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Abstract

Since the last glaciation, boreal wetlands have accumulated substantial amounts of peat, estimated at
180 to 621 Pg of carbon (C). Over the same period of time these wetlands have emitted
methane (CH,), the second most important greenhouse gas (GHG) next to carbon dioxide (CO,).
Present day estimates range from 32 to 112 Tg CH, per year. With these emissions boreal wetlands
significantly affect the global cycling of carbon and the CH, concentration in the atmosphere. By
storing carbon and taking up CO; from the atmosphere, boreal wetlands have had a cooling effect on
climate in the past. Undisturbed boreal wetlands are likely to continue functioning as a net carbon
sink. In the future, particularly with regard to future climate change, the carbon balance could be
significantly changed since biogeochemical processes of boreal wetlands are sensitive to biotic and
abiotic environmental conditions. Earth system models are state of the art tools to investigate carbon
cycle dynamics in past and future climates. However, these global models usually neglect
biogeochemical processes of boreal wetlands. In order to investigate how boreal wetlands interact with
the carbon cycle and with the climate, | developed a model that accounts for the characteristic
biogeochemical processes of boreal wetlands (the peatBALANCE model) and implemented it into the
land surface model of the Max Planck Institute Earth System Model (MPI-ESM) and also incorporated
a CH, emission model into it. This dissertation focuses on the peat accumulation and CH, emission of
boreal wetlands and it describes which processes and parameters are needed to model the carbon cycle
dynamics of boreal wetlands in past, present and future times. | analyzed results from numerous model
simulations and compared results against data from measurements and other modelling approaches.
My research produced a number of key findings: The peatBALANCE model has accumulated 240 Pg
of catotelm peat carbon in areas north of 35° during the last 6000 yr of model simulation. The peat
accumulation rate for present day to 2100 is 48.88 Tg C yr™. The model simulates CH, emissions of
49.3 Tg CH, yr™ for 6000 yr BP and 51.5 Tg CH, yr™* for pre-industrial times. At the present day the
CH, emissions are in the range of 48 to 58 Tg CH, yr" while showing an annual variability of
10 Tg CH4 yrt. The model predicts large increases of CH, emissions up to 78 Tg CH, yr™ in 2100,
using the emissions scenario RCP8.5. The main conclusions drawn from this research were that boreal
wetlands experience extensive changes and, as boreal wetlands, are complex adaptive systems: they
respond to a changing external forcing by adapting C accumulation and CH, emission rates. The net
effect, however, is more than a combination of impacts, as these drivers interact in complex ways. The
results presented in this thesis highlight the importance of boreal wetlands for simulations of the
global carbon cycle. My study adds processes to the land surface model of the MPI-ESM and |
recommend accounting for these boreal wetland processes when investigating global carbon cycle
dynamics with ESMs in past, present and future climates, particularly in the next generation of ESMs.

Key words: boreal wetlands, carbon cycle, peat accumulation, methane emission, peatBALANCE,
Earth System Model, MPI-ESM.
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1.1 Boreal wetlands carbon cycle and climate

Chapter 1

1 Introduction
1.1 Boreal wetlands carbon cycle and climate

For the last 800000 yr, the climate has evolved cyclical and glaciers spread
regularly over the Earth. Approximately every 100000 yr, the glaciers are so large
that they become unstable and retreat to the high mountains. Ice-core
reconstructions show that temperature has co-evolved with greenhouse gas (GHG)
concentrations in concert (L0thi et al., 2008). Over the last 800000 yr, natural
factors have caused the atmospheric carbon dioxide (CO,) concentration as well
as the atmospheric methane (CH,4) concentration to vary within a range of about
170 to 300 parts per million (ppm) and 400 to 700 parts per billion (ppb)
respectively (Forster et al., 2007). From ice core reconstructions it can be derived
further that the atmospheric carbon dioxide content increased strongly at the
beginning of each interglacial. This warm situation, however, allows for a global
onset of biological and geological processes which alter the carbon cycle
substantially (Brovkin et al., 2012).

One of these processes altering the carbon cycle is the establishment of boreal
wetlands. Human induced climate change reinforces the biological processes,
which in most cases feedback to the climate, and amplifies the warming. In this
thesis | focus on the peat accumulation and CH4 emission of boreal wetlands
above 35° N and investigate their interactions with climate with respect to the

carbon cycle.

Boreal wetlands are peat moss dominated ecosystems. Peat mosses are very
special plants, particularly adapted to acid, cool, wet and extremely nutrient-poor
conditions (Rydin et al., 2006). Their common features are waterlogged
conditions, slow decomposition and slow rates of subsurface flow that allow the

partly decayed organic matter to accumulate in place (Dise, 2009). The processes
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of anaerobic decomposition that allow carbon to accumulate also produce the
strong greenhouse gas CH,. The boreal wetlands are further subdivided into bogs
and fens, according to their nutrient regime. Further subdivisions according to
their moisture regime, soil or substrate are common. As the key features of these
ecosystems, carbon accumulation and GHG emission, will be investigated in this

study, these ecosystems will be referred to hereinafter as boreal wetlands.

Boreal wetlands are the ecosystems with the highest carbon density, even though
they cover only 3 % of the land surface. Boreal wetlands are the largest single
source of methane emissions and have a large share of the global atmospheric
methane budget (Denman et al., 2007; O'Connor et al., 2010). Approximately

40 % of current global methane sources are natural (Heimann et al., 2010).

Previous studies suggest that the size of the boreal peat carbon stock is as large as
180 to 621 Petagramm C (PgC) (Gorham, 1991; Smith et al., 2004; Turunen et al.,
2002; Yu et al., 2010) and CH4 emissions are in the range of 32 to 112
Teragramm (Tg CH,) per year (Bergamaschi et al., 2007; McGuire et al., 2010;
Zhuang et al., 2004). By storing carbon and taking up CO, from the atmosphere,
boreal wetlands have had a cooling effect on climate during the last millennium
(Frolking and Roulet, 2007; Roulet et al., 2007). The carbon cycling in boreal
wetlands is highly influenced by climatic conditions (Dorrepaal et al., 2009).
Undisturbed boreal wetlands are likely to continue functioning as a net carbon
sink (Smith et al., 2004; Tolonen and Turunen, 1996; Turunen et al., 2002).

These carbon pools might be destabilized in the future because they are sensitive
to climate change (Christensen, 1995; Dise, 2009; Kayranli et al., 2010). Given
that the processes of peat accumulation and decay are strongly dependent on
hydrology and temperature, this balance may change significantly in the future.
Considering the projected future warming, boreal wetlands could potentially have
a large impact on carbon cycle-climate feedback mechanisms and therefore play

an important role in global carbon cycle dynamics (McGuire et al., 2009).
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However, global biogeochemistry models used for simulations of carbon cycle
dynamics in past and future climates usually neglect peatland processes (Frolking
et al., 2009). Scenarios for future climate change predict that high northern
latitudes will experience increased temperatures but also higher mean
precipitation (Belyea and Malmer, 2004; Malmer and Wallen, 2004). Overall it
has been investigated that climate change will significantly impact northern
wetlands (Limpens et al., 2008). Among the largest uncertainties in current
projections of future climate is the feedback between the terrestrial carbon cycle
and climate (Dorrepaal et al., 2009). Little, however, is known of the response of
boreal wetlands to future climate change with respect to strength and temporal
characteristics. A closer look at the processes that happened in the past is
important to gain a better understanding of climate-biogeosphere interactions and

feedbacks happening today and expected in the future.

The interaction between boreal wetlands and climate can be investigated with the
help of models. More than that, the interaction between vegetation and climate in
particular must be considered an important component in climate system
dynamics (Claussen, 2009). Earth System Models (ESMs) are the state of the art
tools to investigate the interactions of the different components, such as
atmosphere and biosphere. The results presented in this study help us to
understand the role of boreal wetlands in the climate system and provide the basis

for further research.

As mentioned above, there is abundant evidence of the different processes
involved in the interaction of boreal wetlands, carbon cycle and climate. Their
strength and temporal properties, however, are not well known and still subject to
large uncertainties. This thesis aims to improve the understanding and to provide a

quantification of these interactions.

Therefore, the following research questions arise:
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(1) Which processes and parameters are needed to model the carbon cycle

dynamics of boreal wetlands for the last 6000 yr?

(2) How does the carbon peatBALANCE/CH,4 emission model perform compared

to pre-industrial peat accumulation and present day CH, emission rates?

(3) How have the carbon accumulation and CH; emissions evolved from

6000 yr BP to pre-industrial and the present day?

(4) How will the carbon cycle dynamics of boreal wetlands evolve in the future?

1.2 Outline of this thesis

Chapters 2 and 3 of this thesis are written in the style of journal publications. As a
consequence, they contain their own introductions and conclusions. Chapter 2 is
in review by Biogeosciences, an international scientific and open access journal,

and is reproduced here with editorial adjustments (Schuldt et al., 2012).
The remaining chapters of this thesis are structured as follows:

In the second chapter of this thesis an overview of existing models of peat
dynamics and CH4 emissions is given. Following this a new model for peat
accumulation and decay is presented and a CH, emission model that model is
combined with is described. A description of the simulation conducted follows. In
the Chapter 2, the research questions (1), (2) and (3) as defined above are

addressed.

Chapter 3 is currently being prepared for submission. This chapter concentrates on
the present day and future CH,4 emissions. Trends and variability are investigated,

addressing the research question (3) and elaborating on research question (4).

The fourth chapter contains a summary of the major findings of this study and the
conclusions one can draw from these as well as a discussion of perspectives for

future research.



Chapter 2

2 Modelling Holocene carbon accumulation and
methane emissions of boreal wetlands. An
Earth System Model approach

2.1 Introduction

Wetlands, and particularly peatlands of the boreal latitudes, store considerable
amounts of carbon (C) in the form of peat and constitute a significant natural
source of methane (CH,), even though they cover only 3 % of the global land
surface. Previous studies suggest that the size of the boreal peat carbon stock is as
large as 180 to 621 Petagramm C (Pg C) (Gorham, 1991; Smith et al., 2004;
Turunen et al., 2002; Yu et al., 2010) and CH,4 emissions are in the range of 32 to
112 Teragramm per year (Tg CH, yr™) (Bergamaschi et al., 2007; McGuire et al.,
2010; Zhuang et al., 2004). By storing carbon and taking up carbon dioxide (CO,)
from the atmosphere, boreal wetlands have had a cooling effect on climate during
the last millennium (Frolking and Roulet, 2007; Roulet et al., 2007). This positive
carbon balance also applies to the greenhouse gas (GHG) emissions, in particular
CH, emissions of boreal wetlands. Undisturbed boreal wetlands are likely to
continue functioning as a net carbon sink (Smith et al., 2004; Tolonen and
Turunen, 1996; Turunen et al., 2002). On the other hand these carbon pools might
be destabilized in the future since they are sensitive to climate change
(Christensen, 1995; Dise, 2009; Kayranli et al., 2010). Given that the processes of
peat accumulation and decay are strongly dependent on hydrology and
temperature, this balance may change significantly in the future. Considering the
projected future warming, boreal wetlands could potentially have a large impact
on carbon cycle-climate feedback mechanisms and therefore play an important

role in global carbon cycle dynamics (McGuire et al., 2009). However, global
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biogeochemistry models used for simulations of carbon cycle dynamics in past

and future climates usually neglect peatland processes (Frolking et al., 2009).

2.1.1 Modelling carbon cycling in boreal wetlands

The boreal wetlands existing today were established after the Last Glacial
Maximum and have continued to grow during the Holocene (Jones and Yu, 2010;
Yu et al., 2010). They are linked to the terrestrial carbon cycle in many respects.
On the one hand there is the large carbon stock in the soil which was built up
despite the comparatively low net primary production (NPP) with an average of
100 to 400 g C m 2 yr ! (Blodau, 2002). On the other hand these boreal wetlands
produce carbon emissions, which, as a result of several competing processes, may
exceed the carbon uptake and turn the peatland from a carbon sink into a carbon
source. These emissions occur either in the form of CO; due to oxic
decomposition or in the form of CH4 due to anoxic decomposition of organic
material. As CH, has the second-largest radiative forcing of the long living GHGs
after CO,, it is of particular importance to identify the composition of carbon

emissions from boreal wetlands.

In the soil column of wetlands there is a sharp transition between the upper and
the lower soil layers (Charman, 2002), with different biogeochemical properties.
The reason for this is the high water table (wt), which divides the soil column into
an oxic part above and an anoxic part below the wt. Ingram (Ingram, 1977) named
the upper layer acrotelm, and the lower one catotelm. Usually, the boundary
between the acrotelm and the catotelm is defined as the deepest point to which the

water table descends in an annual cycle (Charman, 2002).

Wetlands form peat when conditions are suitable for the growth of plants and
hydrology inhibits the aerobic decomposition of dead organic matter. Therefore,

organic matter accumulation in wetlands is a function of the balance between net
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primary productivity and abiotic and biotic decomposition processes (Reddy and
DeLaune, 2008). The biogeochemistry of wetland soils is primarily controlled by
hydrology, which in turn is first and foremost represented by the water table.
Carbon that is fixed in the vegetation becomes litter when plants die, either from
disturbances or at the end of the vegetation period. Later, in the acrotelm, the main
plant structure collapses and becomes part of the catotelm, where it finally
accumulates. These structural layers of litter, acrotelm, and catotelm, in principle,
are fixed and continuously move upward with the growth of the peat surface
(Charman, 2002). The boundary of the functional zones between acrotelm and
catotelm, however, does move, particularly when the position of the water table
changes through the seasons. A key factor in determining chemical
transformations in boreal wetlands is the degree of aeration (Charman, 2002). The
decomposition of the acrotelm happens relatively fast. The catotelm is anaerobic
during the entire year, therefore only anaerobic microbes decompose the organic

matter very slowly.

Carbon emissions from boreal wetlands consist either of CO, or of CH4. Two
main mechanisms govern the amount and ratio of CO, to CH,4 that is emitted to
the atmosphere: again the degree of aeration, and the microbial CH, production
and its oxidation (Kamal and Varma, 2008; Sundh et al., 1994). The production
depends on the composition of the microbial community and several abiotic
factors such as the availability of suitable organic material, soil temperature, and
soil moisture. The quantity of CH,4 being oxidized in the soil depends strongly on
the pathway of the freshly produced CH, to the surface (Dinsmore et al., 2009;
Wille et al., 2008). Three pathways are common in boreal wetlands: diffusion,
plant mediated transport, and ebullition. Diffusion through the soil column could
lead to a strong oxidation of CH4 whereas plant mediated transport through the

stems of the plants reduces the probability of the oxidation of CH,4. Ebullition, or
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bubble formation, leads to little oxidation, since the bubbles rise quickly to the

surface.

Apart from the functional segmentation in the vertical plane, boreal wetlands are
characterized by environmental gradients in the horizontal plane: patterns of
vegetation variation can be found everywhere in boreal wetlands. The change
from floating mats of Sphagnum or sedges at the edge of a water body, through
taller vascular plants away from the water, perhaps to a shrub community and a
forested margin at the edge of a peatland, is obvious. Many of these patterns are
brought about by gradual spatial variations in environmental conditions
(Charman, 2002). The largest boreal wetland areas are located between 50° N and
70° N and are classified as bogs and fens (Reddy and DeLaune, 2008).

2.1.2 Models of peat dynamics
2.1.2.1 Local peat models

The first site-specific models of peat bog growth were developed in the late 70s
and early 80s by Wildi (1978) and Clymo (1984). These site-specific models
describe the growth of peat as a dynamic imbalance between input of plant
material and its decay in the soil column. Clymo (1984) used two distinct carbon
pools to represent the peat dynamics which constitute the functional layers of the
acrotelm as the ‘active’ zone and the catotelm for storing the carbon as defined by
Ingram (1977). During the following years a number of peat models were
developed with improved representation of peat accumulation processes. The
geophysical model by Ingram (1982) takes into account the interaction of peat
with the surrounding waters and illustrates how peat deposits are formed. Hilbert
et al. (2000) analysed the positive feedback between water table and peat
accumulation in bogs in depth. They found two possible equilibrium states, one

with deep water tables in drier sites, where peat depth increases with increasing
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water input, and another one for wet conditions, where the water table is near the
surface. Annual litter cohorts were used as an input in the model by Bauer (2004)
to investigate the effect of different litter quality on the peat accumulation. She
found that a different vegetation community above a peatland could alter the
peatland response to climate change. Based on an approach of modelling annual
peat cohorts, the Millennia model by Heinemeyer et al. (Denman et al., 2007,
Heinemeyer et al., 2010) comprises climate-driven water table dynamics with a
parameterization constrained by pollen-based vegetation reconstructions. The
latest advance of local peat models is represented by the approach of Frolking et
al. (2010), who described the accumulation and decay of peat with a definition of

annual peat layers.

2.1.2.2 Global peat models

Recently, Kleinen et al. (2012) presented a study where both boreal peat growth
and wetland extent are modelled in combination within the Dynamic Global
Vegetation Model (DGVM) LPJ. They showed an accumulation of 330 Pg C
during the last 8000 yr for areas above 40° North and a modelled wetland area
that scores well in comparison with data. This approach allows for modelling
boreal wetlands in different climate states, such as previous interglacials, since all
required inputs are determined internally. Wetland fraction and water table from

this approach were used in our model setup.

2.1.3 Methane emission models

The importance of boreal wetlands with respect to GHG emissions was taken into
account by the development of a process-based model by Cao et al. (1996), who
drove their wetland methane emission model with data sets for climate,

vegetation, soil, and wetland distribution. It could be shown that the amplitude of
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CH; emissions depends on a combination of available soil carbon, its

decomposition rate, soil moisture and bacterial activity.

The first process-based CH,4 emission model that was calibrated for specific sites
was developed by Walter et al. (1996). It was first published as a one-dimensional
model, but has been developed further for global applications (Walter and
Heimann, 2000; Walter et al., 2001a; 2001b). It describes the production and
oxidation of CH, in the soil column and accounts for three pathways of CH, to the
surface, diffusion, plant-mediated transport, and ebullition. This mechanistic
approach has been a starting point for other CH, models. Van Huissteden et al.
(2006) implemented this approach into a site-specific model to assess the effect of

water-table management on CO, and CHj, fluxes from peat soils.

Wania et al. (Wania, 2007; Wania et al., 2009a; 2009b) implemented Walter’s
model in the DGVM LPJ. Furthermore, they included processes such as
permafrost and wetland specific Plant Functional Types to investigate the CH,4
cycle in boreal regions. The key benefit of this approach is that — except for
climate data, a soil map, and prescribed wetland extent — all input data are
determined by the DGVM itself.

2.1.4 Methane emission in Earth System Models

Gedney et al. (2004) developed a simple CH4 emission scheme that runs within
the UK Met Office climate model HadCM3. They parameterized the flux from
wetlands by including the basic controls of temperature, water table position and
soil carbon. Eliseev et al. (2008) implemented a module of CH4 emissions from
wetland ecosystems and a module for soil thermal physics into their climate
model of intermediate complexity. The extent of wetlands was prescribed. They
showed that CH4 emissions increased from 130-140 Tg CH, yr * (pre-industrial)
to 170-200 Tg CH, yr ! at the end of the 21 century. Meng et al. 2012 and Riley
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2.1 Introduction

et al. (2011) developed a biogeochemical model and integrated it into the
Community Land Model (CLM4Me) with the purpose of understanding the
uncertainty and its sources that emerged during the development and application
of the models described above. Because of their advanced model of CH,4
production and emission, they found large sensitivities in CH,4 fluxes to changes
in model parameters and express low confidence in the predictions of future
terrestrial CH,4 feedback strength. For an overview of peat and CH4 emission
models, see Table 1.
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2.2 Methods

2.1.5 Outline

This study aims at the evaluation of the effect of boreal wetlands on climate
through fluxes of CO, and CH,4 on millennial timescales, based on plausible peat
accumulation patterns (section 2.1). We developed a generic model of peatland
carbon dynamics embedded in an Earth System Model. Given that our intention is
to run this model globally over long timescales such as the Holocene, we pursue
the strategy of using a simple model that captures the main processes i.e. plants
produce litter which successively enters the acrotelm and finally, if not respired,
becomes a part of the catotelm. This is important for the land carbon balance
throughout the Holocene. The main factors governing the strength of the CH,
emissions are the different pathways of CH, emissions including its oxidation.
The implemented CH4 emission model represents these processes. Both the peat
carbon accumulation and the CH,4 emission model are applied for the past 6000 yr
(section 2.2).

We compare the results of this model with observations and results from an
inversion model for the present-day situation (section 2.3). This allows us to
address the question of changes of CH4 emissions from boreal regions and their
contribution to the atmospheric concentration reconstructed from the ice cores at

millennial timescales (section 2.4). We end with a conclusion in section 2.5.

2.2 Methods
2.2.1 Model description

JSBACH is the modular land surface scheme of the MPI-ESM (Raddatz et al.,
2007; Roeckner et al., 2003). Within JSBACH the CBALANCE model describes
the changes in carbon storage from the growth and death of plants and the
remineralization of carbon in soils. Since we focus on the biogeochemical cycles

of boreal wetlands, we modified the CBALANCE submodel by integrating
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Chapter 2 Modelling Holocene carbon dynamics

Figure 1: Diagrammatic sketch of the carbon fluxes in the peatBALANCE model.
The transport pathways of CH, fluxes are shown at the right.

wetland specific parameterizations. The modified CBALANCE submodel is
henceforth called peatBALANCE.

Carbon accumulation due to the slow decomposition of plant material under
anoxic conditions is not represented in the CBALANCE model. To investigate the
carbon cycle dynamics of boreal wetlands, we extended the CBALANCE model
to the typical wetland processes which have an effect on the carbon cycle: (i) the
division of the soil column into the two functional layers of acrotelm (oxic and
anoxic conditions during the course of the year) and catotelm (permanently anoxic

conditions), (ii) a moving water table which defines these functional layers, and

14



2.2 Methods

(iii), as an outcome of the interaction of the components listed above, the
accumulation of carbon in the catotelm. Carbon emissions in the form of CH,4 are

considered in this model setup by integrating the Walter model (Fig. 1).

2.2.1.1 The standard CBALANCE submodel in JSBACH

The CBALANCE model uses three different pools (green, litter, soil) to describe
the storage of organic carbon in living, dead, and decaying plants, which are the
state variables of the model. Generally, the land biosphere grows by filling the
vegetation carbon pool with the carbon gained from photosynthesis (NPPg, eqg. 1).
This "green pool" (Cg, eqg. 1) contains carbon of the green or living parts of plants
(leaves, fine roots, sapwood). Through seasonal leaf shedding, carbon is
transferred from the Cg to the "litter pool” (C., eq. 2), which is described by the
flux Fiier (9. 5). Here the litter flux is determined by assuming that the “‘green
pool’ is loosely coupled to the LAI (eq. 4). The C_ pool loses carbon due to
heterotrophic respiration (R., eq. 6), calculated through a Qo model, where T is
the temperature of the uppermost soil layer in °C (eq. 6). This fraction of slowly
decomposing parts of the plant (BLR., eq. 3) is transferred to the "soil pool” (Cs,
eq. 3). Finally dependent on the turnover time of the "soil pool”, part of the carbon

is respired to the atmosphere (Rs, eq. 7), using the Q10 model as well.

dc
d_tG = NPP; — Fjitter ?
dc
d_tL = Fiitter — RLCy, (2)
dc
d_ts = ﬁLRLCL - RSCS (3)

max ]/G
CP™(t) = — LAI(t) @

sla
0 . max aLAl
if C;.>C, or —=>o

, = d ¢ ¢

Fiitter {%% otherwise “ X
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(Tsoil-Tref)/10

R, =ai— (6)
TL
Q(Tsoil—Tref)/lo
Rs = a0 — (7)

Ts
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Table 2: Model variables and Parameters

2.2 Methods

Parameter Value Name/Units Description
Cx - mol C m™(canopy) Size of carbon pool X
Fyx - mol C m™(canopy) s™ Carbon flux to the carbon pool X
kx - mol C m™(canopy) s™ Decomposition flux from carbon pool X
NPPx - mol C m~(canopy) s Part of NPP allocated to carbon pool X
Ry - mol C m™(canopy) s™ Respiration flux from carbon pool X
B i Beta fhr:(:cgtr)go?]f 523 Ir;:(spiration flux that goes into
Yy 17 i Factor relating leaf carbon to the carbon
content of the whole pool X
Fraction indicates the oxic fraction of the
fae i ) acrotelm carbon pool
ha - - Height of acrotelm carbon pool
Pcw, - - Potential CH, flux
Pa 4579.14 mol C m™ Density of acrotelm pool
oc 6277.73 mol C m™ Density of catotelm pool
Than 42.64 years™ Turn over time of anoxic acrotelm pool
a,, 14.92 years™ Turn over time of oxic acrotelm pool
Tc 30000 years™ Turn over time of catotelm pool
T 660 days™ Turn over time of litter carbon pool
Ts 150 years™ Turn over time of soil carbon pool
C: 0.52 - Carbon fraction of biomass pools
£ 0.4 i ]I:Iactor to determine the methane production
ux
LAI - - Leaf Area Index
Qo 1.8 - Base for temp. dependence of respiration
sla 0.451 m2 (leaf) mol C Specific leaf area
Tret 273.15 K Q, reference temperature
T il - K Temperature of the uppermost soil layer
o - Alpha Mean water stress factor
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2.2.1.2 The peatBALANCE submodel in JSBACH

The peatBALANCE model uses the same carbon pools for vegetation, plant litter,
and the associated carbon fluxes as described above (eg. 1 to 2 and 4 to 6). Newly
introduced are an "acrotelm carbon pool” (Ca, eq. 8) with temporarily oxic and
anoxic conditions that replaces the "soil pool™ and a "catotelm carbon pool™ (Cc,

eg. 9) with permanently anoxic conditions.

The key factor controlling the decomposition rates of the total peat column is the
position of the water table. Decomposition under anoxic conditions is slower by
more than an order of magnitude. The fraction of the "acrotelm pool™" decaying
under oxic or anoxic conditions (f,., €g. 11) is determined by the position of the
dynamic water table in relation to the height of the acrotelm, applying acrotelm
density p and fraction of carbon C; in the acrotelm (eq. 10). The acrotelm with
oxic conditions decays with a faster turnover time (z,,, = 14.92 yr) than the
anoxic part of the acrotelm (z, = 42.64 yr). An overview of all parameters used
is listed in Table 2. The acrotelm loses carbon due to heterotrophic respiration (kg4,
eq. 12), the remaining slowly decomposing carbon passes into the catotelm (8,C,,
eq. 9).

The "catotelm carbon pool” is the place where the carbon accumulates as soon as
the peat accumulation flux B,C, is larger than the respiration flux (ka, eq. 12).
The turnover time is 7, = 30000 yr for the catotelm. The anaerobic respiration k¢

is modelled through a Q1o model (eqg. 13).

©A = BLR.CL — kaCy 8)
% = BaCa — kcC ©)
hy = Cy / (pa Cf) (10)
fae =113 (12)
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(Tsoit=Tref)/10 (Tsoit=Tref)/10

kA — fae Q10 + (1_fae) Q10 (12)

TAeq TAan

(Tsoit=Tref)/10

ke =alo— (13)

Tc

PCH4 = (kaCy + kcCe) fin (14)

All carbon respired by the oxic parts of the soil column enters the atmosphere as
CO.,. The carbon respired by the anoxic parts, however, is a potential CH4 flux.
Carbon respired under anoxic conditions can either exist in the form of CO, or
CH,. Potential CH4 emissions are scaled by the ratio of CO, to CH4 emissions
(fm = 0.4) observed empirically (Scanlon and Moore, 2000) and this potential flux
(Pcha, €q. 14) is transferred to the methane emission model. The peatBALANCE

model has a daily time step.

2.2.1.3 Methane transport model

In order to simulate methane emissions we employ the widely used (e.g. (Bohn et
al., 2007; Ringeval et al., 2010; van Huissteden et al., 2006; Wania et al., 2009a;
2009b) Walter model (Walter and Heimann, 2000; Walter et al., 1996; 2001b). It
is a process-based model, which explicitly simulates the three most dominant

pathways of CHjy to the surface:

(i) Diffusion. The molecular diffusion of CH, through the water logged soil
column is slow and occurs everywhere. The calculation of this diffusion flux is

based on Fick’s first law.

(it) Ebullition. If a certain concentration of dissolved CH, is exceeded, CH,4
bubbles form. These are trapped in the peat and when a certain pressure threshold
is reached, ebullition occurs. This release of CH4 to the atmosphere happens so

rapidly that only small amounts of CH, are oxidized.
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(i) Plant-mediated transport. The transport of CH,4 through aerenchymous plant
tissue from the place of origin directly to the atmosphere is defined as plant-
mediated transport. Bypassing the aerobic zone in the peat column is a very
effective transport mechanism leading to little oxidation of CHs. The plant-
mediated transport to the surface depends on the distribution of roots in the

acrotelm and catotelm and on plant phenology.

The production of CH, is calculated within the peatBALANCE model and
distributed to the root zone of the methane model, which has a vertical resolution
of 1 cm per layer. Oxidation of CHy, is only possible in the aerobic part of the soil

column above the water table.

We coupled this model asynchronously to the peatBALANCE model described
above and performed time-slice model experiments with both models combined.
The CH,4 emission model is called once per model day. Since the purpose of the
CH,4 emission model is solely to estimate the relation between CO, and CH,

emissions, there is no feedback to the peatBALANCE model.

The model output from the peatBALANCE model consists of carbon
accumulation rates, peat height, fraction of carbon above respectively below water
table, respiration of the oxic and anoxic parts of the soil and the amount of carbon
stored in the acrotelm and the catotelm respectively. The coupled methane

emission model gives the ratio and amount of CH, to CO, emissions.

2.2.2 Experiments

The peatBALANCE model is driven by soil temperature of the uppermost soil
layer (topSoilTemp) (Fig. 2, left), net primary production (NPP) (Fig. 2, middle),
leaf area index (LAI) and soil moisture (o). These driving data were extracted
from a transient simulation with the MPI-ESM covering the last 6000 yr with

orbital forcing on a yearly basis following Bretagnon and Francou (Bretagnon and
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Francou, 1988) and greenhouse gas concentrations set to pre-industrial values

(Fischer and Jungclaus, 2011).

In a previous publication (Kleinen et al.,, 2012) we described a scheme to
dynamically determine the peatland extent and water table, based on the
TOPMODEL approach (Beven and Kirkby, 1979), implemented in the
CLIMBER2-LPJ model. We determined the water table distribution within a grid
cell from the grid cell mean water table and topographic information. The summer
mean grid cell fraction with a water table at or above the surface is considered an
area wet enough for peat to accumulate. For the present experiments, the grid cell
peatland fractions (Fig. 3) as well as the position of the water table within the
peatland fraction are prescribed (Fig. 4), as determined by the CLIMBER2-LPJ
model in a pre-industrial control run. Kleinen et al. (2012) showed that changes in
the peatland area are rather small over the time period 8000 yr BP to pre-

industrial, so that we neglect changes in peatland area in the present study.
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topSoilTemp 6K—0K K NPP6K-OK gCm?2yr" CHs6K-0K g CH,m72yr?
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Figure 2: Left and middle panel: Changes of variables simulated by the MPI-ESM
and used here for driving the peatBALANCE model. Shown are 10-yr averages
for pre-industrial (0 yr BP) minus 6000 yr BP. Annual temperatures of the
uppermost soil layer (Kelvin, left). NPP (g C m™ yr!, middle). Right panel:
Modelled CH, emissions (g CHs m™ yr™) for pre-industrial (0 yr BP) minus 6000
yr BP.

Using these boundary conditions we conducted Holocene simulations (6000 yr BP
to pre-industrial) of the peatBALANCE model accompanied by time-slice

simulations with the coupled Walter model (runs of 30 yr every 1000 yr).
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0.05 0.1 0.15 0.2 0.25

wetland fraction %

Figure 3: Wetland fraction displayed in the model resolution used in the transient
simulations (as published by Kleinen et al., 2012).

The peatBALANCE model runs at truncation T31, corresponding to a horizontal

resolution of a 3.75° x 3.75° longitude-latitude grid (approx. 400 x 400 km).

In order to get reliable starting conditions of the soil carbon pools (excluding
catotelm peat, which never reaches equilibrium in our time frame of interest) we
allowed the peatBALANCE model 1000 yr to spin up prior to the 6000 yr

Holocene simulation.

We focused our analysis of peat accumulation and CH,4 emissions on the boreal
zone above 40° N, subdivided into: Europe (EU), Asia (AS), and North America

(NA). For comparison with data we defined smaller wetland areas as defined in
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— wsl
1 — hud
0.8

0.6 =

0.2 -

0.0 rrtrrTrTr T T T T T T

month 01 02 03 04 05 06 07 08 09 1

m

Figure 4: Left panel: Seasonal dynamics of water table (m) for 2 different sites
(Table 2). Right panel: Amplitude of changes in water table between spring season
(MAM) and autumn (SON). All plots are for pre-industrial conditions, data as
published by Kleinen et al. (2012).

Winderlich et al. (2011) for the West Siberian Lowlands (WSL) and Pickett-Heaps
(2011) for the Hudson Bay Lowlands (HBL), see Table 3 for coordinates.

Table 3: List of areas and sites

Areas and Sites Abbr. Coordinates

Europe EU 10° W-60° E, 40° N-80° N
Asia AS 60° E-120° E, 40° N-80° N
North America NA 55° W-165° W, 40° N-80° N
West Siberian Lowlands WSL 59° E-90° E, 56° N-66° N
Hudson Bay Lowlands HBL 75° W-96° W, 50° N-60° N
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2.3 Results
2.3.1 Results for peat accumulation

Results from the transient 6000 yr Holocene experiment show an accumulation of
240 Pg C in the permanently anoxic catotelm pool (Fig 5, left). The investigated
boreal wetlands cover a region almost circumpolar at latitudes from 40° N up to
80° N. The peatBALANCE model simulates the largest increase in peat carbon
storage in the areas around the HBL, in Europe, and in the WSL (Fig. 5, right).

These are the major peatland areas observed today.

320 | | | | | |

280 — —
240 -

200 — -

Pg(C)

160 — -
120 -

80 — -

40 T T T T T T
BK 5K 4K 3K 2K 1K 0K
Years BP

50 100 150 200 250 300 350

kg C m™ (wetland fraction)

Figure 5: Peat carbon (Pg C) accumulated during a 6000 yr peatBALANCE model
run. Left panel: boreal wetlands above 40° N. Right panel: Peat carbon (kg C m)
in the wetland fraction of the model grid cells.

We compare modelled catotelm peat accumulation rates against observations of
catotelm peat accumulation rates compiled from Gorham et al. (2003),
Kremenetzki et al. (2003), Beilman et al. (2009), and Yu et al. (2010), as
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described in Kleinen et al. (2012) (Fig. 6). Measured carbon accumulation rates
are slightly larger, but the general patterns of peat accumulation are represented
well by our model. This discrepancy could possibly be explained by a
measurement bias, since often the deepest (oldest) part of the peatland is sampled
(Korhola et al., 2010) and the model represents a substantially larger area than a
local peat site.

5 O T 1T T 1T T T 1 T 1T T T 7

40

30

20

Model g C m2 yr™

10

O I I | I I | I R | I I | I —
10 20 30 40

o
(&)
o

Datag C m2yr?

Figure 6: Modelled peat accumulation rates for pre-industrial times and at
different sites compared to a dataset of site scale peat accumulation rate
measurements compiled by Kleinen et al. 2012 with data from Gorham et al.
(2003), Kremenetzki (2003), Beilman et al. (2009), and Yu et al. (2010).
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2.3.2 Results for CH4 emission
2.3.2.1 Pre-industrial times

Several hotspots of CH, emissions can be detected at 6000 yr BP, 3000 yr BP and
pre-industrial (Fig. 7): the Hudson Bay Lowlands and Newfoundland, Eastern
Europe and Finland, the West Siberian Lowlands and the Far East (Manchuria).
We use the last of our 30-yr time slice model run to calculate the global pre-

industrial CH4 emissions.

To evaluate model performance, we compare the CH4 emissions against data sets
from two specific regions: the West Siberian Lowlands and the Hudson Bay
Lowlands. These two data sets integrate CH4 emissions over a larger area, which
allows direct comparison with our global model output. Site scale CH; flux
measurements are likely biased since they are measured where emissions occur,
whereas our model averages over a comparatively large area. To upscale methane
emission rates from individual study sites to large study regions, extensive field
knowledge of individual land cover classes in an investigation area is

indispensable (Schneider et al., 2009), but not available for the whole boreal zone.

04 08 12 16 2 24 28 32 36 4 44 48 52 56 6
-2 -1
gCHsm“yr

Figure 7: Methane emissions (g CHs m™ yr™) from the time slice simulations for
6000 yr BP (left), 3000 yr BP (middle) and pre-industrial (right), averaged over
10 yr of model simulation. Carbon fluxes are represented with respect to grid box
area.
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Figure 8: Box-and-whisker plots for CH4 emissions (Tg CH, yr ) averaged over
the regions of Hudson Bay (left, red) and West Siberian Planes (left, blue) as
defined by Picket-Heaps (2011) and Winderlich (2011) for 6000 yr BP to pre-
industrial. The tailored box plots show the mean, minimum value, maximum
value, and the 25th and 75th percentiles of a 30-yr time series.

Our model results show CH, emissions for the West Siberian Lowlands of
6 Tg CH4 yr* (Fig. 8, blue). Based on the atmospheric concentration data from
four tower stations in this region (ZOTTO (Sasakawa et al., 2012; Winderlich et
al., 2010)), an atmospheric transport inversion results in emissions of
6.89 Tg CH,4 yr for the year 2009 (Winderlich, 2011). The seasonal cycle of our
model compares well to the results of the data-driven inversion (Fig. 9). However,
the modelled summer emissions are smaller (13.2 instead of 17.5 g CHs m™2 yr™?)
than the atmospheric data implies. The strongly simplified freeze-thaw processes

in our model could explain the enhanced winter emissions.

For the Hudson Bay Lowlands area as defined by Pickett-Heaps et al. (2011) our
model gives CH4 emissions of 1.6 Tg CH4 yr™ for pre-industrial times (Fig. 8,

red). Pickett-Heaps et al. (2011) published observational data from two stations,
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quantified by using the GEOS-Chem chemical transport model. Their best
estimate for this area is 2.3 Tg CH4 yr* in the year 2008.

2.3.2.2 Holocene time slices

Apart from the pre-industrial simulation, we also analyzed the CH, emissions for
another six time slices, going back in time until 6000 yr BP. Our model results
indicate that the spatial patterns of CH, emissions (Fig. 2, right and figure 7)
change in pre-industrial times compared to 6000 yr BP. We find a decrease in CH,4
emissions in Newfoundland and the high Eurasian Arctic, and an increase in the

Hudson Bay Lowlands area.

18 e e e e | 18

inversion

0 2 4 6 8 10 12
Month

Figure 9: Sum of monthly CH, emissions (g CHs m= yr™) in the West Siberian
Lowlands: Bar chart represents 30 year mean at present day, solid line shows
results from an data-driven inversion study for the year 2009 (Winderlich, 2011).
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Adding up the emissions for circumpolar boreal regions (above 40° N) results in
493 (+/-23) TgCHs; yr' at 6000 yr BP, which increases to
51.5 (+/- 2.75) Tg CHs yr* in pre-industrial times. In general, the boreal

emissions show an increase over the last 6000 yr, with some variability (Fig. 10,
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Figure 10: Left panel: Box-and-whisker plots for CH,4 emissions (Tg CH4 yr™)
averaged over the domains of North America (left, red), Asia (left, blue), and
Europe (left, green), for the years 6000 BP until pre-industrial. The tailored box
plots show the mean, minimum value, maximum value, and the 25th and 75th
percentiles of a 30-yr time series. Right panel: Box- and-whisker plots for total
CH, emissions (Tg CHy4 yr™) of boreal wetlands above 40° N, also from 6000 yr
BP until pre-industrial.

right).

We analyzed the development of CH4 emissions in three sub-boreal regions to get
a detailed picture of where the carbon emissions originate: (i) North America, (ii)
Europe, and (iii) Asia, (Fig. 10, left; Table 3). (i) In the North American domain
we find a small increase of the emissions around 3000 yr BP, which decline to the
initial values in pre-industrial times. (ii) In the Asian domain we find an increase

of CH,4 emissions from 6000 yr BP (10 Tg CH4 yr™) to pre-industrial times

30



2.4 Discussion

kg C m™>

Figure 11: Distribution of soil organic carbon contents (0-100 cm depth) based on
the NCSCD published by Tarnocai et al. 2009, displayed in the model resolution.

(11 Tg CH,4 yr™). (iii) In Europe we see an increase between 6000 and 4000 yr

BP, followed by a stable phase until pre-industrial times.

2.4 Discussion
2.4.1 Peat accumulation

Comparing the areas where data of soil organic carbon content suggest present-
day boreal wetlands (e.g. Tarnocai et al., 2009) the wetland area determined by

the model, we see that the modelled wetland distribution contains most areas
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where Tarnocai et al. (2009) show high carbon concentrations (Fig. 11). Since
climate varies with latitude as a first approximation, we assume that the good fit
to the latitudinal distribution also leads to a reasonable representation of peat
accumulation, though the exact distribution and area of boreal wetlands may not
be represented by the model (Kleinen et al.,, 2012). The modelled peatland
distribution however has the advantage of providing a consistent wetland
distribution at the global scale whereas global datasets based on measurements

come along with different rates of accuracy and uncertainty.

Many investigations address the size of the boreal wetland peat carbon stocks.
One common approach is to determine the basal peat age and to measure the
height of the peat to derive carbon accumulation rates (Beilman et al., 2009; Yu et
al., 2010). Estimates for peat accumulation rates for the Holocene, which are
derived from radiocarbon analysis of peat cores have been published by Yu et al.
(Yu et al, 2009). The time-weighted average rate in their study is
18.6 g C m2yr* during the Holocene based on 33 peat cores from northern

wetlands.

Our model shows a slightly lower number for the average peat accumulation rate,
which is 16.6 g Cm™?yr*. Overall, the changes of peat accumulation rates
throughout the Holocene are rather small. This is in line with other Holocene peat
accumulation studies such as Yu et al. (2009). Borren (2004) found the peat
accumulation rate to be as large as 30 to 50 g C m2yr * during the last 6000 yr
(even with a peak of up to a 100 g C m™ yr * shortly before the year 4000 PB).
Since their study concerns the southern taiga of western Siberia, higher values
than those found in a global approach including the higher latitudes can be

expected.

When comparing measured to modelled peat accumulation rates, it should be kept

in mind that our model calculates the average for the whole wetland fraction of
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the grid cell, whereas the site studies mostly are mostly located in the centre of the

wetland, which could possibly lead to higher values.

The peatBALANCE model accumulates 240 Pg C within 6000 yr of simulation.
Considering the initialisation and expansion of boreal wetlands in the early
Holocene between 11000 and 8000 yr BP (Jones and Yu, 2010; Korhola et al.,
2010; MacDonald et al., 2006; Yu et al., 2010) and an estimated size of the
accumulated carbon from the last glacial until pre-industrial times of 180 to
621 Pg C (Gorham, 1991; Smith et al., 2004; Turunen et al., 2002; Yu et al.,
2010), the accumulation of 240 Pg C over 6000 yr in our simulation fits well into
this pattern of peat accumulation. The estimated carbon stock, however, does not
include permafrost carbon stocks in the northern cryosphere region, which store
an amount of 1400 to 1850 Pg C (McGuire et al., 2010; Tarnocai et al., 2009).

Our results demonstrate that the temporal behaviour of carbon accumulation is
fundamentally different for the acrotelm (the periodically aerobic upper part of the
peat profile) and the permanently anoxic catotelm (below the acrotelm). The
acrotelm carbon pool reaches an equilibrium state with a size of 16 Pg C after a
comparatively short period of 150 to 250 yr. This roughly corresponds to a peat
layer depth of 0.4 m, which is in line with estimates in the literature (Charman,
2002).

Under Holocene climatic conditions, the amount of the carbon in the catotelm, in
contrast to the acrotelm, grows almost linearly over the 6000 yr of transient
simulation without a significant indication of saturation. In this time frame, boreal

wetlands are therefore a non-equilibrium system with regard to the carbon cycle.

If productivity at the surface and the relative decomposition rates in the acrotelm
and catotelm remain constant over a long period of time, the total amount of
respired (mineralized) carbon increases with time. Ultimately, the total peat decay
reaches a level equivalent to the production at the surface and there will be no

further net accumulation of peat mass. This is the principle upon which Clymo’s
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(1984) idea of a limit to peat growth is based (Charman, 2002). The net peat
accumulation becomes more variable if changes in water table conditions are
incorporated (Hilbert et al., 2000). In the Hilbert model boreal wetlands are
capable of switching from net sinks to sources of carbon quite rapidly (Charman,
2002). In our model and for our time frame of interest, the Holocene, the
terrestrial carbon cycle in boreal wetlands is a non-equilibrium system.
Presumably, it will take much longer than 60000 yr for these boreal wetlands to
come to an equilibrium at which catotelm decay of old carbon balances additions
of carbon from the intermittently aerobic acrotelm above, as in the Clymo model
(Clymo, 1984; Gorham et al., 2003).

The evolution of peat carbon stocks under future warming scenarios is a potential
area of application for this modelling approach. Generally, an increase in soil
temperature will increase the rate of organic matter decomposition; conversely,
when soil is saturated with water, anaerobic conditions slow down decomposition

rates.

2.4.2 Methane emissions

The intensity of CH, emissions from natural wetlands are very uncertain because
these emissions vary considerably in time and space (Frankenberg et al., 2005).
The time slice simulations conducted with the peatBALANCE model are aimed at
the quantification of CH4 emissions from boreal wetlands, both in time and space.
Bottom-up analyses indicate CH,; emissions for boreal regions from 32 to
112 Tg CH,4 yr* (McGuire et al., 2009) whereas atmospheric analyses (top-down
analyses) indicate emissions that are smaller and in the range of
15-50 Tg CH4 yr™* (McGuire et al., 2010; Mikaloff Fletcher et al., 2004) for pre-

industrial times.
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Our results show CHj4 emissions in the range of 49.3 to 51.5 Tg CH, yr for
boreal wetlands north of 40° over the course of our Holocene experiment from
6000 yr BP to pre-industrial. We identified the increasing carbon stock as the main
driver of rising CH4 emissions. Lower soil temperatures as existing in the forcing

would lead to a natural decrease in emissions, which we do not see in our results.

Measurements along the Dome C Antarctic ice core and the GRIP ice core in
central Greenland show a minimum in CH; concentration around the year
5000 BP followed by an increase until the present day (Blunier et al., 1995;
Fliickiger et al., 2002). Results from our model experiment indicate that CH,4
emissions from natural boreal wetlands contribute to this trend of rising
atmospheric CH, concentrations as an increase of 1 ppb CH,yr* would
correspond to a CH, increase in the global atmosphere of 2.13 Tg CH4yr™.
However, the slowly rising natural emissions cannot explain the rapid CH,4

increase towards the end of the Holocene as indicated by ice core measurements.

Not all three examined subdomains show this increase. In the North American
domain the emissions decline towards pre-industrial and in Europe there is no
clear trend visible in the mean values. Only the Asian domain shows a clear rising
trend (from 10 to 11 Tg CH,4 yr‘and the maximum values of the European domain
rise from 17 to 19 Tg CH,4 yr ™.

For two selected regions, the Hudson Bay Lowlands and the West Siberian
Lowlands — two major areas of wetlands today — the modelled pre-industrial CH,4
emissions agree well with observations. Both model and data show the highest
emissions in summer (JJA) and the lowest emissions in winter (DJF). The
modelled CH4 summer emissions reproduce well the data from Winderlich et al.
(2011) but its seasonal shoulders are too broad. The modelled winter emissions
are higher than observed, because the freezing of the soil and the associated

discontinuity of the methane transport are not represented by our model.
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Modelling carbon cycling in the HBL area involves additional uncertainties. The
HBL were basically shaped by the Laurentide Ice Sheet, which disintegrated
about 7800-8000 yr ago, and have been rising isostatically since then (Glaser et
al., 2004). These low-lying wetlands started to accumulate peat shortly after the
emergence from the sea. Yu et al. (2010) indicate basal dates in the HBL area
younger than 8000 yr BP. Our fixed wetland distribution does not account for this
evolution of wetlands. Regarding our time frame of interest, starting 6000 yr BP,

this evolution, however, is negligible.

Typically, the HBL are assumed to contribute 10 % to boreal wetland emissions
(Pickett-Heaps et al., 2011). Since our model results show CH,; emissions of
~50 Tg CH, yr* for the boreal zone, we would expect emissions of about
5 Tg CH,4 yr for the HBL accordingly. If we choose the HBL exactly as defined
by Pickett Heaps et al. (2011) we get emissions of 1.6 Tg CH4 yr . Since our
coarse model does not resolve the HBL in detail we would like to point out that
our model produces methane south of the defined HBL area as well, which should
be included in the HBL budget (Fig. 7).

Spaceborne CH, concentration measurements with the SCIAMACHY instrument
on board the ENVISAT satellite show high CH,4 concentrations in the area of
Manchuria, China, in 2003 (Frankenberg et al., 2005), although not every year.
Our model shows CHj; emissions in Manchuria as well, but they were not

investigated in more detail, because no measurements exist.

2.4.3 Limitations of the model approach

There are some limitations of this modelling approach. First, the model has a
coarse resolution. Second, the model is simplified. It is exactly these two
restrictions, however, that allow modelling over long time frames and the

integration in global models.
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Some processes, which are observed in reality, are missing in the current version
of our peatBALANCE model: sulphur deposition, permafrost, and Sphagnum-
associated methane oxidation. Boreal wetlands have always been strong CH,
sources, accounting for 3% to 9 % of the net land source of 552 Tg CH, yr
estimated by (Denman et al., 2007). With increases in CO, and temperature, and
the associated increases in wetland productivity, CH,4 fluxes would be expected to
increase. However, SO,* deposition (from industrial combustion) has the
potential to divert substrate flow away from methanogens and thereby inhibit CH,4
flux to the atmosphere (Schimel, 2004). Permafrost processes in the northern
boreal zone inhibit soil decomposition leading to a huge build up of frozen
organic carbon and hinders methane production. And last but not least,
Sphagnum-associated methane oxidation occurs ubiquitously across the globe
(Parmentier et al., 2011b; van Winden et al., 2010) and could reduce the amount

of CHy significantly.

Modelling carbon cycling of boreal wetlands in the context of global Earth
System models remains challenging. Wetlands are highly heterogeneous
ecosystems both in spatial extent and at the process level. The main focus of
future research could be a better representation of this diversity in the model, even
if it is supposed to run at the global scale. The identification of the major
processes and finding the simplicity in complexity are prerequisites for modelling
the carbon cycle of boreal wetlands within a global climate model. For further
progress in this direction, it is important to include a dynamic wetland model in
JSBACH such as developed by Stacke and Hagemann (2012).

2.5 Conclusions

We developed the peatBALANCE model with peat accumulation and decay and
implemented it in the land surface model JSBACH of the MPI-ESM. In a

transient Holocene experiment, the model was driven by soil temperature, LAI,
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soil moisture, and NPP from MPI-ESM simulations by Fischer and Jungclaus
(2011) and pre-industrial wetland fraction and water table levels from CLIMBER-
LPJ simulations by Kleinen et al. (2012). The peatBALANCE simulation yields
an accumulation of 240 Pg C in the boreal wetlands over the last 6000 yr. This
carbon accumulation is an important long-term component of the carbon cycle
and it is essential that it be accounted for in the simulations of the carbon balance

on a millennial timescale.

We furthermore coupled the Walter methane emission model to our
peatBALANCE model. Simulated pre-industrial CH, emissions are 51.5 Tg CH,4
yr for boreal wetlands above 40° North, which is in the range of estimates of
15-112 Tg CH4 yr* for boreal wetlands. The model run suggests that CH,
emissions were slightly lower at 6000 year BP than at pre-industrial. Emissions
rise until pre-industrial times with some variability. These dynamics in boreal CH,4
emissions resemble the minimum in the atmospheric CH, concentration around
5000-4000 year BP with the following increase. The rising trend in CH,
concentration over the last several thousand years, therefore, may be explained
not only by anthropogenic factors (CH4; emissions from landuse (Ruddiman,

2003)) but also by natural processes.

Our approach does not only add processes in boreal wetlands that were important
for carbon balance in the past, but also provides a framework for accounting for
wetland response to future climate change. This is important, as on long
timescales boreal wetlands are a significant component of the carbon and methane

cycles that could either amplify or dampen human-induced global warming.
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Chapter 3

3 Modelling present day and future natural
methane emissions of boreal wetlands:
Trends and interannual variability

3.1 Introduction

Natural methane (CH,) emissions from boreal wetlands contribute significantly to
the present day global CH,4 budget. CH, is an important greenhouse gas (GHG)
that has a comparably short lifetime of 12 yr but a Global Warming Potential
(GWP) of 25, given a time horizon of 100 yr (Denman et al., 2007). Globally,
wetlands in general are the single largest CH,; source and emit
100-231 Tg CH4 yr* (Denman et al., 2007). Boreal wetlands north of 45° N
account for 27-46 Tg CH,4 yr* (Bartlett and Harriss, 1993; Bousquet et al., 2008;
Gorham, 1991; Hein et al., 1997; Wang et al., 2004) and have the highest carbon

density among all terrestrial ecosystems (Reddy and DelLaune, 2008).

The amount of CH,4 emitted to the atmosphere depends on the CH, production,
oxidation and transport in the soil. Water table depth is one of the key factors
governing CH,4 emission from boreal wetlands and also temperature can exert
considerable influence on CH,; dynamics in northern wetlands (Lai, 2009).
Lowering of the water level of the highly organic wetland soils will increase
decomposition rates and elevate fluxes of carbon dioxide (CO) to the atmosphere
(Denman et al., 2007; Reddy and DelLaune, 2008). A decrease in water availability
to wetlands can also lead to a decrease in methane formation in wetlands since
methane formation in the soil is dependent on anaerobic conditions. Increased
temperatures in the peat profile on the other hand will lead to increased methane
production in soils that remain flooded (Clair et al., 1998). Consequently, climate
affects the net CH,4 exchange since it changes ecosystem hydrology, soil and

vegetation characteristics (Spahni et al., 2011). Elevated temperatures will
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increase ecosystem productivity (Dorrepaal et al., 2009) and intensify peat
decomposition, which in general will accelerate carbon emissions to the
atmosphere. In summary it can be said, that climate change will significantly

impact northern wetlands (Limpens et al., 2008).

The major sinks of CH,4 are oxidation by OH in the troposphere, biological CH,4
oxidation in drier soils and loss to the stratosphere (Denman et al., 2007). The
resulting CH,4 concentrations in the atmosphere have been measured frequently at
a wide variety of sites in both hemispheres over the last 25 yr (network of 40
surface air flask sampling sites operated by NOAA/GMD (Bousquet et al., 2006)
or five sites in the NH and SH by the AGAGE network (Rigby et al., 2008). In
2005, the global average abundance of CH, was 1,774.62 £+ 1.22 ppb.

In pre-industrial times (e.g. from 1700 to 1800) the global CH,4 concentration in
the atmosphere was 715 + 4 ppb, based on ice core measurements of CH,
(Etheridge et al., 1988). The increase to present day values was followed by a
period of little change from 1999 (Dlugokencky et al., 2001). In 2007 and 2008
the concentration of methane in the atmosphere increased again. Rigby et al.
(2008) attribute this increase to increased emissions from Northern Hemispheric
sources and Bousquet et al. (2006) suggested that atmospheric methane levels
could increase in the near future, after a period of stabilization, if wetland
emissions return to their mean 1990s levels. Past observations indicate large
interannual variations in CH4 growth rates (Dlugokencky et al., 2001). The
mechanisms causing these variations are poorly understood and the role of climate

is not well known (Denman et al., 2007).

While temperature and carbon content of the soil have been identified as the main
controls of the CH,4 emissions, the relationship between CH, emissions and these
variables is not yet well understood (Melton et al., 2012). The uncertainty in total
natural CH, emissions is also due to a lack of knowledge of the geographical

distribution and interannual variability of CH, emissions from wet ecosystems,
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which are the largest natural CH, source (Denman et al., 2007). An inverse
modelling study (Bousquet et al., 2006) found that fluctuations in wetland
emissions are the dominant contribution to interannual variability in surface
emissions (+ 12 Tg CH, yr™), explaining 70% of the global emission anomalies
over the past two decades (1984-2003).

3.1.1 Scientific questions and outline of this chapter

In chapter 2 of this thesis it was shown that the modelling approach using the
peatBALANCE model in combination with a CH,; emission model is able to
represent the processes of peat accumulation and methane emission in boreal
wetlands over the Holocene and performs well for pre-industrial times. This
newly developed process based carbon accumulation and decay model in
combination with the mentioned CH,4 emission model (see chapter 2 for a detailed
description of the peatBALANCE and the CH,4 emission model) now allows to
asses the trends and interannual variability of CH,; emission of natural boreal

wetlands at the present day (1979 to 2008) and in future times until the year 2100.

Three subordinated research questions were posed in this third chapter in order to

answer the research questions (3) and (4) posed in the first chapter of this thesis:
(1) What is the spatial and temporal variability of methane emissions?

(2) What is the susceptibility of the CH, emissions from boreal wetlands to

climate change?
The chapter 3 contains the following sections:

The section 3.2 describes the experimental setup. Results are presented in section
3.3, subdivided into sections regarding trends and variability at the present day
(3.3.1), spatial patterns (3.3.2), seasonal variability (3.3.3) and future CH,4
emissions (3.3.4). The discussion of the CH, fluxes is presented in section 3.4 and

the conclusions can be found in section 3.5.
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3.2 Methods

The natural CH,4 emissions of boreal wetlands were evaluated by using a process-
based model for CH,4 production and emission. The simulations were performed at
a spatial resolution of T63 ca. 1.5° x 1.5° latitude and longitude. The
peatBALANCE model developed within this research was implemented into the
land surface component (JSBACH) of the MPI-ESM (Raddatz et al., 2007;
Roeckner et al., 2003). The CH,; emission model (Walter et al., 2001b) was
combined with the peatBALANCE model. It simulates the three most dominant
pathways of CH, to the surface, diffusion, ebullition and plant mediated transport.
A detailed description of both models is given in the second chapter of this thesis,
section 2.1 or by Schuldt et al. (2012).

3.2.1 Experimental setup, analyzed regions and investigation

period

The peatBALANCE model was forced with results from the CMIP5 simulations
performed with the MPI-ESM (Giorgetta et al., n.d.; Taylor et al., 2012). Three
sets of experiments were performed to investigate natural boreal CH4 emissions
(see Table 1 for an overview of conducted simulations): 1. A spin-up run to fill up
the soil carbon pools (S1). 2. An ensemble of three present day climate AMIP
simulations (A1, A2, A3). 3. A future simulation on the basis of the RCP8.5 high
emissions scenario (F1). A detailed description of the setup for the three

experiments is given below.

In all three types of experiments the peatBALANCE model is driven by four
variables such as the soil temperature of the uppermost soil layer (topSoilTemp),
the net primary production (NPP), the leaf area index (LAI) and the soil moisture
(alpha). These driving data were extracted from relevant MPI-ESM model runs

conducted for the CMIP5 project, which in turn were set up to investigate the
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historical as well as present day AMIP period (AMIP, the Atmospheric Model
Intercomparison Project is now an integral part of CMIP (Gates et al., 1999), see
below) and future times with high emission RCP8.5 scenarios (Vuuren et al.,
2011). The Coupled Model Intercomparison Project Phase 5 (CMIP5) promotes a
set of coordinated climate model experiments for the evaluation in the Fifth
Assessment Report (AR5) of the IPCC.

Table 4: Experimental setup. Experiment: Abbreviation used for the conducted
experiments. Description: more information on the CMIP5 experiments can be
found in Taylor et al. (2012). Forcing: from which CMIP5 experiments the driving
data were taken. Cpool: experiment from which the carbon pools of the
peatBALANCE model were initialized. Years: length of run or date of simulated
years.

Exp. Description Forcing Cpool  Years

S1 Spin-up simulation, CMIP5 historical CMIPS5 historical - 6000 yrs
Al AMIP simulation, 1st realization CMIP5 AMIP (R1) S1 1979-2008
A2 AMIP simulation, 2nd realization CMIP5 AMIP (R2) S1 1979-2008
A3 AMIP simulation, 3rd realization CMIP5 AMIP (R3) S1 1979-2008
F1 Future simulation, CMIP5 RCP8.5 CMIP5 RCP8.5 Al 2009-2100

For the spin-up procedure of the peatBALANCE model a driver from a
Jhistorical’ MPI-ESM run is used that was driven by CO, emissions rather than
concentrations. A corresponding forcing was used from a freely evolving MPI-
ESM simulation of the historical period, carried out with atmosphere-ocean setup
and a carbon cycle model. The peatBALANCE model run for 6000 yr in order to
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get 292.3 Pg C of catotelm peat, which represents today's peat carbon stock in the
boreal zone (Schuldt et al., 2012).

For the present day period (1979 to 2008) the forcing used by the peatBALANCE
model is based on MPI-ESM simulations with corresponding forcing from “time-
slice” experiments with atmosphere-only setup forced by prescribed SSTs and sea
ice. The AMIP protocol described by Gates et al. (1999) for the years 1979 to
2008 again provide the bases for this setup.

The future CH,4 emission simulations are based on results of CMIP5 MPI-ESM-
LR model forced with a high emissions scenario (RCP8.5) for the years 2009 to
2100 (Taylor et al., 2012). The methane transport model according to Walter et al.
(2001b) was used in all experiments but the spin up simulations (S1) (see second

chapter of the thesis, section 2.1 for a description of the spin-up simulations).

The peatBALANCE model uses prescribed but fixed grid cell wetland fractions as
well as the position of the water table within the peatland fraction hat has a
temporal resolution of one month, as determined by the CLIMBER2-LPJ model
in a simulation with historical, AMIP and RCP8.5 forcing respectively (see
Fig. 12 for wetland fraction in model resolution). These experiments are based on
the CLIMBER-LPJ experimental setup as published by Kleinen et al. (2012).
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Figure 12: Wetland fraction in T63 resolution of MPI-ESM-LR used for
experiments S1, A1-3 and F1.
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3.3 Results

Boreal wetland emissions were calculated in the peatBALANCE / CH,4 emissions
model driven with results from three different MPI-ESM-LR CMIP5 simulations:
Jhistorical®, ,AMIP’, and RCP8.5. Wetland fraction and water table (wt) were
taken from a CLIMBER/LPJ model run that was based on the model
configuration described by Kleinen et al. (2012). As this study focuses on the peat
accumulation and CH,4 emissions out of natural boreal wetlands, the analysis is
focused on areas above 40° North. Three domains are analyzed in more detail:

Europe (eu), Asia (as), and North America (na).

3.3.1 Trend and variability of CH; emission at the present day

Annually averaged CH,4 emissions from the boreal zone north of 40° N display a
very weak increasing trend from 1979 to 2008 (Fig. 13a). This is true for the three
model realizations (A1, A2, and A3). However, in the case of the forcing variables
considered in the model setup, an increasing trend — if present — appears more
pronounced in the driving variables soil temperature, NPP and LAI (Fig. 13b to
13e). What is apparent is the interannual variability of both the CH4 emissions and
the forcing variables. The interannual variability of CH4 emissions is about 5 to
8 Tg(CHy)/yr. Especially the influence of the Mt. Pinatubo eruption in 1991, but
also the occurrence of EI Nifio events in the years 1982/83, 1986/87, 1991/92,
1993, 1994, and 1997/98 may be noted in the forcing variables propagating to the
wetland CH,4 emissions. As El Nifio events affects weather in large parts of the
world, the effects depend strongly on the location and season. The effects
regarding precipitation in boreal areas are less rainfall in NA during DJF and in
AS during MAM. Temperature decreases almost circumpolar, except for increases
in NA during DJF and MAM. These effects alter plant growth, water table and

soil decomposition.
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Figure 13: Natural boreal wetland CH, emissions of areas above 35°N and
associated driving variables from the experiments Al, A2, and A3. The
peatBALANCE model was driven by output from MPI-ESM with AMIP forcing.
Displayed are yearly values, grey-filled bars are added for emphasis. The three
model realizations are displayed as solid (Al), coarse dashed (A2) and fine
dashed (A3) lines. Panels b) to e) display the forcing variables used for the model
simulations: soil temperature in degree K (purple), NPP in g C m~ yr (green),
Leaf Area Index (orange) and the soil moisture alpha (cyan). Panels e) and f)
show the accumulated peat in the acrotelm and catotelm carbon pools
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Figure 14: Natural boreal wetland CH4 emissions of three evaluated areas, North
America (solid), Asia (variable dashed) and Europe (dashed), and associated
driving variables. The peatBALANCE model was driven by output from MPI-
ESM with AMIP forcing. Displayed are yearly values from the Al experiment,
grey-filled bars are added for emphasis. Panel a) shows the boreal wetland CH4
emissions of the three different areas above 35°N. Panels b) to e) display the
forcing variables used for the model simulations, separated according to the areas
analyzed: soil temperature in degree K (purple), NPP in g C m? yr (green), Leaf
Area Index (orange) and the soil moisture alpha (cyan). Panels f) and g) show the
accumulated peat in the acrotelm and catotelm carbon pools respectively.
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In 1991, the year of the Mt. Pinatubo eruption, the model shows the lowest CH,4
emissions of the whole Al experiment in the Asian area (9.5 Tg CHs yr,
Fig. 14a). The global yearly mean emission is comparably low in 1991 with 53—
54 Tg CH, yr™ depending on the ensemble member (Fig. 13a). The decrease in
CH, emissions in 2007/2008 is matched by a decrease in soil temperatures in

combination with constant LAI and soil moisture.

3.3.2 Spatial patterns of CH4; emissions

In addition to the global CH,4 emissions shown in Fig. 133, it is interesting to see
how the interannual variability differs among the different peatland areas. The

analysis (Fig. 14) is based on the first model realization Al.

The contributions of the three large areas, Europe (EU, 10° W-60°E,
40° N-80° N), Asia (AS, 60° E-120° E, 40° N-80° N), and North America (NA,
55° W-165° W, 40° N-80° N), to the global CH,4 emissions are shown in Fig. 14a.
Quantitatively, NA (solid line) contributes most to the total CH4 emissions with
~19 Tg CH, yr*. EU (dashed line) contributes ~15 Tg CH, yr and AS (variable
dashed) least with ~13 Tg CH, yr. The fact that NA has the largest CHy
emissions but comparatively small values in all four driving variables is
remarkable. The interannual variability is about 2 to 3 Tg CH, yr™* and shows
largest deviation in 1991 for the AS region with 4.5 Tg CH, yr ™.

The spatial distribution of the mean modelled CH,4 emission over the whole AMIP
period simulation from 1979 to 2008 between 40 N — 90N is presented in Fig. 15
(multi year, seasonal means). As expected from the distribution of boreal wetlands
(Fig. 12), large CH4 emissions can be found in North America around the Hudson
Bay, in Russia at the West Siberian Lowlands with values as high as
15g CHs m™2 yr* (Fig. 15). In Europe, Finland shows the most dominant CHy

emissions.
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Figure 15: Long term monthly mean CH, emissions from boreal wetlands
between 35° N — 90° N. Images are produced from the monthly output of the Al
model run ranging from 1979 to 2008. Displayed are seasonal means

3.3.3 Seasonal variability

Seasonal changes in the terrestrial CH, emissions are most evident at northern

latitudes between 50° N to 70° N (Fig. 16), where a vast area of northern wetland
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actively emits CH, during the summer growing period (Fig. 15). The zonally
averaged seasonal cycle of CH,4 emissions indicates a late onset of emissions in
May that lasts until September in the high latitudes. The figure displayed is the
long-term monthly mean from the AMIP experiments (1979 to 2008).

The seasonal distribution of mean CH,4 emissions indicates highest emissions in
summer and autumn with values up to 15 g CH4 yr™* (Fig. 15). Lower emissions
are present in winter and spring with values as high as 6 g CH4 yr*. The monthly
standard deviation, or variability (see Fig. 17), is largest in autumn (up to
5 g CH, yr™). Similar values are present in the summer. Almost no deviation from

the mean exists in boreal winter (<1.5 g CH4 yr™*) and spring.

g CHs m? mon™
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Figure 16: Zonally averaged seasonal cycle of CH, emissions. Displayed is the
long-term monthly mean from the Al experiment (1978 to 2008).
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Figure 17: Monthly interannual variability of CH, emissions from boreal wetlands
between 35° N — 90° N. Displayed are the standard deviations of monthly means
from the Al experiment. This example derives the climatology based on the entire
time period. Displayed are seasonal means.

The spatial distribution of the variability, depicted here as the monthly standard
deviation, follows the distribution of wetlands again (Fig. 17) and spreads

particularly in the Great Lakes area as well as from Finland to the West Siberian
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Figure 18: Monthly anomalies of CH, emissions from boreal wetlands between
35° N — 90° N Anomalies are calculated by subtracting the long term mean from
each point. Displayed are seasonal means of the Al experiment.

Lowlands. Another small-scale but well pronounced spot of interannual variability

can be found in the Far East (see Fig. 17).

The monthly anomalies are presented in Fig. 18. The climatological anomalies

were calculated by subtracting the long term mean from monthly data. Whereas
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the anomalies in the spring and summer are both positive, the anomalies of the
winter and spring season are either negative. Summer and autumn anomalies
show stronger anomalies than winter and spring. The spatial distribution follows

the distribution of wetlands again (Fig. 12).

3.3.4 Future CH4emissions until 2100

The future simulation F1 is based on a CMIP5 MPI-ESM simulation driven by the
RCP8.5 scenario from 2009 to 2100. Modelling results show that boreal natural
CH, emissions increase drastically from 57 up to 71 Tg CH, yr™ (see Fig. 19a).
The four driving variables (Fig. 19b to 19e) show different progressions: whereas
soil temperature and NPP are constantly increasing, LAI and alpha stabilize and
decrease respectively. The soil temperatures increase from 283 to 288 K (10 year

running mean).

The interannual variability is about 5 to 8 Tg CH, yr™. Very pronounced year-on-
year changes of up to 14 Tg CH, yr™ occur especially in the last decade of the

simulation.
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Figure 19: Natural boreal wetland CH, emissions of areas above 35° N and
associated driving variables. The peatBALANCE model was driven by output
from MPI-ESM with RCP8.5 forcing from 2010 to 2100. Displayed are yearly
values and a 10-year running mean for the experiment F1. Panel a) shows CH,4
emissions. Panels b) to e) display the forcing variables used for the model
simulations: soil temperature in degree K (purple), NPP in g C m™ yr (green),
Leaf Area Index (orange) and the soil moisture alpha (cyan). Panels f) and Q)
show the accumulated peat in the acrotelm and catotelm carbon pool respectively.
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3.4 Discussion
3.4.1 Present day CH4 emissions

Modelling results from the present day experiments Al to A3 (AMIP period from
1979 to 2008) show year-on-year changes of up to 8 Tg CH, yr™. The total boreal
CH, emissions range from 47.5 to 59.5 Tg CHs yr' in 1991 and 2004
respectively. The amount of CH,4 emitted, however, shows only a small increasing
trend. Using an inversion model Bousquet et al. (2006) found even larger

fluctuations in wetland emissions (12 Tg CH, yr™).

The interannual variation of CH, emissions is assumed to be a characteristic of
boreal wetlands through climatic controls. The most important environmental
parameters controlling the production and release of wetlands CH4 to the
atmosphere are the availability of organic carbon to bacteria, plant cover, water
table depth and soil temperature (Walter et al., 1996). These factors, except for the
plant cover, are represented in the model either by calculation of the model itself

or affecting the model as a driving variable.

In a recently published modelling study by Ito et al. (2012) global natural
wetlands accounted for the largest terrestrial CH4 source, producing 170 to
192 Tg CH,4 yr* (from 1996 to 2005). The present day methane flux from the soil
of northern ecosystems (north of 40° N), however, is 31-72 Tg CH4 yr™* (Volodin,

2008). For an overview of results from other modelling studies see Table 2.

Regarding the range of wetland data and emission calculation schemes that were
considered, these values were within the range of values estimated in previous
studies (see Table 2). This finding is also consistent with those of a sensitivity
analysis by Petrescu et al. (2010). However, the actual range of estimation
uncertainty may be even larger, because the present study did not fully explore

uncertainties in sensitive parameter values and predicted changes in wetland
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extent in response to global climate change, which can span a wide range (Riley et
al., 2011).

Results from a chemical transport model based on re-analysis meteorological data
(ECMWEF) suggest an even stronger decrease of global CH4 emissions of about
13 Tg CH,4 yr™ in the years following the eruption (Dentener et al., 2003). Zhuang
et al. (2004) for example estimate that the 50 Tg CH4 emissions in 1991 decrease
to 40 and 45 Tg CH,4 yr ™t in 1992 and 1993, respectively.

The period of the Mt. Pinatubo eruption coincides with a positive Nifio-3 index
that indicates an El Nifio Event. As the forcing used for the present day
experiments (Al to A3) is based on MPI-ESM simulations driven by observed sea
surface temperatures it is possible to link the effects of El Nifio conditions to the
carbon cycle in the model, even though this approach may be limited by

atmospheric variability, which is not tightly coupled to SSTs (Taylor et al., 2012).

Zhuang et al. (2004) and Dlugokencky et al. (2001) assign large positive
anomalies in the global growth rate of atmospheric CH,4 concentrations at least in
parts to increased boreal wetlands CH,4 emissions resulting from warm conditions
based on strong El Nifio phenomena in 1998. Modelling results from Zhuang et al.
(2004) indicate wetlands across the Pan-Arctic CH, emissions of 55 Tg CHg yr™
in 1998, an amount that is 8-11 Tg higher than emissions in 1999 and 1997. The
result (A1) shows 58 Tg CH,4 yr™ in 1998 followed by only 53.5 Tg CH4 yr™ in
1999. A recent regional modelling study for Alaska suggests more emitted CHy in
El Nifio than in La Nifia events (Lu and Zhuang, 2012). This may be explained by
CH, emissions that are positively correlated with temperature (Lai, 2009; Segers,
1998; Strack and Waddington, 2008). Only in the year 1987 a different effect can
be observed as soil temperature increases but CH, emission show a strong

minima.
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Table 5: Wetland CH,4 emission results from different modelling studies

Authors Emissions (Tg CH4 yr_l) Time Area
Walter et al., 2001 260 1982-1993 global
o 66 o >30° N
Gedney et al., 2004 297* 1990-1999 global
Eliseev et al., 2008 133-139 1961-1990 global
o 34-39 o >30° N
e 191-199** 2100 global
o 70** o >30° N
Wania et al., 2009 29.7-46.5 1991-2000 >45° N
Ito et al., 2012 125-160 1901-2001 global
WETCHIMP*** 190+39 1993-2004 Global
o 51+15 1993-2004 >35°N
This study 48-58 1979-2008 >40° N
e 4 Sakaiala 2100 >40° N

*fitted to atm. concentrations, **SRES A2, ***Melton et al. (2012), ****RCP8.5

The degree of seasonal variability (3.3.3) may be a consistent feature of particular

boreal wetlands reflecting peat quality, water table fluctuation or other factors

(Dise, 1993). Next to temperature and water table, Dise (1993) identified nutrients

as the main control on boreal wetland CH,4 emissions. These controlling variables,

58



3.4 Discussion

especially the nutrients, however, are not consistent among the published studies
(Dise, 1993).

Our approach assumes that the degree of aeration is the most important constraint
on methanogenesis in wetlands. Laboratory studies indicate that substrate supply
is the primary control once anaerobic conditions have been achieved (Whalen,
2005). The substrate, namely the acrotelm and catotelm carbon pools, are growing
constantly during the experiments. Since CH4 emissions do not increase to the
same extent as the soil carbon pool, it could be assumed that temperature is an
additional, important control on methanogenesis (Whalen, 2005). Increased

temperatures in turn may increase NPP (Riley et al., 2011).

Riley et al. (2011) conclude that the overall temperature sensitivity of net CH,4
emissions is the result of the temperature sensitivity of the component processes
of primary productivity — production of methanogenesis substrate from soil and
litter organic matter, methanogenesis, CH, methanotrophy and transport. As a

result, projecting future climate effects from terrestrial CH,4 emissions is difficult.

The comparison of modelling results against observational data causes certain
difficulties because of the episodic and spatially heterogeneous nature of the
fluxes (Riley et al., 2011). A different approach would be to compare modelling

results against atmospheric data.

3.4.2 Atmospheric growth rate

Measurements of atmospheric CH, emissions are available from 1984 onwards.
The growth rate, that was up to 14 ppb yr™ in the early 1980s (Blake and
Rowland, 1988), slowed down to less than zero in 2001, 2004 and 2005 (Denman
et al., 2007). If ones assumes that the CH4 emissions from boreal wetlands have an

impact on the atmospheric CH4 concentrations, the results are in line with
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observations. Several studies emphasize the impact of wetlands CH4 emissions on
the atmospheric CH,4 concentration.

Inversions carried out by Bousquet et al. (2006) showed that fluctuations in
wetland emissions are the dominant contribution to interannual variability in
surface emissions (12 Tg CH4 yr?). Furthermore, they explained 70% of the
global emission anomalies from 1884 to 2004 by wetland CH,4 emissions. One has
to consider that boreal wetland CH,4 emissions are just one part of the global CH,4
budget, especially since man-made activities produce considerable amounts of
CHa. This kind of comparison, however, allows for evaluating the role of natural

boreal wetlands.

3.4.3 Future CH,emissions

Our results from the future simulation F1 based on the RCP8.5 emission scenario
show increased CH, emissions by 13.5 Tg CH, yr™ in the year 2100 (57 to
70.5 Tg CH4 yrY).

Several studies suggest that the wetland temperature response and not the change
in wetlands extent will dominate the change in natural CH, emissions (Eliseev et
al., 2008; Gedney et al., 2004). The strength of the change of emissions however
ranges strongly. Gedney et al. (2004) expect a major increase of CH,4 .emissions
by 2100, with 500-600 Tg CH, yr™, whereas Eliseev et al. (2008) expect CH,
emissions in the range of 168-170 Tg CHs yr’ in scenario SRES B1,
179-183 Tg CH,4 yr* in SRES A1B and 191-199 Tg CH, yr™ in SRES A2. Both
studies, however, do not restrict their study area to boreal wetlands but analyze the

global emissions.

Given that temperature and NPP are the driving variables and soil carbon stocks
as modelling results increase in the future simulation one would assume that an

increase in methane emissions from wetland ecosystems is determined mainly by
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the temperature dependence of methane production. This is in line with the

modelling results from Eliseev et al. (2008).

A number of studies suggest that methanogenesis seems to have an especially
high sensitivity to temperature (Segers, 1998; Walter and Heimann, 2000; Zhuang
et al., 2004). The relationship between a certain increase of methanogenesis per
10° C temperature increase is known as the Qi factor. A wide range of values
(2-16) for this Qo factor related to CH, formation has been cited in the literature
(Walter and Heimann, 2000). To be consistent with the CBALANCE model a
comparable low value of 1.8 was used for the peatBALANCE model as well.
Therefore, the sensitivity to temperature is closer to the mean value used in
Ringeval et al. (2010) or Meng et al. (2011) than the range reported by Segers et
al. (1998), which covers values from 1.5 to 28. However it is not clear how
effective this temperature sensitivity will be in future, since the substrate
availability may also be a limiting factor in the boreal wetlands (Basiliko et al.,
2007). Friedlingstein et al. (2006) state that in future times soil organic matter
decomposition might increase faster than NPP increases as temperatures rise. This
scenario would lead to less supply of fresh organic material and could limit the

production of CH,.

Considering that the CH4 emissions are to a large extent temperature driven it is
obvious that boreal wetlands will play an increasingly important role as future

climatic change affects the boreal land areas significantly (Meehl et al., 2007).

3.4.4 Limitations of this study

The simulated CH4 emissions depend on several assumptions outside of the
peatBALANCE model. This is true for soil temperature, NPP, LAI, alpha and
water table heights. For example the process of CH, production through the

degradation of dead plant organic matter is strongly simplified. This allows us to
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run the model at the global scale for long times, but on the other hand leads to
uncertainties. Riley et al. (2011) point out that simulated below-ground respiration
serves as the driver of CH,4 production in their model, errors in NPP propagate to
errors in CH4 production. This affects the peatBALANCE/CH,4 emission model as

well.

Another detail leading to uncertainties is the representation of PFTs (Plant
function types) in the present model. Wetlands are represented only by one type of
plant. Experiments assuming dominance of one vegetation type (Sphagnum vs.
Carex vs. Shrubs) show that Carex-dominated vegetation can increase CH,
emissions by 50 % to 78 % over Sphagnum-dominated vegetation, depending on
the modelled climate, while for shrubs this increase ranges from 42 % to 72 %
(Berrittella and van Huissteden, 2011).

An example is the prescribed ratio of CH4 to CO; production in the drained soil
that was applied in the study. Assuming a constant ratio (that has been measured
in the Lab) makes modelling a lot easier. In the field, however, the ratio is
everything but fixed (Keller and Bridgham, 2007).

Although the projections of future CH, emissions are subject to a range of
uncertainties one can be confident that the major mechanisms are represented well
by the peatBALANCE/CH, emission model. The simplification of the set of
complex processes that is involved in boreal wetland CH4 emissions has true
advantages for applying the model for global and long term simulations. At the

same time this simplification leads to uncertainties in the modelling results.

3.5 Conclusions

A CHy production and emission model was combined with the peatBALANCE
model as part of the land surface model JSBACH that is part of the MPI-ESM.

The model includes representations of CH, production, oxidation, aerenchyma
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transport, ebullition, diffusion through the soil and fractional inundation. Present
day CH, emissions range from 48 to 58 Tg CH, yr™* with a variability of
10 Tg CH4 yr™.

In a hypothetical future warming scenario (RCP8.5) until the year 2100, the
model predicted large increases in CH, emissions up to 78 Tg CH, yr™. Given
model limitations and missing processes (e.g. permafrost dynamics), it should be
emphasized that the results must be interpreted with caution. In reality feedbacks
between CH,4 emissions and climate do not only base on soil temperature and NPP
but also on sophisticated spatial processes so that further model improvement is
much needed.
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Chapter 4

4 Conclusions and Outlook
4.1 Summary of findings

This section provides a summary of the findings from the two previous chapters
and answers the research questions posed in the introduction. In view of these

findings conclusions are drawn in the following section.

1) Which processes and parameters are needed to model the carbon cycle

dynamics of boreal wetlands for the last 6000 yr?

The interactions between boreal wetlands, carbon cycle and climate were
evaluated on millennial timescales using the newly developed peatBALANCE
model which was implemented into the land surface module of the Max Planck
Institute Earth System Model (MPI-ESM), JSBACH. The strategy was pursued of
using an approach defined by the need to cope with the global application over
long timescales and the detailed representation of the processes that define the
boreal wetlands carbon cycle. In addition to the available processes in the
CBALANCE model the following processes and parameters were identified as
mandatory: the division of the soil column into the two functional layers of
acrotelm (oxic and anoxic conditions during the course of the year) and catotelm
(permanently anoxic conditions), a moving water table which defines the
boundary of these functional layers, and, as an outcome of the interaction of the
components listed above, the accumulation of carbon in the catotelm as well as
outgoing fluxes of CO, and CH,. To account for the latter, the newly developed
peatBALANCE model was combined with a CH, transport model as described by
Walter et al. (2001b). Moreover, the model used prescribed grid cell peatland
fractions as well as the position of the water table within the peatland fraction.
Only very few parameters were used, namely turnover times, densities and carbon

fraction of the carbon pools and a factor to determine the CH,4 production flux.
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2) How does the peatBALANCE/CH,4 emission model perform compared to

pre-industrial peat accumulation and present day CH,4 emission rates?

The modelled catotelm peat accumulation rates were compared to observations of
catotelm peat accumulation rates from Gorham et al. (2003), Kremenetzki et al.
(2003), Beilman et al. (2009) and Yu et al. (2010). The measured carbon
accumulation rates are slightly higher, which could possibly be explained by a
measurement bias (Korhola et al., 2010) since the model represents a substantially

larger area than a local peat site.

Results from the CH, emission model were compared to data for the West
Siberian Lowlands. Based on the atmospheric concentration data from four tower
stations in this region (ZOTTO (Sasakawa et al., 2012; Winderlich et al., 2010)),
an atmospheric transport inversion model shows almost similar results
(6.89 TgCH,yr') compared to 6 Tg CH, yr* simulated with the
peatBALANCE/CH,4 model for the year 2009 (Winderlich, 2011)). The seasonal
cycle of the modelling results compares well with the results of the data-driven
inversion. However, the modelled summer emissions are smaller
(peatBALANCE/CH, shows 13.2, the inversion model 17.5 g C m™ yr™ in July)
than the atmospheric data implies. For the Hudson Bay Lowlands area the
peatBALANCE/CH, emission model gives CH, emissions of 1.6 Tg CH4 yr™ for
pre-industrial times, whereas Pickett-Heaps et al. (2011) published observational
data for this area of 2.3 Tg CH, yr* in the year 2008.

3) How have the carbon accumulation and CH,; emissions evolved from

6000 yr BP to pre-industrial and the present day?

Results from a 6000 yr simulation of the peatBALANCE model show an
accumulation of 240 Pg C catotelm peat in areas above 35°N. This is
corroborated by earlier studies by Gorham (1991), Turunen et al. (2002), Smith et
al. (2004) and Yu et al. (2010), who estimate the size of the accumulated carbon

from the last glacial until pre-industrial times to be 180 to 621 Pg C. The acrotelm
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carbon pool reached an equilibrium state with a size of 16 Pg C after a
comparatively short period of 150 to 250 yr. This roughly corresponds to a peat
layer depth of 0.4 m, which is in line with estimates in the literature (e.g.
Charman, 2002).

The CH,4 emissions for circumpolar boreal regions (above 40° N) result in 49.3
(+/-2.3) Tg CH4 yr™* at 6000 yr BP and increase to 51.5 (+/- 2.75) Tg CH, yr ™ in
pre-industrial times. At the present day, simulated with a different set of
experiments based on AMIP simulations and with a higher model resolution, CH,4
emissions range from 47.5 to 595 Tg CH; yr* with a variability of
10 Tg CH, yr*. These results are corroborated by earlier studies by who showed

that wetlands CH,4 emissions show a rising trend over the course of the Holocene.

4) How will the carbon cycle dynamics of boreal wetlands evolve in the

future?

With results from a simulation until the year 2100, which is based on a high
emission scenario (RCP8.5), the peatBALANCE/CH, emission model predicts a
large increase of CH, emissions of 13.5 Tg CH4 yr (57 to 70.5 Tg CH, yr™).
This increase is accompanied by very pronounced year-on-year changes of up to
14 Tg CH, yr™. These findings indicate that boreal wetlands presumably will
increase their share of atmospheric CH,4 concentrations in the future. Being the
largest single source of natural CH, emissions, the increasingly important role of
boreal wetlands is emphasized by this investigation. The soil carbon pools show

only minor changes during this comparably short period of time.

4.2 Conclusions and Assessment

In view of the findings summarized in the section before, conclusions are drawn
below, which are followed by an outlook on possible future directions of research.

This thesis assesses the interactions between boreal wetlands, carbon cycle and
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climate over the last 6000 yr, during the present day and until the year 2100.
Within this research project a process-based carbon accumulation and decay
model for boreal wetlands, peatBALANCE, was developed and applied in
combination with a CH4 emission model to assess the carbon cycle dynamics of
natural boreal wetlands. The present study suggests that during the past
6000 yr BP CH,4 emissions rose with pronounced variability until pre-industrial
times. These dynamics in boreal CH,; emissions resemble the minimum in the
atmospheric CH,4 concentration around 5000 yr BP with the subsequent increase.
The rising trend of atmospheric CH, concentrations (reconstructed from ice-cores)
over the last several thousand years, therefore, may be explained not only with the
inclusion of anthropogenic factors (CH4 emissions from landuse (see Ruddiman,
2003)) but also by natural processes. This study demonstrated, furthermore, that
large amounts of carbon have accumulated in the catotelm over the past 6000 yr.
All, carbon accumulation and emission, but also the trends and variability indicate
the close link between boreal wetlands, carbon cycle and the climate. Several
studies emphasize the impact of wetlands CH4 emissions on the atmospheric CH,4
concentration (Mitra et al., 2003; Worthy et al., 2000). These findings are
corroborated with studies carried out by Bousquet et al. (2006), who explained
70 % of the global emission anomalies from 1884 to 2004 by wetland CH,4
emissions. The atmospheric CH,4 budget, however, is composed of CH,4 not only
from natural boreal wetlands but also from termites, CH,4 hydrates, wildfires and
geologic sources. A range of human related sources such as the decomposition of
wastes in landfills, ruminant digestion and manure management associated with
domestic livestock, natural gas and oil systems, and coal mining contribute their
share to the atmospheric CH4 concentration as well. The main CH, sink that

determines the atmospheric CH,4 concentrations is the depletion by ozone.

The links between boreal wetlands CH,; emissions and atmospheric CHy

concentration mentioned above demonstrate the complex nature of the
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interactions leading to the climate relevant GHG concentrations. However, the
quantitative investigation of the atmospheric CH, concentrations will only be
possible by further research done using process-based atmospheric chemistry
models. These models will have to explicitly consider the ozone sink and different

CHy, sources to describe the atmospheric CH,4 budget completely.

The analysis of the qualitative relationships between the processes involved in
regard to natural boreal wetlands suggests that a changing climate will affect these
wetlands considerably. Therefore, an implementation of the presented model into
an ESM and further research are needed. Both the model development and the
results obtained provide the basis for further investigations. This is important as
boreal wetlands are a significant component of the carbon and methane cycles that

cannot be neglected in investigations of global warming.

Apart from the investigated climate related long-term changes that are altering
boreal wetlands carbon cycle, there are several other anthropogenic factors
leading to a reduction of boreal wetlands today: the agricultural conversion and
drainage of natural boreal wetlands and peat mining for horticulture and fuel.
These man-made changes alter the boreal wetlands substantially on the short-
term. For a comprehensive study of boreal wetlands it would make sense though,
to include human-induced changes when modelling boreal wetlands carbon cycle

climate interactions.

The simulation of the interactions of natural boreal wetlands, carbon cycle and
climate, represented in this thesis by the combined peatBALANCE/CH, emission
model that was implemented into the land surface module of the MPI-ESM,
requires the consideration of many processes that all contribute to the complexity
of boreal wetlands. The perspectives for further research on these interactions are

manifold.

The simulations performed depend on several variables from outside the

peatBALANCE model. The calculation of wetland fractions and corresponding
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water tables within the peatBALANCE model would allow for spatial dynamics,
like the initialization or expansion of wetlands (Jones and Yu, 2010; Korhola et
al., 2010; Yu et al., 2010)-

Further improvements with regard to a better representation of boreal wetlands
would be the integration of more wetland specific PFTs (Plant Function Types).
The wetlands as defined in this study are represented only by one type of plant.
Experiments assuming dominance of one vegetation type (Sphagnum vs. Carex
vs. Shrubs) show that Carex-dominated vegetation can increase CH4 emissions
significantly over Sphagnum-dominated vegetation (Berrittella and van
Huissteden, 2011).

Some other processes altering the carbon cycle of boreal wetlands were not
considered in the current version of the peatBALANCE/CH,; emission model:
sulfate deposition, Sphagnum-associated methane oxidation and permafrost.
Boreal wetlands have always been strong CH, sources. With increases in CO, and
temperature, and the associated increases in wetland productivity, CH, fluxes
would be expected to increase. However, sulfate deposition (from industrial
combustion) has the potential to divert substrate flow away from methanogens
and thereby inhibit CH, flux to the atmosphere (Schimel, 2004). Sphagnum-
associated methane oxidation occurs ubiquitously across the globe (Parmentier et
al., 2011a; van Winden et al., 2010) and could reduce the amount of CH,
significantly. And last but not least, permafrost, which covers some parts of boreal
wetlands in the northern boreal zone (Robinson and Moore, 1999) inhibits soil
decomposition, thus leading to a huge build up of frozen organic carbon and
hindering methane production (Anisimov, 2007; Khvorostyanov et al., 2008a;
2008b; Schuur et al., 2008). Permafrost then again is subject to future climate
change, possibly leading to a reduction of its extend and carbon stocks (Avis et
al., 2011; Yu, 2012). An inclusion of one or more of these processes could

improve the reliability of the simulations.

70



4.2 Conclusions and Assessment

A comparison of modelling results from other wetland models as carried out in the
model intercomparison project WETCHIMP (WETland and Wetland CH,4
Intercomparison of Models Project (Melton et al., 2012)) would help to gain
knowledge about the model performance. A further comparison against currently
planned satellite observations (e.g. the MERLIN MEthane Remote Sensing
LIDAR MissioN) would also help to improve insights about the distribution and

strengths of boreal CH4 emissions.

The modelling of boreal wetlands carbon cycling in the context of Earth System
Models remains challenging. Although the simulations of peat accumulation and
CH, emissions with the peatBALANCE/CH, emission model are subject to a
range of uncertainties and certain processes have not been included yet, it has
been shown that the major mechanisms that are represented by the
peatBALANCE model lead to plausible results that which makes a decisive
contribution to understanding past, present and future of boreal wetlands carbon
cycle climate interactions. The approach described in this study does not only add
processes to the land component of the MPI-ESM that were important for carbon
balance in the past, but also provides a new scheme for accounting for wetland
response to future climate change. This is important, as over long timescales
boreal wetlands are a significant component of the carbon and methane cycles that
could either dampen or amplify human-induced global warming. The results
presented in this thesis highlight the importance of boreal wetlands for
simulations of the global carbon cycle and I recommend accounting for these
boreal wetland processes when investigating global carbon cycle dynamics with

ESMs in past, present and future climates.
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