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Abstract. Substantial deposits of peat have accumulatedica. Latitudinal sums compare favourably to measurements,
since the last glacial. Since peat accumulation rates are rathé¢hough, implying that total areas, as well as climatic con-
low, this process was previously neglected in carbon cycleditions in these areas, are captured reasonably, though the
models. For assessments of the global carbon cycle on milexact positions of peatlands are not modelled well. Since
lennial or even longer timescales, though, the carbon storagmodelling the initiation of peatland growth requires a knowl-

in peat cannot be neglected any more. We have thereforedge of topography below peat deposits, the temporal de-
developed a dynamic model of wetland extent and peat accuvelopment of peatlands is not modelled explicitly, therefore
mulation in order to assess the influence of peat accumulationverestimating peatland extent during the earlier part of our
on the global carbon cycle. experiments.

The model is based on the dynamic global vegetation Overall our results highlight the substantial amounts of
model LPJ and consists of a wetland module and routinesarbon taken up by peatlands during the last 8000 years. This
describing the accumulation and decay of peat. The wetlandiptake would have substantial impacts on the global carbon
module, based on the TOPMODEL approach, dynamicallycycle and therefore cannot be neglected.
determines inundated area and water table, which change de-
pending on climate. Not all temporarily inundated areas ac-
cumulate peat, though, but peat accumulates in permanently |ntroduction
inundated areas with rather stable water table position. Peat-
land area therefore is highly uncertain, and we perform sensiEstimates of the amount of carbon stored in boreal peat-
tivity experiments to cover the uncertainty range for peatlandiands vary. Yu et al. (2010 estimate that peat deposits of
extent. The peat module describes oxic and anoxic decomabout 547 PgC have accumulated in the northern high lati-
position of organic matter in the acrotelm, i.e., the part of tudes during the Holocene, though other estimates are sub-
the peat column above the permanent water table, as weltantially lower, e.g. 273 PgC estimated Byrunen et al.
as anoxic decomposition in the catotelm, the peat below thg2002. Nonetheless it is clear that boreal peatlands store
summer minimum water table. substantial amounts of carbon, which may be up to a fifth

We apply the model to the period of the last 8000 years,of the total global soil carbon estimated as 2344 PgC in the
during which the model accumulates 330 PgC as catotelniop three metersJpbbagy and JackspR000. On interan-
peat in the peatland areas north of 40°N, with an uncernual timescales, the changes in peat storage are rather small,
tainty range from 240 PgC to 490 PgC. This falls well within and peat accumulation has therefore been neglected in car-
the range of published estimates for the total peat storage ibon cycle models so far. On millennial timescales, this is a
high northern latitudes, considering the fact that these ususubstantial factor in the carbon cycle, though, which is why
ally cover the total carbon accumulated, not just the lastwe have developed a dynamical model of wetland extend and
8000 years we considered in our model experiments. In thgeat accumulation as described in this paper.
model, peat primarily accumulates in Scandinavia and east- In order to represent the carbon cycle forcing by peatlands
ern Canada, though eastern Europe and north-western Rusn millennial timescales, previous authors used scenarios of
sia also show substantial accumulation. Modelled wetlandpeat accumulatiorifang et al. 2009 Kleinen et al, 2010).
distribution is biased towards Eurasia, where inundated are&Vhile the use of such scenarios is possible for the Holocene,
is overestimated, while it is underestimated in North Amer- where some measurement data to derive the scenarios exists,
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236 T. Kleinen et al.: Wetland extent and peat accumulation for the Holocene

such data do not exist for previous interglacials, since thedecay, as well as a parameterisation for wetland extent in

glaciation occurred in just those places, where present-dagrder to assess the carbon accumulation in peat over the

peat deposits are located. The investigation of carbon cyclélolocene. Peatland development is a process highly depen-

dynamics in previous interglacials therefore requires the uselent on specific local conditions, and it would therefore be

of a dynamical model. impossible for a model of relatively coarse resolution and
Models of peat accumulation have previously mainly beenglobal scale to exactly simulate the development of every

developed for single sitesClymo (1984 developed a one- single peatland. Our model has the much more moderate

dimensional model of peat accumulation and decay in a sinaim to assess the carbon uptake and storage by the land sur-

gle peat column. Late€lymo et al.(1998 determined pa- face in peatland systems. The aim therefore is to model av-

rameter values for this model by fitting to profiles from nu- erage peatlands as they would develop under the average to-

merous peat bogs from Finland and Canada. Contrary tgographic and climatic conditions in a grid location, while

the Clymo (1984 model which focuses on the biochemi- neglecting some of the heterogeneity of site conditions.

cal decomposition processes in the peat layers below the

water table,Ingram (1982 has developed a model of peat

from a hydrological perspective, describing the groundwa-2 Model description

ter table in a domed peat deposit. Over time these models

have included more and more processes, for example three.1 CLIMBER2-LPJ

dimensional bog growth, i.e., the lateral expansion of peat-

lands from the site of first initiationkorhola et al, 199,  In the present study we are using the model CLIMBER2-
more sophisticated parameterisations of water table depth, d¢PJ as described ikleinen et al.(2010. CLIMBER2-LPJ
more plant functional types (PFTsrplking et al, 2010. consists of the earth system model of intermediate complex-

This line of development has so far culminated inErelk- ity (EMIC) CLIMBERZ2, coupled to the DGVM LPJ. This
ing et al.(2010 model describing the development of annual combination of models allows experiments on timescales
peat layers and thereby resolving the accumulation and deof an interglacial due to the low computational cost of
composition processes in considerable detail. CLIMBERZ2, while accounting for the heterogeneity of land
The other approach is to model peat accumulation and desurface processes on the much more highly resolved grid of
composition in the framework of dynamic global vegetation LPJ.
models (DGVM) or the land surface components of climate CLIMBER2 (Petoukhov et a].200Q Ganopolski et al.
models. Such a global approach necessarily neglects som007) is an EMIC consisting of a 2.5-dimensional statistical-
of the detail included in dedicated site models, due to com-dynamical atmosphere with a latitudinal resolution of 10°
putational constraints, but also due to the fact that detailecind a longitudinal resolution of roughly 51°, an ocean model
parameterisations often are dependent on site specific pararfesolving three zonally averaged ocean basins with a latitudi-
eters. Examples of models following this global approachnal resolution of 2.5°, a sea ice model, and a dynamic terres-
areWania et al(2009ab) who developed an extension of the trial vegetation model&rovkin et al, 2002. In the present
LPJ DGVM, accounting for organic soils with the rationale model experiments, the latter model is used only for deter-
to derive methane emissions from wetlands. Their model remining biogeophysical responses to climate change, while
lies on prescribed wetland areas and does not determine tHiogeochemical effects, i.e. the corresponding carbon fluxes,

extent of wetlands dynamicallRingeval et al(2010 simi-  are determined by LPJ.
larly modeled wetland Cliemissions using maps of wetland  In addition, CLIMBERZ contains an oceanic biogeochem-
extent. istry model, and a phosphate-limited model for marine biota

Parameterisations for the determination of wetland ex-(Ganopolski et al.1998 Brovkin et al, 2002 2007). The
tent have been developed and implemented in a number gsediment model resolves the diffusive pore-water dynamics,
casesKaplan(2002 used a digital elevation model (DEM) assuming oxic only respiration and 4.5-order Ca@so-
to determine areas, where wetlands could develop. Uslution kinetics @Archer, 1996 Brovkin et al, 2007). Weath-
ing an approach based on TOPMODHe{en and Kirkby  ering rates scale to runoff from the land surface grid cells,
1979, wetland parameterisations have been developed fowith separate carbonate and silicate lithological classes.
the NCAR GCM (iu et al, 2005, the ISBA land surface To this EMIC we have coupled the DGVM LP&ifch
model ORCHIDEE KHabets and Saulnie001, Decharme et al, 2003 Gerten et a].2004) in order to investigate land
and Douville 2006, and the MetOffice land surface scheme surface processes at a resolution significantly higher than the
MOSES (Gedney and Cax2003 Gedney et a).2004). In resolution of CLIMBER2. We also implemented carbon iso-
all of these cases an explicit accounting for the long term actope fractionation according t8cholze et al(2003.
cumulation and decay of peat is missing, since these studies LPJ is run on an 0.5% 0.5° grid and is called at the end
focus on methane emissions, not peat accumulation. of every model year simulated by CLIMBER2. Monthly
The present study therefore aims to combine these apanomalies from the climatology of the temperature, precip-
proaches, implementing a model for peat accumulation andtation and cloudiness fields are passed to LPJ, where they
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added to background climate patterns based on the Climatic

Research Unit CRU-TS climate data siegv et al, 2000). o e " g omee G

In order to retain some temporal variability in these cli- /L '
mate fields, the anomalies are not added to the climatol- Ve, ' Liter.c,

ogy of the CRU data set, but rather to the climate data for  [Fe Ry Fun Ruo

one year randomly drawn from the range 1901-1930. LPJ v // ] // Current wt

simulates the changes in carbon pools and the carbon flux
FaL between atmosphere and land surface, which is passed
back to CLIMBER?2 and is employed to determine the at- Soil, C, \
mospheric C@ concentration for the next model year. Bio-
geochemical feedbacks between atmosphere and land surface
are thus determined by the combination of CLIMBER2 and a)
LPJ, while biogeophysical effects are solely determined by
the CLIMBER?2 land surface model, which includes its own Fig. 1. The LPJ soil carbon pooi§x and fluxesFxy andRy. (a)
dynamical vegetation model. non-wetland soil(b) wetland soil. Suffixes X, Y, k designate the
carbon pools with B (biomass), L (Litter), S (Soil), A (Acrotelm)
and C (Catotelm).

Aciotelm C, |
R,

F anoxic A ‘Aa

Catotelm, CC

b) 7

2.2 Modelling peat accumulation

A natural peatland consists of three functionally distinct lay-

: ! For rates of peat accumulation, as well as the distribution
ers. Atthe top there is a live plant layer, where plants genery¢ heatlands and total peat storage, numerous estimates exist

ate organic matter through photosynthesis. Below that is afyr yoreal regions, while far fewer estimates exist for tropical

upper layer of peat, which usually is less than 30 cm in heightyeatands. Since these estimates are essential for calibrating

(Belyea and Baird2006, the so-called acrotelm, Iocgted and validating the model, we currently limit our investigation
above the permanent water table and therefore aerobic for gf the regions north of 40° N.

least part of the year. At the bottom is the peat located below
the permanent water table, the so-called catotelm. This Iatteé 3 Peat dynamics
layer can be several meters in height, and significant amounts’

of carF)on can therefqre be stored in the peat column. If we compare the soil carbon dynamics in wetland and non-
During peat formation, the process can be described as folyetiand soils, the main difference is that part of the soil col-

lows. The live plants at the surface generate organic mattefmn in wetland soils is below the water table, which leads

through photosynthesis. Dead organic matter is added to0 g anaerobic decomposition of soil organic matter. LPJ con-

litter layer, from which it passes to the acrotelm very quickly. tains a number of carbon pools, as shown in Bigon the

In the acrotelm the organic mater is decomposed, either aerqeft. There are live biomass pools for carbon (C) in leaves,

bically or anaerobically, depending on the position of the wa-yood and roots, here shown as a single poglfer sim-

ter table, and once decomposition has proceeded far enougpjicity. Then there are pools for carbon stored in litter, here

the organic matter suffers a structural collapse, which signif-symmarised as,C and finally there are poolsgdor carbon

icantly enhances density while shrinking pore volume. Thegtgred in soil.

water is squeezed out of the organic matter and the perma- £, the peat version of LPJ, this pool structure needs to

nent water table rises slightly, adding some more organic mape extended by an additional belowground C pool containing

terial to the catotelmBelyea and Baird2009. the carbon in the catotelm that is decomposing under anoxic
In principle it is possible to model this process of peat for- conditions all year round, shown in Fig.right hand side, as

mation explicitly, ag=rolking et al(2010 have shown. Mod-  Cg.

elling the change in density of the organic matter requires | jine with this structure of C pools, a vertical column of

keeping track of annual cohorts of organic material in orderpeat would have to be seen as shown in Eign the right. At

to model how they pass through the peat column and to detelhe syrface there is a litter layer. Below that is the acrotelm, a

mine how density changes in each peat layer. This approachyij jayer where carbon is decomposed partly under oxic and

therefore requires substantial amounts of computer memoryartly under anoxic conditions, depending on the position of

if implemented on a global or even hemispheric scale. Wetne water table. Finally, below the minimum water table posi-

therefore decided against this approach but rather approxijon, there is a soil layer where anoxic decomposition occurs
mate the peat formation process by assuming a catotelm fory| year round, the catotelm.

mation rate which is proportional to the amount of carbon in
the acrotelm, modified by annual mean temperature, an ap-
proach very similar to how soil organic matter decomposition ;¢

is modelled in LPJ. = FeL— FLa —RL 1)

These C pools can then be modelled as follows:
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238 T. Kleinen et al.: Wetland extent and peat accumulation for the Holocene

dCa

—2 =Fa—Fac—Rao—Raa (2)  decomposes anaerobically at the ratg, with v the ratio
dt of anaerobic to aerobic CQproduction. We followWania

dCc — Fac — Rc A3) et aI..(2009l) in settin.g this to 0.35. Fin_qlly, cat.otelm forma-
dt tion is modelled similar to decomposition, with the forma-

Here, theFxy are the carbon fluxes between the C pools,tion flux Fac depending on the peat formation rate constant
and theRy, are the respiration fluxes to the atmosphere. XY kp. While decomposition depends on a decomposition con-
can have the meanings BL = biomass-litter, LA = litter- stantkc. Clymo et al.(1998 determined this rate constant
acrotelm, and AC = acrotelm-catotelm, whilean be L = lit- DY fitting peat core data to a similar decomposition model,
ter, A = acrotelm (witho for oxic anda for anoxic condi- ~ and their value translateste = 3.35x 10-°a " if corrected
tions), and C = catotelm. Leaching of dissolved organic car-for mean annual temperature. The peat formation rate con-
bon (DOC) is not considered explicitly, but rather assumedstantkp, as well as the acrotelm respiration rajg we de-
to be implicitly contained in the respiration fluxes. termined by comparing model results to measured acrotelm
In order to keep the peat version of LPJ as close to theMass Malmer and Wallen1993 and peat formation rates
original as possible, we keep flux formulations for existing (YU etal, 2010.
carbon pools as they are in the original version, but the fluxes The fractiong of the acrotelm above the water table is
Fac andRc have to be added. The flux&gy are dependent determined by comparing acrotelm height, calculated from
on the carbon mass (or rather area dendity)in the orig-  acrotelm densityp,, acrotelm carbon fractior ;A and
inating C poolX, as well as a temperature (and moisture) acrotelm mass densityACand water table positiom,,. The
dependent decay function, and the same holds for the resplatter is assumed to be relative to the acrotelm-catotelm inter-

ration fluxesRyx. In concrete terms this is: face, which is located at the 50 year mean summer minimum
water table position. The acrotelm densitywas taken from

Fia =ak CL 4) Granberg et al(1999, who gives a density for the surface

Fac = kpCa (5) peat and for the peat at the bottom of the acrotelm. We there-

RL=(1—)k.CL ©) fc_)re assume the mean of these values to be the acrotelm den-
sity. All parameter values used are listed in Tahle

Ra .o = BkaCa @) With regard to biomass input into the peat column, we de-

Ra 4= (1= B)vkaCa (8)  cided not to implement special wetland PFTs in the interest

Rc =kcCe 9) of keeping the model as close to the original as possible. Ini-

tial tests showed that the productivity of (modelled) mosses
with the rate constantg modified multiplicatively by a re-  is very similar to grasses, making an additional PFT unnec-
sponse functioty (Tsoil, wsoil) depending on soil temperature essary. We did followVania et al (20098, though, in intro-
Tsoil, as well as soil moistures,j.. Since we are considering ducing their parameterisation for inundation stress in trees
wetland processes, we assume that moisture is not a limitsince tree growth is strongly inhibited in wetlands.
ing factor to decomposition and therefore don’t consider a
dependence owsj. The temperature dependence of de-2.4 Dynamic wetland model
composition is quite often modelled as an exponential func-
tion exp(In(Q10) (T — Tref) / Tref), and measured 1o fac- While the resolution of LPJ at 0.5° already is rather high
tors vary widely. Scanlon and Moor¢2000, for example, in comparison to typical resolutions of climate model land
measuredQ 19 values ranging from 1.0 to 7.7 for peat de- surface schemes, this still translates to a grid cell size of
composition. For ecosystem respiration, on the other hand50 kmx 30 km at 60° N. Since most wetlands are of smaller
recent results indicate thaétig is 1.4, despite the huge range extent than this, an approach is required that determines the
of measured) 1o determined in laboratory studieidl@hecha  grid cell fraction covered by wetlands. Since it is our aim
et al, 2010. LPJ generally uses the formulation hioyd to apply the model to previous interglacials, as well as times
and Taylor(1994 for temperature dependence, which gives earlier in the Holocene, using a simple wetland map to de-
a temperature dependence roughly similar 913 of 2. We  termine grid cell wetland area based on present day observa-
also apply it in wetland systems. Finally,determines the tions is insufficient. Instead, a scheme to determine wetland
fraction of decomposed litter that is added to the soil, while extent dynamically is required.
the remainder is respired. This is not changed from the non- For this purpose we have implemented an approach based
wetland version of LPJ, either. on the TOPMODEL hydrological frameworkBéven and

The case of the acrotelm respiration rag is slightly Kirkby, 1979. TOPMODEL is a conceptual rainfall-runoff

more complicated, since acrotelm peat above the water tamodel that is designed to work at the scale of large water-
ble decomposes aerobically, while it decomposes anaerobsheds using the statistics of topography, instead of requiring
cally below. In Eq.7 for the acrotelm respiration under oxic detailed topographic information. It is based on the com-
conditions,g is the fraction of the acrotelm above the water pound topographic index (CTh; =In(«; /tan(8;)) with «;
table, which decomposes at the rigte while the rest (Eg8) a dimensionless index for the area draining through point
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Table 1. Parameter values in peat module.

Parameter  description value Reference

ka acrotelm decomposition rate 0.067a this study

ke catotelm decomposition rate 3.3510 °a 1 Clymo etal. (1999

kp catotelm formation rate 1.94102a1  this study

v ratio anaerobic-aerobic GO 0.35 Wania et al (20090

oA acrotelm density 3.510%gm®  Granberg et a(1999

oC catotelm density 9.%x 10% m3 Turunen et al(2002

CFA carbon fraction in acrotelm peat .50 Malmer and Waller{2004
cfe carbon fraction in catotelm peat .52 Malmer and Waller{2004

and tar(g;) the local slope at that point. The CTI can be de- Macho (2011 who modify f multiplicatively by a function
rived from digital elevation models and near global datasetsc depending on January temperati@isg, In our case, a suit-
are readily available, for example the HYDRO1k data set in aable modification seems to be:
resolution of 1 km(USGS 1996. Following Sivapalan et al. 1 VT _5C
. Jan>

(1989, we are not using t_he_CTI_ values themselvesZ bgt we, _ 1108754 0.0175T3anV — 18°C < Than< —5°C  (11)
rather approximate the distribution of CTI values with in a 0.75 V Tyan< —18°C
grid cell by fitting a gamma distribution to them. The param-
eters of this distribution can be derived from grid cell CTI In order to determine the grid cell mean water table, we
mean, standard deviation and skewness. While this approactlightly modified theStieglitz et al (1997 approach to a for-
may be less precise in a few grid cells, it greatly reduces thenulation appropriate for LPJ:
required input data. _

The central equation of TOPMODEL determines the localz = 7, — (W> Az (12)
water table; in pointi in relation to the grid cell mean water 1—wires

tablez: with z; the bottom of the soil columnAz the height of the

1 soil column,w the soil column average soil moisture, and
i =2+—=0i—X) (10)  winres the minimum soil moisture for a water table to form.

f This modification of the original approach became necessary,
with x; the local CTl index in point, x the grid cell mean since soil moisture in LPJ is a variable determining the plant
CTlindex, andf a parameter describing the exponential de- available water as a fraction of field capacity, i®.=0 at
cline of transmissivity with depth for each soil type. Using the wilting point andw = 1 at field capacity. Similarly, since
this equation we can determine the grid cell fraction thatthe LPJ soil column is very shallow having only 2 layers and
is inundated, i.e., with a water table at or above the sur-a total soil column height of 1.5 m, we are simply using the
face, as well as the mean water table height in the inundatedoil column average soil moistute instead of the layer soil
fraction. The inundated area consists of all points within moistures.
the grid cell that have a local water table depth> 0, but Sensitivity experiments showed that a minimum soil mois-
since a local water table that is well above the surface im-ture wiyes= 0.1 yielded good results. In addition, an ini-
plies either running water, i.e., a river, or a lake, we alsotial comparison withLehner and BIl (2004 wetland area
set a maximum CTI valugmayx, Similar toGedney and Cox showed that wetland area in grid cells with a mean CTI in-
(2003, which depends on soil type but otherwise is constantdex y <5.5 is negligible. Wetlands are therefore only deter-
in space and time. We therefore assume the grid cell areanined for grid cells withy > 5.5.
with 0 < z; < Zmax Zmax= Z (xmax) t0 be the grid cell wet- The scheme described above determines the monthly grid
land area. Finally, the wetland water table positigpnis de-  cell fraction that is inundated. For peat to develop, areas that
termined from Eg10, using the mean CTI index of the grid are justinundated for a few days during the course of the year
cell wetland fraction. Values for the parametgraind xmax are not relevant, but rather the areas that are inundated per-
were determined separately for each soil class in the LPJ soinanently, or at least during the growing season. Modelled
map, with the exception of organic soils. These were as-soil water dynamics during the winter season, on the other
signed the values for medium coarse soils in order to prevenhand, cannot be trusted in high latitude areas since LPJ does
prescribing wetland location. Parameter values are listed imot consider permafrost, leading to too low water table po-
Table2. sitions during periods when the ground is frozen. We there-

In order to take into account the modification of soil infil- fore use the inundated area and water table position during
tration properties by permafrost, we folldvan and Miguez-  the months June to September (JJAS) to determine peatland
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tings in order to determine an uncertainty range for the model
result. Since we estimate the peatland extent to be the most
important uncertain parameter in the model, we vary the

Table 2. Topmodel parameters and xmax for LPJ soil classes.

soil type L .
yp f xmax peatland area by setting it to the summer (JJAS) mean, mini-

coarse 275 122 mum and maximum wetland extent as elaborated in Sect. 3.1.

medium 35 101 We only consider peat accumulation in the high northern lat-

fine nonvertisol 25 102 itudes, i.e., north of 40° N, tropical peatlands are not consid-

medium coarse 2.5 11.3 ered at the moment

fine coarse 2.25 10.0 '

fine medium 3_ 109 2.6 Glacial extent during the early Holocene

fine medium coarse  2.75 9.9

organic 25 113 When ing the carbon uptak tlan ring th

fine vertisol 55 101 en assessing the carbon uptake by peatlands during the

Holocene, one further factor needs to be considered. At 8 ka
BP, the start of our experiments, some remnants of the Lau-
rentide ice sheet still existed. Furthermore, some areas in

North America and Scandinavia had been depressed below

_exte_nt. Th_e s<_:heme to d_etermlne w_etland extent descnbegea level by the overlying ice mass during the glacial period.
in this section is a dynamic scheme, i.e., wetland extent Carh r model. on the other hand. does not contain a dynamic
change as the climatic conditions and therefore the soil mOianodeI of the ice sheets at sufficiently high resolution, which

ture Icha:jnge. In order to Iimit the interannual ﬂuctuations inwould allow a consistent assessment of the effect of these
Ipea;t an ext_ent,”welarle using ‘;50 yea}r rtéjnnlng mer(:m pea&hanges. In order to obtain a first estimate of the conse-
cfgboe:tegg)llsnhzvgigléstbor:jséteds ?Zi?ttﬁgseet):;enn;fgrsagggiquences of the ice sheet presence, we used a scenario of ice

P P ' “Sheet development and postglacial rebound determined with
bon between the wetland and the non-wetland part of the griq| ICE-5g modelReltier 2004). As a final step of the anal-

cell, we are making two assumptions. First we assume th%sis, we use this scenario to determine the areas unsuited to

peat deposit to have a parabolic overall shape, i.e., cgrbo eat formation and remove these areas from the assessment.
storage from the edge to the centre of the peat deposit fol-

lows a parabola, and second we assume that a wetland that
shrunk previously and then expands again expands into th@ Results
same area it covered previously.

In case wetland extent shrinks, some of the carbon stored.1 Wetland extent
in the catotelm pool g€ will have to be passed into the soil o )
pool of the non-wetland part of the grid cell. The fraction of For the global _extent of peatlands, existing es_t|mates suffer
Cc to be passed is determined from the proportional changdrom shortcomings. Generally two types of estimates can be
in wetland size assuming that the peat deposit has an Oveglsgngmshed: Estimates based on peatland inventories and
all parabolic shape with peat removed from the outer edge&Stimates based on remote sensing dqta. _Estlmates based on
The carbon is then transferred into the soil carbon pool of thénventories suffer from different categorisations employed by
non-wetland part of the grid cell, but a record is kept of pre_dn"ferent agencies. The map of global peatland areas shown
vious wetland extent and amount of carbon transferred fronPY YU et al. (2010, for example, marks the entire area of
the catotelm pool in case the wetland should grow again. In>Weden as a peatland, since it is reported as such in the na-
case of a growth in wetland extent, carbon is proportionallytional data the map is based on, which clearly is an over-
transferred from the soil carbon pool to the oxic wetland car-€Stimate. Remote sensing data, on the other hand, has the
bon pool. In case a wetland expands into areas previouslﬁdva”tage of globally (_:on5|stent coverage, but the disadvan-
covered by a wetland, carbon is also added to the anoxic podfg€ that so far no refined remote sensing datasets of peat-

Ce. lands existKrankina et al.2008. Since the model primarily
determines inundated area, we use datasets of wetland area
2.5 Model experiments as a proxy for peatland area. Here we are relying on two

data sets. We used the global lakes and wetlands database
We have performed two sets of model experiments. One iGLWD) (Lehner and BIl, 2004, which shows the annual
a model experiment under constant preindustrial boundarymaximum extent of wetlands, based on a combination of
conditions, while the other experiment is a transient fully maps and remote sensing data. In addition, we applied the
coupled model run with interactive GQor the last 8000 data set of remotely sensed surface water exterRrigent
years, from 8 ka BP to preindustrial. Both experiments wereet al. (2007 showing the monthly surface water extent from
initialised from a 2000 year spinup under the correspondinglanuary 1993 to December 2000, which agrees reasonably
boundary conditions. For each experiment, we performedwell with GLWD for the maximum extenRapa et a) 2010.
three different model runs at slightly changed parameter setFor wetlands in the high latitudes it is very likely, though,
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Fig. 2. Zonal sums of modelled wetland extent (black), Prigent ence to remote sensing data by Prigent et al. 2007 .

et al. (red), and GLWD (green). Upper paita): Summer (JJAS)
maximum extent, middi¢b): JJAS mean extent, and lower panel
(c): JJAS minimum extent.

estimates it in most parts of Eurasia, with the exception of

southern Finland. For the major peatland areas like the Hud-
that snow cover will mask wetlands during the snow seasonson’s Bay lowlands and western Siberia, the model tends to
making surface water extent measurements by remote senslightly underestimate wetland extent in these areas, while
ing impossible during this time. In addition, passive satel-it overestimates wetland extent elsewhere. While the latter
lite sensors rarely are able to sense inundation below a treeould in principle be changed by adjusting the paramefers
canopy, leading to an underestimate in forested areas. and ymax the underestimation of wetland extent in regions

In Fig. 2 we show zonal sums of wetland (inundated area)With extensive areas of relatively flat terrain is a shortcoming

extent. Since snow cover makes the remote sensing of inurPf the TOPMODEL approach. It follows from EQO that
dated area impossible, we limit the analysis to the extendedhe TOPMODEL approach redistributes the available water
summer season June to September (JJAS). For the total suwithin a grid cell. Therefore the maximum grid cell fraction
mer maximum inundated area north of 40° N, modelled ex-that can become a wetland is limited. In the underlying LPJ
tent is 3% larger than the extentRrigent et al(2007, and  hydrology grid cell water content is limited to field capacity.
10 % larger than GLWD. The total maximum inundated areaThe grid cell mean water table therefore never is above the
therefore is captured quite reasonably. The summer meafurface, and even if the grid cell water table is near the sur-
area is overestimated by 5%, while the summer minimumface, some fraction of the grid cell will always have a water
area is overestimated by 30 %. If we consider the latitudinaltable below the surface.

variation of summer maximum extent in Figa, the model So far we have discussed the wetland extent, or rather the
captures the latitudinal distribution reasonably well. For theextent of inundated area. What fraction of this wetland ex-
summer mean extent in Figb, the model slightly under- tent becomes a peatland, on the other hand, is highly uncer-
estimates the area around 55° N, while it overestimates thesin. For peat to form it is required that anoxic conditions
area north of 65°N. These biases are more pronounced fgsrevail in the catotelm all year round, while oxic conditions
the summer minimum area shown in Fag. may occur in the acrotelm for part of the year. The summer
Investigating the spatial distribution of wetlands more minimum wetland extent therefore almost certainly underes-
closely, the map in Fig3a shows the summer mean wetland timates the peatland area, while the summer maximum ex-
extent as a grid cell fraction. The general locations of wet-tent usually occurs right after snowmelt when the soil is still
lands agree reasonably well with the map of peatland areapartially frozen and prevents the infiltration of water. The
by Yu et al.(2010. In a direct comparison to the wetland ex- summer maximum extent therefore almost certainly overes-
tent byPrigent et al(2007), shown in Fig3b, the model un-  timates the peatland area. In order to consider this uncer-
derestimates wetland extent in North America, while it over- tainty in peatland extent, we perform a set of three sensitivity
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JJAS mean wetland extent 8k increase of roughly 50% in peatland area during the time
90°N ! ! ? ! f considered. This discrepancy occurs because we estimate
BO"N [T . 4 - U something different. The published estimates assess when
70°N Rl peatlands were initiated and how this affected the total peat-
so'N [ igpg T land area. Our figure, on the other hand, assesses how the
so°N 1 i present-day peatlands would change under the changed hy-
a0’ N[y : e . drological conditions of previous times. This implicitly as-

180°w  120°W 60w 0° 60°E  120°E  180°W sumes that topography is unchanged, an assumption not valid
JJAS mean extent Ok - 8k in cases where no peatland was present previously, since the
90°N : ' ! ‘ accumulation of peat changes topography by filling in de-
80N e pressions and generally raising the land surface. In order to
70N estimate the same measure as the reported changes in peat-
60°N land area, it would be required to know the topography below

5N B " S the present day peatlands in order to explicitly model peat-
aOND T LRI land initiation and subsequent topography change, which is
180°  120°W  60%w 0° 60°E  120°E  180°W presently impossible since topography below the peat layers

in unknown for large areas.

JJAS mean wetland extent 8k, ice sheet considered

90°N
so’N | 3.2 Peat accumulation: The acrotelm
70°N }
EN A In the wetland areas the model accumulates carbon as peat,
soON [T g abml BT hln A Y i.e., organic matter that decomposes very slowly since de-
0N | composition takes place under anaerobic conditions. Con-
5 5 o o 4 o o trary to data on catotelm carbon, very few studies exist on
180°W 120°W 60°W 0 60 E 120°E 180 W .
- the acrotelm. We are aware of only a single study com-
05 0 05 paring sites at different locations with a common methodol-

grid cell fraction ogy. In this studyMalmer and Waller(1993 investigate the
acrotelm at 12 sites in Canada, Scotland, and Scandinavia.
Fig. 4. Summer (JJAS) mean wetland extent at 8 ka BP. Upper paneMalmer and Wallermeasured carbon to nitrogen ratios in
(a): extent as grid cell fraction. Middle pan): Difference to  the peat cores. The ratio first decreases quickly as one goes
extent at Oka. Lower panét): As (a), but areas covered by ice deeper in the peat, due to the fact that carbon decomposes,
sheet or below sea level masked (white). while nitrogen is conserved. Further down in the core, it de-
creases more slowly, arddalmer and Walleridentified the
intersect of the two C/N trends as the “decay decrease level”,
experiments. In these experiments, peatland area is set to the | the transition from acrotelm to catotelm. In their study,
summer minimum, mean and maximum wetland extent.  they determine decomposition rates for the acrotelm and re-
Over the course of the Holocene, climate changed sigport both the height of the acrotelm, as well as the amount of
nificantly. Due to the decrease in high latitude insolation organic matter contained therein. This dataset shows widely
through orbital changes, temperatures and therefore evapaarying acrotelm heights and organic matter contents for very
transpiration decreased, while precipitation mostly increaseimilar climatic conditions, indicating that the exact acrotelm
in the mid to high latitudes. This would lead to wetter soils, thickness is very much dependent on local conditions the
a higher grid cell mean water table, and also a larger wetmodel cannot capture since grid spacing is &®.5°. As-
land extent. Model results for the extent of inundated areasessing the general acrotelm properties, the model develops
at 8 ka BP are shown in Figa, with changes during the last an acrotelm layer with a mean thickness of 0.39m, with a
8ka shown in Fig4b. During the last 8 ka, wetland area 5% percentile of 0.09m and a 95 % percentile of 0.66 m.
increased slightly in northern Siberia and eastern CanadaThis is within the generally assumed ran@harman2002,
while it slightly shrank in the Canadian Arctic. At the south- though slightly biased towards the thicker acrotelms reported
ern edge of the domain, inundated area shrank. As showfor fens.
in Fig. 4c, some areas were located below the Laurentide ice
sheet or below sea level at 8ka BP. If ice sheets are takeB.3 Peat accumulation; the catotelm
into account, these areas would therefore show an increase
in inundated area by 100 %. For the peat accumulated in the catotelm, numerous studies
Published estimates of peatland area change, for examplexist. They range in scope from studies of single sites, as in
MacDonald et al(2006 andYu et al. (2010, are based on Yu (2006, for example, over regional summaries for Siberia
basal dates of peatland initiation. These show a much largefKremenetski et al.2003 Beilman et al. 2009 and North
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Accumulation rate: Data/Model
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Fig. 5. Model catotelm peat accumulation rates compared to mea- The modelled catotelm accumulation therefore seems to
sured values. For model values, error bars are shown that span tHePture the general pattern of measured peat accumulation,
uncertainty range in catotelm formation in the sensitivity experi- With measured and modelled accumulation rates generally
ments. Measurements are compiled fremet al.(2010, reporting ~ Scattered around the equal accumulation line, though it un-
accumulation rates, an@dorham et al(2003; Kremenetski et al.  derestimates the large spread of accumulation measurements
(2003 andBeilman et al.(2009, where we converted basal date due to local conditions.
and peat height into accumulation rate. Averages are shown for grid
cells containing multiple measurements. Mean values are shown i3 4 Carbon uptake
red.

The carbon uptake by peatlands determines the relevance of

peatlands for the global carbon cycle. With respect to the
America (Gorham et a].2003 to a recently published global  overall area north of 40° N, Fids shows the change in grid
summary of peat accumulation rates Wy et al. (2010.  cell peat carbon density with respect to the grid cell, i.e., tak-
While the single site publications usually are rather difficult ing into account both the peatland area and the peat accumu-
to compare due to different conventions used, as well as difiation.
ferent measures reported, the regional and global summaries Modelled increases in carbon density over the course of
employ standard methodologies and can therefore be comhe experiment, i.e., between 8 ka BP and present day, are
pared rather well. Whilefu et al. (2010 report catotelm  quite variable (Fig6). Carbon density increases are largest
accumulation ratessorham et al(2003; Kremenetski etal.  in Scandinavia, where values reach 50 kg&?m Eastern
(2003 and Beilman et al.(2009 report the basal date and Canada and north-western Russia have lower values at 35
basal depth of the peat accumulated. From this we deterto 45kgC nr2. Most other areas, on the other hand, show
mined the long term apparent rate of carbon accumulatiorsybstantially lower accumulations. In terms of peat height
(LORCA) by dividing the basal depth by the basal date in change, shown in Fig, peat layers have increased by about
years BP and converting the height accumulation rates int(Bm in eastern Europe, as well as in North America south
a carbon accumulation rate by using the C fraction and denof the Hudson’s Bay and on the British Isles. With peat
sity of catotelm peat. If multiple measurements existed for aheight changes between 4 and 6 m, peat growth in Scandi-
single LPJ grid cell, we compared to the average. navia is slightly less pronounced, which is similar along the

This comparison is shown in Fi$, where the error bars North Sea coast. Peat accumulation in the Canadian Arc-

for the model accumulation rate are determined from thetic, as well as Eastern Siberia, is rather small, though not
three sensitivity experiments with differing peatland extents.quite negligible, but peat accumulation in the Asian wetland
Overall, the spread of measured values is substantially largesireas at the southern boundary of the study domain, in Kaza-
than for the model results, reflecting the influence of localkhstan and the surrounding areas, is very small. In principle,
conditions on peat accumulation, and in some grid points thehese changes in peat height could be compared to measure-
disagreement between model and measurement can be quiteents of peat depth, which are routinely obtained. We re-
large. The values generally scatter around the equal accumdrain from doing so for two reasons, though. On the one
lation line, though, with mean accumulation slightly larger in hand, there seems to be a measurement and reporting bias,
the model than for the measurements. While the uncertaintyn that only the deepest part of the peatland is sam{ed (
range for the modelled accumulation rate is small for low ac-rhola et al, 2010, therefore only showing maximum peat
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cases mean, max and min. 'ice’ designates the accumulation, if ice

) . . sheets as well as postglacial rebound are considered.
depth while not reflecting the average height of a peatland,

which is what the model determines. On the other hand,

Yu (2017 has highlighted the difficulties in converting peat o ) ]

height measurements into carbon accumulation by showin!0gies in order to determine global estimates of wetland
how strongly the decomposition of peat below a fixed hori- /€2, but uncertainties remain Iarg_e. Temporal chqnge_s inin-
zon affects the total height increment after a fixed point inUndated area can be assessed using remote sensingata (
time. Since our model does not determine the total height o8Nt €t al. 2007, which compares favourably witbehner
peat accumulated, but the height increase since the start G1d DIl (2004 for the maximum extent{apa et a).2010,

the experiment, Yu's observation very much affects the com-Put remote sensing data is uncertain as well. Any kind of
parison of our model results to measurements ground cover, be it trees or snow, makes remote sensing of

wetland extent impossible. A further complication is that

From the point of view of Holocene carbon cycle dynam- ; I X
ics, the final important question is how much carbon is actu-tN€S€ data sets describe the present day situation, and many

ally taken up and stored in peatlands. Here our model show¥/€tlands in Europe as well as the more densely populated
a substantial spread of results, depending on how the peaf?@'ts of North America have been drained in order to con-
land area is determined with respect to the inundated are}e"t them to agricultural use. Our model, on the other hand,
in the different sensitivity experiments. As shown in Fag. ~ aims at determining the natural extent of wetlands, and an-
the model accumulates 327.2 PgC over the 8 ka considered iffifOPogenic disturbances are not taken into account. The
our experiments if we assume that peatland area is equal BPProach we have chosen to determine wetland area is rel-
the mean inundated area. Using the minimum area, a total gftVely simple and very much dependent on the hydrology
241.8 PgC is accumulated, while accumulation is 486.5 Pgc®f the underlying model. The latter has been evaluated pos-
for the maximum inundated area. Carbon accumulation intiVely with regard to streamflowGerten et a|.2004), but
peatlands therefore is roughly 330 PgC for the peatland areal® father shallow two-layer soil column in LPJ in combina-
north of 40° N, with an uncertainty range from 240 PgC to 0N with the limitation of soil moisture to field capacity and
490 PgC. the lack of p_ermafrost dynamics give reason f_or doul_at with
If we take into account that some areas were still covereofegard to sail Water table dynamics. This 'S, |meSS|bIe t‘_)
by an ice sheet at 8 ka BP or depressed below sea level by th%valuate, though, since measurements of soil moisture exist

previously existing ice sheet, as discussed in Section 2.6, thignIy in very few places. Finally, the TOPMODEL approach

number is reduced to 317 PgC for the mean case adifferenc'éself is limiting as well, since a redistribution of the water
’ ithin the grid cell, in combination with a grid cell mean

of 10 PgC in comparison to the case where we neglect thes® : o
changes. water table that is always below the surface, implicitly lim-

its the maximum wetland extent per grid cell. Peatland area
very likely is somewhere in the range of maximum and mini-
mum summer inundated area, more refined estimates require
higher resolution measurements of peatland extent for cali-

A dynamic model of wetland extent and peat accumulation,Pration. In order to assess this uncertainty, we perform sen-
such as the one we have constructed, is extremely difficult, ifitVity experiments using the summer mean, maximum and
not impossible to validate completely. Data on wetland ex-Minimum extent of inundated area to derive an uncertainty
tent and location is available from some national agencies@nge for peatland area.

but these national inventories quite often are compiled us- We are not aware of previously published attempts at de-
ing different measures and methodology and therefore aréermining the extent of peatlands in a dynamic way. Previous
not comparable. Existing syntheses like tiehner and D studies either focused on peat accumulation at single sites
(20049 data have attempted to bridge these different method{Clymo, 1984 Frolking et al, 2001 Borren and Bleuten

4 Discussion
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2006 Frolking and Roulet2007 Frolking et al, 201Q St- covered by ice sheets during the last glacial. In some other
Hilaire et al, 2010, which does not require an estimate of places like coastal areas of Scandinavia and the Hudson’s
wetland area, or on methane emissiokaglan 2002 Ged- Bay lowlands in Canada, peatland initiation took place later,
ney et al, 2004 van Huissteden et al2006 Bohn et al, though, usually because those areas were depressed below
2007 Wania et al. 2009gb, 201Q Ringeval et al. 2010 sea level by the overlying glacial ice sheet and postglacial re-
from wetlands, which requires an estimate of inundated areahound took some time to elevate these areas above sea level.
but not of the permanent wetland area. These approaches/e have estimated the effect of these latter factors by post-
therefore either are map-based, or rely on a TOPMODEL approcessing the model output with a glacier and topography
proach similar to ours to determine the inundated area but danask obtained from the ICE-5g mod@&d]tier, 2004, which
not specify permanently inundated areas, which are relevanteduces total carbon accumulation by 10 PgC for the mean
for peat formation. Due to all these factors, the extent ofextent case. The total increase of peatland areas, though, the
peatlands our model determines appears to be the largest umodel does not capture since we do not consider the effects
certainty. We take this uncertainty into account by perform-of peat accumulation on topography, mainly because topog-
ing three sensitivity experiments, of which we assume theraphy below peat deposits, which would be required, is un-
experiment using summer mean inundated area as peatlarkthown. Since published estimates of peatland area change
extent to best capture the preindustrial peatland extent andpproach 50 % for the last 8000 years, our model likely over-
the experiments using summer maximum and minimum ar-estimates total accumulation.
eas spanning the uncertainty range. The modeled distribution
of inundated area compares rather well to Eregent et al.
(2007 estimate, if just the latitudinal distribution of inun- 5 Conclusions
dated area is considered. The full spatial distribution, on the
other hand, is not captured as well, wetland area is underestMe have extended the coupled climate carbon cycle model
mated in North America and overestimated in Eurasia. SinceCLIMBER2-LPJ by a module determining permanent wet-
climate varies with latitude as a first approximation, we as-land extent and peat accumulation north of 40°N. Wetland
sume that the good fit to the latitudinal distribution also leadsarea reflects the latitudinal distribution of wetlands well,
to a reasonable representation of peat accumulation, thougthile the longitudinal distribution is biased towards Eurasia,
the exact distribution and area of peatlands is not captured byhere area tends to be overestimated, while area is underesti-
the model. mated in North America. Acrotelm magnitude and catotelm
Despite the simplicity of the approach we have chosenpeat accumulation show a smaller spread than measured val-
to model peat dynamics, which neglects potentially impor-ues, reflecting the fact that the model neglects some of the
tant factors like soil pH, exact species composition of above-heterogeneity in local conditions, but the overall agreement
ground vegetation, litter composition, etc., comparison to thewith the little measurement data that exists is good enough
little measurement data that exists appears quite favourabldo give us some confidence in model results. We initialised
Acrotelm measurementdvi@imer and Wallen1993 vary  the model for conditions at 8000 years before present, and
widely, but our modelled acrotelm heights seem to fall within determined the evolution of climate, wetland extent and peat
the ranges usually reportecCifarman 2002. Similarly, accumulation until the present, assuming preindustrial con-
catotelm accumulation rates are in a similar range as peaditions at present day.

core measurement&iiemenetski et al2003 Beilman et al, Over the course of the 8000 years, wetland areas increased
2009 Yu et al, 2010, though our model strongly underesti- in Siberia and eastern Canada. Wetland areas at the south-
mates the variability in local accumulation rates. ern end of the study domain either shrunk, as did wetlands in

The model estimate of total carbon accumulation in peat-the Canadian Arctic, or did not change. The change in wet-
lands (242-486 PgC accumulated since 8 ka BP, with a bedand extent reflects the changes in climate over the the course
estimate of 327 PgC) is within the range of global estimatesof the Holocene, a decrease in summer temperature and an
(Turunen et a].2002 Yu et al, 2010. These latter estimates increase in precipitation. It is substantially lower, though,
are based on point measurements which are interpreted dban estimates in the literature based on peatland basal dates
area averages and are upscaled by an estimate of peatlafidlacDonald et al.2006 Yu et al, 2010 due to the fact that
area, though, and therefore are somewhat uncertain as wellpeatland initiation and changes in topography due to peat

The modelled carbon accumulation very likely is a slight growth are not considered.
overestimate during the earlier part of our experiments, since During this time our model accumulates 327 PgC as
a number of factors are neglected. The peat accumulaeatotelm peat in the areas above 40° N, with an uncertainty
tion shown in Fig.8 is the peat accumulation over the last range of 242-486 PgC stemming from the uncertainty of
8000 years, a timescale we chose since most of the contipeatland extent. While we have some confidence in these re-
nental ice sheets were melted at the time the model was inisults, there certainly is scope for further improvement. Glob-
tialised for. A significant number of peatlands started grow-ally consistent data sets of peatland extent, inundation and
ing earlier than this, though, especially in areas that were notopography would improve model calibration and validation.
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