Reports

Microwave Spectrometer on the Nimbus 5 Satellite:

Meteorological and Geophysical Data

Abstract. The Nimbus 5 microwave spectrometer has been used to measure
thermal radiation in five frequency bands between 22.235 and 58.8 gigahertz,
and has yielded both the temperature profile and, over ocean, the vapor and
liquid water content of the terrestrial atmosphere, even in overcast conditions.
Information has also been obtained on geophysical parameters that affect the
surface emissivity, such as ice type, sea roughness, and snow cover. The experi-
ment demonstrates the considerable potential of passive microwave sensing of
meteorological and geophysical parameters.

We report here preliminary results
form the Nimbus 5 (Nimbus E) micro-
wave spectrometer (NEMS), which is
making the first passive microwave mea-
surements of global atmospheric tem-
perature profiles as well as measure-
ments of atmospheric water content and
other geophysical parameters. One pur-
pose of the experiment is to evaluate
these techniques for operational mete-
orological use.

Earlier passive microwave instru-
ments on spacecraft have measured the
temperature of Venus (/) and the at-
‘mospheric water content and surface
parameters of the earth (2). A similar
experiment has been performed with
the NEMS instrument on an aircraft
(3), and the general techniques have
been reviewed elsewhere (4).

The Nimbus 5 experimental earth-
observatory satellite was launched on
11 December 1972 into a nearly circu-
lar sun-synchronous orbit at an inclina-
tion of 80° and an altitude of 592
nautical miles (1 nautical mile = 1852
m). Equator crossings occur near noon
and midnight.

The five-channel NEMS was fabri-
cated at the California Institute of
Technology Jet Propulsion Laboratory.
It views nadir with half-power beam
widths of 10°. Individual channels are
located on a weak water vapor reso-
nance, in a spectral window, and at three
positions on the edge of the oxygen ab-
sorption band (5-mm wavelength); the
respective  center frequencies are
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22.235, 31.4, 53.65, 54.9, and 58.8 Ghz.

Each channel is an independent
superheterodyne, load-switched radiom-
eter with pass bands from 10 to 110
Mhz on each side of its center fre-
quency. After synchronous detection,
the data from each channel are inte-
grated and then dumped at 2-second in-

tervals into a ten-bit analog-digital con--

verter. These digital words are then
interleaved with an equal amount of
instrument housekeeping data and
stored prior to transmission to ground
stations.

The ‘instrument is calibrated every
256 seconds by means of two blackbody
sources at temperatures near 215 K and
296 K. These calibration source tem-
peratures are monitored by thermistors
with a sensitivity of 0.05 K. The rela-
tive calibration of the instrument from
one day to the next is believed to be
better than 0.2 K, and the absolute ac-
curacy is believed to be approximately
2 K. On the ground the data are aver-
aged over time intervals of 16 seconds,
which yields a root-mean-square sensi-
tivity of 0.1 to 0.2 K.

The output of the NEMS is cali-
brated, as is customary for microwave
radiometers, in terms of antenna tem-
perature T,, which is proportional to
the power received by the antenna and
is equal to the temperature of an equiv-
alently radiating blackbody. Approxi-
mately 95 percent of the T, is contrib-
uted by that portion of the earth within
view of the main beam of the antenna;

small corrections are made for the
other 5 percent.

The major preliminary results of the
experiment are suggested in Fig. 1,
which presents the T, values observed
for orbits 163 and 210 in December
1972. The channels are numbered in
order of increasing frequency. Consid-
erable structure is evident in channels
1 and 2. These two channels clearly
mark the sea-land boundaries and the
regions of high humidity over ocean.
The sea-land boundary is prominent
because land has an emissivity of 0.7
to 1.0, whereas ocean has an emissivity
near 0.5 and yields a T, near 150 K.
Since atmospheric water is much
warmer than the background signal of
150 K, the water vapor resonance ap-
pears in emission over ocean. The res-
onance is obscured over land because
of the warmer background signal.
Liquid water in clouds and rain ex-
hibits nonresonant absorption approxi-
mately proportional to the square of
the frequency and also appears in emis-
sion over ocean. Over ocean these two
phases of water can be estimated sep-
arately because water vapor produces
a response two to three times greater
in channel 1, which is on the water
vapor resonance, than that in channel
2, whereas liquid water produces a
response two times greater in channel
2 than in channel 1 (3, 5).

In orbit 163 the intertropical con-
vergence zone (ITCZ) is evident near
the equator. In that orbit the liquid
water content of the atmosphere, which
is approximately proportional to the
deviation of channel 2 from the nom-
inal polar ocean values, is a maximum
in two ITCZ rain bands at the edges
of a humid region. In orbit 210 there
are two heavy cloud regions at mid-
latitudes. The small deflections of chan-
nels 1 and 2 which occur in orbit 163
near 40°N are apparently caused by
ocean foam and waves. Such sea-state
effects seldom increase the liquid water
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Fig. 1. Antenna temperatures (in kelvins) observed by the NEMS during portions

of

orbits 163 and 210 on 23 and 26 December 1972, respectively.

value by more than 0.03 g/cm?2, where-
as liquid water estimates range from
0 to 0.2 g/cm2

In both of these orbits the atmo-
spheric water vapor content, which is
approximately proportional to the
separation between channels 1 and 2,
has a maximum value near the equator
and exhibits features such as the sharp
gradient in orbit 163 near 35°N. The
inferred abundances of water vapor
typically range from 0O to 5 g/cm2,
and preliminary comparisons with near-
by radiosonde data yield errors typically
less than 0.4 g/cm?2,

Emissions from various types of snow
and ice are also evident in Fig. 1. Be-
cause the atmospheric transmissivity be-
low 35 Ghz is typically greater than
80 percent and because the atmo-
spheric temperature is approximately

equal to the surface brightness temper-
ature, it follows that atmospheric effects
are not generally apparent over land
or ice. Alaska is characterized by T,
values that are lower in channel 2 than
in channel 1. This spread diminishes at
the north coast of Alaska, where there
is a band of newer ice. The spread
then increases farther north where the
ice is older. The ice spectrum may re-
sult from scattering from ice inhomog-
eneities. As the ice ages, scattering
could be enhanced as the salt content
slowly concentrates and drains away,
thus increasing the number of voids
and the ice transmissivity. The very
low T, values, below 220 K, also imply
that ice scattering is important. Similar
effects have been noted by Wilheit et
al. (6) during observations from air-
craft.
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Fig. 2. Layer thicknesses determined from NEMS data during orbit 1133 on 5 March
1973 (day 64). The NMC grid data are from NMC 0" and 12" analyses interpolated
in time and space so as to correspond to the subsatellite point.
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In central Antarctica T', in channels
1 and 2 is even lower, and approaches
160 K in orbit 163. Orbit 210 skirted
this central region, and the T, is thus
higher. Although scattering from in-
homogeneities in the ice and snow pre-
sumably occurs here too, the spectral
dependence is the reverse of that noted
for sea ice. Central Greenland exhibits
similar behavior.

Channels 3, 4, and 5 respond pri-
‘marily to the atmospheric temperature
profile. The microwave emission spec-
trum is related to the temperature pro-
file because each emission frequency
originates from a specific atmospheric
layer approximately 10 km thick, as
was first noted by Meeks and Lilley (7).
Near the center of the 5-mm oxygen
absorption band the atmosphere is ex-
tremely opaque and the received radia-
tion originates from high altitudes,
whereas in the wings of the complex
the radiation originates low in the atmo-
sphere. The radiation measured in chan-
nels 3, 4, and 5 of the NEMS originates
in layers centered near 4, 11, and 18
km, respectively.

The general features of the global
pattern of atmospheric temperatures are
evident in Fig. 1. The channel 3 T,
values, corresponding. to the lower
troposphere, are cooler toward the
poles, whereas the stratospheric channel
5 is cooler near the equator, except for
the cold region evident near Alaska.

One important unexpected result of
the experiment is the observed lack of
significant discontinuities in T, for
channels 3 through 5 attributable to
atmospheric temperature or to clouds.
Over the latitude range from 10°N to
15°S the peak-to-peak variation for
channel 3 is typically 1 to 2 K, and the
largest variations are associated with
the ITCZ. In the ITCZ high dense
clouds decrease the brightness tempera-
ture by O to 4 K, in most cases by 0 to
1.5 K. These ITCZ-induced variations
generally extend over 3° to 5° of lati-
tude and are sometimes spatially unre-
solved. Two such variations are barely
observable in orbit 163 over each of
the ITCZ bands evident in channels 1
and 2. Excluding the ITCZ, the peak-
to-peak variations in the channel 3 T,
values over this region are generally
less than 1 K; this result implies that
temperature gradients can be deter-
mined with considerable accuracy. This
demonstration of the relative insensi-
tivity of the instrument to clouds is one
of the principal results of the NEMS
experiment.

Another source of channel 3 varia-
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tions is land of high elevation, such as
exists in Antarctica, Greenland, and the
Himalayas, where the landmass occu-
pies the same altitude region as the
channel 3 weighting function. Such
variations, which can reach 10 to 20 K,
are evident over Antarctica in Fig. 1.
Only a few high mountainous regions
cause variations greater than 2 K, and
the effect either can be compensated
for or can be ignored in these restricted
areas. Channels 4 and 5 respond ex-
clusively to the atmospheric tempera-
ture profile and are unaffected by
clouds or the terrestrial surface.

The microwave data are compared
with conventional meteorological data
in Fig. 2, which presents preliminary
estimates of thicknesses for three atmo-
spheric layers for 5 March 1973. The
1000- to 500-mb layer is the layer of
air ranging from a pressure of 1000
mb to a pressure of 500 mb. Its thick-
ness is proportional to its average tem-
perature; an increase of 1 K corre-
sponds to an increase of ~20 m. The
pressures 1000, 500, 250, and 50 mb
roughly correspond to altitudes of O,
5, 10, and 20 km, respectively. Tem-
perature changes of 1 K correspond
to layer thickness changes of ~20 and
~47 m for the 500- to 250-mb and
250- to 50-mb layers, respectively.

We estimated the layer thicknesses by
computing for each layer an appropri-
ate linear function of T, for channels
3, 4, and 5, where the coefficients min-
imize the root-mean-square error ex-
pected for that season and region (3).
For this purpose the globe was divided
into three ocean and four land regions,
the boundaries of which are indicated
in Fig. 2 by small triangles. The small
discontinuities in inferred layer thick-
ness at these boundaries are thus arti-
facts. The depression of 80 m (~4 K)
in the NEMS-inferred 1000- to 500-mb
thickness which occurs near New Or-
leans results from a major storm with
high dense clouds. Such variation is
rare outside the ITCZ.

Also shown in Fig. 2 is the 1000- to
500-mb layer thickness derived from
the National Meteorological Center
(NMC) analyses. For most of the
orbit the difference between the NMC
and NEMS data is approximately 20 m
or 1 K. This agreement between NMC
and NEMS data suggests that micro-
wave measurements could be a very
useful source of meteorological data.

Inaccuracies in the layer thickness
estimates above 500 mb are, at this
time, caused principally by errors in
instrument calibration and in the ex-

28 DECEMBER 1973

pressions for atmospheric transmission.
Preliminary analysis of these errors
suggests that increasing the pressure de-
pendence of the 58.8-Ghz absorption
coefficient significantly improves the
layer thickness estimates.

Preliminary estimates of temperature
profile accuracy have also been eval-
uated. Temperature profiles are esti-
mated by computing, for each altitude
of interest, an appropriate linear func-
tion of T, for channels 3, 4, and 5,
using the statistical procedure described
earlier and an a priori global ensemble
of atmospheres. Temperature profiles
determined from the NEMS differ from
those interpolated from selected re-
gions of the NMC 0" and 12! Northern
Hemisphere analyses by 1.5 to 4 K
(root mean square) over the altitude
range from 1 to 20 km. The largest
discrepancies occur near the tropopause
and at the surface where large tempera-
ture gradients are more common. These
preliminary results appear to be con-
sistent with the 0.8- to 3-K (root mean
square) errors predicted for a noiseless
1adiometer and perfect NMC analyses.

The NEMS experiment has thus
demonstrated the ability of microwave
spectrometers to yield estimates of
atmospheric temperature profiles in the
presence of most cloud types and, over
ocean, the abundances of atmospheric
water vapor and liquid water. Addi-
tional information about ice and snow
cover, soil moisture, and sea state is
also contained in the data. It is ex-
pected that future microwave tempera-
ture-sounding systems with more fre-

quency channels and spatial scanning
will be capable of complete global cov-
erage over the altitude range from 0 to
80 km.
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Micrometeorite Craters Discovered on Chondrule-Like

Objects from Kapoeta Meteorite

Abstract. Craters attributable to hypervelocity impacts of micrometeorites have
been discovered on rare chondrule-like objects from the gas-rich meteorite Ka-
poeta. These chondrule-like objects, probably generated by impacts themselves,
provide further evidence for the regolith origin of Kapoeta. The micrometeorite
flux at the time of formation of the meteorites was probably an order of magni-
tude higher than the present flux, but the solar luminosity could not have been

higher than 1.7 times its present value.

The Kapoeta meteorite is a typical
gas-rich meteorite which contains high
concentrations of helium, neon, and
argon. The rare gas excess is generally
believed to be the result of solar wind
implantation because it is confined to
the outer ~ 10—5 cm of mineral grains
(1) and has relative abundance ratios
similar to those observed in the sun.

Roughly 10 percent of the grains in

Kapoeta are “track-rich” grains (2, 3)
attributable to strong irradiation by low-
energy (~ 1 Mev per nucleon) iron-
group nuclei from solar flares. The
density and radial gradient of tracks in
the track-rich grains indicate that these
grains were exposed to solar flare par-
ticles for times on the order of 10%
years (2, 3), with negligible shielding
(<10—?* g cm—2). The nonuniformity
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