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In its December 1990 fly-by of Earth, the Galileo spacecraft found evidence of abundant gaseous
oxygen, a widely distributed surface pigment with a sharp absorption edge in the red part of
the visible spectrum, and atmospheric methane in extreme thermodynamic disequilibrium;
together, these are strongly suggestive of life on Earth. Moreover, the presence of narrow-
band, pulsed, amplitude-modulated radio transmission seems uniquely attributable to intellig-
ence. These observations constitute a control experiment for the search for extraterrestrial life

by modern interplanetary spacecraft.

AT ranges varying from ~100 km to ~100,000 km, spacecraft
have now flown by more than 60 planets, satellites, comets and
asteroids. They have been equipped variously with imaging sys-
tems, photometric and spectrometric instruments extending from
ultraviolet to kilometre wavelengths, magnetometers and charg-
ed-particle detectors. In none of these encounters has compelling,
or even strongly suggestive, evidence for extraterrestrial life been
found. For the Moon, Venus and Mars, orbiter and lander obser-
vations confirm the conclusion from fly-by spacecraft. Still, extrat-
errestrial life, if it exists, might be quite unlike the forms of life
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with which we are familiar, or present only marginally. The most
elementary test of these techriiques—the detection of life on Earth
by such an instrumented fly-by spacecraft—had, until recently,
never been attempted.

Galileo is a single-launch Jupiter orbiter and entry probe cur-
rently in interplanetary space and scheduled to arrive in the Jupiter
system in December 1995. It could not be sent directly to Jupiter;
instead, the mission incorporated two close gravitational assists
at the Earth and one at Venus. This greatly lengthened the transit
time, but it also permitted close observations of the Earth. The
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Galileo instruments were not designed for an Earth encounter
mission, so an appropriate control experiment has fortuitously
been arranged : a search for life on Earth with a typical modern
planetary probe.

Closest approach to Earth in the 8 December 1990 encounter
was 960 km over the Caribbean Sea. The Earth was approached
from its night side, so all data in reflected light were acquired post-
encounter. Evidence relevant to the search for life was obtained
with the near-infrared mapping spectrometer (NIMS), the ultra-
violet spectrometer (UVS), the solid-state imaging system (SSI),
and the plasma wave spectrometer (PWS). These instruments are
described in refs 1-4, respectively. Because of the high encounter
velocity, most NIMS and SSI data were obtained 2 hours to 3.5
days after closest approach.

In what follows, we do not assume properties of life otherwise
known on Earth, but instead attempt to derive our conclusions
from Galileo data and first principles alone. We compare these
conclusions with ground-based and low-altitude measurements
that we describe, collectively, as the ‘ground-truth Earth’. A neces-
sary but not sufficient condition for the presence of life is a marked
departure from thermodynamic equilibrium®®. Once candidate
disequilibria are identified, alternative explanations must be elimi-
nated. Life is the hypothesis of last resort. As an analogy, moun-
tains are in mechanical disequilibrium, given the Earth’s erosional
environment, but orogenic processes build mountains faster than
wind, water and plate tectonics destroy them. Ozone is in substan-
tial thermodynamic disequilibrium in the Earth’s atmosphere, but
this is driven by solar ultraviolet (UV) photochemistry. Bursts of
high-brightness-temperature kilometre-wave radiation occur in
the Earth’s auroral zones, but are pumped by the interaction of
the solar wind with the Earth’s magnetosphere. No biological
explanations of these disequilibrium phenomena need to be
sought. As we will show, however, Galileo found such profound
departures from equilibrium that the presence of life seems the
most probable cause.

Chemistry

NIMS spectral and radiometric measurements indicate the pres-
ence of water in several forms. Spectra of Antarctica® show dis-
tinctive features due to condensed water, which are broadened
and shifted to longer wavelengths compared to gas-phase
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FIG. 1 a, Galileo long-wavelength-visible and near-infrared spectra of
the Earth over a relatively cloud-free region of the Pacific Ocean, north
of Borneo. The incidence and emission angles are 77° and 57° respec-
tively. The (b'y;—X°y,) 0-0 band of O, at 0.76 um is evident, along
with @ number of H,0 features. Using several cloud-free regions of
varying airmass, we estimate an O, vertical column density of 1.5 km-
amagat + 25%. b and c, Infrared spectra of the Earth in the 2.4-5.2 um
region. The strong v; CO, band is seen at the 4.3 um, and water vapour
bands are found, but not indicated, in the 3.0 pm region. The v; band
of nitrous oxide, N,O, is apparent at the edge of the CO, band near
4.5 pm, and N,O combination bands are also seen near 4.0 um. The
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features. The radiometric temperatures (~—30 “C) indicate ice,
and analysis of the spectra’® give snow grain sizes of 50-200 pm.
This ice and snow cover occurs on continental scale around the
South Pole.

At higher latitudes are extensive areas with higher, nearly
uniform temperatures just at, or slightly above, the melting point
of water. In particular, the radiometric temperatures measured
at 5 um, uncorrected for atmospheric absorption, are ~—3 °C
at high southern latitudes, increasing to 8-18 °C at midlatitudes.
The average 1 um albedo of these extensive areas is ~4%, much
smaller than the albedos of snow, clouds and rocky surfaces,
but consistent with the low diffuse reflectance of dielectric liquid
surfaces, including water. In many of the NIMS images, greatly
enhanced specular reflection is observed'’-—implying the exist-
ence of large areas that are macroscopically smooth and homo-
genous (that is, not granular) and most easily explained by the
presence of liquid surfaces of oceanic dimensions. Evidence of
gas-phase H,O is found over the entire planet. Representative
NIMS infrared spectra in the 0.7-1.0 um range, and in the 2.4-
5.2 um range, are shown in Fig. 1. They were obtained over a
fairly clear area in the eastern Pacific, north of Borneo.
Analysis'® of the vibration-rotation bands of water vapour gives
typical abundances of ~1,000 parts per million (p.p.m.) or
~0.6 g cm . The observed high humidities, found over most of
the planet, along with the preceding discussion, imply that the
oceans are composed of liquid water.

Spectral data aside, from the albedo and heliocentric distance
&f the Earth alone it follows that the equilibrium temperature
of the planet is only 20 °C or so below the freezing point of
water—so that even a modest greenhouse effect would bring
temperatures high enough that water, a cosmically abundant
molecule, could exist in all three of its phases. Abundant surface
liquid water is seen nowhere else in the contemporary Solar
System. The dielectric constant, solvation properties, heat capac-
ity, and temperature range of the liquid state are among the
norln?arochial reasons that water seems an ideal medium for
life'".

Figure 1 is notable for the presence of the A band of molecular
oxygen at 0.76 um. This transition is spin-forbidden, and the
strength of the feature indicates ~200 g cm™> of O, (Table 1).
So large an abundance of O, is also unique among all the worlds
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methane (0010) vibrational transition is evident at 3.31 um. A crude
estimate™® of the CH, and N,0O column abundances is, for both species,
of the order of 1 cm-amagate (=1 cm path at STP).
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TABLE 1 Constituents of the Earth’'s atmosphere (volume mixing

ratios)
Standard Thermodynamic
abundance Galileo equilibrium value
Molecule (ground-truth Earth) value®* Estimate 1tEstimate 23

N2 0.78 0.78
0, 0.21 0.19+0.05 0.21%
H.0 0.03-0.001 0.01-0.001 0.03-0.001
Ar 9x10° 9x10°
CO, 35x107" 35x10°°
CH, 16x10" 5 <107 qor'ss
N2O 3x107 ~10°° 2x10 2x10'°
04 10" '-10°*® ~10 6x107% 3x107%

* Galileo values for O,, CHs and N.O from NIMS data; O, estimate
from UVS data.

+ From ref, 16 (P, 1 bar; T, 280 K).

+ From ref. 17 (P, 1 bar; T, 298 K).

¥ The observed value; it is in thermodynamic equilibrium only if the
under-oxidized state of the Earth's crust is neglected.

in the Solar System. Oxygen can be generated by the UV photo-
dissociation of water and the subsequent Jeans escape of H to
space. But can the accumulation of so much O, over geological
time be understood?

Certainly, Venus and Mars—where atmospheric water vapour
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1s being UV photodissociated d1\.|‘rL|\ very low O; abundances,
<1 and ~10"" p.p.m., respectively'*", despite large quantities
of water lost through plmlodmmu.uion and atmospheric escape
of H. But a real understanding of the Earth’s steady-state O,
abundance requires at the least knowledge of the oxidation state
of the surface, surface erosion rates, and temperatures at the
tropopause, the mesopause and the exobase. Galileo did not
provide this data set. Even if it had, we could not be confident
that present circumstances are typical of Earth history. An upper
bound on the UV generation rate u! 0O; is set by the photon-
limited water photolysis rate, ~10*em s ™' on the ground-
truth Earth'*—which yields the present O. abundance in
<10° yr. If instead we use the ground-truth present H escape
flux'* (which is H.O diffusion-limited) and assume that all the H
atoms are H,O-derived, the present O, abundance would require
several times the age of the Earth to accumulate. If there is
substantial oxidation of the crust, these timescales will be longer.
But the lack of impact craters in Galileo imagery, and pervasive
wind and water on Earth suggest continuing exposure of fresh,
oxidizable regolith. Accordingly, oxidation of the Earth’s crust
should be more extensive than on Venus and Mars, and yet these
planets have much less atmospheric O.. Galileo's observations
of O, thus at least raise our suspicions about the presence of
life. If detailed modelling showed solar UV to be insufficient, a
process seems needed whereby the much more abundant, but
much less energetic visible light photons are used in series for

FIG. 2 Three colour-composite versions of a Galileo view of Earth
centred over 72° W, 34" S. The SSI bands are identified by the following
mnemonics and mean wavelengths in micrometres: VIO (0.407), GRN
(0.558), RED (0.670), 0.73 {0.734/N}, 0.76 (0.760/N), 0.89 (0.887/N),
1.0 (0.984). N indicates a narrow-band filter (the others are broad-
band), and effective wavelengths and radiometric calibration for data
presented here are for the SSI camera with the clear lens cap on, which
was the case for the encounters described here. Of these seven bands,
six (all except 0.89) were used for global imaging of the Earth at 20-
30 km resolution, (Galileo also imaged Australia and Antarctica at
higher resolution (~ one to a few km per pixel), but these imaging
sequences did not use bands beyond 0.73 um). a, Approximately natu-
ral-colour view constructed from (RED, GRN, VIO) filters; b, colour-com-
posite produced from mapping the (1.0 pm, RED, GRN) bands to red,
green and blue; ¢, colour-composite produced from closely spaced
(0.76 pm, 0.73 pm, RED) bands, which uniquely separate rock and soil
(grey tones) from areas that have unusual, very steep spectral slopes
near 0.7 pum, possibly indicative of photosynthetic pigments in auto-
trophic terrestrial life. Areas whose spectra are shown in Fig. 3 are
marked with A, B, C on this composite.

717



ARTICLES

H,O photodissociation (at least two visible photons would be
needed per photodissociation event). Apparently, only biological
systems can accomplish this.

In Fig. 1o and ¢, the presence of carbon dioxide, methane,
nitrous oxide and ozone are indicated. All are greenhouse gasses;
together with water vapour, they mainly account for the discrep-
ancy between the equilibrium and measured radiometric tem-
peratures of the Earth’s surface.

From straightforward photochemical theory it follows'® that
one consequence of the high oxygen abundance is a stratospheric
ozone layer opaque in the middle UV. Even a quick look at the
Galileo UVS raw data shows the strong Hartley bands of O; at
wavelengths greater than 0.21 pm in the spectrum of the Earth
but not of Venus. (O; absorption is also found in NIMS infrared
spectra.) The presence of disequilibrium O; is not in itself a sign
of life, because UV photochemistry is a disequilibrium process,
but the photochemical abundance of O is related approximately
logarithmically to the O, abundance, so the observed quantity
of O; does imply a substantial abundance of O,. Therefore a
train of argument may exist'’ from abundant O; to abundant
O, to life. The Hartley bands provide substantial optical depth
at wavelengths less than ~0.3 pm, suggesting that in addition to
the oceans (where life could be protected at depth from UV
radiation), life on the land is also possible provided structural
molecular bond strengths exceed ~50kcalmol™'. In this
category fall a large number of organic functional groups,
including C-C (70-130 kcal mol™'), C-H (80-110), C-O (~90)
and C-N (80-100). Corresponding multiple bonds are even
stronger. Of course this is not, by itself, an argument for organic
biochemistry on Earth.

The agreement of ground-truth atmospheric abundances with
those determined by Galileo is reasonably good (Table 1). Also
shown in Table 1 are two independent estimates'®'’, made 25
years apart, of the thermodynamic equilibrium abundances
expected of minor constituents in the observed excess of O,.
Such calculations are characteristically performed by minimizing
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FIG. 3 Representative spectra from three areas on the land surface
(see Fig. 2¢). A gently sloping spectrum (circles, Area A) is consistent
with any of several types of rock or soil. An intermediate spectrum
(squares, Area B) shows some evidence of an absorption band near
0.67 um (RED). Substantial areas on the surface have an unusual spec-
trum (diamonds, Area C) with a strong absorption in the RED band and
a steep band edge just beyond 0.7 um. This spectrum is inconsistent
with all likely rock and soil types, and is plausibly associated with photo-
synthetic pigments (see text).
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the free energy of the system while simultaneously satisfying
the equilibrium constants of all known reactions of all known
reactants. This approach is less vulnerable to unknown reaction
pathways or erroneous rate constants than is absolute reaction
rate kinetics. But it is an idealization at best, because thermo-
dynamic equilibrium may not be achieved in the age of the Solar
System, and because there are prominent nonequilibrium pro-
cesses including photochemistry and biology. Ozone is present
at more than 20 orders of magnitude above its thermodynamic
expectation value, but, as noted above, this disequilibrium is
not considered evidence for life because a UV photochemical
pathway from O, to this O; abundance is well known.

The circumstance of methane is different. It is oxidized quickly
to CO, and H,0O, and at thermodynamic equilibrium there
should not be a single methane molecule in the Earth’s
atmosphere'®'”. The disparity between observation and thermo-
dynamic equilibrium is about 140 orders of magnitude. Clearly
there is some mechanism that pumps CH, into the Earth’s
atmosphere so rapidly that substantial steady-state abundances
accrue before oxidation can keep pace. It has long been sug-
gested that an extreme disequilibrium abundance of a reduced
gas such as CH, in an O,-rich atmosphere could be evidence
for life on Earth®®'®. The total emission flux of CH, into the
atmosphere of the ground-truth Earth from all sources'®
required to sustain the steady state abundance is 500+ 100 Tg
yr~! (where 1 Tgis 10" g), or ~10 *gcm 2 yr !, an oxidation
of all atmospheric CH, roughly every decade. Conceivably,
methane could be injected into the Earth’s atmosphere by other
means (for example, the decomposition of prebiological organic
matter) but so large a rate of injection, corresponding to ~1 bar
of CHy, after only 107 yr, seems highly implausible. Oxidation of
such organic matter has certainly gone to completion on, for
example, Venus. In fact, on the ground-truth Earth the contribu-
tion of volcanos, fumaroles, and earthquakes to atmospheric
CH, is negligible'®. About half the annual CH, injection is
thought to arise from natural systems (methane bacteria and so
on) and approximately half is anthropogenic; rice cultivation,
biomass burning and flatulence from domesticated ruminants
are among the principal sources'®. All these sources are biologi-
cal, including those deriving from fossil fuels. Thus the disequili-
brium abundance of CH, in the Earth’s oxidizing atmosphere is
found by ground-based observations to be indeed caused by
biology, as naive consideration of the Galileo data would sug-
gest. It is also evidence that organic chemistry plays some role
in life on Earth.

The presence of nitrous oxide (N,O) in the atmosphere at
high disequilibrium abundances is another indicator of biologi-
cal processes. Nitrous oxide is partly lost to photodissociation,
with an atmospheric lifetime'® of about 50 years. Although there
are non-biological mechanisms for producing N,O (for example
lightning), the major source of N,O on the ground-truth Earth
is nitrogen-fixing bacteria and algae that convert soil and oceanic
nitrate (NO;7) to N, and N,O.

Imaging

A typical Galileo image of the Earth shows continents, oceans,
the Antarctic polar cap and a highly time-variable configuration
of clouds. The six bands used in SSI global images can be com-
bined in various ways to visualize specific spectral contrasts in
the clouds or on the surface. Of the many possibilities, three
categories of band combinations prove most informative. First
is (RED, GRN, VIO) (equivalent wavelengths 0.670, 0.558 and
0.407 pm respectively), which gives an approximately natural
colour view (Fig. 2a). Large expanses of blue ocean and appar-
ent coastlines are present, and close examination of the images
shows a region of specular reflection in ocean but not on land.
Clouds cover much of the land surface, but in clear areas extreme
albedo contrasts are seen. The lighter areas have a colour com-
patible with mineral soils, while a greenish tint can be perceived
in the darkest areas.
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Sccond, we may translate (1.0, RED, GRN) (equivalent wave-
length of 1.0 is 0.984 ym) bands to red, green and blue, respec-
tively, in a false-colour image (Fig. 2b). This version reveals two
kinds of sharp spectral contrasts. First, the cyan colour of the
bright polar cap is caused by absorption in the 1.0 yum band,
which confirms its H.O-ice composition, and second, some land
arcas appear bright red, indicating a high albedo at 1.0 um along
with a low albedo in the visible spectrum (especially RED).
Even without additional spectral information, a GRN/RED/
1.0 signature so extreme is inconsistent with most dry or hyd-
rated rocks or soils that might be expected on the surface of a
terrestrial planet,

Using the 0.73 and 0.76 um bands deepens the mystery. Figure
3 shows average mean spectra for three classes of land surface.
(VIO is not plotted because of strong, differential atmospheric
scattering corrections that are not fully modelled). The spectrum
of area A (circles) has a gentle slope that rises in brightness
uniformly from GRN to 1.0 pm, consistent with a variety of
dark rock or mineral-soil surfaces. The spectrum of area B, an
intermediate-albedo area, shows an absorption centred at RED.
Although such areas are common on the surface, no common
igneous, altered igneous, or sedimentary rock/soil surface dis-
plays such a signature™. The spectrum of area C is from a large
low-albedo area in the northern part of the continent, Its very
unusual spectrum has a strong absorption in the visible spectrum
and a very steep spectral slope from 0.67 (RED) to 0.76 pm.

The third category of colour composite uses three closely
spaced bands (0.76, 0.73, RED), and emphasizes strong spectral
slopes over this narrow wavelength range (0.67-0.76 ym) (Fig.
2¢). Areas that have gently sloped spectra consistent with plaus-
ible rocks and soils appear grey here, whereas areas dominated
by the unusual surface material with a strong absorption edge
near 0.7 pum appear in greenish-yellow /orange hues. (The only
other substantial contrast are the magenta areas in clouds, due
to the 0.73 ym water-vapour band.)

These spectra cannot by uniquely interpreted; however,
because they are inconsistent with any known rock or soil types
on terrestrial planets of iron silicate surface composition, with
or without aqueous alteration,” unusual materials must be con-
sidered, The possibility naturally arises that the strong RED
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FIG. 4 A frequency-time spectrogram of the radio signals R(Ae)
detected by the Galileo plasma wave instrument. The LT {h)
intensities are coded in the sequence blue-green-yellow-
red, with blue lowest and red highest. Several natural
sources of radio emission are shown in a, including auro-
ral kilometric radiation (AKR). Modulated emission at b
f>4 MHz is shown with an expanded time scale in b.
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absorption is the signature of a light-harvesting pigment in a
photosynthetic system—already suggested, as discussed above,
as one possible explanation of the large atmospheric O: abund-
ance. Plant life might have to be widespread in order to sustain
this O, abundance in the face of likely loss by oxidation of the
crust. Substantial areas of the surface seem to be covered by this
pigment, which on the ground-truth planet is of course chloro-
phyll @ and b. Photosynthesis might also be driven by oceanic
microbes and plants, but the strong red-to-infrared absorption
of water makes their pigments much more difficult to detect.

Morphology and topographic resolution

During this fly-by, Galileo’s highest resolution systematic imag-
ing of Earth was obtained at 1-2km per pixel. A two-part
mosaic of the ~2,900 by 4,000 km continent of Australia was
produced: the eastern half of the continent was imaged mostly
with four-band (VIO, GRN, RED, 0.73) coverage at ~1 km per
pixel, and the western half with three-band (VIO, GRN, RED)
coverage. A mosaic of Antarctica was also produced in three
bands (VIO, GRN, RED) at ~2 km per pixel (at the pole),

A later six-band global imaging sequence at ~26 km per pixel
showed Australia to be dominated by large central and western
deserts, but with some 1.0 pm-bright arcas (presumably plant
life) concentrated toward the eastern and northern coasts, while
Antarctica was found to be almost entirely covered by H,O ice
(Fig. 2b). In ~1 km per pixel Galileo mosaics of the Australian
continent, no reworking of the surface into geometric patterns,
or other compelling indications of artefacts of a technical civiliz-
ation could be discerned. Although we find some large-scale
albedo boundaries in Australian coastal regions that can be asso-
ciated a posteriori with agriculture, in our judgement they are
not sufficiently distinctive to be, by themselves, indicative of
intelligent life. Kilston et al.™ have demonstrated from a large
array of daytime orbital imagery that very few images of the
ground-truth Earth at resolution ~1 km reveal evidence of life.

In a study using daytime satellite imaging at 0.1 km resolution,
C.S. and Wallace™ concluded that the chance of finding convine-
ing artifacts in a random frame was only ~10"*. They further
estimated, as a function of resolution, the threshold (in terms
of fraction of the ground-truth surface image) for detection of

C/A

RADIO TRANSMITTERS TYPE II RADIO BURSTS

18:00 19:00 20:00 2100 2200 23.00
15.0 9.73 4.29 233 7.80 13.2
0.4 0.15 23.2 1.8 10.4 10.1

RADIO TRANSMITTERS

1810 18:20 18:30 18:40 18:50 19:00 19:10
14.2 13.3 2.4 1.5 10.6 o.f B.8
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a civilization at the current human level of development (type
A) and a hypothetical civilization that reworks its planetary
surface to a significantly greater degree (type B). Their Fig. 29
predicts that even with complete surface coverage, detection of
a type A civilization would require ~2-km resolution, and type
B, ~10-km resolution. Galileo’s Australia mosaic represents
2.3% of the whole surface of the Earth imaged at ~1 km per
pixel, and the Antarctic mosaic adds another 4% at ~2 km per
pixel. Unluckily, these are among the most sparsely settled
regions of the ground-truth planet. Imaging about 1% of the
surface at this resolution would detect a type B civilization, but
imaging nearly all the surface would be required to detect one
of type A*>. A type B civilization is either wholly absent, or
present in other continents than Australia and Antarctica.
Extensive imaging of the Earth at resolution better than 0.1 km
would have readily detected signs of life*. The foregoing analysis
is based on visible and near-infrared Galileo imaging in reflected
sunlight. No usable imaging data were obtained from the night
hemisphere of the planet.

Radio emission

Ground-truth television and radar transmissions are predicted
to generate a non-thermal radio emission spectrum so strong
and striking as to announce the presence of intelligent life not
just over interplanetary, but over interstellar distances***. With
a rough knowledge of the composition and structure of the
Earth’s atmosphere and the solar UV spectrum, it is a straight-
forward matter®® to derive the order of magnitude of N., the
ionospheric electron density in the E and F layers, yielding a
plasma frequency f, ~1-5 MHz. The higher value is the maxi-
mum for the sunlit hemisphere. Radio emissions from a technical
civilization at the Earth’s surface should be detectable only
at f>f,.

During the Galileo fly-by, the plasma wave instrument
detected radio signals, plausibly escaping through the nightside
ionosphere from ground-based radio transmitters. Of all Galileo
science measurements, these signals provide the only indication
of intelligent, technological life on Earth. They are illustrated in
the PWS frequency-time spectrograms in Fig. 4. The transmitter
signals can be seen near the top of the spectrograms in Fig. 4a,
starting at about 18:00 uT and extending to about 20:25 ur,
shortly before closest approach (C/A). These signals were
detected only during the inbound, nightside pass, and not on
the outbound, dayside, pass. Also seen in Fig. 4a are a series of
Type III solar radio bursts®’ and several bursts of auroral kilo-
metric radiation®®. The narrow-band emission line labelled £ is
an electrostatic oscillation excited at the local electron plasma
frequency by thermal fluctuations in the ionospheric plasma.
The sharp peak in f,, near closest approach is caused by the local
peak in N, as the spacecraft passed through the ionosphere at
an altitude of ~950 km.

The identification of the narrow-band emissions near 4-
5 MHz as ground-based radio transmitters is based on studies by
LaBell et al.” and Keller* of the ground-truth planet; satellite
observations clearly showed the signals originating from surface
transmitters. That a similar conclusion could be drawn from the
aforementioned Galileo fly-by data alone, without any previous
knowledge of the existence of radio transmitters on Earth, is
plausible but not beyond doubt. The rapid increase in the signal
strength as the spacecraft approaches the Earth clearly indicates
a near-Earth origin. The fact that the signals are only observed
on the nightside inbound pass, where the ionosphere propaga-
tion cutoff frequency is sufficiently low to allow the signals to
escape through the ionosphere, but not on the dayside where
the cutoff prevents escape, strongly indicates a source beneath
the ionosphere. Taking into account the expected exponential
decrease in ionospheric N, with increasing altitude, the theoreti-
cal maximum f, ~5 MHz is in good agreement with the peak
local plasma frequency (~2 MHz) observed at C/A, which was
over the sunlit hemisphere at 16:30 LT. (These data might also
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be consistent with a class of nocturnal transmitting stations
orbiting the Earth above the ionosphere, but the conclusion of
intelligent life would be unchanged.)

More difficult to estimate from first principles is the nightside
/»» because it depends on various losses and secondary ionization
processes that cannot easily be evaluated from Galileo data
alone. But because the primary (UV) ionization source is absent
on the nightside, it is clear that N, there will be much lower than
on the dayside. From remote observations of Venus and Mars,
it is entirely plausible that the nightside f, should be depressed
by factors of three to ten, relative to dayside values, permitting
the escape of radio signals through the nightside ionosphere at
4-5MHz, and providing a consistent overall interpretation of
the day-night asymmetry in the observed radio signal. Ground-
truth measurements of the night-time ionosphere show that
fp<4 MHz is quite common, particularly at high latitudes®’.

The signals are confined mainly to two or three distinct chan-
nels near the top of the spectrogram (Fig. 4). The fact that the
central frequencies of these signals remain constant over periods
of hours strongly suggests an artificial origin. Naturally gener-
ated radio emissions almost always display significant long-term
frequency drifts. Even more definitive is the existence of pulse-
like amplitude modulation. When the spectrum in Fig. 4a is
expanded (Fig. 4b), the individual narrow-band components can
be seen to have a complex modulation pattern. Although the
time resolution of the instrument (18.67s) is inadequate to
decode the modulation, such modulation patterns are never
observed for naturally occurring radio emissions and implies the
transmission of information. On the basis of these observations,
a strong case can be made that the signals are generated by an
intelligent form of life on Earth.

Conclusions

From the Galileo fly-by, an observer otherwise unfamiliar with
the Earth would be able to draw the following conclusions: The
planet is covered with large amounts of water present as vapour,
as snow and ice, and as oceans. If any biota exists, it is plausibly
water-based. There is so much O, in the atmosphere as to cast
doubt on the proposition that UV photodissociation of water
vapour and the escape of hydrogen provide an adequate source.
An alternative explanation is biologically mediated photodissoc-
iation of water by visible light as the first step in photosynthesis.
An unusual red-absorbing pigment that may serve this purpose,
corresponding to no plausible mineral, is found widely on land.
Methane is detected at ~1 p.p.m., some 140 orders of magnitude
higher than the thermodynamic equilibrium value in this oxygen-
rich atmosphere. Only biological processes are likely to generate
so large a disparity. But how plausible a world covered with
carbon-fixing photosynthetic organism, using H,O as the elec-
tron donor and generating a massive (and poisonous) O, atmos-
phere, might be to observers from a very different world is an
open question.

Several per cent of the land surface was imaged at a resolution
of a few kilometres—entirely in Australia and Antarctica. No
unambiguous sign of technological geometrization was found.
Narrow-band pulsed amplitude-modulated radio transmission
above the plasma frequency strongly suggests the presence of a
technological civilization. Most of the evidence uncovered by
Galileo would have been discovered by a similar fly-by spacecraft
as long ago as about 2 billion (10°) years. In contrast, modulated
narrow-band radio transmissions could not have been detected
before this century.

The identification of molecules profoundly out of thermo-
dynamic equilibrium, unexplained by any non-biological pro-
cess; widespread pigments that cannot be understood by
geochemical processes; and modulated radio emission are
together evidence of life on Earth without any a priori
assumptions about its chemistry; 200 g cm™> O, is at least sug-
gestive of biology. Negative results in spacecraft exploration of
other planets have thus much wider application than merely to
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‘life as we know it’. Of course putative ecosystems that are only
weakly coupled to the surface environment (for example,
subsurface’>?) are not excluded by such observations.

Surface oceans of liquid water are unique in the Solar System;
conceivably this is part of the reason that Earth is the only
planet in the Solar System with abundant surface life. Similar
spectroscopic methods, although without resolution of the disk,
may be useful in examining planets of other stars for indigenous
life, as has been suggested for O, by Owen.** Large filled-
aperture or interferometric telescopes intended for investigating
extrasolar planets, especially those of terrestrial mass, might
incorporate into their design the wavelength range and spectral
resolution that has proved useful in the present work. In the
radio search for extraterrestrial intelligence (SETI), optimum
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