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Abstract. The release of vast quantities of methane into thel Introduction

atmosphere as a result of clathrate destabilization is a po-

tential mechanism for rapid amplification of global warm- Among the various worst-case scenarios for catastrophic cli-
ing. Previous studies have calculated the enhanced warnmate change suggested over the past decades, the so-called
ing based mainly on the radiative effect of the methaneclathrate-gun hypothesis (Kennett et al., 2000) is one of the
itself, with smaller contributions from the associated car- most dramatic. In this scenario, a rise in temperatures leads
bon dioxide or ozone increases. Here, we study the efto the destabilization and subsequent release of methane
fect of strongly elevated methane (@Hevels on oxidant clathrates in the Arctic permafrost and seabed into the at-
and aerosol particle concentrations using a combination ofmosphere, vastly amplifying the initial warming. This type
chemistry-transport and general circulation models. A 10-of mechanism has been suggested as a possible reason for
fold increase in methane concentrations is predicted to sigmillennial-scale warming during the last ice age, as well as
nificantly decrease hydroxyl radical (OH) concentrations, the Paleocene — Eocene Thermal Maximum (PETM; see e.qg.
while moderately increasing ozoneq)OThese changes lead Kennett et al., 2000), though the evidence so far is inconclu-
to a 70 % increase in the atmospheric lifetime of methanesive (Clark et al., 2008; Sowers, 2006). One criticism of the
and an 18% decrease in global mean cloud droplet numhypothesis is that the amount of methane estimated to have
ber concentrations (CDNC). The CDNC change causes a rabeen released during the PETM is not sufficient to explain
diative forcing that is comparable in magnitude to the long-the observed warming, at least if only the longwave radiative
wave radiative forcing (“enhanced greenhouse effect”) of theforcings of CH, and its oxidation product Cf£are accounted
added methane. Together, the indirect;&dbg and CH;-OH- for. For example Higgins and Schrag (2006) suggest that a
aerosol forcings could more than double the warming effectiarge additional (non-methane) source of carbon is required
of large methane increases. Our findings may help explaino explain the PETM.

the anomalously large temperature changes associated with Estimates (see e.g. Clark et al., 2008) of the total size of
historic methane releases. the current methane clathrate reservoirs vary from some hun-
dreds to several thousands of gigatons of carbon (GtC). Even
the low-end estimates are at least two orders of magnitude
larger than current atmospheric methane content (about 5 Gt,
or 4 GtC). If even a fraction of the clathrate reserves were to
be released over anything less than millennial timescales, the

Correspondence toT. Kurten atmospheric methane concentrations could thus potentially
BY

(theo.kurten@helsinki.ﬁ) increase Signiﬁcanﬂy.

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

6962 T. Kurén et al.; Large methane releases lead to strong aerosol forcing

Although the growth rate of methane concentrations in thewave CH, and CH;-O3 — forcings, for scenarios where the
atmosphere has decreased markedly in the past decade (Clarlethane concentration increases by factors of 10 and 100.
et al., 2008; Rigby et al., 2008), methane concentrations ar®Ve also investigated the effect of increasing,N@ncentra-
predicted to rise significantly on a hundred-year timescaletions by a factor of 2 in a scenario where g£Eoncentra-
(Riahi et al., 2007). Moreover, recent observations (Hill ettions were increased by a factor of 10. The 2BH-aerosol
al., 2004; Shakova et al., 2010) of large methane emissions iforcing has been computed with two different global mod-
Arctic areas have heated up the discussion on the “clathratels: GLOMAP (Mann et al., 2010), which accounts only for
gun” hypothesis, at least in popular media. It is still uncer- the 1st indirect (cloud-albedo) aerosol effect, and ECHAM5-
tain whether these measurements represent a new source dAM (Stier et al., 2005), which accounts for both the 1st
atmospheric methane, and thus a potential feedback mechand 2nd (cloud-lifetime) indirect effects. We also inves-
nism, or a previously unknown part of the natural cycle. In tigated the atmospheric chemistry changes associated with
any case, even though a massive release of methane frofarge methane increases using the 1-D chemistry — transport
clathrate reservoirs during this century is currently thoughtmodel SOSA (Boy et al., 2011).
to be improbable, the potential implications of such a sce-
nario warrant careful assessment of all potential effects, as
well as consideration of possible Ghelated mitigation or 2 Computational details
geoengineering options (Boucher and Folberth, 2010).

In addition to the direct radiative effects of the methane2.1 Global models
itself, large methane emissions will have several indirect
effects on the radiative balance. A large increase in theOxidant fields were generated with the TOMCAT chemi-
methane loading would increase the concentration of tro-cal transport model (Chipperfield, 2006), with gEbncen-
pospheric ozone and stratospheric water vapor, while sigtrations fixed at different values (present-day,x1present
nificantly decreasing the concentration of hydroxyl radicalsand 100x present). Emission estimates for year 2000
(OH) in the troposphere (Schmidt and Shindell, 2003; Clarkwere used for all other chemical species. TOMCAT is a
et al., 2008; Shindell et al., 2009). The increasedand three-dimensional off-line chemical transport model (CTM).
stratospheric water vapor concentrations lead (Schmidt andhe model is forced using pre-defined large-scale trans-
Shindell, 2003; Shindell et al., 2009) to an additional pos-port and meteorology specified from 6-h European Centre
itive radiative forcing that is on the order of a few tens of for Medium-Range Weather Forecasts (ECMWF) analyses.
percent of the direct longwave (“greenhouse-gas”) forcing of TOMCAT includes a detailed tropospheric chemistry scheme
methane itself. The decrease in OH concentrations reduce@rnold et al., 2005). In the applied version of TOMCAT,
the oxidation rate, and thus increases the lifetime, of manyan additional isoprene chemistry scheme was added to the
pollutants and trace gases — including methane itself (Hig-model. The model was run for the year 2005 with a 1-yr
gins and Schrag, 2006; Shindell et al., 2009). Furthermorespin up, using T42 spectral resolution, which corresponds to
lower OH concentrations will reduce the formation rate of a horizontal resolution of about 2.8y 2.8, with 31 vertical
nucleating and condensing vapors (though this may partlhjevels up to 10 hPa.
be compensated by increased oxidation of some organic va- We used a global aerosol model GLOMAP (Mann et
pors by ozone), and lead to lower aerosol and cloud dropletl., 2010) and a general circulation model ECHAM5-HAM
number concentrations (CDNC). This will lower the average (Stier et al., 2005) to give independent estimates for how
cloud albedo, decrease cloud lifetimes and cloudiness, anthe changes in the oxidant predicted by the TOMCAT model
thus further warm the climate. change the aerosol forcing. TOMCAT oxidant fields were

In a recent study (Shindell et al., 2009) the £@H- directly applied in the GLOMAP simulations, while the
aerosol — forcing was estimated to increase the global warmmonthly mean oxidant fields of ECHAM5-HAM were scaled
ing potential of present-day methane by approximately 40 %according to TOMCAT predictions. Both models used T42
(with large error bars) on a 100-yr time scale. However, sincespectral resolution and a similar aerosol microphysics set-up.
the different effects (direct CH CH4-O3, CHs-OH-aerosol)  Aerosol distributions are described using seven log-normal
all depend nonlinearly on the GHoncentration, the relative modes with one soluble nucleation mode, and both solu-
magnitudes of the different forcings may be very different in ble and insoluble Aitken, accumulation and coarse modes,
a catastrophic clathrate release scenario. Schmidt and Shiorresponding to the M7 setup (Vignati et al., 2004). Both
dell (2003) have assessed the 285 and stratospheric #O models include emissions of primary elemental and organic
—related forcings over a wide range of methane emission andarbon, sea salt, sulfate, and dust obtained from the AE-
concentration scenarios in a prehistoric scenario, but to o uROCOM emission inventory (Dentener et al., 2006). Sec-
knowledge this has not been done for the potentially moreondary aerosol is produced by binary homogeneous nucle-
significant CH-OH-aerosol forcing. ation of sulfuric acid and water and by an empirical ac-

In this study, we have investigated the magnitude of thetivation nucleation mechanism (Sihto et al., 2006) in the
CHy4-OH-aerosol forcing, and compared it to the direct long- boundary layer, where the nucleation rate of 1 nm particles is
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given by J =2x 1076571 [H,SQy]. The binary nucleation We also calculated the first indirect (cloud-albedo) forcing
scheme of Vehka#ki et al. (2002) was used in ECHAM runs using ECHAM CDNC fields and the analysis methods of the
and the scheme of Kulmala et al. (1998) in GLOMAP runs. GLOMAP and E-S models in order to assess the sensitivity
Both models also include a representation of secondary oref the results toward the details in the forcing calculations.
ganic aerosol based on monoterpene emissions. ECHAMS5-
HAM and GLOMAP apply prescribed monthly emissions of 2.2 1-D chemistry — transport models
monoterpenes (Guenther et al., 1995) to estimate emissions
of biogenic precursors for SOA. In ECHAM5-HAM, a fixed The 1-D chemistry —transport model SOSA (a model to sim-
fraction of 0.15 of emitted BVOCs is assumed to form con- ulate the concentrations of organic vapors and sulfuric acid)
densable SOA immediately after emission. The SOA pro-was used for detailed atmospheric chemistry simulations,
duction in ECHAM5-HAM is independent of oxidant fields. with data from the field measurement station in Hgij
In GLOMAP, monoterpenes are oxidised to SOA in reactionsFinland. The model builds upon an atmosphere bound-
with O3, OH and NQ with fixed yields of 0.13 for each reac- ary layer model SCADIS (Sogachev et al., 2002; Sogachev,
tion. In GLOMAP, changes in oxidant fields affect the rate at 2009), which includes the vertical transport for moisture,
which monoterpenes are transformed to SOA, but total SOAheat, and for other compounds of interest. The chemistry
yields are nearly unaffected in different runs. Both modelswas calculated with the Kinetic PreProcessor (KPP) with
assume zero saturation vapor pressure for SOA products, smore than 2000 reactions generated by the Master Chemi-
that SOA is partioned on the seven aerosol modes accordingal Mechanism (MCM). Emissions of organic vapours (iso-
to the relative condensation sinks of the modes. prene, monoterpene, etc.) were predicted by the model

The main difference between GLOMAP and ECHAM5- MEGAN. A detailed description of the model and initial-
HAM models is that ECHAM5-HAM generates its own ization can be found in Boy et al. (2011). The initial con-
winds and temperatures using climatological values forcentration for methane was first set to mean concentration
sea-ice concentration and sea surface temperatures, whileeasured in Hyyiila (1.8 ppm) to represent the current £H
GLOMAP uses a pre-defined large-scale transport and metezoncentration scenario. By multiplying this initial value by
orology using ECMWF analyses. Since the ECHAM5-HAM 10 and 100 times we could then carry out the simulations un-
model climate is not fixed, we ran the model for 5yr for a der different CH concentration scenarios. The same proce-
representative average of CDNC and radiative fluxes, whiledure was applied to N©Oto get different NQ concentration
GLOMAP runs covered 1yr with 4 month spin-up with re- scenarios.
sults based on the year 2005 climate. The two models also The effect of methane concentration increases on decreas-
use different approaches for the calculations of cloud dropleing OH concentrations predicted by the SOSA model was
number concentrations (CDNC) and cloud radiative forcings:very similar to that predicted by TOMCAT for the grid cell
in GLOMAP, boundary layer CDNC is post-processed from and column containing Hyyla, indicating that the lesser
aerosol fields using the parameterization of Nenes and Seirehemical detail of the global model is not a significant error
feld (2003), while in ECHAM5-HAM, aerosols are activated source. On the other hand, the effect of increaseg NO®
to cloud droplets according to the parameterization by LinOH concentrations was much greater in the SOSA simula-
and Leaitch (1997), and reported CDNC values are analyzetions than in TOMCAT.
at cloud-top height.

The indirect aerosol radiative forcing was evaluated as2.3 CH,; and O3 radiative forcing calculations
the change in the cloud radiative effect (defined as the dif-
ference between all-sky and clear-sky fluxes) at the top-of-The radiative forcing due to increased methane concentra-
atmosphere (TOA). For GLOMAP, only the first indirect tions was estimated in two phases. First, an estimate for the
aerosol effect was considered and it was evaluated using thelear-sky radiative forcing was derived using the highly ac-
offline Edwards and Slingo (1996) (E-S) radiative transfer curate (algorithmic accuracy approximately 0.5%) Line-by-
model with cloud data from the International Satellite Cloud Line-Radiative Transfer Model (LBLRTM; Clough and la-
Climatology Project archive (Rossow and Schiffer, 1999) cono, 1995). Calculations for five McClatchey et al. (1971)
and a monthly averaged climatology based on the ECMWHFstandard atmospheres (tropical, midlatitude summer, midlat-
reanalysis data (Rap et al., 2010). For ECHAM5-HAM, itude winter, subarctic summer and subarctic winter) yielded
the simulated radiative fluxes are influenced by changes iran estimate of 3.14Wn? (8.20 Wn1?2) for the average
CDNC as well as cloud fraction and condensate amountsclear-sky longwave radiative forcing at the tropopause level
hence both the 1st and 2nd aerosol indirect effect are indue to increasing the methane concentration by 10 (by 100).
cluded. For aerosol-related forcings, the difference betweedmpacts on shortwave radiation were not included. Sec-
TOA and tropopause values is likely negligible, so these val-ond, the impact of clouds on methane radiative forcing was
ues are comparable to the tropopause-level forcings calcuestimated roughly using the ECHAM5.4 radiation scheme
lated for CH; and Gs. (Mlawer et al., 1997; Cagnazzo et al., 2007). Off-line

calculations for a global dataset extracted from a one-year

www.atmos-chem-phys.net/11/6961/2011/ Atmos. Chem. Phys., 11, 69692011
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ECHAMbS.4 simulation suggested that clouds reduce the = TCH,,presentx 1.137

CHg radiative forcing on average by20%. Therefore, /(0.137+ [OH]/[OHlpresen) @)

we multiplied the clear-sky forcings from LBLRTM by 0.8,

which yielzds all-sky radiative forcings of 2'51\/\77.% and Thus, for example a halving of the atmospheric OH con-
6.56 Wnr for 10-fold and 100-fold Cl concentration, re- centration would lead to a lifetime increase of a factor of
spe_ct|vely. Note that the ECHAM$.4 scheme has not beerhbout 1.8. The ratio [OH]/[OHJeseniwas assumed to be
designed to work well for such high GHconcentrations. roughly equal to the ratio of the average atmospheric con-

Therefore, we do not directly use the all-sky forcing for this centrations of OH below 13 km in the simulation runs. (Us-

scheme; it is .only used to proylde a rough estimate of hOWing the total atmospheric average including stratospheric
much clouds influence the forcing.

o _ OH would tend to underestimate the changes, while us-
The net (longwave +shortwave) radiative forcing due 10nq ground-level concentrations would tend to overestimate
changed @ concentration was estimated in off-line calcula- them.)
tions with the ECHAMb.4 radiation scheme, using the afore-
mentioned global dataset. The forcing was evaluated as the
difference between calculations for (1) the scenarios with en- . ,
hanced methane (}0and 100x CH,) and (2) the reference 3 Results and discussion
scenario. In the reference scenarig, €@@ncentrations were _ _ ) )
kept at their present-day values. In thexi@nd 100x CH, The results of this study are summarized in Table 1. The di-
scenarios,the ©concentration in each grid cell (x, y, z) was "€ct CHiand CH-Os forcings are comparable to those pub-
multiplied by the annual mean fractional change in the O lished previously (Schmidt and Shindell, 2003; Shindell et

concentration predicted by the TOMCAT model for the loca- &-» 2009), with the CitO3 — forcing amounting to about

tion, while everything else was kept unchanged. 20 % of the direct CH forcing in both scenarios. This is in
agreement with the result of Shindell et al. (2009), who found
2.4 CHy lifetime estimation that roughly one-fourth of the total present-day methane forc-

ing (estimated to be 0.99 Wr) is due to an increase in tro-
The lifetime of methane under different OH concentrations, pospheric ozone. Forcing from increased stratosphes@ H
tcH, ([OH]), was computed as follows. First, the lifetime (due to CH oxidation in the stratosphere) was not assessed
under present-day OH concentrations, presentwas as-  in this study, but is likely of the same order of magnitude
sumed to be 12yr, as given in the IPCC 4th assessment Schmidt and Shindell (2003) found the stratospher©H
report (Solomon et al., 2007). Next, the total contribu- forcing to be between 23 and 29 % of the total Lidrcing
tion of stratospheric and soil sinks given current OH levelsfor a range of paleoclimate scenarios.
([OH]present Was assumed to be 12 9% of the total methane Our modeling suggests that in a scenario where methane
removal (Schmidt and Shindell, 2003; Solomon et al., 2007).concentrations increase by a factor of 10, the total indi-
The soil sink very likely does not depend on atmospheric OH,rect aerosol-related positive radiative forcing may be around
Os or NOy concentrations, and variations in the stratospheric80 % of the direct Cll forcing. (Test calculations indi-
sink due to tropospheric chemistry perturbations (and theircate that the direct aerosol forcing is negative, but below
effects in the stratosphere) are not likely to play a large role in0.1 Wn1 2 in absolute value.) The ECHAM5-HAM — simu-
the final lifetime of methane. Therefore, the rate constant astations predict relatively large changes in global cloud cover
sociated with the combined non-tropospheric sinks (denotednd cloud water content, implying a strong secondary indi-
kothe Was assumed to remain constant. The total removatect aerosol effect. The difference between the GLOMAP

rate,R, of methane then becomes: and ECHAMS5-HAM results, which occurs in spite of similar
reductions in cloud droplet number concentration (CNDC) in
R = kothed CHal + kon[OHI[CH4] (1) the two models, suggests that cloud-albedo forcing accounts

for somewhat less than half of the total aerosol forcing, with
' the (considerably more uncertain) cloud-lifetime forcing ac-
counting for the rest. This ratio is similar to that obtained by
Lohmann and Feichter (2005).
The relative ratios of the different forcings are similar for

a 100-fold methane increase, though the absolute values of
the CDNC and cloudiness changes and the corresponding
forcings are naturally much larger. These results indicate
that the total radiative forcing associated with large methane

wherekoy is the average rate constant for removal by OH
and we have assumeder= (0.12/0.88)kon[OH]presen=
0.137kon[OH]present The lifetime is equal to the methane
concentration divided by the removal ratesp,([OH]) =
1/ (kother+ kon[OH]). Given these assumptions, the lifetime
as a function of OH concentration can be expressed as:

TCH4([OH]) = TCHgy,presentX (kothert+ kOH[OH]presen)

/ (kotner-+ kor[OHI) increases (including CHHOs CHg,-OH-aerosol and strato-
= TCHy.present< 1.137koH[OH]present spheric BO forcings) may be around twice as large as the
/(0.137kon[OHlpresentt kon[OH]) direct longwave CH forcing alone. This may in part help

Atmos. Chem. Phys., 11, 6963969 2011 www.atmos-chem-phys.net/11/6961/2011/
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ECHAM Net RF for 10xCH4. Mean=2.06 Wm—2 ECHAM Percentage CDNC decrease for 10XCH4
90N 90N 1} . .
60N 60N
30N 30N
EQ ’ EQ
308 308
60S 60S
90s | ‘ ‘ . ‘ : ! 90s
180W 120w 60w GM 60E 120E 180E 180W 120W 60W GM 60E 120E 180E
—l T T T —
o] 0.5 1.0 2.0 3.0 5.0 7.0 10 20 0 10 20 30 40 50 60 70 80
RF [Wwm~2] CDNC percentage decrease

Fig. 1. Predicted aerosol radiative forcing (in Wif) (evaluated Fig. 3. Predicted percentage decrease in cloud droplet number con-
as a difference in cloud radiative forcing) associated with & CH centration (CDNC) when the Cfconcentration is increased by a
concentration increased by a factor of 10, using ECHAM5-HAM.  factor of 10, using ECHAM5-HAM.

ECHAM Net RF for 100XCH4. Mean=5.11 Wm=2 ECHAM Percentage CDNC decrease for 100XCH4

180W 120W 60W GM 60E 120E 180E

——— T [ [ T e
0 1.0 3.0 5.0 7.0 10 15 20 40 0 10 20 30 40 50 60 70 80
RF [Wm~=2] CDNC percentage decrease
Fig. 2. Predicted total aerosol radiative forcing (in W&y (eval- Fig. 4. Predicted percentage decrease in cloud droplet number con-

uated as a difference in cloud radiative forcing) associated with acentration (CDNC) when the GHconcentration is increased by a
CHjy concentration increased by a factor of 100, using ECHAM5- factor of 100, using ECHAMS5-HAM.
HAM.

masses by 9 % and 15%, respectively. Overall, the changes in

resolve the discrepancy between estimated methane releasggiken mode aerosols dominate the changes in CDNC, and in
and warming during the PETM. the high-methane scenarios the aerosols that can act as cloud

The aerosol-related forcings are caused mainly by perturecondensation nuclei are less numerous but larger. In con-
bations to the sulfur cycle. In the high-methane scenariostrast to BSOy, the production rates of gaseous secondary
the oxidation of sulfur dioxide (S& by OH into sulfuric  organics remain nearly unaffected, while the fraction of or-
acid (HbSOy) in the gas phase becomes much less effectiveganics oxidized by @increases relative to that oxidized by
This leads to smaller 80, nucleation and condensation OH in the high-methane scenarios. It should be noted that the
rates, and to 48 % and 78 % reductions in global Aitken modeSOA formed by the different oxidants is assumed to be iden-
sulfate masses in the 10-fold and 100-fold methane scenatical in the models. Also, while GLOMAP dynamically cal-
ios, respectively. However, in the high-methane scenarios @&ulates the sources and sinks of®3, an important liquid-
significantly larger fraction of S@is oxidized in the liquid  phase oxidant of S ECHAM5-HAM assumes fixed liquid-
phase (e.g. by 8, increasing the accumulation mode sulfate phase oxidant concentrations. SinceQJ concentrations

www.atmos-chem-phys.net/11/6961/2011/ Atmos. Chem. Phys., 11, 69692011
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Table 1. Average tropospheric OH concentration, estimated methane lifetime, global mean cloud droplet number concentration (CDNC),
changes in the global-mean total and cloud cover and liquid water path, and various radiative forcing components (computed with respect
to the present-day atmosphere) associated with three different methane concentrations. For CDNC and other cloud parameters, number
shown in brackets are absolute values, &dd CH, forcings are computed at the tropopause, and aerosol-related forcings at the top of the
atmosphere. LBLRTM= Line By Line Radiative Transfer Model. See the Computational Details — section for details.

Present day Cil 10x CHgy 100x CHyg
Tropospheric mass of OH 152 056 kg 72834 kg 25718kg
Average OH concentration below 0.0605yppt 0.0319 ppy 0.0130 ppy
13km (TOMCAT)
Estimated methane lifetirfie 12yr 20.5yr 38.8yr
CDNC (ECHAM) 100 % (215 cm3) 82.1% (177 crd) 63.3% (137 crird)
CDNC (GLOMAP) 100 % (152 cm?) 82.2% (125cm3) 66.2 % (100 cr3)
Cloud cover (ECHAM) 100 % (0.6509) 99.3% (0.6465) 98.4 % (0.6408)
Low cloud cover (ECHAM) 100 % (0.3604) 98.6 % (0.3552) 96.3 % (0.3469)
Cloud liquid water amount 100% (70.27 g 87.8% (61.66gm2) 72.1% (50.65g m?)
(ECHAM)
CHj forcing (LBLRTM) - +2.51Wn 2 +6.56 Wn1 2
03 forcing - +0.76 W2 +1.13Wn1 2
Total aerosol forcing (ECHAM) - +2.32 Wnif +5.54 W12
Total indirect aerosol forcing - +2.06 Wik +5.11 Wnt2
(ECHAM)
1st indirect aerosol forcing - +0.88 WA +1.79 WnT2
(GLOMAP**)
1st indirect aerosol forcing - +0.65 W +1.78 Wnt 2

(ECHAM & GLOMAP)***

* Present-day lifetime taken from the IPCC 4th assessment report, other lifetimes scaled using the ratio of OH concentrations as described in the Computational Details — section.
** Includes only the cloud-albedo (1st indirect) aerosol effétt.Cloud-albedo (1st indirect) aerosol effect computed with GLOMAP, using CDNC fields from ECHAM.

change significantly in the increased methane scenarios, thgions in ECHAM5-HAM (but not in GLOMAP) is due to
ECHAM-HAMS results can not be considered to be realistic increase of cloud cover in these areas. While GLOMAP uses
for liquid-phase oxidation. prescribed cloud fields of 2005, ECHAM5-HAM simulates
changes in cloud cover between different experiments.
Figures 1 and 2 show the regional distribution of the  The computed forcings, especially the 2nd indirect aerosol
aerosol-related radiative forcing predicted by ECHAMS- effects, are associated with significant uncertainties. In addi-
HAM following 10-fold and 100-fold increases in methane, tion to uncertainties in the actual cloud parameterizations,
respectively. Figures 3—-4 show the corresponding CDNCihe aerosol microphysics models use a fairly simplistic nu-
changes, while Figs. 5 and 6 show the regional distributionc|eation parameterization, which assumes that the formation
of the cloud-albedo radiative forcings from the GLOMAP of new particles is mainly related to sulfuric acid concen-
runs using the E-S radiation model. Figures 7 and 8 showrations. If organic ozonolysis products also participate in
the regional distributions of the cloud-albedo radiative forc- new-particle formation, this would tend to decrease the dif-
ings computed using ECHAM CDNC fields together with the ferences between present-day and high-methane scenarios,
GLOMAP and E-S analysis tools. The predicted effects of ags methane emissions decrease OH but increaseTis
large CH, increase on aerosol forcings are largest over oceafyoyld weaken the total CHOH-aerosol forcing compared
areas, especially the eastern parts of the Atlantic and Pacifig the values shown in Table 1. Another potentially im-
This is due to three main reasons. First, the simulated fracportant mechanism not accounted for in this study is that
tional changes in CDNC are relatively large in these regionshe decreased clouds (and resulting increased solar radia-
(Figs. 3—4), which implies relatively large changes in cloud tjon and surface temperature) associated with the increased
optical depth and cloud albedo. Second, these regions feanethane might substantially increase the emissions of bio-
ture abundant low cloudiness, which makes changes in clougenic volatile organic compounds (VOC). This would lead

albedo particularly important for the radiation budget. Third, g further decreases in OH, but on the other hand would in-
the lower albedo of the oceans compared to land areas leadgease the yield of organic ozonolysis products.

to a greater total forcing for a similar change in cloud prop-
erties. The negative forcing observed in some equatorial re-
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GLOMAP Net RF for 10XCH4. Mean=0.88 Wm~2 ECHAM & GLOMAP Net RF for 10XCH;. Mean=0.65 Wm~—2
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Fig. 5. Predicted cloud-albedo aerosol radiative forcing (in Win Fig. 7. Predicted cloud-albedo aerosol radiative forcing (in Win
associated with a Ciconcentration increased by a factor of 10, associated with a Cjlconcentration increased by a factor of 10,

using GLOMAP and E-S. using GLOMAP and E-S with ECHAM CDNC fields.
GLOMAP Net RF for 100xCH,. Mean=1.79 Wm~2 ECHAM & GLOMAP Net RF for 100XCHa. Mean=1.79 Wm=2
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Fig. 6. Predicted cloud-albedo aerosol radiative forcing (in Win  Fig. 8. Predicted cloud-albedo aerosol radiative forcing (in Win
associated with a CHconcentration increased by a factor of 100, associated with a CiHconcentration increased by a factor of 100,
using GLOMAP and E-S. using GLOMAP and E-S with ECHAM CDNC fields.

We caution that the applicability of these results to explainwarming potential (especially after the3G- and aerosol-
prehistoric events (such as the PETM) is hampered by theelated forcings are accounted for) makes methane removal
difference between present industrial-age atmospheric chenan attractive option.
istry and prehistoric conditions, as well as differences in the \We have assessed the feasibility of perturbing tropospheric
positions of the continents. For example, the overall ratio ofchemistry artificially in order to increase methane removal.
new-particle formation to primary particle sources, and thusAs a proof-of-concept study, we have considered the cat-
the effect of oxidant concentrations on cloud albedo, mayalytic effect of reactive nitrogen oxides (NDon methane
have been very different during the PETM than today. oxidation. In most conditions, increasing the concentration

The prospect of methane-related feedback mechanismsf NOy leads to an increased OH concentration, and thus
has promoted a recent interest in the artificial removal ofa more rapid Cll oxidation, though at the expense of in-
methane via geoengineering techniques (Boucher and Fokreased @ levels. There probably exist potential G-
berth, 2010). Even though the concentration of methane isnoval catalysts that are both more effective and considerably
much less than that of carbon dioxide, its much larger globaless environmentally harmful than NO(Side effects of NQ
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addition would include health and ecosystem damage due t8oy, M., Sogachev, A., Lauros, J., Zhou, L., Guenther, A., and
air pollution and acidification, so NCaddition can thus not Smolander, S.: SOSA - a new model to simulate the concen-
be recommended as a real-life mitigation measure.) How- trations of organic vapours and sulphuric acid inside the ABL —
ever, we have conducted our simulations usingd©a test Part 1: Model despription and initial evaluation, Atmos. Chem.

case since the NQOH-CH, chemistry is well known, and Phys., 11, 43-1doi:10.5194/acp-11-43-2012011.

already included in atmospheric chemistry models. Cagnazzo, C., Manzini, E., Giorgetta, M. A., Forster, P. M. De F.,

- - . - and Morcrette, J. J.: Impact of an improved shortwave radia-
Preliminary studies using the 1-D chemistry model SOSA tion scheme in the MAECHAMS5 General Circulation Model, At-

(Boy et al., 2011) indicated that in a scenariq with 10 times | .6s chem. Phys., 7, 2503—255j:10.5194/acp-7-2503-2007
present methane concentration, e.g. a doubling of k@ 2007.

els would reduce the methane lifetime significantly (by al- chipperfield, M.: New version of the TOMCAT/SLIMCAT off-
most 40 %). However, global chemistry model (TOMCAT) line chemical transport model: intercomparison of stratospheric
simulations for the same scenario indicated only a modest in- tracer experiments, Q. J. Roy. Meteorol. Soc. 132, 1179-1203,
crease in tropospheric OH (from 0.0319 pptv to 0.0361 pptv), 2006.

which corresponds to a reduction of the methane lifetime byClark, P. U., Weaver, A. J., Brook, E., Cook, E. R., Delworth, T. L.,
only 9% (from 20.5 to 18.6yr). The corresponding cloud- and Steffen, K: Aprupt Climate Change. A report by_the U.S. Cli-
albedo related cooling associated with the ;N@bubling mate Change Science Program and the Subcommittee on Global

computed by GLOMAP is only around 0.1 WM The dis- ggg\gge Research, US Geological Survey, Reston, VA, 459 pp.,

crepgncy between the 1'_D model a”‘?' the global model in thPCIough, S. A. and lacono, M. J.: Line-by-line calculations of atmo-

pre_d'Cted OH-regenergthn through increased; Nﬁncen-i spheric fluxes and cooling rates II: Application to carbon dioxide,

trations (about 50 %) is likely related to the more detailed  ozone, methane, nitrous oxide, and the halocarbons, J. Geophys.

chemistry included in SOSA. However, other factors like the Res., 100, 16519-16535, 1995.

different emission scenarios for organic vapors and the sebentener, F,, Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso,

lected assumption of cloud-free conditions in the 1-D model S., Ginoux, P., Gong, S., Hoelzemann, J. J., lto, A., Marelli, L.,

could also be important factors. Penner, J. E., Putaud, J.-P., Textor, C., Schulz, M., van der Werf,
G. R., and Wilson, J.: Emissions of primary aerosol and pre-
cursor gases in the years 2000 and 1750 prescribed data-sets for

4 Conclusions AeroCom, Atmos. Chem. Phys., 6, 4321-43ddi;10.5194/acp-
6-4321-20062006.

Using a combination of atmospheric models, we show thatEdwards, J. M. and Slingo, A.: Studies with a flexible new radiation

the total radiative forcing associated with a large methane in- €ode I: choosing a configuration for a large-scale model, Q. J.

crease may be around twice as large as the direct greenhouseR0Y- Meteorol. Soc., 122, 689-719, 1996.

effect enhancement of the added methane. The main indire¢fuenther. A., Hewitt, N. C., Erickson, D., Fall, R., Geron, C.,

) . i Graedel, T., Harley, P., Klinger, L., Lerdau, M, Mckay, W. A.,
forcing component is the decrease in cloud droplet number

trati loud fracti d d ¢ i d Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Tay-
concentration, cloud Iraction and condensate amount cause lor, J., and Zimmerman, P.: A global model of natural volatile

by a strong decrease in OH concentrations. We also investi- organic compound emissions, J. Geophys. Res., 100(D5), 8873~

gated the effect of doubling atmospheric Ni@vels in order 8892,doi:10.1029/94JD02951 995,

to regenerate OH, but found this hypothetical drastic geo-Higgins, J. A. and Schrag, D. P.: Beyond methane: Towards a the-

engineering technique to be ineffective. ory for the Paleocene—Eocene Thermal Maximum, Earth Planet.
Sci. Lett., 245, 523-537, 2006.
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