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Abstract

Methane (CH4) variations on orbital timescales are often associated with variations
in wetland coverage, most notably in the summer monsoon areas of the Northern
Hemisphere. Here we test this assumption by simulating orbitally forced variations
in global wetland emissions, using a simple wetland distribution and CH4 emissions5

model that was coupled off-line to a climate model containing atmosphere, ocean and
vegetation components. The transient climate modeling simulation extends over the
last 650 000 yrs and includes variations in land-ice distribution and greenhouse gases.
Tropical temperature and global vegetation are found to be the dominant controls for
global CH4 emissions and thus atmospheric concentrations. The relative importance10

of wetland coverage, vegetation coverage, and emission temperatures depends on the
specific climatic zone (boreal, tropics and Indian/Asian monsoon area) and timescale
(precession, obliquity and glacial-interglacial timescales).

Simulated variations in emissions agree well with those in measured concentrations,
both in their time series and spectra. The simulated lags with respect to the orbital15

forcing also show close agreement with those found in measured data, both on the
precession and obliquity timescale. We only find covariance between monsoon pre-
cipitation and CH4 concentrations, however we find causal links between atmospheric
concentrations and tropical temperatures and global vegetation. The primary impor-
tance of these two factors explains the lags found in the CH4 record from ice cores.20

1 Introduction

As a greenhouse gas, methane (CH4) is a forcing factor for climate (Wang et al., 1996).
Vice versa, methane concentrations are also subjected to climate changes via changes
in natural CH4 production rate. The most important natural source of CH4 is anaerobic
decomposition of organic material in wetlands (Fung et al., 1991). Global wetland25

extent, together with more local factors influencing CH4 production and release such
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as temperature and vegetation (Gedney et al., 2004), is therefore key to understanding
variations in the atmospheric CH4 concentration in the period before anthropogenic
influences.

Variations in CH4 concentration have been substantial during the late Quaternary.
Spahni et al. (2005) found an increase in the Epica Dome C (EDC) ice core record of5

∼360 parts per billion by volume (ppbv) to ∼690 ppbv during the transition from Last
Glacial Maximum (LGM; 21 000 yrs before present) to the Early Holocene. Long-term
oscillations in the CH4 record have been linked to variations in insolation caused by
orbital forcing, particularly to the 23 000 yr (23-kyr) precession component (e.g. Rud-
diman and Raymo, 2003). Strong 41-kyr and 100-kyr components are apparent also10

in the record (Loulergue et al., 2008). These oscillations lag their respective forcing
considerably. Ruddiman and Raymo (2003) devised an age model for the Vostok ice
core by tuning the CH4 signal to low latitude mid-July insolation with no additional lag.
Their target curve, which is dominated by precession, effectively lags 21 June 65◦ N
insolation by ∼1.6 kyr. They also point out that the CH4 signal has the same delayed15

phase as northern ice sheets at the obliquity timescale.
The exact nature of the link between insolation and variations in past atmospheric

CH4 concentration is a much-debated topic (Schmidt et al., 2004). The most common
view on CH4 variations at orbital timescales is that Northern Hemisphere (NH) ex-
tratropical (boreal) emissions are mainly influenced by changes in temperature, while20

tropical emissions are governed by changes in precipitation, i.e. monsoon intensity
(Blunier et al., 1995). The land-sea temperature contrast that forces monsoon sys-
tems is sensitive to changes in insolation, in particular the 23-kyr cycle which therefore
greatly influences the strength of monsoon systems (Kutzbach et al., 2008).

Given that the bulk of emissions originates from the tropical zones with a modest con-25

tribution from the extra-tropical NH, and negligible Southern Hemisphere (SH) emission
(Walter et al., 2001; Prigent et al., 2007), it seems likely that changes in atmospheric
CH4 concentrations are primarily forced by changes in monsoon intensity (Chappellaz
et al., 1990). However, Crowley (1991) noted that past atmospheric CH4 concentrations
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compared just as favorably to reconstructed mid-latitude temperatures as they do to
simulated Asian monsoon intensity. Therefore, changes in boreal emissions may well
be the cause of the observed 23-kyr oscillation in atmospheric CH4.

Modeling studies have recently been performed to investigate global wetland area
and associated CH4 emissions during the LGM (Kaplan, 2002; Valdes et al., 2005;5

Kaplan et al., 2006; Weber et al., 2010), thus implicitly focusing on the effects particular
to a glacial termination Here we perform a 650 000 year transient modeling experiment,
with the aim to examine the climatic origin of orbital cycles in atmospheric methane.
Focus is on the precession and obliquity (41-kyr) cycles. Questions that we want to
address are whether the observed cycles in CH4 originate in the tropics, in the boreal10

zone and/or specifically in the Indian/Asian monsoon area; which climatic parameters
play an important role in each of these regions; and how we can interpret the lags that
have been found in the measured data with respect to the orbital forcing.

Wetland CH4 emissions over the last 650 000 years are derived from a transient
climate simulation with an atmosphere-vegetation-ocean model of intermediate com-15

plexity (CLIMBER-2). The climate model output is used to force an off-line model that
computes the global distributions of wetland area and CH4 emissions (TRENCH). Sec-
tion 2 describes the models used. In Sect. 3 we analyze simulated emissions and
examine the relative contribution to emission variations of the tropics, the boreal zone,
and the Indian/Asian (I/A) monsoon area. The influence of changes in temperature,20

vegetation and hydrological processes is analyzed for each of the three regions. In
section 4 we discuss the results, compare model output to observational data, and
draw conclusions.
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2 Models and methods

2.1 The climate model

As a basis for simulating CH4 emissions, the CLIMAte and BiosphERe model
(CLIMBER-2; Petoukhov et al., 2000) was used. This is a coupled atmosphere-ocean-
vegetation model of intermediate complexity that is suitable for long simulations due5

to its fast turnaround time. The model consists of a statistical-dynamical atmosphere,
which resolves the large-scale flow that arises due to spatial temperature gradients.
It parameterizes atmospheric transports due to synoptic-scale variations in a sophis-
ticated manner (Petoukhov et al., 2000), but it does not contain the weather events
themselves. The other components are a 3-basin zonally averaged ocean, including10

sea ice, and a terrestrial vegetation model VECODE (VEgetation COntinuous DEscrip-
tion; Brovkin et al., 1997). The latter computes the fraction of the potential vegetation
in a grid cell (i.e., grass, trees, and bare soil) as a function of the annual sum of positive
day-temperatures and the annual precipitation. The atmospheric model of CLIMBER-2
has a resolution of 10◦ in latitude and 51.43◦ in longitude.15

With CLIMBER-2 we performed a climate simulation for the interval 650 kyr BP to
present, using orbital forcing (Laskar, 2004). Time-varying NH ice sheets and green-
house gas concentrations (GHG) are prescribed. The volumes of the Laurentide and
the Eurasian ice sheet were obtained from a 3-D ice sheet model coupled to a model
of deep-ocean temperature (Bintanja et al., 2005). This model was forced by marine20

benthic oxygen isotopes (Lisiecki and Raymo, 2005) and was run in an inverse mode
resulting in timeseries of the Laurentide and Eurasian ice sheet volumes. These vol-
umes were translated into a surface area and height based on the ICE-5G distribution
for the LGM until present (Peltier, 2005), set on the spatial grid of CLIMBER-2. Sea
level effects due to changes in ice volume are not considered in this study. The in-25

creased capacity of continental flats falling dry for wetlands could partially compensate
for the loss of boreal wetland area due to ice cover (Weber et al., 2010). However, this
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effect is difficult to simulate within the CLIMBER-2 grid and it is likely a minor factor in
comparison to the main climate factors that are considered in this study.

GHG concentrations (CO2 and CH4) were derived from EPICA Dome C, with the
EDC-3 timescale (Lüthi et al., 2008; Loulergue et al., 2008). For the last 500 years we
used values from several sources (Robertson et al., 2001). The total greenhouse gas5

forcing is dominated by CO2. Therefore, the simulated climate is only determined by
the measured CH4 concentration variations to a very limited extent. The CLIMBER-2
simulation is described in detail by Weber and Tuenter (2011).

For the present purpose of estimating wetland CH4 emissions over orbital timescales
it is relevant to assess the model’s sensitivity to the different forcings involved. These10

include both internal forcing mechanisms, such as ice sheets and greenhouse gases,
as well as external orbital forcing. Compared to General Circulation Models (GCMs),
the main drawback of CLIMBER-2 is obviously its coarse resolution and associated
parameterizations of small-scale dynamical processes. CLIMBER-2 is however suc-
cessful in simulating cold climates like the LGM (Ganopolski et al., 1998a), showing a15

similar sensitivity and response pattern as comprehensive GCMs to the separate im-
pacts of large continental ice sheets and reduced greenhouse gases (Schneider von
Deimling et al., 2006). Also, the strength of the NH monsoon during an orbitally forced
period like the mid-Holocene lies within the range simulated by GCMs (Ganopolski et
al., 1998b; Braconnot et al., 2007). Leads and lags with respect to the orbital forcing20

were also found to be similar to those found in more complex models (Tuenter et al.,
2005; Kutzbach et al., 2008). CLIMBER-2 thus seems capable of adequately repre-
senting climatic change in response to different forcings, albeit only at a large spatial
scale.

2.2 CH4 emissions model25

The wetland and CH4 emission model TRENCH (TRansient Emissions of Natural CH4)
is driven off-line by 100-yr averaged monthly output from CLIMBER-2. The monthly
output permits the analysis of seasonal variations in wetlands and CH4 emissions.
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TRENCH consists of two consecutive components: a wetland extent algorithm and a
CH4 emission algorithm. The wetland location algorithm follows the approach origi-
nally proposed by Kaplan (2002), and uses climate variables from CLIMBER-2 that
are known to influence wetland formation. Wetland existence is determined based on
soil moisture and soil temperature. Wetlands are assumed to exist only during months5

when the soil temperature is above freezing point. When, in addition, a soil moisture
threshold (5% of maximum saturation) is reached, a grid cell is assumed to support
wetlands. The fraction of a grid cell covered by wetland is linearly related to the soil
moisture value derived from CLIMBER-2 as follows:

Cwet = a × M × (1 − I) (1)10

Where Cwet is the fraction of wetland in a grid cell, a is a tuning factor, M is the soil
moisture, and I is the fraction of a grid cell covered with land ice. Resulting grid cell
fractions are multiplied with the land surface area in a grid cell to obtain wetland area in
km2. We assume that orography does not play a role at the present spatial resolution,
as a grid cell always contains sufficient flat terrain to support wetlands when climatic15

conditions allow this. The wetland algorithm was tuned to obtain a reasonable geo-
graphical distribution of wetlands and a plausible value for worldwide wetland extent in
km2, which is comparable to values in literature.

The CH4 emission algorithm of TRENCH is based on Gedney et al. (2004), who pro-
pose a simple model for emissions dependent on wetland fraction, soil carbon content,20

and temperature. The temperature sensitivity is expressed in the form of a Q10 factor.
In the present model we compute time-varying emissions for each grid cell as follows:

E = k × Cwet × V × QT/10
10 (2)

Here E is the CH4 emission (in Tg CH4 of a given grid cell at a certain time step and
month, k is a tunable constant, Cwet is the fraction of wetland in a grid cell as calculated25

in the wetland distribution model (Eq. 1), and V a vegetation factor. The temperature
sensitivity is expressed in the form of a Q10 factor, with T the soil temperature in de-
grees Celsius.
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The Q10 is a temperature-dependant variable itself, because the efficiency of CH4
production changes with temperature (Gedney et al., 2004). In literature, values for
Q10 vary between 1.7–16 (e.g. Walter and Heimann, 2000). Most studies converge
at values around 2–4, but large differences remain as a result of different locations
and covarying processes involved when calculating in the Q10 value (Segers, 1998).5

Studies estimating Q10 values often perform measurements on one or more wetland
sites. Because of the global scale of modeling and simplicity of the basic emission
model in this study, a range of Q10 values may be plausible. The base value Q10(T0)
– the Q10 at 0 ◦C – was set at 2.0, at which value the distribution of CH4 emissions
over boreal wetlands (north of 30◦ N) and tropical wetlands (latitudes between 30◦ N10

and 30◦ S) agrees with previous observational and modeling studies.
Wetland CH4 production also depends on the soil carbon content, which is basi-

cally the amount of decomposable organic material in the substrate (Christensen et
al., 2003). As this is not simulated by the present version of CLIMBER-2, we used
the grass and trees vegetation cover fractions Fgrass and Ftrees, provided by VECODE,15

as the best estimate. In addition to the production of organic material, vegetation re-
lated root systems are important for the transport of CH4 to the surface (Rice et al.,
2010). Trees have more extensive root systems than grass and the litter that falls of
trees provides more organic material than grass. For these reasons we added the
two vegetation fractions, attributing 50% more weight to Ftrees than to Fgrass, to form20

the vegetation factor V . The results were not found sensitive to the exact percentage
value.

The k factor was chosen to obtain global annual emissions of ∼150 Tg CH4 for the
Pre-Industrial Holocene (PIH; 1850 AD). This target value is based on estimates of con-
temporary wetland emissions by Houweling et al. (2000) and Chen and Prinn (2006).25

TRENCH was thus tuned to reproduce the basic features of wetland distribution and
CH4 emissions for the PIH. In order to assess model performance, the results for the
LGM were compared to those of earlier studies using GCMs.
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2.3 Model performance for the PIH and LGM

The calculated maximum global wetland extent for the PIH occurs in June and is
6.3×106 km2. During minimum inundation, which occurs in December, the total wet-
land area is 3.6×106 km2. Taking into account that PIH wetlands were possibly
∼20% larger than today due to destruction by agriculture (Chappellaz et al., 1993),5

this agrees with contemporary estimates based on satellite data of 5.9×106 km2 and
2.1×106 km2, respectively (Prigent et al., 2007). Boreal wetlands (annual average)
make out 38% of the global annual mean, which is consistent with estimates for the
present (Lehner and Döll, 2004; Prigent et al., 2007). Simulated wetland extent peaks
in high northern latitudes (45◦ N–65◦ N), while extensive wetlands are also found in the10

tropics (Fig. 1).
Total simulated annual emissions amount to 151 Tg CH4, of which 35 Tg (23%) orig-

inates in boreal wetlands and 116 Tg (77%) in the tropics. This distribution is in agree-
ment with many previous observational and modeling studies, which find that 15–37%
of the global emissions comes from boreal wetlands and 56–85% originates in tropical15

wetlands (Cao et al., 1996; Walter et al., 2001; Valdes et al., 2005). Boreal wetland
area peaks during early summer when snowmelt rates surge, but the average tem-
perature is still low (Fig. 2). Together with the limited emission season this makes the
higher latitudes a less efficient source of CH4 than the tropics. Therefore, the peak
in simulated wetland extent in the high latitudes only translates in a moderate level of20

emissions (Fig. 1).
Global wetland area during the LGM is at its maximum in June with 5.3×106 km2

and at its minimum in December with 3.3×106 km2, a decrease of 17% in the annual-
mean compared to the PIH. Boreal wetlands make up ∼26% of the annual global mean,
shifting the main component of wetland extent towards the tropics. This change of dis-25

tribution is caused by the presence of large continental ice sheets at high latitudes and
a relatively dry Eurasian mainland during the LGM due to generally reduced precip-
itation. There is a decrease in global CH4 emissions between the PIH and LGM to
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118 Tg CH4/yr (21%). Tropical emissions are reduced by 12%, while boreal emissions
drop by 58%. Previous GCM-based modeling studies have found similar moderate re-
ductions in global emissions of 16–29% (Kaplan, 2002; Valdes et al., 2005; Kaplan et
al., 2006) as well as stronger reductions of 29–42% (Weber et al., 2010).

A large cooling occurs in higher latitudes during the LGM. For example, Wu et5

al. (2007) reconstructed a 10 ◦C surface cooling in the Northern Hemisphere (NH),
while only minor to moderate cooling takes place in the tropics: 0–3 ◦C. This is accu-
rately simulated by CLIMBER-2 (Fig. 3). The strong cooling of the boreal zone limits
the ability of large areas to sustain wetlands during most of the year due to the tem-
perature constraint (Sect. 2.2). This temperature-effect is larger than the direct loss10

of wetland area by ice cover. Additionally, the decreasing temperature has a negative
impact on vegetation growth. Figure 3 shows that vegetation cover was strongly dimin-
ished in the LGM with respect to the PIH in boreal latitudes, while there is little change
in the tropics.

3 Main sources and controls of wetland methane emissions15

3.1 Simulated emissions in the transient run

Figure 4 shows timeseries of the forcings used in the transient run, namely ice vol-
ume, greenhouse gas variations and insolation at 65◦ N as an illustration of the orbital
forcing. We also show the global mean values of the main climatic parameters, as
derived from CLIMBER-2, determining wetland CH4 emissions, wetland extent and the20

emission temperature (average temperature over grid cells emitting CH4), as well as
the vegetation cover. All parameters show variations on multiple (orbital) timescales.
Simulated temperature and vegetation changes, together with the varying wetland dis-
tribution, were used to compute total annual and global CH4 emissions. These were
found to vary between 116 and 167 Tg/yr. In Fig. 5 the global CH4 emissions are com-25

pared to the atmospheric CH4 concentrations derived from EDC. The EDC-3 curve
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shows pronounced sub-orbital variability, which is absent from the simulated curve.
This is because CLIMBER-2 lacks internally-generated variations on these timescales.
Simulated climate and vegetation are driven by the applied forcings, which vary on or-
bital timescales. The longer-timescale variations (>3 kyr) in both curves correspond
very well (r =0.79).5

As wetlands are the main natural source, wetland CH4 emissions for a large part de-
termine atmospheric concentrations during this period. Therefore we directly compare
measured concentrations and simulated wetland emissions here. Spectra of the two
time series were determined using Analyseries (Pailliard et al., 1996). Both spectra
(Fig. 6) indicate a strong 100 kyr signal and significant influence of 41 kyr oscillations.10

Precession related features (i.e. 23 kyr) show a stronger signal in the model results
than in the measured data. However, differences in the relative importance of spec-
tral peaks in measured concentrations and simulated global emissions could be due
to lifetime variations that cannot be accounted for in the present model set-up. The
atmospheric CH4 lifetime was tentatively diagnosed from the measured concentrations15

and simulated total wetland emissions. Assuming a constant biomass burning source
of 40 Tg CH4/yr (Fisher et al., 2008) and additional covarying sources, like ruminants,
termites and geological sources, amounting to 30 Tg CH4/yr during the PIH (Denman
et al., 2007), we find that lifetimes vary between ∼5.5 year during periods of low CH4
concentrations, and ∼9 year during periods of high CH4 concentrations. These are20

reasonable values, which support our conclusion of close correspondence between
the measured and simulated timeseries.

In order to further analyze the origin of simulated wetland emissions we separately
consider three regions (Fig. 7): the areas influenced by the I/A summer monsoon, the
boreal area north of 30◦ N, but excluding the East Asian monsoon grid box, and the25

tropical area, 30◦ S–30◦ N, excluding the remaining monsoon-dominated grid boxes.
The I/A monsoon is analyzed separately as this area is generally assumed to be an
important source of wetland emissions (Kutzbach et al., 2008). Moreover, this area
is found to exhibit different behavior from the equatorial tropics where shifts in the
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Intertropical Convergence Zone (ITCZ) determine whether wetlands can exist or not.
The bulk of global emissions (72% during the PIH) are emitted from the tropics. The
boreal zone and the monsoon areas contribute the remainder (18% and 9% respec-
tively). The spectra for the individual regions (Fig. 6) show that they each have a
typical timescale behavior, as mentioned above. Emissions from the I/A monsoon5

area are primarily controlled by precession, with little to no influence from 100 kyr and
41 kyr. Boreal emissions mainly reflect 41 kyr and 100 kyr signals, while tropical emis-
sions contain a strong precession signal and significant power at the 41 kyr and 100 kyr
frequencies.

The EDC-3 record for CH4 and the time series for simulated global emissions, as well10

as those of the separate regions, were band pass filtered using Analyseries (Pailliard
et al., 1996) at 21 (±2.5) kyr and 41 (±3.5) kyr. The filtered signals were then cross
correlated to the astronomical precession index and obliquity parameter, respectively
(Laskar, 2004). The measured EDC-3 derived methane concentration is found to lag
the orbital forcing by 2.0 kyr on the precession timescale and by 5.5 kyr on the obliquity15

timescale (Table 1). For the simulated global emissions lags are 1.3 kyr and 5.3 kyr,
respectively, (Fig. 8). We consider this a very close match given that climate models are
generally not successful in reproducing lags found in measured data (e.g. Ziegler et al.,
2010). Lags are longest for emissions from the boreal zone and smallest for emissions
from the monsoon areas, with intermediate lags for tropical emissions (Table 1).20

3.2 Factor analyses

The next step is to analyze the climate and vegetation factors that control variations in
simulated CH4 emissions and the simulated lags. First we define a total modification
factor Ftot as follows:

Ftot(t) = E (t)/EPIH (3)25

where E denotes annual emissions, t is time and EPIH denotes annual emissions during
the PIH. According to Eq. (2) there are three individual factors determining the total
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emission changes, namely changes in wetland cover (Fc), in vegetation cover (Fv) and
in temperature (Ft). To compute individual modification factors for each grid box, one
term in Eq. (2) was set at its transient value and the other two terms were set at PIH
values. The results were then divided by the emissions of that grid box for the PIH.
Equation (5) shows this factorial calculation for wetland cover (Fc):5

Fc(t) = k × C(t) × VPIH × QT/10
10,PIE/EPIH (4)

where k is the unaltered tunable constant, C(t) is the transient wetland cover, VPIH is

the vegetation cover and QT/10
10,PIH is the temperature dependence, both fixed at their

PIH values. For each grid box Ftot is equal to Fc×Fv×Ft. The results from the factor
analysis are averaged globally and for the three separate zones defined above using a10

weighted average. By weighing the modification factors of each grid box according to
their PIH emissions in the averaging process, skewing effects of extreme modifications
in low-emission cells such as in high boreal latitudes are countered.

Timeseries of the modification factors (Fig. 9) show that temperature is the dom-
inant control both for tropical and boreal emissions, with vegetation as a secondary15

role. During cold periods wetland extent is a reducing factor in the boreal zone, but an
amplifying factor in the tropics, possibly related to reduced evaporation. However, the
effect is small in both zones and almost cancels out in the global mean. Wetlands cov-
erage is only an important factor in the I/A monsoon region, together with vegetation
changes.20

Spectral analyses (Fig. 10) show that precession-related variability is dominated by
vegetation changes in the tropics and in the I/A monsoon region, while in the boreal
zone a combination of temperature and vegetation changes play a role. This results in
global emissions dominated by vegetation at the precession timescale, with a smaller
impact from temperature. At the obliquity timescale temperature and vegetation are25

equally important in global emissions, which reflect both boreal and tropical results.
Vegetation only dominates in the I/A monsoon area. The 100-kyr variations in global
emissions are primarily determined by temperature, which is a global phenomena
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present in all three zones.
To summarize, at the precession timescale vegetation is the dominant control of

global methane emissions, with temperature as a secondary control. The dominance
of vegetation control originates primarily from the tropics. There is also a clear impact
of vegetation in the I/A monsoon area, but these constitute only a small part of the5

global emissions. At the obliquity timescale temperature and vegetation play equally
important roles. The temperature changes are almost completely in phase with ice
volume minima/greenhouse gas maxima. Vegetation changes lag summer insolation
maxima by ca. 1kyr for precession to 2–4 kyr for obliquity (Table 1). This reflects
the strong influence of hydrological processes, which respond quasi-instantaneously10

to the orbital forcing, on vegetation. For both temperature and vegetation lags tend
to be longer in the boreal zone than in the tropics (Table 1). The combined effect
of temperature and vegetation, explains the lags that are found between simulated
methane emissions and the orbital forcings.

4 Summary, discussion and conclusions15

We have simulated wetland CH4 emissions over the last 650 000 yrs using a simple
wetland distribution and CH4 emissions model coupled off-line to the atmosphere-
ocean-vegetation climate model CLIMBER-2. The resulting simulated global emissions
show a close similarity to the measured EDC-3 timeseries of atmospheric CH4 concen-
trations, both in spectra and in lags with respect to the orbital forcing. Diagnosed CH420

lifetimes vary between ∼5.5 and 9 yr on glacial-interglacial timescales, with 8.2 yrs as
estimated for the PIH. This is consistent with data (Fisher et al., 2008) and model
studies that include atmospheric chemistry (Lelieveld et al., 1998).

Global emissions are dominated by emissions from the tropics. However, in contrast
to the general assertion that monsoon intensity is of primary importance (Chappellaz25

et al., 1990; Blunier et al., 1995) we find that temperature and vegetation changes are
the main drivers. The I/A monsoon area is too small in size to contribute substantially

60

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/47/2011/cpd-7-47-2011-print.pdf
http://www.clim-past-discuss.net/7/47/2011/cpd-7-47-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
7, 47–77, 2011

Methane variations
on orbital timescales:
a transient modeling

experiment

T. Y. M. Konijnendijk et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

to global emissions. As hypothesized by Crowley (1999), monsoon precipitation and
global emissions do co-vary, but there is no causal link. For the remainder of the trop-
ics, wetland extent exerts little control on emissions. Tropical temperature variations
are found to be small, about 2–4 ◦C on glacial-interglacial timescales in agreement with
proxy data (Farrera et al., 1999). However, such variations are significant as methano-5

genesis is much more sensitive to temperature changes at the high average tempera-
tures in the tropics than at the lower average temperatures at high latitudes (compare
Eq. 2).

The present results show that temperature and vegetation are the dominant controls
of orbital-scale variations in global wetland CH4 emissions, while wetland extent plays10

a minor role. This is supported by a recent modeling study, based on an eight-member
ensemble of GCM simulations for the LGM, which also found temperature and vege-
tation as the main controlling factors (Weber et al., 2010). In the latter study wetlands
exhibited southward shifts in the cold LGM climate, related to a southward shift of the
mid-latitude storm tracks and the ITCZ. This caused the effect of changes in wetland15

distribution to cancel out in the global mean. Here we find a shift from the boreal to
the tropical zone. This larger-scale pattern is likely related to the coarse resolution of
CLIMBER-2 and the fact that the atmospheric dynamics are simplified, so that storm
tracks are not resolved. This is a shortcoming of the present simulation. However, it
does not seem to affect our main conclusion on the primary role of temperature and20

vegetation.
Orbital cycles in vegetation have been found in many studies based on pollen data,

for example for tropical South America (Hooghiemstra et al., 1993), Southeast Asia
(Tsukada, 1996), Europe (Tzedakis et al., 2009) and North America (Whitlock and
Bartlein, 1997). These studies indicate large shifts in vegetation presence and cover25

type. The vegetation model used in the present study only very crudely resolves such
shifts. Nevertheless, we believe that our results on the role of vegetation are qualita-
tively valid although precise quantitative estimates are not possible using CLIMBER-2.
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Finally, our results provide a plausible explanation for the lags found in the measured
EDC-3 curve with respect to the orbital forcing. Atmospheric CH4 concentrations have
previously been related to monsoon precipitation (Ruddiman and Raymo, 2003). Here
we find that lags in the CH4 record are very likely due to temperature and vegetation
effects rather than monsoon precipitation. The former two factors have a phasing in-5

between insolation maxima and ice sheet/greenhouse gas minima. This results in lags
that are very close to those found in measured CH4 data, both at the precession and
obliquity timescale. In contrast, simulated monsoon precipitation has zero lag at the
precession band (Weber and Tuenter, 2011). This is inconsistent with any proxy-based
estimate, as proxy records which have been interpreted as reflecting Indian/Asian sum-10

mer monsoons have been found to lag precession by lags varying from 3 kyr (Wang et
al., 2008) to considerably longer lags of up to 8 kyr (Clemens and Prell, 2003). Process-
based modeling of proxies seems a necessary step to substantiate a reinterpretation of
proxy records (Ziegler et al., 2010; Clemens et al., 2010) and to resolve this mismatch
among different proxy data as well as between simulated and measured records.15
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Table 1. Lags with respect to the orbital forcing in ice cover, greenhouse gases and EDC-3
atmospheric CH4, in the TRENCH simulated global and regional emissions and in the global
modification factors. Lags are computed by searching for the optimum correlation between the
forcing (precession or obliquity) and a given variable, band pass filtered at 21 kyr or 41 kyr,
respectively. Zero phase is set at minimum precession and maximum obliquity, which each
correspond to an insolation maximum for the NH. The correlation value is displayed next to the
lag.

factor precession Correlation obliquity Correlation

Ice cover 4.7 −0.86 7.1 −0.94
GHG – – 6.0 0.91
EDC-3 2.0 0.78 5.5 0.95
global emissions 1.3 0.93 5.3 0.96
boreal emissions 2.5 0.88 6.3 0.97
tropical emissions 0.7 0.95 4.4 0.96
Indian/Asian monsoon emissions 0.5 0.95 2.6 0.96

Global modification factor 1.1 0.94 4.7 0.97
Global wetland modification factor 2.1 0.88 3.2 0.95
Global vegetation modification factor 0.5 0.94 3.2 0.97
Global temperature modification factor 2.1 0.87 6.9 0.96

67

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/7/47/2011/cpd-7-47-2011-print.pdf
http://www.clim-past-discuss.net/7/47/2011/cpd-7-47-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
7, 47–77, 2011

Methane variations
on orbital timescales:
a transient modeling

experiment

T. Y. M. Konijnendijk et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

zo
na

l C
H

4 p
ro

du
ct

io
n

(in
 T

gC
H

4)

zo
na

l w
et

la
nd

 a
re

a
(in

 k
m

2 )

CH4 production
Wetland area

Fig. 1. TRENCH simulated PIH wetlands during the month of maximum wetland extent (green
line), and emissions (black line), both integrated zonally and by 10◦ latitude belts.
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Fig. 2. Seasonal variation of high (55–75◦ N) latitude boreal wetland extent (black line) and soil
temperature (green line) during the PIH.
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Fig. 3. CLIMBER-2 simulated PIH temperature (solid black line) and LGM temperature (solid
green line) for the NH summer months, and annual-mean grid-box vegetation factor (Sect. 2.2)
during the PIH (dashed black line) and LGM (dashed green line). All data are integrated zonally
and by 10◦ latitude belts.
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Fig. 4. Transient forcings (top graphs) for CLIMBER-2 and the resulting wetland extent, vege-
tation factor and mean emission temperature (lower graphs).
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Fig. 5. Epica Dome C atmospheric CH4 concentrations (green line; in ppbv), low pass filtered
for timescales longer than 3 kyr, and TRENCH simulated annual global CH4 emissions (black
line; in Tg CH4).
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Fig. 6. Left: Spectra for the Epica Dome C atmospheric CH4 concentrations (green line) and
the TRENCH simulated annual global CH4 emissions (black line), both computed over the time
series extending from 650 kyr to 0 kyr BP. (right). Spectra for the time series of the separate
emissions from the tropical zone (red line), the boreal zone (blue line) and the I/A monsoon
areas (violet line); the areas are depicted in Fig. 7.
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Fig. 7. Definition of the tropical (red), boreal (blue) and Indian/Asian monsoon (pink) zones.
Emissions from these three zones are separately analyzed.
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Fig. 8. Top: TRENCH simulated global CH4 emissions, band pass filtered for 21 kyr (±2.5 kyr)
and the precession index, and (bottom) TRENCH simulated global CH4 emissions, band pass
filtered at 41 k (±3 kyr), and the obliquity parameter. Lags between forcing and response are
indicated for each timescale.
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Fig. 9. Time series of the modification factors, as defined in Sect. 3.2, for the entire globe and
for the tropical, boreal and Indian/Asian monsoon areas separately.
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Fig. 10. Spectra of the modification factors (see Sect. 3.2) for the entire globe, and for the
tropical, boreal and Indian/Asian monsoon areas separately.
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