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Abstract

Vertical-incidence observations by Doppler radar of velocities in a thunder-
storm reveal some regions in which the spread of velocities is unusually broad.
The widths of the vertical velocity spectra are generally greatest along the edges
of a major updraft, where the maximum shear in updraft speed also occurs. The
observations indicate that turbulence is an important cause of the abnormally wide
velocity spectra, and suggest the utility of Doppler radar measurements of the
vertical velocity spectrum as an indicator of severe cloudy-air turbulence. Fur-
thermore, vertical velocity spectra in the more convective regions of thunder-
storms, where they may be seriously affected by turbulence and wind shear,
probably give an exaggerated picture of the particle size distribution.
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A Preliminary Report on Doppler Radar Observation
of Turbulence in a Thunderstorm

I. INTRODUCTION

The measurement by Doppler radar of vertical velocities of precipitation is
an attractive mode of observation, requiring a fixed vertical beam with no neces-
sity to record and process antenna orientation. In stratiform precipitation, where
vertical air motion is but a small fraction of particle fall speeds, this method pro-
vides an opportunity to sample precipitation size distributions throughout the height
of a storm, using relationships of particle size with fall speed. In convective
storms, however, in which the magnitudes of air motion and precipitation descent
relative to the air are comparable, Doppler radar measurements with a fixed ver-
tical beam are ambiguous. SimplifyinLg assumptions are necessary to analyze the
vbserved velocities into their cemponent parts. One assumption which is some-
times adopted is that turbulent velocities are small compared with the spread of
precipitation fall speeds. This report questions the validity of such an assumption
in thunderstorms.

The discussion is concerned with measurements of only one thunderstorm,
and is, for that reason, necessarily of a preliminary nature. The thunderstorm
was observed on 19 August 1965 with a C-band Doppler radar located at Bedford,
Massachusctts., An carlier report (Donaldson, Armstrong, and Atlas, 1966)

(Received for publication 9 January 1967)
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described the variation with azimuth of mean horizontal velocity in o line of storms
when the nearest storm was 20 miles distant, Later, when one of the thanderstorms
passed over the radar, the antenna was pointed vertically.,  Veloceity information
was recorded on analog magnetic tape in 10 adjacent range gates, spaced 1 usec
apart, for a period of 3 sceonds, {ollowed by a jump of the set of range gates to the
next higher altitude,  In this manner the storm was sampled from a height of 1.5 km
to 15 km once every 27 seconds, The analyzed obscervations cover a duration of

17 minutes in which rainfall was very heavy but no hail was reported anywhere on
the ground.

A 100-element filter bank was used for frequency analysis of the Doppler sig-
nal, and the spectra of vertical motion were converted to digital form., Groginsky
(1966) has discussed the methods for processing the spectral data. The basic pa-
rameters which were computed for each power-velocity spectrum were total re-

ceived power (latec converted to reflectivity), mean velocity, and standard deviation.

2. OBSERVATIONS

The basic observations in the time-height domain are portrayed in Figures 1
and 2. The shaded bands of rada: reflectivity factor Z in Figure | are in conven-
tional units of mmYm3, The contours of ¥ represent the field of mean reflectivity -
weighted vertical component of Doppler velocity, and the numbers give values in
m/sec. Positive or rising contours are solid, negative or falling ones are dashed,
and the balance contours, or V = 0, are located by the railroad tracks. This dia-
gram is identical with Figure 3 of Donaldson et al. (1466).

Figure 2 is a measure of the spread in vertical velocitirs, expressed as g,
or standard deviation in m/sec. The values were computed from the most intense
20-dB portions of the output of the spectrum analyzer. Where o, = 2 m/sec or

higher the vontours are solid lines, and areas enclosed by o, > 3 m/sec arc shaded.

3. ESTIMATION OF VERTICAL MOTIONS

The field of vertical moticen in the observed time-height plane was inferred by
two methods and compared. In the modificd-Rogers technique the mean rcflectivity -
weighted particle fall speed -\7,- is estimated by means of some relationship with
reflectivity. Then, since the observed Doppler velocity is the sum of the particle
fall specd and air motion, the latter is determined. Rogers (1964) derived a rela-
tionship between Z (mm®/m3) and Vf (m/scc) based on an exponential distribuiion
of raindrop numbers with size {see, for examole, Marshall and Palmer, 1948) and

a simple approximation {Spilhaus, 1948) o the relation between raindirop sive and
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fall speed: Vf = 3.8 731“4 . The medificd Rogers method used here conveniently

but crudely estimated vertical air motion by the simple expedient of setting

Vf = 2log Z - 2, restricted, of course to regions where Z > 10 since we are not

prepared to consider precipitation which ascends relative to the air, The result-

ing field of updrafts and downdrafts is depicted in Figure 3, which is identical with
Figure 4 of Donaldson et al. (1966),

Figure 4 shows the field of vertical air motion inferred according to a modi-
fied Battan method. Battan (1964) and Battan and Theiss (1966) derived nupdrafts
and downdrafts in Arizona thunderstorms by assuming that the slowest falling
{or fastest rising) particles observable with their vertically-pointing Doppler radar
would have a fall speed of 1 m/sec in still air, In other wordg, they considered
that the upper bounds of their velocity spectra, where the received power density
disappeared into noise, represented either ice crystals or drizzle drops. Turbu-
lence would broaden the observed spectra and lead to an overestimate of updraft
speeds, but Battan and Theiss, drawing on Atlas (1964) for support, asserted that
the uncertainties in their method caused by turbulence are in the order of only
+ 1 m/sec. The_modified Battan technique used to obtain Figure 4 assumed that
fall speeds of 1 m/sec were given by the upper intersection of the velocity spec-
trum with a power level 10 dB below the maximum power. This modification was
necessary because of the poor response for weak signals of the Rayspan filters
used for spectral analysis. At moderate to high values of reflectivity the noisc
level is considerably more than 10 dB below the maximum power level, and so
our modified Battan method would provide smaller estimates of updraft velocity
than the technique actually used by Battan and Theiss. These two techniques are
illustrated by the sketch of Figure 5.

A comparison of Figures 3 and 4 reveals a similarity in the general pattern of
updrafts inferred by both methods. In each case there is a core of maximum up-
draft just inside the leading (left) edge of the storm at an altitude of about 10 km,
and another major updraft center deeper into the storm at a slightly lower height.
There are, however, minor differences in pattern as well as in magnitude. These
differences are noted in Figure 6 on the: same time-height scale used for the pre-
vious diagrams, The Jifference in inferred updrafts, AW, is positive where the
modified-Rogers updraft exceeds the modified-Battan updraft. Positive numbers
on Figure 6 tend to occur where reflectivities are high and negative numbers ap-
peir where the spread of velocities is great.

We may imagine how Figure 6 might le~k if it had been possible to follow the
Battan and Rogers methods more faithfully. A correction for the inadequacy of
the 10-dB upper spectral bound in cornparison with Battan's technique would in-
crease updrafts (or decrease the magnitude of downdrafts) everywhere, but par-
ticularly in the region of highest reflectivities. The correction is in the direction
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Figure 5. Schematic Illustration of the Technique of Estimating Vertical Air Motion
by Consideration of the Spread of the Vertical Velocity Spectrum. The modified
Battan method was used to derive the updrafts and downdrafts illustrated in Figure 4
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Figure ¢. Time-Height Ficld of Differences Between the Two Methods of Estimat -
ing Vertical Air Motion, Given by Subtracting the Contours of Figure 4 from Those
of Figure 3, Shaded arecas show regions where the magnitude of the difference ex-

ceeds 4 m/sec
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of diminishing AW, Such a correction would probably eliminate most, if not all,
of the horizontally hatched arcas below 4 km where AW > 4 m/sec, but at the
same time it would substantially enlarge the vertically hatched areas at the lead-
ing edge where AW < - 4 m/sec,

The modified Rogers method appears to be a good approximation to Rogers'
scheme in the area of high reflectivity and temperatures warmer than 0°C. In the
region of moderate reflectivity, however, at the leading edge of the storm, which
is well above the 0°C level, a better estimate of the mean particle fall speeds
would be, perhaps, several m/sec higher than the modified Rogers scheme, there-
by increasing AW in this place almost as much as correction toward the Battan
technique reduced AW,  The final, corrected AW picture would be flattened out,
except for rather small areas high up near the leading edge of the storm where 0
negative values of AW would be about as prominent as they are in Figure 6. In

these arecas the width of the velocity spectrum is inappropriately large.

4. CONTRIBUTIONS TO SPECTRAL RIDTH

The distribution of spectral widths of the vertical velocity across the entire
time -height plane of Figures | to 4 is displayed in Figure 7. The 929 spectra are
plotted in two ways: 10-dB width (abscissa) and standard deviation or o, (ordinate).
(The 10-dB spectral widths are discontinuous because of the discrete nature of the
filter bank used for spectral analysis.) If a particular spectrum has a Gaussian
distribution, the ratio between its standard deviation and its 10-dB width would
fall on the straight line marked "Gaussian." The great majority of the spectra
appear to be quite close to this Gaussian criterion, with the exception of a few
extremely broad spectra having 10-dB widths in excess of 16 m/sec. The median
value of o, is 1,4 m/sec; in 20 percent of the spectra o, > 2 m/sec, and
o, > 3 m/sec for 3.4 percent of the cases.

Now why are some of the spectra so broad? This interesting question was
also faced by Battan and Theiss, because they measured maximum spectral widths
of the same order as those plotted on Figure 7. Assuming reasonable confidence
in the measurements, there are just two answers: a broad distribution of precipi-
tation fall speeds which might be expected with hail, or broadening of the spectrum
by turbulence and shear. Of course, both causes could be contributing to the same
effect.

An examination of the correspondence of spectral width with other parameters
of the vertical velocity spectrum is given in Figures 8 and 9. The ordinate on these
figures is spectral variance or oi. An indication of a correlation, or lack of it,

with inferred updraft and reflectivity (Figure 8) and shear of the updraft (Figure 9)
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is indicated by grouping the variance into seven categories: 0to 1, 1 to 2, 21to ),
3104, 410 5, 510 6, and > 6 m%/scc®.  Within cach variance category median or
mean values of the other parameters are plotted.

The right part of Figure 8 shows a slight negative correlation of spectral var-
iance with reflectivity, The median Z of spectra with od between 1 and 2 m%/sec?
is 8 dB higher than the median Z where 05 exceeds 6 m%/sec?. This is contrary
to the expectation of Rogers (1964) for the fall speed characteristics of rain, where
larger drop sizes mean an increase of both Z and spread of fall speeds. On the
other hand, Battan (private correspondence) reported a good positive correlation
between spread of the vertical velocity spectrum and reflectivity in two Arizona
storms. One of these storms was discussed by Battan and Theiss (1966).

The left half ot Figure 8 sl:ows a good correlation of variance (except for val-
ues above 6) with updraft computed according to the modified Rogers method. The

Rogers method for estimating updraft was used here because it is independent of

/9 AUG 1965
>6 T = N = >6
8 b 6
5 -5
X
2 % / 1*
o8 X g,

o h 1 l L 1 ] I 0
! 2 3 4 5 6 3 4 5
MEAN W (m/sec) MEDIAN LOG 2

(mm%/ m? )

Figure 8. Relationship of Variance of the Vertical Velocity Spectra with Updraft
Speed (left curve) and Radar Reflectivity Factor (right curve). The variance is
groupced in sceven categories (see text)
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the spectral variance, while the Battan method is not. We conclude from Figure 8
that (1) spectral variance in our data is almost independent of reflectivity, with
perhaps a slight negative tendeney; (2) spectral variance, except for the highest
values, is clearly associated with the magnitude of the updraft,

The correlation of spectral variance with the shear of the vertical wind is
also positive and well defined,  In Figure 9 the dotted line marked "horizontal"
connects the median values, for each of the variance categories, of the horizon-
tal shear of the vertical wind, Successive scans of the range gates at the same
altitudes, spaced 27 seconds apart, were used in this computation, This time
difference was converted to a horizontal distance of 500 meters, assuming little
change in the vertical wind during the 27-second cycle, by estimating the storm
speed through tracking small echo features with a different radar and by previous

Doppler observation of the horizontal motion of the storm. Each computed value

/19 AUG /1965
>6 | 1 ’,‘—i{ T T T
e L ! \‘,_vEn*rlan

4 +—
e
OV
3
2 -
P -
0 | 1 1 l | l | |

2 4 & 8 IO 12 14 16
MEDIAN W SHEAR (10" sec )

Figure 0 Relationship of Variance of the Vertical Velocity Spectra
with Shear of the Updraft or Downdraft, with the Same Grouping Used
in Figure 8. The line marked "max" relates variance at a point to
the greatest shear in any direction about that point. The other lines
relate horizontal or vertical shear of the vertical wind to the average
spectral variance of the two points used in computation of the shear
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of shear was associated with a value of spectral variance which was the mean of
the two observations at the points involved in the estimation of shear, The dashed
line marked "vertical" was derived in much the same manner. Here the vertical
shear in the vertical wind was measured at the same time between adjacent range
gates, a distance of 150 meters, The smaller distance over which the vertical
shear was computed could account for its higher values,

The solid line marked "max" on Figure 9 represents the median of the largest
value of updraft (or downdraft) shear in any of the four directions (up, down, right,
or left) about a datum point, grouped according to the class interval of the variance
measured at that point. This is a somewhat synthetic manner of examining shear,
but it was done because of a feeling that the association between shear and variance
might be nonlinear. Figure 9 does indced indicate a very good correspondence he-
tween variance and the maximum computed value of shear.

Incidentally, the maximum values of shear measured in the 1965 Massachusetts
thunderstorm were comparable to the values reported by Battan and Theiss (1966)
in their 1963 Arizona thunderstorm. They reported a horizontal shear in vertical
velocity of 5 X 10~2/sec and a vertical shear of 2 X 10"%/sec. Maximum values of
the corresponding shears in the 1965 Massachusetts storm were 4 X 10-2 and
3 x 10~ ¢/sec,

Figures 8 and 9 indicate an independence or slight negative association of radar
reflectivity with the variance of the vertical velocity spectrum, but a strong asso-
ciation of this variance with both magnitude and shear of the updraft. These rela-
tionships suggest that something besides the spread of precipitation fall speeds is
contributing in a major manner to the higher values of variance. Since radar re-
flectivity is so sensitive to particle size, the small decrease of reflectivity with
increasing variance in this storm does not support Battan's hypothesis that a large
spread of vertical Doppler velocities is attributable mainly to the expansion of the
particle size distribution to larger sizes and a greater range of fall speeds. (In
two storms observed by Battan, however, in which reflectivity was well correlated
with velocity spread, his hypothesis of a wide range of particle sizes is supportable. )
Furthermore, large shear in the updraft would tend to sort the paiticle fall speeds
regardless of the size of the largest particle. Therefore the large spectral vari-
ance observed in regions of large shear cannot be readily aitributed to the existence
of a broad particle size distribution. For these two reasons, whenever we see
larger values of variance (perhaps anything above 4 mé/sec?) we might consider
whether our spectrum has been broadened significantly by wind effects.

The three contributions to velocity variance by wind, as measured by radar,
are (1) tangeatial wind components detected across the beam width, (2) wind shear
along the beam, and (3) turbulence. The variances introduced by each of these

yrocesses are additive, since they are, to a good approximation, statisticall
I Pp
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independent. Moreover, Hitschfeld and Dennis (1956) showed that they may ai! be
fairly well represented by a Gaussian distribution of velocities. Also, Figure 7
shows that a Gaussian distribution is riot a bad approximation to the great majority
of velocity spectra observed in the 19 August 1965 storm.

The standard deviation attributed to tangential winds, derived by Hitschfeld
and Dennis (1956), is 0.3 60 UH' where 6 is half-power antenna beamwidth in radi-
ans and UH is the tangential wind. The radar beamwidth is 1°® or 7/180 radians;
the maximum tangential wind (for a vertical beam, this is horizontal motion) noted
by Donaldson et al. (1966) was 20 m/sec. So the greatest standard deviation caused
by tangential winds is w/30 m/sec, equivalent to a negligible variance of 102 m2/sec?

The spectral broadening due to wind shear, however, is not negligible in many
parts of the observed storm. Although shear of the horizontal wind is of no concern
when the antenna is pointed at the zenith, the vertical Doppler velocity spectrum
will be broadened somewhat by shear in the vertical wind. The radar pulse volume
is longer in the radial, or vertical, direction within the height range encompassed
by the observed thunderstorm, so the major contribution to shear variance is most
frequently the vertical shear of the vertical wind. If the radar reflectivity is dis-
tributed uniformly with mean velocity along the region in which there is shear
(that is, a square-wave Doppler spectrum), a given wind shear produces a maximum
variance. For this form of the Doppler spectrum Lhermitte (1963) has computed a
variance of (6w)z/lz. where 6w is the total spread of velocity. The sheai variance
estimated in this manner will be an upper limit to the actual shear variance.

The median estimated shear variance was 0.15 m%/sec?® during the first three
minutes of the storm of 19 August 1965. This was a region in which unusually high
shear occurred in the updraft core near the leading edge of the storm, and also the
region that contained the very large spectral widths which caused a discrepancy
between the Rogers and Battan methods of estimating updrafts. In 13 percent of the
region, however, the shear variance exceeded 1 mé/sec?, with a maximum value
of 3.6 m%/sec?. Nevertheless, the shear variance contributed more than one-tenth
to the total observed variance in only 30 percent of this region, leaving variance
values as high as 19 m?/sec® which must be attributed to a combination of particle
fall speed distribution and to turbulence. Although Figure 9 demonstrates a good
relationship between shear and the width of the velocity spectrum, it is apparent
that shear alone is not able to account for unusually wide spectra. Therefore it
is reasonable to expect that turbulence contributes to a major part of the spectral
variance in certain regions of the storm. These regions of significant turbulence
arc located principally around the flanks of the leading updraft core, where
o, > 3 m/sec (shaded areas of Figure 2) and the modified Battan technique for
estimating particle fall speeds exceeds the modified Rogers technique by more

than 4 m/sec (vertical hatching on Figure 6).
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3. DISCEUSSION AND CONVCLUSIONS

it is possible, of course, that turbulent broadening of the vertical velocity
spectrum is insignificant, as Battan and Theiss assumed, requiring a wide dis-
tribution of hail sizes (and fall speceds) to account for the large variance in verti-
cal velocities observed in and around the leading updraft core. But I do not think
that this is the case for the storm under discussion. A widce distribution in parti-
cle fall specds would somechow have to survive the sorting tendencies of the co-
existent large values of shear, which seems unlikely in view of the pronounced
sorting of raindrop sizes reported by Battan and Theiss below their cloud base
in a region of more gentle shear., Also, the slight negative association of reflec-
tivity with spectral width in the Massachusetts storm, as illustrated in Figure 8,
is at least suggestive that a wide range of velocities is not exclusively dependent
on the presence of large particle sizes. Finally, it would scem appropriate that
a variety of scales of wind variability should coexist near the edges of a convec-
tive updraft, and therefore it is not surprising that the observations suggest that
large values of turbulence and shear in updraft speeds occur together.

In conclusion, the measurement of spectral width of vertical velocities ap-
pears to be a promising method for the detection of abnormally high values of
cloudy-air turbulence. Furthermore, Battan's method of deducing vertical air
velociiics from the upper spectral bound may be inappropriate in the more active
portions of thunderstorms, where turbulence and shear may broaden the velocity
spectrum as much or more than the distribution of particle fall speeds.

This work is still in an embryonic stage, however. The following improve-
ments are planned:; (1) better analysis of the recorded frequency spectra in order
to improve definition of the spectral width; (2) improvement in the relationship be-
tween reflectivity and mean particle fall speeds; (3) computation of the sorting
effect of shear on model distributions of particle sizes; (4) extension of the analy-
sis to other thunderstorms; and (5) observation at angles other than the zenith as
an aid in separating the effects of wind and precipitation on the Doppler velocity

spcuctrum,
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