
Additional information. 

 

A. Benchmark Calculation. 
The system presented in section 3.1 was calculated with similar initial concentrations (see 
table 1 for the reaction network and table 2 for the initial conditions) and temperature but in 
this case, concentration change of all chemical species were calculated, these settings 

translate into 𝑑ሾ𝑥ሿ 𝑑𝑡ൗ ് 0 and therefore calculated for all species. Figs A. 1 panels a and 

b show the time evolution of all chemical species involved in the simulation.    
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure A.1: Time evolution for the chemical network presented in table 1 as calculated with 
the KROME code (panel a) and the PATMO code (panel b). The reproducibility of this 
simple 0-dimensional system is to ensure that production-depletion equations are calculating 
properly calculating the chemical change of the considered chemical network.  
 
 B. Photo-dissociation of a single chemical species at different altitudes 
In this section the ability of the code to calculate photo-dissociation rate constants was 
investigated and compared to KROME. For this study, the system was purposefully kept to 
a minimal number of reactions (SO2 → SO + O) so the calculation of photo-dissociation rate 
constants can be monitored, analyzed, and compare to a KROME simulation. For this study 
KROME was set to calculate 100 different boxes in which the opacity term (Eqn. 4) 
calculation of the of each layer, starting from the top, is the boundary condition of the layer 
beneath. Since this system does not take transport into consideration no further assumptions 
are required. The calculation of the photo-dissociation rate constant (Eqn. 2) is very sensitive 
to the opacity term. This sensitivity is the cause of the differences observed between Figs. 3 
a and b. This analysis is conducted only for PATMO, but we verified that KROME produced 
similar results. Figure A. 2 shows photo-dissociation rate constants (right vertical axis) and 
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number density (left vertical axis) as time evolves. Panel a in Fig. A. 2 shows the results for 
the upper part of the atmosphere (91 km), while panel b shows the results for the bottom. The 
difference of these two plots shows that the photo-dissociation rate constants is not affected 
at the top of the atmosphere due to thin (low pressure) conditions. Conversely panel b shows 
that the photo-dissociation rate constant is very small, due to the shielding of the upper layers, 
and after most of the SO2 column has been depleted (Fig. 3 panel a) the opacity term becomes 
zero and the photo-chemistry of this layer accelerates.      
 
 
 
 
 
 
 
 
 

 

 

Figure A.2:  Time evolution of SO2 Number density (left vertical axis) and photo dissociation 
rate constant (vertical right axis) calculated at for 91 km (panel a) and 1 km (panel b).   

 

C. Oxygen photo-dissociation and isotopic effects 
The isotopic effect during its photo-dissociation reaction is produced by a complex 
interaction of spectral features. Figure A. 3 shows spectra of 3 isotopologues at 3 different 
spectral resolutions. A naked eye inspection of these spectra suffices to see how the degraded 
lower resolution spectra of panes a, b and c would create artifacts in the computation of 
photo-dissociation induced isotopic effects. Fig. A. 4 presents the spectra of panel d in Fig. 
S3 compared to the UV solar flux at the top of the atmosphere. From Eqn. 2 the total photo-
dissociation rate constant is the integration over a designated energy range, where it can be 
observed that the isotopic effect is born out of complex interaction of light flux, cross-
sections, and self-shielding. The Oxygen isotopes UV absorption cross-sections were 
estimated from spectral data reported by (Yoshino et al., 1987). Since the isotopic spectra 
used in this analysis is raw estimate the isotopic fractionation constants calculated here are 
not reliable for geochemical predictions.   

a  b 



 
Figure A.3: UV absorption cross-sections for 16O2, 16O18O and 18O2 isotopologues at four 
different spectral resolutions 0.028 nm (panel a), 0.014 nm (panel b), 0.009 nm (panel c), 
0.005 nm (panel d)    
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Figure A.4: UV absorption cross-sections for three different Oxygen isotopes (16O2, 16O18O 
and 18O2) with a 0.005 nm spectral resolution (left vertical axis) and solar flux as reported by 
(Gueymard, 2004).  



D. Reproducibility of today’s Earth Atmosphere 

The following information present details that were abbreviated in the main text. The 
atmospheric temperature (Krueger and Minzner, 1976) and Eddy diffusion coefficients 
(Massie and Hunten, 1981) are shown in fig. A.5. Species that were provided with a fixed 
concentration throughout the simulation (Goody and Yung, 1995 and Sen et al., 1998) are 
show in fig. A.6. Fig. A.7  shows calculated solar fluxes with an extended Chapman model 
(main text section 3.5) compared to data modeled by McLinden et. al., (2002), modeled 
profiles mostly replicate the literature profile except for the 180-200 nm range. The observed 
differences can be attributed to differences in UV absorption spectral data of O2 in the 
Schuman-Runge bands.  Fig. A.8 shows a time evolution of the modeled solar since the 
beginning of the simulation (t0) where O3 is not present in the atmosphere (Fig. A.8a), the 
shielding the of the solar flux is due to O2 Schuman-Runge band and Herzberg continuum.  
Panels b and c show how the increased levels of O3 at 1 day and 10 years of simulation time 
where increased concentrations of O3 and NOx compounds produce fluxes with similar 
features to the current atmosphere. Fig. A.9 shows the time evolution of photo-dissociation 
rates for all photoactive species (O3, O2, NO2, N2O, HNO3, H2O, NO3 and N2O5) 

 

 



Figure A.5: Altitude profile for the Eddy diffusion coefficients shown in black solid line with 
bottom vertical axis (Massie and Hunten (1981) and temperature profile shown in solid red 
line and top vertical axis (U.S. Standard Atmosphere, 1976, Krueger and Minzner, 1976) 
used in both KROME and PATMO codes. Eddy diffusion coefficient are derived from the 
number density profile of trace gases (Massie and Hunten 1981). 

 

Figure A.6:  Boundary conditions for the simple and extended Chapman mechanism 
presented in section 3.5. Chemical species with fixed concentrations throughout the 
simulation. N2 and O2 were set to 21% and 78% of the total mixing ratio, N2O, H2O, and 
HNO3 profiles were taken from Goody and Yung, (1995) and Sen et al., (1998) respectively.  



 

Figure A.7: Solar flux modeled with an extended Chapman model and compared to literature 
data. The data in panel a is the boundary conditions for our simulation and that is the solar 
flux at the top of the atmosphere (Gueymard, 2004). Panels b to f show modeled solar flux 
at 50, 40, 30, 20, and 10 km respectively and compared to literature data by (McLinden et 
al., 2002).  



 

 

 

 

 

 

 

 

 

 

Figure A.8: Panels a to c show the evolution of the solar actinic flux as a function of time 
for the simple Chapman mechanism presented in section 3.5. The initial conditions for this 
simulation consider an atmosphere with 21% of O2 as the only UV light absorber. Panel a 
shows the solar flux affected by Oxygen, as set by the initial settings and the incidence of 
O3 as its mixing ratios are increased with the evolution of chemical species. Panels a, b and 
c represent fluxes at time 0, 1 day and 10 years respectively.   
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Figure A.9: Photo-dissociation rate constants profile and their time evolution of all photo-
active species considered in the extended Chapman model. All panels in the figure show 
initial conditions (t0, red line), 1 day (black line), 1 year (green line) and 10 years (dotted 
purple line) of simulated time. After 1 year of simulated time, the rate constant profile does 
not change significantly indicating the stability of the steady state condition. 

 



 

Fig. A. 10: Variation of the 33E/36E relation al function of altitude for initial and steady state 
conditions for a SO2/SO photodissociation system as presented in section 3.4. For reference 
the Archean line as presented in Endo et al., (2015), 33E/36E values under pure shielding-less 
photodissociation (Endo et al., 2015) and at the top of the atmosphere (100 km). 
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