Clim. Past, 7, 635648 2011 - "'A\ -

www.clim-past.net/7/635/2011/ GG Climate
doi:10.5194/cp-7-635-2011 of the Past
© Author(s) 2011. CC Attribution 3.0 License. -

Methane variations on orbital timescales: a transient modeling
experiment

T. Y. M. Konijnendijk 123, S. L. Weber?3, E. Tuenter:3, and M. van Weelé

1Department of Earth Sciences, Faculty of geosciences, Utrecht University, Budapestlaan 4, 3584 CD Utrecht,

The Netherlands

2Department of Physical Geography, Faculty of geosciences, Utrecht University, Heidelberglaan 2, 3584 CS Utrecht,
The Netherlands

3KNMI — Royal Netherlands Meteorological Institute, Wilhelminalaan 10, 3732 GK De Bilt, The Netherlands

Received: 12 December 2010 — Published in Clim. Past Discuss.: 6 January 2011
Revised: 20 May 2011 — Accepted: 27 May 2011 — Published: 17 June 2011

Abstract. Methane (CH) variations on orbital timescales record from ice cores. Simulation of the dynamical vegeta-
are often associated with variations in wetland coveragetion response to climate variation on orbital timescales would
most notably in the summer monsoon areas of the Northeribbe needed to reduce the uncertainty in these preliminary
Hemisphere. Here we test this assumption by simulating orattributions.

bitally forced variations in global wetland emissions, using
a simple wetland distribution and GHmissions model that
has been run on the output of a climate model (CLIMBER-
2) containing atmosphere, ocean and vegetation componenté.
The transient climate modeling simulation extends over the . . .
last 650 000 yr and includes variations in land-ice distribution M€thane (CH) is a forcing factor for climate as a green-
and greenhouse gases. Tropical temperature and global vegpuse gas (Wf’mg etal., 1996). .\ﬁce versa,4Cddncgntra-
etation are found to be the dominant controls for globakCH ons are also influenced by to climate changes, which cause

emissions and therefore atmospheric concentrations. Thghatng(;,\s ": th? natural ?J—productlont;atz. The mo.ts.t |m-f
relative importance of wetland coverage, vegetation coverPortant natural source o GHs anaerobic decomposition o

age, and emission temperatures depends on the specific ci—rgan'c material in wetlands (Fung et al., 1991). Global wet-

Introduction

matic zone (boreal, tropics and Indian/Asian monsoon area and extent, together with more local factors influencinggCH

and timescale (precession, obliquity and glacial-interglacial roduction gnd release tothe atmosph(_are such as temperature
(b quity g g and vegetation (Gedney et al., 2004), is therefore key to un-

timescales). Despite the low spatial resolution of the c:Ii—d tandi it N the at beri trati
mate model and crude parameterizations for methane pro—ers anding variations in the atmospheric{zidncentration

duction and release, simulated variations in,Gissions the.pe.nod 'before anthropogemc influences. )

agree well with those in measured concentrations, both in Variations in CH concentratlon_have been substantlaldu_r-
their time series and spectra. The simulated lags betwee[fd the late Quaternary. Spahni et al. (2005) found an in-
emissions and orbital forcing also show close agreement wittf'€ase in the Epica Dome C (EDC) ice core record-860
those found in measured data, both on the precession arRMS Per billion by volume (ppbv) te-690 ppbv during
obliquity timescale. We find causal links between atmo- the transition from Last Glacial Maximum (LGM; 21 000 yr
spheric CH concentrations and tropical temperatures andP€fore present) to the Early Holocene (11000yr before
global vegetation, but only covariance between monsoon prePrésent). Long-term oscillations in the grécord have been

cipitation and CH concentrations. The primary importance Iinkgd to variations in insolation caused by grbital forcing,
of the first two factors explains the lags found in the cH Particularly to the 23000 yr (23-Kyr) precession component
(e.g. Ruddiman and Raymo, 2003). A strong 41 000yr (41-

Kyr) obliquity component and a 100-Kyr oscillation are also
Correspondence to: apparent in the record (Loulergue et al., 2008). These oscil-
T. Y. M. Konijnendijk lations lag their respective forcing considerably. Ruddiman
BY and Raymo (2003) devised an age model for the Vostok ice
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core by tuning changes in GHo be synchronous with low of importance for wetland formation and global €Emis-
latitude mid-July insolation. This insolation curve, which is sions. The climate model output is used to force an off-
dominated by precession, effectively lags 21 JuneNsn- line model that computes the global distributions of wetland
solation by~1.6 Kyr. They also point out that the GHsig- area and Chlemissions (TRENCH). Section 2 describes the
nal has the same delayed phase as northern ice sheets at tin@dels used. In Sect. 3 we analyze simulated emissions and
obliquity timescale. examine the relative contribution to variations in global emis-
The exact nature of the link between insolation and vari-sions of the tropics, the boreal zone, and the Indian/Asian
ations in past atmospheric GHoncentration is a much- monsoon area. The influence of changes in temperature, veg-
debated topic (Schmidt et al., 2004). The most commonetation and hydrological processes is analyzed for each of
view on CH; variations at orbital timescales is that Northern the three regions. In Sect. 4 we discuss the results, compare
Hemisphere (NH) extra-tropical (boreal; defined as the areanodel output to observational data, and draw conclusions.
north of 30 N) emissions are mainly influenced by changes
in temperature, while tropical (defined as the area between
30° S and 30 N) emissions are governed by changes in pre-2 Models and methods
cipitation, i.e. monsoon intensity (Blunier et al., 1995). The
land-sea temperature contrast that drives monsoon systen&sl The climate model
is sensitive to changes in insolation, in particular the 23-Kyr
cycle which therefore greatly influences the strength of mon-As a basis for simulating CHemissions, the CLIMAte and
soon systems (Kutzbach et al., 2008). BiosphERe model (CLIMBER-2, Petoukhov et al., 2000)
Given that the bulk of modern day wetland emissions orig-was used. This is a coupled atmosphere-ocean-vegetation
inates from the tropical zones with a modest contributionmodel of intermediate complexity that is suitable for long
from the extra-tropical NH, and negligible Southern Hemi- simulations due to its fast turnaround time. The model con-
sphere (SH) emissions (Walter et al., 2001; Prigent et al.sists of a statistical-dynamical atmosphere, which resolves
2007), it seems likely that changes in atmospherig €éh-  the large-scale flow that arises due to spatial temperature
centrations are primarily forced by changes in monsoon in-gradients. It parameterizes atmospheric transports caused
tensity (Chappellaz et al., 1990). However, Crowley (1991)by synoptic-scale variations (i.e. weather) in a sophisticated
noted that past atmospheric gldoncentrations compared manner (Petoukhov et al., 2000), but it does not contain the
just as favorably to reconstructed mid-latitude temperaturesveather events themselves. The other components are a 3-
as they do to simulated Asian monsoon intensity. Thereforepasin zonally averaged ocean, including sea ice, and a ter-
changes in boreal emissions may well be the cause of theestrial vegetation model VECODE (VEgetation COntinuous
observed 23-Kyr oscillation in atmospheric &H DEscription; Brovkin et al., 1997). The latter computes the
Modeling studies have recently investigated global wet-fraction of the potential vegetation in a grid cell (i.e., grass,
land area and associated g£lmissions during the LGM trees, and bare soil) as a function of the annual sum of pos-
(Kaplan, 2002; Valdes et al., 2005; Kaplan et al., 2006; We-itive day-temperatures and the annual precipitation. The at-
ber et al., 2011), thus implicitly focusing on the effects par- mospheric model of CLIMBER-2 has a resolution of 10
ticular to a glacial termination. Here we perform for the latitude and 51.43in longitude. The land surface model
first time a much longer simulation, which covers the last computes soil characteristics on the same grid (with the same
650000yr, with the aim to examine the climatic origin of resolution) as the atmospheric component. Soil moisture in
orbital cycles in atmospheric CH Focus is on the preces- CLIMBER-2 is based on a basic runoff scheme, taking the
sion and obliquity cycles. The questions that we aim to ad-balance between precipitation and evaporation into account
dress are as follows. First, whether the oscillations i, CH (Petoukhov et al., 2000).
observed in ice core data originate from the tropics, the bo- With CLIMBER-2 we performed a climate simulation for
real zone and/or specifically from the Indian/Asian monsoonthe interval 650Kyr BP to present, using orbital forcing
area; second, which climatic parameters play an importan{Laskar, 2004) as well as prescribing time-varying NH ice
role in each of these regions; and third, how we can inter-sheets and greenhouse gas concentrations (GHG). GHG con-
pret the lags that have been found in the measured data witbentrations (C@and CH,) were derived from EPICA Dome
respect to the orbital forcing. C, with the EDC-3 timescale (Parennin et al., 200itHi et
Wetland CH, emissions over the last 650 000 yr are de- al., 2008; Loulergue et al., 2008). For the last 500 yr we used
rived using output from a transient climate simulation with values from several sources (Robertson et al., 2001). The
an atmosphere-vegetation-ocean model of intermediate contetal greenhouse gas forcing is dominated by,COhere-
plexity (CLIMBER-2). The climate model has coarse spatial fore, the simulated climate is only forced by the prescribed
resolution. However, it adequately simulates large-scale cli-CH, concentration variations to a very limited extent. The
matic features like the seasonal migration of the Inter Trop-volumes of the Laurentide and the Eurasian ice sheet were
ical Convergence Zone (ITCZ), monsoon systems and thebtained from a 3-dimensional ice sheet model coupled to a
freezing and thawing of the northern land masses, which arenodel of deep-ocean temperature (Bintanja et al., 2005). The
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input for this model is formed by the marine benthic oxygen lated by GCMs (Ganopolski et al., 1998b; Braconnot et al.,
isotopes stack of Lisiecki and Raymo (2005). Their global 2007, Montoya et al., 2005). Limited model-data compar-
isotope record was converted into a timeseries of ice sheetons have been carried out for orbitally-forced variations in
volumes using the LR0O4 time scale (Lisiecki and Raymo,local proxy data representing the Indian monsoon (Ziegler
2005). The atmospheric model is forced by the ice area (suret al., 2010a) and tropical temperature (Groot et al., 2011),
face albedo) and height (orographic effects) of ice sheetswhich showed reasonable agreement both in timeseries and
Therefore, ice volumes were translated into a surface areapectra. Leads and lags with respect to the orbital forcing
and height of the Laurentide and Eurasian ice sheets based d¢iuenter et al., 2005) were found to be similar to those found
the ICE-5G distribution for the LGM until present (Peltier, in later simulations with more a complex model (Kutzbach et
2004), set on the spatial grid of CLIMBER-2. The corre- al., 2008). Many results found with intermediate-complexity
spondence between ice volume and area/height was extraprodels similar to CLIMBER-2 have been confirmed in a
olated back in time in order to cover the whole period of similar way by later simulations with GCMs (Weber, 2010).
650 000yr. The CLIMBER-2 simulation is described in de- CLIMBER-2 thus seems capable of adequately representing
tail by Weber and Tuenter (2011). This is the first simulation climatic change in response to different forcings, albeit only
ever performed for the late Quaternary that takes variationst sub continental scale.
in ice sheets and GHG concentrations into account.

Sea level effects due to changes in ice volume are no.2 CHas emissions model

considered in this study. The increased capacity of newly e i
exposed continental flats for wetlands could partially com- 1 he wetland and Cldemission model TRENCH (TRansient

pensate for the loss of boreal wetland area due to ice covefMissions of Natural Ci is driven off-line by 100-yr aver-
However, this effect is difficult to simulate within the present 29¢d monthly output from CLIMBER-2. The monthly out-
modeling set-up of CLIMBER-2, due to its coarse resolu- PUt PErmits the analysis of seasonal variations in wetlands

tion. A previous model analysis (Weber et al., 2011) based?d CH emi.ssions. TRENCH consists of two consecutive
on eight different General Circulation Model (GCM) simula- €omponents: a wetland finding algorithm and a4Gnis-
tions for the LGM, has shown that it is likely a minor factorin Sion algorithm. The wetland location algorithm follows the
comparison to the main climate factors that are considered ifgpproach originally proposed by Kaplan (2002), and uses

the present study. We did test sea level effects in the preseftimate variables from CLIMBER-2 that are known to in-
fluence wetland formation. Wetland existence is determined

model set-up and performed a simulation where we identi- ¢ ) :
fied areas with large continental flats (e.g. northern SiberiaP@sed on soil moisture and soil temperature. Wetlands are as-

the Sunda Shelf), and simulated §production from wet- sumed to exist only during months when the soil temperature
lands in these areas at times of low lea level. The main effect!S above freezing point. When, in addition, a soil moisture
were a shift in source area of emissions from the boreal zon&"eshold is reached, a grid cell is assumed to support wet-
towards the tropics and a 7 % higher £ptoduction during lands. This threshold is set at 5% of maximum saturation.
the LGM and other glacials, in agreement with previous stud- 1 NiS iS low compared to other model studies, but one has to
ies. The setup of this “sea level effect” run was speculative consider here the size of the grid cell over which soil mois-

however, mainly due to the low resolution of CLIMBER-2. ture is computed which is much larger than in CLIMBER-2

Because the focus of the present paper is on analyzing clithan in GCMs. The fraction of a grid cell covered by wet-

matic effects and the behavior of the different regions 0verlanc'j is taken to be linearly related to the soil moisture value
time, we decided that the benefits of including this effect did derived from CLIMBER-2 as follows:
not weigh up against the additiqnal uncertainties. Cwet=a%M%(1—1I) 1)
Compared to GCMs, the main drawback of CLIMBER-2
is obviously its coarse resolution and associated parameterWhere Cyet is the fraction of wetland in a grid cely is a
zations of small-scale dynamical processes. For the presemtining factor,M is the soil moisture, and is the fraction of
purpose of estimating wetland GHemissions over orbital a grid cell covered with land ice. Resulting grid cell frac-
timescales it is necessary to assess the model's sensitivitijons are multiplied with the land surface area in a grid cell
to the different forcings involved. These include both in- to obtain wetland area in kin We assume that orography
ternal forcing mechanisms, such as ice sheets and greemoes not play a role at the present spatial resolution, as the
house gases, as well as external orbital forcing. CLIMBER-large area of grid cells ensures that they always contain suf-
2 is successful in simulating cold climates like the LGM ficient flat terrain to support wetlands when climatic condi-
(Ganopolski et al., 1998a), showing a similar sensitivity andtions allow this. The threshold value of soil moisture was
response pattern as comprehensive GCMs to the separathosen by trial and error so as to obtain a reasonable geo-
impacts of large continental ice sheets and reduced greergraphical distribution of wetlands over the globe. Known
house gases (Schneider von Deimling et al., 2006). Alsowetland complexes such as the Hudson Bay lowlands and
the strength of the NH monsoon during an orbitally forced the present day Beringia area, as well as the obvious tropi-
period like the mid-Holocene lies within the range simu- cal belt and monsoon areas, are represented. Likewise, the
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Fig. 1. TRENCH simulated PIH wetlands during June, the month of maximum wetland extent (green line), aedh@kions (black line),
both integrated zonally and by 1@atitude belts.

Tibetan Plateau for example does not sustain wetlands in thBecause the dynamical vegetation response to climate vari-
model. We certainly miss smaller-scale wetlands associatedtions is only crudely simulated by the present version of
with deltas, groundwater-fed systems etc. due to the basi€LIMBER-2, we used the grass and trees vegetation cover
nature of our land-surface model (compare the discussion ifiractionsFgrassand Firees provided by VECODE, as the best
Kaplan, 2002). The tuning constamtvas chosen to obtain estimate. We added the two vegetation fractions together to
a plausible value for worldwide wetland extent in kmA form the vegetation factoV, where Fyees carries 60 % of
comparison to values found in literature for the Pre-Industrialthe weight andFyrass40 %. Trees have more extensive root
Holocene (PIH; 1850 AD) is made in Sect. 2.3. systems than grass, and vegetation related root systems are

The CH; emission algorithm of TRENCH is based on important for the transport of CHo the surface (Rice et al.,
Gedney et al. (2004), who propose a simple model for emis2010). As this is a questionable assumption, we tested differ-
sions dependent on wetland fraction, soil carbon content, aneént weighting factors and found that the results presented in
temperature. The temperature sensitivity is expressed in th8ect. 3 were not sensitive to the exact weighting of trees and
form of a Q¢ factor. In the present model we compute time- grass.
varying emissions for each grid cell as follows:

7/10 2.3 Model performance for the PIH and LGM

E=kxCwerxV* Q1 (2)
HereE is the CH, emission (in Tg CH) of a given grid cell ~ The calculated maximum global wetland extent for the PIH
at a certain time step and monthis a tunable constant cho- occurs in June and is 6.3 @km?. During minimum inun-
sen so that global annual emissions are close to measuretition, which occurs in December, the total wetland area is
data, Cwet is the fraction of wetland in a grid cell as cal- 3.6 16 km2. Taking into account that modern wetlands are
culated in the wetland distribution model (Eg. 1), anda possibly~20% smaller than wetlands during the PIH due
vegetation factor which is defined below. The temperatureto destruction by agriculture (Chappellaz et al., 1993), this
sensitivity is expressed in the form of@yg factor, withT ~ agrees with contemporary estimates based on satellite data
the soil temperature in degrees Celsius. of 5.9 1¢ km? and 2.1 16km?, respectively (Prigent et al.,

The Q19 is a temperature-dependant variable itself, be-2007). Boreal wetlands (annual average) make out 38 % of
cause the efficiency of CHproduction changes with tem- the global annual mean wetland area, which is consistent
perature (Gedney et al., 2004). In literature, valuesdag with estimates for the present (Lehner andliD2004; Pri-
vary between 1.7-16 (e.g. Walter and Heimann, 2001) bugent et al., 2007). Simulated wetland extent peaks in high
most studies converge at values around 2-4. The base valugrthern latitudes (49N-65° N), while extensive wetlands
010(Tp)— the Q10 at 0°C — was set at 2.0. This value was are also found in the tropics (Fig. 1).
chosen because it results in a reasonable distribution af CH Simulated global annual emissions are set at 151 Tg CH
emissions over boreal wetlands (north of 80 and tropical  for the PIH by the value taken for the tunable constant k.
wetlands (latitudes between 38 and 30 S), in agreement We chose this target value based on estimates of contempo-
with previous observational and modeling studies. rary wetland emissions by Houweling et al. (2000) and Chen

Wetland CH, production also depends on the vegetationand Prinn (2006). This amount of 151 Tg gldriginates
productivity determined by available nitrogen and soil car- for 23% (35Tg) from boreal wetlands and 77 % (116 TQ)
bon content, which is basically the amount of decomposabldrom the tropics. This distribution is in agreement with many
organic material in the substrate (Christensen et al., 2003)previous observational and modeling studies, which find that
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20 During the LGM a large cooling occurs in higher latitudes.
2.0 L1g For example, Wu et al. (2007) reconstructed &@Gurface
cooling in the Northern Hemisphere (NH), while only mi-
nor to moderate cooling of 0-=& takes place in the tropics.
This is accurately 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
temperature constraint (Sect. 2.2). This temperature-effect is
larger than the direct loss of wetland area by ice cover. Ad-
ditionally, the decreasing temperature has a negative impact
on vegetation growth. Figure 3 shows that vegetation cover
2 was strongly diminished in the LGM with respect to the PIH

0 in boreal latitudes, while there is little change in the tropics.
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Fig. 2. Seasonal v_arlatlon of h_|gh (55-7Hl) latitude bqreal wet- 3 Main sources and controls of wetland methane
land extent (black line) and emission temperature (defined as the av- emissions

erage soil temperature of grid cells emitting g lgreen line) during

the PIH. . . . .
€ 3.1 Simulated emissions in the transient run

15-37 % of the global emissions comes from boreal wetlands,:iglure 4 shows timeseries of the forcings used in the tran-
and 56-85 % originates in tropical wetlands (Cao et al., 1996 gjant run, namely ice volume, greenhouse gas variations and
Walter et al., 2001; Valdes et al., 2005). Boreal wetland aregnspation at 65N as an illustration of the orbital forcing.
peaks during early summer when snowmelt rates surge, bujye also show the global mean values of the main climatic
the average temperature is still low (Fig. 2). Together with parameters, as derived from CLIMBER-2, determining wet-
the limited emission season this makes the higher latitudeg,;nq extent, CH emissions, and the emission temperature
a less efficient source of GHhan the tropics. Therefore, (gefined as the average soil temperature of grid cells emitting
the peak in simulated wetland extent in the high latitudescyy,) as well as the vegetation factor. All parameters show
only translates to a moderate level of emissions (Fig. 1)yariations on multiple (orbital) timescales. Simulated tem-
TRENCH was thus tuned to reproduce the basic features oferature and vegetation changes, together with the varying
wetland distribution and Cidemissions for the PIH. We did  \yetjand distribution, were used to compute total annual and
not tune on any aspect of the model’s transient behavior. global CH, emissions. These were found to vary between
In order to assess model performance, the results for thg 16 and 167 Tgyr'. In Fig. 5 the global Cl emissions
LGM are now compared to those of earlier studies usingare compared to the atmospheric Sténcentrations derived
GCMs. Global wetland area during the LGM is at its maxi- from EDC. The EDC-3 curve shows pronounced sub-orbital
mum in June with 5.3 Tm? and atits minimum in Decem- yariapility, which is absent from the simulated curve. This
ber with 3.3 16 km?, a decrease of 17 % in the annual-mean s pecause CLIMBER-2 lacks internally generated variations
compared to the PIH. Boreal wetlands makevp6% of  op these timescales. Simulated climate and vegetation are
the annual global mean, shifting the main component of Wet'purely driven by the applied forcings, which vary on orbital
land extent towards the tropics. This change of distributionyjmescales. The longer-timescale variation8 Kyr) in both
is caused by the presence of large continental ice sheets gf;nes correspond very well, with a correlation of 0.79.
high latitudes and a relatively dry Eurasian mainland during  ag wetlands are assumed to be the largest natural source
the_LG_M duetp generally reduced precipitation. GlobalCH \yetiand CH emissions for a large part determine atmo-
emissions during the LGM are reduced to 118 Tg@H* spheric concentrations during this period. Therefore we di-
(21 %) compared to the PIH. Tropical emissions are reducedectly compare measured concentrations and simulated wet-
by 12%, while boreal emissions drop by 58%. Previous|ang emissions here, without taking lifetime variations into
GCM-based modeling studies have found similar moderateyccount. Spectra of the two time series were determined us-
reductions in global emissions of 16-29% (Kaplan, 2002;ing Analyseries (Pailliard et al., 1996). Both spectra (Fig. 6)
Valdes et al., 2005; Kaplan et al., 2006) as well as strongefgicate a strong 100 Kyr signal and significant influence of
reductions of 29-42 % (Weber et al., 2011). The decrease ig kyr oscillations. Precession related features (i.e. 23 Kyr)
especially strong in the boreal areas, which are active in thghoy a stronger signal in the model results than in the mea-
NH summer. The tropical zone is active year-round and isgreq data. Differences in the relative importance of spec-
relatively unaffected or even positively affected consideringyrg| peaks in measured concentrations and simulated global
wetlands during glacials. emissions could be due to lifetime variations that cannot be
accounted for in the present model setup.
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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). Note that the vegetation
factor is a weighted average of tree cover (60 %) and grass cover (40 %). All data are integrated zonally &rdtliyd@®belts.

As a check on our approach, the atmospheriq Gfdtime where shifts in the Intertropical Convergence Zone (ITCZ)
was tentatively diagnosed from the measured concentrationdetermine whether wetlands can exist or not. The bulk of
and simulated total wetland emissions. The modeled variaglobal emissions (72 % during the PIH) are emitted from the
tions in wetland emissions are of the order of 30 % (50 Tg),tropics. The boreal zone and the monsoon areas contribute
which can be brought into agreement with the absolute varithe remainder (18 % and 9 % respectively). The spectra for
ations in observed CHconcentrations of a few hundred ppb the individual regions (Fig. 6) show that they each have a
using reasonable assumptions ondifétime variations be-  typical timescale behavior, as mentioned above. Emissions
tween about 5.2 and 9.3 yr. For example, using a conversioifrom the Indian/Asian monsoon area are primarily controlled
factor between global burden (Tg GHo surface mixingra- by precession, with little to no influence from 100 Kyr and
tio (ppb) of 2.78 Tgppb! (Denman et al., 2007) we find, 41 Kyr. Boreal emissions mainly reflect 41 Kyr and 100 Kyr
for a PIH concentration of 676 ppb, a global burden of aboutsignals, while tropical emissions contain a strong precession
1880 Tg. Assuming a constant biomass burning source osignal and significant power at the 41 Kyr and 100 Kyr fre-
40 Tg CHyyr—1 (Fischer et al., 2008) and additional covary- quencies.
ing sources, like ruminants, termites and geological sources, The EDC-3 record for Ciland the time series for simu-
amounting to 30 Tg Cllyr—! during the PIH (Denman et lated global emissions, as well as those of the separate re-
al., 2007), we find a lifetime of 1880/(150 + 70) =8.6 yr for gions, were band pass filtered using Analyseries (Pailliard
the PIH and that lifetimes vary betweerb.2 yr during peri- et al., 1996) at 21£2.5) Kyr and 41 £3.5) Kyr. The fil-
ods of low CH, concentrations, anet9.3 yr during periods tered signals were then cross correlated to the astronomi-
of high CH,; concentrations. This is consistent with data for cal precession index and obliquity parameter, respectively
the LGM and PIH (Fischer et al., 2008) and model studies(Laskar, 2004). The measured EDC-3 derived,Gion-
that include atmospheric chemistry (Lelieveld et al., 1998).centration is found to lag the orbital forcing by 2.0 Kyr on
As these values are reasonable, our conclusion of close cothe precession timescale and by 5.5Kyr on the obliquity
respondence between the measured and simulated timeserigsiescale (Table 1). For the simulated global emissions lags
is supported. are 1.3Kyr and 5.3 Kyr, respectively, (Fig. 8). We consider

In order to further analyze the origin of simulated wetland this a very close match given that climate models are gen-
emissions we separately consider three regions (Fig. 7): therally not successful in reproducing lags found in measured
areas influenced by the Indian/Asian summer monsoon, thelata (e.g. Ziegler et al., 2010b). Lags are longest for emis-
boreal area north of 30N, but excluding the East Asian sions from the boreal zone — reflecting the large influence of
monsoon grid box, and the tropical area’ 3830 N, ex-  theice sheets —and smallest for emissions from the monsoon
cluding the remaining monsoon-dominated grid boxes. Theareas, with intermediate lags for tropical emissions (Table 1).
Indian/Asian 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
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Fig. 4. Transient forcings (top graphs) for CLIMBER-2, ice volume (Bintanja et al., 2005), insolation (Laskar, 2004), and GHG (Loulergue
et al., 2008), and the resulting wetland extent, vegetation factor and mean emission temperature (lower graphs).

3.2 Factor analyses Fiot as follows:
. _ _ Fiot(t) = E(t)/ EpiH ()
The next step is to analyze the climate and vegetation factors

that control variations in simulated GHemissions and the Where E denotes annual emissionsis time andEp4 de-
simulated lags. First we define a total modification factor notes annual emissions during the PIH. According to Eq. (2)
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Fig. 6. (left) Spectra for the Epica Dome C atmospherictdncentrations (green line) and the TRENCH simulated annual globgal CH
emissions (black line), both computed over the time series extending from 650Kyr to OKyr BP. (right). Spectra for the time series of the
separate emissions from the tropical zone (red line), the boreal zone (blue line) and the Indian/Asian monsoon areas (violet line); the areas
are depicted in Fig. 7.

there are three individual factors determining the total emis-torial calculation for wetland covert):

sion changes, namely changes in wetland coFgr, (n veg- 7/10

etation cover fy) and in temperature). To compute in-  Fc(t) =k-C()-Vpin-Qyo” PiH/ EPiH 4
dividual modification factors for each grid box, one term in Where k is the unaltered tunable constar€(s) is the
Eqg. (2) was set at its transient value and the other two terms, 2 nsient wetland covelVppy is the vegetatior’1 cover and
were set at PIH values. The results were then divided by the_ 7,10

. . - “Qio PiH is the temperature dependence, both fixed at their
emissions of that grid box for the PIH. Eq 5 shows this fac PiH values. For each grid bafy is equal toFe Fy. F,. The

results from the factor analysis are not meaningful at the grid
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Table 1. Lags with respect to the orbital forcing in ice cover, greenhouse gases and EDC-3 atmosphgiiit Bl 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 55 0.95
global emissions 1.3 0.93 53 0.96
boreal emissions 25 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
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Fig. 7. Definition of the tropical (red), boreal (blue) and In- ) o

dian/Asian monsoon (pink) zones. Emissions from these thred 19- 8- (top) TRENCH simulated global CHemissions, band pass

zones are separately analyzed. filtered for 21 Ky_r @2.5kyr) and the precession index, an_d (bot-
tom) TRENCH simulated global CHemissions, band pass filtered
at 41k &3 Kyr), and the obliquity parameter. Lags between forcing
and response are indicated for each timescale.

box size. Therefore, we only discuss the results as averaged

globally and for the three separate zones defined above using

a weighted average. By weighing the modification factors oftropical and boreal emissions, with vegetation as a secondary
each grid box according to their PIH emissions in the aver-control. During cold periods wetland extent is a reducing fac-
aging process, skewing effects of extreme modifications intor in the boreal zone, but an amplifying factor in the tropics,
low-emission cells such as in high boreal latitudes are counpossibly related to reduced evapotranspiration. However, the
tered. The factor analysis is carried out over that part of theeffect is small in both zones and almost cancels out in the
globe that could in principle support wetlands at all times, ex-global mean. Wetlands coverage is only an important factor

cluding areas that are covered by ice during some time stepsn the Indian/Asian monsoon region, together with vegetation
Focus is thus on climatic effects, not on the geographic conchanges.

trols (see also Weber et al., 2011). Spectral analyses (Fig. 10) show that precession-related

Timeseries of the modification factors (Fig. 9) show that in variability is dominated by vegetation changes in the trop-
our simulation temperature is the dominant control both forics and in the Indian/Asian monsoon region, while in the
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1.10 by ca. 1Kyr for precession to 2—4 Kyr for obliquity (Table 1).
1.05 , . A ) , This reflects the strong influence of hydrological processes,
101 which respond quasi-instantaneously to the orbital forcing,
0.0 on vegetation. Compared to insolation, the lags of both tem-
0.85 1 ‘ perature and vegetation effects tend to be longer in the boreal
0.80 zone than in the tropics (Table 1). The combined effect of
1.10 temperature and vegetation explains the lags that are found

M@ between simulated CHemissions and the orbital forcings.
Hend i dtaias
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4 Summary, discussion and conclusions

We have simulated wetland GHemissions over the last
650000yr using a simple wetland distribution and CH
emissions model coupled off-line to the atmosphere-ocean-
vegetation climate model CLIMBER-2. The resulting sim-
ulated global emissions show a close similarity to the mea-
sured EDC-3 timeseries of atmospheric {aténcentrations,
both in spectra and in lags with respect to the orbital forcing.
In this study we find strong indications that global emis-
sions are dominated by emissions from the tropics. However,
in contrast to the general assertion that monsoon intensity is
of primary importance (Chappellaz et al., 1990; Blunier et
al., 1995) we find in our model that temperature and veg-

boreal
modification factors

Indian/Asian monsoon
modification factors

Time (Ka) etation changes are the main drivers. As hypothesized by
mm totalmod.  mm vegetation mod. Crowley (1991), monsoon precipitation and global emissions
== vetlands mod. mm  temperature mod. do appear to co-vary, but no causal link was found. On the

global scale, wetland extent was found to exert little control
Fig. 9. Time series of the modification factors, as defined in on emissions. Tropical temperature variations are found to
S_ect. 3._2, for the entire globe and for the tropical, boreal and In-phe small, about 2-4C on glacial-interglacial timescales in
dian/Asian monsoon areas separately. agreement with proxy data (Farrera et al., 1999). However,

such variations are significant as methanogenesis is much

more sensitive to temperature changes at the high average
boreal zone a combination of temperature and vegetationemperatures in the tropics than at the lower average temper-
changes plays a role. This results in global emissions beatures at high latitudes (compare Eq. 2).
ing dominated by vegetation at the precession timescale, Based on the present results we hypothesize that temper-
with a smaller impact from temperature. At the obliquity ature and vegetation are the dominant controls of orbital-
timescale temperature and vegetation are equally importar{cale variations in global wetland Glémissions, while wet-
in global emiSSionS, which reflect both boreal and tropical |and extent p|ays Only a minor role' Thls iS Supported by
results. Vegetation Only dominates in the Indian/Asian mon'a recent mode“ng Study1 based on an eight_member ensem-
soon area. The 100-Kyr variations in global emissions areple of GCM simulations for the LGM (Weber et al., 2011),
primarily determined by temperature, which is a global phe-\yhere it was also found that temperature and vegetation are
nomena present in all three zones. the main controlling factors. In their study wetlands exhib-

To summarize, at the precession timescale vegetatioited southward shifts in the cold LGM climate, related to

seems to be the dominant control of global £éissions, a southward shift of the mid-latitude storm tracks and the
with temperature as a secondary control. The dominancéTCZ. This caused the effect of changes in wetland distribu-
of vegetation control originates primarily from the tropics. tion to be of regional importance only, and to cancel out in
Our results also show a clear impact of vegetation on emisthe global mean. Here we find a shift from the boreal to the
sions in the Indian/Asian monsoon area, but these constitutéropical zone. This larger-scale pattern is likely related to the
only a small part of the global emissions. At the oblig- coarse resolution of CLIMBER-2 and the fact that the atmo-
uity timescale temperature and vegetation play equally im-spheric dynamics are simplified, so that storm tracks are not
portant roles. The simulated temperature changes are almostsolved. This is a shortcoming of the present simulation.
completely in phase with ice volume minima/greenhouse gasdowever, it does not seem to affect our main conclusion on
maxima. Vegetation changes lag summer insolation maximahe primary role of temperature and vegetation.
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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.

Orbital cycles in vegetation have been found in manythat process-based modeling of proxies is a necessary step
studies based on pollen data, for example for tropicalto substantiate a reinterpretation of proxy records (Ziegler et
South America (Hooghiemstra et al., 1993), Southeast Asial., 2010b; Clemens et al., 2010) and to resolve this mismatch
(Tsukada, 1996), Europe (Tzedakis et al., 2009) and Norttbetween simulated and measured records. We stress here that
America (Whitlock and Bartlein, 1997). These studies in- our modeling approach is basic and needs to be followed up
dicate large shifts in vegetation presence and cover typeby more advanced modeling exercises (e.g. Singarayer et al.,
The vegetation model used in the present study only very2011), preferably with different models (Wolff, 2011). The
crudely resolves such shifts. Nevertheless, we believe thaattribution to the vegetation factor in our work suggests that
our results on the role of vegetation are qualitatively valid al-improved simulations of the global dynamical vegetation re-
though precise guantitative estimates are not possible usingponse to climate variations on orbital timescales could pro-
CLIMBER-2. vide a better understanding of the observed;@€bincentra-

Finally, our results provide a plausible explanation for the tion variations. Notwithstanding this caveat, we believe that
lags found in the measured EDC-3 curve with respect toour hypothesis of the dominance of vegetation and tempera-
the orbital forcing. Atmospheric CHconcentrations have ture effects may hold, as it seems a very basic outcome not
previously been related to monsoon precipitation (Ruddi-crucially sensitive to the details of our modeling approach.
man and Raymo, 2003). Here we find that lags in they CH
record are very likely due to temperature and vegetation ef-

fects rather than monsoon precipitation. The former two fac-"\cknowledgementsThe authors thank two anonymous reviewers
and the editor, Marie-France Loutre, for helpful and construc-

tors have a phasing m-b<_atween |n§olat|on m_aX|ma and IC%ve comments on the manuscript. This project was financially
sheet/greenhouse gas minima. This results in lags that & pported by the KNMI and by NWO-ALW (project number
very close to those found in measured {tthta, both at the g5 10.001).

precession and obliquity timescale. In contrast, simulatedrhe project was initiated by S. L. Weber. Climate modeling experi-
monsoon precipitation for the late Quaternary has zero lag agnents were designed by E. Tuenter. Wetland and methane produc-
the precession band (Weber and Tuenter, 2011). We conclud@n modeling and analyses performed by T. Y. M. Konijnendijk,
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