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Fig. 1. Map of the constland south of Stockholm
about 3 ko from the Baltwe Sea
1 INTRODUCTION
This study is concerned with the characteristies of

various types of radar angels as observed w ith a fixed.
vertically-pointing pulse radar and. in particular. with
the relationship of these echoes to certam meteorological
factors

The angel echoes have been investigated from various
aspects. Their seasonal variation has been studied by
examining the observations throughout the vear of 1963
The average height distribution of the radar angelactiv.
ity has been determined for half-monthly periods of the
vear 1963, The amplitude variations of individual angel
signals of varions types have been examined. On a few
oceasions. continuous observations have been extended
throughout the whole day and night in order to establish
An

important part of the study is the year-long simultaneous

the 24-hour variation of the radar-angel activity

investigation of the variation of angel activity and me-
teorological conditions. Basically the purpose of this
study was to establish the statistical relationship between
the angel activity and important meteorological param-
eters

In a theoretical section suggested meteorological models
of radar-angel sources are discussed. Their reflection
properties are evaluated in terms of refractive-index
variations to test if the observed echoes can be explained
as backscattering from refractive-index fluctuations in
the clear air

The angel characteristics and their relations to me-
teorology supported by the theoretical considerations-

vertieal arrow imdieates the location of the radar

indicate that certain angel types are associated with
clear-air refractive-index variations in convective regions
and at stratified boundaries in the troposphere. Other
types are more difficult to explain in terms of reflections
-

from invisible meteorological targets. However, re

less of their origin they may be of interest to the mete-
orologist as tracers of the wind field. Radar angels. those
of meteorological origin in particular. offer interesting
possibilities to extend radar meteorology to investiga-

tions of meteorological processes in the elear air

2. MEASUREMENTS

The experimental study has been carrvied ot new
Stockholm. Sweden, principally  thronghout the whole
vear 1963, Some complementary studies were performed
during the first half part of 1964, The 10-cm vertically-
pointing pulse radar was situated on the east coast of
Sweden about 3 km from the Baltic Sea. The
of the radar is indicated on the map in Fig. 1. The ter-

rain surrounding the radar was mainly composed by
woods. The station was working intermittently. and
radar-angel data were recorded during five hours around
noon five days a week. The total observation time con-
tains 250 days or more than 1250 hours. Further, on sev-
en oceasions, the whole day and night were studied in
order to investigate the 24-hour variation. These studies,
complemented with a few late evening studies. cover all
the different seasons of the year.

FOA Reports, Vol 4, No. 2, 1970
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Fig. 2 was surronnded

The radar <
by wooded balls swhich sappressed disturbing <sde-lobe radiaton

Photograph of the radar
Further suppression of <ide lobe ground-ceboes was obtamed by

mounting o metallie collar along the i ot 1he antenna. The

cireudar parabolie antenna had o 400 diameter and was fixed

with the bean axesoan the vertieal dineet ion.,
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An old experience from vertieal radar-soundings was
the disturbing ground echoes from the lower side lobes
These problems were avoided by carveful selection of a
radar site where the terrain formed natural walls which
A small field sur-

rounded by nearby wooded hills was chosen. In addition.

suppressed the disturbing radiation

a metallic collar was mounted along the rim of the cir-
cular. parabolic dish. After these measures were taken.

no mterference from ground was notieed within the

height interval observed. The lowest height that conld
be observed doe to the mitations in the Theswiteh was
400 m. Fig. 2 shows a picture of the radar.

The radar was equipped with a single 4-m diameter
patabola fed by a pulsed Schand transmitter, The an-
tenna was fixed with the axis in the vertical direction
Data of the radar are given in Table 1, Oceasionally a
pulse length of 1.9 g=ce was used. The receiver sensitin i
refers to a signal equalling the noise level, When photo-
graphic recording technigue was used the sensitivity was
somew hat improved.

Principally two different recording techniques were
used together with visual observation of the A-scope
Tropograms. or tiune-height records of the angel actiy 1N
were obtained with a photographic technique. The re-

Tanve V. Data of the radar.

Warvelength 7 (e oo
Pulse prak power . (kW S
Pulse length T =i 06
Beam width (3 db % (deg 1.8
Antennag gaimn “ Jud
Recener sensitiv P oW 10
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layer ang 1ppenr on th ropogratms as dittuse hut continuous
bands, ot hours durstion. Heag s an
common, though t IS LTy How
CVOE, SO e distenc 2 wirde

heaght mteryal, as

ceived signal modulated 1 mtensity of an n\nlllrmnp:'

sweep which was photographed by a camera with an

open shutter and contmuously moving filme Thine-am-
plitude records of the mdividual angel signals were ob
3v manual opera-

tained with a range gate techmgue |1
tion of the range gate. the amphtude variations of the
cchoes from a small (varmble) height imterval at an ar
bitvary altitude were displayed on a rapid response re
corder. Time varmtions ap to 50 eps could be studied
The two different recording techmigues were not used
stmultanconsly

Mainly. the observations were recorded by the tropo-
gram method. Data from these tropograms have heen
used for the year-dong investigation of the angel actin i
The maim part of the angel ohservations oceurs helow
2000 m. The stady of the angel activity refers to the al-
titude mterval 500 2000w, Regular cahibrations of the

radar were carvied ont. However, from the tropograms
no detatded information concernimg the strength of the
illl‘_’"l crhoes can be obtamed

The mvestigations of the amplitude vanations were
OUl as separate studies pln"-'tlul 'n_\ cahbration
These

concernimg the strength and the

rada studies detaded ainformation

of the

give
time bastory of angel

cchoes from varnons hoehits

22 Observations

Radar angels have been detectad up to altirud

about 4000 . The most mteresting mteryval
1= below 2000 1m0 There generally appea
Tvpes of echo. in the followimng reforred
angels” and dot angels Thes: two ek tyg v utten
observed when the sky is congplotel ‘ Ihe somre
of the echors cannot be detectod by optia vans
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Laver Angels. Characteristies

The laver angels (Fig 3) ar prrsistent diffuse echoes

On the tropograms. they appear as continious bands

often with the duration of several hours, though varying

in intensity. They generally show slow variations in
height. sometimes with a wavy structure. Most often

they appear over a limited height interval. a few hundred
meters in width, but sometimes several diffuse strata are
detected over a wide height interval (Fig. 3a). The layer
angels show a rapid fading (Fig 4) and are incoherent
in the respect that the shape of the returning pulse is
entirely distorted. Their appearance suggests the existence
in the clear air of horizontally extensive, convective re-
gions and stratified, shallow layers where imtense clear-
air refractive-index fluctuations oceur in a seemingly
random fashion without apparent well-defined individual
imhomogeneities

The layer-angel reflectivity, here defined as the radar
cross-section per unit volume, has been estimated as-
suming that the signals originate from refractive-index
variations homogeneonsly  distributed over the entire
pulse-volume (filled beam) The returns are alwavs attrib-
uted to air volumes of large horizontal extensions. The
vertical extensions of the volumes sometimes exceed
half the pulse length considerably, sometimes not Thus,
in certain cases the observed reflections may derive from
shallow layers, and this will resnlt in underestimation of
the reflectivity. The observed maximum reflectivity of

layer angels during elear-air conditions ix 101 em® cm?

at an altitude of 1000 m

510 % em?em® have been observed. Usnally the re-

At 2000 m. reflectivities up to

flectivities of laver angels are consids rably weaker. With

the equipment used, a reflectivity of 6 10 7 em®lom?®
at the altitude of 1000 m produced a detectable sigmal
Observations of layer angels up to 4000 m indicate that

the reflectivities at an altitude of 4000 m may exceed

ff I:[ ‘;,’“gf

HEYF
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i I+ Tl M= A 1o MET, 30 May 1963, o 1100 ¢ B 1340 MET. 15 June 1964,
o t} 1" AT anal consistent wath the scattering veantmuously changmg, spatal disin

10 % em? em® (minimum detectable reflectivity at 4000

mj

2 Dot Angels. Characteristies

The dot angels (Fig. 5) are coherent echoes of various
strengths, They generally appear for a fraction of a
second up to a few seconds. Their appearance sugrests
consistent targets of limited extension. drifting with the
wind through the beam. Sometimes on hot. clear-sky
summer days these echoes appear very close, forming
thick, partly incoherent layers with some stronger dots
within (Fig. 5a). Samples from the studies of the ampli-
tude-time lapse of dot-angel signals are given in Fig. 6.
Generally, the envelope of the dot-angel signal is sym-
metrical and corresponds to a small target passing along
a chord in the cirenlar eross-section of the beam. Some

show little or

angels

dot no amplitude fluctuations.

4, 1340 1345 MET 1350

0850 D935 MET

Fig. 5 Two 12 manute samples of dot angel tropograms tor (a)
1345 MET. 3 July 1963, and (5) 0950 MET, 1 August 1963, The
appearance of the dot angels suge nt targets of hoated
extension, drifting with the wind through the radar beam. Some
times on hot, elear-sky summer days the dot angels appear vers
close, forming thick, partly diffuse layvers, as seen the upper

Consis

tropogran.
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Fig. 6. Records of dot-angel amplitude fluctuations. Generally, the envelope of the dot angel signal s sy metnieal and
I i

a small target passing along & chord i the cirenlar eross section of the beam. Some dot angels show hittle or o amphoad
Some show strong erratic amphtude fluctuations, and many dot angels have a penodie beating o1 20 db or more

smooth envelope
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Nome. however. show strong erratie amplitude fluctua-
tions while drifting through the beam. and many dot
angels have a pernodic beating superposed on the smooth
envelope. These amplitude variations often exceed 20 db.
They have distinet characteristios of interference phie-
nomena attributed to properties of one single dot-angel
target. The periodic beating has periods from a few Hz
up toa few tens of Hzo Dot angels with periodic beating
are not uncommon during daytime. For the dot angels
|

beating generally is present

crved during and after sunset. a pronounced periodice

The mimimum detectable radar cross-seetion at 2000
m was 64 10 % e This means that the radar was
capable of detecting small particulates like inseets in the
lower atmosphere. The major part of the dot angels ob-
served had radar crossssections of the order of 10 % up
to 102 cm. A minor portion. though a large amount in
absolte numbers, was t-nlhhlvl'.’lhl_\ stronger. l'p to 3
Kni dot angels with echo strengths saturating the receiver
were observed. This corresponds to radar cross-sections
exceeding 1.3 and 6.5 cm® at 2 and 3 k. respectively,
Solitary dot angels were observed up to + km with radar
cross-sections up to 10 em?. The values of the radar cross-
sections are computed for the antenna gain at the beam
axis, assuming that all targets passed the center of the
beam

The strong echoes at the high altitudes may have orig.

mated  from birds. In the lower volume, however. this
explanation conld generally be excluded. sinee  birds
could casily be observed and their echoes identified,

Bird cehoes made no significant contribution to the num-

ber of dot angels observed.

223 The 24-Hour Variation of Angel Activity

Ntudies of the 24-hour variation show a strong decrease
in the activity by night. No laver angels have been de-
tected after sunset. Dot angels appear l-i\‘ night too (Fig.
7). showmg a nature somewhat different from that of
the dot angels by day. They show greatest activity
around sunset and continue with a more sporadic ocenr-

rence at vight. These night angels generally appear at

El
2108 2010 MET

dot angels for 2110 MET. 11
it might generally appear

i od power and are of
longer duration than ordimars Muny of these night
angels have a duration longer than expected for a pomnt target

at hagher altitudes, have a

dot angels

drtting with the wind through the radar beans.

higher altitudes. have a higher reflected power and are
of longer duration than the usual dot angels. Coherent
echoes with durations longer than 30 seconds have been
detected. Assuming argets meving with the wind this
corresponds to horizontal dimensions around 100 m. In
October the dot angels by day had completely disap-
peared after a gradual decrease. buat still some night
angels appeared after sunset .

The angel activity shows a great variability from day
to day In the warm scason. days of extremely high
activity may be followed by days during which no layer
angels and only a few tens of dot angels can be detected.,
Days of medinm or high activity generally show the
following 24-hour variation: In the morning. a few hours
after sunrise. the activity is low. A few dot angels may
be detected. As the ground temperature rises, the dot-
angel activity increases rapidly successively reaching
higher altitudes. Simultancously Tayer angels may ap-
pear. gencrally in the form of one weak layver gradually
mereasing in strength until a continuous but diffuse hand
can be detected. Generally this band rises slowly to-
wards higher altitudes. The maximum of the angel ac-
tivity is indistinet and covers a few hours around noon.
At this time the layver angels generally arve found at abount
1000 m with the main part of the dot angels situated
lower,

During the afternoon and towards the evening the
angel activity gradually decreases. fewer dot angels are
detected. and the layer angels grow weaker and disperse.
After sunset a weaker dot-angel activity of the night-
angel type starts at higher altitudes, 1000 3000 m roughly
speaking. (Weaker activity here means fewer observa-
tions.) The maximum night-angel activity oceurs during
the hour succeeding sunset and is followed by a more
and more sporadic occurrence at night. During sunrise
some solitary night angel may be detected. After sunrise
there is almost no activity until the usual dot angels re-
appear at low altitudes and close the cirele,

However. the diurnal rhythm of the angel activity is
affeeted by the local weather. Such factors as rain.
clondiness, inversions and intrusions of frontal zones
cause disturbances in the periodical course. Many days
no layer angels can be detected though the dot-angel
activity is high. On the other hand. layer angels are sel-
dom observed in the absenee of dot angels. As mentioned
carlier. night angels have been observed during periods
with total absence of angels by day. This fact and the
general characteristios of night angels indicate that the
origins of night angels are different from the sources of

ordinary angels.

FOA Reports, Vol 4, No. 2, 1970
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Fig. 11. Height distribution of dot angel activity- The actlvity is determined in each 100.m interval between 500 m and 2000 m and
displayed in half-monthly periods, separately for forenoons and afternoons. The activity in a certain 100-m interval is measured as the
number of observations in the interval per hoiir. Diagrams for the second half of April (April 1) through the first half of October (Oe-
tober 1) are shown. During other periods the activity is low. The highest activities oceur below 1000 m. The maximum is rather distinet
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creasing height.
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Fig. 12, Two samples of the height distribution of the dot-angel
activity for individual days. The top diagram, for the afternoon
of 5 July 1963, shows the same characteristics as the average
height distribution for half-monthly periods. The bottom dia-
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refractometer, Konrad & Randall (1966) obtained a de-
tailed one-to-one spatial correspondence between radar
echoes from convective structures in the clear air and
regions of increased variability in refractive index. Lane
(19678) showed that refractive-index spectra obtained
with refractometer in elevated, horizontally stratified
layers containing large variations of refractive index
corresponded, within an order of magnitude, to the re-

1085 1100 MET ns

Fig. 13. Dot angels in stratified organization in tropogram for
HIoo MET, 25 July 1963, In this tropogram the dot angels at
higher altitudes show a definite tendency to congregate in lavers
at certain preferred levels. Two slightly sloping lavers of dot
angels oceur around 1500 my and 1700 .

gram, for the forenoon of I8 July 1963, disp !
isties of the heght distribution of the dor

situation when the dot angels show a te

= the character
mgel activity for s
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organization at certain preferred levels
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Fig. 14 Two 12anonare samples of layer-angel tropograms for
(@) 1040 MET, 29 May 1963, and (b) 1035 MET. 5 September
1963, The layer angels generally arise as undulating lavers,
highly variable in altitude and height extension, as seen in the
lower tropogran. Sometimes, however, they appear as stable
layers with little variation in altitude as displayed in the top
tropogram.

fleetivity measured in these layers by a vertical-incidence
10-cm-band radar, assuming incoherent backseattering
from irregularities filling the beam. Recently. Kropfli
et al. (1968a.b) attempted a quantitative comparison of
simultancously obtained 10.7-cm radar and refractom-
eter data, some of which pertained to pronounced con-
vective structures in the clear air, and concluded that
the correspondence was in excellent agreement with a
reasonably representative theoretical relationship be-
tween radar reflectivity and refractive-index variability

The characteristies of the layer angels discussed in the
present study show good agreement with the features
other workers have observed for incoherent radar layers
caused by refractive-index fluctuations in the clear air.
The layer angels generally arise as “undulating layers”,
highly variable in altitude and height extension (Fig. 14,
bottom). Sometimes, however, they appear as “‘stable
layers™ with little variation in altitude (Fig. 14, top).
Generally, the sky is clear at levels where stable layers
are present, while undualting layers sometimes show
correlation to the passages of cumulus clouds. Undulating
layers in the clear air seem to be intensified when a
cloud is drifting through the beam, as if the layer draws
the contours of the cloud. The echoes cannot be explained
as reflections from the clond droplets. It seems reasonable
to assume that the reflections are caused by strong re-
fractive-index variations that are present at the cloud
boundaries. Moreover, if this interpretation is correct,
it seems logical to regard undulating clear-air layers as
reflections from convective domains of high moisture
content, pre-stages of convective clouds. The association
of stable layers with inversions, stable boundary strata
of the troposphere, is fairly obvious.

The radar used in this study would, at the close ranges

10

involved, resolve individual insects even at high con-
centrations. Therefore, the insect explanation can be re-
jected for the layer angels. and the hypothesis that these
cchoes are caused by fluctuations in the refractive index
of the clear air will be tested. The total distortion of the
returning pulse in the layer-angel signal indicates that
the echo is caused by volume scattering, since scattering
contributions from several. slightly different ranges must
be involved. The rapid fading of the layer-angel signal
is also consistent with scattering from a spatial distri-
bution of several scatterers moving independently. In
Chapter 3 of this paper the layer angels will be tested
against a model which explains these echoes as a back-
scattering phenomenon due to a great number of small
irregularities of the tropospherie refractive index that
are caused by turbulent mixing in the atmosphere.

The characteristics of the dot angels reported here are
essentially consistent with the features other investiga-
tors have observed for dot angels caused by insects. The
explanation of dot angels in terms of insects will not be
pursued here. but the reader is referred to the works re-
ferenced in this section and in Section 4.2 of this report.
Suffice it to say that the dot-angel radar cross-sections
observed can be accounted for, and that erratic as well
as periodic amplitude fluctuations of a large dynamic
range have been reported for known insects observed by
S-band radar. Therefore. insects may be the single cause
for all dot angels observed in this study. The long dura-
tion echoes of the night-angel type, that do not appear
like point targets but have apparent horizontal dimen-
sions around 100 m. could have been caused by insects
maintaining their position inside the radar beam and
cannot therefore be considered as conclusive evidence for
a rejection of the insect explanation.

A conceivable meteorological explanation of dot angels
in terms of rising convective bubbles has been offered by
Atlas (1964): “The cap of the bubble is hemispherical
in shape and has a fairly well defined leading edge. The
edge of the cap becomes increasingly more diffuse away
from the upper central point and the bubble wake is
entirely diffuse. Of course, to a vertically directed radar,
the hemispherical shell is in focus only when it is directly
overhead, and so it appears as a point target passing
through the beam.” This model has received consider-
able attention in the literature, and we will consider it in
Chapter 3. The model seems to be consistent with the
backscattering features of dot angels observed in verti-
cal section. The focusing effect due to the concave sur-
face would contribute to the radar backscattering and
therefore ease the requirements on the refractive-index
change necessary to explain dot angels as reflections
from discrete clear-air inhomogeneities.

Dot angels of the night-angel type sometimes appear
in the daytime, too. These cases are rather uncommon

FOA Reports, Vol, 4, No, 2, 1970
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Fig. Night-type dot-angels in daytime tropogram for 1245
MET, 30 July 1963. On rare occasions night angels appear for
short time-intervals in the daytime. The duration of these echoes
does not correspond to the passage of point targets with the
wind through the radar beam.

and generally exist only for short time intervals showing
several strong echoes simultaneously with the ordinary
dot angels (Fig. 15). The durations of these echoes do
not correspond to the passage of point targets with the
wind through the beam. If an explanation is sought for
these dot angels in terms of refractive-index changes in
discrete clear-air inhomogeneities the model of the con-
vective bubble seems less likely than extensive sheets or
laminae of little or no curvature.

The layers of dot angels (Fig. 16. top) apparently have
little in common with the usunal layer angels. A careful
examination of these observations shows that these
layers mainly consist of individual coherent echoes. These
situations may appear when common dot-angel sources
accumulate at the level of an inversion where the verti-
cal air motions are suppressed. Presumably these dot-
angel sources are not different from ordinary dot-angel
targets.

However, there may be situations when an abundance
of dot-angel sources conglomerate at the level of ordi-
nary layer angels (Fig. 16. bottom). The resulting echo
configuration is confused. and the sources of the radar
returns cannot be distinguished. It seems likely that in
these situations, random refractive-index variations in
the clear air contribute to the radar backscattering to-
gether with several ordinary dot-angel targets.

3. THEORETICAL CONSIDERATIONS

In this Chapter we will evaluate the reflection pro-
perties in vertical section of the suggested meteorologi-
cal models of radar angel sources in order to investigate
if the angel echoes can be explained as backscattering
from conceivable structures in the clear-air atmospheric
refractive-index.  Reflection from discrete clear-air in-
homogeneities and backscattering from turbulent fluc-
tuations in the clear-air refractive-index will be treated
separately. The latter case was investigated by Ottersten
(1964). and only the main results of this work will be
given here. In the last part of this Chapter the theoreti-
cal approaches and the experimental results will be com-
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Fig. 16. Two 12-minute samples of tropograms for (a) 1245 MET.
7 August 1963, and (b) 1225 MET, 22 August 1963, The top
tropogram displays a layer consisting of individual coherent
echoes as revealed by a careful examination. Presumably the
sources of the individual echoes are not different from ordinary
dot-angel targets. The echo configuration in the lower tropogram
is confused, and the sources of the radar returns cannot be dis-
tinguished. Random refractive-index variations in the clear air,
as well as several ordinary dot-angel targets, probably contribute
to the radar backscattering.

pared and discussed in terms of the consequences for
the tropospheric refractive-index field.

3.1. Backscattering from Tropospheric Turbulence
The purpose of the study by Ottersten (1964) was to
investigate whether the layver-angel echoes can be ex-
plained as a backscatter phenomenon due to a great
number of small irregularities of the clear-air refractive-
index that are produced by turbulent mixing in the tro-
posphere. The spatial variations of the refractive index
are described by the three-dimensional Fourier spectrum,
whereupon an expression is deduced for the radar re-
flectivity #. or radar cross-section per unit volume, as-
suming a statistically homogencous field of the refrac-
tive-index variations within the scattering volume:
12875

Uk a/..‘

]hn F d)(l'). (1)

7 - radar wavelength.
k- vector wave number.

dir (£)

the radar radial direction.

lon [ &(k) the three-dimensional mean-square  spi-
tial fluctuation spectrum of the refractive
index field.

In the case of vertical sounding. the expr ~sion will be

(2)
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TasLE 10. Layer-angel activity. L, and the degree of cumuli cloudiness, Cu A

Degree of cumuli cloudiness, Cu/8 Degree of cumuli cloudiness, €0 »
0/8 1-2/8 3-4/8 5-7[8 08 1-2/8 345 5-7/8
Layer-angel
activity, L Number of days in C'u/8 class Total Percentages within Cu 8 class
Forenoon (L, Cu, %)
20 30 11 6 5 52 65 34 24 35
20-- 40 3 4 3 1 11 7 12 12 N
40~ 60 1 4 3 4 12 2 12 12 31
60— 80 1 6 i (1] 12 2 18 20 0
80— 11 N 5 3 30 24 24 32 23
Total 46 33 25 13 117 100 100 100 100
Qualitative estimate of activity Low High Very High
high
Ajternoon (L, - Cu,/8)

<20 24 12 10 4 50 65 38 31 33
20— 40 2 8 6 1 17 5 22 19 8
40- < 60 3 6 10 2 21 8 17 31 17
60— 80 3 3 3 2 11 8 ! 9.5 17
80— 5 7 3 3 18 14 20 9.5 25
Total 37 36 32 12 117 100 100 100 100
Qualitative estimate of activity Low High High High

part of the table the values are expressed in per cent of
the number of days within each wind direction class.
This part of the table should be read column by column,
in order to evaluate the activity within each wind-direc-
tion class. The result is given below he columns by the
qualitative estimates “Low™, “High”, or “Very high™.
Admittedly, the number of samples is low for a division
into 30 groups. However, the tendency judged from
each of the columns appears significant, since the con-
sistency between forenoon and afternoon data is good.
Especially winds blowing from the sector 60-120° and
the sector 180-300° seem to be connected with high ac-
tivities. Low activities appear with winds in the sector
0-60°.

In Table 12 the layer-angel activity, L. is tested with
the ground wind direction, d, in a corresponding man-
ner. The consistency between forenoon and afternoon
data is rather good. Especially winds blowing from the
sector 180-240° seem to be connected with high activi-
ties. The layer-angel activities are in agreement in the
main with the dot-angel activities within the same wind
sectors (Table 11). although the tendency is not so well
pronounced.

Now consider Fig. 17. which shows a map of the sur-
roundings of the observation site. The six wind sectors
are drawn on the map. The radar position is at the center
of range circles indicating the 500-m and 2000-m distances.
The predominant correlation with the ground tempera-
ture and the coupling to convective clouds indicate that
dot-angel sources originate from generating areas at the
ground and are carried aloft by convective currents in
the clear air. Battan (1963) reports ascent rates for dot
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angels of the order of 0.5 to 1.0 m/sec. These speeds are
in agreement with the updrafts estimated by Hardy &
Ottersten (1969) for convective cells observed by radar
in clear air. Thus. if the dot angels are indeed insects
carried aloft by convective currents. they often originate
from areas in the vicinity of the radar at distances of

-~— 600D ——

<—— NEUTRAL

Fig. 17. Detailed map of the surroundings of the radar site. The
radar position is at the center of the range circles, which indicate
the 500-m and 2000-m distances. Six wind sectors are drawn o
the map. The sectors 60 -120° and 180°-300" are marked “good
because winds in these sectors are connected with high dot ane!
activities.
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nate from refractive-index fluctuations in clear air
Multiwavelength radar studies of layver angels have shown
that particulate scattering generally can be excluded.
and that the wavelength dependence of the radar reflec-
turbulent
More-

airborne re-

tivity is consistent with the scattering from
fluctuations in the refractive index of clear air
over, joint measurements with radar and
fractometer have revealed a detailed cor |'1'~|lnl|1|l nee be-
tween laver angels and regions of increased variability
in refractive index. Quantitative comparisons of the ra-
dar reflectivity of clear-air layers and direct measure-
ments of the refractive-index variability support the ex-
planation of layer-type echoes in terms of backscatter-
ing from a torbulent medium. The employment of ultra-
sensitive, high resolution radars with scanning antennas
in studies of layer angels has greatly amplified their
These

a wealth of information on the structure in

meteorological significance radars have demon-
strated that
the clear atmosphere may be obtained from the back-
scattering from regions of enhanced refractive-index vari-
ability. This widened perspective on the application of
radar in atmospheric research justifies the recognition of
clear-air radar meteorology™™ as an essentially new and
separate field within radar meteorology. In conclusion
a brief résumé of experimental work will be given to
illustrate the .|pp||tu|t|ul| of radar methods in clear-air
and to characteristic features of

research summarize

clear-air structures observed with radar. References are
restricted to work accomplished mainly during the last
three vears
4.3.1. Conveetive Patterns in the Clear Atmosphere
Using appropriate radars, it is possible to stady con-
vective processes in the clear atmosphere. Powerful ra-
dars at 10-em or longer wavelengths consistently detect
refractive-index perturbations associated with free con-
vection in clear air (Atlas & Hardy. 1966). During con-
ditions of strong surface heating and light winds, sensi-
tive 10-em radars reveal thermal-like structures in the
3 km
hundred meters in height (Hardy & Ottersten, 19684,

clear air, which are 1 in diameter and several
1969). These clear-air convective cells may persist for 20
to 30 minutes and are characterized by updrafts in their
centers,
Echoes from clear-air convective cells in horizontal
section are shown by a plan position indicator (PPI)
photo in Fig. 18a. The echo structure displays the typical
doughnut-shape with circular or elliptical cell echoes and
echo-free centers. Fig. 1856 shows sketches in vertical
section of the cell structure, which was derived from re-
peated series of PPI photos taken at successively increased
elevation angles. The radar outlines the boundary of the
cell, where the refractive-index variability is large; when
the is scanned in azimuth

radar a doughnut-shaped
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Fig. I18a
EST on 15 August
land, Virginia. The strobe line indicates the 300

Sector PPL photo at 3 elevation angle taken at 1052
1967 with the 10.7.cm radar at Wallops Is-
Eehoes

from clear-air convective cells in horizontal section at the appro

azimuth

altitude and range display the characteristic doughnut

ten, 1969.)

priate
shape. (From Hardy & Otter

NO ECHO ’_":-\“; ;ﬁﬂ
, \( - /—:\ ‘»_‘ﬂ
Y -
(o (™ o RADAR BEAM
(‘[\‘,ﬁ,@ o
w P <
ol __— X ) ('« > ECHO
=1 A
2 )
= ECHO
: MOIST
~~ SURFACE LAYER
r -~ i: - =
= T = =
NO ECHO~_
—" RADAR BEAM
w
(=} ECHO
2
—
- ECHO” MOIST
=1 _ SURFACE LAYER
Fig. 185, Sketehes in vertical section of the conveetive cell strae

ture. The radar outlines the boundary of the cell, where the r

fractive-index fluctuations are lary : when the radar is scanned

in azimuth, a doughnut -shaped echo results. Clear-air conveetive

hundred meters thack

surface laver, which forms over the heated land area and is often

cells generally originate from a several
outlined by weak radar returns from refractive.ndex fluctuntions
in the warm, moist air. The lower sketeh illustrates the developing
stage, when the cells shoot up rapidly,
tops with columns that extend down into the surface layer. In
the mature stage, illustrated by the top sketeh, the cell domes

forming dome-shaped

lose their connection with the lower environment. their bases
tend to close, and the cells develop into expanding, oblate sphe
roids. The arrows indieate the air flow within the cell. (From

Ottersten, 196%a.)
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Fig. 19. Sector PPI photo (top) at 1.5 elevation angle taken at
1045 EST on 9 August 1967 with the 10.7-cin radar at Wallops
Island. Virginia: azimuths 335 035 : range marks are at 9.3 kin
intervals, Echoes from numerous clear-air convective cells aligned
in bands or strects are visible, The contour tracing of the echoes
(bottom) ontlines the boundaries of the

echo pattern in order
to demonstrate the alignment of individual convective cells in
streets. (From Hardy & Ottersten. 19649,

echo results. As indicated in Fig. 184, the flow within
the convective cell is upward in the center. and the rela-
tive flow around the periphery is outward and possibly
downward. The air flow within the cell was deduced
from detailed studies of the cell evolution by examin-
ing three-dimensional radar patterns of individual cells.
The cells generally originate from a surface layer several
hundred meters thick. which forms over the heated land
area and which is outlined by radar returns from refrac-
tive-index fluctuations in the warm. moist air. In 20
minutes the cells may develop to a mature stage with
tops extending to a height of 2 km. The lower sketeh in
Fig. 185 illustrates the developing stage. when the cells
shoot up rapidly. forming dome-shaped tops with col-
umns that extend down into the surface layer. In the
mature stage. illustrated by the top sketch. the cell
domes lose their connection with the lower environment.
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their bases tend to close, and the cells develop into ex-
panding. oblate spheroids. which later dissipate, break-
ing up into fragmentary parts.

Undoubtedly. the tops of many of the convective cells
are associated with developing cumulus clouds. although
evidence of the detailed correspondence is missing. The
echoes in Fig. 18a. however. are not due to particle
scatter. as can be shown by multiwavelength radar meas-
urements (Hardy ef al.. 1966). The echoes arise by virtue
of the scattering from refractive-index variations at the
cell boundaries. Presumably, drag forces around the up-
draft induce turbulent stirring. which results in enhanced
refractive-index variability where the rising moist air
contrasts markedly with the drier environment. Presence
of wind shear and shear-generated turbulence is there-
fore not a necessary condition for these echoes. The re-
fractive-index variability is mainly due to water-vapor
fluctuations. and temperature differences are essential
only in providing the buoyaney that establishes the flow.

The same type of convective cell is reported by Katz
(1966) as cumuloform clear-air echoes. Hardy & Glover
(1966) describe them as undulations or wavy, blobby
structures in a surface layver outlined by radar returns
from the conveetive mixing zone. When convective cells
are drifting through the beam of a vertically-pointing
radar they appear on a time-height display (Fig. 3) as
undulating or irregular. broken. patchy and diffuse lay-
ers. such as Lane (1968) describes. Deam of al. (1968)
report correspondence between returns from similar per-
turbed refractivity layvers and cloud boundaries. Clear-
air layers on vertically-pointing radars are also reported
by Stratmann & Grosskopf (1967). Stratmann (1967) and
Gjessing (1967). The broken layers must be identified
as vertically extensive. convective structures drifting
through the vertically-pointing radar beam. not to be
confused with actual vertical motions. Konrad (1968)
and Konrad & Kropfli (1968) studied clear-air convective
patterns over both land and sea. At times the convective
cells are randomly distributed. as in Fig. 18a: at other
timies they show a definite organization. aligning them-
selves in rows parallel with the wind. as demonstrated
in Fig. 19. Hardy & Ottersten (1969) report Bénard-like
circulations in the clear atmosphere. as convective cells
arrange themselves in larger circles with cores of updrafts
organized around the peripheries and slowly downward
flows in the centers.

4.3.2. Turbulent Structures in the Stable Regin

Powerful radars at wavelengths « 10 cm o1 longer
regularly detect horizontally stratifiud. extensive layers

of pronounced str

in the clear atmosphere. An example

tification is demonstrated in Fig. 20, which shows more

than ten separate clear-air lavers below 6 km in a range-

height indicator (RHI) display. Similar observations,



azimuth taken at 1515 EST on 9

Fig. 20
January 1969 with the 10.7 cm radar at Wallops Island. Virginia.

RHI photo in 120
The hewght mark marks are at
9.3-km antervals. More than ten separate, horizontally stratified,
clear air layers are visible below 6 km. Note the double-wave
structure in the top layer. (From Ottersten, 19694.)

is at 122 Km, and the range

often with a multiplicity of layers. are reported by
Hardy & Glover (1966). Hardy & Ottersten (19684). Katz
(1966, 1969). and Crane (19684, b): evidence of persistent
stratification in the clear air is also common with ver-
tically-pointing radars. The backscattering originates
from zones of enhanced refractive-index variability and
results in a weak wavelength dependence (Hardy o al.,
1966). The refractive-index perturbations are created by
turbulent mixing of the mean gradient of potential re-
fractive-index. When water-vapor gradients are strong.
modest stirring will result in radar returns. and the tur-
bulence may not be noticeable to an aireraft (Hardy &
Ottersten, 19686). Such returns may therefore occur with-
out any marked wind shears (Lane. 1968), and the tur-
bulence may be generated at quite small scale sizes.
maybe of the order of a few meters. The scattering layers
are also often quite narrow. down to tens of meters
(Lane. 19675 Crane. 1968¢). and rarely exceed a few
hundred meters. The low stratified layers may be as-
sociated with inversions that cap convective activity,
which exports turbulence into the stable zone. Evidence
18 accumulating that the stratified layvers alwayvs cor-
respond to zones of enhanced statie stability, although
water-vapor fluctuations may dominate the backscat-
tering (Hardy & Glover. 1966; Lane. 19675, 1968; Har-
dy & Ottersten., 1968%6: Katz & Randall,

sumably. the vertical temperature structure is signifi-

1968). Pre-

cant in providing stable zones. where moisture contrasts

are accentuated; the stable zones are then outlined as
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Fig. 21. RHI photo in 270 1508 EST on 7
February 1968 with the 10.7.cm radar at Wallops Island. Virgi-
nin. The height mark is at
9.3-km intervals (max. range 37 k). Cloud and precipitation ex-
tend from the surface up to about 10 km. The clear-airecho strue
ture of apparently erossing waves out of phase oceurs at 11.3
Km. the hegght of the tropopause. The echo structure 1s embedded
mn a region of strong wind shear and may be cansed by the break
mg of gravity waves as illustrated in Figs. 22 and 23, (From
Hardy ¢ al., 1969.)

azimuth taken at

12.2 ki, and the range marks are at

stratified echoes mainly from water-vapor perturbations
due to small-scale turbulence.

Strong wind shears may not be a necessary require-
ment for clear-air layers in the stable regime. but abun-
dant evidence is now available that these stratified
¢choes. particularly at higher altitudes. generally are
associated with pronounced vertical wind shears (Lane.
1968: Hardy & Ottersten, 19688:; Glover e al.. 1969).
Marked turbulence is also generally present in the viein-
ity of these layvers. as evidenced by an increasing num-
ber of joint radar and aireraft studies of clear-air turbu-
lence. CAT (Hicks of al.. 1967: Buehler. 1967: Hardy
& Ottersten. 19684: 1968, 1969: Crane,

19684: Buehler ot al.. 1968. 1969: Hardy ot al.. 1969).

Glover ¢t al..

These studies were preceded by tue radar detection of
the tropopanse (Atlas of al.. 19664, ¢) and the prediction
that these echoes were associated with significant CAT
The basis was the thesis by Atlas of al. (1966a) that
strong mixing is required for radar returns from tempera-
ture perturbations. when the water-vapor contributions
to the refractive-index variability are negligible. Experi-
mental support of this thesis is accumulating. and con-
siderable attention has been given to radar detection of
CAT (Stephens & Reiter. 1967: Atlas. 1968, 1969: Bry-
lev, 1968: Crane. . Griffin & LaGrone. 1968). Some

data also support the thesis of Ottersten (1968). that

1968
strong CAT at high altitudes in the free atmosphere
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