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ABSTRACT. Inthe paper, a classification of various types of radar-weather echoes in tropics has been
attempted. The different types of precipitation echoes have been categorised under the heads—(1) Feature
type, (2) Synoptic type and (3) Seasonal type. In order to be able to distingnish the real precipitation echoes
from those due to super-refraction ete, the various types of non.precipitation echoes have been described in the
second part of the paper. Classification of radar echoes has been attempted witha view to provide guidance
material to meteorologists in India in the identifioation and interpretation of radar-weather echoes. It is based
on the data #o far collected in India and is likely to be change 1 or modified ns more experience is gained,

Introduetion

The adoption of radar in meteorology has
provided a new aid to the forecaster in his day-to-
day work. With the help of radar, a meteorologizt
can have a fairly accurate three-dimensional
picture of the zones of precipitation and turbu-
lence round the radar station at any instant of
time. It has also vast potentialities in the domain
of physical-meteorological research and other allied
fields,

However the proper understanding, assessment
and interpretation of radar weather echoes are
not governed entirely by universal thumb rules
but have special regional and seasonal aspects.
The professional radar-meteorologist in the tropics
is often taced with the problem of identifying
and interpreting what he sees on the radarscope

and finds himself in a dilemma due to non-availa-
bility of sufficient guidance material. It is to
make up this deficiency that an attempt has been
made here to classify and arrange a large volume
of data available in this country from the observa-
tions made during the last few years. A preliminary
attempt at this tvpe of classification was made
by the senior author some time back (Mathur 1960)
and, with further experience gained since then, it
has now been possible to give a more elaborate
account of the subject. It is hoped that the pre-
sent paper will serve as a useful guide for the
assessment and interpretation of radar weather
echoes in a tropical region like India,

The paper is divided into two parts. Part A
deals with Precipitation Echoes and Part B
deals with the Non-precipitation Echoes.

PART A — PRECIPITATION ECHOES

To simplify the interpretation of precipitation
echoes, a classification of them into three main
groups and their sub-groups has been attempted
in the following paragraphs. The three main
groups may be taken as—

() Feature type, (b) Synoptic type, and
{¢) Beasonal type.

These types and their sub-classifications are
discussed below,

(@) Fealure type

As a first step in the interpretation of preci-
pitation echoes, it may be helpful to classify them
with respect to their characteristic features,
more or less depending upon their shape and size
which give them distinctive appearance on various
radarscopes. These echoes may broadly be divided
into the following seven sub-groups —

(1) Conveective, (2), Stratiform, (3) Bright
Band, (4) Shear, (5) Dry Holes, (6) Protuberances
and (7) Spiral Bands,
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Fig. 1(a). Convective cells on PPI

1. Convective type

In the classification of echoes, the first thing is
to decide whether it is ot convective or stratiform
type. There are, of course, borderline cases in
which it might become difficult to reach a decision.
Further there are occasions when echoes are simul-
taneously convective at one level and stratiform at
another level in the atmosphere. However, for the
purpose of classification, it is preferable to give
clear-cut examples which illustrate the difference
between the two and serve to provide material
for further identification and classification,

The convective type of echoes can be seen in the
photographs in Figs 1 (a) and 1 (b) and have the
characteristics mentioned below.

(?) On the PPI-scope, they are circular or oval
shaped echoes of relatively smaller sizes with
clear-cut and sharply-defined edges as seen in

Fig. 1(a),

(#1) Each echo may be a single convective cell
or a group of closely-packed cells,

(7%d) On the RHI-scope, convective type of
echoes are in the form of tall narrow columns as
seen in Fig. 1 (b),

(t) They are quite bright in intensity,

(v) Due to their great vertical extent and high
intensity, they can be detected even on long
1anges,

(vi) They do not exhibit any bright band
except some times in the decay-stage of the
convective cell,

(viz) These convective echoes show iso-ccho
contours,

Fig. 1(b). Convective cells on RHI

(viit) They are associated w'
phenomena,

conveetive

(iz) High water content and uj
ponsible for severe turbulence within such echoes,
Therefore, the brighter poriions of a conveetive
echo will denote regions

ipdrafts are res-

severe T"llh'nl|t’!u'v,

(r) Extraordinary brichtness in a conveetive
cell is indicative of the presence of hail,

(x7) Blurring of the cdges of a convective type
echo is the first indication of the beginning of
decay of the ¢ell, and

(." ,la‘j On reduction of receiver TN, the :_'I'EIHI‘-”UIL

in the size of a convective ccho is comparatively
less than that of a stratiform echo.
2. Stratiform type

Typical examples of stratiform type of echoes
can be seen in Figs, 2{a) and 2(h). Some of their
characteristics are given below.

(/) On PPI-scope, they are rather large in size
and appear more as echo “patches” rather than
echo “cells”. Th!'_\" have diffuse and ill-defined

edoes,

.j‘

(#7) On RHI-scope, the height to width ratio is
small for stratiform echoes, The echoes do not
show large wvertical development,

(¢i1) Thev are more or less of uniform intensity
and are much less bright than convective type of
echoes,

(i) Due to their limited vertical extent and low
intensity, they cannot be detected at long ranges,

() Due to the weak nature of the stratiform
echo, even a small amomnt of inferveninge preeipi-

tation is sufficient to mask the echo,
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Fig. 2(a). Stratiform echo on PPI-scope

(vi) They very often exhibit bright band,

(vii) Generally they do not exhibit any iso-echo
contours,

(viii) They are associated with stabls type of
weather phenomena,

(iz) There is almost ro turbulence wssociated
with a really stratiform echo,

() For the same reduciion of receiver gain, the
reduction in the size of stratiform echo is much
larger than the reduction in size of a convective
echo, and

(¢i) An echo which begins as a convective cell
may, in the final stages of its decay, completely
degenerate into a stratiform type of echo.

3. Bright Band

Bright band is associated with stratiform type
of echoes and can be seen on RHI-scope on
reduction of receiver gain. It is found to oecur in
the vicinity of the 0°C isotherm. A typical
bright band within a stratiform echo can be seen
in Fig. 3.

A well-defined bright band can be seen only
under stable’ conditions of the almosphere when
the up-currents are either uniform or weak. It
is, therefore, a good indicator of the presence of
instability or otherwise in the atmosphere. A
knowledge of the altitude of 0°C isotherm is of
great use to the aviator specially in avoiding the
troubles due to icing. The presence of a bright
band gives the altitude of 0°C isotherm with a
reasonable accuracy. This method of estimating
the altitude of 0°C isotherm can be wuseful in
regions of sparse radiosonde network and over
ocean areas.

Fig. 2(b). Stratiform echo on RHI-scope

Thus & knowledge of the presence of a bright
band in a given echo is useful for two reasons. Firstly
it helps to decide that the echo is really purely
stratiform and has almost no turbulence associated
with it; secondly it gives the altitude of the 0°C
isotherm. It is, therefore, very important that all
radars, having the facility of RHI-scope, should be
utilised to search for the existence of bright band in
every echo pattern which appears to be of the
stratiform type.

4, Wind Shear

When precipitation shows showery characteris-
tics, the cells may be seen on RHI-scope as
separate columns of falling rain or snow. These
columns often slant out of the vertical due to wind
shear, as may be seen in Fig. 4.

To understand how the shower columns get bent,
we may consider that the precipitation originates
at a higher level in the atmosphere. As the snow-
flakes or raindrops fall to a lower level with diffe-
rent wind speed and direction, the drops are deflec-
ted laterally by the shearing wind. Because
the wind differences between the two levels may
be large compared to fall velocities, the slope of
precipitation columns may be very steep, parti-
cularly with snow where the fall velocities may be
only a few cms per second.

To observe the shear effect clearly, the radar
must be pointed such that the antenna scans in
the same vertical plane as that of the wind shear.
In such cases, it may even be possible to estimate
the distribution of winds aloft from the RHI pat-
tern. However care must be exercised in interpre-
ting the RHI pattern when the radar antenna
is not pointing in the plane of the wind shear. When
looking cross-wind, the radar beam intercepts only
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Fig. 3. Bright band in stratiform echo

that portion of a sloping shower which falls along
the particular azimuth being scanned, giving the
appearance of the component of the shower aloft in
that particular azimuth.

From a study of the relation of wind shear and
cloud shear, it is found that, in general, the radar
cloud shear in mature thunderstorms and showers
is about 50 to 75 per cent of the wind shear.
According to Battan (1959), this can perhaps be
explained by considering the transport of hori-
zontal momentum by the thunderstorm drafts.

It is also found that when wind shear exists. new
radar cloud turrets (lf“x‘v]u]} on the side of the clond
upwind of the shear veetor. On the other hand. new
cells are found to be most frequent on the side of
the cloud in the direction towards which the cloud
is moving,

5. Dry Holes

Sometimes, a very curious phenomenon is ohser-
ved when small areas, apparently with no preci-
pitation, are found embedded in very large and
extensive areas of heavy precipitation. These have
been called “Dry Holes™ and should not be con-
fused with the black arcas appearing in o convec-
tive echo on the application of iso-echo contour-
ing device available in certain weather radars,
as for example in Bendix radar WTR-1.

The dry holes are thought to be arcas of
no precipitation because the radar beam is (as
oan be seen in Fig. 5) strong enough to penetrate
many more miles beyond these dry boles and give
detectable echo. The important question is: why
should there be few small dry areas of the order
of b square miles or even less in a large, extensive
and heavily precipitating area of say 2000 square
miles or more? A suitable physical explanation for

Fig. 4. Presence of wind shear as seen on RHI-scope

this phenomenon is not yet available but in U.S.A.,
'[]_“n.‘..'- are f(ll]'“u] to ]u‘ ;tHx‘tn,‘i.tTi"ll \Ti‘th tl)l‘lléld(l{;“i
and sometimes with hail. In India, we have so
far not found them to be associated with tornadoes.
There is also no evidence to show that these are
assoclated with hail. The only conclusive point
about their occurrence in India is that these are
associated with severe storms in which precipitation
rate is high and surface winds are st rong. The occur-
rence of “dry holes™ in extensive precipitation
echoes can be taken as a positive evidence of the
fact that the storm is going to develop into a
sovere one. A definite confirmation of this observa-
tion will come in course of time when more data
become available,

6. Protuberances or Appendages

The radar weather echoes from which such hooks
extend are generally intense and the hooks them-
selves show high intensity as well, Typical pictures
may be seen in Figs. 6 (a) and 6 (b). The hooks
usually (but not necessarily) appear on the upwind
and right hand side of an echo, 7.¢., SW portion of
an echo moving east. Such hooks may be masked
by weather echoes at high gain. Therefore the echo
under observation should be surveyed periodically
at low gain. Further, such hooks may appear at
higher antenna elevations but not at zero degree,

These protuberances, hooks or appendages
jutting out of very intense convective echoes
should always be taken to be indicative of hail
and other severe weather phenomena, The oceur-
rence of an appendage is most significant when
detected at lower elevation. The closer the eleva-
tion angle ir to 0°, the more representative will the
radar observation be of the surface conditions,
such as hail on ground. This eriterion, when used
alone, must however be used with great caution,
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Fig. 5. Dry Holes as seen on PPI-scope

Fig. 6(b). Hook as seen on AN/CPS-9 radar

However, when an echo possesses a clearly
defined ‘6’ shaped appendage, with dimensions
of B to 10 miles, and satisfics several other criteria
for severity, it is very likely to be a tornado aloft,
if not on the ground.

7. Spiral Bands

Sometimes echoes are observed in the form of
spiral bands. It has been found that in such
cases, some form of logarithmic spiral appears to
conform to the echo pattern. A typical example
of such an echo taken over the Bay of Bengal near
Caleutta is shown in Fig. 7.

The spiral echo pattern is quite obvious and
prominent in most of the revolving storms in
ocean areas and can be seen for long periods of
time. In other revolving storms, the echo pattern
is not so distinct, specially after the storm has had
an overland trajectory.

(b) Synoptic classification

We will now pass on to the echo classification
associated with a few broad synoptic weather

Fig. 6(a). Hook as seen on NMD-451A radar

Fig. 7. Spiral bands in Bay Cyclone

situations which may provide some helpful informa-
tion on the interpretation of weather associated
with them so as to prove to be of some use to the
forecaster.

Weather patterns are so complex that it is
customary to use greatly simplified schematic
presentations in deseribing them. Until the advent
of radar, the sparsity of reporting stations pre-
cluded a detailed examination of precipitation
patterns. Radar clearly shows the detailed struc-
tures which are present in each separate situation
within the general pattern of precipitation. Just
as one would say, “No two weather maps are
exaotly alike™; so also one could say, “No two
radar presentations are exactly alike”. Every
pattern has its own characteristics. These will be
indicated in the following paragraphs. The fore-
caster will soon realise and appreciate that the
radar will give him a much more detailed picture
of the “shaded green area” on his synoptic map.

It is emphasised that it is impossible to determine
the synoptic situation from the radar presentation
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alone. The radar will only be an aid to 1he fore-
caster whose main tool is lis svioptie ehirt.

In the following paragraphs, it is intended to
give the general characteristics of radar echo
patterns associated with certain weather pheno-
mena and broad weather situations. A detailad
analysis of any particular pattern will alwavs roveal
some special features; but in most of the well known
synoptic patterns, there are certain general fioa-
tures which are characteristics of the situation
and are commonly observed.  These typical
patterns are described in this section tocether
with some typical radar photograpls,

(1) Thunderstorm echoes

Radar weather echoes from thunderstorms have
generally clearly-defined edges and well-develod
vertical structures. The tops of the cehoos. as
seen on RHI-scope, may or mav not show the
anvil shape. Thunderstorm cells often have a
tendency to conglemerate into a band or line
irrespective of the fact whether they ocenr during a
frontal situation or during purely air-mass activity.,

A phenomenon which may only rarely he ohsery-
ed during thunderstorm auTi\'i-‘_\' is & radar echo
from lightning. This is hard to pick out on most of
the radars (specially on radars with narrow besn
and short pulsc. I‘:‘-]lgf]l——.‘stl. I as tho e at Present
in use in the India Meteorological Department)
but by employing careful search procedures, liclit -
ing echo may sometimes he seen at roduced recsiver
gain. The lightning can be momentarily seen on
R-scope comparatively easily as an intensification
of the echo at a range corresponding to the distance
of the discharge. This intensification is cansel
by the increased reflectivity of the jonised air in
the vicinity of the electrical discharee and not by
propagation of electromaguetic radiation from the
source of lightning as in case of sferies,

If a lightning echo is observed, it is a positive
proof of the echo being a thunderstorm cell.  The
reverse is, however, not true as it is very casv to
miss the lightning stroke — specially witl a <cann-
ing antenna — the problem being of sampling the
proper volume at the appropriate time,

Further dassification of Thunderstoru celioes —
A preliminary study of synoptic weather situation
in relation to radar ccho patterns in India on days
of thunderstorm activity, shows that they can be
conveniently classified under the following three

types—

(1) Thunderstorms along a line : These are
sometimes associated with cold fronts of some
western disturbances over north India in winter.

These oceur in the
SAMe Alrmass and mav also he C:I.”«'il "t'af
thunderstorms,

() Air-mass thupderst: NS

(ti0) Thunderstorms assoeiiated  with upper o
discontivonity : These oceur more or less simulta-
neously over a largs avea and are associated with
a surface of discontinuity ar come higher level,
These thunderstorms are characterised by a very
rapid growth, almost with explogive violenee, of a
towermg enmulus when iis head reaches the sur-
face of separation. Nor'westers of Bengal and
most of the Adndlis of northwest India fall in this
(‘-!T"gt)f}'.

The echo characteristics of these three types are
deseribed below —

(1) Thunderstornes alona a line — TBeloes from the
upper portions of ecumulonimbus clouds along a
long band appear on PPL-scope as long, rarely
contimuous, narrow bands doe to the finite beam-
width and consequent poor discrimination by the
radar set.  These features can be seen in the radar
phatograph reprodneed in Fig. 8,

As the line of thunderstorms comes nearer, the
hand of echoes |u‘§_(inr~ to appear as (‘!l.)lll]}ﬂ.‘i(.‘ll of a
lree number of ¢olls, ofren with very little separa-
tion, whicl break up and form again and change
constantly in shape and size as they pass aeross
the scope. Although the actual eloud strueture
along the line may be almost solid with narrow
bands, the hand of echaes often appear discon-
tinuous on PPL-scope as the portion of associated
cloud contains drops of too small a size and poor
C‘llIl_!‘t‘JlTl';lTil)[l TO _t_:i\'q" (llh’ri'i;iillv (‘l,]u‘a_

When the line of ¢choes is very near the station,
the radar echoes again lose their cellular struzture
whicli ean be easily seen by reducing the receiver
gain in order to get rid of the weaker echees caused
by drops of smaller sizes, The individual cells
o RHI-scope show typical sellular structure
representing cores of strong vertical movement
associated with eunlus or enmulonimbus ¢loud
at the leading M]f_{g of the band,

This trend continues until the line passes over
the station when the eclices from the more distant
storm cells become weak becanse of rain attenna-
tion and the preeipitation appears to be almost
evenly distributed aromnd the radar station over a
distance of many miles,

After the passage of the storm over the station,
the above sequence of events are reversed until the
line of thunderstorm becomes diffnsed, weak or
goes beyond the detectable range of the radar.

The apparent length of the line or front shows
an inerease (as it approaches the station) due to
decrease in rain attenuatic except when the



RADAR WEATHER ECHORS IN INDTA

Fig. 8. Thunderstorms along a line

disturbance is over the station itself and causes
considerable absorption of radar energy due to
heavy local rain thus masking the echoes from the
outer portions of the front.

The width of the echoes along the line varies
greatly with the distances as well as activity.
The width increases with inereased activity and as
the front approaches the station.

Sometimes the thunderstorms associated with
cold front ave preceded by another prefrontal
squall line type of thunderstorm, of comparative-
ly weak activity, parallel to the main front. This
prefrontal activity may be observed almost 50 to
60 miles ahead of the main front.

(1) Air-mass thunderstorms — The radar weather
patterns from air-mass thunderstorms are similar
to the echoes shown in Tig, 9. The radar echoes
from air-mass thunderstorms can be recognised by
the following characteristics —

They are scattered and oval-shaped echoes with
fairly clear-cut edges like those described earlier
under convective type of echoes. They occur over
a large area, growing and intensifying with time,
as cumulus cells develop into towering cumulii.

On RHI-scope, they show large vertical deve-
lopment, roughly cylindrical in shape, consisting
of a single column but at other times two or more
columns may be seen particularly when they are
associated with extensive cumulonimbus forma-
tiows.

The echoes on RHI-scope show widening at the
top thus indicating the spreading of vertical
currents.

Echoes on RHI-scope sometimes show preeipita-
tion streaks from a higher level downwards.

(5) Thunderstorms associated with wpper air
discontinuity — These are the thunderstorms asso-
ciated with upper-air discontinuity. The radar

-F

Fig. 9. Air-mass thunderstorms

weather patterns from this type of thunderstorms
are characterised by the following features —

The echoes appear scattered on PPI-scope from
cloud cells oceurring over a large area, which grow
and intensify with time, as the cumulus cells
develop into towering cumulii.

On RHI-scope, the echoes are like columnar
precipitation eells which show growth of precipita-
tion from low levels upwards and show little
change in the echo intensity with height. This
may be very well seen in Figs. 10 (a) and 10 (b).

They are distinguished by the complete absence
of bright band.

They skow sudden and quick vertical develop-
ment on RHI-scope due to rapid growth of the
towering cumulus to cumulonimbus and with de-
crease of both intensity and vertical thickness due
to their culmination mto a thunderstorm. This
is also very well seen in Figs. 10(a) and 10 (b).

The echoes appear similar to those associated
with thunderstorms along a line when the down-
draft gives rise to squalls along a line.

(2) Steady Rainfall

Steady precipitation and heavy nimbostratus
clouds may be detected by a weather radar as a re-
latively featureless echo on the radarscope. During
periods of widespread precipitation around the
the observing station, the radar site will generally
be at the geometric centre of the echo. An exam-
ple is shown in Fig. 11. It should, however, be
remembered that this presentation is not a true
picture of the distribution of precipitation under
such eonditions. The precipitation is possibly too
light to be detected by the radar beyond a certain
range or is so widespread that it is lost below the
radar horizon due to curvature of earth. The
echo generally appears brightest in the centre of
radarscope and the intensity decreases steadily
with increasing range until it gradually merges
with the background noise.
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Fig. 10{a). RHI-scope presentation of a thunderstorm
associated with upper air discontinuity

Fig. 11. Warm front rain

The passage of a warm front, associated with a
western disturbance, over the station also sives a
typical sequence of radar echoes. A typical warm
front echo will first appear on PPT-scops as a
diffuse mass of echo at a distant range and gra-
dually spread over larger area on the radarscope.
The echo is often composed of faint and ill-defined
bands. As the surface warm front approaches the
station, the widespread precipitation fills the centre
of PPI-scope with an echo of uniform intensity.
With the further approach of the surtace warm
front, the precipitation gencrally -hanges some-
what in character breaking up into shower some-
times. The shower cells usually form into bands
and move in the same direction as the front. It
bas often been observed that the precipitation
associated with a warm front covers a laroer area
as compared to cold fron precipitation.

3. Showers

Air-mass showers, during pericds of relatively
strong convective activity, appear as scattered
echoes with sharply defined edges and well-
developed vertical structures, Often these echoes

Fig. 10(b). Same thunderstocrm few minutes later

Fig. 12. Air-mass showers

merge into bands and move as scuall lines
|

Air-

mass showers tend to form., orow  ancd l“-‘i*fllm’t!

rather quickly. It is necessary to keep a close
check on PPI-scope pattern to watch the formation
of new zells, The ]_jl'in\\'lln. from a detectable echo
cell to a well ']1‘\'--fulu'll one may take pl;t(‘u within
ten or fifteen minutes, Fie. 12 shows a typical
example of echoes from air-nass showers. How-
ever, when convective activity is weak or the
moisture supply is inadequate, the individual cells
may be very small and may show poor vertical
development. They sometimes arrange themselves
in close groups and have a longer life-cycle than
the more intense conveective cells,

4. Squall Lines

A squall ine pattern is similar in appearance to
a cold front pattern except that the length to
width ratio is larger for squall lines than that for
cold front echoes. An example is shown in Tig. 13.
Squall-line echoes are characterised by cellular
bands oriented parallel and close to the surface
position of the convergence zone, The movement
of the bands generally approximates the movement
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of the squall line but sometimes the speed of
the band is greater. In these cases, the bands
apparently form in the rear of the convergence
zone, move through and dissipate on the leading
edge of the zone. The cells within the bands are
constantly undergoing a process of formation and
dissipation. They appear to form and intensify on
their forward edge and dissipate on their trailing
edge. The velocity of the individual cells is
geperally different from that of the band in which
they are embedded.

5. Cyclones

An example of the typical echo pattern associat-
ed with cyclone has already been shown in Fig. 7.
Echoes from these storms are usually distinctive
in appearance but it must be remembered that
attenuation, in the heavy precipitation associated
with these storms, may modify considerably the
precipitation pattern in some sectors. The first
manifestation of such a storm may be the observa-
tion of echoes from squalls that are moving in a
direction opposite to that usually prevailing in the
area. As the storm develops, cireulation of echoes
about a centre becomes complete. The character ot
the echoes associated with tropical cyclones varies
according to their position relative to the centre.

In the periphery of the storm, echoes are con-
vective and cellular, sharp-edged and bright.
These have large vertical extent and, on occasions,
may be seen as far as 600 km from the storm centre.
After these echoes, there is sometimes observed a
relatively echo-free area about 80 km in extent
followed by a large area of very bright echo. This
echo, under reduced receiver gain, exhibits spiral-
banded structure. These spiral bands are in the
shape of equiangular spirals and follow the equation,
loger = A + B, where 4 and B are constants.
Then in the centre of storm is the ‘eye’ of the
storm. This is again an almost echo-free area.

Recently, a cyclonic storm in the Arabian Sea
could be photographed from the U.S. Research
aircraft, DC-6, taking part in the International
Indian Ocean Expedition. The radar photographs
of this storm were taken on 24 May 1963. Both
RHI and PPI pictures can be seen in Fig. 14 (a)
and 14(b). In the RHI-scope picture, the eye of the
cyclone can be clearly seen with eastern and
western walls of heavy precipitation with a clear
region in the centre corresponding to the eye of the
cyclone. These photographs have been reproduced
here through the kind courtesy of Prof. C. S.
Ramage.

6. Hallstorms

Hail is invariably associated with violent con-
vection and the radar echoes which have been

positively identified with hail have shown the
sharp-edged, high intensity echoes characteristic
of convective type. In fact in most of the cases, the
extra-brightness of the echo is a good criterion for
the presence of hail. An unusually bright convec-
tive echo should always be suspected to be with
hail formation.

Tn many cases, however, hail has been found to
be associated with protuberances or hooks from the
edges of very bright convective type echoes. An
example of hook formation which was definitely
associated with very large sized hail has already
been shown in Fig, 6(b). But it should be clearly
borne in mind, that the shape (of the echo) alone
can do no more than indicate the possibility of the
presence of hail and much more information can
be gathered from considerations of intensity of the
echo, specially in case of hail of damaging size.
Local experience will show that for a particular
radar set, there is a threshold value of echo inten-
sity at a specified range above which there would
be a strong probability that hail of damaging size
may be present.

(¢) Seasonal classification

In this section, an effort has been made to des-
cribe the types of radar weather echoes expected
in various seasons in different parts of India.
Obviously such an introduction will raise the hope
of finding here various radar weather pictures in
different seasons in various regions of the country.
But what has been attempted here is the descrip~
tion of the peculiarities of radar weather echoes of
important regional storms. The radar echo charac-
teristics of almost all the available types have
already been described in the preceding paragraphs.

1. Winter Season (December fo February)

In this season, the main weather is due to western
disturbances in the northern parts of the country
and thunderstorms associated with northeast
monsoon in the southern parts (Madras State and
adjoining areas during October to December).
The western disturbances passing eastwards
through the north of the country, sometimes
induce secondary systems over central parts of
India. These secondary systems also have a ten-
dency to move eastwards.

The radar echoes associated with the passage of
western disturbances or their induced secondaries
are mostly in the form of convective type of cellular
echoes, aligned in a line, and move to east or north-
east. A typical radar picture of a western distur-
bance is given in Fig. 15, The associated heights of
tops are of the order of 30,000 to 40,000 feet. The
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Fig. 13. Squall line Fig. 14(a), RHI picture of the Arabian Sea cyclon:
of 24 May 1963

Fig. 14(b). PPI picture of the Arabian Sea cyclone Fiz. 15. Western disturbance
of 24 May 1963 N

.
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Fig. 16(a). PPI picture of duststorm Fig. 16(h). RHI picture of dusistorm

Figs. 14(a) and 14(b) — 1)}|n§.,‘_,v1nphs reproduced through kind courtesy of Prof, C., 8. Ramage
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stratiform type of rain associated with western
disturbances is generally too weak and confined
to low altitudes and is not able to give a detectable
echo except in the immediate vieinity of the radar
station. There is a tendency for super-refraction
to occur after the rain if winds are calm or suffi-
ciently wealk.

The thunderstorms that occur in the southern
parts of the country in this season exhibit all the
characteristics of convective type of echoes and
sometimes align themselves in squall line forma-
tions.

The only other feature of this season is the
occurrence of fog, specially in north India, but fog
cannot be detected by the radars of the wave length
used in the India Meteorological Department.

2. Summer Season (March to May)

The special weather phenomena occurring in
this season are the following —

(#) Summer thunderstorms (duststorms) of
northwest India,

(i1) Andhis of northwest India,
(#i7) Nor'westers of east India,

(iv) Cyclonic storms in the Bay of Bengal and
the Arabian Sea.

(1) Summer thunderstorms (duststorms) of north-
west India — As the summer season in north India
advances, the lower atmosphere gets drier and the
amount of rainfall reaching the ground after a
thunderstorm becomes less and less because of
excessive dryness in the lower levels. In fact,
the falling rain sometimes completely evaporates
before it reaches the ground. The horizontal extent
of the thunderstorm cells also becomes small and
the associated drafts raise huge amounts of loose
dust which is available in large quantity on the
dry ground below.

Such duststorms give characteristic presentation
on radarscopes as shown in Figs. 16(a) and 16(b).
Since they are convective phenomena due to 1180-
lation, they appear on PPI-scope as small, oval,
randomly distributed, convective cchoes of the
air-mass or heat type. The pattern on RHI-scope
is very characteristic. The echoes on RHI-scope
oceur as upper truncated portions of cumulonim-
bus cells, as if hanging in mid-air, with rain streaks
starting downwards but nof reaching the ground
as may be seen in Fig, 16(b). The radar characteris-
tics of these storms have been discussed in detail
by Mitra and Kulshrestha (1961). Tt should be
remembered that as these echoes do not extend
upto ground, the radar antenna has to be tilted
npwards by 1° or 2° when searching at close ranges.

(11) Andhis of northwest India — These are not
the ordinary duststorms which are associated with
almost all cumulonimbus developments in this
season. Andhis are characterised by their great
violence, huge blinding columns of dust, squally
weather, lightning, sometimes associated with
rainfall and at times hail.

The radar echoes first appear on PPI-scope like
the air-mass thunderstorm echoes. Suddenly some
of them are found to grow in intensity and on
RHI-scope the tops ean be seen rising fast. Within
a matter of minutes, they align themselves in a
line pattern and move giving vise to Andhi. The
rest of the randomly distributed air-mass type
echoes dissipate after sometime when convection
due to insolation wets weakened.

(i11) Nor'westers of east India — The nor’westers
of Bengal are the real aviation hazards. They are
known as Kal-Baisakhis locally in eastern India
which means the “Doom of Baisakh month”.
They are characterised by huge, hlack, ominons,
rolling clouds associated with specially severe up
and down drafts, very severe turbulence, lightning
and excessive rainfall. They are known for their
suddenness as is seen in Tig. 10,

The echo characteristics are exactly similar to
those of Andhis because both are more or less
similar in origin. The only difference is that whereas
Andhis raise huge columns of dust, there is almost
no dust associated with nor’westers. The resultant
echo is very bright in their case. It is also thought
that the heights of tops of nor'westers echoes are
perhaps the highest observed anywhere any time.

(iv) Cyelonic storms of the Bay of Bengal and the
Arabian Sea — There have not been many radar
observations of cyclonic storms over Indian Seas,
but the chief characteristics of their echoes are
nevertheless well known and have been described
earlier under synoptic classification. Tn this connec-
tion, Figs. 7, 14(a) and 14(b) may also he referred.

The exact location and further movement of the
storm can be estimated only if the position of the
“eye” can be determined precisely. When the eye
is still beyond the range of the radar but when
spiral bands are seen on radarscope, the position
of the eye can be estimated by the geomotry of
the spiral bands, For this purpose, it is most useful
to keep ready a fow plastic overlays with different
gpiral curves drawn on them. When the spiral
bands are seen on PPI-scope, the eye of the cyclone
can be fixed with the aid of the curve which best
fits these observed spiral bands.

Tt may be mentioned here that a 3-em radar is
not very suitable for cyclone observations because
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Fig. 17. Monsoon rain

of the attendant attenuation in the rain-helt
Warvelengths of the order of 5 cm or 10 em are
known to give better results. It is planned to instal,
in the next five vears, a few such powerful 10-cm

radars along the coastline for the detection of

cyclones in the Bay of Bengal and the Arahian Se
3. Southwest Monsoon Season (June to September

This 18 the season in India when detectalile
rainfall occurs over large areas with the exception
of a small rain shadow zone in Madras State. The
major portion of the annual rainfall over the
country oceurs in this season. From the radar
weather point of view, we can classify monsoon
echoes into two types, viz., those in coastal areas
and those over inland areas.

In coastal areas, with the break of monsoon and
only for a few days after that, there is thunder-
storm activity. Thereafter it is all steady downpour
with no lightning or thunder. Tt i
obvious that on the first few da ys of the break of
monsoon in coastal areas, radar echoes are mainly
convective or at the most a mixture of convective
and stratiform types. Thereafter onlv stratiform
t.\'})t“ of echoes are U]ln‘"]'\'m'_ ”hv'\v‘, ‘llu‘.'\'i'\'-']'_ iare
of stronger intensity and extend to hivher heights

therefore,

PART B

1. Importance of non-precipitation echoes

The meteorological radars were |:I'im;u'i\'_\' in-
tended for detection of precipitation elements hut
soon 1t was found that these radars were recordine
many echoes which were definitely not associated
with any kind of precipitation. In recent years, a
large amount of data has heen collected [rom
echoes observed from such recions of clear air.

than the stratiform echoes observed in other
easons. Bright band is almost invariably seen.

Over mland areas, monsoon :ir!i\'il‘.‘_‘y‘. when it is
not continuous, is sometimes angmented by deve-
lopment of cumulonimbus clouds as a result of
surface heating due to insolation. Tt is, therefore,
seen that the echoes almost always start as con-
vertive types, becoming later a mixture of both
convective and stratiform type and finally settling
to purely stratiform type with high tops and in-
tense brightness, In this final stage, bright band is
(liﬁ}*lil.\".'il,

The heichts of tops of echoes associated with
cumulonimbus elowds are of the order of 40,000 to
50,000 ft and sometimes even higher. Monsoon
echoes are alwavs widespread covering large areas.
A typical PPI-scope picture may he seen in Fig, 17,

4. Post-Monsoon Season (October and November)

The only significant weather in this season is the
occurrence of evelonic storms in the Bay of Bengal
and the Arabian Sea. These exhibit the same radar
characteristics as deseribed above i connection
with the evelonic storms in summer season, Weather
over the rest of the country is fair and settled.

NON-PRECIPITATION ECHOES

Because of the absence of visual targets, these
clear-air echoes have come to be known as angels —
a popular name given to the wlole genera of non-
precipitation echoes.

The study of these non-precipitation echoes is
equally important: not only from the point of view
of seientific study hecause thev give us further
msight into the structure and manner of working
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Fig. 18(a)

Fig. 18(h)

Normal super-refraction

of the lower atmosphere, but also from a practical
point of view as these have to be distinguished
from the real precipitation and other storm echoes
so as to avoid confusion and unwanted weather
warning. In addition, some of these non-precipita-
tion echoes do show promise of becoming useful
tools for short-range forecasting.

2. Normal Super-refraction

Super-refraction or anomalous propagation or
guided propagationor duet propagation of radar
beams is a well known and fairly well explained
phenomenon. It is generally confined to a height
of about 1000 ft or so above ground and is produced
due to air layers in which the index of refraction
decreases rapidly with height. Such variations
of the index of refraction give to the path of the
radar beam a curvature equal to or greater than
that of the earth. A radar beam projected horizon-
tally or nearly so may under these conditions
be bent into a path which follows the surface of
the earth or may even return to the earth. The
radar beam in such a case behaves as if it were
trapped in a duct. These ducts may be ground-based
or elevated. Under such conditions, unusually
large ranges of radar coverage along the surface
of the earth may occur.

The radar refractive index gradient in the vertical
required to produce such ducts is quite consider-
able but does occur over limited height ranges.
The refractive index of the atmosphere for radar
wavelengths depends upon temperature, pressure
and humidity. The ducts are generally associated
with temperature inversions where the water
vapour content decreases rapidly with elevation,
i.e., where there is an abnormal moisture lapse
rate. The effect of temperature distribution
through these layers is of less importance than the

moisture distribution. The dependence of the index
of refraction on pressure may be neglected. Gene-
rally speaking, such conditions are associated
with stability i the lower atmosphere and
may occur, for example, on a calm winter morning
when the change in moisture content is expected
to be well pronounced as a result of the ground
inversion set up due to the nocturnal radiative
cooling. On other oceasions, subsidence inversions
may also result in duct-formation. Such conditions
of radar energy propagation are expected to oceur
occasionally in all regions and cause the normal
super-refraction phenomenon.

One of the effects of super-refraction is that the
area, in which super-refraction is occurring and
ground clutter are being detected on radarscopes,
is rendered useless as far as the detection of radar
weather echoes is concerned. Two examples are
shown in Figs. 18(a) and 18(b). It is, therefore,
very essential that at every radar station, a local
study is conducted regarding the time and manner
of oceurrence of super-refraction echoes as also the
ranges covered in such cases,

3. Abnormal super-refraction

However, there are ocases of super-refraction
oceurring under unusual and abnormal conditions
such as under a thunderstorm or just after the
passage of a thunderstorm. An example is given
in Fig. 19, What is actually required for duct-
propngation is the creation of temperature and
moisture stratification of the required type. The
downdrafts and rain from thunderstorm do, on
occasions, produce quasi-stable stratifications
which are maintained for sometime if the surface
wind is calm or very light, Mathur and Kulshrestha
(1961) have discussed such situations in detail.
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Fig. 19. Abnormal super-refraction Fig. 20. Ring angels

Fig. 21. Thin line angels Fig. 22. Blobby angels
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It, therefore, follows that even in an unstable
atmosphere which is sustaining thunderstorm
activity, there are chances of a temporary
ducting taking place. This, when it happens, will
hamper normal function of storm detection.
Luckily such occurrences are short-lived.

4. Ring Angels

Ring angels were first observed on a 23-cm L band
radar using MTI (moving target indicator), but
they can be detected on smaller wavelengths also
at least in tropics where temperature gradients
are much more steep. A typical example of ring
angels recorded at New Delhi on CPS-9 radar is
shown in Fig. 20. The preferred time of occurrence
of this type of angels is in the afternoon. There
appears to be no correlation of angel occurrence
with observed surface weather.

It has been suggested that this type of angels
oceur due to the reflection of energy from shear
gravity waves existing on a surface of density
discontinuity. From an examination of the radio-
sonde observations, it is seen that there usually
are temperature inversions of the order of 2°C
per 1000 ft at a height of the order of 2000 to 5000
ft above ground. This type of angels, however,
appear to be of academic interest only and seem
to have no practical operational utility as far as
can be judged at present.

5. Squall-precursor (thin line) Angels

The thin line shown in Fig. 21 was about 60 miles
in length and was found to move ahead of a large
group of strong convective cells and may be des-
cribed as what has been called a squall-precursor
or a first-gust line or a wind-shift line. At the time
of the radar photograph, it was still about 10
miles to the northeast of the station and was
approaching the station. The station experienced
a squall 28 minutes after taking the radar picture
ghown in Fig. 21. The wind speed, which had been
of the order of 10 kmph, developed a lull and
thereafter the wind speed suddenly rose to 66 kmph.
The squall lasted for only 4 minutes. Thereafter
the wind speed again fell to 15 kmph. During the
squall, the wind direction shifted from SW to NE.
However no rain was recorded. This case has been
discussed in detail by Kulshrestha (1961).

For this type of angel activity, as also for other
types of angels, there is a controversy about tha
possible echo sources. These precursor lines, giving
Sharp and distinet echoes, are known to be them-

selves devoid of any scattering particles. It has been
suggested that they are either gravity waves or the
‘nose’ portion of an undercutting front.

This type of angels show great promise of prac-
tical use in short-range fcrecasting of squalls.
The only difficulty is that such squall-precursor
lines are recorded more frequently and at greater
ranges on radars using longer wavelengths; the best
detection being on 23-cm wavelength when the
precursor line may be detected as much as 50 to
60 miles from the station to enable forewarning
of the squall to be issued sufficiently in advance.

6. “Blobby” Angels

During the hot weather months (April to June),
radars in tropies record angel echoes having certain
peculiar characteristics; the most important among-
st them being their apparent association with an
upper air temperature inversion or on isothermal
layer between 6 and 11 km above ground. It will
be seen from the example in Fig. 22 that the
appearance of these angels suggests for them the
nomenclature of ‘blobby’ or ‘spotty’ angels.

The main characteristics of this type of angel
activity are:

(i) These are angels of a ‘blobby’ or ‘spotty’
nature,

(i) These occur during the hot weather
mionths (late April to late June) only,

(#i7) These occur in the presence of insolation
only and are never observed at nights,

(iv) The angel activity is more or less equally
distributed upto about 25 miles round
the station, although on occasions it may
extend to about 50 miles. It is mainly
limited to the first 5000 ft above ground,

(v) The vertioal wind profiles show that shear
is practically absent on days of such

angel activity,
(vi) There are always some convective cells
present in the neighbourhood, thus cha-

racterising the unstable and turbulent
nature of the lower atmosphere and

(vii) A very significant feature of these angels
is the simultaneous occurrence of an upper
level temperature inversion or an isother-
mal layer.

This type of angels have been discussed in detail
by Kulshrestha (1962).
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Conclusions

In the preceding pages, an attempt has been
made to classify the radar weather echoes ohserved
in a tropical region like India. The characteristies
of radar weather echoes of varions types liave heen
analysed and presented so as to be of Lelp to
professional radar-meteorologists in their dav-to-
day interpretation of radar weathor eehoes observed
in the tropical areas.
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parts of the country are

The aunthors have endeavoured to make the

classification and the analysis as rational as is
possible at present on the basis of the available
data. It must be remembered that only a few years

systematic radar observations in  various

1

available. Further experi-
ence should bring to light many more interesting
and useful aspeets of radar weather echoes.
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