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Abstract. A recently developed model for the consumption
of atmospheric methane by soil (Curry, 2007) is used to in-
vestigate the global magnitude and distribution of methane
uptake in a simulated future climate. In addition to solving
the one-dimensional diffusion-reaction equation, the model
includes a parameterization of biological CH4 oxidation that
is sensitive to soil temperature and moisture content, along
with specified reduction factors for land cultivation and wet-
land fractional coverage. Under the SRES emission sce-
nario A1B, the model projects an 8% increase in the global
annual mean CHy soil sink by 2100, over and above the 15%
increase expected from increased CH4 concentration alone.
While the largest absolute increases occur in cool temper-
ate and subtropical forest ecosystems, the largest relative in-
creases in consumption (>40%) are seen in the boreal for-
est, tundra and polar desert environments of the high north-
ern latitudes. Methane uptake at mid- to high northern lati-
tudes increases year-round in 2100, with a 68% increase over
present-day values in June. This increase is primarily due to
enhanced soil diffusivity resulting from lower soil moisture
produced by increased evaporation and reduced snow cover.
At lower latitudes, uptake is enhanced mainly by elevated
soil temperatures and/or reduced soil moisture stress, with
the dominant influence determined by the local climate.

1 Introduction

Significant changes in the atmospheric concentrations of
long-lived greenhouse gases (GHGs) have accompanied
large-scale climate change over the Holocene, including the
global warming of recent decades. The influence of climate
change on the budgets of GHGs is thus a topic of great in-
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terest, and one that is beginning to be addressed by mod-
els of biogeochemical cycles at the global scale (Denman
et al., 2007). This paper focuses on the uptake of methane
by soils, a process that represents a small but important sink
of atmospheric CH4 at the global scale, accounting for ap-
proximately 5% of the total. According to a recent meta-
analysis of 318 annual estimates of uptake in wide range of
ecosystems (Dutaur and Verchot, 2007), the total annual CHy
uptake ranges from 12-59 Tg CH,4 y~!, with a narrower esti-
mate of 22412 Tg CHy y~! if the measurements are stratified
by climatic zone, ecosystem, and soil texture.

Uptake of methane in soil occurs via oxidation by special-
ized aerobic bacteria — methanotrophs — several varieties of
which have been identified (Hanson and Hanson, 1996), but
the precise physiology of which is still not well understood
(Roslev et al., 1997; Knief et al., 2003; Horz et al., 2005).
Curry (2007) (hereafter Paper I), presented a physical param-
eterization of soil CHy uptake, building on the prior work of
Ridgwell et al. (1999) (hereafter R99), in which the diffu-
sion coefficient Dy and rate of biological oxidation k are
the primary variables. Each of these variables is expressed
as the product of several factors sensitive to local, time-
dependent, environmental conditions. Free parameters of the
scheme were calibrated using multi-year field measurements,
and offline simulations driven with observed reanalysis cli-
mate data. The simulated magnitude (28.0 Tg CH4 y~! in the
global and annual mean) and seasonality of CH4 uptake were
shown to behave in a physically reasonable manner at several
sites with widely varying climate and soil texture.

In the present paper, the same uptake scheme is driven
not with reanalysis data, as in Paper I, but rather with the
simulated surface climate of an atmospheric general circula-
tion model (GCM) coupled to a slab ocean. This configura-
tion permits time-slice simulations of not just the present day
methane uptake pattern, but also its past and future geograph-
ical distributions. The subsurface temperature increases as-
sociated with atmospheric warming are generally expected to
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enhance methanotrophic activity, except where reduced soil
water availability leads to moisture stress. Thus, uncertainty
remains regarding the competing influences of increased soil
diffusivity and reduced soil water availability over much of
the tropics and mid-latitudes in a warmer world. Field studies
have shown that consumption may either increase or decrease
depending upon moisture availability and clade-specific bi-
ology (Schnell and King, 1996; Torn and Harte, 1996; Horz
et al., 2005). The present work highlights the importance
of future changes in winter snowfall and snow cover in the
Northern Hemisphere, through associated changes in soil
moisture, diffusivity, and CH4 uptake over the remainder of
the year.

This paper estimates the soil sink strength of CH4 in both
the present and future climates by driving the model of Pa-
per I with surface forcing from an AGCM coupled to a slab
ocean. In the following section, I review the parameteriza-
tion of methane uptake, and in Sect. 3 describe the method-
ology of the time-slice experiments. Simulated methane up-
take in the present climate is then discussed in Sect. 4, while
Sect. 5 presents results for simulated future (and preindus-
trial) climate. In the final section, the results obtained here
are compared with those predicted from simpler soil methane
consumption schemes, and concluding remarks offered on
directions for future progress.

2 Model overview

Following Paper I, soil methane uptake at the surface, J,
is obtained from the first integral of the one-dimensional
diffusion-reaction equation, which after some manipulation
takes the simple form

J = goCcn, rcrw (Dsoitkorr rsm) /2, (D

where

J: surface flux (uptake) in mg CHym=2d~!;

20=586.7mg CHyppmv~—' sd~"m~2cm~!,

conversion factor from mixing ratio to concentration;

CcH,: CH4 mixing ratio at the surface (ppmv);

ko: first-order oxidation rate constant, =5.0x 1075 s, deter-
mined from calibration with field data (Paper I);

rc, rw: dimensionless factors (0—1.0) for inhibition of
uptake in cultivated soils and wetland areas, respectively
(spatial maps of r¢ and ry are available as online auxiliary
material of Paper I);

rr: dimensionless soil temperature factor (0—4.1),
increasing for —10<7,;1<27.5°C, and decreasing for

Tsoi1 >27.5°C;

rsm: dimensionless factor (0—1.0) for inhibition of uptake
due to sub-optimal soil moisture. rsy is assumed to be opti-
mal (=1) for soil water matric potential ¥ <(0.2 MPa, and de-
creases smoothly to zero as ¥ increases to 100 MPa, above
which rsp=0. The exact forms of r7 and rgy may be found
in Paper L.
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The diffusion coefficient of methane in soil, Dy, is given
by
@\ 1-5H3/b
Dyoit = 0.196 (1.0+0.0055 Toi1) /3 <%)

where

®: total porosity (cm> cm™3),

d,i,: air-filled porosity (cm3 Cm_3) =d-—0,
0=0,+6;,

6, fractional water content,

6;: fractional ice content,

b=15.9 felay+2.91, felay: fraction of clay.

All quantities are two-dimensional, depth-averaged fields
over the top 10cm soil layer. Note that both Dgyj) and rgv
depend on soil moisture, but in roughly opposite ways. The
dependence of J on the square root of Dgoj and k=korr rsm,
as opposed to the linear dependence assumed by R99 and
others, has recently received support from field and labora-
tory studies (von Fischer et al., 2009).

3 Methodology and simulations

The methane consumption algorithm was incorporated into
the Canadian Centre for Climate Modelling and Analysis
(CCCma) third generation atmospheric GCM (AGCM3), an
improved version of the model described in McFarlane et al.
(1992). AGCM3 represents the horizontal structure of the
main prognostic variables using a spectral representation,
with T63 truncation in the present application and a cor-
responding gaussian physics grid of 2.8°x2.8°. There are
31 sigma-hybrid vertical levels between 995 mb and 1 mb.
Further description of this model version may be found in
Scinocca et al. (2009).

The CHy4 uptake subroutine was implemented in CLASS
(Canadian LAnd Surface Scheme) v2.7, the land scheme cur-
rently used in AGCM3 (Verseghy, 1991, 1996), which runs at
a 15-min time step. The uptake calculation is performed only
in the top (0—10 cm) soil layer of CLASS, since measured ox-
idation rates are usually small below this depth. Within this
top soil layer, Dyi1 and k are assumed to be vertically homo-
geneous, although they do vary in the horizontal (i.e., from
one grid cell to the next).

To enable the simulation of future climate, AGCM3 was
coupled to a 50 m-thick slab ocean model including a prog-
nostic sea ice component. Specified surface flux (“q-flux”)
adjustments, derived from a prior model run in which SSTs
are restored toward climatological values, were added to the
slab model’s temperature tendency equation at each time step
(in both present and future time-slice simulations) to give a
more realistic distribution of SSTs. This strategy suits the
present application since it allows an evaluation of the CHy
sink strength at all land points in a significantly altered cli-
mate at a reasonable computational cost.

www.biogeosciences.net/6/2355/2009/



C. L. Curry: Future consumption of methane by soil

Three time-slice simulations were performed with this
model configuration (see Table 3 for GHG concentrations
used in each experiment): (1) a 40-year equilibrium run
using present-day (ca. 1994) GHG concentrations; (2) a
40-year equilibrium run using GHG concentrations from
the SRES A1B (ISAM reference) scenario at 2100, with
CFC concentrations from the WMQO98 Scenario Al; and
(3) a 40-year equilibrium run using preindustrial (ca. 1850)
GHG concentrations. The simulations were started from the
end states of previously archived runs at CCCma for 1 xCO,
([CO,]1=348 ppmv) and 2xCO, ([CO,2]=696 ppmv) equilib-
rium climates. All other features of the model, in particular,
the land cover including the cultivated fraction in each grid
cell, were held fixed at their present-day distributions. Soil
CH4 uptake is assumed to be zero over areas of permanent
water, ice, and desert.

After an adjustment period of 5-10 years after the start of
each simulation (caused by the slight change in GHG con-
centrations), the top soil layer temperature equilibriates to
the new climate. Analysis was conducted on averages of the
last 20 years of each simulation.

4 Methane uptake in the simulated present-day climate

The characteristics of methane uptake in the present-day,
model-simulated climate were examined first. A spatial map
of the annual mean uptake is shown in Fig. la. As in Paper
I, the regions of largest uptake are in South America, sub-
Saharan and far southern Africa, and south-central Australia.
Some of the highest uptake cells border large deserts, where
spatial variability is high due to the low soil moisture thresh-
old effect of rgp (Sect. 4.2 of Paper I).

Figure 1a may be compared with the results of Paper I
(Fig. 6a, on the same colour scale), in which CLASS was
forced with reanalysis data from the 21-year (1979-1999)
Global Land Surface Dataset (GOLD) of Dirmeyer and Tan
(2001), hereafter referred to as the “GOLD” run. The differ-
ence between the two simulations, after averaging the model
map onto the coarser resolution of the GOLD run, is shown
in Fig. 1b. The spatial pattern of uptake is quite similar in
the two cases, although the global total of 24.8 Tg CH y ™!
derived from the GCM climate is 11% smaller than the
28.0Tg CH4 y~! found using the GOLD forcing. The most
notable regional difference is the generally larger uptake over
South America in the GOLD run, although differences of
comparable size and the same sign are also seen in eastern
Russia, southern China/Himalayas and western North Amer-
ica. Conversely, the coupled model simulates notably larger
uptake than in the GOLD run over sub-Saharan Africa, Mon-
golia, western Amazonia, and much of Australia. In relative
terms, the discrepancy is largest at northern high latitudes,
where at some grid points the uptake is over 80% larger un-
der the reanalysis forcing; however, CH4 consumption is typ-
ically quite low in these regions to begin with.
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Fig. 1. (a) Global distribution of 20-year annual mean CHy up-
take. Units are mg CHy m~2 yfl . The globally integrated uptake is
24.8 TgCHy y_l. (b) Difference of 21-year annual mean CHy up-
take with GOLD forcing minus 20-year annual mean CHy uptake
from the model.

There are two principal causes of the positive anomalies
seen in Fig. 1b. First, as shown in Fig. 2a, the top soil
layer temperature in the GOLD run is generally larger (by
+2.5°C, in the global mean) than in the coupled model sim-
ulation. The largest differences are seen in western North
and South America, sub-Saharan Africa, and the western Hi-
malayas. Comparison of the annual mean GOLD 2-m sur-
face air temperature with ERA-40 (the European Centre for
Medium-Range Weather Forecasts second extended reanal-
ysis product) data (not shown) over the same period (1979-
1999) reveals a similarly distributed pattern of temperature
bias in the GOLD reanalysis. The discrepancy is largest in
arid and high elevation (>2000m) regions, where the tem-
perature difference is of magnitude 4-20°C. Particularly no-
table is a 8—12° C bias over the western two-thirds of the Sa-
hara; although most of the latter region is masked out of the
uptake calculation (see auxiliary Fig. 1, Paper I), grid cells
along the southern boundary are included. North of ~45° N,
the GOLD and ERA-40 surface air temperatures are in better
agreement, with the differences confined to the range —4 to
+2°C. Since much of Asia and all of Australia have a negative
temperature bias in GOLD, the global (land-only) average
surface air temperature difference between the two datasets
(GOLD minus ERA-40) is only +0.87°C.

Biogeosciences, 6, 2355-2367, 2009
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Fig. 2. Difference (GOLD minus coupled model) of 20-year annual
mean: (a) top soil layer temperature, Tyj|, in degrees; (b) diffusiv-
ity, Dyoil, in percent.

One sees less of a difference between the ERA-40 and cou-
pled model surface air temperatures (not shown), with the
anomalies confined to the range +2°C over most land areas,
except in western North America and Asia north of ~45° N,
where the ERA-40 values are systematically larger by 2—-6°C
at most locations. The global mean difference (ERA-40 mi-
nus model, land only) is +1.2°C. While the sum of these
global mean differences (ERA-40 minus model plus GOLD
minus ERA-40) is still smaller than the T difference be-
tween the GOLD and coupled runs (+2.5°C), there is a good
correspondence between the air and soil temperature differ-
ence patterns over all regions south of ~30° N. The larger
magnitude of the soil temperature difference is consistent
with the higher specific heat of soil, especially when moist,
compared to air.

From the above results I infer the following. First, due
to a high surface temperature bias (GOLD minus ERA-40)
in the data used to drive the offline CH4 uptake scheme, it
is likely that CH4 uptake in the extratropics was overesti-
mated in Paper I. Second, due to a low surface tempera-
ture bias (model minus ERA-40) in the northern extratrop-
ical land areas compared to observations, it is likely that
CHy uptake in these regions is underestimated by the ver-
sion of the coupled GCM used in this study. Thus, treating
these biases as roughly equal but opposite in sign, I adopt a
range of 24.8-28.0 Tg CH4 y~! as a reasonable annual mean
estimate for the present-day globally integrated CH4 con-
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sumption. Including the uncertainty in the base oxidation
rate constant ko as outlined in Paper I, this translates into a
(20') range of J=8—47 Tg CH4 y~'. This range of estimates
compares well with the observational constraints of Dutaur
and Verchot (2007) mentioned in the Introduction —i.e., 12—
59TgCHyy~!, with a best estimate of 22412 Tg CHy y~!.
While the level of disagreement between the GOLD and
ERA-40 air temperatures is disconcerting, and suggests re-
placing the former by the latter in future offline runs, it does
not impact the goal of the present study: namely, to simulate
the difference between present and future climate (including
air and soil temperatures), and CHy uptake derived from the
latter, using the coupled model.

The temperature biases just described translate into dif-
ferences in the methane uptake pattern seen in Fig. 1b in the
following manner. While the larger T, of the GOLD run en-
hances uptake in most of North and South America and much
of Asia, it reduces J in sub-Saharan Africa. There, temper-
atures in the GOLD run frequently exceed 27.5°C, where rr
attains its maximum value, leading to extensive regions of
negative rr change (not shown). Central and southern Aus-
tralia is another large area over which ry decreases, but here
a coincident decrease in Ty is seen (Fig. 2a). More gen-
erally, it is the more modest elevated soil temperatures (0 to
+4°C) over the central continental regions in the GOLD run
that are responsible for the bulk of the global methane uptake
discrepancy due to differing soil temperatures.

A second contribution to the discrepancy in J comes from
differences in the diffusion coefficient, Dy, as shown in
Fig. 2b. Since Dy, has only a weak temperature dependence
(Eq. 2), these differences are attributable to significantly dif-
ferent air-filled porosity, and thus fractional water content, 6,
in the two simulations. The spatial pattern of the Dy dif-
ference clearly mirrors that of J at high northern latitudes,
where differences in J between the GOLD and coupled runs
are largest in relative (but not absolute) terms. By contrast,
Tsoi is biased negative in the GOLD reanalysis over more
than half the land area at these latitudes, implying that the
larger uptake in the offline calculation is not temperature-
related. In these regions, the magnitude of the Dy differ-
ence indicates that 6 is approximately 50% smaller in the
GOLD run.

The Dsj differences south of ~30° N are well-correlated
with the annual mean precipitation difference between the
two runs (not shown). Over much of South America, equato-
rial Africa, and Australia, the soil is drier in the model simu-
lation than in the GOLD run, leading to a larger model Dy;.
The model has slightly more precipitation than the reanalysis
over most of the northern extratropics, and also less evapora-
tion, consistent with the lower model Dy there. The large
relative differences seen in Dy are, however, mostly due to
differences in snow cover between the model and reanalysis
data. Due to the low intrinsic diffusivities at high latitudes,
~1075 to a few times 103 cm? s~! even a small change in
the surface water balance has a marked impact on diffusivity

www.biogeosciences.net/6/2355/2009/



C. L. Curry: Future consumption of methane by soil

and, therefore, on methane uptake (see ff. Sect. 5.1.4). Com-
parison of Figs. 1b and 2b suggests that despite larger diffu-
sivities in the coupled model in the tropics (where over two-
thirds of the global annual uptake occurs in the GOLD run;
Fig. 6a of Paper 1), the discrepancy in CH4 uptake is domi-
nated by the soil temperature bias, since the mean J over the
tropics remains larger in the GOLD-forced simulation.

Finally, although model validation was carried out in
Paper I, some differences between the modelled and ob-
served range of soil methane uptake over different biomes
are worth noting. Table 2 summarizes the distribution of up-
take over ecosystem type, as represented in the aggregated
Holdridge life zone classification (AHLZ; Paper I). Unfor-
tunately, this classification differs from the Leemans (1990)
biozone scheme used by Dutaur and Verchot (2007), the most
complete summary of observations to date, so direct com-
parisons are not possible. However, one of the most evi-
dent distinctions seen in the data is that between uptake in
forest versus non-forest soils. The ratio of forest to non-
forest soil CH4 uptake per unit area in the model is 1.6,
compared to 2.4 in the observations, while the corresponding
area-weighted ratios are 2.3 (model) and 1.7 (observations).
Differing coverage by forests (57% of the total land area
in AHLZ versus 39% in the Leemans scheme) may explain
much of the difference between the last two ratios. However,
it does seem likely that the model underestimates this ratio,
in areal terms, compared to observations. Further, the mod-
elled areal uptake in tropical forests exceeds that in temperate
forests, the reverse of what is found for observational mean
values. However, the variance of observed uptake in temper-
ate forests (N=92) is a factor of 6.5 larger than in tropical
forests (N=62), implying that mean values may poorly char-
acterize the true distribution.

5 Methane uptake in a simulated future climate
5.1 Annual mean results

In the simulated future climate, CHs consumption is ex-
pected to increase linearly with surface concentration Ccy,,
according to Eq. (1). Thus, in the absence of other changes,
the globally uniform increase of Ccn, from 1.720 ppmv
to 1.974ppmv under the SRES AI1B concentration sce-
nario (0.254 ppmv or 15%) would lead to an increase in
global uptake of the same magnitude, i.e. an increase of
3.72TgCH,y~! over the present day simulated value of
248TgCHyy~!. 1In fact, the globally integrated uptake
in the future run is 30.4 TgCH,y~!, 23% higher than the
present day value. Since this study focuses on the effects of
climate change on the character of CHs uptake independent
of the increase due to elevated concentration alone, the effect
of the latter is removed in the analysis that follows, except
when citing absolute uptake values in the future climate.
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A spatial map of the 20-year annual mean difference in
uptake between 2100 and present-day, with the concentration
effect removed, is shown in Fig. 3. The relative change in
uptake, AJ/J=[J(2100)/J(1994)—1]x100% (Fig. 3b), is
less than £20% over most of the Southern Hemisphere (SH)
land areas and the Northern Hemisphere (NH) tropics (0-
30° N), with the exception of the east coast of S. America
from 15° S to 15° N, N. Africa, and western Mexico, where
decreases of 20-50% are seen. With the exception of two
adjacent grid cells in Somalia and Kenya (see ff. Sect. 5.1.3),
large relative increases in J (>40%) are seen only in the NH
extratropics, and exceed +120% in many areas, mostly in the
Arctic. The global mean change in J, with the concentration
effect removed, is +7.5%.

Changes in the annual mean J are due to both increased
surface heating in the future climate, which affects both
sub-surface temperature and soil moisture (through evapo-
ration), and to differences in future precipitation patterns and
amount, which affect Dy (recall that the model land cover
in 2100 remains unchanged from present-day). Figure 4a—
show the corresponding difference patterns for r7, rgv and
Dyoi1. While certain similarities in patterns can be detected
between Figs. 3 and 4, interannual variability of many of the
fields can make attribution difficult. The contribution of the
relative changes in A Dgoj, Arr, and Arsy to AJ at each
grid cell can be derived directly from Eq. (1):

J Dyoit 17 rsm
1 [/ ADgy; Ar Ar
~ _( ol Arr SM>, @
2\ Dol rT rsMm

koo

where the superscript indicates the value in 2100 (i.e.,
D;"()il:Dsoirl—ADsou, ..., etc.) and the second relation holds
if all the A’s are small compared to present day (a good ap-
proximation over 40° S—40° N). Hence, each of these agents
contributes to AJ/J in the same proportion; it remains only
to assess the relative changes in the fields themselves over
the region of interest. The zonally averaged results of this
comparison are shown in Fig. 5. Note that due to the larger
magnitude of the changes at high northern latitudes, a differ-
ent vertical scale has been used for 40-75° N.

In order to better understand the space-time correlation
between AJ/J and each of the three predictor fields, as
well as amongst the predictor fields themselves, a regression
analysis was also performed using the individual monthly
mean output from which the 20-year mean fields were con-
structed. The Pearson (linear) correlation coefficient » was
calculated from 240 individual monthly grids of each rela-
tive difference field (i.e., AJ/J versus A Dgoi1/ Dsoil, AJ/J
versus Arr/rr,..., etc.), over separate bands of latitude as
presented in Table 1. The magnitude of r reflects the de-
gree to which the change in a quantity is correlated (r>0)
or anti-correlated (r <0) with another quantity. Figure 5 and

Biogeosciences, 6, 2355-2367, 2009
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Fig. 3. Difference (2100 minus present-day) of 20-year annual
mean CHy uptake, with the effect of the uniform concentration in-
crease removed: (a) absolute values in mg CHy m—2 y_l; (b) ex-
pressed as a percent.

Table 1 should be consulted as the role of each of these con-
tributors is considered in turn.

5.1.1 Soil temperature

The mean increase in Ty, from the present to 2100 is
3.54+1.4°C, and the geographical pattern (not shown) resem-
bles previously published results, particularly with respect to
the marked warming asymmetry at northern high latitudes
(Hegerl et al., 2007). This ATy leads to changes in the fac-
tor r7 that generally resemble AT, except in the tropics
where Arr <0, as shown in Fig. 4a. There, temperatures fre-
quently exceed 27.5°C, above which rr starts to decrease,
leading to extensive regions of negative Arr in South Amer-
ica, sub-Saharan Africa, and northern Australia. The contri-
bution of Arr/rr to AJ/J ranks second to that of diffusivity
at most latitudes, although it exceeds A Dgi/ Dsoil between
20-40°S and 35-55°N (Fig. 5 and Table 1). In general,
Arr/rr and A Dgoil/ Dsoii are weakly correlated, with the
closest correspondence in the mid-latitudes, where increases
in Ty lead to soil drying and higher air-filled porosity and
diffusivity. Arr/rr and Arsy/rsm are anti-correlated over
southern mid-latitudes, indicating increased moisture stress
under warming, but are only weakly correlated elsewhere,
since rsgy depends more directly upon soil water content, and
thus diffusivity, than Ty (see Sect. 5.1.3).

Biogeosciences, 6, 2355-2367, 2009

C. L. Curry: Future consumption of methane by soil

(a)  -100 -80 -60 -40 -20 0 20 40 60 80 100

(b)  -100 -80 -60 -40 -20 0 20 40 60 80 100

(c)

(d) -100 -80 -60 -40 -20 0 10 20 30 40 50

Fig. 4. Relative change (2100 minus present-day, in percent) of 20-
year annual mean fields: (a) r7; (b) rsp; (€) Dgoir; (d) snow cover.
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Table 1. Linear (Pearson) correlation coefficients of indicated
monthly mean fields.

A Dgoif Arr Argm

60-90° N

AJ 0.686 0.392 —-0.076

A Do 0.152 —-0.332

Arp 0.127
30-60° N

AJ 0.144 0.161 0.175

ADgoil 0205 —0.646

Arp ~0.107
0-30°N

AJ —0.122 0.215 0.355

ADgoj1 —0.146 —0911

Arp 0.142
30-0° S

AJ —0.207 0.207 0.408

ADgy ~0.099 —0.932

Arp 0.094
60-30° S

AJ 0.042 —0.028 0.226

ADgoi1 0240 —0916

Arp ~0.293
Global

AJ 0.514 0.201 0.250

ADgoil 0.043  —0.755

Arp 0.020

5.1.2 Precipitation, evaporation, and soil moisture

According to the Clausius-Clapeyron relation, higher spe-
cific humidity in a warmer atmosphere should lead to in-
creased poleward moisture transport and hence increased
precipitation at high latitudes. This increase is seen in our
simulations nearly everywhere north of 45°C in the future
climate, with a more mixed difference pattern in the trop-
ics and subtropics (not shown). The global, land-only, pre-
cipitation change in future is AP=+56mmy~! (+6%). In-
creases in evaporation are seen on every continent, and while
these are generally of smaller magnitude than the precipita-
tion changes (AE=4+39mmy~')—i.e., A(P—E) is positive
— globally AE/E exceeds AP/P by ~1%. In the global
mean, the net effect of these atmospheric moisture changes
on the upper soil layer moisture 6,, is not significant; i.e.,
AG,=—3.6x 1073, However, the regional variation of A8,
(roughly complementary to that of Dggj; see Fig. 4c) has an
important influence on two of the principal determinants of
the CHy4 soil uptake: namely, the soil moisture stress factor
rsm and the diffusivity Dyoj.
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Fig. 5. Relative change (2100 minus present day) of the indicated
20-year annual mean fields as a function of latitude. Note that due
to the larger magnitude of the changes at high northern latitudes, a
different vertical scale is used for 40-75° N.

5.1.3 Soil moisture stress

As shown in Fig. 4b, rsp increases nearly everywhere north
of 45° C in the future climate, except in western Europe
(where P—E decreases) and western North America (where
P —E increases but runoff to the Pacific Ocean is large). The
strongest increases are seen over western Asia and the Great
Plains of North America, where present day values of rgy are
well below the global mean. Even a modest increase in soil
water content over these areas, as seen in Fig. 4b, can lead
to a large relative increase in rgy. Indeed, even in regions
where the annual mean soil moisture 6,, decreases in future
(such as eastern Europe), rsp can still increase, as long as
6, increases in the drier months. This is due to the insen-
sitivity of rgm to 6, at large 6,, (Eqgs. 8 and 9 in Paper I).
In this regime, methane uptake is limited by diffusivity, not
rsm, and hence the pattern of rgy more closely resembles
that of P, not 6,,. Thus, despite the strong and widespread
increase of rgy seen in Fig. 4b, the correlation of rgy with
J is generally weak at northern latitudes. This is due to sim-
ilarly distributed decreases in Dyoi (see below), which limit
the overall J increase.

Substantial decreases in rgy are seen south of ~30°N,
with the largest regional decreases (20-60%) seen on the east
coast of S. America from 15°S to 15° N, N. Africa and the
Middle East, and western Mexico. These are also areas of
strongly decreased methane consumption in future (Fig. 3).
Positive correlations of Argy with AJ are seen at latitudes
south of ~30° N (Table 1), suggesting that decreased water
availability is largely responsible for the reduced or weakly
enhanced methane uptake in these regions. Two-dimensional
correlation maps (not shown) show that only in Amazonia
is the influence of temperature (Ary <0) comparable to that
of rgM in this respect. Notable exceptions to the decreasing
rsm trend south of ~ 30° N are equatorial eastern Africa and
northern Australia, where large increases in annual precipi-
tation lead to a partial alleviation of moisture stress in those
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regions (Fig. 4b). In locations where rsy is particularly low
in the present climate (e.g., at the two adjacent grid cells in
Somalia and Kenya previously noted in Sect. 5.1), large rel-
ative increases in rsp and, consequently, J occur.

Generally speaking, decreasing precipitation in future in
the tropics leads to decreased soil water, which lowers rgp.
Where decreases in rgy are largest, methane uptake de-
creases. However, the total area of regions with Argy <O is
larger than that with AJ <0, indicating that changes in tem-
perature and diffusivity can still lead to an increase in future
uptake. Table 1 shows that Argy and A Dy are strongly
anti-correlated at nearly all latitudes, with the tightest rela-
tion holding between 60° S and 30° N. This reflects the dom-
inant dependence of both factors on 6,,. As seen in Fig. 5,
soil temperature and diffusivity are the dominant controls
on methane uptake at high latitudes, and even substantial
changes in rgy have little impact.

5.1.4 Diffusivity and snow cover

The pattern of future diffusivity change, shown in Fig. 4c,
is the complement of the change in soil moisture, ,,, men-
tioned above. Dy increases more or less uniformly across
Europe, the United States, and South America, with more
heterogeneous changes seen elsewhere. The global and an-
nual mean change in Dy is +5.1%, despite the fact that
A(P—E)>0, implying that soil moisture vertical transport
and storage play an important role. In particular, the posi-
tive sign of A Dsi cannot be taken as simply an indication
of increased evaporation in a warmer climate, independent
of other factors. Figure 5 and Table 1 show that A Dy and
AJ are anti-correlated in the equatorial band, coincident with
positively correlated Arsy, due to the anomalous drying of
the soil in these regions (and, in the case of the Amazon, a
significant decrease in r7). The strongest positive correla-
tions of A Dg,jj with AJ are seen north of 60° N (r=0.69).
It is apparent from Fig. 4c that A Dy is highly spatially
variable in east Asia, where the relative change in J is also
the largest anywhere on the globe (Fig. 3b). This charac-
teristic is likely linked to changes in future snow cover at
those locations. As Fig. 4d shows, the snow cover difference
pattern over east Asia (and far northern Canada, another re-
gion with strongly-varying D)) is also highly spatially vari-
able with alternating sign, in contrast to other NH locations.
The marked east-west asymmetry in snow cover change over
northern Asia is the result of a similarly asymmetric pattern
of snowfall change. Positive Dgyj changes are associated
with areas of decreasing snow cover, albeit of smaller mag-
nitude. However, due to the aforementioned low soil dif-
fusivities at high latitudes (Sect. 4), even small changes in
surface water balance can strongly affect diffusivity. More-
over, soil porosities in east Asia are ~15-25% smaller than
in west Asia and Europe (Zobler, 1986), meaning that in-
creased soil water from spring snow melt in east Asia more
strongly moderates diffusivity and uptake there. In Europe
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and western Asia, less snow above ground in winter leads to
decreased soil moisture in NH summer, and thus to higher
annual mean Dyjj.

Therefore, while the presumption of increasing diffusiv-
ity under surface warming holds for global and even zonal
means, it fails over large geographic areas where low poros-
ity soils underlie a more varied hydrological regime. Further,
while areas of strong increase in Dy, lead to similarly large
increases in J, beneficial changes in r7 and rsy lead to pos-
itive AJ even where Dy, decreases. Thus the pattern of
AJ (Fig. 3a) is considerably smoother than that of A Dy
(Fig. 4).

To sum up the annual mean results, Fig. 4a, b and c taken
together present a clear picture of how the relative change in
each of the key factors contributes to the change in methane
flux. The zonal means of these fields, shown in Fig. 5, allow a
more direct comparison of the relative strengths of these fac-
tors at different latitude, while Table 1 gives the correspond-
ing correlation coefficients. Finally, note that due to spa-
tial and temporal averaging, large regional correlations and
anti-correlations can sometimes sum to near-zero mean val-
ues. This explains why, e.g., AJ and A Dy are essentially
uncorrelated in the zonally averaged 30—60° S latitude band
(Table 1), despite the large relative contribution of A Dy to
AJ evident in Fig. 5.

5.2 Seasonal differences

I now investigate how future methane uptake changes depend
on latitude and season. Figure 6 is a Hovmueller diagram
showing the seasonality of various zonally averaged fields,
each normalized by the fractional land area at each latitude.
The seasonal cycle of methane uptake in the present day cli-
mate is shown in Fig. 6a. The continuous band of high uptake
at ~15°N corresponds to the sub-Saharan maximum seen
in Fig. 1a, which dominates the small land area at that lati-
tude. Three distinct maxima in uptake from May—September
are evident in the northern extratropics, due to favourably
low diffusivity in NH summer. The largest zonal mean up-
take occurs over 10-15° S from January to May, when suffi-
cient moisture is available and rgy is close to unity over most
of sub-equatorial South America and Africa. This situation
changes dramatically in May, when rgy falls to <0.4 in these
areas, and remains low until October.

Figure 6b shows the difference between zonally averaged
uptake in the present and future climates. To better un-
derstand how A Dy, Arr, and Arsy contribute to the pat-
tern of AJ, Hovmueller plots of these quantities are shown
in Fig. 6c, d, and e. Uptake increases at mid- to high
northern latitudes year round, with a maximum of +108
mgCHysm~2y~! (a 68% increase over present day values)
in June. Inspection of 2-D maps of monthly AJ show the
largest absolute increases of over 600 mgCHsm~2y~! occur
in western and north-central Russia in June, and in western
Brazil in September. Comparing Fig. 6a and 6b shows that
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Fig. 6. Hovmueller diagram showing the seasonal cycle of (a) methane uptake in the present-day model climate (mg CHy m—2 yil ), and dif-
ferences between year 2100 and present-day of: (b) methane uptake (mg CHy m—2 y_l); (c) diffusivity (cm24 s_l); (d) r7 (dimensionless);

and (e) rg (dimensionless).

the largest increases in uptake generally occur at or near up-
take minima in the present day state. For example, in the
present day climate at 50° N, CH4 consumption essentially
ceases between January and March each year as Ty falls
below freezing. In the future climate, however, J exceeds 40
mgCH4m™2y~! in all months at this latitude. The largest rel-
ative change in NH methane uptake occurs from October to
April at 70-80° N, when consumption can increase by a fac-
tor of ten or more over the small present day values (Fig. 6a).

The results of Table 1, Figs. 5 and 6 imply that the uptake
enhancement at high northern latitudes is due to the joint in-
crease of r7 and Dy into the future period. Specifically,
the poleward extension of warmer temperatures is chiefly
responsible for the year-round increase in methane flux in
2100, while the summer peak in AJ can be ascribed to a
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corresponding increase in Dy, the result of increased evap-
oration in summer. Although rgy also displays a large in-
crease north of 40°N from fall through spring (Fig. 6e),
this is largely countered by decreases in Dy, due to higher
snowmelt, leading to a weak correlation between Argy and
AJ at these more northerly latitudes (Table 1).

In the SH, a notable increase in J occurs between mid-
July and September (Fig. 6b). From mid-September until the
end of the year, large increases in uptake are seen in all SH
land areas poleward of 25° S. In southern Chile, as in the NH,
uptake enhancement is due to the poleward shift of the soil
temperature isotherms — but this is virtually the only SH lo-
cation where it occurs. As can be seen from Fig. 6b to e, the
CH4 flux increase in SH spring-summer is much better corre-
lated with increases in rsy than in either r7 or Dgoi1; indeed,
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Table 2. Annual mean values at present-day and change (year 2100 minus present) in methane consumption by aggregated Holdridge life

zone (AHLZ)?.
Class/Description Area Areal Uptake, Total Uptake, Areal Uptake Change, Total Uptake Change,
present-day present-day 2100 — present 2100 — present
10°km? mgCHy;m2y~!  TgCHyy! mgCHy; m—2y~! TgCHyy~ ! (%)
1 Polar/mountain desert 3.9 109.2 0.43 50.9 0.20 (47)
2 Tundra 10.1 85.1 0.86 41.8 0.42 (49)
3 Boreal desert/scrub 1.8 138.6 0.24 50.1 0.088 (36)
4 Boreal forest 16.1 135.5 2.18 54.5 0.88 (40)
5 Cool temperate desert/scrub 11.3 136.6 1.55 45.9 0.52 (34)
6 Cool temperate forest 11.2 143.8 1.61 44.1 0.50 (31)
7 Warm temperate desert/scrub 4.6 231.7 1.06 47.0 0.22 (20)
8 Warm temperate forest 5.3 253.5 1.34 53.7 0.29 (22)
9 Subtropical desert/scrub 17.3 179.7 3.11 32.0 0.55 (18)
10  Subtropical forest 26.3 273.4 7.18 43.1 1.13 (16)
11 Tropical desert/scrub 7.2 140.3 1.02 20.7 0.15 (15)
12 Tropical dry forest 10.8 274.3 2.97 41.8 0.45 (15)
13 Tropical moist forest 4.5 274.3 1.24 41.6 0.19 (15)
Total Mean Total Mean Total
130.5 190.1 24.8 42.8 5.58 (23)

@ Although not a AHLZ class, large contiguous areas of high crop coverage (> 50%) overlap with AHLZ classes 4, 5, 6, and 8 in central North America and central western Asia, and

AHLZ classes 5,9, 10 and 12 in India. Similarly, large grassland areas (coverage > 50%) are found within AHLZ classes 4, 5, 8, 9 and 10 in North and South America, classes 2, 3,

4 and 5 in central and eastern Asia, and classes 8, 9, 11 and 12 in Africa and Australia. Data on global crop and grassland coverage was taken from the 5 resolution HYDE dataset

for 1990 (History Database of the Global Environment, 2009).
b With concentration effect included (Sect. 5.1).

Dyoil shows a strong anti-correlation in this instance. The
tendency for J to decrease with decreasing rspy is also seen
quite clearly in Figs. 6b and e. This emphasizes once again
the prevailing influence of rgy in the SH, paralleling that of
rr in the NH. In general, the pattern of A D1, which largely
complements that of Argy (as expected, since increasing soil
moisture leads to decreased air-filled porosity), appears to
be of secondary importance. One exception is from May—
September at 30-40° S, where a persistent decrease in Dgoj|
causes AJ <0, even in the presence of increased rsy. But
aside from this, Dyei has a discernable effect on AJ only
when reinforced by an associated change in r7. An example
of this occurs in January—February at 50° S (southern Chile,
where the largest A Dy, occurs globally), where a large de-
crease in Dyoj coupled with a slight decrease in r7 leads to a
local minimum in AJ.

5.3 Change in uptake by ecosystem type

Analysis of the geographical distribution of methane con-
sumption under meteorological forcing in Paper I revealed
that subtropical and dry tropical ecosystems account for over
half of the present-day uptake. I now examine how the dis-
tribution of uptake over ecosystem type (as represented by
aggregated Holdridge life zone; see Paper I) is altered by
climate change, assuming a static distribution of ecosystem
types. While the latter supposition is likely invalid under
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strong climate forcing, this approach does permit a straight-
forward accounting of changes to uptake in specific geo-
graphical regions.

Table 2 shows that, with the exception of tropical and sub-
tropical deserts, where AJ is considerably lower than the
values seen elsewhere, the change in areal uptake lies in
the narrow range of 42-55mgCHsm™2y~! across ecosys-
tem types. However, the relative increase in uptake is up
to three times larger in polar, boreal and cool temperate re-
gions than in the subtropics and tropics. This is consistent
with the results of Sect. 5.1 and Fig. 3b in particular, which
shows large relative increases in flux only in the NH extra-
tropics. Subtropical forests, which had the largest areal and
total CH4 consumption in Paper I, also undergo the largest
total increase in future. But the largest areal increase occurs
in boreal forest ecosystems, resulting in a total uptake change
that is almost as large as for subtropical forests.

5.4 Further simulations

Using the same model configuration, I also investigated the
behaviour of the soil methane sink under differing surface
GHG concentration forcings, specifically for preindustrial
and other future concentration scenarios. Table 3 compares
the global mean uptake results for the A1B scenario in 2100
with the A2 and B1 scenarios, and also with a simulation
using preindustrial (circa 1850) GHG concentrations. Recall
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Table 3. Annual, global mean CHy uptake and change (difference from present day) in various quantities under specified forcing scenarios.

Scenario, epoch J2 AJY  ADwi  Arr Argm
TgCH,y~! % % % %
Present, 1994 ¢ 24.8 ... ... ... ...
Pre—ind., 18504 10.2 —4.8 -2.8 —-6.6 —1.5
B1, 2100°¢ 23.7 +4.4 +2.0 +37 419
A1B, 2100 f 30.4 +17.5 +5.1 +6.4 +3.0
A2,21008 56.6 +11.3 4100 475 +44

4 With concentration effect included (Sect. 5.1).
b With concentration effect removed (Sect. 5.1).

¢ Using concentrations CH4=1720 ppbv, CO»=358 ppmv, N, O=311 ppbv, CFC-11=266 pptv, CFC-12=522 pptv.

d Using historical (circa 1850) concentrations of CH4=792 ppbv, CO,=288 ppmv, N,0=275.5 ppbv, CFC-11=CFC-12=0.
¢ Using concentrations CH4=1569 ppbv, CO,=540 ppmv, N, O=375 ppbv, CFC-11=45 pptv, CFC-12=222 pptv.

f Scenario discussed in detail in Sect. 5 and 6, using concentrations CH4=1974 ppbv, CO»=717 ppmv, N»O=372 ppbv,

CFC-11=45 pptv, CFC-12=222 pptv.

& Using concentrations CH4=3731 ppbv, CO,=836 ppmv, N, 0=447 ppbv, CFC-11=45 pptv, CFC-12=222 pptv.

that most of the variation in J between scenarios (column 2
of Table 3) arises from differences in CH4 concentration at
various epochs. For example, the preindustrial and A2 sce-
nario CH4 concentrations differ by a factor of 4.7, while the
ratio of their respective J values is 5.5. To gauge the ef-
fect of climate change alone on CH4 consumption, column 3
of Table 3 shows AJ with the concentration effect removed.
The global mean uptake change based on the future scenarios
ranges from +4 to 11%. As might be expected, the global
mean AJ scales roughly with the corresponding tempera-
ture change, with AJ <0 in the preindustrial simulation. The
preindustrial uptake is 5% below the present day value. The
most scenario-dependent of the primary factors appears to be
Arr, except in the A2 scenario, where the relative increase
in A Dy is larger, possibly due to more evaporation at high
latitudes than in the other scenarios.

6 Discussion and conclusions

R99 approximated the effect of climate change upon methane
uptake in their offline model by calculating the total CHy
uptake under a globally uniform T, increase. When the
authors fixed the model soil moisture at present-day values,
they found that following a small increase from A T0;=0 to
1.5°, J decreased at higher AT; due to the frequent excee-
dence of the r7 maximum in the tropics (Sect. 5.1.1). This
led R99 to conclude that the effect of temperature increase
alone (of magnitude >1.5°) is to decrease total methane up-
take. In a second calculation, R99 allowed the soil moisture
(but not precipitation) to vary according to their hydrological
model response to AT41. In this case, decreasing soil mois-
ture from rising temperatures and higher evaporation rates in-
creased diffusivity overall, causing J to increase by 9% glob-
ally at AT0;;=5° C. The role of rgy in this experiment is not

www.biogeosciences.net/6/2355/2009/

clear; presuming it was allowed to vary with soil moisture,
this means that J would have increased further had rgv=1.
However, the neglect of precipitation changes in the second
experiment probably overestimated Dy in the extratropics,
likely leading to an overestimated A J there (e.g., see Fig. 5).

In the present study, a more complex interplay of the in-
fluence of temperature, soil moisture, and moisture stress on
methane uptake has emerged. The model develops a non-
uniform pattern of both soil temperature and precipitation
change from present-day to 2100, which results in the com-
plex pattern of AJ displayed in Fig. 3. Remarkably, how-
ever, the global mean value of AJ=47.5% agrees closely
with R99’s second estimate, especially when the lower global
mean ATg,;=3.5°C is considered (the corresponding R99
value at the same ATy is +7.6%). But as Fig. 5 shows,
R99’s assessment of the role of the sensitivity of J to sepa-
rate changes in Toi and Dy;) is too simplistic.

In our experiments, the increase of T, in the tropics does
lead to lower r7, and thus decreased J over the range 10° S—
15°N, but the change is much smaller than the increases
seen at higher latitudes (Fig. 5). The small tropical Arr
is likely due to the combined effect of lower than average
ATi1~23.0°C and decreasing precipitation over land at these
latitudes. By neglecting A Dyoj and Arsy in Eq. (3), one can
approximate the effect of fixed soil moisture on our results.
The resulting global mean relative change in J due to Arr
alone is ~+2%, or about one-quarter of the total change in J,
not a decrease in J as predicted by R99.

It is also apparent from our results that, even when diffu-
sivity decreases, J can increase due to increased soil temper-
ature and favourable gy in the extratropics (e.g., over east-
ern Asia in Fig. 4). The annual mean diffusivity increases
over ~60% of land-only grid cells north of 45° N, while J
increases over 98% of the cells and Ty, increases globally.
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As discussed in Sect. 5.1.4, diffusivity is strongly controlled
by factors other than temperature, including precipitation,
porosity, and snow cover (Sect. 5.1 and Fig. 4d and e).

Interestingly, Table 3 shows that the global mean change
in the soil moisture stress factor rgy is small and of positive
sign in all scenarios and, moreover, is relatively insensitive
to scenario. This is somewhat surprising, given that rgy was
found to be the chief factor limiting uptake in Paper I. This
outcome is the result of offsetting changes north and south
of ~45°N in all of the simulations (Fig. 4b; note that land
north of 45° N comprises 36% of the global land area, omit-
ting Greenland and Antarctica). Many qualitative predictions
of soil water availability in a warmer climate seem to have
overlooked the possibility of increasing rsy at high northern
latitudes due to increased snowmelt and/or snowfall, as seen
in the simulations presented here. Even in the A2 scenario,
where the annual mean surface air temperature change north
of 45° N is +7.1°C by 2100, rsy still increases by 4.4%.

While this work is a first attempt at calculating the change
in methane uptake at the global scale, the influence of sev-
eral factors has been neglected. Among these are: 1) an-
thropogenic land-use change, which leads to changes in the
cultivation fraction ry with time (Ojima et al., 1993); 2) the
evolution of natural wetlands, which leads to a changing pat-
tern of ry; 3) changes in the spatial distribution of ecosystem
types, which requires a dynamic vegetation model; and 4) the
effect of changes in soil type and physical characteristics at
centennial time scales, which a prescribed global soil texture
dataset, such as that used here, cannot capture.

However, the most evident limitation of the present ap-
proach is its neglect of methanogenesis, as the method ap-
plies only to unsaturated surface soils where aerobic pro-
cesses dominate over anaerobic ones. Although wetlands
cover only around 5% of the Earth’s ice-free land surface
(Prigent et al., 2009), they are responsible for a dispropor-
tionate fraction of global methane emissions (25-40% of the
annual total, according to a range of estimates; Denman et al.,
2007), and thus need to be included in any dynamic model of
the methane budget. A more complex soil thermal and hy-
drological scheme than that used here, including a dynamic
water table, is needed to capture the behaviour of key bio-
geochemical feedbacks, such as methane release to the at-
mosphere by northern wetlands and carbon sequestration in
peatlands under future warming. Progress is now being made
in this direction by other researchers (Zhuang et al., 2004;
Wania et al., 2009).

Another shortcoming of the present calculations, which is
readily remedied, is the adoption of a single uniform value
for the CH4 surface concentration. Current observations in-
dicate a significant north-south gradient in surface CH4, of
order 140 ppbv or 8% of the global mean value (Climate
Monitoring and Diagnostics Laboratory, 2001). Since both
CH4 concentrations and land area are largest in the NH, us-
ing a more realistic surface concentration distribution should
lead to an even larger north/south imbalance in the methane
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sink than already seen (approximately 60/40, according to
Paper 1), and a slightly larger global uptake. Furthermore,
the parameterization of methane consumption utilized in this
paper can be combined with a simplified atmospheric CHy
chemistry scheme, already tested in AGCM3 (Curry et al.,
2006), to enable completely prognostic methane sinks in a
coupled GCM. For a prescribed surface CH4 concentration
field, running the model to equilibrium would then deter-
mine the relative contributions of the atmosphere and soil
to the total CHy4 sink. Alternatively, if instead the surface
source distribution of CHy emissions (~60% of which are
anthropogenic) were prescribed, this would allow the deter-
mination of the 3-D methane concentration field. The latter
approach would then be suitable for use in transient climate
simulations, e.g., along the lines of the C*MIP-type exper-
iments conducted with carbon cycle GCMs (Friedlingstein
et al., 2006).

In the meantime, the estimates of the present paper give
some notion of what to expect for the soil sink portion of
the methane budget under the anticipated GHG increases in
future decades. In particular, this work has clearly identi-
fied the relative roles of the key contributing factors to soil
methane consumption in the majority of climatic zones and
biomes.
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