
erage burial depth than that of any of the 
samples measured by these authors. Us- 
ing a ratio of 1.6 should provide a con- 
servative value for the cosmic ray-in- 
duced 129Xe component. The nucleon 
lifetime limit thus obtained is 1.6 x 1025 
years (19). This is probably an under- 
estimate since it is possible that all of the 
observed excess 129Xe is produced by 
cosmic rays. The observed ratio of 2.5 
seems, if anything, unexpectedly low. 

The nucleon lifetime limit obtained in 
this work represents an improvement by 
about two orders of magnitude over the 
previous (9) rigorous limit on nucleon 
stability. Some further improvement 
could probably be obtained if a sample 
with greater average burial depth were 
available. Uncertainties in background 
effects, however, would probably pre- 
vent any very large improvement. 

Alternative approaches to this prob- 
lem have been described (20, 21) in 
which very large samples with favorable 
radiochemical properties are used to 
search with high sensitivity for a small 
number of nucleon decay-produced ra- 
dioactive atoms. Such methods are ca- 
pable of measuring nucleon lifetimes 
greater than 1028 years. In addition, 
background effects (other than those due 
to neutrino interactions) could be con- 
trolled through burial depth, local shield- 
ing, and sample prepurification. 
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tial for operational synoptic monitoring. 

The use of passive microwave tech- 
niques to monitor geophysical phenome- 
na began with radio astronomical obser- 
vations of the solar system and the ter- 
restrial atmosphere and surface (1, 2). 
The general principles of passive micro- 
wave sensing have been reviewed by 
Staelin (3). 

The first spacecraft instrument to com- 
bine microwave spectrometry with imag- 
ing is the scanning microwave spectrom- 
eter (SCAMS). It was launched on 12 
June 1975 together with companion sen- 
sors operating at visible, infrared, and 
a single microwave frequency. Most of 
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these experimental sensors, including 
SCAMS, were designed as precursors to 
systems for the operational monitoring 
of the earth. 

One of the primary objectives of the 
SCAMS experiment was to carry out 
global observations at 12-hour intervals 
of three geophysical parameters: atmo- 
spheric temperature profiles between al- 
titudes of 0 and 20 km, the distributions 
of precipitable atmospheric water vapor 
and liquid water over ocean, and the 
microwave spectral emission of land, 
snow, and ice. A second goal was to de- 
termine the accuracy with which such 
parameters can be measured. The third 
aim consisted of a scientific and engi- 
neering evaluation of SCAMS and of 
similar microwave-sensing systems as 
one element in a global system for data 
collection. 

The SCAMS system was fabricated at 
the Jet Propulsion Laboratory of the 
California Institute of Technology. It is 

Fig. 1. Brightness temperature images for 
three orbits: (a and b) orbit 431, 14 July 1975; 
(c and d) orbit 2375, 6 December 1975; and (e) 
orbit 2449, 11 December 1975. In each image 
darker elements correspond to relatively high- 
er brightness temperatures at 31.65 Ghz. Eu- 
rope and Africa are seen in the top half of 
each image and Antarctica is in the center; 
however, in (e) the pass descended westward 
over Africa so as to include more of Asia than 
in (a) through (d). The images are compressed 
at the sides because the 13 view angles are 
equally spaced horizontally. Areas: 1, North 
Atlantic; 2, Mediterranean; 3, Pacific; 4, Eu- 
rope; 5, Africa; 6, Antarctica; 7, Greenland; 
8, newer sea ice; 9, older sea ice; 10, Siberian 
snow; and 11, North America. 
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Microwave Spectroscopic Imagery of the Earth 

Abstract. The microwave spectrometer on the Nimbus 6 satellite has produced the 
first microwave spectral images of the earth. It has yielded global maps of(i) atmo- 
spheric temperature profiles, (ii) the distributions of water vapor and liquid water 
over ocean, and (iii) the coverage and type of ice and snow. The method has poten- 
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Fig. 2. Retrievals of atmo- H20 over ocean Layer temperature 
spheric parameters for two 

Liquid Liquid 1000-500 500-250 250-100 
orbits: (a and b) orbit 1050, Vapor apor mbar mbar mbar 
29 August 1975, and (c 
through g) orbit 1044, 29 

pears as dark streaks over 
the oceans; over land or 
ice the images have no sig- 
nificance. In (a) and (b) 
are seen part of the Pacific 
Ocean around Australia in 
the top half, and the At- 
lantic Ocean with the tip 
of Brazil protruding in the 
lower half. Images (c) 
through (g) show Asia, 
Africa, and part of the 
Indian Ocean in the top 
half and the mid-Pacific 
in the lower half. Antarc- 
tica is in the center of 
each image. Each of the 
bands in (e) through (g) has a b c d e f 
a width of 2 K; the numbers 
at the margins are the temperatures (in kelvins) at the lower boundary of the adjacent band. 
Areas: 1, cyclone; 2, Newfoundland; 3, Brazil, 4, intertropical convergence zone; 5, Antarctica; 
6, Australia; 7, Saudi Arabia; 8, Kamchatka, U.S.S.R.; 9, frontal system; 10, land of high eleva- 
tion; and 11, effects of clouds. 

a microwave spectrometer having five 
independent superheterodyne radiome- 
ters centered on frequencies of 22.235, 
31.65, 52.85, 53.85, and 55.45 Ghz (chan- 
nels I through 5). This spectrometer is es- 
sentially an improved, scanning version 
of the Nimbus 5 microwave spectrometer 
(NEMS) (2). The polarization is linear 
for channels 1 through 4, with the elec- 
tric vector parallel to the satellite veloci- 
ty vector when SCAMS views nadir; it 
rotates an amount equal to the antenna 
scan angle. Channel 5 views the orthogo- 
nal linear polarization. The images that 
SCAMS produces cover a swath - 2500 
km wide, which comprises 13 samples 
observed at equally spaced view angles; 
the resolution, which depends on the 
view angle, is - 150 to 300 km. A de- 
tailed description of the instrument is giv- 
en in (4). The instrument functioned well 
after launch on 12 June 1975 and almost 
continuously from 2 July 1975 to 31 May 
May 1976, when the scan mechanism 
jammed. 

The primary surface parameters deter- 
mining microwave emission are surface 
temperature and surface emissivity, the 
product of which is the brightness tem- 
perature of the surface, TB. The atmo- 
spheric opacity in polar regions normally 
contributes only a couple of degrees to 
the observed TB values of channels 1 and 
2 and can essentially be neglected in the 
analyses of surfaces. Five different sur- 
face regimes are evident in polar regions 
(5). These are (i) open ocean, (ii) snow- 
free land, (iii) sea ice, (iv) seasonal snow 
cover, and (v) permanent ice and snow 
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over land, as in Antarctica and Green- 
land. Images of these regions obtained 
from SCAMS are shown in Fig. 1, where 
one July and two December orbits are 
presented. Each orbital image represents 
a pass from the North Pole to the South 
Pole and back. 

Open ocean, the easiest regime to 
identify, is characterized by a very low 
31.65-Ghz TB, - 140 K, evident in Fig. 
1, a and c, as light-colored regions. In 
both these images snow-free land, as in 
Africa and Europe, is nearly black, cor- 
responding to a high TB, near 280 K. 

Sea ice is characterized by relatively 
high TB values; such ice around Antarcti- 
ca appears as a black band in Fig. 1, a 
and c. Sea ice also exhibits a range of 
differential TB values, defined here as 
TB(31.65 Ghz) - TB(22.235 Ghz) and 
presented in Fig. 1, b, d, and e. Older 
sea ice tends to appear cooler (lighter 
in Fig. 1) at 31.65 Ghz than at 22.235 
Ghz; for example, the north polar ice 
cap, which appears dark in Fig. 1, a and 
c (areas 8 and 9), is differentiated into 
light and dark regions in Fig. 1, b, d, 
and e. The newer north polar ice (area 
8) is particularly evident in Fig. le as 
the dark band running between the older 
ice pack to the north and the snow- 
covered land to the south. Such an ef- 
fect of ice age on microwave emission 
has been observed by others (6). 

Seasonal snow over land is most evi- 
dent in Fig. le as the whiter zones of 
northern Siberia and as bands in eastern 
Europe and middle Asia, for example, 
north of the Black Sea. Since observa- 

tions at a single frequency, such as 
31.65 Ghz, are ambiguous with respect 
to snow cover, these two-frequency dif- 
ferential TB maps may provide a unique 
way to remotely map snow cover and 
perhaps snow depth. A comparison of 
the results of theoretical (7) and experi- 
mental (5) studies suggests that this snow 
signature arises from the internal scat- 
tering of microwave radiation by in- 
homogeneities in the snow, the shorter 
wavelength scattering more than the 
longer wavelength. Unless the snow is 
deeper than the nominal penetration 
depth of microwaves, the soil beneath 
the snow will also contribute to the emit- 
ted signal, thus diminishing the snow sig- 
nature. This penetration depth appears 
to be on the order of 1 m for snow in the 
antarctic highlands, as deduced from 
NEMS data (5). 

Permanent snow and ice over land is 
most evident in Greenland and Antarcti- 
ca. The signature is characterized (Fig. 
1, a and c) by very low 31.65-Ghz TB val- 
ues, near 140 to 160 K, below those for 
most other snow or ice. The differential 
TB values (Fig. 1, b and d) vary roughly 
from +10 to -20 K, with the shorter 
wavelength TB generally being warmer 
when the snow surface is warmer than 
the subsurface. The most surprising re- 
sult from SCAMS was the discovery of 
large geographic zones with unique spec- 
tral signatures. Antarctica (Fig. lb) par- 
ticularly illustrates this phenomenon. 
These microwave spectral features ap- 
pear to change in amplitude more than in 
shape, and to change predominantly on a 
seasonal basis. For example, the winter- 
time antarctic fine structure (Fig. lb) 
largely disappeared in summer (Fig. ld). 
Such slow seasonal variations are con- 
sistent with the idea that spectral fea- 
tures arise predominantly from levels 
within a few feet of the surface. Thus 
such microwave spectral observations 
appear to provide a unique new tool for 
studying the climatology of snow struc- 
ture in these nearly inaccessible regions. 

The TB of snow-free land is generally 
dominated by a combination of clima- 
tological variations in surface temper- 
ature and localized variations in the soil 
moisture content (8). Neither of these ef- 
fects is clearly evident in Fig. 1, although 
they are in the numerical data. Figure 1, 
b, d, and e, however, does show inter- 
esting variations in the differential TB 
values over Africa. The origin of these 
spectral features has not been complete- 
ly determined. 

The 22.235- and 31.65-Ghz channels 
respond over ocean primarily to atmo- 
spheric water vapor and clouds. At these 
frequencies, both water vapor and liquid 
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water appear in emission over ocean, 
which has an emissivity near 0.5. The 
22.235-Ghz channel is approximately 2.5 
times more sensitive to water vapor than 
the 31.65-Ghz channel, whereas it is only 
half as sensitive to liquid water. Thus, if 
observations are made at these two fre- 
quencies, it is possible to infer total wa- 
ter vapor and liquid water abundances 
separately (9). The root-mean-square 
(r.m.s.) theoretical accuracies (9) are 
- 0.2 g per square centimeter of water 

vapor, compared to experimental r.m.s. 
discrepancies with radiosonde records of 
- 0.4 g cm-2; the total range of water va- 

por measurable is - 0 to 6 g cm-2. The 
estimates of liquid water have theoretical 
r.m.s. errors of - 0.01 g cm-2 (9), which 
is a small fraction of the maximum val- 
ues inferred, 0.25 g cm-2. These peak ob- 
served values are lower than those that 
can occur within single convection cells 
because the nominal 150-km resolution 
of SCAMS averages such wet cells with 
their drier surroundings. We know of no 
conventional measurements of liquid wa- 
ter for easy comparison on this size scale. 

Figure 2, a through d, presents esti- 
mates of water vapor and liquid water 
over ocean. Over land or ice these im- 
ages have no specific significance. The 
humidity patterns illustrated here differ 
significantly from those now obtained by 
other remote-sensing techniques such as 
infrared spectroscopy, because these mi- 
crowave soundings respond strongly to 
the humidity present in the layer be- 
tween 0 and 2 km. This bottom layer is 
otherwise very difficult to sound accu- 
rately, although it contains most of the 
water vapor. The most significant fea- 
tures in these humidity distributions are 
the cyclonic storm south of New- 
foundland, near the bottom of Fig. 2a, 
and the striations in the equatorial hu- 
midity distribution shown near the bot- 
tom of Fig. 2c. In some cases the stria- 
tions appear to be indicative of vertical 
atmospheric motions. The intertropical 
convergence zone (ITCZ) is evident in 
Fig. 2, b and d, near the equator. Other 
long thin bands of large liquid water con- 
centrations, which are predominantly 
precipitation, are also evident in Fig. 2. 

Representative climatological aver- 
ages of these water vapor and liquid wa- 
ter estimates appear on the cover. Both 
images represent averages of data ob- 
tained between 15 August and 29 August 
1975; the upper image portrays the water 
vapor distribution over ocean, and the 
lower image maps liquid water. The li- 
quid water images are spuriously in- 
creased near Antarctica, an effect prob- 
ably due to very rough seas and an insuf- 
ficient number of microwave channels. 
2 SEPTEMBER 1977 

The oxygen absorption band at a 
wavelength from 4 to 6 mm results in at- 
mospheric attentuation ranging from - 0 
to 200 db. Therefore, the upwelling mi- 
crowave thermal emission can originate 
from altitudes anywhere between the ter- 
restrial surface and the mesosphere, de- 
pending on the wavelength. Channels 3, 
4, and 5 of SCAMS measure the average 
temperatures of layers - 10 km thick 
centered near altitudes of 2, 6, and 13 
km, respectively. The original sugges- 
tion to use the microwave oxygen spec- 
trum this way was made by Meeks and 
Lilley (10), and results from the NEMS 
experiment (11) confirmed the practical- 
ity of this idea. 

The retrieved atmospheric temper- 
ature profile is presented here as the av- 
erage temperature, weighted by the loga- 
rithm of pressure, over three atmospher- 
ic layers, that is, those lying in the 
intervals between 1000 and 500 mbar, 
500 and 250 mbar, and 250 and 100 mbar. 
Contour maps of these variables are 
shown in Fig. 2, e through g, correspond- 
ing to Fig. 2, c and d. The most signifi- 
cant features in these maps are the 
strong thermal wave over Asia and a 
smaller wave below Antarctica. The at- 
mospheric circulation pattern suggested 
by the spiral features of water vapor 
(Fig. 2c) is also evident in the contours 
between 250 and 100 mbar (Fig. 2g). The 
effects of land of high elevation are not 
compensated in these images; hence the 
antarctic highlands, which penetrate the 
atmospheric layers being sounded, in- 
troduce considerable error in the levels 
from 1000 to 500 mbar and from 500 to 
250 mbar, as shown. The effects of pre- 
cipitation on these temperature retriev- 
als are just barely evident in Fig. 2e over 
the ITCZ, where there is a slight spatial 
perturbation in the retrieved temperature 
map. We have largely eliminated the ef- 
fects of land-sea boundaries by utilizing 
the 22.235- and 31.65-Ghz data, and 
more sophisticated data-reduction al- 
gorithms could offer still further im- 
provement. The predicted r.m.s. errors 
for these layer average temperatures are 
approximately 1.8 K, and comparisons 
with National Meteorological Center Oh 
and 12h analyses, interpolated in time 
and space to SCAMS coordinates, have 
yielded essentially identical results, that 
is, r.m.s. errors of 1.7 K. This analysis 
was based on 2000 soundings over the 
entire Northern Hemisphere for sites 
with surface elevations below 1 km. 

The geophysical maps (Figs. 1 and 2) 
demonstrate some of the unique capabili- 
ties of passive microwave imaging spec- 
trometers in planetary orbits. The most 
important capabilities demonstrated by 

SCAMS are the following: (i) the in- 
sensitivity of the microwave soundings 
to most clouds; (ii) the fact that the in- 
strument can be used to penetrate and 
map subsurface structural and thermal 
parameters for media such as dry ice and 
snow which are semitransparent at these 
wavelengths; and (iii) the fact that the in- 
strument can be used to map atmospher- 
ic temperature profiles and distributions 
of atmospheric constituents having mi- 
crowave spectral signatures, such as wa- 
ter vapor and liquid water. Improve- 
ments in instrument sensitivity, fre- 
quency coverage, and spatial resolution 
are under way, and the results reported 
here are merely suggestive of the poten- 
tial usefulness of imaging microwave 
spectrometers. 
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