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The antigreenhouse effect results from a high altitude haze which
blocks sunlight while allowing transmission of thermal infrared.
An antigreenhouse is observed on Titan and has been proposed
for the early Earth. Here, we derive an analytic solution useful for
computing the atmospheric and surface temperature with both the
greenhouse and antigreenhouse effects included. In agreement with
detailed calculations, the analytic solution predicts that a runaway
greenhouse on early Titan caused by accretional heat would col-
lapse when the flux fell to 0.9 W m~2. For the present value of the
solar luminosity a runaway greenhouse collapses at a geothermal
heat flux of 0.4 W m~2. We show that the antigreenhouse effect
may compromise attempts to solve the faint young sun problem on
the early Earth with a methane—-ammonia greenhouse shielded by
an organic haze, more than doubling the infrared opacity needed
to warm the early Earth compared to the case with no antigreen-
house. (© 1999 Academic Press
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1. INTRODUCTION

9K (McKayetal.1991). The variation of these effects over geo-
logical time and solar luminosity has been investigated (McKay
et al. 1993, Lorenzt al. 1997a, 1997h).

Recently Sagan and Chyba (1997) have proposed that tt
early Earth also had an organic haze layer produced, as on Tita
by CH, photolysis. Such a layer would preferentially absorb ul-
traviolet light thereby allowing Nkito persistin the atmosphere.
The strong greenhouse which results from the combination o
CH, and NH; would then be adequate to offset the faint young
sun. However, we suggest that the antigreenhouse effects of su
a haze layer could negate any greenhouse warming.

In this paper we develop an analytic solution for the atmo-
spheric temperature profile for the combined greenhouse an
antigreenhouse effects in the gray case (opacity uniform witt
wavelength). We compare the results from this simple represer
tation with detailed numerical simulations and use it to examine
the stability of Titan’s climate. We also consider how the anti-
greenhouse effect of a haze layer would offset the greenhous
effect on the early Earth.

2. ANTIGREENHOUSE GRAY CALCULATION

The greenhouse effect arises because certain atmospheric ga3ée surface temperature of a planet considering only a gra
are transparent to sunlight but are opaque to thermal infrared. @reenhouse effect is given by

Earth, Mars, and Venus, G@nd HO are the principal green-
house gases. By contrast, Titan has a strong greenhouse effect
due to N, CH,, and H (Samuelson 1983, McKagt al. 1989,

T = Tg‘(l + %*), (1)

1991). Titan also has an antigreenhouse effect caused by a high

altitude organic haze layer (McKagt al. 1991). Titan's haze is whereTs is the surface temperature’ is the column infrared
opaque at visible wavelengths but is virtually transparent to thegrey opacity, ande is the effective temperature given by =

mal infrared wavelengths. Thus, it blocks sunlight from reachirig; whereo is the Stefan—Boltzman constant afgis the glob-

the surface but readily allows thermal radiation to escape. Daly averaged solar flux absorbed by the surface and atma
tailed numerical simulations have quantified the greenhouse amihere. Equation (1) is inadequate for Titan because of the ant
antigreenhouse effects on Titan—the greenhouse raises the gtgenhouse effect. However, Samuelson (1983) has shown th
face temperature by 21 K while the antigreenhouse reduces ithian’s temperature profile can be realistically simulated with a
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three component radiative scheme. The three components ardén our simple parameterization of the antigreenhouse effec
(1) solar flux deposited on the surface, (2) gray infrared coolintdne ratio of optical to infrared opacity is assumed constant an
(3) solar flux absorbed in the stratosphere. The greenhouse effee. This assumption is valid in Titan’s stratosphere wher:
arises from the first two and the antigreenhouse effect from thietually all of the antigreenhouse absorption is occurring.
third. The antigreenhouse parameterization gives the temperatu
Equation (1) can be generalized to include this antigreenhoysefile in terms of the infrared optical depth throughout the at:
effect. As described in the Appendix, we obtain a simple exprasosphere. To relate opacity to a physical variable we conside
sion for the temperature in the atmosphere and at the surfacea lpower law representation between opacityand pressure,
the antigreenhouse limit the surface temperature is given by P, given byt o« P". To determinen we compare the temper-
ature dependence on altitude prescribed by the antigreenhot
yFs equation (Eq. (7) in the Appendix) with the data for the presen
> o @) atmosphere. Figure 1 compares Titan's temperature profile wit
the vertical temperature profile computed for the present atmc

whereFy is a geothermal heat term added for generafity=  SPhere Eg=0,k=160,z" =3, y =4/7) for values o equal
(1— A)Fo/4, whereF, is the solar constant at Titan's heliocenf© 4/3 and to 2. The fit is quite good for=4/3. There is a
tric distance A is the albedo, ang is the factor expressing the 3 K difference between the air temperature at the ground an
strength of the antigreenhouse effect. Physicallythe fraction

of sunlight, not reflected to space, that is blocked by the anti-
greenhouse layer; the sunlight reaching the lower atmospher
therefore (1- y)(1 — A)Fo/4.

3
oTd=(Fg+(1- V)Fs)(1+ ZT*

0

20

3. PARAMETERS FOR ANTIGREENHOUSE
EQUATION FOR TITAN

175

For the present Titan the values of the parameters neec
to compute the surface temperature can be obtained by co
paring the computations of the antigreenhouse equation (<
Appendix) with the observed temperature structure on Tite
(Lellouchet al. 1989) and the computed radiative fluxes in the
atmosphere (McKaet al. 1989, 1991). Following Fig. 1 of
McKay et al. (1991) we note that the incident sunlight average
over the disk of Titan [fo/4) is about 3.5 W m?. Of this, 0.3
is reflected to space, 0.4 is absorbed in the stratosphere, (5
0.3 reaches the lower atmosphere. Thus, the factsequalto &
0.4/(0.3+ 0.4). Note thatin our approach we compute the greere
house effect with all the flux reaching the troposphere (0.3) arc—E]
not just that reaching the surface (0.1). The solar flux absorb
by Titan's stratosphere composes the antigreenhouse effect.
this fraction, 0.4, of the solar flux, 0.25 is reradiated to space al
0.15 is reradiated toward the troposphere (Mcléagl. 1991).

The total infrared opacity;*, and the parameter that deter-
mines the extinction in the antigreenhouse laye(see Ap-
pendix), were determined by comparing the temperatures of t
simple calculation at the surface, the tropopause, and at top
the atmosphere (— 0) with the Voyager (Lellouclet al. 1989)
results for these same locations. Our resulting values*aze3
andk = 160. Thus we find that the effective opacity in the ther LA L B L LI L AL B L L
mal infrared is only a few optical depths presumably due t 80 100 120 140 180 180
radiation leaking though the large spectral window region b TEMPERATURE, K
tween 300 and 600 cm (McKay et al. 1989). This agrees in
magnitude with the computed Rosseland mean infrared OpaCiglG‘ 1. Vertical profile determined from the analytical antigreenhouse
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. Eq. (7)) for opacity—pressure power lawsroE2 andn=4/3; t* =3,y =
for the present troposphere of about 2. We find that the haze la ,k=160. The results fon = 4/3 compare favorably with the present atmo-

iS. Strongly absorbing in the visible, in agreement with NONgreynere determined by Lellouet al. (1989) from Voyager 1 radio-occultation
simulations (McKayet al. 1991). and other data (dashed line).
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0001 T T B A1 e s B R CHg (lakes) but not a deep global ocean. For this comparison wi
set the total exchangeable reservoir of bl 2 bars. We have
computed the surface temperature for surface heat flows up 1
1 W m~2 and for values of the solar constant from 0.7 to 1.6 times
the present value (McKast al. 1989). Our results are shown in
Fig. 3 and are compared to the predictions of the analytic anti
greenhouse equation. For surface temperature less than 100
CH,4 remains a minor constituent in the atmosphere and we le
its supersaturation reach 140% as suggested by observatio
and theory for the present Titan (Couréihal. 1995, Samuelson
etal.1997); these symbols are the squaresin Fig. 3. Above 100 |
CH4 becomes a major constituent and inhibition of condensatior
is less likely and so we set the limit of the humidity to 100%.
T BN Canl il In all cases no clouds are present and the haze production ra
0001 oot O opacty 3 ! and mixing ratio of H are held constant at their present level
(McKay et al.1989). The nongrey results show a collapse of the
FIG.2. Rosseland mean opacity determined for Titan’s atmosphere comethane-rich atmosphere occurring when the geothermal he:
pared to power laws of 2 and'a. reaches a value 0f0.4 W m~2, For heat flows above this value
all available CH is in the atmosphere and surface temperature
the surface temperature due to the difference in radiative edimereases smoothly with increasing heat flow. We have primarily
librium temperatures between the surface and the bottom of tnsidered the effects of cooling from an initial hot state since
atmosphere (Egs. (7) and (8) in the Appendix). The coefficiertse primary application of interest is the end of the accretion
were selected to match the ground temperature. One might hpitase on Titan.
expectech = 2 to provide the best fit since the major source of
infrared opacity in Titan’s lower atmosphere is collision induced
absorption which depends on density squared. However, abc
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the troposphere the infrared opacity is dominated by the ha: 140¢ —F—— — — ? ]
and the dependence on pressure is weaker. The net resultis 1 ]
the best overall fit is obtained with=4/3. This is illustrated 130 =

in Fig. 2 in which we have plotted the Rosseland mean opa
ity from the nongray case along with curves proportionaPto
and P#3. Even in the troposphere thg' 3t power law fits the
temperature data (Fig. 1) better thag: 2.
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4. APPLICATION TO TITAN
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Having developed the antigreenhouse equation for the prese
Titan we can test its ability to predict changes there. Oneinte g
esting limit would be the case in which the antigreenhouse effe
is completely removed. Detailed nongray numerical simulation
(McKay et al. 1991) have found that with the haze removed the 8 1 12 14
surface temperature rises from 94 K to 105 K, and with,CH Normalized Solar Flux
stratospheric absorption also removed the surface temperaturgig.3. comparison of analytic solution with detailed calculation for added
risesto 115 K. In these runs coupling with any volatile reservoihgat on Titan for lake-like reservoirs on the surface which contain a total of
was not considered, i.e., the surface pressure was held constafibats of CH. The temperature computed for the surface of Titan for added

1.44 bars. In our antigreenhouse formula this case is equivalBt Using the detailed nongray simulation (Mcketyal. 1991) is shown by
to holdi « tant whil 0. Th f t t open symbols for geothermal hediyj on the upper abscissa and shown by
0 holdingz” constant whil€y — 0. € surlace tempera urefilled symbols for solar flux Es) normalized to the present value on the lower

computed with Eq. (2) is 110 K, comparable to the value foungscissa. square points indicate cases in which i€l minor constituent and
in the nongray computation. For the obverse case of a complaténited to 140% humidity. Circles represent cases in whichy GHa major
antigreenhouse effect,— 1, Eq. (2) gives the expected resulgonstituentand limited to 100% humidity. The lines are the results of the analytic

(McKay etal 1991). a surface temperature'f;f/{‘/é — 71K antigreenhouse equation. The dotted lines show where the solution is unphysic

dﬁe to the runaway greenhouse and the trajectory would be expected to jum

We now consider the case of heat added to Titan as a Wa}fr Qn the lower trajectory to the upper line as shown by the arrows. Collapse

explore the stability of the present climate state. We considgfm a warm state occurs in the detailed simulations and in the analytic solutior
that the atmosphere is in equilibrium with surface reservoirs afa geothermal flux of 0.4 W nf. Total N, is set at 1.3 bars.
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The result from the simple antigreenhouse formula is show LA L LA B B A T
as the dotted and solid lines in Fig. 3. Ateach point the temper B ]
ture was chosen and the pressure of,@etermined and added B ]
tothe constant pressure of N'his pressure was used to compute
the opacity fromr o« P", and the heat flow or solar insolation?» B o
corresponding to that temperature was determined from Eq. (:2 '*° o
The dotted lines show regions that are mathematical solutionsé
the equation but have no physical significance. For geotherrre
heating levels between 0.4 and 0.6 Wthere are two phys-
ical solutions. The expected trajectory of the atmosphere wii3
changing heat flow is shown by the arrows. The detailed simul:
tions follow the warm branch of the solution since the iteratiol
technique determines the temperature from initial values larg
then equilibrium. The antigreenhouse equation accurately repr c T T SN
duces the collapse of the runaway greenhouse effect seen in | Geothermal Flux, ¥ m™ '
detailed simulation as geothermal heating is reduced. Consider-
ing the simplicity of the expression the agreement is good. NoteFIG.4. Effectof surface heating, due to accretional heating, on Titan wher

. . . olar constant was 0.7 times its present value. The lines are the results
that the parameters in the antigreenhouse equation were Chcﬁ%é%g]nalytic antigreenhouse equation. The dotted lines show where the solutit

to precisely fit the present conditions onEQ(Z 0;Fs=1);no g unphysical and the trajectory would be expected to jump from the lower tra
parameters were selected to fit the results at any other valueg@bry to the upper line orice versaSymbols are from the detailed nongray
solar or geothermal heating. calculation: triangles correspond to cold initial conditions and circles correspon

Turning now to the solar flux, the results of the detailed calr warm initial conditions. A runaway greenhouse occurs (tria_ngles) at a tem

: : . . ature of 110 K and a surface heat flow of 0.9 W2niThe total inventory of
culations are in agreement with the antigreenhouse formula @f . p C e
. _ 4 is assumed to be 2 bars, which limits the extent, but not the onset of the ru

values below 1.4. Above this level the detailed results are |0W§Vay. Greenhouse collapse (circles) occurs at heat flows of about 0.85°W m
than the predictions of the antigreenhouse equation. The rafd depends on the total methane assumed. Toti 8ét at 1.3 bars.
away predicted by the antigreenhouse equation at 110 K is not
reached in the nongrey calculations. The reason for this is that 5. APPLICATION TO THE EARLY EARTH
in the nongray calculations the stratosphere expands as the solar
heating increases and this results in a physically thicker hazeMe have developed and tested our simple antigreenhou:
layer even with the same haze production rate. Thus the amifuation for the atmosphere of Titan because the antigreenhot
greenhouse effect becomes larger as the solar flux increasesef@ct is well characterized for that world in both theory and ob-
the solar flux changes from 0.7 to 2.0 the antigreenhouse para®@rvations. However, it has recently been suggested that the
eter increases by 35%, as determined by the detailed nongmagy have been an organic haze layer on the early Earth (Sag
simulations. This increase jneffectively cools the atmosphere.and Chyba 1997) that absorbed ultraviolet sunlight. The ultravi
Note that increasing surface temperature due to geothermal hiet shielding provides a mechanism for protecting photolabile
has no significant effect on the antigreenhouse parameter. compounds, particularly N¥ivhich can provide a strong green-

Itisinteresting to consider the case of early Titan with geothdrouse on the early Earth to offset the faint early sun. Howeve
mal heating provided by accretional heating when the solar Isdch a layer would also have an antigreenhouse effect.
minosity was 70% of its present level. The detailed simulations For the case of Titan we have considered the opposite limits ¢
and the predictions of the antigreenhouse formula for this caseantigreenhouse effegt & 0) and a complete antigreenhouse
are shown in Fig. 4. By alternately setting the initial conditionsffect (v = 1) but photochemical and microphysical models are
used in the nongray model to slightly warmer and slightly coldeot adequate to predict how the antigreenhouse effect woul
than the analytic results, we have been able to use the detafieaw as haze forming compounds were added to the atmosphe
model to compute both trajectories in the region of dual stable assess this effect on the early Earth we assume several pl
solutions. The results show the collapse of a hot methane-rigihle scenarios, shown in Fig. 5. First, as a baseline we consid
atmosphere occurs at a flux of about 0.85 WPwhile values of no antigreenhouse effegt,=0. Next we consider a constant
0.9 W nt2 are needed to cause runaway from a cold state. Taetigreenhouse effect equal to that on Titan at the present tim
antigreenhouse equation predicts the surface temperature ard4/7. The Titan-like case requires more than twice the in-
the asymmetric trajectories to withi5 K over the range of frared opacity to reach the freezing point when compared witl
heat flows. This is noteworthy because the parameters in the case without the antigreenhouse effect.
antigreenhouse equation are chosen to give agreement with theéhere are several reasons why the Titan-like case may be t
present conditions. No parameters have been selected to gipémistic for the early Earth. First, Titan’s haze is opaque in the
agreement with past conditions and this is therefore a realistitraviolet but fairly transparent in the visible compared to othet
test of the utility of the method. abiotic organics (Kharet al. 1984, 1994, Sagaet al. 1992).

urface
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1.5

— . ——— ——T vide a convenient way to estimate the combined greenhouse ar

=0 antigreenhouse effects. While Titan has the only known signifi-
cantantigreenhouse effect, this effect is suggested to have play:
an important role on the Earth in the past and, through scenaric
for nuclear winter (Turceet al. 1983), defines a future for the
Earth we seek to avoid.
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APPENDIX. ANTIGREENHOUSE EQUATION
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Milne (1922) and Goody and Yung (1989) show that the solution for the

7=1 - exp(-g™) greenhouse effect using the two-stream gray approximation with heating only

Surface Temperature/Effective Temperature

K 1o at the surface is
r e-l/2 & 1 3
| | . | N . JT4(r):FS<—+ —r) )
0 2 4 6 8 10 2 4
Infrared Opacity and for the surface temperature
FIG.5. Surface temperature ratioed to effective temperature as a function UTSA - |:S<1 + §T*> (4)
of infrared opacity for a grey greenhouse atmosphere with the antigreenhouse 4

parametery) determined in various ways. The surface temperature for the eaglid the solution for heating due to uniform exponential absorption of the solal
Earth is shown on the right axis—the freezing point is indicated with the dott@gam is
line. Titan's present antigreenhouse layer has a valye-o#/7. 1 3 K 3
T4 —FJ = ~ ~ 2 —kt
oT*7) {2+4k+<4 4k>e } (5)

Thus organics produced on the early Earth are likely to have, . o
. . .. and it can be shown that the surface temperature is given by
values of optical properties such that more of the visible radia-
tion is blocked corresponding to larger valuesyofSecond, it oTA = Fs[} L3, (1 3 > efk”]’ ©)
is unlikely thaty is constant with time. On Titan only 2% of the 2 4
photolysis products of Cljand from 10 to 100% of the N from where Fs is the globally averaged sunlight absorbed by the planés, the
N, dissociation, end up in the haze particles (McKay 1996)frared opacityz* is the total column infrared opacity, akds the ratio of the
Changes in atmospheric chemistry could significantly alter tﬁ@af extinction coefficient to the infrared absorption coefficikrt,z, /z.

te of solid . ducti Inclusi n hich d Itis readily shown that due to the linearity of the basic equations the solution
rate of solid organic production. Inclusion of MHvhich read- in the case of both heating at the surface and extinction of flux in the atmospher

ily reacts to form solids, would also be expected to increaggust the sum of the solutions in Egs. (5) and (3). We can in general write
haze production. At low levels of N§lit is reasonable to expect

1 3
that the haze production would increase with increasing.NH oTr) = (Fg+ (1 - V)Fs)<§ + Zr)
Thus, the more ClHand NH; the thicker the haze and the 13 [k 3\ . @
stronger the antigreenhouse effect will be. For this case we as- +VFS[§ Tt (z - @) e }

sume that the amount of sunlight that escapes the antigreenhougef .
. .and the surface temperature is
layer and reaches the lower atmosphere declines exponenUaﬂy

as the haze becomes thicker and that the haze is proportional to 0TS = (Fy+ (1 J,),:S)<1+ §T*>

the infrared opacity of the haze forming gases. Thus the anti- 4 (8)
: N 1 3 1 3\ o

greenhouse effect can be writtenjas- 1 — exp(—gt*), where +yFs [5 + ot (E - @) ek ]

g is the constant that depends on the optical properties (indices
of refraction) of the haze layer and the relation between haze ai@re v is the factor expressing the strength of the antigreenhouse effect
infrared opacity. We consider first a case that matches the preé(%ﬁt v)Fs is the fraction of solar flux that is directly deposited in the lower

. . " . . atmosphere and surfageks is the solar flux that is being absorbed in the anti-
Titan;y =4/7,7* = 3, and thusg =0.28. In this case the anti- greenhouse layer, arfg} represents any additional nonsolar heating terms at the
greenhouse effect triumphs and the temperature on the eatiyace.
Earth never reaches the freezing point. Darker hages1(/2) We can simplify the antigreenhouse equation even further. First we take the

produce even less warming and at high opacity the antigredfit of Eq. (8) whenk — oo, this gives

house effect becomes complete and the surface temperature goes T4 = (Fy+ (1 )F)(1+§T*) vFs )
asymptotically to the antigreenhouse linfig/v/2. The temper- s s 4 2

ature just reaches freezing for a valueget 0.23. The cooling e note thak does not appear in Eq. (9). This equation is therefore a good
effect of an antigreenhouse layer could be altered if this layer wasroximation to the antigreenhouse effect due to a haze layer that efficientl
within the convective part of the troposphere. However, for botitpcks a fraction of the sunlight from reaching the surface and represents
Titan and a reducing early Earth the pressure at which the hé'?éole way to incorporate the antigreenhouse effect into an analytic expressior

. The assumption that the ratio of visible to infrared absorption is constant drop:
forms is expected to be 10bars or less (McKagt al. 1989). out of the analysis—as long as the absorption due to the antigreenhouse layer

The antigreenhouse effec_t isan im.portant feature of planetggyy arge in certain wavelengths (usually the ultraviolet and blue) and negligible
atmospheres and the analytical solutions we have developed frethers (usually the red and infrared).
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Two limits can be readily considered for Eq. (9). First whes 0, no anti- Lorenz, R.D., J. |. Lunine, and C. P. McKay 1997b. Titan under a red giant sun
greenhouse effect, the greenhouse effect is recovered. The other limit that i& new kind of “habitable” world Geophys. Res. Le24,2905-2908.
interesting is the case in which— 1 and the antigreenhouse effect is com{ grenz, R. D., C. P. McKay, and J. I. Lunine 1997a. Photochemically-inducec
plete. In this case the surface temperature remains at the TglJé&, even as collapse of Titan's atmospher8cience75,642—644.

7" — oo, which is the expected antigreenhouse limit (Mckayal. 1991). McKay, C. P. 1996. Elemental composition, solubility, and optical properties of

Titan’s organic hazePlanet. Space Sci4,741-747.
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