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An explanation of anomalous radar propagation
following thunderstorm activity

8. RAGHAVAN
Meteorological Office, New Delhi
(Received 2 March 1964)

ABSTRACT. Several cases of anomalous propagation of a 3.cm radar beam observed at Madras
in the rear of thunderstorms, cannot be satisfactorily explained by the process suggested by P."n\-ir:ua
workers on this subject. The anomalous echoes appear 10 be from ground targets, obtained after pa rtial
reflection of the radar beam at a thin boundary layer between the downdraught air of the thunderstorm
and the environmental air, Sufficient refractive index change, requited {0 produce the reflection can
occur only in cases when the downdraught air is more moist than the environment, and this agrees with
the obgervations, The mechanism snggested does not depend on thé presence of rainfall at the gfomul

1. Introduction

1.1. In a previous paper (Raghavan 1962),
the author had referred to a number of cases
of ‘anomalous propagation’ or ‘super refrac-
tion’ of a 3-cm radar beam in the rear of
thunderstorms oceurring around Madras in
the southwest monsoon season. It was also
mentioned that this phenomenon did not
occur in the post monsoon months.

1.2. A few cases of anomalous propaga-
tion following a thunderstorm have been
reported by other workers (Coons 1947, De
1959 and Mathur and Kulshrestha 1961).
The explanation given by Coons is that an
abnormal moisture lapse is set up near the
ground behind the storm owing to the eva-
poration of rainfall near the surface. The
effect of this in setting up a duct is enhanced
by the effect of the cooling of the earth’s
surface by the thunderstorm. The main-
tenance of this stable condition was favoured
in the case considered by Coons by the pre-
sence of low clonds and a light wind. Mathur
and Kulshrestha have given a similar ex-
planation and they stress the importance of
light winds. De has said that the downdraught
from the thunderstorm is moist and cool and
hence it sets up the temperature and humi-
dity distribution favourable for super-
refraction. This favourable layer extended,

in his case, to a height of 2300 feet. The
relatively large number of cases of this pheno-
menon observed in Madras, have enabled the
author to analyse the propagation of 3-cm
waves in the rear of a thunderstorm in greater
detail. This analysis indicates that the above
explanations are inadequate to cover the
phenomena observed at Madras, A mecha-
nism consisting of reflection from a  thin
boundary layer is proposed in this paper.

2. Observations

2.1. The thunderstorms studied in Madras
belong mainly to the two well marked seasons.

2.1.1. The southwest monsoon season
comprising the months June to September
when thunderstorms or lines of thunder-
storms pass roughly from northwest to
sontheast or west to east. Thunderstorms in
this season occur generally in the afternoons
or evenings. The storms are often associated
with severe squalls. In a large number of
cases abnormal propagation was ohserved in
the wake of these storms.

2.1.2. The post monsoon. or northeast
monsoon season (October and November)
when thunderstorms are fewer in number.
These form over the sea in the early morning
hours and move roughly westwards and can
be tracked several miles inland. Squalls
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TABLE 1

Trhunderstorms in June

Date Detatls of Suprtnee 1emp, Vi pou Surface Puration  Dircetoi
thunderstopm { = pressure at winds after of and
surface (mh) thunder- anomalous  maximum
el —Aeoe——  — Ay storm propaga. range of
before  after . before after tien anomalons
thrs) cchoes
31.5-60 Thunderstorm activity 3-8 28-9 -2 33-4 SW oabont 0005-05330 W and NW
1-6-60 till 2305 hrs, Rainfall S km'hr GO nom,
over station : Nil
12-6-60 Number of cells moved 310 ) - 4 )7.G 23-53 BI1Skm'hr  2210-0200 N and NW
from west over station 40 n.m,
between 2045 and 2130
hrs. Rainfall : 03 mm
19.6-60  Line of thunderstorms 305 277 0.1 33-4 SE 20km hre 2000-0045 W 50 n.m,
moved from west over up to 2400 of next
station. Rainfall  at hrs. Weaker day
station : 2 mm later
RRATRT A line of thunderstorm 20-2 2% 3-8 20.3 W 10 km 'hr No anomalons
tracked from 40 pom, (Decrense in propagation
west of station. Moved vapour
over «tation at 2030 pressure)
hrs. Rainfall continned
nonte 2150 hrs, amount
10 mm
23-6-60 Tines of thunderstorms 202 25-1 243 279 K/SW 10502850 W and NW
tracked Trom abont 40 10 km hr H pom,
nan, N\ af tiom., NN E
Moved past station by 20 pom,
1916 hrs, Bainfall over
station : Nil
20.6-60 Thunderstorm activity 30-8 258 235 277 SW 213523900 W 20 n. m.
till 2135 ars, Rainfall: 18 km hr 8 and NNE
05 mm I8 n. m.
are quite weak though rainfall is appreciable. 2.3, Rignificant features of the echoes

Not even a single case of abnormal propa-
gation was noticed in this season.

9.9, Particulars of a few June thunder-
storms 1‘H]}rt'.~ivnrin:_r the southwest monsoon
season are listedd in Table 1 along with details
of anomalous propagation, if any, observed.
Table 2 givessimilar particulars for a few Octo-
ber thunderstorms. An example of anomalous
echoes in June is shown in Fig. 1. Fig. 2
gives the normal ground clutter for compari-
son. The echoes observed were carefully
compared with super-refraction echoes oh-
tained in fair weather periods (Raghavan and
Soundararajan 1962).

and the inferences which may he drawn from
them are given below,

2.3.1. The echoes seen in the rear of
thunderstorms correspond closely in position,
appearance and intensity to super-refraction
echoes in fair weather and most of these can
he identified with ground targets. Hence
these are echoes from ground objects obtained
probably after refraction or reflection in the
atmosphere.

2.3.2. The echoes usunally extend to dis-
tances of about 40 nautical miles or more in
the west and northwest and about 20 nautical
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TABLE 2
Thunderstorms in October

Surface
temperature

Vapour
pressure at

Dato History of thunderstorm (°C) aurface (mb) Remarks
Aty oy
before after hefore after
10-10-539  Thunderstorm moving W to E, came over  26-5 22.5 27-0 24-5 None of the cases
station at 0440 hrs. Rainfall 35 mm, was followed by
Squall NW, 61 km /hr anomalous
propagation
19.10-59  Thunderstorm moving E to W touched 22-0 20-8 23:3 22-3
station 0150, Rainfall 12 mm
23-10-59 Line of thunderstorms moving from SE 27-5 24-0 29-4  28-8
to NW, eame over station at 0050 hrs.
Rainfall 10:2 mm
25-10-50  Tine of thunderstorms moving SEto NW, 25:5 245 20-3 a27:0

came over station at 2250 hrs, Rainfall
2.7 mm
26.10-50  Line of thunderstorms moving B to W,
came over station at 1615 hrs. Rainfall
1 mm

miles in the rest of the land area. They do
not show any perceptible movement.
Changes with time consist only of increase or
decrease of intensity or number of echoes.
Hence the reflecting layer, if any, must be a
rather extensive one and not subject to any
movement,

2.3.3. The radar was operated at angles
of elevation of 0° or 1°. Since the beam
width of the radar was 4° in the vertical
plane, an appreciable amount of power would
have been radiated at higher angles also.

2.3.4. The echoes were observed even in
some cases when there was little or no rainfall
reaching the ground. On the contrary the
October storms gave considerable amount of
rainfall but no anomalous echoes. The
explanation given by the workers cited above,
fails to explain this fact.

2.3.5. The duration of the echoes ranged
from a few minutes to a few hours after the

thunderstorm. There was no particular
relation with  surface windspeed. There

were cases of persistent anomalous propa-

gation even in moderate to strong winds.
Hence whatever postulate is made to explain
the echoes, it should provide sufficient refrac-
tive index gradient inspite of the mixing
caused by the wind,

8. The Mechanism

3.1. The only mechanism which can explain
all the above facts appears to be that the
thunderstorm produces a downdraught which
is cooler than the environmental air but not
necessarily more moist. As shown in Tables
1 and 2, the surface vapour pressure at
Madras just after the thunderstorm (which
may be taken to be characteristic of the
downdraught air) was higher than the vapour
pressure before the thunderstorm (charac-
teristic of the environmentalair) in most of
the cases met with in June. In October the
vapour pressure after the thunderstorm was
lower than the vapour pressure before the
storm. The initiation of the downdraught
is probably produced by the process outlined
by Mull and Rao (1950), and has no direct
relation with the rainfall or other conditions
at the surface,
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Fig. 1. An example of anomalous echoes
following thunderstorm
Date : 12 June 1960, Time: 2310 IST !

Range : 60 n. miles, Elevation: 1°

3.2, We may further assume that this
downdraught air which is in all cases denser
than the environmental air, spreads as a
shallow and extensive layer near the ground
in the area swept by the storm with the rela-
tively warmer and lighter environniental
air above it. The houndary between these
two masses of air will be a thin layer having
favourable vapour pressure discontinuity if
the downdraught is more moist than the
environment. Propagation from the radar
to a ground objeet at a range of 40 nautical
miles or more, involving total or partial
reflection from this boundary is, therefore,
conceivable. However, in those cases when
the downdraught is drier than the environ-
ment the effect of the vapour pressure gra-
dient in the boundary layer is opposed to
that of the temperature gradient and ano-
malous propagation is impossible.

3.3. The above explanation not
depend on the presence of rainfall at the
ground and its evaporation to give rise to a
favourable humidity gradient. However,
it is necessary to show quantitatively that
the necessary refractive index gradients
exist at the required heights to produce
sufficient reflection at the angles involved.

does

Fig. 2. Normal ground clutter at Madras

Range : 50 nautical miles

Elevation : 1°

4, Quantitative evaluation

4-1, With a radar operated at 0° eleva-
tion, a reflecting layer should be available
at a range of 20 nautical miles (37 km) in
order to get an echo by the above mechanism
at a range of 40 nautical miles. If such a
layer is assumed to be horizontal as seen by
an observer at M (Fig. 3) on the earth’s
surface, the radar beam travelling horizontally
along RL will be incident on the layer at L.
Since the path RL is entirely in the down-
draught air, the pathfollowed is an unrefrac-
ted one, provided L is close enough to ground
to justify neglect of the effect on refractive
index of pressure variations. If the range
RI.is 37 km, the height LM is readily shown
to be =108 metres. The glancing angle
of incidence RLL, will be approximately
0-4°, If the layer of separation of the down-
draught and environment is higher the heam
will be incident on the layer at a still higher
angle. Further it may he expected that a
boundary layer between two masses of air
with different wind speeds should be inclined
at a small angle to the horizontal. Hence
the glancing angle of incidence will be 0-5°
oT more,
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Fig. 3. Reflection from a boundary layer
(see para 4.1 of text)

4.2, Jones (1958) has considered veflection
at a thin houndary layer at a small glancing
angle of incidence. As shown by him if the
refractive index change in the layer is 8u,
the ecritical angle ¢, = (2 8u)¥. TFor
8p = 1x10%, ¢y = 0°26°. Tven for
dp = 5X10-% which is a large gradient
rarely obtainahble ¢y = 0-57°. Hence the
glancing angle of incidence in the cases

considered above will be greater than the .

critical angle. This rules out total reflection
at the boundary. Partial reflection discussed
by Jones can, however, apply in this case.

4.3. If the surface temperature is 7,
vapour pressure is ¢ and if the temperature
and vapour pressure changes in the boundary
layer are 87" and 32, we have (Kerr 1951)

A 2 B
ow == (p+ 252 Jor+
+%Se ]10*‘

provided we neglect the contribution to 8u
caused by pressure changes. Using the
values of 4 and B given by Kerr and taking
typical values for 7 =303°K, ¢ — 30 mb,

8 = [ — 168 3T + 4-13 de]. 10-5.

For the date 23 June 1960 in Table 1, this
gives dp = 18 10-6%,

4.4. Thus 8p values of the order of 15
10-% are typical. To allow for some mixing
and consequent destruction of the gradient
a value of 10> 10-% would be a more realistic
assumption.

4.5. De (1959) explains anomalous pro-
pagation after a thunderstorm in terms of the
modified refractive index profile (M-profile)
in a layer of a height of 2300 feet. However,
in the above cases with a 8p = 10x10-6,
if the change is spread over a layer of the
order of 600 metres the M variation, taking
into account the height term, is not at all an
imversion. Hence the mechanism consider-
ed by De (1959) is not suitable in the present
case and there is aneed to postulate a thint
layer close to the ground over which the
refractive index gradient is concentrated.

4.6. Jones shows that the power Pr
received from the ground target by the radar
receiver after propagation involving partial
reflection at a layer at height %, which
has a refractive index change 8y, is

L4
Pr=—im &

where P is the transmitted power, 4 is the
arca of the antenna aperture. This is subject
to the condition that the entire beam is
intercepted by the layer. Substituting
the constants of the radar set as P=20x103
watts, 4 =1 metre® and taking ¢, = 0-5°,
u=10x10%, , =100 metres, we obtain
Pr=2x10"12 watts approximately. This is
about 13 db higher than the minimum detect-
able power of the radar. If the entire beam
15 not intercepted there would be a further
decrease in received power, but still it would
remain higher than the minimum detectable.
Hence sufficiently strong reflection to give
the observed echoes is possible.

*For the cases when the downdraught is drier, both 87 and 3¢ arc negative and hence the refractive index of
the environmental air is higher than that of the downdraught. However the value of 8 is too small to produce

sufficient reflec’jon

tThe possibility that such a thin layer could exist in the atmosphere is supporied by the observations of angel
echoes by Jones and other workers, which cannot be explained by other means
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4.7. A computation similar to the above
for the case discussed by Mathur and
Kulshrestha (1961) shows that 8 in that case
was as high as 45 10~ and it is not surpris-
ing that they could get echoes up to 60 miles.
5. Conclusion

Tt is thus seen that the frequent occurrence
of anomalous propagation in one season and
its absence in the other is explained by the
different moisture content of the thunder-
storm downdraught. The mechanism postu-

RAGHAVAN

lated namely partial reflection at a thin
boundary layer explains the observed echoes
without depending on the presence of rainfall.
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