radar beam above the
horizontal until the target is seen on the PPI. However, to enable the
heights of targets to be determined the aerial is first stopped from
rotating and is then '"nodded", up and down, about a horizontal axis so
that the beam sweeps through a sector in a vertical plane. All targets
in this plane are then displayed at their correct height and range on a
"range height indicator'" (RHI). This is also a cathode ray tube but with
the origin (radar location) at the bottom left-hand side of the screen;
Targets appear further towards the right as their slant-range increases
and higher up on the display as their height increases so that the slant-
range to the target and its elevation are immediately indicated. Slant-
range markers appear as vertical lines on an RHI. Height markers are
electronically produced and are usually curved so that, at all ranges, the
height indicated is that above the curved surface of the earth (Fig. 0ﬁ&=§5)
In order to facilitate the determination of heights, the scale in the vertical
i1s usually made greater than that in the horizontal thereby distorting the

shape of echoes by stretching them along the vertical.

The radars used in Great Britain to detect approaching aircraft
during the early part of World War II used very large fixed aerials and
radio wavelengths of 10 - 15 m. The invention of the magnetron in the same
country in 1940 enabled powerful pulses of microwaves to be generated so
permitting the radio energy to be focussed into sharp beams by relatively
small, moveable aerials, Table 10.1;1i5t5 the frequency and wavelength
bands used for radars of various kinds. The bands are given letters for
easy identification. Radars wused to detect rain, snow and hail are usually
known as "meteorological" or 'weather' radars and usually have wavelengths
between 30 and 250 mm. In what follows the world '"radar'" should be taken

to refer to these radars unless it is specifically stated otherwise.



Table 10.1.{1) Radio Waves used by Meteorological Radars

Frequency range Wavelength range

Band iz _—

P 220 - 300 1 360 -~ 1 000
e 300 - 1 000 1 000 - 300

L 1 000 - 2 000 300 - 150

S 2 000 - 4 Q00 150 - 75

c 4 000 -~ 8 000 5 - 375

X 8 000 - 12 700 3.5 - 24.0

Ku 12 500 = 18 000 24.0 - 16.7

X 18 000 - 26 500 16.7 - 11.3%

Ka 26 500 -~ 40 000 1.3 - 7.5

Whilst microwave radars were being developed, Ryde {1941} was making
theoretical studies to determine whether their performance would be
affected by the scattering or absorption effects of fog, clouds, rain,
snow, hail and dust storms. In this classical work he predicted that,
under certain conditions, microwave radars would detect areas of rain.
On the 20 February 1941, some months after this prediction, a rain
shower was detected and tracked to a distance of 13 km off the coast

of England using a radar working on a wavelength of 100 mm (for brevity
called 100 mm radar). Some years later, on 14 September 1944, a radar _
of the U.S. Navy at Lakehurst, New Jersey detected the spiral rainbands
cf a hurricane (Maynard 1945) and on 18 December in the same year a
typhoon was similarly detected on a ship of the U.S., Navy in the Philippine
Sea. The question arises as to how these echoes from atmospheric

phenomena are formed?



10.2 Scattering

Gcattering occurs when a radio wave, or other electromagnetic wave,
passéé over a stationary object whose dielectric properties differ from
those of the surrounding medium. In these circumstances some of the energy
is absorbed and appears as heat and some is re-radiated in all directions,
without change of wavelength. A change of wavelength occurs if the body
is moving relative to the transmitter and this case Is considered in
Sect, 10.8.4, The scattering arises because the radic wave ilnduces
osclllating electric and magnetic multipoles within tt o%ifct wﬁich
re-rad1ata in all directions some of the incident energy, l\That part of
the scattered emergy which is radiated back aleng the beam towards the
radar is called the "back-scattered power" and it is this power alone
which can be said to be reflected by the object. However, mest objects
absorb some of the incident radiation and do not re-radiate the remainder
equally in all directions. To distinguish between the hack-scattering
capabilities of different targets a coucept known as the 'back-scattering
cross-section" 07 is introduced. This is defined as the equivalent area
of an isctopic scatterer which, radiating edually in all directions,
would return to the receiver an amount of power equal to that actually
returned by the target. The back-scatrering cross—-section 0 is therefore
a measure of the amount of power geattered in a backward direction towards
the radar compared with the amount of power falling on the object. O
depends on the size, shape,aspect and electrical properties of the target

and on the wavelength.

When the target is very large compared with a wavelength and of
gimple form e.g. a sphere, 0 can be calculated from the same geometrical
laws of reflection as apply to light. However, if the object is of
complicated form then § has to be measured experimentally at different

aspects and wavelengths. Typical values are listed in Table 10.2{1}.



Table lO.Z(f)Approximaxe Values of Radar Back-Scattering Cross-Section - §~

5~
Object Wavelength
Broadside Head on
2 2
m m m

Raindrops

diameter 1 mm 3.5 x 10710 3.5  x 10”70 30

diameter 5 mm 5.5 X 10“6 5. x 10'6 30
House Sparrow 5 x 10'h 0.3 x 10"h 30
Starling 11 X 10““ 2 X lo'h 30
Pigeon 30 X 10-h 1.5 X ZLO“l+ 30
Raindrops =12

diameter 1 mm 2.8l x 1072 2.84 x 10 100

diameter mm L.k ox 10"8 b ox 10“8 100
Starling 34 X 10“h - 100
Metal Sphere D -2

diameter 300 mm 7 x 10 T x 10 100 and 30
Light Aircraft- 10 5 100 and 30 .
Jet Liner 100 25 100 and 30




10.2.1 Small spherical particles

In 1871 Lord Rayleigh derived a formula for the scattering
of light by particles smaller than one wavelength of the incident light.
He found that the intensity of the light scattered by such small particles
irn the atmosphere was proportional to the sixth power of their diameter
and inversely proporticnal to the fourth power of the wavelength. He showed
that this effect caused the sky to appear blue because this component of
sunlight has a shorter wavelength than the red and is scattered about 10
times more by particles and molecules in the atmosphere so giving the sky
its blue colour. In space where there are few scattering particles the
sky appears black. At sunrise and sunset, the sun's rays pass through a
long atmospheric path and much of the blue component of sunlight is lost
en-route leaving predominantly red light to produce the red sun and red

cloud effects.

For Rayleigh scattering the back-scattering cross-section of a
particle of diameter D,small compared with the wavelength A , is given by
6 .
w5 le -1 D -(10.4))
==~ e + 2| N&

where both }\ and D are expressed in metres and e is a property of the
material of which the particle 1s composed and is known as the complex
dielectric constant. The equation is accurate to within 10% of the true
value when D is less than one twentieth of Nand still holds approxim—
ately when D 1s as large as one fifth of the wavelength, Fig. 10.3.0) 1f
the sphere is of metal then the square of the expression in brackets is

replaced by a factor 1.60.

If the scattering particles have a diameter greater than one
fifth of a wavelength then the more general and complex Mie theory of
scattering applies and the value of ¢ oscillates between wide limits
as the partlcle size increases and resonance effects occur. Fig. 10.2 (i D
shows how the resonance depends on the ratio of the circumference
of the particles to the wavelength; the first peak (greatest 07) occurs
when the circumference equals the wavelength. Thereafter 0~ oscillates
and approaches the optical 0} surface scattering value as the circumference
increases to about ten times the wavelength. The back-~scattering cross-
section of a metal sphere approaches its geometrical cross section1TD2/4
whereas a water drop attains only 0.63 (0.56 at L band) of this value.
The largest raindreps have diameters of about 5.5 mm. Equation (10.11l))
can therefore be used to calculate the Cof rain and cloud drops at

wavelengths of 30 mm or more, but Mie theory has to be used in the case

of large hailstones.
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Fig. 10.2., Ccalculated values of the back-scattering cross-section
shown as a fraction of the geometrical cross—section
for water drops at a wavelength¥32 mm and a temperature
of 0°C and for ice at all wavelengths from 10 to 600 mm.
m is the complex refractive index and A the wavelength.
(Adapted from Herman & Battan 1961).
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Large targets return an amount of energy proportional to their
cross-sectional area whereas, for small targets in the Reyleigh region,
the amount returned is proportional to the third power of the area (D).
KAt a wavelength of 100 mm doubling the size of an aircraft would double
its back scattered power but doubling the diameter of a raindrop from

1l mn to 2 mm increases the back scattered power 6L times.

The dielectric constant of water varies with temperature and
wavelength,; at OOC it ranges from asbout 20 to 80 over wavelengths from
30 to 100 mm but for ice the value remains fairly constant st 3.17 for
the same range of wavelengths. The ratio of the speed of radar waves
in free space (vacuum) to their speed in a medium, is known as the re-
fractive index of the medium and for most media considered it can be
taken as equal to the square root of the dielectrie conastant. TFor
practiceal purposes therefore the refractive index of ice is constant at
1.78 while for water it varies with both temperature and wavelength, Tor anuﬂaej
at Oocshis 8.99 and T.1h4 at wavelengths of 100 and 30 mm reﬁpectively.

2200

The value of the square of the expression in brackets in eaniﬂffHoes
not vary much, and for meteorclogical purposes it can be taken as being
0.93 for water and 0.176 for ice of density 917 ngmB. Drops of
water therefore back scatter radar energy sbout five times better than
ice spheres of the same size. The refractive index of ice particles
varies with their densjty, the value of the square of the expression
in brackets in eqﬁiiﬁ%éigan therefore be much less than 0.176 for snow-
flakes with entrapped air or as high as 0.197 for ice with the density of
water (l(MX)kg/mB) - a concept sometimes useful when dealing with ice

particles which will melt to form raindrops. In the range of wavelengths

10.L(1)
congidered, eqn can be re-written for spherical water drops as:
D6 3
6= 284 -i;- - (10.2{(1)) .

Kerker et al (1951), showed that small melting ice spheres (I)L<.A )
surrounded by a film of water of thickness greater than one fifth of their

original radius will scatter as well as waler spheres of the same mass.

An exception to the rule that water spheres back scatter more
energy than ice spheres of the same size occurs when their diameters egual
or exceed the wavelength. Under such conditiions an ice sphere behaves

as a dielectric lens focussing the incident rays onto the inside rear of the




stone where they are partially reflected eas in cats' eyes. TFig. lO.}lJ)
shows that such stones can return more than 10 times the energy returned
by water spheres of the same size. By contrast, reflection from large
water spheres is almost entirely from the convex front surface, Dbecause
of the high refractive index of water, - and is divergent. Buch rsys as

do enter the drop are strongly refracted towards the axis and leave before

reaching the rear surface.

10.2.2 Small non~gpherical scatterers

We have so far considered only spheres but, ice crystals, small
hailstones and large raindrops (D > 280}{m) can depart considerably from
spherical form and, if oriented so that their major axes are parallel to
the direction of polarisation of the incident waves, they back scatter more
effectively than spheres of the same volume, Conversely they back scatter
less effectively than spheres if their minor axes are parallel to the direc-
tion of polarisation. In particular, Atlss et al (1953) showed that a random-

. (maioy axes & A7)
ly oriented collection of small oblate and prolate water speroids ;back
scattered more energy than water spheres of the same volume. These effects
are less marked for ice particles than for water drops and are even weaker
in the case of dry snowflskes because of their low dielectric constant, Indeed,

as far as their back scattering performance is concerned, dry snowflakes may

be considered as ice spheres of the same mass.

Atlas et al (1953) also showed that small randomly-oriented

. oblate and prolate water spheres whose major axis was 10 times the diameter
could scatter about 10 and 25 times more than spheres of the same volume,
respectively. However, in nature, although raindrops do tend to oscillate
about a preferred oblate shape they generally suffer only small distortions
with maximum axial ratios of about 1.5 {(Mason 1971) and thus, the correspond-
ing increase in réturned power is negligible. Dry ice spheroids, even with
axial ratios as large as 10, back scatter a little less than twice as well
as spheres. However, the shape effect is important in twc cases: firstly,
when non-spherical hailstones melt and acquire a water coating enabling

them to back scatter as though they were water drops of the same size and
shape, and secondly,when snogflakes begin te melt and acquire a covering of
water, The irregular, variable shape and low density of snowflakes makes it
difficult to assess their back scattering performance quantitatively but it
is probable that, when wet, they scatter incident energy as if they were
constituted entirely of water. A snowflake which becomeswet therefore, gives
an enhanced return because of both its effective change of state and its
non-spherical shape. These effects contribute to the causes of the bright
band, or enhanced returns, seen just below the level at which the temperature

is 0°C in rain which is being formed by the Wegener-Bergeron process (Fig. 3.13).




10.2.3 Polarisation

Most meteorological radars radiate plane polarised waves and best
detect those with the same polarisation, we must therefore consider
what effect different scatterers have on the plane of polarisation. On
scattering by solid or liquid perfect spheres the plane of polarisation of
radar waves 1s preserved. However in the case of drops or particles which
are non-spherical the plane of polarisation remains unchanged only when it
includes the major or minor axis of the scatterers (assumed to have an
" ellipsoidal shape); for other aspects some of the returned energy will be
polarised at right angles tc the incident waves and therefore, will not be
detected by the receiver. Some air traffic control radars can transmit
circularly polarised waves, that is, radiation in which the direction of
vibration of the waves rotates about the axis of propagation as the waves
progress without change of amplitude. Wave crests, in’this case, simultaneouly
advance and rotate along a helical path. When reflected by a sheet of metal
or scattered by a spherical drop, circularly polarised waves change their
direction of rotation and so cannot be detected on returning to the radar.
However, alrcraft return some radar waves after they have been reflected
more than once. AL each reflection on different parts of the aircraft,
the direction of polarisation is changed so that those waves which undergo
two, or any even number of reflections, return with circular polarisation
of a sense compatible with the receiver which can then detect them, It
is therefore possible to receive some returns from an aireraft whilst
those from raindrops are not detected. In this way aircraft may be seen on
the PPI even when enveloped in heavy rainstorms, The power received from
raindrops can be reduced 100 times (-20 dB )* by using circularly polarised
radiation but the method is less effective when used against non-spherical
drops, such as wet snowflakes, when reductions of only 30 times (-15dB°)
or so, are possible. In returns from heavy rain there will be a small

component of depolarised power due to multiple scattering by larger raindrops.

Before we can determine which targets will return sufficient power
to a radar to be detected we must first consilder the radar beam and the
propagation of radar waves in the atmosphere,

*d8 1s an abreviation for decibel, a measure of relative power on a
logarithmic scale given by the relation 10 Log (lepl)’ For example, if
Py is twice Py» the power ratle in decibels will he 10 Log 2 = 3dB or
again, if p, is one hundredth of Py the ratio is 10 Log (0.01) = 10(-2)
= =20 dB.



10.3 The Radar Beam

10.3.1 Formation

A redar transmitter produces bursts or pulses of radio encrgy of
high intensity and short duration. Typically, each pulse will be trans-
mitted with a power of between 20K and 1My and will have a duration of
one or two microseconds., ‘The len@th of a pulse is obtained by multiplying
its duration by the velocity of light; a 1 M pulse is therefore approxi-
mately 300 m long. Tulses are emitted 2t a constant rate known as the
"pulse repetition freguency” {pr f} which has to be lower in long-range
radars than in those of short range because more time is reguired in the
former for the distant echoes to return to the transmitter before the next
pulse is dispatched. Typically, lor a radar with an operaticnal range of
L60 ¥m, the prf will be about 275 per second representing an interval
between pulses of 3636 M3, {time for the waves to travel out 545 km and

returny,

- The pulses of radio waves in most meteorclogical radars are carried
frem the transmitter, in a waveguide, to the focus of a circular "dish”
aerial and are there formed into a slightly divergent beam whose intensity is
strongest along the axis of the aerial and falls off with distance from the
axis. The beam "width" in any plane is expressed as the angle between those
directicns in which the intensity of the beam is cne half of the intensity
on the axis - the "half-power pointe”™. The rate of decrease of power further
off the axis than the half-power peoints is usually very great so that for
many practical purposes the total radar energy can be considered as being
within the beam as defined. However, there are alsc some much weaker beams
which are found at greater angles to the main beam axis than the half-power

points, These off-centre beams are called "side lobes" and they hva%f“' be

considered when dealing with strongly-echoing targets at close range.

A circular aerial of parabolie form and diameter I will, at a wave-
length A » produce a conical beam approximately 1.2 A /D radians wide. At
"100 mm wavelength,a 2° beam of circular section is produced b& an aerisl
having a diameter of 3.5 m vhereas, at a wavelength of 30 mm, the same beam
width is produced by an aerial with diameter of only 1 m. The area of the
serial is called its "aperture” but its "effective aperture” when transmitting
or intercepting radiation is somewhat less, usually by about a half, depending
on its design which will determine the efficiency of the feed and the uni-

formity of aerial illumination.



0

Because the aerial beam diverges, the power illumimating a given
point target is inversely proportional to the square of its range, so that doubling

the distance to a target reduces the power incident upon it by a factor 1/4.

10.3.2 Propagation

If microwaves traversed the atmosphere in straight lines, the
distance te which a radar could detect a target at a given height above
the earth's surface, would be limited by the optical horizon. Beyond this
limited distance the target would be below the line of sight because of
the curvature of the earth. For rectilinear propagation the maximum range
from a radar at sea level to a target at a height zl(km) above the ground
is'113h/fI km, By siting the radar on a hill top at a height Z5 the
maximum range for detection can be increased by a further 113 MFEE km,
With straight line propagation a radar near sea level could detect a target
at an altitude of 10 km to a distance of 360 km. However, in the atmosphere,

some bending of radar rays usually takes place.

The refractive index of the atmosphere decreases with decreasing
density and decreasing water vapour pressure and for these reasons it
usually decreases with height. Microwaves will therefore travel slower near
the ground than higher up so¢ causing a slight downward curvature of all except
vertical rays. The refractive index near the surface is typically about
1.0003 and falls off linearly with height usually at a rate of 4 x 10-8 per
meter - these typical values are used to define "standard conditions'' in
which the curvature of the beam is about three quarters of that of the
earth's surface. This downward curvature of the rays slightly extends the
distance to the horizon to 132 MPEE km - about 17% greater than for rectilinear

propagation. The maximum range r is then given by

max (Iotgcl))
T = 1B20WE /T km (305253

If the rate of decrease of refractive index with height increases
by as little as 10.9 parts in a hundred million - to 14.9 x 10—8 per meter -
then the downward curvature of initially horizontal rays becomes equal to
that of the earth's surface. .Under such circumstances there is no horizon
- and the rays bend round the earth close to the surface. A gradient of
refractive index of this magnitude can be caused by an increase of temperature
with height (inversion) or, more frequently, by a more than usual rate of
decrease in the amount of water vapour present, or both. Non-standard
distributions of refractive index in the atmosphere give rise to "anomalous

propagation'.



Abnormal downward bending is called "super-refraction”. The distributions
of temperature and humidity that give rise to super-refraction usually
occur in shallow layers about 1-200 m deep and constitute a “duct"
in:which the rays are trapped. If the rays leave the radar at angles

of elevation of 2° or more their path through the duct is usually toco
short to permit of their being curved into a trapped configuration.

When super-refraction takes place echoes can be seen from coast lines

or hills which are normally not "seen" because of the earth's curvature.
In Figjcf3ﬁnﬁbr example, the NE corner of Hainan Island and the Luichow
Peninsula are normally not seen on radar because they are below the radar

horizon.

Echoes may be returned from targets at such great distances
as to be outside the ranges shown on the PPI display. Under these
circumstances a pulse will return after the succeeding pulse has been
transmitted and the target will appear at some incorrect range on the
PPI. This is illustrated in Fig. lofagwhere Luzon and the Vietnam coast
are beyond the normal maximum 445 km range but appear ~ misplaced - on
the succeeding scan of the P?I. In the time interval between successive
pulses (3636 pus) radar waves can travel out approximately 545 km and,
if reflected, return to the radars. The indicated range of the anomalous
echoes in the figure should be increased by 545 km to obtain their true
range. Care is therefore necessary to identify occasions when super-
refraction is taking place so that "second scan" or "second trip"
echoes are not mistaken for echoes from targets within normal range.

If they are moving with a component of motion in azimuth these echoes
will usually appear to be moving more slowly than other echoes nearby.
If they are from stationary targets their lack of movemenfzggpeaf to
be anomalous. It is also possible for second scan echoes to be super-
imposed on nearer echoes to give a false impression of echo intensity.
For example, the island of Taiwan on second scan appears just to the

east of Hong Kong and enhances permanent echoes there. Second scan echoes
are characterised by their narrow azimuthal extent,

«

i uv‘"ttlr\ B
On occasions more than one duct exists radar rays

may take different paths of different lengths so that a single target,
such as a ship or small island, appears on a PPI as a grouplgfq%ﬁﬁfes
on the same bearing but at slightly different ranges (Fig. #o=343.
Returns due to anomalous propagation disappear if the radar beam is

elevated a few degrees. This characteristic can be used to differentiate
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Fig. 18+2 The PPI of the Hong Kong Plessey 435, 100 mm radar photographed
at 0815 GMI' on 16 March 1967 during super-refractive conditions. The
range rings are at intervals of 74 km.
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Fig. 10.3(,., Cumulonimbus clouds over China 36 n.mile (67 km) and
56 n.mile (104 km) north of Hong Kong at 1835 h local time (0935Z)
on 13th May, 1974; their echoes as seen on (a) a 32 mm radar and
(b) a 107 mm ragar. The characteris(l__:)ics of the radars are (a)20kW,
beam width 0675 (horizontal) by 2.8 (vertical) and (b) 650kW
beam width 2 .




them from almost all returns due to precipitation.

) Qccasions when the radar range is reduced, either by super-
refraction causing the beam to strike the earth's surface before reaching
normal maximum range or by upward bending, are more frequent than -
cccasions of extended range. Anomalous preopagation near tropical

cyclones is discussed in sects 10.8.1 and 10.8.2.
10.3.3 Attenuation

As waves in the radar beam travel through the atmosphere
they are attenuated in three ways. Firstly, cleoud droplets, rain,
snow, hail and other particles scatter energy out of the beam; secondly,
these same particles zbsorb some energy which appears as heat and,
finally, the atmospheric gases - primarily oxygen and water vapour -
also absorb some energy. These processes lead to a rapid (exponential)
decrease of energy in the beam as the total distance travelled - out and
back - increases. Attenuation from each eof these causes is insignificant
at the longer wavelengths (100 to 200 mm), but incrcases markedly as the
wavelength decreases, In quantitative terms, the attenuation cof 100 mm
radiation in rainfall having a rate of R mm/h and a typical drop-size
distribution is, at 1800, R.3x10ﬂ4 dB/km, but at 30 mm wavelength it is
R1'3.74110~4 dB/km. When R = 100 mm/h, these equations yield attenuation
rates of 0.7 per cent/km and 97 per cent/km respectively.,  For 30 and
50 mm radars the attenuation of the beam during the penetration of
tropical rainstorms is often so great as to prevent the detection of
more distant severe storms as shown in Fig. 10.3&1)A1though the 32 mm
radar shows the small echo about 60 n. mile to the NNE it cannot detect
the rain clouds seen in (b) at ranges of about 50 and 55 n. mile beyond

the large cloud just west of north,
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10.4  The Radar gquation

10.4.1 Discrete targets

By considering the geometrical relationships between the diverging
outgoing and returning radar beams, the back-scattering cross—-section of the
target M™and the aerial size and efficiency it can be shown that the power

received P from a target of back-scattering cross-section (0 at a range

r is P, Ai Jo -4 L1))
P - a7 e -1
4TT>\2r4

where P is the transmitted power and ae is the effective aperture of the
aerial*., For a typical typhoon tracking radar such as the Plessey 435,
conservative values of the symbols are }\ = 0.107 m {equivalent to 2800 MHz),

p, = 650 kW (at wavegulde outlet) and Ae = 5,15 m2 {0.48x% area). Equation (10.3)
can then be written for this radar as

P, =120 x 10°. o~ - (10.4[2)3

r4

The power received at the radar must exceed a certain minimum
value if 1t is to be distinguished from the random [luctuations or "noise"
inherent in receiver circuits, or from stray radiations picked up by the
aerial. The minimum derectable power for the typical radar under consider-
“ation is about 6 x 10_14ij If the power received from a target is
equal to this value or greater it will be detected. Equation (10.4iJlan
he re—-arranged and with P set at the minimum detectable power it will give

the maximum range T ax for detection of a target of cross—-section 6

({c.q' (3'))
& =0 x 1% o~ - (he5)

max
leul (1) lo.4{3)
If values of 0 from Table Lﬁé!hare substituted in eqn (10-5¥, it will be

found that a 5 mm raindrop and a metal sphere of diameter 300 mm are detectable
at ranges of less than 3 and 110 km respectively. Aircraft, if high enough,

will be detectable out to the maximum range (approx. 430 km) of the radar.

#Bquation (Ll0.3) can also be expressed in terms of G the "gain" of the

2
aerial - a measure of its directional efficiency — by writing Ae= G
gevial 4 ’ST

The 4385 radarﬁhas a power gain of 37.5 dB or 5623 times {atA = 100mm
and effective aperture A = 5.15n12.

- {Ee;hg minémumddgtectable signal-to-noise ratio at the receiver is S/N,
T =35 an = kTB when K is boltzman's constant, T is the absolute
temperature and B is the band width of the system, Pr in eqn (10.4) can
be replaced by (S/N)} kTE .,



10.4.2 Asgemblies of raindrops.

From the previous section it is esasily calculated that even
powerful radars cannot detect a single raindrop - be it the largest possible -
beyond a few kilometres. Small raindrops at ranges beyond 1 km return an
amount of energy well below the minimum detectable. However, raindrops occur

nmost frequently in concentrations of between 100 and lOOO/m3

so that many of
them contribute to the power back-scattered to the radar. In the case of the

Ph“‘1h38 radar the beam is approximately 2° wide and the pulses have a duration cof
2};5 correspondiny to a length of approximately 600 m. At a range of €0 km

the beam will be 2 km wide and will illuminate a volume of 2 x 109 m3; I the

concentration of raindrops therein is a typical 500/m% then 10l2 drops will
back scatter energy. However, only those in half the volume illuminated
scatter waves which arrive simultaneously at the receiver. This arises because
the power back scabtered from the front of a pulse by drops at a range of r
Plus a halt pulse length, will return to the radar at the same time as energy
back scattered from the rear of the pulse by particles at range r - and so on.
Therefore, the number of drops simultanecusly returning power will be one half
of 1012 or 5 x lO:Ll and, if they sre all 1 mm in diameter, each will back
scatter an undetectable 26 x 10‘2hw {from ean (10.&15 However, the total power

returned by all 5 x 1011 drops would be 13 x 10—12W which is readily detectable.

In practice the back-scattered power from randomly distributed rain-
drops 1s found to fluctuate from one pulse to the next. This is a result of the
re-arrangement. of the particles as they move relative to each other and to the
radar* producing returns which sometimes reinforce and scmetimes cancel each
other, so giving rise tc what is called "inccherent scattering'. It takes time
for an arrangement of drops to change and it is found that the power of one
returned pulse correlates well with the next, but less well with the next-but-

~ fov A (g0 rmm —
cne, and so on until, after intervals of the order of 5 to 20 msA the intensity
of the returns are independent of each other. Because of this fluctuating nature
of the returns from an assembly of raindrops, it is necessary to consider the
average power received over several pulses §r a5 being representative of the
back-scattering cepabilities of the target, rather than that returned by any one

pulse.



To determine the average power received from an assembly of
raindrops eq;ﬁﬂ»+{9}has to be modified te allow for the fact that there are
many scatterasof different sizes, Al¢o the rainstorm may not entirely fill
the beam and that even when it does, de~se the beam is not uniform in inten-
sity so that the efficiency of the aerisl for both transmitting and receiving
is not equal for all the scatterasin ahy pulse volume. Tt 1s also necessary
tc consider the attenuation of the beam as it passes through storms and clouds
closer to the radar. When all these factors are taken into account the basic

radar equation giving the average power received from precipitation targets

- _ tAeh ,’ o FKZCT" _ _1&'0:;,)@
Pr 877 lr l_32 1nz vol = £

becomes : -

Where h is the pulsé;ength, K is an attenuation factor, F is the
fraction of the beam filled by the assembly of scattering particles and
o~ . L
%gi— " meems Fhesum of the back-scattering cross-sections of all the parti-

cles in unit volume.aﬂg is known as the "reflectivity" and is represented by
the symbol 1?
fo-4(w)

Prior to 1962, eqn(10v6)was used without the factor
in square brackets and in that form it overestimated the average returned
rower by a factor of between 2 and 5 when compared with that found experi-
mentally. In a more rigorous derivation Proberb-Jones {1962) showed that the
earlier equation was in error in two ways; it overestimated the cone of
received power by a factor 2ln2 = 1.386, and it overestimated the effective-
ness of the asriasl by a factor 15/1F °a 1.62., These correcting factors are
included in the square bracket and have the effect of reducing the average

returned power by a factor of 0.4L5,

If the scattering particles are spherlcal raindrops their back-

scattering cross sec?1§n5 0 are given by eqn(10 2)Whlch can be used to

replace 0 in eqn(10«6

is no attenuation,then F = K = 1 .A{ter making these substitutions and
wq
combining all the constants eqn(lﬂfﬁ)can be written as

Ehrthermore, 1f the storm fills the beam and there

jo.¢{5)
- L P 2 oy - (18.7)

PI" - S'OJ kl\l T—g




wvhere :E;£6 means the sum of the sixth power of the diameter of every
drop in unit volume. It will be noticed that the power received by =
given radar from an extended target of many scatte;i%varies inversely

es the ﬁﬁﬁare of the range r whereas, for the case of discrete targets
(eqn(10;qp it varies inversely as the fourth power of the range. It
will also be noted that if other factors remain constant the returned
power is inversely proporticnal to the fourth power of the wavelength
i.e. the smaller the wavelength the greater the power returned. However,
in practice, the increased attenuﬁticn at smaller wavelengths makeg it
desireble to use a wavelength of 100 mm or more in the tropics, for most

meteorclogical purposes. If values appropriate to the Plessey 438 are

0.3 (5}
substituted for the symbols in eqnglﬂfﬁfwe find that
_ b fo.4 (¢)
P = 7.77,(1013.--———% - (10487

r

and if the minimum detectable signal is taken as 6 x lO*th then the

maximum range at which a rainstorm will be detected will be
. - to.q (1)
T = 36,10 = DN - (19.9)
' 10.4(7).

A rainstorm, meeting the conditions under which egn (1Qs9was derived,
and having only 4 drops, of diameter 1 mm, in each cubic metre would be

detectable out to a distance of about T2 km.
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10.4.3 Detection of clouds

The diameters of the drops comprising water clouds cover a wide
spectrum from about 5 to 200 um and their concentrations in any given cloud
vary with its type and location. The average concentration of drops ih normal
tropical maritime cumulus is about 75 x 106/m3 with a maximum of about
500 x 106/m3. Such clouds contain drops ratiging 1n diameter from about 5
to 30 Um with those of about 25 km being most frequent, The number of drops
larger than 25U m decreases rapidly with increasing size. If we assuﬁe a
cloud in which all the drops have diameters of 25 wm with a concentration of
100 x 106 per cubic metre (more than average) then such a cleud would have a
high water content cf 0.8 g/m3 and would back scatter much more strongly than
an average tropical cumulus. Hevertheless, if these extreme values for
cumulus drop-size and concentrations are substituted in eqn kiaig%)it will
be found that the cloud would not be detectable beyond 6 km. In nature,
cloud drop-size distributions are such that normal meteorological radars
detect only those clouds which contain droplets large enough to fall as
precipitation. Ice scatters only one-fifth as well as water so that normal
cirrus clouds are usually undetected at all ranges. However, in some
circumstances, cirrus ice crystals can be large enough to yield a detectable
signal on normal meteorclogical radars. Radars operating on shorter
wavelengths of about 10 mm will readily detect non-precipitating cloud
droplets and cirrus ice crystals and can be used to determine the vertical

extent of such clouds.
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10.4.4 Detecticn of rainfall

We have noted that a typical meteorological radar could
detect a hypothetical cloud at a range of 70 km if it contained four
1 mm raindrops in each cubic metre. The fall speed of drops of i mm
diameter is about 4 m/s so that the cloud would yield a rate of rainfall
of about 0.03 mm/h. This immediately suggests the possibility that radar
could measure rainfall over large areas. For many purposes this would be
much more useful than the information obtained from standard gauges which
sample very small areas of the order lO_Bkmz. Unfortunately, there are
many complicating facteors, the most severe being that there is no unique
relationship between reflectively and rate of rainfall, the latter depends
on the volume of the drops {proportional to DB) and thelr rate of fall
) {proportional to D%) but the returned power is proportional
to the sixth power of the drop diameters (D6). Large drops therefore
make a greater contribution to reflectivity than to rainfall. For example,
the power returned by the four 1 mm drops in each cubilc metre of our hypo-
thetical cloud would be equal to that returned by 256 drops of half the
diameter in the same volume. The water content In the latter case is eight
times the former but the rainfall rate 1is only four times as great because
the small drops fall more slowly than the larger omes. This example
shows that the two rain clouds returning equal power to the radar could
yield rainfall rates differing by a factor of four. Although there is no
unique drop-size distribution for a given rate-of-rainfall, rain clouds
of the same type at the same stage of development and in the same environmental
conditions do tend to produce raindrops in a similar spectrum of sizes.
Empirical relationships between rainfall and reflectivity under given
conditions can therefore be developed. These relationships enable worthwhile
measurements to be made in certain cases and so we will discuss the
principles, limitations and some applications of the techmique to tropical

cyclone rainfall,

An extended asséﬁbly of raindrops returns an amount of power
proportional to the sum of the many products NDG where N is %23 number of
I
raindrops of diameter D in unit veclume as given 1n eqn (EQ#B}- This sum

is called the "reflectivity factor' and is denoted by the letter Z, so that

6 to.ua(i)
Z =3 WD - (10.40)



fo.tp (L)
and eqn (10.8) can be written as:- )
_ ; o i ().
Pr =C 2 ) - (M
r

where C is specific to a particular radar and can be determined. It

sﬁould be noted that the reflectivity factor Z, differs from the reflectivity
17 (sect 10.4.2) because the latter varies with wavelength (eqn {3i5§1£hereas
7 is dependent only on the distribution of drop sizes. When raindrop dia-
meters are expressed in mm and their concentration is given as the number
per m3 then the units of Z are mm6/m3. However,it is sometimes useful to
express Z relative to Z0 = ] mm6/m3, the ratio being expressed in decibels
(see footnote p.8) such that dBZ = 10 loglo(Z/l). In this way a reflecti-

vity factor of 105mm6/m3 can also be expressed as 50 dBZ ,

0. (8

If the conditions used to determine eqn (10.1%) are fulfilied
then, the reflectivity factor Z of a raincloud can be determined by
measuring the average power received Erand the distance to the storm r.
The distance i1s shown directly on the PPI: P is more difficult to
measure with precisiecn. In routine operations pr is often determined
by observing by how much it exceeds the krown minimum detectable signal
for the radar, pmin' One method of doing this is to progressively
attenuate the received signal with an adjustable, calibrated comtrol to
the point at which the storm ceases to be detectable on a correctly
adjusted PPI screen., The attenuation required can be expressed as a direct
ratlo Er to Pq, O More usually, in decibels. This method may lead to
significant overestimates of the true average power, especially at short
range, and more sophisticated signal averaging methods are used when

greater accuracy is required,

Most radar recelivers can be set 36 that received signals are
amplified by an amount which increases as the square of the range.
Storms with equal reflectivity factor then appear equally bright on the
PPT at all ranges and disappear at equal settings of attenuation. This
facility, known as "swept gain"+ enables the reflectivity of storms
above a certain intensity to be compared directly without the need to
make adjustments for their Fange; its application is usually restricted

to ranges within about 200 km, If the minimum detectable reflectivity

+ This is called "sensitivity-time control” or STC in American usage.



factor for a target in this range 1s Z adin and if the reflectivity

of a particular target is x dB greater than Z min, then the reflectivity
of this target express?g‘aébgﬁz is equal to x 4+ 10 log10 zmin‘ For the
Plessey 435 radar,eqn (10v9) indicates that Z . at the full swept gain
range of 200 km is 30.86 mmP/m3. The express?éﬁ 10 10glozmin is in this
case equal to 15 so the reflectivity of a target in dBZ will be obtained

by adding 15 to the attenuation required to extinguish the return.

Having determined the reflectivity factor Z for an area of
railn the corresponding rate of rainfall R can only be obtained if the

appropriate relationship between Z or dBZ and R is known.



10.4.5 Z - R relationships

In z short and classic paper, Marshall and Palmer (1848)
presented the average distribution of raindrop sizes in rain of different
intensities. The measurements were made at Ottawa in rain formed from
snow flakes in stratiform clouds. As shown in Fig. 10.4 (1)(a) the drop
sizes are distributed in an approximately exponential form such that
there are more small drops in unit volume than large ones and the numbers
of both increase with rainfall intensity. Drop-size spectra are highly
variable in space and time and individual samples vary considerably from
the idealised exponential form (the straight lines in Fig. 10.4(1)(a)}.
However, averages of a large number of samples from many areas and storm
types have been found to fit fairly well the Marshall and Palmer (M-P)

distribution represented by the formula:

ND = NO exp(-¢, D) (10.4(10))

where D is the drop diameter, ND dD is the number of drops between D and
D + dD per unit volume of space and NO is the value of ND for D = 0. For
any intensity of rainfall the equation can be written as:

N 8000 exp(- < D) n > o (10.4(11))

D
where o = 4.1r° 021 . (10.4(12))

and D is expressed in mm, N_ in drops per m3 per mm and R is the short-

period rainfall in mm/h. Sugstituting these values in eqn (10.4{8)) -~ which
gives the reflectivity factor Z in terms of drop-size spectra - and
integrating over all drop sizes from zero to infinity yields the relation
Z= 296R1'47. Although in nature drop sizes seldom exceed 6 mm and

eqn (10.4(10)) overestimates the number of drops with D less than 1.5 mm
and although the basic data refer to rain formed by the ice process

{sect 3.6.1) nevertheless, this relation between Z and R is close to those
obtained in a number of experiments in the humid tropics as shown in

Table 10G.4(1), Marshall and Palmer also calculated Z and R from actual drop
sizes and this data fitted the regression line Z = 220R1'6

Z= 200R1'6 - (10.4(13))

later revised to

which has come to be used not only as the standard relationship for rain
from stratiform cloud but also as a formula for general application when

wmore specific relationships are not known,
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Following Marshall and Palmer very many experiments have
been made to determine the constants a and b in the general equation

Z = ar® Qg+t fo.4 (3
Oy )

and widely different wvalues for the constants have been found., These
experiments used a variety of methods to determine K and Z and they were
carried out on rain from differentc types of cloud in different stages
of development and in different geographical regions and environments.
Atlas (1964), Mason (1971) and Battan (1973} have provided excellent
summaries and assessments of the findings of these experiments which
indicate that drop-size spectra vary greatly in space and time and with
storm type. Stout and Mueller (1968) show that differences in excess
of 500% in rainfall rate for given reflectivity can occur. These
differences are primarily associated with differences in geographic region
but smaller variations of the order of 150% can be éttributed to different
types of rain or synoptic conditions. The data now avallable show that it
i3 no longer appropriate to use eqn(}acqu) for all rainfall but that other
values of a and b should be chosen to better match the storm type and
geographical region. Some values of the constants found at statiens in
the humid tropics and in the hurricane and typhoon areas are shown in
Table 10. pr(t),

o4 (2)

In Fig. 10.% a rain parameter diagram is shown Lo 1llusirate
the dependence of the relation between Z and R on some physical character-
istics of rain clouds. The diagram is not of universal application because
it is based on two assumptions. However the assumptions are realistic

- g0 that the diagram shows typical magnitudes for the variables and gives
an insight to the physical processes involved. For example, warm oreigenic
rain (line b) comprised mostly of small drops (indicated by small value
of DD, the diameter of the drops with medien volume)} which fall with low
velocity, need to be present 1n greater concentrations (as indicated by
the liquid water content W) and yield a smaller reflectivity factor than

do the larger drops in a shower (line ¢) which produces the same rate of

rainfall. . [y
0. &

If a Z - R relationship of the form of eqn (10347 is kﬁfﬁgfq)
to be valid in given circumstances then it can be combined with eqn (#8=31)
to yield

P,-ca ® (1057 10.4013)
r

This equation which relates the averape power ﬁr returned by raindrops at
distance r Lo the rate of rainfall R, is the basis of the method normally

used to measure rainfall by radar,
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Fig. 10.54[1)A,rain parameter diagram based on the two assumptions that
the total mass W of raindrops in unit volume falls with the
velocity of the median volume drops (of diameter D ) and that
a statistic of the size of the spectrum of drop diameters has
a commonly found value of 1.5. The diagram is valid for normal
surface pressure and temperature. Some experimentally derived
relations between R and W are shown. (After Atlas and Chmela
1957).
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Table 10. %

Radar reflectivity / rainfall rate relacienshipy from

drop-aize spectra mande &t troplcal locakions and in
tropical cyclones

Invearipatora

2 = an Romerkn
a b
NON TRGPICAL CYCLONE
Crovud shieyvations
Dietr (1966} 278 1.3 Entebba, Uganda
240 1.00 lwive, Cengo
Mueller and Sims 311 1.44 Indonegia
{1966a,b) 186 1.43 Florida
221 1,22 Marshall Islands, Irpszing
level approx. 5100=
dtout and Muuller %4 1.35 Easterly wave Florlds
(1968} 194 1. 38 Epsterly wave Harshall Iplands
194 1,38 Intertyopical €.2, Mardhall Islanda
Voodley {1978) 309 1.40 ¥noem as the Miami Z-R ralacionship,
average for troplcoal systems includ-
ing thunderstorms,
Austin et al 230 1.3% Combination of ship and afreraft
{197&) data from the trepical Aclantic
{GATE arca),
Alrcenit ohsurvarions
Cunning (1976) 63 1.4l Measured juse below cloyd base in
Flerida cumules,
Lunning & Sax im0 1,52 Measured ot cloud baoe level (100=

(197N

1200m) im all rain ayer phe tropleal
Atlantic {LATE area),
Maximum R = 50 wm/h,

Investigacors Z= ua? Remarks
a b
TROPICAL CYCLONE
Cround obseyvations
¥Keanler and Atlag 196 1.47 Hurricane Edna 1934
{1956) Hoxivum R = 7& mm/h
Wilson and Folloek 330 1,35 Hutricane Agnss 1972 near Lake
{1974) Onterio and with a2 freexing lovel
between ¥ 200w and 4 000 ®.
Rong Xong (1978} 26 2.09 Several tvopiecal cyclonea(See Flg.l10.
Maximum R = 282 mm/h
Teme River From radarfraingage readings in Tone
Ty Japan {(1973) river bagin {n typhoona Mary and Polly
1974,
100 1.1 Far th < 25 mafh
8 Lo For th = 2% w/th
Maximum & {over Lh) = 4% ma/h
Alrcrafr observarions
Scotr and Doasatt won .24 Tn tropical sterm Felice 1979,
{1922} 260 1,35 In hurricane Debbie 1389,
Jorgenaen (1917 In the ey wall and juac below
cloud base in hurricanesi-
{Personal communication) g0 1.61 1) Ellen 1571, 1000 %n o
ENE of Germuda (oheur J157H)
Max, &t = 70 am'h,
420 1,10 7} Elctae 1975 inm the Gull of

Mex{eo. Max. R » 40 m/h.



L%}

10.4.6 Z-R relationships in typhoons

Information on Z-R relationships in tropicalcyclones would
not only be of scientific interest but would also be of great practical
importance in improving radar-rainfall estimates used for the preparation
of flood and landslide warnings. However, such observations as are available
in this field are disparate {see Tabiz;*fgLQ}_and there are phenomena awaiting
explanation. For example, it is my experience that heavy typhoon rainfall
over Hong Kong is considerably underestimated by the use of a 100 mm radar
and the Z = 200R1'6 relationship (Bell 1969). Stout and Mueller (1963)
reported a similar underestimate of hurric?§ﬁ+¥%$nfall and, incidentally,
in rainfall in the Marshall Islands (Table 18<3). Lewis et al (197%) found
that rainfall over the Florida panhandle in hurricane Elcise 1975, as
determined by a 100 mm radar and the equation Z = 300Rl'24, was in close
agreement with the readings at raingauge stations for light to moderate
rain, However, at stations where rain amounts of 30 mm or more per hour
were recorded the radar estimates were substantially lower. A number of
Japanese scientists have also reported that radar underestimates the enhanced
typhoon rainfall which occurs in the vicinity of mountains in Japan. Their
results are discussed in sect 6. . The balance of available evidence
therefore seems to indicate that the equation Z = ZOORl'6 underestimates
the heavy rainfall in tropical cyclones over both flat and mountainous

terrain.

The great varlation in the values of the constants a and b in
tropical cyclone rainfall arise because the basic observations have been
made in a variety of ways and in a varlety of conditions. Those in
hurricane Agnes 1972 were made far from the coast, after the storm had lost
its tropical characteristics; others have been made in storms with and
without oreigenic effects, the importance of which were stressed In sect 6.
Some measurements have beeﬂM;h?hature hurricanes over warm water and
others in weakening storms over cooler seas. In addition, while most
relationships have been derived from drop-size spectra measured from
aircraft at varying heights.above the ground others have been measured at
ground level and yet others have been derived from radar measurements of
Z and rain-gaugereadings. In addition, problems associated with sampling
are involved when comparing Z-R relationships derived from drop-size

gspectra and radar. The former relate to volumes of the order of 1 m3



and sampling time of a few seconds while the radar samples are of average

conditions in volumes typically of a few cubic kil fmetres and over perieds
I{ is nel qemanatly Asalize

which vary from minutes to hours., the period and method used to determine

time averages greatly influence the values found for a and b(sect 10.4.8).

The first simultanecus observations of drop sizes, rates of
rainfall and radar returns in a tropical cyclone were made by Kessler and
Atlas (1956) 1in hurricane Edna 1954. Drop-size spectra in rates of
rainfall up te 74 mm/h were observed and found to roughly approximate the
M -~ P distribution of eqn (Tbﬁ&??i The smallest and largest ( ﬁ? 2 mm) drops
were more abundant, and those between 0.5 and 1.5 mm were less abundant
than in an M — P distribution. Over the range of rates of rainfall observed

{approximately 1 — 100 mm/h) the re%atlons Z= 200Rl'6 and 7 = 296Rl 47

were close to one another (Fig. széﬂ and the rainfall rate deduced from
the latter relationshilp was in all cases within a factor of 2 ¢f the true
rate, The median volume drop size diameter D and the liquid water content
W ranged up to 2.6 mm and 3.17 g/m respectlvely. The maximum drop size

observed was 4.3 mm,

In hurricane Agnes 1972 Wilson and Pollock (1974) found that
the average relationship Z = 350Rl'35 was falrly constant during the
storm. However, at that time Agnes was near Lake Ontario and had been
inland for several days, the freezing level was down in the range 3 200m

to 4000m, and the storm would have lost many of its tropical characteristics.

Measurements made in typhoons Mary and Polly 1974 with the Tone
river radar pluviometer (see sect 10.4.7) indicated that different equations
were necessary to estimate separately the light and heavy rainfall. This is
in accordance with the findings of Lewis et al (1976) in hurricane Eloise.
For rain yielding more than 25 mm in one hour the Japanese results were
best fitted by the equation Z = 6R2'0. Table lO.éi%hows rainfall rates
corresponding to some reflectivity factors and selected Z-R relationships,
At low reflectlivities rainfall estimates from the appropriate equations
are not greatly different. _ For high reflectivity factors the widely used
equation Z = 200Rl'6 yields the lowest rainfall rates. Table lO.éﬁ?Ld
the foregoing discussion suggest that at high rates of rainfall there may
be proporticnately less large drops in tropical cyclone rain than in a
M - P distribution,
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Table 10.4;\ Radar reflectivity factor % and equivalent rainfall
rate R for different Z-R relationships

z
mmS/m3 aBZ 6R° 20&? 20021'5 1?031‘52 50031‘4 2211 * 92 23DR1‘25
R mm/h

106 60 408 224 205 302 328 588 814

1.16x10° 55 | 229 126 00 142 144 246 324
107 50 129 71 49 66 6% 103 129
10t 40 41 29 42 15 12 18 20
107 30 13 7 2.7 3.2 2.4 3.1 3.2
104 20 4.1 5.2 0.6 0.7 0.5 0.5 0.5
10 10 1.3 0.7 0.15 0.16 0.09 0.10 0.00

1 0 0.4 0.2 0.04 0.03 0.02 0.02 0.01

1071 o G.4 — DRIZZILE




Two main types of rainfall can be identified in tropical cyclones
namely, light to moderate, steady, background rain formed in high and

medium level clouds and amounting to 25 mm or less in one hour and, the

6. Q.Lr..d,_, {

heavier rzin associated with strong convection in the eye wall anq_
spiral ralnbands and which can yield 100 mm or more in ome hgﬁ;:ﬁ‘ahe
former originates just below the OOC level (about 5 km} from melting
snow with drop sizes appropriate to a M-P distribution. The heavier
rain is formed, in varying degrees, by the warm coalescence process In
strong convection. A bright melting band may or may not be present
according as to whether the upcurrents near the 0°C level are less or
greater than 1 m/s., As rain from elther process falls, the drop-size
distribution will change according to the depth, water content and updrafts
in the lower clouds and the presence or absence of oreigenic cloud and

rain., The processes involved in changing the spectra will include

(a) coalescence of raindrops of different sizes (b) the growth of raindrops
by accretion with cloud droplets; (c) the differential rates of evaporation
of drops of different sizes when falling between cloud base and ground

and (d) the disruption of large drops in turbulence and collisions. These
processes have been simulated in mathematical models and in laboratory
experiments but we are not yet in a position te predict ground level spectra

in heavy tropical cyclone rainfall,

Mason and Ramanadham (1954) showed that when a flux of raindrops,
having an initial M-P distribution, falls through 1l km of cloud with
liquid water content of 0.2 g/m3 the rate of rainfall and the number of
larger drops are increased while the smaller drops are depleted. However,
in heavy typhoon rain the fall distance will be several kilometres and
the water content an order of magnitude greater than assumed in the model,
Studies on the collision, coalescence and breakup of large drops at
terminal velocities in wind tunnels by McTaggart-Cowan and List (1975},
Cotton and Gokhale (1967) and others have shown how collisions in heavy
rain lead to the breakup and depletion of large drops. List and
Gillespie (1976) modelled the evolution of raindrop spectra by
collision-induced breakup and concluded that drops with diameters larger
than 2-3 mm, falling in a population of smaller drops typical of natural
rain, break up in 1-5 minutes in rainfalls of 100 mm/h. Large drops
(4-6 mm) should therefore be scarce in steady state warm rain because

they break up in collisions and rarely reach diameters larger than 2,5 mm.



Under such conditions drops could not attain the so-called critical
diameter of 5-6 mm at which they are supposed to break up because of
aérodynamic instability. In a subsequent discussion with Willis and
Merceret (1977),.List and Gillesple conclude that drops in the size range
0.5 to 1.0 mm may control the speed of the breakup process and, further,
that 1) sufficiently homogeneous warm rain gemerally consists of relatively
small drops and 2) the occurrence of large drops in the range 4-6 mm points
to their origin from the cold rain proceas. Small drops are formed by

hoth processes. ‘Takahashi (1978) used a warm cloud model to show that

the inclusion of drop breakup by collision sharply decreased the large
raindrop size range and produced a secondary maximum cof drop concentration
in the normal raindrop size. This peak is consistent with that found in
nakbural warm c¢loud rainfall and is larger than that derived by similar
models which do not include the collision breakup process. Finally,
Kessler and Atlas (1956) suggested that intense low~level, mechanical
turbulence in tropical cyclones may breakup bigger dreps before they

reach Lthe critical 5-6 mm size., These processes which deplete the

larger drops by breakup processes reduce the reflectivity factor Z

corresponding to given rainfall rates,



Observations of drop-size spectra at ground lewvel in heavy

(>80 mu/h) tropical cyclene rainfall are not yet available in sufficient
guantity to reliably resolve these issues. Merceret (1974a) analysed
drop sizes cbserved from aircraft flying at 1500m, where the temperature
was about 170C, in hurricane Ginger 1971. He found them to be surprisingly
well represented by eqnﬁc-quﬂ) both in rainbands and in the eye wall but,
as found alsc by Kessler and Atlas (1956), there were somewhat fewer drops
ﬂfmﬂ%%@ﬁ}erg less than 1 mm than are indicated by the formula. Figure

W 4tY shows a typical spectrum from these flights. The volume mean
diameter of the droplets was of the order 1 mm with the volume median
dizmeter D0 being about 1.5 mm. Merceret (1974b) also examined the
distributions of rainfall in hurricane Felice 1970 as observed by alrcraft
flying in cloud at 4 000m, and 150 m below cloud base at 450 m. Of the
high level samples, 92% had correlation coefficients of 0.9 or more with
the classical exponential distribution., Below cloud, only 50% showed
such a good correlatioen. The mean-volume droplet diameter in cloud was
1.03 mm whilst that below cleoud was 1.45 mm. The liquid water content
remained near constant at 0.935 g/m3 in cloud and 0.930 g/m3 below. His
results indicate that while the distribution of drops in cloud ac 4000 m
in Felice well approximated a M-P distribution, considerable changes in
Lhe spectra took place during the fall in cloud and below cloud base in
the manner predicted by Mason and Ramanadham {1954). Willis and
Merceret (1977) report that in tropical storm Felice there were
substantial numbers of drops »3 mm in diameter at levels from below the
500 m cloud base to near the OOC level at 4.5 km. In the spectra from
which Fig.fzégjuﬁias been derived many contained significant numbers

of drops » 2.5 mm in diameter, Willis and Merceret {(1977) consider that

Ay

Fig, lor== suggests that there are two groupings of spectra which might
reflect whether active convective updrafts were invelved in the rain
formation or whether the drops grew largely under the influence of gentle

or no updraft,

More experimental work is required belore we can decide in
which circumstances to use which particular Z-R relationship to estimate
typhoon rainfall. However, in many regions, it is of great practical
importance that heavy typhoon rains are not underestimated. Therefore,
vhen strong radar echoes are observed in typhoons it would seem prudent
eicther to use one of the equations appropriate to stromg convective
conditions e.g. the Miami Z = _'iD{}Rl'4 or the Marshall Islands Z = 221Rl'32 -
or to determine an appropriate relationship, in real time, as is described

in sect 10.4.8,
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10.4.7 Iso-echo contours
Atlas (1947) was the first to show

that circuits can be added to a radar receiver so that echoes having
intensities within certain limits show on a PPI display at one level of
brightness. Several such intensity ranges can be selected and each made
to correspond to a different shade on the display. In this way a contour
effect can be produced in rain clouds such that edges of the shaded
regions correspond to lines known as "isoc-echo contours" which correspond
to some pre-set intensity. If the Z-R relationship is uniform through-
out the storm then these lines correspond to 'isohyets' showing the
distribution of rainfall intensity.

re-ir(g)(ﬂ?

In Fig. 18..&{a) typhoon Dot 1973 is shown centred inland ov?g () ()
South China about 65 km northeast of the Hong Kong radar. In Fig. 18.8-(h)
the same typhoon is shown using iso-echo cireuity. In this particular
case the intensity ranges were chosen on the assumption that Z = 2OOR}'6
Rainfall rates below about 1 mm/h appear black, the second brightest
shade corresponds Lo a rate of rainfall of between 1 and 12.5 mm/h, the
brightest shade to 12.5 to 25 mm/h and the third brightest shade to rates
between 25 to 100 mm/h. Rainfall rates greater than about 100mm/h appear
black again. It is, of course, the intensity of the returned echo which
determines the shade. The exact rates of rainfall associated with the
contours are unknown unless calibrated against rain-gauges or disdrecmeters.
Note that even the conservative rainfall rates, which derive from the use

of Z2 = 200R 1.6

still yield black areas (R "> 100 mm/h} in most rainbands.
In this figure the ground echoes have an intensity which is

greater than that which corresponds to a rainfall rate of 100 mm/h.

They therefore appear black on the PPI as do the returns from light rain

with an intensity of less than 1 mm/h. The second brightest shade

(1 to 12.5 mm/h) should appear on the outside edge of the brightest

echoes but it is not clearly seen because strong convective showers

have sharp edges with steep gradients of rainfall rate, The third

brightest shade (25 to 100 inm/h) can be seen next to the black core

(greater than 100 mm/h) of the large rainband about 40 n miles (74 km)

southwest of the radar. When the centre of typhoon Dot, with a

minimum pressure of 975 mh, crossed the Royal Observatory the peak rate

of rainfall recorded on the Jardi gauge was 218 mm/h (about a 15 s mean)

in the northwest part of the eye wall, On the sputhwest side of the eye,

fo 4w (3)Ch)
about one hour before the photograph in Fig, 1 } was taken, the
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Fig. 10>8-{w) Typhoon Dot Aat 2340 GMT on July 16th 1973 centred inland
about 35 n miles (65 km) northeast of Hong Kong. (b) The same as (a) but
with the iso-echo facility switched in. See the text for details. Range
rings are at intervals of LO n miles (74 knm).



Jardi gauge at the radar station recorded a peak reading of 170 mm/h.

Several advantages arise from the occasional use of igo-echo
displays when tracking tropical cyclene. Tt gives an immediate indication
of areas having high rates of rainfall, it facilitates the identification
of rainbands ( and assdoiated squalls) embedded in light general rain and,
if the higher intensity returns are made to correspond to zero
brightness (black) then it m1n1m1?e§ %round clutter ~ and, unfortunately,
any rain returns in the same are%;, These advantages often enable the
centre of a cyclone to be more readily identified as illustrated in

fo o (8.
Fig, I5+8-—{ni—and<{b)



10.4.8 Measurement of rainfall over an area

The simple methods of measuring Z by radar, described in
sect 10.4.4 and 10.4.7, canbe used with a recommended convective Z-R
equation to identify areas of heavy rainfall in typhoons with an
accuracy quite adequate for the purposes of preparing warnings of flash
floods and landslides. However, for reservoir control, river control,
the warning of floods from river basins and other important hydrelegical
uses Invelving time and area integration of rainfall, more sophisticated
techniques are required. It is fortunate that, although there are many
sources of error affecting radar estimates of the rainfall at a point
on the ground, the accuracy of the measurements increases when they are

averaged over extended areas of space and longer periods of time.

The main problems and developments in this field, and their relevance

to typhoon conditions will be discussed in this section,

The errors inherent in the measurement of rainfall by radar
can be large and are due to meteorological and radar-propagation effects
and to instrumental errors of measurement. Furthermore, there are
difficulties associated with the processing and validation of the observ-
ations. The instrumental errors arise primarily from the difficulty of
maintaining the stability of calibration of the transmitter power and of
the sensitivity of the receiver, It is now generally considered that good
practice can keep this error to within + 3dB - corresponding to + 33% and
-25% in rainfall rates. However, i1t is known that sufficiently careful
maintenance is often lacking so that many radars operate {0 ¢ we? dB below

specification and some are never calibrated (sect 10.5.4).

Tn addition to errors caused by maintenance
deficiencies there are inaccuracies in measuring the average received power

by most commonly used techniques.



Power from the main beam and from the side lobes 1s usually
returned to the radar from the ground in varying degrees. The amount
returned depends on the nature and topography of the terrain and its
moisture content, the weather, atmospheric propagation conditions and
on the bearing and elevation of the aerial. It is not unusual for the
power returned from the ground within 30 km of a radar to vary by
5dB (more than 3 times) between one fine day and agnother (Tone River

Office 1975).

Rain lying between a storm under examination and the radar
will attenuate the radar beam during both its outward and return
journey, This will result in a decrease in power received and lead
to an underestimate of 2Z, It is difficult to accurately compensate
for this effect because it depends on the unknown drop-size spectra
along the path. At wavelengths,shorcer than 100 mm,the effect is
severe and iéléiépEﬁéﬁt by the two-way losses caused by water on the
radome. If longer wavelengths are used to alleviate this problem -
as is essential in typheon conditions - it is necessary to use larger
aerials to keep the beam width s small as possible to minimize

unwanted ground returns and increase the likelihoeod of a storm filling

the beam.

There are many meteorological effects which give rise to
errors in rainfall wmeasurements, The problem of dgtermining the
appropriate Z~R relationship 1s one and Table lO.;;nggests that this
can be a prime source of error im tropical cyclone conditions, Several
drop-size spectra can coexist within the volume of a storm sampled by
a radar beam. Large errors in the measurement of Z arise if the
rainstorm does not entirely £ill the beam or if there are strong
gradients of Z within the sampled volume. The presence of a melting band
in the sampled volume may also give rise to errors. If updrafts are
strong, raindrops im storms observed on the radar PPI may not be falling:
they can remain suspended in the air for some time and be carried some
kilometres away. Raindrops may continue to grow iu their fall below
the radar beam, especially when this is high above the ground as is
the case with distant storms. When falling through clear air drops may

evaporate between cloud base and ground. Size sorting of the drops can



occur in wind shear. Vertical air currents cause the radar-derived

value of R to differ from that near the ground where vertical currents

are negligible. Moreover, and especially in high wind conditions,there

can be large displacements between the place where the radar sees rain

and the place where these drops subsequently reach ground. Figure 10.4(6)
illustrates some of these meteorological effects. The assembly of raindrops
associated with the vigorous convective updraft of the extreme right of

{(a) rises rapidly to above the OOC level {b) and then begins to fall.
However, the drops do not reach the ground in (¢) - probably because of
upcurrents or evaporation - and in (d) and (e) it is probable that updrafts
are preventing them from falling at normal velocities. The raindrops fall
slowly from (b) to {e) and finally reach the ground in (f) - some 22 km from
where they originated 70 minutes earlier. The trajectory of the assembly
of raindrops is shown in (e). Suspended rain like that shown in Fig.10.4(6)
is often seen. It may be associated with the cessation of a strong

burst of convection, with the shearing of a tall convective tower or

with rain formation in medium-level clouds.

In storms in the humid tropics 1n general and in tropical
cyclones in particular some of the mEteqrblpgicalfactors adversely
affecting the accuracy of rainfall measurement are minimized. This is
especlally so in measurements of significant rains in excess of 25 mn/h,
The melting band i3 found at a height of 4 km or more and should not
interfere with measurements of Z. In addition the atmosphere between
cloud base and ground maintains a relatively steady temperature and high
humidity and should minimize extreme wvariations in the rate of evaporation;
the power returned to the radar from these tropical storms is large
compared to extranecus returns and theilr size ensures that beam filling
problems are less. Against these advantages must be set the effects of

strong updrafts and displacement of falling rain by strong winds in typhoons.

Since much of the wariability in the Z-R relationship is due to
updrafts, wind sorting, displacement and similar time - or space -
dependent phenomena, the accuracy of rainfall measurements by radar can
be greatly Improved by averaging in space and time. Wilscn and Pollock
(1974) carried out a comprehénsive experiment in rainfall measurement
over several days in the remnants of hurricane Agnes 1972, They used_three
radars with special instrumentation for averaging received signals,
many rain-gauges and a disdrometer to measure raindrop sizes, After

correcting for all known sources of error, the uncertainties resulting



(&)

Fig, 10.3. Frames at approximately 14 min intervals from a 16 mm

time-lapse film of the RHI of the Hong Kong 100 mm radar. Range markers
(vertical) are at intervals of 5 n.mile (9.3 km) and elevaticn markers

every 5 . The horizontal height marker is at 6 km. The level of) the 0°C isother
was near 5 100m. The radar was directed along a bearing of 107" on the

18th July 1969 from about 0358 to 0508 GMI at which time a weak circulat-

ion was centred about 460 km to the southeast.



from meteorological effects were much greater than those in measuring Z,
Rainfall rates indicated by the radars were more highly correlated with
each other than with rain-pauge readings while the Z-R relationship,
determined from the disdrometer records, remained essentially constant

at Z = 350R1'35. The inaccuracies incressed and tended towards greater
underestimates as the height of rhe radar beam above the ground increased;
beyond about 130 km the magnitude of the radar underestimate increased
rapidly. When the radar beam was less than 1.8 km above the ground, 99%
of the hourly radar estimates were withia 30% of the rain-gauge measurements.
This effect places a practical limit on the ramge at which useful radar
rainfall estimates can be made. The results of this:experiment are given
in Tableffggssind show that, although the ratiec of radar to rain-gauge

rainfall varied from 0.4 to 2.9 for averages over 8 to 17 hours the

total storm averages, from both radars were good.

The aeccuracy of rainfall estimates over a catchment not in a
hilly or mountainous arca may be improved by continuously adjusting the
radar estimates of rainfall over one or mere raingauges to agree with the
gauge readings. For this purpose the rain-gauge measuremenlis are
telemetred to the radar station. Calibrating factors obtained by
comparison are then applied to the radar estimates over the catchment as
a whole. A computer is usually used to determine the calibrating factors
~at gauge locations, to make averages over space and time, ;o;Mhum:uléhQQHfdx q}

) ecners Owd N placing i by G sigha(s
permanent echDESbﬁ Nu«muvj i averaggotalwﬁ peripheral rainh , to allow
for the displacements of rain by wind and in some measure, for 100 mm
radars, to correct for attenuation. Some correction can also be made for
ground returns but this is subject to error as already explained. Care
must be taken to ensure that the calibrating rain-gauges are sited so as to
give readings representative of the whole area otherwilse, the non-represent-
ative reading will affect all the other estimates in the catchment. The
accuracy of this method improves with increasing area out te the limits
imposed by beam height.

A sophisticated radar rain-gauge system, sometimes called a
radar pluviometer, was established in 1967 over the Tone river basin by
the Japanese Ministry of Construction {(Tone RKiver Office 1975). The

rainfall measurements were used to assist in the contrel of reservoir
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Table 16+5.

Comparison of the average rainfall over a raingauge

nstwork as determined by two radars and raingauges’

near lLake Ontario in hurricane Agnes 1972
Avernging Hetwork Buffalo Oswego
Date/nour (GMT) Period raingauges  radar radar
: average (A = 105mm) (A = 5Lmm)
h mm mm mn
21 June/00 - 21 June/17 17 .6 Toh (1.6)* 13.5 {2.9)
21 June/18 - 22 June/10 16 15.5 20.1 (1.3} 31.0 {2.0)
22 June/l1l - 22 June/P1 10 17.0 7.6 {0.5) 6.9 {0.4)
22 June/22 - 23 June/05 8 33.3 16.8 (0.5) 17.5 {0.5)
23 June/13 — 2k June/06 17 12.9 18.3 {(1.4) 1.5 (1.1)
21 June/00 - 24 Juns/06 78 - 83.3 71.6 (0.9) 83.1 (1.0)

Radar/raingauge ratios are given in brackets.
(Adapted from Wilson and Pollock (197h))

|



levels during heavy rain, The system is comprised ef 30 rain-gauges
which telemeter their readings to a computer and a 53 mm radar sited

cen a hill top. The radar measures the average power in each of approxim-—
ately 4000 meshes defined by the intersection of circles - 3 km apart

and centred on the radar - and 128 secters of angle 2.810. The meshes
extend out to 102 km and the power received from each is digitised,
totalled and averaged over a 5S5-minute period., The rain-gauges were sited
more than 10 meshes {30 km) away from the radar so that their readings
could be compared with the power returned from the appropriate meshes
without contributions from ground returns. The choice of the 5-minute
averaging pericd was shown to be cruclal for the success of radar methods
of measuring rainfall. This arises because the rate of rainfall R and
the reflectivity factor Z can vary greatly within longer periods, This
fact, and the gg::zzgggzgrelationship between Z and R make the use of
longer period averages in the equation inappropriate. It was shown that
if long period averages of Z and R were used they led to widely varying

values for both a and b.

Initially, the power returned from each mesh was to be
corrected in the computer for ground returns and then converted to Z.
This in turn was converted to R using values of a and b derived from
a best fit to the appropriate control4gauge readings. These values of a
and b were then used to derive the rainfall rate in the other meshes
which, in turn were used to compute corrections for attenuation to be
applied to the rainfall rate in all meshes, The rvesulting rainfall
distribution was then compared with that derived from the 30 rain-gauges.
However, many problems were encountered in practice. The variables of
rainfall rate, power returned, distance and a and b related by equation

ey
)} were found not to be correlated.

The true ground return at any time was unknown and enexgy
scattered in different directions from side lobes by the ground or from
the main beam by hills illuminated vraindrops and sc added to the energy
they returned to the radar. "The correction for attenuation which also
has an expenential form, could at times be grossly in error. The com-
putations would have required a big computer sited alongside the radar

if the results with all their errors, were to be timely,
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The procedure subsequently adopted was to fix the Z-R
relation at Z = 100R1°1 for light rain and Z = 80R* for rainfall greater
than 25 mm/h. These values were found to give best results for use with
S-minute averages in the conditions appropriate to the experiments. In
addition, the power received was reduced by a "geographic correction'' which
was assumed constant for each mesh. It represents the contribution to the
reeeived power from ground returns of various kinds including indirect
returns. The geographic correction was based on'experimental results and
on the nature of the topography. With these adjustments the system was
used to determine rainfall totals at selected rain-gauges during the

P&méssages of typhoons Mary and Polly in 1974. 76% of the hourly totals
were within 20% of the gauge readings and the ratio of all the 3-hour
radar measurements to the corresponding gauge readings were within the
range 0.7 to 1.2. Perfect agreement is not to be expected because of the
difficulty of relating the radar measurements for an area with those of a

‘rain-gauge which refer, effectively, to a peint.,

The attenuation of microwaves of wavelengths near 10 mm is
almost lincarly related to wavelength (Ryde 1947). It is therefore possible
to use such waves to obtain the integrated rainfall rate over & transmission
path. Atlas et al (1977) make proposals for making such measurements and
recommend, inter alia, that an one-way path between transmitter and receiver
is the most suitable for measuring high rates of rainfall because zn out -
and-return radar beam will be totally attcnuated over a path of 30 km
at rainfall rates in excess of about 15 mm/h. The non-sphericity of falling
raindrops and their preferred orientation causes attenuation to be greater
for horizontal polarisation than for vertical polarisation (Oguchi and
Hosoya 1974). Measurements should therefore be taken at both polarisations
to achieve greater accuracy. Indeed ;the conventional methods of making
rainfall measurements by radar, as described earlier, can be improved by
measuring the intensity of rainfall returns using both horizontal and
vertical polarisation. Big drops arc flattened more than small ones so
that the ratio of the two measurements can be used to give some information
on drop size distributions - in"particular Uy, the diameter of the median
volume drop - and corresponding rainfall rates (Seliga and Bringi 1976). Very
few meteorological radars have the facility for changing their peolarisation
setting. The use of polarisation techniques is therefore limited at the

present time but holds promise of being of value in tropical cyclone conditions.
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It is clear that raiﬁfall rates and rainfall tetals in
tropical cyclones can now be measured with an accuracy sufficient to
make them of inestimable value to metcorologists and hydrologists alike.
Notwithstanding the complexity of the subjcct and the many sources of
errors, good radar practice can yield acceptable results out to about
100 km. Depiction of the instantaneous, rclative rainfali distribution
over a river basin, even if the absolute values are in error by a factor
of two or so, is a great advance over the information available from
conventional networks of rain-gauges. For example, it is not unknown
for tropical thunderstorms and tropical cyclone rainbands to cause

fleoding in a basin without any rain-gauge there having recorded rain.



10,5 Radars for Tracking Tropical Cyclones

10.5.1 Specification

To locate and track a tropical cyclone for operational purposes a
radar should be able to show the eye wall of the storm at a range of
300 km or more and he ahlc to continue  operating in the severe
weather conditions which occur when the eye is at close range. A redar
whieh cannot delineate the eye at a range of 300 km will often be unable
to provide information in time to enable adeguate warning to be given,
Lndeed, it is probable that gale force winds will already have occurred
at the radar station ( see Fig. 4, ). Similerly, a radar which
breaks down or has its efficiency impaifed by heavy rain, lightning,
flcoding or gusts of hurricane force, all of which can cccur long before
the passage of the eye of a mature typhoon, will cause the loss of
information which is vital for the tracking of the centre and the pre-

paration of wind, flood and storm-surge warnings.

For the eye of a typhoon to be displayed on radar it 1sg necessary
to detect the rain in the eye wall even if the whole distance between eye
and the radar is filled with heavy rain. This latter criterion implies
that the radar wavelength must be in the 8 or L bands (100 to 230 mm) .
The poor performance of radars operating at shorter wavelengths in heavy

s s s . R 10. 5L T £ la
rain is illustrated by the curves in Fig. lidedf an&:ﬁn:?ﬁﬁa %D.SLQ]If
the wavelength is fixed then eé;i;éiéindicates that the average power of
the returned signal ﬁr will increase as the size of the serial,ihe
transmitted power and the pulse length are increased. The ability of
the radar to detect distant light rain will also be enhanced 1f the
receiver sensitivity is increased so that weaker signals can be detected.
In practice, the choice of radar parameters l1g a compromise between

conflicting factors one of which is cost.

The pulse length must not be so long as to significantly impalr
resolution; for two ohjects to be seen as separatc targets they must be
separated by a distance of a half a pulse length or more. A S5us pulse
has a length of 1.5 km and will resolve targels separated by 750 m; a

lower resolution than this would not be desirable, If a wavelength
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of 230 mm is chosen for the radar then eqnaﬁﬁ) shows that, relative
to a radar working at a wavelength of 100 mm,the power transmitted Py
and/or the effective aerial aperture Ae must be larger to achieve the
same received sgignal P, High-power transmitters and large aerials
are expensive both to purchase and to maintain, Accordingly, a wavelength
of 100 mm is normally preferred to one of 230 mm. Furthermore, the '
performance of the radar at the chosen wavelength and pulse length will
be determined by the receiver sensitivity on the one hand and the aerial
efficiency and transmitted power on the other. It is again less expensive
to build and operate sensitive receivers than to build and operate large
aerials and powerful transmitters. It is therefore usual to use a receiver
which is as sensitive as possible without recourse to sophisticated and
expensive amplifiers which need to be cooled to low temperatures. The
transmitter power and aserial size are then designed to be large enough to
enable extensive storms with rainfall rates of about 1 mm/h to be detected
Cuﬂ?@xg
at maximum range. Mostﬁmeteorological radar receivers use amplifiers
known as "travelling wave tubes" but the more sensitive “parametric"
amplifiers” are now being introduced.
fo.S(1) _

In Fig. l&<3 the PPI presentation of typhoon Iris 1970 by (a).
a 650 kW, 100 mm radar with an aerial aperture of 2.9 rri2 is compared
with that in (b) of a 230 mm radar having more than 3 ?ﬁ§3ﬁazpe power
and an aerial of about 12 times the aperture. From eqn{fOs8Fthe latter
radar should receive approximately 1.2 times the average power received
from the same target by the 100 mm radar. The 230 mm radsr has the
additicnal advantages of being sited 390 m higher and heving a more
sensitive receiver. There is see?bfé%dge a one to one correspondence
of most of the rain echoes in Fig.i\0Alexcept that the higher and more
powerful radar sees slightly more of the rain band which lies along a
bearing of about 2250 at ranges between 100 and 150 n miles and on the
230 mm radar two echoes are visible at 130°, 130 n miles and at 155°,
165 n miles which do not appear on the 100 mm radar digplay. The reasons

for the lack of sea clutter and returne from mountains on the 230 mm

display are discussed in sect 10.8.L.

In corder to get as many pulses back from a target as possible
the pulse reFmJWFTuﬁ frequency (prf) should be as high as is permitted
by the requirement for a pulse to make the journey to maximum range and
back before the next pulse is transmitted. For a range of k50 km, & prf

Pav Segaadt .
of legs than 300 L‘yould allow at least 3.33 ms for the two-way trip.
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Fig. 10.12
G60 mb and
CMT by (a)
radar on a
(a) and 10

Typhoon Iris 1970 with minimum central pressure of
maximun winds of 45 m/s, as seen on 6th October at 0340
a 100 mm 650 kW radar at Hong Kong and (b) a 230 mm?) MW
nearby hill. Range rings are at 40 n mile intervals in
n mile intervals in (b). The radars are sited at 568 n

(a) and 958 m (b) above mean sea level.



In summary, the ideal radar for tracking tropical cyclones will
operate on a wavelength of 100 mm. (polarization is discussed in sect 10.8,1)
and will have a pulse length of 2 to 5 ps preferably with an option to switch
from long (say 4 ps) to short (say 1 ps) when high resolution is required.
Thé receiver will be as sensitive as is practically possible and the peak
transmitted power and aerial size will be large enough to enable the eye of
a mature typhoon to be detected at a range of at least 300 km. Specifications
of some meteorological radars which are used for tracking tropical cyclones
are shown in Table ig;gP2 The characteristics of two radars which operate on
shorter wavelengths are alsce given for comparison, Their value for tracking
typhoons, however, is limited to occasions when there is much less than the
average amount of rain between the radar and the eye wall or when the storm
is weak and contains only light rain. I have observed the complete eye wall
of a tropical storm about 30 km east of Hong Kong, using a 20 kW 32 mm radar
when it could not be seen using an adjacent 650 kW 100 mm set. Similarly, after
seeding the eye wall of hurricane Esther 1961, it could no longer be seen with
100 mm radar but remained visiBle at 30 mm. Simpson et al (1963) attributed
this fact to large drops freezing or being replaced by smaller ones. However,
for detecting the more destructive typhoons at long range, wavelengths of

100 mm or more are necessary.
10.5.2 Siting

Te get the best possible performance from a given radar in the
tropical cyclone detection role it is of prime importance that the radar
should be well sited, preferably close to the coast and on high ground -
ideally a high plateau - so as to get a good "view" of distant rain-bearing
clouds which may be below the radar horizon for sets situated at lower
levels. Apart from its advantages as an observing location, a radar on a
remote mountain site is less likely to have its beam obstructed by future
buildings than at lower levels, However, if the radar is on a tower or
mountain, then unwanted returns will be received from land and sea surface
out to a greater range than for sets at lower altitudes. These unwanted
returns from buildings and hills are known as 'permanent echoes"” and
. when considered along with returns from the sea are known as "clutter",
Towers should be used to give a radar an unobstructed horizon to seaward,
but their value for increasing range is limited and should be weighted
against the increase in clutter which will result. A 30 m tower increases
range by only 20 km (i.e. 113 Nfzzhkm)
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Table ip-6. Characteristics of Some Radar Sets Used for Tracking Tropical Cyclones
vl-

, - MOUHT PLESSEY * RAYTHEON TOSHIBA MITSUBISHI AN/

FUJI _ 438 WSR~57 3173A RC-5- CP5-9

: Transmit-t.ed' Powéz& Pr . X 1,500 650 500 600 300 250

Wzvelength >\ ) _ .mm 100 100 100 100 57 | 32

Aerial Diameter m 5 3.7 ” 3.7 4 s 2.4

Beam Width - | deg 1.5 2.0 1.8 1.9 17 1.0

f’ulse Duration _. ' JAs 4 ' 2 ' | 4 . 2 " 2 3

'P_ulse Rep. Frequenc.y _ - s_l 160 275 I. | 200 226 260 _ 186

CMir. Detéctaﬂle 5ig. (Approx) W 6 x 107 5 x 107 107 1'0-15 1x10° 2« 10"14 2 x 107}
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At Hong Kong, the Royal Observatory's Plessey MSS %ﬂ%;mm radar
is located on = hill top &bt an elevation of 68 m (Fig. 19—&2) and can 5@4)
delineate the des of mature typhoons at the maximum range of 460 km (I‘:Lg,s.lf
andl%ﬁféz "The Japanese Meteorological Agencies' high power Mltsublshl
radar is sited on top of Mount Fuji at an altitude of 3776 m (Fig. }G—&h§
end can see typhoons at a distance of 660 km (Fig.lo.5(0))if the raln—bearlng

(N
clouds in the eye wall extend to a height of 10 km or more as in Fig. LO«%%

When a radar is sited on & hill top it is usual to duplicate
the display in the town or airport forecast office, the necessary information
‘being transmitted over a "microwave link" which usuelly operates on a
wavelength of about 40 mm. During the approach of tropical cyclones it
is desirable to monitor the displays both at the mountain site and in the
forecast centre in case the link should fail. The chosen site should not
be susceptible to flocding or landslides caused by torrential typhoon rains
and it should afford an unobstructed view to the horizon in directions
from which tropical cyclones could spproach. The locations of 49 meteoro-
logical radars which are used %o track typhoons in the Far East are shown

(0,50
in Fig. g together with an indication of their coverage.

10.5.3 Causes of failure

Radars have Tailed at critieal phases during the tracking of
tropical cyclones due to such causes as disruption of the public electricity
supply, damage from high winds to the aerial, its turning gear or exposed
wavejuides, Jemage from lightning or® the penetration of rain water into
the electronic compartments and waveguides. At 60 m/s rain flies as
if discharged from a high pressure hose and it is difficult to stop it
fvow penetrating joints. However, protection from wind and rain cen be
achieved by the use of a sufficiently strong radome. At a wavelength of
100 mm, or more, the loss of signal strength in the two-way transmission
through a well designed dome is small-ebedt 543 vimég‘hthﬁqucceptable.
gsﬁixiy, at shorter wavelengths the attenuation caused by a wet dome is
Asase%e and is yet another rezson for choosing wavelengths of 100 mm or
more. Radomes must be regularly inspected and mainteined because thelr
fitreglass panels deteriorate in the strong ultra-viclet radiation in
tropicel sunlight a;gwggpeated stressing in high winds. The domes should
be designed to withstand extreme winds - with a return period of 10Q years

or more - &t that particular site. The dome at Hong Kong was built
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Fig. 18=3+2. The Plessey 43S 100 wm weather radar of the Royal Observatory,
Hong Kong sited on Tate's Cairn 568 m above sea level. The radar aerial
iz protected by a fibreglass dome. The adjacent Decca Type 4L, 32 mm radar

and the microwave link — on left — can also be seen.

Fig. J:ﬁ'.—l‘;!'_.) Typhoon Elsie, as seen on the PPI of the radar shown in
Fig. 105222t 0045 oMT on 15th Szsptember 1966. The eye is centred

215 n miles (399 ka) on a bearing of 115° from the radar. Three hours
later a reconnaissance aircraft reported the eye diameter to be 17 m
miles (31 km), minimum SLP 943 wb and 700 mb wind 100 knots.



1o.5(s)
Fig. ¥o+li. The meteorclogical observatory and high power weather radar
at an elevation of 3 776m above sea level on Mount Fuji, Japan. The
shadow of this conical mountain can be seen in the top right of the
photograph. (Courtesy"}t‘ne Mainichi Newspaper Tokyo).
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Normal propagation of the radar beam from Mount Fuji

The radar horizon is at 250 km.

(After Kashimoto and Euda
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10-16. The locati
their approximate area of coverage.
does not include radars in Mainland China or in the U.5.5.R.

ons of 49 meteorclogical radars in 1975 and
The list is not exhaustive and
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in 1965 to withstand a 10 second mean wind of 93 m/s (180 knots). 1In
addition, the failure of public electricity supplies during typhoons is
often caused by damage to the supply system resulting from lightning,
wind, flooding or landslides. FEmergency electricity generators should
therefore be provided and should be designed to start automatically when
the public supply fails, An efficient system to protect the dome and

equipment from lightning strikes should also be provided.

If the radar is sited on a tower as is frequently the case then,
of course, the tower must be.strong encugh to withstand extreme wind
forces without vibrating unduly and the foundations must be free from the
risk of undermining by flood water, Fig.;2Q§:£? shows a Raytheon WSR 64 M
radar mounted on a tower at Hua Lien in Taiwan. The radar was damaged on
18th November 1967 following failure of the radome in typhoon Gilda during
which peak gust speeds at the top of the 30 m radar tower reached
approximately 78 m/s (151 knots). This approximation arises because the
pen of the anemometer recorder hit the stops at 70 m/s (136 knots) as shown
in Fig.,%é£%%; The panels of low-pressure, laminated fibreglass of which
the dome was made had been cracked in the previous July during the passage
of typhoon Clara and could not be replaced before the arrival of Gilda.
The winds due to Clara were not measured on site but readings from a nearby
anemometer suggest that they were less than 60 m/s (113 knots). In Gilda
the radome failed and then the radar pedestal was pulled from}é??‘ﬂﬁ)
concrete mounting and blown off the top of the tower. Fig. #8+19 shows
the pattern of discoloration that was left in the concrete after the
pedestal and reinforcing bars had pulled away. The tower vibrated consider-
ably before the radome wag finally 1lifted off its moorings and blown away
with the aerial (Figﬁoig;égﬁ. Wind gusts in typhoon Gilda exceeded those

for which the dome had been designed (Bocks 1967).
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The 30 m tower at Hua Lien on the east coast of Taiwan

with a Raytheon WSR 64 M 100 mm weather radar.

The dome

and radar were blown off the tower in typhoon Gilda 18th

November 1967. (Photo by Bocks 1967)
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Trace from the Hua Lien four cup anemometer which was

mounted at the 30 m level.
stop which corresponds to about 70 m/s.

The pen repeatedly hit the

The propellor

anemometer at 10 m level registered a peak gust speed

of 63.5 m/s.. (Photo by Bocks 1967T)



ig. ¥+*9 Scars on the concrete tower platform at Hua Lien left
when the raised circular concrete radar anchorage tore
away. Note that four of the six re-enforcement hooks
remain in the platform which developed a coloured
pattern. (Photo by Bocks 1967)
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7ig. ¥+—e6— The radar aerial dish after being blown from the top

of the Hua Lien radar tower. ( Photo by Bocks 1967)
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Fig. 4#0721. The Basco Island fibre-glass radar dome and WSR-57M weather

radar after being damaged by typhoon Elsie 1975. (Photograph from PAGASA).

Before it went into full service the weather radar at Basco
Island (20.450N, 121.970E) was severely damaged by the winde in typhoon
Elsie in October 1975 (Fig! ‘f(ii? It is probable that the failure of
the dome was in part due to the trap door (1 m x 0.75 m) in the base of
the dome being left open, ¥his would permit the air pressure inside to
be reduced at times, so increasing the loading on the dome panels already
receiving the full dynamic pressure of the wind externally. A station
3 km away reported a minimum pressure of 945.7 mb and peak gust speeds of
over 60 m/s. Reports from a reconnaissance aircraft near this time indicated
that the central pressure of the typhoon was 913 mb with one wminute mean
winds of about 65 m/s. Radar photographs of typhoon Elsie and its track
are shewn in Figs. 10.7(2), 10.7(3) and 10.7(5).

There are many other cases of typhoons having caused damage to
weather radars, most of which were unprotected by domes. Hiétorically noteworthy
failures were those which occurred to the evposed waveguide On the Virac,
Catanduanes (13.5°N 124.3°E) 100 mm radar during the passage of the
typhoon Joan (900 mb) which struck Manila in October 1970; and the failure
of the aerial turning gear of the Cox's Bazar 100 mm radar
during the passage of the infamous November 1970 cyclone which caused about
200 000 deaths. In the latter case the aerial was protected by a dome and

gear failure occurred when the wind speed at the radar site was about 20 m/s.
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During the appreoach aﬁd passage across Darwin of the
devasting cyclone Tracy on Christmas Day 1974 the Plessey WF44 radar
thére provided excellent surviellance. When the storm was moving away
at 0430 CST (Fig.5. ) the emergency generator suffered a mechanical
breakdown (not cyclone induced) and operation of the radar ceased, The
case 18 of interest because the radar aerial which was mounted on a 10 m
tower was not protected by a dome yet it continued te operate in winds
with peak gust speeds exceeding 60 m/s. BSome damage to the quadrant
gears was experienced but the radar remained serviceable., Nevertheless,
a protective dome is recommended particularly in areas where tropical

cyclone gales are frequent.



10.5.4 Maintenance and calibration

The importance of good maintenance and accurate calibration of
meteorological radars has already been stressed in section 10.4.8 in
connection with the measurement of rainfall rates. Good results in
the typhoon tracking and associated flood forecasting roles are also
critically dependent on good maintenance and calibration. Tang (1976)
calibrated some radars located in those countries which were members of
the WMO/ESCAP Typhoon Committee (sect )} and found that, on
average, the effective range of the tested radars was only one half of
their designed maximum range. Some radars were found to be operating so

that they would have a range of only one third of the designed maximum,

It is not always possible for even an experienced observer to
judge the performance of a radar by inspection of the PPI display alone.
Even if there are permanent echoes.normally visible at ranges of 60 km
or more their reflectivity may change with wetness, the seasons and
propagation conditions. It is therefore necessary to have a strict routine
for preventive maintenance and instrumental calibration if full value is to
be obtained from a radar and if it is to perform adequately in the typhoon

warning role.

Tang (1976) reported that one radar he tested was operating with

" a performance 21.6 dB lower than the designed value. The receiver sensi-

tivity was down by 20.0 dB and the peak power output was down by 1.6 dB.

A storm at 180 km range having a rate of rainfall to 60 mm/h would appear

on such a radar to have a rainfall rate of only 4 mm/h. The effects of a

20.6 dB fall in performance when tracking a mature typhoon near maXimyﬂ_Sflz)

range and a weaker tropical storm ¢loser in, are illustrated in Fig. Mer21=.

The pictures were obtained wusing a Plessey 438 radar which is,more powerful
. . ) 10403y ;o.s(ﬂj

and is sited higher than many others (Table #8a5).” Fig. 18+23a implies that

in many cases a fall in radar performance of about 21 dB would prevent a

typhoon or tropical storm from being detected until it was close to the station.

An example of errors due to inadequate calibration of radar azimuth is

. given in sect 10.7.1 and Fig. 10.7(3)
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Fig. #6=2%a. Tropical storm Doris and typhoon Elsie displayed normally
on the Hong Kong radar (top) and with 20.6 dB attenuation (bottom) at
0915 GMT on 5 October 1976 and 0936 GMT on 13 October 1976 respectively.
Tropical storm Doris passed 150 km to the west of the radar and

typhoon Elsie 50 km to the south and the maximum rainfall rates (15s mean)
recorded near the radar station during the passages were 191 and 150 mm/h
respectively.



Meteorologists in charge of warning centres must maintain
gooq liaison with maintenances staff to ensure that the radar is
available for use in severe weather occasions. Routine maintenance and
calibration should not be undertaken if there exists a potential threat
from a tropical cyclone or if heavy rain is occuring or expected. It is
also necessary to protect maintenance personnel. They should not be
exposed to radar radiation intensities which exceed 100 W/m2 averaged
over any 6-min period. For a 100 mm radar with 2° beanm width and 500 kW
power this level of exposure will occur in the stationary beam at a
distance of about 58 m. Maintenance personnel should be tested for
colour blindness, a condition which occurs in about 8% of European males
(much less in females) but which can be lethal in radar work where cables
are often colour coded. Precautions are also necessary to avoid fires
triggered by radiation or by equipment malfunction. Aoyagi et al (1981)
give a good summary of the precautions which should be taken to ensure
that a radar station and its personnel are able adequately to fulfil their

tropical cyclone warning role.



10.6 Tropical Cyclones as seen by Radar

10.6.1 The model
fo 1($)
10 7¢6)) The banded structure of their rain-bearing clouds (Fig. 18+39 and

¥8-31) is characteristic of all tropical cyclones whilst the presence of

a rain-free eye with a complete or partial eye wall is further characteristic
of those of severe tropical storm and typhoon intensity. Wexler (1947) first
recognised that hurricane rainbands were spiral in shape while Hiser and
Freseman {1956) found them to be well represented by logarithmic or equi-
angular spirals, centred on the eye, and having crossing angles between

the spiral and a concentric circle of 100, 15° or 200; the smaller the
crossing angle, the more nearly circular is the spiral, Other features
sometimes seen on the radar presentation of tropical cyclones are the
“rainshield" and the "precursor band". The former is aregionof general
asceﬁt in which rainbands are embedded in a more q#teysivefgxg%hgf less
intense rain. Such regions can be seen in Figsfoieigﬁ to L9;33c~ The
precursor band is a line of intense echoes found well clear and ahead of

the outer spiral bands. This band does not have the shape of a spiral

and is often missing or transient.

10.6.2 Spiral rainbands

In a mature typhoon, spiral rainbands originate.at the eye wall
and grow at their tailig?i??ter ends as they move away from the storm centre
as illustrated in Fig. l@=22. The bands propagate outward at 5-15 m/s in a
direction perpendicular to their longitudinal axis (Senn and Hiser 1959).
The individual rain cells of which the bands are comprised move in approximately
circular paths around the eye and so cross rainbands from their inner sides
to their outer sides. The speed of individual echoes as they approach a band
is generally greater than when they move away (Staff Members 1969). The bands
are usually oriented between the isobars and the surface wind. New cells form
mainly at the tail or outer ends of the rainbands while old cells dissipate
at the head or inmer end of the bands. In this way the bands tend to remain
in the same sector throughoht their lives as shown in Figf%éigé?' On some
occasions however, when a band comprises some part of the eye wall, convective
cells there do not dissipate but increase in number so that the band grows
by both the head and tail and progreSng‘some distance around the eye as

¢
indicated by the dashed lines in Fig. l@r%%.l The cuter, newer cells are
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Fig. ¥<22. A model of the displacement of rainbands and their cells
velative to the eye of a tropical cyclone (After Tatehira 1961).



strongly convective and present a well-defined discrete shape on the radar
screen whereas, the older cells nearer the centre, of ten appear more
diffuse and continuous as is characteristic of returns from rain which falls
from stratiform cloud (Ligda 1955). However, strongly convective cells

are also found in this inner region and particularly in the eye wall, The
lifetime of the individual cells is relatively short, being on average
about 35 minutes. The lifetime of spiral bands is very variable and can
range from about 20 minutes (Senn and Hiser 1359) to about one day. It
frequently happens that one region of a tropical cyclene is favourable

for the formation of convective bands whilst convection is suppressed in
other areas. Spiral bands then persist for long periods in the active
areas and dissipate rapidly elsewhere. This was first noticed by Malkus

et al (1961).

Having made these introductory generalisations it should be
noted that there is a great variation in the shape and nature of rainbands
as seen from time to time in any one tropical cyclone, or between different
cyclones, The radar photographs in this book bear witness to this fact.
Compare, for example, Fig. 4.3 and Figfoigvé%-which are from the same radar,
Furthermore, most of the:published investigations on the nature and movement
of echoes in tropical cyclones have been made at latitudes north of 25°N, in
typhoons as they approached Japan or in hurricanes as they approached the
U.S.A. Spiral bands in tropical cyclones away from the effects of land and
in low latitudes have not yet been adequately studied. One would expect
changes in the behaviour of the rain cells with changes in cyclone intensity
and environmental conditions but, our knowledge is currently inadequate to
permit a full description of the bands and their cells in terms of the many
environmental factors, With these reservations in mind we will discuss
the limited information on rainbands and their constitutent cells which has
been gleaned in the last two decades and which has fairly general

applicability,

The number and distribution of rainbands and their crossing
angles vary with the intensity of the tropical storm or typhoon. Watanabe
(1964) found that as the intensity of a cyclone increased so did its rainfall
and the number of spiral bands while their c¢rossing angle markedly decreased
giving the typhoon a more circular form as shown in Fig.fgééﬁi) He
attributed the changes to the reduction in directional shear of the wind

in the vertical as the storm intensified and the cyclonic vortex reached
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Fig. }G--EB’] Typical rain patterns and associated wind and pressure
fields at TOD and 250 mb in typhoons of low, medium and
high intensity (reading from left to right) illustrated
by actual conditions in typhoon Vera 1962, Thelma 1962 and
Nancy 1961, respectively. (After Watanabe 1964)



to great heights. In deep typhoons, with central minimum pressure below
about 950 mb, the inner spiral bands have such small crossing angles that
they frequently become circular and form a second ”é;e wall" such

191 (%) 1016
concentrlc bands are shown in Figs. and =31

Spiral bands in the outer regions of tropical cyclones frequently
depart from the logarithmic form such that their crossing angles increase
at larger radii. Indeed, spiral bands can depart from the classical form
in all areas of some tropical storms and lesser tyEPoonq where they may run
into one another as shown, for example, in Fig. }8<8 (b] Very long 'feeder’
rainbands of length 1500km or more can scmetimes be seen on radar (and on
satellite pictures eg. Fig. 4.2) but they depart considerably from the
logarithmic shape in their outer regions, They most frequently originate in
the outer parts of a tropical cyclone in the eastern sectors and curve around
towards the equator to extend into the W and SW inflow. Rockney (1956) first
reported these very long bands of heavy rainfall which he called“streamers’

They are also seen inthe Bay of Bengal cyclones (Raghavan et al 1980),

A sudden increase of surface wind speed and heavy rain should be
expected as a rainband moves over a station. The squalls can be severe and
sustained for long periods as the rainband remains nearby. Indeed, the wind speed

sometimes does not fall again during the continued approach of the cyclone eye.

1 10.6.3 The rain shield

During the 1life of a tropical cyclone, spiral rainbands may
become more numerous in one particular sector where, in the inner regions,
they broaden and merge into one another to form a widespread area of rain
which is known as the '"'rain shield". 1In other sectors of the storm rainbands
are much less numercus or even entirely absent (Fig. % 7U) A rain shield
is not always present, neither is it always to be found in the same sector.
It is frequently said (eg. Aoyagi et al 1980) that tropical cyclones most
frequently have a rain shield in the right-front and right rear quadrants
as was reported to be the case in Atlantic hurricanes (Senn 1966b). However,
when typhoons are observed without significant attenuation the location of
the rain shield is more variable as illustrated in Figs. .‘&&(5—) m(:g).co (J) fe. ][")a""!
If the sensitivity of the radar receiver is reduced or iso-echo circuits &
used, then it is usually possible to dellneate spiral bands of somewhat
heavier rain within the rain shield (Flgf }9—89 The bright-band phenomenon
(sect 3.6.1) can often be observed in the rain shield (Rockney 1956) indicating
that ascending currents are less than 7 m/s and that thunderstorms will

be less frequent in this area.



10.6.4 Precursor bands

Sometimes the first echoes to be seen by radar, well in
advance of an approaching storm, are sharply defined, intense
convective echoes which form a long, narrow squall line known as
a "precursor band'. When present, these bands precede the first
spiral bands by 100 - 500 km and occasionally more. There may be
more than one band each separated from the others and from the
spirals by about 100 km. Precursor bands are located in the front
two quadrants of the cycloneand licacross its track. They appear

nearly straight or much less curved than the nearest spiral bands.

Those precursor bands over the sea and several hundred
kilometres ahead of the spiral rainbands are usually outside the
storm's cyclonic circulation. The constituent echo cells move in
approximately the same direction as the storm centre but at a somewhat
faster speed. Those precursor bands located closer to the cyclone
centre may be just withinthe storm circulation so that their echoes

have a tangential component of motion. Precursor bands can be

_associated with tropical cyclones of any intensity and they have been

found as far as 750-1000 km ahead of hurricane centres (Donaldson

and Atlas 1964) but in the South China Sea, the bands are seldom

further than 750 km ahead of the centre of tropical storms or typhoons.
The sharp edged echoes found in these bands are often the source of
lightning. They are also associated with a sudden enhancement of

surface wind speed like that which occurs during the passage of

spiral bands. Fig.10.4 (3)shows precursor rainbands about 300 km from the
centre of typhoon Rose 1971. Satellite views of precursor bands are

shown in Fig. 11.
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(a)

(b)

!o.é (1)

Fig. #=24. In (a) a weakening precursor band is shown running out from
the Hong Kong radar station on a bearing of 190” in the NW sector of
typhoon Rose at N600 GMT on 15th August 1971 as Rose was moving WNWY at
about 5 m/s.

In (b), taken 6 h later, Rose was moving on a NNW course
at about 3.6 m/s. A new precursor band iies across the track from WSW
to ESE south of the radar station on the first range ring (40 n mile,
74 km). Some eye-wall echoes are visible at a range of 220 n mile (407 km)
on a bearing of 175°.  The photographs are from a 16 mm time-lapse film.
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'Although precursor bands form part of the model storm as
seen on radar they are much less frequently observed than current texts
indicate. 1Indeed, the bands are more frequently absent than present, a
situation clearly shown by the infrequency of precursor cloud lines on
satellite images. Radar photographs illustrating case studies in the
literature, whether from the Caribbean, Japan, India or Australia
seldom show all the features of the model and the photographs in this
book are, in this respect, typical. '

lO.ﬁ.Jf Lifetime and movement of echo cells

The lifetime of echoes which comprise spiral bands was found by
Senn and Stevens (1965) to be longer in the left quadrants, to average about
35 minutes overall and to depend upon the echo diameter such that larger echoes
had & longer lifetime than smaller ones. Th§ avagﬁﬁg)diameter of the
echoes was about 10 km . The results, in Table ¥0<7,were derived from
radar time-lapse films of typhoon Wendy 1958 and Shirley 1968 which,
respectively, passed close to and over Hong Kong (Liu and Lai 1969). They
show that,on average,echoes over the sea and in rainbands tend to be longer

lived than those occuring over land or between rainbands.

lo,6(1)

Tahle #=—. Lifetime of radar echoes

Number
Position Surface Lifetime of cases
Average Extremes
Minimum  Maximum
min min min
On & Rainband Ses L7.3 36 57 12
| Land 20.8 10 30 11
Between Rainbands Sea 35.5 25 53 12
Land =~ 27.h 10 o) 18

Ligda (1955) determined the velocity of individual convective
echoes in a Florida hurricane and found that they correlated well with

the storm winds at 700 mb. He coined the term "spawind” for wind velocities
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found in this manner. Many other investigators have subsequently examined
the relationship between echo velocities and winds in hurricanes and
typhoons and obtained varying results. Spawinds have been reported as
agreeing best with the winds near the surface, the winds at 700 mb or the
average of the winds near the surface and 9 km, the last being frequently
equivalent to the 700 mb wind, Watanabe (1964) suggested that the velocit-
'ies of echoes at different stages in their lifetime are determined by

winds at different levels, Subsequently, Senn and Stevens (1965) observed
that, in general, echoes tend to move more slowly as they get older. One
of the difficulties in determining the relationship between echo movement
and winds is that very few simultaneous radar pictures and wind measurements
are available. Black (1971) overcame this difficulty by using aircraft to
measure both echo speeds and wind speeds in hurricane DebbiZ 1965. He
found that the movement of the echoes agreed best with the wind flow near
cloud base, Most of the echoes he studied were in the mature or growing

stage.

Black suggested that because new convective echoes are from
growing clouds, containing up-currents probably greater than 10 m/s, they
‘move at all levels with the momentum of the air flowing into them near
cloud base. The boundary of the echo then moves with a speed approximating
that of the low level winds as long as strong updrafts are maintained. When
the updrafis eventually weaken, through dilution by mixing with environmental
air, the echoes, at any particular level, move with a speed closer to that
of their environment. At this stage, falling precipitation would be expected
to move with nearly the speed of the wind at the precipitation generating
level and the echo would then be of the more diffuse kind, New hard echoes
' from rapidly growing convective ¢louds should therefore tend to move more
in accordance with the fast low-level wind flow whilst older, more di.ffuse
echoes should tend to move in- accord with the weaker winds at higher

' Jevels, in agreement with the findings of Senn and Stevens (1965).

Senn and Stevens (1965) traced several thousand emall, discrete
echoes in five hurricanes and found large systematic differences in their

movements in the different sectors of the hurricanes. In additien, they
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found echo cells to be smaller and to move faster over land. By night
hurricanes were more compact and symmetrical and their echo speeds were
slower. Slowest echo speeds were found in the right front quadrant and
the fastest in the left rear while all echo speeds increased as the
hurricanes moved faster. Inward moving echoes in the front quadrant had
higher speeds than outward moving eachoes and the situation generally
reversed in the rear of the storms, especially in the left rear. They
also found significant differences in the relationship between winds and
echo speeds in different sectors of the storms. Echoes in the right front
"~ quadrant moved more slowly than winds at low and middle levels but with
crossing angles similar to the winds near 4 km. Echoes in the right

rear quadrant had speeds close to those of the low and middle-lievel winds
but greater inward crossing angles. In the left quadrants the speed and
direction of the echoes was closest to that of the winds near the 450 m
level. Echo motion in and very near to the eye wall was nearly circular,
a finding which agrees with those of other authors including Jordan (1960)
although he studied echoes in the layer between 6 and 9 km.

Aoyagi et al (1980) state that "A general rule of thumb for echo velocity
measurements from land based radar is that the surface winds will be 50 - 70
percent of (the) speeds determined from echo motion' - This is a satisfactory
rule for rough and ready, real-time observations averaged over the cyclone
" and different types of convective echoes. However, if the radar image is
enlarged and used with some time-lapse device on only those echoes which are
small discrete, newly formed, strongly convective,near the eye wall and over
the sea then, the spawinds will be found to appreoach the velocity of the wind
at cloud base (~~500 m). The spawind echo can be expected to move a little
slower than the wind at cloud base because: 1) the former is a layer average
and 2) it is usually a time average over typically 10 - 15 min and
3) there will be components of inflow at cloud base relative to the echo
and 4) there is a transfer of momentum upwards which, for ascent in discrete
columns, will be attenuated by entertainment. Consequently, good eye-wall
spawinds are a little closer-to the sustained surface wind than is the
free wind at 500 m. Under the specified conditions the sustained surface
wind over the ocean is typaﬁ$}£2} 85% - 90% of the spawind., For example,
the eye wall shown in Fig., 48325 for 0600 GMT was ideal for determining

spawinds as it contained more than the usual number of small discrete cells,
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The fastest cells were moving at 34 m/s as the eye crossed a number of
ships and anemometers (Bell 1979). Observed surface winds were about 31 m/s
with gusts to 42 m/s. On this occasion therefore, sustained eye-wall surface

winds reached 91% of the spawind speed.

From the evidence so far available, the relationship between the
movement of echoes and the winds in a tropical cyclone appears to depend on
the age of the echoes, on their position in the storm circulation and
probably on the stage of development of the tropical cyclone. The larger
echoes may also be subject to propagation effects, such as are known to
affect the motion of thunderstorms; in this case spawinds may differ from
the wind at every level and from the mean wind over the layer containing the
precipitation, However, if observations are restricted to newly-formed,
small, discrete, strongly convective cells within about 20 km of the eye wall
of a mature tropical cyclone then, for practical purposes, it can be considered
that they move with a velocity which is close to that of the wind near cloud
base. The sustained surface wind speed will then be about 90% of that of
the spawind or less, according as to how nearly conditions meet . the specified

criteria.

10.6.6 Tilt of echoes

. RHI photographs from radars which have narrow beams often

show that, in tropical cyclones, some echoes tilt with height. This is

due to the shear of wind through the layer containing the echo. It should

be noted that it is only the component of tilt along the radar beam that is

seen on RHI. For a given shear, the tilt will depend on the stage of
development of the echo column because strong updrafts are tilted less than
weaker ones. Shear and tilt of echoes depend both upon the stage of development
of the tropical cyclone and on the quadrant in which the echoes are located.
Significant tilt of RHI precipitation columns in the mature hurricane Debbie
'1969(B1ack et al 1972} occurred mainly below 9 km. Most echoes leaned slightly
into wind and radially outward as they increased with height. This is consistent
,with the model tropical cyclong in which the upper winds have less tangential
“speed and a greater outward component, than those near the surface. The average
tilt of an echo column 6 km high amounted to 2 km horizontally, equivalent to

an angle of 20° to the vertical. On the basis of certain reasonable assumptions
about the precipitation particles and their fall speed it can be calculated that

the average tilt is equivalent to a wind shear of about 3 m/s per 4.6 km of
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height. The greatest tilt observed was 450. Senn (1966a) found average
tilts and shears in Betsy 1965 to be almost double those in Debbie,
this difference was attributed to the fact that, at the time of the

observations, Betsy had been intensifying.



10.6.7. .The height of radar echoes

The determination of the height of the top of a volume of
precipitation particles is not always a simple matter. Complications
arise from atmogpheric refraction, curvature of the earth's surface '
and the differing distributions and sizes of precipitation particles
but the main source of uncertainty is due to the radar beam having a
finite width in the vertical plane. Corrections for the curvature of
the earth's surface and standard refraiifﬂfaige usually wmade
electronically as, for example, in Fig. ¥8+25 where the height-marker line
(at 16.82 km) curves downwards with range. Because of the large uncertain-
ties which can arise from beamwidth effects it is not advisable to measure

the heights of echoes at distances beyond about 200 km.

The axis of a beam can be well above the top of a highly reflect-
ive target which may nevertheless return sufficient energy via the lower
portions of the beam tc be detected; the echo top will then appear to
be about & half-beam width above its true height. A typlcal beam of 2°
width (i.e. between half-power points) will have a depth of about 6 km at
a range of 180 km and could therefore exaggerate, by about 3 km, the height
of intense precipitation echoes at this range, On the cther hand, the
precipitation may be so light that the entire besm must be intercepted
in order to return a detectable signal; in this case the radar top will
be lower than the true height by about half a beam width. In general then,
the indicated height of precipitation areas will vary with the shape of
the precipitating volume, the sizes and distributions of the precipltation
particles, the type of radar used and its distance from the precipitatien.
In the case of intense, strongly reflective, growing cumulonimbus cleuds
in ryphoons and elsewhere most of théifactors are unimportant and 1t is
only necessary to subtract one half of the beam width at the echoing range
to get the height of the top of the echo to within 500 m or thereabouts,

depending on range.

Although about 80% of the total power in a radar beam lies
between the half-power poiunts,there is, in meost radars, sufficient power

in the side lobes to permit the detection of strongly echoing targets at close
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Fig. #6=25. A cross section of cumulonimbus clouds as seen on the RHI
display of the 43S radar using the iso-echo facility. The dark core
of the clouds correspond to rainfall rates greater than 100 mm/h, the
bright surrounds to 13 to 100 mm/h, the next brightest to 1-13 mm/h
and in the black outer areas the rainfall is less than 1 mm/h.



range. Because the significant side lobes are usually found a few
degrees off the main beam axis, side-lobe echoes will appear at an
exaggerated height. However, side-lobe echoes can often be identified
because they appear on RH} dispkfys as tall thin protruberances from the
0.6(87 L)

main-beam return. In Fig. L&t&}‘ the black core within the echo at
70 km range indicates that the reflectivity factor there exceeds

5 6,3 19 -4 (5 ]
2 x 107 mm /m~ (Fig. #8=% shows that Fuis is equivalent to a rainfall

tF Tsae0R 0
rate in excess of : 100 mm/h This siigng target gives rise to
ho of ‘Shit

returns from four side lobes, the first,is seen protruding from the

top of the main echo at an elevation ofh;bout ?O,Lthe next appears as
an isolated echo at about 11.5° elevation near a height of 14 km. The
other two returns, at 16° and 190 elevation, occur at heights beyond
those recorded In the photograph. Unless side-lobe returns are recognised
they can lead to radar tops being over-estimated by several kilometers;
fortunately, it is possible to identify them. If the main beam of a
radar is above an intense column of precipitation so that the latter is
illuminated only by side lobes then, both the radiation incident on the
column and the gain of the aerial :. - . ';'(é; wil IPE greatly reduced
- 7 Fwo-uwiny
from that in normal operation. In a typical radar A43S thisLFeduction

below main beam sensitivity amounts to about 54 dB. Therefore, if the

receiver sensitivity is decreased so that the displayed intensity of the

':‘ " ta,\qu—r M_l,{&r;'{‘(\di*y -kd-c“\'f‘r o 49 1'52.)

target is nowhere more than 54 dB above the minimum detectable signal(ﬁj“‘u“h“k
then returns from this storm via side lobes will not be detectable. The
radar height indicated in this reduced sensitivity mode is due to the

main beam alone and will tend to be below the true top of the
precipitation by an amount usually less than 1.5 km (Battan 1973). Enough

has been said to indicate that reports of radar tops should be treated

with cauticn unless the full circumstances are known. A more detailed

discussion of this subject, with references, will be found in Battan (1973).

The visual tops of rain-bearing clouds may be higher than that of
the precipitation column within them and therefore higher than the
corrected radar top. When a large tropical cumulonimbus is in the growing
stage, corrected radar and vlsual observations of cloud top height are
usually quite close, but during the decay phase the large precipitation
elements fall from the top of the cloud so that the radar top is then

found below the cloud top by an amount depending on radar range and

characteristics.



Hill and Lewis (1974) compared the heights of cumulonimbus tops
(> 14 km) near Singapore as measuréd from'special aircraft flights and by
radar. They found that, at distances up to 150 km, mest cloud tops were
within 2 km of the radar top corrected for curvature of the earth's surface
and atmospheric refraction in a standard tropical atmosphere. Smaller
differences were found for growing clouds. Corrections for the beam width
and side lobes were not applied because Donaldson {1964) showed that for
radars with characteristics similar to theirs (Plessey 43({S)) the uncorrected
radar tops would not be consistently in excess of true tops as long as the
maximum reflectivity factors were less than about 106 mmﬁ/m3 (equivalent to 60
dBZ, see Table 10. “. (2) and the above discussion on Fig, 10, &{#)(a)) -
as was the case in their observations. For cloud tops between 12 and 19 km
in the U.S.A., Kantor and Grantham (1969) found radar (WSR 57) tops (corrected
for earth curvature, refraction and beam width} to be 1.2 km below cloud
tops on average, with a root mean square difference of 2 km. Within the
imposed range limit of 185 km they found no significant increase in the
height errors with distance from the radar. These and other unpublished
observations suggest that for intense growing tropical cumulonimbus clouds,
corrected tops measured by 100 mm radars will be close to the visible top.
For weaker and dissipating cumulonimbus clouds the precipitation top may be

as much as 6 km below the visible cloud top.

Radar tops in tropical cyclones are usually highest in the eye
wall. Photographs of the RHI of a 30 mm radar aboard a reconnaissance
aircraft in hurricane Daisy (1958) were studied by Jordan et al (1960).

One of these classic photographs taken from a height of 5.79 ki show the
eye-wall echoes extending to heights of 21.3 km (Fig. 10.6.(5ﬁ6ﬁﬁ i
corresponding to 19.8 km after correcting for one half of the 1° beam width.
A"way from the eye-wall clouds echo tops are lower and remarkably even -
probably as a result of the warm upper outflow (sect|0-8.3 ). This is
illustrated by Fig. lO.é(G)(ﬁ)which shows the eye-wall echo in typhoon
Hope (1979} reaching to 10.29 km with tops further out being at 8 km or less.
The eye-wall echoes in Hope were remarkably low for such an intense typhoon
(Fz_less than 950 mb) and prevented the complete eye wall from being seen on
‘radar at ranges in excess of 278 K (Bell 1980). Fig. 10.& (%) (b)Y shows
echo tops to 16.82 km in the outer circulation of the weak tropical storm
Ida (1980).The height of ech&i{gs not a reliable measure of cyclone
intensity (sect 10.7.2).
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Fig. IO.é (L(-) The photographs show (a) a thunderstorm over the sea to the WSW of Hor_lg Kong at 2319 Gifﬂ"
on 7 August 1975 and (b) a cumulonimbus 470 km to the west of the centre of severe troplclel_ storm Ida which
was centred 440 km ESE of Hong Kong at 1522 GMT on 10 July 1980. This echo had a reflectivity factor greater
than 57 dBZ.




50,000 " !

Fig. lO.é(:?) RHI presentation of the eye-wall echoes in hurricane
Daisy on 27 August 1958 from a 30 mm radar on board a U.S5. Navy VW-4
reconnaissance aircraft flying at 5.79 km. The eye diameter was 17 km
and the central pressure 935 mb. The left eye-wall echo top shown at
21.3 km (70 000 ft) is near 19.8 km when corrected for radar beam width

(from Jordan et al 1960)
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Fig. 10.6(¢) . Typhoon Hope east of Hong Kong as seen by a Plessey 43S radar. (a) at 2357 GMT on

1 August 1979. The black areas in the eye wall correspond to rainfall rates greater than 100 mm/h. The
RHI cross-section taken two hours later shows weak returns from the weaker, concentric eye wall on either
side of the clear eye at 160 km. ( From Bell 1980 )



10.7 Tracking Tropical Cycloneg by Radar

10.7.1 Locating and tracking the eye

Radar enables the centre of a mature, destructive typhoon, within
range, to be accurately tracked and often indicates when one develops,
intensifies or weakens. However, radar has limitations when used on weaker
tropical cyclones the centres of which may not be well defined on radar.

The well~defined eyes shown in radar photographs in textbooks and articles
on typhoons and hurricanes are, for most stations, the exception rather than
the rule, and the complete model radar presentation of the previous section
is seldom seen. Somervell and Jarrel (1969) share this experience and state
that, except for the caselof deep typhoons, typhoon reconnailssance crews
report similar findings (sect 14.5.5). Frequently, the eye wall is not
clearly depicted especially when it is centred at a range beyond about 250 km
or contains only weak, shallow convective activity. On these occasions the
positive identification of the eye requires patient, continuous observation
and careful interpretation. Indeed, eye position reports should never be
given after a brief "spot" observation but only after a period of careful,
continuous observation has established the movement of echoes arcund the
eye. Theeyewall of tropical cyclones as seen by radar undergoes rapid
changes in shape and structure and may completely disappear at times and,

to add further difficulties, the chance juxtaposition of rain bands and rain
cells can form "false eyes" which are rain-free areas surrounded by rain-
bearing clouds and which are not near the true centre of the storm. For
these reasons, the reporting of the location and movement of the centre of
tropical cyclones as determined from radar cbservations should only be

undertaken by those who have had appropriate training or experience.

If the eye-wall cloud of a mature typhoon contains sufficient
snow or rain at an altitude of 10 km (where the temperature will be
arcund —2500) it will be detected by a radar sited near sea level when at
a range of about 400 km., However, it is necessary to detect part of the
eye wall on the far side of the eye to confidently lccate the storm centre
which will then be at a range of 370 km or less. Greater ranges of
detection are possible if the radar is sited on high ground. To track
a typhoon,the bearing and distance of its centre, as indicated on the
radar PPI display, is plotted on a large-scale chart from which the latitude

and leongitude of the centre can be read to a tenth of a
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degree. It ies usual to plot positions of the centre at intervals of

one hour; infrequently., they lie along a smooth path indicating the steady
progression of a well defined eye but more often the positions ,- known as
"fixes" ; are found to wander eratically about a mean track. These short
term changes of speed and direction of movement of the eye arise from both
uncertainties in locating the centre on the PPI and from short term variations
in its direction of movement but they do not necessarily reflect changes

in the movement of the storm as a whole. However, these small variations
become important as the typhoon approaches the coazt for they indicate

" where the eye may make a. kandfall. At Sreater distances offshore the
expected place of land fall of the storm, as deduced by extrapolating

the movement of the eye belween hourly radar fixes, will tend to move to

and fro slong a coast as each chservation iz received and, for this reason,
a gmoothed track and speed derived from fixes made over a period of at least
3 hours are normally used as the basis for issuing warning bulletins. Slow
moving tropical cyclones can be particularly erratic in their movement as
illustrated by the path of tropical storm Sugan 1972 shown in Fig. {o 7(‘)
The resulting small change in position of the eye over a few hours between
cbservations is often comparable to the uncertainty of the radar fix and it
is then possible to deduce only that the storm is slow moving. Hourly radar
plots of the centre of typhoon Rose 1971 are shown in Fig. igrrq together
with seven fixes made by reconnaissance ajircraft. Rose was a mature typhoon
with a well defined eye and a speed of about 3 m/s and its radar track

wag steadier than most.

When fixes on a tropical cyclone centre are available from two
or more radar stations it is found that they often differ by.distancES
of v . 20 km or so. These differences arise partly from inaccuracles in
the setting up and calibration of the radars and partly from differing
Judgements on the exact location of the centre of the eye as seen on the
PPI displays. It has been noted (Senn & Hiser 1961) that when the far
side of the eye wall cannot be seen,then the estimeted range of the centre
is frequently less than the true range, irrespective of the direction of
movement of the storm. Also, the reported azimith or bearing of a storm
centre will be in error if the rotation of the aerial and of the PPI scan

o Condibion whiuh .

get ocut of synchronlsatlogk’ fnav cecur in some radars iwvhen

the aerial is not protected by a dome and suffers severe wind buffeting.
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Careful and frequent checking of the radar range and bearing of known
targets is necessary to ensure reliable fixes. It has been shown that
when instrumental and subjective errors are corrected two or more radars
are capable of showing a reasonable well-defined radar eye to be in a
"single and accurate location" (Conover 1961). Beill (1977) has drawn
attention to the good results which can now be achieved in the routine
tracking of typhoons and Fig. Igiggégfllustrates this point. In this
example the eye of typhoon Elsie was well defined on both radars and

was less than 20 km in diameter as shown in Fig.io.7(&). Any differences
in location must therefore be attributed to instrumental factors. By
using solar radiation and the few permanent echoes which could be located
with sufficient precision it was found that the ilong Kong bearings were
too lar%p by 1. 6% (a feature also suggested by the aircraft fixes in

Fig. . Correction for this error brings the positions reported by
the two radars into closer agreement. The more complete presentation shown
by the Hong Kong P%essey 435 radar is mainly attrlbutable to it being more
poweriul (Table Iﬁ:ﬁ) and sited higher (568 m above sea level) than the
Kaochsiung WSR-57 radar (350 m above sea level). The central pressure in
typhoon Elsie as reported by the last aircraft fix, near Basco Island at
0923 GMT on 12th October, was 913 mb,

At ranges near 440 km and latitudes of 20° or so, the errors
arising from the use of rhumb lines - as on Mercator's Projection -
instead of the appropriate great circles can amount to as much as 0.75°

in azimuth or 5.6 km in storm position.

If the eye wall is not well developed, as often happens, then
it is difficult to accurately locate the centre of the eye on the PPI.
However, if well developed spiral bands are visible they can sometimes
be used to derive an estimate of the position of the cyclone centre.
Most texts recommend that an overlay of an appropriate logarithmic spiral
- the one for 10°, 15° or 20° crossing angle as best fits - should be laid
on the PPI and adjusted for a good fit to a chosen rainband. The centre
of the typhoon will then lie under the origin of the spiral as shown in
Fig. '01 . However, I have- seldom found this method to be of practical
value because, at times when the spirals make a good fit with the rainbands,
the storm centre is usually so well defined as to be readily determined
without the use of overlays. In addition, it is my experience, and that of
Imai (1964), that the crossing angle of the best fitting spiral can vary

from 0° to 40° according to the intensity of the storm and, in addition,

when bands merge together it is difficult to be objective about the best fit.
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Fig. M-fono)'fhe track of typhoon Elsie as reported operationally
and independently from indications on the Hong Kong and Kaohsiung 100 mm
radars. (From Bell 1977).
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Fig. ¥rr297 Typhoon Elsie 1975 as seen simultaneously on the Hong Kong
and Kaohsiung radars at the beginning and end of the overlap period shown
in Fig.to. 7(3), Range rings are at 74 km intervals in the Hong Kong

43S radar display and of 93 km intervals in the Kaohsiung WSR57 display.
(From Bell 1977).



Raghavan et al (1980) found similar difficulties in fitting spirals
to tropical cyclones in the Bay of Bengal. They note that the visible arcs of
spiral bands are usually less than 180° and that outer bands have larger crossing
angles than those nearer the centre. They found that fitting spirals to rainbands
extending over less than 180%0f arc gave rise to large errors in fixing the
cyclone centre.
by

The 1nterested reader can better appreciate these d1ff1cu1t1es£}rac1ng
the 10° spiral from Flg 5 onto transparent paper and trying to fit it to
rainbands in other radar photographs. The method may sometimes be useful when the
centre of a well organized typhoon is just beyond radar range; a spiral overlay
fitted to an extensive and well defined rainband may then give a useful indicatior
of the location of the centre. Jordan (1963) applied this method to photographs
hurricane rainbands and found a median error of about 40 km between the position ¢
the storm centres located by the use of a spiral overlay and those indicated in t}
official post-analysis storm track. Larger errors should be expected under

operational conditions.

In intense typhoons the inner rainbands are numerous, almost
circular in shape and diffuse into one another (Fig. 4.3) so that it is
difficult to follow any one band. When a band can be traced in such storms
it will be found to be "wound up" and to be fitted best by a spiral of less
than 10°, Indeed, in mature typhoons near their peak intensity the circular
nature of the rainbands frequently leads to the formation of concentric bands
[often referred to loosely as '"double eyes'" (sects 4. and 10.6.2j}in the
inner regions of the typhoon aQ:Fig.! ‘? i. In some deep typhoons three such
concentric rainbands may be observed as in typhoon June 1975 (Holliday 1976).
Circular rainbands indicate that the parent typhoon is intense and most
probably has a central pressure of less than 950 mb. In tropical depressions
and lesser tropical storms, the rainbands often do not conform to the shape
of logarithmic spirals but rather contain stralgﬁf iicFIO > sharp bends or
angles and frequently eg;uauge into one aﬁgtﬁe;l. aThe.;se of overlays on
such rainbands can produce misleading results and is not recommended. In
short, spiral overlays should only be used to determine the centres of well
organized typhoons and severe tropical storms. Their use should be further
restricted to those occasions when spirals can be fitted with reasonable
confidence and objectivity, to discrete inner rainbands which extend over

an arc of more than 1800.

Unless spiral rainbands clearly indicate an incontrovert-

ible eye position it is better to watch small,
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Fig. BE=30. Typhoon Alice 1961 as seen on 18th May at 2110 GMT by a
high power 230 mm radar sited 958 m above sea level at Hong Kong. A
10" logarithmic spiral has been superimposed on a rainband. The central
pressure was 981 mb and as the eye passed over Waglan Island, sustained
wind speeds of 26 m/s with a gust to 36 m/s were recorded - a little
less than typhoon intensity. Range rings are shown in nautical miles,

ro.7¢() & :
Fig, 18s31. Typhoon Elsie as seen on the Hong Kong 100 mm radar at

1800 GMT on the 13 October 1975. Range rings are at ‘74 km:
intervals
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Fig. ¥<82 Typhoon Lucy August 1965 as shown on the Mt. Fujl radar. The track of the typhoon
and its location when each of the radar photographs was taken is shown at the top of the diagram,

(After Tatehira and Itakura 1966).




individual echoes near the estimated centre of the storm and determine

their movement. The most useful echoes are those nearest the embryonic

éye wall; they tend to be transient in nature as individual convective

cells form or grow to heights above the radar horizon. The difficult task

of following these echoes,which move slowly on the screen,can be greatly
facilitated 1f a time—laﬁse film (or equivalent video-tape or digital record) of
the PPI is replayed. This increases the apparent speed of the echoes

thereby permitting the  centre of rotation to be more readily determined.

In addition, thils method of observation clearly identifies the many echoes

or bands which grow in length in a direction opposed to the wind and may

appear stationary or even to move against the wind. Unless these echoes.

are identified they can lead to erroneous estimates of wind velocity.

This retrograde apparent motion is caused when large cumulus clouds in

a ralnband grow upwards inte the radar beam in an upwind segquence.

As each cloud top appears on the PPI upwind of the last one, it gives

rise to an apparent echo motion in a direction oppesite to that in which

the individual clouds are moving. The impression is accentuated if the downwind
head of the band dissolves as 1t moves into an area which will not

support convection.

From the previous paragraph, the great assistance of a time-
lapse video recorder in tracking the centre of a tropical cyclone and
estimating its intensity will be apparent., Furthermore, its use greatly
reduces the chances that a false eye position will be reported. The Hong
Kong, prototype, time-lapse device records pictures at selected time-
intervals — 15 minutes is found to be the most useful - and.these can
then be replayed in time-lapse mode for selected periods - usually 2 to
3 hours., Not only is the direction of movement of an echo readily apparent
but the speed of those which are well defined and persistent can be
quickly derived. In a 2-hour replay, 8 successive positions, at 15-
minutieoqi{g)ervals, may be seen for a few minutes as an afterglow.

Fig. ¥32a shows the real-time presentation of severe tropical storm
Agnes 1978 as an afterglow ¥while the presentatibn 2 hours earlier is
superimpeosed at full intensity. The eye wall in the left hand picture
is clearly moving to the left(west) and the storm is intensifying as
indicated by the increased area of afterglow echoes relative to that

2 hours earlier. In the right hand photograph - taken 3 days and 9 hours
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Fig, 48=33a. The bright, recorded radar displays of severe tropical storm Agnes are shown superimposed on the
fainter, afterglow displays two hours later. Agnes is shown moving W on the 26 July, and weakening and moving
NE on the 29 July. The central pressures and maximum winds are 980 mbar, 31 m/s and 973 mbar, 21 m/s
respectively. Range rings on the Hong Kong radar are at intervals of 74 km,
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later - the storm has returned after reversing its direction of
movement, and the eye wall echoes are there seen to move towards the

NE covering 30 km in two hours, a speed of 6.9 m?s, and toc have become
less extensive. The storm was rapidly weakening at this time. Such
video-tape, time-lapse recordings are superior to film not only because
they are immediately replayable but also because the information can
be displayed at any chosen scale or section or fed to a computer for

further analysis.

Finally, the difficulty that may sometimel arise in locating
a ce?g{$(£§om one presentation is illustrated by two examples. In
Fig. 10732 the centre of rotation of the echoes in the mjddle
picture is in the lower bulge with the small isolated eye echo moving
westward, Photographs taken 3 hours earlier and 9 hours later are
also shown, The rain-free areawhere convection is suppressed rotated
cyclonically around the eye at a slower speed than the wind. Echoes
moving into thg'area fade away. The area of suppressed convection can
be seen to the right of the eye marker in the left photograph but it
has almost disappeared in the photograph on the right taken 9 hours

later. The suppression of echoes over one half of the same storm is

dramatically illustrated in Fig. 13, . In Fig. lfb:g%t the centre

of the apparent large eye in the 1efé2$ﬁg%€¥ikked until it was realized
that the eye was furth orth as indicated . by the complete eye wall
shown in the righ%i“ T& 'f could have been avoided by tracking

the small echoes further to the west in the left-hand picture.

16.7.2 Indicators of jntensity

Apart from locating the centre of tropical cyclones, radar
also gives some indication of their intensity and of the amount and
intensity of rainfall they contain. Over the oceans, in the tropics,
rainbands usually occur when low level convergence takes place and if
they show any systematic curvature then it is highly probable that they form
part of the low-level inflow into a developing tropical depression. This can be
the first indication that a tropical depression is developing [sect b.— .
During the early formative hours, individual echoes from razin cells
appear on the sc¢reen in increasing numbers, mostly along lines defined
by existing echoes. All these echoes grow from cumulus clouds which,
from aerial observations, are known to exist in bands before they reach
the precipitation stage. If the bands, as seen on the PPI, become more

organized and adopt a spiral form Ihen it usually indicates that intensi-
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Fig, ¥0+32b. Severe tropical storm Agnes as seen on the Hong Kong radar on 26 July 1978. The echo-free area to
the E of the eye at 0600 h rotated to the NE by 0900 h to give the appearance of a false eye. The radar is located
at the cross, top centre, and the range to outer bearing scale is 220 km,
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Fig. #9«32c. The apparently large eye (~150 km) of severe tropical
storm Georgia as seen (left) by the Hong Kong radar at 0800 GMT or
23 May 1980, Three hours later (right) the south west eyewall reforms
indicating that the eye is about 75 km in diameter and centred ~~40 km
further north. Range rings are at intervals of 74 km.
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-fication has taken place. Should the storm continue to intensify a clear
central eye and eye wall will form when the strongest winds reach about
20-25 m/s. As typhoon intensity is approached the spiral bands become more
numerous and appear to "wind up' to present a more circular and symmetrical
appearance and, the eye diameter usually tends to decrease unless it has been
small from its first appearance (sect 4. J. Further deepening usually
leads to the formation of concentric ring rainbands (Fig. 10.7(b)) at or near
the time of lowest pressure. A persistent decrease of eye diameter over a few
hours is three times more frequently followed by an intensification of
maximum winds than by their weakening (see sect 13. ). However, the case
needs to be differentiated from those in which the eye shrinks because of the
intrusion of dry, cold air (Fig. 6. ). The latter cases are weakening
storms although high winds may persist in the eye wall region for some hours.
Shrinking eyes, increasing echo intensities and rising echo tops all suggest
intensification however, the use of these features to compare the intensities
of different storms is totally misleading. For example, Table 4. shows

that a given eye diameter can be associated with a wide range of minimum pressure

During weakening over the sea, the above sequence is reversed. The
eye wall disappears, echoes appear in the eye and the rainbands become less
numerous, less curved and more diffuse and loose their tightly organized regiment
ation, especially in the inner regions of the storm. Some of these features are
apparent in Fig. 10.32a showing the weakening {right) and intensifying (left)

severe tropical storm Agnes and in the weakening typhoon Elsie (Fig. 6.5.3).

Overland the weakening process, as seen on radar, is somewhat
different. Imai(1963) showed that when a typhoon approaches the coast of
Japan the diameter of the eye begins to decrease about two hours before
landfall, and completely disappears an hour or two after reaching land.

He showed that the filling of the eye with rain cloud begins at low levels
and takes about 20-25 minutes to reach above 3 km. Similar effects are
noticed at Hong Kong when typhoons and tropical storms cross the coast of
China., The reasons for the disappearance of the clear eye have been
discussed in sect . The filling of the eye with rain clouds is
usually complete before a distance of 50 km is traversed over land. However,
when intense fast-moving storms cross low-lying land extensively flooded by
tain and storm surge, the eye and associated hurricane force winds may
persist for a longer period., For example, when hurricane Camille 1969
crossed the Mississippi coast near New Orleans, it was travelling at

8.3 m/s and moved 180 km inland in 6 hours before the eye became difficult
to identify on the radar screen {Bradbury 1971). At that time, winds of
about 32 m/s with gusts to 45 m/s were experienced but were down to about

18 m/s when all vestige of the radar eye was gone {Anon 1969), In contrast



the intense typhoon Viola 1969 lost its eye as soon as the centre
crossed the coast and reached the rough terrain of Scuth China; wind
speeds overland quickly fell to moderate values (Fig. 3.19) although
gales were still being reported offshore.

An experienced radar observer can make a fair estimate of the
maximum winds in a tropical cyclone from its general appearance on the
PPI. Determining the speed of new "hard" echoes in the eye wall will

provide an even better estimate of maximum surface wind speeds (sect 10.6.5).

A diurnal variation in the intensity of tropical-cyclone radar
images is frequently observed. The echoes tend to become more intense
and better organized around the time of day break. This intensification
is real and shows in rainfall averages taken from many tropical cyclones
{sect 6.3.8). There is a consequent and subsequent change in the cirrus

outflow which can be seen on satellite images {sect 11. ).
Wildi LIAYELl, DELLL LLTUV ) HUUWEM LIAL LU Jl URDRTL YOR LMD Wik & e o e

the rain shield was spread over the right front quadrant on 29 occasions.
Cn the other 2 occasions it was mainly in the right rear quadrant.
Tatehira and Itakura (1966) noticed that the rainbands close to the eye of
typhoon Lucy 1965 were often more numerous and crowded in one particular
sector than elsewhere angi?ﬁ£§ remained there for several hours. Since
the individual echoes in rainbands rotate around the eye, through about 45°
-to 900 per hour, the persistence of this extensive rain area, or rain
shield, in one sector implies that conditions there are favourable for
generating or intensifying rain cleuds. The relative location of this area
changii4ﬁaskedly as the direction of movement of typhoon Lucy changed

(Fig., H+3»). 1In Stage A the crowded sector is to the le of the eye

while it is to the N E in stages C to E; the rainbaunds were nearly equally
distributed around the eye in stage B where the curvature of the track
changes sense, In other words, the typhoon moved towards the area where
the rainbandsg clese to the eye were moat crowded. It was suggested that
this feature had not been previously detected because sea-level radars

cannot ''see'

equally well the rain clouds in all storm sectors. The
diameter of the eye of Lucy shrank markedly just before recurvature, at
position C. It is usually found that individual, well defined echoes
tend to move in almost circular paths arocund the centre as, for example
in cyclone Tracy (Australian Bureau of Met.1977) reflecting the low-level
wind flow. Therefore, these movements cannot be used to determine the

movement of the tropical cyclone (sect 12, ).
\
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Echoes in precursor bands outside the storm circulation tend to
move with a speed slightly greater than that of the parent tropical cyclone
centre and if its direction of movement changes, then the precursor bands

b{s2la)
if they are to remain precursors, must change location. In Fig. ﬁ&??#‘ba
the north-south oriented precursor band ahead of typhoon Rose 1971 (moving
WNW) weakened and disappeared to be rezlaced by a precursor band extending
over the N.E. and N.W. sectors Fig. ¥=4 (b) This change occurred as the

0.1z
typhoon made an abrupt change of course from WNW to NNW (Fig. ! 27 ).

Such well-defined re~arrangement of echoes and their good
correlation with storm movement are exceptional. More frequently the signs
are hard to read without the assistance of hindsight, and the storm does
not always move as Indicated by the echo distributions. In addition the
observer cannot always be sure that he is seeing all the rain. Accordingly,
it cannot yet be said t 3F these mﬁthdS have been developed to a stage

c.c‘ Bedonm = Qawme ovefunron -YOW. Raie ‘V’Ml-., ol '?54\1 c{ Bawad
where they have'positive forecastlng value.h Nevertheless, a forecaster i

Oy edoves
should be on the alert for a possible change in the direction of motion of !

a tropical cyclone if the area of crowded rainbands near the eve or the

precursor rainband move from one sector to another or if the velocity of

the echoes in the precursor rainband show a marked change. Recent findings

from satellite observations (sect ll. ) are relevant to this problem of

predicting storm motion from storm structure.

Dunn et al (1955) noted that the track of the radar eye in
Atlantic hurricanes often veered to the left upon landing. Imai (1963)
noted a simllar deflection in typhoons which crossed the coast of Japan,
The phenomenon has been attributed (Dunun et al 1955) to the winds in
that part of the storm which is over land being more retarded by friction
than those over the sea (see sect 12.2.3). The track of the radar eye
of typhoon Rose 1970, Figfoﬁgré;)shows a similar turn to the left at the
. China coast. However, radar eyes frequently cross coasts without changing
significantly thelr direction of motion so the effect camnot be relied upon.
More case studles are required to determine what proportion of tropical
_cyclone eyes are deflected on-crossing a coast and to see 1f thosze which

are deflected can be identified before landfall, Trochoidal+ or wave like

+ A trochold is a curve generated by a point in the plane of one curve
that rolls on amother. A particular case is the cycleid - the path of

a point on a wheel which rolls on a stralght line,



¢scillatieons in the track of the _eye of a tropical cyclone are somatimes
observed by radar. These oscillations have pericds between 6 and 48

hours and they are described in sect 12.2.2.
o
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10.8 Some Radar Phenomena and Tropical Cyclones
10.8.1 Sea clutter

AS

Tropical cyclones are born and live over the ocean. Radars for
tracking them must therefore survey as large an expanse of sea as possible,
Radar energy incident on a smooth sea surface 1s partly absorbed and
partly reflected, after the manner of light reflected by a mirror. When
such regular reflection takes place, known as “specular" reflection, no
energy will be returned to the radar and the sea surface will not be "seen"
on the FPL. However, when the surface is disturbed some fraction of the
incident radar energy is scattered in all directions and the amount s0
scattered increases with sea surface roughness. At some state of sea the
energyiécattered tow;rds the radar will be sufficient to be detected and
will then appear on the PPI display as 'sea clutter". Rough seas will
cause the clutter to be seen wherever the sea 1s illuminated by the radar
and this is limited in range, of course, to the radar horizon. Strong sea
clutter can obscure returns from ships and rain clouds and it confuses the
PPI presentation when tropical cyclones are being tracked for, at such
times, the sea will be very rough and the sea clutter severe. Returns
from the sea can be eliminated if the radar beam is elevated so as not to
impinge on the sea surface. However, in this condition, distant rain
echoes normally detected will be below the radar beam and not seen.

. Therefbre, when tropical cyclones approach a station, it is usual to
effect a compromise by elevating the radar beam progressively so that the
storm centre is always clearly visible; mnearby rain echoes will then be
seen as well as the reduced sea clutter permits but the more distant rain

echoes will be lost or will not be seen so well.

The intensity of the returns which form sea clutter depends upon
many factors such as, the angle that the incident beam makes with the
horizontal, the wavelength, power, sensitivity, pulse length and other

characteristics of the radar, the polarization of the radiated energy,
propggation conditions, the state of the sea and the wind speed and direction,

Most of the instyumental factors which improve the capability
of a radar in the tropical cyclone detection role also increase the sea
clutter. A site near the coast results in a large area of sea surface

recelving radar energy, a higher site increases this area and also increases the



angle at which the beam is inciden? on the surface when loocking at

distant storms, these factors increase both the area and intensity of

sea clutter. TIncreasing the power of the transmitter or the sensitivity

of the receiver increases the sea clutter and causes it to be detected at

lower sea states and to greater ranges until limited by the radar horizon.

However, the intensity of the sea clutter decreases linearly with the radar

wavelength so that using a radar wavelength of 100 mm give less sea clutter,
other factors remaining unchanged, than shorter waves of 30 or 50 mm.

Also, the plane of polarization can be chosen so as to greatly reduce the

intensity of the returned sea clutter in certain circumstances. With

iightly disturbed seas and vertically polarised radiation of 100 mm wavelength,

the returns from the sea will be 100 to 1000 times (20 to 30 dB) greater than

with horizontal polarisation (Skolnik 1962). As the sea becomes rougher the

difference between intensity of the clutter for the two states of polarisation

decreases and becomes negligible for seas with waves 1 to 2 m high.

Although the sea clutter performance of radars with horizontal polari-
sation is good for light to moderate seas, it is not yet certain whether it is
necegsarily best for use in the tropical cyclone detection role bhecause there
have been no reported polarisation experiments in typhoon conditions. Newell
and Geotis {1955) found that in the precipitation melting zone, horizontal
polarisation produced returns sbout L0% greater than those obtained with
yertical polarisation. When a melting band is present in a tropical cyclone

the use of horizontal polarisation would be advantageous on this additional
ground. It is also probable that the numerous raindrops of near meximum size
(D & mm) falling in the preferred oblate form in the intense rainfall in
tropical c¢ycleones might alsco give an enhanced return with horizontal polari-
sation (sect 10.2.2). It would therefore seem that the use of horizontal
polarisation for tracking tropical cyclones is to be preferred on three grounds,
but experimental confirmation is required. Seliga and Bringi (1978) measured
the returns from Illinois thunderstorms and obtained returns for horizontal
polarisation {at)\= 100 mm) which were up to b dB.greater than those from the
vertical mode

In the absence of significant swell, the presence of sea clutter
indicates that the wind speed offshore is at least fresh and at many stations
clutter first appears when mean winds are approaching the speed for which warnings

for small craft are issued (11 m/s). However, the exact speed at which sea



clutter appears on a given radar depends upon its characteristics and

sefﬁings, its siting, the sea state and on the direction of the wind.

Sea clutter returns are 3 to 10 times {5 to 10 dB) greater when looking

into wind than when loocking dewnwind. The sea state is not uniquely

defined by wind speed but depends upon cther factors such as fetch, swell,
tide, currents and air to sea temperature differences. Hiser et al (1967)
using a 100 mm radar sited 33 m sbove sea level at Mismi, found that sea
elutter extended to ranges of about 65 km which was well beyond the station's
normal radar horizon of 24 lm. Off Miami, north easterly winds blow counter

to the Gulf Stream and so develop rougher seas than de southerly winds of the
same speed; sea clutter uqﬂaully eppears there with northeast winds of

B - 10 m/s and with south or southeast winds of 10 - 13 m/s. The reason for
the extended range of sea clutter reported by Hiser et al is not known but is
probably due to encmalous propagation in low level ducts over the sea.
Figs?géiggigb and)iggghfaﬁ siow that in tropical eyclone situations)the higher
radars at Mount Fuji (3'%?6 m) and Hong Kong (568 m) show sea clutter out to
their normal radar herizons of sbout 250 km and ¢5 km, respectively. (sect 10.3.2)

The outer edge of the sea clutter assoclated with tropical cyclones
is usually very irregular Fig.kigi;g(b)_. During the fine spell which usually
occurs 1n the early stages of the approach of a tropical cyclone towards Hong
Kong, patterns often appear in the sea clutter . They frequently intensify and
‘take on irregular shapes, often of zig-zag form and the clutter may weaken or
disappear st shorter ranges as in Fig.‘cégézi(a). The reason for this phencmenon
is not definitely known but when it occurs;‘ﬁéarby upper-air soundings show
conditions to be favourable for snomalous propagation. The pstierns disappear
i the beam is elevated about 2O_as in figfiézg;ib) . Note that, on both the
occasions illustrated in Fig{%&§2§? thé wiﬁd ove}mthe sea clutter was light
with a northerly component and pre;storm swell was running. The effect is
- particularly well developed when a typhoon is to the east of Hong Kong in the
' early afterncon and so causes hot dry air from!ﬁ&i«iﬂf? ?ff‘of”Ch#na to move
out across the cooler waters of the South Chinsa Seaﬁ_ The air . -picks up
water vapour and is cooled in the lowest layers to form an inversion -~ ideal
conditions for setting up gradients of water vapour and density which give |

- T .
rise to gnomalous propagation ducts (sect 10.3.2) -==3p P YL 4.
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Fig. ¥@=B3. Photographs of the Mt. Fuji radar PPI when tracking
typhoon Lucy 1965. Range rings are at intervals of 100 km
(From Tatehira and Itakura 1966).



fo R(2) gt (e)

Fig. 1838 Anomalous sea clutter patterns seen to the S5.E. of Hong
Kong during the approach ofotropical cyclones. The sharp edge to the
clutter on a bearing of 155  is caused by Kowlcon Peak which inter-

cepts the radar beam at low elevations. The range ring is at 7L km
(40 n. miles).

a)

b)

On 14 July 1970 at 2152 GMT when tropical storm Ruby was centred
about 465 km S.E. of Hong Kong. The wind over the sea was light
northerly and the swell was from the east with a height 1-2 m
and pericd 6 s.

(v)

On 19 August 1967 at 0213 GMT when tropical storm Kate was centred
about 730 km S.E. of Hong Kong. The radar beam had been elevated

2  above the horizontal just prior to the photograph so that The
"ufter glow" of the sea clutler was still visible; note its intensi-
fication in the arc marked by the indicator line. The wind over the
sea was light northeasterly and the swell was easterly with a height
of about 1 m and period 6 s.



The mechanism is enhanced by the subsidence taking place in the fine weather
area ahead of the tropical cyclone (see Fig. 5.3.1(2)). During the approach
of typhoon Viola, in July 1969, sea clutter extended as far as 130 km from
Hong Kong or more than twice as far as usual. Sometimes there are clear
areas or skip zones between nearby sea returns and those from further afield.
This phenomenon is illustrated in Fig. 10.8.(2c) for the case of a tropical
depression for they are equally as effective as typhoons in causing anomalous

propagation.

Fig. 10.8(2c). Sea clutter can be seen to the southeast of Hong Kong
extending as far as the first range ring (74 km). More distant returns
between the second and third range rings (148 and 222 km) are also seen
to the east and southeast of the Hong Kong radar., Note also the
multiple echoes from ships and hills. The photograph was taken on

12 September 1980 when a tropical depression was centred over the
northern part of the South China Sea,
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U.8. Havy meteorologists,lflying typhoon reconnaissances in
VW-4 Constellation aircraft eguipped with 100 mm radars,.found that,
although sea clutter was generally intense near the centre of typhoons
end tropical storms, the eye region would often show up as an area with
little or no sea cluttéer. This was attributed to the presence of light
or calm winds at the gurface in the eye. The phenomenon was used to
identify the centres of tropical cycloneg which were otherwise ill-defined
(Senn & Hiser 1961). Similarly, Tatehirs and Itakura (1966) concluded that
the absence of sea clutter in the western half of the eye of typhoon Lucy
1965 Figfaiigéﬂiti} was due to the calm centre of the wind vortex being

displaced to the west of the eye centre as defined by rainclouds. (See sect 9,1).

The exact causes of sea clutter are not yet known and are the
gsubject of research using radar waves of different freguencies and
polarisation together ﬁith Doppler radars to identify the speed of
movement, along the line of sight, of scatlering elements. Sea spray
plays an important role because drops of sea water scatter energy like
raindrops. However, by itself a sea spray theory does not explain the
polarisation effects or the difference in intengity between upwind and
dovnwind observations. Neither can it account for the velocity of some
of the scatterers as determined by Doppler radar., Other theories include
diffraction effects caused by a regular sequence of sea waves, Speculavr
reflection from waves which present suitable aspects and a “T=wes' theory,

AL A4 o Ha
in which facets or patches on the sea surfacq‘gcarter like an arrsy of
inclined pletes. It should be noted that if specular reflection were
to occur from individual waves they would have to be separated by at least
half a radar pulse length if they were to be resolved. For example, the
wave length would have to be greater than 300 m if the waves were to be

resclved by a radar with a 2ps pulse (600 m),

?idgeon {1968) coneluded from his Doppler radar experiments that
vertically polarised waves are scattered from Just below the sea surface
whereas Jdg® horizontally polarised waves were returned from the surface
.‘itself. He was led to this conclusion because the vertically polarised

waves were returned from scatterers having a velocity appropriate to the
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'orbital' velocity of water within the crests of waves. Enough has been
written to show that the subject is complex, suffice it to say that there
is more than one effect contributing to the scattering of radar energy

over the sea.

1In.8.2 Ancgmalcus propagation

In the previous section we attributed both the occasional
extension of the sea-clutter horizon and the irregular sea clutter affects noted
ahead of tropiecal cyclones, to anomalous propagation. Because strong winds
cause turbulent mixing it would be unlikely thet extensive areas with stirong
gradients of refractive index could exist in tropical cycleones and anomalous
propagation of radar waves there would not therefore be expected. However,
there have been reports of ancmalous propagation neer tropical eyclones and
genn (1967) has shown that about 33% of the hurricane scundings which he
studied, indicated that scme anomalous propagation could be expected. It
is probable that this figure iz higher than would be found in tropical

¢yclones over the oceans awzy from land influences.

Rockney {1956) reported that, although the eye wall is normally
first detected al a renge of gbout 270 km, in hurricane Betsy 1956 it
was clearly defined at a range of 375 km by & high power 32 mm radar
although powerful 100 mm radars nearby were unsble to detect the eye wall
at all. He attributed this to an isothermallayer at 3 km wherein there was
3 moisture inversion that caused ducting of the 30 mm waves (but not the 100 mm
waves) to within about 240 km of the eyey beyond this. the duct was broken
down by the hurricane circulation and propagation became normal. Senn and
Hiser (1961) agree that the axceptional ranges of detection achieved by
32 mwm radar both in Betsy 1956 and in Daisy 1958 were due to the refractive
conditions. DPucting takes place only if the wavélength is less than some
critical value determined by the steepness of the gradient of the refractive
index within the duct and its depth. Short waves are trapped by shallower
ducts than long waves. The frequency with which ducting cccurs at different
wavelengths depends on both the siting of the radars and the local
climatology. Hiser (1957) reported that a 50 mm radar with a 3%O conical
bean, . sited at the University of Miami, consistently showed less anomalous
propagation than = nearby 100 mm rader with the same besm width. Raghaven et al
(1980) detected . “a spiral band of a deep depression over the Bay of Bengal
when it was at a range between 600 - 700 km. Theywere using a 100 mm radar
located at Madras and the depression occurred during the 22-29 Novemper 1976.

The storm destroyed the favoursble propagation conditions as it moved closer
to the radar.



It 1s difficult to tell whether or not sub-refraction or
upward bending is taking place ahead of a distant tropical cyclone. It
is pﬁggiggi,c?frﬁggrse, to recognise super-refraction if a tropical
cyclonei}s seen at much greater distances than usual, but—this—dees—mnet
oepwyvemse—ebben. Radar operators should therefore be on guard for
anomalous propagation when tracking tropical cyclones although current
experience indicates that it is unlikely to cause a serious loss of
performance at such times. Nevertheless, more detailed information on
the gradients of refractive index in the low levels around tropical
cyclones is required to enable a more thorough determination to be made
of the characteristics and frequency of occurrence of anomalous propagation
there,

10.8.3 The melting band

The appearance of enhanced radar returns from regions in
which snowflakes are melting, the melting band was first predicted by
Ryde (1946) from theoretical considerations. Its formation has been
discussed in sect 3.6.1 and illustrated in Fig, 3.13. A similar bright band
was detected in the first hurricane to be scientifically studied using
radar (Wexler 1947). The formation of these bands is restricted to regions
where there are updrafts of about 1 m/s or less (at greater speeds
snowflakes will rise) and since the inner portions of hurricanes and
typhoons are comprised of a significant proportion of cumulo nimbus clouds,
which contain strong upcurrents, the frequent appearance of the bright band
there was surprising., Early observations were at relatively high latitudes
and it was at first thought that the bright band was a consequence of changes
in the structure of hurricanes and typhoons as they became extratropical.
' However bright bands have since been cbserved, quite frequently, in hurricanes

and typhoons in the tropics. For example, Senn (1966a)} described airborne



radar observations in hurricane Betsy 1965 which showed bright band
returns in all parts of the storm. At the time of the observations
Betsy was about 4 degrees of latitude north of Puerto Rico (18.5ON)

and had a central pressure of 970 mb. It is now generally considered
that the bright band forms in tropical cyclones because some rain there
falls from stratiform clouds. In addition, some of the embedded cumulo-
nimbus clouds may also contain reglons in which updrafts have velocities

of less than 1 m/s because such areas are found even in thunderstorms.

Snowflakes begin to melt as they fall through the freezing level
but they do not become water drops until they have fallen some distance
through warmer air. The top of the melting band therefore indicates the
height at which the temperatures is OOC although it will be brightest
just below this level. The relatively warm air found in the immer
regions of cyclones causes the 0oC level there to be higher than
in the undisturbed atmosphere and to increase in height as the eye wall
igs approached. The corresponding variation in the height of the top of
the melting band in individual storms can usually be seen on RHL. In
addition, the melting band can sometimes be seen to be relatively high
in, and near, strong spiral bands (Figfofgi%%s which, as Gentry (1964)

showed, are warmer than their environment.

Senn (1966a) found the height of the bright band in hurricane
Betsy 1965 to be between 4 300 and 4 600 at moderate ranges from the centre
and to rise to 5200 to 5800 m in, and near, the eye wall. In hurricane
Debble 1969 (Black et al 1972) the melting band was found to be about 600 m
greater than that 185 km from the centre. One quarter of the RHI
photographs taken in Debbie showed a bright band. Similar conditions have
been observed in other hurricanes. The height of the 0°c level in the
West Indies in the undisturbed atmosphere is about 4 724m while in the
Western Pacific it is some 400 to 500 m higher. Strong typhoons have warmer
cores than weaker ones and, in gemeral, the ~""0%°C  level in the former
will be higher than in the latter as also will be the top of any melting
bands which may be present: In the inner regions of intense typhoons,the
aoc level 1is over 7000m (sect ) but no RHI photographs defining

a bright band in such intense storms have yet been published.
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Fig. 18-35. Photographs of the 100 mm Plessey 43S radar RHI at Hong Kong
in tropical storm Ruby on 16 July 1970 at 0550 GMT. (a) view through the
eye of the storm which was overland at a range of 63 n mile on a Bearing of
0427, (b) view through rainbands over the sea on a bearing of 172 . The
sensitivity of the radar was reduced to 1/40th of normal (16 db) in (a)
and to 1/316th (25 db) in (b). The Qoc¢ level at Hong Kong was 5550m
at midnight GMT on the 16 and sea level pressure at the storm centre at
0600 GMI was 992 mb. Range markers at 40 n mile (74 km) in (a) and
5nmile (9.3 km) in (b).
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When tropical storm Ruby 1970 was decaying over land 116 km
nertheast of Hong Kong the RHI photograph in Fig. ﬁ;;ggs was taken
on a bearing through the eye of the storm. The 0 o level can be seen
sloping downwards towards the eye; a phenomenon usually observable
in decaying storms over land for reasons given in sect . In the
rainbands over the sea, more discant from the cenﬁg%% %?e top of the
melting band was still high and can be seen in Fig. 187%5(b) to be higher
still in the rainband about 20 n mile (56 km) south of the station. When
these photographs were taken the sensitivity of the radar was reduced so
that returns from snow above the freezing level would not be seen, In this
way the top of the melting band is more clearly defined but note that even

in this relatively weak and dissipating tropical cyclone it is about 200 m

higher than that given in the previous paragraph for hurricane Betsy.

Tropical cyclones over the China Sea to the south of Hong Kong
scmetimes show the bright band and sometimes not, Even weak storms
can be variable in this respect. For example, typhoon Carm#n 1974 and
severe tropical storm Doris 1975 showed no bright band but typhoon Irma
1974 showed a good one (the eye was just over land at the time); these
storms had cloud tops near 7.6 km. Typhoon Elsie 1975 showed ne bright
band as can be seen from Fig.(0.%({s)

In summary, it appears that the bright band can be found in
weakening tropical cyclones in which the areas containing strong
convection are decreasing and in those parts of stronger tropical cyclones
in which convection has weakened. However, in the inniﬁ)ifgggns of steady
state typhoons, where convection is strong, as in Flg. 1<35a, a

bright band will not be found.
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Fig. 4B-35a RHI presentations of the eye of typhoon Elsie at 22150(1MT
on the 13 Oct 1975 when it was about (140 km) on a bearing of 113
from the Hong Kong radar. The line indicating the top of the highest
echo is at 11.3 km. TIn the picture on the right the radar sensitivity
has been decreased by 36.6 dB (i.e. by a factor of 1/4 500) to show
the absence of a bright band. The rainfall intensities in the
convective columns were in excess of 65 mm/h.
Elsie is shown in Fig. 3%,

lo.7(6)

A PPT presentation of



10.8.4 Doppler radar

Conventional meteorological radars are called "non-coherent radars"
because no account is taken of the phase of the returning waves with respect
to those transmitted. However, these phase relationships contain infermation
on the velocity of scatterers along the line of the radar beam. Radars
which are phase sensitive are called "coherent” and make use of the
Doppler principle ~ familiar from school physics in connection with the
fall in pitch (frequency} of the whistle of a passing express train.

Doppler radars can be continuous wave or pulsed although both the theory
and construction of pulsed radars are more complex than in the case of

continuous wave radars.

Following Atlas {1964 Ywe can consider a point target at a range r
from the radar, there will be 2r/\ wavelengths in the out-and-return path,
Each wavelength corresponds to a phase change of 2Wso that the phase
position of the target will be 4Wr/N . If the target has a radial motion v
with respect to the radar its position in terms of phase will change
continuously and proportionately. Phase changes in time are represented by
au angular velocity s such that

W= 2TE = 4w/ A8 ) Jo-F LD
or £ = 2u/n Az f6.8 ¢
~ where f is the Doppler frequency shift caused by the radial velocity v.
TfA= 0.1 m then the Doppler shift is given by
"f = 20v (10— Io,8 (3)
and is seen to amount to 20 Hz for each increment in radial veleocity of
1 w/s. In the meteorological context, shifts will range from zero to say
3000 Hz - one millionth of the transmitted frequency f = 3000 x 106Hz.
In continueus wave radars,f is readily ohtained. by;combining the returned
waves with those from the transmitter so obtaining "beats” but the process

is more involved when pulses are used.

It can be avranged that only those signals showing a Doppler
shift, i.e., returns from targets with a radial velocity are displayed.
This facility is known as'moving target indicatort (MI'l)and can be uged

) o IS-J’CJ—) (a)
to elimindte permapent echoes due to stationary objects. In Fig. )
the clutter from hills and sea returns cannot be differentiated from
the typhoon rain clouds whereas, in the MIT equipped radar used to

.S 5

produce Fig., +¥tH, the clutter from stationary targets without Doppler

shift is eliminated leaving only clearly-defined rain clouds.
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There are some limitations in the use of Doppler radars which
arise from ambiguities in range and speed and the existence of "blind speeds”.

In order to measure a frequency f, its intensity must be sampled at the rate

. of at least 2f1. For example, if alpure sine wave was sampled at its own
frequency then the amplitudes found would remzin equal, as 1f the signal
were steady. A signal must be sampled both near its maximum and minimum
intensities. In a pulse radar the frequency (actually the phase) in each
pulse is sampled and so the sampling frequency equals the prf; the highest

Doppler shift which can properly be identified is therefore

fpax = pri/2 (10+-9) /0 -8L)

and from eqn (10.7) the maximum radial velocity detectable will be

Vo = (PTE) N4 (1pw207 /O B(s)

Signals returned with f greater than prf/2 will appear falsely at a frequency
f - n (prf/2) where n is an integer, and at equivalent false velccities.
With a typiecal 100 mm radar with prf = 275/s, fmax will be 137.5 Hz and

the corresponding speed 6.9 m/s.

On the reasonable assumption that raindrops will be swept
along with a velocity very close to that of the wind in which they are
embedded then, the Doppler shift from raindrops can be used to measure
the radial component cof winds. To measure wind speeds up to 100 m/s
- -unambiguously in this manner would require a special radar with a prf of
4 000/s ; such a high prf would limit the maximum unambiguous range because
time is needed for a pulse to go out to maximum range and return at the
speed of light ¢ before the next pulse so that the unambiguous range is
given by

T = ¢f2 (prf) (w /0.8(6)

max

For the typical radar with prf = 275/s, L oax equals 545 km but for a
special radar with a high prf of 4000/s the maximum unambiguous range
would be only 37.5 km ~ much too short to be of use in the typhoon warning
role. The maximum range and maximum unambiguous radial velocity are

related such that .

Vmax z)\c_/ 81 hax Qo225 /0.8 (2>
Echoes received from ranges greater than L oax will be falsely indicated
at r - nr oo« where n is an integer. It should also be noted that targets
moving across the beam at right angles have no radial velecity r and they

will not be detected until they have moved far enough tc have ameasurable
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radial component of velocity v which, with most modern equipments,

igs about 1.5 m/s. Typhoon rain clouds are usually detectable even when moving
across the beam because they contain turbulent elements with velocities

other than that of the cloud as a whole, for this same reason a whole
spectrum of Doppler shifts will be returned from the many scatters in a

rain cloud and much valuable information can be derived from its characteristics.

In the U.S.A. Brown et al (1575) described the use by the
National Severe Storms Laboratory of two modified 100 mm FPS-18 radars to
measure wind speeds in tornadoes, These radars have a maximum unambiguous
range of 115 km and an unambiguous Doppler interval of * 34,2 nfs and
: 35,6 m/s respectively. Since Doppler radars can only measure velocities
along the line of sight theltwo radars are used together and sited 41 km
apart to enable the complete wind field to be determined over an area of
about 100 x 160 km. Such radars would be of great value in tropical

cyclone areas.

The primary requirement of Doppler radar, in the typhoon
warning role, is that it should give an indication of the maximum wind
speeds near the centre when it 1s at a range of 100 km or more. The
ambiguities can be overcome in this application because the target is
near continuous in space and the speed will increase as the eye is
- -approached and the approximate wind speeds will be known. The rain on
either side of the eye will be moving directly towards or away from the
radar giving large Doppler shifts of both signs. If necessary, instrumental
arrangements can also be made to help resolve the ambiguities. For
example, the prf can be made adjustable and successive pulses can be
"lghelled" or coded to permit their indentification on return. Doppler
radar would yield not only the maximum wind but also the approximate
radius of the ring of maximum winds. Knowledge of both these factors
is easential for the prediction of storm surges by numerical methods
(14. ) and for the identification of potentially disastrous tropical
cyclones.

go

It is remarkable that at the time of writing (19%8) no

Doppler probing of tropical cyclone wind velocities has been made and

no such radar forms part of a tropical cyeclone warning system. This
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sad gtate of affairs is primarily due to the initial high cost of Dopplex
radars yet they are no more expensive thaun similar radars long in use in
other fields, The ratio of potential benefits to first cost of such an
installation in vulnerahle areas, regularly threatened by tropical cyclones,
is great. The WMO Tropical Cyclone Project (sect 1 proposed

that studies on the design of Doppler radars for use in the tropical

gyclone role should be encouraged and Baynton (1977} responded te this

callh_

- Because

low level hurricane force winds can be much reduced at heights above
& km he concluded that the radar beam should see the eye-wall rain helow
thig level. This implies that the range will normally be limited to
300 km at which distance a one-degree beam will be 5.24 km wide and fill
the height range 5.29 + 2,62 km. A one-degree beam was chosen 1) to
get good resolution of velocities and in particular to match the distance
over which extreme eye-wall winds will be found at 300 km range and
2) to yield an adequate return from exceptional storms which have high
winds in association with only light rain. For this latter reason also,
a l MW transmitter power with a long 4 Hs pulse was specified. A one-degree
beam at the chosen wavelength of 107 mm requires a large aerial of
.diameter 7.7 m which will need protecting in a costly dome. The .aerial
should have a gain of about 41 dB and the receiver a sensitivity of -108 dBm
s¢ that the minimum detectable reflectivity would be 11 dBZ (about 0.2 mm/h)
which should be adequate for all threatening storms. At the sﬁecified wave-

io.2( Fo-B (L)
length of 107 mm and prf of 500 per second equations (E8+28) and (
yield a maximum unambiguous velocity of + 13,38 n/s.

A coherent Doppler radar system is specified together with #
minl computer to process the Doppler information and to control the
display of velocities on a coloured television monitor in standard PPI
format. Provision is also made to expand the scale of the display to

'magnify certain features. The standard T.V, menitor display can resolve
256 x 256 elements and assign 15 colours to them, For clarity- of
display Baynton proposed to use only seven colours each corresponding

to one seventh of the unambiguous velocity. OQutside this range the



colouts repeat themselves in thé same order but they can be followed

and thergmgﬁggity resolved in the context of the pattern. This is shown

in Fig. 48+36 in which the wind field associated with the Hughes (1952)
mean typhoon (Fig, 5. ) has been used to illustrate the veloﬁities to be

expected and their display.

Some errors and limitations of the merhod can be foreseen.

The whole of the central region of the tropical cyclone will not always
contain rain. Black areas will then appear and break up the continuity

of the display shaown in Figfoﬁgsgg. This effect way cause some colours

to be skipped. Colours will also be missed if the wind shear in the
horizental exceeds about 2m/s/km. It is expected that these difficulties
of Interpretation will usually be easily overcome, At ranges beyond about
100 km wind speeds will need to be increased - by up to 6% - as in

gect w-b“i to egtimate gurface winds, The fact that the beam samples a
volume of several km3 introduces some smoothing of the peak wind speeds

as does the colouring method used in the display. Baynton estimates that
in extreme cases this may lead te an underestimation of peak winds of
about 12% for a typhoon at 200 km range. DBecause the strongest winds

in a tropical cyclone are found to the right of the track (Fig. )} the
most atcurate estimates of storm intemsity are obtained when the angle
between the storm track and its bearing from the radar is small. The
‘most accurate readings are thus aobtained on storms apprbathing the radar
directly. For passing storms the most accurate readings will be obtained

before closest approach,

Radar systems of the type described but cperating on a
wavelength of about 50 mm have already been used successfully in storms
of temperate latitudes (Baynton et sl 1977). Winds of up to 70 m/s
have been observed although the maximum unambiguous velocity was only
14,6 m/s. The cost of the radar for use in tropical cyclones as specified
by Baynton (1977), will be high - large aerial, high power, large dome -
but it is nevertheless hoped-that some such radar will socn be built and

its utility tested in typhoon condltioens.
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.10,8.5 Ground clutter

The defection and measurement of meteorclogical targets is often
complicated by unwanted echoes of non-meteorological origin which come
from the ground, mountains and sea. The problem is particularly severe
for radars operating in the tropical-cyclone warning role as they are

often on elevated sites to obtain maximum range (sect 10.8.1).

There is a difference between returns from meteorological targets
of rain drops and those from ground targets. This difference permits the
two signals to be identified and separated. Ground echoes change little
in intensity over shortperiods of time whereas echoes from rain drops
within the target volume fluctuate randomly from pulse to pulse due to
the Doppler shifts arising from the relative motion of the randomly
distributed particles. The returns from rain clouds therefore have an
alternating current (AC) or variable component which can be separated
from the steady or mean signal due to rain alone or to both rain and
ground clutter. This methed of separating the returns is particulariy
attractive because the mean power of the precipitation echo is approximately
proportional to the variance of the amplitude of the linear-detected echo
signal irrespective of the intensity of the ground clutter in the same
. echoing volume (Tatehira and Shimuzu 1978). It is therefore possible to
remove ground echoes and still obtain a measure of the intensity of the

precipitation echo.

When the signal from precipitation is linear-detected in the radar
receiver, the amplitude probability distribution { P(X)) of the
precipitigifeﬁizﬁgﬁn signal can be expressed as a Rayleigh distribution”
{MarshallA . 1953). Since the amplitude thas a dimension of volggge
at the output of the receiver, its variance 0 and mean square value X
have a dimension of electric power. Therefore, the variance 02 and the
mean square value of the amplitude Xz can be considered as the AC power
and mean power respectively.' From the Rayleigh distribution it can be
shown that the ratio of the AC power 02 to the mean power X2 of

precipitation signals is constantandequal to 4.66 {6.68 dB). When the

2 _
+
P(X) = % exp (- 3(—2} from which X2/07% = 1/(1- 77 /4) = 4.66
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precipitation echo is superimposed on ground clutter, the probability
density distribution of the amplitude changes from the Rayleigh
distribution to the Rayleigh-Gaussian distribution and it can then be
shown {Tatehira et al 197%) that the variation of the ratic of the AC
power of the lincar-detected composite signal at the receiver output to
the mean power of the precipitation echo is as shown in Fig. 10.8.( 6).
This ratio is seen to range from 3.01 dB to 6.68 dB. The maximum error
in the estimation of the mean power from precipitation is therefore at
most 1,84 dB if estimated from a ratic of 4.85 dB.

In practice, the echoes from ground targets do change slowly and
slightly ﬁﬂ-f 1 dB) with time due to the movement of vegetation, changes
in propagation path and pulse to pulse variations. For this reason ground
echoes are not completely eliminated but only greatly (~35 dB) suppressed.
The ground echo can be further suppressed (to about 50 dB) and the accuracy
of estimation of rainfall rate in the presence of strong clutter further
improved if the 0.7th power of the linear-detected echo is used as the input

to the filter processor {Tatehira and Shimuzu 1980),

Storm warning radars have been modified in Japan and Hong Kong to
operate on the above principle and Fig. 10.8(7) shows how effectively
ground clutter can be removed in typhoon conditions. As explained in
sect 10,8.1, returns from the sea surface have an unsteady component.

Therefore, sea clutter cannot be entirely suppressed by this technique.
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Fig. 10.8.(6). Ratio of AC power in a linear-detected precipitation echo
to the mean power of the echo, as a function of the power of ground

clutter relative to that of precipitation (after Tatehira and Shimizu
1978) .

@) | (b)

Fig. 10.8.(7). PPI pictures taken with the Tokyo radar at 0048 JST dgring
the passage of tropical storm Ken on 5 September 1979 (Elevation: 0.0,
Range marks: every 50 km).

(a) Precipitation echo superposed on ground clutter in conventional
log-characteristic

(b) Estimated mean power of precipitation echo in gray-scale
(Gray: Equivalent rainfall intensity of 1-4 mm/hr, White: 4-16 mm/hr,
Black: more than 16 mm/hr) (From Tatehira and Makino 1980)



10.9 Radar Developments

10.9.1 Sky-wave radar

Experiments have been made with radars operating at high radio
ffequencies, usually about 20MHz {AN= 15m)}, so that the beam may be
reflected by the "ionosphere" (sect 13, ) and so travel many thousands of
kilometres around the earth. The frequency chosen is a compromlse between
the need to use a frequency high enough teo permit a reasonable beam width
to be obtalned yet low enough to enable the F layer of the ionosphere
(around 300 km) to reflect the waves in the oblique mode in daylight hours,
These frequencies are too low, of course, to detect rainclouds but they are
back scattered by the sea surface and it 1s possible, by using Doppler
techniques, to infer the sea state many thousands of kilometres away and
over large areas. Such observations will indicate when and where tropical
cyclones form. If the radar were to be sited on an island in the mid-
Pacific then the formation and approximate location of tropical cyclones
over a very large area, of radius more than 4 000 km, could be determined,
Such distances can be attained with one reflection at the icnosphere but
observations have been made out to 6 000 km by double reflections or "two

hop " paths,.

The principle that permits these oceauncgraphic observations to
be made was first discovered by Crombie (1955) when he directly observed
‘a disturbed sea surface with high frequency radio waves. He found that for
radioc waves of length . the sea waves acted as a diffraction grating
sending back a large signal from those sea waves of wavelength L = A/2 moving

radially from the transmitter. The speed of such a wave is

¢ = e L oz 10-90)

2 17
vhere g is the acceleration due to gravity. Sea waves moving at this

speed produce a Doppler shift f such that

20 _ 2 2 - N - g Jo 3 (D
f== = (10.23¥
NN 217 2 LURA (0-4(2)

For a wavelength™= 14.3 m and g = 9.81 m/52 eqn 6+23) ylelds a frequency
shift of 0,475 Hz. Sea waves of length ;K/Z are always present, because

rhe sea wave spectrum is continuous, so that this sharply defined Doppler
frequency, known as the Bragg reasonance frequency, is determined only by
gravity and the radio frequency, and is independent of the sea state, However,

the amplitude of the signal is a measure of the sea wave spectrum.



Although the Doppler spectrum of the returned signal is dominated

by the Bragg line there are alsc some other weaker lines and a lesser
continuous background of radio frequencies the spectrum of which can
be used to derive the sea wave spectrum. It is pessible to vary the
radico frequency and so scan the sea waves by determining the amplitudes
of the relevant Bragg lines., However, this cannot be done when

ionospheric paths are used,

Ward {1969) extended the range of these observations by using
the ionosphere so developing a "sky wave radar". He used a very large
aerial in order to produce a beam width of 12°. However, it is possible
to use the radio-astronomer's method of aperture synthesis. Using
ordinary radio receivers and two television-type Yagi aerials which can
be moved relative to each other, an effective beam width of about 2° can
be obtained from 4 minutes of observation. Ionospheric Doppler radar
currently'suffers from noise due to travelling ionospheric disturbances.
This limits the resolution with which the Doppler spectrum can be resolved
to  0.01 Hz. To minimise these effects observations are made near local
noon when the ionosphere is most nearly steady but it may prove possible
to monitor independently the reflection regions in the latitudes of

interest and so correct for their effects.

Maresca and Barnum (1979) used a wide-aperture radar to locate
hurricane Elcise 1979 over the Gulf of Mexico some 3000 km west of their
radar site in California. The radar beam 0.5° wide at 15 MHz was produced
by an array of aerials 2.55 km long. The Doppler spectra of the energy
backscattered from the ocean was obtained simultaneously and immediately.
Spectra at five different azimuths and at a range covering the core region
of the hurricane are shown in Fig. 10.9(1)g}71 Each spectrum represents a
spatial average from the returns from ocean gravity waves in an area 63 km
in range and 25 km in azimuth. The principle direction of the first-order
Bragg resonance waves (8-9 m long) is inferred from the power ratio of
approaching and receding waves, Because the waves are short it is assumed

that they are coincident with the local wind directioen,

The relative amplitudes of the first-order echoes (the two
maxima) changes in Fig. 10.9{1) p4J from approaching to recedeing directions
in less than 100 km, By shifting the azimuths and ranges a wind chart

can be preduced. In this way Maresca and Barnum (1979) located



SPECTRUM
AMPLITUDE

hoala

25 0 -2.5
DOPPLER SHIFT — Hz

Fig, 10.9(1\(){. Doppler spectra obtained from an incoherent average
of two coherent 12.8 s skywave-radar measurements. Each spectrum is an
average of the Doppler spectra obtained from 21 differentoranges spaced
3 km apart. The Doppler spectra shown are spaced - 0.25 in azimuth
from the middle spectrum which is near the centre of hurricane Eloise.
The returns are from an area of ocean 100 km in azimuth and 60 km in
range. (Adapted from Maresca and Barnum 1979}.



Eloise 1979 to within 35 km of the official position., In 1977 hurricane Anita
was tracked for four days and the 17 skywave-radar fixes were within

.18 km of the National Hurricane Centre's smoothed track positions.

Estimates of the surface wind speed can be infered from radar estimates of

rms wave height and radial distance from the storm centre using a wind-

wave prediction model (sect 14, Y. On a limited sample the

estimated speeds were with 10% of those determined by conventional means.
Even at its present state of development, ionospheric radar
produces valuable information over the tropical oceans to supplement

gatellite observations of cloud cover.

10.9.2 Displaying target movement

It was mentioned earlier that it is often not possible to be
sure of the location of a centre of a tropical cyclone displayed on
a PPI until the movement of the associated rain clouds has been
determined and that this can be facilitated by some time-lapse facility.
The use of cine film and video-tape time-lapse devices was discussed.
It is however possible to use computers directly both for recording
displays and for determining echo movement. The rapid progress in
the development array processors and their decreasing cost per unit
of performance will result in this method of recording being futher
developed in the future. In this technique PPI video signals are
suitably digitised and fed to an array processor where they are mapped
and processed before transfer to the mass memory system of a computer.

From here on, many manipulations of the data are possible.

Comparisons witﬁin a computer of two PPI images separated by some
. be wie 'ta

minutes can;determine the movement of discrete echoes which may then

be displayed as vector arrows at the appropriate position on a PPI.

The orientation of these vegtors would indicate both the maximum wind

speed and any centre of circulation. The method has been demonstrated

for thunderstorm and shower movement but has not yet been adopted to the

tropical cyclone case.



10.9.3 Other radar devices

Some other radar devices relevant to the study and
forecasting of tropical cyclones have already been demonstrated,
These include special radar altimeters for use in reconnaissance aircraft
and on satellite to determine wave heights and so to derive surface
wind speeds (sect 11. ) and the use of synthetic aperture radars
en the same platforms to determine sea states (Fig. 14.16). It has
also been suggested (Simpson 1974) that aerial reconnaissance of typhoons
could best be achieved by flying around an octagon at a distance of about
90 km from the storm centre with a sideways looking C-band Doppler radar.
This radar would scan in a vertical plane (using a phased array rather
than a nodding aerial) enabling a three dimensional picture of the
distribution of rain in the whole storm to be determined. In addition,
Doppler information would be retrieved to permit the computation of wind
speeds - both vertical and horizontal - by methods pioneered by
Lhermite (1972}.

Radars purchased in the nineteen eighties for tracking
tropical cyclones should have some device for storing the received
signals and a mini-computer to process them. The computer should have
the necessary software to control the aerial in elevation so that a
large volume of the atmosphere is scanned in the time taken for the
aerial to move a few revolutions in azimuth. The processing system
should then provide details of signal intensities at selected attitudes
to provide a display known as "Constant Altitude PPI' or "CAPPI".
Vertical cross sections should also be available as required. The
processing system should also be capable of integrating the echo intensities
over discrete areas and periods of time for flood forecasting purposes
and provide a time-lapse facility for facilitating the determination of
echo velocities and for making Doppler measurements, Finally, the system
should have softwave for a forecasting algorithm - based on the cross-
correlation of individual poiﬁts of two CAPPI displays separated by a
short interval of time - so that objective forecasts of the echo pattern

can be produced by extrapolation.
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