10

15

20

25

Atmos. Chem. Phys. Discuss., 14, 3193-3230, 2014
www.atmos-chem-phys-discuss.net/14/3193/2014/
doi:10.5194/acpd-14-3193-2014

© Author(s) 2014. CC Attribution 3.0 License.

Atmospheric
Chemistry
and Physics

Discussions

$S900y UadQ

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Analysis of the global atmospheric
methane budget using ECHAM-MOZ
simulations for present-day, pre-industrial
time and the Last Glacial Maximum

A. Basu1'*, M. G. Schultz1, S. Schréder1, L. Francoisz, X. Zhangs, G. Lohmanns,
and T. Laepple®

1IEK-8, Forschungszentrum Jilich, Wilhelm-Johnen-Str., 52425 Julich, Germany
2Unité de Modélisation du Climat et des Cycles Biogéochimiques, University of Liege,
Liege, Belgium

S Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany
“now at: Institute of Marine and Atmospheric Research Utrecht, Utrecht University, the
Netherlands

Received: 15 November 2013 — Accepted: 9 January 2014 — Published: 31 January 2014
Correspondence to: A. Basu (a.basu@uu.nl)

Published by Copernicus Publications on behalf of the European Geosciences Union.

3193

Abstract

Atmospheric methane concentrations increased considerably from pre-industrial (Pl)
to present times largely due to anthropogenic emissions. However, firn and ice core
records also document a notable rise of methane levels between the Last Glacial Max-
imum (LGM) and the pre-industrial era, the exact cause of which is not entirely clear.
This study investigates these changes by analyzing the methane sources and sinks at
each of these climatic periods. Wetlands are the largest natural source of methane and
play a key role in determining methane budget changes in particular in the absence of
anthropogenic sources. Here, a simple wetland parameterization suitable for coarse-
scale climate simulations over long periods is introduced, which is derived from a high-
resolution map of surface slopes together with various soil hydrology parameters from
the CARAIB vegetation model. This parameterization was implemented in the chem-
istry general circulation model ECHAM5-MOZ and multi-year time slices were run for
LGM, Pl and present-day (PD) climate conditions. Global wetland emissions from our
parameterization are 72Tgyr_1 (LGM), 115Tgyr_1 (PI), and 132 Tgyr_1 (PD). These
estimates are lower than most previous studies, and we find a stronger increase of
methane emissions between LGM and PI. Taking into account recent findings that sug-
gest more stable OH concentrations than assumed in previous studies, the observed
methane distributions are nevertheless well reproduced under the different climates.
Hence, this is one of the first studies where a consistent model approach has been
successfully applied for simulating methane concentrations over a wide range of cli-
mate conditions.

1 Introduction

Methane (CH,) is one of the most abundant organic trace gases in the atmosphere. Itis
emitted both from anthropogenic and biogenic sources across the globe and its main
loss process is reaction with the hydroxyl radical (OH) in the atmosphere. Its strong
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global warming potential (30 times more than CO, per molecule), along with its role in
regulating atmospheric chemistry makes it a key player in the earth—atmosphere feed-
back. When combining the in-situ measurements from the global network established
over the past few decades (Dlugokencky et al., 1998; Cunnold et al., 2002; Morimoto
et al., 2006), with ice core analysis dating back up to 650 kyr before present (Chappel-
laz et al., 1990, 1997; Blunier et al., 1995; Etheridge et al., 1998; Spahni et al., 2005)
one can obtain a relatively clear picture of the global methane concentration changes
from prehistoric periods to the present. Methane records preserved in gas bubbles both
at Greenland and Antarctica ice cores reveal that from Last Glacial Maximum (LGM
~ 21 kyr before present) to pre-industrial era (Pl ~ 200 yr before present), methane con-
centrations rose from 360 ppb up to 700 ppb (Chappellaz et al., 1997; Stauffer et al.,
1988). With the advent of global industrialization a gradual increase in global methane
concentration is observed till the late 1990s when it reaches 1750 nmolmol™".

Several numerical model studies have investigated the contributions of the different
sources and sinks to the global methane budget during LGM, PI, or PD conditions.
Some studies investigated the changes between LGM and PI (Levine et al., 2011; Ka-
plan et al., 2006; Valdes et al., 2005; Weber et al., 2010; Déllenbach et al., 2000),
or between Pl and PD (Wuebbles et al., 2002; Houweling et al., 2000b; Dlugokencky
etal., 1994, 1995, 1998; Khalil and Ramussen, 1987), but none addressed the changes
between all three periods with a single, consistent model set-up. Among the exist-
ing model studies, notable uncertainties remain pertinent in estimating total source
strength of methane emissions and attributing the cause to changes in global methane
budget. The PD methane sink due to the reaction with OH appears relatively well con-
strained (£20 %), because of recent advances in the interpretation of methylchloroform
records (Montzka et al., 2011). With respect to the Pl and LGM methane budgets, es-
timates of the emissions from wetlands as the dominating natural source diverge, and
different assumptions have been made concerning the changes of the atmospheric OH
concentration (Cao et al., 1996; Valdes et al., 2005; Webber et al., 2010).
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In this study, we present a new wetland methane emission parameterization, which is
suitable for use in global coarse resolution chemistry climate simulations. The wetland
scheme was implemented in the ECHAM-MOZ chemistry general circulation model
and was used for a consistent set of simulations for LGM, PI, and PD climate condi-
tions. A particular strength of our parameterization is its ability to capture the regional
distribution of wetlands relatively well, owing to the fine spatial resolution of 10 min
for the orography and hydrological data that were used as input. The ECHAM-MOZ
simulation results are evaluated with available station observation data and ice core
records.

The manuscript is structured as follows: Sect. 2 describes the wetland parameteri-
zation and the simulation set-up of the ECHAM5-MOZ model. Section 3 discusses the
choices made for methane emissions and sinks, respectively. In Sect. 4 we present
and discuss results from the PD, Pl, and LGM methane simulations. Section 5 dis-
cusses the changes of methane sources and sinks among the three climatic periods,
and Sect. 6 contains the conclusions from this study.

2 Methods and model description
2.1 Wetland methane modeling

The wetland methane source parameterization consists of two steps. First the global
potential wetlands are parameterized using CARAIB derived soil water content and
terrain slopes. The strength of methane emission is then estimated from the potential
wetlands following the empirical formula of Gedney et al. (2004) who used soil temper-
ature and soil carbon as the control parameters.

The method of wetland parameterization is introduced in the study as a further step
from the already existing similar method by Kaplan (2002), which is done at a coarser
grid resolution of 0.5° to a much finer scale of 10 min for present day. It increases
the possibility to capture wetland formation at sub-grid scale. Thus we try to adapt an
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improved method not only to represent global wetland areas better but the regional
wetlands as well. Apart from this, given the markedly different characteristics of boreal
and tropical wetlands, a separate treatment for them is adapted in the parameterization
method, which is discussed later in this section.

The CARAIB model (Warnant et al., 1994; Gérard et al., 1999; Otto et al., 2002;
Laurent et al., 2008; Dury et al., 2011) is a large-scale vegetation model designed to
study role of vegetation in the global carbon cycle. It contains a hydrological module
which calculates soil water content and has a detailed parameterization of the hydro-
logical fluxes in the root zone where methane production occurs. Soil water in CARAIB
is computed relative to field capacity. For determination of potential wetland areas,
threshold values for soil water content and terrain slope are selected to identify the
areas which are sufficiently flat and moist. This approach is similar to Kaplan (2002),
but differs in applying two different threshold values for normalized soil water content in
latitudes north of 30° N and for the rest of the globe, only above which wetland forma-
tion is possible. However, the threshold value for surface slope is 2° everywhere, which
is considered upper limit for wetland occurrences. The choice of two different thresh-
olds for soil water content takes into account the different processes leading to wetland
formation in northern boreal and mid latitudes and in the tropics, respectively. In the
high northern latitudes, the wetland formation depends on the melting and thawing of
accumulated snow, whereas in the tropics it is governed by the rainfall pattern.

Following Gedney et al. (2004), the methane emission rate from wetlands is con-
sidered linearly dependent on soil carbon and exponentially on soil temperature and
expressed by the following equation.

CH, emission = Kgyy, - Co .0(1750”4,&)/10

In this relationship K¢y, is a global constant, which is optimised in view of global

methane flux. Cg; is the amount of decomposable carbon which works as a substrate

for methanogenesis and Q,, is defined as a factor that determines the rate of reaction

with 10°C rise in temperature. Instead of one globally uniform scaling factor Kch, as
3197

in the original publication, we optimized the global methane emission flux separately
for regions north and south of 45° N, respectively. The Kch, value for boreal wetlands
is about 80 % of the K value for other regions. The optimization was performed by
comparing the seasonal distribution of present-day model results with data from the
Global Atmosphere Watch World Data Center for Greenhouse Gases (WDCGG) (see
Sect. 4.2). The resulting present-day annual global wetland emission source strength
is 132 Tg, which is found to be in the low end of the estimates provided in IPCC (2007).

2.2 ECHAM5 MOZ climate model

The model used in the present study is the general circulation model ECHAMS5 (Roeck-
ner et al., 2003), which was extended to include the emissions, chemical transforma-
tions and sinks relevant to atmospheric methane.

The dynamical core of ECHAMS5 solves the prognostic equations for vorticity, di-
vergence, temperature, and the logarithm of surface pressure in spectral space with
a pre-defined triangular cutoff at wave number 31, 42, 63, 106, etc. (spectral resolu-
tion). Physical processes such as advection of tracers and water vapor, convective and
stratiform clouds, vertical diffusion, radiation and chemistry are calculated on an asso-
ciated gaussian grid. The vertical axis uses a hybrid terrain-following sigma-pressure
coordinate system (Simmons and Burridge, 1981). The model uses a semi-implicit
leapfrog time integration scheme (cf. Robert, 1982) with a special time filter (Asselin,
1972). Details of the physical parameterizations including radiation, surface processes,
gravity wave drag, convection, stratiform cloud formation, orbit variations, and subgrid
scale orography can be found in Roeckner et al. (2003). In this study, the model was
run in T42L31 resolution. This corresponds to a Gaussian grid with 128 longitudes and
64 latitudes (~ 2.8° x 2.8° resolution) and a vertical grid with 31 levels from the surface
to 10 hPa.

The methane module consists of a simple chemistry parameterization using the AC-
CENT multi-model average climatology of monthly mean OH concentrations (M. Krol,
personal communication, 2006; ACCENT is described by Stevenson et al., 2006), and
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the rate coefficient ko of the OH + CH, reaction from the JPL 2011 report (Sander
et al., 2011). Except for wetlands, methane emissions are prescribed as monthly mean
fields (see Sect. 3). In addition to the main CH, sink due to reaction with OH, we also
included a linear loss rate due to dry deposition, applying a globally constant value of
v=85x10"ms™" for the deposition velocity over land surfaces (0 over the ocean).
This results in a global methane loss rate due to dry deposition of 25 Tg yr‘1 , for present
day and Pl.

For the present-day and pre-industrial simulations, sea surface temperatures (SST)
and sea ice (SIC) fields were constrained by gridded fields from the Atmospheric Model
Intercomparison Project 2 (AMIP2, Gates et al., 1999). For the LGM simulation, SST
and SIC fields as well as all the other data including surface variables (surface geopo-
tential, snow depth, surface roughness, orography) and initial conditions for tempera-
ture, divergence, specific humidity and vorticity are obtained from 50 yr output of cou-
pled atmosphere-ocean-land simulations (Zhang et al., 2013) using the comprehensive
Earth system model COSMOS (ECHAM5-JSBACH-MPIOM). This model was already
utilized to analyse the last millennium (Jungclaus et al., 2010), warm Cenozoic cli-
mates (Knorr et al., 2011; Stepanek and Lohmann, 2012; Dowset et al., 2013), glacial
(Kageyama et al., 2013; Gong et al., 2013; Zhang et al., 2013) and interglacial climates
(Varma et al., 2012; Wei et al., 2012; Wei and Lohmann, 2012). Details of the glacial
model set up and forcings are reported in Zhang et al. (2013). The 50yr are taken
from a quasi-steady state after 3000 yr of model integration. Obliquity, eccentricity and
perihelion are set at values of 22.95°, 0.018994° and 294.42° respectively, and the
LGM CO, concentration is fixed at 185 umolmol™". In our set up of ECHAM MOZ, the
initial methane mixing ratios are taken from Coupled Model Inter-comparison Project
(CMIP5) paleoclimate simulations for LGM (Sueyoshi et al., 2013).
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3 Methane sources and sinks
3.1 Emission inventories (other than wetlands) for present day

For the PD simulation, methane emissions from a variety of sources are used (Ta-
ble 1). Emissions from anthropogenic sources are from EDGAR 3.2 (http://edgar.jrc.
ec.europa.eu/index.php; P. Bergamaschi, personal communication, 2009). The sea-
sonality of rice paddy emissions has been adapted from monthly data of Matthews
et al. (1991). Biomass burning emissions are from the “Reanalysis of the tropospheric
composition over the past 40 years” (RETRO) project (Schultz et al., 2008). This inven-
tory was constructed using a combination of reported and simulated data on burned
area in different world regions. The seasonality and geographic distribution of the fires
was taken from a satellite burned area product (GBA-2000, Tansey et al., 2004). The
biomass burning emissions were scaled by factor of 0.56 north of 35° N and by a factor
of 1.48 south of 35° N in order to improve the seasonal cycle of present-day methane
concentrations in comparison to the WDCGG data. The optimized biomass burning
budget estimates 35 Tgyr‘1. The global annual total of the anthropogenic sources in-
cluding biomass burning amounts to 335 Tg (Table 1), which is well in the range of 307
to 428 Tg of other studies reported in IPCC (2007). We did not include a source ei-
ther from geological seepage (Etiope, 2009) or from hydrates in any of our simulations.
These two together could possibly contribute another 4-8 Tgyr‘1 to our emissions. Al-
though Etiope speculated about 3 Tg annual methane emission from Europe alone,
further validation is needed.

3.2 Emission inventories for LGM and PI

There are considerable uncertainties in the methane source strengths both for Pl and
LGM. While it is clear that anthropogenic sources during these times were much lower
than at present, there is some discussion in the literature (i.e. Ruddiman et al., 2001)
about an already significant anthropogenic contribution during PI. Previous modeling
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studies either included such contributions (Houweling et al., 2000a) or not (Valdes
et al., 2005). There is evidence of domesticated animals as early as 10000yr ago
(Gupta et al., 2004) and of rice agriculture starting by 7500 yr BP (Chang, 1976; Glover
and Higham, 1996). In our Pl simulation, we included the emissions from rice, livestock
and animal waste as given by Ruddiman et al. (2001). Emission from wild animals
is taken from Chappellaz et al. (1993) who estimated it from animal counts which is
supported by Subak (1994). The strengths of ocean and biomass burning emissions
are adopted from Valdes et al. (2005). As shown in Table 1, Valdes et al. (2005) esti-
mated PI biomass burning emissions of 10Tgyr"1 which is lower than the estimate of
Subak (1994) and less than a third of our present-day estimate. In the absence of other
evidence, methane emissions from termites are retained at their present-day value.

The LGM simulations use the emission source strengths from Valdes et al. (2005) in
all sectors except for wetlands where we apply our own parameterization, based on the
soil moisture output from a LGM CARAIB simulation (Henrot et al., 2009). We note that
this adds 8Tgyr‘1 to the termite emissions (compared to PD and PI), while it reduces
the emissions from the ocean and from biomass burning by the same amount. The
LGM wetland source strength is discussed in Sect. 4.3.

3.3 Present-day methane sinks

As described above the atmospheric methane sink due to oxidation by OH was pa-
rameterized using a gridded monthly mean OH distribution from the multi-model mean
of the ACCENT inter-comparison activity (M. Krol, personal communication, 2006).
The annual tropospheric global mean OH concentration in this data set is 10.8 x
10° moleculescm™2. This is close to the global OH estimates using methyl chloroform
(Prinn et al., 2001; Krol et al., 2003) and “co (Quay et al., 2000), which ranges be-
tween 9.4+1.3x10° and 10.7+0.17 x 10° molecules cm_s, and model estimation (Shin-
dell et al., 2001) which finds an average OH concentration of 9.76 x 1 0°® moleculescm™>.
In the ACCENT project, 19 global models simulated the atmospheric composition
around the year 2000 using different meteorological boundary conditions and different

3201

emission inventories. The mean methane lifetime from these models is 8.67 yr (Steven-
son et al., 2006), compared to the value of 8.4 yr from IPCC (2001).

3.4 Pl and LGM methane sinks

There have been a series of atmospheric chemistry modeling studies which assessed
changes in the tropospheric OH distribution in past climates compared to present day
(Martinerie et al., 1995; Kaplan et al., 2006; Adams et al., 2001). The emission rate
and atmospheric abundance of CO, CH,, O3z, NO, and other VOCs influence the OH
concentration in the atmosphere. Most of the studies have found a post-industrial in-
crease in OH due to large anthropogenic emission of NO. However disagreements are
found among the modeling studies as the magnitude of changes in Pl OH varies from
-5% to +20% (Martinerie et al., 1995; Crutzen and Brihl, 1993; Thompson et al.,
1993; Wang and Jacob, 1998; Lelieveld et al., 2008) compared to present day. In the
recent multi model comparison ACCMIP study by Naik et al. (2013) on OH changes
from Pl to present day, it is found that the average OH concentration remains con-
stant over this period (-0.6 +8.8 %), even though a large inter model diversity remains,
particularly with respect to regional OH changes. This finding is strongly supported by
Montzka et al. (2011) which endorses much lower variation in CH;CCl3, a proxy used
in OH estimation, between Pl and PD unlike the previous studies. However, accord-
ing to Naik et al. (2013), the post-industrial increase in BVOCs contributed to OH loss
(3.1 £3%). Recent atmospheric chemistry studies (Hofzumahaus et al., 2009; Peeters
and Mueller, 2010; Taraborrelli et al., 2012) have shown that BVOCs (in particular iso-
prene) exert much less control on OH concentrations than previously thought, although
the exact chemical pathway of the apparent additional OH recycling is not entirely clear
yet. In a scenario, with no feedback between BVOC and OH, the Pl OH concentration
could be lower than present day by at most 6.1 % following Naik et al. (2013). So at the
present study, we consider two sets of Pl methane simulations, one with present day
OH and the other with OH reduced by 6 %.
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Most of the chemistry studies estimated an increase in LGM OH between 18 and
25% compared to Pl. The high LGM OH concentration is assumed to result from low
BVOC emissions which resulted from reductions in global forest cover and a cooler
climate. However, other factors such as enhanced albedo, reduced water vapour and
reduced NO, emission from soil and lightning must also have influenced the LGM OH
concentrations. To our knowledge no study has systematically looked at these factors
yet. To include all these factors and to quantify their individual impacts on LGM OH
changes compared to PI, a set of sensitivity experiments with the MOZART2 chem-
istry transport model (Horowitz et al., 2003) had been carried out (T. Laepple, personal
communication, 2009). Figure 1 provides an overview about the possible PI-LGM OH
changes derived from this experiment. It is evident from the figure that both reduced
BVOC emission and methane flux during LGM affects in 26 % OH increment. Enhanced
albedo and biomass burning also increase OH abundance. Together they contribute to
OH enhancement by 60 %. However a reduced NO, emission and atmospheric vapour
content has an opposite effect and together reduces OH by 34 %. Overall, we esti-
mate a net increase in LGM OH by 26 % compared to Pl considering these counter
effects. This chemistry study also includes the effect of the reduced reaction rate of
the OH+CH, reaction due to lower temperatures during the LGM (Valdez et al., 2005).
However, as already discussed, with the chemistry findings indicating a weak BVOC-
OH dependence, the impact of OH increase due to BVOC is not considered for our
LGM methane simulation. Since, reduced BVOC itself accounts for 26 % OH rise as
shown in Fig. 1, by omitting it from the net OH change, we assume that there was
effectively no change in OH between Pl and LGM.
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4 Results and discussion
4.1 Wetland emissions for the present-day

From our parameterization, the PD global potential wetland area is calculated to
be 10.2km x 10°km? which lies in the higher range of presently available wetland
databases (Lehner et al., 2004; Kaplan, 2002; Aslemann et al., 1989). Our estimate is
10 % higher compared to the Global Lake and Wetland Database (GLWD; Lehner and
Déll, 2004), which used the most detailed approach and is therefore taken as a refer-
ence for our study. Our parameterization reproduces the GLWD distribution of wetlands
well in North and South America, Asia and Africa, but generates somewhat larger ar-
eas for Europe and smaller areas for Alaska, respectively (Fig. 2). The global wetland
methane emissions are calculated as 132 Tg. Northern mid latitudes (30-60° N) and
tropics contribute 71 Tg and 61 Tg, respectively.

We also analyzed the seasonal pattern of wetlands which has been largely ignored
in previous studies. Figure 3 shows that vast regions over North America and Canada
remain inundated for four to seven months of the year while for some wetlands over
Western Europe and Central America the inundation occurs for eight to nine months.
Some permanent wetlands, though very small in area, are found in Central Africa and
South America close to the equator and near 30° N at the East American coast.

The seasonality of methane emissions is driven by the seasonality of the wetland in-
undation and the seasonality in soil temperature. During boreal winter (October through
April), emissions from the northern wetlands (30—60° N) remain below 5 Tg per month.
Emissions increase strongly after April and reach the maximum strength in the month
of July with monthly emissions close to 25 Tg per month. As Fig. 4 shows, over north-
ern wetlands, seasonal variability of soil temperature has a major effect on methane
flux seasonality. In contrast, methane emissions from tropical wetlands exhibit little sea-
sonality and show a variation of the monthly mean fluxes between 4.5 and 7.2 Tg per
month (Fig. 5).
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4.2 Present-day atmospheric methane concentrations

The global mean surface PD methane mixing ratio at the lowest model level (0—
50m) is found 1790 + 10.8 nmol mol~" from model simulation. In Fig. 6, one can see
the regional distribution of surface methane with the hotspots being located over In-
dian sub-continent, eastern China and largely over central Europe. The mean sur-
face methane mixing ratio agrees well with observations described by Dlugokencky
et al. (1994), who report on weekly data across globally distributed network sites
measured between 1986 and 2003. The inter-hemispheric methane gradient is cal-
culated as 145 + 2.8 nmolmol™" which is consistent with the findings of Dlugokencky
etal. (2011).

The comparison between the observed methane mixing ratio at different WDCGG
stations with the model data as given in Fig. 7 shows that our model is able to capture
the salient features in the observed seasonal cycle reasonably well across the stations.
However for few stations situated above 60° north, the seasonality is not too well cap-
tured and the model overestimates methane by 20 to 40 nmol mol~". Over the majority
of the stations in the tropics and at all of the stations in the Southern Hemisphere, the
model is able to reproduce the expected seasonality very well. Here the average model
bias is =5 to —10nmo|mo|‘1, i.e. less than 0.6 %.

It is evident from Fig. 7 that over a number of northern mid-latitude stations situ-
ated near the high emission regions, like Black Sea (44.17° N, 28.67° E), Sary Taukum
(44.45°N, 75.57°E) and Ulaan Uul (44.45°N, 111.08° E) the model performance is
fairly good, although it fails to predict the annual maxima. Over the background sites,
e.g. Tudor Hill (32.27°N, 64.87° W), St. Davids Head (32.37°N, 64.65°W) and Ter-
ceira Island (38.77° N, 27.37° W), the simulated seasonal cycle agrees very well with
the observations. The average correlations between model and observation for the
Southern Hemispheric stations are always high with a mean value of 0.98 while they
are 0.90 for the tropical stations and 0.77 for the stations between 15 and 30° N. For
the northern extra tropical stations the correlation coefficient decreases to 0.61. The
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worst correlation (r = 0.3) is found for Hegyhatsal (46.95° N 16.63° W) and Mace Head
(53.32° N, 9.90° W). For three stations (Plateau Assy 43.25°N, 77.87°E, Black Sea
44.17°N 28.67°W, Ulaan Uul 44.45° N, 111.08° E) the model seasonality is found to
be in the opposite phase to the observations. We speculate that the large discrepancy
found at some stations may be due to the omission of local sources in our inventory.
Further in north, the correlation improves, and the mean correlation coefficient is 0.8.
As the seasonal cycle in this region is dominated by wetland emissions this indicates
that the wetland parameterization of our model is adequate.

The average rms error in the southern latitudinal belt, where the model per-
forms best, is 4.2nmolmol~"'. Over the tropical region the rms error increases to
13nmolmol~'and further north to 20 nmolmol™'. Overall the global average rms is
13 nmolmol™~'which, compared to other forward modeling studies, constitutes an ex-
cellent agreement. For example, Patra et al. (2009) computed a mean rms error of
18.6 + 4.2 ppb for the stations situated between the latitudes 5 and 60° N.

Figure 8 shows the latitudinal gradient of observed and simulated methane during
one month of each season. Over the Southern Hemisphere, the average methane mix-
ing ratio does not show any significant spatial variability and remains between 1700
and 1750 nmolmol‘1during the entire year. Nothward of 5° S (January) or 10°N (Au-
gust), the methane mixing ratio rises till it reaches a maximum between 1850 and
1900 nmolmol™" at 50 to 60° N. The spread of values among stations in the same lat-
itude band is largest between 20 and 60° N, and we note that the observations show
more scatter than the model.

4.3 Pl and LGM wetland emissions

During PI, the same CARAIB soil moisture map is used as in the PD run to map poten-
tial wetlands since there is no evidence suggesting any significant changes in natural
wetlands. Due to the slightly lower soil temperatures in wetland areas, the Pl wetland
methane emissions are calculated as 115Tgyr‘1, which is 17 Tg lower than its PD
value.
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For LGM, CARAIB provides soil moisture map from its LGM simulation, which is
used for mapping the LGM wetlands in this study, based on the same parameterization
approach, as of present day. However, due to the competing factors of ice-covered po-
tential wetland areas in the boreal zone and exposure of additional continental shelves
the total wetland area for LGM is estimated to be 7.75 x 10° km? of which continental
shelves contribute almost 30 %. This wetland area is similar to Webber et al. (2010)
but a bit larger than Kaplan et al. (2006) and Valdes et al. (2005). In contrast to the
present-day map, the northern latitudes show a reduction of more than 50 %. Accord-
ing to our model, tropical wetlands were almost 15 % larger which is attributed to the
coastal shelves especially in Southeast Asia. In spite of the relatively large wetland
areas compared to previous studies (Valdes et al., 2005; Kaplan et al., 2006), the Ged-
ney et al. (2004) parameterization yields only 72 Tgyr‘1 which falls in the low range of
the existing inventories and can be explained by our choice of the K¢y, value which
was derived for present-day conditions (see Sect. 2.1).

4.4 Pl and LGM methane concentrations

The Pl methane simulation with the present day OH yields an average surface methane
mixing ratio of 745 £ 6 nmol mol™" which is 40 nmolmol™" higher than ice core records
(Etheridge et al., 1998; Loulergue et al., 2008). With a 6 % lower than present OH,
the model simulates an even higher Pl methane, almost by 95 ppb compared to the
observation. It indicates that the strength of Pl methane sources has to be reduced in
order to match with observations. Given the small contribution of individual or combined
anthropogenic sources for Pl methane simulation, it is likely that our parameterisation
overestimates the Pl wetland source. If the other sources are assumed to be correct
as listed in Table 1, the annual Pl wetland methane budget should be 99 and 88 Tg yr_1
for unchanged OH and a 6 % lower than present OH, respectively (compared to the
calculated value of 115Tgyr‘1 as in Table 1).

The LGM simulation yields an annual average methane mixing ratio of
415+ 4nmolmol™", which is higher than the estimate of 360 and 364 nmolmol ™’ by
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Loulergue et al. (2008) and Déllenbach et al. (2000), respectively. Hotspots of elevated
methane mixing ratios are found close to the equator over South America and Africa
with average values between 426 and 480 nmol mol~". The Sunda shelf region near
present Malaysia yields methane mixing ratios of more than 450 nmolmol ™’ resulting
from the large wetland emissions from exposed shelves. The LGM inter polar gradient,
derived by calculating the difference of mean methane mixing ratios between latitudinal
bands surrounding Greenland and Antarctica is 22 +4nmolmol™" in good agreement
with the Dallenbach et al. (2000) estimate of 14 + 4 nmol mol~".

A sensitivity simulation with OH concentrations increased by 25 % as in previous
studies yielded a global annual average methane mixing ratio of 345 + 8 nmol mol ™,
slightly lower than the Déllenbach et al. (2000) estimate. Due to the large uncertainties
in the source estimates, both LGM simulations are considered consistent with the ice
core record. In order to match the observations to within £10nmolmol™", the total
methane emissions would have to be around 96 Tg and 120 Tg for the base run and the
run with increased OH, respectively (compared to 116 Tg in our model set-up; Table 1).
If the entire uncertainty were due to wetland emissions, the respective changes would

have to be a reduction from 72 Tgyr™' to 52 Tgyr™' or an increase to 76 Tgyr™ .

5 Methane changes from LGM to Pl and PD

The model simulations of LGM, Pl and PD show that the model with a consistent wet-
land module captures the changes in methane concentration reasonably well, both
from LGM to Pl and from PI to PD. If the transition from Pl to PD is easily explained
by increasing anthropogenic emissions, the change of methane from LGM to present
day is more complex. The rise in industrial methane emission between Pl and PD is
64 % whereas the emission from biomass burning and rice agriculture grew by 75 %
and 70 % respectively, according to our inventory. On the other hand, the LGM wetland
methane source is estimated to have been reduced by 45 % compared to PD which
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is a much stronger reduction than assumed in previous modeling studies. Overall, the
total methane sources in LGM are 75 % lower than during PD.

The LGM inter hemispherical difference is only 10 % and 30 % of its Pl and PD val-
ues, mainly because of the huge reduction of northern hemispherical wetland methane
sources. As discussed in Levine et al. (2011), previous studies (Valdes et al., 2005;
Kaplan et al., 2006) attributed only about half of the methane concentration changes
between LGM and PI to changes in wetland emissions, whereas Weber et al. (2010)
suggest a larger change, consistent also with the results from our wetland emission
parameterization.

Compared to the magnitude of change of the methane source strengths between
LGM and PD, the alterations of methane sinks, mainly the OH concentration are in-
significant. The weak BVOC-OH dependence in LGM as indicated from the recent
chemistry studies supports this. Though the exact quantification of both the Pl and LGM
OH deviation would demand a full chemistry study including an OH recycling mecha-
nism, the increase in LGM OH concentration should be marginal. Similarly, a higher
than present Pl OH (up to 20 %) as found in other studies, seems unrealistic and this
study supports the assumption of a PI OH that was similar to present day. Our results
indicate that wetlands played a larger role in the LGM to PD transition of the global CH,
budget than suggested by previous studies. Without any changes in the OH distribution
LGM wetland emissions are estimated at 52 Tgyr‘1 which is 60 % less than during PD,
while PI wetland emissions should be 25 % less.

6 Conclusions

In this study we used the ECHAM5-MOZ chemistry general circulation model with
a new wetland methane emission parameterization in order to consistently simulate
the global methane budget for Last Glacial Maximum, pre-industrial, and present-day
climate conditions. The new wetland scheme is based on input data on finer spatial
resolution of 10 min for present day and pre-industrial and 30 min for LGM. This allows
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for a better representation of the regional distribution of wetlands compared to most
previous studies and makes it possible to begin evaluating the seasonal cycle of the
wetland source.

The model simulations use a consistent set-up for all three climatic periods and re-
produce observed methane concentrations from the global station network particularly
well for the present day (within the error margin of 2 %). Ice core data for Pl and LGM
are lower than our simulations by up to 6 and 15 % respectively. These results lend
some credibility to the changes in wetland emissions that are produced by our param-
eterization and also provide useful insight on the dominant role of wetlands in methane
changes from LGM to present. It must be noted that our wetland emission parameter-
ization yields lower global annual totals compared to other methane inventories. For
present day the annual wetland methane emissions average to 132 + 10 Tg which is
below the range cited in the IPCC AR4 report, while for Pl and LGM they are calcu-
lated as 116 Tg and 72 Tg, respectively, which is also significantly lower compared to
Kaplan et al. (2006), Valdes et al. (2005), and Weber et al. (2010). According to our
simulations, the LGM wetland methane emissions were 45 % lower than during PD.
This reduction is much stronger than the changes estimated by Kaplan (2002) and
Valdes et al. (2005), which found a reduction by 25 % and 27 %, respectively. Weber
et al. (2010) found comparable changes between 35 and 42 %.

Our low LGM wetland emissions are supported by recent findings of a much stronger
chemical buffering of the OH concentration in environments with high biogenic VOC
concentrations (Hofzumahaus et al., 2009; Lu et al., 2012). While there is an ongoing
discussion about the exact nature of the chemical pathways which recycle OH under
conditions of low NO, and high isoprene (Peeters et al., 2009; Taraborrelli et al., 2012;
Archibald et al., 2011), this finding challenges the former hypothesis that substantially
reduced BVOC emissions during LGM would lead to much higher OH concentrations,
and therefore a reduced methane lifetime. Our model results with the consistent wet-
land emission parameterisation and no changes in OH yield a reasonable agreement
with observations. For a full understanding of the impact of the newly discovered iso-
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prene chemistry one would have to know the reaction pathways and rates and run the
model with fully interactive chemistry. So far, OH recycling has only been implemented
by Levine et al. (2011). In contrast to our assumptions, their results indicated that OH
buffering should not have a significant impact on the methane lifetime because it gets
cancelled due to equal and opposite effect of changes in air temperature.

In summary, our modeling study suggests that past changes in the methane
concentration were primarily driven by changes in the wetland emission source and
changes in the methane sink due to OH oxidation were marginal. Thus confirming the
conclusion of Levine et al. (2011) of almost entirely source-driven PI-LGM methane
transition. Moreover this study also extends this conclusion to the methane changes
from the pre-industrial to the present-day era. While Levine et al. (2011) had focused
their study on the sensitivity of methane concentrations and lifetimes to atmospheric
chemistry processes, our simulations include the explicit calculation of changes in
wetland emissions and climate. A logical next step would be fully interactive climate-
chemistry simulations to understand feedbacks involved.

The service charges for this open access publication
have been covered by a Research Centre of the
Helmholtz Association.
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Table 1. Methane emission strengths in Tgyr"1 as used in ECHAM simulation for present day,
Pl and LGM.

Emission for  Emission Emission

present day for PI for LGM

simulation simulation  simulation

(inTgyr™) (inTgyr") (inTgyr ™)
Natural
Wetlands 132 115 72
Termites 19 19 27
Ocean 17 15 10
Hydrates - - -
Geological seepage - - -
Wild animals 8.5 15 -
Anthropogenic
Energy 83 - -
Landfills and Waste 76 - -
Ruminants 101 12 —
Rice (seasonal) 40 10 -
Biomass burning 35 10 7
Total 510 196 116
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Fig. 1. Effect of various factors on LGM OH change with respect to Pl as simulated by
MOZART2 chemistry transport model.
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Fig. 2. Regionally aggregated wetland areas from this study compared to the Global Lake and
Wetland Database (GLWD) of Lehner and Déll (2004).
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Fig. 4. Impact of soil temperature variability on CH, emissions seasonality from wetlands at
north of 30° N. The blue curve shows the actual monthly methane emission (Tg month_1) while
the red curve shows the theoretical emission pattern in a scenario where the soil temperature
is kept fixed at 280 K throughout the year.
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Fig. 7. Model-observation comparison of surface methane mixing ratios (in nmol mol"1) at
selected sites. Observations are averaged between 1986 and 2006. The model data is the
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