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Comments and Responses

Responce to Dr. Kasting

COMMENT: One should note, however, that the earlier study by Haqq-Misra et al. also
included greenhouse warming by ethane (C2H6), the concentration of which was calculated
self-consistently using a photochemical model. The ethane in that study contributed several5

degrees of greenhouse warming, although its effect was largely masked at high CH4 con-
centrations by anti-greenhouse cooling provided by organic haze. Hence, the two studies
(Haqq-Misra et al. and the present paper) are not directly comparable. When the effects of
ethane are included, however, it seems likely that the general story of a methane green-
house during the Archean remains valid. And that is significant, as the simplest explanation10

for the Paleoproterozoic glaciations that happened at the end of this eon is that the CH4
greenhouse was diminished or wiped out by the rise of atmospheric O2.

RESPONSE: The first part of Haqq-Misra et al. corrected the error in the methane ab-
sorption from Pavlov et al. (2001), and gave the surface temperature solely as a function of
CO2, CH4, and H2O (Figure 2). This is where we got our values for surface temperature15

change.

Responce to Dr. Wolf

COMMENT: I feel that the word choise of “Surface warming is greatly diminished relative
to HITRAN 2000 line database,” in the abstract and elsewhere may be somewhat mislead-
ing.20

RESPONSE: We agree that we may overstate the diminished warming in the abstract
and have removed the adverb “greatly” from this sentence.
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COMMENT: For the late Archean, the most recent constraints on CO2 place its value
near 10-2 bar [Sheldon, 2006; Driese et. al., 2011]. Thus, if we assume these CO2 con-
straints are appropriate, hazes may be expected to begin forming during the late Archean
when CH4>=10-3 bar. Additionally Haqq-Misra [2008], Wold and Toon [2013], and Char-
nay [2013] all find marginally warm solutions for the late Archean with 10-2 CO2 and 10-35

methane. Thus for the currently accepted most likely atmospheres for the late Archean,
differences in Ts due to differences between HITRAN 2000 and HITRAN 2012 only appear
to be 1-2 K cooling (small!). This is explicitly illustrated in Figure 4, panel 2. Any further
increases in CH4 above 10-3 pushes climate into the haze forming regime. Likewise, for
assumed CO2 amounts of 10-3 bar, the change to HITRAN 2012 only serves to warm cli-10

mate in haze free regime. This is illustrated in Figure 4, panel 3. Methane-hazes on Titan
significantly warm the stratosphere and cool the surface and it would be expected that such
hazes would act similarly if they existed on the Archean Earth. Thus results that lie within
the expected haze forming regime must be taken with a grain of salt, as the climatological
effects of the haze may be significant and thus outweigh HITRAN differences. However, im-15

portantly, one can imagine that the larger temperature differences found in this study may
indeed be possible for a hypothetical Archean atmosphere. Hard limits on CO2 are absent
from the early Archean geological record. Thus it may indeed be possible to have 10-1 bar
CO2 and 10-2 bar CH4 (or more?) during the earliest Archean. Thus the authors maximum
temperature difference of 5K could feasibly occur, but more likely so for the early Archean20

where CO2 could have been larger, and thus the haze-free regime extends also to higher
CH4. The authors may be benifitted from qualifying their conclusions with the notion that for
currently proposed late Archean atmospheres, temperature differences may not be large.
However, for early Archean conditions that indeed require 10-1 bar of CO2 to remain warm,
the haze-free, hihh-CH4 cases become more relevant.25

RESPONSE: We agree that the an organic haze would likely have a more significant
radiative impact than shortwave absorption by methane. However, we disagree that the
constraints in the late Archean imply that a haze would form at low CH4, as there is still
considerable uncertainty in the CO2 abundance in the middle and late Achean and the
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CH4 abundance required for haze formation. Furthermore, there are no CO2 constraints
before 2.69 Gyr ago, thus we believe that high methane abundances are plausible without
haze formation in the middle to late Archean. We have addressed these concerns in the
manuscript with the following paragraph:

“Geological constraints, based on the mass balance of weathering paleosols, have sug-5

gested that the atmospheric CO2 partial pressure was in the range 0.003-0.02 bar in the
late Archean [2.69 Gyr ago, Driese et. al., 2011]. Given that an organic haze could form
at CH4/CO2 ratios as low as 0.2-0.3, this would imply that an organic haze would form at
CH4 abundances greater than 6x10-4-6x10-3. In the presence of an organic haze, short-
wave aborption by CH4 would likely be of less importance. However, at the upper limit of10

this range, a CH4 abundance of 6x10-3 results in a significant (3–4 K) difference in surface
warming between HITRAN versions. Thus, given the constraints on atmospheric CO2 and
organic haze, the calculated reduction in surface warming due to improved line data may
have been radiatively important throughout the Archean. Furthermore, atmospheric CO2
constraints only exist for the latest Archean [2.69 Gyr ago, Driese et. al., 2011]. The solar15

luminosity used in this study (80

COMMENT: Could the authors comment on the differences in CO2 and H2O that arise
from switching between HITRAN 2000 and HITRAN 2012, within the temperature and con-
centration regimes studied in this paper? At first glance at Figure 4, I assume that going
fairly small in the regime (<300 K, <0.1 bar CO2), but the authors may consider tating their20

opinion on the matter.

RESPONSE: We’ve added some text in section 3.3 to discuss this:
“The difference in absorption by CO2 and H2O is quite small between the two databases.

Although, many new lines have been added to both CO2 and H2O databases they do
not provide a large radiative effect in the regime we examined. The differences between25

HITRAN versions results in a small increase to the greenhouse strength between versions,
increasing the surface temperature by roughly 1 K in the regimes we examined.”
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COMMENT: In section 4.2, it may be noted that warming of the stratosphere from CH4
would be combined with warming from particle heating by hazes:

RESPONSE: We have added this to section 4.2.
“However, stratospheric warming would increase the saturation vapour pressure and

lower the relative humidities which would effect the formation of an organic haze, higher5

relative humidity may cause fractal particles to collapse into spheres, while lower relative
humidity would allow the fractal shape to be better preserved (Wolf, 2014).

Wolf, E.T.: Interactive comment on “Diminished greenhouse warming from Archean
methane due to solar absorption lines” by B. Byrne and C. Goldblatt, Clim. Past Discuss.,
10, C2137–C2137, 2014.”10

COMMENT: Figure 4 appears to have error bars, I am assuming from the expanded
convergence criteria discussed in section 3.2. Can you make reference to the error bars in
the caption to Figure 4? Clearly the error bars do not affect the authors main conclusions.

RESPONSE: We have added the following text to the caption: “Error bars are plotted
corresponding to the error estimates from section 3.2”15

COMMENT: The axis on Figure 5 and Figure 6 is slightly confusing. Can you also label
the vertical axis (pressure) and the horizontal axis (water vapor mixing, temperature)? Also
it appears that the vertical axis in Figure 5 and 6 are in bars, while the analogous axis is in
figure 2 is in Pascal. Can this be made consistent?

RESPONSE: We have labeled the axis and all pressure units are now in bars.20

Responce to Dr. Haqq-Misra,

COMMENT: However, the greatest discrepancy between HITRAN 2000 and 2012 oc-
curs for CH4 abundances that are likely to form a stratospheric organic haze layer (Fig.
4b,c), which would absorb incoming solar radiation and cool the surface. Although previous
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studies may have overestimated CH4 warming at these abundances as the authors argue,
the significant cooling from the formation of organic haze would lower global temperature
likely by much more that the difference between the two HITRAN databases. Only when
CO2 abundances are high and organic haze does not form (Fig. 4a) does the difference
between the HITRAN databases seem to matter. For the Archean, this suggests that the5

improvement in radiaive transfer is most applicable to haze-free high- CO2 environments.
Possibly conditions like this may have been present in the Hadean or early Archean, which
the authors may wish to discuss.

RESPONSE: We agree that the an organic haze would likely have a more significant
radiative impact than shortwave absorption by methane. However, we disagree that the10

constraints in the late Archean imply that a haze would form at low CH4, as there is still
considerable uncertainty in the CO2 abundance in the middle and late Achean and the
CH4 abundance required for haze formation. Furthermore, there are no CO2 constraints
before 2.69 Gyr ago, thus we believe that high methane abundances are plausible without
haze formation in the middle to late Archean. We have addressed these concerns in the15

manuscript with the following paragraph:
“Geological constraints, based on the mass balance of weathering paleosols, have sug-

gested that the atmospheric CO2 partial pressure was in the range 0.003-0.02 bar in the
late Archean [2.69 Gyr ago, Driese et. al., 2011]. Given that an organic haze could form at
CH4/CO2 ratios as low as 0.2-0.3, this would imply that an organic haze would form at CH420

abundances greater than 6x10-4-6x10-3. In the presence of an organic haze, shortwave
aborption by CH4 would likely be of less importance. However, at the upper limit of this
range, a CH4 abundance of 6x10-3 results in a significant (3—4 K) difference in surface
warming between HITRAN versions. Thus, given the constraints on atmospheric CO2 and
organic haze, the calculated reduction in surface warming due to improved line data may25

have been radiatively important throughout the Archean. Furthermore, atmospheric CO2
constraints only exist for the latest Archean [2.69 Gyr ago, Driese et. al., 2011]. The solar
luminosity used in this study (80

5
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Changes to manuscript

Changes are highlighted in red

Section 1, paragrpah 6: We have clarified that the studies of Pavlov et al., 2000 and
Haqq-Misra et al., 2008 did include parameterization of solar CH4 absorption.

Section 3.3, paragrpah 2: We added a paragraph discussing the updated CO2 and H2O5

absorption between HITRAN 2000 and 2012 in response to a comment from Dr. Wolf.

Section 4.2, paragrpah 2: we discussed the effect of relative humidy on the fractal struc-
ture of hazes in response to Dr. Wolf’s comment

Section 4.2, paragrpah 3: We discussed the effect of a possible organic haze on our
results in response to Dr. Wolf and Dr. Haqq-Misra’s comments.10

References: Reference to Dr. Wolf’s comment (cited when we discussed the effect of
relative humidy on the fractal structure of hazes)

Figure 2: we adjusted the units of the y-axis to bar in response to Dr. Wolf’s comment.

Figure 4: We explained the error bars in the caption, in response to Dr. Wolf’s comment

Figure 5: we adjusted the axis labels in response to Dr. Wolf’s comments.15

Figure 6: we adjusted the axis labels in response to Dr. Wolf’s comments.

6
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Abstract

Previous research has shown that methane may have been sustained at high concentra-
tions in the Archean atmosphere, helping to offset lower insolation and solve the faint young
sun problem. However, recent updates to the HITRAN line database have significantly in-
creased the shortwave absorption by CH4 in comparison to older versions of the database5

(e.g., HITRAN 2000). Here we investigate the climatological implications of strong short-
wave CH4 absorption in an Archean atmosphere rich in CH4. We show that the surface
warming at CH4 abundances > 10−3 is diminished relative to the HITRAN 2000 line data.
Strong shortwave absorption also results in a warm stratosphere and lower tropopause. We
discuss these results in the context of contemporary research of the Archean climate and10

how these results could affect the formation of stratospheric clouds and an organic haze.

1 Introduction

The luminosity of the sun has increased steadily over its main sequence lifetime (Gough,
1981) and was 75–82 % as luminous in the Archean Eon (3.8–2.5 Gyr BP) as today. Despite
a dimmer sun, geologic evidence suggests surface temperatures were similar to today for15

much of this period (Donn et al., 1965; Sagan and Mullen, 1972). The apparent contradiction
between reduced solar luminosity and warm surface temperatures is termed the faint young
sun problem or paradox (FYSP). It is generally believed that the Earth was kept warm in
the Archean primarily due to elevated greenhouse gas concentrations and thus a stronger
greenhouse effect.20

Methane (CH4) has a long photochemical lifetime of 103 to 104 yr in low oxygen atmo-
spheres (Zahnle, 1986). Given the long atmospheric lifetime, concentrations of ≈ 10 ppmv
could have been sustained by impacts from space and geologic sources in the Archean
(Kasting, 2005). Much higher concentrations may have been sustained by anaerobic
ecosystems. Using a photochemical–ecosystem model, Kharecha et al. (2005) found that25

biogenic methane fluxes were likely 1/3 to 2.5 times modern values. They find that these

2
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fluxes could have sustained atmospheric concentrations of 100 to 35 000 ppmv (depending
on the rate of hydrogen escape).

Thus, it has been proposed that methane played an important role in the Archean green-
house and may have been partially responsible for the warm climate. At high CH4 /CO2

ratios, photochemical reactions have been shown to produce an organic haze with a strong5

anti-greenhouse effect (Zahnle, 1986), possibly limiting the warming ability of CH4 at very
high concentrations.

Recent updates to the HITRAN database (Rothman et al., 2013; Brown et al., 2013)
have significantly increased the magnitude of shortwave absorption by CH4 at high con-
centration (Byrne and Goldblatt, 2014), particularly between 5500–9000 cm−1 and around10

11 000 cm−1 (Fig. 1). This results in significant shortwave absorption in the upper tropo-
sphere and stratosphere at high CH4 concentrations. It should be noted that there is still
a considerable amount of missing shortwave line data, so the shortwave absorption by CH4

is likely still being underestimated.
Strong shortwave absorption is expected to have a significant effect on the atmospheric15

temperature profile. Increased shortwave absorption in the stratosphere limits the amount
of radiation that reaches the surface. As such, there is a negative forcing on the surface
which acts to decrease surface temperatures. Thus, it is expected that previous estimates
of the warming due to CH4 have been over-estimated at high concentrations. Furthermore,
solar absorption in the stratosphere leads to stratospheric warming, which diminishes the20

effect of greenhouse gases in the stratosphere.
In this paper, we run a radiative convective model (RCM) using the HITRAN 2000 and

2012 databases to examine the effect that updates to the HITRAN database have on the
atmospheric profile and warming from CH4. We choose the HITRAN 2000 version for com-
parison because most existing literature for CH4 in the Archean uses shortwave absorption25

data which predates this version (Pavlov et al., 2000; Haqq-Misra et al., 2008, these studies
do include a parameterization of visible/near-IR absorption by CH4, where HITRAN data is
missing, but the absorption is still strongly underestimated). In Sect. 2, we describe our gen-
eral methods. In Sect. 3, we provide our results. We examine the surface temperature and

3
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atmospheric profile as a function of CH4. In Sect. 4, we discuss the possible climatic con-
sequences of our results. We discuss how a warmer stratosphere may affect stratospheric
clouds and a hypothetical organic haze.

2 Methods

2.1 Radiative transfer model5

We use the Spectral Mapping for Atmospheric Radiative Transfer (SMART) code, written by
David Crisp (Meadows and Crisp, 1996), for our radiative transfer calculations. This code
works at line-by-line resolution, but uses a spectral mapping algorithm to treat different
wavenumber regions with similar optical properties together, giving significant savings in
computational cost. We evaluate the radiative transfer in the range 50–100 000 cm−1 (0.1–10

200 µm) as a combined solar and thermal calculation. Line data for all radiatively active
gases are taken from the HITRAN 2012 and 2000 databases.

2.2 Radiative Convective Model

The RCM used in this work derives from Goldblatt (2008) and Goldblatt et al. (2009). A
“hard convective adjustment” is used, whereby the tropospheric structure is set as the moist15

adiabatic lapse rate, so surface and tropospheric temperature is represented by a single
degree of freedom. The stratosphere is radiatively adjusted and the tropopause position is
adjusted.

The SMART radiative transfer code is very computationally expensive. Hence the
Newton–Raphson method used previously (Goldblatt et al., 2009) is too expensive, requir-20

ing a separate radiative transfer run for each degree of freedom (model level). Hence we
derive a new numerical method which diagnoses a grey emissivity for each layer and solves
a linearized set of equations to adjust the model temperature. The algorithm is described in
full in the appendix. For test cases with a grey atmosphere radiative transfer code, this gave
convergence in 3–4 iterations. Unfortunately, the diagnosis of pseudo-grey emissivities for25
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each layer from the real-gas radiation field was not as effective as we hoped and introduced
some numerical instabilities. We introduced numerical smoothing and damping at each it-
eration to control the instability. Convergence was typically obtained in 20–30 iterations.

Water vapour was parametrized as in Manabe and Wetherald (1967). Relative humidity
(h) is given by,5

h= h?

(
Q− 0.02

1− 0.02

)
, (1)

where h? = 0.77, Q= p/p?, and p? is surface pressure. When Q is smaller than 0.02, the
relative humidity becomes negative, thus it is necessary to specify a minimum humidity dis-
tribution for small Q values. Manabe and Wetherald (1967) assign a minimum mixing ratio10

of water vapour to be 3×10−6 g g−1 of air. We take this as the minimum mixing ratio for a
“mid H2O” set of calculations. Since the saturation vapour pressure is proportional to tem-
perature and we expect significant warming in the upper troposphere and stratosphere from
shortwave absorption by CH4, the relative humidity parametrization may significantly affect
the amount of atmospheric H2O. The H2O concentrations would then effect the strength15

of the H2O greenhouse. Furthermore, elevated high troposphere and stratospheric water
vapour concentrations would increase the emission level to space from H2O and thus would
promote cooling of this level. A further complication is that methane oxidation is a signifi-
cant stratospheric moisture source, and this would be enhanced with higher methane abun-
dances.20

To examine the sensitivity of our results to the parametrization of H2O we perform a “low
H2O” set of calculations for which we reduce the minimum mixing ratio of water vapour by
a factor of 1000 to 3×10−9 g g−1 of air and a “high H2O” set of calculations for which we
increase the minimum mixing ratio of water vapour by a factor of 10 to 3×10−5 g g−1 of air.
We attempted an additional set of runs where the H2O mixing ratio above the tropopause25

was set at the tropopause value but found it to be unstable with our model.
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2.3 Runs

Gas amounts are given in abundances, a, relative to the modern atmosphere (1 bar, molec-
ular weight of 28.97 g moles−1, total moles (n0) of ≈ 1.8×1020). Thus a= ngas/n0. For our
experiments we add gas abundances to background N2 partial pressure (0.8 bar), increas-
ing the atmospheric pressure.5

We calculate the equilibrium temperature profile over many CH4 abundances in the range
of 10−6 to 10−2 with a solar constant of 0.8 S0. We perform sets of runs with background
CO2 abundances of 10−3, 10−2, and 10−1 for the “high H2O”, “mid H2O” and “low H2O”
water vapour parametrizations. These sets of runs are performed with both the HITRAN
2000 and HITRAN 2012 line data, giving a total of 18 sets of runs. The reason for running10

sets with varying CO2 abundances is that CO2 cools the upper atmosphere and thus we
would like to examine whether cooling by CO2 or warming by CH4 dominates.

3 Results

3.1 Modern atmosphere and climate sensitivity

To test our RCM and diagnose the climate sensitivity, we calculate the equilibrium temper-15

ature profile with pre-industrial (280 ppmv) and doubled (560 ppmv) CO2. We find that our
model performs well in recreating the pre-industrial atmospheric profiles (Fig. 2). For “low
H2O”, “mid H2O” and “high H2O” parametrizations we find the pre-industrial surface tem-
perature to be 288.4, 288.5, and 291.4 K. The temperature change for a doubling of CO2 is
1.76 K for “low H2O”, 1.75 K for “mid H2O” and 1.73 K for “high H2O”. These are within the20

range of climate sensitivities given by IPCC (2013) (1.5–4.5 K) but are less than the best
guess of 3 K. The climate sensitivity is largest for the “low H2O” parametrization because
the water vapour change is larger.

6
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3.2 Error estimates

We take the model to be converged when the net flux above the tropopause (∆F ) is less
than 0.2 W m−2 for every layer above the tropopause. In cases where this could not be
achieved within reasonable limits on computational cost, we estimate the precision of runs
with a lower convergence threshold.5

To do this we examined the difference in temperature for unconverged iterations of a con-
verged run. The error in surface temperature for each unconverged iteration was found by
taking the difference in surface temperature between the converged and unconverged it-
erations (∆T ). The maximum net flux above the tropopause was plotted as a function of
surface temperature error (Fig. 3). To estimate the largest surface temperature error for10

a given maximum net flux above the tropopause we found a linear slope which contained
all of the points. All of the points fit within a region bounded by a slope of ∆F = 2∆T . Thus,
uncertainty in temperature is taken to be ∆T = 1

2∆F .

3.3 Surface temperature

We examine surface temperature as a function of CH4 for each set of runs (Fig. 4). For15

all cases, there are significant differences between runs with HITRAN 2000 and HITRAN
2012 line data. At low CH4 abundances, the surface temperature is slightly warmer (≈ 1 K)
using the HITRAN 2012 database relative to the HITRAN 2000 database due to additional
longwave absorption lines added to the HITRAN 2012 database. Additional CH4 shortwave
absorption in HITRAN 2012 starts become evident at CH4 above 10−4 and becomes sig-20

nificant at concentrations above 10−3. For a CH4 increase from 10−3 to 10−2 the warming
is 4.8–6.4 K using HITRAN 2000 line data and −0.6–2.5 K using 2012 line data. Thus, the
ability of CH4 to warm the surface is significantly diminished above 10−3.

The difference in absorption by CO2 and H2O is quite small between the two databases.
Although, many new lines have been added to both CO2 and H2O databases they do not25

provide a large radiative effect in the regime we examined. The differences between HI-
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TRAN versions results in a small increase to the greenhouse strength between versions,
increasing the surface temperature by roughly 1 K in the regimes we examined.

The surface temperature is sensitive to the H2O parametrization used. At low CH4 abun-
dances, the atmosphere is cold and the H2O abundances decrease rapidly with altitude to
the minimum allowed abundance (Fig. 5), resulting in large differences in the amount of5

atmospheric H2O between the difference parametrizations. Thus, the water vapour green-
house effect is much stronger for higher minimum allowed abundances, which results in
warmer surface temperatures.

Large atmospheric methane abundances cause atmospheric warming above a pressure
level of 0.3p? (see Sect. 3.4). For our low and mid H2O parametrizations, this causes the10

amount of water here to increase, strengthening the greenhouse effect and causing sur-
face warming. However, for our high H2O parametrization, the water vapour is already at
a maximum here and we see the consequence of methane absorption in isolation. between
methane abundances of 3× 10−4 and 1× 10−2, this is a surface cooling of 2 K with the HI-
TRAN 2012 database as compared to a warming of 7 K using the HITRAN 2000 database.15

The parametrizations of relative humidity used here are simplistic and may not properly
represent the relative humidity structure for an Archean atmosphere with high CH4. Water
vapour moves from the troposphere to the stratosphere though complicated dynamical pro-
cesses. On the modern Earth, water vapour enters the stratosphere through the extremely
cold tropical tropopause (Brewer, 1949; Newell and Gould-Stewart, 1981). Resolving atmo-20

spheric dynamics would be required to correctly estimate stratospheric water vapour. Fur-
thermore, methane oxidation is a significant source of stratospheric water vapour, and this
will be a much larger source when there is more methane. Hence photochemistry should
be treated too.

The surface temperatures calculated using HITRAN 2000 line data agrees well with the25

results of Haqq-Misra et al. (2008). For a CO2 abundance of 10−2 and a CH4 increase from
10−5 to 10−2, Haqq-Misra et al. (2008) find a temperature increase of 11.5 K and we find
a temperature increase of 12.6 K (“low H2O”), 11.2 K (“mid H2O”) and 9.8 K (“high H2O”).

8
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This is much diminished withlatexdiff the HITRAN 2012 line data, for the same scenario we
find a temperature increase of 8.1 K (“low H2O”), 6.7 K (“mid H2O”) and 3.4 K (“high H2O”).

3.4 Atmospheric temperature structure

Increased shortwave absorption by CH4 warms the stratosphere (altitudes above ≈ 0.3p?)
relative to the HITRAN 2000 line data (Fig. 6). The warming as a function of CH4 is roughly5

2–5 K for 10−4, 10–20 K for 10−3, and 20–35 K for 10−2. The warming also causes the
tropopause to lower with increasing CH4.

Elevated CO2 acts to cool the stratosphere, and thus counteracts warming by CH4. In
general, warming by CH4 is the dominant effect, although differences in the temperature
structure at different CO2 concentrations are apparent. The most significant differences are:10

(1) the difference in stratospheric temperature between the HITRAN databases is largest
at low CO2, (2) a temperature inversion appears for a CO2 abundance of 10−3 but does
not form at higher abundances, and (3) the tropopause is lower with less CO2 (for example,
with a CH4 abundance of 10−2, the tropopause is at ≈ 0.4p? for 10−3 of CO2, ≈ 0.3p? for
10−2 of CO2, and ≈ 0.2p? for 10−1 of CO2).15

Longwave emissions to space from H2O act to cool the stratosphere. At low CH4, higher
parametrized H2O abundances result in a cooler stratosphere. In contrast to the surface
temperature, the H2O parametrization has only a minor effect on the temperature structure
in the stratosphere at high CH4 concentrations. This is because the H2O concentration is
similar for all cases at high CH4 (Fig. 5).20

4 Discussion

4.1 Stratospheric ice clouds

In the contemporary modelling of the Archean atmosphere, the removal of O2 and O3 and
increased CO2 result in decreased static stability of the stratosphere (Rossow et al., 1982;
Wolf and Toon, 2013; Kunze et al., 2014). Thus, deep convective mass and water fluxes25

9
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are enhanced for the Archean (Wolf and Toon, 2013). However, as shown above, high CH4

results in a stable stratosphere. Thus, it is worth discussing the effect that this increased
stability would have on studies of the Archean climate.

Modelling studies have found that the removal of O2 and O3 results in a decrease in static
stability and higher penetration of convection which produces increased cirrus ice clouds5

in the stratosphere (Rossow et al., 1982; Wolf and Toon, 2013; Kunze et al., 2014). Wolf
and Toon (2013) find replacing O2 and O3 with N2 in the present day atmosphere produces
a 3.9 W m−2 longwave radiative forcing from clouds. However, contribution of ice clouds to
greenhouse effect in Archean is reduced due to the saturation of longwave spectral bands
from elevated CO2 concentrations despite increased cloud fractions. Thus, it is unlikely that10

the absence of these clouds would have a large effect on the Archean climate.

4.2 Organic haze

Photochemical models have found that an organic haze is produced by photolysis as CH4

concentrations approach the CO2 concentration in a low O2 atmosphere (Kasting et al.,
1983; Zahnle, 1986). Organic haze has been predicted by photochemical modelling at15

CH4 /CO2 ratios larger than 1 (Zahnle, 1986), and laboratory experiments have found that
organic haze could form at CH4 /CO2 ratios as low as 0.2–0.3 (Trainer et al., 2004, 2006).
The organic haze would likely produce a significant anti-greenhouse effect by reflecting so-
lar radiation while being transparent to infrared radiation. Although the organic haze may
also have shielded greenhouse gases from photolysis (such as NH3 Wolf and Toon, 2010)20

and produced other greenhouse gases (such as C2H6, Haqq-Misra et al., 2008).
The precise radiative effect that an organic haze would have had on the early Earth’s

climate is poorly quantified. Further, the relative humidity at which the haze formed may
have effected the radiative impacts of the haze. Hasenkopf et al. (2011) perform laboratory
experiments on the formation of haze particles via ultraviolet photolysis over a range of rel-25

ative humidities and find that increasing relative humidity increases the cooling effect of the
haze particles. In contemporary Archean climate simulations, exceedingly low temperatures
above the tropopause mean that saturation vapour pressure is quite low. Thus, despite hav-

10
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ing little water vapour, relative humidities grow large above the tropopause (Wolf and Toon,
2013). However, stratospheric warming would increase the saturation vapour pressure and
lower the relative humidities which would effect the formation of an organic haze, higher
relative humidity may cause fractal particles to collapse into spheres, while lower relative
humidity would allow the fractal shape to be better preserved (Wolf, 2014).5

Geological constraints, based on the mass balance of weathering paleosols, have sug-
gested that the atmospheric CO2 partial pressure was in the range 0.003–0.02 bar in the
late Archean (2.69 Gyr ago, Driese et al., 2011). Given that an organic haze could form
at CH4 /CO2 ratios as low as 0.2–0.3, this would imply that an organic haze would form
at CH4 abundances greater than 6× 10−4–6× 10−3. In the presence of an organic haze,10

shortwave aborption by CH4 would likely be of less importance. However, at the upper limit
of this range, a CH4 abundance of 6×10−3 results in a significant (3–4 K) difference in sur-
face warming between HITRAN versions. Thus, given the constraints on atmospheric CO2

and organic haze, the calculated reduction in surface warming due to improved line data
may have been radiatively important throughout the Archean. Furthermore, atmospheric15

CO2 constraints only exist for the latest Archean (2.69 Gyr ago, Driese et al., 2011). The
solar luminosity used in this study (80% of today’s value) occured 2.86 Gyr ago (equation
1, Feulner, 2012) which is 170 Myr before the earliest constraint on CO2 (2.69 Gyr ago,
Driese et al., 2011). Thus, CO2 may have been significantly higher than 0.02 bar at this
time, meaning atmospheric CH4 concentrations larger than 6×10−3 bar could have existed20

without haze formation.

5 Conclusions

Increased shortwave absorption by CH4 between the HITRAN 2000 and HITRAN 2012
databases significantly reduce the efficacy of CH4 at warming the climate at abundances
above 10−3. The quantitative difference in warming is sensitive to the parametrization of25

relative humidity and the magnitude of water vapour change in our model. If the water
vapour change is small (“high H2O”) then the surface temperature remains roughly constant

11
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or decreases with increasing CH4 above an abundance of 10−3. With a large H2O change
the surface temperature continues to increase with CH4, but to a much lesser extent. These
results are sensitive to our simple relative humidity parametrization; a GCM study with well
resolved cross-tropospheric moisture transport and a parametrized moisture source from
methane oxidation might be enlightening.5

Significantly enhanced solar absorption here derives from the inclusion of the
11 000 cm−1 methane band in HITRAN 2012. However, there are still significant regions
on missing data, especially around the 10 000 cm−1 (1 µm) methane band. Thus, we ex-
pect that our results here actually underestimate the true amount of absorption of sunlight
by methane: surface cooling, stratospheric warming and tropopause lowering may all be10

larger than our calculations indicate.
The increased shortwave absorption significantly increases the stratospheric tem-

perature and lowers the tropopause at high CH4 concentrations. All relative humidity
parametrizations give high stratospheric H2O at high CH4 abundances and similar tem-
perature structures. The warm temperature structure would reduce the likelihood of strato-15

spheric ice clouds which have formed in some GCM studies of the Archean climate. They
would also change the relative humidity of the stratosphere from those values seen in
GCMs. Since the radiative properties of an organic haze is sensitive to the relative humidity
at which it forms, this may significantly effect the radiative properties of such a haze.

Appendix A: Radiative adjustment algorithm20

The energy budget of an atmospheric layer is balanced by absorbed shortwave radiation,
absorbed upwelling (D+) and downwelling (D−) longwave radiation, and emitted upwelling
(B+) and downwelling (B−) longwave radiation.

The longwave radiation emitted at each atmospheric level is very sensitive to tempera-
ture. For simplicity, we assume that the emission from a layer j is independent of frequency25

12
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and emitted as blackbody radiation (i.e., grey gas),

F+
j = a+j σT

4
j , F

−
j = a−j σT

4
j , (A1)

where aj is the absorptivity/emissivity of a layer and Tj is the temperature of layer j. Since
gases are not grey, we have to diagnose aj as a pseudo-absorptivity (see Sect. A1).5

The atmospheric profile given as an input to SMART consists of N levels, resulting in an
atmosphere with N − 1 atmospheric layers. A layer with index j is bounded above by level
j and below by level j + 1. We can write the fluxes absorbed and emitted from layer j as,

D−
j (T1, . . .,Tj−2,Tj−1) = σa−j

j−1∑
n=1

[
a−n T

4
n

j−1∏
m=n+1

t−m

]
,

D+
j (Tj+1,Tj+2, . . .,Tsurf) = σa+j

 N−1∑
n=j+1

a+n T 4
n

n−1∏
m=j+1

t+m

+ a+surfT
4
surf

N−1∏
m=j+1

t+m

 ,10

B−
j (Tj) = σa−j σT

4
j ,

B+
j (Tj) = σa+j σT

4
j ,

where tj = 1− aj . So we have that the net absorbed flux (Anet) at layer j is,

Anet,j =ASW,j +ALW,j , (A2)15

=ASW,j +D−
j +D+

j −B−
j −B+

j . (A3)

Let an initial atmospheric temperature profile have net absorbed radiation Anet,j,0 and tem-
perature Tj,0 for each layer j. Assume that there exists an equilibrium atmospheric tem-
perature structure such that, Anet,j = 0, for all j. The layer temperatures for the equilibrium20

profile, TE, can then be written in terms of the initial layer temperatures and a temperature
perturbation,

TE,j = T0,j + δTj . (A4)
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The energy budget for the initial profile, for layer j, is given as

Anet,j,0 =ASW,j +D−
j (T0,1, . . .,T0,j−2,T0,j−1)

+D+
j (T0,j+1,T0,j+2, . . .,T0,surf)−B−

j (T0,j)−B+
j (T0,j),

=ASW,j +σa−j

j−1∑
n=1

[
a−n T

4
0,n

j−1∏
m=n+1

t−m

]

+σa+j

 N−1∑
n=j+1

a+n T 4
0,n

n−1∏
m=j+1

t+m

+ a+surfT
4
surf

N−1∏
m=j+1

t+m

5

−σa−j σT
4
0,j −σa+0,jσT

4
j , (A5)

and the equilibrium profile (no net energy absorbed) is given,

0 =ASW,j +D−
j (T0,1 + δT1, . . .,T0,j−2 + δTj−2,T0,j−1 + δTj−1)

+D+
j (T0,j+1 + δTj+1,T0,j+2 + δTj+2, . . .,T0,surf + δTsurf)10

−B−
j (T0,j + δTj)−B+

j (T0,j + δTj).

=ASW,j +σa−j

j−1∑
n=1

[
a−n (T0,n + δTn)4

j−1∏
m=n+1

t−m

]

+σa+j

 N−1∑
n=j+1

a+n (T0,n + δTn)4
n−1∏

m=j+1

t+m

+ a+surf(Tsurf + δTsurf)
4

N−1∏
m=j+1

t+m


−σa−j σ(T0,j + δTj)4−σa+0,jσ(T0,j + δTj)4. (A6)

15
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Now, subtract Eq. (A6) from Eq. (A5),

Anet,j,0 = σa−j

j−1∑
n=1

[
a−n
(
T 4
0,n− (T0,n + δTn)4

) j−1∏
m=n+1

t−m

]

+σa+j

 N−1∑
n=j+1

a+n (T 4
0,n− (T0,n + δTn)4

)4 n−1∏
m=j+1

t+m


+σa+j

a+surf(T
4
surf − (Tsurf + δTsurf)

4)
N−1∏

m=j+1

t+m


−σa−j σ

(
T 4
0,j − (T0,j + δTj)4

)
−σa+0,j

(
T 4
0,j − (T0,j + δTj)4

)
(A7)5

Expanding the terms results in numerous instances of T 4
0 − (T0 + δT )4. We can then ap-

proximate this as,

T 4
0 − (T0 + δT )4 = T 4

0 −
(
T 4
0 + 4T 3

0 δT + 6T 2
0 δT

2 + 4T 1
0 δT

3 +T 4
0

)
= −4T 3

0 δT − 6T 2
0 δT

2− 4T 1
0 δT

3
10

= −4T 3
0 δT +O(δT 2),

≈−4T 3
0 δT.
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Equation (

Anet,j,0 = σa−j

j−1∑
n=1

[
a−n
(
−4T 3

0,nδTn
) j−1∏
m=n+1

t−m

]

+σa+j

 N−1∑
n=j+1

a+n (−4T 3
0,nδTn

) n−1∏
m=j+1

t+m


+σa+j

a+surf

(
−4T 3

0,surfδTsurf
) N−1∏
m=j+1

t+m


−σa−j

(
−4T 3

0,jδTj
)
−σa+j

(
−4T 3

0,jδTj
)

5

= −4σa−j

j−1∑
n=1

[
a−n
(
T 3
0,nδTn

) j−1∏
m=n+1

t−m

]

− 4σa+j

 N−1∑
n=j+1

a+n T 3
0,nδTn

n−1∏
m=j+1

t+m

+ a+surfT
3
0,surfδTsurf

N−1∏
m=j+1

t+m


+ 4σ

(
a−j T

3
0,jδTj + a+j T

3
0,jδTj

)
so,10

1

4σ
Anet,j,0 = −a−j

j−1∑
n=1

[
a−n
(
T 3
0,nδTn

) j−1∏
m=n+1

t−m

]

− a+j

 N−1∑
n=j+1

a+n T 3
0,nδTn

n−1∏
m=j+1

t+m

+ a+surfT
3
0,surfδTsurf

N−1∏
m=j+1

t+m


+
(
a−j T

3
0,jδTj + a+j T

3
0,jδTj

)
16
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Consider this for every atmospheric layer. This system of linear equations can be written
as:

1

4σ
Anet,0 = ΛδT, (A8)

where,5

Anet,0 =


Anet,1,0

Anet,2,0
...

Anet,N−1,0

Anet,N,0

 ,

Λ =


(a+1 + a−1 )T 3

1 −a+1 a
+
2 T

3
2 . . . −a+1 a

+
surft

+
j+1 · · · t

+
N−1T

3
surf

−a−2 a
−
1 T

3
1 (a+2 + a−2 )T 3

2 . . . −a+2 a
+
surft

+
j+1 · · · t

+
N−1T

3
surf

...
...

. . .
...

−a−N−1a
−
1 t

−
2 · · · t−N−1T

3
1 −a−N−1a

−
2 t

−
3 · · · t−N−1T

3
2 . . . a+N−1a

+
surfT

3
surf

−a−surfa
−
1 t

−
2 · · · t−j T 3

1 −a−surfa
−
2 t

−
3 · · · t−NT 3

2 . . . a+surfT
3
surf

 ,
and,

δT =


δT1
δT2

...
δTN−1

δTN

 .10

Then Eq. (7) can be solved for δT,

δT =
1

4σ
Λ−1Anet,0, (A9)
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which can be used to solve for the equilibrium temperature at each atmospheric layer and
at the surface,

TE = T0 + δT. (A10)

A1 Diagnosing absorptivity5

The absorptivity is diagnosed as follows. We have that the absorbed radiation Ab for a layer
j is given by,

Ab = F+
LW,j+1−F+

LW,j ,

= a+j F
+
LW,j+1− a+j σT

4
j ,10

so that,

a+j

(
F+

LW,j+1−σT 4
j

)
= F+

LW,j+1−F+
LW,j ,

a+j =
F+

LW,j+1−F+
LW,j

F+
LW,j+1−σT 4

j

,

and similarly,15

a−j =
F−

LW,j −F−
LW,j+1

F−
LW,j −σT 4

j

.

The upward (a+) and downward (a−) absorption coefficients are different because the spec-
tral intensities of radiation incident on the layer are different. The upward propagating long-
wave radiation’s spectra is heavily influenced by the emission spectra of water vapour and20

the surface, whereas, the downward propagating radiation’s spectra is mainly emanating
from the well-mixed greenhouse gases.

18
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A2 Implementation of the algorithm

To implement the algorithm, the troposphere is taken to be a single level in the model. The
tropopause temperature is taken to be the level temperature. The temperature adjustment
for the level is scaled by a factor of 1/4 and applied at the surface. The pseudo-adiabatic
lapse rate is followed from the adjusted surface up to the tropopause (if the tropopause5

is colder, the pseudo-adiabat is followed to the lowest level which exceeds the pseudo-
adiabatic temperature profile).

However, this algorithm cannot lower the tropopause in a warming atmosphere. To ac-
count for this, we perform the algorithm again but treat the atmosphere from the surface to
the layer below the tropopause as a single layer. The temperature adjustment is then only10

applied to the tropopause (if it is a warming).
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Figure 1. CH4 solar spectra. (a) Emission spectrum for an object of 5777 K (Effective emitting temperature of

modern Sun). (b) HITRAN 2000 and (c) HITRAN 2012 absorption cross-sections for CH4. (d) Difference in

absorption cross-sections between HITRAN 2012 and HITRAN 2000. Shaded regions indicate where no data

exists.
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Figure 1. CH4 solar spectra. (a) Emission spectrum for an object of 5777 K (effective emitting tem-
perature of modern Sun). (b) HITRAN 2000 and (c) HITRAN 2012 absorption cross-sections for
CH4. (d) Difference in absorption cross-sections between HITRAN 2012 and HITRAN 2000. Shaded
regions indicate where no data exists.
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Figure 2. Modern Earth temperature profiles. Pre-industrial (blue) and doubled CO2 (red) temper-
ature profiles for (a) low, (c) mid, and (e) high H2O parametrizations. Corresponding changes in
temperature for (b) low, (d) mid, and (f) high H2O parametrizations. Grey line shows the global and
annual mean modern day temperature profile.
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Figure 3. Error Estimate. Maximum flux above the tropopause (∆F ) as a function of difference in surface

temperature (∆T ). Red line has slope of ∆F = 2∆T .
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Figure 3. Error Estimate. Maximum flux above the tropopause (∆F ) as a function of difference in
surface temperature (∆T ). Red line has slope of ∆F = 2∆T .
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Figure 4. Surface Temperature as a function of CH4. The three panels correspond to CO2 abundances of (a)

10−1, (b) 10−2, and (c) 10−3. Dashed lines are for the “low H2O” parametrization, solid lines are for the “mid

H2O” parametrization and dotted lines are for the “high H2O” parametrization. Black lines are for the HITRAN

2012 database and red lines are for the HITRAN 2000 database. Shaded regions indicate the possibility of an

organic haze.
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Figure 4. Surface Temperature as a function of CH4. The three panels correspond to CO2 abun-
dances of (a) 10−1, (b) 10−2, and (c) 10−3. Dashed lines are for the “low H2O” parametrization, solid
lines are for the “mid H2O” parametrization and dotted lines are for the “high H2O” parametrization.
Black lines are for the HITRAN 2012 database and red lines are for the HITRAN 2000 database.
Shaded regions indicate the possibility of an organic haze. Error bars are plotted corresponding to
the error estimates from section 3.2.
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Figure 5. Atmospheric H2O Profiles. Equilibrium H2O abundances as a function of CO2 and CH4

abundances. Line types and colours are as in Fig. 4.
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Figure 6. Atmospheric Temperature Profiles. Equilibrium temperature profiles (K) as functions of
CO2 and CH4 abundances. Line types and colours are as in Fig. 4. Grey line shows the global and
annual mean temperature profile for the modern atmosphere.
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