Tropopause Detected by Radar

Abstract. The tropopause has been detected by ultrasensitive, narrow-beam,
microwave (10.7-centimeter) and ultrahigh-frequency (71.5-cm) radars. Its reflec-
tivity is consistent with that expected theoretically for a refractively turbulent
medium. Indications are that the layer is also mechanically turbulent, and that
electromagnetic scatter techniques may be used to detect high-altitude clear-air

turbulence.

The tropopause, the level marking
the upper boundary of the troposphere
and the lower limit of the stratosphere,
has been detected by two of three ultra-
sensitive radars at Wallops Island. Vir-
ginia (/). To our knowledge this is
the first such report from the western
world; Zhupakhin (2) recently reported
detection from the Soviet Union, but
with few details.

Our work is part of a long-range
program of study of the nature of the
electromagnetic scatter from the clear
atmosphere, directed toward (i) under-
standing the long-mysterious radar
“angel” echoes from invisible targets,
(ii) knowledge of the mechanisms of
scatter propagation beyond the horizon,
and (iii) determining the extent to
which powerful radars may be used to
probe the atmosphere. In particular we
seek to determine whether or not radar
and forward-scatter techniques may be
used to detect high-altitude clear-air
turbulence. An earlier report (3) on
clear-air radar echoes in the lower tro-
posphere showed that echo layers may
be associated with scatter from a re-
fractively turbulent stratum in the
atmosphere or with insects.

The radars operate at wavelengths of
3.2, 10.7, and 71.5 cm from circular
paraboloidal antennas of 10.4-, 18.3-,
and 18.3-m diameters, respectively;
the corresponding beam width are 0.2,
0.48, and 2.9 deg, respectively. The
most important overall system param-
eter is the minimum detectable re-
flectivity, 5,;,: 2.8 X 10-18 cm—1 at
3.2cm, 8.5 X 10~ cm—1 at 10.7 cm,
and 7 X 10— em—1! at 71.5 cm, all
at a target range of 10 km. These
values include the effect of enhanced
detectability resulting from integration
on the face of the scope and the film
when the beams are scanned slowly in
elevation at a rate of 2.5 deg/sec.

Figure | shows three simultaneous
photographs of the range-height indi-
cators of the three radars, taken while
the beams were scanning synchronously
in elevation angle at an azimuth of 90
deg. The top photo (X-band, 3.2 cm),
shows a cirrostratus (ice-crystal) cloud
based at about 7 km, with its top at
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about 11 km. The middle photo (S-
band, 10.7 cm), shows the same cloud
mass, although its top extends only to
10 km; this is to be expected because
the 3.2-cm radar is slightly more sensi-
tive than the 10.7-cm radar (by 5.85 db,
or a factor of 3.85) with clouds whose
particles are much smaller than the
wavelength (that is, Rayleigh scatterers).
This is to say that, while the minimum
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detectable reflectivity of the 10.7-cm ra-
dar is better (less) than that of the 3.2-
cm radar by a factor of 32.4, the cloud
reflectivity is greater at 3.2 cm by a fac-
tor of 125 (that is, the 4th power of the
wavelength ratio). The net effect is a
5.8-db -advantage at 3.2 cm for clouds
and precipitation, so that this radar
detects the weaker tops of the cirro-
stratus cloud.

However, the 10.7-cm photo (S-
band) also shows a weak but definite
echo layer at 12-km altitude where the
3.2-cm photo shows nothing. Clearly
this difference could not be caused by
clouds, dust, or particulates of any
kind, since such targets would have
been detected more strongly at 3.2 cm.
The 12-km-high echo layer extends to
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Fig. 1. Simultaneous photographs of range-height indicators at wavelengths of 3.2 cm
(X-band), 10.7 cm (S-band), and 71.5 cm (ultrahigh frequency); 1030 hours E.S.T.,
18 February 1966, at Wallops Island, Va.; azimuth, 90 deg. Because of the printing
process, the echo layer at 12 km does not appear in the bottom photograph.
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a range of 30 km (discernable in the
original photo), where it fades into the
background noise; if one assumes that
it is horizontally homogenous, the cor-
responding 10.7-cm-layer reflectivity is
7.7 X 10—17 cm—1,

The radiosonde ascent at 1300 E.S.T.
from Wallops Island showed a well de-
fined tropopause at 11.6 km, just below
the height of the 10.7-cm echo layer;
this finding suggests association between
echo layer and tropopause. Similar cor-
respondence on five other occasions (7,
21, and 28 February; 15 March; and
4 April 1966) indicates that we are in
fact detecting some refractive index
structure at or near the tropopause.

For better understanding of the scat-
ter mechanism, we now refer to the
71.5-cm photo (bottom). Because of
its long wavelength, this radar fails to
detect the cloud at all. But the echo
layer at 12 km is again detected, this
time to a range of 28 km. The corre-
sponding layer reflectivity is 2 to 3 X
10—17 ¢cm—1, when one considers that
the large beam of this radar is about
20- to 25-percent filled by the layer of
250-m depth, as estimated from the
10.7 cm photo. Thus our best esti-
mate indicates that the 10.7-cm reflec-
tivity is about 2 to 4 times as great as
that at 71.5-cm wavelength.

According to Tatarski (4), the radar
reflectivity of a region of isotropic
homogeneous turbulence in refractive
index is

7 =0.39C.2\¥ (O]

where ) is wavelength, C,2 being a
coefficient defined by

Cr=526(AnrL,? 2)

where (An)?2 is the mean-square fluc-
tuation in refractive index as a function
of distance, and L, is the large-scale
limit of the turbulence spectrum. Ac-
cording to Eq. 1, the reflectivity of
such a medium should decrease slowly
with increasing wavelength: from 10.7-
to 71.5-cm wavelength it should de-
crease by a factor of 1.84, compared
with our experimental finding of 2 to 4;
the agreement is within the experimental
errors. Similar reflectivity ratios were
measured on four of the five other
occasions; one instance, showing sig-
nificantly greater reflectivity at 71.5 cm
than at 10.7 cm, may correspond to a
turbulence spectrum slightly different
from that assumed by Tatarski (see
4).

We conclude that the echo layer in
question results from back-scatter from
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a refractively turbulent medium. Using
the measured 10.7-cm reflectivity of
77 X 10—17 ¢m—1 in Eq. 1, we find

C2=44x% 10 cm* 3)

This value is to be compared to the
range of 1016 to 10—1* cm—# esti-
mated theoretically by Atlas et al. (5)
for regions of high-altitude clear-air
turbulence. Thus both the magnitude
of the echoes and their wavelength de-
pendence are in reasonable accord with
our hypothesis.

Calculating the theoretically expected
reflectivity at 3.2-cm wavelength ac-
cording to Eq. 1, we find that it should
be 1.5 times the 10.7-cm reflectivity,
or 1.2 X 10—16 cm—1—which is about
25 percent of the minimum detectable
reflectivity of the 3.2-cm radar at a
range of 12 km, so that this radar
should not have detected the layer even
when pointing vertically. Of course this
is what we found. One should note,
however, that Eq. 1 is not completely
valid at wavelengths shorter than about
5 cm (5). This problem is more com-
prehensively treated elsewhere (1).

So far we have referred only to
echoes associated with a “refractively”
turbulent medium, since it is the fluc-
tuations in refractive index that.cause
the scatter. What then can we say
about the “mechanical” turbulence?
Eqgs. 1 and 2 show that the radar reflec-
tivity is proportional to the mean-square
refractivity fluctuation (An)2. Tatarski
(4) shows that this is proportional to
(ML,)?, where M is the vertical gradi-
ent of refractivity and L, is the outer
(large)-scale limit of the turbulence
spectrum. Other things being equal, L,
is a measure of the intensity of mechan-
ical turbulence. In other words, at a
layer of sharp vertical gradient of re-
fractivity (that is, large M), the atmo-
sphere needs to be perturbed only
slightly (small L,) for it to cause a sig-
nificant refractivity fluctuation. In the
lower atmosphere, where moisture is
dominant in determining the micro-
wave refractivity of the air, one may
find exceedingly large M'’s, especially
at sharp subsidence and low-level noc-
turnal inversions; in such instances the
mechanical turbulence or displacement
(L,) can be quite small and still pro-
vide sufficiently large refractivity per-
turbations to be detectable. On the
other hand, high in the troposphere
and at the tropopause, M is consider-
ably smaller than at the lower levels;
in this case, L, must be quite large
(of the order of 100 m or greater)

for it to provide equally large (An)2.

The reasoning (/) is somewhat more
complex than our treatment implies.
However, the result is that considera-
tions of C,2 (the reflectivity coefficient
in Eq. 1) and L,, along with the ver-
tical wind shear at the tropopause, in-
dicate that a 10.7-cm-wavelength re-
flectivity such as we have reported must
be associated with “moderate” clear-air
turbulence on the quantitative scale of
MacCready et al. (6). Moreover, the
minimum detectable reflectivity at 10.7
cm (and 10-km range) corresponds to
light-to-moderate clear-air turbulence
on the referenced scale. The implica-
tion is that the detection of a clear-air
stratum at high altitudes by radars such
as those at Wallops Island is a sign of
some degree of hazardous clear-air tur-
bulence. Unfortunately, we have yet to
obtain direct confirmation of this thesis
from high-flying aircraft.

We hasten to add that this does not
mean that radars such as ours provide
a practicable means of detecting clear-
air turbulence. Indeed, at best we have
detected the tropopause to a range of
only 30 km. Thus it would not be
economically feasible to cover the na-
tion’s airways with such powerful ra-
dars with 50- or 60-km spacing. How-
ever, we note that when microwaves are
scattered so well in the backward di-
rection the forward-scatter is many
times larger; indeed, it can be shown
(5) that the reflectivity for forward-
scatter (y,) is related to that for back-
scatter () approximately by

ur = ma/[sin*/* (6/2)] @

where § is the angle between the trans-
mitter and receiver beams oriented to
intersect at the scattering layer. For
regions at altitudes of the order of 10
km, with a spacing of 100 to 200 km
between transmitter and receiver, the
forward-scatter reflectivity would be
100 to 10,000 times as great as that in
the radar direction. Extensive calcula-
tions (7) demonstrate that forward-
scatter techniques would indeed pro-
vide the basis of a practicable clear
air—turbulence detection system.
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Mercury: Infrared Evidence
for Nonsynchronous Rotation

Abstract. An infrared observation of
the dark side of Mercury made by Pet-
tit and Nicholson in 1923 lzd them to
suggest that the planet rotates non-
synchronously. Their early measure-
ments, if taken at face value, would
imply a Dbrightness temperature of
about 180°K for the dark side. The
asymmetry of the infrared phase curve
is further interpreted as suggesting di-
rect rotation.

Radar observations at the Arecibo
Ionospheric Observatory by Pettengill
and Dyce (/) indicate that Mercury ro-
tates with a direct nonsynchronous pe-
riod of 59 = 5 days. Peale and Gold
(2) showed that this could have been
theoretically expected as a consequence
of solar tidal torque acting along an
eccentric orbit.

Pettit and Nicholson (3) reported
an observation of Mercury which they
correctly interpreted as indicating non-
synchronous rotation. The observation
was probably made on 21 June 1923,
with an infrared-sensitive (8-14 p)
thermocouple receiver at the focus of
the 100-inch (2.5 m) Mt. Wilson re-
flector. The phase angle i (the planeto-
centric angle between Earth and Sun)
and fractional illumination % of the
planet were about 110°W and 0.32,
respectively. The diameter of the plane-
tary image was 0.55 mm, while that
of the thermocouple receiver was 0.40
mm.

The authors had no absolute cali-
bration at the time, but measured only
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a deflection from the thermocouple.
The receiver was centered on the illumi-
nated crescent, giving a maximum free
deflection of 132.2 mm, the crescent in-
tersecting 50 percent of the receiver.
The receiver was moved close to the
convex limb of the crescent (position
A in Figure 1) and a deflection of 1.5
mm was obtained as a dark sky read-
ing. But when the receiver was brought
to the same distance from the termina-
tor, approaching from the darkened
side (position B), a deflection of 4.0 mm
was obtained.

However, if the rotation of Mercury
were synchronous, the thermal emis-
sion from the dark side would have
been near the detection threshold of
the thermocouple and should have
caused about the same deflection as the
dark sky reading at position 4. But
in fact the deflection for position B
was greater, and the investigators sug-
gested that “any radiation from the
dark side of Mercury is an indication
of a short rotation period. . ..”

Subsequently, Antoniadi (4) and oth-
ers, using extensive optical observa-
tions of Mercury, reestablished the old-
er view that the planet rotated in syn-
chronism with the sun, and the scien-
tific community was generally con-
vinced. Apparently no one thereafter
sought thermocouple data for the dark-
side of Mercury.

Pettit and Nicholson (5) later de-~
veloped a system of absolute calibra-
tion, from which it could be deter-
mined that the total energy (E) radiated
from Mercury and arriving outside
Earth’s atmosphere on 21 June 1923,
was E = 218 X 10— cal ecm—?
min—!, normalized for the planet at
mean distance from the sun and at
one astronomical unit from the earth.
This value was based on observations
with a larger thermocouple receiver
that covered the entire disk of Mer-
cury, but it can be used here to derive
an approximate value for the brightness
temperature of the dark side. First, re-
calling the 1.5-mm dark-sky reading,
we define an “effective deflection™

D= (d—15)/f

where d is the observed deflection in
millimeters and f is the fraction of
the thermocouple receiver actually used
to measure the region of interest. The
illuminated crescent, the dark portion,
and the entire disk of the planet may
be designated by subscripts 1, 2, and
3, respectively. We then have d; =
1322, dy = 4.0, f{ = 0.50, and
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Fig. 1. Positioning of infrared receiver
with respect to crescent of Mercury by
Pettit and Nicholson (3). Dark sky ob-
served at A4 and portion (shaded) of
unilluminated hemisphere at B.

(as may be shown, with k = 0.32
together with the relative areas of the
planetary and thermocouple disks) fo
=~ .75 (that is, the shaded portion of
region B in Fig. 1). Therefore D; =
261.4 and D, =~ 3.3. The effective
deflection corresponding to the entire
disk is

Dy=kD,+ (1 — k)D. =858

The surface brightness temperature T,
which corresponds to this deflection,
can be computed from the normalized
radiant energy E received from the en-
tire planet according to

E=c¢RTS*

where ¢ is the Stefan-Boltzmann con-
stant and R is the radius of Mercury
in astronomical units. With unit emis-
sivity, the result is T3 = 316°K.

Knowledge of the mean tempera-
ture corresponding to D, now allows
a determination of the dark side sur-
face temperature responsible for D,.
The effective deflection is proportional
to that part of the blackbody energy
which penetrates the earth’s atmo-
sphere, and thus depends upon the
temperature of the radiating surface ac-
cording to

D(T)::S[.‘jM

where B)\ (T) and E ) are, respectively,
the blackbody intensity due to a sur-
face at temperature T and the at-
mospheric transmissivity at wavelength
A. The constant § is characteristic of
the detecting apparatus; its response is
assumed to be uniform over the rele-
vant range of wavelengths. The integra-
tion need not be over all wavelengths
since B,\ (316°K) essentially vanishes
for » < 3p.

The major part of planetary thermal
radiation comes through the 8 to 14 o
window, and the E, curve used for
this range is that of Sinton and Strong

B\ (T) Exd\
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