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ABSTRACT

Coupled radiative—convective/photochemical modeling was performed for Earth-like planets
orbiting different types of stars (the Sun as a G2V, an F2V, and a K2V star). O, concentra-
tions between 1 and 1075 times the present atmospheric level (PAL) were simulated. The re-
sults were used to calculate visible/near-IR and thermal-IR spectra, along with surface UV
fluxes and relative dose rates for erythema and DNA damage. For the spectral resolution and
sensitivity currently planned for the first generation of terrestrial planet detection and char-
acterization missions, we find that O, should be observable remotely in the visible for at-
mospheres containing at least 10~2 PAL of O,. O3 should be visible in the thermal-IR for
atmospheres containing at least 1073 PAL of O,. CHy is not expected to be observable in 1
PAL O; atmospheres like that of modern Earth, but it might be observable at thermal-IR wave-
lengths in “mid-Proterozoic-type” atmospheres containing ~10~! PAL of O,. Thus, the si-
multaneous detection of both O3 and CHs;—considered to be a reliable indication of life—is
within the realm of possibility. High-O, planets orbiting K2V and F2V stars are both better
protected from surface UV radiation than is modern Earth. For the F2V case the high intrin-
sic UV luminosity of the star is more than offset by the much thicker ozone layer. At O; lev-
els below ~10~2 PAL, planets around all three types of stars are subject to high surface UV
fluxes, with the F2V planet exhibiting the most biologically dangerous radiation environment.
Thus, while advanced life is theoretically possible on high-O, planets around F stars, it is not
obvious that it would evolve as it did on Earth. Key Words: Terrestrial Planet Finder—Bio-
markers—Ozone—Extrasolar planets. Astrobiology 3, 689-708.
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Marais et al., 2002; Selsis et al., 2002). Of these po-
tential biomarker gases, the two most promising
are O,, which is produced almost entirely by pho-
tosynthesis on Earth, and ozone (O;), which is
produced photochemically from O,. O, has a
strong absorption band at 0.76 um (Owen, 1980)
that will fall within the observable spectral range
of the planned optical/near-IR coronagraph ver-
sion of TPF, and should be detectable for terres-
trial planets with Earth-like atmospheres. O3 has
a strong 9.6-um absorption band that should be
detectable by an interferometric TPF or Darwin
mission operating in the thermal IR (Léger et al.,
1993).

Ozone is a particularly sensitive indicator of
photosynthetic life because of its nonlinear de-
pendence on O, abundance (Ratner and Walker,
1972; Levine et al., 1979; Kasting and Donahue,
1980; Kasting et al., 1985; Schindler and Kasting,
2000). In particular, for the Earth, a 100-fold de-
crease in the atmospheric O, concentration from
the present atmospheric level (PAL), to 1072 PAL,
reduces the total column depth of ozone by less
than a factor of 3 (cf. Table 1 and Kasting et al.,
1985). Based on these previously generated pho-
tochemical model results, Schindler and Kasting
(2000) found that the strength of the 9.6-um band
actually increases as O, decreases from 1 PAL
down to 1072 PAL. This result is suspect, how-
ever, because the stratospheric temperature pro-
file was not calculated self-consistently in the
Kasting et al. (1985) model. Instead, the current
stratospheric temperature bulge, which peaks at
45 km in the modern atmosphere and is caused
by absorption of UV radiation by ozone, was sim-
ply removed for O, concentrations of 10! PAL
and below. This should lead to a slight overesti-
mate in the ozone column depth at lower O, lev-
els and a somewhat larger overestimate in the
strength of the 9.6-um band.

Here, we provide a more realistic model by
coupling photochemical and radiative—convec-
tive calculations of stratospheric ozone and tem-
perature at different O, levels. We also perform
similar calculations for an Earth-like planet
around sample main sequence F (HD 128167)-
and K (HD 22049)-type dwarf stars, following
Kasting et al. (1997). Our goal is to begin to build
up a library of synthetic spectra of Earth-like
planets for eventual use in interpreting TPF data.
[As we generate and publish spectra, they will be
made publicly available in digital form via the
Virtual Planetary Laboratory public website
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(http://vplipac.caltech.edu)]. At the same time,
we calculate surface UV fluxes for different O,
levels and use this information to speculate about
the possibility of evolving complex life on plan-
ets around other stars.

MODEL DESCRIPTION

Photochemical/radiative—convective model

Our numerical model consists of a one-dimen-
sional photochemical model (Pavlov and Kasting,
2002) that is loosely coupled to a one-dimensional,
radiative-convective climate model (Pavlov et al.,
2000). Both programs use time-stepping algo-
rithms to reach their solutions.

The radiative-convective model is actually a
hybrid of two separate models. The time-step-
ping procedure and the solar (visible/near-IR)
portion of the radiation code are from the model
of Pavlov et al. (2000). The code incorporates a &
2-stream scattering algorithm (Toon et al., 1989) to
calculate fluxes and uses four-term, correlated-k
coefficients to parameterize absorption by Os,
CO,, Hy0O, O,, and CHy in each of 38 spectral in-
tervals (Kasting and Ackerman, 1986). At thermal
IR wavelengths, we replaced the original algo-
rithm of Pavlov et al. (2000) with the independent
rapid radiative transfer model (RRTM) algorithm
developed by Mlawer et al. (1997). This code cal-
culates more accurate heating and cooling rates
(and, hence, more reliable temperatures) in the
stratosphere than did the original IR model. It
uses 16-term sums in each of its spectral bands
in which the k-coefficients are concentrated in
the areas of most rapidly changing absorption,
thereby providing better spectral resolution at al-
titudes where Doppler broadening is important.
Spectral intervals and included absorber species
are described in Mlawer et al. (1997), which fully
details the method. A disadvantage of this version
of the model is that the k-coefficients used therein
are not applicable to dense, CO,-rich atmospheres.
This is not a problem for the current study because
we have restricted our calculations to CO,-poor at-
mospheres like that of the modern Earth. The most
recent version of RRTM (http://rtweb.aer.com/)
has been validated up to concentrations of 100
times current COs,.

The RRTM code was fully coupled to the solar
code, and the combination of the two routines
was used to calculate temperature and tropos-
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pheric water profiles, as well as total radiative
fluxes and heating and cooling rates. The (log
pressure) grid extended from the assumed sur-
face pressure of 1 bar down to 107> bar. This
yielded slightly variable altitude ranges, with the
top ranging from about 60 km at low O, to 70 km
at 1 PAL of O,. The program subdivided this
range into 52 levels. Interpolation was required
between the climate code and the photochemical
code, which ran on a fixed altitude grid.

The photochemical model, originally devel-
oped by Kasting et al. (1985), is more fully de-
tailed in Pavlov and Kasting (2002). It solves for
55 different chemical species that are linked by
217 separate reactions. The altitude range ex-
tended from 0 to 64 km in 1-km increments. Pho-
tolysis rates for various gas-phase species were
calculated using a 6 two-stream routine (Toon et
al., 1989) that accounts for multiple scattering by
atmospheric gases and by sulfate aerosols. The
model uses the reverse Euler method to time step
to a solution.

Self-consistent climate/photochemical solu-
tions were found by the following procedure:
Starting from an initial guess for atmospheric
composition and temperature, the photochemical
model was used to generate converged vertical
profiles for O3 and stratospheric water vapor,
along with other chemical species. These vari-
ables were introduced into the radiative-convec-
tive model, which was then used to calculate new
vertical profiles for temperature and tropospheric
water vapor. These were passed back to the pho-
tochemical model, and the whole procedure was
repeated. Beginning from the solution for an ad-
jacent (10 times higher or lower) oxygen level,
about 10-20 complete iterations were required to
generate stable, converged solutions. Conver-
gence was somewhat slower at the lowest oxy-
gen levels.

All simulations were performed with a con-
stant ground pressure of 1 atm. The CO, mixing
ratio was kept constant at 355 ppmv. Argon was
maintained at 1% of the total atmospheric com-
position. N, was then allowed to vary to fill in
the rest of the atmosphere, as oxygen was re-
moved. Thus, PN, increases slightly at lower O,
levels. As N is mostly inert and does not absorb
strongly in any of the relevant spectral regions,
this small implied change should have little ef-
fect on our results. The photochemical model was
run using a fixed solar zenith angle of 45°, as this
was found to best reproduce the averaged 1976
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U.S. Standard Atmosphere at 1 PAL of O,. Cal-
culated photolysis rates were multiplied by 0.5 to
account for diurnal variation. The radiative—con-
vective model used the daytime average solar
zenith angle of 60° and the same factor of 0.5 for
diurnal variation.

Producing a globally representative water pro-
file in a one-dimensional model is difficult. For
modern Earth the location of the tropopause cold
trap at mid-latitudes is at an altitude of 8-10 km,
while at the tropics it is 15-17 km, and it is there
that stratospheric water levels are actually con-
trolled. In order to produce a physically realistic
water profile in our model, we calculated our tro-
pospheric and stratospheric H,O profiles inde-
pendently. Temperature in the troposphere was
assumed to follow a moist adiabat from ground
level to the tropopause. Water vapor in this re-
gion was calculated in the climate code by as-
suming a Manabe-Wetherald (1967) relative hu-
midity distribution. The relative humidity was
further constrained such that it could not drop be-
low 8%—the current relative humidity of Earth’s
cold trap. This was done to prevent stratospheric
H,O levels from dropping to essentially 0 at lower
O, levels because of lower pressure and tempera-
ture at the calculated cold trap positions. Above
the cold trap, water vapor was treated as a non-
condensable gas, and its concentration was calcu-
lated by the photochemical code.

Clouds were not accounted for explicitly in
these models. Instead, the surface albedo of the
planet was adjusted so as to produce a surface
temperature of 288 K for the present-Earth model
(1 PAL of Oy). The resulting surface albedo, 0.20,
is higher than the actual surface albedo, which is
closer to 0.1. The surface albedo was then held
constant in all other calculations. The resulting
top-of-atmosphere (or planetary) albedo was
~0.21, which is lower than the actual value of
~0.31. Our simulated Earth thus receives slightly
too much solar radiation because of its lower
planetary albedo, but it also emits slightly too
much IR radiation because it lacks the greenhouse
effect of the clouds. By making this approxima-
tion, we effectively ignore any cloud feedback ef-
fects, along with any effect of clouds on the ver-
tical temperature profile. As we assume a moist
adiabatic lapse rate in the convective tropos-
phere, the latter detail is of no great importance.
For calculations on planets around other types of
stars, we adjust the stellar fluxes to produce the
same surface temperature (~288 K) under this
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same set of assumptions. So, we essentially
moved the extrasolar “Earths” to the same exact
position in their star’s habitable zone.

Once the photochemical and climate model ar-
rived at a converged solution, we introduced the
resultant pressure and temperature profiles along
with the mixing ratios of H,O, O3, CO,, CHy, and
N,O into a line-by-line radiative transfer pro-
gram, the SMART (the Spectral Mapping Atmos-
pheric Radiative Transfer) model. SMART was
then used to calculate a high-resolution spectrum
of the planet, as it would be seen from a vantage
point above the atmosphere.

SMART radiative transfer model

To generate the synthetic planetary spectra, we
used the SMART model (developed by D. Crisp
and described in more detail in Meadows and
Crisp, 1996). This model is a spectrum-resolving
multiple-scattering model that incorporates the
multilevel, multistream, discrete ordinate algo-
rithm, DISORT (Stamnes et al., 1988). DISORT pro-
vides solutions to the plane-parallel, monochro-
matic equation of radiative transfer, generating
altitude- and angle-dependent radiances at each
wavelength of interest for scattering, absorbing,
and emitting atmospheres. Within SMART, the
vertical inhomogeneity of realistic atmospheres is
modeled with multiple atmospheric layers, and at-
mospheric optical properties (optical depth, sin-
gle-scattering albedo, and the scattering phase
function) are used to derive an accurate descrip-
tion of the solar and thermal radiation fields.
SMART completely resolves the spectral variabil-
ity associated with near-IR line absorption and UV
predissociation and electronic bands of gases, as
well as the wavelength dependence of the optical
properties of airborne particles and the surface.
(The only particles included in the current model
are sulfate aerosols, and these are present in low
enough concentrations that they have little effect
on the calculated fluxes.)

We generated the high-resolution, angle-de-
pendent solar radiance spectra through the fol-
lowing series of steps. First, the altitude-depen-
dent temperature, pressure, and constituent
abundances produced by the photochemical/ra-
diative—convective model were used as input to
SMART. Additional inputs included the UV and
visible cross-sections, and temperature-depen-
dent absorption coefficients for the atmospheric
constituents, along with information on surface
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albedo, and basic planetary characteristics (e.g.
radius, surface gravity, distance from the star,
etc.). Surface albedos were specified at the lower
boundary of the model, and stellar fluxes were
specified at the top of the atmosphere at each
spectral grid point. Based on the input data,
SMART then employed a user-defined binning
criterion to identify all monochromatic spectral
segments within a broad spectral region that had
similar optical properties at all points along the
optical path. These segments were then mapped
into a smaller number of quasimonochromatic
bins. The equation of transfer was solved once
for each bin, and the derived radiances were
mapped back to their original wavelengths to
create a high-resolution radiance spectrum. This
mapping technique is used to significantly re-
duce the number of monochromatic multiple
scattering calculations required to generate the
spectrum, and rarely introduces radiance or
heating rate errors larger than 1%.

The final suite of output radiance spectra was
calculated for each user-specified solar zenith and
azimuth angle, and number of streams. The
“streams” are viewing angles, which are speci-
fied by an n-point Gaussian quadrature, where n
is the number of streams. Four streams were
adopted as the baseline for the calculations pre-
sented here (two up and two down) with corre-
sponding upward stream viewing angles of 38°
and 78° from the zenith. Unless otherwise speci-
fied, all spectra displayed in this paper are for a
viewing angle of 38° from the zenith, and a solar
zenith angle of 60°, looking down on the atmos-
phere from above. The disk-averaged spectrum
of an extrasolar planet will depend on the geom-
etry at which the observation is made. Numeri-
cal experiments are currently underway by our
team, to assess the information content of disk-
averaged spectra of Earth-like extrasolar planets
observed from a range of viewing geometries.
However, for the purposes of this paper, we pro-
vide these spectra at a specific viewing geometry,
as illustrative examples of the type of spectra that
may be observed.

To generate its spectra, SMART requires a spec-
trally resolved description of the atmospheric and
surface optical properties that contribute to the
absorption, emission, and scattering of radiation.
For each gas, the wavelength-dependent mono-
chromatic absorption coefficients for the IR rota-
tion and vibration-rotation bands at each atmos-
pheric level were derived with the line-by-line



OZONE AND UV FLUXES ON EXTRASOLAR PLANETS

model, LBLABC (Meadows and Crisp, 1996), us-
ing the HITRAN 2000 absorption line database
for all gases.

RESULTS

Past and present Earth models

Present Earth (1 PAL of O). The model was first
tested by seeing how well it reproduces the cur-
rent Earth’s atmosphere. After making some
semiempirical adjustments for handling water
profiles, as described in the previous section, we
were able to closely mimic the 1976 U.S. Standard
Atmosphere temperature, Oz, and water profiles
(Fig. 1). Although the isothermal layer (Fig. 1a)
directly above the cold trap in the U.S. Standard
Atmosphere does not appear in our profile, the
shape is otherwise followed closely. Results are
even better for the O3 and water profiles, as can
be seen in Fig. 1b and c. The total O3 column
depth in this atmosphere is 8.36 X 10'® cm~2, or
0.311 atm-cm, which is close to the value of 0.32
atm-cm reported by McClatchey et al. (1971). (The
U.S. Standard Atmosphere profile has a slightly
larger column depth of 0.345 atm-cm.) Our cal-
culated water vapor concentrations are within a
factor of 2 of those in the U.S. Standard dry at-
mosphere at all altitudes.

The long-lived gases H,, CHy, N,O, CO, and
CH;Cl were assigned fixed surface mixing ratios
0f 55 x1077,1.6 X 1076,3 X 1077,9 x 1078, and
5 % 10719, respectively, in this calculation. Given
these mixing ratios, the model computed respec-
tive surface fluxes of —1.31 X 10'? g of H,/year,
9.54 X 10 g of CHi/year, 1.32 X 101® g of
N,O/year, 2.35 X 10'° g of CO/year, and 7.29 X
1012 g of CH;3Cl/year for the five gases. These
fluxes (rather than the concentrations) were held
fixed in the low-oxygen calculations described
below. As these trace gases are all biogenic, this
procedure is equivalent to assuming that the
biota are unaffected by changes in atmospheric
O, concentration or surface UV fluxes. We know
that this cannot be true in reality; however, ad-
dressing this problem by treating the surface
biota self-consistently is well beyond the scope of
this paper. Fixed surface fluxes are better bound-
ary conditions than fixed mixing ratios because
the latter would imply changes in trace gas pro-
duction rates that would have no link to physi-
cal reality.
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Earth at lower O, levels. Several adjustments
were made to the photochemical model in order
to perform the calculations for O, contents rang-
ing from 10~ PAL to 10~° PAL. As mentioned
above, the surface fluxes of H,, CH,, N,O, CO,
and CHj3Cl were held constant at their (calcu-
lated) modern values. The sources of these gases
are mostly biological. Their photochemical life-
times change at lower O, levels; thus, their con-
centrations should change as well, provided that
their sources remain constant. This, of course, is
also an assumption, and it may not be accurate.
Later, we describe one calculation in which the
CH,4 flux was increased at lower O, levels to sim-
ulate increased recycling of organic matter by fer-
mentation and methanogenesis.
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FIG. 1. Model results compared with vertical profiles
from the 1976 U.S. Standard Atmosphere: (a) tempera-
ture, (b) O; number density, and (c) H;O mixing ratios.
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FIG. 2. Model results for Earth at different O, levels:
(a) temperature, (b) O3 number density, and (c) HO mix-
ing ratios.

The results of these low-O, calculations are
shown in Fig. 2. Overall, the variation in ozone
concentrations with O, was close to that found in
earlier calculations (Kasting and Donahue, 1980;
Kasting et al., 1985). The total ozone column depth
decreased from 8.36 X 10'® cm~2 (0.311 atm-cm)
at 1 PAL of O, to 2.24 X 10" cm~2 (8.34 X 10°°
atm-cm) at 1075 PAL of O, (see Table 1 and also
Fig. 16). Meanwhile, the surface temperature
dropped from 288 K to 285 K, mostly because of
changes in planetary albedo. (O3 absorbs sunlight
at visible wavelengths in the troposphere. Thus,
as its abundance drops, the planetary albedo in-
creases by ~1%, thereby lowering the amount of
absorbed sunlight and, thus, the surface temper-
ature).
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As expected, the temperature bulge in the mid-
dle stratosphere decreased in amplitude as the O,
concentration decreased from 1 PAL to 10~2 PAL
(Fig. 2a). Below 1072 PAL of O,, upper stratos-
pheric temperatures remained nearly constant,
but the temperature near the tropopause contin-
ued to decrease. As O, was removed, the ozone
layer moved downward (Fig. 2b) and became
thinner, although the total column depth did not
decrease significantly until PO, dropped below
1072 PAL (Table 1). The amount of stratospheric
water (Fig. 2¢) increased as O, decreased from 1
PAL to 10~! PAL. This resulted from a slight
warming of the tropopause cold trap. Below 10!
PAL of O,, stratospheric water vapor decreased
sharply as a consequence of increased photolysis
associated with lack of UV shielding by O, and
O3. Note that oxidation of CH4 cannot maintain
high stratospheric H,O mixing ratios because
CH, is itself disappearing as O, levels become
lower (see Fig. 3a).

One curious feature of the temperature profiles
that deserves explanation is the high (48-km)
stratospheric temperature bulge that develops at
low O levels. This bulge is caused by absorption
of solar near-IR radiation by CO,. We should note
that our radiative model, which was designed for
the present atmosphere, treats these CO, bands
rather crudely using four-term k-coefficients, so
the accuracy of our stratospheric temperatures at
low O, levels is probably not very good. Because
the anomalous temperature bulge occurs so high,
however, it should have little effect on either our
calculated O3 column depths or on our simulated
spectra.

CH4 and N,O are both considered important
secondary biomarkers, so it is instructive to see
how their concentrations vary as a function of O,
level. Figure 3 shows CH4 and N,O profiles cal-
culated under the assumption of constant up-
ward surface flux. The N,O mixing ratio de-

TaBLE 1. OzoNE CoLUMN DEPTH FOR PLANETS WITH
DirrreRENT O, LEVELS AND AROUND DIFFERENT STARS

O; column depth (cm™2)

O, level (PAL) Sun K2V F2V

100 8.36 x 10'® 6.64 x 10 1.56 x 101
101 7.16 X 1018 473 x 101® 1.43 x 10
10~2 3.33 x 10 2.09 x 10 9.11 x 10'8
10-3 6.79 x 107 2.87 x 107 2.19 x 1018
10—+ 326 x 10'® 394 x 10 227 x 101®
10-° 2.24 x 101 427 x 10 3.02 x 10'®
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FIG. 3. Vertical mixing ratios of other biogenic gases
for the cases shown in Fig. 2 considering a constant up-
ward surface flux: (a) CH, and (b) N,O.

creases dramatically at lower O, levels (Fig. 3b),
in agreement with previous calculations (Kasting
and Donahue, 1980). The N,O decrease occurs be-
cause of decreased shielding of solar UV radia-
tion by Oz. CHy exhibits a more complex behav-
ior, again in accord with earlier calculations
(Kasting and Donahue, 1980). The surface CHy
concentration increases as PO, drops from 1 PAL
to 0.1 PAL, then decreases as PO, decreases fur-
ther. The increase in CH,; at 0.1 PAL of O, is
caused by decreased tropospheric O3 concentra-
tions (Fig. 2b) and correspondingly lower tro-
pospheric OH concentrations. Reaction with OH
is the main sink for CH, in the modern atmos-
phere. At O, levels below 0.1 PAL, increased rates
of tropospheric H,O photolysis (caused by de-
creases in UV shielding by ozone) result in lower
surface concentrations of CH, and other reduced
gases (Fig. 4).

We note parenthetically that current TPF plans
call for a spectral resolution that is sufficiently
low that these trace species will only be unam-
biguously detectable under ideal circumstances.
The simultaneous presence of reduced gases such
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as CHy and N,O along with O, (or O3) is consid-
ered to be the most reliable spectroscopic signa-
ture of life (Lovelock, 1965; Sagan et al., 1993; Des
Marais et al., 2002).

A signature that would be detectable by TPF is
the 9.6-um absorption band of ozone. Ozone
could be detected for O, levels from 1 down to
~1073 PAL (Fig. 5). These results are similar to
those found by Schindler and Kasting (2000) ex-
cept that the 9.6-um band is not quite as deep at
0.1 PAL of O, because our stratosphere is still rel-
atively warm at this O, level. Recall that Schindler
and Kasting (2000) assumed an isothermal
stratosphere for all O, levels <1 PAL.

A low-Oy/high-CH  case: the Mid-Proterozoic Earth.
Actual atmospheric CH, concentrations at low O,
levels may have been even higher than shown in
Figs. 3 and 4. Several authors have proposed that
PO, was significantly lower than today (but still
well above zero concentration) during the Mid-
Proterozoic Era between 2.3 Ga and ~0.8 Ga
(Canfield, 1998; Canfield et al., 2000; Anbar and
Knoll, 2002). (“Ga” stands for “giga-annum” or
“billions of years ago.”) We take PO, = 0.1 PAL
as a reasonable estimate for this time period. Re-
cently, Pavlov et al. (2003) suggested that these
lower O, levels may have been accompanied by
significantly higher concentrations of methane.
Today, most of the organic matter produced by
marine photosynthesis is recycled either by aer-
obic oxidation or by bacterial sulfate reduction in
sediments. In a low-O,/low-sulfate Mid-Protero-
zoic ocean much of this organic matter may have
been recycled by fermentation and methanogen-
esis. CHy fluxes of 10-20 times the present bio-
logical flux are possible (Pavlov et al., 2003).

105
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o 107 |
£
X 8 |
£ 10
© 9 | N2O ]
2 -10 ]
g 10 CHCl3

1011 ‘ . . ‘

10% 10% 10°* 102 10" 10°
Oxygen level (PAL)
FIG. 4. Surface mixing ratios of biogenic trace gases

for the cases shown in Fig. 2.
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The atmospheric CH; concentrations accom-
panying such high surface CH, fluxes are even
higher than one might expect because the photo-
chemical lifetime of CH, increases as its concen-
tration increases. The reason is that OH is the sink
for CHy, but CH, is also the primary sink for OH.
Pavlov et al. (2003) found that the atmospheric CHy4
concentration increases almost quadratically with
surface CHj4 flux. In our model the (calculated) pre-
sent CHy flux of 9.54 X 10! g/year produced a sur-
face CH, concentration of 4.15 ppm at PO, = 0.1
PAL. Our calculated methane flux is about 80%
larger than the best estimate for the modern
methane flux, 5.35 X 104 g/year (Houghton et al.,
1994), indicating that we are underestimating the
atmospheric lifetime of CHy in our model. The
discrepancy is caused at least partly by our low
assumed solar zenith angle of 45°, which is 15°
lower than the sunlit hemispheric average. The
identical error is made at all O, levels, however,
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so it should not affect the relative amount of CHy
in these atmospheres compared with the present
atmosphere. We have also done model simula-
tions for surface CH, mixing ratios of 20 ppm and
100 ppm (Fig. 6a). These concentrations corre-
sponded to surface CHy fluxes of 2.7 X 101 g
year ! and 7.9 X 10" g year!, respectively.
These fluxes are about five and 15 times larger
than the present CH, flux, which is within the
range of values predicted for the Mid-Protero-
zoic. The temperature profile used for these runs
was the one obtained for the 4.15 ppm CHj case.
Our climate model actually predicted lower sur-
face temperatures (i.e., an anti-greenhouse effect)
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FIG. 6. Profiles and spectra for a “mid-Proterozoic-
type” atmosphere containing 0.1 PAL of O, and various
amounts of CH,: (a) CHy profiles, (b) visible/near-IR
spectrashowing the CH4 bands, and (c) thermal-IR spec-
tra showing the CH,4 7.7-pm band.
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for these high CHjy levels, but we are not sure
whether this is a reliable result or simply an ar-
tifact of the limited range of our infrared k-coef-
ficients. We will investigate this issue more thor-
oughly elsewhere. In any case, this issue has little
bearing on the results presented below.
Calculated CHy4 vertical profiles and spectra for
these high-CH4/low-O, models are shown in Fig.
6. Both O, and O3 would be easily detectable in
such a planetary atmosphere (Fig. 5). The CH, ab-
sorption band at 7.7 um could conceivably be de-
tectable as well by an IR interferometer in the 100
ppm CHy case (Fig. 6c). Thus, Mid-Proterozoic
type atmospheres might exhibit a detectable,
nearly unambiguous signal of extraterrestrial life.
The potential for making such an observation had
not been previously suggested for a first-genera-
tion TPF instrument. In the visible/near-IR, the
CH,4 bands are weaker (Fig. 6b), so it is less likely
that one could obtain such an interesting result.

Earth-like planets around other stars

From missions such as TPF or Darwin we hope
to obtain spectral information about Earth-like
planets around other stars. The ones with the
greatest potential to be habitable appear to be
planets around the F, G, and early K-type stars
(Kasting et al., 1993). Stars earlier than FO have
very short (<2 Gyr) main sequence lifetimes and,
hence, have a low probability of harboring plan-
ets with complex life. Their habitable zones mi-
grate outwards rapidly, so even microbial life
might not have time to develop in these systems.
Planets orbiting stars later than ~K5 are likely to
become tidally locked, which may be a problem
for habitability (although see discussion below).
We looked at an F2V star and a K2V star to see
how an Earth-like planet might differ from a
planet circling our Sun.

Preparation of the stellar spectra

The sample stars used were HD 128167, an F2V
star about 12 pc distant from Earth, and HD
22049, a K2V star only 3.2 pc distant. Kasting et
al. (1997) originally chose these stars for their
study because their UV spectra had been ob-
served by the International Ultraviolet Explorer
(IUE) satellite. We used the same stars so that we
could compare with their earlier results.

HD 128167, o Bootis, is an average, middle-
aged F-type dwarf, ~2 Ga old (Habing et al.,
2001), with an effective temperature of 6,700 K
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(Habing et al., 2001) and a metallicity slightly be-
low solar standard (Cayrel de Strobel et al., 1992).
It has been reported by Habing et al. (2001) to ex-
hibit excess IR emission, which suggests the pres-
ence of an Oort Cloud-like structure at perhaps
100-200 AU. This excess emission, however, oc-
curs well longward of 0.320 um, the point at
which our IUE spectra end.

HD 22049, ¢ Eridani, is a young K-type dwarf.
Its age is estimated at only ~0.5 Ga (Habing et al.,
2001), setting this star within the time frame of
the heavy bombardment in our own inner Solar
System. ¢ Eridani is known to have a dust ring
and is host to a “warm Jupiter,” a planet of about
1 Jupiter mass orbiting at 3.4 AU (Cumming et al.,
1999). It is chromospherically active, so it has rel-
atively more UV flux than an older K star. While
these characteristics make ¢ Eridani a less than
ideal candidate for the title of “average K-type
dwarf,” they also mean that IUE measurements
of ¢ Eridani are both more frequent and more re-
liable than observations of less active K dwarfs.

Kasting et al. (1997) had already obtained UV
spectra for these same two stars from the IUE
database. New observations have been added to
the database since that time, however, so we re-
peated this process. We also used a realistic vis-
ible/IR spectrum for each star, as compared with
the blackbody curves previously used by Kasting
et al. (1997). Massa et al. (1998) have quantified
the problems in the absolute calibration of the
IUE Final Archive of low-resolution spectra, find-
ing up to 40% errors at short shortwave (SW)
wavelengths and 10-15% problems at long SW and
all longwave (LW) wavelengths. However, Massa
and Fitzpatrick (2000) have developed software
that correctly reprocesses and absolutely recali-
brates these spectra, and have verified the results
as correct at the ~3% level. We have implemented
these correction routines and applied them to the
IUE spectra in this paper.

The F star spectrum, which exhibited relatively
high UV fluxes, was prepared as follows: A com-
posite spectrum was created by matching the
coadds of seven SW and four LW observed IUE
spectra from 115 nm to 335 nm to an unreddened
Kurucz synthetic spectrum (Kurucz, 1979; Buser
and Kurucz, 1992) for an effective temperature of
6,733 K, log surface gravity of 4.33, with solar
abundances. From 290 nm to ~160 um, the spec-
trum is purely photospheric, and the region be-
tween 290 nm and 335 nm was used to merge the
empirical UV spectrum with the photosphere.
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Secondary LW camera data between 195 nm and
230 nm and mixed secondary LW camera and pri-
mary camera data longward of 230 nm were com-
bined into a patch between the two datasets. The
patched data were then shifted slightly down-
ward so as to match the SW data at 195 nm and
the Kurucz model at 320 nm.

The K star spectrum was based on the results
of coadding 65 SW and 19 LW corrected, recali-
brated IUE spectra from 115 nm to 335 nm. The
resulting IUE spectra, corrected by Massa for the
Astrophysics Data Facility, can be viewed on
the websites mariecurie.gsfc.nasa.gov/iue/temp/
sw_lo_105.html and mariecurie.gsfc.nasa.gov/
ive/temp/Iw_lo_080.html. However, to derive
the numerical data, the reprocessing must be
applied to all 84 valid IUE spectra, and the re-
sults are coadded appropriately as we have
done. The coadded IUE spectrum was merged
with an unreddened Kurucz photosphere (for
5,180 K, 4.75, —0.09), scaled absolutely to match
14 optical, near- and mid-IR broadband photo-
metric points using the method described by
Cohen et al. (2003). In the region from 355 to 751
nm, we substituted the average of two inde-
pendent spectra observed by Burnashev (1985),
rescaling the average by a factor of 1.07. Thus,
the region from 115 to 751 um is based entirely
on observations of HD 22049 itself. Only beyond
do we use a model to extrapolate the energy dis-
tribution.

The procedure outlined so far determines the
shape of the stellar spectrum and intensity of
these stellar spectra as seen from the Earth, but
not their intensities as felt by orbiting planets. Ab-
solute fluxes were determined by normalizing the
entire curve to the total observed stellar flux, as
calculated from the distance and effective tem-
perature of the star. The composite stellar spec-
tra were then renormalized so as to be appropri-
ate for a planet at the same relative position
within their star’s habitable zone as the position
of the Earth around our Sun. The normalized
spectra take into account the different planetary
albedos for Earth under different wavelengths of
incident radiation. The total flux from the Sun cal-
culated from its spectrum was 1,375 W/ m?2. The
corresponding normalized flux for the F2V star
was 1,375 X (1.11) = 1,526 W/m?2, while the flux
for the K2V star was 1,375 X (0.95) = 1,306
W/m2. The normalization constants, 1.11 and
0.95, are from Kasting ef al. (1993) and Kasting et
al. (1997). Figure 7 shows comparative spectra for
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the three stars. Calculating planetary distances
(r =1 AU [(L/Lsun)/(Flux/Fluxs,n)]"?) puts the
F2V planet at 1.69 AU and the K2V planet at 0.53
AU from their parent stars.

The possible effect of enhanced chromospheric
activity on a star’s emitted UV flux was estimated
by looking at two active GOV stars observed by
IUE: HD 114710 (low activity) and HD 206860
(high activity). A planet in the habitable zone of
these stars would receive ~2.5 times more UV ra-
diation than Earth in the range from 176 nm to
250 nm. This suggests that an older, quieter K2V
dwarf star might receive 2.5 times less UV radi-
ation than our hypothetical planet around & Eri-
dani. These conclusions are based on using the
identical method of merging appropriate, unred-
dened, and absolute Kurucz photospheric spec-
tra (6,008 K, 4.44, 0.10 for HD 114710; 5,885 K,
4.40, —0.09 for HD 206860) with corrected and re-
calibrated, coadded (HD 114710, three SW, four
LW spectra; HD 206860, 11 SW, seven LW) IUE
spectra to the GOV stars.
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ratios.

Comparisons at 1 PAL of O,. We began our sim-
ulations of planets around other stars by per-
forming calculations for a 1 PAL O, atmosphere.
The resulting vertical profiles of temperature, Os,
and H,O are shown in Fig. 8, along with the pre-
viously calculated results for modern Earth.

The calculated temperature profiles look much
as expected (Fig. 8a). Up to ~12 km, there is very
little difference among the F, G, and K star re-
sults. (This is because of how we normalized the
stellar fluxes. We actually performed one addi-
tional, small normalization step at this point to
force the calculated surface temperatures to be
288 K for the 1 PAL O, models.) Stratospheric
temperatures are quite different, however, with
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the K2V stratosphere being the coolest, while the
F2V stratosphere is the by far the warmest. The
warm stratosphere on the F2V planet is a conse-
quence of the much higher stellar UV flux and
the correspondingly greater absorption of UV en-
ergy by ozone. For ozone, the solar and K2V pro-
files are similar, while the F2V planet has a sig-
nificantly higher abundance (Fig. 8b). However,
the F2V ozone layer is not as thick as in the Kast-
ing et al. (1997) study in which stratospheric tem-
peratures were held constant.

Figure 9 shows simulated 9.6-um Oj; bands
(Fig. 9a) and 15-um CO, bands (Fig. 9b) for these
1 PAL O, atmospheres. The CO, band shows
clearly the influence of stratospheric temperature:
Itis deepest for the (cold stratosphere) K2V planet
and shallowest for the (warm stratosphere) F2V
planet. Because the band is being seen in ab-
sorption, the temperature contrast between the
cool stratosphere and the warm lower tropos-
phere and surface determines the relative depth
of the band. The O3 band behaves somewhat dif-
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FIG. 9. Thermal-IR spectra of the three atmospheres
shown in Fig. 8 in the vicinity of the O; 9.6-um band
(a) and the CO; 15-wm band (b).



700

[V
~—

Altitude (km)

140 160 180 200 220 240 260
Temperature (K)

60
50
40
30
20
10

Z

Altitude (km)

o K2V
107

105

108 10° 10" 10" 10'2 10™

O3 number density (cm-3)

(2)
~—

60
50
40
30
20
10

0 I ) L I 1 I
10°% 102 107 10° 10" 102 103

H,O volume mixing ratio (ppm)

Altitude (km)

10*

FIG.10. Model results for an Earth-like planet circling
a K2V star at different O, levels: (a) temperature, (b) O;
number density, and (c¢) H,O mixing ratios.

ferently because both O3 concentration and tem-
perature vary from planet to planet. The O3 band
has nearly the same strength for the K2V and so-
lar cases but is significantly shallower in the F2V
case. This would have been difficult to predict
without actually doing the calculation.

Results for lower O, levels. The results of coupled
photochemical/climate modeling for the Earth-
like planets with lower O, levels are shown in
Figs. 10 and 11 for the K2V and F2V stars, re-
spectively. Surface trace gas mixing ratios for the
planets around the two stars are shown in Fig. 12.
Figures 13 and 14 show the calculated planetary
spectra in the vicinity of the 9.6-um O3 band and
the oxygen band at 0.76 um for K2V and F2V
planets, respectively. For the planet around the
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K2V star (Fig. 13a), the dependence of the 9.6-um
band strength on PO, is similar to the solar case
(Fig. 5a). The band remains nearly the same
strength down to PO, = 0.01 PAL and then be-
gins to disappear below that level. For the F2V
case, though, the results are quite different. The
9.6-um band is shallow at 1 PAL of O, (because
of the high stratospheric temperatures) and then
deepens considerably as the O, level drops to
102 PAL. The total band strength for the 1073
PAL case is nearly the same as for the 1 PAL case,
although the details of the band shape are differ-
ent. This suggests that a low-resolution TPF in-
strument would have a hard time distinguishing
between 10723 PAL of O, and 1 PAL of O, on a
planet around an F2V star.

60
50
40
30
20

10
0 F2v

120

2

Altitude (km)

160 200 240 280
Temperature (K)

b

~—

Altitude (km)

108 10° 10 10" 10% 10"

O, number density (cm-3)

50
40
30
20

10

olF2v ., . . . .

10° 102 10" 10° 10" 102 10% 10*
H,0 volume mixing ratio (ppm)

Altitude (km)

105

FIG.11. Model results for an Earth-like planet circling
a F2V star at different O, levels: (a) temperature, (b) O;
number density, and (c¢) H,O mixing ratios.



OZONE AND UV FLUXES ON EXTRASOLAR PLANETS

a) 104 .

0 K2v CHa
R I —
9 \—/’\
o 10° s co
X -7
£ 10
o R
o}
© 10°
>

10-10 L s

10%  10* 103 102 107 100
Oxygen level (PAL)

b) 40+ , ,

o F2v

'@ 10° CHg

@ 106

£ co

‘€ 107

2 10%

= Ha CHsCl

-9
g 10

10-10 L

10 104 10° 102 107 100

Oxygen level (PAL)

FIG. 12. Surface concentrations of biogenic trace gases
for the cases shown in Figs. 10 and 11: (a) K2V star and
(b) F2V star.

The behavior of the biogenic trace gases is also
qualitatively different for the K- and F-star plan-
ets (Fig. 12) than for the Earth around our Sun
(Fig. 5). CH4 and N,O levels are systematically
higher for the K2V planet and lower for the F2V
planet because of the difference in stellar UV
fluxes. Note that trace gas concentrations are dif-
ferent from Earth at all O, levels (including 1
PAL) because we have assumed the same surface
fluxes as for modern Earth (see above). At 0.1
PAL of O,, the CH4 concentration for the K2V
planet is already of the order of 20 ppm, even
without assuming a higher surface flux. This sug-
gests that the simultaneous detection of CH, and
O, on planets around K stars is within the realm
of feasibility.

Surface UV fluxes on Earth-like planets around
other stars

In addition to their possible use in interpreting
future TPF data, the calculations described here
can be used to examine the surface radiation en-
vironment on Earth-like extrasolar planets. The
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surface flux of UV radiation is of great concern
to scientists (and non-scientists) today because of
its ability to damage the cells and even the DNA
of modern organisms. Most current research is
concerned with damage by radiation in the range
of 280-315 nm (known as UV-B) and 315-400 nm
(UV-A). At present, little or no radiation short-
ward of 280 nm (UV-C) penetrates the atmos-
phere. However, without our relatively thick O;
layer, this highly damaging radiation would also
penetrate to ground level.

As mentioned earlier, comparative calculations
at 1 PAL of O, were done previously by Kasting
et al. (1997) except that the stratospheric temper-
atures were not computed self-consistently. Kast-
ing et al. (1997) found that both the K2V and F2V
planets actually received less surface UV radia-
tion than does Earth. We find that the K2V planet
receives about 0.4 times the radiation than does
Earth in the range from 200 to 400 nm, while the
F2V planet receives 1.6 times more radiation than
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FIG. 13. O; and Oj; bands for the K2V planet (see Fig.
10): (@) O3 9.6-wm band and (b) O, 0.76-wm band.
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does Earth (Table 2 and Fig. 15). In the danger-
ous UV-B wavelength range, the K2V planet
again receives about 0.4 times Earth’s flux, but
the F2V planet receives only 0.85 times Earth’s
flux, meaning that one is better protected there
than on Earth. These results are not surprising
given the significantly higher O; column depth
for the F2V planet (Fig. 16 and Table 1). The ad-
ditional O3 formed in this case more than makes
up for the additional UV-B radiation from the
F2V star.

The story is quite different, though, at lower O,
levels. Figure 16 shows ozone column depth as a
function of O, level for planets around the three
different stars, and Fig. 17 shows the corre-
sponding surface UV fluxes. Below ~10~3 PAL
of Oy, the O3 layers on all three planets become
too thin to provide significant UV shielding. In
this low-O, regime, the high incident UV flux
from the F2V star penetrates all the way to the
planet’s surface, making it an extremely hostile
environment for life. The potential for UV dam-
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age is quantified in Table 3. We have convolved
the surface UV fluxes with action spectra for ery-
thema (skin cancer) (Diffey and McKinlay, 1983)
and DNA damage (Van Baalen and O’Donnell,
1972). The latter is shown graphically in Fig. 18.
Such action spectra describe the relative effec-
tiveness of different wavelengths in inducing
damage. In Table 3 we have normalized the re-
sults to a dose rate of unity for Earth at 1 PAL of
O,. For high-O, levels the atmospheres of K2V
and F2V planets provide better protection from
UV damage than does Earth’s atmosphere. At
low O; levels, however, the F2V planet is by far
the most dangerous from a UV radiation stand-
point. None of the planets looks suitable for sur-
face life at O, concentrations <1072 PAL, and
even at that O, level the dose rate for DNA dam-
age can be 10 times that of modern Earth (al-
though the F2V planet remains surprisingly well
protected). When combined with the shorter
main sequence lifetimes of such stars—about 3.6
billion years for an F2V star—this suggests that
planets orbiting such stars are less likely to be in-
habited than planets around G and K stars.

DISCUSSION

Model limitations

We acknowledge certain limitations in our
model. The k-coefficients used in the IR radiative
transfer code (from Mlawer et al., 1997) were de-
rived for temperatures within 30 K of their listed
values in the 1976 U.S. Standard Atmosphere.
Our calculated upper stratospheric temperatures
are routinely lower than this at low O, levels. We
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curve) UV fluxes for Earth-like planets with 1 PAL O,
atmospheres circling different types of stars. Fluxes have
not been diurnally averaged.
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TaBLE 2. INCOMING AND GROUND UV FLUXES FOR PLANETS WITH DIFFFERENT O, LEVELS AND AROUND DIFFERENT STARS
Total incoming UV flux (W m~2)
uv-c uv-B uv-A
Star 200400 nm (<280 nm) (280-315 nm) (315400 nm)
Sun 105.215 6.952 16.087 86.009
K2v 41.824 1.484 4.416 37.229
F2v 221.180 44.044 40.473 146.264
Total ground UV flux (W m~2) for different O, levels
uv-c uv-B uv-A
200400 nm (<280 nm) (280-315 nm) (315400 nm)
Sun
1 PAL 89.890 10-23 1.335 88.555
10~ PAL 90.176 1.6 X 1077 1.657 88.519
102 PAL 93.386 7.1 x 1074 3.452 89.933
10-3 PAL 99.419 3.8 X 1072 8.162 91.218
10-* PAL 108.521 2.664 14.284 91.574
1072 PAL 110.856 4.351 14.924 91.581
K2v
1 PAL 39.895 10-23 0.573 39.322
101 PAL 40.154 9.6 X 1078 0.817 39.337
10-2 PAL 41.146 23 X 1074 1.449 39.697
10-3 PAL 43.122 0.032 3.025 40.066
104 PAL 44.494 0.475 3.898 40.122
10-% PAL 45.067 0.847 4.096 40.125
F2Vv
1 PAL 144.950 10726 0.913 144.037
10~ PAL 145.244 45 x 1078 1.139 144.105
10-2 PAL 149.380 31 x 107* 2.510 146.869
1073 PAL 162.571 0.121 10.497 151.953
10-* PAL 208.422 18.209 36.029 154.184
10-% PAL 216.694 25.187 37.328 154.179

have already noted earlier that the (four-term) k-
coefficients for absorption of near-IR radiation by
CO; and H,O provide a relatively crude estimate
of solar heating at low O, levels. At O, levels
above 1073 PAL, the errors resulting from this ap-
proximation are minimal because most of the so-
lar heating is produced by absorption of UV ra-
diation by ozone.

The lack of clouds in our model affects our re-
sults in two ways: First, our calculated surface
temperatures at lower O, levels do not include
the effects of cloud feedback. This is a minor dif-
ficulty at most, as surface temperatures always
remain within a few degrees of 288 K. Clouds
could have a much bigger effect on our calculated
spectra, however. In particular, the 9.6-um O;
band can be virtually “washed out” by the pres-
ence of widespread, high, cold cirrus clouds (Des
Marais et al., 2002). The effect of clouds is best
studied by looking at disk-averaged IR spectra of
Earth, such as the one obtained by the Mars Ob-
server (Pearl and Christensen, 1997; Seager, 2000).

An important aspect of the photochemical
model that has not been discussed is the vertical
eddy diffusion profile. The profile used in the
model is an empirical one derived by fitting
observations of species such as CHy and N,O
(Massie and Hunten, 1981). Treating vertical
transport as “diffusion” is an approximation to
begin with because such transport occurs by both
large-scale atmospheric motions (winds) and
small-scale turbulence. Without doing an elabo-
rate dynamical calculation, it is thus impossible to
estimate how eddy diffusion coefficients should
change at lower O, levels. However, one can
guess that as the stratospheric temperature bulge
disappears, the lower stratosphere would become
less stable, and vertical diffusion coefficients
would increase. To see how much effect this
would have on our results, we created a test eddy
diffusion profile with three times higher coeffi-
cients in the stratosphere for G2V planets at O,
levels of 107°-10~! PAL. The amount of water in
the stratosphere varies little for 1071-1073 PAL of
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O,, but is up to 10 times larger at lower O, lev-
els. The effect on ozone is to decrease the peak
number density (by 15% at 10~ PAL of O, and
22% at 1072 PAL of O,) and to increase the num-
ber densities above and below the peak (by as
much as a factor of 2 in the lower stratosphere at
10! PAL of O,). The total column depth in-
creases by a much smaller amount, about 6% at
10~1 PAL of O, and 10% at 102 PAL of O,.
Changes in column depth at lower O, levels are
4% or smaller. Thus, we expect that plausible in-
creases in vertical mixing rates would produce
modest, but measurable, effects on the calculated
emission spectrum around 9.6 um, along with
small decreases in the flux of UV radiation at the
surface. The changes are not so great, however,
as to alter our overall conclusions.

Which of these atmospheres might actually exist?

We have performed simulations of a variety of
different Earth-like atmospheres. It is appropri-
ate to step back for a moment and consider which
of these atmospheres might actually exist on
some planet around another star. We should also
say a few words about types of Earth-like at-
mospheres that might exist on extrasolar planets
but that have not been considered here.

Let us begin with the latter question. All of the
atmospheres modeled here contain appreciable
amounts of O,. By “appreciable,” we mean that
the O, concentrations are much higher than those
thought to have existed on early Earth. Recently
obtained data on mass-independently fraction-
ated sulfur isotopes in ancient rocks demonstrate
that O, levels during the Archean and early Pa-
leoproterozoic (3.8-2.3 Ga) were well below 10~°
PAL (Farquhar et al., 2000, 2001; Pavlov and Kast-
ing, 2002). CH4 concentrations in such low-O,
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“Archean” atmospheres are predicted to have
been of the order of 1,000 ppm (Catling ef al., 2001;
Pavlov et al., 2001) and should be observable in
both the visible/near-IR and the thermal-IR spec-
tral regions (Schindler and Kasting, 2000; Des
Marais et al., 2002). Trace amounts of O, and O;
should have existed in the upper atmosphere as
a consequence of atmospheric photochemistry
initiated by CO, photolysis (see, e.g., Kasting,
1993), but their concentrations should have been
too low to be observed remotely (Schindler and
Kasting, 2000). Some of the abiotic models dis-
cussed by Selsis et al. (2002) (particularly their
Case B) did indeed have measurable concentra-
tions of both O, and O3, but these models ignored
volcanic outgassing of reduced gases and reac-
tions of O, with reduced surface minerals. Fur-
thermore, their models were not based on a bal-
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FIG. 17. Incident (dashed curve) and surface (solid
curve) UV fluxes at different atmospheric O, levels: (a)
Earth (Sun), (b) K2V planet, and (c) F2V planet.
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TaBLE 3. NORMALIZED SURFACE UV DoseE RATES RELATIVE TO PRESENT EARTH FOR ERYTHEMA (SKIN CANCER) AND
DNA DAMAGE FOR PLANETS WITH DIFFFERENT O, LEVELS AND AROUND DIFFERENT STARS

Oxygen level (PAL)

Star type 1 1071 1072 1073 1074 107°
Erythema
G2V (Sun) 1.00 1.32 4.43 23.57 55.11 60.07
K2v 0.44 0.75 227 9.58 13.99 15.33
F2v 0.68 0.82 1.87 18.88 148.87 164.99
DNA
G2V (Sun) 1.00 1.54 10.44 214.13 3,688.03 5,459.83
K2v 0.50 1.19 8.39 173.29 813.07 1,236.71
F2v 0.38 0.51 1.85 63.72 16,316.62 22,651.23

anced atmospheric hydrogen budget (Kasting
and Brown, 1998; Kasting and Catling, 2003);
hence, they underestimated H, concentrations
and overestimated O, and Oj3. A discussion of the
upper limits on abiotically generated O, can be
found in Kasting (1997) and Des Marais et al.
(2002). Selsis et al. (2002) did point out a possible
interference problem between the Oz 9.6-um
band and the 9.4-um and 10.4-um CO, “hot”
bands that could make detection of O3 problem-
atical in high-CO,, high-O, atmospheres. Note
that all of the atmospheres studied here assumed
modern-Earth CO, concentrations, so this over-
lap problem was not encountered.

The second question is which of the relatively
high-O, atmospheres examined here might actu-
ally have existed. Although we have performed
calculations down to 10~° PAL of O,, we do not
think that Earth’s atmosphere could have been
stable for any appreciable length of time at O, lev-
els between 107> PAL and ~10~2 PAL. The rea-
son has to do with the geochemical cycles that
control the O, concentration. In the low-O,,
“Archean” atmospheres just discussed, the net
rate of O, production from photosynthesis fol-
lowed by organic carbon burial in sediments
must have been lower than half the rate at which
H, was produced by volcanism and rainout of ox-
idized gases (Walker, 1977; Kasting and Brown,
1998). (The factor of one-half results from the sto-
ichiometry of the reaction: 2 H, + O, — 2 H,O.)
That is what kept the Archean atmosphere low in
O,. Once the balance shifted (apparently at ~2.3
Ga) so that net production of O, exceeded half
the H, production rate, O, should have accumu-
lated in the atmosphere until it was high enough
to oxidize reduced materials (Fe?*, S?~, and C9)
in rocks during weathering. It is difficult to de-
termine a quantitative relationship between O,
levels and oxidative weathering rates, but O, con-

centrations exceeding 1072 PAL are almost cer-
tainly required (Holland, 1984, 2003; Lasaga and
Ohmoto, 2002; Ohmoto, 2003). As we have dis-
cussed above, Mid-Proterozoic O, levels are
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levels: (a) Earth (Sun), (b) K2V planet, and (c) F2V
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thought to have been in the range of 1072 PAL to
a few times 10! PAL. This is a particularly in-
teresting range of O, concentrations because CHy
and O, might both have been detectable remotely
during this time.

CONCLUSIONS

We have presented simulated atmospheric
compositions and visible/near-IR and thermal-
IR spectra for Earth-like planets containing
107°-1 PAL of O; in their atmospheres and or-
biting G2V, F2V, and K2V stars. O, is potentially
observable in the visible (0.76 um) down to
~1072 PAL of O, for planets circling all three
types of stars. O; is observable in the thermal IR
(9.6 um) down to at least 1073 PAL of O, and
perhaps even lower for the planet around the
F2V star. At 1 PAL of O,, the ozone band around
the F2V star is weaker than that around the Sun
or the K2V star because of the relatively high
stratospheric temperature.

We have also computed surface UV fluxes and
relative dose rates for erythema and DNA dam-
age for these simulated atmospheres. Planets
around K2V and F2V stars both exhibit better UV
protection than does Earth at an O, level of 1 PAL.
Thus, advanced life (including humans) could con-
ceivably survive in both environments. Surface UV
fluxes increase dramatically for O, levels below
1072 PAL, with the planet around the F2V star ex-
hibiting the highest increases because of the high
intrinsic UV luminosity of the star. The high sur-
face UV fluxes on low-O, planets circling F stars
could pose a significant threat to biological evolu-
tion. An O, level of 10~2 PAL should have been
reached on Earth soon after the initial rise of O, at
2.3 Ga, so Earth’s biota have been well protected
from UV radiation since that time.

Perhaps the most interesting result of our mod-
eling is the prediction that O, (or O3) and CHy
might be simultaneously observed at thermal-IR
wavelengths in “Mid-Proterozoic-type” atmos-
pheres containing modest amounts (~0.1 PAL) of
O, and perhaps tens of parts per million of CH,.
Such an observation would be even firmer evi-
dence of extraterrestrial life than the observation
of a high-O, planet like modern Earth. Simulta-
neous detection of O, and CH, at visible/near-IR
wavelengths would be much more difficult. Thus,
there could be a slight scientific preference for do-
ing the TPF mission in the thermal IR.
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