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Abstract

Methane, despite its much lower atmospheric concentration compared to CO,, exerts
the second largest radiative forcing of the major greenhouse gases due to its high heat-
trapping efficiency. Wetlands constitute the single largest natural source of CHy, yet
as Saunois et al. (2019) show, uncertainties in wetland flux estimates are the dominant
contribution to the overall methane budget uncertainty. These discrepancies undermine

the reliability of climate projections.

To address this, we evaluated four wetland CHy-flux scenarios: wetCHART, FLUXNET-
CHy4, Poulter et al. (2017) and CAMS, by comparing their monthly emission fields over
Canada and Scandinavia. We chose these two regions, because both contain exten-
sive boreal wetland coverage alongside a relatively dense network of in situ CH4 mea-
surement stations. The four scenarios yield vastly different flux estimates: Canadian
summer peaks reach up to ~ 7 Tg (Poulter), yet the FLUXNET-CH4 summer maxi-
mum of ~ 2.2 Tg is only about 30 % of the Poulter et al. (2017) estimate. CAMS and
WetCHART fall in between in both regions, whereas Scandinavian peaks vary by ~50 %
between the highest (Poulter) and the respective lowest scenarios.

Subsequently, we compared 2022 CAMS surface CHy concentrations against NOAA
Obspack observations at East Trout Lake (ETL) and Behchoko (BCK) in Canada and
Pallas (PAL) and Svartberg (SVB) in Scandinavia, subtracting the monthly median
background signal from Alert (ALT) and Mace Head (MHD), respectively. These two
stations were selected, based on a FLEXPART-derived footprint and source contribution
analysis.

In Scandinavia, atmospheric mole fractions as simulated with the CAMS model have
biases at PAL and SVB that range between —33 and +28 ppbv, without a clear seasonal
pattern, reflecting the combined influence of wetland and anthropogenic sources, as well
as influences from the subtraction of the background station ‘s seasonal pattern. Despite
substantial deviations during individual months, background-corrected concentrations
remain closely aligned with observations throughout the year (annual median bias < 2.2
ppbv), underscoring the CAMS model’s high overall agreement with the observations in
Scandinavia. Improving seasonal biases in this region will therefore require an effort to
refine all prior emission sources, rather than targeting wetlands alone.

In contrast, wetlands dominate the regional emission landscape over Canada and



thus, for this region, the major part of the calculated biases and their seasonality can
be attributed to wetlands. Here, background-corrected CAMS biases remain near zero
through winter and increase during the active summer season, with annual medians of
+8.65 ppbv at ETL and 428.67 ppbv at BCK. These findings reveal that the CAMS
fluxes substantially overestimate wetland emissions during the peak season.

These results for Canada suggest that adopting lower-emission wetland priors during
the active season could significantly mitigate summer overpredictions. From our wet-
land scenario-specific bias analysis, FLUXNET emerges as the most promising model
to reduce summer model biases in Canada, whereas wet CHART (with an applied snow-
cover mask to correct winter overestimates) exhibits biases slightly below those of CAMS

and may also serve as a suitable emission prior for Canadian wetlands.



Zusammenfassung

Angesichts der rund 28 bis 34-fach hoheren Treibhauswirkung gegeniiber CO,, tragt
Methan (CHy), trotz geringerer atmosphérischer Konzentration, nach CO5 am zweitstéark-
sten zum anthropogenen Strahlungsantrieb bei. Feuchtgebiete bilden dabei die mit Ab-
stand bedeutendste natiirliche Methanquelle. Die grofle Spannbreite heutiger Emission-
smodelle fiir Feuchtgebiete fiihrt jedoch zu entscheidenden Unsicherheiten im globalen
Methanbudget. Diese Unsicherheiten beeintrachtigen die Verlasslichkeit von Klimaprog-
nosen.

Als ersten Schritt haben wir die vier Methanflussmodelle fiir Feuchtgebiete: wetCHART,
FLUXNET-CHy, Poulter et al. (2017) und CAMS iiber Kanada und Skandinavien aus-
gewertet und ihre monatlichen Flussfelder verglichen. Die vier Modelle sagen dabei
stark unterschiedliche Emissionen voraus: In Kanada erreicht Poulter Hochstwerte von
etwa 7 Tg CHy im Sommer, wihrend FLUXNET nur ungefidhr 30 % davon voraussagt
und CAMS und wetCHART dazwischen liegen. In Skandinavien variieren die sommer-
lichen Emissionsgipfel um etwa 50 % zwischen dem stérksten Szenario (Poulter) und
dem monatlich jeweils schwéchsten Modell.

Danach haben wir die Abweichungen der CAMS-Modellkonzentrationen von den NOAA
Obspack-Messwerten fiir die Messstationen BCK und ETL in Kanada, sowie PAL und
SVB in Skandinavien, fiir das Jahr 2022 berechnet, nachdem wir zuvor die regionalen
Hintergrundsignale (Alert (ALT) in Kanada; Mace Head (MHD) in Skandinavien) sub-
trahiert hatten. Diese vier Stationen wurden auf Basis einer FLEXPART-hergeleiteten
"Footprint” und ”Source Contribution”-Analyse ausgewahlt. Wir haben uns fiir die
Regionen Kanada und Skandinavien entschieden, weil beide Gebiete ausgedehnte bore-
ale Feuchtgebiete aufweisen und tiber ein vergleichsweise dichtes Netz an in situ CHy-
Messstationen verfiigen.

Fiir die skandinavischen Messstationen PAL und SVB liegen die hintergrundkor-
rigierten CAMS-Biaswerte zwischen etwa —33 und +28 ppbv, ohne ein klar erkennbares
saisonales Muster. Trotz teils erheblicher Abweichungen in einzelnen Monaten stimmen
die korrigierten Modellwerte iiber das gesamte Jahr hinweg sehr gut mit den Beobach-
tungen iiberein (jahrlicher Median < 2,2 ppbv). Zur weiteren Minimierung verbliebener
saisonaler Verzerrungen ist jedoch eine umfassende Uberarbeitung aller zugrunde liegen-
den Emissionsinventare, nicht nur der Feuchtgebietsanteile, notwendig.

Im Gegensatz dazu pragen Feuchtgebiete das Emissionsbild in Kanada so stark, dass

sich der Grofiteil der ermittelten Biaswerte und ihre Saisonalitdt auf die Feuchtgebi-



etsquellen zuriickfithren lasst. Nach der Korrektur des Hintergrundsignals liegen die
CAMS-Biaswerte im Winter nahe bei Null, steigen aber im Sommer deutlich an und
weisen jahrliche Mediane von +8,65 ppbv an der Station ETL und +28,67 ppbv an der
Station BCK auf. Diese Ergebnisse zeigen deutlich, dass das CAMS-Modell die Feucht-
gebietsemissionen wahrend der Sommerzeit, in der Feuchtgebiete aktiv sind, deutlich
iiberschéatzt.

Unsere Ergebnisse fiir Kanada zeigen, dass die Verwendung von emissionsarmeren
Feuchtgebiet-Flussmodellen, bei der Modellierung von Methan-Konzentrationsfeldern,
diese Uberschétzung der Emissionen deutlich reduzieren kann. Unter den in dieser Arbeit
untersuchten Modellen weist FLUXNET dabei den geringsten, sommerspezifischen Bias
auf und erweist sich somit als besonders geeigneter Kandidat. WetCHART erzeugt
Bias-Verlaufe, die sehr eng an denen von CAMS liegen und bietet sich daher auch als
brauchbares initiales Emissionsflussmodell fiir kanadische Feuchtgebiete an. Allerdings
sollte hier eine Schnee-Maske zur Korrektur der Winteriiberschitzungen angewendet

werden.
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1. General introduction: methane

and wetlands

1.1. Methane as a greenhouse gas

Methane (CHy) is the simplest alkane composed of a carbon atom and four hydrogen
atoms. It is relatively stable, compared to other hydrocarbons, because it only forms
strong, primary C-H sigma bonds. Methane has a relatively long atmospheric lifetime
of about 9-12 years [35]. In comparison, other hydrocarbons like propane and butane,
with more complex structures and weaker bonds, are more reactive, due to the lower
activation energy of secondary or tertiary C-H bonds. Therefore, they have much shorter
atmospheric lifetimes, typically days to weeks [1]. However, the lifetime of methane is
significantly shorter than that of other greenhouse gases (GHGs) like carbon dioxide
(COy), which can remain in the atmosphere for many centuries, or NoO, which can last
for over 100 years [33]. The primary atmospheric sink for methane is a reaction with
hydroxyl radicals (OH), which leads to the formation of CO5 and water vapour, which
will be discussed in detail in section 1.3. Despite the shorter lifespan methane s high
radiative efficiency leads to a Global Warming Potential (GWP) of 28-34. This means
that methane is 28-34 times more efficient at trapping heat than CO,, over a 100-year
period [35]. This trapping of heat in the atmosphere, or the greenhouse effect, enabled
by greenhouse gases, such as water vapour (H,O), carbon dioxide, methane, nitrous
oxide (N3O) or ozone (O3) [38], is a natural effect on earth. A part of the solar radiation
energy that is emitted into the atmosphere is reflected back into space, while the other
part is absorbed by the earth ‘s surface and thereby warms it. The Earth then emits this
energy back towards the atmosphere as infrared radiation. Subsequently, GHGs absorb
and once again re-emit this infrared radiation towards the surface, which prevents the
energy from leaving the climate system, thereby essentially warming the earths lower
atmosphere and surface. The absence of this effect would lead to an average surface

temperature of only around -18°C, making it unhabitable for human life [41].



1. General introduction: methane and wetlands

Methane is released into the atmosphere through natural and anthropogenic processes.
Natural sources include wetlands, termites, oceans, wildfires and geological releases [34],
while the main anthropogenic sources are agriculture, waste industries and the extraction

and burning of fossil fuels [35, 28], as highlighted in figure 1.1.
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Figure 1.1.: The annual sources and sinks of global methane emissions and their respec-
tive concentrations in Tg CH,4 per year, averaged over the years 2008-2017,
taken from Saunois et al. (2019) [35].

Figure 1.1 shows the methane budget averaged over the years 2008-2017. The vari-
ous sources and sinks and their corresponding concentrations in Tg/yr are depicted for
both bottom-up (BU), as well as top-down methods (TD). Bottom-up methods esti-
mate methane fluxes by collecting surface emission data from individual sources, which
are then scaled using empirical factors or process-based models to generate regional or
global datasets. In contrast, top-down methods, use atmospheric measurement data
and trace these concentrations back to their surface emission sources, using atmospheric
transport models and inverse modelling techniques. Wetlands represent the largest nat-
ural source of methane emissions globally, as depicted in figure 1.1. However, they are
also a major source of uncertainty, due to large differences between wetland models,
as well as between top-down and bottom-up estimates. A more detailed explanation

and a few examples are given in section 2.1. Saunois et al. (2019) [35] point out that



1. General introduction: methane and wetlands

a more accurate distinction between methane emissions from wetlands, freshwater sys-
tems, and thawing permafrost could be crucial for aligning top-down and bottom-up
estimates of natural sources. Furthermore, developing models that accurately depict the
global wetland methane budget with minimal bias against observations is essential to
laying the groundwork for timely and effective climate action. Therefore, we conduct a
broad regional analysis of wetland methane emissions in this study, rather than assessing

fine-scale spatial fidelity.

1.2. Wetlands as a source of methane

According to Saunois et al. (2019) [35], wetlands are “ecosystems with inundated or sat-
urated soils or peats where anaerobic conditions lead to methane production.” The term
"wetland” contains a variety of ecosystems characterized by their hydrology, nutrient
inputs and vegetation. The main wetland categories are marshes, swamps, floodplains,
mangroves and peatlands. The latter are water flooded all year and plant material
decays under the acidic, anoxic conditions, which is then called peat. Peatlands can
be separated into two types: bogs, which contain nutrient poor and acidic rainwater
and fens, with less acidic nutrient rich groundwater. Between 2008 and 2017 wetlands
contributed a median estimation of 161 Tg CH, yr=! (125-218 Tg yr™!), representing
roughly 20-35 % of atmospheric inversion (top-down) budgets and 15-30 % of bottom-
up totals [35]. From the latitudinal analysis of global wetland emissions, Saunois et al.
(2019) conclude that ~ 65% of the emissions stem from tropical regions below 30 °N,
around 30% between 30 - 60 °N and the remaining 5% from boreal and Arctic regions
above 60°N [35].

Precisely quantifying CH,4 emissions from wetlands remains a huge challenge. Wet-
lands exist in various forms, each with its own characteristics and dominant methane
production pathways. In any modelling approach, it is immensely challenging to fully
capture the complexity of the various methane emission pathways, as described below
in section 1.3. For accurate results a range of parameters need to be integrated into the
modelling framework, from the biochemistry of CHy release from wetlands to the dy-
namics of wetlands and their key predictors (environmental parameters). Furthermore,
uncertainty in defining the extent of wetlands worldwide contributes to uncertainties in
estimating total methane emissions and the often insufficiently accurate separation from
freshwater systems, such as lakes and rivers, can lead to under or double-counting of

emissions in many datasets [26].



1. General introduction: methane and wetlands

Nevertheless, the accurate quantification of wetland emissions is crucial because of
their substantial impact on atmospheric methane levels. Understanding and accurately
estimating methane emissions is vital for climate change mitigation. The quantification
of the CH,4 fluxes is done via biochemical models and the quality of the emission estimates
heavily relies on those especially for bottom-up, but also for top-down models. This will
be further discussed in section 2.1. Given the significant contribution of wetlands to
natural CHy sources, constant improvements need to be facilitated, in order to reduce

the uncertainty of the contributions of wetlands to the global methane budget.

1.3. The chemistry of methane in wetlands and the

atmosphere: an overview

The aim of this chapter is to provide a brief and simplified overview of the biochemistry
of methane in wetlands and to highlight the major chemical processes and the environ-
mental factors they depend upon, in order to get an overarching understanding of how

methane is produced and released in wetlands.

1.3.1. Methane emission pathways

In wetlands, most of the CHy is produced by methanogenic archaea (methanogens).
Under the water-flooded anaerobic conditions, fermentation processes, mostly facilitated
by bacteria, produce substrates used by methanogens. The most prevalent substrates in
most wetlands are acetate (CH;COOH) and CO,. Bridgham et al. [9] state that more
than 90 % of methane produced in freshwater wetlands arises from one of two processes:
Acetoclastic methanogenesis

In this pathway, methanogens take up acetate (CH3COOH) into their cells and use en-
zymes to split it into CO5 and a methyl group CHjs, which is subsequently enzymatically
reduced to methane:

This pathway predominates in environments where fermentative bacteria supply high
concentrations of acetate, such as fens [21].

Hydrogenotrophic methanogenesis
In this pathway, methanogens take up carbon dioxide (CO2) and hydrogen (Hs) into

their cells. In simplified terms, enzymes called hydrogenases split the covalent bond in

10



1. General introduction: methane and wetlands

H, molecules, releasing electrons, which reduce COs,, yielding methane (CH,) and water
(H20).
COQ + 4H2 — CH4 + 2HQO

This mechanism is dominant in acidic environments, such as bogs, where enough Hy and
COy are present [9].

Once methane molecules are produced, there are a few main scenarios in which CHy
can be emitted from wetlands into the atmosphere: Firstly, diffusion through the inun-
dated soil along concentration gradients. However, during this slow process, CH, can
pass through oxic layers near the surface, where aerobic methanotrophic bacteria typi-
cally oxidize large fractions (up to 90%) of the methane to CO5 and HyO before it ever
reaches the atmosphere [22]. Secondly, via ebullition, the release of methane in the form
of gas bubbles from waterlogged soils. If methane production happens faster than it
can diffuse away or be oxidized in certain areas, these areas become saturated with CHy4
and gas bubbles start to form, which then quickly rise to the surface and thereby re-
lease methane directly into the air, without oxidation. Lastly, via the transport through
plant aerenchyma. In this process, methane can rise to the atmosphere directly from the
soil, through the roots and porous aerenchymous tissues of plants within the wetland,
bypassing oxidation [21]. All of the processes above are schematically depicted in figure
1.2.

11



1. General introduction: methane and wetlands

Figure 1.2.: A simplified schematic illustration of the key chemical reactions and path-
ways, regarding the production and release methane in wetlands.

1.3.2. Key emission drivers

Despite the high level of complexity and the multitude of variables in capturing CH,
fluxes from wetlands, the main drivers for the release of methane from wetlands can
be divided into three categories: water table depth, soil temperature and the type of
vegetation present [20, 40].

Water-table depth The depth of the water table demarcates the boundary be-
tween oxic and anoxic conditions and thereby determines the overall volume available
for methane production and release. A decreasing water table means that more soil
volume remains under aerobic conditions, which reduces the net CH, emissions and vice
versa. Turetsky et al. (2014) found that the water level describes the largest part of emis-
sion variabilities for most of the examined 71 wetlands in both subtropical and northern

regions [40]. However, methane emissions do not increase indefinitely with rising water

12



1. General introduction: methane and wetlands

tables, but reach an optimum. Beyond this optimal water level, an increase in water
level even reduces the speed of CHy release. Diffusion is slowed, because the methane
molecules need to travel through a thicker water layer and the increase in hydrostatic
pressure hinders the formation and rise of gas bubbles, thereby reducing ebullition [42].

Soil temperature Soil temperature influences the metabolic rates of both the sub-
strate production via fermentation, as well as the production of methane by methanogens.
Therefore, the soil temperature directly correlates with the release of methane, which
leads to higher emissions during warmer months [20]. This predictor was found to be
the second largest factor in explaining the wetland emission variability by Turetsky et
al. (2014) for most wetland types. More precisely, they found that an increase of 10°C
nearly doubles the methane production rate across all examined wetland sites [40].

Vegetation type

Here, vegetation type refers to the composition and structure of the plant and mi-
crobial communities. Although water table depth and soil temperature are the primary
controls on CH, emissions in many wetland types, such as bogs and swamps, this can
change for other wetlands. For instance, Turetsky et al. (2014) showed that for pristine,
Carex-dominated fens, plant-mediated CH, transport through aerenchyma explained the

dominant part of emission variations.

1.3.3. The atmospheric fate of methane

Once methane is emitted, almost the entire removal of CH, in the atmosphere can be
condensed into a few key reactions. The largest sink is the reaction with hydroxyl
radicals (OH), which makes up ~ 90% of the total atmospheric CH, loss.

In the lower atmosphere, mainly in the troposphere, CH,4 reacts with OH to form

methyl radicals and water vapour:
CHy + OH — CH3 + HQO

OH radicals themselves are produced when UV sunlight photolyses O3 to generate ex-
cited oxygen atoms O('D), which then react with HoO. This reaction controls the at-
mospheric lifetime of methane and contributes to tropospheric ozone formation [35, 24].

In the stratosphere, CH, is also oxidized by chlorine and excited oxygen via the

reactions:

13



1. General introduction: methane and wetlands

Together, these processes remove around 31 Tg CHy per year from the atmosphere [35].
Furthermore, OH radicals are regenerated during methane oxidation, which leads to an
effectively self sustaining cycle that continuously removes methane [24].

As previously mentioned, atmospheric CHy can also be oxidized via aerobic methan-
otrophic bacteria in soils. In this process methane is oxidized stepwise to CO,, which
removes ~30 Tg of CH, per year [35], comparable to the chlorine uptake.

Importantly, wetlands can switch roles depending on the overall circumstances: when
soils are waterlogged, anaerobic conditions lead to a release of methane. However, when
these areas dry out, so that parts of the soil experience more aerobic conditions, these
methanotrophs can get activated and consume CH,, which can turn a wetland from a

source into a net sink and vice versa.

14



2. Methods

This thesis evaluates and compares four different wetland CH,4 emission scenarios. These
include the bottom-up models wetCHART, FLUXNET-CHy, and the Poulter et al.
(2017) ensemble, as well as the top-down inversion product from the Copernicus At-
mosphere Monitoring Service (CAMS) for methane [4, 32, 11, 6]. Each of these datasets
provides monthly-resolved methane fluxes at a global scale, but they differ substan-
tially in their input data, methodologies, and assumptions. By analysing and comparing
their spatial and seasonal emission patterns, we aim to assess their respective strengths
and limitations, and to explore how the choice of flux scenario can influence modelled
atmospheric methane concentrations, thereby identifying potential avenues for future
research. Furthermore, we study CH, concentrations over wetland-dominated regions
by analysing global concentration fields provided by CAMS [4]. Moreover, we evaluate
the influence of wetland emissions on the modelled concentrations using FLEXPART-
Source Receptor Relationship simulations. To evaluate the performance of the modelled
concentrations, we compare the CAMS data with independent in-situ measurements.
This comparison allows us to assess the model bias and how well the modelled CHy

fields capture the overall emissions and their seasonality.

2.1. Wetland scenario models

Direct measurements of methane emissions can be insightful, but face inherent limita-
tions. Ground-based eddy covariance measurement stations cover only localized areas,
and satellite data often have spatial gaps or are affected by atmospheric conditions like
cloud cover. These constraints hinder our ability to fully capture the complexity of
wetland methane emissions, which vary significantly across regions and seasons.
Surface flux models address these gaps by simulating methane emissions based on en-
vironmental parameters, such as temperature, soil moisture, and vegetation dynamics,
providing global coverage and the ability to predict emissions under different condi-

tions. Although models are typically tested and optimized towards eddy covariance

15



2. Methods

measurements, each model employs distinct assumptions and methodologies, leading to
variability in predictions. To highlight the diversity in model structures and outputs,
we briefly introduce four representative models with notably different approaches:

wetCHART (bottom-up): An estimate for CHy emissions from wetlands can be
modelled using the wetCHART framework. Calculations utilise the following factors: a
global scaling factor (s), wetland extent fraction (A(t, x)), carbon heterotrophic respira-
tion per unit area (R(¢,x)), and the temperature (T) dependent ratio of carbon respired
as CHy (qi#™/19).

F(t,z) = sA(t, ) R(t, z) g (2.1)

Depending on the specific case, wetCHART models estimate these components using
various biochemical models [6]. In this work we use the wetCHART v1.3.1 dataset
from Bloom et al. (2021) [7], where R(t,x) is taken from an ensemble of nine ter-
restrial carbon-cycle simulations (eight MSTMIP land-surface models and one CAR-
DAMOM inversion), A(t, x) is estimated by combining static wetland extent maps (ESA
GLOBCOVER or GLWD) with dynamic scaling factors based on either SWAMPS multi-
satellite inundation or ERAJ precipitation, qi)(t’x)/ 104g computed using three literature-
based temperature-sensitivity parameterisations applied to ERA5 surface skin temper-
ature, and s is chosen per configuration to calibrate each member’s global annual CHy
flux to a reference budget. The wetCHART dataset allows you to select among different
model configurations via a four digit code, one digit for each term in equation 2.1. In this
work, we used the “0000” configuration, meaning the first entry for all four components.

FLUXNET-CH4 (bottom-up): FLUXNET-CH4 fluxes are assessed from eddy
covariance measurements that sample vertical wind speeds and CHy concentrations at
a high frequency. Fluxes are estimated by averaging the covariance of deviations in

vertical wind (w’) and CHy4 concentration (¢’) over fixed intervals, yielding
F=puwd,

where p is the air density. After routine quality control and gap-filling to address data
gaps, these half-hourly fluxes are aggregated and extrapolated spatially and temporally
to produce the global FLUXNET-CH4 dataset [11]. Here, we used their data product
version 04 for 2018.

Poulter et al. (2017) (bottom-up): Poulter et al. [32] employed an ensemble

of eleven process-based models to estimate monthly global wetland CH,4 emissions for
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2. Methods

2000-2017. Each model was driven by the same set of inputs: daily inundation maps
from SWAMPS (bias-corrected to match the total wetland area in GLWD), meteorolog-
ical data from the CRU-NCEP reanalysis, and a set of atmospheric COy concentration
data. Simulations were performed on a uniform 0.5° x 0.5° grid, and the emission es-
timate was calculated via the ensemble mean. This methodology provides a methane
flux dataset in which the dependence on any single individual model assumption is min-
imized. Hereafter, whenever we use “Poulter” in this thesis, we are referring exclusively
to this Poulter et al. (2017) dataset. In figures, legends and text we simply abbreviate
it as “Poulter” for better readability.

CAMS (top-down): In this thesis we use the latest CAMS Global Greenhouse Gas
Inversion surface flux data for 2018, which produces monthly wetland CH, emission maps
by combining a process based ecosystem simulation with atmospheric methane measure-
ments. The ecosystem simulation is performed by LPJ-DGVM (the Lund-Potsdam—Jena
Dynamic Global Vegetation Model), which, driven by daily temperature and precipita-
tion inputs from the CRU dataset and MERRA2 reanalysis, models carbon cycling across
plant functional types and tracks the fraction of each grid cell that becomes waterlogged,
thereby capturing the extent of anaerobic soils, in which methane is produced. The emis-
sions from the ecosystem model fluxes are then adjusted to better fit the atmospheric
measurements. Furthermore, these emission fluxes are used as a priori emission fields
for the TM5 chemistry—transport model (run on a 1° x 1° grid with ERA-Interim mete-
orology reanalysis data, produced by the European Centre for Medium-Range Weather
Forecasts (ECMWTF)). This model then simulates how methane moves and is removed in
the atmosphere to produce concentration fields based on these priors. To minimise the
divergence of simulated and observed CH4 concentrations, a four-dimensional variational
inversion (4DVar) is applied to the TM5 model. This iteratively refines the flux fields by
adjusting fluxes across three spatial dimensions and time, hence ”four-dimensional” [5].
This procedure produces monthly global CH, concentration maps, which we are going
to compare against measurement data in section 3.2.

In summary, WetCHART combines multiple individual data inputs to capture bio-
geochemical dynamics at high resolution, but its results are strongly dependent on the
chosen wetland maps, respiration models and the global scaling factor. FLUXNET-CHy,
on the other hand, delivers direct, high-frequency measurements, grasping short-term
variations, but it is limited by the spatial distribution of eddy-covariance measurement
stations and thus need extrapolation to the spatial extent of the wetlands. The Poulter

et al. (2017) dataset averages over eleven process-based models, reducing the biases of
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2. Methods

any single model, but all of the eleven models are driven by the same meteorological and
wetland data. Thus, uncertainties in these data are propagated through every model,
before the ensemble averaging.

In contrast, CAMS employs a top-down inversion framework that uses atmospheric
methane observations as inputs for an atmospheric transport model, providing an emis-
sion grid with global coverage, where the emission patterns are consistent with measure-
ment data. However, it heavily relies on the accuracy of the transport model and might
miss regional details, such as smaller wetlands.

Overall, bottom-up methods (wetCHART, FLUXNET-CH, and Poulter et al. (2017))
excel at process detail and local accuracy, but their output is highly dependent on the
accuracy of parameter choices and the necessary data in each case. The top-down
CAMS inversions ensure consistency with atmospheric observations, by optimizing the
biochemical models towards measurements. However, the inversion process needs a priori
emission fields from biochemical (bottom-up) models, so any biases or spatial patterns
in those priors will carry through into the optimized flux estimates. In addition, they
might lack fine regional details and rely on transport model accuracy. An abbreviated
summary of the key principles and the strengths and weaknesses of the four models is

shown in table 2.1 below.
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Table 2.1.: Key features of the four wetland CH, flux scenarios.

Model (year) Type Key Principle Strengths Limitations

wetCHART v1.3.1 (2018) bottom-up Estimate CHy captures bio- dependent on
release via for- chemical details maps used in

mula in 2.1 formula

FLUXNET-CH4 (2018) bottom-up Aggregates direct, high- needs extrapo-
eddy- frequency lation
covariance

CHy flux mea-
surements into
monthly global

fields.

Poulter et al. (2017) bottom-up  Averages an reduces single- shared  driver
ensemble of 11 model bias data uncertain-
process-based ties in output

wetland  mod-
els driven by
inundation and
climate data.

CAMS Inversion (2018) top-down  Optimizes LPJ- more consistent relies on accu-
DGVM fields with observa- racy of a priori
via 4D-Var to tions fields and trans-
match  atmo- port model
spheric CH4
observations

2.2. Atmospheric measurement data

To validate the CAMS-simulated surface-level CH, mixing ratios (see section 2.1), we
compared them against independent in situ measurements from the NOAA Obspack
data product (v06) for 2022 [36]. The data package comprises 530 atmospheric methane
datasets compiled from measurements conducted by 67 laboratories worldwide, cover-
ing the period from 1983 to 2023, including aircraft and various in-situ surface mea-
surements. The diversity of this package, collected from numerous independent sources,
makes this dataset well suited for validating and comparing modelled atmospheric methane
concentrations. We limit our validation to Obspack measurements taken at altitudes
below 1000 m to ensure comparability with the CAMS surface-level concentrations and

because the wetland emissions are not captured by higher stations in mountains.
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2.3. FLEXPART': Source Receptor Relationship
(SRR)

FLEXPART is a Lagrangian particle dispersion model used for simulating atmospheric
transport processes. It releases virtual particles into the atmosphere and tracks their
movement based on meteorological fields, providing insights into the dispersion of pollu-
tants, aerosols, or GHGs, such as methane. It utilizes 3D gridded meteorological fields
to calculate particle trajectories, including wind velocities, pressure, specific humidity,
or temperature. As the particles move, FLEXPART simulates various processes such
as gravitational settling, dry deposition, and wet deposition to calculate the trajectory
of these particles and their mass changes [31]. There is also a Linear Chemical Module
(LCM) within the FLEXPART framework, which extends the model’s capabilities to
simulate linear chemical reactions and the transport of multiple chemical species [2] in
a global domain-filling setup. Moreover, FLEXPART can run both forwards in time,
predicting where a pollutant released from any given source will go, and backwards,
determining which surface areas contributed to measured concentrations at a given sta-
tion and time. We used the latter feature in this thesis to gain knowledge about the
contributions of wetlands to observed concentrations. This is also called the source re-
ceptor relationship (SRR). FLEXPART calculates this relationship, by releasing a large
ensemble of virtual particles from the sampling height and location of a given station
and traces their trajectories back through meteorological wind fields. For the SRR cal-
culations, we released particles in three-hour intervals to obtain footprints at a three
hour resolution and averaged all CH; measurements over this time interval. The model
tracks how long each particle remains within every grid cell in the lowest 100 m for
a chosen intervals of 600s and over the entire duration of the backwards simulation,
those residence times are summed and averaged over all particles, yielding a sensitivity
value for each cell, in the unit of m3s/kg. By multiplying the emission sensitivity with
the emission fluxes in each cell, FLEXPART quantifies how emissions in each location
contribute to the concentration measured at the station [37].

For this thesis, 15 000 virtual particles were released in each averaging window and
we used hourly 0.5°x0.5° wind fields from the ERA5 reanalysis dataset by ECMWF for
our backwards simulations [15]. We calculated the inverse trajectories for 15 days and
the chemical interactions were neglected, because methane has a lifetime of around 9-12
years in the atmosphere and during these 15 days only a negligible part of methane

would have been lost due to oxidation by OH radicals. This combination of parameters
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has proven to be a viable compromise in providing sufficient information, while reducing
computational time as much as possible.

For Canada we examined the inverse trajectories of these measurement stations:
Fraserdale boreal forest site (FRD) and East Trout Lake (ETL) in Saskatchewan and a
station near Behchoko (BCK) in the North West, surrounded by mixed forests, lakes and
ponds. In Scandinavia we looked at the Finnish station Pallas (PAL), which lies amid
wetlands, lakes and scattered forest patches, Svartberg Atmospheric Station (SVB) in a
Swedish boreal forest and Puijo Station in Finland (PUI). [43].
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Figure 2.1.: Locations of the measurement sites used for the FLEXPART backwards
simulations. The left side shows the stations BCK, ETL and FRD and the
background station ALT in Canada and the right side shows the stations
PAL, PUI and SVB and the background station MHD in Scandinavia.

The locations of the observation sites are illustrated in figure 2.1. We chose these
stations, because they measure in areas, where the wetland flux emissions show high

values and a strong seasonality (see fig.3.1).
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3. Results and Discussion

3.1. Analysis of wetland fluxes

3.1.1. Wetland scenario CH, flux comparison

Firstly, we conducted a preliminary analysis of the global fluxes to gain an overarching
view of the methane emission landscape and to explore wetland model uncertainties,
by comparing all the discussed wetland scenarios in section 2.1. The global emissions
are depicted in figure 3.1, averaged over four summer (May-Aug) and winter months
(Nov-Feb), to achieve decent visibility, while capturing seasonal patterns. Although
the maximum flux values were higher in each scenario, ranging from ~ 3 - 3.5 107
kg/m?s, we capped the colour scale at 1072 kg/m?s in all panels to enhance the vis-
ibility of regional variations in the lower-to-moderate flux areas that would otherwise
be overshadowed by high emission areas. Although we later use CAMS concentration
data from 2022, the flux data from 2018 (and 2017 for Poulter et al. (2017)) was chosen
to match the available output years of the wetland models and to ensure consistency
across scenarios. This approach is justified, because the differences between models are
much larger than those between individual years, making the selected years suitable for

comparison [44].
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Figure 3.1.: Seasonal mean wetland CH, fluxes in kg/m? s for (a) winter (Nov-Feb)
and (b) summer (May—Aug) averages, across the four emission scenarios:
wetCHART, FLUXNET, Poulter et al. (2017), and CAMS. All maps share

a colour scale capped at 107 kg/m? s.
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Figure 3.1 demonstrates that all four wetland emission scenarios (CAMS, Poulter
et al. (2017), wetCHART and FLUXNET) contain the same broad spatio-temporal
patterns: tropical basin wetlands in the Amazon, Congo and Southeast Asia dominate
methane fluxes over the course of the whole year with only modest seasonal changes.
On the other hand, northern boreal wetlands (e.g. Canada, Scandinavia) are essentially
inactive in the winter months and peak in the warm summer months. Southern and mid-
latitude regions, such as Australia or more southern parts of South America or Africa,
follow similar but lower amplitude cycles. Emissions in the Southern Hemisphere peak
during November-February and have minimal values in May-August. These patterns
are consistent with established knowledge of global methane fluxes [35]. Emissions are
usually higher in warmer and wetter periods and lower during colder or drier times, as
described in section 1.3.2. While all four scenarios reproduce the same broad seasonal
cycle, they visibly differ across various factors, such as the wetland extent, the flux
amplitudes and their emission coverage. For example, the seasonal cycle of Australia,
is only covered by the FLUXNET dataset. For Canadian wetlands, WetCHART and
Poulter et al. (2017) sharply delineate known wetland areas, while CAMS produces a
more diffuse emission field and FLUXNET records even less detailed emissions.

Following this initial global assessment, we chose to focus our regional analysis on
Canada and Scandinavia throughout the entire thesis. These regions contain a relatively
high density of in situ measurement sites, compared to other regions, which provides a

strong observational basis for a comparison with modelled concentration data later on.
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Figure 3.2.: Total methane emissions per month in Tg for different wetland scenarios
over Canada (a; 35°=75° N, =150° to —40° E) and Scandinavia (b; 54°-72°
N, 0°-35° E).

Notably, our chosen areas (35°-75° N, —150° to —40° E for Canada; 54°~72° N, 0°—35°
E for Scandinavia) extend beyond national borders and include parts of the ocean and
other countries. They were deliberately defined this broadly to ensure that all wetland
areas within each region are captured, but as a result the plotted totals also encompass
emissions from neighbouring countries. However, since our goal is to compare model
outputs, the precise delineation of the emission regions is not of importance here. The
extent of these bounds is shown below in figures 3.3 and 3.4.

Figures 3.2(a) and 3.2(b) present a comparison of monthly emission totals derived
from the previously introduced wetland CH, emission models Wet CHART, FLUXNET,
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Poulter et al. (2017) and CAMS for Canada and Scandinavia. As can be seen in
figure 3.2(a), for Canada the emission totals can vary up to ~ 5 Tg in the summer
months. Here, Fluxnet estimates only ~ 30 % of the Poulter et al. (2017) emissions.
For Scandinavia, as illustrated in figure 3.2(b), differences are smaller, but summer
and autumn emissions can still differ by up to ~ 50%, meaning the lowest respective
estimates predict only up to about 50% of the highest (Poulter).

The comparison of different wetland scenarios emphasises not only the often drastic
model divergence, but also introduces the possibility of choosing appropriate wetland
emission priors when constructing CH, concentration fields. Identifying which model
performs best under specific regional and seasonal conditions may significantly improve
the accuracy of atmospheric CHy simulations and thus represents a valuable avenue for

further research.

3.1.2. WetCHART snow cover analysis

A notable feature of the wet CHART dataset is that it estimates higher emissions during
the winter months, likely as a result of WetCHART applying a temperature-sensitivity
scaling factor qip to all inundated grid cells throughout the whole year, as shown in
equation 2.1. However, if soil is covered in snow or ice, the diffusive gas transport is
considerably reduced, leading to the trapping of methane gas below the snow and ice
layers [30]. Therefore, we examined the monthly-averaged snow cover data from the
ERAb5-Land reanalysis [27] for 2022 and compared them to the WetCHART fluxes for
both regions.

Figures 3.3 and 3.4 present a comparison of the mean methane fluxes (left column)
with snow-cover fraction (right column) for Canada and Scandinavia for the months
of January, April and December. We chose these months to examine winter months,
during which wetCHART estimates higher emissions than the other wetland scenarios.
Additionally, we added April, because wet CHART still estimates higher emissions than
the other models here (see fig. 3.2) and to roughly examine how the snow cover changes

during the warmer spring.
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Figure 3.3.: WetCHART wetland CH, fluxes (a) and ERA5-Land snow-cover fraction
(b) for January, April, and December 2018 over Canada. Fluxes are shown
in kg/m?s and snow-cover as percentage (%) of grid-cell area. Both panels
share the same regional bounds (35°-75° N, ~150° to —40° E).

The highest CH, emissions in Canada, in figure 3.3, can be seen along the shores of
the Lakes Superior, Huron and Erie in the south-east of Canada, mainly stemming from
peatland complexes and littoral marshes around these lakes [19]. Moreover, spots with
higher emission values can be found in the western boreal plains of Canada, which are
dominated by bogs and fens [10].

In January and December, nearly all of the Canadian western and central boreal
regions lie under a deep snowpack, with the exception of most southerly regions of
Canada. In April (fig. 3.3(b)), thawing is not limited to the lowest latitudes, instead
a broader latitude strip with less snow cover appears. Additionally, a clear thawing
can be seen in regions in mid-latitude central Canada, while areas to the north remain

snow-covered.
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Figure 3.4.: WetCHART wetland CH, fluxes (a) and ERA5-Land snow-cover fraction
(b) for January, April, and December 2018 over Scandinavia. Fluxes are
shown in kg/m?s and snow-cover as percentage (%) of grid-cell area. Both
panels share the same regional bounds (54°-72° N, 0°-35° E).

In Scandinavia (fig. 3.4, the most pronounced CH, emission hotspots align with large
brackish water bodies, such as Lakes Vanern and Vattern in south-central Sweden or
in regions near Lake Ladoga at the Finnish-Russian border. At Lakes Vanern and
Vattern, methane is produced by the marsh wetlands that surround the lake margins
[17]. In the Lake Ladoga area, methane emissions arise mainly from the shallow peat and
marsh wetlands around the shoreline [18]. However, on closer inspection, the emission
pixels lie not only around, but also inside all the discussed lakes in the winter months,
which should not be possible, because they are completely frozen up during that time.
This indicates that there might be inaccuracies in the delineation between wetlands
and lakes, or slightly inaccurate mapping of emissions. Moreover, the relatively coarse
spatial resolution of the models might be too low to resolve individual lakes. In any case,

these hotspots over lakes should be treated with caution. We included figures A.2(a)
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and A.2(b), which clearly show these winter lake-hotspots in Scandinavia, in the SI. For
Scandinavia, almost the entire landmass is covered in snow in January and December,
except for the southern coastal areas in Sweden and Denmark. South-western regions
of Finland are under a slightly denser snowpack in January than in December, while
the snow covered patches in southern Sweden can only be observed in December, not in
January. In April (fig. 3.4(b)), thawing becomes clearly visible as the zone of reduced
snow cover pushes farther north into southern Sweden, whereas southwestern Finland,
although still snow covered, exhibits substantially thinner and more patchy snow than
during the winter months.

Notably, snow depth can also strongly influence CH,4 emissions, because a thinner
snow layer might allow gas to diffuse through, whereas a deeper layer can effectively
hinder fluxes completely. However, we only wanted to examine, whether a snow-cover
effect may explain parts of the winter overestimations in wetCHART overall, without
providing a detailed analysis of the dependence on the snow depth.

While the emissions generally coincide with known wetlands and in some areas mirror
the snow cover patterns, Wet CHART also predicts fluxes across vast regions that remain
deeply snow covered throughout all the months, shown in figures 3.3 and 3.4. This
indicates that the model does not fully account for snowpack trapping of methane, which

explains a part of the overpredictions of wetCHART fluxes during the winter months.

3.2. Analysis of the CAMS mixing ratio data

As a next step, we analyse the CAMS concentration data, described in section 2.1 for
the two regions. Initially, we show the wetland fluxes CAMS used as a priori fields for
their simulation. This allows us to compare them with the resulting concentrations,
which are calculated from all sources, not only wetlands [4]. The wetland emissions are
depicted as an average over summer (May-Aug) and winter months (Nov-Feb), with a

capped colour bar at le-9 kg/m?s, to visualize fluxes from mid to low emission areas.
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Figure 3.5.: Seasonal mean wetland CH, fluxes by CAMS (2018) in kg/m?s, shown for
winter (Nov-Feb, left) and summer (May—Aug, right) months over Canada
(a) and Scandinavia (b). The colour scale is capped at le-9 kg/m?s.

As depicted in figure 3.5, the wetland CH,4 fluxes exhibit a strong seasonality for both
regions. While emissions remain sparse and low during winter, the increased release
of methane from wetlands in warmer months (see section 1.3.2) leads to an increase
of fluxes over wetland areas during the summer. This is in alignment with the overall
seasonal patterns described in section 3.1.1.

The concentrations in the datafiles include hybrid sigma pressure coordinates. To
make the model levels visually comparable with other datasets with altitude layers only,
we estimated the geometric height of each model level by globally averaging the altitude

values of the two surrounding half-levels for figures 3.6 and 3.7.
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Figure 3.6.: Monthly averaged CAMS methane concentrations in ppbv for an averaged
altitude of ~ 410 m in Canada, for January, April, July and October 2022.
The concentrations are shown for the regional bounds: 35° to 75° N and
-150° to —40° E.

Figure 3.6 depicts methane concentrations over Canada for four different months, to
allow for a closer examination of the seasonality. The figures clearly illustrate a seasonal
pattern, where increasing emissions towards the warmer months result in higher methane
concentrations in the atmosphere. The concentrations then decrease towards the colder
months in winter, mirroring the wetland flux patterns in figure 3.5(a). This already
suggests that wetlands alone describe a large part of the emission landscape during the
summer months when they are most active. We further explore this hypothesis during
the course of this chapter.

Furthermore, three regions with high emissions are especially noticeable, where emis-
sions do not follow any seasonality. Firstly, there is a hotspot in the south east of
Saskatchewan at the border to the USA and Manitoba, within the Williston Basin,
which contains many gas and oil fields, such as ”Sinclair”, ”Fertile” and ” Three Forks”.
Secondly, a spot in central Alberta near the border to British Columbia lies in the Mont-
ney "tight gas” region. Lastly, an area in the north east of British Columbia, close to
Alberta, corresponds to condensate-rich sections of the Montney Formation around the
Kakwa River sour-gas processing plant [14].

We investigated the anthropogenic input flux fields used by CAMS and confirmed that
all the regions discussed above are clearly represented. To illustrate this, we have added

figure A.1(a) to the Supporting Information (SI).
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Figure 3.7.: Monthly averaged CAMS methane concentrations in ppbv for an averaged
altitude of ~ 410 m in Scandinavia, for January, April, July and October.
The mixing ratios are depicted for a latitude/longitude area of 54°~72° N
and 0°-35° E.

Figure 3.7 shows the seasonal CH,4 concentrations over Scandinavia. In contrast to the
Canadian concentrations, the distinct seasonal patterns in the wetland fluxes, illustrated
in figure 3.5(b), are not mirrored in the resulting concentrations in Scandinavia. The
seasonality of the wetland fluxes can only clearly be observed in the concentrations for
the wetlands in the Sjaunja mire system in northern Sweden and for wetlands north of
Lake Vanern. Here, the wetland emissions remain elevated well into autumn, indicating
a longer active season compared to Canada. Furthermore, figure 3.7 clearly depicts
high mixing ratios around Lake Ladoga throughout the year, which can also be seen
in the fluxes of figure 3.5(b). However, the lack of clear, distinct seasonality in this
case and overall suggests that, besides wetlands, anthropogenic emissions might play a
crucial role here. Therefore, we also examined the anthropogenic input fluxes by CAMS
for Scandinavia, as shown in figure A.1(b) in the SI. From this analysis we concluded
that the peak around Lake Ladoga is actually more likely linked to discharges from
pulp and paper operations and adjacent wastewater outlets along the shores of Lake
Ladoga [12], as we could see high emissions in this area year round. The most distinct
hotspot at around 70°N is also found in the anthropogenic fluxes and most likely stems
from offshore Liquid Natural Gas (LNG) and oil and gas fields in the Barents Sea [13].

Although, boreal wetlands emissions play an important role in Scandinavia, as depicted
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in figure 3.5(b), the simulated concentrations by CAMS seem to be driven more by
anthropogenic fluxes [4, 35] in this region. Thus, we conducted further examinations on

this assumption.

3.3. Bias analysis: Canada

As an initial step, before we compared the CAMS concentrations to measurement data
from the NOAA Obspack data package from section 2.2, we conducted Source Receptor
Relationship (SRR) simulations for individual stations (see section 2.3) to assess their
respective area of influence. We computed daily sensitivities or ”Footprints” in the unit
of m3s/kg and later averaged them over our summer (May-Aug) and winter months
(Nov-Feb).
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Figure 3.8.: The footprints in m3s/kg averaged over summer (May-Aug) and winter
months (Nov-Feb) for the measurement stations East Trout Lake (ETL,
a), Behchoko (BCK, b) and Fraserdale (FRD, c) in Canada.

For ETL (Fig. 3.8(a)), winter sensitivities reach high values across a broad area of
influence around the station, extending northwestwards across Canada. For the summer

months this area of influence shrinks significantly to a much more localized area with
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peak values above the wetlands surrounding the ETL station. The same pattern can
be seen for the BCK station in figure 3.8(b), while this seasonal effect is a lot less
pronounced for FRD in figure 3.8(c). The overall westward extension of the footprint-
areas during winter can be explained by the faster atmospheric circulation (westerly
winds), compared to the more stagnant summer circulation.

To quantify each station’s CH, mixing ratio response, we multiplied the daily footprint
sensitivities at each grid cell by the four wetland scenario fluxes discussed in this work,
as well as the anthropogenic emission prior fluxes by CAMS and then converted those
products into volume mixing ratios in the unit of ppbv, using the procedure, described
by Seibert et al., (2004) [37]. Summing over all grid cells yields the net contribution
from each source category at the respective measurement site, accumulated over the
duration of the transport simulation. Figure 3.9 shows the monthly mean contributions
(ppbv) at ETL, BCK and FRD for 2022. Notice that ”background” concentrations of
methane, not accounted for during the period of the backward simulations, would have
to be added to explain the measured concentrations. However, the background signal is

determined by the global distribution of sources.
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Monthly mean CHy4 source contributions in ppbv, accumulated over 15
days via a FLEXPART SRR simulation, at the Canadian stations ETL (a),
BCK (b) and FRD (c) in 2022. The wetland contributions are depicted for
the wetland scenarios: wetCHART (orange), FLUXNET (purple), Poulter
et al. (2017) (red) and CAMS (blue). The depicted anthropogenic contri-
butions by CAMS (black) serve as a reference for the relative magnitude
of wetland versus anthropogenic sources.
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The vast majority of emissions in Canada come from wetlands, followed by anthro-
pogenic sources. Wetlands emit around ~ 20 Tg per year, which is roughly 5 times
as much as all combined anthropogenic releases (~ 4 Tg per year) [3]. It can clearly
be seen in figure 3.9, that wetlands dominate the measured concentrations at all three
stations, which is consistent with what has been reported previously [3]. All the stations
show the expected seasonal patterns for both wetland and anthropogenic contributions.
Wetland contributions are near zero in winter and increase during spring to a maximum
in mid-summer, before they decrease again towards the winter. In contrast, anthro-
pogenic sources contribute relatively steadily throughout the year, with only modest
increase during late autumn and winter. Possible explanations for this increase are ac-
tually higher emissions (e.g. increased fossil fuel use for heating), or the reduced vertical
mixing in colder months, which traps methane closer to the surface, thereby increas-
ing surface emissions. Investigating the relative importance of these factors would be a
valuable avenue for future research.

For all the three sites, the FLEXPART-derived wetland contributions from Poulter
et al. (2017) consistently estimate the highest contributions throughout the year, while
FLUXNET shows the lowest contributions out of the 4 models. CAMS and wetCHART
fall between these extremes, except for a large wetCHART peak at FRD in September.
As discussed in Section 3.1.2, parts of the higher winter estimates by wetCHART, are
explained by inaccuracies in modelling snowpack trapping effects.

Furthermore, figure 3.9 shows that from the three stations, ETL is influenced most
by anthropogenic emissions. However, due to the very sparse temporal measurement
density at FRD, we chose to examine the model bias for the wetland driven stations
BCK and ETL for Canada.

Of course, the CAMS concentration fields use methane input fluxes from various
natural and anthropogenic sources, not just wetlands. To isolate the wetland signal, we
therefore subtract the monthly median mixing ratios at the “background” station Alert
(ALT) from both the modelled and observed concentrations at our wetland-driven sites,
to reveal the "enhancements” at these stations. Since anthropogenic sources typically
exhibit only modest seasonal variation and wetlands dominate the signal, we expect any
observed seasonality of the corrected biases to predominantly reflect wetland seasonality.
The ALT station in the north east of Ellesmere Island in Nunavut is well suited as a
background station, as it is snow covered for about ten months of the year and is spatially
seperated from major methane emission sources [43]. Background correction carries

inherent limitations: CH,4 for example has a pronounced, seasonally varying latitudinal
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gradient, so using a high-Arctic site like Alert can leave residual latitude-dependent
biases at boreal stations. Nonetheless, ALT proved to be a good compromise for our

study and has been employed successfully in other research [43].

ALT: Median CHa bias, 2022
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Figure 3.10.: Monthly averaged median model-observation CH,4 bias for the CAMS
model at the Alert (ALT) background station for 2022. Markers show
the monthly medians, the dashed line indicates the annual median
bias (—26.34 ppbv), and the vertical bars span the interquartile range
(25th—75th percentile).

Figure 3.10 shows that at ALT the CAMS model consistently underestimates observed
CH, throughout 2022. The monthly averaged median bias ranges between approximately
—10 ppbv (February) and —55 ppbv (December), with an annual median of —26.34 ppbv.
No error bars are shown for January, June and December, because there was only one
measurement available in these months. To further explore this consistent negative bias,
we checked the collective median bias over all stations within a latitude range between
50 to 70°N and -140 to -50°E. This was done to enquire, whether this negative bias is
unique to ALT or part of a broader regional pattern across multiple stations, covering
wetland rich areas in Canada as well as the area around ALT. A selection of this area
was made to include as many high-emitting wetlands as possible while excluding areas

heavily influenced by other sources and this area proved to be a suitable compromise.
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Canada: Monthly median CHa4 bias
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Figure 3.11.: Monthly median model-observation CH, bias for all stations in the
50-70° N, —140 to —50° E region during 2022. Markers show the monthly
medians, the dashed line indicates the annual median bias (—26.34 ppbv),
and the vertical bars span the interquartile range (25th—75th percentile)

Figure 3.11 presents the monthly median model-observation CH, bias aggregated
over all NOAA stations within the 50-70° N, 140 to —50° E area for 2022. Biases range
from a minimum of —38 ppbv in December to a maximum of +3 ppbv in September.
During summer months (June-September), the median bias is relatively close to zero,
while the winter months (November-February) exhibit large negative biases. This shows
that CAMS possibly either underestimates CH,4 emissions or overestimates OH removal,
throughout the year, but especially during colder winter months and that the under-
prediction is not unique to the ALT station, but part of a broader, regional pattern.
Apart from the possible underestimation for CH4 emissions, another explanation could
be related to the applied OH concentrations. The production of OH radicals in the
atmosphere requires UV sunlight (see section 1.3.2), which is why the OH levels drop
during the darker high latitude winter months. Hence, a possible explanation for a part
of this latitude dependent underestimation of emissions is that the CAMS model does
not fully capture the seasonal decline in OH radical concentrations at high latitudes
during winter, leading to an overestimation of CHy sink during these darker months
[24].

Subsequently, we computed the background-corrected median biases at ETL and BCK

by initially subtracting the monthly median concentration at the background station
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(ALT) from both the modelled and observed values (Fig. 3.12).
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Monthly median model-observation bias after subtracting the monthly
averaged mixing ratios of the background station (ALT) from the ob-
servations and CAMS model concentrations at East Trout Lake (ETL,
a) and Behchoko (BCK, b) for 2022. Markers show the background-
corrected monthly medians, the dashed line indicates the annual median
bias (ETL: 4+8.7 ppbv, BCK: 428.7 ppbv) and the error bars span the
interquartile range (25th —75th percentile).

3.12(a)), the background-corrected bias remains slightly negative through

th minima just above ~ —10 ppbv in February and March, before climb-

ing steadily to a late summer peak of ~ 430 ppbv in September. After September, the

bias decreases again, with an annual median of +8.65 ppbv.
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For BCK (Fig. 3.12(b)), the wetland bias is near zero in May, then jumps to +45
ppbv in June and rises further to +56 ppbv in October. It drops sharply to +16 ppbv
in November and +13 ppbv in December, yielding an annual median of +28.67 ppbv.
There are no observations from January to April and again from July to August, but it is
unlikely that filling those gaps would change the clear seasonal overprediction seen in the
warmer months (June and September), because the measured months already include
the start and end of peak wetland emissions and methane fluxes typically only change
gradually over the summer. Similarly, because wetland emissions are essentially zero in
winter, we do not expect the bias to flip above zero during the missing January—April
period. This is also backed by figure 3.9, which shows that the wetland influence on BCK
follows the seasonality, typical for wetlands. The results from this analysis indicate that
CAMS consistently overestimates wetland emissions, particularly during the summer
months when wetlands are the dominant CH, source.

As previously discussed, the wetland emissions for different wetland scenario models
exhibit a large variability. Therefore, a potential avenue for future research could be
to use a wetland emission scenario with lower estimates than CAMS during the sum-
mer months in order to reduce the positive wetland bias during that time in Canada.
To test which of the examined wetland scenarios in this thesis produces the lowest bi-
ases for ETL and BCK, we calculated the FLEXPART source contributions in ppbv for
wetCHART, FLUXNET and Poulter et al. (2017), just like we did for CAMS in figure
3.9. Subsequently, we calculated the differences of the monthly means between CAMS
and the other three models and added these values to the background-corrected median
biases of figure 3.12. This effectively replaces the CAMS-derived wetland contribution
with the FLEXPART-computed contributions from each alternative scenario, approxi-
mating the bias that would result from using the other wetland scenario models as prior
fluxes for the CAMS inversion.
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Figure 3.13.: Monthly background-corrected model-observation CH, median biases at
(a) East Trout Lake (ETL) and (b) Behchoko (BCK) for 2022. The
dashed black lines show the CAMS reference bias, while the coloured lines
show the scenario-specific biases for wet CHART, FLUXNET and Poulter
et al. (2017), obtained by adding each monthly (scenario — CAMS)
difference to the CAMS median bias.

Figure 3.13 shows that for both stations, Poulter et al. (2017) would further enhance
CAMS’s summer overpredictions, while wetCHART produces biases similar to CAMS
during the active season, yet overpredicts throughout winter, which was previously de-
scribed in section 3.1.2. In contrast, FLUXNET exhibits negative biases during summer,
but otherwise remains close to CAMS. Despite, FLUXNET showing negative summer

biases, thereby likely underestimating summer emissions, the annual median bias is lower
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than for CAMS at both stations (-3.31 ppbv for ETL and 5.55 ppbv for BCK). From
this analysis, we conclude that both wetCHART and FLUXNET emerge as potentially
promising emission priors, when computing concentration fields over Canada. However,
the winter overpredictions by wetCHART, which are an artefact of insufficiently mod-
elling snow-covered methane trapping, should be corrected by applying a suitable snow
cover mask (e.g. ERAB5-Land reanalysis [27]). As can clearly be seen in figure 3.13,
the Poulter et al. (2017) ensemble produces substantially larger positive summer biases
than the other three scenarios and is therefore unlikely to serve as a suitable wetland
flux prior for Canada.

Notably, we only analysed two wetland-dominated stations in Canada, so these find-
ings might not be representative of all such sites. As an avenue for future research,
we suggest applying this methodology to an ensemble of wetland-dominated stations
throughout Canada, instead of individual stations. By testing an ensemble of wetland-
dominated stations, we can identify which priors consistently minimize biases across
different environments. Reducing overall wetland model biases is of great importance
for improving the ability to fully grasp the global wetland methane budget with more

accurate models, as emphasized in the Introduction (sec. 1).

3.4. Bias analysis Scandinavia

We also applied the same bias analysis, discussed in section 3.3, for the Scandinavian
region. Firstly, we computed the average footprints over summer (May-Aug) and winter
(Nov-Feb) for the stations PAL, SVB and PUI, which are described in section 2.3.
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Figure 3.14.: The footprints in m®s/kg averaged over summer (May-Aug) and winter
months (Nov-Feb) for the measurement stations Pallas (PAL, a), Svart-
berg (SVB, b) and Puijo (PUI, ¢) in Scandinavia.

For PAL (fig. 3.14(a)), winter footprints maxima near the station (right panel) are rel-
atively low and broadly distributed across Scandinavia, with influences from the Barents
Sea and Russia. In summer (left panel), the high-sensitivity area peaks over the Sjaunja
mire complex area immediately surrounding the PAL station. Furthermore, it can be
seen that PAL also measures a substantial fraction of emissions that were advected
across the European Arctic Ocean and the Barents Sea into Scandinavia. The same
pattern can be observed for SVB (fig. 3.14(b)), where the highest sensitivity areas in
winter are broadly spread across Scandinavia, including influences from Russia and the

Barents Sea. During summer, the sensitivity peaks over the wetlands around the SVB
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station. The increase in influence from the Barents sea and the European Arctic Ocean,
compared to the winter, can also be seen for SVB. While PUI (fig. 3.14(c)) also shows
the same described influences as the other two stations, its sensitivity remains slightly
more broadly distributed throughout the year, with less localized hotspots, around the
wetlands near PUI station during summer.

In the same way as for the Canadian stations ETL and BCK, we calculated the
contributions of wetland and anthropogenic emissions on the measured concentrations
of the Scandinavian stations PAL and SVB in 2022. The monthly averages of these

contributions are depicted in figure 3.15.
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Figure 3.15.: Monthly mean CHy concentration contributions in ppbv at the Scandi-
navian stations PAL (a), SVB (b) and PUI (c) in 2022. The wetland con-
tributions are depicted for the wetland scenarios: wetCHART (orange),
FLUXNET (purple), Poulter et al. (2017) (red) and CAMS (blue). The
depicted anthropogenic contributions by CAMS (black) serve as a refer-
ence for the relative magnitude of wetland versus anthropogenic sources.
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Once again, the typical seasonal wetland pattern is evident in figure 3.15: influence
rises during the warmer months and then declines through autumn and into winter.
Compared to the Canadian patterns, the decline in autumn emissions here is more
gradual and continuous through the autumn and winter months for all stations.

At both PAL and SVB, the Poulter et al. (2017) scenario produces the highest wetland
contributions for most of the year and FLUXNET the lowest throughout the year, with
CAMS and wetCHART falling in between. However, at PAL, CAMS slightly exceeds
Poulter et al. (2017) from September to December, whereas at SVB this is the case in
November and December. While this ranking mirrors the pattern seen at the Canadian
stations (see fig. 3.9) for PAL and SVB, the overall spread between the four scenarios
is notably smaller. At PUI, the differences between the models are even smaller, com-
pared to the other two stations. Here, FLUXNET remains the lowest year-round, while
wetCHART and Poulter et al. (2017) show the highest, closely matching contributions
and CAMS lies just below them. The anthropogenic influences show an increase during
the winter months in all panels, with maxima in December(~ 40 ppbv for PAL and SVB
and ~ 60 ppbv at PUI) and a local maximum in February (~ 30 ppbv at Pal and SVB
and ~ 50 ppbv for PUI). The anthropogenic summer contributions range from approx-
imately 10-20 ppbv, with the highest values at PUI. As described in section 3.3, this
increase in anthropogenic winter contributions likely either shows actually higher emis-
sions, or is a result of reduced vertical mixing in colder months. It can clearly be seen
from figure 3.15, that FLUXNET’s wetland contribution stays below the anthropogenic
contribution at all three sites. During the peak-emission months from July to Septem-
ber, the Poulter et al. (2017) scenario surpasses anthropogenic emissions by more than
10 ppbv at PAL, by a smaller margin at SVB and only slightly at PUL. During these
peak-emission motnhs, the CAMS wetland contributions also exceed the anthropogenic
contributions substantially at PAL, only slightly at SVB, yet remain below the anthro-
pogenic line throughout the year, except for September. The wetCHART contributions
exceed the anthropogenic ones slightly in August and September at PAL and PUI, but
fall below the anthropogenic curve otherwise. At SVB, wetCHART contributions like-
wise remain below the anthropogenic curve throughout the year, while matching them
closely in July and August. Unlike in Canada, where wetlands overwhelmingly dominate
the summer budget, multiple sources in Finland (PAL and PUI) and Sweden (SVB), such
as livestock and waste, oil and gas production, or geological sources, contribute at more
comparable magnitudes throughout the year [8, 29, 39], which is clearly reflected in our

results from the source contribution analysis (fig. 3.15).
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Among all sites, PUI shows the highest anthropogenic-to-wetland CH,4 contribution
ratio, while PAL exhibits the lowest. Consequently, as this thesis focusses on the wetland
emissions, we will use the stations PAL and SVB for our comparison with measurement
data. Thereafter, just like in section 3.3, we again subtracted a background from the
modelled, as well as observed mixing ratios. For Scandinavia, we used the Mace Head
(MHD) station as a background. The MHD station is located on the west coast of
Ireland, is largely isolated from continental emissions and provides a regionally relevant
background for the analysis of Scandinavian stations [16]. Notably, no observations were
available for MHD in September or October, so we used the monthly averaged August
mixing ratio for September and the November average for October when subtracting
the background from both modelled and observed values. At a remote background site,
month to month variations are typically small. Therefore, this substitution should not
affect the overall patterns of the calculated biases. In Scandinavia, both anthropogenic
and wetland CH4 emission inventories carry substantial uncertainties. The combination
of similarly high emission sectors and large dataset uncertainties, together with our
findings in figure 3.15, makes it difficult to isolate a single dominant source. As a
result, we do not expect to see any clear seasonal wetland bias pattern for Scandinavia.
However, by subtracting the background concentrations, we hope to remove a large
fraction of the advected CH, signal (see fig. 3.14), so that the the remaining signal more
closely reflects regional emissions around the PAL and SVB stations.

From here, we followed the same methodology used for Canada. Initially, we again

computed the median biases for the background station MHD in figure 3.16.
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Figure 3.16.: Monthly averaged median model-observation CH4 bias at the Mace Head
(MHD) background station for 2022. Markers show the monthly medians,
the dashed line indicates the annual median bias (—25.36 ppbv), and the
vertical bars span the interquartile range (25th—75th percentile).

Figure 3.16 shows that at Mace Head (MHD) the CAMS model biases are negative
throughout the year, with biases spanning from a minimum of —45 ppbv in January to a
maximum of —5 ppbv in March and an annual median bias of —25.36 ppbv. Overall, the
negative biases are the most pronounced during the colder winter months December and
January. The model emissions are slightly closer to the measured mixing ratios between
May and August (~ -22 ppbv bias) and the bias is within 5 ppbv in March and April.

Furthermore we checked for a potential regional and seasonal bias pattern, by cal-
culating the aggregated bias over all stations within a latitude range of 56 to 70 °N
and -10 to 34° E, covering the entire wetland landscape over Scandinavia, while keeping

influences from surrounding regions as low as possible.
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Scandinavia: Monthly median CHa bias
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Figure 3.17.: Monthly median model-observation CH4 bias for all stations in the
56-70° N, —10 to —34° E region during 2022. Markers show the monthly
medians, the dashed line indicates the annual median bias (—13.49 ppbv),
and the vertical bars span the interquartile range (25th—75th percentile).

Figure 3.17 shows that the monthly median bias, across all stations in this regional
area, ranges from a minimum of about —21 ppbv (in January, July, and December) to a
maximum of approximately -3 ppbv (in March and November), with an annual median
of —13.49 ppbv. This consistent underprediction throughout 2022 suggests that the bias
is a regional feature rather than unique to MHD. As we concluded from the Canadian
latitude-band bias (fig. 3.11), the CAMS model possibly does not fully capture the
seasonal OH decline during the darker months of the year. Additionally, in Scandinavia,
pronounced underpredictions also occur during brighter months, which are likely linked
to various modelling limitations of the CAMS framework. One large factor might be
systematic errors in the anthropogenic fluxes, as those would be visible during all seasons,

which also seem to influence MHD.
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Figure 3.18.:

In the background-corrected plots (fig. 3.18), the PAL median bias ranges from about
—-33 ppbv in March to +28 ppbv in October and an annual median of +2.1 ppbv. At SVB,
the corrected bias ranges from —22 ppbv in March to +21 ppbv in November, averaging
—0.83 ppbv over the year and there are no data for the month of June. However, we do not
expect this data gap to have any influence on the observed bias pattern. In contrast to the

Canadian wetland driven stations ETL and BCK, figure 3.18 shows a different seasonal
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Monthly median model-observation CHy bias after subtracting the Mace
Head background station at Pallas (PAL, a) and Svartberg (SVB, b) for
2022. Markers show the background-corrected monthly medians, ver-
tical bars span the interquartile range (25th-75th percentile) and the
dashed line indicates the annual median bias (PAL: 4+2.1 ppbv; SVB:

—0.83 ppbv).
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pattern for the two Scandinavian stations. Instead of the pronounced summer peak and
lower values in winter, seen over Canada, both PAL and SVB exhibit a smoother, wave-
shaped bias cycle. This is in alignment with our previous expectations, which suggest
that anthropogenic and other non-wetland sources have very high influence on overall
signal in Scandinavia [8, 39, 29]. Additionally, we found that the anthropogenic source
contributions exhibit a seasonal pattern with increased winter emissions for both PAL
and SVB (fig. 3.15). Thus, the positive bias during February, October and November
might be explained by a systematic overestimation of the anthropogenic fluxes during
those months. As there is only one datapoint for December at PAL, the overprediction
there should be treated with caution. Additionally, this seasonal pattern is influenced
by the subtraction of the MHD background, which imprints parts of its own variability
onto the corrected PAL and SVB biases. Despite large deviations in some months (e.g.,
over -30 ppbv in March), the background corrected concentrations are very close to the
observations, over the entire year (annual median bias < 2.2 ppbv), indicating that the
model performs very well overall in Scandinavia.

Just as we did for the Canadian sites, we computed FLEXPART-derived monthly wet-
land contributions in ppbv for wetCHART, FLUXNET and Poulter et al. (2017) at the
Scandinavian stations PAL and SVB, determined their deviations from the CAMS val-
ues, and added these (scenario-CAMS) differences to the background-corrected CAMS

median biases from figure 3.18.
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Figure 3.19.: Monthly background-corrected model-observation CH; median biases at
(a) Pallas (PAL) and (b) Svartberg (SVB) for 2022. The dashed black
lines show the CAMS reference bias, while the coloured lines show the
scenario-specific biases for wetCHART, FLUXNET and Poulter et al.
(2017), obtained by adding each monthly (scenario — CAMS) difference
to the CAMS median bias.

Figure 3.19 shows that all three alternative scenarios reproduce CAMS’s seasonal
bias cycle at both PAL and SVB. In both panels, FLUXNET consistently produces
the lowest biases throughout the year, whereas Poulter et al. (2017) yields the largest
positive bias in summer yet otherwise remains very close to the CAMS reference through
spring, autumn and winter, falling below CAMS in November. Lastly, wet CHART again

overestimates in January and December, but otherwise closely follows CAMS, remaining
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slightly below the reference from May to November. Here, FLUXNET and wetCHART
exhibit the lowest annual median biases of only 0.11 ppbv and 0.15 ppbv for PAL and
SVB, respectively.

However, unlike for Canada, where summers are overwhelmingly wetland dominated,
in Scandinavia anthropogenic and other non-wetland sources contribute substantially
to the emission landscape all year round. As a result, it is difficult to isolate a clear
wetland bias from the background corrected comparison with measurements and we
cannot confidently attribute parts of the positive or negative biases to uncertainties in
wetland emission fluxes alone. Therefore, we cannot recommend specific wetland priors
for future CH, concentration modelling in Scandinavia, as we did for Canada. A more
detailed evaluation of the individual CAMS prior emission sources in Scandinavia is
therefore required, to suggest model improvements for correcting the seasonally varying
biases. This result for Scandinavia was expected, yet this example underscores the
complexity of accurately modelling CH4 emissions and reinforces the need for continued
research to refine our understanding and representation of both wetland and non-wetland

sources.
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4. Conclusion and Outlook

In this thesis, we evaluated four wetland CH, scenarios: wetCHART, Poulter et al.
(2017), FLUXNET-CH,4 and CAMS for 2018 (2017 for Poulter), with a focus on Canada
and Scandinavia. These two boreal regions offer a combination of extensive wetlands and
dense in situ measurements. Firstly, we examined flux fields of each scenario, to locate
areas of consistently high emissions and detect model strengths and weaknesses. Subse-
quently, we calculated FLEXPART-footprints from stations in those high flux zones to
quantify each sites sensitivity to wetland emissions. Additionally, we analysed, whether
these stations are wetland dominated, or if anthropogenic emissions compete with wet-
land fluxes, by computing how much the wetland fluxes of the four scenarios, as well as
the CAMS anthropogenic fluxes, contribute to each stations mixing ratio measurements
in ppbv. Lastly, we compared CAMS concentration data to measurements (within the
NOAA obspack datapackage) of the filtered stations, in order to assess their monthly
biases. For Canada, we ultimately focused on the two wetland dominated stations East
Trout Lake (ETL) and Behchoko (BCK) and used the Alert (ALT) site in Nunavut as
our background reference station. In Scandinavia, we selected Pallas (PAL) and Svart-
berg (SVB) for the wetland bias analysis, and used Mace Head (MHD) on the west coast

of Ireland as the continental background station.

Globally, all four wetland emission scenarios show the typical wetland CH, cycle: consis-
tently high tropical fluxes year-round, near-zero boreal winter emissions and pronounced
summer peaks in both hemispheres. However, they differ in spatial detail, seasonal am-
plitudes and coverage. WetCHART and the Poulter et al. ensemble both depict dis-
tinctly delineated wetland boundaries and generate the largest flux peaks over tropical
and boreal areas. In contrast, CAMS diffuses localized hotspots into broader plumes,
diluting peak fluxes across adjacent grid cells, representing the inherent smoothing in
its 4D-Var inversion methodology. FLUXNET-CH, produces the least detailed emission
maps and records the smallest peak fluxes.

Our model comparison clearly demonstrates the drastic differences among the four
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wetland CH, scenarios. Canadian summer emission totals vary by up to ~5 Tg, with
FLUXNET-CH, estimating only about 30 % of Poulter et al. (2017), while CAMS and
wetCHART estimate the second and third-highest emission, respectively. In Scandi-
navia, this order remains roughly the same, but the overall model differences are slightly
less pronounced, while still yielding differences of around 50 % between the highest
(Poulter) and the respective lowest estimates. Furthermore, we found that wetCHART
overestimates winter fluxes by applying a constant temperature scaling, also across snow-
covered areas, thereby neglecting the trapping of methane below the snowpack. These
findings reveal the large uncertainties inherent in both bottom-up and top-down wet-
land emission models. We can therefore conclude that methane concentration fields
generated using different wetland prior fluxes as input will yield substantially different
results. We suggest that the choice of wetland priors should be optimised towards the
best performing model within the respective study region.

The results from the background corrected CAMS concentration model-observation
bias analysis, lead to vastly different conclusions for the two studied regions. For Canada,
median model-observation biases at ETL and BCK remain near zero through winter
and spring but rise sharply to +30 — +56 ppbv during the boreal summer, with annual
medians of +8.7 ppbv at ETL and +28.7 ppbv at BCK. The strong seasonal cycle
of these biases confirms that Canada’s methane signal is heavily dominated by wetland
emissions, which exceed the next largest source of anthropogenic emissions substantially.
Therefore, this pronounced summer overprediction and relatively low bias during winter
months, confirms that the CAMS wetland priors exceed observed CH, releases during
the active wetland season. In this case, we conclude that wetland flux priors should be
adapted to models that estimate lower emissions than the CAMS fluxes for the active
season. From our scenario-specific bias analysis at the two Canadian stations, we suggest
using either wetCHART, with an applied snow-cover mask to correct for the model not
capturing snowpack trapping of methane, or FLUXNET. Although the latter exhibits
negative biases at BCK and ETL during summer, its performance may differ at other
Canadian sites. Since the other scenarios consistently overpredict summer emissions,
FLUXNET-CH,4 stands out as a promising lower emission alternative to test on a wider
range of Canadian wetland sites. We think that the major criterion should be the
reduction of the overall regional bias, instead of focusing on regional details, because
minimizing the aggregated bias in modelled concentrations ensures that the resulting
CHy, fields align most closely with observations, thereby addressing uncertainties in the

global wetland methane budget. While station-based filtering allows us to isolate ideal,
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wetland dominated sites and focus our bias analysis on those, the insights gained apply
primarily to the immediate surroundings of ETL and BCK and should not be assumed
to extend uniformly across all Canadian wetlands. As an avenue for future research we
suggest using an ensemble of wetland dominated stations throughout Canada, instead of
individual stations and test for a variety of wetland emission priors, which exhibit lower
emissions than the CAMS fluxes. This methodology would reduce the overall noise in the
data and allow for an assessment of the best performing wetland prior over a larger area,
representing the broad wetland landscape in Canada. Furthermore, Liu et al. (2025)
analysed a variety of process based models in Arctic and boreal North America and found
that their divergence is driven more by uncertainties in soil carbon inventories and the
wetland inundation extent than by temperature-sensitivity parameters [23]. Moreover,
they concluded that the models LPJ-wsl and CLASSIC perform best out of all the
examined models in relation to measurement data [25, 45, 23]. Hence, we propose also
using these two models as prior flux fields for concentration data modelling and then
following our suggested methodology for the bias analysis. Additionally, we also support
the idea that future improvements of flux models in Canada should prioritize refining
soil carbon inventories and implementing dynamic, high-resolution inundation mapping
[23]. Of course, our recommended procedure is not limited to Canada, but only yields
valuable results if wetlands heavily dominate the emission landscape. If there are other
methane emission sources with comparable significance to wetlands, it is not trivial to
isolate the influence of wetlands in the observed biases. Thus, one should not expect to
be able to attribute seasonal patterns solely to wetlands.

This is the case for Scandinavia. Here, the background-corrected biases at PAL and
SVB exhibit a wave shaped seasonal cycle rather than the sharp summer spike seen in
Canada. Monthly medians swing between —33 and +28 ppbv at PAL and —22 and +21
ppbv at SVB, yet both stations yield annual medians close to zero (+2.1 ppbv and —0.8
ppbv, respectively). While a part of the positive biases during February, October and
November likely stem from systematic overestimations of the anthropogenic priors, we
can not confidently link positive or negative biases to wetland emission fluxes. In this
region, emissions from multiple sources besides wetlands, such as livestock and waste,
biomass burning or releases from oil and gas extraction, contribute comparably signif-
icant throughout the year. Thus, isolating a wetland-only bias poses a big challenge.
Nevertheless, the close, near-zero annual medians at PAL and SVB demonstrate that,
despite its variety of sources with comparable emissions, the CAMS inversion data de-

livers remarkably accurate CH, concentrations across these stations. This outcome both
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highlights the inherent complexity of accurately modelling methane emissions over large
regions and underscores the potential for future research to refine our comprehension

and representation of not only wetland, but also non-wetland sources.
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Acronyms

ALT
BCK

CAMS
ETL

FRD
CARDAMOM
NCEP

CRU

GLWD
LPJ-wsl

ESA-GLOBCOVER
MACE HEAD (MHD)
MERRA2

NOAA
Obspack
PAL
Poulter

PUI
SWAMPS
TM5

SVB
ECMWF
ERA5(-Land)

Alert atmospheric monitoring station (Nunavut, Canada)
Behchoko atmospheric monitoring station (Northwest Ter-
ritories, Canada)

Copernicus Atmosphere Monitoring Service

East Trout Lake atmospheric monitoring station (Saskatchewan,

Canada)

Fraserdale boreal forest monitoring station (Ontario, Canada)

CARbon DAta MOdel fraMework inversion

National Centers for Environmental Prediction

Climate Research Unit

Global Lakes and Wetlands Database
Lund-Potsdam—Jena Dynamic Global Vegetation Model
(DGVM) (wsl - Wald Schnee Landschaft component)
European Space Agency - global land cover product
Mace Head atmospheric monitoring station (Ireland)
Modern-Era Retrospective analysis for Research and Ap-
plications, version 2

National Oceanic and Atmospheric Administration
NOAA observational data package

Pallas atmospheric observation station (Finland)

Poulter et al. (2017) bottom-up wetland CH4 flux data
product

Puijo atmospheric monitoring station (Finland)

Surface Water Microwave Product Series inundation dataset
A Transport—Chemistry model version 5

Svartberget atmospheric monitoring station (Sweden)
European Centre for Medium-Range Weather Forecasts
Fifth-generation ECMWF Reanalysis datasets (land com-

ponent)
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Figure A.1.: The Annual mean of the anthropogenic emission prior CHy fluxes, used
by CAMS for 2018 in kg/m?s over Canada (a) and Scandinavia (b). The
colour bar is capped at le-9 kg/m?s to highlight mid to low emission
regions.
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Lakes Vénern and Véttern (b). Emission pixels appear both around and
within the frozen lake surfaces, likely resulting from inaccuracies in the
used wetland mask or too coarse model resolution.
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