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PREFACE

Unlike those environmental problems which are generated by human
activities, naturally induced problems, /e, natural disasters such as
earthquakes, land-slips, great winds, giant waves, floods and
droughts, virtually defy control. This places a premium on prediction
and other early warning technigues for their avoidance which stretch
current scientific understanding and technological skills to their limits.

Year after year the toll of deaths and human suffering is a grim
reminder of the fact that our success rate is low. This is why the UN
Environment Programme has made natural disasters one of its
priorities and stressed that “greater attention should be given to dis-
aster preparedness and prevention, including mitigation and early
warning'’.

An especially severe and recurring natural disaster is the tropicaf
cyclone particularly as affecting the land surrounding the Bay of
Bengal and the Arabian Sea. A particularly well documented case there
was the cyclone of 1970, when an estimated 300,000 people died.
Although it is possible to predict the occurrence of a cyclone from
satellite pictures, it is aimost impossible to make a precise estimate of
its severity. The decision whether or notto warn the public of approach-
ing danger is thus a very difficult one to make. Repeated death and
destruction can hest be minimized if killer storms can be distin-
guished from non-killer storms and thus assure public acceptance
of warning systems. Aircraft reconnaissance into the storm centres
is one way, but the cost of maintaining an aircraft alert system
is prohibitively high. Modern Doppler radar equipped with a real-
time processor and colour display appears to offer a less costly
alternative. The ensuing report develops a specification for such a
cyclone detecting radar from a new radar technology proven in use at
the National Center for Atmospheric Research, Boulder, Colorado,
USA.

Recently, the World Meteorological Organization and the UN Envi-
ronment Pragramme initiated a project to prepare schemes for Bang-
ladesh, Burma, India, Pakistan, Sri Lanka and Thailand to improve
their existing cyclone monitoring and warning systems. It is hoped
that the present report will make a timely and useful contribution to
this very important project.

Gordon T. Goodman,
Director



Radar Design for Determining the Strength of Tropical Cyclones in
the Bay of Bengal

1.0 Introduction

One of the goals of the United Nations Environment Programme
{UNEP) is that there should be warnings of natural disasters. Among
these disasters is the tropical cyclone, known also as the hurricane
and typhoon. Of the half dozen regions that experience these storms,
Bangladesh historically has been the most severely affected. There
the problem is aggravated by the large tidal range, up to & m, over the
northern tip of the Bay of Bengal. if the storm surge induced by
cyclonic winds is in phase with high tide, the resulting floods may be
disastrous,

A recent example brings the problem into focus. On 12 November
1970 a tropical cyclone with maximum winds of about 100 knots (kt)
crossed the coast of Bangladesh. Frank and Husain (1971) described
this storm as “‘the deadliest tropical cyclone in history”. Due primarily
to the accompanying storm surge — up to 4 m in places — 300,000
people perished. The track of the storm can be seen on Figure 1.

Each vear about 12 tropical depressions develop over the Bay of
Bengal {Frank and Husain, op. cit.). On the average, five of these
become cyclonic storms with winds of 40 kt or more and an occa-
sional one intensifies into a killer storm. Since tropical cyclones are
often no more than 500 km in diameter, they may easily exist over the
vast Bay of Bengal with no telltale evidence along the coast.

The cyclone warning centres around the Bay of Bengal depend
heavily on satellite photos. Satellites are indispensable for providing
early warning of tropical depressions and there has been progress in
classifying cyclone intensity from satellite images {Dvorak 1972}
Koteswaram (1971) reported that US criteria for predicting hurricane
intensity from satellite pictures appeared to offer useful guidance
when applied to Indian Ocean cyclones. Sikka (1971) compared storm
intensity in the bulletins issued by the Storm Warning Centres at
Calcutta and Bombay with the intensity based on satellite pictures.
The following categories of intensity were used.

Depression — winds 17-27 kt
Deep depression — winds 28-33 kt
Tropical storm - winds 34-47 kt

Severe tropical storm — winds 48 kt and above.
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Sikka's analysis included 155 comparisons with the Washington
global readout picture and 182 with the APT* picture received at
Bombay. Table 1, below, based on Sikka’s extensive tables, allows us
to consider the number of cases when the storm bulletin and the’
satellite inference agreed exactly and when they disagreed by one
category as to storm intensity.

Table 1 Comparison of storm intensity in the operational storm bul-
letin and the intensity inferred from satellite pictures.

Exact Disagreement by Disagreement by
agreement one category more than
per cent per cent one category
per cent
Washington picture 45 35 20
APT picture 49 35 16

Sikka recommended that, in the absence of ship reports near the
centre of a storm, the satellite inference should be used. However,
from the standpoint of disaster warnings, the real need is to be able to
make finer distinctions within the category “severe tropical storm”’,
Satellite images alone are simply incapable of doing this.

The satellite capability is supplemented by a few non-Doppler
radars situated atong the coast of the Bay of Bengal, for example at
Cox’s Bazar. Although these radars can track the movement of the
tropical cyclones, they provide no direct measurement of wind
speeds. Lacking precise information on storm intensity, the storm
warning centres have shown an understandable bias towards over-
warning. Public apathy has resulted. In their report on the Bangladesh
cyclone disaster of 1970, Frank and Husain noted that over 90 per cent
of the people in the disaster area knew about the storm yet less than
one per cent sought refuge in more substantial buildings.

Clearly the problem is to distinguish between killer and non-killer
storms. Writing in 1971, Frank and Husain could assert that aircraft
reconnaissance provided the only practical way of determining the
strength of a cyclone before it reached the coast. It is proposed here
that, with recent advances in data processing, modern, shore-based
Doppler radar provides a viable alternative to aircraft reconnaissance.
The procedure will be to develop the performance specifications for a
* Automatic picture transmission



cyclone detection radar and then to test its diagnostic ability against a
reconstruction of the wind field of the 1970 storm.

2.0 Radar System Specifications

We need not be concerned with complete hardware specifications but
only with those characteristics bearing on the diagnosis of tropical
cyclones. We shall need a radar that is capahle of measuring wind
speed and rainfall rate. All radars measure reflectivity, which can be
used to estimate rainfall rate. A Doppler radar, in addition, measures
the radial velocity component of the targets that it detects. The meas-
urement is based on the shift in frequency that moving targets pro-
duce between the transmitted and backscattered signals. It has been
shown that the radial velocity of the target, Vy, is related to this Dop-
pler shift, f, and the wavelength, A , of the transmitted signal by the
expression

Vi = fA/2.

In order to measure the Doppiler shift, either the frequency of the
backscattered signal must be compared with the frequency of the
transmitted signal, or both frequencies must be compared to a com-
mon reference. If each transmitted signal pulse consists of a segment
of an unbroken pure sine wave, the frequency of the backscattered
signal may be compared directly to the frequency of the transmitted
signal. Radars that operate in this way are called coherent Doppler
radars and are preferred, for meteorological use, over non-coherent
Doppler radars that employ an external reference frequency. We
therefore specify a coherent Doppler radar.

Modern coherent Doppler radars use a slight variant of the proce-
dure whereby the phase change between consecutive backscattered
pulses becomes the measure of radial velocity. In metecrological
applications, collections of falling precipitation particles provide the
targets. As the particles fall they are swept along by the wind and,
except in the case of large hailstones, it is safe to assume that their
horizontal velocity is a good approximation to the horizontal wind
speed.

Because of the considerable range at which we will wish to view the
cyclones and the very intense horizontal gradients of wind speed near
cyclone centres, we specify a relatively narrow one-degree pencil
beam. At ranges of 200 and 300 km this wili give beam widths of 3.49
and 5.24 km.



There is a case for preferring a half-degree beam, especially at
ranges of 200-300 km, because of the better spatial resolution and
improved beam filling (hence greater sensitivity) that would result.
However, since antenna diameter is inversely proportional to beam
width, the choice of half degree would double the size of the antenna,
its pedestal and the protective radome, at a very substantial increase
in costs. Gray and Shea (1976), in their summary of 533 radial pene-
trations of hurricanes, found it advantageous to average wind speeds
over 2.5 nautical mile (4.63 km) flight segments, in order to eliminate
small scale fluctuations in the data. Evidently a one-degree beam can
provide adequate spatial resolution. On economic grounds, therefore,
a one-degree beam is specified. The performance penalty will be
instances of weak signal at great range, a limitation unlikely to affect
the detectability of the more severe tropical cyclones.,

We must also specify the radar wave length, A , the pulse repetition
frequency (PRF) and the capability of the associated data processing
and display system. Eventually we will also want to specify transmit-
ter power, pulse duration and receiver sensitivity but it is convenient
to defer this until Section 7 where errors and limitations of the proce-
dures are discussed.

2.1 Preliminary Design Considerations

A pulsed Doppler radar transmits a short pulse — a few micro-
seconds — of microwave energy in a narrow beam. It then waits a
relatively long time — a few thousand microseconds — to receive
energy reflected from targets before sending the next pulse. The
range of a target is determined from the time taken for the pulse to go
out to the target and back. If the reflected energy from a distant target
arrives back after the next pulse has been transmitted, it may be
confused with energy from the next pulse reflected by a close in
target. There is, therefore, a maximum unambiguous range, R .. for
every pulsed radar, given by

C

Riex = 2(PRE)

(1)

where C is the velocity of light, 3 x 10% km/sec, and PRF is the pulse
repetition frequency of the radar, typically in the range 200to 1200 per
second. In practice the useful range of the radar is its maximum
unambiguous range, which can be extended by decreasing the PRF. If
the PRF is 1000 pulses per second, the maximum unambiguous range
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is only 150 km whereas it increases to 500 km if the PRF is reduced to
300 pulses per second.

The speed of a target, towards or away from the radar, is computed
by comparing the phases of the microwaves in consecutive reflected
pulses. Targets that are either stationary or moving tangentially to the
radar beam will produce no phase change. If the phase change is
positive and exactly equal to one-half wave length, it is indistinguish-
able from a negative phase change of exactly one-half wave length.
There is, therefore, also a maximum unambiguous velocity, V.,
given by

V... = = (PRF) \/a. (2)

ma.

In meteorological practice it is difficult, but not impossible, to
resolve velocities greater than the maximurn unambiguous velocity. it
is therefore desirable to make V. as large as possible. We do this by
choosing a large A since we have noted earlier that we wish to keep
the PRF smali in order to extend the unambiguous range. However,
before specifying the pulise repetition frequency and the wavelength,
we must consider the effects of earth curvature and refraction on
radar performance.

2.2 Earth Curvature and Refractive Effects

The practice of watching for distant targets with radar is constrained
by earth curvature. The downward bending of microwaves by a
standard atmosphere compensates slightly for earth curvature. For
average refraction the net effect is represented, approximately, by
imagining that a ray travels in a straight line, and the earth’s radius is
four-thirds times its actual radius (Freehafer 1951). This four-thirds-
earth-radius treatment of earth curvature and refraction leads to the
following equation for ray tracing.

R v Rsi z (3)

= — 4+ +

17,000 o0& T
Here Z is the height above mean sea level of the ray in kilometres, at a
slant range of R kilometres, a is the elevation angle of the ray, and Z,
is the height of the radar above sea level in kilometres. The develop-
ment of equation {3) appears in Appendix 1.

When a radar looks across the sea, there is some elevation angle for
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which the ray is tangent to the sea. For a radar at sea level, this
elevation angle is 0 degrees and the point of tangency is at the radar.
As the radar is raised in elevation, on a hill or mountain, the tangential
elevation angle becomes less than zero and the point of tangency will
be at some distance from the radar. Equation {3) can be used to
compute the tangentiat elevation angle and the slant range to the
point of tangency for selected values of radar height. The results of
such computations are presented graphically in Figure 2.

Figure 2 suggests that one may extend the range by locating the
radar on a hill. However, unless the hill is at the coastline, any gains
from elevating the radar tend to be lost by distance back from the
coastline. In the case of Bangladesh, the radar will be effectively at sea
level although it may need to be several kilometres inland to reduce
the threat of flooding.

At a range of 300 km a tangentiai radar beam will reach a height of
5.29 km. Since at that range a one-degree beam will be 5.24 km wide,
the beam will fill the region 5.29 + 2.62 km. Similarly, at a range of
500 km the beam will have risen to 14.71 km, filling the region 14.71 =
4.36 km. Studies of Atlantic hurricanes and Pacific typhoons by Jor-
dan (1952) and of Atlantic hurricanes by Shea and Gray (1973) showed
that wind speeds were still nearly as strong at heights of 5 to 6 km as
in the boundary layer, but had undergone quite substantial change by
10 km. Colon et a/. (1970} confirmed the essential similarity of Indian
Ocean cyclones to those in other regions of the globe. Clearly it is
useful to examine the wind structure of cyclones at a height of up to
56 km, 7.e., at a slant range of up to 300 km, but pointless to carry it
beyond 300 km. We therefore propose a pulse repetition frequency of
500 per second and a wavelength of 0.107 m. Substituting these val-
ues in equations (1) and {2) we get a maximum unambiguous range of
300 km and a maximum unambiguous velocity of = 13,38 m/sec
{26.0 kt). Section 2.4, below, describes how velocities greater than the
maximum unambiguous velocity can be measured by means of an
ingenious coloured display.

It should be noted that the choice of wavelengths is limited to one of
the three bands, X, C, or S, in use in meteorological radars. A set of
letter band-designations was introduced as a wartime security meas-
ure to conceal the frequencies being used. Although each band
specifies an interval of wavelengths, in meteorological practice X-, C-
and S-band are commaonly taken to mean wavelengths of 3.2, 5.6 and
10.7 cm, respectively. We have selected the S-band.
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HEIGHT OF RADAR ABOVE MEAN SEA LEVEL KM

0 0 200 300 400
SLANT RANGE IN KM
Figure 2. Path of rays tangential to the earth with average refraction for vari-

ous radar heights, Z,. Tangential elevation angles, «, are shown on the ray
paths.




With the specification of wavelength, A, the size of the antenna can
also be established. A pencit beam is produced by a circular
paraboloid antenna whose diameter, d, is given, approximately, by

the expression
5 57.3
= [= Z= M
= (s) (%)

where E is the beam width in degrees. Thus a one-degree beam and a
wavelength of 0.107 m requires an antenna diameter of approxi-
mately 7.7 m.

2.3 Microwave Attenuation

Microwave attenuation increases with rainfall rate. At X-band it rep-
resents a serious constraint; at C-band it is often tolerable, especially
in the tropics, while at S-band it is insignificant. Senn {1971) con-
firmed this for tropical cyclones. He observed three hurricanes over a
72 n.mi. path at a rainfall rate of about 1 in./hr and obtained attentua-
tions of 87, 29 and = 4 dB at X-, C- and S-band, respectively. Low
attenuation is mandatory since we wish tc eéxamine the cyclone struc-
ture at long range and will often have to propagate the radar waves
through intense intervening rainfall. The lack of attentuation at S-band
also permits more reliable estimates of rainfail rate, at least at close
range when the beam is close to the ground. These will contribute to
better estimation of the stream flooding to be expected after the
cyclone has moved inland.

2.4 Data Prccessing
The radar will be equipped with a digital radar processor and a
minicomputer to perform the following operations.
{1) To process the Doppler information in real time into a record of
radial velocities (Lhermitte 1972).
(2} To control the display of the velocities on a coloured television
monitor in a standard PPl {plan-position indicator) format.
(3} To control the recording of the velocity and reflectivity factor on
magnetic tape.
Radars equipped in this way have been developed at the National
Center for Atmospheric Research {NCAR), Boulder, Colorado, USA,
Details of their construction and operation are given by Gray et a/
(1975). They have been used successfully in extratropical cyclonic
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storms of temperate latitudes (Baynton ez a/. 1977). Winds of 70 m/sec
{136 kt) have been observed aithough the maximum unambiguous
velocity was only 14.6 m/sec. In 1976 the writer participated in a field
programme of the Naticnal Hail Research Experiment, near Grover,
Colorado, when the complex airflow of a hail supercell (Browning and
Foote 1976) was graphically displayed in colour. There is every reason
to believe that similar radars can be applied successfully to tropical
cyclones which lie between hail storms and extratropical ¢yclones in
size.

The NCAR system uses 15 colours, thus requiring more than one
shade of red, yellow, blue, green, etc. Experience has shown that it is
difficult to distinguish betweeen shades of the same colour, especially
when there are strong gradients of wind speed. Since very large
gradients are encountered in tropical cyclones, it is proposed that only
seven colours should be used for this application,

Figure 3 shows how the seven colours, purple, blue, green, grey,
brown, yellow and red may be used to encode the velocity within the
unambiguous range, —26.0 to +26.0 kt. The width of each colour band
is 7.42 kt given by 2(26.0) = 7. The television monitor can be thought
of as a fine mesh grid. Each square of the grid is assigned one of the
seven colours corresponding to the observed radial velocity of
targets, or black if there are no targets. Grey is used to indicate targets
with radial velocities of 0 - 3.7 kt. It is referred to as the “zero velocity”
band. Ground clutter, as well as all targets viewed from the side, no
matter how fast they are moving, have zero radial velocity and there-
fore appear grey.

Figure 3 also illustrates how velocities outside the unambiguous
range will be encoded. It is analogous to a basic scale of musical notes
with which there are associated octaves both above and below the
basic scale. Outside the unambiguous velocity range the colours
repeat themselves in the same order in which they appear within the
unambiguous range. Although there is thus not a one-to-one corres-
pondence between a colour and a velocity interval, the potential
ambiguities are readily resolved within the context of the full colour
pattern. This will become apparent later when examples of tropical
cyclone echoes are presented in colour.

An essential feature of the colour display system is a zoom control
that permits the operator to magnify a portion of the field two, four, ar
eight times. Figure 4 illustrates the four optional presentations. Figure
4 {a) is the basic PPI display of the total radar field out to the full
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unambiguous range of 300 km. This is the normal mode during pre-
liminary surveillance. A control on the data console aliows the
operator to select the portion of the total fieid that will be magnified.
Twofold magnification, {b), would probably be practical for monitor-
ing tropical cyclones. Fourfold magnification, (¢), has been used when
scanning extratropical cyclones at higher elevation angles and the
eightfold magnification, {(d), has been limited to studies of thunder-
storms.

3.0 Structure of the 1970 Bangladesh Cycione

For the present analysis we postulate a radar located at 21.9 N. 89.1 E.
as shown on Figure 1. In 1971 a radar was being proposed for
Khepupara at about this location but it seems not to have been instal-
led. The point 21.9 N. 83.1 E. will be referred to as '‘the radar site’”
although no radar existed there in 1970.

Frank and Husain (op. cit.} provide the most complete data on the
structure of this storm. Its track, based on satellite photographs by
ITOS 1, is shown in Figure 1. Winds may have reached 100 kt by the
time it moved inland 80 km north-west of Chittagong. An anemometer
at Chittagong blew down just after registering 78 kt. At 0600Z on 12
November the cyclone centre is estimated to have been 208 km from
the radar site on a bearing of 196 degrees and to have been moving
on a heading of 23 degrees at a speed of about 15 kt. The cyclone
vortex had a diameter of six to seven degrees of |atitude as viewed
from the satellite.

For a detailed reconstruction of the kind of wind field that probably
existed, we must resort to reports of the average structure of Atlantic
hurricanes {Shea and Gray op. cit.} and of Pacific typhoons {(Hughes
1952), in both cases based on aircraft reconnaissance. Shea and Gray
summarized the average structure of a hurricane based on 533 radiai
legs flown on 41 days into the centre of 21 hurricanes between 1957
and 1969. They avoided much of the smoothing inherent in averaging
by measuring distances from the observed radius of maximum wind
speed. After the manner adopted by Hughes, they normalized their
data with respect to the storm heading and summarized tangential
and radial components as shown in Figure 5. Hughes had sum-
marized 84 flights into 28 Pacific typhoons. Whereas the Shea and
Gray data are very detailed near the eye of the hurricane, but extend
only out to 50 nautical miles {n.mi.) the Hughes data, shown in Figure
6 are simply estimates within 30 n.mi. of the eye but extend out to
300 n.mi.
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Figure 6. Mean tangential {a} and radial (b) winds, at about 300 m height,
outside the inner core of Pacific typhoons. The arrow indicates the direction of
storm movement. Speeds are in kt, distance in latitude degrees from the
centre. {After Hughes 1952).
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In constructing a best estimate of the wind field for the Bangladesh
cyclone of 1970, the Shea and Gray patterns of Figure 5 were used as
the basis of the wind field near the eye and the corresponding Hughes
pattern provided guidance in extending the field out to greater dis-
tances. The centres of the patterns in Figure 5 were positioned 200 km
from the radar site on a bearing of 196 degrees and were rotated
to reflect the 23-degree heading of the storm at 0600Z of 12
November. Figures 7 and 8 show the estimated distributions of
tangential and radial components in an area south of the radar site.
The 95-kt contour of Figure 7 is in good agreement with the earlier
observation that winds may have reached 100 kt.

4.0 Mapping the Doppler Wind Field

A Doppler radar detects only the component of wind velocity along
the radar beam. Accordingly the wind components about the cyclone
centre, portrayed in Figures 7 and 8, were used to compute wind
components towards the radar site. The computations were made on
a two-degree, 10-km grid over the area bounded by bearings of 180
and 210 degrees and ranges of 150 and 250 km. Over the balance of a
field given by Figure 4b, a 10-degree and 50-km grid was used. At
each grid point the tangential velocity, V, and radial velocity, \, were
read from Figures 7 and 8 and the component of wind towards the
radar, v, was computed from the expression

Ve = V cos {3-8)
where V = (V& + va)/2,
- 8 is the bearing from the radar site in degrees,
R is the range from the radar site to km, and
f is the wind direction given by
VR .

[R sin {196-8}) VF
[200-R cos (196-8)] } ey

The data were then plotted at the grid points and contours (isotachs)
were drawn, beginning at = 3.7 kt, at the 7.42-kt interval that corres-
ponds to the width of the colour bands of the radar display. Figure 9
shows the mapping of wind components towards the radar. The sign
convention is that velocity away from the radar is positive.

Although the entire area contained in Figure 9 is uniikely to contain
radar targets, it is instructive to code Figure 9 in colour according to
* When R > 200 km and 8 > 196 degrees, the constant, 106 is replaced by 286,

3 = 106 + arctan {

16



B ui aue spaadg saaubap gz jo tuipeay e uo BulACwl
‘soibBop 9g| Jo Buueaq B uO ‘BuS Jepel Byl woly Wy gYZ SuoPAD |eidon
e punoue juauadwod puim enquabuel syl jo uoinguisip patewunsy s amnbiyg

o961 \
\
/
\ o9 \
\
\
\
08 |
!
/5 9 !
14
i
s 9 ]
LR —
05 1
1
i
i
!
i
[
09 /
/
S€
7
LET
0t
e
-’
P
Hvavy




'Y Ul 518 spaadg ‘ssalbBap
£z J0 Buipesy v uo ‘sus Jepes 8yl woly Wy gOZ 8UQDAD |edidos) e jo sduad
8yl Spiemo) Juauodwod puim |BIPEJ 2y JO UOINgINSIp pa1ew sy ‘g aanbBig

961
oL~
G-
4]
S+
\
QL+ }
NOEL S i
P
£y
ey !
P /!
p+ s 7 1 1
c s 1
M rd —
- R
\\ 4 J
N...\ \\ ~
[
\\
Y /
/7
s
rd
'
”
\I\\




Figure 10. Distribution of the wind field of Figure 9 portrayed in colour accord-
ing to the coding scheme of Figure 3.
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Figure 11. Colour portrayal of the component of wind towards the radar site
for a tropical cyclone with half the intensity of the storm portrayed in Figure 10.
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coast of Arabia, Coldn et a/. {op. cit.) observed the heaviest echoes in
the two left quadrants. In a radar study of precipitation associated
with 20 typhoons, Tang (op. cit.) showed that heavy rain occurred in
different quadrants depending upon the air masses that are in proxim-
ity to the typhoon. Since many of the available radar echoes of tropi-
cal cyclones are for northward moving Atlantic storms, the influx of
drier air from North America may be partly responsible for the
observed echo minimum in the left, rear guadrant.

As to the overall extent of the echo pattern, there are reports that
the area of radar echoes is about an order of magnitude smaller than
the area of the associated cloud cover seen in corresponding sateilite
pictures {Blackmer 1961; Fujita and Ushijima 1961; Kulshrestha and
Gupta 1964; Kulshrestha 1970). As the last two references attest, the
relationship applies to disturbances over the Bay of Bengal. Frank and
Husain (op. cit) reported the cloud cover of the Bangladesh cyclone, as
seen from ITOS 1, had a diameter of six to seven degrees of latitude
(nearly 800 km). This would support a diameter of about 250 km for
the radar echo.

Figure 12 represents the type of radar echo that probably was
associated with the Bangladesh cyclone. Its characteristics are as fol-
lows:

{1} Echo-free eye with diameter 35 km

(2) Five spiral bands

(3) Greatest echo extent in the forward right quadrant

{4) Least echo extent in the rear left quadrant

(5) Total echo diameter about 250 km

(6) Greatest reflectivity in the eye wall cloud. _
Undoubtedly the fine structure of Figure 12 would have been rep-
resented differently by another analyst. However, the fine structure
tends to undergo constant change.

6.0 Portrayal of the Radar Echo in Colour
A console control permits one to display the radar echo in colour as
shown in Figure 13. Figure 13 is obtained simply by overlaying Figure
12 on Figure 10. Clearly one may still confirm that wind speeds of
about 96 kt are found to the right of the eye of the cyclone. If the storm
had been a non-killer, the pattern would have been that shown in
Figure 14 obtained by overlaying Figure 12 on Figure 11.

In practice it may happen that a gap between spiral bands is present
in the region of maximum winds. The operator may then have to wait
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a few minutes until a rearrangement of the constantly changing
banded structure provides the needed data. However, this is unlikely
to be a problem since in the overwhelming majority of cases the
maximum winds occur within the eye wall cloud (Shea and Gray
1973).

7.0 Discussion of the Errors and Limitations of the Procedure

The purpose of this section is to summarize the errors and limitations
inherent in the use of Doppler radar with colour coding to detect
cyclone severity. First, there must be radar echoes from the region of
maximum wind. As pointed out above, maximum winds occur in the
wall cloud. This almost guarantees strong echoes because of the
ample moisture and substantial rain normally associated with the wall
cloud. Dunn (1962} however cites one moderately severe Bay of Bengal
tropical storm that had only a few sprinkles of rain under the wall
cloud. To minimize this difficulty, we ensure that ample power is
radiated by specifying a peak power of one million watts and by
extending the pulse length. Although resolution decreases as pulse
length increases, a pulse length of 4 s would still provide an ade-
quate 600 m of resolution. The minimum detectable reflectivity would
then be 8 dBZ at a range of 200 km and 11 dBZ at a range of 300 km.*
Here it is assumed that the beam is filled with falling precipitation
particles. However, at 300 km range (recall that a one-degree beam
would occupy the region 5.29 =2.62 km above msl} there will likely
be times when this is not the case. The problem is unlikely to be
serious for the more severe tropical cyclones, since they can be
expected to have reflectivities well above 11 dBZ, in the lower part of
the beam, to compensate for an absence of targets near the top of the
beam. Further increases of either peak power or pulse length can
provide stilt greater sensitivity if this is needed.

In the colour display of Figure 13 some colours are skipped because
of the gaps in the echo, even though all colours appear in correct
sequence in Figure 10. However, colour skips may also result from
unusually large harizontal gradients. Generally, with a one-degree
beam at a range of 200 km, colour skips begin to occur if the horizon-

* An antenna gain of 41 dB and a minimum signal detectable by the radar receiver of
- 108 dBm are assumed. Rather than attempt to define the difficult concept of reflectivity
and the unusual unit, dBZ, some typical values are given. In drizzle the reflectivity can be
as small as - 10 dBZ. In rain in which each cubic metre of air contains 1000 drops, all
1 mm in diameter, the reflectivity is 30 dBZ. In hail, reflectivities as high as 70 dBZ are
observed.
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tal gradient exceeds 4.3 kt/km. Examination of horizontal gradients in
the 533 radial legs presented by Gray and Shea (1976) showed that
colour skips would be fairly common inside the radius of maximum
wind, in extreme cases involving skips of up to four consecutive col-
ours, but rare outside the radius of maximum wind. Even in the pres-
ence of such colour skips, careful reference to a standard colour bar
covering the full range of possible speeds will ensure that speeds are
correctly interpreted from colours.

The matter of data smoothing must also be considered. There is
smoothing because each colour band covers a range of 7.42 kt. For
example, the tenth colour identifies wind speeds of 74.2 =3.7 kt. The
smoothing effect is 3.7 kt if we always assign, to each colour band, its
mean speed.

There is also smoothing because of the volume sampled by each
pulse. The volume is a 600 m section of a one-degree cone. At a range
of 200 km the average diameter of the sampled volume is 3.5 km
{1.88 n.mi.). In preparing their summary of hurricane data coliected by
aircraft, Gray and Shea {1976) had information on wind speeds for
every few hundred metres. They considered it advantageous to com-
pute average values for 2.5-n.mi. (4.6-km) flight segments in order to
smooth out small scale fluctuations. Since a certain amount of
smoothing is evidently desirable, a one-degree beam with a 4 us
puise length would not introduce too much smoothing. Eleven radial
legs from the referenced Gray and Shea summary were tested to see
how much smoothing a two-degree beam would produce. At a range
of 200 km the peak wind was reduced an average of five to six per cent
and one could project possible reductions of up to 12 per cent in
extreme cases. Clearly a two-degree beam would introduce too much
smoothing.

Another limitation of radar is the fact that the earliest informauon,
gathered when the storm is still at a great distance, underestimates
wind speeds in the boundary layer, To evaluate this effect a vertical
profile of maximum tangential wind speed was constructed, based on
Figure 10 of Shea and Gray (op. cit.). It showed that the maximum
wind speed at a height of 2.35 km (the height of a zero-degree eleva-
tion beam at a range of 200 km) was six per cent less than the max-
imum at a height of 0.65 km. By the time the storm moves within
105 km the beam height is down to 0.65 km and the effect has disap-
peared.

It is interesting to note that aircraft reconnaissance estimates of
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wind speed are also low. They are derived by a Doppler navigation
system as the vector difference between the true airspeed and the
aircraft motion relative to the ocean. Because the ocean moves under
wind stress, the computed winds are too low by an amount calculated
by Gray and Shea {1973} to be six to seven per cent.

Cyclone asymmetry, illustrated in Figure 5(b), also affects the esti-
mates of storm severity. The winds to the right of the storm track are
the strongest, being about 10 per cent stronger than directly in front of
or behind the “eye". If the storm were viewed from the side instead of
head on, the true maximum winds would be tangential to the radar.
The most accurate estimates of cyclone severity are obtained when
the angle between the storm track and a line through the radar and
cyclone eye is very small. Since, unless the cyclone heads directly for
the radar, this angle grows as the storm approaches, the best esti-
mates of cyclone severity are obtained when the cyclone is still a
considerable distance from the radar.

8.0 The Related Problem of Predicting Storm Surges

In an operational warning system for tropical cyclones, the final step
is the prediction of the accompanying storm surge. Given accurate
data on the intensity of the cyclone and its track, reasonably accurate
forecasts of the storm surge are possible.

Generally, storm surge is computed as some function of shoreline
characteristics, angle of crossing the coast and the cyclone charac-
teristics. Different procedures make use of different cyclone charac-
teristics chosen from among central pressure, wind speed, radius of
maximum wind, translational speed of the storm, total storm radius
and so forth. Since the hydrostatic rise in sea level is only about 1 cm
for each millibar drop in pressure, the contribution of low pressure to
the total storm surge is measured in tens of centimetres or generally
no more than 15 per cent of the total surge. Clearly wind contributes a
good deal more than pressure to the surge. Unless both central pres-
sure and maximum wind speed are known, one is often estimated
from the other. But the relationship between the two variables is sub-
ject to wide variation as shown by Shea and Gray {(op. cit.). For exam-
ple, maximum wind speeds based on central pressure are subject to
underestimates of as much as 40 kt and central pressures based on
wind speeds are subject to overestimates of as much as 25 mb. There-
fore, since wind speed makes a larger direct contribution than pres-
sure to the total storm surge, if estimates are needed, it is preferable
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to estimate central pressure from a measured speed than to estimate
speed from a measured pressure. |t should be noted that the Doppler
radar provides direct and continuous measures of wind speed and
radius of maximum wind, and the forward progress of the cyclone
centre can be followed on the display.

Following the disastrous storm of 1970, Das {1972} made some
preliminary computations of the magnitude of the storm surge near
Chittagong, where the maximum storm surge was believed to have
been 1.5 m. He had access to the Frank and Husain data {op. cit.) on
storm track and severity and used a model storm with a radius of
maximum wind of 30 km, a maximum wind speed of 100 kt, a central
pressure of 960 mb, a 50 mb fall from the outer periphery to the centre
and 20 km/hr as the translational speed of the storm. Although his
computed value, 3.2 m, exceeded the reported surge at Chittagong,
according to Frank and Husain, even larger surges occurred about
100 km to the west on the island of Bhola. More recently, Das et a/.
(1974) confirmed these preliminary computations and extended them
by considering what the surge would have been if the same storm had
struck the coast at two other points.

Flierl and Robinson (1972} also addressed the problem of ““deadly
surges in the Bay of Bengal”. They drew attention to the significance
of the right angle the coastline makes just north of Chittagong, point-
ing out that, for such a configuration, the surge includes both a direct
contribution and a contribution reflected from the neighbouring coast-
line. As a result, the maximum response is almost double that of the
same storm approaching a straight coastline. Their model storm was
the same as the one used by Das (op. cit.) with the added specification
of an 80 mi. storm radius.

They summarized their computations for the northern Bay of
Bengal in a generalized graphical method for estimating storm surge.
The predictors are the point of landfail, the storm heading {measured
clockwise from a line through Chittagong and Cox's Bazar), the max-
imum wind speed- and the translational speed of the storm. Storm
surges were obtained by this method for eight severe storms that
struck the area from 1960-70. The estimates were reasonably close to
the reported values although, according to Frank and Husain, accurate
reporting of storm surges in this area date from 1968 when an excel-
lent network of tide gauges was installed along the coast.

Simpson (1974) has summarized investigations into storm surge
prediction. He explains why surges occur only when the depth of
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water becomes less than 90 m and gives an account of results
obtained in the United States with NOAA's SPLASH Model for storm
surge prediction. In January 1977, the World Meteorological Organi-
zation announced the imminent pubiication of Manua/ on Storm
Surge Prediction by Miyazaki, Das and Jelesnianski.

9.0 Conclusions

Modern Doppler radars equipped with minicomputers for real time
processing of velocity data and with colour displays of the processed
data have been used successfully to portray wind fields of extratropi-
cal cyclones and hail supercells. In the present analysis, a set of
specifications is developed for a cyclone detection radar suitable for
use over the northern tip of the Bay of Bengal. The specifications are
summarized below in Table 2. A rigid rademe aver the antenna would
also be required to permit continued operation during high winds.

Table 2 Specifications of cyclone detection radar

Type Coherent Doppler

Wavelength 10.7 cm

Transmitted power One million watts peak

Pulse repetition frequency 500 per seconad

Pulse duration Four microseconds

Beam width and pattern One degree circular

Antenna Circular, 7.7 metre diameter
Receiver sensitivity Able to detect signal of -108 dBm

Maximum unambiguous range 300 km
Maximum unambiguous velocity 13.38 metre/second {26.0 kt}.

Data on the average structure of tropical cyclones were used to
estimate the wind field associated with the killer storm of 12
November 1970. When the wind field was portrayed in ¢olour in the
manner that it would appear on the colour display, an unambiguous
signature of 96 kt winds was provided. It was further shown that the
radar system was able to distinguish between killer and non-killer
storms.

Credible warnings of tropical cyclones over Bangladesh are possi-
ble only if one can determine wind speeds accurately before the storm
crosses the coast. In their report of eight Bangladesh cyclones, Flierl
and Robinson {op. cit.) gave translational speeds ranging between 10
and 21 kt. For storms travelling at these speeds, assuming that the
storm is detected at a range of 300 km, the radar system described in
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the present analysis could provide warning from seven to 16 hours
before the storm crosses the coast.

The cost of such a radar with radome would be $1-82 million, while
a suitable, heavy, weather-reconnaissance aircraft with adequate
range would cost $4-$8 million. The radar can be operated at a cost of
about $100,000-$150,000 per year including two full-time people for
operations and maintenance. The aircraft can be operated, for 200 to
300 hr/yr, at a cost of $400,000-$600,000, including one flight crew,
fuel and depreciation. If more hours are flown the cast of fuel and
maintenance will increase. Radar costs are thus seen to be about a
quarter of aircraft costs, both for initial acquisition and operation.
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APPENDLIX 1
A Simple Expression for Ray Tracing

Microwave radiation leaving the earth at an elevation angle less than
90 degrees is bent downward. Since its downward curvature is less
than the curvature of the earth, even when the elevation angle is zero,
the ray rises to higher elevations. Under average refractive conditions
the position of the ray relative to the earth can be represented by a
straight line ray and an earth surface with radius of curvature, a2 =
4/3 r, where r is the radius of the earth (Freehafer 1951). Since the
average value of r is 6371 km, a is approximately 8500 km.

We wish to know the height above mean sea level (msl) of a target
at known slant range and elevation angle. Referring to the sketch, the
radar is located at O and the target at P. The notation is as follows:

Z - height of the target above msl
R - slant range of the target
«  — elevation angle of the target
Z, — height of the radar above msl!
z° - the portion of Z caused by earth curvature and
refraction.
From the figure we can write
Z =2 +Z,/cos 3+R sin a/cos 3 (1)

Now (3-<R/a radians, therefore cos 3=cos R/a. Also, because R<a,
cos 3= 1. The approximation is reascnably good out to R = 1200 km
where cos R/a = 0.9900, and excellent at R = 500 km where
cos R/a = 0.9983. Accordingly equation (1) can be written with
acceptable accuracy as

Z=z+2Z,+Rsina (2)

33



Mean sea level

To obtain an expression for z', referring to the figure we have
R'z+a2 = (2 +al?, or
R2=23az+z2 (3}
An exact solution for z' is
z2' = -a+{a?+R'?)ye
but since z'? <& 24" in (3) we may write
z' = R'?/2a, {4)
From the sketch we see that
R' = Rcosa —-Rsina tan8- £, tan /4 (5}
This exact expression for R can be used to evaluate z', but it is

computationally awkward. We consider three approximations to R’
as follows.

First approximation R' = Rcos & — R sin v tanf3
Second approximation : R’ = Rcos«
Third approximation R =R

It

(6)

w
=



In the first approximation we have dropped the last term in (5). If the
radar is at sea level this term is zero and in any case it is always small
because {3 and hence tanf3are small. In the second approximation we
have dropped the second term in (5) as well. It, too, tends to be small
because it contains the product of two small terms, since « is also
small in practice when viewing distant targets in the troposphere and
lower stratosphere. The third approximation would be poor at large
values of & but at large «, the only targets of interest are at such short
range that z' is unimportant in equation {2) compared to R sina.

Values of R computed from the exact expression and the three
approximate expressions are given in Table A-1 for selected values of
R, a and Zo. The associated values of z” and Z were computed from
equations (4) and (2). Values of Z are given in Table A-2. The values of
R and & were selected so that Z<<20 km since targets of interest will
be no higher than 20 km. The largest range used in Tables A-1 and
A-2, 750 km, is the maximum unambiguous range when the pulse
repetition frequency is a low 200/sec.

Table A-1

Values of R’, computed from an exact expression and three
approximate expressions, for selected values of R, « and £,
Distances in km, tan3set equal to R/8500.

R 50 200 300 750
w. in degrees 22.4 0.5 0.0 -1.2
Zo 0.0 1.5 0.0 2.0
R’ exact 46.115 199.916 ' 300 751.048
R’ approx. 1 46.115 199.951 300 751.225
R" approx. 2 46.227 199.992 300 749.836
R" approx. 3 50.000 200.000 300 750.000
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Table A-2

Values of Z based on the values of R’ given in Table A-1.
Distance in km.

R 50 200 300 750
«, in degrees 224 0.5 0.0 -1.2
Z, 0.0 1.5 0.0 2.0
Z exact 19.179 5.596 5.294 19.474
Z approx. 1 19.179 5.697 5.294 19.490
Z approx. 2 19.179 5.598 5.294 19.367
Z approx. 3 19.201 5.598 5.294 19.381

Computations of R" and Z were made for four other cases. For the
eight cases, the error in Z introduced by using the third approximation
were 22, 2, 0, 93, 25, 7, 33 and 19 m. Clearly the third approximation,
equation (6}, is sufficiently accurate. Accordingly we may write
z' = R/2a = R2/17,000
and finally, as our simple working expression,
Z = R?/17,000 +R sina -2,

Footnote: This expression for ray tracing has been in use for a number of years, especially
by graduates of the Department of Atmospheric Science at Massachusetts Institute of
Technclegy. However, after spending considerable time trying to find the source of the
expression, the writer has found it necessary to derive it again.

Reference:
Freehafer, J. E. (1951), “Geometrical optics”, in Propagation of Short Radio

Waves, Kerr, D. E., ed., Mass. Inst. Tech. Radiation Lab. Ser., No. 13, 53.
McGraw-Hill,
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