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A radiative transfer model is used to quantitatively investigate
aspects of the martian ultraviolet radiation environment, past and
present. Biological action spectra for DNA inactivation and chloro-
plast (photosystem) inhibition are used to estimate biologically ef-
fective irradiances for the martian surface under cloudless skies.
Over time Mars has probably experienced an increasingly inhos-
pitable photobiological environment, with present instantaneous
DNA weighted irradiances 3.5-fold higher than they may have been
on early Mars. This is in contrast to the surface of Earth, which expe-
rienced an ozone amelioration of the photobiological environment
during the Proterozoic and now has DNA weighted irradiances al-
most three orders of magnitude lower than early Earth. Although
the present-day martian UV flux is similar to that of early Earth
and thus may not be a critical limitation to life in the evolutionary
context, it is a constraint to an unadapted biota and will rapidly
kill spacecraft-borne microbes not covered by a martian dust layer.
Microbial strategies for protection against UV radiation are con-
sidered in the light of martian photobiological calculations, past
and present. Data are also presented for the effects of hypothetical
planetary atmospheric manipulations on the martian UV radiation
environment with estimates of the biological consequences of such
manipulations. c© 2000 Academic Press

Key Words: atmospheres; evolution; exobiology; Mars; photo-
chemistry; radiative transfer.
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On Mars the lack of a significant ozone layer and the low
total atmospheric pressure than that of Earth results in an
vironment with a higher surface flux of ultraviolet radiation
This UV flux has been considered to be a significant evolutio
ary selection pressure to life (e.g., Sagan and Pollack 19
On Archean Earth (3.9–2.5 Ga), during the period before
accumulation of atmospheric oxygen and ozone, life was pr
ably exposed to higher UVB radiation than present-day Ea
and also UVC radiation (e.g., Sagan 1973, Marguliset al.1976,
Kasting 1993). Many types of organisms, probably includi
cyanobacteria, had colonized Earth (Schopf and Packer 1
Mojzsiset al.1996). Thus, based on the similar DNA-weighte
irradiances calculated for Archean Earth and present-day M
it has been suggested that even the present-day martian UV
may not be a limitation to the evolution of life (Cockell 1998
However, it is in synergy with other extremes such as low temp
atures and the lack of liquid water that the environmental str
of UV radiation contributes to the biologically inhospitable n
ture of the present martian surface (Cockell 1998) and the l
of preservation of organics (Oro and Holzer 1979, Stoker a
Bullock 1997). Although the martian UV flux may not be crit
cally limiting in the evolutionary context, biologically effective
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irradiances will of course be significant for an unadapted pres
day terrestrial biota transferred to Mars, and particularly for
tificial ecosystems (Cockell and Andrady 1999). DNA weight
irradiances are approximately three orders of magnitude hig
than typical clear sky values on Earth at comparable ze
angles.

The present day UV flux at 200, 250, and 300 nm on
martian surface was calculated by Kuhn and Atreya (1979)
different times of the year. In this paper, a theoretical ass
sment of the past and present UV radiation environment on M
is presented and the biological and evolutionary conseque
are discussed. Implications for the introduction of terrestrial
ganisms to the martian surface, relevant to planetary protec
concerns and long-term human exploration are considered
fects of the alteration of the martian atmospheric composi
on UV flux are addressed.

2. CALCULATION OF THE MARTIAN AND TERRESTRIAL
UV RADIATION ENVIRONMENT, PAST AND PRESENT

i. Calculation of Present Martian UV Flux

The radiation flux that reaches a point on the surface of M
will depend on a variety of factors such as the presence of c
cover, atmospheric dust loading, season, and latitude (Saga
Pollack 1974, Kuhn and Atreya 1979). It can be calculated
ing a radiative transfer model. We assumed a 6-mb atmosp
of CO2 with no other significant gaseous constituents. Dur
perihelion when the southern polar cap sublimes, the tota
mospheric pressure may increase to between 9 and 10 m
was observed during winter solstice at the two Viking land
sites (Hesset al.1980). Thus, the assumption of a 6-mb atm
sphere is a typical summer value for most sites on Mars. Nei
H2O (0.03%) nor the low levels of atmospheric O2 (0.13%)
have significant absorbance in the UV region at martian colu
abundances based on their absorption cross-sections (Yun
DeMore 1999). The extraterrestrial solar spectrum is now w
defined. High altitude aircraft, balloons and measurements f
Spacelab 2 have provided accurate information on the spec
of the Sun in the near-Earth environment (Aversenet al. 1969,
Mentall et al. 1981, Van Hoosieret al. 1987, Nicolet 1989).
The radiation incident on the top of the martian atmosphere
calculated from Nicolet (1989) with an inverse square-law
duction, based on the seasonally dependent Sun–Mars dis
and it was input into the radiative transfer model. These
radiation fluxes correspond to a period of low solar activity
1985 (Nicolet 1989).

Direct UV flux was calculated using Beer’s law. The so
zenith angle was calculated for any given latitude, orbital po
tion and time of day using standard equations (e.g., Haberleet al.
1993). Diffuse UV light was calculated independently of dire
flux so that UV radiation on shaded surfaces could be estima

It was calculated using a Delta–Eddington approximation t
assumes reflection on a Lambertian surface (e.g., Haberleet al.
L ET AL.
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1993) and is based on the two-stream model described by Jo
et al. (1976).

UV flux was calculated with a resolution of 2 nm. Dust is a
an important factor on Mars. On clear days optical depth
range between 0.1 and 1.0 in the visible (Haberleet al. 1993).
Localized dust storms will generate an optical depth of 2.0
severe dust storms an optical depth of about 6.0. These v
were used to consider typical dust loadings that are discu
where appropriate in the text. TheQscat and Qext values used
to calculate the relative contribution of absorbance and sca
ing in the UV range for a given dust optical depth were deri
from Zurek (1978) and were taken as follows (λ, Qscat, Qext):
201, 1.2698, 2.1783; 308, 1.4481, 2.2182; 388, 1.9791, 2.3
412, 2.0376, 2.3293. Values between these wavelengths
calculated by linear interpolation. Planetary obliquity was ta
as 25.2◦, eccentricity as 0.0934, and perihelion atLs= 250◦.
The albedo of the martian surface in the UV range was se
0.1 unless indicated otherwise. The scattering asymmetry
tor of the dust (g) was set at 0.736, the value calculated
350 nm (Pollacket al. 1979, Haberleet al. 1993). Changing
g from 0 to 0.736 in our model was found to increase the
flux calculation by only 2–6%. Martian cloud cover, which m
include crystal clouds possibly formed from CO2 (Lee et al.
1990) is not taken into account in the calculations and
are terrestrial clouds. Clouds can cause attenuation of UV
diation, which may reduce diurnal and seasonal exposure
in considering cloudless skies this paper addresses the w
case environment, which is prudent when considering biolog
effects.

The total pressure on Mars is subject to variation cau
by the growth and dissipation of the polar caps. In the c
of Viking 1, the total pressure during winter solstice (perih
lion) was approximately 9 mb and for Viking 2 it was 10 m
These pressures dropped to approximately 6.75 and 7.5
respectively, during the summer (Hesset al. 1980). For an at-
mospheric pressure change of 6 to 10 mb over a season
total UVB and UVC flux is reduced by 1.63% for a dust optic
depth of 0.5. These increases in pressure translate into a sli
greater reduction in the biologically effective doses to DN
(2–3%), since with larger total atmospheric pressures, the
cident UV radiation is skewed more toward less biologica
damaging longer wavelengths as a result of proportionally m
scattering at shorter wavelengths.

Diurnal variations in pressure principally caused by therm
tides are also small. Pressure variations over a day gene
range up to a maximum of 3% at perihelion (Hesset al.1980).
This corresponds to a change in the total UVB and -C flux
approximately 0.1–0.2%.

Effects of altitude variations on martian UV flux are al
small. At the summit of Mount Olympus, which rises appro
mately 21.2 km above the topographic geoid (Smithet al.1999),
the atmospheric pressure may be between 0.5 and 1 mbar (Z
hat1992). The Hellas Basin is probably the lowest point on Mars,
approximately 7.8 km below the topographic geoid. Average
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pressure here is approximately 12 mbar (Zurek 1992). The
UVB and UVC variation between the Hellas Basin and the su
mit of Olympus Mons probably spans a range that lies betw
2 and 3% on either side of average UV values found at the
erence datum. The calculated 2% enhancement in UV flux
the summit of Olympus Mons may not reflect the actual U
radiation environment experienced on the structure. Clas
observations of Olympus Mons and of other high constructs
Mars indicate that the volcano is the site of frequent cloud co
most likely CO2 cirrus (e.g., Martinet al. 1992). The frequen
presence of such clouds is likely to be the prime controlle
the local UV radiation regime. During the 1981–1982 oppo
tion, Akabaneet al.(1987) measured the optical thickness of
Olympus Mons cloud, attributing to it a maximum value of 0
To first order then, the reduction in UV flux on Olympus Mo
due to cloud cover is high enough to entirely cancel the ef
of increased flux due to altitude relative to the reference da
level.

Unless otherwise stated, ozone abundances in the martia
mosphere were assumed to be negligible. The Martian p
regions experience some production of ozone during the
ter and in early spring and fall when atmospheric temperat
drop (Barthet al. 1973, Barth and Dick 1974, Lindner 1991
The quantity of ozone measured by Mariner 9 was equivale
a maximum column abundance of 1.61× 1017 cm−2 in the north
circum-polar region (50◦ to 75◦N). This quantity was measure
in winter and slowly decreased until it vanished in the summe
the southern polar region this value was about 9.41× 1016 cm−2

at maximum value in fall. These values are approximately
orders of magnitude less than typical values found on E
(∼8× 1018 cm−2 for equatorial regions). Figure 1 shows t

incident UV flux at 60◦N, at noon in early spring for a zenith an

spring (vernal equinox) with an ozone column abundance of 8.1× 1016 cm−2. F
and a medium-scale dust storm (τ = 2.0).
AND MARS 345
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radiation around 250 nm, consistent with previous calculati
(Kuhn and Atreya 1979).

For the calculation of present-day UV radiation on Ear
Rayleigh scattering of air molecules was calculated and oz
at a column abundance of 8.085× 1018 cm−2 was assumed (i.e.
300 Dobson units). This value is typical for mid-latitude a
equatorial regions. The ozone cross section was taken
Daumontet al. (1992). The extraterrestrial spectrum provid
by Nicolet (1989) was used in the model.

ii. UV Radiation on Early Earth and Mars

The composition of the atmosphere on early Earth and Ma
controversial, particularly with regard to the source of the gre
house effect required to keep early Earth and Mars warm.
precipitation patterns in Precambrian paleosols on early E
2.8–2.2 Ga (Ryeet al.1995) suggest that pCO2 may have been
less than 40 mb. Also iron silicate–iron carbonate equilibria
plied to the deposition of sediments in Archean banded i
formations indicate that pCO2 was less than 0.15 bar (Mel’nik
1982). However, during the early Archean 3.5 Ga, CO2 par-
tial pressures may have been∼1 bar (Kasting 1993), and thi
may have been required if there had been no other sourc
greenhouse warming. Here this value is used for early E
3.5 Ga. It is assumed that specific UV absorbers such as
fur (e.g., Kastinget al. 1989) or an organic haze (Sagan a
Chyba 1997) were not present. It is plausible that a gre
house gas such as CH4 either in the early terrestrial or mar
tian atmospheres could have been photolyzed to produce a
drocarbon smog (Sagan and Chyba 1997) which would h

-

d. First,

provided UV protection for organisms on the surface of either
e an
gle of 60◦. The predominant effect of the ozone is a reduction in

FIG. 1. Irradiance curves. Data show extraterrestrial spectrum and corresponding fluxes at the present-day martian surface. Two cases are provideflux
received at a zenith angle of 0◦ (equator at vernal equinox) with no ozone. Second, flux for a solar zenith angle of 60◦ (solar zenith angle at noon) at 60◦N during

planet. In this case, the results presented in this paper ar
or both cases data are provided for a clear day with some dust loading (τ = 0.5)
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upper limit on UV exposure on the early planets. Indeed
the case of Mars it would mean that our conclusions for M
concerning the increasing importance of UV radiation as a de
mental biological stressor over time are an underestimate.

For early Mars an atmosphere composed of 1 bar CO2 is taken,
which might be the upper value for the atmospheric reservo
the end of late bombardment (Haberleet al. 1994). Forget and
Pierrehumbert (1997) calculate that for CO2 pressures above
this, CO2 condensation clouds in the martian atmosphere wo
be sufficient to warm the surface and allow liquid water. Sin
some geomorphic features on Mars can be explained by
freezing periglacial processes, CO2 partial pressures could hav
been as low as 0.3 bar (Forget and Pierrehumbert 1997). In
case of Mars the N2 content of the early atmosphere was tak
as 0.1 bar (approximately 10% of atmospheric composition)
for early Earth N2 was taken as 0.8 bar (the same as the pres
present-day Earth and Mars for the equator at vernal equinox. In both cases
important wavelengths). In all cases optical depth of dust is taken as 0.1. H
the International Commission on Illumination (CIE).
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Rayleigh scattering. Although H2O can absorb UV radiation to
produce H2O2, which is a UV absorber up to 350 nm, H2O,
which is generally located at lower altitudes corresponding
the troposphere, is shielded by higher altitude CO2 (Yung and
DeMore 1999) that has a similar cross section. Thus the H2O
contribution to UV absorbance in the early atmospheres is
sumed to be negligible. In the case of both early Earth and M
a dust optical depth of 0.1 was taken, which assumes a w
case photobiological exposure, the most relevant calculation
considering biological effects.

A 25% less luminous Sun is assumed for early Earth
Mars based on the increase of luminosity associated with
projected evolution of a G2 main sequence star (Newman
Rood 1977, Gough 1981). This change of luminosity may h
been equivalent to∼35% less UV radiation between 200 an
300 nm (Zahnle and Walker 1982), which is assumed in th
flux on

ro-
ult
day value). N2 assumptions are not so critical since N2 is not a
UV absorber, although high partial pressures of N2 do increase

FIG. 2. (a) UV flux at the surface of early Earth and Mars (3.5 Ga) for the equator at vernal equinox (or an early equivalent on Mars). (b) UV

calculations. The possibility that the early Sun emitted a p
portionally higher UV flux than visible wavelengths as a res
total UV fluence is shown along with the total of UVC and UVB (the biologicallymost
ere UVB radiation is defined as 280–315 nm according to the conventions adopted by
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of its early T-Tauri stage is not considered to be important si
these wavelengths are generally confined to the region<200 nm
(Zahnle and Walker 1982, Canutoet al.1982) and do not reach
the surface of the planet because of CO2 absorption.

Present-day obliquities for both planets were taken. The ob
uity of Earth is Moon stabilized (Ward 1992, Touma and Wisdo
1994, Laskaret al.1993) and oscillates±1.3◦ around the mean
of 23.3◦ (Laskaret al.1993). During the Archean obliquity vari
ations may therefore have been less extreme than is prop
for Mars. The martian obliquity probably oscillates more chao
cally (Ward 1992) and recent values suggest between∼0◦ to 60◦

(Laskar and Robutel 1993). Some discussion of effects of ob
uity on UV exposure on Mars is provided in Section 3.

Day length has changed since the Archean. In the cas
Earth, rotational drag has been mainly caused by tidal for
n as well as tidal forces from the Sun–Ea
n and Nudds 1974). Three to 3.5 Ga the
ontinued

ce

liq-
m

sed
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length may have been 15 h, lengthening to 20 h at the close o
Precambrian 570 million years ago (Walkeret al.1982). For our
calculations a 15-h day is assumed. For Mars, lunar tidal drag
not existed. Lunar drag contributes about 78% of the tidal fo
that results in the slowing down of Earth’s rotation (Johns
and Nudds 1974). Among other parameters tidal dissipatio
proportional to the mass and radius of the planet and is inver
proportional to the semimajor axis. Thus, we would expect ti
dissipation on Mars particularly, without oceans, to be mu
less effective than on early Earth and probably the present
length is similar to the primordial day length. For both past a
present-day Earth and Mars, UV data over the day are show
Figs. 2a and 2b. Note that the model predicts that total UV fl
is approximately the same on present-day Earth as early E
under cloudless skies. This is because UVA is not attenuate

rth
day
ozone and so was about 35% less on early Earth than present-day
Earth due to the faint young Sun. However, the UVB and C flux
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FIG. 3. Action spectra used to assess martian biologic

was greater on the surface of early Earth. When measured
total, the UV flux is similar although the wavelength distributio
has changed.

iii. Calculations on Biologically Weighted Irradiance

The effect of UV radiation on a biological system is repr
sented by an action spectrum (ε[λ]). This is a plot of relative bi-
ological effect (usually some measure of damage) against w
length of radiation. Whole organism action spectra will depe
upon the combined effect of repair and protection mechanis
In Fig. 3, the action spectra for DNA inactivation and photosy
thesis inhibition of isolated spinach chloroplast function (al
used as a proxy for photosystem inhibition in cyanobacteria si
the photosystem II proteins are similar) are shown. Action sp
tra below 280 nm are not generally measured since wavelen
<280 nm are not physiologically relevant on Earth. Howev
the action spectrum for inactivation ofBacillus subtilisspores
in Earth orbit has been measured (Horneck 1993) as wel
gel formation in DNA (cross-linking) down to 180 nm (Se
low and Doyle 1954). DNA damage at wavelengths>280 nm
(Green and Miller 1975) and the action spectra for DNA lesi
and spore survival inBacillus subtilis(Lindberg and Horneck
1991) has been measured. These data allow for an approx
tion of a general action spectrum for DNA damage across
UV range experienced on the martian surface, which is show
Fig. 3.

Since DNA is the primary target of UV radiation damag
and this damage is the greatest factor responsible for declin
organism function, many microorganism action spectra for lo
of viability are very similar to the DNA inactivation spectrum
presented in this paper (e.g., that forE.coli (Jagger 1985) or for
Streptomyces griseus(Keller and Horneck 1992)).

In the case of chloroplasts the studies were only underta
down to 230 nm (Jones and Kok 1966). Here we show the val
m (Fig. 3). On Earth, UVA (315–400 nm) primaril
cts through indirect oxidative damage result
ally effective irradiances. All spectra are normalized to 300 nm.
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from reactive O2 species, rather than by direct photochemic
damage (Jagger 1985). However, although the atmosphe
Mars is essentially anoxic we assume here that photosynth
organisms would be producing O2 in their chloroplast micro-
environment, so the UVA contribution is included.

The product of the action spectrum (arbitrarily normalized
300 nm) and the spectral irradiance distribution of the incid
radiation (E[λ]) provides the biologically weighted irradianc
(ε[λ]E[λ]). Numerical approximation of the integral of thes
curves provides the biologically effective irradiance (E∗) at a
given instant in time:

E∗ =
400 nm∑
λ=200

ε[λ]E[λ]1λ.

The data can be integrated across the day to provide a d
weighted fluence. In Table I, the daily weighted fluence for DN
inactivation and photosystem damage is calculated for E
and Mars based on the UV radiation data presented in Fig
The instantaneous present-day weighted irradiances for D
and chloroplast damage on the surface of present-day Ma
a zenith angle of 0◦ are similar to those calculated previous
(Cockell and Andrady 1999).

3. UV ON EARLY MARS—BIOLOGICAL IMPLICATIONS

The modeled instantaneous DNA biologically effective
radiance on early Earth for a solar zenith angle of 0◦ (noon)
was 21% greater than that for early Mars (Table I) for clou
less skies. These data agree with conclusions made earlie
UV flux on early Mars was probably not a critical constrai
to the evolution of life (Mancinelli and Banin 1995, Cocke
1998). It should be noted that there are some uncertainties
for example, Earth had possessed a CH4-generated hydrocarbo

y
ing
smog and not Mars, then the lack of such an atmospheric shield
on Mars could have negated the effect of Sun–Mars distance
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TABLE I
UV Fluxes, Fluences, and Biologically Weighted Irradiances at the Equator (for Vernal Equinox)

of Mars and Earth, 3.5 Gyr Ago and Present Day

UVC and B UVA DNA effective Photosystem
(200–315 nm) (315–400 nm) irradiance effective irradian

Early Mars (1 bar CO2)
Daily fluence 119 542 838 231
Zenith angle 0◦ 4.8 22.3 33.8 9.5

Early Earth
Daily fluence 78 519 615 193
Zenith angle 0◦ 5.2 34.1 41.0 12.7

Present day Mars
Daily fluence 361 1126 3183 689
Zenith angle 0◦ 13.2 41.5 116.4 24.5

Present day Earth
Daily fluence 39 1320 2.10 0.52
Zenith angle 0◦ 1.86 52.81 0.10 9.71

Note.Daily integrated data are provided (assuming current obliquities) and for a solar zenith angle of 0◦. See text

for description of atmospheric models. Values at zenith angle= 0◦ are given in W/m2; values of daily fluence and
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and the planets might have had comparable instantaneou
regimes at zenith angle 0◦. Furthermore, integrated over time
the photobiological conditions on the early planets could h
been strongly influenced by which planet was more cloudy
the optical depth of these clouds in the UV region. Thus, the
culations presented here would apply to the instantaneous
that an organism would have to be capable of tolerating on a c
day at zenith angle 0◦. How common this was for either plane
cannot be determined without knowledge of the cloudines
the early planets.

The data show that sidereal period is important when asses
total biologically effective fluence. On early Earth biologica
effective DNA irradiance is 21% greater than that on early M
for a zenith angle of 0◦, but the daily fluence is actually les
assuming similar atmospheric CO2 inventories. This is becaus
of the shorter Archean day length. The importance of day len
relates to an organism’s ability to repair DNA damage. If the p
tection mechanisms and rates of repair are sufficient to kee
with DNA damage as is observed in some terrestrial organi
(Lesseret al.1994), then accumulated damage is not a conc
On early Mars, putative organisms on the surface might h
needed a lower tolerance to instantaneous damage comp
to organisms on the surface of early Earth, but the day len
which was twice as long as on Earth, would have increased
daily accumulated damage.

The instantaneous DNA weighted irradiance for early Ea
is calculated as 41 W/m2. This is lower than the 127.1 W/m2

estimated earlier (Cockell 1998), probably because a radia
transfer model was not used in the previous estimation, but ra
a 25% attenuation was assumed across the UV region. Also
a pCO2 of 1 bar is taken. At 3 Ga, pCO2 may have been neare
to 40 mb (Ryeet al.1996) and under such conditions the DN
ance would be∼96 W/m2, closer to the previous
, for present-day Mars the instantaneous m
UV
,
ve
nd
al-

dose
lear
t
of

sing
ly
rs

s

gth
ro-

up
ms
rn.

ave
ared

gth,
heir

rth

tive
ther
here
r
A

mum dose is greater than on early earth (181%) with pCO2 of
1 bar, but similar to the value at 3 Ga under a 40-mb CO2 atmo-
sphere. These values agree with previous suggestions that i
evolutionary context even the present-day instantaneous ma
UV flux would not in itself prevent life (Cockell 1998). Howeve
the day length on present-day Mars may be about 100% gre
than that on early Earth. This would increase accumulated d
damage compared to early Earth. If exposed organisms in
terrestrial Archean possessed repair processes that could
up with damage throughout the day, then it is probable that
cumulation of damage during the present martian day mi
still be within the threshold of efficient repair processes. Si
ilar conclusions can be drawn regarding photosystem dam
(Table I).

The chaotic behavior of martian obliquity (Laskar an
Robutel 1993) and the less extreme changes in terrestrial o
uity are also a factor for UV exposure. At low obliquities, mo
of the surface of the planets is subjected to a light/dark cycle
that the total daily UV flux calculated for the equatorial regio
at vernal equinox can be considered an upper limit for UV ex
sure for most organisms. At high obliquities greater proportio
of the planets are subjected to long periods of darkness. Du
such phases on Mars habitats for exposed nonphotosynt
life that are protected for∼320 days in darkness may have e
isted, but during the rest of the year organisms would be expo
to long periods of continuous UV exposure. From a biologi
standpoint this is analogous to many polar microbial commu
ties found on Earth that need to repair 24 h of continuous
damage (e.g., Vincent and Quesada 1994). Because at highe
itudes the midday zenith angle is higher, then total daily flue
may not be much worse than at the equator at vernal equi
the damage is just spread over the whole day.
axi-
In the more recent history of Mars obliquity alterations have

probably caused changes in pCO2 caused by freeze out of the
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atmosphere (Lindner and Jakosky 1985). However, even a
obliquity of 9◦ when pCO2 may have been as low as 0.1 mb
increases in DNA-weighted irradiances at a zenith angle o◦

amount to less than 10%. Thus, the most important photobio
ical consequence of martian obliquity alterations is the cha
in temporal exposure of UV radiation, not the change in abso
UV flux.

Many physical and biological strategies that have been
posed to have existed on early Earth to mitigate UV damage h
been suggested to be sufficient to reduce biologically effectiv
radiances on Mars (Cockell 1998). Here, some specific expo
habitats that have previously been suggested to be of import
to martian exobiology (e.g., Sagan and Pollack 1974, Rothsc
1990, Clark 1998, Cockell 1998, Wynn-Williams and Edwar
2000) are briefly discussed. They are martian dust, evapo
deposits, endolithic habitats, and ice covers.

Iron compounds can provide a UV screen for life (Olsen a
Pierson 1986, Piersonet al.1993, Kumaret al.1996) and mar-
tian regolithic dust has specifically been proposed as a suit
refuge for life (Sagan and Pollack 1974). On Mars iron is the s
ond most abundant element in surface materials after silicon
is present at about 10.5 wt% by elemental composition (Rie
et al. 1997); however, much of this iron may be bound up
insoluble iron oxides such as hematite or maghemite. Terres
palagonite (JSC Mars-1 simulant) is a useful analog of mar
soil, possessing the same elemental composition and reflec
properties (Allenet al. 1998). One and a half grams of JS
Mars-1 soil simulant was left in 5 mL of water overnight. Th
sample was spun and the absorbance of the supernatant was
Figure 4 shows the absorbance spectra of this material comp
to 1 mM FeCl3 (Fe3+) and 20 mM FeSO4 (Fe2+) (Sigma Chemi-
FIG. 4. Absorbance properties of Fe2+ and Fe3+ solutions. Also shown is th
left in 5 mL of water overnight.
L ET AL.
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ing distilled water as a standard. For the palagonite at the p
between UVC and UVB (280 nm), transmittance would be le
than 40% beneath a 1-cm water column, although most of
attenuation is due to scattering from small insoluble partic
rather than direct absorbance. Thus, although direct iron
sorption may have been limited it is possible that martian d
deposited in lakes could still provide a UV screen in putat
ancient martian paleolakes (Doranet al. 1998 and reference
therein).

Terrestrial endolithic communities that live in the subsurfa
layers of rock that provide a nanoclimate against extreme ex
nal conditions (Friedmann 1982) have been proposed as p
ble analogs to life on Mars (McKay 1993, Wynn-Williams an
Edwards 2000). They experience light levels reduced to 10%
incident at the upper layers of the colonies. At the lower levels
the colonies light levels may be reduced to 0.005% of incid
levels (Nienowet al. 1988, Nienow and Friedmann 1993). A
a depth of just 1 to 2 mm, DNA effective irradiances would
reduced to levels experienced on the exposed surface of pre
day Earth (∼0.1 W/m2) under the protection of an ozone shie
although light levels would still be sufficient for photosynthes
and growth. Significantly, the biomolecules left by such co
munities, as well as other analog cyanobacterial communi
might have sufficient recalcitrance to be used as exobiolog
biomarkers (Wynn-Williamset al. 1999, Wynn-Williams and
Edwards 2000).

Salt deposits may also exist on Mars (e.g., Clark and V
Hart 1981). Theoretical (Catling 1999) and experimental (Mo
and Bullock 1999) evidence for evaporitic deposits has b
suggested, which is consistent with evaporitic deposits propo
for some crater basins on Mars with intracrater terraces (Fors
ide
cals, St Louis, MO) measured at 1-nm intervals in a Perkin-Elmer
lambda 2 spectrophotometer (Perkin-Elmer, Wellesley, MA) us-

and Zimbelman 1995). Such martian evaporites could prov
UV protection for organisms (Rothschild 1990, Mancinelliet al.
e absorbance of the supernatant from 1.5 g of JSC Mars-1 soil simulant (palagonite)
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1998). Given the UV absorption of solid NaCl it is probable th
in analogy to the endolithic habitat, just a few millimeters of s
would be sufficient to reduce DNA weighted irradiances do
to values found in exposed habitats on present-day Earth.

Frozen impact lakes may have persisted on the surfac
Mars (Newsomet al. 1996), particularly associated with im
pact basins (Cabrolet al. 1999). Organisms adapted to life be
neath ice covers, of even moderate thickness, would have
advantage of this physical screening mechanism, particul
where impurities are present. Recent measurements of ra
tion in the 280- to 340-nm range, made beneath the peren
ice cover of an antarctic lake, indicate that UV at waveleng
less than 310 nm is hardly encountered (Kepneret al. 2000).
This lower wavelength UVB appears to penetrate the ice
depths of no more than 1.5 m during relatively cloud-free a
tral summer days, when surface UV doses are quite high.
absorption coefficient is some two orders of magnitude gre
at 200 nm than 450 nm (Warren 1984, Perovich and Gov
1991), but because the UV region of the spectrum is co
prised of fewer photons than the PAR (Photosynthetically Act
Radiation) region, enough PAR may get through for photos
thesis. Estimated biologically effective UV irradiances imme
ately beneath the ice were three to five orders of magnitude
than those under full sky conditions, while incident PAR imm
diately under the ice is attenuated to an average of roughly
of surface values, similar to previously reported values (McK
et al. 1994). In some cases UVB may still be sufficient to i
hibit microbial growth (Vincentet al. 1998). In extraterrestria
environments, this reduction may at least be a substantial
provement on full sky UV exposure. Additionally, water or ca
bon dioxide snow and frost deposited on lakes, particularl
it contained impurities from the martian surface may help a
sorb, reflect and scatter UV radiation, to the benefit of organis
beneath.

4. UV RADIATION ON AN ENVIRONMENTALLY
DETERIORATING MARS

The UV radiation flux environment of present-day Mars und
cloudless conditions is more detrimental to biology than t
of the early Mars environment owing to the steady increase
solar luminosity since Zero Age Main Sequence and the redu
atmospheric attenuation caused by reduced pCO2 (see Fig. 7
for the effects on pCO2 on biologically effective irradiances.)
However, it was discussed earlier that the present-day noon
is probably still no worse than that of early Earth and even thou
daily fluence is greater, it may still be within the threshold
efficient repair processes. However, today the surface of Ma
lifeless. Why?

In many terrestrial microorganisms the detrimental effe
of UV radiation may be synergistically increased by extrem
such as desiccation and reduced atmospheric pressure (Lind

and Horneck 1991, Doseet al. 1991, Horneck 1993, Dose and
Klein 1996). On the surface of Mars the existence of oxidan
AND MARS 351
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in the upper layers of the martian regolith (e.g., Hunten 197
would also be a significant additional stress to a putative surf
biota.

During the history of Mars from approximately 3.8 to 2 G
temperatures dropped, the atmosphere thinned and the p
lence of liquid water was reduced (either episodically or perm
nently), as a result of freezing of the water and reductions in to
atmospheric pressure to below the triple point of water acr
large areas of the surface. During this time we can envisage a
cess of “synergistic decline.” Through environmentally induc
synergism, an accumulated increase in the importance of
radiation as a detrimental factor would have occurred. Any p
tential biota on Mars would be forced into habitats in which the
synergisms were minimized. This transition may have been c
tinuous, or if the martian atmosphere suffered a collapse, ra
sudden (Haberleet al. 1994). Through this environmental his
tory we arrive at the present state, where the martian surface
DNA weighted irradiances that might have been similar to tho
of early Earth, at least under cloudless conditions, but in syn
gism with other extremes they result in a surface unsuitable
life and even for the persistence of organics (Stoker and Bull
1997).

5. UV RADIATION ON PRESENT-DAY
MARS—BIOLOGICAL IMPLICATIONS

A concern of planetary exploration is the protection of e
traterrestrial environments from contamination, particula
when mission goals include life detection experiments.

Recent data have been gathered on the effects of UV radia
on Bacillus subtilisspores exposed to vacuum and dehydrat
(Horneck 1993, Dose and Klein 1996).Bacillus subtilisis a
good model for the examination of planetary protection issu
since studies on the microbiological profile of the Viking lan
ders (Puleoet al. 1977) showed thatBacillus spp. comprised
between 23 and 47% of the bacterial load of the spacecraft p
to sterilization. Under conditions where microbiological clea
liness is not paramount, about 95% of the load is still compo
of Bacillus spp. and human-borne organisms such asMicro-
coccusandStaphylococcus, such as the loading found on th
Apollo spacecraft (Puleoet al.1973). For extensive martian hu
man exploration strategies, response of other, more resilient
microbes may be important. Work that simulated martian con
tions including temperature, atmospheric composition and
radiation, showed that after 2 days 0.3% of aerobic soil micro
in a generic soil sample had survived (Greenet al.1971). Since
species level analysis was not undertaken and since the e
spectral output from the Xe-arc lamps used to simulate the m
tian UV flux are not known, it is difficult to quantitatively asses
this work. However, it is certain that from a raw soil sampl
some species will survive many days’ exposure to the mart
conditions.
ts
UV survival data gathered on Earth or in orbit can be used to

assess the effects of the martian UV radiation environment on
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terrestrial organisms, assuming that reciprocity holds; i.e., th
tal dose and not the dose rate is the important parameter in d
ing percentage loss of viability. Assuming that the microb
are not growing and that repair processes are not opera
then for most terrestrial organisms transferred to Mars, reci
city is likely to hold. It is also assumed that the spectral comp
tion of the source is not important. This condition can be a pr
lem, since there may well be nonlinear relationships betw
wavelengths leading to different results between, for exam
lamps and UV spectral irradiance in Earth orbit (e.g., Horn
1993). Nevertheless, for planetary protection purposes, eno
data do exist to provide reasonably accurate qualitative con
sions about the martian surface and rates of microbial decli

i. Microbial Decline for Two Mission Scenarios

Using the radiative transfer model, the UV fluence acr
the solar day has been calculated for two Mars mission sce
ios. The UV flux on the first day following the landing of th
Pathfinder spacecraft is shown in Fig. 5.

To calculate the loss of viability ofB. subtilisHA101 spores,
we used the data acquired from 50–300 nm by Munakataet al.
(1991) under evacuation (0.01 mbar). The fluences for gi
levels of viability loss in their experiments were converted fro
photons to W/m2 for their measurements at 235 nm and m

FIG. 5. UV flux on the day of the Pathfinder landing (4 July 1997). Da

also show decline inB. subtilisviability associated with the exposed UV flux
Flux is shown for an exposed surface (direct plus diffuse UV) and for a sha
surface (diffuse only) (τ = 0.5).
L ET AL.
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tiplied by their value of the inactivation rate constant at t
wavelength for theB. subtilisHA 101 spores (3.95) in order t
provide a biologically weighted fluence. The martian UV flux
different times of the day was weighted to their action spect
based on the inactivation rate constants from 190 to 300
and integrated across the UV region to provide a biologic
weighted fluence on the martian surface. The graph of biol
cally weighted fluence versus survival at 235 nm was then u
to calculate the loss of viability under the given martian U
fluences.

Dose and Klein (1996) also measured loss ofB. subtilisTKJ
3412 viability under UV radiation. They measured anF37 value
(37% of viability left) of 50 J/m2 for spores in vacuum (3×
10−6 mbar) at 298 K exposed to radiation from a mercury
por lamp emitting primarily at 254 nm. Spectrally weighti
their data against the DNA action spectrum provides a biol
cally effective fluence of 1270 J/m2 for F37. Spectrally weighting
the martian UV flux against the action spectrum and calcu
ing loss of viability for a given fluence gives the same data
that acquired from Munakataet al.with a 10% error. Dose an
Klein apparently have a subpopulation that survives large
ences (>1000 J/m2), so that at high fluences, a small proporti
of organisms survive and divergence with the data of Muna
et al. occurs. In the case of Pathfinder, their data predicts
after 2.5 h on the martian surface 1% still remain.

Sterilization could only occur 2 h after landing since th
Pathfinder landed prior to sunrise at 3:11 local solar time. H
ever, once the Sun begins to rise, loss of biological viabilit
quite rapid. Within 30 min less than 3% of the spores remain
able. At this time of the day diffuse flux is almost equal to the
posed flux (the sum of direct and diffuse radiation). This imp
that during the morning shaded areas of the spacecraft w
have been sterilized at nearly the same rate as exposed sur

Data are also shown for a theoretical polar lander in Fig
Calculations assume landing on the arbitrary date of Dec
ber 3, 1999, at 77◦S. In Fig. 6a, data are shown for average d
loading (τ = 0.5); for Fig. 6b, UV flux during a mild dust storm
is also shown (τ = 2.0). During the spring when temperatur
rise and insolation increases, the polar ozone layer has a
umn abundance of 2.68× 1016 cm−2 (Barth et al. 1973). This
column abundance was incorporated into the calculation. It
also assumed that the contribution of the polar hoods to UV
sorption during the landing phase is not significant since land
occurs during southern summer when the polar hoods are
expected to be present. Because of the proximity to ice and
CO2, the albedo of the surface was taken as 0.4 rather tha
in these calculations, although the effect of the albedo cha
on the calculated UV flux is small (<2%).

For the polar region, the larger solar zenith angle at mid
means that the instantaneous flux is approximately 50% of
encountered at the Pathfinder site (19.44◦N), but the total daily
fluence is about 76% of the Pathfinder site because of the
dedlight cycle that spreads damage over the whole day. From a plan-
etary protection viewpoint, the 24-h polar light cycle provides
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FIG. 6. UV flux at 77◦S for a polar lander. Data presented is for a landing on 3 December 1999. Total daily fluence is about 76% of the UV fluen

Pathfinder site. Flux is shown for an exposed surface (direct plus diffuse UV) and for a shaded surface (diffuse only). (a) Clear day with some dust loading (τ = 0.5).
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(b) Medium-scale dust storm at the landing site (τ = 2.0).

the opportunity for 24-h sterilization, but throughout most
the day, particularly around midnight, the higher solar zen
angle increases the time required for mortality. However, l
of viability is still quite rapid. Even with a dust storm (τ = 2.0),
the diffuse UV radiation near midnight is capable of reduc
viability down to 10% within 30 min.

Survival may be possible for some of these organisms if t
are picked up in dust storms and redeposited under laye
dust. Pollacket al. (1979) estimate that the mass loading
dust on a surface is approximated by 5× 10−4τ , whereτ is
the optical depth. Thus for a relatively clear day withτ = 0.5,
and taking the density of martian dust as 3 g/cm3, the thickness
of the dust on a surface, if that dust where to settle, would

0.8µm and for a dust storm ofτ = 6.0, the thickness would be
10µm. Using a thin layer (∼100µm) of JSC-1 Mars simulant
of
ith
ss

ng

ey
s of
of

be

(palagonite) placed onto a quartz cover slip and measured
transmittance, it was found that UV reductions will at least
order of magnitude. After a passive covering of dust followin
a dust storm some microbes will have the ability to survive t
martian environment for many days. If the depth of the dus
increased by active turnover of surface material, such as du
a dust devil, then some microbes will survive indefinitely un
they are reexposed to UV radiation.

The 1992 NRC Task group on Planetary Protection reco
mendations (NRC 1992) concluded that, “during the entire m
tian year, the UV flux is sufficient to sterilize the martian su
face.” As shown here, the martian UV radiation environment c
be considered sterilizing for the majority of human derived m

crobes introduced on the surface of spacecraft. However, even a
thin dust layer will negate this conclusion.
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6. ALTERATION OF MARTIAN ATMOSPHERIC
COMPOSITION—UV RADIATION

ON FUTURE MARS?

The alteration of martian atmospheric conditions (“planet
engineering” or “terraforming”) is a possibility that has been
interest for some time (Burns and Harwit 1973, McKayet al.
1991). The problem of the martian UV radiation flux for a
unadapted and exposed terrestrial biota has been pervasive.
a theoretical standpoint it is of interest to investigate whethe
artificial alteration of atmospheric parameters can indeed e
a significant alteration of the surface UV radiation regime.

i. Effects of CO2 Release on UV Flux during
the Warming of Mars
zenith angle of 0◦ with τ = 0.1. Note that the data for DNA also represents th
(b) Reductions in UVA, B, and C associated with increasing pCO2.
L ET AL.
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n
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frozen CO2 inventory of Mars would be released into the atm
sphere (McKayet al. 1991). Five hundred millibars may be
conservative estimate for the martian inventory (McKayet al.
1991), although levels up to 3 bar are also possible as an u
limit of CO2 availability (McKayet al.1991).

In Fig. 7a, biologically effective doses for DNA damag
(which also equates to microbial damage in many cases),
eralized plant damage (Greenet al. 1974), photosynthesis in
hibition in phytoplankton (Cullenet al. 1992) and sunburn in
mammalian skin (McKinlay and Diffey 1987) are shown as
function of CO2 partial pressure. Heating of the polar caps a
the surface will primarily increase CO2, so only this compo-
nent is factored into the atmospheric composition for the rad
tive transfer calculations. Increases in N2 and O2 might affect
Rayleigh scattering, but in these cases, concentrations even
ox a

he
not
If Mars were warmed through the introduction of CFCs or
other chemicals that increased the surface temperature, then the

FIG. 7. (a) Reductions in biologically effective irradiances associated with increasing pCO2 associated with the gradual warming and release of CO2 on Mars.
The present-day martian irradiances are defined as 100% damage and relative reductions are shown accordingly. Data are presented for vernal equinnd a solar

a 500-mb CO2 atmosphere are likely to be less than 2–3 mb. T
data are partly limited, since many of the action spectra do
e photobiological effect of reducing CO2 partial pressure on an evolving early Mars.



N

g

e

.

a

n

g-
s.
f
e is
mn

es.

, and
e

col-

and

ff
e

ely
in
o
he
e is
ele-

ay
UV RADIATIO

extend down to 200 nm (Fig. 3). However, all of them do exte
into the UVB, whose reduction can also be considered a pr
for the reduction of UVC. The corresponding changes in UV
B, and C caused by CO2 scattering are shown in Fig. 7b. In a
of these cases a dust optical depth of 0.1 and a zenith ang
0◦ was taken in order to examine the protection provided in
worst-case exposure on a cloudless day.

The data in Fig. 7 indicate that the rise in CO2 itself causes a
significant reduction in UV flux, primarily due to scattering
the UVC and B regions. For an increase in CO2 from present
day values (6 mb) to 100 mb, biologically effective irradianc
are broadly reduced by approximately 50 to 20% dependin
the action spectrum considered. An increase to 500 mb red
all biologically effective irradiances by at least 60% of pres
Mars values. If Mars possesses a higher CO2 inventory (up to
2 bar) then the UV screen will be even more effective (Figs
and 7b), although it can be clearly seen that the proportio
reductions in UV radiation are less at increasing pCO2 due to
the correspondingly less effective scattering.

ii. Effects of an Ozone Shield on Martian Surficial UV Flux

The generation of O2 in the martian atmosphere by a bio
as well as abiotic production from photolytic reactions and
creased atmospheric pressure (Rosenqvist and Chass
1995) would result in the formation of ozone above the m
imum 1.61× 1017 cm−2 column density currently found at th
martian north pole in winter (Barthet al. 1973). This has bee
suggested as a potential approach to reducing UV flux in

raforming considerations (Hiscox and Lindner 1997). In Fig.
the required global ozone column abundances are provided

damage value (100% value) equals 0.1% of the damage that would be re
inhibition equals 12%, and erythemal sunburn equals 4% for comparisons
AND MARS 355
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various concentrations within the range that would bring biolo
ically effective irradiances to within present-day Earth value

For a 100-mb CO2 atmosphere and taking the mid-point o
the three action spectra shown in Fig. 8, where the damag
similar to that seen on present-day Earth, a shield of colu
abundance 6.5× 1018 cm−2 will reduce the biologically effec-
tive irradiances sufficiently close to present-day Earth valu
For a 500-mb CO2 atmosphere, a 3× 1018 cm−2 ozone column
abundance reduces irradiances to present-day Earth values
a minimum 2× 1018 cm−2 column abundance may even suffic
(four times less than typical equatorial Earth values). These
umn abundances might lie between a pO2 of 1 and 20 mb based
on existing terrestrial photochemical models (e.g., Kasting
Donahue 1980). Notice, however, that as CO2 would be bioti-
cally drawn down and O2 produced there would be a tradeo
between the less effective CO2 scattering and the need for mor
ozone to increase UV screening.

iii. Alternative Approaches to Reducing UV Flux

Elemental sulfur is also a specific UV absorber (Kastinget al.
1989) and the sulfur content of martian rocks is approximat
2 wt%, similar for both Viking and Pathfinder analyses (Toulm
et al.1977, Riederet al.1997). We introduced a sulfur haze int
our radiative transfer calculations. Taking the mid-point of t
three action spectra shown in Fig. 9, at which the damag
similar to that seen on present-day Earth, the injection of an
mental sulfur haze at a column density of 2.7× 1017 cm−2 would
reduce biologically effective irradiances down to present-d

8,
for

.

Earth values. This amount of sulfur is equivalent to an injection
of 1.66× 108 tons or 1.1 g/m2. As pCO2 is increased, so the
FIG. 8. Effect of increasing ozone column abundance on three selected biological processes in the presence of 100 mb and 500 mb CO2. In contrast to Fig. 7,
here values are shown as percentages in comparison to present-day Earth since absolute values of biologically effective irradiances are much lowerIn all cases
inhibition of phytoplankton photosynthesis was lower than present-day Earth values for the ozone concentrations shown. (Note that the present-dayEarth DNA
ceived on present-day Mars, plant damage equals 0.29%, phytoplankton photosynthesis
to Fig 7.)
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FIG. 9. Effect of increasing sulfur column abundance on three s

sulfur haze requirements are reduced because of the incre
UV screening by CO2. For a 500-mb CO2 atmosphere the sulfu
column abundance required is 1.7× 1017 cm−2 (1.04× 108 tons
of sulfur) as shown in Fig. 9. One problem with sulfur is th
on cold Mars temperatures in the high atmosphere would
below the saturation vapor pressures for sulfur vapor. Ca
lations showed that shield would work on early Earth only
the temperature were at least 45◦C (Kastinget al. 1989). The
shield would be more of an artificial sulfur particulate clou
Furthermore, it may be subject to photochemical conversio
sulfuric acid. A more promising compound may be COS wh
also has a high cross section in the UVC region. However,
cross section is approximately three orders of magnitude lo
than sulfur in the UVC and five orders of magnitude lower
the UVB range (Fig. 10). Using the cross section presented
Yung and Demore (1999), then a column abundance of gre
than∼1022 cm−2 would be required to reduce most weight
G. 10. Cross sections of the UV absorbers, COS, sulfur, and ozone.
elected biological processes. Data is presented in an identical way to Fig. 8.
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irradiances down to comparable values found on the surfac
Earth.

A secondary advantage of sulfur derivatives, however, is t
they provide a UV screen that is not destroyed by chlorofl
orocarbons (CFCs). CFCs have been proposed as greenh
gases to warm Mars (McKayet al.1991). However, one of the
major concerns has been that CFCs would destroy the oz
proposed for a UV screen. CFCs themselves are rather poor
absorbers in the wavelengths of interest. In general, for m
CFCs, absorbance cross-sections become significant at w
lengths<200 nm, although some may provide some scre
ing at the lower end of the UVC range (e.g., DeMoreet al.
1983). For example, CCl3F has an absorption cross section
1.5× 1019 cm−2 at 210 nm, comparable to the ozone cross s
tion at 305 nm. Other compounds with significant UV cross s
tions such as Cl2O2 or ClONO2 (both with effective absorbance
up to∼400 nm) (Yung and DeMore 1999) might also be co
sidered, although photochemical models are required to pre
their stability under different atmospheric regimes.

7. CONCLUSIONS

The martian UV radiation environment has high UVB an
UVC fluxes. The biologically effective irradiances of DNA inac
tivation and chloroplast (photosystem) inhibition on the marti
surface can be estimated. Using terrestrial biology as a b
line, it is clear that the past martian UV radiation environme
was probably not much worse than that on Archean Earth un
cloudless skies. Many strategies seen on present-day Eart
mitigating UV flux can provide effective protection for biologi
cal systems on Mars. Even on present Mars, the UV flux is o
slightly higher at a solar zenith angle of 0◦ than Archean Earth,
although the accumulated damage could potentially be gre
on Mars because of the longer day length. UV radiation, in s

ergism with reduced atmospheric pressure, the lack of liquid
water, and the deterioration under other surface conditions on
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Mars, would have become a contributory factor in the even
demise of any possible life on the martian surface.

The early evolutionary photobiology of Earth is genera
characterized by a period of steady UV flux in the Archean, t
a reduction in flux from 200 to 290 nm as the stratospheric oz
column formed during the Archean–Proterozoic transition, s
that biologically effective irradiances began to be drastically
duced, even with a 25% increase in solar luminosity super
posed. Although the Archean UV flux was clearly not a critic
constraint to life, its later reduction must have made the sur
of Earth considerably more clement. In contrast, the martian
face has probably seen a steadily increasing UV flux as a re
of increasing solar luminosity and decreasing total atmosph
pressure which results in decreased UV scattering. These
photobiological histories must have had a significant comp
tive influence on a proposed evolutionary course for biolog
evolution.

For planetary protection, the assumption that the martian
face UV flux is “sterilizing” is probably correct for unadapte
Earth-derived organisms exposed to the extreme environme
synergisms of the martian surface. However, care must be t
in qualifying the concept of a “sterilizing” UV flux, since th
doses on Mars are probably not sterilizing when compare
those of early Earth and considered in an evolutionary cont
Finally, UV flux may be significantly attenuated by increas
atmospheric pressures of CO2 in proposed artificial alteration
of the atmosphere. These decreases in UV radiation woul
improved by atmospheric ozone or by artificial UV screen
compounds.

ACKNOWLEDGMENTS

We would like to acknowledge Olivier Teissier for preliminary work on ma
tian UV radiative transfer calculations and James Kasting and Mark Bullock
valuable and thoughtful review comments.

REFERENCES

Akabane, T., K. Iwasaki, Y. Saito, Y., and Y. Narumi 1987. The optical thickn
of the blue-white cloud near Nix Olympica of Mars in 1982.Publ. Astron.
Soc. Jpn.39, 343–359.

Allen, C. C., K. M. Jager, R. V. Morris, D. J. Lindstrom, M. M. Lindstrom, an
J. P. Lockwood 1998. Martian soil simulant available for scientific, educatio
study.EOS79, 405.

Aversen, J. C., R. N. Griffen, and B. D. Pierson 1969. Determination of
traterrestrial solar spectral irradiance from research aircraft.Appl. Opt.8,
2215–2232.

Barth, C. A., C. W. Hord, A. I. Stewart, A. L. Lane, M. L. Dick, and G. P. Anders
1973. Mariner 9 ultraviolet spectrometer experiment: Seasonal variatio
ozone on Mars.Science179, 797–798.

Barth, C. A., and M. L. Dick 1974. Ozone and the polar hoods of Mars.Icarus
22, 205–211.

Burns, J. A., and M. Harwit 1973. Towards a more habitable Mars—or—
coming martian spring.Icarus19, 126–130.

Cabrol, N. A., E. A. Grin, H. E. Newsom, R. Landheim, and C. P. McKay 19

Hydrogeologic evolution of Gale crater and its relevance to the exobiolog
exploration of Mars.Icarus139, 235–245.
AND MARS 357

ual

ly
en
ne
ch

re-
im-
al
ace
ur-
sult
eric
two
ra-

cal

ur-
d
ntal
ken

to
ext.
ed

be
ng

r-
for

ss

d
nal

ex-

n
n of

he

9.

Canuto, V. M., J. S. Levine, T. R. Augustsson, and C. L. Imhoff 1982. U
radiation from the young Sun and oxygen and ozone levels in the prebiolog
paleoatmosphere.Nature296, 816–820.

Catling, D. C. 1999. A chemical model for evaporites on early Mars: Poss
sedimentary tracers of the early climate and implications for explorati
J. Geophys. Res.104, 16,453–16,470.

CIE 1999. Standardization of the terms UVA1, UVA2, and UVB radiation.
Collections in Photobiology and Photochemistry, CIE publication 134-1.

Clark, B. C. 1998. Surviving the limits to life at the surface of Mars.J. Geophys.
Res.103, 28,545–28,555.

Clark, B. C., and D. C. Van Hart 1981. The salts of Mars.Icarus45, 370–378.

Cockell, C. S. 1998. The biological effects of high ultraviolet radiation on ea
Earth—A theoretical evaluation.J. Theor. Biol.193, 717–729.

Cockell, C. S., and A. L. Andrady 1999. The martian and extraterrestrial UV
diation environment. I. Biological and closed-loop ecosystem consideratio
Acta Astronautica44, 53–62.

Cullen, J. J., P. J. Neale, and M. P. Lesser 1992. Biological weighting func
for the inhibition of phytoplankton photosynthesis by ultraviolet radiatio
Science258, 646–650.

Daumont, D., J. Brion, J. Charbonnier, and J. Malicet 1992. Ozone UV sp
troscopy. 1. Absorption cross-sections at room-temperature.J. Atmos. Chem.
15, 145–155.

DeMore, W. B., M. J. Molina, R. T. Watson, D. M. Golden, R. F. Hampson, M.
Kurylo, C. J. Howard, and A. R. Ravishankara 1983.Chemical Data and Pho-
tochemical Data for Use in Stratospheric Modeling, NASA/JPL Publication
83-62. Jet Propulsion Laboratory, Pasadena, CA.

Doran, P. T., R. A. Wharton, D. J. Desmarais, and C. P. McKay 1998. Antar
paleolake sediments and the search for extinct life on Mars.J. Geophys. Res.
103, 28,281–28,493.

Dose, K., A. Bieger-Dose, O. Kerz, and M. Gill 1991. DNA-strand brea
limit survival in extreme dryness.Origins Life Evol. Biosphere21, 177–
187.

Dose, K., and A. Klein 1996. Response ofBacillus subtilisspores to dehydra-
tion and UV irradiation at extremely low temperatures.Origins Life Evol.
Biosphere26, 47–59.

Forget, F., and R. T. Pierrehumbert 1997. Warming early Mars with carb
dioxide clouds that scatter infrared radiation.Science278, 1273–1276.

Forsythe, R. D., and J. R. Zimbelman 1995. A case for ancient evaporite ba
on Mars.J. Geophys. Res.100, 5553–5563.

Friedmann, E. I. 1982. Endolithic microorganisms in the antarctic cold des
Science215, 1045–1053.

Gough, D. O. 1981. Solar interior structure and luminosity variations.Solar
Phys.74, 21–34.

Green, A. E. S., T. Sawada, and E. P. Shettle 1974. The middle UV reaching
ground.Photochem. Photobiol.19, 251–259.

Green, A. E. S., and J. H. Miller 1975. Measures of biologically effective ra
ation in the 280–340 nm region.CIAP Monogr.5(1), 2.60–70.

Green, R. H., D. M. Taylor, E. A. Gustan, S. J. Fraser, and R. L. Olson 19
Survival of microorganisms in a simulated martian environment.Space Life
Sci.3, 12–24.

Haberle, R. M., C. P. McKay, J. B. Pollack, O. E. Gwynne, D. H. Atkinson,
Appelbaum, G. A. Landis, R. W. Zurek, and D. J. Flood 1993. Atmosphe
effects on the utility of solar power on Mars. InResources of Near-Earth
Space(J. S. Lewis, M. S. Mathews, and M. L. Guerrieri, Eds.), pp. 845–88
Univ. of Arizona Press, Tucson.

Haberle, R. M., D. Tyler, C. P. McKay, and W. L. Davis 1994. A model for th
evolution of CO2 on Mars.Icarus109, 102–120.

Hess, S. L., J. A. Ryan, J. E. Tillman, R. M. Henry, and C. B. Leovy 1980. T

icalannual cycle of pressure on Mars measured at Viking 1 and 2.Geophys. Res.

Lett.7, 197–200.



a

.

i

U
e

t

i

.

r

9

ogy.
s,

ht
tica.

or

.

from

an,
ars

log

ined

the

do

and

thic
to-

m-
.

ress,

ears

of

50

ter

D.
artian

73.

and

ner,
358 COCKEL

Hiscox, J. A., and B. L. Lindner 1997. Ozone and planetary habitability.J. Br.
Interplanet. Soc.50, 109–114.

Horneck, G. 1993. Responses ofBacillus subtilisspores to space environmen
Results from experiments in space.Origins Life Evol. Biosphere23, 37–52.

Hunten, D. M. 1979. Possible oxidant sources in the atmosphere and surf
Mars.J. Mol. Evol.14, 71–78.

Jagger, J. 1985.Solar-UV Actions on Living Cells.Praeger Scientific, New York

Johnson, G. A. L., and J. R. Nudds 1974. Carboniferous coral geochronom
In Growth Rythms and the History of the Earth’s Rotation(G. D. Rosenberg
and S. K. Runcorn, Eds.), pp. 27–41. Wiley, New York.

Jones, L. W., and B. Kok 1966. Photoinhibition of chloroplast reactions
Kinetics and action spectra.Plant Physiol.41, 1037–1043.

Joseph, J. H., W. J. Wiscombe, and J. A. Weinman 1976. The delta-Eddin
approximation for radiative transfer flux.J. Atmos. Sci.28, 833–837.

Kasting, J. F. 1993. Earth’s early atmosphere.Science259, 920–926.

Kasting, J. F., and T. M. Donahue 1980. The evolution of atmospheric oz
J. Geophys. Res.85, 3255–3263.

Kasting, J. F., K. J. Zahnle, J. P. Pinto, and A. T. Young 1989. Sulfur, ultrav
radiation and the early evolution of life.Origins Life Evol. Biosphere19,
95–108.

Keller, B., and G. Horneck 1992. Action spectra in the vacuum UV and far
(122–200 nm) for inactivation of wet and vacuum-dry spores ofStreptomyces
griseusand photoreactivation.J. Photochem. Photobiol.16, 61–72.

Kepner, R. L., R. Wharton, R. Collier, C. S. Cockell, and W. Jeffrey 2000.
radiation and potential biological effects beneath the perennial ice cov
an antarctic lake.Hydrobiologia(in press).

Kuhn, W. R., and S. K. Atreya 1979. Solar radiation incident on the mar
surface.J. Mol. Evol.14, 57–64.

Kumar, A., M. B. Tyagi, G. Srinivas, N. Singh, H. D. Kumar, R. P. Sinh
and D.-P. Haeder 1996. UVB shielding and the role of FeCl3 and certain
cyanobacterial pigments.Photochem. Photobiol.63, 321–325.

Laskar, J., and P. Robutel 1993. The chaotic obliquity of the planets.Nature361,
608–612.

Laskar, J., F. Joutel, and P. Robutel 1993. Stabilization of the Earth’s obliq
by the Moon.Nature361, 615–617.

Lee, P., S. Ebisawa, and A. Dollfus 1990. Crystal clouds in the martian a
sphere.Astron. Astrophys.240, 520–532.

Lesser, M. P., J. J. Cullen, and P. J. Neale 1994. Carbon uptake in a m
diatom during acute exposure to ultraviolet B radiation: Relative importa
of damage and repair.J. Phycol.30, 183–192.

Lindberg, C., and G. Horneck 1991. Action spectra for survival and spore pro
formation ofBacillus subtilisirradiated with short wavelength (200–300 nm
UV at atmospheric pressure andin vacuo. J. Photochem. Photobiol.11, 69–80.

Lindner, B. L. 1991. Ozone heating in the martian atmosphere.Icarus93, 354–
361.

Lindner, B. L., and B. M. Jakosky 1985. Martian atmospheric photochem
and composition during periods of low obliquity.J. Geophys. Res.90, 3435–
3440.

Mancinelli, R. L., and A. Banin 1995. Life on Mars. II. Physical restriction
Adv. Space Res.15, 171–176.

Mancinelli, R. L., M. R. White, and L. J. Rothschild 1998. Biopan-survival
Exposure of the osmophilesSynechococcussp. (Nageli) andHaloarculasp.
to the space environment.Adv. Space Sci.22, 327–334.

Margulis L., J. C. G. Walker, and M. Rambler 1976. Reassessment of
of oxygen and ultraviolet light in Precambrian evolution.Nature264, 620–
624.

Martin, L. J., P. B. James, A. Dollfus, K. Iwasaki, and J. D. Beish 19

Telescopic observations: Visual, photographic, polarimetric. InMars (H. H.
Kieffer, B. M. Jakosky, C. Snyder, and M. S. Matthews, Eds.), pp. 34–
Univ. of Arizona Press, Tucson, AZ.
L ET AL.

t:

ce of

eters.

. I.

gton

one.

olet

UV

V
r of

tian

a,

uity

mo-

arine
nce

duct
)

stry

s.

I.

oles

3.

McKay, C. P., O. B. Toon, and J. F. Kasting 1991. Making Mars habitable.Nature
352, 489–496.

McKay, C. P. 1993. Relevance of Antarctic microbial ecosystems to exobiol
In Antarctic Microbiology(E. I. Friedmann, Ed.), pp. 593–601. Wiley-Lis
New York.

McKay, C. P., G. D. Clow, D. T. Andersen, and R. A. Wharton 1994. Lig
transmission and reflection in perennially ice-covered Lake Hoare, Antarc
J. Geophys. Res.20, 427–444.

McKinlay, A. F., and B. L. Diffey 1987. A reference action spectrum f
ultraviolet-induced erythema in human skin. InHuman Exposure to Ul-
traviolet Radiation: Risks and Regulations(W. R. Passchler and B. F. M
Bosnajokovic, Eds.), pp. 83–87. Elsevier, Amsterdam.

Mel’nik, Y. P. 1982.Precambrian Banded Iron Formations. Elsevier, New York.

Mentall, J. E., J. E. Frederick, and J. R. Herman 1981. The solar irradiance
200 to 330 nm.J. Geophys. Res.86, 9881–9884.

Mojzsis, S. J., G. Arrhenius, K. D. McCleesan, T. M. Harrison, A. P. Nutm
and C. R. L. Friend 1996. Evidence for life on Earth before 3.8 billion ye
ago.Nature384, 55–59.

Moore, J. M., and M. A. Bullock 1999. Experimental studies of Mars-ana
brines.J. Geophys. Res.104, 21,925–21,934.

Munakata, N., M. Saito, and K. Hieda 1991. Inactivation action spectra ofBacil-
lus subtilisspores in extended ultraviolet wavelengths (50–300 nm) obta
with synchrotron radiation.Photochem. Photobiol.54, 761–768.

Newman, M. J., and R. T. Rood 1977. Implications of solar evolution for
Earth’s early atmosphere.Science198, 1035–1037.

Newsom, H. E., G. E. Brittelle, C. A. Hibbitts, L. J. Crossey, and A. M. Ku
1996. Impact crater lakes on Mars.J. Geophys. Res.101, 14,951–14,955.

Nicolet, M. 1989. Solar spectral irradiances and their diversity between 120
900 nm.Planet. Space Sci.37, 1249–1289.

Nienow, J. A., C. P. McKay, and E. I. Friedmann 1988. The cryptoendoli
microbial environment in the Ross Desert of Antarctica: Light in the pho
synthetically active region.Microbial Ecol.16, 271–289.

Nienow, J. A., and E. I. Friedmann 1993. Terrestrial lithophytic (rock) co
munities. InAntarctic Microbiology(E. I. Friedmann, Ed.), pp. 343–412
Wiley-Liss, New York.

NRC Task Group on Planetary Protection 1992. National Academy P
Washington, DC.

Olsen, J. M., and B. K. Pierson 1986. Photosynthesis 3.5 thousand million y
ago.Photosynthesis Res.9, 251–259.

Oro, J., and G. Holzer 1979. The photolytic degradation and oxidation
organic compounds under simulated martian conditions.J. Mol. Evol.14,
153–160.

Perovich, D. K., and J. W. Govoni 1991. Absorption coefficients of ice from 2
to 400 nm.Geophys. Res. Lett.18, 1233–1235.

Pierson, B. K., H. K. Mitchell, and A. L. Ruff-Roberts 1993.Chloroflexus au-
rantiacusand ultraviolet radiation: Implications for archean shallow-wa
stromatolites.Origins Life Evol. Biosphere23, 243–260.

Pollack, J. B., D. S. Colburn, F. M. Flasar, R. Kahn, C. E. Carlston, and
Pidek 1979. Properties and effects of dust particles suspended in the m
atmosphere.J. Geophys. Res.84, 2929–2945.

Puleo, J. R., G. S. Oxborrow, N. D. Fields, C. M. Herring, and L. S. Smith 19
Microbiological profiles of four Apollo spacecraft.Appl. Environ. Microbiol.
26, 838–845.

Puleo, J. R., N. D. Fields, S. L. Bergstrom, G. S. Oxborrow, P. D. Stabekis,
R. C. Koukol 1977. Microbiological profiles of the Viking spacecraft.Appl.
Environ. Microbiol.33, 379–384.

Rieder, R., T. Economou, H. Wanke, A. Turkevich, J. Crisp, J. Bruck
70.
G. Dreibus, and H. Y. McSween 1997. The chemical composition of the mar-
tian soil and rocks returned by the mobile Alpha Proton X-ray Spectrometer:
Preliminary results from the X-ray mode.Science278, 1771–1774.



N

:

i

a

.
a
.

a

r

m

93.
bial

98.

. R.
arth.
iv.

rs.
.

of

mi-

nc-
rial

ro-
ules

s.

let

tion
UV RADIATIO

Rosenqvist, J., and E. Chassefiere 1995. Inorganic chemistry of O2 in a dense
primitive atmosphere.Planet. Space Sci.43, 3–10.

Rothschild, L. J. 1990. Earth analogs for martian life. Microbes in evaporite
new model system for life on Mars.Icarus88, 246–260.

Rye, R., P. H. Kuo, and H. D. Holland 1995. Atmospheric carbon dioxide c
centrations before 2.2 billion years ago.Nature378, 603–605.

Sagan, C. 1973. Ultraviolet radiation selection pressure on the earliest organ
Journ. Theor. Biol.39, 195–200.

Sagan, C., and J. B. Pollack 1974. Differential transmission of sunlight on M
Biological implications.Icarus21, 490–495.

Sagan, C., and C. Chyba 1997. The early faint young Sun paradox
ganic shielding of ultraviolet-labile greenhouse gases.Science276, 1217–
1221.

Schopf, J. W., and B. M. Packer 1987. Early archean (3.3-billion to 3.5-bill
year-old) microfossils from Warrawoona Group, Australia.Science237, 70–
73.

Scott, D. H., J. W. Rice, and J. M. Dohm 1991. Martian paleolakes and w
ways: Exobiological implications.Origins Life Evol. Biosphere21, 189–198.

Setlow, R., and B. Doyle 1954. The action of radiation on dry Deoxyribonuc
acid.Biochim. Biophys. Acta15, 117–125.

Smith, D. E., M. T. Zuber, S. C. Solomon, R. J. Phillips, J. W. Head, J
Earvin, W. B. Banerdt, D. O. Muhleman, E. H. Pettengill, E. A. Neum
F. G. Lemoine, J. B. Abshire, O. Aharonson, C. David, S. A. Hauck, A
Ivanov, P. J. McGovern, H. J. Zwally, T. C. Duxbury 1999. The global topog
phy of Mars and implications for surface evolution.Science284, 1495–1503.

Stoker, C. R., and M. A. Bullock 1997. Organic degradation under simul
martian conditions.J. Geophys. Res.102, 10,881–10,888.

Toulmin, P., B. C. Clark, A. K. Baird, K. Keil, and H. J. Rose 1977. Prelimina
results from the Viking X-ray fluoresence experiment: The first sample f
Chryse Planitia, Mars.Science190, 81–84.

Touma, J., and J. Wisdom 1994. Evolution of the Earth-Moon system.Astron.
J. 108, 1943–1961.

Van Hoosier, M. E., J. D. Bartoe, G. E. Brueckner, and D. K. Printz 1987. S
irradiance measurements 120–400 nm from Space Lab-2, IUGG Asse

Vancouver.

Vincent, W. F., and A. Quesada 1994. Ultraviolet radiation effects on cyano
AND MARS 359

s, a

on-

isms.

ars:

Or-

on-

ter-

leic

B.
n,
B.
ra-

ted

ry
om

olar
bly,

teria: Implications for Antarctic microbial ecosystems.Antarct. Res. Ser.62,
111–124.

Vincent, W. F., R. W. Castenholz, M. T. Downes, and C. Howard-Williams 19
Antarctic cyanobacteria: Light, nutrients and photosynthesis in the miro
mat environment.J. Phycol.29, 745–755.

Vincent, W. F., R. Rae, I. Laurion, C. Howard-Williams, and J. C. Priscu 19
Transparency of antarctic ice-covered lakes to solar UV radiation.Limnol.
Oceanogr.43, 618–624.

Walker, J. C., C. Klein, M. Schidlowski, J. W. Schopf, D. J. Stevenson, and M
Walter 1982. Environmental evolution of the archean–early proterozoic e
In Earth’s Earliest Biosphere(J. W. Shopf, Ed.), pp. 260–290. Princeton Un
Press, Princeton.

Ward, W. R., B. C. Murray, and M. C. Malin 1979. Climatic variations on Ma
2. Evolution of carbon dioxide atmosphere and polar caps.J. Geophys. Res
79, 3387–3395.

Ward, W. R. 1993. Long-term orbital and spin dynamics of Mars. InMars
(Kieffer, B. M. Jakosky, C. Snyder, and M. S. Matthews, Eds.). Univ.
Arizona Press, Tucson.

Warren, S. G. 1984. Optical constants of ice from the ultraviolet to the
crowave.Appl. Opt.23, 1206–1222.

Wynn-Williams, D. D., H. G. M. Edwards, and F. Garcia-Pichel 1999. Fu
tional biomolecules of Antarctic stromatolitic and endolithic cyanobacte
communities.Eur. J. Phycol.34, 381–391.

Wynn-Williams, D. D., and H. G. M. Edwards 2000. Laser Raman mic
spectroscopy of surface microbial communities and protective biomolec
in situ: Overview of terrestrial Antarctic habitats and Mars analogs.Icarus
144, 486–503.

Yung, Y. L., and W. B. DeMore 1999.Photochemistry of Planetary Atmosphere
Oxford Univ. Press.

Zhanle, K. J., and J. C. G. Walker, 1982. The evolution of solar ultravio
luminosity.Rev. Geophys. Space Phys.20, 280–292.

Zurek, R. W. 1978. Solar heating of the martian dusty atmosphere.Icarus35,
196–208.

Zurek, R. W. 1993. Comparative aspects of the climate of Mars: An introduc
bac-
to the current atmosphere. InMars (H. H. Kieffer, B. M. Jakosky, C. Snyder,
and M. S. Matthews, Eds.). Univ. of Arizona Press, Tucson.


	1. INTRODUCTION
	2. CALCULATION OF THE MARTIAN AND TERRESTRIAL UV RADIATION ENVIRONMENT, PAST AND PRESENT
	FIG. 1.
	FIG. 2.
	FIG. 2—Continued
	FIG. 3.

	3. UV ON EARLY MARS—BIOLOGICAL IMPLICATIONS
	TABLE I
	FIG. 4.

	4. UV RADIATION ON AN ENVIRONMENTALLY DETERIORATING MARS
	5. UV RADIATION ON PRESENT-DAY MARS—BIOLOGICAL IMPLICATIONS
	FIG. 5.
	FIG. 6.

	6. ALTERATION OF MARTIAN ATMOSPHERIC COMPOSITION—UV RADIATION ON FUTURE MARS?
	FIG. 7.
	FIG. 8.
	FIG. 9.
	FIG. 10.

	7. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

