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INTRODUCTION

- Radar meaaurements of thin turbulent layers -

N the clear atmoaphers have been extensively re«

orted in the literature and have recently been
summayrized by Hardy and Katz (1969). The ma- -
jority of the thin turbulent layer detections re« -
ported have been fot layers in the lower tropo=
sphere. Using the high power radar facilities at -
Wallopa Island, Atlas, etal {1956) have detected
layera at heights up to the tropopauss. In this
paper;, layer detections at heights above the tropo-
Pause are discussed. The detection of layers in
the lawer 10 km of the stratosphere {a made poN=~
sible by using a radar system which has approxi=
mately 10 dB more sensitivity than the Wallops

Island radars for the de‘zction of-turbulent
layers.

The program of radar raeasurements of thin
turbulerit layers was undertaken to provide basle
information about the structure of scattering
layers in the upper troposphere and lower stratos
sphere for use in the prediction of tropospheric
and stratospheric layers for the prediction of
tropoecatter field strengths. The radee mea-
surements were accompanied by radiosonde
soundings. For a limited series nf measurements,
a U-2 aircraft was also used to probe for turbue
lent layers.

II. THE RADAR SYSTEM

The radar system used in the measurement
program s described in Table 1. This system
differs from that typically used for meteorologi-
€al measurements due to the use of a general
purpose digital comyuter as an {ntegral part of the
receiver. The computer is used to detect the
radar returns, incoherently average the returns,
and to calibrate the recelver system using algnals
{rom a no{se tube that is fired after each data
taking operation, once per transmiltted pulse. To
improve the target detection capability of the radar,
the recorded data consists of the incoherent aver-
age of the signal-plus-noise minus the average of
the noise. The recorded data for each elevation
#can is further computer analyzed to provide in-
coherent averages of the received signal over
22. 5 km horizontal distance Interval at & constant
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helgh,t,.,. The results of a series of the horizenial.
averages at different heighta is then assembled -
into-a profile of an* ve height ae. shown In Fig, .
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Fig. 1. CZ profiles for 2 August 1968, 1720 CMT,
233* azimuth made using the Millstone Hill Radar,

The corresponding computer generated RHI disg- -
play {s shown in Fig. 2. As an ald in data editing,
selected elevation scans are also recorded in the
conventional manner by photographing a PPI dis.
play., The PPI display that corresponds to the
scan used to generate Figs, 1 and 2 {s shown in
Fig. 3. o :

The radar system vas operated to record
data at Alstances between 80 and 150 km from the
radar and heights between 5 and 30 km. At
100-km range and at the elevation angles used,
the eirective integration volume of the radar (s
approximateiy 1.1 km {n height, 1.1 km in hori-
zontal distance normal to the plane of the radar
and scattering volume and 1,5 km in horizontal
distance in the plane of the radar and scattering
volume, The height resolution capability of the
radar at 100 km is 1,8 km which corresponds to
the 10 dB beamw!dth of the antenna, This indicates
that thin layers closer together than 1.8 km in
height will not be resclved and, for layers thinner

. an 43 used hare is proportional to the back.
scatter crone section par unit volumae of the scate
terers, If the layer consists of homogeneous

Isotrople turbulence it has the usual meaning (see
Ottersten, 1969).
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Fig. 2. Computer generated RHI display for.

2 Aagust 1968, 1720 GMT, 233° azimuth,

Flg. 3. RHI diaplay for 2 Auguat 1968, 1720 GMT,
233" azimuth made using the Millstone Hiil Radar,

than 1.1 km, the measured layer strength will be
a function both of the layer thickness and C-'f'.
Since most of the layers probed by the U.2 were
the order of 100 m thick, it is beat to view the
layer strength measurements as providing the
value of the Cn + height product, If the layer at
{4 km in Fig. | was 100 m thick, the actual Cn
value for the 1to 103 km ayerage would be
4x 10-13 fh (ZxIO -Zf.‘r A homoge~
neous Iayer that is thinner than 1 km would have
dlfferent C 2 valuea reported because the percens
tage of the beam filled depends upon the distance
from the radar. For thin layers the ratios of the
measured layer Intensities are 1:1,25:1, 50 for the
81.1 to 103. 4, 104.5to 127,00, and 128,0 to
150, 5 km distance intervals,_respectively, The
relative magnitudes of the C” profiles for the
layer at 4 km show that, if the layer were homo-
geneous, it would be thinner than 1 km and the
C,;"- value reported is a lower-bound on the layer
strength, Unfortunately, the majotrity of profile
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measurements show horieontal variations in
layer strengths and estimations of layer thickness
based upon this technique are dublous.

The radar system has been callbrated so that
the measured C£ valus for-a layer that fille the

beam is within &£ , 5 dB of the actual value. The

stability of the radar and the pulse-by-pulse call-
bration system ueed in making the measurements
provides a relative rms error of less than + ., 1dB.
The major sources of evror iln making the C pro-
file 1neasurements are interference {rom othcr
radars operating {n the same frequency band, re«
flections from fixed ground targets detected
through the side lobes of the antenna pattern and
reflections from aireraft detectad through the

side lobes. Each of these sourcens of error are
monitored during the measurement program,
Interierence s monitored by the relative magnt-
tude of the variance of the receiver noise temper-
ature which is continucusly measured, The 80 -
150 km measurement range was dictated by ground

‘clutter problems. Fixed targets and aircrafis

that are detected at ranges between 80 and {50 km
must be manually detacted using the computer
generated RHI displays. Data contaminated either
by interference or extraneous targets ware re- .
jectad,

1II, RADAR MEASUREMENTS

The L-band radar uud can readily detect
tarbulent layers with & C height produc eater
than t x $0°1 5?3 km {5 x 10" P§ 5ﬁ'fkm)
Unfortunately a clo% nf the same dimenuion and
aZof6bxi0-% ]rn for llquid particles or a -

Zof3x10"3 mm /m3 for ice particles will give -

the same return, This corresponds to & cloud of
liquid particles with a liguld water content the.
order of 0,005 gr/m3. The detection of thin tur-
bulent layers is therefore complicated by masking
by cloud layers. Fox this reason, only laysrs in
the clear atmosphere may be detected,  Since a
single frequency radar is used, auxillary mesna
must be used to determine if clouds are present,
For layers near the tropopause, the presence of
cirrus clouds must be determined, The separation
between thin turbulent layers and cirrus cloud
layers has been made using several criteria, If
the layer is detected above the tropopause ina
reglon where the radiosonde data shows a definita
lack of moisture, the layer is assumed to be tur-
bulent, If the layer is thin, or the order of the

- resolution volume of the radar, and is thin through-

out the duration of the test, it is assumed to be
turbulent. I no clrrus clouds are visually ob-
served by pllots, ground-based observers, and
the avallable TPQ-11 radars at the height of the
layer, it is agsumed to be turbulent. Whenever
doubt existed as to the origin of the radar return,
the layer was assumed to be caused by clouds.

Using the above layer detection criteria, the
data from 34 days of measurements randomly
distributed between January 1968 and August 1968




were examined for the exlatence of thin turbulent
layers at heights above the tropopause, The
height cf the tropopause was derermined using the

radlosonde data closest both in time and space to -

the measurement volume. Two types of layers
are reported, persistent and transient, A per-
sistent layer iz & layer at a speciflc helght shat i
present in more than half the elevation scans, The
medsurements were made by making two elevas
tion s¢ans at a particular azimuth; then moving
the antenna to & new azimuth for another set of
elevation scans, The azimuth used for the mea~
surements changed {rom day to day, Typicallya
series of measurements wete made at five sepa-
rate azimuths spaced over a 180° interval inter-
laced with a series of measurements at azimuths
spaced over a 20" azimuth interval, With the
azimuth stepping method used for data taking, &
layer had to be present over a range of azimuth
values to be classified as persistent,

A serles of measurements made on 28 May
1968 are shown in Fig. 4. In this set of data, a
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Fig. 4. Radar measured layer structurse for
28 May 1968,

persistent layer existed at the tropopause level,
The layer at §4 km height is also clansified as
persistent since it s present In more than half
the elevation scans. As shown by the aximuths
for which the scans were made, the persistent
layers are not confined to a single azimuth sec-
tor but are detected at a wide variety of azimuths.
These layers cover more than 300 krn in horizon.
tal extent., The intensity of the layers, however,
change in time and position. The intensity of the
layer at tropopause height in Fig. 4 fluctuates in
tirme with approximately a one-hour period, The
data on Fig. 4 also shows three transient layers
al helghts above the tropopause. Again, these
transient layers tend to be widespread in herizon.
tal extent but weaker in intensity.

The data for each of the measurement days
is presented in Table II. The results are given
by day. The data also gives the number of layers
per 2.5 km height interval for heights above
10 km and the total number of layers detected
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above the tropopause for each day., Persistent
layer detections are listed in the column with the

" heading P, transient in the column headed T, The

data generally show a layer just above the tropo.
pause, The layer probably is aseociated with the
tropopause but, due to the uncertainty in both the '
exisience and location of a tropopausas, it Is hard
to make & definite judgment about the sssociation
between the layer and tropopause position, The’
feature of the radiosonde profiles most often aw-
sociated with the layers that occur above the tro-
popause i3 a temperature inversion, The associa~
tion of layer positions with specific Gradient
Richardsen Number values was not very successful,
This most likely {3 due to the inadequacy of the
estimate of wind shear as provided by ndio-onde
data,

Translent layers have been deteced at helghts
up te 10 km above the tropopause, The maximum
height for a layer detection is 25 km, Weaker
layers probably exist above this height but the
radar system sensitivity is not high enough to de-
tect them. The transient layers may also appear
persistent to a more sensitive radar. '

IV, COMPARISON WITH AIRCRAFT MEASURE.-
MENTS

On seven of the measurement days, a U-2 air-
craft was flown to probe for clear air turbulence
for comparison with the radar measurements, The
aircraft used was previcusly used for clear alr
turbulence meagurements in the Project Hicat
Program (Crooks, etal, 1967). The meteorolo.
glcal probens had been remnoved from the alrcraft
when we used it. The pilots had, however, haen
v ssociated with the Hicat Program and had some
experience in the "xeat of the pl.nu" denction of
clear air turbulence.

The aircrift was flown on & radia] path from
the ridar site and slowly sounding in altitude from
10 km to 20 km then down again, Tha flight path
for one of the days 13 shown in Fig. 5. The
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Fig. 5, Flight path of the U-2 relative to the
radar site 29 May 1968, 1830-1930 CMT,



numbers listed beaide the polnts along the track
give aircraft height. The letters and bars show
the extent and intensity of the turbulence. The"
letter code used i{s the same as used in Flg. 6.
The pilot subjectively recorded the intensity of
turbulence with descriptions ranging from very
very light to moderate in accordance with the
classification procedure previously used for the
Hicat Program. No layers more severe than’
moderate were detected by the alrcraft during
the measurement program,

Radar measurements were made over a 10°*
azimuth sector centered about the nominal flight
plan radial, Pairs of elevation scans were made
in 1* azimuth increments. Radar data for each
of the seven flight days together with the radar
layer position measurements are shown in Fig, 6.
As indicated by the measurements, good agree-
ment exists between the radar measurernents ard
the pilot' reports of turbulence. Due to the sub-
jective nature of the pilot measurements, no
attempt was made to correlate Jayer intensity
with the pilot reports of intensity, Pilot reports
of turbulence with intensities of very light or
greater all have radar layers associated \ith

thern except for the layer at 1€ km on 3 July 1968,

The data for 3 June was not computer prec-ssed
due to a malfunction in the radar site computer.
The full sensitivity of the radar system was not
available and the lack of a radar layer may be
due to the reduction in senaitivity,

A comparison between the aireraft and radar
data shows that very very light turbulence as re-
ported by the aircraft is occasionally not detected
by the radar. Also several radar layers were de-
tected Lthat were not detected by the alreraft, On
June 27, 1968 the detailed layer structure mea-
surements that agree with the alrcraft detections
was not obtained from the region of space probed
by the aircraft, Data from the region probed by,
the aircraft showed many layers that could not be
resolved by the radar resulting in a single layer
7 km thick. Since the layers detected by the
radar generally appear to be widespread In hori-
zontal extent and vary in intensity with position
and time, it is concluded that agreement was ob-
tained, Data for July 30, 1968 show good agree-
ment between radar data taken along the same
azimuth but two hours earlier and aftur the air-
craft run, but poor agreement with the radar data
taken at the time of the aircraft flight,

The layers sometimes do not agree exactly
in height. On May 29, 1968, the radar layer at
13 km and 18 CGMT lies between the two'layers
detected by the alrcraft, From the data, it is
uncertzin if the layers do agree in position or if
the aircraft detected layers lie just above and
below the radar layer. The data for July 30
might also be explained by a tendeacy for the
radar laysrs to be adjacent to the aircraft layers
rather than coinciding. Due to the large resolu-
tion volume and the thinness of the layers, some

of the plilot reports are only 30 meters thick,
many of the cecurrences of agreement between

. Tadar measurements and pilot reports may bs for

layers in adjacent height Intervals rather than
layers at the same helght.

V. SUMMARY OF RESULTS

The radar measyrements of thin turbulent

' 'hyerl show that a layer was detected ot or near

the tropopause In every cne of the 24 sets of mea«
surements made, Layers were detected above the
tropopaute, in the lower 10 km of the stratosphere,
on 31 of the 34 days or 91 percent of the time. The
probability of layer detection decreased with haight
above the tropopause. The layers all appear to

be widespread, covering over hundreds of km in
horizontal extent. The intensity of the layers

vary in time and space with adjacent 22,5 km
averages often having significantly different values.
The persistence and widespread nature of thess
layers indicate that they are features of the syn-
optic weather conditions and their prediction

based upon averaged height profiles of temperature
and wind may have a chance » success,

Simultaneous aircraft measurements were
made for comparison with the radar measure-
ments. For aireraft measurements that indicated
turbulent intensities of very light or stronger, a
radar layer could be found that occurred at that
height and within two hours time and 100 km hori-
zontal distance. Mesasurements for the same time
and horizontal position did not agree as well. The
results of a comparison of simultaneous measure-

. ments could be explained by the limited height

resolution of the radar and by hypothesteing that

" the radar and alrcraft layers do not always occur

at the same height but often occur in adjacent
helight intervals. Better radar resolution and in-
strumented alrcraft would be required to verify
the hypothesis. Ottersten (1968} has argued that
a strong correlation should occur between the
radar layers and the aircraft layers. The data
tends to support the argument, It may further bhe
argued that as the strongly stable zone in which
lower stratospheric turbulence occurs breaks
down, only the edges of the turbulent region will
be detected by the radar. This argument sup-
ports the hypothesls that radar and aircraft layers
may occur in adjacent height intervals.



Parametera of the Millatone Kill L-Band Radar

Frequency
An.enna
Antenna gain
Baa m“.lchl-.

------ ain

Polarization

Tranamitted power
Pulse length

Pulae repetition rate
Receiver bandwidth
Data processing

Detection
System noise temperature

Overall system {eed and line losses
Matched filter froceuing loss

Single pulse C/t value for unity signal- to-nohe
ratia

Minimum detectable layer Cr% value with horizon-
tal averaging and average-notse subtraction

w [P

Table |

1,29% GHs (23. 2 cm wavelength)
84-foot puaboh w\th Cnugnln foed
47.! ép -

0. 6° betwesn hali-power points
Right-hand circular transmitted
Left-hand clrcular recetived

4 Mw peak (continuously monitored)
10p sec

20 per second

10p sec matched predetectios filter
Analog to digital conversion of IF sine and cosind
channels every {0y sec

Square Law by computer operution

230°K {includes atmospheric and ground effects
averaged over N-30° elevation angle) -

1.7dB
1.44dB : ]
2x10-16 m~2/3 (1 x 10-17 cm-2/3) ut 100 km

1 % 10°16 m=2/3 (5 x 10718 em=2/3) at 100 km
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Comparison between alrcraft and radar measurements of clear air turbulence.
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Table 2
Turbulent Layer Detections
: Layefs - Layers from RHI Data
‘ Max. | Tropo- fabove 1o t2.5 [12.5-15 [15-17.5 [ 17.5-20 | 20-22.5 [ >22.5
Time cloud | pause tropo-
Date GMT level | Height | pause km km km km krn kmn
1968 km km P _T|P T!P T|P T|P TlP TiP T
t49  1800.2100 6 12.9 1,
1f11 | 1430-2050 - 11.0 1 1 |
25 | 1720-2130 ! 2 6.5 1 1 ‘
2/9 | t400-2050 | 6 10.0 t t, i Lo
2713 | 1340-1850 & 7.3 1 411 1, 1 1 1 1
2/19 | 1810-2100 5 7.6 F] 1 : 1 !
377 1410-2050 1 9.5 [ 1 t 1 1 z
3/15 | 1410-1840 8 11.5 [t 2 1 {1 , 1 :
3/20 | t400-2100 | to-| 11,8 r R 1 1 i
3f/21 | 1730-2100 ! 10O t2.6 1 1 1
3/22 | 1340-1700 | t0 i 2.5 |t 2 1 | 1. t
4/4 | 1800-2130 | 12 ! 12,5 1 1 y 1 o
F4/15 | 1330-2120 | 9 1.5 z .1 1 1 i
4/24 | 1600-1800 9 12.0 (S | tj i
5/3 | 13tc-1900 | 2 12,7 ! l ] :
5/16 | 1310-1710 9 12.5 |1 1 $ ,
5/20 | 1440-1830 2 1.5 | 1 101 1 ; t ! :
5/28 | 1400-1950 9 12,5 1 311 1 1 1 -
5/29 | 1300-2030 {1 12.3 5 - 1 1 l 1 1
6/3 | 14101950 . 10 10,4 21 1 t,
6/5 1550-1930 © 9 12.8 t 1 1 H
6712 | 1350-1720 | 52 | ya.8 2 1t 2
6/27 | 1230-1630 | 11 14.8 3 1 | 1 t |1
6/28 | 1240-1600 8 12.7 |1 1
7/29 | 1430-2020 3| 13.8 3 1|1 t 1|1 1
7/30 | 1340-1950 | 11 12,4 T2 1 1 1
17731 | t230.2020 | 11 12.8 |1 ! t |1 1
la;: ' 1330-0100 9 14,5 2 1|1 1 1
8/2 | 1400-2020 5 13.8 1 1 1 1
(85 | 12202030 8 13.1 t t 1
8/6 | tz40-2100 | 9 14.2 2|1 1 1 1 !
8/7 | 1230-0100 9 | 1479 t
8/8 | 1240-2020 7 14,1 ' 2|1 1)1 1 t
8/9 | 1300-2020 9 12.4 1 1t it 1
Total| Total of 107 layers 9 57 (12 14 18- 13| 3 20 142 5] 4
34 detected above 10 km 66 78° T 29 14 B 4

* Total is low due to rejection of any layer with clouds, B
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