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Abstract

A highly potent greenhouse gas, methane, is locked in the solid phase as ice-like de-
posits containing a mixture of water and gas (mostly methane) called clathrates in
both ocean sediments and underneath permafrost regions. Clathrates are stable un-
der high pressures and low temperatures. In a warming climate, increases in ocean5

temperatures could lead to dissociation of the clathrates and release methane into the
ocean and subsequently the atmosphere. This is of particular importance in the shallow
parts of the Arctic Ocean, since clathrates are expected to start outgassing abruptly at
depths of around 300 m. In this paper, we present a comparison of simulations from the
Community Earth System Model (CESM1) for present-day conditions with and without10

additional methane emissions from a plausible clathrate release scenario based on
a state-of-the-art ocean sediment model. The CESM model includes a fully interactive
physical ocean and we added a fast atmospheric chemistry mechanism that represents
methane as a fully interactive tracer (with emissions rather than concentration bound-
ary conditions) along with the main chemical reactions for methane, ozone, and nitrous15

oxide. The results show that such Arctic clathrate emissions increase methane concen-
trations non-uniformly, and that increases in surface ozone concentrations are greatest
in polluted regions. We also find that the interannual variability in surface methane and
ozone increases.

1 Introduction20

Methane is widely understood (1) as the second most consequential greenhouse gas
(after CO2), (2) to be well mixed because of its long lifetime, and (3) to have sources
in the Arctic that may be released in a warming climate. Methane clathrates (also
known as hydrates) are solid crystalline compounds in which methane gas molecules
(and perhaps other small molecules) are lodged within the lattices of water clathrate25

crystals. Sub-seabed methane is primarily produced by microbial and thermogenic
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processes. Sea floor perturbations of temperature and pressure can then lead to re-
lease of methane clathrates (Elliott et al., 2010, 2011a; Reagan and Moridis, 2007,
2008, 2009; Reagan et al., 2011a; Archer, 2007; Archer et al., 2009; Kennett et al.,
2000). A vast quantity of methane clathrate is estimated to be trapped in the marine
sediments on continental margins and in permafrost regions. Precise estimates vary5

between (0.5−3)×106 Tg(CH4) (Milkov, 2004; Archer et al., 2009) at the lower end,
to an upper estimate of about 74.4×106 Tg(CH4) (Klauda and Sandler, 2005; Gor-
nitz and Fung, 1994), plus 2×106 Tg(CH4) in methane bubbles (Buffett and Archer,
2004). The Arctic region alone is estimated to have a clathrate reservoir of about
0.53×106 Tg(CH4) (Maslin et al., 2010), with a similar amount in the Antarctic (Wad-10

ham et al., 2012). There are also other potentially large sources of methane in the
Arctic that could impart methane to the atmosphere in a warming scenario, particu-
larly permafrost, the East Siberian Arctic Shelf, northern lakes, rivers, and wetlands
(Stolaroff et al., 2012; Archer, 2007). Any release of that methane is then expected to
produce radiative forcing that is enhanced by an increase in methane lifetime, ozone,15

stratospheric water vapor, and carbon dioxide (Isaksen et al., 2011, and references
therein).

The potential impact of methane clathrates is shown in several paleoclimate stud-
ies (Lunt et al., 2010, 2011; Lamarque et al., 2006, 2007; Archer, 2007; Archer et al.,
2009) which postulate the role of methane clathrate destabilization in triggering large-20

scale global warming in the Earth’s climatic history, as evidenced by the carbon δ13C
excursion in the geologic record. Notable among these incidents were the warming
epochs during the Permian-Triassic boundary (about 252 million years ago) and the
Paleocene-Eocene thermal maximum (about 55 million years ago). It has been hy-
pothesized that CO2-driven ocean circulation changes (Lunt et al., 2010) could have25

amplified the Paleocene-Eocene thermal maximum clathrate destabilization (Archer,
2007; Archer et al., 2009), although such a release might have occurred chronically
over thousands of years rather than as a single catastrophic event. In another study
(Lunt et al., 2011) it is postulated that the multiple rapid warmings during the Paleogene
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(specifically the Paleocene and Eocene periods spanning 59 to 50 million years ago)
resulted from methane clathrate destablizations triggered by nonlinear interactions be-
tween the climate and the carbon cycle that modulated the effect of orbital variations.

Worryingly, there have been recent observational studies, mainly confined to the Arc-
tic region, observing fluxes of methane into the ocean and atmosphere that are likely to5

be from clathrates and/or relic permafrost. Field investigations (Westbrook et al., 2009)
have observed substantial methane gas plumes emanating from the seafloor along
the Spitsbergen continental slope at depths of 150–400 m, which is where models pre-
dict the first evidence of clathrate release will be seen (Reagan and Moridis, 2009),
although a study (Fisher et al., 2011) of the isotopic evidence of methane in Arctic air10

found that such methane plumes have not yet reached the atmosphere. Extensive vent-
ing of methane from the East Siberian Arctic Shelf has also been observed (Shakhova
et al., 2010), with bubbles reaching the atmosphere through the shallow ocean and
producing large increases in atmospheric methane concentration as measured on the
ship. In another study (Biastoch et al., 2011), an analysis of Arctic bottom water tem-15

peratures under a projected warming scenario suggests that the strongest impact will
be on the shallow regions affected by Atlantic inflow where methane clathrates are
most sensitive to dissociation, with consequences for ocean acidification and oxygen
depletion in the water column (Elliott et al., 2011a).

A recent study (Reagan et al., 2011a,b) estimates the methane released into the20

water column from methane clathrates over the entire Arctic basin will be in the range
1600 to 8000 Tg(CH4) in the century following the appearance of methane plumes, with
an additional 4300 to 22 000 Tg(CH4) over the subsequent two centuries even if there
is no further increase in ocean bottom temperature. In this paper we present results
from a model sensitivity study based on one of these scenarios, and analyze its impact25

on the global atmosphere using the state-of-the-art CESM model with an interactive
atmospheric chemistry component and fully active physical ocean. The paper is orga-
nized in five sections. Section 2 gives the details of models, method and data used
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for this analysis. Sections 3 and 4 describe and analyze the data obtained from the
simulation. Conclusions are presented in Sect. 5.

2 Models, methods, and data

We performed our simulations with the CESM model (Gent et al., 2011), which is
a state-of-the-art global climate model that includes interactive atmosphere, land,5

ocean, sea-ice, biogeochemistry, and atmospheric chemistry components. The code
and documentation are available at http://www.cesm.ucar.edu/. The specific version
used in this study is a modified version of CESM 1.0 beta 14. The specific configura-
tion used was B2000CNchem, which uses the Community Atmosphere Model version
4 (CAM4) for the atmospheric component, the Community Land Model (CLM) with the10

Carbon-Nitrogen biogeochemical model for the land component, the Parallel Ocean
Program version 2 (POP2) for the ocean component, Community Ice CodE (CICE) for
the sea-ice component, and CAM-CHEM with a “fast” chemistry mechanism for the
atmospheric chemistry component. The resolution was 1.9×2.5 degrees for the at-
mosphere and approximately one degree for the ocean. We modified the atmospheric15

radiation code to include the short-wave absorption effects of methane (Collins et al.,
2006).

The chemical reaction set in CAM-chem (Lamarque et al., 2012) was replaced with
a simplified version of the chemical reaction set of the IMPACT off-line chemistry model
(Rotman et al., 2004), which was designed to simulate both the troposphere and strato-20

sphere and, most critically for this work, to handle methane emissions rather than
a concentration boundary condition. The specific reaction set is a “fast” version of the
“full” IMPACT reaction set, comprising just 28 species, 52 thermal reactions and 19
photolysis reactions (Cameron-Smith et al., 2006) in which the effects of non-methane
hydrocarbons and halogens are ignored in order to reduce the computational cost and25

make the multi-century simulations presented in this work feasible. The chemical per-
formance of this “fast” mechanism was validated by comparison with the full reaction
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set, and included tests of the chemical response to perturbations in the emission of
methane (CH4), carbon mono-oxide (CO), and nitrogen oxides (NOx).

The TOUGH+HYDRATE code (Moridis et al., 2008) used to generate our ocean
methane flux scenarios simulated multiphase flow and transport in clathrate-bearing
geologic media. It included coupled mass and energy transport within porous media,5

and described the full phase behavior of water, methane, solid clathrate, ice, and in-
hibitor species. The code was used to simulate disperse, low-saturation (stratigraphic)
deposits with a uniform initial clathrate saturation of 0.03, reflecting the high end of the
estimated global average saturation for such deposits. At each depth and location it
simulated a 1-D domain describing the sediment column from the seafloor downward,10

and was initialized at thermal, chemical, and hydrostatic equilibrium for each depth and
temperature. Using plausible physical parameters for the sediments and for the simula-
tions, the 1-D model was integrated over the Arctic basin (Reagan et al., 2011a,b) and
the Sea of Okhotsk using a 4-min ETOPO2 bathymetric grid, at 50 m depth intervals
from 300 m to 700 m.15

The predicted emissions are not a simple function of the warming. Rather, in re-
sponse to gradual warming at the sea-floor, there is no significant methane release for
a few decades while the heat propagates into the sediment and the methane works its
way back up to the sea-floor. There is then an abrupt increase in the emission rate,
followed by a slow decline, such that it can be crudely approximated by a step function20

(see Fig. 1). In order to do our sensitivity study we selected an emission rate that was
representative of one of the higher emission scenarios: +5 ◦C per century at 350 m,
+3 ◦C per century at 400–600 m, and +1 ◦C per century below 600 m. Specifically, for
our simulation with enhanced Arctic emissions we added 139 Tg(CH4) yr−1 to the reg-
ular atmospheric methane sources in our present-day control. Note that this is actually25

around 10 % more than we intended because CESM uses bi-linear interpolation to con-
vert from the provided emission grid to the atmosphere grid, which is non-conservative,
especially with point sources, but this difference is within the emission uncertainties.
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Not all of the methane leaving the sediment will make it to the atmosphere. Some
previous studies have suggested the fraction of methane from clathrates that reaches
the surface is only about 1 % (Lamarque, 2008; Elliott et al., 2011a). However, a more
recent modeling study shows that as much as 80–100 % of the dissociated methane
might reach the atmosphere (Elliott et al., 2011b) if ocean methanotrophs become nu-5

trient limited, or the methane bubbles rise higher in the ocean from which the methane
will vent to the atmosphere more quickly. Because ocean and sediment losses are very
uncertain, with estimates ranging from almost no loss to almost total loss, we chose to
ignore these losses, i.e. we assumed 100 % transmission of methane from seafloor to
atmosphere. We did this because our primary goal was a sensitivity study, and the un-10

certainty in sea-floor emissions is large enough that any error in our assumed transmis-
sion may be compensated for by a larger than expected sea-floor emission. Part of the
emission uncertainty comes from the fact that there are also other sources of methane
in the northern high latitudes that are sensitive to warming, such as the northern lakes,
wetlands, rivers, East Siberian continental shelf, and thawing permafrost regions, which15

would have a very similar effect on our model to our clathrate emissions.
To study the climate impact of our methane release from Arctic clathrates, we ran two

long climate simulations (about 539 yr for the control and 499 yr for the Arctic emission
case) using the fully coupled ocean-atmosphere-land CESM model with interactive at-
mospheric chemistry described above. The control simulation (C) used an estimate of20

the present-day distribution and magnitude of methane emissions. The Arctic emis-
sion simulation (AE) differed only in the addition of 139 Tg(CH4) yr−1 in atmospheric
methane emissions over the Arctic and Sea of Okhotsk. Comparing the output of these
two simulations provided an estimate of the impact of our clathrate emission scenario
that is analyzed in the sections below.25

Methane is a long-lived gas, whose molecules reside in the atmosphere for about
9 yr on average before they are destroyed (IPCC AR4: Solomon et al., 2007). Be-
cause the total emission and destruction rates for methane in the present-day are only
known to an accuracy of about 15 % (IPCC AR4: Solomon et al., 2007) but the resultant
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concentration for present-day atmosphere is known very accurately, we first scaled the
emissions for the control simulation to ensure that the methane concentration simu-
lated by the model was close to the currently observed value. Specifically, we achieved
an average surface mixing ratio of 1.79×10−6 mol mol−1 of CH4 at steady-state in our
control run, which is comparable to recent observations (Rigby et al., 2008; Dlugo-5

kencky et al., 2009), with 629 Tg(CH4) yr−1, which is at the upper end of recent esti-
mates (IPCC AR4: Solomon et al., 2007). After the control run reached steady state
in atmospheric CH4 concentration and temperature (about 70 yr), the simulations for
the Arctic Emission case (hereafter referred to as AE) branched from the control run
(hereafter referred to as C). We discarded a further 50 yr of spin-up in both simulations10

so the AE simulation could reach a new equilibrium, and we saw no impact of any deep
ocean drift. This left 449 and 420 yr in steady state to analyze for the AE and C cases,
respectively. The extra methane from the Arctic sediment model of 139 Tg(CH4) yr−1

(a 22 % increase in the global total) was added to the control emission in 3 specific
locations that corresponded to the three largest predicted emission locations, which15

were in the Barents Sea, Canadian Archipelago, and Sea of Okhotsk in approximately
the ratio 5 : 5 : 1 (the precise locations are shown in Fig. 2).

We do not claim that this is the most likely scenario because there is still a lot of un-
certainty in the magnitude and location of possible methane releases from clathrates,
including the extent to which methane may be destroyed in the ocean before it reaches20

the atmosphere. However we do consider this to be a plausible scenario. This scenario
is also comparable to plausible scenarios for other methane reservoirs (e.g. decay-
ing permafrost, wetlands, rice, fracking), so many of our results should have a broad
application.

3 Response of annual mean quantities to clathrate emissions25

Our simulation results show the potential impact the extra methane emissions could
have, from the scenario described in the previous section, on surface methane,
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temperature, ozone and precipitation, which we will present by examining the mean,
percentage difference, standard deviation, and signal-to-noise (SNR) ratio at the
Earth’s surface for the annual means of each variable. Annual means have the advan-
tage that they are less noisy than seasonal means, and the timing of seasonal impacts
depends on location. However, any seasonal effects will be muted in the annual-mean,5

so seasonal impacts will be larger than indicated by our figures.
The increase in surface methane concentration between the Arctic emission case

(AE) and the control case (C) is shown in Fig. 2a. As expected, we see increases
everywhere. Because of the high values near the clathrate emission locations, and
the smoothness of the field over most of the rest of the planet, it is hard to find a color10

scale that clearly conveys the distribution. A clearer understanding may be gained from
Fig. 2e, which shows the zonal mean of the data. It can be seen that there is a signifi-
cant enhancement in the Northern Hemisphere, in spite of the long-lifetime of methane.
Figure 2b, c shows the percentage increase in surface methane concentration for the
AE case with respect to the control, with Fig. 2c using a finer scale to show more15

features. These results show about a 38 % increase in the global mean surface con-
centration of methane although clearly there are regions with even higher percentage
increases in the Northern Hemisphere, and the Arctic in particular. This is almost dou-
ble the percentage increase in the methane emissions, which was about 22 %. A non-
linear response is expected due to the fact that as methane reacts with the hydroxyl20

radical (OH) in the atmosphere the concentration of OH in the atmosphere decreases,
reducing the main chemical loss of methane and thereby increasing the lifetime of CH4
(Prather, 1996). However, our simulation is fully interactive, so our change includes
temperature and water-vapor feedbacks as well. The temporal standard deviation of
the annual-mean methane concentration in the AE scenario is shown in Fig. 2d, where25

the scale has been chosen to reveal features in regions other than the Arctic. This in-
crease in interannual variability has broadly the same pattern as the mean increase,
but as will be shown more clearly in section 4, the increase in variability is greater
than would be expected due to the increase in the mean alone. Note that the standard
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deviation of the annual-mean methane concentration is entirely equivalent to the stan-
dard deviation of the difference between the AE and C simulations if the long-term
mean of the control is used, since there will be no contribution to the variability from
the C simulation.

The difference in annually averaged surface temperature between AE and C in5

Fig. 3a shows a definite pattern of greater warming at high latitudes and, to a lesser
extent, over land, with a global mean temperature increase of about 0.2 K, and regions
near the poles where the temperature increases by over 0.5 K. This is the same gen-
eral pattern that is seen in response to radiative forcing from a uniform CO2 increase.
The additional simulations necessary to determine whether our clathrate methane re-10

sponse is different from the standard CO2 response are currently underway, but are not
far enough advanced at the time of writing to determine, for example, whether the Arc-
tic warming is further enhanced by the excess methane in the region. Figure 3b shows
the mean percentage increase in surface temperature of AE relative to C. The pattern
is broadly similar to the pattern of the raw difference, but is slightly increased at the15

poles because of the colder temperatures in the control base state. Figure 3c shows
the temporal standard deviation of the annually averaged temperature difference of the
AE simulation. Just like the control simulation (not shown), the variability in the temper-
ature difference is greater in the polar regions compared to lower-latitudes. This raises
the question of whether the larger mean temperature differences at the poles could20

be the result of chance. A basic test is to perform a point-wise z-test using the signal
to noise ratio (SNR) of the temperature increase, which is computed by dividing the
mean temperature difference in each gridcell by the standard error of the timeseries
in the same gridcell (i.e. the temporal standard deviation divided by square root of the
number of time points, assuming independence). This SNR is shown in Fig. 3d and25

shows that the SNR at the poles is indeed generally less than at lower latitudes, even
though the signal is greater at the poles, because of the smaller interannual variability
at lower latitudes, but the SNR is still generally greater than 3 over the poles, indicating
the change is statistically significant almost everywhere.
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Next we show the changes in surface ozone concentration due to our Arctic clathrate
emissions. Figure 4a shows the difference in annually averaged ozone between AE
and C. An increase in ozone is observed everywhere, but is particularly enhanced in
urban areas with already poor air quality. Urban areas generate more nitrogen oxides,
in the presence of which tropospheric methane oxidizes and produces ozone (Fiore5

et al., 2008). Interestingly, we also see an increase in ozone concentration over the
Himalayan Plateau. The reason for this is unclear. We see no evidence that this is
a chemical response, so it is presumably the response of some dynamical change,
such as increased downwelling of ozone from the stratosphere, but we do not have
the diagnostics to confirm this in our current simulations. The percentage increase10

in surface ozone concentration for the AE case with respect to the control is shown
in Fig. 4b. Although the percentage difference in surface ozone concentration shows
higher values in more polluted regions as expected, there are also differences of 10 %
or more in regions over the equatorial oceans that are larger than the increases over the
extratropical ocean regions. It is not clear whether the differences between the tropical15

and extratropical oceans are a dynamical, chemical or combined effect. Overall then,
our Arctic clathrate emission increases the global methane emission by about 22 %,
which produces a global increase of 39 % in surface CH4 concentration, which in turn
increases the mean surface ozone concentration by 10 % (and more in urban areas).
This highlights one way that global air quality is inter-related with global climate change20

(Fiore et al., 2012). Figure 4c shows the temporal standard deviation of the difference
in ozone concentration that leads to the signal to noise ratio for the increase in surface
ozone concentration in Fig. 4d, which shows that the mean changes discussed above
are clearly statistically significant, with SNRs of over 100 over polluted regions and
SNRs around 20 over equatorial regions.25

The changes in precipitation between the AE and C cases are shown in Fig. 5. But
note that the color scheme has been chosen to indicate the increased precipitation in
blue and decreased precipitation in brown, which is the opposite color convention to
our other figures. We did this because blue and brown are commonly associated with
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abundant water and drought, respectively. The raw and percentage increases in mean
precipitation in the AE case relative to the C case are shown in Fig. 5a, b. They show
a pattern of increased and decreased precipitation, but it isn’t immediately clear what
is significant. Figure 5c shows the standard deviation of the difference in precipitation,
which highlights the large internal interannual variability in precipitation compared to5

the changes seen in the mean. However, in the SNR plot, Fig. 5d, the pattern seen in
the CMIP3 intercomparison (IPCC AR4: Solomon et al., 2007) can be seen, namely
increased precipitation at high latitudes and a more complex pattern at lower latitudes.
But a word of caution must be added here because the absolute value of our SNR is
rarely greater than 3.10

4 Response of variability to clathrate emissions

In addition to the mean changes caused by the methane clathrate emissions in our
model, we also see changes in the interannual variability of some of the quantities,
particularly the methane and ozone concentrations. The ratio of the standard deviation
in the AE case to the corresponding standard deviation in the control case for methane,15

temperature, ozone, and precipitation is shown in Fig. 6. The ratio of the standard
deviations for methane is shown in Fig. 6a. The northern high latitudes show very high
variability ratios, with the variability in the AE case being tens of times greater than
in the C case, especially near where the clathrate emissions were introduced. This
increase in variability must be because of dynamical variability blowing the downwind20

plume around, because the chemical lifetime of methane is too long for it to be primarily
a chemical effect. In order to see the changes in variability over the rest of the planet,
the same quantity is reproduced with a finer scale in Fig. 6b. This plot shows ratios over
1.5 for most regions, i.e. over 50 % increases. When compared to Fig. 2c, it is clear that
the variability has increased by more than it would have if the response to the clathrate25

emissions was a simple scaling of the concentration field, i.e. the mean and variation
of methane concentration are affected differently by the clathrate emissions.
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Of course, it is necessary to know whether any change in the variability is statis-
tically significant. We can estimate the uncertainty in each standard deviation ratio
using standard statistical error analysis as follows. The estimated uncertainty in a stan-
dard deviation s is given by 1√

2(n−1)
< s2 > for a sufficiently long time series that has

a Gaussian distribution, where < s2 > denotes the expectation of the variance, and n5

is the number of independent time points (Squires, 1991). For a sufficiently long time
series, the (n−1) term in the above expression can be well approximated by n. If R
denotes the ratio of two standard deviations, then (∆RR ) denotes the relative uncertainty
in it, and can be derived from the uncertainty in the individual standard deviations using
the usual rules for calculating the uncertainty in a ratio:10

∆R
R

=

√(
∆σAE

σAE

)2

+
(
∆σC

σC

)2

=

√√√√√ σAE√
2n

σAE

2

+

 σC√
2n

σC

2

=

√
(

1
2n

+
1

2n
) =

1
√
n

, (1)

Thus, we see that the uncertainty in the ratio is dependent only on the number of years
in our time series. Hence, with time-series of over 400 yr the 1-sigma uncertainty in
the ratio of the standard deviations of AE to C turns out to be about 5 %. Returning to15

the increase in methane variability, we now see that in most locations the increase in
variability is over 3-sigma greater than the increase in the mean alone would imply.

In Fig. 6c we see the ratio of the standard deviations for surface temperature of AE
compared to C. We see increases and decreases of up to 10 %, or so, in variability,
so most locations are not significant at the 2-sigma level. There are regions with larger20

changes in variability, but with so many locations it is always expected that there will be
a few places that exceed a 2-sigma change, so it is hard to say whether there is any
significant change in variability for temperature.

Figure 6d shows the ratio of standard deviations for the surface concentration of
ozone. Perhaps surprisingly, the increase in variability in surface ozone is not necessar-25

ily greatest in polluted regions. The variability seems to increase most in the Southern
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Hemisphere oceans, although there is an increase over most of the planet. After con-
sideration of the increase in the mean, Fig. 4b, and the uncertainty in the ratio, there
are many regions that are not significant at the 2-sigma level, but there are still many
regions that are significant. It is also noteworthy that nearly all locations show greater
variability than the increase in the mean would suggest, even if they are not individually5

statistically significant. Hence, it would appear that the ozone variability does increase,
which is not surprising given that the methane variability increased and ozone creation
is sensitive to methane concentrations.

Figure 6e shows the ratio of standard deviations for precipitation. As with tempera-
ture, we see that the changes in variability include both increases and decreases that10

are mostly within the 2-sigma range. The only region that might be showing a sig-
nificant change is the decrease in precipitation variability in the model’s El Nino dry
tongue region in the eastern tropical Pacific, which is about 2-sigma greater than the
mean drying.

5 Conclusion and discussion15

The previous sections presented the predicted consequences of a “what if” scenario
for release of methane from Arctic clathrates that is plausible, considering the un-
certainties in the estimates of clathrate abundance, release rate, and consumption in
the ocean. However, there are other potential sources of additional methane compa-
rable to our scenario, including natural gas production by hydraulic fracturing (frack-20

ing), rice production, ruminant farming, and other natural Arctic sources such as wet-
lands, methane trapped below relic permafrost (e.g. the East Siberian Arctic Shelf),
and thermokarst lakes. Recent research (Wadham et al., 2012) also suggests there
is a large amount of methane clathrates beneath the Antarctic ice shelves that could
be vulnerable to warming. Hence, it is likely that a scenario similar to the one we sim-25

ulated will occur from some combination of these sources, and it is possible within
the uncertainties of all these sources for methane emissions to get much larger, with
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consequently greater impacts, unless methane is closely monitored and mitigation ac-
tions taken if necessary.

Of the changes between our simulations with and without Arctic clathrate emissions,
the non-linear increase in methane concentration, and the spatial patterns of temper-
ature, ozone, and precipitation increases, were broadly in line with our prior expecta-5

tions. However, the size of the spatial inhomogeneity induced in the methane concen-
tration by the Arctic emissions, and the increases in variability of methane and ozone
throughout the globe, have not been previously reported, to our knowledge. The impor-
tance of these changes may be magnified because of the non-linear processes they
interact with, such as sea-ice melting and exceedance of ozone air-quality standards.10

The ability to study such changes in variability is one of the important reasons for per-
forming simulations with atmospheric chemistry integrated into a climate model with
a full ocean model.

In order to study the potential reinforcement between the methane sources sus-
ceptible to changes in temperature and precipitation (i.e. wetlands, permafrost, and15

clathrates), in which warming and precipitation changes caused by one methane
source will feed back onto the emissions from it and the other sources, it will be nec-
essary to couple our model to interactive models for wetlands, permafrost, clathrates,
bubble rise, and the ocean methane cycle. This will let us estimate the feedback am-
plification factors between the different methane sources. For reference, a model study20

(Bohn et al., 2007) found that an increase of temperature by 3 ◦C in conjunction with
a 10 % increase in precipitation in the Western Siberian region of wetlands could lead
to doubling of annual methane emissions.

Additional simulations with a globally uniform CO2 concentration equivalent to our
methane clathrate forcing will allow us to determine whether, or not, the Arctic en-25

hancements we see in temperature and precipitation with our Arctic clathrate methane
emissions are quantitatively enhanced above the usual response simulated for uniform
greenhouse gas forcing by the non-uniform methane concentration. The response of
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sea-ice and the stratosphere also remain to be examined, so there is still much to be
understood about the impact of Arctic methane emissions on the Earth system.
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(a) (b)

Fig. 1. Simulated flux of CH4 outgassing from clathrates as a function of depth and time inte-
grated over (a) the Arctic Ocean and (b) the Sea of Okhotsk. Note that the red lines show the
flux for particular depth ranges, and the blue lines show the sum of all the red lines. The emis-
sions have units of Tg(CH4) yr−1. This particular scenario assumed ocean bottom temperatures
that followed a linear increase of +5 ◦C per century at 350 m, +3 ◦C per century at 400–600 m,
and +1 ◦C per century below 600 m, with no further change after the first century.
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(a) (b)

(c) (d)

(e)

Fig. 2. The change in methane concentration at the surface between the Arctic emission and
the control simulations: (a) the mean increase (ppmv) of the AE case over the C case, (b) the
percentage increase of the AE case over the C case, (c) the same percentage increase but
with a finer scale, (d) the standard deviation of the AE case (ppmv), and (e) the zonal mean
increase in surface concentration of CH4 from C to AE (ppmv). The arrows in panel (a) show
the location of the clathrate emissions in our model.
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(a) (b)

(c) (d)

Fig. 3. The change in skin temperature at the surface between the Arctic emission and the con-
trol simulations: (a) the mean increase (K) of the AE case over the C case, (b) the percentage
increase of the AE case over the C case, (c) the standard deviation of the AE case (K), and (d)
the signal to noise ratio of the mean increase.
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(a) (b)

(c) (d)

Fig. 4. The change in ozone concentration at the surface between the Arctic emission and
the control simulations: (a) the mean increase (ppbv) of the AE case over the C case, (b) the
percentage increase of the AE case over the C case, (c) the standard deviation of the AE case
(ppbv), and (d) the signal to noise ratio of the mean increase.
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(a) (b)

(c) (d)

Fig. 5. The change in precipitation at the surface between the Arctic emission and the control
simulations: (a) the mean increase (mmday−1) of the AE case over the C case, (b) the per-
centage increase of the AE case over the C case, (c) the standard deviation of the AE case
(mmday−1), and (d) the signal to noise ratio of the mean increase.
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(a) (b)

(c) (d)

(e)

Fig. 6. The ratio of the standard deviations of the Arctic emission case over the control case
for (a) the surface methane concentration, (b) the surface methane concentration at a finer
scale, (c) the surface skin temperature, (d) the surface ozone concentration, and (e) the surface
precipitation.
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