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This paper analyses a large number of radar rain echoes observed from Aspendale,
near Melbourne, over more than four years; 6109 echoes were logged and tracked for
half an hour or longer. These have been studied in their synoptic setting, and
statistically analysed with the help of Bureau of Meteorology routine surface and
aerological observations and analysed charts. Frequency distributions are given
relating to echo lines and individual echoes in them; velocity, echo-related rainfall;
vertical temperature and humidity profiles; cloud base and top; stability index; and
upper winds, both absolute and relative to echoes. The differing statistics for echo
days, dry days and thundery days are examined for diagnostic value. Vector
correlation between echo velocity and upper wind at various heights is computed to
exceed 0.9 overall in the lowest levels. Density weighted mean winds over a vertical
thickness of the order of 3 km provide a prediction scheme based on regression
equations, with standard vector errors of about 5 m s~!. The lowest possible standard

error achievable with the radar techniques used is about 3 m s-1.

Introduction

Although weather surveillance radar has been in
existence for about 40 years, there appears to be
no systematic statistical treatment of radar echoes
for an Australian location. Partial climatologies
for Melbourne and Sydney have been published
by Lajoie and Meighen (1975) and Birch (1973)
respectively. For a more detailed analysis of the
Aspendale data described in Appendix B see
Clarke (1988).

Detailed studies of rain echoes have been made,
mainly in North America and Europe, dating
back to the early days of radar. Some Australian
work in this area has been published by Spillane
and Dixon (1969) and Colquhoun (1975), and
radar echo lines have been studied in the context
of cold fronts e.g. by Garratt et al. (1985) and
Physick et al. (1985).

Many of the overseas studies have been con-
cerned with the velocity of severe local storms,
which, according to Ludlam (1980, p. 248), are
the only phenomenon to which the weather
forecaster finds it difficult to apply the concept of
a ‘steering current’. He also admits that the
velocity of a storm is one of its important
properties for which there is as yet no adequate
theory. Fenner (1976) has used the theory of
Moncrieff and Green (1972), with a slight modifi-
cation, to predict the velocity of severe storms,
while Colquhoun claims some success in their
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prediction by the use of a maximisation hypoth-
esis on the upper winds.

Ordinary thunderstorm and shower echoes are
generally conceded to move with a mean upper
wind, although the literature lacks consensus
about the precise appropriate depth of averaging,
and whether density weighting is more successful
than simple averaging.

Data analysis

Lines of echoes are a common occurrence in the
Melbourne area. Over the four years of radar
operation and logging at Aspendale (see Appendix
A), echo lines were logged on 75 days, on 28 of
which thunder was reported. Figure 1 shows three
such echo lines in their synoptic setting. The
normal speed of movement of echo lines (Fig.
2(a)) is somewhat less than the speed of individual
echoes in the line, with medians respectively 10.6
and 13.0 m s-!. The cells embedded in the lines
tend to strongly favour a veered direction of
motion relative to the normal direction of
movement of the line (Fig. 2(d)), as would be
expected if the line occurred in close association
with a cold front, as is shown to be often the case
in Fig. 2(e). The echo lines also favour an
orientation between (270-090) and (350-170)
degrees (Fig. 2(b)), well-known to be the common
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Fig. 1 Synoptic analysis for 0900 h 7/12/65, with echo
lines A, tracked from 0910 to 1910 h, speed 7 m
s-1; B, 1450 to 1725, 4 m s~!; and C, 1745 to 1815,
8 ms~!. Lines moving east; locations at mid-time.
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orientation of cold fronts passing over Mel-
bourne. The observation of echo lines is limited
by the capability of the radar; most echo lines
were observed to be less than 100 km long (Fig.
2(c)), almost certainly a considerable under-
estimate of their true length. Whereas one line (A
in Fig. 1) was followed for 10.2 hours, most of
them were in view for Y2 to 2 hours, and only four
were tracked for more than 4 hours.

The rainfall produced by discrete echoes

To provide some insight into the nature of the
echoes being studied, pluviograph records relat-
ing to any echoes observed to pass over Aspendale
were examined, and some details logged. Amount
and duration of rain, date and time for some 202
such shower echoes are available, and these are
presented in Fig. 3, (a) to (c). Table 1 sets out the
values of the medians of several variables.

The observed median duration of showers is in
excess of what is expected for the passage of 11
km? echoes moving at 13 m s~! by a factor of 2.6.
This suggests that multiple echoes may have been
incorrectly logged as one in the assessment of the
pluviogram, and/or that light rain outside the
central core of the echo is not detected.

We may easily compute a lower limit to the
vertical velocity component, w, through the cloud
base needed to sustain the observed rainfall rate,
r, from the expression

ewq,=r
where q, is the saturation specific humidity

Fig. 2 Frequencies relating to observed echo lines on 75
days.
(a) N?rmal speed of echo line. Median 10.6 m
s L
(b) Orientation of lines. Median 338 degrees.
(c) Apparent length of echo lines. Median 92
km,

(d) Direction of individual echo minus direction
of movement of line (angles positive clock-
wise). Median 34 deg.

(e) Direction of movement of cold front minus
that of echo line. Median 1 degree.
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Table 1. Median values of several variables relating to echoes.

Cloud base Cloud base r echo size echo speed duration
temp. (C) height (m) mm/hr km? m s} min.
9.5 780 3.7 11 13 10

corresponding to cloud base temperature, and g is
air density at cloud base. This expression, with the
use of the median values yields

w=0.1ms!

but, since not all the moisture being carried into
the cloud base is condensed or deposited, the real
value of w must be considerably greater.

Fig. 3(a) Frequency (per cent) of rainfall amount from a
single echo at Aspendale. Median (0.5 mm. (202
echoes).

(b) Frequency (per cent) of rainfall intensity (r)
from a single echo. Median 3.7 mm per
hour.

(c) Frequency (per cent) of rainfall duration from a
single echo. Median 10.0 minutes.
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Vertical temperature and humidity profiles

Upper-level temperature and humidity data were
only measured at 24-hour intervals, and the
echoes were observed out to 100 km or more (over
very variable topography) from Laverton, where
the sounding balloons were released at about 0900
EST. Any thermodynamic analysis based on these
observations must of necessity be approximate,
and indeed this is evident from some of the
irregularities in the statistical results. The time-
interpolated temperature and humidity data, and
surface temperature, humidity and pressure were
used to estimate the temperature of a parcel of air
lifted from the surface at the time of maximum
temperature (with the nearest humidity) accord-
ing to simple parcel theory. (The use of maximum
surface temperature is defended on grounds of
practical statistical expediency. It ensured that a
‘level of free convection’ was almost always
defined, without recourse to assumptions about
the effects of inhomogeneous terrain). The
equations solved were those used in the construc-
tion of adiabatic and pseudo-adiabatic aerological
diagrams, with the aid of a Newton-Raphson
routine to solve simultaneous equations, thereby
obtaining the parcel temperature and humidity at
standard pressure levels, the pressure, tempera-
ture and height where the parcel condenses, and
also where the virtual temperature becomes equal
to that of the environment; i.e. the top of the
‘positive area’, in which 8T, the excess of parcel
over environmental virtual temperature, is posi-
tive. The height of the condensation level has
been labelled BASE, and that of the top of the
positive area TOP, although of course, in the
absence of mixing, the parcel would continue
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upward against buoyancy forces to a somewhat
greater height. (Since entrainment is almost
always present, this definition of TOP may in fact
correspond more closely to the actual cloud top,
which was not measured, than that derived from
classical parcel theory.) The value of 8T at
standard levels was computed for each of the 528
two-hour periods of echo observation, and the
maximum vertical velocity component at TOP
found by integrating the buoyancy equation

b,
Wimax = (-2R; [ 8T d In p)*
b,
where R, is the gas constant, p, and p, the pressure
at the surface and TOP respectively, and p is
pressure.

There are no observations by which to check the
accuracy of TOP as an indicator of cloud top
height, and there would have been in some cases
great variation both in time and place in the
scanned area. Thundery days, totalling 80 out of
the 255 days, were defined as those on which
thunder was reported from anywhere in the
scanned area on the day in question. The
occurrence of thunder at one place may of course
have had little relevance to cloud development at
other places and times in the scanned area. The
lifting action of a cold front, such as was
frequently observed on days of thunder, would
modify the temperature and humidity environ-
ment, and tend to release any potential instability
present, while the post-frontal invasion of subsid-
ing air would tend to inhibit convective cloud and
echo development. On rare occasions press
reports have supplied additional information
about the location of, and damage due to,
individual storms, but they are inadequate for a
detailed study.

With these limitations in mind, we present
frequencies of the stability index SI (i.e. 8T at 700
hPa); w_..; BASE; TOP;and T, , the temperature
at TOP. (SI has been defined for this statistic at
700 hPa rather than the 500 hPa usually favoured
for the study of thunderstorm situations, because
most of the echoes observed were of well below
thunderstorm intensity.) Figure 4(a) shows the
frequency distribution, for echo days, of SI, and
the relative humidity distribution at the 700 hPa
level (assuming 20 per cent when humidity was
too low to measure). By contrast, Fig. 4(b) shows
that SI is positive on only 17 per cent of dry days,
compared with 80 per cent on echo days.

The distribution of TOP for echo days is shown
in Fig. 5, where a large number of echo days
occurs with TOP below 3000 m, while a second-
ary maximum in TOP occurs at 8000 m. Thun-
derstorm frequency increases markedly with TOP
above 8000 m. Figure 6 gives the frequency
distribution of echo days in TOP and BASE space.

Fig. 4(a) Frequency (per cent) of stability index SI at 700
hPa for 528 echo periods, and relative humidity
at 700 hPa.

(b) As for (a), but for 405 ‘dry days’.
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The line separates that portion of the diagram
where thunderstorms are common (86 per cent of
occasions lying to the right of and above the line
reported thunder, and only 4 per cent of the rest).
Figure 7 presents the frequency distribution of
w,., for echo days. Because of the assumptions
made in the computations, the more extreme
values are unlikely to have been realised. Thunder
was reported on 63 per cent of days with w_
greater than 30 m s~'. Figure 8 gives the frequency
distribution of T,  on echo days. The double
maximum suggests a classification of shallow
shower echoes, mainly . maritime, and deep,
mainly continental, echoes, with ice particles
aloft.

The velocity of echoes

The first questions to be asked concerning
determination of echo velocity are: what is the
variability in the velocities of simultaneously
occurring echoes, and what is the observational
error in determining them? These questions
cannot be answered separately. Their combined
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Fig. 5 Frequency (per cent) of the height of TOP for 255 echo days, and the proportion of these on which thunder was
reported. When TOP > 8 km, 77 per cent of days had thunder, and when TOP < 8 km, only 10 per cent did.
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Fig. 6 Frequency (per cent) of echo days in TOP, BASE
space per 1000 X 300 m interval. Thunder was
reported on 86 per cent of days lying above and to
the right of the line, and on only 4 per cent of the
rest.
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effect has been estimated by fitting straight lines
in time to the components U, V_ of measured
echo velocity on each day, and computing the
square of the departures from these lines. Sum-
ming over all days with 10 or more echoes, we
obtained the variances of the components U, and
V., and their square roots:

oy, = 2.1 ms! and oy, =22 ms.
The variations due to chance topographical and

Fig.7 Frequency (per cent) of w_ . on echo days, and the
proportion of these on which thunder occurred.
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other factors, and those due to measurement error
cannot be predicted from bulk parameters alone.
Hence no prediction scheme for echo velocities
based on upper winds could produce rms errors
less than

(ol +oy )" =31ms"!

when verified by present observational methods.
The frequency of observed echo velocities for
the whole of data set A is shown in U, and V,
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Fig. 8 Frequency (per cent) of T,,, on echo days, and the proportion of these on which thunder occurred.
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space in Fig. 9. This reveals that echoes with
speeds of about 10 m s-' predominate, three
directions being roughly equally important,
namely SSW, SE and NW, while relatively few
come from other directions. The fastest echo
moved from NW at 57 m s-! on 23/3/64. Echo
speed frequencies are shown in Fig. 10 (a) to

(c).

Upper winds on echo days and dry days

Statements in the literature about the steering of
rain echoes would lead one to expect a similarity

Fig. 9 Frequency (per cent) of echo occurrence in echo
velocity (U,,V,) component space, per S X Sm st
interval.
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between the frequency pattern of mid-
tropospheric wind and the echo movement vec-
tor, which is shown in Fig. 9. For comparison, the
frequency distribution of wind vectors on echo
days is plotted in U,, V, space (wind components
at 3 km) in Fig. 11(a). There is broad agreement,
except that Fig. 11(a) lacks the tail stretching away
from the NW, showing that some fast echoes are
not matched by fast winds at 3 km. The maximum
of echo occurrence with NW and SE winds is
clearly apparent, but the maximum with winds
from SSW is less in evidence. For comparison,
Fig. 11(b) shows the frequency of ‘dry days’ in U,
V, space. The marked difference between Figs
11(a) and 11(b) can be summed up by saying that
the latter has a strong concentration of light winds
from a westerly direction; the mean winds are
lighter, and in the main the shears are greater,
averaging 4 X 1073 s~! when the wind is from
NW. The picture for thundery days (Fig. 11(c))
shows the wind frequencies strongly concentrated
(75 per cent) in the NW quadrant. On average the
winds and shears are less than for non-thunder
days.

Winds relative to moving echoes

Since there is always some wind shear, any
persisting convective system must suffer relative
winds at some levels. In the present data sample
neither the echo nor ambient wind velocities are
known with any great accuracy, and it appears
reasonable to examine mean relative winds,
despite the inevitable wide variation in cloud
sizes and heights and ambient wind and tempera-
ture. Normalisation of speed and cloud data to
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Fig. 10(a) Frequency (per cent) of echo speeds, for all
data. 6109 echoes. Median 13.0 m s-!,
(b) As for (a), winter only. Median 13.3 m s~!.
(c) As for (a), summer only. Median 12.6 m
sl
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make the averaging more meaningful would be
desirable, but no acceptable system of normalis-
ation has been found. Figure 12 shows the mean
of relative wind components in the direction of
echo motion (U,,) and normal to and to the left of
it (V) as functions of height for periods with
TOP respectively greater than (A) and less than
(B) 6000 m. (This value of TOP divides the data
into two equal parts.) Also shown are the mean
winds relative to the echoes at a variety of heights.
The mean wind enters the echo from the front
near cloud base, and from the rear near the top.
Slight entry from the right flank is suggested by
both sets of data at mid-levels. Above the
boundary layer, roughly 1.5 km deep, where
backing with height naturally occurs, the mean

Fig. 11 Frequency (per cent) of days in U,V space (wind
components at 3 km) per 5 X 5 m s-! interval.
Mean wind at 3 km, and shear (250-6000 m) is
shown for each quadrant.
(a) Echo days.
(b) ‘Dry days’.
(c) Thundery days.
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wind in the shallow convection selection (B) veers
slightly with height, while backing is in evidence
above 4000 m in the case of deeper convection
(A). Thus, with shallow convection, there tends to
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Fig. 12(a) Mean air velocity relative to echoes on A:
occasions with TOP > 6 km; and B: occasions
with TOP < 6 km. The relative velocity is
shown at four levels: W at 250 m; X at 2 km; Z
at the mean value of TOP; and Y at 3750 m for
A and 3000 m for B. The 250 m relative wind
is 9.3 m s~! for A.

(b) Mean air velocity components relative to
echoes for A (TOP > 6 km) and B TOP < 6
km) as functions of height z. Short horizontal
bars show standard error of the mean; T, Ty
are mean values of TOP and B,, By mean
values of BASE; U, is mean wind in the
-direction of motion of the echo, V_, thatin a
normal direction, positive to the left.

z(km)

Uyei(ms-t) Vioq(ms "

be cold advection aloft, and with deep convec-
tion, warm advection. The mean hodographs and
mean echo velocities for A and B are presented in
Fig. 13, where the averaging of velocities has been
by resolution along and across the echo paths. The
effects of the boundary layer and the tropopause
at 10-11 km are clearly seen. Both the tropopause
height and the level of maximum wind are higher
on average for sample A (deep convection) than
for sample B.

Fig. 13 Hodographs of mean wind for A (TOP > 6 km)
and B (TOP < 6 km). Components U and V are
averaged in and across the direction of echo
motion. Height in km is shown, and mean BASE
and TOP indicated. Mean velocity of echoes is
shown by a black circle. Presumed hodograph
below 250 m is shown by dotted lines.
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To search for the ‘steering level’ for the echoes
we show Fig. 14, where the frequency of occur-
rence of minimum [3Y| (modulus of the vector
difference between wind and echo velocity) at
each level is examined, as well as mean [8Y|. Deep
convective systems are evidently commonly
steered by winds in the 2 to 4 km layer, while
shallower ones are steered by those in the 1.5 to 3
km layer.

The accepted way of relating two-dimensional
vectors is described by Durst (1954). He derives
the vector correlation Ry and the ‘stretch vector’
correlation Rg. The latter leads to regression
equations of the form, where (x,y,) and (x,y) are
the vectors

x,=ax+b and y =ay+c
which enables x, and y, to be specified, given x and
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Fig. 14(a) Frequency (per cent) at a given level of the
minimum of [3V| = modulus of vector differ-
ence between echo velocity and wind for A
(TOP > 6 km) and B (TOP < 6 km). Wind
velocity is computed at intervals of 250 m to
7500 m, and 500 m above.
(b) Mean value of |3V| as a function of height for A
and B.
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y, with a standard error of estimation given by
e =o,(l + RS?)”

where o, is the standard vector deviation of the
vector (x,y) and a, b, c are the regression constants
to be determined. The process yields a ‘corre-
lation angle’ %, describing the angle of best fit
between departures from the mean of the two
vector series.

Figure 15 gives, for the two data sets defined by
TOP 26000 m, the vector correlation R,, between
the echo movement vector (U_,V_) and the wind
(U,V) as a function of height; the angle x; and the
standard error € derived from R (not shown, but
only slightly less than R, at all levels). The
correlations between echo velocity and wind are
about 0.9 in both series, in the layers of low mean
[oY]. This can be compared with the vector
correlation (0.93 in lower levels) between wind
and geostrophic wind found during the Wangara
experiment (see Clarke and Brook 1979, p 31).
Minimum & from the regression equations are 5.3
m s-! for both series A and B.

Figures 12 and 13 suggest that, because of the
noise inherent in wind determination, greater
success might be achieved by averaging the wind

Fig. 15(a) Vector correlation Ry, corrrelation angle Y,
and standard error of estimate ¢, as functions
of height z, for A (TOP > 6 km). Minimum ¢:
5.3 ms"!, maximum Ry: 0.89, both at 3250 m.
Mean y from 2 to 10 km: 0.1 deg.

(b) As for (a), but for B(TOP < 6 km). Minimum
€: 5.3 m s~! at 2250 m; maximum R,: 0.92 at
2250 m; mean y from 2 to 10 km; 0.2
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through a slab of atmosphere, rather than using
that at a single level. This has been done by
averaging over variable depths and searching for
maximum correlation. When applied to the whole
data series, for individual echoes (rather than
two-hour averages) this procedure resulted in a
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maximum correlation of 0.92 over the layer 1000
to 4250 m, when the regression yielded

U,=0.994U, - 0.2 and V.= 0.994V, - 1.3
m s-! o1

where U,,V, are the averaged wind components
over the layer, and €, the standard error, = 5.6 m
sl

To test whether the errors would be normally
distributed, we created two new series, S, - S,
(speed of echo minus speed of wind, averaged
over 1000-4250 m) and A_ - A, (direction of echo
motion minus direction of averaged wind). These
series were then analysed for frequency distri-
bution and plotted on a probability diagram (Fig.
16). It is apparent that neither series is normally
distributed; the values of the high end of S, - S,
are more frequent than if this were so; while those
at both ends of A, - A, are too frequent for a
normal distribution. If we draw a straight line
through the central points of each distribution, we
obtain values for the mean and standard devi-
ation of the bulk of the two series, which can be
compared with the mean and standard deviation
obtained in the normal way. This shows that the
irregular wings of the distributions are contribu-
ting considerably to their variance (increasing the
standard deviation from 3.5 to 4.2 ms-! for speed,
and from 15.3 to 21.8 degrees for direction) and
an identification of the physical factors producing
them is desirable. This was done by using the
mean and standard deviations determined from
the central parts of the series to compute a normal
distribution for the wings (by integrating the
probability equation) for comparison with the
observed extreme values. Confining ourselves to
that part of the theoretical distribution where
frequencies should be nearly zero (less than ¥z in
5467 observations) we find that forS, -S> 14 m
s-! there were 63 echoes, every one of which was
moving from NW, and all (except for two in
October) in ‘summer’. This points to relatively
high-level echoes associated with middle-level
cloud rather than convective cloud, and the level
of best fit of echo speed to wind was identified as
6500 m,

For |A, - A,| > 60 degrees, where virtually no
cases should have occurred if the distribution was
normal, there were 115 echoes, all associated with
slow echoes and light winds. On the day account-
ing for half of these the echoes were steered by a

Fig. 16 Probability diagram showing cumulative fre-
quency of speed difference and direction differ-
ence between observed echo velocity and mean
wind velocity between 1000 and 4250 m. Angu-
lar difference is positive when the echo motion is
backed from the wind. Departure from normal
distributions is indicated by the change of slope
in the tails of the distributions.
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shallow layer of SE winds which at Laverton was
only 1200 m deep.

It is remarkable that the mean angular differ-
ence (one degree) between echo and averaged
wind is so small. It suggests, as well as a close link
between wind and echo motion, that the wind-
finding radar at Laverton and the surveillance
radar at Aspendale were very accurately oriented.

Table 2. Correlation and regression constants for estimating individual echo velocity from vertically averaged wind.

Mean wind season days wind averaged Ry a b c €
1000-4250 m from to m s~} m s-! m s!
N component winter 68 750 5500 0.90 0.897 0.7 -1.7. 4.5
N component  summer 75 1750 5750 0.85 0.908 0.7 =22 6.5
S component winter 62 1000 2500 0.91 1.144 -2.0 -1.8 4.3
S component summer 50 750 3250 0.89 1.001 0.2 -0.4 4.8







