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Evaluation of the potential impact of methane clathrate
destabilization on future global warming
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Abstract. Future global warming due to anthropogenic emissions of greenhouse gases has
the potential to destabilize methane clathrates, which are found in permafrost regions and
in continental slope sediments worldwide, resulting in the release of methane gas. Since
methane is a strong greenhouse gas, this could produce a potentially important positive
feedback. Here, the coupled heat transfer and methane destabilization process in oceanic
sediments is modeled in a series of one-dimensional, vertical columns on a 1° x 1° global
grid. Terrestrial permafrost is divided into 11 columns based on mean annual surface air
temperature. Our base case clathrate distribution results in about 24,000 Gt C as methane
clathrate in marine sediments and about 800 Gt C in terrestrial sediments, only a small
fraction of which could be destabilized by future global warming. Scenarios of
anthropogenic CO, and CH, emission are used to drive a simple model of the carbon
cycle, yielding scenarios of CO, and CH, concentration increase. These increases drive a
one-dimensional coupled atmosphere-ocean climate model. Globally averaged temperature
changes as a function of time and ocean depth are used as upper boundary conditions to
drive the heat transfer/methane clathrate release models. Three versions of the ocean model
are used which result in different temperature perturbations at the sediment-water interface:

a purely diffusive ocean model, an upwelling-diffusion ocean model with fixed tempera-
ture of bottom water formation, and an upwelling-diffusion ocean model with a feedback
between surface temperature and the upwelling velocity. Methane release from clathrate
destabilization is added to the anthropogenic CH, emission, leading to stronger increases in
both CH, and CO, concentration. Based on a wide variety of parameter input assumptions
and anthropogenic emission scenarios, it appears that the potential impact on global
warming of methane clathrate destabilization is smaller than the difference in warming
between low and medium, or medium and high anthropogenic CO, emission scenarios, or
arising from a factor of two variation in climate sensitivity. Global warming increases by
10-25% compared to the case without clathrate destabilization for our scenarios using

what, in many respects, are worst case assumptions.

Introduction

Clathrates are icelike compounds formed when water
freezes in the presence of sufficient methane and other gases,
such that these gases become trapped within the water
molecule lattice. Over 99% of the naturally occurring
clathrates are methane clathrates. Clathrates are stable over
a limited range of temperatures and pressures found in
sediments under permafrost regions and in the ocean, but
some clathrates could be destabilized as a result of climatic
warming induced by the current buildup of greenhouse gases,
thereby releasing potentially large amounts of methane to the
atmosphere and amplifying the warming.
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Analysis of potential climate-methane clathrate feedback
is beset by enormous uncertainties, the most important being
extremely scant knowledge of the total amount of clathrate
and its distribution. Kvenvolden et al. [1993] compiled
evidence concerning the distribution of marine clathrate.
Methane clathrates have been recovered from ocean sediment
cores in 14 different areas of the world, and geophysical and
geochemical evidence for them has been found for 33 other
areas. Table 1 summarizes estimates of the total amount of
methane carbon in clathrates, which span 3 orders of
magnitude. For a geothermal gradient greater than 14 K km™,
the average surface temperature must be less than 0°C for
methane clathrate to be stable at any depth [MacDonald,
1990]. As geothermal gradients on land exceed this value,
terrestrial clathrates can occur only in permafrost regions. On
outer continental shelves and slopes the pressure-temperature
conditions at the sediment-water interface are such that
methane clathrates can exist for depths of 250 to several
hundred meters in parts of all latitude zones.

Estimates of the amount of methane that would be
released by global warming also differ widely. Revelle
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Table 1. Estimates of the Global Volume and Methane
Content of Terrestrial and Oceanic Methane-Clathrate
Reservoirs According to Various Authors

Terrestrial Oceanic Reference

10°m° GtC 10" m’ GtC

5.7 31.3 500-2500 2750-13700 Trofimuk et al [1977]

3.1 17.0 3100 17000 Mclver [1981]

3400 18681 760000 4176000 Dobrynin et al [1981]

14 7.6 Meyer [1981]

10 549 1000 5500 Makogon [1988]
1800 9890 Kvenvolden [1988]

73.7 400 2000 11000 MacDonald [1990]

[1983] estimated that 0.64 Gt methane (0.48 Gt C) would be
released per year following a CO, doubling, based on the
assumption that a 100-m-thick clathrate layer on continental
slopes worldwide would be destabilized. Given an atmos-
pheric methane residence time of at least 12 years (based on
recent revisions in the inferred tropospheric OH concentra-
tion and in the CH,-OH rate constant, as discussed by
Harvey [1993a]), this would give a steady state methane
increase of at least 5.8 Gt C, more than doubling the present
atmospheric inventory of 3.6 Gt C. Chamberlin et al. [1983]
estimated that a 1°C global warming would lead to the
release of 90 Gt methane over a period of several decades.
For an exponentially increasing surface temperature increase
which reaches 5.5° by 2050, MacDonald [1990] estimates
that 3 Gt C would be released over a 200-year period from
permafrost regions but does not consider potential releases
from oceanic sediments. Kvenvolden [1988] concluded that
potential methane releases from permafrost and oceanic
regions over the next century are likely to be small and their
climatic impact minimal. Nevertheless, concerns still remain
concerning the potential impact of climate-clathrate feedback
[Lashof, 1989; Leggett, 1990].

This paper reexamines the question of the potential role of
methane clathrate destabilization in future global warming
induced by anthropogenic greenhouse gas increases. We
utilize a modeling framework which involves solving for heat
conduction, methane clathrate destabilization, and subsequent
upward movement of destabilized methane in 11 vertical
columns representing permafrost regions with different
surface temperatures and about 2000 1° x 1° columns at
oceanic grid points where the ocean depth and bottom
temperature are such that methane clathrate could be
destabilized and released to the atmosphere. In the first part
of our investigation the terrestrial and oceanic columns are
driven by a series of step-function temperature increases at
the surface (land case) or at the sediment-water interface
(ocean case). The methane flux to the atmosphere, the
increase in methane concentration, the production of atmos-
pheric CO, by methane oxidation, the gradual removal of the
CO, by oceanic uptake, and the surface-troposphere heating
perturbation due to the methane and CO, increases are
computed. In the second part of the study, a slightly mod-
ified version of the coupled one-dimensional climate-carbon
cycle model of Harvey [1989a] is used to generate scenarios
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of time-dependent, globally averaged temperature increase at
the surface and as a function of ocean depth. These tempera-
ture perturbations are used to drive the methane release
submodels, with the methane release and subsequent CO,
production added to the anthropogenic methane and CO,
production, thereby providing a feedback. A range of
anthropogenic emission scenarios, climate model sensitivities,
and ocean model formulations is considered in this investiga-
tion.

Our purpose in this modeling exercise is not to make
predictions concerning the future impact of methane clathrate
destabilization, because the enormous uncertainties render
any prediction meaningless. Rather, we wish to set reason-
able upper bounds for worst case scenarios and to compare
the impact on future warming of the worst case scenario with
the impact of other sources of uncertainty. We also wish to
identify the most important requirements for new data and to
establish a modeling framework which will permit improved
estimates of the limiting worst case scenario as more data
become available.

Processes of Methane Release

The processes and timescales involved in methane release
from permafrost regions and from oceanic sediments are
distinctly different. Figure 1 illustrates the variation in the
critical temperature for methane clathrate destabilization as
a function of depth. Also shown is a representative tempera-
ture profile in permafrost regions. Given a mean annual
surface temperature of -10°C and a typical temperature
gradient of 20 K km, the upper boundary of the stable zone
will be at a depth D of about 200 m. Given a thermal
diffusivity K, of the order of 10° m? s, the time scale for
penetration of a thermal anomaly to depth D is D¥K, ~ 10°
years. Thus significant methane release from permafrost
regions would not occur for several centuries. As surface
temperature warming propagates downward, the temperature
profile may eventually become tangent to the phase boundary
curve. MacDonald [1990] suggested that when this occurs,
all of the destabilized methane below the tangent point would
be free to migrate to the surface, although the timescale for
this process is of the order of thousands of years. However,
this could be inhibited by the presence of ice in the perma-
frost region above the destabilized clathrate as long as the
permafrost has not completely melted. A permafrost layer
about 250 m thick would still exist after complete
destabilization of the clathrate layer shown in Figure 1 had
occurred and would require an additional surface warming of
about 5°C before it completely melted.

In oceanic sediments, three different relationships between
the clathrate-stable zone and sediment-water interface can
occur. In the first case, illustrated in Figure 2a, the top
boundary of the stable zone occurs below the sediment-water
interface. Also shown in Figure 2a is the depth z,,, at which
the difference AT,, between the sediment temperature and the
destabilization temperature is maximized. In the remaining
two cases the top of the stability zone occurs above the
sediment-water interface. In case 2 (Figure 2b) the sediment-
water interface occurs above z,,,,, while in case 3 (Figure 2c)
it occurs below z,,,.

The timescale for penetration of surface warming to the
sediment-water interface ranges from a few years (in areas of
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Figure 1. Variation with depth of the stability boundary for pure methane-clathrate and a typical

temperature profile in permafrost regions.

deep convection) to at most a few decades. For columns
where the upper boundary of the stable zone occurs below
the sediment-water interface, the timescale for clathrate
destabilization is dependent on the sediment thermal
diffusivity and depth of the stable zone below the sediment
surface. Since these are of the same order of magnitude as
the values appropriate for land columns and there is large
uncertainty in the amount of terrestrial clathrate, we neglect
case 1 ocean columns (only 47 such cases occur on a 1° x
1" grid). In case 2 columns, destabilization occurs first in
the region immediately below the sediment-water interface
and progresses downward; destabilized methane in this
region will be quickly released to the seawater. Later, as the
thermal wave penetrates downward, destabilization at the
bottom of the stable zone will also occur (see Figure 2b). In
case 3 ocean columns, destabilization begins at the bottom of
the stable zone, once the warming has penetrated to this
depth, and progresses upward (see Figure 2c).

Claypool and Kaplan [1974] present a representative H,O-
CH, phase diagram in the pressure-CH, concentration plane,
while Hyndman and Davis [1992] give a phase diagram in
the temperature-CH, concentration plane. As methane is
released from clathrate destabilization due to warming,
bubbles will form, although they can be expected to be very
small and finely disseminated at the beginning. The bubbles,
having negligible density compared to that of water, would
tend to move upward under a strong buoyancy force,
although air bubbles in gas wells have been observed to
completely plug fine-grained sediments due to strong
adhesive forces on the bubble surface preventing its deforma-
tion. Clathrates have been observed in sediments ranging

from silty clays [Tucholke et al. 1977)] to coarse clastic
sedimentary wedges [Hyndman and Davis, 1992]. The
process of methane release to the atmosphere is a complex,
multiphase fluid flow problem involving a sediment-gas-
water system. It seems most appropriate to represent the
upward movement of methane bubbles as an advective rather
than a diffusive process. Freeze [1979] indicates a typical
pore water advection velocity in fractured sediment of 107 m
s. As long as sediment pores are not plugged, we expect a
substantially faster velocity of methane bubbles due to their
buoyancy. However, our results. are insensitive to the
advection velocity as long as it is 10° m s or larger, so we
adopt a value of 10° m s here.

In instances on continental slopes where methane clath-
rates are destabilized at the bottom of the stable zone, we
can envisage one of three things happening: (1) If the
overlying stable layer does not impede vertical movement of
bubbles, the bubbles will migrate into the stable zone. If the
rate of migration is slow enough that thermal equilibrium
between the bubble and its surroundings applies, the methane
will refreeze as clathrate and warm the stable layer, bringing
it closer to the clathrate melting point. (2) If the overlying
stable zone is impermeable, then pressure will build up in
destabilized layers where the destabilized methane tends to
occupy a greater volume than the original clathrate. Since 1
m® of pure methane clathrate occupies 170.7 m* at STP upon
destabilization, and pressure increases by about 1 atm for
every 10-m depth, an expansion tendency and associated
pressure increase would occur when clathrate destabilizes at
depths below sea level of less than about 1700 m (depending
on temperature). A large enough pressure buildup would



2908
0 lflllllflll'ﬂllllrlllllll'll IlllfllllrllllIII|I|IIIIIIII|
i (a) T~ Sediment-Water Interface
L \\\
- \
g \ Clathrate stability
: \— boundary
1;1 -500 - -
o I 1
P L ]
« Temperature
Z
Q
d L
2 i
T -1000 4
=
& f
3]
=)
L
»1500 LLeritl lJ_LlII'IIIllllll'IlIllllllllullll}\l\‘lllllllll
O Il[TlIllI|||||l||||_r|ll11—l||lllll ||l‘l||ll|ll||l|||l||ll||
)~ _ |
I Sediment-water T~ |
interface d
- \ N
E i N
2 A\
o -500 - — AT, 4
E‘ Initial temperature — \ e
- \\
é Later temperature \ \\
g I \
s |
o - \
g -1000 = Clathrate stability boundary \ 4
= \
= L
g \
| \
F \ 4
-1500 s b b o e oY N s
0 T1TT1|III]IIIIIIIII|I||‘||||||[TI1 mllll[llllll!'lllllllll
F(e) ———_ |
I Te— |
\\ i
L N
B : N\
3 Sediment—water interface \ i
a S0 \ 1
2 )\
9] ¢
) \\
= i \\
7] L ‘\\
2 - \
8 | Initial temperature
& \ ]
o -1000 i Later temperature \\\
& X
[a] L
Clathrate stability boundary ————\\
\
-1500 IIIIIllIl'IIIlIlllllIII|II|II|IIIIIILLIJJIIIIIH\!lI[Ill 111

240 250 260 270 280 290 300

TEMPERATURE (K)
Figure 2. Relationship between the sediment-water inter-

face, the stable clathrate zone, and (AT,),, in marine
sediments for (a) case 1, (b) case 2, and (c) case 3 (see text).
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induce fracturing of the overlying sediment and rapid release
of some of the underlying methane. (3) Even when the
overlying stable zone is not completely impermeable, a
buildup of methane gas could reduce the bulk sediment shear
strength which, in areas of sloping sediments, could lead to
downslope movement and rapid release of most or all of the
destabilized methane. This is inferred to have occurred at a
number of sites [Carpenter, 1981; Mclver, 1982; Kayen,
1988]. Paull et al. [1991] incorporated this possibility by
assuming that 1% of the methane below the stable zone in
marine sediments is released per year. We explicitly consider
the first two possibilities here, since the uncertainty in
fracture release can be taken to include possible additional
releases due to sediment slumping.

Once methane bubbles reach the sediment-water interface,
the buoyancy force would tend to rapidly propel the bubbles
to the atmosphere. However, some dissolution of the bubbles
would occur during transit, even where the water is
supersaturated with respect to atmospheric methane. Data
summarized by Hovland et al. [1993] indicate that a methane
bubble 2 mm in diameter at 100 m depth will completely
dissolve just as it reaches the surface, whereas 15% of a 1-
cm bubble released at 300 m will reach the surface. Once
methane dissolves, upward transport by turbulent diffusive
mixing along a gradient of decreasing concentration would
occur, followed by ocean-to-air gas transfer driven by the
mixed layer-atmosphere partial pressure difference, with a
characteristic timescale of years.

Oxidation of dissolved methane could also reduce the
methane flux to the atmosphere. Anaerobic methane oxida-
tion occurs in the sulfate-reducing zone found at the top of
the sediment column and in anoxic waters, while aerobic
oxidation occurs in oxygenated waters. At Kattegat (Den-
mark) and Saanich Inlet (Canada), complete oxidation of
upward dissolved methane fluxes of 0.03-0.04 pmol cm? yr
and 9-90 pmol cm? yr, respectively, occurs in the sulfate-
reducing zone at the top of the sediment column [Iverson
and Jorgensen, 1985; Devol, 1993]. This oxidation zone is
likely to be largely bypassed if methane is transported
upward as bubbles [Martens and Klump, 1980; Chanton and
Martens, 1988]. Measured aerobic oxidation rates in the
water column vary by several orders of magnitude. In
Saanich Inlet an upward methane flux from anoxic waters (at
140-m depth) of about 1.4 pmol cm? yr'! was observed to be
completely oxidized in the aerobic zone [Ward et al., 1989],
while in the Cariaco Basin (off Venezuela), only about 5%
of an upward flux of 2 umol cm™ yr' at 280-m depth was
observed to be oxidized [Ward et al., 1987]. About 90% of
the methane released from the columns in our simulations
occurs at a flux density greater than 3 pmol cm? yr’, and
about 50% occurs at a density greater than 6 pmol cm? yr,
which is somewhat larger than for the two cases reported
above. The critical issue is whether clathrate decomposition
will release methane faster than it can be consumed in the
water column.

Given uncertainties in the fraction of methane released
from marine sediments which would be oxidized before
reaching the atmosphere and our desire to construct a worst
case scenario, we assume that neither dissolution nor
oxidation of the methane released to ocean water significant-
ly reduces the flux to the atmosphere. We also neglect
possible oxidation of methane released from permafrost
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regions, although oxidation of methane produced in the
seasonally thawed surface layer appears to significantly
reduce the methane flux to the atmosphere [Rasmussen et al.,
1993], while replacing it with a CO, flux. However, we
assume that no methane is released from permafrost regions
until the mean annual surface temperature has warmed to -
1°C. Since destabilization of at least the upper part of
terrestrial clathrate zones will have occurred before this
surface temperature threshold is reached, significant quan-
tities of free methane could accumulate below the permafrost
zone, leading to very large upward fluxes once the perma-
frost completely melts. If this occurs, then a significant
fraction of the destabilized methane in permafrost regions
might be able to reach the atmosphere without being oxi-
dized. The results presented in this paper are nevertheless
worst case scenarios in this respect.

Potential Size of the Methane Clathrate
Reservoir

Estimation of the amount of methane worldwide in
methane clathrates requires a knowledge of the volume of the
clathrate-stable zone, the fraction of the stable volume which
contains clathrate, and the fraction of gas sites within the
water lattice which contains methane. Determination of the
worldwide volume of the clathrate-stable zone in turn
requires a knowledge of the variation of the stability bound-
ary and temperature as a function of depth at a fine enough
horizontal resolution to allow an accurate global integration.
We discuss each of these required data below.

Variation of Stability Boundary With Depth

Theoretical determination of the clathrate phase boundary
on a temperature-pressure plane is in agreement with
laboratory experiments using pure water [Sloan, 1990].
However, water in sediments may contain alcohols or salts,
which shift the phase boundary toward the stable region,
thereby making methane clathrate more difficult to form, or
may contain heavy molecules such as CO,, NO,, propane,
and hydrogen sulphide, the inclusion of which shifts the
phase boundary to the free CH, gas side and makes methane
clathrate easier to form. Most research on methane clathrate
uses the phase boundary for pure water on the grounds that
the temperature decrease caused by salts is approximately
offset by the temperature increase caused by hydrocarbons
heavier than methane [Kvenvolden and McMenamin, 1980].
However, other factors might invalidate this assumption. As
clathrates form in saline water, salts are excluded, producing
a brine with salinities as high as 26% and displacing the
phase boundary by over 13 K [de Roo et al, 1983].
Although biologically produced methane contains very little
heavy hydrocarbons, thermogenic methane (originating from
the Earth’s interior) includes enough heavy hydrocarbons to
increase its stability range by several hundred meters [Sloan,
1990]. The pressure required to form clathrate in porous
media is greater than that in a free liquid by as much as 70
kg cm” [Sloan 1990, corresponding to a depth of 700 m for
matrix-supported sediments (ie., sediments in which that
weight of sediment is entirely supported by grain-to-grain
contact, so that the pore water pressure is proportional to
depth times water density). Finally, the presence of clay can
raise the phase boundary temperature by as much as 3 K in

2909

tetrahydrofuran, which is regarded as a suitable analog for
normal gas clathrates [Rueff and Sloan, 1985].

Makogon [1981] investigated the empirical clathrate
stability range for different gas fields and found that the
critical conditions statistically converged to that for a pure
CH,-H,O system. Thus in spite of the potential for large
errors at any given location we also adopt the phase bound-
ary for a pure CH,-H,O system. The phase boundary can be
represented analytically by [Makogon, 1981]:

5.6414-1154.61/T, 262K=<T, <273K]|
lop - 1.415+0.0417(T, +0.0172) )
ogP = 0°C<T, <23°C
1.602+0.0428T 24°C<T,=47°C|

where P is in atm and T, is the temperature of the stability
boundary.

Variation of Temperature With Depth

Given the mean annual surface temperature in regions of
continental permafrost, or the water-sediment interface
temperature at the ocean floor, the presence or absence of a
clathrate-stable zone and its thickness depend strongly on the
vertical temperature gradient. Lachenbruch et al. [1987]
reports geothermal gradients in cold regions of 16 to 53 K
km', while Makogon [1981] suggests a gradient of 100 K
km™ for continental shelf sediments at a depth of 1000 to
3000 m and Lee and Clark [1966] suggest a mean gradient
on continental shelves of 40 K km™. MacDonald [1990]
assumed a gradient of 16.2 K km™ in frozen sediments and
31.2 K km™ in nonfrozen sediments.

Here, we specify temperature as an upper boundary
condition and the geothermal heat flux as a lower boundary
condition. The steady state geothermal gradient is then
determined by the assumed thermal conductivity. Vertically
uniform thermal conductivities for clathrate-free marine
sediments in each column are taken from the thermal
conductivity map of Louden [1989], while conductivities for
unfrozen and frozen, clathrate-free terrestrial sediments of
1.76 and 3.39 W m" °C", respectively, are adopted here
from MacDonald [1990]. A thermal conductivity of 0.5 W
m" °C" is used for pure clathrate, based on MacDonald
[1990], with the mean thermal conductivity in the clathrate
zone given by a proportional weighting of the conductivities
for clathrate and clathrate-free sediments. The presence of
clathrate results in a greater geothermal gradient due to the
low thermal conductivity of clathrate, but a greater gradient
results in a thinner stability zone.

We specify a geothermal heat flux of 0.055 W m? for
terrestrial permafrost regions, based on Lachenbruch [1982]
and other sources, while grid point heat flux values ranging
from 0.001 to 0.398 W m? are specified for the oceanic
columns, based on heat flow data of Louden [1989]. The
resultant steady state temperature gradient ranges from 1.2 to
474°C km' in marine sediments. However, most tem-
perature gradients are below 100°C km™, with higher values
tending to be a result of local hot spots which might not be
representative of an entire grid cell. Therefore we imposed
an upper limit on the temperature gradient of 100°C km,
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Table 2. Seafloor Temperature, Depth, and Carbon Content
Statistics for All Marine Clathrate Columns Down to a
Seafloor Depth of 3000 m

Max Min Ave
Seafloor Temperature, "C 13.8 -19 23
Seafloor Depth, m 3000 250 2246
Geothermal heat flux, mW m? 398 1 70.3
Thermal conductivity, W m™ °C* 44 05 1.0
Temperature gradient, °C km 100 12 657
Organic carbon content, weight % 20 025 0.55

which results in an area-weighted mean gradient of 66°C
km™ (see Table 2 for this and other results).

Occurrence of Marine Clathrates

Given data for the depth and temperature of the sediment-
water interface on a 1° x 1° grid and for sediment thermal
conductivity and vertical heat flux and assuming that the
laboratory clathrate stability boundary can be used, we
calculate a total volume for the marine clathrate-stable zone
of 1.65 x 10 m® and an average thickness of the stable zone
of 277 m. MacDonald [1990] assumed an average thickness
of 500 m, which leads to an estimated stable zone volume of
3.13 x 10" m’.

The sediment volume containing methane clathrate is
likely to be only a small fraction of the clathrate-stable
volume, being limited by the availability of sufficient
methane to form methane clathrate. The base of a clathrate
layer can produce a horizon on seismic profiles parallel to
the ocean bottom and is referred to as a bottom simulating
reflector (BSR). BSRs have been identified in many locations
worldwide, although not all known or inferred occurrences
of clathrates are associated with BSRs [ie., Harrison and
Curiale, 1982]. When clathrates form, salts are ejected which
can be subsequently carried from the site of the clathrate by
rising pore fluids [Hesse and Harrison, 1981]. If the salt-rich
fluids produced at the time of clathrate formation had been
removed, then decomposition of clathrate during coring
operations will result in lower pore fluid chlorinity, and such
dilution is also used to infer the presence of clathrates. In
many cases, clathrates have been retrieved from cores;
isotopic and chemical analyses indicate that in the vast
majority of cases the methane in clathrates is produced from
organic matter as a result of biological activity, although in
some cases, thermogenic methane, produced at much greater
depth, has been identified [Brooks et al., 1984].

Two models have been proposed to explain the presence
of clathrates. The first, proposed by Claypool and Kaplan
[1974] and supported by Kvenvolden and MacDonald [1985],
postulates that methane forms in situ. Methane is produced
only when pore water is depleted in O, and sulfate; O, is
depleted before sulfate, and the depth at which sulfate
depletion occurs ranges from a few centimetres to 200 m
[Claypool and Kvenvolden, 1983]. When the CH, concentra-
tion exceeds the solubility, clathrates form if the temperature-
pressure conditions fall within the stability zone. With
ongoing sedimentation, the clathrate zone thickens, and
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eventually decomposition may occur at the base of the
stability zone, producing free gas. An alternative model,
proposed by Hyndman and Davis [1992], postulates that CH,
is generated below the stability zone and carried upward into
the stability zone by pore fluids as sediments undergo
compaction. The large vertical fluid movement needed to
produce the inferred clathrate layers can be produced only in
thick sedimentary wedges, where deep sea sediments are
carried toward continental margins by oceanic crustal plates.
BSRs are associated with such environments and are gen-
erally restricted to areas where the sediment strata dip
landward, which would favor migration of CH, along the
strata into the stability zone.

The second model implies that clathrates will be concen-
trated in a relatively thin layer at the base of the stability
zone, and this appears to be true in a number of cases.
Hyndman and Davis [1992] and Hesse and Harrison [1981]
infer that basal clathrate fills about 50% of the pore space for
cases they studied, while Hyndman and Spence [1992] infer
that clathrate fills 30% of the pore space in a 10 to 30-m-
thick basal layer. However, in many cases, clathrate has been
recovered from within a few meters of the sediment-water
interface [Yefremova and Zhizhchenko, 1975; Brooks et al.,
1986, 1991; Ginsburg et al., 1992, 1993] or within 20-40 m
of the sediment-water interface [Pflaum et al., 1986].
Ginsburg et al. [1993] report clathrate filling 30-40% of the
sediment volume at a depth of 0.3-1.2 m. Chlorinity data
from many sites indicate that clathrate occurs throughout the
stability zone. Hesse and Harrison [1981], Kvenvolden and
Barnard [1983], Kvenvolden and MacDonald [1985], and
Kvenvolden and Kastner [1990] report chlorinity profiles in
which the chlorinity dilution decreases uniformly from a
dilution of 10-50% at the inferred base of the clathrate
stability zone to near zero at the sediment-water interface or
within a few tens of meters of the sediment-water interface,
while Shipboard Scientific Party [1990] report a profile with
a chlorinity minimum at a 50-m depth. An upward decrease
in chlorinity does not imply that the clathrate concentration
decreases, however, since a decreasing fraction of the pore
fluids produced by progressively shallower (and hence
younger) clathrate will have been removed by rising pore
water. Hence the chlorinity dilution from decomposition of
clathrate during coring operations may decrease as one
moves upward within the stability zone even if the clathrate
concentration is constant. Nevertheless, clathrate pore
concentrations near the tops of these sediment cores probably
are lower than the value of 10-50% inferred at the base of
the stability zone because they were unable to survive the
coring process.

Hesse and Harrison [1981] report chlorinity and organic
carbon data from the same cores. Organic carbon decreases
steadily from 3% at the sediment surface to 1-2% at the base
of the clathrate stability zone in the cores they examined, and
this matches a steady decrease in the degree of chlorinity
dilution. The degree of chlorinity dilution is consistent with
the assumption that the organic carbon content was initially
uniform with depth, and that the measured variation is due
to an increase with depth in the degree of conversion of
organic carbon to methane clathrate. These results clearly
implicate in situ formation processes and suggest that in spite
of the above arguments the fractional chlorinity dilution is
roughly indicative of the fraction of pore space filled with
clathrate prior to coring.
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Available maps showing the extent of inferred clathrate
indicate that clathrates underlie on the order of 10-25% of
the seafloor between depths of 250 and 3000 m within a
given region [i.e., Katz, 1981; Shipley and Didyk, 1982;
Kvenvolden and Barnard, 1983; Brooks et al., 1986, 1991],
except for the region of organic-rich sediments in the
Beaufort Sea studied by Kvenvolden and Claypool [1988],
where about 75% of the area is underlain by clathrates. In
situ clathrate formation requires a minimum of 0.5% organic
carbon [Kvenvolden and Barnard, 1983].

Based on the above, we assume the following distribution
of clathrate within the stability zone: Using the map of
organic carbon content given by Premuzic et al. [1982], we
eliminate from consideration any columns with less than
0.5% organic carbon. This reduces the potential horizontal
extent of clathrate by a factor of 3. Within the remaining
columns we assume that 75% of the horizontal area contains
clathrate, so that, overall, the horizontal extent of clathrate is
25% of the potential extent for seafloor depths of up to 3000
m. We do not consider columns at seafloor depths greater
than 3000 m since very large temperature increases would be
required for destabilization. Since clathrate seems to form
both by in situ decomposition of organic matter and by
upward migration of CH, from below the stability zone, we
assume that in each column there is a clathrate component
which occupies a constant pore fraction with depth and a
component which is maximum at the base of the stability
zone and decreases with distance above the base. Both
components are assumed to exist in every column since we
are only interested in replicating possible statistical properties
of real distributions. For our base case we assume that the
fraction of pore space occupied by clathrate decreases from
20% at the base of the stability zone to 5% at the top of the
stability zone. We consider alternative cases in which the
pore fraction initially occupied by clathrate varies between
10 and 21/2%, or between 40 and 10%. In every case we
assume that the sediment porosity decreases exponentially
with sediment depth, with a surface porosity of 0.6 and an e-
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Table 3. Distribution of Methane Clathrate (Gt C) in Marine
Sediments With Respect to the Difference (AT,,), Between
Temperature and the Stability Boundary at the Seafloor for
the Base Case

(AT,), Methane Average Average
Amount Depth of Thickness
GtC Seafloor, m of Stable Zone, m
0-1 60 395 28
1-2 176 526 72
2-3 77 788 80
3-4 227 785 94
4-5 428 988 136
5-6 314 898 229
6-7 733 1082 172
7-8 349 866 178
8-9 601 1056 254
9-10 719 1008 189
>10 20709 1954 315

folding depth of 1.5 km based on Davis et al. [1990]. The
three distributions produce total marine clathrate amounts of
12,200, 24,400, and 48,800 Gt C, respectively.

A critical parameter governing the release of methane to
seawater is the difference (AT,,), between the temperature of
the sediment-water interface and the temperature (7,,), for
destabilization at the interface. In the absence of fracturing
which releases destabilized methane from the lower part of
the initially stable zone, no methane will be released until the
warming at the sediment-water interface exceeds (AT,,),
Table 3 gives the distribution of methane carbon with respect
to (AT,), for the base case vertical clathrate distribution.
Also given in Table 3 is the average seafloor depth and
thickness of the stable zone for the columns in each (AT,,),

Figure 3. Distribution of marine sediment columns on a 1° x 1° grid where AT,, < 10°C at the sediment-water inter-

face.
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category. Note that about 98% of the methane clathrate
occurs in regions where (AT,,), is at least 4°C. Thus of the
24,400 Gt C assumed to be present, only 540 Gt C are
susceptible to release for warming at the sediment-water
interface of up to 4°C, in the absence of fracturing. If the
steady state temperature perturbation associated with a
greenhouse gas increase diminishes with increasing depth
over most of the global ocean, as in the one-dimensional
upwelling-diffusion model with fixed upwelling velocity and
temperature of bottom water formation, a substantially larger
and hence less likely surface warming will be required to
destabilize most of the marine methane clathrate. On the
other hand, as indicated in Table 3, the columns most
susceptible to clathrate destabilization are also the shallowest
columns and thus will tend to experience warming sooner
than the less susceptible columns. In reality, methane
clathrate is probably not distributed throughout the stable
volume in the exact manner which we have assumed, but it
is still likely that a substantial fraction of oceanic clathrate
requires a very large warming at the sediment-water interface
for it to be destabilized and released to the atmosphere.
Nevertheless, the potential size of the marine clathrate
reservoir is so large that even relatively small releases could
have a nonnegligible effect on climate.

Figure 3 shows the distribution of 1° x 1° grid squares
for which (AT,,), < 10°C and organic matter content exceeds
0.5%. These grid squares are distributed through all latitudes
and ocean basins but are somewhat concentrated at high
latitudes. These are the only grid points retained in our
simulations, resulting in about 800 marine columns and
initial clathrate carbon amounts of 1843, 3686, and 7372 Gt
for the three sets of assumptions concerning the pore fraction
filled with clathrate.

Finally, we investigated the possible effect of lower sea
level during the last ice age on the present-day distribution
of marine methane clathrate. A given lowering of sea level
is equivalent to shifting the stability boundary downward by
the same amount. Table 4 shows the effect of lowering sea
level by 150 m on the amount of methane in the columns
belonging, prior to sea level lowering, to each of the (AT,),
categories. As seen from Table 4, a lowering of sea level
completely eliminates clathrate from columns which, today,
have (AT,), < 1°C. For columns with (AT,), < 4°C, the
amount of clathrate after a 150 m sea level lowering drops

Table 4. Effect of Lower Sea Level and Colder Conditions
During the Last Ice Age and on CH, Clathrate Amount for
the Base Case Clathrate Distribution

150 m Sea Level Lowering

(AT.),  Initial T AT=0'C AT=2C AT=-4C
0-1 60 0 0 0
12 176 1 4 7
2-3 77 18 46 71
3-4 227 93 192 281
0-4 540 112 242 359
>4 23873 22527 25242 27820

HARVEY AND HUANG: METHANE CLATHRATE AND FUTURE GLOBAL WARMING

Table 5. Parameters Used in Generating Terrestrial Perma-
frost Columns, and Properties of These Columns

Input Parameters Value
Geothermal flux 55 mW m?
Frozen thermal conductivity 339 Wm' 'C!

temperature gradient 16.2 °C Km'!
Unfrozen thermal conductivity 1.76 W m! °C*!
temperature gradient 31.2 °C Km®
Total area 8.752 x 10" m?
Porosity 0.25
Area fraction underlain with
clathrate 10%

Pore fraction filled with clathrate
Total methane

2 112%, 5%, or 10%
394, 788, or 1576 Gt C

Results
Column T Z, Z, Thickness, Gt C

Number O m m (m)
1 -5to -6 271 476 205 21
2 -6 to -7 252 609 357 31
3 -7 to -8 237 731 494 38
4 -8 to -9 226 824 598 73
5 -9 to -10 216 911 695 80
6 -10 to -11 207 995 788 84
7 -11 to -12 199 1076 877 86
8 -12 to -13 190 1155 965 96
9 -13 to -14 181 1244 1063 95
10 -14 to -15 174 1311 1137 94
11 < -15 167 1393 1226 90
Total 788

Values of z, and z, are the depths of the top and bottom
of the stability zone and T, the surface temperature.

from 540 to 112 Gt C. Two factors could have mitigated the
reduction in these columns today: cooling of the seafloor at
the same time that sea level was lowered and formation of
new clathrate since the end of the last ice age. Table 4 shows
the effect of sea level lowering on the available clathrate
when concurrent seafloor coolings of 2°C and 4°C are
imposed, these representing a reasonable range of actual ice
age ocean water temperature decreases. The loss of clathrate
in the columns with (AT,,), < 4°C is substantially reduced
as a result of cooling concurrent with sea level lowering.
Because of uncertainty concerning both the extent of ice
age ocean cooling at the time of maximum sea level drop
and the extent of clathrate formation since the end of the last
ice age and given our desire to construct a limiting worst -
case scenario, we neglect the possible effect on present-day
clathrate amounts of lower sea levels during the last ice age.

Occurrence of Terrestrial Clathrate

The volume of the clathrate-stable region in permafrost
regions in our model depends on the area of the region and
the assumed surface temperature, geothermal heat flux, and
thermal conductivity, which together determine the tempera-
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ture variation as a function of depth. We estimated the
northern hemisphere land surface area with mean annual
surface air temperature ranging from -5°C to -15°C in 1°C
intervals, and colder than -15°C, giving a total of 11
columns. So as to have close to the same horizontal clathrate
extent as estimated by MacDonald [1990], we assume that
10% of the horizontal area in each temperature class is
underlain with clathrate and, for our base case, we assume
that 5% of the pore volume in these regions is filled with

clathrate at all depths within the stability zone. We assume

a porosity for terrestrial sediments of 0.25 at all depths,
based on MacDonald [1990]. This gives a total terrestrial
clathrate reservoir of 788 Gt C for our base case. We also
consider cases where 21/2 and 10% of the pore space is filled
with clathrate, which give terrestrial reservoirs of 394 and
1576 Gt C, respectively. By comparison, MacDonald [1990]
assumed a terrestrial clathrate reservoir of 400 Gt C. Table
5 summarizes the input assumptions along with the resultant
top and bottom depths of the stable zone and methane
amounts for each column. The estimated total clathrate
amount and its distribution are of course extremely uncertain,
and the simulation results presented later are useful for
illustrative purposes only.

Model Description
Sediment Heat Diffusion and Methane Release Model

The temperature and free methane distribution for a series
of one-dimensional columns is solved, given the governing

equations
or _ 9 T Ly
o _ g ) - [ @
ot az( 2 az) (pcp]qd
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where T and C are the temperature and free methane concen-
tration, K, is the diffusion coefficient for heat, w is the
advection velocity of methane bubbles due to their buoyancy,
L, is the methane clathrate dissociation energy, p and c, are
the sediment bulk density and specific heat, and g, is the rate
of free methane production (kg s m™) due to dissociation of
methane clathrate. If methane is advected upward into the
stable zone from the underlying unstable zone, refreezing of
methane occurs and g, < 0.

For a typical methane clathrate concentration of 6 kg m™
(corresponding roughly to 10% of the pore space filled with
clathrate in sediment with porosity of 50%) and a heat of
dissociation for pure methane clathrate of 4.5 x 10° J kg,
the bulk volumetric heat of dissociation is 3 x 107 J m?,
which is an order of magnitude greater than the typical bulk
sediment heat capacity of 2.1 x 10° J m® °C"'. The volumet-
ric heat of dissociation will therefore largely determine, for
a given heat flux convergence, the rate of movement of the
stability boundary.

The governing equations are solved in discretized form
assuming a uniform grid spacing of 10 m and semi-implicit
time differencing with 60-day time steps. The bottom of the
model is placed at a depth of 3000 m below sea level. The
model is initialized by assuming a given layer to be entirely
stable if the temperature in the middle of the layer is colder
than the stability boundary at the midlayer depth. If the
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computed temperature at the end of a time step exceeds the
destabilization temperature, the temperature is reset to the
critical temperature and the excess heat is used to melt
clathrate. In reality, destabilized clathrates do not decompose
completely but leave a partial structure which will readily
reform clathrate with a temperature decrease [Makogon,
1981; Vysniauskas and Bishnoi, 1983; Schroeter et al., 1983].
The residual structure is stable up to 315 K and the residual
population varies inversely with temperature [Chen, 1980].
Temperatures within the top 2000 m of sediments are
generally below 315 K, so the effect of partial decomposition
should, in principle, be included but is neglected here.

The model simulations begin with a steady state tem-
perature profile and the pore water assumed to be saturated
with respect to methane in the stable zone (no methane
clathrate would have formed if the pore waters were not
already saturated) but containing no dissolved methane
outside the stable zone. Upon destabilization of a thin layer
on a given time step, the methane so released is distributed
throughout the layer in which the release occurs, correspon-
ding to infinite diffusion within a given model layer.
Destabilized methane is assumed to form methane bubbles
which are advected upward with velocity w of 10° m s™.

As the ocean columns warm in response to a surface
temperature perturbation, some methane can be destabilized
at the bottom of the stability zone while methane clathrate
above remains stable. In any given simulation we allow
destabilized methane below a stable layer to do one of two
things: In the no fracture case, we assume that the methane
is advected into the stable zone with advection velocity w(I-
f), where fis the local pore fraction filled with clathrate. All
of the methane which enters the stable zone is assumed to
refreeze at the end of each 60-day time step. We use
upstream differencing to solve the advection equation, which
introduces numerical diffusion with a diffusion coefficient
less than 10° m? s, so that nonnegligible methane amounts
enter the first 2-3 layers within the stability zone. In the
fracture case, we set w=0 at and above the base of the stable
zone and compute the volume expansion tendency for the
destabilized layers. Whenever the volume expansion ten-
dency exceeds a fraction 7y of the overlying sediment volume,
we assume that fracturing occurs which releases the excess
pressure. For our base case we use ¥=0.1, but we also present
sensitivity tests showing the effect of alternative thresholds
for fracture release.

Atmospheric Methane Model

Atmospheric methane concentration Cy, is determined
from a one box model represented by the equation,
@ =f+f+f_ccﬂ4
dt n a c T
where f, is the flux of methane from natural sources required
to give the preindustrial atmospheric methane inventory of
1.7 Gt C (corresponding to a concentration of 0.65 parts per
million by volume (ppmv)) for the initial atmospheric
methane residence time T,; f, is the direct flux due to
anthropogenic activities, such as fossil fuel use and agricul-
ture; £, is the flux due to methane clathrate destabilization;
and 7T is a time-dependent methane atmospheric residence
time. In the first set of experiments, only methane release
due to clathrate destabilization and natural fluxes are con-
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sidered, while for the coupled climate-carbon cycle-clathrate
model, various scenarios for f, (along with anthropogenic
CO, emissions) are assumed.

As a result of CH,~OH interaction, an increase in CH,
concentration will increase the residence time, thereby further
increasing the CH, concentration and acting as a positive
feedback. This feedback is highly dependent on tropospheric
NO, concentration. Osborn and Wigley [1992] proposes the
following theoretical relationship between atmospheric
methane concentration and residence time,

C 0.238
To F

0
which is adopted here except when indicated otherwise.
Another potentially important feedback is a possible
increase in the natural methane flux f, as climate warms.
This flux is primarily from wetlands, ranging from tropical
to polar latitudes. Higher temperatures could increase CH,
emissions from wetlands both by enhancing metabolic rates
[Whalen and Reeburgh, 1990] and by enhancing primary
productivity [Whiting and Chanton, 1993], but a drop in the
water table could lead to decreases in CH, production.
Except where indicated otherwise, we assume f, to be
constant. For sensitivity experiments with f,-climate feed-
back, we allow f, to vary using a Q,, formulation, whereby

AT
< 6
£=6)6@0) ©

where (f,), is the initial value of f, and AT, is the atmos-
pheric warming.

We assume that all of the methane removed from the
atmosphere is done so by oxidation to CO,, although in
reality a few percent is believed to be removed by soils. The
CO, source due to CH, oxidation, fq,, is given by

dccm
fe co2 fe CH4 T

®

T =

O]

where f, is the total methane flux to the atmosphere.

Oceanic Uptake of CO,

The oceanic uptake of CO, is modeled using the convol-
ution integral of Maier-Reimer and Hasselmann [1987]; that
is, the perturbation AC() of atmospheric CO, concentration
due to an emission scenario f{¢) beginning at time #=0 is
given by

AC() = fo‘f(z’)G(t—z’)dt’ ®)

where G(t) is the impulse response, which can be conveni-
ently represented as

G4y Y A ™" ©)

In the first set of experiments, f{¢) is given by the source due
to methane oxidation alone, while for the coupled climate-
carbon cycle-clathrate model, fluxes due to anthropogenic
fossil fuel emissions are included.

The impulse response G(t) was derived by Maier-Reimer
and Hasselmann [1987] from simulations of CO, uptake by
their three-dimensional ocean general circulation model.
They derived three different values of G(t), corresponding to
successively larger cumulative CO, emissions into the
atmosphere, and we allow for a continuous change in G(t) as
cumulative emissions increase. Use of G(t) in the convol-
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ution integral (8) accurately represents the response of the
ocean GCM but at negligible computational cost. The
impulse response G(t) does not include the effect of dissol-
ution of carbonate sediments on the ocean’s ability to absorb
atmospheric CO,, as this process is not included in the ocean
GCM from which G(t) was derived. This is a 10° yr and
longer timescale process, so its neglect will have very little
influence on the peak atmospheric CO, concentrations
obtained here but causes atmospheric CO, to decrease too
slowly as total emissions decrease.

Biosphere Model

For experiments using the coupled climate-clathrate model
we include the six-box terrestrial biosphere model of Harvey
[1989b]. This allows us to include an additional CO, sink
due to stimulation of photosynthesis by higher atmospheric
CO, concentration and warmer temperatures, as well as
additional sources due to a temperature-induced increase in
respiration and due to land use changes. In all experiments
we use a CO, stimulation factor B of 0.48 and Q,, values for
respiration of 2.0. To avoid a spurious source of carbon to
the atmosphere in the coupled runs, we reduce the computed
respiration flux from the biosphere to the atmosphere by the
natural methane flux of carbon, f,.

Climate Model

The one-dimensional, globally averaged atmosphere-ocean
model of Harvey and Schneider [1985] is used to compute
time-dependent temperature changes at the surface and as
function of depth in the ocean. An advantage of using simple
models such as used here is that the climate model sensitivity
to a given heating perturbation can be readily altered to
replicate that obtained by more complex models, as
explained by Harvey and Schneider [1985]. Two versions of
the ocean model are used, a pure diffusion (PD) version and
an upwelling-diffusion (UD) version. The surface transient
temperature response is slower in the PD version than in the
UD version and the steady state warming in the ocean is
uniform with depth and equal to the surface warming. In the
UD version the steady state ocean temperature perturbation
decreases with depth z as e, where H ~ 400-500 m, if the
temperature of bottom water formation in polar regions is
constant [see Harvey and Schneider, 1985]. On the other
hand, the UD model gives a vertically uniform deep ocean
warming if the temperature of bottom water formation is
assumed to warm by the same amount as the mean mixed
layer warming. A decrease in the strength of upwelling as
surface temperature increases can result in substantially
greater ocean warming in the mid thermocline (300 to 600-m
depth) than at the surface, as shown by Harvey and
Schneider [1985].

In coupling the marine clathrate release model to the
climate model, the temperature changes in the one-dimen-
sional ocean model for the depths corresponding to the
depths of the sediment-water interface of each sediment
column are used as an upper boundary condition. Since the
release of methane depends critically on whether or not
(AT,), is exceeded, the methane release from marine col-
umns could, in principle, depend significantly on whether the
PD or UD model version is used, and whether the tempera-
ture of bottom water formation and upwelling velocity are
assumed to change in the UD version.
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The columns representing high-latitude permafrost regions
are driven at their upper boundaries by a thermal perturbation
equal to twice the atmospheric perturbation of the globally
averaged model, reflecting the greater warming projected at
high latitudes than in the global average.

The climate model itself is driven by the globally aver-
aged heating perturbation at the tropopause due to the CH,
and CO, increases. These perturbations are given by

Q = 0.0398(/C- \[Cy)  for CH, (10)
Q = 42(n(C/CY)n2  for CO, 11

where C is the concentration of CH, (parts per billion by
volume (ppbv)) or CO, (ppmv) and C, is the initial concen-
tration. In the first part of our study, in which we investigate
the response characteristic of the marine and terrestrial
clathrate columns without coupling to the climate model, we
compute radiative forcings using C, =350 ppmv for CO, and
1700 ppbv for CH, (corresponding roughly to present-day
conditions), while in the coupled clathrate-climate model
simulations, which begin in 1760, we use C, = 280 ppmv for
CO, and 650 ppbv for CH,.

Results

We first present the separate responses of the terrestrial
columns and marine columns to a series of step function
surface temperature increases. This is followed by results
from the coupled climate-clathrate model.

Methane Release From Terrestrial Permafrost Regions

It is generally expected that the land surface warming at
high latitudes associated with greenhouse gas increases will
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be 2 to 3 times the globally averaged surface air warming
[see, for example, Mitchell et al, 1990]. We therefore
consider the impact of three step-function surface tempera-
ture perturbations: 5°C, 10°C, and 15°C, which could be
associated with a globally averaged warming of 2.5°C to
5°C. Warming of this magnitude could occur by the end of
the 21st century or sooner [Harvey, 1989a; Bretherton et al.,
1990].

Figure 4 shows the cumulative CH, release to the atmos-
phere during the first 5000 years for all three perturbations,
using the base case methane amount (5% of pore space).
Because we assume that no terrestrial clathrate will be
released to the atmosphere until the mean annual temperature
reaches -1°C at all points above the initial clathrate zone,
and this condition is satisfied for only one column with a
5°C surface warming, comparatively little methane is
released using a 5°C perturbation. Furthermore, since the
only column susceptible to release of its methane in this case
has a thin initial clathrate zone (see Table 5), the total
release occurs comparatively quickly. Nevertheless, no
release occurs at all during the first 370 years after the step
function surface warming, as this is the time required for the
temperature threshold to be satisfied and the upper part of
the stable zone to begin destabilization. Complete release of
the destabilized methane occurs during the subsequent 2300
years, with a spike in the rate of release at the end of this
time period. The spike is due to the merging of destabilized
zones which had grown inward from the top and bottom of
the initial stability zone. The merger occurred after the
permafrost at the top of the column had thawed, so that
relatively rapid release to the atmosphere was possible.

With a 10°C surface warming, six columns, containing
327 Gt C, will eventually release all of their methane. Hence
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Figure 4. Cumulative release of methane (Gt C) to the atmosphere from land columns following step-function surface

temperature perturbations of 5°C, 10°C, and 15°C.
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Figure 5. 100-year running mean radiative forcing (W m?)
due to (a) CH, alone, (b) CO, alone, and (c) CH,+CO,
resulting from methane release from land columns following
step-function surface temperature perturbations of 5°C,
10°C, and 15°C.
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Table 6. Impact of a Step Function Surface Temperature
Warming on Cumulative Methane Release From Land Col-
umns (Gt C) and Peak Radiative Forcing (W m?) Averaged
Over 100 Years for the Base Case

Surface Warming
10°C 15°C

5C

Cumulative Release, Gt C

Time, years
100 0.0 0.0 0.0
500 0.8 5.5 10.8
1000 4.1 17.0 41.9
2000 10.5 55.9 99.1
5000 214 114.0 220.3
Peak Forcing, W m*
CH, only 019 033 039
CH, + product CO, 0.23 0.43 0.65

the response to surface warming is highly nonlinear, with no
release for perturbations of up to 4°C in our simulations.
Furthermore, the response timescale increases with increasing
surface perturbation, as columns with colder surface tempera-
tures but thicker clathrate stability zones participate.

Figure 5 shows the 100-year running mean radiative
forcing due to CH,, CO,, and CH+CO,, while Table 6
summarizes the cumulative release and peak radiative
forcing. During the first 2-3000 years the radiative heating
due to CH, is greater than that due to CO,, but thereafter the
CO, radiative heating is larger. The total heating during most
of the simulation is 0.02-0.04 W m™ for a 5°C perturbation,
0.1-0.2 W m? for a 10°C perturbation, and 0.2-0.3 W m?
for a 15°C perturbation, although much larger spikes occur
sporadically.

Methane Release From Oceanic Sediments

In this section we examine the impact on marine clathrate
of step-function temperature increases of 1°C to 6°C
applied at the sediment-water interface. The base case
assumes that clathrate fills 5% of the pore space at the top of
the stable zone and 20% at its base. We first examine the
impact on cumulative methane release of allowing fracturing
in response to pressure buildup below the stable zone, or
allowing upward migration of destabilized methane into the
stable zone (henceforth referred to as the no-fracture case).
Table 7 compares the cumulative release at selected times for
the fracture case with y=0, 0.01, 0.1, and o, and for the no-
fracture case. When =0, any pressure increase that would
occur due to volumetric expansion of destabilized methane
leads to an immediate release of excess methane, while for
Y=o, excess methane is never released until the column is
completely destabilized. Initially, there is almost no differ-
ence between the cases, as expected, but after 2000 years
about twice as much methane has been released when y=0
compared to y=co. The fracture case with y=0.1 is similar to
the no-fracture case, giving a modestly greater release than
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Table 7. Comparison of Cumulative Methane Release to the
Atmosphere (Gt C) From Ocean Columns Following a 3°C
Step Function Temperature Increase

Fracture Case Nonfracture
Time, years y=0  =0.01 y=0.1 7= Case
100 84 79 77 77 83
500 261 218 180 178 191
1000 390 322 241 215 233
2000 552 468 306 251 275

Results are given for cases in which fracturing is allowed
with y = 0, 0.01, 0.1, and oo, and for the case in which
upward migration of destabilized methane into the stable
zone is permitted (nonfracture case).

the case with y=co. In all subsequent experiments we use the
fracture case with y=0.1.

Table 8 gives the cumulative methane release after
selected time intervals the peak 100-year running mean
methane flux and radiative forcing due to CH, alone, CO,
alone, and CH,+CO, for step function temperature perturba-
tions at the sediment-water interface of 1°C to 6°C. Also
given in Table 8 for cases of 3°C and 6°C perturbations are
results when the methane concentration-atmospheric resi-
dence time feedback is suppressed. Figure 6 shows the
radiative forcings for a 3°C temperature perturbation with
the usual methane residence time feedback.

As the temperature forcing increases from 1°C to 6°C,
the cumulative methane release after the first 100 years
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Table 8. Impact of a Step Function Temperature Increase at
the Sediment-Water Interface on Cumulative Methane
Release (Gt C) from Marine Columns and on 100-year
Running Mean Peak Methane Flux (Gt C yr') and Radiative
Forcing (W m?)

Case Base Base Base A Base Base Base A
Warming 1°'C 2°C 3°C 3°C 4C 5C 6C6C
Cumulative CH, Release, Gt C
100 years 7 12 77 77 83 119 160 160
200 years 13 17 116 116 123 180 241 241
500 years 27 28 180 180 192 284 402 402
1000 years 38 44 240 240 254 407 583 583
2000 years 52 71 306 306 368 586 765 765
Peak CH, Flux, Gt C yr!
0.10 0.31 1.06 1.06 1.73 2.43 3.27 3.27
Peak Radiative Forcing, W m*
CH, 0.19 0.41 1.53 1.15 1.97 2.64 3.39 2.49
CO, 0.07 0.10 0.28 0.28 0.45 0.70 0.87 0.87

CH, + CO, 0.22 0.42 1.67 1.25 2.16 2.94 3.78 2.75

Base case: The base case clathrate distribution is adopted
and a fracture flux with y=0.1 and atmospheric CH, resi-
dence time feedback are included. A: Same as base case
except no atmospheric CH, residence time feedback occurs.
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Figure 6. Radiative forcing (W m?) due to CH, alone, CO, alone, and CH,+CO, resulting from methane release from
oceanic columns for the base case clathrate distribution with 3°C warming at the sediment-water interface.
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Figure 7. Variation with depth in the cumulative methane release to the atmosphere from oceanic sediments 200, 500,
1000, and 2000 years after applying a step function 3°C warming at the sediment-water interface.

increases from 7 to 160 Gt C, while the peak CH,+CO,
radiative forcing increases from 0.29 to 3.79 W m™. Relative
to the case without atmospheric residence time feedback,
inclusion of the residence time feedback (as in the base
cases) enhances the peak 100-year mean CH, radiative
forcing by 33% for a 3°C temperature forcing and by 36%
for a 6°C temperature forcing. However, because of the long
lifespan of CO, relative to that of CH,, inclusion of this
feedback has very little effect on the forcing due to the CO,
produced by oxidation of CH, (see Table 8).

Figure 7 shows the distribution of the released CH, in
terms of its initial depth below the sediment-water interface
for AT = 3°C. Even after 2000 years, the bulk of the
released CH, is from the top 200 m of sediment (this is true
for all the temperature perturbations considered here). Thus
to obtain a better estimate of the amount of methane-clathrate
susceptible to destabilization as climate warms, data from the
top 200 m of ocean sediments will be adequate. Furthermore,
since the thickness of Quaternary sediments on continental
slopes is usually at least 200 m, most of the released CH, in
our simulation comes from Quaternary or late Tertiary
sediments, so that temperatures at the sediment-water
interface at the time of organic matter accumulation would
have been similar to those at present. Thus any methane
produced soon after sediment accumulation would have been
able to form clathrate rather than escaping from the sediment
column.

Coupled Climate-Carbon Cycle-Clathrate Model

In our third set of experiments, we couple the terrestrial
and marine clathrate models to the climate-carbon cycle
model of Harvey [1989a]. The climate-carbon cycle model
is driven by scenarios of anthropogenic CO,, CH,, and CFC
emissions as well as by specified N,O concentrations. The
simulation begins in 1760, at which point both the climate
and the carbon cycle are assumed to have been in steady
state. Three fossil fuel CO, emission scenarios are con-
sidered: a low scenario, in which emissions are held constant
at the 1990 level until 2000, then decrease by 1% per-year;
an intermediate scenario, in which emissions increase by
1.0% per year until 2050, followed by a 1% per year
decrease; and a high scenario, in which emissions increase
by 1.5% per year until 2100, followed by a 1% per year
decrease. In all cases, CFC emissions are reduced to zero by
2000 (and replacements are assumed to have no heating
effect), and N,O concentration increases from a preindustrial
value of 0.280 ppmv to 0.303 ppmv in 1980 and 0.327 ppmv
in 2000, after which it is held constant in concentration.

With regard to CH,, we assume a fixed natural CH, flux
of 0.148 Gt C yr" and a preindustrial atmospheric residence
time of 10 years. The anthropogenic flux is assumed to
increase from zero in 1760 to 0.14 Gt yr' and 0.20 Gt C yr
for the cases with and without residence time feedback,
respectively. These assumptions result in preindustrial and
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Figure 8. Transient globally averaged surface air tempera-
ture response for the medium emission scenario, low and
high climate sensitivity, and the three ocean model versions
without methane clathrate.

1990 atmospheric CH, concentrations of 0.70 and 1.61 ppmv,
respectively, in rough accord with observations. We assume
that anthropogenic emissions increase to 0.20 Gt C yr' (with
residence time feedback) or 0.28 Gt C yr! (without residence
time feedback) by 2050, then decrease to the 1980 level by
2100.

The greenhouse gas increases, whether directly specified
(N,0) or computed from specified emissions (CO,, CH,, and
CFCs), serve to drive a globally averaged atmosphere-ocean
model. As noted above, a surface perturbation equal to 2
times the globally averaged surface air temperature change
is used to drive the terrestrial clathrate columns, while the
depth-dependent temperature change computed by the ocean
model is used to drive the marine clathrate columns. To
explore a wide range of possible climate-clathrate feedback
strengths, we consider three ocean model formulations: (1)
a purely diffusive (PD) version; (2) an upwelling-diffusion
version with fixed upwelling velocity (UD,); and (3) an
upwelling-diffusion version with upwelling velocity decreas-
ing by 10% for each 1°C surface warming (UDy). The
temperature-upwelling velocity feedback used here in the
UD; version is consistent with that obtained by Harvey
[1994] in a dynamical, two-dimensional ocean model during
the first few hundred years of the transient response. Finally,
we consider low and high climate model sensitivities, where
the steady state surface air temperature warming for a carbon
dioxide doubling (AT,,) is 2°C and 4°C, respectively.

Figure 8 compares the transient response for the medium
emission scenario, low and high climate sensitivity, for the
three ocean versions without methane clathrate. The slowest
transient response occurs for the UD; ocean model because
a large net heat flux into the deep ocean occurs as the
thermohaline circulation, which provides an upward heat flux
to the mixed layer, weakens [see Harvey and Schneider,
1985]. The fastest transient occurs for the UD, ocean model.
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However, the difference in transient response between the
three ocean models is small compared to the impact of a
factor of 2 uncertainty in climate sensitivity.

Table 9 gives the globally averaged surface air tempera-
ture increase at selected times during the first 2000 years of
the simulation for all three emission scenarios, high and low
climatic sensitivity, and the PD ocean model without and

Table 9. Globally averaged surface air temperature increase
(°C) for low, medium, and high emissions scenarios, low
and high climate sensitivity, and the pure diffusion ocean
model

Low Medium High
Low High Low High Low High

Emission Scenario
Climate Sensitivity

No CHClathrate

Year
2000 0.88 131 0.89 1.32 090 1.33
2100 1.1I5 192 1.65 2.68 226 3.54
2500 1.18 222 191 3.54 3.63 6.68
3000 120 237 1.84 3.62 336 6.59
3770 129 259 187 3.77 324 6.54
With CH,-Clathrate
2000 0.89 135090 1.36 090 1.36
2100 120 217 174 3.01 238 3.96
2500 1.27 2.65 2.08 4.24 397 8.18
3000 127 2.84 196 4.23 362 8.73
3770 136 3.01 1.96 4.50 3.44 8.60
Difference

2000 0.01 0.04 0.01 0.04 0.00 0.03
2100 005 025 0.09 033 0.12 042
2500 0.09 043 0.17 0.70 0.34 1.50
3000 0.07 047 0.12 0.61 026 2.14
3770 0.07 042 0.09 0.73 0.20 2.06
Cumulative Release From Permafrost

2000 00 00 0.0 00 00 00
2500 00 0.0 0.0 08 08 39
3000 00 33 00 88 6.5 -29.0
3770 00 82 00 207146 782
Cumulative Release From Marine Sediments

2000 03 1.0 03 1.0 03 1.0
2500 239 659 46.1 115.0 106.0 230.0
3000 37.6 117.0 72.2 184.0 168.0 510.0
3770 534 171.0 101.0 256.0 210.0 809.0
Fraction of Marine Release Due to Fracturing

3770 043 034 046 0.20 0.18 0.06

Also given are the cumulative methane release (Gt C)
from marine and terrestrial columns, as well as the fraction
of total release from marine columns due to parameterized
fracturing.
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with methane clathrate. For the cases with clathrate the base
case clathrate amounts are assumed (20% of pore space filled
with clathrate at the base of the stable zone in each column,
decreasing to 5% at the top). Also given are the differences
in warming between the cases with and without clathrate, the
cumulative methane release from permafrost and marine
columns for the cases with clathrate, and the fraction of total
marine clathrate release due to parameterized fracturing.
Figure 9 compares the transient surface air temperature
responses with and without methane clathrate for the PD
model version for all three emission scenarios and for low
and high climate sensitivity.

The key results of these simulations are as follows: (1)
inclusion of methane clathrates has a small effect during the
21st century; (2) the overwhelming majority of the released
methane comes from marine columns; (3) the parameterized
fracture release is relatively important for the low emission,
low climate sensitivity case, in which the absolute release is
small but constitutes less than 10% of the total release for
the high emission, high sensitivity case; (4) a doubling of
climate sensitivity multiplies the absolute effect of including
methane clathrate by a factor of 3-5, such that the relative
enhancement of global warming due to clathrate
destabilization increases as overall climatic sensitivity
increases; and (5) inclusion of methane clathrate enhances
the eventual climatic response to anthropogenic greenhouse
gas emissions by up to about 10% for low climate sensitivity
and by up to 25% for high climate sensitivity.

The relatively greater importance of the parameterized
fracture release when the absolute release is small is a result
of the fact that in such cases, clathrate destabilization
involves columns with small (AT,,),. These columns tend to
have thin clathrate stability zones, so that any basal
destabilization occurs at relatively shallow depths, where the
volume expansion tendency is larger, thereby facilitatinig
eventual sediment fracturing. With greater climate warming,
clathrate destabilization increasingly occurs in columns with
thicker stability zones, so that fracturing is less likely to
occur. This relationship is independent of the specific
criterion for fracturing which we have used. Thus to the
extent that fracture-based release of destabilized methane
would occur in reality, we believe that it will be less
important the greater the overall climatic warming. For the
case in which we allow destabilized methane to migrate into
the overlying stable zone and refreeze as clathrate, the
difference in warming from what is shown in Table 9
amounts to 1-2%, except for the high emission, high climate
sensitivity scenario. In this case, the transient warming is up
to 5% greater since some of the methane which cannot be
released through fracturing can accelerate decomposition of
the entire column and eventually reach the sediment-water
interface.

Figure 9. Transient globally averaged surface air tempera-
ture response with and without methane clathrate columns for
the pure diffusion ocean model, for low and high climate
sensitivity, and for (a) the low emission scenario, (b) the
medium emission scenario, and (c) the high emission
scenario. Solid lines, no clathrate; dashed lines, with
clathrate.
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Figure 10 presents the following results for the medium
emission, high sensitivity scenario using the PD ocean
model: the CH, flux to the atmosphere from marine and
terrestrial columns, the increase in atmospheric CH, and CO,
concentrations due to clathrate destabilization, and the extra
radiative forcing for the case with clathrate destabilization
due to CH,, CO,, and CH,+CO,. The flux from oceanic
sediments is highly erratic, as the threshold for sudden
release of destabilized methane from individual columns
occurs sporadically; yearly fluxes after 2100 of 0.5-1.5 Gt C
occur several times per century, with a century-mean flux
peaking around 0.3 Gt C yr'. This is somewhat less than the
mean flux of 0.48 Gt C yr' estimated by Revelle [1983] to
occur after a CO, doubling. The cumulative flux from our
terrestrial columns is about 10% of the flux from marine
columns. The combined terrestrial and marine fluxes cause
the atmospheric CH, loading to be a maximum of 2 1/2 ppmv
or about 5 Gt C greater than without clathrate destabilization
and the maximum CO, loading to be 35 ppmv or 70 Gt C
greater (Figure 10b). The extra CO, causes up to 0.4 W m?
radiative heating and the extra CH, causes up to 1.0 W m?
radiative heating, with the total extra radiative heating
peaking at about 1.3 W m? (Figure 10c).

Table 10 illustrates the effect of using different ocean
models for the medium emission, high climate sensitivity
scenario. Shown in Table 10 are the globally averaged
surface temperature changes without clathrate, with clathrate,
the difference between clathrate and nonclathrate cases, and
the cumulative methane release from permafrost and marine
columns. As seen from Table 10, the methane release from
marine columns is largest for the UD; ocean model, as
expected, but is not significantly different from the PD
model. Use of the UD, ocean model reduces the maximum
temperature impact of clathrate destabilization by about 25%
compared to the PD ocean model and by about 35% com-
pared to the UD; model, since the UD, model produces a
steady state ocean temperature perturbation which decreases
with increasing depth. However, the absolute peak tempera-
ture increase is largest with the UD, model because of the
shorter surface temperature response timescale for the UD,
model. Differences in methane release from the terrestrial
columns are very small and are related to differences in the
transient surface temperature response.

In the next set of experiments we examine the importance
of model nonlinearities by halving and doubling the amount
of methane clathrate for the medium emission scenario, PD
ocean model version, with high climate sensitivity. We
consider two doubled cases: one in which the pore fraction
filled with clathrate is doubled and one in which the pore
fraction filled with clathrate is held at the base case value,

Figure 10. Results for the medium emission scenario with
high climatic sensitivity and the pure diffusion ocean model:
(a) CH, flux from ocean columns; (b) extra CO, and CH,
atmospheric concentration (ppmv for CO,, 100 x ppmv for
CH,) due to methane clathrate destabilization; and (c) extra
CH,, CO,, CH+CO, radiative forcing due to methane
clathrate destabilization. In Figuew 10b, solid lines are for
simulations without clathrate, dashed lines with clathrate.
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Table 10. Effect of Ocean Model on the Increase in Surface
Temperature Response due to the Inclusion of Methane
Clathrate for the Medium Emission Scenario and High
Climate Sensitivity

Ocean Model
Year UD, UD; PD

Without CH,-Clathrate
2000 1.78 1.56 1.32
2500 4.12 3.77 3.54
3000 3.87 3.72 3.62
3770 3.85 3.80 3.71

With CH,-Clathrate
2000 1.82 1.59 1.36
2500 4.65 4.58 4.24
3000 4.25 443 4.23
3770 4.15 4.60 4.50

Difference
2000 0.04 0.03 0.04
2500 0.53 0.81 0.70
3000 0.38 0.71 0.61
3770 0.30 0.80 0.73
Cumulative Methane Release From Permafrost

2000 0.0 0.0 0.0
2500 24 24 0.8
3000 10.3 9.6 8.8
3770 214 250 20.7

Cumulative Methane Release From Marine Sediments

2000 0.7 0.8 1.0

2500 724 119.0 115.0
3000 99.0 198.0 184.0
3770 128.0 294.0 256.0

Also given is the cumulative methane release (Gt C) from
marine and terrestrial columns.

but the assumed horizontal extent of clathrate is doubled.
Total land plus ocean cumulative methane release and
temperature changes due to clathrate release are given in
Table 11. The cumulative release increases by a smaller
proportion than the increase in clathrate amount as the pore
fraction filled with clathrate increases, especially during the
first few hundred years; this is because, as clathrate density
increases, the rate of downward penetration of the warming
anomaly decreases due to the clathrate heat of dissociation.
This nonlinearity does not arise if clathrate amount is
increased by increasing the horizontal extent of clathrate
rather than the density. Instead, the cumulative methane
release more than doubles when the methane amount is
doubled. This is because, with an initially larger methane

HARVEY AND HUANG: METHANE CLATHRATE AND FUTURE GLOBAL WARMING

release, the climate warming is greater, so that more columns
release CH, to the atmosphere. By year 2000 (3770 AD) the
cumulative release when the clathrate area is doubled has
increased by a factor of 4, implying a very strong nonlin-
earity. A second nonlinearity involves the atmospheric
methane concentration-residence time feedback, which causes
atmospheric concentrations to increase relatively faster than
the increase in flux to the atmosphere. Thus as seen from
Table 11, atmospheric methane concentration increases by a
significantly larger factor than the increase in the cumulative
release when the clathrate area is doubled. A third nonlinear-
ity involves the radiative forcing, which increases with the
square root of methane concentration. The net effect of all
three nonlinearities is that the effect on global warming of
clathrate destabilization increases very close to linearly with
clathrate amount when the amount is increased by increasing
the clathrate density but can increase substantially faster than
linearly as the assumed areal extent increases.

The key to the nonlinear behavior when the areal extent
of clathrate increases is to generate a warming large enough

Table 11. Effect of Uncertainty in the Amount of CH4-
Clathrate on Global Mean Temperature Change, Cumulative
Methane Release, and the Perturbation in Atmospheric CH,
Concentration for the Medium Emission, High Climatic
Sensitivity Scenario

Year 25-10% 5-20% 10-40% Double area
Global Warming With Clathrate
2000 1.36 1.36 1.36 1.40
2100 2.95 3.01 3.10 3.40
2500 3.91 4.24 4.73 5.05
3000 4.01 423 4.88 5.34
3770 4.22 4.50 5.28 7.17
Extra Warming Due to Clathrate
2000 0.04 0.04 0.04 0.08
2100 0.27 0.33 0.42 0.72
2500 0.37 0.70 1.19 1.51
3000 0.39 0.61 1.26 1.72
3770 0.45 0.73 1.51 3.40

Cumulative CH, Release (Land+Ocean Columns), Gt C

2000 1.0 1.0 1.0 2.1

2500 67.9 115.8 184.3 269.9
3000 106.2 192.8 353.0 478.2
3770 133.1 276.7 547.4 995.4

Perturbation in Atmospheric CH, Concentration, ppmv

2000 0.22 0.22 0.22 0.47
2500 0.52 1.39 3.16 3.86
3000 0.57 0.53 2.06 3.89
3770 0.78 1.29 2.05 10.64
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Figure 11. Global mean air temperature warming for the
medium emission, high climate sensitivity scenario for cases
with (Q,, = 2.0) and without (Q,, = 1.0) a climate-wetland
methane flux feedback and with and without methane
clathrate destabilization.

that columns with (AT,), > 4°C release methane to the
atmosphere, since columns with (AT,), > 4°C contain
significant amounts of methane in our simulations. For low
emission scenarios and/or low climate sensitivity this
threshold is not reached. In reality, the threshold for nonlin-
ear behavior and the extent of the nonlinearity are likely
different than obtained here. We have simply demonstrated
the possibility of strongly nonlinear behavior and the
circumstancés under which it can occur.

In our final set of experiments we examine the effect of
incorporating a feedback between the natural methane flux,
f,» and the atmospheric temperature change, using a Q,, value
of 2.0 (see equation (6)). Figure 11 compares the atmos-
pheric tempetature response for the medium emission, high
sensitivity case, for which it can be seen that the natural flux
feedback enhances the peak temperature response by about
5%.

System Feedback Analysis

For a linear feedback system the steady state temperature
response to a heating perturbation AQ is given by
AT - PaQ (12)
f

where G, is the system gain (equal to 0F/0T, where F =
outgoing emission to space and the derivative is evaluated at
the effective planetary radiating temperature) and f, the total
system feedback factor, is the linear sum of individual
feedback factors f. Each f; is given by G,AJ/AT, where AJ,
is the change in net radiation due to tiie change in internal
variable i acting alone. The individuzal feedback factor f; can
be thought of as the intrinsic feedback strength. For a linear
system the individual f; are constant and hence indeperndent
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Table 12. Clathrate Feedback Factors Computed From the
Last 500 Years of Simulations With the Coupled Climate-
Clathrate Model

Low Medium High
Low High Low High Low High

Emission Scenario
Climate Sensitivity

AT, °C 132 300 196 439 348 851
Al yarier W 015 055 024 077 044 2.12
£ e 0.030 0.049 0.034 0.047 0.033 0.066

of the magnitude of AQ or AT, but it can be readily seen
from equation (12) that the effect on the steady state tem-
perature change of adding a feedback of given intrinsic
strength is larger the greater the preexisting positive feedback
(i.e., the larger the preexisting value of f). Lashof [1989]
estimated f; for methane clathrate destabilization to be in the
range 0.01-0.20.

Although the above formalism strictly applies only to
steady state temperature changes and radiative heating
perturbations, the radiative forcing due to clathrate
destabilization and overall temperature change are relatively
constant during the last 500 years of our simulations. We
compute AJ,. as the difference in total CO,+CH, radiative
heating for model runs with and without clathrate columms
present. Table 12 shows the clathrate déstabilization feedback
factor calculated for our scenarios, along with the correspon-
ding mean AJ4... and AT values. The computed feedback
factor is consistently larger for the high sensitivity case and
tends to increase with increasing anthropogenic GHG
emissions, indicating that the overall feedback is nonlinear.
For low climate sensitivity, fim.. ranges from 0.030 to
0.033, while for high climate sensitivity it ranges from 0.047
to 0.066.

The feedback factor doubles in value in going from the
high emission, low climate sensitivity case to the high
emission, high sensitivity case. Examination of the distribu-
tion of cumulative methane release by column (AT,),
category indicates that for all cases except the high emission,
high sensitivity case, the overwhelming majority of the
released methane comes from columns where (AT,), < 4°C.
For the high emission, high sensitivity case, columns where
(AT,), = 4-7°C are also destabilized and since, in our
particular model, these columns contain substantial amounts
of methane (see Table 3), there is an abrupt increase in the

Table 13. Comparison of f,,.q and e

Alone In Comibination
fetana 0.013 0.016
fclalhrate 0046 0049

Results for each feedback factor are given when only one
of these feedbacks is operative, and when both feedbacks are
operative.
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climate-clathrate feedback strength. We stress that the true
distribution of clathrate with respect to (AT,,), is unknown.
Our results merely serve to underline the value of this
parameter in understanding the behavior of the coupled
climate-clathrate system and to illustrate the potential for
significant nonlinearities in the system behavior.

For comparison purposes we also computed the feedback
factor associated with the feedback between the natural flux
of methane and the climate which we obtained using a Q,,
of 2.0. We shall designate this feedback factor as f, ...
since most of the natural methane flux comes from wetlands.
Table 13 gives values of f; 4, Obtained from pairs of runs
for the medium emission, high climate sensitivity case with
and without methane clathrates included. Also shown are
values of £, Obtained from pairs of runs with and without
the wetland feedback. Both feedback factors are slightly
larger in the presence of the other feedback, with f,,y,, about
1/3 the magnitude Of f, .. This result is clearly dependent
on the choice of Q,, which we regard as highly uncertain.

Conclusions

We have attempted to constrain the possible impact on the
climatic response to anthropogenic greenhouse gas emissions
of destabilization of marine and terrestrial methane clathrates.
Using data on ocean depth, temperature at the sediment-
water interface, ocean sediment thermal conductivity, and the
geothermal heat flux on a 1° x 1° global grid, we estimate
the volume of the clathrate-stable region in oceanic sedi-
ments to be 1.65 x 10'® m®. Available data indicate that
clathrate concentration tends to be highest at the base of the
stable zone and decreases in concentration toward the top of
the stable zone, although many cases have been reported of
clathrates recovered from or inferred to exist just below the
sediment-water interface. Clathrates can fill as much as 50%
of the pore space at the base of the stable zone, based on
analysis of bottom simulating reflectors, but probably occupy
a much smaller pore fraction near the top of the stable zone,
based on the fact that clathrates frequently do not survive the
coring process.

Because we wish to develop worst case estimates of the
potential climatic impact of methane clathrate destabilization,
we have adopted a number of assumptions which may tend
to over-estimate the impact of clathrate destabilization. These
assumptions are (1) neglect of the possible effect of lower
sea level during the last ice age on present day clathrate
amounts and distribution; (2) neglect of possible retention of
clathrate due to incomplete decomposition; (3) neglect of
possible clogging of sediment pores with methane bubbles in
fine-grained sediment; and (4) neglect of possible dissolution
of methane bubbles or oxidation of methane in seawater. We
have also neglected possible oxidation of methane released
from terrestrial clathrate before it reaches the atmosphere, but
the potential error is small because the terrestrial columns
contribute less than 10% of the total methane release in our
simulations. Enormous uncertainties remain concerning the
total amount of methane clathrate and its distribution.
Despite these uncertainties we believe that we have obtained
a number of useful insights into potential climate-methane
clathrate feedback processes:

1. In the absence of fracturing and sediment failure,
destabilized methane will not be released from a given ocean
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sediment column until the warming at the sediment-water
interface exceeds the difference (AT,,), between the tempera-
ture at the interface and the destabilization temperature at the
interface. Over 98% of the marine clathrate (given our
simplifying assumptions) occurs in sediments where (AT,,),
exceeds 4°C and hence is not susceptible to release until the
warming at the sediment-water interface exceeds this value.

2. To the extent that fracture release of destabilized
methane from below the clathrate stability zone would occur :
in reality, it is likely to decline in relative importance as the
total global warming and cumulative methane release
increase. This is because, with greater warming, columns
with increasingly thick and deep clathrate stability zones
become susceptible to destabilization. As a result, the volume
expansion tendency accompanying clathrate destabilization is
smaller and the thickness of overlying sediments is greater.

3. The relative effect of methane clathrate destabilization
on global warming increases as the overall climatic sensitiv-
ity increases. This would be expected even if the intrinsic
clathrate-climate feedback strength, as quantified by the
feedback factor £, ..., Were constant. However, we find that
Suamae  1ts€lf increases with climate sensitivity and can
abruptly increase with increasing anthropogenic greenhouse
gas emissions. For low climate sensitivity (AT, = 2°C), we
find that methane clathrate destabilization enhances the
globally averaged surface temperature response by up to
10%, while for high climate sensitivity (AT,, = 4°C),
methane clathrate destabilization acts as a stronger feedback,
enhancing the climatic response by up to 25%.

4. The climatic impact of methane clathrate destabilization
increases roughly linearly with the assumed size of the
methane clathrate reservoir as long as the increase in
reservoir size is due to increased clathrate concentration in
sediments. This is a result of nonlinearities involving the
clathrate heat of dissociation, clathrate concentration-resi-
dence time feedback, and saturation of the radiative heating
perturbation as CO, and CH, concentrations increase.
However, the increase can be markedly faster than linear if
the clathrate pool increases due to increasing horizontal
extent rather than increasing clathrate concentration, for
medium or high emission scenarios with high climatic
sensitivity.

5. There is little difference in the climatic impact of
anthropogenic greenhouse gas emissions between the
different ocean model formulations (pure diffusion, upwelling
diffusion with fixed temperature of bottom water formation,
upwelling diffusion with upwelling velocity decreasing as
mixed layer temperature increases) when our base case
methane clathrate distribution is included. This near con-
stancy is a result of the competing effects of ocean model
formulation on the surface temperature transient response
timescale and on the additional heating due to clathrate
destabilization.

6. The circumstances under which clathrate destabilization
could exert a strong positive feedback on climatic change
(medium to high emission scenario and high climatic
sensitivity) are also circumstances under which the projected
global mean warming is large (greater than 4°C) even in the
absence of clathrate destabilization, so that significant
impacts on ecosystems and human societies would be
expected whether or not clathrate destabilization occurs.

The most important conclusion that we draw from our
analysis is that even for what are likely to be worst case
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assumptions, the impact on future global warming due to
inclusion of methane clathrate-climate feedback is smaller
than the difference between our low, medium, and high fossil
fuel CO, emission scenarios, or the difference between cases
with low (2°C global mean steady state warming for CO,
doubling) and high climatic sensitivity (4°C global mean
steady state warming for CO, doubling). Uncertainty in
future global warming due to potential methane clathrate
destabilization is thus smaller than the uncertainty due to
future fossil fuel use or climate sensitivity.
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