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ABSTRACT

Evidence is presented of 10 cm radar echoes
observed from Brisbane, Queensland, which
occurred as extensive layers downstream of
thunderstorm cells, but mainly below the normal
base of anvil cloud.

These echoes are attributed to ice crystals, the .
measured reflectivity factors (103 - 10% mm m‘3)
being comparable with those calculated from ice-
crystal distributions sampled by others at similar
heights and temperatures. Particle trajectory and
trail pattern models indicate that the source of the
crystals is situated across the summit of the near-
est upstream storm cell, This is consistent with
a source in the anvil canopy of mature storms
prior to it being sheared or '""blown off',

It is thus suggested that ice-crystal layers of
this type may be more common and extensive than
is usually supposed and may play a part in natural
cloud seeding.

1. INTRODUCTION

Thunderstorm models basically portray a three-pronged circulation, a
convergent inflow being associated with the updraught core and high-level outflow
(the anvil), and a divergent downdraught with heavy precipitation (Byers and Braham,
1949). The importance of vertical windshear for storm behaviour has been recognized
in two ways: generally, for the organization and propagation in an unstable air mass
(Newton and Newton, 1959), and specifically, in the upper troposphere for sustaining
severe storms with high summits against the dissipating effects of the downdraught
{(Browning and Ludlam, 1962). Radar observations made by these authors and others
revealed additional features of structure, such as a precipitation wall and an overhang
in front of a narrow precipitation free region in the interior of the cell (the echo-free
tryault'),

The models are useful in the analysis of precipitation which reaches the
ground and in the prediction of windstorms accompanying the circulation, while the
problem of storm generation lies, of course, in.the mechanism for the release of
instability, '

Advances in cloud physics and radar meteorology have helped the under-
standing of micro- and meso-scale interactions which profoundly affect the precipita-
tion. A kind of "pyramidal' concept has emerged in so far as important processes
are confined within, or relatively close to, ‘the incipient updraught regime. These
are, for example, cloud drop coalescence, nucleation, freezing of supercooled rain-
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drops, graupel and hail formation, and the separation of electrical charge. The con-
cept has considerably influenced the thoughts on artificial modification of the rain
process and thus cloud seeding techniques.

The presence of marked windshear makes the pyramidal idea less attract-
ive. Its effect on convective storms and rain systems has been recognized in other
than the dynamic context. Thus the picture of an anvil "blowing off" its parent cell
is a familiar one. Early radar studies in Canada of the so-called ""mare's tails"
consisting of ice crystal fallout from.discrete cirrus generators (sometimes visible
as virga) had furnished evidence of their potential for natural rain stimulation of
middle and low cloud (Marshall, 1953; Gunn, Langleben and Dennis, 1954), Unexpect-
edly high survival rates of ice crystals of cirrus origin were later discovered by
direct sampling in clear air at mid-tropospheric level (University of Chicago Cloud’
Physics Laboratory, Spyers-Duran and Braham, 1967; Braham and Spyers-Duran,
1967). The problem of rain stimulation by crystal fallout was re-considered by -
Braham (1967), the questions being whether cirrus cloud seeding can act as trigger
for storm development; and whether '"cirrus as forerunners of bad weather could
play a more active role in the microphysics of lower cloud by serving as a source
of ice particles capable of nucleating supercooled clouds in the middle and lower
levels', ‘ :

Subsequently, 10 cm radar observations at Aspendale, Australia, of wide-
spread "all-sky'" layer echoes which were attributed to cfystal fallout from a
tropical-cyclone cirrus canopy (Berson, 1967), gave further weight to the potential
of fallout for natural rain stimulation of middle level cloud. :

The Chicago flight sampling and replications of ice crystals were carried
out in a visually clear atmosphere in between large cumulus and cumulo-nimbus
clouds. Mossop, Ono and Heffernan (1967) and Mossop {1968), using similar tech-
niques, sampled non-raining clouds at various places in southeastern Australia and
found concentrations of ice crystals much in excess, and up to 1,000 times larger
than obtained from ice nuclei counts made on the same sample by cloud chamber
technique, However, because of absence of visible high cloud these authors did not
accept cirrus fallout as an explanation of this discrepancy.

Following further sporadic radar observations from Aspendale of layer
echoes well below cirrus level, it was decided to make measurements in a subtropical
regime where unstable upslide and intense thunderstorms occur with comparatively
high frequency. The purpose of the project was to verify the occurrence and to
measure the extent of the relevant echoes; also to determine their origin, noting
- 'whether the measured reflectivities were commensurate with ice particle distributions
which have been determined elsewhere by direct sampling, and hence to deduce the
likelihood of natural seeding being an important factor-in the activation of incipient
storm cells as well.as middle level cloud. As will be seen, the phenomenon is more
widespread than is usually supposed.



2. THE OBSERVATIONS

(a) Mgthod

Observations of thunderstorm cell echoes and reflecting layers mainly
downwind from cells, were made on a Plessey WF44 S-band radar* at Eagle Farm,
Brisbane's airport. The observations used in the present paper were made during
two weeks of almost daily, strong, partly severe storm activity during late November
and early December 1968,

The radar installation is maintained by the Commonwealth Bureau of
Meteorology, chiefly for wind-finding and weather watch on a routine basis, but is-
also used for aeronautical guidance when significant storm activity occurs within
50 n, mi. radius of the airport. The latter, called Joint Approach Control.
Meteéorological Advisory Sérvice (JACMAS), furnished valuable. information on storm '
location, cell dimensions and rainfall intensity, but limited the periods for tak1ng
special observation on layer echoes. None appeared on the screen durxng JACMAS
monitoring because it was carried out withigreatly reduced receiver gain+

Absence during mast of the project period of active tropical upslide within
radar range, precluded the monitoring for unbroken all-sky layer echoes, which was
performed in the case of a cirrus canopy (Berson, 1967; see Introduction).- During
the period, predominance of scattered thunderstorms, some of which were organized
into bands associated with instability lines and others into large storm systems,
necessitated primarily RHI scanning of the storm cells in downwind vertical planes,
i.e. in the direction of the prevailing wind at 30, 000 to 35, 000 feet.

Once a layer echo was detected on the RHI display, PPI scanning was per-
formed with the aerial tilted to as much as 25 to gather information on the lateral
extent of layer echoes. :

In the 1ayer echoes the measured reflectivity factor Z with the refractive
index referred to water ranged from 107 to little above 10“mm m-3, or 0.03 to
0.13 inch/hour equivalent rainfall 1nten51ty_ according to Z = 200 Rl'6, With storm
cells the factor'rangéd from 104 to 3. 106-2 units or 0.5 inch/hour rainfall intensity
to 13 inch/hou_r {(hail). To ensure that the downstream horizontal extent of a layer
was not unduly reduced, it was necessary on occasions to dispense with the routinely
applied swept-gain display. In this way the back- scattered energy at shorter range
{representing, almost throughout, the downwind layer section further removed from
the parent cell) was made to appear with full receiver gain, Similarly, a "linear"
rather than the normally applied "logarithmic' receiver characteristic was used at
times in order to let the whole layer echo appear with equal inténsity over a large
range. Care was exercised to return to the swept-gain logarithmic display for
reflectivity measurements using the calibrated i.f. attenuators, -

%  Radar specifications: Wave length 10 cm, peak power output 600.kW, noise
figure better than 6 db, pulse length 0.35 or 1.5 uS {associated r.f.. band-
width 8 or 0.75 MHz respect1vely), pulse repetition 275 sec 1, aerial beam
width 3° both vertical and horizontal; swept gain (1/R ) 2 to 20, or 6 to
60 nautical miles according to requirements; gain reduction in approximately
2.3 db steps to 62 db by calibrated i.f. attenuator. :
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The nominal measured radar height in which the half beam-width is already
allowed for, has been corrected for curvature of the earth and for average refraction
applying a 4/3 factor to the earth's radius {(except for the heights in Figs. 1-5).
Anomalous propagation accompanied by super-refraction had occurred over the ocean
when, prior to the onset of thunderstorms on 22' November* , continental air with
daily surface maximum temperatures from 100° to 110°F flowed seaward. After
that date ducting was greatly reduced. Since a large majority of the monitored
storms were over land or close out to sea, no attempt was made to correct for
superrefraction.

In the assessment of reflectivity factor, beam filling was assumed to occur
always, although this might have led to significant errors in a very few cases.
Characteristic side lobes protruding as spikes from cells with summits exceeding
12 km (c. 40,000 ft) above radar horizon were eliminated from the data.

(b) The Evidence

It was not possible to observe in detail the simultaneous development of
parent storm cells and associated downwind echoes. JACMAS "spells' would have
been presumably most appropriate for such observations. Data from six JACMAS
spells each lasting from 1 to 3 hours were treated statistically, yielding valuable
background information on range, height, diameter, movement and reflectivity of
storm cells during the project period. '

A selection of polaroid photo sequences is shown'in Figs. 1 to 5. The
salient features are noted in the captions. When not otherwise stated, the PPI and
RHI displays were obtained with the use of full receiver gain, swept gain (dynamic
range integration) and logarithmic receiver characteristic. Long transmitter pulse
has been applied throughout, Three-stage intensity display referred to in the
captions is recognizable on the photos as dull, bright and ""black hole' echo
illumination.’ These 1ntens1t1es correspond to minimum detectable reﬂect1v1t1es of
Z values (7. 6)10 , (6. 4)10 and (6. 0)104 with proba.ble errors of 2 db. The height
scales in the photos refer to measured height above radar horizon (not corrected for
curvature of earth and average refraction, as they will be in following sections).

Range and height markers on the PPI and RHI photos are in kilometres.
The following abbreviations apply to the captions: three-stage intensity display -
3ID; not integrated for dynamic range - NOT INT. ; linear receiver characteristic -
LIN; gain reduction by ...db - GAIN RED. .., DB. The subscripts A, B, ...L to
the measured reflectivity factor Z refer to cells and layers indicated on the photos.

The routine RAWIN observations indicated that the prevailing wind at
typical cell-summit levels (10 to 12 km) was mainly from WNW at 30 to 50 m sec- 1
strong vertical shear obtaining above the layer echoes (6 to 9 km); see also Tables 1
and 2. The storms moved with the prevailing wind at c. 4 km height.

* On this day a destructive storm occurred at Killarney, some 70 miles
to the west of Brisbane. Radar information on the storm was obtained by
chance but no special observations on layer echoes were carried out.
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12:25 1.0 3 1.D.

12:10 N

12:30 120° 12:43 017°

Figure 1. Scattered storms, 26.11.1968, Note on photo ¢ the presence of an overhang (OH) in front of cel} A. This
is continuous™ with layer L1 on d, extending to 100 km downwind from its parent cell A - Photo e shows
same echo 20 min later as continuous layer L, displaced downwind by 25 km - Cell C on f has been
scanned in a vertical plane across the wind direction at summit height.

Zp-90x10% Zp-2.0x106; Z| -4.2x 102

*

Fragmentation within 20km radius from the radar site is due to incomplete vertical sweeping.
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14:20 07° LIN 14:30 07°3 L.D.

° °

14:45 3n 5:00 341 LIN

15:13 10.0°

15:10 . 5.0

Fig. 2 Scattered storms, 27.11.1968. The layer echo L1 on photo d extends in front of cell C (only partly visible
on ¢) but in the rear of cell B. Same layer is seen 13 min later on PPI display f as elongated echo L 9
owing to interception by the titted radar beam. L3on photo e is a similarly intercepted layer echo downwind
of cell E.

Zg=20x108; Zg-3.0x108; z| - 26x 107
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5.0° 13.53 0.6°
29DB. Not Int. Gain Red 29DB.

16:54

Figure 3

343" 3 1.D. 17:10 135°

Scattered storms followed by formation of squall-line, 29.11.1968. Photos a and b display tops of
cells to SW two hours prior to squall-line which is shown on c, d and €. RHI display through south-
eastern (downwind) part of squall line seen in f, showing cell D with overhang: layer echo L became

faintly visible upon switching to non-dynamic range display (no photo).

Zy=30x105; zC=1.1x106; Zp=75x10°
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20 40 60

19:36 136° 19:40 136°
Not Int. Gain Red. 3 D.B.

19:57 10.4° 20:00 1°~—s16" 20:04 1.6°
Not Int.

22:48 1.5 3 1.D. 23:04 1.5 3 1.D. 23:11 1.5
3 I.D. Gain Red.12 D.B.

Figure 5 Widespread and protracted, severe storm activity, 3.12.1968. Layer echoes are displayed on photos a to e.
They occur in front of the storm system shown for some later time on f. Detailed structure of a supercell
showing the wall and overhang is seen on g, h and i. The layer echo L below the overhang on i was made
visible by applying full gain and eliminating dynamic-range integration. The storm system two hours later
is shown on j, k and |. Photo e was obtained by sweeping with rapidly tilted aerial from 1° to 16" elev.

Zp-43x1092),-26x10% to 4.2 x 107
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Table 1. Height and maximum reflectivity factor - Temperature and dewpoints
based on antecedent radio sonde ascents. Standard deviations shown in parentheses

Height Reflectivity factor Temperature Dewpo.1nt
6 3 5 depression
km mm /m C °c
Cell Summit I 12.0 Cell 2.5 x 105(Z) -49.7 -
II 10.1 -35.6 -
Layer Top I 9.2 (1.3) -33.2 {9.5) 11.4
I 7.0{2.3) LayerI 1.2 103(2*) -35.6.{17.0) 9.7
m 2.5 103
Layer Base I 5.7 {1.1) -9.2 (7.0) 11.6
II. 3.1(0.7) +6.2 (4.0) 12,7
Sample I: layer base.temperature < 0°C (22 cases on seven days);
Sample II: layer base temperature > 0°c {15 cases on five days).

Table 2. Cell diameter, horizontal extent and slope of layer eehoes.
Windspeed and shear are based on antecedent RAWIN soundings given as components
{upper line), and modulus of the vector and its direction {lower line).

For samples I and II see Table 1, .

. Cell Layer Layer Windspeed Windshear
diameter extent slope_
km km 10-2% m sec”! m sec™}/km

' b
Base Midheight Top Base Cell Summit U2Ye¥ 0P Layer base Layer base

to summit to top to summit

u v Uu 0V ou c’V ou OV

I 33 61 1.8 1.9 37.2 -9.1 3.3 -0.3 4.0 -0.2 3.2 0.0
284° 138.3 275° 3.3 273° 4.0 270° 3.2

II 34 71 1.1 0.3 24.9 -6.8 1.4 '-0.9 3,4 -C.7 4.1 -0.1

285° 25.8 3039 1.7 281° 3.5 271° 4.1

* Defined as positive when downward in the upstream direction,
i.e. toward the parent cell,






