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[1] Recent measurements of the apparent kinetic isotope effect (KIE) of the methane
(CH4) atmospheric sink in the extratropical Southern Hemisphere (ETSH) have shown the
apparent KIE to be larger in magnitude than expected if the sink were the hydroxyl radical
(OH.) alone. We present results from simulations using the U.K. Met Office’s Unified
Model (UM) to evaluate whether atomic chlorine (Cl.) in the marine boundary layer
(MBL) could give this effect. We modify the UM to include sources of 12CH4 and

13CH4,
soil and stratospheric sinks, and a tropospheric OH. sink. Also included is a Cl. sink in the
MBL with a large seasonal cycle and a constant mean value (Cl.mean) in latitude. We show
that analysis of the simulated seasonal cycles in CH4 mixing ratio and d13C give an
accurate estimate of the OH. KIE at ETSH midlatitudes. The apparent KIE of the
combined OH. and Cl. sink increases in magnitude as Cl.mean increases. The
experimentally measured values of apparent KIE in the ETSH midlatitudes of �15%
in 1994–1996 and �7% in 1998–2000 are attained with MBL Cl.mean values of
28 � 103 atoms cm�3 and 9�103 atoms cm�3, respectively (although we consider the
latter to be a lower bound). We suggest that 18�103 atoms cm�3 is a reasonable midrange
estimate of Cl.mean in the MBL. This value results in a Cl. sink strength of 25 Tg y�1

(range 13–37 Tg y�1) and an enrichment in d13C of atmospheric CH4 by 2.6% (range
1.4–3.8%). This sink strength is significant but has not yet been included in global CH4

budgets.
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1. Introduction

[2] The mean mixing ratio of methane (CH4) in the
atmosphere has more than doubled over the last 150 years
and on average has grown by nearly 1% per year over the
last 40 years [e.g., Etheridge et al., 1998]. This growth rate
has slowed over the last 20 years to less than 0.5% per year,
and was approximately zero from 1999 through 2002
[Dlugokencky et al., 2003]. At present these changes are
not fully understood because of uncertainties in the size,
spatial distribution, and trends of CH4 sources and sinks.
Uncertainties in the source strengths can be reduced by
measuring the stable carbon isotopic (13C) composition of
atmospheric CH4 since CH4 source types can be distin-
guished by their characteristic isotope signatures [e.g.,
Bergamaschi et al., 2001].

[3] Allan et al. [2001a] used the offline transport model
TM2 [Heimann, 1995] to assess the effects of CH4 sinks in
the extratropical Southern Hemisphere (ETSH; south of
23.5�S). For CH4, the 13C/12C ratio is reported through
the d13C ratio defined by

d13C � 13CH4

� �
= 12CH4

� �
� R0

� �
=R0;

�
ð1Þ

where R0 = (13C/12C)PDB has an accepted value of
0.0112372 for the isotope standard, peedee belemnite
(PDB) [Craig, 1957] and d13C is scaled by a factor of
1000, being reported as per mil ‘‘%.’’ Allan et al. [2001a]
showed that when the change in d13C(CH4) is plotted versus
the relative change in mixing ratio (abbreviated from now
on to MR) measured in the ETSH over a seasonal cycle, an
ellipse-like figure (a ‘‘phase ellipse’’) is obtained. They also
showed that the shape of the phase ellipse is modified by
source effects, but that the slope of the ellipse major axis
appeared to be a robust measure of the kinetic isotope effect
(KIE) e of the oxidation process removing CH4 from the
ETSH lower troposphere. Here e = (k13/k12) � 1, where k13
and k12 are the respective rate constants for 13C and 12C
removal by the oxidation process. Note that from now on
13C and d13C will refer to the carbon in CH4.
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[4] Allan et al. [2001a] modeled this process using the
hydroxyl radical OH. as the sole oxidant. They found that e
derived from the simulated phase ellipse major axis slope
was consistent with the value of eOH supplied as input to the
TM2 model. However, comparison with measurements in
New Zealand and Antarctica showed that e derived from
observed ellipses was significantly larger in magnitude than
expected for OH. oxidation alone (�3.9 % [Saueressig et
al., 2001]), with a value of about �13 %. We refer to this
observed e as eA, the ‘‘apparent KIE,’’ and e due to OH.

alone as eOH. Allan et al. [2001b] used a simple chemical
box model to demonstrate that a plausible seasonal cycle of
chlorine radicals (Cl.) in the marine boundary layer (MBL)
acting together with the expected OH. seasonal cycle could
potentially account for the magnitude of eA.
[5] Allan et al. [2005] fitted sinusoids by nonlinear least

squares to both the MR and d13C time series between 1991
and 2003 at the observing sites Scott Base, Antarctica
(78�S, 167�E), and Baring Head, New Zealand (41�S,
175�E). They found that eA was generally much larger in
magnitude than eOH. In 1994–1996 the apparent KIE was
about �15 %, and in 1998–2000 about �7 %. Using a
modified version of the simple box model of Allan et al.
[2001b], they estimated that in an isolated MBL the
amplitudes of the Cl. concentration seasonal cycle required
to give the observed effects would be 104 atoms cm�3 in
1994–1996 and 3 � 103 atoms cm�3 in 1998–2000. If the
measured enrichment of 13C in CH4 extends throughout the
free troposphere, the seasonal cycle amplitude of Cl.

required in the MBL would be about 6� 104 Cl. atoms cm�3

in 1994–1996, and about 2 � 104 Cl. atoms cm�3 in
1998–2000. These latter values were based on approxi-
mate estimates derived by Platt et al. [2004] of the
enhancement of Cl. required in the MBL to account for
mixing of 13C-enriched air into the free troposphere. Note
that if the 1994–1996 value is taken as an extreme, the
seasonal mean Cl. concentration in 1994–1996 would have
been about 3� 104 Cl. atoms cm�3. Since the technique can
only estimate the magnitude of the seasonal cycle, it is quite
possible that the seasonal mean Cl. concentration in 1998–
2000 was not significantly changed, but the seasonal cycle
was reduced by some mechanism at present unknown.
[6] In the present work, we employ a much more realistic

global circulation model to determine the effects of Cl. in
the model MBL on the MR and d13C of CH4 introduced into
the model atmosphere by plausible CH4 sources and sinks.
We show that the simulated seasonal cycles of MR and d13C
are realistic, and from these we infer values for the apparent
KIE in a range of scenarios including different levels of Cl.

in the MBL. We then determine the Cl. concentrations
required in the MBL to produce the apparent KIE values
observed at ETSH sites by Allan et al. [2005]. From these
we estimate the likely size of the global Cl. sink for CH4

required to give the observed apparent KIE values.

2. Model Description

[7] We use a modification of the U.K. Met Office’s
Unified Model (UM) [Cullen and Davies, 1991], a general
circulation model employed for weather forecasting and
climate prediction in the U.K. and elsewhere, which we will
refer to as UMeth (Unified Model with Methane). UMeth

includes the surface emission, atmospheric transport and in
situ destruction of CH4. We use version 4.5 of the UM,
which assumes a hydrostatic atmosphere. The model was
configured with a horizontal resolution of 2.5� (latitude) and
3.75� (longitude), with 19 vertical levels [Pole et al., 2000].
Table 1 shows the mean pressures and approximate altitudes
of the first 5 levels, which encompass the important MBL
region. The UM includes a parameterization of turbulent
boundary layer mixing of tracers that is based on a first-
order turbulent closure approximation. The amount of
mixing depends on the local wind shear and atmospheric
stability and therefore is greatest in the tropics. Simple
idealized tests indicate that the turbulent boundary layer
mixing timescales are of the order of two hours or less and
vary by a factor of two from the poles to the equator.
Turnover between the MBL and the free troposphere occurs
on a timescale of several days.
[8] The transport of long-lived atmospheric trace gases

in the UM was studied by Gregory and West [2002]. They
showed that the default flux-limited total-variation-
diminishing (TVD) tracer advection scheme used in the UM
gave unrealistic ‘‘stratospheric tape recorder’’ effects. They
also evaluated the performance of advection schemes based
on the NIRVANA (Nonoscillatory Integrally Reconstructed
Volume-Averaged Numerical Advection) scheme of
Leonard et al. [1995]. They found that use of an extended
NIRVANA scheme with monotonic quintic interpolation
significantly improved the UM’s advection of water vapor
in the stratosphere and its tape recorder properties. We
evaluated the TVD scheme and Gregory and West’s [2002]
extended NIRVANA scheme in the UM configuration used in
the present work (H. Struthers et al., A comparison of the
transport of long-lived atmospheric trace gas species from
two advection schemes incorporated into an atmospheric
general circulation model, submitted to Tellus, 2006). The
resulting vertical distributions of both CH4 and d13C in the
stratosphere were much more realistic using the extended
NIRVANA scheme than using the standard TVD scheme.We
therefore apply the extended NIRVANA scheme in UMeth to
transport the two methane isotopic species (12CH4 and
13CH4), which are chemically destroyed via reaction
with an OH. climatology based on Houweling et al. [1998].
This climatology gives a global mean tropospheric OH.

concentration of 1.08 � 106 molecules cm�3, similar to the
value 1.16 � 106 molecules cm�3 derived by Spivakovsky et
al. [2000].
[9] We include surface CH4 sources, the above OH.

climatology, the 30 Tg y�1 integrated stratospheric
sink, and the 38 Tg y�1 soil sink from the International
Geosphere-Biosphere Program Global Atmospheric
Methane Synthesis scenario (GAMeS) (S. Houweling,
personal communication, 2001). The source strengths and
d13C values are shown in Table 2. OH. concentrations are
interpolated in time from the monthly GAMeS climatology.
CH4 is oxidized by OH. at each time step of the model.
The reaction rate constant for the CH4 oxidation is taken
from Sander et al. [2003]:

k ¼ 2:45� 10�12 expð�1775=TÞ ð2Þ

where T is absolute temperature and k is in units of
cm3 molecule�1 s�1.
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[10] Although the GAMeS scenario is not optimized for
estimated 2006 CH4 emissions, it is a convenient resource
for our application of the UM, in which we do not ‘‘nudge’’
toward the dynamics of any specific real year and therefore
do not need the most recent CH4 budgets. The CH4 sources
(biomass burning, rice cultivation, termites, bogs, swamps,
coal, oil, gas, animals and landfills) are specified inkgm�2 s�1

at each horizontal grid point of the model, as is a soil sink
specified as a negative source in kg m�2 s�1. The biomass
burning, rice, bogs, and swamps sources and the soil sink
vary on a monthly basis, with the same annual cycle of
sources being repeated each year of the model integration.
The other sources are constant. The total annual CH4 source
is 580 Tg y�1. The constant d13C values for the sources are
assigned as specified in the GAMeS scenario, with a
weighted mean source d13C of �51.5 %. The OH. KIE is
taken to be eOH = �3.9 %. [Saueressig et al., 2001].
[11] UMeth was initialized using equilibrated 12CH4 and

13CH4 fields from a previous version of the model. For all
the experiments discussed in this paper, the model was run
for 40 years allowing achievement of a steady state where
the sources and sinks of CH4 are balanced apart from small
seasonal variations (see Figure 2).
[12] We drove UMeth with the composite 4-year El Niño

and La Niña sea surface temperature (SST) cycle developed
by Spencer et al. [2004]. Spencer and Slingo [2003] showed
that the UM’s atmospheric response to a composite of
5 El Niño and 5 La Niña events compares well with
National Centers for Environmental Prediction/National
Center for Atmospheric Research reanalysis data, particu-
larly in the tropics. Allan et al. [2005] demonstrated using
an earlier version of UMeth with a single atmospheric CH4

sink (OH.) that the large magnitudes of apparent KIE values
measured at Baring Head and Scott Base are very unlikely
to arise from El Niño Southern Oscillation (ENSO) trans-
port effects.
[13] The temporal and spatial variations of Cl. in the

MBL are essentially unknown. However, by applying a
simple scenario of specified Cl. atom concentrations in the
MBL of UMeth, we can gain insight into the effects of
temporal and spatial variations of the MBL Cl. sink. The
structure shown in Figure 1 is derived from the function

Cl� ¼ Cl�mean þ Cl�P tanh 3lð Þ sin 2p t � 90ð Þ=365ð Þ; ð3Þ

where time t is in days and l is latitude in radians. Since the
evolution of Cl. in the MBL appears to be a photolytic

process [e.g., Allan et al., 2005], the time dependence
assumes a sinusoidal seasonal cycle with a maximum at
1 January in the Southern Hemisphere, close to the summer
solstice (and a minimum in the Northern Hemisphere at the
same time). The tanh(3l) term makes the Cl. seasonal cycle
amplitude decrease slowly toward the equator outside the
tropics, and then change rapidly through zero as the equator
is traversed. This behavior represents the seasonal change of
solar illumination at each latitude, and is chosen to give
midwinter Cl. concentrations of a few hundred atoms cm�3

at latitude 40� S, consistent with recent simulations (R. von
Glasow, personal communication, 2006). The adjustable
constants Cl.mean and Cl.P are respectively the seasonal mean
and the seasonal sinusoid amplitude at the poles. Note that
Cl.mean is constant everywhere, and the full second term in
(3) represents the latitudinal variation of the seasonal cycle.
In Figure 1, Cl.mean = Cl.P = 104 atoms cm�3. Function (3) is
applied only at MBL grid cells containing open ocean
surface, with land and sea ice areas excluded. It is also
applied only at grid cells below 900 m altitude,
representing the region in which the MBL typically occurs
in UMeth. Note that we do not include diurnal variations
of Cl.. Also, the trough-to-peak amplitude, DCl., of the
Cl. seasonal cycle [Allan et al., 2005] is given here by
DCl. = 2 Cl.P jtanh(3l)j.
[14] The constant value with latitude for Cl.mean was

chosen as the simplest case. It is possible, for example, that
Cl.mean increases from the poles to the equator, although
there is no observational evidence for this at present. This
would not significantly affect the eA values derived in this
work, but would mean that the global Cl. sink for CH4

would be larger than we obtain in section 4. It is also
possible that winter minimum values of Cl. in the extra-
tropical regions are larger than the few hundred atoms cm�3

that we assume. Again, this would not affect our derived eA
values, but would lead to a larger global Cl. sink. Thus our
choice of constant Cl.mean may well be conservative in
terms of deriving the magnitude of the global Cl. sink for
CH4.
[15] We have assumed in the above that the evolution of

Cl. in the MBL is related to heterogeneous chemistry
probably involving the oxidation of dimethylsulfide (DMS)
and the subsequent acidification of sea salt droplets, as

Table 1. MBL Model Level Pressures and Altitudes Calculated

Using Averaged Surface Pressure, Surface Temperature, and

Atmospheric Temperatures Over the Last 16 Years of the Model

Runa

Model Level Nominal Pressure, hPa Nominal Altitude, m

1 1007.43 25
2 985.16 214
3 940.15 604
4 878.93 1162
5 800.47 1927

aThe values are global means (latitudinal weighting) of all open ocean
grid points. Levels 4 and 5 may often be in the free troposphere.

Table 2. Source Strengths and d13C Values From the GAMeS

Scenario

Source
Source Strength,

Tg yr�1 d13C, %
Monthly
Varying

Animals 98.0 �62.0 no
Biomass burning 49.4 �25.0 yes
Bogs 40.3 �64.3 yes
Coal 41.7 �35.2 no
Gas 48.0 �40.2 no
Landfills 47.7 �51.1 no
Oil 34.5 �40.1 no
Rice cultivation 80.0 �62.7 yes
Swamps 121.7 �54.8 yes
Termites 19.3 �57.0 no
Soil sink �37.9 �69.0 yes
Total emissions
excluding soil sink

580.6
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discussed by Allan et al. [2001b, 2005] following Vogt et al.
[1996]. The details of this are very complex, and we are
currently attempting to clarify the process using a model of
heterogeneous chemistry in the MBL (R. von Glasow,
personal communication, 2006).
[16] Oxidation of CH4 by Cl. within the model is treated

in an analogous manner to oxidation by OH.. The rate
constant for the CH4 + Cl. reaction is [Sander et al., 2003]

k ¼ 9:6� 10�12 expð�1360=TÞ: ð4Þ

where again T is absolute temperature and k is in units of
cm3 molecule�1 s�1.
[17] The temperature dependence of the KIE for this

reaction [Saueressig et al., 1995] is included as

KIECl ¼ 1:043 expð6:455=TÞ: ð5Þ

This gives a KIE of between 1.065 and 1.068 for typical
temperatures within the MBL.

3. Simulation Results

[18] We ran UMeth for a number of 4-year ENSO cycles
with a range of values of Cl.mean, applying Cl.P = Cl.mean in
each case. The range was Cl.mean = {0, 1, 3, 6, 10, 14, 18,
22, 26, 30} � 103 atoms cm�3. The results for globally
integrated atmospheric quantities are given in Figure 2.
Figure 2a shows the sum of the integrated 12CH4 and

13CH4 masses for all runs, while Figure 2b shows the
corresponding d13C derived using (1) from the integrated
12CH4 and 13CH4 masses. All runs have reached approxi-
mate steady state as measured by constant mean CH4 mass
and d13C over the last few ENSO cycles. As expected, the
global CH4 mass decreases as Cl.mean increases, and d13C
becomes more positive as Cl.mean increases. The 4-year
ENSO cycles are apparent in Figure 2a as modulations of
the seasonal cycle amplitudes over consecutive 4-year
periods. They are not seen in Figure 2b as the ratio in
(1) eliminates them. The seasonal cycle amplitudes in
Figure 2b increase significantly as Cl.mean increases from
0 to 30 � 103 atoms cm�3. Quantitative results from these
global values will be discussed in section 4. However, in
section 3.1 we consider the results for Cl.mean = 0 in detail as
a baseline for comparison with the results for nonzero
Cl.mean described in section 3.2.

3.1. Excluding Cl. Sink

[19] In Figure 2a for Cl.mean = 0, the final atmospheric
CH4 burden, averaged over the last 8 years of the integra-
tion, is 4965 Tg. From this we infer the tropospheric CH4

turnover time against OH loss to be 9.6 years, with a whole
atmosphere turnover time of 8.5 years. Both are consistent
with Intergovernmental Panel on Climate Change estimates
[Prather et al., 2001].
[20] We applied the sinusoidal least squares fitting

approach described in section 1 to the MR and d13C UMeth
output for each of the final 8 years of the simulation

Figure 1. Functional form of assumed Cl. sink structure in latitude and time. The function shown has
constant Cl.mean = 104 atoms cm�3. It is applied only where there is open ocean.
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(covering 2 ENSO cycles) at the cell containing the Baring
Head site. Figures 3a and 3c show the results of this fitting
process for Year 2 of the final 8 years. Table 3 shows the
estimates we obtained of the apparent KIE, eA, where the
errors are uncertainties in the least squares fits. There is no
significant difference between these estimates, and no
significant dependence on the ENSO cycle. Because of this
lack of ENSO dependence, we are able to treat the eA values
from each year as independent estimates. We then combine
the 8 values weighted by the individual uncertainties of
the least squares fits into an overall mean that we quote
with a 2s uncertainty. The overall weighted mean is
�3.85 ± 0.08 % (2s), which is a good estimate of the
input KIE eOH = �3.9 %. All 8-year means from now on
follow this procedure.
[21] These results show that (1) the KIE for a single

atmospheric sink can be derived using the MR/d13C tech-
nique from a completely different transport model to the
TM2 offline model and (2) changing transport effects during
the composite ENSO cycle do not significantly affect the
derived KIE. However, we note that the corresponding
results for Scott Base are slightly different. Figures 4a
and 4c show that the UMeth output at Scott Base has less
variability than at Baring Head, a property also noted for the
TM2 model by Allan et al. [2001a]. The overall weighted
mean of the final 8 years at Scott Base is �4.23 ± 0.04 %
(2s). We show in section 3.2 that there is a systematic
difference between eA derived at Baring Head and Scott
Base. This difference for Cl.mean = 0 is still very small

compared with the difference between eOH = �3.9 % and
the measured eA at these stations.
[22] We are therefore confident that the measured varia-

tions of the apparent KIE shown in Figure 4 of Allan et al.
[2005] do not arise from spurious variations in the apparent
KIE for the OH. sink, and so most likely relate to a CH4

sink mechanism additional to OH..

3.2. Including Cl. Sink

[23] We now hypothesize that the additional sink
mechanism is provided by significant amounts of Cl. in
the MBL, and we attempt in section 4 to estimate the
MBL concentration of Cl. required to match observational
estimates of eA.
[24] Figures 3b and 3d show the MR and d13C cycles for

Year 2 of the final 8 years with Cl.mean = 22� 103 atoms cm�3.
The MR cycle amplitude is only slightly increased from that
in Figure 3a for Cl.mean = 0, but the d13C cycle amplitude in
Figure 3d is much larger than that in Figure 3c. The fitted
sinusoidal amplitudes give eA = �13.06 ± 0.35 % when
Cl.mean = 22 � 103 atoms cm�3. This shows that a
significant concentration of Cl. in the MBL is able to
reproduce apparent KIE values consistent with those
derived from observations at the same position. The
corresponding UMeth results for Scott Base are shown in
Figures 4b and 4d. These give eA = �13.96 ± 0.24%, again
a small systematic difference from the Baring Head value.
[25] We now combine eA values for the final 8 years of

each Cl. simulation into weighted means as discussed in
section 3.1. The results are shown in Figure 5a for Baring
Head and Scott Base, the ‘‘error’’ bars representing 2s
uncertainties. A consistent increase in the magnitude of eA
with Cl.mean can be seen, with Scott Base values systemat-
ically about 10% larger in magnitude than Baring Head
values. Figure 5b shows corresponding weighted means of
the phase differences D8 between the MR and d13C fitted
sinusoids. Again there is a systematic difference between
Baring Head and Scott Base, but both tend asymptotically to
p as Cl.mean increases. The significance of this is discussed
in section 4.

4. Discussion

[26] In Figures 3 and 4 there is noticeable variability from
day to day in the UMeth output. This is possibly a result of
small-scale transport effects bringing incompletely mixed
air to the local grid cell. The smaller variability at Scott
Base compared with Baring Head could be interpreted as
resulting from smaller spatial gradients in 12CH4 and

13CH4

near Antarctica. However, both at Baring Head and Scott
Base, there is larger variability in the 3months after 1 January
for the d13C cycles when Cl.mean = 22 � 103 atoms cm�3.
This is generally the case when Cl.mean is nonzero. One
interpretation could be that the existence of Cl. in the MBL
produces 13CH4 enriched air that is intermittently released
from the MBL at different times and positions, and is then
carried to the local grid cell. Further work is required to test
these suggestions.
[27] The d13C cycle at Scott Base in Figure 4d is slightly

distorted compared with that at Baring Head in Figure 3d.
This could lead to a slight overestimate of the d13C cycle
amplitude near Antarctica, and could possibly explain the

Figure 2. (a) Integrated global CH4 mass for the range of
UMeth simulations carried out. The curves are labeled with
the appropriate value of Cl.mean in units of 103 atoms cm�3.
(b) Corresponding curves for global d13C.
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systematic difference between the Scott Base and Baring
Head values in Figure 5a. We considered the possibility that
seasonal differences in cross tropopause transport over
Antarctica could create this difference by allowing enriched
stratospheric air to reach Antarctica at some times of the
year. To test this, we ran UMeth with the stratospheric sink
switched off, but found no significant effect on the d13C
cycles. This null result is supported by the fact that such
transport of enriched air should give the same absolute
difference between Scott Base and Baring Head for all the
points in Figure 5a, while there is actually a 10% relative
difference between the sites. Whichever way this difference
arises, we consider that the accurate value for eOH derived at
Baring Head suggests that the most reliable estimates of eA
for nonzero Cl.mean are likely to be obtained from seasonal
cycles simulated at ETSH midlatitudes. We therefore con-
sider only the Baring Head curve in Figure 5a from now on.
[28] The observational results presented by Allan et al.

[2005] suggest that eA was about �15 % in 1994–1996,
and about �7 % in 1998–2000. From Figure 5a, these
imply Cl.mean values of about 28 � 103 atoms cm�3 in
1994–1996 and about 9 � 103 atoms cm�3 in 1998–2000.
These values are very close to the corresponding values
suggested by Allan et al. [2005] using results from a simple
chemical box model of the MBL scaled by an effective
tropospheric height as described by Platt et al. [2004]. The
question then arises as to how the global (or at least
hemispheric) MBL Cl. concentration could change by such
a large factor over a few years. This would require either the

summer maximum Cl. concentration to decrease signifi-
cantly, or the winter minimum Cl. concentration to increase
significantly, or a combination of the two. Any such process
that reduces the Cl. seasonal cycle amplitude would give
the same observational result, as our method of determining
eA is sensitive only to that amplitude. The value of Cl.mean

would be different in each case, but at present we have no
way of determining this. Direct measurements of Cl.

seasonal cycles in the MBL would be required, or failing
that, the use of detailed MBL chemical process models.
Wingenter et al. [2005] reported an inferred morning
average Cl. concentration in the MBL near Christmas
Island (2�N, 157�W) of about 70 � 103 atoms cm�3.
This implies a 24-hour average concentration of at least
20–30 � 103 atoms cm�3, comparable with our estimated

Figure 3. UMeth output: daily means (grey asterisks) at Baring Head of the relative change in MR for
(a) Cl.mean = 0 and (b) Cl.mean = 22 � 103 atoms cm�3, for year 2 of the final 8 years. (c and d)
Corresponding d13C values. The solid curves are sinusoids fitted by nonlinear least squares.

Table 3. Apparent KIE Values at Baring Head for the Final 8

Years of the Simulation With Cl. Excludeda

Year Apparent KIE, % ENSO Phase

1 �3.84 ± 0.14 El Niño
2 �3.85 ± 0.10 El Niño
3 �3.69 ± 0.12 La Niña
4 �3.81 ± 0.12 La Niña
5 �4.08 ± 0.12 El Niño
6 �3.86 ± 0.12 El Niño
7 �3.81 ± 0.10 La Niña
8 �3.90 ± 0.15 La Niña
aThe errors are derived from the sinusoidal fits.
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Cl.mean value. Similar Cl. concentrations were inferred by
Wingenter et al. [1996] in the North Atlantic, east of
the Azores. In the following, we take the inferred value of
9 � 103 atoms cm�3 in 1998–2000 as a conservative lower
bound on the mean MBL Cl. concentration in that period.
[29] It is of interest to look at the global properties of the

MBL Cl. sink. The sink strength for our chosen spatial and
temporal sink structure can be obtained in a straightforward
manner from the rate equation for the total atmospheric CH4

burden B. The result is

SCl ¼ S0 1� BXþCl=BXð Þ½ �; ð6Þ

where SCl is the MBL Cl. sink strength, S0 is the total sink
strength (equal to the total source strength at steady state),
BX is the total atmospheric CH4 burden at steady state when
the Cl. sink is excluded, and BX+Cl is the corresponding
quantity when the Cl. sink is included. The required
values of B can be obtained from Figure 2a, and the
resulting Cl. sink strengths are shown versus Cl.mean by the
full line in Figure 6a. The implied Cl. sink strengths are
about 37 Tg y�1 in 1994–1996 and about 13 Tg y�1 in
1998–2000 for our conservative lower bound, with a mean
value of 25 Tg y�1. The global change in d13C engendered
by our range of Cl.mean values is shown by the dashed line in
Figure 6a. A Cl. sink strength of 25 ± 12 Tg y�1 would
imply a global enrichment of d13C by 2.6 ± 1.2%. Neither a
MBL Cl. sink of strength 25 ± 12 Tg y�1 nor the
corresponding 2.6 ± 1.2 % atmospheric enrichment have
yet been taken account of in global CH4 budgets. Note also
that this Cl. sink would lead to a 0.4 ± 0.2 year reduction in

CH4 turnover time unless it was compensated for by
reductions in other sinks.
[30] In this context, recent measurements [Keppler et al.,

2006] of a vegetation source of CH4 are of interest. Keppler
et al. [2006] estimated this vegetation source strength to be
62–236 Tg y�1, values that would require a large revision
of the current global methane budget. However, recent
studies have suggested that the actual vegetation emissions
may be much smaller than suggested by Keppler et al.
[2006]. For example, Ferretti et al. [2007] suggested from
comparisons with recent ice core measurements that the
vegetation source may only be 0–46 Tg y�1. Kirschbaum et
al. [2006] suggested a range of 10–60 Tg y�1 using
different assumptions to upscale Keppler et al.’s [2006]
measurements to a global vegetation source strength. If
these values prove to be correct, the vegetation CH4 source
may only be of the order of 30 Tg y�1. This is similar in
magnitude to our derived value for the MBL Cl. sink
strength. Therefore it may turn out that inclusion of
both the new vegetation source and Cl. sink in the
global methane budget would not change that budget in
gross terms, only in detail. However, recent work by
Houweling et al. [2006] used a model/data comparison to
estimate a plausible upper bound of 85 Tg y�1 for vegeta-
tion emissions.
[31] Keppler et al. [2006] estimated that the vegetation

CH4 source could have a d13C of about �50 %. This is
close to the generally quoted mean global source d13C, and
so the vegetation source would impact on the global 13C
budget only if it partly replaced sources with significantly
different d13C values, such as wetlands and rice sources

Figure 4. (a–d) As Figure 3 for Scott Base.
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[Houweling et al., 2006]. As discussed above, we estimate
our 25 Tg y�1 Cl. sink would enrich the global atmosphere
by 2.6 %. This sink should be included in global methane
budgets, as even a small sink strength has a relatively large
isotopic effect. Aspects of this are discussed in more detail
by Lassey et al. [2006]. Houweling et al. [2006] did not
consider the effect of a MBL Cl. sink in their estimate of the
vegetation source strength. There is clearly much work to be
done on clarifying the global methane budget.
[32] It should be carefully noted that the eAvalues given in

Figure 5a for nonzero Cl.mean are not the effective e values
for the combined tropospheric OH. + Cl. sink (eOH+Cl)
responsible for the global atmospheric enrichment
mentioned above. The value of eOH+Cl is given by the mean
of eOH and eCl weighted by the strengths of the individual
OH. and Cl. sinks. For example, when the MBL Cl. sink
strength is 25 Tg y�1, the tropospheric OH. sink strength is
488 Tg y�1. The weighted mean eOH+Cl is then �6.9 %,
much less than the eA value of �11.1 % for the 25 Tg y�1

Cl. sink. Applying equation (6) of Allan et al. [2001a] with
eOH+Cl = �6.9 %, the 25 Tg y�1 Cl. sink enriches the
atmosphere by 2.6 %, as found in the UMeth results. Thus
eA is the link between the Baring Head measurements and
the equivalent simulated results in UMeth that allows us to
determine the Cl. sink strength, but it is not a direct

measurement of eOH+Cl. The relationship between the global
eOH+Cl and eA at Baring Head is shown in Figure 6b.
[33] An interesting point is the change in D8 shown in

Figure 5b as Cl.mean increases. Allan et al. [2001a] showed
thatD8 increased as the biomass burning source in the TM2
model was increased. Therefore they interpreted changes in
D8 as being dominantly caused by changes in seasonally
varying sources. They included a specified OH. sink in their
model, as we have in UMeth. However, our ability to vary
the strength of the MBL Cl. sink shows that changes in D8
have more complex causes. Our interpretation of the vari-
ation in Figure 5b is that a local sink tries to pull D8 toward
the value p that would occur if the sink were completely
isolated from seasonal source effects. We infer that external
seasonal sources are imposing a significant phase shift away
from p in Figure 5b, but (for Cl.mean = 0) the local OH. sink
has already moved D8 toward p. As Cl.mean increases, the
total local sink effect begins to dominate, and D8 moves
very close to p. Therefore the closeness of D8 to p is a
measure of how dominant local sink effects are over
external seasonal source effects. The difference in D8
between Scott Base and Baring Head could be an effect
of the distortion of the d13C cycle at Scott Base discussed
earlier in this section, but it could also be a result of Scott
Base lying further away from seasonal source effects than
Baring Head.
[34] Note that Allan et al. [2001a] quoted a mean value of

2.53 radians for D8 observed at Baring Head over the
period 1993–1996. Taken at face value, this would seem to
imply a smaller value for Cl.mean than we deduce from the
corresponding seasonal cycle amplitude measurements.

Figure 6. (a) Global Cl. sink strength for CH4 (solid line)
and global d13C change (dashed line) versus Cl.mean.
(b) Global OH. + Cl. combined sink KIE versus simulated
apparent KIE inferred at Baring Head.

Figure 5. (a) Mean apparent KIE eA inferred from MR and
d13C seasonal cycles at Baring Head (solid line) and Scott
Base (dash-dotted line) versus Cl.mean. (b) Mean
phase difference Df between MR and d13C seasonal cycles
at Baring Head (solid line) and Scott Base (dash-dotted line).
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However, D8 is affected by the choice of magnitude and
time dependence of seasonally varying sources, seasonality
of cross-equatorial transport, and small differences in the
times of seasonal maxima of the OH. and Cl. sinks. Work is
in progress to quantify these effects on D8.
[35] A related point concerns the MR and d13C cycles

measured by Morimoto et al. [2006] at Ny Ålesund,
Svalbard (79� N, 12� E). If we were to assume that these
cycles arise from an atmospheric sink effect, a rough
estimate of the amplitudes of the measured cycles gives
an apparent eA value with average magnitude about 15 %.
When we examine the cell including Ny Ålesund in our
UMeth simulation with Cl.mean = 0, we find erratic MR and
d13C cycles with average apparent eA magnitudes of about
15 %. The true atmospheric sink eA in this simulation was
�3.9 %. Therefore the large apparent eA at Ny Ålesund in
both the measurements and the simulation must arise from
source effects. We therefore agree with Morimoto et al.
[2006] that their observations at Ny Ålesund are dominated
by source effects. It appears from our UMeth results that
ETSH midlatitudes are the regions where source effects are
minimized and eA can be determined most accurately.

5. Conclusions

[36] We have presented simulation results from UMeth, a
general circulation model incorporating CH4 emission,
transport, and destruction by sinks including a specified
Cl. sink in the MBL of the model. This sink has a structure
with large seasonal cycles in the extratropical regions, and a
constant mean value of Cl. concentration (Cl.mean) in the
MBL in regions of open ocean.
[37] For Cl.mean = 0, the results show that an accurate

value for eOH, the KIE due to the OH. sink, can be obtained
from the amplitudes of the MR and d13C seasonal cycles at
the Baring Head station in ETSH midlatitudes. The
corresponding value derived at Scott Base in Antarctica is
about 10% too large in magnitude, possibly because of
distortion of the d13C seasonal cycle there.
[38] For nonzero Cl.mean, there is a consistent increase in

the amplitudes of the d13C seasonal cycles as Cl.mean

increases, giving a corresponding increase in the apparent
KIE eA. The derived values of eA at Scott Base are
consistently about 10% larger than at Baring Head. Because
Baring Head gives an accurate estimate of eOH, we assume
that the simulated Baring Head values of eA also give good
estimates of the eA values associated with the composite
OH. +Cl. sink for comparison with the equivalent measure-
ments at the Baring Head site.
[39] Taken at face value, the results show that Cl.mean

concentrations of about 28 � 103 atoms cm�3 in 1994–
1996 and about 9 � 103 atoms cm�3 in 1998–2000 are
required to give the observed values of eA at Baring Head,
provided the seasonal structure of the Cl. sink remains the
same. A larger value of Cl.mean would be possible in 1998–
2000 if some unknown mechanism reduced the Cl. seasonal
cycle amplitude, perhaps by increasing the winter minimum
of Cl. concentration.
[40] The results therefore suggest that Cl.mean has a likely

value of 18 ± 9 � 103 atoms cm�3 in the MBL over open
ocean (where the uncertainty arises from the observed range
of eA). The resulting size of the global MBL Cl. sink is

25 ± 12 Tg y�1. This value would enrich 13C in atmospheric
CH4 by 2.6 ± 1.2 %, and would reduce the global CH4

turnover time by 0.4 ± 0.2 years if not compensated for by
reductions in other CH4 sink strengths or increases in source
strengths. This Cl. sink is significant, but has not yet been
included in global CH4 budgets.
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