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Introduction:  We examine the role of sulfur-
containing volatile species as putative greenhouse 
gases during the early, formative years of Tharsis, 
when volcanic outgassing was a significant contribu-
tor to the martian atmosphere.  Specifically, we con-
sider the role two gases, SO2 and H2S, might have 
had on warming the early martian atmosphere. 

Background:  The first detailed investigation into 
sulfur species as greenhouse gases on early Mars was 
by [1] who used a 2-D climate model averaged over 
time and space to estimate the warming effects of 
CO2, H2O and SO2 in early martian atmospheres of 
100 mb, 1 bar and 3 bar with 25% reduced solar lu-
minosity [2].  SO2 mixing ratios of either 10-5 or 10-3 
were used with results showing that 10-3 SO2 in a 100 
mb CO2 atmosphere would provide warming of ~14 
K, increasing to ~22 K in a 1 bar atmosphere.  
Though water vapor feedbacks were not considered 
in [1], it was sagely noted that the role of SO2 in the 
atmosphere would be not so much as the primary 
source of warming as it would be “a trigger to ini-
tially increase the water vapor” which would serve, 
along with CO2, as the dominant greenhouse gases.  
A contemporaneous study by [3] investigated the 
warming effect of 10-3 mixing ratio of SO2 in martian 
atmospheres of varying thickness, but without ac-
counting for a fainter young Sun.  As in [1], it was 
found that SO2 provided warming of 10-20 K. 

The high solubility of SO2 makes it challenging to 
maintain protracted warming with even low levels of 
atmospheric water vapor, which converts SO2 into 
sulfate and scavenges it from the atmosphere.  H2S is 
quickly photolyzed, and, without replenishment, will 
not sustain any substantial level of warming.  In ac-
knowledging this concern, [4] used a 1-D model to 
show, alternatively, that small amounts of SO2 in the 
dry middle martian atmosphere might elevate the 
local temperature by as much as 10 K, preventing 
condensation of CO2 in the middle atmosphere. 

Model Description:  Utilizing data recently re-
turned from Mars and new modeling techniques, we 
readdress the role of sulfur under more detailed con-
ditions.  By thoughtful estimation of the abundance 
of atmospheric sulfur, we can better gauge the magni-
tude of warming introduced.  Additionally, with more 
sophisticated modeling capabilities, we can observe 
the general interplay between all radiatively active 
gases (CO2, H2O and SO2/H2S) which has never been 
attempted. 

 We use the MarsWRF general circulation model 
(GCM) for this study.  MarsWRF is a discrete-grid 
model with a resolution of 64x36 (lon x lat) horizon-
tal gridpoints and 25 vertical layers of varying thick-
ness, in a modified-sigma vertical coordinate [5].  
Two important additions to the MarsWRF model not 
described in [5] are noted here. 

Water cycle:  We have incorporated a fully inter-
active water cycle into these simulations.  Water ex-
changes with the surface, and, once in the atmos-
phere, advects and diffuses, and can recondense if the 
local conditions reach saturation.  In the condensed 
phase, atmospheric precipitation follows the Stokes-
Cunningham law, and may resublime if descending 
through a sub-saturated layer.  Surface ice modifies 
the albedo in locations where deposits have reached a 
threshold depth (~1 cm).  In all simulations, there is 
no forced CO2 residual cap in the south; both hemi-
spheres initially have, instead, water ice residual caps 
at their present-day spatial dimensions. 

Radiation scheme:  We have incorporated a new, 
correlated-k, two-stream radiation scheme into 
MarsWRF.  The correlated-k radiation scheme allows 
us to explore the radiative influences of a variety of 
gases simultaneously.  (This is not necessary under 
present-day conditions, but is possibly important for 
early Mars).  Parameters for the radiation scheme are 
obtained from the HITRAN 2004 database [6] and 
the internal partition sum tables of [7].  Spectral lines 
are fit to a Voigt profile [8] and extend out the greater 
of 25 cm-1 and 700 line halfwidths.  Spectra for the 
various gases are convolved, binned and sorted fol-
lowing [9,10], but using 12 bins (7 solar, 5 IR) span-
ning the wavelength region of 0.24-1000 µm.  Unlike 
other models employed for contemporary Mars, this 
scheme allows us to accurately determine the absorp-
tion by any number of gases.  Absorption coefficients 
for predetermined gas mixtures have been calculated 
at 1 K intervals from 50-400 K, at five values across 
each decade of pressure from 10-4 to 106 Pascals, and 
at every decade of water vapor mixing ratio from 10-7 
to 10-2, plus zero, all of which are stored in offline 
look-up tables.  The atmospheric mixing ratio of both 
CO2 (0.953) and the sulfur species (Table 1) are fixed 
for each individual simulation. 

Atmospheric Sulfur:  We assume sulfur in the 
atmosphere is derived from a magmatic source, but 
exactly how much sulfur might be released into the 
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early martian atmosphere?  Analysis of dike intru-
sions associated with Tharsis-radial graben by [11] 
suggest that a single, giant dike intruded radial to 
Tharsis could inject up to 60,000 km3 of magma. Un-
der conservative assumptions, [12] finds that as little 
as 1500 km3 might be required to generate the ob-
served graben-like features.  For a magma density of 
2820 kg/m3 [13] and a sulfur concentration of 1400 
ppm in the magma [14], this produces ~3x1014 kg 
H2S or ~6x1014 kg SO2 which would be injected in 
the atmosphere in a relatively short period. 

We assess a number of variable parameters in the 
present study:  1) we consider the background atmos-
phere to have either 50 or 500 mb CO2, 2) we choose 
the sulfur species to be either SO2 or H2S, 3) we se-
lect the sulfur species mixing ratio to be derived ei-
ther from [11] (the “Wilson” model) or [12] (the 
“Hanna” model).  To highlight the maximum possi-
ble warming, we show here only the 500 mb SO2 
Wilson simulations. 

 
Mixing Ratios 50 mb 500 mb 
SO2: Hanna 
        Wilson 

6.14x10-5  
2.45x10-3 

6.14x10-6 
2.45x10-4 

H2S: Hanna  
        Wilson 

3.26x10-5 

1.30x10-3 
3.26x10-6 
1.30x10-4 

Table 1:  Sulfur species mixing ratios used in these simulations 
 

Greenhouse Warming:  Given these values for 
sulfur abundance, one remaining variable parameter 
is whether water vapor is radiatively active (‘RAW’) 
or not (‘NRAW’).  For the RAW runs, MarsWRF is 
initialized having an active water cycle and a water 
vapor mixing ratio of 10-7 to insure the atmosphere is 
undersaturated at startup.  For the NRAW runs, the 
water cycle is also active, but is disconnected from 
the radiation subroutines of MarsWRF.  For all cases, 
the simulations are run for nine Mars years.  We use 
a 75% solar luminosity to reproduce the faint young 
Sun, and also to introduce a level of conservatism in 
our temperature calculations.  Figure 1 shows the 
annual average surface temperature difference for the 
500 mb no-sulfur control NRAW simulation (i.e. CO2 
only) versus a parallel control RAW simulation 
(CO2+H2O).  At 500 mb and for typical mixing ratios 
of O(10-7), the typical warming contribution from 
H2O is ~2-3 K, except in the  northern mid-latitudes 
where loss of polar ice in the slightly warmer RAW 
simulation more sharply warms the surface. 

Figure 2 shows annually averaged surface tem-
perature for a 500 mb SO2 Wilson NRAW simulation 
(i.e. CO2+SO2 only).  Here, localized warming can be 
as high as 15 K above the control case, confirming 

the earlier results of [1,3], but still clearly below the 
melting point of water. 

The most significant contribution from SO2, how-
ever, comes from the increased abundance of water 
vapor in the atmosphere under the warmer conditions 
induced by the SO2 (Figure 3). The results are nota-
ble: in this 500 mb SO2 Wilson RAW scenario, we 
get warming ≥60 K many places on the surface, in-
cluding regions with annual average temperatures > 
273 K.  The rise in surface temperature caused by 
SO2 is the “trigger” which permits a greater abun-
dance of water vapor to sublime off the polar caps 
and into the atmosphere.  The additional greenhouse 
warming raises the surface temperature even more, 
allowing additional water vapor into the atmosphere, 
and so on.  The cycle will terminate when either the 
surface reservoirs are exhausted (unlikely), or a re-
sidual lag deposit forms on the caps, inhibiting future 
sublimation, as discussed in [15].  Estimates in [15] 
suggest that this sublimation lag would form on the 
order of several thousand years under present-day 
conditions.  Under these substantially warmer condi-
tions, it is likely that a lag deposit forms in several 
tens to hundreds of years at most.  This is still gener-
ally longer than the atmospheric half-life of either 
SO2 or H2S. 

If we are interested in the potential for liquid wa-
ter on the surface, then a more practical metric would 
be the fraction of time the surface temperature ex-
ceeds a value chosen to represent the melting tem-
perature of an aqueous solution.  We consider a sur-
face temperature of 260 K for this case.  Figure 4a 
shows the percent of time temperatures are above 260 
K for the 500 mb control NRAW run.  Here, surface 
temperatures rarely reach 260 K. 

For the 500 mb SO2 Wilson NRAW simulation 
(Figure 4b), the distribution of  regions where T >260 
K increases, with certain locations reaching this tem-
perature for ~5-10% of the year.  Temperatures are 
warmer, but not yet sufficient to sustain liquid water 
over a large fraction of the planet.  For the 500 mb 
SO2 Wilson RAW simulations (Figure 4c), however, 
the entire planet ≥260 K for at least a portion of the 
year, and most of the northern hemisphere exceeds 
260 K for more than half of the year.  (In other 
words, the mean temperature in these locations is 
>260 K). 

Role of Water Vapor:  Based upon the results of 
the previous section, we see that the role of SO2 alone 
is actually quite limited as a greenhouse gas.  The 
majority of warming is caused by a rise in water va-
por abundance, which is a secondary effect of the 
presence of SO2.  Combined, SO2 and H2O make a 
powerful greenhouse mixure.  It seems possible, that 
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water vapor alone might be able to self-sustain in a 
warm environment (along with CO2) after receiving 
an initial “kick” from an SO2 pulse.  We have ex-
plored a scenario where SO2 is removed from the 500 
mb SO2 Wilson RAW simulation of Figure 3.  This is 
meant to mimic the loss of SO2 to sulfate rainout.  
After nine years, we instantaneously remove all SO2 
and run the model for an additional five years.  When 
SO2 is removed, the global average temperature drops 
sharply (Figure 5, solid line, left axis), and water va-
por abundances (dotted line, right axis) follow suit, 
declining by more than two orders of magnitude. 

Clearly, SO2 is a necessary component in order to 
sustain significant warming.  Without its continued 
presence, warm temperatures from H2O and CO2 
alone do not appear possible.  This has implications 
for the role of SO2 as a long-term greenhouse gas.  As 
it stands, warm conditions in the presence of SO2 
appear to be driven by the atmospheric lifetime of 
SO2. 

Conclusions:  From these simulations we see the 
influence sulfur can have on greenhouse warming: 
15-20 K alone, and even more with secondary warm-
ing caused by enhanced water vapor abundances. If a 
great deal of water ice is lost from the polar caps into 
the atmosphere, then water vapor driven greenhouse 
warming may dominate until sedimentation and loss-
to-surface lower the atmospheric and surface tem-
peratures.  We show that with the removal of SO2 
from the atmosphere, warm temperatures cannot be 
sustained, even in a thick CO2 atmosphere.  This may 
have a number of implications for the timing and role 
of sulfur gases as a warming mechanism in the early 
martian atmosphere. 
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Figure 1:  Warming caused by water vapor alone in a 
500 mb CO2 atmosphere (in Kelvin) 

 

                
Figure 2:  Annual average temperature in a 500 mb 
CO2 atmosphere with a "Wilson" amount of SO2, and 
no water vapor (in Kelvin). 

Figure 3:  Same as Figure 2, but including water 
vapor. 
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Figure 4(a):  Fraction of the year >260 K (in percent) for a 500 mb CO2-only control atmosphere.  (b): as in (a), but 
for an SO2 Wilson NRAW atmosphere.  (c): as in (b), but for an SO2 Wilson RAW atmosphere. 
 
 

 
 
Figure 5:  Globally and diurnally averaged surface temperature (solid line, left axis, in Kelvin) for the same 
simulation as Figure 4c.  Globally and diurnally averaged column water vapor (dotted line, right axis, in prµm) for 
the same timeframe.  At Year 9, SO2 was removed from the atmosphere and the model continued for five years.  A 
general drop in temperature causes water column abundances to fall, sharply reducing the level of greenhouse 
warming. 
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