
 

 

 

 

 

 

 

 

 

 

 

This thesis has been submitted in fulfilment of the requirements for a postgraduate degree 

(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following 

terms and conditions of use: 

• This work is protected by copyright and other intellectual property rights, which are 

retained by the thesis author, unless otherwise stated. 

• A copy can be downloaded for personal non-commercial research or study, without 

prior permission or charge. 

• This thesis cannot be reproduced or quoted extensively from without first obtaining 

permission in writing from the author. 

• The content must not be changed in any way or sold commercially in any format or 

medium without the formal permission of the author. 

• When referring to this work, full bibliographic details including the author, title, 

awarding institution and date of the thesis must be given. 

 



Satellite Based Estimation of Global Biogenic
Methane Emissions

A. Anthony Bloom

Doctor of Philosophy
University of Edinburgh

2011



Abstract

Atmospheric CH4 is derived from both natural and anthropogenic sources, and the

rapid increase in atmospheric CH4 levels over the past two centuries has predominantly

been a result of increased anthropogenic emissions. Nonetheless, natural sources have

also changed as a result of global change, and quantifying the fluxes of CH4 from these

sources, and their associated climatic feedbacks, is of paramount importance. In this

thesis I have developed a method to upscale the global CH4 emissions from UV irra-

diation of foliar pectin (chapter 2). I have quantified the magnitude and distribution

of CH4 emissions from wetlands on a global scale and determined the sensitivity of

wetlands to temporal changes in water volume and temperature (chapters 3 and 4). Fi-

nally I determine that tropical wetland organic matter decomposition on a global scale

behaves non-linearly over seasonal timescales. This implies a substantially different

seasonality in CH4 emissions from wetlands (chapter 5). I show that (i) satellites such

as MODIS and GRACE can be used to improve the understanding of individual CH4

sources and sinks, and (ii) the newly available satellite observations of CH4 can be ef-

fectively used for more than constraining atmospheric chemistry and transport model

inversions. Moreover, the work shown in this thesis has contributed new biogenic CH4

source estimates, but has also posed new questions which will ultimately help guide

new projects in the atmospheric CH4 research area.



Declaration

I declare that this thesis was composed by myself and that the work contained therein

is my own, except where explicitly stated otherwise in the text.

A. Anthony Bloom



Acknowledgements

I am indebted to my PhD supervisor Paul Palmer, for his excellent supervision, his
keenness in helping me pursue new ideas and his willingness to engage with every
stage of the PhD process. I would like to thank Dave Reay, Andy Mcleod, Christian
Frankenberg and Annemarie Fraser for their support, regular feedback and participa-
tion in my work, and members of the UoE School of GeoSciences staff for their sup-
port and feedback on several occasions. The Paul Palmer Earth Observation Chemistry
group, including Mike Barkley, James Barlow, Eddy Barratt, Claire Bulgin, Silvia Cal-
dararu, Xuefeng Cui, Liang Feng, Annemarie Frasier, Siegfried Gonzi, James Howie,
Catherine Hardacre, Qian Li, Stephan Matthiesen, Mark Parrington, Rob Trigwell and
Win Trivitayanurak, have all been incredible source of help and support throughout my
PhD. I would like to acknowledge the UoE School of GeoSciences for giving me the
opportunity to teach throughout my studies and NERC for funding this PhD.

It’s been hard to remember when it was I first decided to undertake a PhD, but I do
remember as a five-year-old at the UC Berkeley campus I noticed academics had occa-
sional access to free food, and I suppose my first academic ambitions manifested them-
selves there. Ever since, countless people have provided help and support throughout
the years in many ways, and I thank each and every one of them. Here I will try to ac-
knowledge many of those who provided support and encouragement in the somewhat
less distant past. My thanks to all who helped me acquire the knowledge and skills
through higher education: from UCL, Phillip Meredith and Frederik Simmons who
were endlessly supportive of my decision to pursue a career in academia, Tom New-
man for his encouragment and particular enthusiasm for Earth Sciences, Ian Brooks
and Jurgen Neuberg from Leeds for their support through the MRes in Physics of the
Earth and Atmosphere course. The fantastic work environment in the Attic of the Crew
Building has always been a limitless source of inspiration. A big thanks to Silvia Cal-
dararu, Theresa Meacham, Jonny Atherton and Lucy Rowland for bouncing around
ideas and for all the constructive criticism. A big thanks to Giorgos Xenakis, whose
latex thesis template has saved many PhD students many hours of thesis writing and
formatting. A PhD would potentially be more productive and a lot less enjoyable with-
out the animosity of the office environment, so a big thanks to Sigrid Dengel, Stephen
Carr (rubberband wars, summer 2008), Nancy Burns and Emily Woollen and Jenny
Wright (the coffee room arguements and the eventual confiscation of the cow-bell),
Mack Saraswat (for the endless yet enlightening debates) and everyone else I have
shared the crew attic with. The crew attic white board must also get an acknowledge-
ment, for so many ideas have been exchanged there. Many thanks to Leon Kapetas (for
trying and ultimately failing to be a teacher and mentor in backgammon), as well as
Romain, Jamesy, Lorna, Oliver Sus, for the meals, the mushrooms excursions, all the
support, and Settlers of Catan. And of course it would have not been the same without
flatmates, Beavis the cat, the parents, the twins, PapoÔ and Giagi� . And I cannot



thank the Dunya Ensemble enough, for our performances, and for bringing the magic
of music into everyday life. Alice you are wonderful.

ii



“The Earth is round, like an orange.”

Gabriel Garcı́a Márquez, One Hundred Years of Solitude, 1967

i



Contents

List of Figures iii

Chapter 1 Introduction: Methane in the Earth’s Atmosphere 1
1.1 A History of Atmospheric Methane . . . . . . . . . . . . . . . . . . 1
1.2 Observing Atmospheric CH4 on a Global Scale . . . . . . . . . . . . 4
1.3 Methane Sources and Sinks in the 21st Century . . . . . . . . . . . . 7

1.3.1 Natural Sources of Methane . . . . . . . . . . . . . . . . . . 7
1.3.2 Anthropogenic CH4 Emissions . . . . . . . . . . . . . . . . . 8
1.3.3 Methane Sinks . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.4 The Role of Wetlands in the Global Methane Cycle . . . . . . . . . . 8
1.4.1 The Foliar CH4 Source . . . . . . . . . . . . . . . . . . . . . 11

1.5 Research Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Chapter 2 Global Methane Emission Estimates from Ultraviolet Irradiation
of Terrestrial Plant Foliage 24

Chapter 3 Large-Scale Controls of Methanogenesis Inferred from Methane
and Gravity Spaceborne Data 34

Chapter 4 Large-Scale Controls of Methanogenesis Inferred from Methane
and Gravity Spaceborne Data: Supplemantary Online Material 39

Chapter 5 Seasonal Variability of TropicalWetland CH4 Emissions: the role
of the methanogen-available carbon pool 56

Chapter 6 Discussion 73
6.1 The Big Picture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6.2 The Upcoming Challenges . . . . . . . . . . . . . . . . . . . . . . . 77

6.2.1 The Boreal Blind-Spot . . . . . . . . . . . . . . . . . . . . . 77
6.2.2 Gravity versus Innundated Fraction . . . . . . . . . . . . . . 78
6.2.3 The Tropical Carbon Cycle . . . . . . . . . . . . . . . . . . . 79
6.2.4 Global Distinction between Wetlands and Rice Paddies . . . . 80

6.3 Future Prospects of Process-Based Wetland CH4 Emissions Modelling 80

ii



List of Figures

1.1 Atmospheric CH4 concentrations (ppb) between 1000 - 2000 A.D. de-
rived from trapped air bubbles in three ice cores taken from Antarctica.
Figure adapted from Etheridge et al. (1998). . . . . . . . . . . . . . 3

1.2 Atmospheric CH4 concentrations (ppb) from 1984 to 2010 (top) and
atmospheric CH4 growth rate (ppb yr−1) during the same period. Fig-
ure taken from Heimann (2011). . . . . . . . . . . . . . . . . . . . . 4

1.3 Mean atmospheric CH4 volume mixing ratio at a 1◦ x 1◦ resolution
during 2004. Figure adapted from ?. . . . . . . . . . . . . . . . . . . 6

1.4 Flamingos foraging in a wetland in Kos, Greece (photograph by George
Papapostolou). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Global distribution of wetland areas and wetland types from the Global
Wetland and Lakes Database (GWLD). Figure from Lehner and Doll
(2004). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

6.1 The overlapping CH4 fluxes in a seasonally flooded ecosystem: wet-
land emissions, aerobic CH4 emissions, transport of anaerobically pro-
duced CH4 and the CH4 soil sink. . . . . . . . . . . . . . . . . . . . 75

6.2 A comparison between global wetland CH4 estimates by Riley et al.
(2011), Bloom et al. (2010b), Bergamaschi et al. (2009) and Bousquet
et al. (2006). Figure adapted from Riley et al. (2011). . . . . . . . . . 76

6.3 The satellite blind spot: maximum number of months without SCIA-
MACHY CH4 observations at a 3◦ x 3◦ resolution. . . . . . . . . . . 78

iii



Preface

Methane is the third most important atmospheric greenhouse gas after H2O and CO2.

Over the past decade we have made some big leaps in our understanding of the role of

CH4 in the Earth’s atmosphere. Some of the most significant events in the field include

the quantification of the long-term radiative forcing of CH4 over decadal timescales,

the stagnation of atmospheric CH4 levels during 2000-2007, and the discovery of CH4

emissions from vegetation.

The last decade has seen significant advances in our understanding on the sources,

sinks and distribution of CH4 on a global scale. Most notable is our ability to observe

lower tropospheric CH4 from space, thus providing us with a continuous and global

coverage of the atmosphere’s CH4 concentration. Nonetheless, many questions remain

unanswered: Why did the atmospheric CH4 growth rate slow down at the start of the

millenium? How much does each source and sink of CH4 contribute to the global CH4

cycle, and how will this change in the coming years? Are plants a significant source

of CH4? The aim of my thesis is to help address these questions by improving the

understanding of the spatial distribution and temporal behaviour of natural CH4 sources

from wetlands, bogs, fens, rice paddies and aerobic foliar emissions from terrestrial

vegetation on a global scale.

To improve our understanding and ultimately quantify these CH4 sources, I develop

process-based models which I constrain by amalgamating satellite-derived observa-

tions of CH4 and other related datasets, such as gravity derived equivalent water height

from the Gravity Recovery and Climate Experiment (GRACE) twin satellites, meteo-

rological surface temperature re-analyses and Moderate-Resolution Imaging Spectro-

radiometer (MODIS) leaf area. Finally I show how the combination of these datasets

can also be used to determine the CH4 source mechanisms as well as an improved

quantification of the global atmospheric CH4 budget.
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Chapter 1

Introduction: Methane in the Earth’s
Atmosphere

1.1 A History of Atmospheric Methane

Throughout the Earth’s history, methane (CH4) has played a prominent role in the

Earth’s atmosphere as a potent greenhouse gas. During the first half of the Earth’s his-

tory, the atmospheric concentration of CH4 may have been up to 20,000 times greater

than present day levels, due to the absense of atmospheric O2 and the potential biogenic

production of CH4 by early life forms (e.g. Kasting et al., 2001; Kharecha et al., 2005;

Haqq-Misra et al., 2008). The gradual appearance of oxygen-producing cyanobac-

teria occured over hundreds of millions of years (Kasting and Siefert, 2002), and as

a result oxygen became a significant component of the Earth’s atmosphere. About

2.3 million years ago, the accumulation of oxygen in the atmosphere lead the loss

of atmospheric CH4 (Kasting and Ono, 2006). In part, the oxygen reacted with the

atmospheric CH4: the Earth’s cooling due to the atmospheric CH4 depletion poten-

tially caused one of Earth’s major “Snowball Earth” episodes (Kump, 2008). But more

significantly, the presence of O2 in the atmosphere caused one of Earth’s first mass ex-

tinctions (Schirrmeister et al., 2011), and as a result almost all of anaerobic life became

extinct.

Although the great oxygenation event resulted in a dramatic reduction in atmospheric

CH4 abundance, CH4 continued to play a significant role throughout geological time
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as a prominent greenhouse gas. Wetlands, currently the single largest source of CH4

in the atmosphere, have been the dominant source of CH4 throughout geological time

(e.g. Weber et al., 2010). Global wetland CH4 production is determined largely by

temperature and global wetland area (Gedney et al., 2004). The extent and temperature

of wetlands changed with climate (e.g. van Huissteden, 2004), and hence stong climatic

feedbacks are associated with wetland CH4 emissions. The close relationship between

temperature and CH4 has been observed in paleo-atmospheric CH4 concentrations,

such as those derived from trapped air-bubbles in the Vostok ice core (e.g. Petit et al.,

1999). The retrieved isotopic temperature, CO2 and CH4 have all covaried during this

time period. Causality between these quantities is a subject of speculation, and it has

been proposed that CH4 may have triggered rapid climatic changes in the past (e.g.

Etiope et al., 2008).

Through agriculture and livestock rearing, humans may have begun to alter the atmo-

spheric CH4 budget from as far back as 3000 B.C. (Ruddiman, 2001, 2003). Prior

to the industrial revolution, anthropogenic emissions (including rice cultivation, rumi-

nants and biomass burning) may have contributed up to an additional 50% higher atmo-

spheric CH4 concentration to background CH4 levels (Ruddiman, 2001). Nonetheless,

until the onset of the industrial revolution, CH4 concentrations in the atmosphere were

relatively constant at around 700ppb, and as the impact of human beings on the Earth’s

biosphere became more prominent, anthropogenic emissions dramatically increased

over the past 250 years (Wuebbles and Hayhoe, 2002). As a result, atmospheric CH4

concentrations have more than doubled over the past two centuries. Figure 1.1 shows

the concentrations of CH4 derived from air bubbles trapped in three Antarctic ice cores

since 1000 A.D. (Etheridge et al., 1998).

The exponential growth of CH4 continued uninterrupted, until a slowdown in the CH4

growth became clear in the 1980s (Steele et al., 1992). Due to a change in the bal-

ance of CH4 sources and sinks, the growth of atmospheric CH4 halted at the turn of

the millenium. Steele et al. (1992) predicted that by 2006 atmospheric CH4 would

reach a maximum. This prediction appeared to be accurate until 2007 (see Figure 1.2),

where the atmospheric CH4 concentration began to show a renewed growth rate (Rigby
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Figure 1.1: Atmospheric CH4 concentrations (ppb) between 1000 - 2000 A.D. derived from trapped air
bubbles in three ice cores taken from Antarctica. Figure adapted from Etheridge et al. (1998).
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Figure 1.2: Atmospheric CH4 concentrations (ppb) from 1984 to 2010 (top) and atmospheric CH4

growth rate (ppb yr−1) during the same period. Figure taken from Heimann (2011).

et al., 2008; Dlugokencky et al., 2009). It is currently unclear which individual CH4

sources and sinks have been responsible for the alteration of the atmospheric CH4 bal-

ance over the past 30 years, although it has been suggested that a combination of a

reduction in rice paddy and wetland emissions in the Northern Hemisphere resulted in

a reduced CH4 growth rate over the past 30 years (Kai et al., 2011). More recently,

an increase in boreal and tropical wetland CH4 emissions in 2007 and 2008 may have

lead to the renewed atmospheric CH4 growth (Dlugokencky et al., 2009). It is there-

fore of paramount importance to improve our understanding of the spatial behaviour

and temporal distribution of CH4 sources and sinks on a global scale.

1.2 Observing Atmospheric CH4 on a Global Scale

The first identification of CH4 was made in 1776 by an Italian scientist who noticed

bubbles rising from the bottom of a lake, which he identified as “combustible air”

(Balch, 1979; Reay et al., 2007). By mapping out the solar spectrum, Migeotte (1948)

discovered the presence of CH4 in the atmosphere. From the 1960s onwards the sci-

entific community began to grasp the complexity of CH4 production, transport and
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destruction in the Earth’s atmosphere (Bainbridge and Heidt, 1966). Although the

warming effect of CH4 in the atmosphere had been addressed (e.g. Wang et al., 1976),

CH4 was assumed to be constant in the atmosphere (e.g. Fowler et al., 1995), until Ras-

mussen and Khalil (1981) observed a steady growth and determined the warming effect

on the Earth’s atmosphere as a result of a steady increase of atmospheric CH4. The first

CH4 air concentration measurements at a global scale were performed by the NOAA

Climate Monitoring and Diagnostics laboratory. Measurements were taken from both

fixed sites and ships, and span continuously from May 1983 (Steele et al., 1992) to the

present day (Dlugokencky et al., 2009).

With an ever expanding network of ground-based measurements our knowledge of

atmospheric CH4 distributions has been steadily improving over the past decades.

Nonetheless, some of the largest advances in spatially deciphering the atmosphere’s

composition have been made through satellite observations of CH4. By measuring

the atmosphere’s electromagnetic spectrum from space it is now possible to retrieve

information on the atmosphere’s CH4 concentration: this is essentially the space-

borne equivalent of the method employed by Migeotte (1948), with the advantage

of sounding the atmosphere at regular spatial and temporal intervals. Frankenberg

et al. (2005) published the first atmospheric CH4 map of the Earth’s atmosphere. The

SCIAMACHY instrument onboard the European Space Agency’s ENVISAT measures

the solar radiation from the Earth’s surface. By comparing the sun’s and the atmo-

sphere’s absorption spectrum, Frankenberg et al. (2005) and subsequently others have

retrieved the concentration of CH4 in the Earth’s Atmosphere. Figure 1.3 shows a

map of mean atmospheric CH4 concentrations during 2004, with a spatial resolution

of 30km × 60km and a claimed precision of roughly 1.8 % (Frankenberg et al., 2006).

As expected, the CH4 concentrations were elevated over areas with known high CH4

emissions, such as South Asia, East Asia, Europe and the North American east coast.

Low concentrations were found in the Southern Hemisphere, where the total CH4

source is an order of magnitude lower. The original SCIAMACHY retrievals have

since been revised as a water-vapour related bias was found to persist over tropical

areas (Frankenberg et al., 2008a,b). Other satellites capable of retrieving CH4 concen-

trations in the atmosphere include the Tropospheric Emission Spectrometer (TES) on
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Figure 1.3: Mean atmospheric CH4 volume mixing ratio at a 1◦ x 1◦ resolution during 2004. Figure
adapted from ?.

board the NASA Aura Mission, the ESA Infrared Atmospheric Sounding Interferom-

eter (IASI) and the JAXA Global Greenhouse Gas Observation by Satellite (GOSAT)

satellites (Beer, 2006; Razavi et al., 2009; Yokota et al., 2009). While the IASI and

TES retrievals are sensitive to the upper troposphere, SCIAMACHY and GOSAT are

sensitive to the lower troposphere and hence contain more information on surface CH4

sources.

As satellite CH4 retrievals provide the mean volume mixing ratio (VMR) of the atmo-

spheric column, satellite observations of atmospheric CH4 VMR are only an indicator

of the local source/sink strength at a given place and time. Moreover, satellite observa-

tions of CH4 VMR are only available for daytime cloud-free conditions (e.g. Franken-

berg et al., 2005). In order to infer the magnitude of sources and sinks, a relationship

must be established to link the available column CH4 VMR and the CH4 sources and

sinks. Such a bridging relationship needs to account for the effects of atmospheric

transport, tropospheric chemistry, the sensitivity of CH4 VMR retrievals to different

altitudes, and the lack of data during night-time or cloudy conditions (e.g. Bergam-

aschi et al., 2009). An example of such a relationship is an atmospheric chemistry and
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transport model (ACTM) inversion (e.g. Bousquet et al., 2006). Overall, a variety of

inversions methods can now be used to infer greenhouse gas (GHG) sources and sinks

from satellite observations of atmospheric GHG concentrations (e.g. Bousquet et al.,

2006; Bergamaschi et al., 2009; Feng et al., 2009, 2011).

1.3 Methane Sources and Sinks in the 21st Century

The balance between CH4 sources and sinks determines the concentration of CH4 and

ultimately the lifetime of CH4 in the Earth’s atmosphere. It is crucial to determine the

anthropogenic contribution to atmospheric CH4 and the ever-changing emissions from

natural CH4 sources in order to understand the global CH4 budget, mitigate human

CH4 emissions, and improve projections of future levels of atmospheric CH4. While

we have a rough quantitative understanding of the magnitude of individual natural

and anthropogenic sources, there is an urgent need to increase the spatial and temporal

resolution and reduce the uncertainty associated with individual CH4 sources and sinks.

In this section I will cover the sources and sinks of CH4, introduce wetland and foliar

CH4 emissions to provide a background for chapters 3 - 5.

1.3.1 Natural Sources of Methane

Natural sources account for approximately 40% of the global atmospheric methane

source (Denman et al., 2007). In turn, biogenic sources of CH4 account for the ma-

jority of the natural methane source (Wuebbles and Hayhoe, 2002). In biogenic CH4

production, methanogens produce CH4 in anoxic environments, such as the digestive

track of ruminants and termites (Wuebbles and Hayhoe, 2002). Overall, wetlands, fens,

bogs and and all flooded soil expanses account for the bulk of the natural source (100-

231 Tg CH4 yr−1). The remaining natural biogenic sources include oceans (4-15 Tg

CH4 yr−1), wild animals and termites (35-44 Tg CH4 yr−1). Non biogenic sources in-

clude geological sources (4-14 Tg CH4 yr−1), hydrates (4-5 Tg CH4 yr−1) and wildfires

(2-5 Tg Tg CH4 yr−1) (Denman et al., 2007).
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Recent findings have identified the aerobic emission of CH4 from plant leaves (Kep-

pler et al., 2006), estimated to account for 62 - 236 Tg CH4 yr−1of the atmospheric

CH4 source. Laboratory measurements of CH4 emissions from UV-irradiated pectin

(McLeod et al., 2008) confirm that an aerobic pathway for CH4 emissions exists.

Nonetheless, recent revisions to the upscaling method used by Keppler et al. (2006)

indicate that the aerobic plant CH4 emission source was over-estimated. I examine the

recent developments of this work in section 1.4.1.

1.3.2 Anthropogenic CH4 Emissions

Due to the rapid industrialisation over the past two centuries, new anthropogenic sources

of CH4 became significant contributors to the atmospheric CH4 budget. Total anthro-

pogenic sources account for 264 - 428 Tg CH4 yr−1. Major sources include livestock

rearing (76-189 Tg CH4 yr−1), rice agriculture (31-112 Tg CH4 yr−1), energy produc-

tion (74-77 Tg CH4 yr−1), coal mining (30-48 Tg CH4 yr−1), landfills and waste (35-69

Tg CH4 yr−1) and biomass burning (14-88 Tg CH4 yr−1) (Denman et al., 2007).

1.3.3 Methane Sinks

The CH4 sink is mostly accounted for by the reaction of CH4 with the hydroxyl radical

(OH). Methane reaction with tropospheric OH is estimated to account for a 428-511

Tg CH4 yr−1 sink, which accounts for up to 85% of the atmospheric CH4 loss. Other

sinks include CH4 consumption by methanotrophs in unsaturated soils (26-34 Tg CH4

yr−1) and the atmospheric transport of CH4 into the stratosphere (30-45 Tg CH4 yr−1)

(Denman et al., 2007).

1.4 The Role of Wetlands in the Global Methane Cycle

The world’s land surface is riddled with more than 10 million square kilometres of

wetlands (Figure 1.5); wetlands, which include bogs, fens, swamps and any significant

body of flooded soil, constitute essential components of the water cycle, and their role
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Figure 1.4: Flamingos foraging in a wetland in Kos, Greece (photograph by George Papapostolou).

in ecology and human welfare is of fundamental importance (Lehner and Doll, 2004).

As a result wetland carbon exchanges are complex: while wetlands are net emitters

of CH4 in the atmosphere (e.g. Reay et al., 2007), they also act as one of the largest

biological CO2 sinks (Altor and Mitsch, 2008). It is therefore imperative to expand our

knowledge of wetland distributions, their sensitivity to climatic change and the overall

wetland-climate feedback.

Methane is produced in freshwater anoxic environments, and is the end product of the

decomposition of organic matter. Thauer (1998) summarize the process as follows:

Glucose (C6 O6 H12)→ 3CO2 + 3CH4

In reality anoxic plant matter decomposition is more complex, and methanogenesis

can occur through either the hydrogen or the acetate pathways (Whalen, 2005). In

short, hydrogenotrophic methanogens consume hydrogen and CO2 to produce CH4

and H2O, while acetotrophic methanogens break down acetate to CO2 and CH4, and

the two methanogenic communities are dependent on each other (Whalen, 2005).

On a global scale, CH4 emissions from wetlands vary by several orders of magnitude
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(e.g. Whalen, 2005). In an anoxic, water-logged soil, the magnitude of the CH4 emis-

sions depend on a variety of environmental constraints, including substrate availabil-

ity, vegetation and wetland fauna (e.g. Wuebbles and Hayhoe, 2002; Dingemans et al.,

2011). Nonetheless, temperature and water table depth are the prominent variables

controlling overall wetland CH4 emissions (Wuebbles and Hayhoe, 2002). Moreover

changes in temperature and wetland hydrology will influence wetland emissions over

seasonal and year-to-year timescales (Gedney et al., 2004).

The two main groups of wetlands are boreal and tropical wetlands (e.g. Cao et al.,

1996; Riley et al., 2011). Boreal wetland emissions peak during the summer season

where the process of methanogenesis is accelerated by temperature. The flood frac-

tion of boreal wetlands also increases during the summer months (Prigent et al., 2007),

hence both the volume and temperature of soils results in seasonally increased emis-

sions. On the other hand, the magnitude, seasonal dynamics and climatic sensitivity

of tropical wetland emissions remains poorly understood (Mitsch et al., 2010). In-situ

observations of methane emissions over tropical regions are sparse (e.g. Marani and

Alval, 2007), and there are even fewer long-term observations. The use of satellite ob-

servations of inundation fractions (Prigent et al., 2007) was a significant advancement

in the efforts to quantify tropical wetland CH4 emissions (e.g. Ringeval et al., 2010;

Hodson et al., 2011; Melack et al., 2004).

On a global scale, CH4 emissions from wetlands have been calculated using bottom-up

methods, were wetland properties such as soil temperature, wetland extent and sub-

strate availability are used to upscale CH4 emissions globally (e.g. Matthews and Fung,

1987; Cao et al., 1996; Walter et al., 2001; Petrescu et al., 2010). Wetland methane

emissions have also been estimated using global flux and/or parameter optimization

(top-down) approaches, where atmospheric inverse modelling has been performed to

determine the wetland emission contributions to atmospheric CH4 observations (e.g.

Hein et al., 1997; Wang et al., 2004; Bousquet et al., 2006). Overall, the global an-

nual CH4 emission rates are within the range of 100-231 Tg CH4 yr−1 (Denman et al.,

2007). While top-down estimates use global observations of CH4 to determine the

magnitude of wetland emissions, the resulting CH4 flux estimates will bear low spa-
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Figure 1.5: Global distribution of wetland areas and wetland types from the Global Wetland and Lakes
Database (GWLD). Figure from Lehner and Doll (2004).

tial and temporal resolutions. Nonetheless, top-down approaches will determine the

magnitude of wetlands in the context of the global CH4 budget. Conversely, although

bottom-up emission estimates are spatially and temporally better informed and pro-

cesses controlling CH4 emissions are better defined, the derivation of wetland CH4

emission estimates is not constrained by global CH4 observations.

1.4.1 The Foliar CH4 Source

Although the magnitude, distribution and temporal behaviour of individual CH4 sources

and sinks often remain poorly understood, it was assumed that all major terms of the

contemporary CH4 budget have been identified. This assumption was recently con-

tested when Keppler et al. (2006) published a controversial paper identifying a new ma-

jor source of atmospheric CH4. The controversy arised as no pathway through which

globally significant CH4 emissions can be biogenically produced in aerobic environ-

ments had previously been identified. Keppler et al. (2006) determined the existense

of CH4 emissions from plant material under aerobic conditions from observed CH4

fluxes from both living plant material and dried plant material. Emissions from liv-

ing plants were found to be at least one order of magnitude greater than dried plant

material. Moreover, CH4 emissions from living plants were found to be positively cor-
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related with temperature and sunlight. These observations in conjuncture with global

net primary productivity (NPP) values were used to upscale CH4 emissions of plants

to a global scale: results indicate a 62-236 Tg CH4 yr−1source. In the context of global

CH4 emissions, this implies 10-40% of the source is attributed to the foliar methane

source. The magnitude of this previously unidentified CH4 source was supported by

elevated atmospheric CH4 observations over the tropics (Frankenberg et al., 2005).

The methods employed by Keppler et al. (2006), especially the upscaling approach,

have attracted extensive criticism. For example, Parsons et al. (2006) suggest the

method by Keppler et al. (2006) is flawed, and suggest the use of leaf mass as op-

posed to NPP, and Dueck et al. (2007) found insignificant CH4 emissions from plants

when using a 13C labelling approach to quantify CH4 fluxes. Nonetheless, the Keppler

et al. (2006) findings renewed the interest in global atmospheric CH4 budget. Subse-

quent quantifications of the global foliar aerobic CH4 source have mostly been at least

half of the Keppler et al. (2006) estimated source (e.g. Kirschbaum et al., 2006; Parsons

et al., 2006). In particular, Houweling et al. (2006) determine whether the bottom up

estimate by Keppler et al. (2006) explains the atmospheric observations of CH4 over

the tropics, and place an upper limit of 85 Tg CH4 yr−1 on the aerobic CH4 emission

source. The SCIAMACHY data used by Houweling et al. (2006) is the version prior to

the water vapour correction (e.g. Frankenberg et al., 2008b), hence the reconciliation

between the Keppler et al. (2006) foliar CH4 emissions estimate and atmospheric CH4

observations needs to be revised.

The observed CH4 emissions from purified apple pectin by Keppler et al. (2006) led

McLeod et al. (2008) to examine the CH4 production from pectin. In particular,

McLeod et al. (2008) found a strong relationship between UV irradiance of pectin

and production of CH4. The high concentration of pectin in plant cell walls implies

that aerobic CH4 emissions in terrestrial vegetation may nonetheless be a significant

source of CH4.
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1.5 Research Summary

Although we have a good understanding of CH4 sources, sinks and their relative mag-

nitude, many fundamental questions about the CH4 cycle remain unanswered: what is

the role of methane in rapid global change? What led to the stagnation and renewed

CH4 growth during the past decade? How will major biogenic CH4 sources respond

to future climatic variability? In order to better understand the past, present and future

of CH4 in the atmosphere there is an urgent need to improve our understanding of the

magnitude, distribution and temporal behaviour of the key CH4 sources and sinks. In

this thesis I will answer a few aspects of these questions by developing satellite based

estimation methods for biogenic CH4 emissions at a global scale.

In chapter 2, I determine whether laboratory measurements of CH4 from UV-irradiated

pectin add up to a significant global CH4 source. In doing so test the following hypoth-

esis:

• H1: UV irradiated pectin is a significant source of CH4 on a global scale

I elaborate on the recent findings concerning the much-debated aerobic CH4 source

from terrestrial vegetation. I combine laboratory measurements of CH4 emissions from

pectin under UV irradiation with a global UV irradiance model and MODIS leaf area

index (LAI) to upscale foliar CH4 emissions on a global scale, in order to determine

annual foliar CH4 emissions rates. The work in this chapter has been published in the

New Phytologist journal (Bloom et al., 2010a).

In chapters 3 and 4, I approach the subject of global wetland CH4 emissions from

a remote-sensing point of view: I use SCIAMACHY CH4 VMR, GRACE equivalent

water height data and NCEP/NCAR surface skin temperature to determine the seasonal

controls on wetland CH4 emissions. I put forward and test the following hypotheses:

• H2: Seasonal variability in spaceborne CH4 observations is largely driven by

wetland CH4 emissions variability

13



• H3: Seasonal variability in spaceborne CH4 observations can be used to estimate

CH4 emissions and complement other global wetland CH4 emissions estimates

To test these hypotheses I develop a top-down method to quantify wetland and rice

paddy CH4 emissions at a global scale. I use my findings to then infer the sensitivity of

wetlands to water and temperature and quantify the change in annual CH4 emissions

between 2003 and 2007. The work in these chapters has been published in Science

(Bloom et al., 2010b).

In chapter 5, I re-assess the current understanding of the seasonal dynamics of tropical

wetland CH4 emissions. Satellite observations of CH4 peak 1-3 months before the

water table peaks over the Amazon river basin. Laboratory measurements of anaerobic

decomposition show rapidly decaying CH4 emission rates from tropical biomass (e.g.

Miyajima et al., 1997; Bianchini Jr. et al., 2010). In this section I test the following

hypotheses:

• H4: Carbon availability for CH4 emissions is seasonally variable in tropical wet-

lands

• H5: Seasonal variability in tropical wetland carbon results in a lag between ob-

served CH4 and water table height

I test these hypotheses by developing a process-based model to describe wetland CH4

emissions as a temporal function of water, temperature and carbon available for methano-

genesis. I use SCIAMACHY CH4 VMR between 2003-2009 to constrain our model

parameters. The work in this chapter is currently being prepared for publication.

In chapter 6, I examine the overall significance and the potential impact of my results

towards the current understanding of the global CH4 budget. I examine the prospects

of future research in this area, and conclude with a summary of the work carried out in

this thesis.
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Houweling, S., T. Röckmann, I. Aben, F. Keppler, M. Krol, J. F. Meirink, E. J.

Dlugokencky, and C. Frankenberg, 2006: Atmospheric constraints on global

emissions of methane from plants. Geophysical Research Letters, 33, L15821,

doi:10.1029/2006GL026162.

Kai, F. M., S. C. Tyler, J. T. Randerson, and D. R. Blake, 2011: Reduced methane

growth rate explained by decreased northern hemisphere microbial sources. Nature,

476, 194–197.

Kasting, J. F. and S. Ono, 2006: Palaeoclimates: the first two billion years. Philosphi-

cal Transactions of the Royal Society B: Biological Sciences, 361, 917–929.

18



Kasting, J. F., A. A. Pavlov, and J. L. Siefert, 2001: A Coupled Ecosystem-

Climate Model for Predicting the Methane Concentration in the Archean At-

mosphere. Origins of Life and Evolution of the Biosphere, 31, 271–285,

doi:10.1023/A:1010600401718.

Kasting, J. F. and J. L. Siefert, 2002: Life and the Evolution of Earth’s Atmosphere.

Science, 296, 1066–1068, doi:10.1126/science.1071184.

Keppler, F., J. T. G. Hamilton, M. Braß, and T. Röckmann, 2006: Methane emis-
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Summary

• Several studies have reported in situ methane (CH4) emissions from vegetation

foliage, but there remains considerable debate about its significance as a global

source. Here, we report a study that evaluates the role of ultraviolet (UV)

radiation-driven CH4 emissions from foliar pectin as a global CH4 source.

• We combine a relationship for spectrally weighted CH4 production from pectin

with a global UV irradiation climatology model, satellite-derived leaf area index

(LAI) and air temperature data to estimate the potential global CH4 emissions from

vegetation foliage.

• Our results suggest that global foliar CH4 emissions from UV-irradiated pectin

could account for 0.2–1.0 Tg yr)1, of which 60% is from tropical latitudes, corre-

sponding to < 0.2% of total CH4 sources.

• Our estimate is one to two orders of magnitude lower than previous estimates

of global foliar CH4 emissions. Recent studies have reported that pectin is not the

only molecular source of UV-driven CH4 emissions and that other environmental

stresses may also generate CH4. Consequently, further evaluation of such

mechanisms of CH4 generation is needed to confirm the contribution of foliage

to the global CH4 budget.

Introduction

Methane (CH4) is a long-lived greenhouse gas with a
100 yr global warming potential 25 times that of CO2, and
its current atmospheric concentration of 1.8 ppm makes a
significant contribution to climatic warming (Solomon
et al., 2007). While the main components of the global
CH4 budget have been identified and the total global CH4

source is relatively well known (Forster et al., 2007), the
individual sources and sinks and the recent changes in the
growth rate of atmospheric CH4 concentration and its in-
terannual variability are far from comprehensively under-
stood (Bousquet et al., 2006; Solomon et al., 2007); recent
findings have questioned both the identity and magnitude
of several important source terms (Beerling et al., 2007).
New estimates of marine CH4 sources have recently been
reported for deep-water geological seeps (Solomon et al.,
2009) and for surface phytoplankton in oceanic waters

(Karl et al., 2008), while a new and controversial terrestrial
source of CH4 was also proposed by Keppler et al. (2006),
who observed emissions from vegetation foliage under aero-
bic experimental conditions.

Hitherto, terrestrial CH4 emissions from biogenic
sources were attributed solely to methanogenic micro-
organisms growing under anaerobic conditions in wetland
soils, rice paddies, the gastrointestinal tract of ruminants
and termites, and landfills (Keppler et al., 2009; Bloom
et al., 2010). However, Keppler et al. (2006) observed CH4

emissions into CH4-free air from detached leaves, air-dried
leaves, intact plants and the plant structural component
pectin. They reported emission rates from air-dried leaves
of C3 and C4 plants in the range 0.2–3 ng g)1 leaf DW h)1

at 30�C, but these increased to much higher rates of 12–
370 ng g)1 leaf DW h)1 for intact plants. Their emission
rates increased by a factor of 3–5 when experimental cham-
bers were exposed to natural sunlight and they also
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increased over the range 30–70�C. This suggested a nonen-
zymatic mechanism as they occurred above the threshold of
50–60�C at which plant enzymes are denatured (Berry &
Raison, 1981), but they knew of no mechanism to explain
their observations (Keppler et al., 2006). Although these
rates of emission were small, Keppler et al. (2006) com-
pleted a rough extrapolation of the total annual global emis-
sion of CH4 from live vegetation by using mean sunlit and
dark emission rates for leaf biomass scaled by day length,
duration of growing season, and total net primary produc-
tivity (NPP) in each biome. Their estimate of between 62
and 236 Tg (1 Tg = 1012 g) CH4 yr)1, with the largest
contribution of 46–169 Tg CH4 yr)1 from tropical forests
and grassland, was observed to equate to 10–40% of the
known annual CH4 source strength. Plant litter was esti-
mated to contribute 0.5–6.6 Tg CH4 yr)1. Consequently,
these first observations of Keppler et al. (2006) caused
intense interest, considerable debate and some scepticism
among the scientific community and the media
(Schiermeier, 2006a,b), leading to further experimental
studies and a wider consideration of their implications for
the global CH4 budget and greenhouse gas mitigation
options (Lowe, 2006; NIEPS, 2006).

An early indication that the upscaling approach of
Keppler et al. (2006) contained methodological inconsis-
tencies came from Kirschbaum et al. (2006), who used two
different methods to estimate global CH4 emissions based
on leaf biomass (rather than NPP) and on photosynthesis.

Both approaches suggested much lower global emissions
from vegetation than originally proposed by Keppler et al.
(2006). Subsequently, further analyses using a variety of
methods (Houweling et al., 2006; Parsons et al., 2006;
Butenhoff & Khalil, 2007; Ferretti et al., 2007; Megonigal
& Guenther, 2008) also suggested substantially lower global
emissions from a vegetation source (Table 1). Most recently,
Rice et al. (2010) have estimated the global transfer of
soil-derived CH4 to the atmosphere by trees in flooded
forest regions.

Several recent studies were unable to detect any CH4 emis-
sions from vegetation foliage (Beerling et al., 2007; Dueck
et al., 2007; Kirschbaum & Walcroft, 2008; Megonigal &
Guenther, 2008; Nisbet et al., 2009), but other studies have
reported CH4 emissions (Cao et al., 2008; McLeod et al.,
2008; Vigano et al., 2008; Wang et al., 2008; Brüggemann
et al., 2009; Bruhn et al., 2009) and some have proposed
that ultraviolet (UV) generation of reactive oxygen species
(ROS) is a component of the mechanism for CH4 formation
(Messenger et al., 2009a,b). Following the suggestion by
Keppler et al. (2006) that the methyl esters (methoxyl
groups) of pectin were a potential source of CH4, Vigano
et al. (2008), McLeod et al. (2008) and Bruhn et al. (2009)
all demonstrated that CH4 emissions from the structural
component pectin, as well as fresh and dried leaf tissue,
depend on UV radiation. The studies of Dueck et al.
(2007), Beerling et al. (2008) and Kirschbaum & Walcroft
(2008) did not include UV wavelengths, which might

Table 1 Estimates of global aerobic methane (CH4) emissions by vegetation (after Megonigal & Guenther (2008) and Keppler et al. (2009))

Scaling method
Range of global CH4

production (Tg yr)1) Source

Sunlit and dark leaf emission rate scaled by day length, season length
and biome net primary production

62–236 Keppler et al. (2006)

Leaf emission rates (Keppler et al., 2006) scaled by biome leaf biomass:
range 15–60 Tg yr)1; or by leaf photosynthesis, 10 Tg yr)1

10–60 Kirschbaum et al. (2006)

Leaf emission rates (Keppler et al., 2006) scaled by biome leaf biomass:
leafy biomass alone, 42 Tg yr)1; plus nonleafy biomass, 11 Tg yr)1

42–53 Parsons et al. (2006)

Atmospheric transport model, isotope ratios, mass balance.
Pre-industrial plausible value, 85 Tg yr)1, to maximum
present-day upper limit, 125 Tg yr)1

85–125 Houweling et al. (2006)

Leaf emission rates (Keppler et al., 2006) scaled using model of cloud
cover and canopy shading. Scaled using LAI, 36 Tg yr)1;
scaled using foliage biomass, 20 Tg yr)1, maximum
expected, 69 Tg yr)1

20–69 Butenhoff & Khalil (2007)

Mass balance, ice core isotope ratios using: pre-industrial,
‘best estimate’ 0–46 Tg yr)1, ‘maximum estimate’ 9–103 Tg yr)1;
modern source, ‘best estimate’ 0–176 Tg yr)1, ‘maximum estimate’ 0–213 Tg yr)1

0–213 Ferretti et al. (2007)

Global VOC emissions model assuming VOCs and CH4 have
similar biochemical origin. Range dependent on land cover
and weather data

34–56 Megonigal & Guenther (2008)

Foliar CH4 emission from UV irradiation of pectin (McLeod et al., 2008),
2 m air temperature, MODIS LAI and UV climatology. Scaled using leaf
biomass and 5% pectin content, 0.2–0.8 Tg yr)1; scaled using leaf area
and 5% pectin content, 0.3–1.0 Tg yr)1

0.2–1.0 This study

LAI, leaf area index; MODIS, Moderate Resolution Image Spectroradiometer ; VOC, volatile organic compound.
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explain the absence of CH4 emissions in their experiments.
McLeod et al. (2008) and Bruhn et al. (2009) also demon-
strated that prior removal of methyl esters from pectin
stopped CH4 production under UV irradiation, while
Keppler et al. (2008) used isotopically labelled pectin to
demonstrate that pectin methyl esters are a source of the
emitted CH4. These studies clearly demonstrate that pectin
can be a source of CH4 under the influence of UV irradia-
tion, including natural sunlight (McLeod et al., 2008). We
therefore decided to estimate the potential global production
of CH4 from plant pectin under appropriate spectrally
weighted UV radiation. In this study we used the spectral
weighting function for UV-driven CH4 emission from
pectin (McLeod et al., 2008) to provide a first estimate of
the potential global emission of CH4 from foliar pectin
and we compare this with other published estimates of the
contribution of vegetation to the global CH4 budget.

Materials and Methods

We estimate monthly CH4 emissions per unit ground area
(FCH4) from the UV irradiation of terrestrial plant foliage
using a CH4 emission rate per unit leaf DW (KLEAF) with a
global distribution of leaf DW estimated from the mean
biome specific leaf area (SLA) and the global distribution of
leaf area index (LAI). We assume that where LAI > 1, the
total incident UV radiation is intercepted by unit LAI and
that all its foliar pectin is irradiated. We extrapolate short-
term (2 h) experimental emission rates from McLeod et al.
(2008) to a monthly timescale, thus providing an upper
estimate of global emissions but with assumptions that are
discussed later.

We estimate FCH4 using the following relationship:

FCH4ðt Þ ¼ C ðt ÞKLEAFUVCH4ðt ÞMLEAFðt Þ; Eqn 1

where t refers to a particular month; C(t) describes the tem-
perature dependence of the emission rate on monthly time-
scales; KLEAF is the CH4 production per unit leaf DW
(kg CH4 kg)1 leaf DW) per unit of spectrally weighted UV
irradiation (J m)2); UVCH4 is the monthly total UV irradi-
ation spectrally weighted for methanogenesis (J m)2); and
MLEAF (kg m)2) is the irradiated leaf DW calculated from
the product of leaf area (with LAI £ 1) and mean biome
SLA. We evaluate monthly FCH4 on a spatial scale of 1.25�
longitude by 1.00� latitude resolution, from which we
determine global mean annual FCH4. In the following
sections we describe the details of all terms involved in
calculating FCH4 along with their respective uncertainties.

Rate of foliar CH4 emission (KLEAF)

We calculate the foliar CH4 emission (KLEAF) from the leaf
content of pectin, a structural component of plant cell walls,

and a CH4 emission rate from pectin (KPECTIN) that was
found in previous work to be linearly related to spectrally
weighted UV irradiance (UVCH4) at 30�C (McLeod et al.,
2008), where KPECTIN = 3.09 · 10)11 kg CH4 kg)1

pectin DW per unit of spectrally weighted UV irradiation
(J m)2). The spectral weighting, described later, was deter-
mined by finding the best-fit straight-line logarithmic
relationship between weighted irradiance and CH4 emission
using three types of polychromatic UV lamps and sunlight
(McLeod et al., 2008). An independent study found a linear
relationship between unweighted UV irradiance and CH4

emission from pectin and living leaves (Vigano et al., 2008)
that extended up to five times ambient irradiance, and dem-
onstrated persistent emissions over 35 d. Similar results
were observed over a 1 wk period by Bruhn et al. (2009).
We therefore apply laboratory measurements of KPECTIN

to larger spatial and temporal scales, as these measure-
ments showed that UV-driven KPECTIN was constant over
long periods of time, and changed linearly with the UV
irradiance. We assume a constant rate of 3.09 ·
10)11 kg CH4 kg)1 pectin per unit irradiation (J m)2) for
the UV-driven CH4 emission from pectin as an upper limit
in our calculations and discuss the limitations of this
approach later in the paper.

Published estimates of the pectin and cell wall content of
vegetation vary between species and between plant organs,
with the cell wall content averaging 15–20% of organ DW.
Approximately 30% of the DW of the primary cell wall of
dicots (flowering plants, angiosperms, with two cotyledons)
is composed of pectins, while monocots (angiosperms with
only one cotyledon) are generally thought to have very small
amounts of pectin (McNeil et al., 1984; Voragen et al.,
2009). However, Jarvis et al. (1988) found a large variabil-
ity in pectin content between different monocot species,
some containing similar amounts to the dicots. We there-
fore use a value for pectin content of 5% leaf DW as a
representative upper value of the reported range. Assuming
a foliar pectin content of 5% leaf DW provides a CH4

emission rate from UV irradiance of foliage, KLEAF, of
1.54 · 10)12 kg CH4 kg)1 leaf DW per unit of spectrally
weighted UV irradiation (J m)2). This value for KLEAF is
similar to the value reported previously for spectrally
weighted UV-driven CH4 emissions from tobacco
(McLeod et al., 2008).

We describe the temperature dependence of KPECTIN, C,
as a power law:

C ¼ Q ðT�T0Þ=10
10 ; Eqn 2

where T is leaf temperature approximated using 2 m air
temperature, T0 is 30�C, and Q10 = 2 (i.e. a factor of 2 vari-
ation for a 10�C change in temperature), as suggested by
Bruhn et al. (2009). We use monthly mean 2 m air temper-
ature values from the 6-hourly analyses of NCEP ⁄ NCAR
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(National Centers for Environmental Prediction ⁄ National
Center for Atmospheric Research) (Kalnay et al., 1996) to
evaluate C and spatially interpolate 2 m air temperature
onto a regular 1.25� longitude by 1.00� latitude grid. We fit
a sine curve to the 6-hourly values and use the average tem-
perature during the warmest 12 h as a proxy for daylight
leaf temperature, which we use to determine monthly mean
daylight leaf temperature.

Monthly spectrally weighted UV irradiance (UVCH4)

We calculate the CH4-effective irradiance for pectin
(UVCH4) by combining an annual climatology of UV spec-
tral irradiance I(k) at the Earth’s surface with a spectral sen-
sitivity function for UV production of CH4 from pectin
B(k) (McLeod et al., 2008):

UVCH4 ¼
Z Z400 nm

280 nm

I ðkÞBðkÞdkdt : Eqn 3

We evaluate UVCH4 every 30 min in 1 nm steps from
280 to 400 nm using the NCAR radiative transfer TUV
(tropospheric ultraviolet–visible) model (Madronich, 1993;
Madronich & Flocke, 1997), and determine the monthly
total irradiation on a geographical resolution of 1.25� longi-
tude by 1.00� latitude.

We use the TUV model with satellite-based (Nimbus-7,
Meteor-3 and Earth Probe) total ozone mapping spectro-
meter (TOMS) observations of column O3 (Herman et al.,
1996; McPeters et al., 1996, 1998) averaged over 11 yr
(1990–2000) to calculate I(k). We account for scattering
from aerosols and clouds by using TOMS reflectivity mea-
surements at 380 nm and a cloud adjustment factor follow-
ing the method of Lee-Taylor et al. (2010).

The spectral weighting function for UV production of
CH4 from pectin, B(k), determined by McLeod et al.
(2008), which decays by a factor of 10 every 80 nm and is
normalized to unity at 300 nm, is given by

BðkÞ ¼ 10ð300�kÞ=80: Eqn 4

Notably, this function is similar to that determined for CO
emissions from plant leaves by Schade et al. (1999). Fig. 1
shows the monthly distribution of UVCH4 for January and
July, accounting for mean column O3 and cloud cover
between 1990 and 2000. We also calculate the UV clima-
tology without correction for cloud cover (data not shown)
for comparative calculations (described later).

Dry weight of UV-irradiated leaves (MLEAF)

We estimate the biomass of UV-irradiated leaves, MLEAF

(kg m)2), by

(a)

(b)

Fig. 1 Ultraviolet radiation climatology between 1990 and 2000 for
January (a) and July (b), spectrally weighted for methane (CH4)
production from pectin according to McLeod et al. (2008).

Table 2 Specific leaf area (SLA) of biomes (from Parsons et al., 2006) and corresponding Global Land Cover 2000 categories (GLC, 2003) for
each biome

Biome SLA (m2 kg)1) GLC2000 land cover groups

Tropical forests 12.0 All forests between 23.5�N and 23.5�S
Temperate forests 8.5 All forests between 23.5–50�N and 23.5–50�S
Boreal forests 7.7 All forests between 50–90�N and 50–90�S
Mediterranean shrublands 6.9 All shrub mosaics between 23.5–45�N and 23.5–45�S
Tropical savannas and grassland 16.9 All grass cover and shrub mosaics between 23.5�N and 23.5�S
Temperate grasslands 16.9 All grass cover outside 23.5�N–23.5�S and all shrub mosaics

outside 45�S–45�N
Deserts 6.9 Deserts
Crops 24.5 All cultivated ⁄ managed areas and cropland mosaics
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MLEAF ¼ LAILw; Eqn 5

where Lw is the leaf DW per unit area (kg m)2). The
monthly mean LAI is determined from the Moderate
Resolution Image Spectroradiometer (MODIS) Terra
0.25� · 0.25� LAI product (Knyazikhin et al., 1999). We
interpolate LAI to the regular 1.25� longitude by 1.00� lati-
tude grid. Then, as UV transmittance of leaves and com-
plete leaf canopies is generally very low (McLeod &
Newsham, 1997), with most UV radiation absorbed by the
top 25% of forest canopies (Brown et al., 1994), we assume
a maximum LAI value of 1 with total absorbance of inci-
dent UV.

Lw is the reciprocal of SLA (m2 kg)1). In order to deter-
mine biome SLA values (Parsons et al., 2006) for each grid
square, we use the Global Land Cover 2000 product (GLC,
2003) by matching biome categorizations (Table 2).

Results and Discussion

Our estimates of methane emissions based on leaf DW are
shown in Fig. 2 as the magnitude and distribution of the
total annual FCH4 (a), the maximum monthly emission
(b) and the minimum monthly emission (c). FCH4 is larger
over the tropics, where temperature and UV irradiance are
highest. We find the largest values (15 mg m)2 yr)1) over
the equatorial African rainforest belt and over northern
Australia. Values over the Amazon and Southeast Asia are
more diffuse, with a magnitude of, typically,
10 mg m)2 yr)1 as a result of lower UV radiation (see
Fig. 1).

We determine uncertainties associated with FCH4 by
propagating the uncertainties associated with C, KLEAF,
UVCH4, and MLEAF. Errors associated with the gridded
2 m air temperature analyses were assumed to be spatially
uncorrelated, and were attributed an uncertainty of 0.5�C,
resulting in a 3% average uncertainty for C. KPECTIN and
pectin content errors are globally correlated. KPECTIN has
an associated uncertainty of 3.7%, as determined from the
uncertainty of the gradient between the empirical relation-
ship between UV irradiance and CH4 emissions (McLeod
et al., 2008). We assign an uncertainty of 50% for pectin
content, reflecting sparse information about variations
within the full range of species and ecosystems. As a result,
the uncertainty of KLEAF (51%) is dominated by the pectin
uncertainty. We attribute a random error of 5% to UVCH4

(Lee-Taylor & Madronich, 2007). Systematic error associ-
ated with UVCH4 data can be up to 25%, being largest
where absorbing aerosols are present, such as industrial or
heavily urbanized areas: these are significant but within the
uncertainty range for FCH4 (see later discussion). Although
a positive snow-related UVCH4 bias is also expected,
we anticipate negligible effects on FCH4 as a result of low
coinciding air temperature.

The use of an action spectrum and spectral weighting
function can have important effects on the experimental
determination of UV effects. However, uncertainties in
CH4 emissions resulting from our choice of weighting
function are not expected to be large, because the same
function is used to quantify determination of KPECTIN

and to compute the global climatology of weighted UV
radiation. Using data from McLeod et al. (2008), we esti-
mate the uncertainty in FCH4 resulting from our choice
of B(k) by using a range of slopes for B(k), within 90% of
the maximum correlation of the experimental relation-
ship between weighted irradiance and CH4 emission (i.e.
10(300)k) ⁄ 66 > B(k) > 10(300)k) ⁄ 95). We estimate an un-
certainty of 9.5% for the product UVCH4 · KPECTIN by
integrating the range of B(k) in KPECTIN using an example
solar spectrum from McLeod et al. (2008) representative of
UVCH4.

We assume spatially uncorrelated errors associated with
MODIS LAI and attribute an uncertainty of 5% to LAI
values £ 1. Errors in SLA are correlated within each biome
and uncorrelated between different biomes: we attribute an

0 5 10 15 20 CH4 mg m–2 yr–1

(a)

(b)

(c)

Fig. 2 (a) Total annual foliar methane (CH4) emissions determined
from spectrally weighted global ultraviolet irradiance, MODIS
(Moderate Resolution Image Spectroradiometer) leaf area index
(LAI) and 2 m air temperature. (b) Maximum and (c) minimum
monthly foliar CH4 emissions.
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uncertainty of 20% for each SLA. The overall uncertainty
of MLEAF is 55%. We find an average grid-scale emission
uncertainty of 56.5% by summing the uncertainties of all
terms in quadrature. Uncertainties associated with pectin
content and biome SLA make the largest contributions to
the overall uncertainty of FCH4.

Fig. 3 shows the contributions and uncertainties of FCH4

from the eight biomes used (Table 2). The global annual
total for FCH4, using corrections for cloud cover and air
temperature, was estimated to be 0.49 ± 0.27 Tg yr)1.
Emissions from tropical latitudes account for 63% of the
total values, with tropical forests representing the single
largest contribution to FCH4, as expected. Crops (20%),
tropical savannas and grassland (14%) and temperate forests
(10%) also represent significant contributions to FCH4.

Fig. 3 also shows the sensitivity of these results to the
UVCH4 fields if the effects of clouds and temperature are
included separately and in combination. The largest effect
for many of the biomes results from the temperature correc-
tion C, particularly extra-tropical biomes where there is a

large seasonal cycle in surface air temperature, resulting in a
37% decrease in global emissions compared with uncor-
rected values (data not shown) and a 50% decrease over
extra-tropical biomes. Neglecting the cloud correction of
UV irradiance would result in a 29–34% increase in emis-
sions.

Leaf structure and its internal distribution of pectin (plus
other factors described later) will affect the emission of
CH4, so that resulting emission may be more related to leaf
surface area than to leaf DW. We therefore perform a sec-
ond CH4 emission calculation based on leaf area, instead of
leaf DW, assuming that the experimental pectin sheets used
to generate KPECTIN (McLeod et al., 2008) are representa-
tive of all foliage. This method of calculation assumes that
the density of pectin and its UV absorbance on experimen-
tal sheets is representative of pectin in foliage and has its
own caveats. However, assuming a pectin content of 5%
DW for leaves, the pectin sheets (20.3 · 25.4 cm) contain-
ing 250 mg pectin would have an equivalent leaf SLA value
of 10.3 m2 kg)1, which is within the range of average values
for biome SLA (Table 2). We therefore apply the equivalent
CH4 emission rate per unit leaf area to KLEAF, which we
redefine as KLFAREA (kg CH4 m)2 leaf area) per unit spec-
trally weighted UV irradiation (J m)2), and recalculate
FCH4 using the formula:

FCH4ðt Þ ¼ C ðt ÞKLFAREAUVCH4ðt ÞLAI ðt Þ; Eqn 6

where LAI £ 1 and assuming a constant SLA value of
10.3 m2 kg)1 for all biomes. Estimating the value of FCH4

by scaling with leaf area yields a total CH4 source of
0.65 ± 0.34 Tg, which is also shown in Fig. 3 as global
and individual biome contributions. Although this method
gives a global CH4 source 37% higher than the value
scaled using leaf DW and biome specific SLA, the spatial
distributions of CH4 emissions remain relatively
unchanged.

Assuming global CH4 sources of 550 Tg yr)1, we find
that FCH4 emissions scaled by leaf DW account for 0.04–
0.15% of the global source. Table 1 shows our estimate to
be at least one to two orders of magnitude smaller than pre-
viously reported FCH4 emissions. Our analysis explicitly
accounts for the part of the UV spectrum where pectin
emission is most responsive; accounts for the temperature
dependence of FCH4 emissions; uses the most up-to-date
global datasets to account for spatial and temporal changes
in LAI, and spatial distributions of biomes; and provides an
uncertainty for the FCH4 emission estimate related to the
input datasets.

Our estimates of FCH4 make several assumptions that
require further discussion. We extrapolate CH4 emissions
from plant pectin measured over 2 h to calculate monthly
means and we assume that the rates of emission do not satu-
rate at high irradiance or decline through time. We justify

Fig. 3 Mean annual foliar methane (CH4) emissions from eight
individual biomes (tropical forests, temperate forests, boreal forests,
Mediterranean shrublands, tropical savannas and grassland,
temperate grasslands, deserts and crops); all tropical biomes
combined (tropical); all extra-tropical biomes combined
(mid-latitudes and boreal); and all biomes (total). The error bars on
each estimate represent the uncertainty range. Contributions of
each biome are calculated from the CH4 emission per unit leaf DW
(KLEAF) and spectrally weighted UV irradiance with the following
corrections: corrected only for cloud cover; corrected only for
temperature using a Q10-dependent air temperature; using both
corrections; and by using the CH4 emission per unit leaf area
(KLFAREA) with both cloud and temperature corrections.
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this because independently determined experimental rates
of UV-driven CH4 emission were linear, with UV irradi-
ance up to five times ambient values of unweighted UV,
and persisted over 35 d (Vigano et al., 2008). The emission
rate of CH4 from irradiating experimental pectin sheets
(McLeod et al., 2008) at the global maximum irradiation of
1.27 · 108 J yr)1 m)2 from our spectrally weighted UV
climatology (including cloud correction) corresponds to
yearly conversion of only c. 9.6% of the pectic methyl
groups on the pectin. However, it is likely that CH4 emis-
sion rates would fall through time and our calculations
should therefore be regarded as upper estimates.

We expect that the CH4 emissions from foliar pectin will
be proportional to the UV radiation absorbed but will also
be influenced by leaf structure, pectin distribution, UV-
photosensitizing compounds, UV-screening compounds,
and chemical and biochemical processes for quenching
ROS (McLeod et al., 2008; Messenger et al., 2009b).
These factors will vary between plant species and influence
both the spectral response and magnitude of KLEAF. While
our calculations may provide an upper estimate for the
potential global emission of CH4 from UV irradiation of
foliar pectin, there remain additional questions arising from
published experimental work and potential refinements to
the calculations. For instance, it would be possible to esti-
mate UV irradiation within a leaf canopy using a model
with a detailed canopy environment component (e.g.
MEGAN: Model of Emissions of Gases and Aerosols from
Nature as described by Megonigal & Guenther, 2008) and
to refine the calculation of FCH4 based upon canopy archi-
tecture and UV-irradiated leaf area. We omit night-time
emissions from our global estimate of FCH4, as negligible
emissions were observed in the absence of UV (McLeod
et al., 2008). We do not include potential CH4 emissions
derived from nonleafy biomass and other plant structural
compounds in foliage. Vigano et al. (2008) observed UV-
driven CH4 emissions from plant cellulose and lignin in
addition to pectin and the significance of these emissions
remains unquantified. Most recently, Vigano et al. (2009)
reported that studies using stable isotopes revealed that only
some of the CH4 emissions detected from plants originated
from pectin methyl groups. Additionally, it has been sug-
gested that other environmental stresses (both biotic and
abiotic) and cellular signalling processes that produce ROS
may all generate some CH4 from plant material (Keppler
et al., 2009; Messenger et al., 2009a,b). Qaderi & Reid
(2009) reported that temperature and water stress increased
a subsequent CH4 emission using six plant species, and
Z. P. Wang et al. (2009) showed that physical injury also
elicits CH4 emissions.

The transport of CH4 from anaerobic processes in soil to
the atmosphere via internal plant tissues, such as aeren-
chyma, is well known in aquatic vascular plants (especially
grasses and sedges) of wetlands and rice paddies (Schütz

et al., 1991). However, several studies have suggested that
soil-derived CH4 can be transferred to the atmosphere via
the transpiration stream of vegetation (Nisbet et al., 2009)
or via internal tissues of trees (Rusch & Rennenberg, 1998;
Terazawa et al., 2007; Rice et al., 2010), and several field
observations of vegetation emissions (do Carmo et al.,
2006; Crutzen et al., 2006; Sanhueza & Donoso, 2006;
Sinha et al., 2007; Cao et al., 2008; Wang et al., 2008;
S. Wang et al., 2009) have an unexplained CH4 source.
Consequently, further studies are still required to complete
the understanding of the mechanisms and magnitude of
plant CH4 emissions.
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emissions from terrestrial plants under aerobic conditions. Nature 439:

187–191.

Keppler F, Hamilton JTG, McRoberts WC, Vigano I, Brass M,
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Chapter 3

Large-Scale Controls of
Methanogenesis Inferred from
Methane and Gravity Spaceborne
Data



methanol (29), there are strong arguments against
such a contribution. First, the major product on
Ag is formaldehyde (30). Second, high temper-
atures are needed for the reaction [>250°C (31)];
the industrial process that uses Ag as a catalyst
works at over 600°C in order to achieve sufficient-
ly high yields (25). Third, the overall catalytic
activity of np-Au does not increase but decreases
as the residual Ag content increases.

The conclusion that the observed coupling
reactivity and selectivity is due toAu surface sites
as reactive sites is also confirmed by experiments
in which an aldehyde was co-dosed to the
methanol stream. According to our reaction
model, the coupling product methyl formate is
formed by the reaction of formaldehyde with
methoxy groups. Thus, the formation of mixed
coupling products can be expected when a
different aldehyde is added to the reactant
mixture—a result that was recently obtained in
model studies on O/Au(111) (32). Thus, selective
cross-couplingofdifferentalcoholsandaldehydes
should also be feasible on np-Au. In fact, the
mechanistic model predicts that the methyl esters
will selectively form because co-feeding the alde-
hyde circumvents the rate-determining b-C-H
activation step in the reaction. As an example, we
chose the reaction of methanol and acetaldehyde,
which is expected to producemethyl acetate.When
adding acetaldehyde to the gas stream (1 volume%
H3C2HO + 2 volume % CH3OH + 10 volume %
O2),methyl acetate—the couplingproduct between
methoxy and the co-fed acetaldehyde—is the only
product (except for small amounts of CO2). No
methyl formate is detected, as is anticipated from
the molecular-scale mechanism. Thus, the reac-
tivity of the aldehyde causes the selectivity to
change toward thenewcouplingproduct andopens
the door to a rich coupling chemistry on np-Au.

Application of np-Au as a large-scale catalyst
will depend on the economical viability, which is
strongly connected to an economic use of the pre-
cious metal. One approach is to crush the material;
another one is to coat the alloy on templates work-
ing as a backbone for catalyst pellets before de-
alloying. In this way, mass transport limitation
because of pore diffusion can also be largely
avoided. The feasibility of the latter approach
was already proven, resulting in np-Au material
with a relative density in the range of only 1.5%
(33), which lies in the range of metal loadings of
supported commercial catalysts. Future investiga-
tions will focus on an expansion of the scope of
reactions to larger primary and secondary alco-
hols, such as ethanol or tert-butanol.
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Large-Scale Controls of
Methanogenesis Inferred from
Methane and Gravity Spaceborne Data
A. Anthony Bloom,1 Paul I. Palmer,1* Annemarie Fraser,1 David S. Reay,1 Christian Frankenberg2

Wetlands are the largest individual source of methane (CH4), but the magnitude and distribution of
this source are poorly understood on continental scales. We isolated the wetland and rice paddy
contributions to spaceborne CH4 measurements over 2003–2005 using satellite observations of
gravity anomalies, a proxy for water-table depth G, and surface temperature analyses TS. We find
that tropical and higher-latitude CH4 variations are largely described by G and TS variations,
respectively. Our work suggests that tropical wetlands contribute 52 to 58% of global emissions,
with the remainder coming from the extra-tropics, 2% of which is from Arctic latitudes. We
estimate a 7% rise in wetland CH4 emissions over 2003–2007, due to warming of mid-latitude and
Arctic wetland regions, which we find is consistent with recent changes in atmospheric CH4.

The atmospheric concentration of methane
(CH4), an important greenhouse gas, is
determined by a balance between natural

and anthropogenic sources and sinks (1), leading

to an atmospheric lifetime of approximately 9 years
(2). Renewed interest in global budget calculations
of CH4 levels is due to (i) the largely unexplained
stability of CH4 concentrations during 1999–2006

and the renewed growth since early 2007 (3); (ii)
laboratory and field measurements that support a
small, previously unidentified, aerobic source of
CH4 from terrestrial vegetation (4); and (iii) new
satellite observations that provide additional con-
straints on current understanding (5). Concentration
measurements of CH4 provide global constraints for
emission estimates, but without additional, inde-
pendent information it is difficult to attribute
observed variability to individual sources and sinks.

Emissions from wetlands are the largest
single source of CH4, representing 20 to 40%
of the total CH4 emissions budget (1), of which
70% is estimated to originate from southern and
tropical latitudes (6). Rice cultivation accounts
for 6 to 20% of global CH4 emissions (1), the
majority of which originates from south and
southeast Asia (7). Methanogenesis, the biogenic

1School of GeoSciences, University of Edinburgh, Edinburgh,
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Netherlands.
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production of CH4, occurs in natural wetlands and
rice paddies by the anaerobic degradation of
organic matter by methanogenic archaea. Produc-
tion rates are controlled by the availability of
suitable substrates; alternativeelectronacceptors for
competing redox reactions, such as sulfate reduc-
tion (8); temperature; and soil salinity (9).Aerobic
oxidation of CH4 by methanotrophs is a key
factor incontrollingCH4emissions (10),withnet
fluxes to the atmosphere being primarily deter-
mined by the balance between CH4 production
and consumption in the wetland soils. Emergent
wetland vegetation can also increase the transport
of CH4 between the soil and atmosphere (11).
Although the controls on methanogenesis from
wetlands and rice paddies are similar, the two
sources are typically spatiallydistinct (12).Never-

theless, there is substantial uncertainty and re-
gionalvariationassociatedwithall thesecontrolling
factors.Wetland emissions dominated the inter-
annual variability of CH4 sources over 1984–2003
(13). A decrease in wetland emissions over the
past decade has reportedly masked a coincident
increase in anthropogenic emissions (13), lead-
ing tostableglobalmeanCH4concentrations (14).
Changes in the OH sink during 2006–2007 were
not large enough to explain observed changes in
CH4 concentration (3).

We present an approach to understanding the
role of wetlands and rice cultivation in producing
observed CH4 concentrations, using spaceborne
measurements of gravity andCH4 over the 3-year
period from 2003 to 2005.We used three data sets.
First, we used satellite column observations of CH4

from the Scanning Imaging Absorption Spectrom-
eter forAtmosphericChartography (SCIAMACHY)
instrument (15) aboard the Envisat satellite, which
have been retrieved from solar-backscattered ra-
diation at wavelengths from 1630 to 1679 nm (5),
accounting for new water spectroscopic parameters
(16). Retrieved columns, which are most sensitive
to CH4 in the lower troposphere (5), range from
1630 to 1810 parts per billion, with the largest
values generally over mid-latitude and tropical
continents (16).

Second, we used gravity anomaly measure-
ments from the Gravity Recovery and Climate
Experiment (GRACE) satellite (17). These mea-
surements, used in previous studies to investigate
changes in groundwater, have been corrected for
geophysical mass variations such as tides, atmo-

A B

Fig. 1. Correlations (r2) between cloud-free SCIAMACHY CH4 column volume
mixing ratios (VMRs) (in parts per million) and (A) equivalent groundwater
depth (in meters), determined from gravity anomaly measurements from the
GRACE satellites (18) and (B) NCEP/NCAR surface skin temperatures (in

kelvin), calculated on a 3° × 3° horizontal grid over 2003–2005. The
correlation at a given point is determined by at least 15 and typically 60 CH4,
groundwater, and temperature measurements. See SOM for a description of
individual data sets.

Fig. 2. Time series of SCIAMACHY CH4 column
VMR and groundwater depth over the (A) Ganges,
(B) Niger, (C) South Amazon, and (D) South Congo
river basins. The correlation (r2) between the var-
iables is given for each panel. River basins are
geographicaly defined with total runoff-integrating
pathways (26). Vertical lines denote the start and
end of each calendar year. A spatial representation
of river basin correlations between CH4 and ground-
water is included in the SOM. A B

C D

www.sciencemag.org SCIENCE VOL 327 15 JANUARY 2010 323

REPORTS

 o
n 

Ja
nu

ar
y 

20
, 2

01
0 

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

36



spheric pressure, and wind (18). Relative equiv-
alent water height G (in meters), inferred from
gravity [see supporting online material (SOM)],
shows seasonal variability ranging from 5 to 20 cm
over major river basins (19). We used a G data set
with a 10-day time step (18), which we regridded
to 3° × 3°. Finally, we used surface skin tem-
perature fields TS (in kelvin) from the National
Centre for Environmental Prediction/National
Centre for Atmospheric Research (NCEP/NCAR)
weather analyses (20) as a proxy for soil temper-
ature (SOM). We resolved all three data sets at
the temporal and spatial resolutions of the G data
set (SOM).

We find that that changes in wetlands and rice
emissions dominate the observed variability of
CH4 columns over wetland regions [square of the
correlation coefficient (r2) = 0.7, SOM], and
hence we interpret changes in these columns as
changes in surface sources. We find that seasonal
variations in the OH sink (21) and the CH4

source from fires (22) typically explain <10 and
3% of the observed CH4 column variability,

respectively. CH4 column data are available only
over cloud-free daytime scenes; changes in con-
trols on wetland CH4 emissions on time scales
shorter than 1 or 2 days due to processes such as
rainfall, associated with cloudy conditions, are
not well described by GRACE or Envisat. We
excluded analysis over oceans, deserts, and re-
gions with permanent ice cover.

To quantify the role of wetlands and rice
cultivation in determining the observed vari-
ability of column CH4, we correlated these
data with concurrent changes in G and TS over
2003–2005 (Fig. 1). We find that changes in G
explain between 40 and 80% of the observed
variability in CH4 measurements over the tropics.
We find high correlations over many major river
basins (SOM), with the exception of the Amazon
basin, which is described below. We generally
find a negative correlation between G and CH4 at
high latitudes, which can be explained by high G
in winter due to snow accumulation and asso-
ciated low CH4 emission, and low G in spring and
summer due to displacement of snow melt and

higher CH4 emission as the exposed wetland is
progressively warmed. At higher latitudes, we
find that observed variations in CH4 are mostly
explained by changes in TS (used here as a proxy
for soil temperature). Changes in TS over the
tropics explain little of the observed variation in
CH4. Analysis of the deseasonalized time series
shows similar but reduced correlations between
CH4 and G and TS (SOM). This analysis provides
global observations of the latitude dependence
of the controlling factors—water table depth and
soil temperature—that determine large-scale var-
iations in wetland and rice paddy CH4 emissions
(6). This work supports our model calculations
(SOM) that show that wetland and rice paddy
emissions are largely responsible for observed
CH4 column variations.

Although variations inmethanogenesis are pre-
dominantly attributed to variations in either ground-
water or temperature, we account for the more
complex dependence of methanogenesis with re-
spect to both quantities (23). Within tropical lati-
tudes, G is expected to be the dominant term in

A B

C

Year

Fig. 3. (A) Logarithmic representation of wetland daily
emissions of CH4 per unit of area inferred from fitting a
temperature-groundwater wetland model to SCIAMACHY
CH4 concentrations averaged on a 3° × 3° grid over

2003–2005. The normalized wetland and rice paddy emission distribution was
scaled to 227 Tg of CH4 (1). (B) Zonal integral of bottom-up emission model
estimates of CH4 from wetlands, including bogs and swamps, and rice paddies
(27) (red); from rice paddies only (green); and from normalized top-down CH4
emissions over 2003–2005 (blue). The shaded area indicates the uncertainty of
our estimates due to systematic and random errors (SOM). (C) Predicted changes
in annual wetland emissions for global wetlands, the tropics, the mid-latitudes
from 23°N to 45°N, the mid-latitudes from 45°N to 67°N, the Arctic latitudes
(>67° N), and the Southern Hemisphere. We assume a global wetland CH4 flux
of 170 Tg/year in 2003 (1). The line thickness denotes the estimated uncertainty
of the predicted changes, including random errors from G and TS measure-
ments, and the error associated with 170 Tg/year, which we estimate as the
standard deviation of global wetland CH4 emission estimates taken from the
IPCC Fourth Assessment Report (1).
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areas with distinct dry and wet seasons. In areas
where the preexisting groundwater volume is
large with respect to G variations, a combined G-
TS relationship is expected. Figure 2 shows time
series over four regions that exemplify the relation-
ship between changes in G and column CH4. For
the Niger and the Ganges basins, changes in G
coincide closely with the CH4 variability, as is
expected if the CH4 signal is due to methano-
genesis. Over the Amazon basin, the overall
correlation between G and CH4 is negligible
(r2Amazon = 0.01). Changes in G over the Amazon
basin are much larger than values observed over
other river basins (Fig. 2) and lag behind CH4

changes by 1 to 3 months in the north of the
basin, possibly due to the seasonal migration of
the intertropical convergence zone (SOM), but
we find a statistically significant correlation over
the southern half of the basin (south of 4°S, r2 =
0.07). Although the CH4 seasonal cycles over
the north and south Amazon are synchronous, the
seasonal cycle of wetland groundwater over the
north Amazon precedes the south Amazon cycle
by approximately 2 months; considering the east-
west divide of the Amazon basin does not
improve the correlation. Wetland emissions over
theAmazon basin coincidewith theAmazonRiver
system and its varzeas (24). We acknowledge that
even large temporal changes in wetland ground-
water, G(t), over this basin will not necessarily
represent large changes in surface soil moisture
because of the depth of the wetland groundwater,
D + G(t), where D represents the initial volume of
the water column.

To determine the distribution of wetland emis-
sions of CH4 (F

w,G
CH4

, in mg/m2/day), we developed
a simple model (SOM) that describes the time-
dependent relation between these emissions and
TS, and D + G(t)

Fw,G
CH4
ðtÞ ¼ k½Dþ aGðtÞ�Q10ðTSÞ

TsðtÞ − T0
10 ð1Þ

where a is the fractional influence of G(t) on the
total wetland groundwater volume D + G(t)
(where 0 < a < 1); Q10(TS) describes the change
inmethanogenesis rate with a 10K increase in tem-
perature, where T0 is a constant (T0 = 273.16 K)
(23); and k (mg/m3/day) incorporates other
controlling factors (such as soil pH). The tem-
perature dependence of Q10(TS) can be approxi-
mated by Q10(T0)

[(T0)/(TS)] (23). We acknowledge
that the derived values of Q10(TS) represent the
relation between methanogenesis and TS as
opposed to soil temperature (SOM). We maxi-
mized the local linear correlation between Fw,G

CH4

andSCIAMACHYCH4columnsbyvarying (D/a)
on a per grid basis and globally fitting Q10(T0),
where the gradient is proportional to changes in
wetland emissions and the intercept is the sum of
the remaining sources and sinks (SOM).We expect
wetlandandricepaddyemissions tofollowasimilar
seasonal cycle, reflecting necessary hydrological
and temperature conditions, but acknowledge that
rice paddy emissions occur at specific intervals

during the rice cultivationprocess.Theglobal value
of Q10(T0) that best fits the data is 1.65 T 0.15,
although we find that wetland and rice paddy
emission distributions remain similar within the
range 1 <Q10(T0) < 2.

The resulting normalized Fw,G
CH4

distribution
was then scaled to a total global wetland and rice
paddy source of 227 Tg of CH4/year, using the
median value from the Intergovernmental Panel
on Climate Change (IPCC) Fourth Assessment
Report (1) to derive global emission rates shown
in Fig. 3A. We find the largest CH4 fluxes over
South America, equatorial Africa, and southeast
Asia. Emissions over the extratropical Northern
Hemisphere are generally lower, but have
elevated values over northern Europe and central
Siberia and local peaks over North America. We
find that uncertainties associated with extratrop-
ical CH4 fluxes are an order of magnitude smaller
than those associated with tropical fluxes (SOM).

We used prior information about rice paddy
distributions (12) to isolate wetland regions from
our emission estimates. The resulting latitudinal
distribution of wetland emissions is similar to
those produced by independent bottom-up emis-
sion estimates (Fig. 3B) and is within the range of
the large intermodel differences (25). We find
that the tropics account for 55.5 T 2.5% of global
wetland emissions, with the Amazon and Congo
river basins accounting for 20.0 T 2.6 Tg of
CH4/year and 25.7 T 1.7 Tg of CH4/year, respec-
tively. We find that rice paddy areas account for
29.1 T 0.6% (66.0 T 1.4 Tg of CH4/year) of the
total rice plus wetland CH4 source, acknowledg-
ing that a small proportion of this may be attri-
buted to the spatial coincidence of rice paddies
and wetlands. We find that rice paddy emissions
centered over China and south and southeast Asia
account for 32.5 T 3.7 Tg of CH4/year of the
global rice paddy source, which is in agreement
with bottom-up emission estimates (12).

We used our Fw,G
CH4

model to determine the
evolution of wetland CH4 emissions over 2003–
2007 relative to 2003 emissions. The change in
annual emissions over that 5-year period was
evaluated using the product of the fractional
emission change and the wetland CH4 map in
Fig. 3A.We omitted areas of rice cultivation (12),
where year-to-year changes in CH4 emissions are
determined by irrigation and other management
regimes. We find a progressive global increase in
CH4 from wetlands over 2003–2007, due mainly
to temperature increases at extratropical latitudes
(45° to 67°N). We also find that Arctic wetland
emissions (>67°N) increased by 30.6 T 0.9% over
2003–2007 to approximately 4.2 T 1.0 Tg of
CH4/year (SOM). We find that emissions from
tropical wetlands remained constant over 2003–
2006, with the exception of a 2.1 T 0.7 Tg/year
increase during 2007, most of which is accounted
for by increased fluxes over the Congo (0.7 T
0.2 Tg of CH4/year) and Sahel (0.9 T 0.2 Tg
of CH4/year) regions, as a result of increasing
groundwater volume. The declining groundwater
volume over tropical river basins over 2003–2006

did not significantly affect year-to-year changes in
global wetland emissions. Our emissions calcula-
tions lead to better agreementwith observed surface
CH4 anomalies over 2003–2008 than those ob-
tained using bottom-up wetland emissions (SOM),
reproducing the observed post-2006 positive anom-
aly in both theNorthern and SouthernHemispheres.
This supports the idea that changes in wetland
emissions have significantly contributed to recent
changes in atmospheric CH4 concentrations.

There is substantial potential for wetland
emissions to feed back positively to changes in
climate (23), and therefore it is critical that we
understand the extent of overlap between wet-
lands and regions that are most sensitive to
projected future warming. We anticipate that the
new constraints developed here will ultimately
improve model predictions of this feedback.
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1 Supporting online material for Large-scale Controls of Methanogen-

sis Inferred From Methane and Gravity Spaceborne Data by
Bloom, Palmer, Fraser, Reay and Frankenberg

1.1 SCIAMACHY CH4 columns

We use satellite column observations of CH4 from the SCanning Imaging Absorption spectroMeter5

for Atmospheric CHartographY (SCIAMACHY) instrument (1), aboard ENVISAT, which have
been retrieved from solar-backscattered radiation at 1630–1679 nm wavelengths (2), accounting for
new water spectroscopic parameters (3). Retrieved columns, most sensitive to CH4 in the lower
troposphere (2), range from 1630 ppb to 1810 ppb, with the largest values generally over midlatitude
and tropical continents (3). The data consist of CH4 and CO2 Vertical Column Densities (VCD)10

during January 2003 to October 2005 (2).

The SCIAMACHY pixel size for CH4 VCD is 30 km by 120 km while for CO2 VCD it is 30 km
by 60 km (4). Although the SCIAMACHY swath is discontinuous along its track, the gaps are
filled by subsequent orbits and near-global coverage can be achieved within 7 days. The exclusion
of unreliable data, such as measurements over oceans and during cloudy conditions, results in15

substantial coverage gaps.

The mean column volume mixing ratio (CVMR) of CH4 within the atmospheric column has been
derived using equation 1

CHCV MR
4 = (

CHV CD
4

COV CD
2

)COCV MR
2 , (1)

where CHV CD
4 and COV CD

2 are the vertical column densities of CH4 and CO2, and COV MR
2 is

the mean column volume CO2 mixing ratio. We derive CHCMV R
4 using mean values of COCV MR

2

obtained from the global CarbonTracker model (5). The CHV MR
4 data is then interpolated onto a

3◦× 3◦grid.20

1.2 GRACE data

The Gravity Recovery and Climate Experiment (GRACE) mission consists of a twin satellite system
that measures the temporal change in the Earth’s gravitational field. Global coverage by the satellite
is achieved every 30 days (6), although the effective temporal resolution is equivalent to 10 days
with a maximum resolution of 400 km (7). The global gravity field is described as a geoidal height,25

the deviation of the gravitational equipotential surface from a reference, Earth geoid, in spherical
harmonics. Equivalent water height, Γ, can be derived as a weighted sum of the geoid spherical
harmonics with respect to spherical degree and the Earth’s load deformation coefficients (8). We use
the CNES 10 day 1◦x 1◦groundwater equivalent product Γ with an effective resolution of 667 km (8)
which we interpolate to a 3◦by 3◦grid.30

1



1.3 NCEP/NCAR surface temperature data

We used surface skin temperature (Ts), the temperature of the surface at radiative equilibrium,
from NCEP/NCAR re-analysis data (9) as a proxy for soil temperature. We chose to use skin
temperature because subsurface temperature estimates may contain additional model error (10)
and the three-layer soil temperature model used in the NCEP/NCAR re-analysis (9) is not globally35

representative of wetland temperature regimes due to the variable wetland depths. Over 2003–2007,
we find that NCEP/NCAR Ts value reproduce 97% of the variability of soil temperature at 10 cm
depth in ice free regions; the range of soil temperatures is smaller than the range of surface skin
temperatures, which leads to a small underestimate of inferred Q10(T0).

Surface skin temperature fields are derived from T62 Gaussian grid NCEP re-analysis fields at a40

temporal resolution of 6 hours. The average grid resolution within latitudes of 60◦S and 60◦N is
approximately 2◦. The data was then interpolated to a 3◦× 3◦resolution. NCEP/NCAR Ts fields
agree with satellite data to a level consistent with the 40-year ECMWF reanalysis (11).

1.4 GEOS-Chem chemistry transport model of CH4

We use the GEOS-Chem 3-D global chemical transport model (version v8-01-01), driven by version45

4 of the assimilated meteorological fields from NASA’s Global Modeling and Assimilation Office. For
this study we run the model at a horizontal resolution of 2◦×2.5◦, with 30 vertical levels. We include
anthropogenic sources of CH4 from ruminant animals, coal mining, oil production, landfills (12);
biomass burning (13); and biofuel burning (14). We include natural sources from termites and
hydrates, and a soil sink (15). Emissions from rice and wetlands were either taken from bottom-up50

inventories (15) or based on results from our study. We use monthly mean 3-D OH fields (16) to
describe the tropospheric OH sink of CH4. Loss rates for CH4 in the stratosphere were adapted
from a 2-D stratospheric model (17).

1.5 The relationship between wetland emissions and CH4 columns

We use the GEOS-Chem model to characterise the relationship between wetland emissions (15)55

and CH4 columns. We run the model for a complete year and analyse daily output. We sample
the model between 10-12 local time, the approximate overpass time of ENVISAT. To account for
vertical sensitivity of SCIAMACHY we apply a mean instrument averaging kernel to model profiles
of CH4 and vertically integrate the resulting profile to obtain columns. The model columns and
wetland emissions were averaged over 10-day periods to be consistent with our data analysis.60

We calculate grid point correlations (r2) between model columns and monthly-varying emissions
of rice and wetlands. Figure 1 shows that r2 correlations are typically >0.7 where bottom-up
emission estimates locate rice paddies and wetlands, supporting the idea that variability of these
surface emissions determine variability of overlying CH4 columns. Correlations between model CH4

columns and integrated OH columns are an order of magnitude less than with rice or wetlands, and65

spatially more diffuse.

For each grid point, we also calculate the gradient between the peak-to-peak amplitude of wetland
and rice paddy emissions and overlying CH4 columns using a least-squares estimation method (18).

2



We assign a 5% error to the model columns, representing the maximum difference between the model
and surface flask measurements. No error was assigned to the emissions. The gradient given here is70

the global mean with its standard error: 1.9±0.3 (ppb/(mg/m2/day)), n=1828 for rice+wetlands.
Individual gradients more than three standard deviations from the mean were omitted, eliminating
grid points with very small emission variation.

1.6 Estimating changes in CH4 due to seasonal variations in OH sink

We use monthly mean tropospheric OH concentrations calculated using the GEOS-Chem chem-75

istry and aerosol simulation (16) to determine the annual variability of CHV MR
4 due to changes in

oxidation by the OH radical.

We estimate the change in CH4 concentrations due to seasonal variations of OH by subtracting the
loss of CH4 due to the annual mean OH concentration (ppb/month) from CH4 loss due to monthly
mean OH concentrations (ppb/month) and integrating the residual over a year:

[CHOHcor
4 ] =

∫
d[CHOHloss

4 ]
dt

− d[CHOHloss
4 ]
dt

dt, (2)

where dCHOHloss
4
dt = −k[OH][CHV MR

4 ], CHV MR
4 is the zonal mean CHV MR

4 , [OH] is the zonal mean
boundary layer OH concentration and k is the reaction rate constant between CH4 and OH.

Figure 2 shows the CH4 column peak-to-peak amplitude due to seasonal changes in OH oxidation80

expressed as a percentage of the peak-to-peak amplitude of column CH4. As described in the main
text, variations in column CH4 due to OH are typically less than 10% of the column variation. This
illustrative calculation is supported by the GEOS-Chem calculations described above.

1.7 Gridding data spatially and temporally

The two-dimensional fields of CH4, Γ and Ts were evaluated on a common 3◦× 3◦grid between85

88.5◦S to 88.5◦N and 178.5◦W to 178.5◦E. The datasets are averaged at a temporal resolution of 10
days: the centre days chosen when GRACE data was available. The gridded data provides a global
field for each parameter at each sampling point in time. We average all CH4 measurements at a
single grid-point within a certain time frame to create a 3◦× 3◦ CH4 field at each timestep. Due
to the uneven coverage of SCIAMACHY data, as described above, the fields often have substantial90

gaps.

1.8 Seasonal de-trending

We remove the seasonal cycle from each time series by fitting a fixed period sine curve, Asin(2πtyears+
φ), allowing us to examine the seasonally independent relationship between these quantities. The
seasonal de-trending experiments (Figure 3) show a significant correlation between the de-trended95

time series of CH4 and temperature/gravity. We can therefore exclude the possibility of coincident
seasonal variations between CH4 and Γ or Ts as the main contribution of the correlations reported
in the main paper.

3



1.9 River basin timeseries

We use geographical river basin boundaries (19) in order to examine the overall variations in CH4,100

Γ and Ts associated with 30 major river catchment areas. For each timestep we derive the mean
CH4, Γ and Ts. Correlations between CH4, Γ and Ts are shown in Figure 4.

1.10 The InterTropical Convergence Zone and CH4 columns over South America

The ITCZ refers to a region where Northeast and Southeast trade winds converge, resulting in
upward motion of air and elevated precipitation. The ITCZ is typically between 5◦ N and 5◦ S but105

meanders on a seasonal scale, sometimes reaching midlatitudes. The ITCZ is an effective barrier
for atmospheric mixing between North and South hemisphere.

In the main text, we suggest that the seasonal meandering of the ITCZ might help explain the weak
relationship between variations of CH4 column and Γ over the Amazon basin. During Austral sum-
mer, the ITCZ shifts southward over South America which is accompanied by increased precipitation110

and higher CH4 concentrations, characteristic of the northern hemisphere. Increased precipitation
will lead to an increase in Γ. We acknowledge that a sudden increase in Γ will not instantaneously
increase CH4 emissions: water represents a barrier to CH4 diffusion from the soil to the atmosphere
(due to the low solubility of CH4). Instead, we expect that CH4 emissions (and subsequent changes
to the atmospheric column) will lag the initial flooding event as anaerobic conditions prevail in the115

soils and soil CH4 concentrations build up. Similarly, as the water table decreases we expect a peak
in CH4 soil emission as the diffusion barrier is removed but the methanogenesis conditions continue.
The spaceborne columns over South America represent a superposition of (a) the increase of at-
mospheric CH4 due to the southward migration of the ITCZ and (b) the increase in CH4 wetland
emissions due to elevated precipitation (and a subsequent increase in Γ) from the presence of the120

ITCZ. We also acknowledge that the elevated cloud cover associated with the ITCZ will reduce the
sampling of this region during the wet season.

1.11 Gravity-temperature methanogenesis dependence

To determine the magnitude of wetland methanogenesis from SCIAMACHY CHV MR
4 columns we

use equation 3 to describe global wetland methanogenesis (20):

Fw
CH4 = kCH4fwCsQ10(T )

T−T0
10 , (3)

where Cs is soil carbon, fw is the wetland cover fraction, T is the temperature averaged over some
depth (K), T0 is 273.16 K, Q10(T ) is the methanogenesis temperature dependence, and kCH4 is
a calibration constant that ensures the required global emission budget. The value of Q10(T ) is
dependent on the temperature range so a temperature independent constant Q10(T0) can be used
to define the temperature sensitivity globally (20):

Q10(T0) = Q10(T )
T0
T . (4)

4



We adapt equation 3 to describe wetland emissions as a function of Γ and surface temperature:

Fw,Γ
CH4(t) = k(D + αΓ(t))Q10(T )

T (t)−T0
10 , (5)

where D is the initial volume of the water column; Γ(t) is the water column height change over
time t; α, a coefficient between 0 < α < 1, indicates the fraction of Γ(t) affecting the wetland water125

volume; and k is a constant which absorbs Cs and fw from equation 3. After factorising α we
normalise Fw,Γ

CH4 by adjusting k accordingly.

We define the CH4 column VMR at a surface location at time t as follows:

CHCV MR
4 (t) = γFw,Γ

CH4(t) + S(t) + c (6)

where Fw,Γ
CH4(t) is the normalised local wetland CH4 emission; γ is the forward model that describes

the relationship between emissions and observed column concentrations; S includes the remaining
sources and sinks (including advection); and c is the background CH4 level. We assume zero
covariance between Fw,Γ

CH4 and S, allowing us to solve equation 6 as a linear equation:

CHCV MR
4 = γFw,Γ

CH4(t) + C, (7)

where γ is the gradient, and the intercept C = (S+c) is the sum of the remaining sources and sinks.
In reality we expect some correlation between S and Fw,Γ

CH4: a positive correlation would coincide in
an overestimate of γ, and vice versa. Using equation 7, we solve for D

α per grid square and Q10(T )130

globally in order to maximise the correlation between Fw,Γ
CH4 and CHCV MR

4 . We exclude oceans,
deserts and regions of permanent ice cover.

Equation 7 implies that where Fw,Γ
CH4 is zero the mean atmospheric concentration of CH4 is C, as

expected. The wetland contribution to the atmospheric concentration is then:

CHCV MR
4 − C = γFw,Γ

CH4. (8)

Because Fw,Γ
CH4 = 1 the wetland contribution to the atmospheric concentration is equal to γ, which

is the gradient between Fw,Γ
CH4 and CHCV MR

4 .

Finally, we scale the spatial distribution of γ (3◦× 3◦resolution) to a global wetland+rice CH4135

source of 227 Tg y−1 (21), with a resulting distribution in mg m−2 day−1. Oceans, deserts and
regions with permanent ice cover are excluded from our global wetland analysis. We also exclude
areas with negative correlations between Fw,Γ

CH4 and CH4, but these represent only a small fraction
of scenes.

1.12 CH4 wetland emissions uncertainties140

To obtain uncertainties for our wetland emission estimates of CH4 we propagate systematic errors
associated with the method and random errors associated with the GRACE and NCEP/NCAR
data. Figure 5 shows the sum of random and systematic uncertainties for the normalised wetland
CH4 emission, representing c15–20% uncertainty globally and c40% over the tropics. Figure 3c from
the main paper shows the uncertainty associated with the change in our wetland emission estimates145

relative to 2003 and so will only include the random errors.
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The method includes fitting a wetland emission model to observed CH4 column from the SCIA-
MACHY instrument. We account for the uncertainty of CHCV MR

4 (ppb) using equation 1, using
the mean fitting uncertainties for CH4 and CO2 column densities (molec/cm2) during 2003, and
estimating an uncertainty of 1% for CarbonTracker CO2 concentrations (ppb). We also propa-150

gate uncertainty resulting from the linear fit of Fw,Γ
CH4 to CHCV MR

4 (γ) using a two-step approach.
First, by quantifying the error on linear fit per gridpoint and then quantifying the standard error
of the mean statistics of the locally-fitted γ and its uncertainty. Using the GEOS-Chem chemistry
transport model (see above) we estimate that the uncertainty of the global γ to be 16% (0.3/1.9).

The main sources of random error are GRACE measurements of Γ and NCEP/NCAR surface skin155

temperature. Uncertainties in GRACE measurements are within the range of 3–6mm (8). We
assume a global mean uncertainty of 0.5 K for a 10-day mean of surface skin temperature, which is
likely to be an overestimate. Total random errors correspond to 0.5 Tg/yr.

1.13 CH4 wetland emissions over northern high latitudes

In the main paper we report CH4 wetlands emissions of 4.2±1.0 Tg from Arctic latitudes, defined160

here as >67◦ N, which is smaller than the 10 Tg reported by another bottom-up inventory (22).
We report in Table 1 our results in a manner consistent with other bottom-up wetland emission
estimates at high northern latitudes. Generally, our results agree better with more recent studies.

Table 1: Wetland emission estimates at northern high latitudes from bottom-up inventories and our
study.
Latitude Our Study Previous Studies
region [Tg] [Tg]
40–80◦N 49±0.6 47 (23)
50–70◦N 27±0.5 62 (22)
>66◦N 3±0.2 10 (22)
>50◦N 28±0.5 45–106 (24)
>45◦N 41±0.6 38 (25)
>40◦N 49±0.5 31 (26)
>30◦N 68±0.8 65 (27)

1.14 Wetland CH4 emissions change between 2003-2007

To model changes in CH4 emissions over 2003–2007, we drive the wetland emission model adapted165

in this work and fitted for 2003–2005 (equation 5) with GRACE equivalent water height, Γ, and
NCEP surface temperatures over that time period. We drive the model at a one-day temporal
resolution in order to avoid seasonal bias due to missing data. To fill in the gap in GRACE data
during January–March 2003 we use the adjusted seasonal equivalent for 2004.

We use 2003 as a baseline year and calculate the percentage increase in emission from the baseline.170

To determine the change in wetland emissions (Δ Tg/y) we multiply the percentage increase to our
estimated wetland emission distribution scaled by 170 Tg y−1, the median of bottom-up wetland
emission estimates (21).
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We use the GEOS-Chem chemistry transport model (described above), driven by a) our wetland
emissions and b) a bottom-up inventory (15), to reproduce the observed CH4 anomalies from surface175

flask sites (28–30) during 2003–2007. We define the anomaly as the long-term mean for each dataset
subtracted from the dataset. Figure 6 shows that the magnitude and variability of CH4 mole fraction
anomalies (ppb) determined using our emission model are more consistent with the observations
than the model using the bottom-up inventory. Our emission model is able to capture the positive
anomaly since 2006 in both the northern and southern hemisphere (28–30), suggesting that changes180

in wetland emissions are partially responsible for recent changes in the global mean concentration
of CH4.

2 Figures

2.1 Figure 1

Correlations (r2) between daily GEOS-Chem CH4 columns (Jan-Dec, 2003), convolved with a mean185

SCIAMACHY averaging kernel, and the associated (top) rice paddy and (bottom) wetland CH4

emissions.

2.2 Figure 2

Fractional contribution of CH4 column variability due to variability in the OH sink, expressed as
the ratio between the CH4 column peak-to-peak amplitude due to seasonal changes in OH and the190

peak-to-peak amplitude of column CH4.

2.3 Figure 3

(Top) Signed correlation (r2) between the seasonally de-trended water table depth Γ (metres) and
CH4 concentration (ppb) during 2003-2005. A best-fit one-year period sine curve was used to remove
the seasonal trend from both quantities. (Bottom) Signed correlation between the seasonally de-195

trended temperature and CH4 concentration time series during 2003-2005 at each point. A best-fit
one-year period sine curve was used to remove the seasonal trend from both quantities. Note the
difference in scale from Figure 1 of main paper.

2.4 Figure 4

Signed correlation (r2) between CH4 and groundwater (a) and temperature (b) over major river200

basins. River basin masks (19) are used as averaging windows for the CH4 and groundwater data.
Note the difference in scale from Figure 1 of main paper.
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2.5 Figure 5

Uncertainties calculated for normalised CH4 wetland emissions, shown in daily fluxes of CH4 per
unit area. An global uncertainty of 1% was used for CO2 Carbon Tracker Data. Regions of large205

uncertainties mostly coincide with large CH4 wetland emissions (see paper).

2.6 Figure 6

Monthly mean observed and model CH4 mole fraction anomalies at northern (top) and southern
hemisphere (bottom) surface measurement sites, 2003–2008 (28–30). Anomalies are calculated by
subtracting the 2003–2008 mean concentration from the mole fraction timeseries. The GEOS-210

Chem chemistry transport model, driven by our wetland emissions (red) and a bottom-up emission
inventory (blue) (15). Correlation (r) between observed and model anomalies are shown inset.
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Figure 1: Correlations (r2) between daily GEOS-Chem CH4 columns (Jan-Dec, 2003), convolved
with a mean SCIAMACHY averaging kernel, and the associated (top) rice paddy and (bottom)
wetland CH4 emissions.
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Figure 2: Fractional contribution of CH4 column variability due to variability in the OH sink,
expressed as the ratio between the CH4 column peak-to-peak amplitude due to seasonal changes in
OH and the peak-to-peak amplitude of column CH4.
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Figure 3: (Top) Signed correlation (r2) between the seasonally de-trended water table depth Γ
(metres) and CH4 concentration (ppb) during 2003-2005. A best-fit one-year period sine curve was
used to remove the seasonal trend from both quantities. (Bottom) Signed correlation (r2) between
the seasonally de-trended temperature and CH4 concentration time series during 2003-2005 at each
point. A best-fit one-year period sine curve was used to remove the seasonal trend from both
quantities. Note the difference in scale from Figure 1 of main paper.
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Figure 4: Signed correlation (r2) between CH4 and groundwater (a) and temperature (b) over major
river basins. River basin masks (19) are used as averaging windows for the CH4 and groundwater
data. Note the difference in scale from Figure 1 of main paper.
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Figure 5: Uncertainties calculated for normalised CH4 wetland emissions (see text), expressed as
daily fluxes of CH4 per unit area (mg −2 d−1).
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Figure 6: Monthly mean observed and model CH4 mole fraction anomalies at northern (top) and
southern hemisphere (bottom) surface measurement sites, 2003–2008 (28–30). Anomalies are cal-
culated by subtracting the 2003–2008 mean concentration from the mole fraction timeseries. The
GEOS-Chem chemistry transport model, driven by our wetland emissions (red) and a bottom-up
emission inventory (blue) (15). Correlation (r) between observed and model anomalies are shown
inset.
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Abstract.

We develop a dynamic methanogen-available carbon model (DMCM) to quantify the role of the

methanogen-available carbon pool in determining the spatial and temporal variability of tropical

wetland CH4 emissions over seasonal timescales. We fit DMCM parameters to satellite observations

of CH4 columns from SCIAMACHY CH4 and equivalent water height (EWH) from GRACE. Over5

the Amazon river basin we find substantial seasonal variability of this carbon pool (coefficient of

variation = 28 ± 22%) and a rapid decay constant (φ = 0.017 day−1), in agreement with available

laboratory measurements, suggesting that plant litter is likely the prominent methanogen carbon

source over this region. Using the DMCM we derive global CH4 emissions for 2003–2009, and

determine the resulting seasonal variability of atmospheric CH4 on a global scale using the GEOS-10

Chem atmospheric chemistry and transport model. First, we estimate tropical emissions amount

to 111.1 Tg CH4 yr−1 of which 24% is emitted from Amazon wetlands. We estimate that annual

tropical wetland emissions have increase by 3.4Tg CH4 yr−1 between 2003 and 2009. Second,

we find that the model is able to reproduce the observed seasonal lag between CH4 concentrations

peaking 1–3 months before peak EWH values. We also find that our estimates of CH4 emissions15

substantially improve the comparison between the model and observed CH4 surface concentrations

(r=0.9). We anticipate that these new insights from the DMCM represent a fundamental step in

parameterising tropical wetland CH4 emissions and quantifying the seasonal variability and future

trends of tropical CH4 emissions.
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1 Introduction20

Wetlands are the single largest source of methane (CH4) into the atmosphere and account for 20–

40% of the global CH4 source (Denman et al., 2007), of which tropical wetlands account for 50–

60% of this global wetland CH4 source (e.g. Cao et al., 1996; Bloom et al., 2010). Tropical wetland

biogeochemistry is poorly understood compared to boreal peatlands (Mitsch et al., 2010), resulting in

large inter-model discrepancies of the magnitude and distribution of tropical wetland CH4 emission25

estimates (Riley et al., 2011). Tropical climate variability (e.g., resulting in widespread droughts,

Lewis et al., 2011) can lead to large year to year variations in tropical wetland CH4 emissions and

subsequently the global CH4 budget (Hodson et al., 2011). An improved quantitative understanding

of the magnitude, distribution, and variation of tropical wetland CH4 emissions is therefore essential

to further understanding of the global CH4 cycle. Here, we parameterise tropical wetland CH430

emissions, and hence introduce a predictive capability that can be used to determine future emissions

and to help quantify global CH4 climate feedbacks.

In wetlands and rice paddies, methanogenesis (the biogenic production of CH4) occurs as the final

step of anoxic organic matter decomposition (Neue et al., 1997). Factors influencing methanogenesis

rates include substrate availability, soil pH, temperature, water table position and CH4 oxidation rates35

(Whalen, 2005). Wetland vegetation type and aquatic herbivore activity can also affect the transport

of CH4 between the soil and atmosphere (Joabsson et al., 1999; Dingemans et al., 2011). On a

global scale, seasonal variations in wetland CH4 fluxes are mostly determined by temporal changes

in wetland water volume and soil temperature (Walter et al., 2001; Gedney et al., 2004), and from

seasonal changes in wetland extent and wetland water table depth (Ringeval et al., 2010; Bloom40

et al., 2010). Recent work that used SCIAMACHY lower tropospheric CH4 column concentrations

and Gravity Recovery And Climate Experiment (GRACE) equivalent water height (EWH) retrievals

show that the seasonality of wetland CH4 emissions can be largely explained by seasonal changes

in surface temperature and water volume (Bloom et al., 2010). The Amazon and Congo river basins

were the only major exceptions in this study, where CH4 concentrations peaked several weeks before45

EWH, highlighting our incomplete understanding of the processes controlling tropical wetland CH4

emissions over seasonal timescales.

In this paper we focus on the seasonal lag between CH4 emissions and flooding over the Amazon

river basin area (Oki and Sud, 1998). We use SCIAMACHY CH4 retrievals and GRACE EWH

(both described in section 2.2) to determine the seasonal lag between wetland CH4 emissions and50

wetland water volume. Figure 1 shows that seasonal flooding of the Amazon basin occurs typically

1–3 months after the peak CH4 concentrations, and to a lesser extent the lag persists throughout

tropical wetland areas. In section 2, we test the hypothesis that this lag is related to the depletion

of methanogen-available carbon during the onset of the tropical wet season by explicitly account-

ing for this carbon pool in a parameterised model of tropical wetland CH4 emissions (Bloom et al.,55

2010). We optimise model parameters by fitting them to SCIAMACHY CH4 column and GRACE

2
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EWH measurements, and use the resulting model to estimate global wetland emission estimates. In

section 3 we compare our results to previous estimates of wetland CH4 emissions and to decomposi-

tion rates of methanogen-available carbon in anaerobic environments. Finally, we use our estimated

emissions to drive the GEOS-Chem atmospheric chemistry model as an approach to test the consis-60

tency between our emission estimates and observed variations of atmospheric CH4 concentration.

We conclude the paper in section 4.

2 Process-based Model and Application

Here, we introduce a methanogen-available carbon pool (Cµ) that typically originates from labile

plant litter, recalcitrant organic matter decomposition and root exudates (e.g. Wania et al., 2010).65

Typically soil carbon pool decay constants are more than an order of magnitude lower than those of

leaf litter (Sitch et al., 2003; Wania et al., 2010). Therefore, if Cµ originates mostly from the slow-

decomposing recalcitrant carbon pool, then variations in Cµ over seasonal timescales are likely to

be small. Conversely, if Cµ is drawn from leaf litter, then large variations in Cµ abundance may

arise as a result of rapid litter decomposition in the tropics. Miyajima et al. (1997) measure CH470

accumulation of anaerobic decomposition of incubated tropical withered tree leaves over a 200 day

period. These observations show a rapid decrease in decomposition rates over the incubation period.

Bianchini Jr. et al. (2010) found similar results from dried and ground anaerobic decomposition

of Oxycaryum cubense at 20◦C: following a 20-day lag (where no emissions were observed) CH4

produced from organic carbon decomposition peaked after a 50-day period, and then rapidly de-75

creased. On a tropical river-basin scale, flooded areas expand at the onset of the wet season and

engulf newly available plant litter: as a result, CH4 emissions from plant litter may peak before the

height of the water table. The occurrence of anaerobic CH4 emissions from litter decomposition

within sub-seasonal timescales raises the question as to whether Cµ significantly varies in time.

2.1 Model Description80

We base our model on previous work (Bloom et al., 2010) that describes the temporal variability of

wetland emissions F t
CH4

(mg CH4 m−2 day−1) as a function of EWH and surface temperature:

F t
CH4

= k(Γt
w +Dα)Q10(T t

s)
T t

s
10 , (1)

where at time t (days), Γt
w is the EWH, T t

s is the surface temperature (K), Dα is the equivalent depth

of the wetland soil (m), Q10(T t
s) is the temperature dependence function implemented by Gedney85

et al. (2004), and k is a scaling constant (mg CH4 m−2 day−1) accounting for all temporally constant

factors (e.g. Gedney et al., 2004).

Equation 1 assumes an inexhaustible source of methanogen-available carbon. Here we account

for the potential seasonal changes in Cµ by substituting k with φ0C
t
µ, where φ0 (day−1) is the
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temperature, water and carbon independent decay constant of wetland methanogenesis, and Ct
µ is90

the value of Cµ (mg CH4 m−2) at time t:

F t
CH4

=φ0C
t
µ(Γt

w +Dα)Q10(Ts)
T t

s
10 . (2)

To determine temporal changes in Cµ, we define Ct+1
µ in terms of Ct

µ:

Ct+1
µ =Ct

µ +Nµ∆t−F t
CH4

∆t, (3)

where ∆t is the time interval, F t
CH4

is the carbon loss due to emitted CH4 (equation 2), Nµ is the95

net influx of carbon available for methanogenesis from plant litter, root exudates, and breakdown

of complex polymers from the recalcitrant carbon pool. We assume Nµ is temporally constant,

and we assume wetland carbon stocks are in quasi-equilibrium on annual timescales, hence Nµ =

F t
CH4

. Note that when φ0 is small, the equilibrium Cµ �Nµ∆t. In this case, Ct+1
µ 'Ct

µ and

equation 2 converges to equation 1 (Bloom et al., 2010), which assumes φ0Cµ is constant over100

seasonal timescales. In order to compare derived decay constants with observed and model values

(e.g. Miyajima et al., 1997; Wania et al., 2010), we determine the annual mean decay constant of

wetlands areas as φ = F t
CH4

/Cµ (day−1). Equations 2 and 3 constitute the dynamic methanogen-

available carbon model (DMCM).

2.2 Data105

For the sake of brevity we only include a brief description of the datasets for our analysis and re-

fer the reader to dedicated papers. Solar backscatter data from the Scanning Imaging Absorption

Spectrometer for Atmospheric Cartography (SCIAMACHY) instrument onboard Envisat is used to

retrieve the mean column concentrations of CH4 in the atmosphere (Frankenberg et al., 2005). The

spatial resolution of CH4 retrievals is 30km× 60km, and the Envisat orbital geometry ensures global110

coverage at 6-day intervals. CH4 retrievals are only achievable in daytime cloud-free conditions.

The Gravity Recovery and Climate Experiment (GRACE) is a twin satellite system from which the

Earth’s gravity field is retrieved at 10-day intervals. Tides, atmospheric pressure and wind are in-

cluded in the applied corrections on GRACE gravity retrievals: the remaining temporal variation in

GRACE gravity is dominated by terrestrial water variability (Tapley et al., 2004). We incorporate115

SCIAMACHY CH4 concentrations, GRACE EWH and NCEP/NCAR daily 1.9◦ x 1.88◦ tempera-

ture re-analyses (Kalnay et al., 1996) into a process-based model following Bloom et al. (2010). We

use the 2003-2008 SCIAMACHY column CH4 retrievals (Frankenberg et al., 2008), and the CNES

GRACE EWH 1◦ x 1◦ 10-day resolution product (Lemoine et al., 2007): we aggregate all three

datasets to a daily 3◦ x 3◦ horizontal grid (see Bloom et al., 2010).120

2.3 Global parameter optimisation

We implement the DMCM on a global 3◦ × 3◦ grid for the period 2003–2009. We drive the DMCM

using the aggregated daily values of T t
s and Γt

w. We spin up the DMCM using 2003 T t
s and Γt

w

4
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values until it reaches an annual equilibrium (Nµ = F t
CH4

). In contrast to Bloom et al. (2010), we

supplement the Q10(Ts) function with a gradual linear cut-off for temperatures for 0◦C < T t
s < -125

10◦C, and when T t
s < -10◦C, F t

CH4
= 0 as a first order approximation to wintertime CH4 emission

inhibition in boreal wetlands. As the Q10 function never reaches zero, this supplementary constraint

will effectively suppress winter-time CH4 emissions, which is broadly consistent with our current

understanding of CH4 emissions in boreal wetlands.

We apply the DMCM globally in order to determine (i) the temporal variability of φ and Cµ in130

the tropics within each 3◦×3◦ gridcell (ii) the potential of Cµ temporal variability on extra-tropical

wetland environments, and (iii) CH4 emissions from wetlands and rice paddies at a global scale. We

determine the global distribution and seasonal variability of wetland CH4 emissions by optimising

parameters φ0 and Dα at each gridcell by minimising the following cost function (J):

J =
n∑

t=1

(κ∗∆F t
CH4

−∆St
CH4

)2, (4)135

where ∆St
CH4

denotes the SCIAMACHY CH4 variability after we remove the interannual trend

(represented as a 2nd order polynomial); F t
CH4

is derived from equations 2 and 3; and the conver-

sion factor κ (ppm kg−1 CH4 m−2 day−1) relates CH4 emissions to the equivalent column concen-

tration in the lower troposphere (e.g. Bloom et al., 2010). We then implement the global Q10(Ts)

optimisation approach of Bloom et al. (2010). Like other top-down parameter optimisation methods140

of global wetland CH4 emissions (Gedney et al., 2004; Bloom et al., 2010), our method is unable

to distinguish between the seasonality of CH4 emissions from wetlands and rice paddies due to the

concurring fluxes over seasonal timescales, although we anticipate varying fertilisation and irriga-

tion practices will also influence the seasonality in rice paddy CH4 emissions (Conen et al., 2010).

We hence distinguish the sources spatially (Bloom et al., 2010) for which we have more confidence145

in the distribution of rice paddies. Finally, we use the IPCC global wetland and rice paddy CH4

emissions median of 227.5 Tg CH4 yr−1 (Denman et al., 2007) as a base value for 2003 emissions.

We propagate the following uncertainties through our global wetland and rice paddy CH4 emis-

sions estimation (Bloom et al., 2010): (i) SCIAMACHY CH4 observation errors; (ii) the uncertainty

of the linear fit between F t
CH4

and St
CH4

; (iii) the uncertainty σκ =±16% associated with κ; and150

(iv) a global wetland and rice paddy uncertainty of ± 58 Tg CH4 yr−1 (Denman et al., 2007).

3 Results and Discussion

Over the Amazon river basin we find wetland CH4 fluxes coinciding with small values of Cµ, result-

ing in a highly variable Cµ over seasonal timescales. Assuming an annual mean inundated fraction

of 3.3% (Prigent et al., 2007), the median CH4 flux over a flooded area is 1.06Mg C ha−1(369155

mg CH4 m−2 day−1). The median Amazon wetland Cµ = 0.16Mg C ha−1 with a range of 0.02–

7.89Mg C ha−1 (5th–95th percentile). The large spatial variability of Cµ is consistent with the

5
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complexity of methanogenesis rates in wetlands (Neue et al., 1997; Whalen, 2005). Large temporal

changes of Cµ are observed in the Amazon river basin where the mean Cµ coefficient of variation

(cv) is 28± 22% over the period 2003-2009. When we allow Cµ to vary in extra-tropical regions we160

find a median of cv < 0.1%, and as a result the relatively small Cµ variability does not influence the

seasonality of CH4 emissions outside the tropics. For rice paddy areas in southeast Asia we find a

median of cv = 4.8%. We acknowledge that due to the varying rice cultivation practices around the

world (Conen et al., 2010), the effects of rice paddy irrigation and the timing of fertilisation on Cµ

cannot be captured by the DMCM approach.165

To determine whether our derived values for Cµ and φ are relevant to tropical ecosystems, we

compare them against laboratory measurements of anaerobic decomposition of withered leaves from

a wetland region in Narathiwat, Thailand (Miyajima et al., 1997). We simulate CH4 production from

Cµ at each model gridcell for a 200-day period without fresh carbon input (Nµ=0), and we use in-

nundated fraction observations (Prigent et al., 2007) to determine the flux magnitude over flooded170

areas only. Figure 2 shows the cumulative CH4 production over a 200-day period for (i) simulated

decomposition from derived φ and Cµ values over the Amazon, (ii) simulated decomposition from

derived φ and Cµ values over boreal wetlands, and (iii) upscaled withered leaf mineralisation rates

by Miyajima et al. (1997) using a median of 17.5 Mg C ha−1 fine and coarse woody debris (Malhi

et al., 2009). For boreal and tropical Cµ decomposition, the median cumulative CH4 emissions,175

68% confidence interval, and mean decay constants (φ) are shown. For the withered leaf minerali-

sation rates, we show the mean fitted decay constant (φ) and the range and median cumulative CH4

emissions.

The top-down parameter estimation of φ and Cµ suggest plant litter Cµ is a fundamental com-

ponent of tropical CH4 emission seasonality. Our top-down estimation of anaerobic decomposi-180

tion rates for tropical wetland CH4 emissions compare favourably with laboratory measurements of

anaerobically produced CH4: while the magnitude of tropical Cµ decomposition is more than a fac-

tor of two smaller than laboratory measurements (Miyajima et al., 1997), the mean decay constant

φAmazon = 0.017 day−1 compares well to φleaf = 0.011 day−1 for withered leaf decomposition.

The larger laboratory measurements (Miyajima et al., 1997) are partially explained by an incuba-185

tion temperature of 35◦C (cf. a mean surface temperatures in the Amazon basin of 23◦C), and the

lack of observations for coarse woody debris decomposition. As a result of relatively high φ val-

ues, measured leaf decomposition and model CH4 emissions both show a significant reduction of

CH4 emission rates throughout the 200-day period. In contrast, the boreal decay constant (φBoreal=

0.0003 day−1) indicates relatively constant CH4 emission rates throughout the 200-day period.190

Table 1 shows a comparison between observed and model decay constants derived from a variety

of methods. The range of φAmazon values are within the order of magnitude of leaf and wetland

macrophyte decay constants (Miyajima et al., 1997; Longhi et al., 2008; Wania et al., 2010). We

believe that φAmazon is an indicator for the cumulative decay constant of the rapid anaerobic de-
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composition of root exudates, plant litter decomposition, and the contribution of recalcitrant carbon195

pools. For a more detailed φAmazon comparison with observed and model decay constant values, an

estimation of the overall φ in wetland CH4 production from bottom-up process-based models (e.g.

Wania et al., 2010) is needed.

Figure 3 shows the total CH4 flux over the central branch of the Amazon river (0◦N–6◦S, 80◦

W–40◦W). The temporal changes in Cµ result in a significantly different timing for CH4 emissions200

over the tropics in comparison to the Bloom et al. (2010) water volume and temperature dependence

approach. While in the dry season the minimum CH4 fluxes coincide with the lowest GRACE EWH,

peak CH4 fluxes occur during the rising water phase. The DMCM optimisation predicts that the

accumulation of carbon in the dry season results in higher Cµ values at the onset of the wet season.

This carbon pool is then rapidly depleted during the wet season. As a result, CH4 emission rates205

begin to decrease before the peak water phase in the wet season. CH4 oxidation within the water

column has been proposed as a mechanism explaining reduced CH4 emissions during the peak of

the wet season (Mitsch et al., 2010), although this would result in a second CH4 peak at the end of

the wet season. The absence of this peak in our analysis suggests this process plays only a minor

role in tropical wetland CH4 emissions seasonality.210

By globally integrating the DMCM method we estimated tropical wetlands emit 111.1 Tg CH4

yr−1, where Amazon wetlands account for 26.2 Tg CH4 yr−1 (24%). Table 2 shows our estimates are

within the range of other independent Amazon wetland emission CH4 estimates. Figure 4 shows the

zonal profile of our top-down approach with the associated uncertainty estimates. We capture three

main features of global wetland and rice paddy emissions, i.e. peaks over the tropics, subtropics and215

lower mid-latitudes (mainly due to rice), and boreal latitudes, in agreement with previous studies

(Bloom et al., 2010; Fung et al., 1991; Riley et al., 2011). In comparison to our previous work

(Bloom et al., 2010) we find a slight reduction in boreal wetland emissions (3.2%), primarily due to

the introduction of a gradual cut-off in methanogenesis rates under 0◦C (section 2.3). During 2003-

2008, the global change in CH4 wetland emissions amounts to an increase 7.7 Tg CH4 yr−1, mostly220

as a result of boreal wetlands (3.1 Tg CH4 yr−1) and tropical wetlands (3.4 Tg CH4 yr−1), while

there is also a significant increase of 1.1 Tg CH4 yr−1 from mid-latitude wetlands. The increase

in southern hemisphere extra-tropical wetland emissions (0.13 Tg CH4 yr−1) did not significantly

contribute to the CH4 wetland emissions growth during 2003–2008.

Finally, we use our wetland and rice CH4 emission estimates to drive the GEOS-Chem global 3-D225

atmospheric chemistry and transport model (described and evaluated by Fraser et al., 2011) allowing

us to test consistency between our emissions to surface measurements of CH4 concentrations. We

sample the model at the time and geographical location of the surface CH4 measurements from

the GasLab, AGAGE and ESRL networks (Francey et al., 1996; Prinn et al., 2000; Cunnold et al.,

2002; Dlugokencky et al., 2009). Figure 5 shows model and observed CH4 concentration anomalies230

(i.e., minus the mean trend) for the northern and southern hemispheres. We chose to remove the
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interannual trend from all CH4 concentrations to compare the seasonality of model and surface

measurements of CH4. We show that the DMCM approach better describes the observed seasonality

in both hemispheres (rNH=0.9, rSH=0.9), and the amplitude of the southern hemisphere seasonality

is largely improved in comparison to the GEOS-Chem runs using Fung et al. (1991) and Bloom et al.235

(2010) CH4 emissions.

4 Concluding Remarks

Understanding the temporal controls of temperature, water volume and carbon content of wetlands

is crucial in determining the global and regional seasonal cycle of wetland CH4 emissions. We show

that incorporating a temporally variable methanogen-available carbon pool, Cµ, in our top-down240

approach results in a significant improvement in describing the temporal behaviour of tropical and

global CH4 emissions.

By implementing our dynamic methanogen-available carbon model (DMCM) on a global scale

we determine the effects of a seasonally variable Cµ on the seasonality of wetland CH4 emissions

in the Amazon river basin. We find a median decay constant of φAmazon = 0.017 day−1 over245

the Amazon river basin. Seasonal changes in Cµ in the tropics largely explain the seasonal lag

between SCIAMACHY observed CH4 concentrations and GRACE equivalent water height. The

relatively high seasonal variability in Cµ (mean cv = 28%) over the Amazon river basin results in

peak CH4 emissions occurring mostly 1-3 months prior to the peak water height period: in contrast,

the median boreal Cµ variability is cv < 0.1%. We show a substantial improvement in simulating250

surface concentrations when using the GEOS-Chem ACTM with our wetland and rice CH4 emission

estimates (r=0.9). These improvements in the magnitude and temporal dynamics of tropical CH4

emissions will ultimately help constrain global inverse modelling efforts.

We anticipate that this work will lead to further and more detailed parameterisation of tropical

wetland CH4 emissions, and we expect our tropical wetland CH4 emission parameterisation will255

reduce the uncertainty in forecasting future changes in wetland CH4 emissions.
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Decay Constant (yr−1) Study

Amazon Wetlands (φAmazon) 2.6 - 9.6a (median=5.9)
This Study: Top-down wetland CH4 emis-

sion parameter optimization

Withered Leaves (35◦C) 4.0

Miyajima et al. (1997) Decay constant

from anaerobic tropical leaf CH4 mineral-

isation

Wetland Macrophyte Decomposition 1.0 - 5.5
Longhi et al. (2008)b : Measured decom-

position rates in Paluda di Ostiglia, Italy

Soil Carbon Pool (10◦C) 0.001 - 0.03
Wania et al. (2010): Bottom-up CH4

Emissions from Northern Peatlands
Leaf Litter (10◦C) 0.35

Root Exudates (10◦C) 13

a68% confidence interval
bMass-loss decomposition rates

Table 1. Model and observed decay constants for organic matter decomposition in anaerobic environments

Study Amazon Wetland CH4 Emissions

(Tg CH4 yr−1)

Melack et al. (2004) 22

Fung et al. (1991) 5.3

Riley et al. (2011) 58.9 a

Bloom et al. (2010) 20.0

This study 26.2 ± 9.8

aHigh tropical fluxes by Riley et al. (2011) are a result of anomalously high predicted net primary productivity in the Community

Land Model (CLM version 4)

Table 2. Estimates of total annual Amazon river basin wetland CH4 emissions (Tg CH4 yr−1)
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Fig. 1. Top: The timing (day of year) of peak CH4 concentrations from SCIAMACHY (left), peak equivalent

water height (EWH) from GRACE (middle), and the peak CH4 concentration lead over tropical South America

(right). Bottom: Normalised anomaly of GRACE EWH, mean flood fraction (Prigent et al., 2007) and mean

CH4 concentrations (including 1-standard deviation envelope) over the main branch of the Amazon river (0◦–

6◦S, 40◦–80◦W).
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Fig. 2. Model and laboratory measurements of cumulative CH4 emissions from withering leaves over a 200-

day period. Blue: median and range of values from Miyajima et al. (1997). Red (green): median and 68%

confidence interval range of CH4 emissions from the Amazon river basin (boreal wetland) from Cµ and φ

values when Nµ = 0. A total litter stock of 17.5 Mg C ha−1 (Malhi et al., 2009) was used to upscale the

Miyajima et al. (1997) CH4 mineralisation rates.

Fig. 3. Daily wetland CH4 emissions for 2003–2009 (blue) and GRACE equivalent water height (green) over

the central branch of the Amazon river (0◦–6◦S, 40◦–80◦W).
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Fig. 4. Zonal profile of CH4 emissions from wetlands and rice paddies: top-down approach (blue); Fung et al.

(1991), wetlands only (red); Riley et al. (2011) wetland and rice paddy emissions (orange); Bloom et al. (2010)

wetland and rice paddy CH4 emissions (green). Riley et al. (2011) attribute their elevated tropical fluxes to

anomalously high predicted net primary productivity in the Community Land Model (CLM version 4).
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Fig. 5. Hemispheric mean observed and model methane anomalies from surface concentration measurements,

2003–2008. Surface concentration measurements (black) are from the GasLab, AGAGE and ESRL networks

(Francey et al., 1996; Prinn et al., 2000; Cunnold et al., 2002; Dlugokencky et al., 2009). The GEOS-Chem

global 3-D chemistry transport model (Fraser et al., 2011) is driven by wetland CH4 emission estimates from

Fung et al. (1991) (blue), Bloom et al. (2010) (red), and our new top-down approach (green).
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Chapter 6

Discussion

The objective of this thesis has been to improve the current understanding of global

biogenic CH4 sources by using satellite data to test newly developed CH4 source esti-

mating methods. The main conclusions of my thesis are the following:

• CH4 emissions from UV irradiation of foliar pectin at a global scale are a negli-

gible source of CH4.

• Global spaceborne CH4 observations can be used to determine wetland CH4

emission sensitivity to temperature and water availability.

• There is a strong indication that tropical CH4 emissions are controlled by methanogeni-

cally available carbon on seasonal timescales.

As expected, my findings in turn pose new questions in the field of global CH4 emis-

sions. In addition to the discussion and conclusions in previous chapters, I will provide

an overview the significance of my results in the global CH4 source estimation, and

will introduce main areas where a further understanding is needed to better quantify

global-scale biogenic CH4 emissions.
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6.1 The Big Picture

On a global scale, the attribution of CH4 to anaerobic and aerobic CH4 production

in natural environments remains challenging. Figure 6.1 shows the spatial overlap of

fluxes across the atmosphere-biosphere boundary. As an example, in a partially flooded

ecosystem, CH4 is produced anaerobically in the flooded areas, and the wetland CH4

source comprises of CH4 fluxes through diffusion and ebullition to the atmosphere. In

addition, Rice et al. (2010) find that up to 60 Tg CH4 yr−1 of anaerobically produced

CH4 finds its way into the atmosphere through terrestrial vegetation in flooded soils.

Methanotrophs in unsaturated aerobic soils consume CH4, and amount to an overall

sink of 20 - 45 Tg CH4 yr−1(Dutaur and Verchot, 2007). Finally, aerobically produced

CH4 spatially coincides with the above-mentioned sources and sinks.

In chapters 3, 4 and 5 I determined the global scale temporal behaviour of wetlands,

which account for 100-231 Tg CH4 yr−1 of the total CH4 source. In chapter 2, I deter-

mined that one of the identified anaerobic CH4 pathways, the UV irradiation of pectin,

globally accounts for 0.2-1.0 Tg CH4 yr−1 and is ultimately an insignificant source

in terms of the global CH4 budget, but may be potentially significant on a regional

scale. Nonetheless, my upscaling of UV irradiated pectin emissions does not discard

the possibility of an alternative, and potentially larger source of aerobically produced

CH4 (Keppler et al., 2009).

Therefore the presence of a globally significant aerobic CH4 source from terrestrial

vegetation is still plausible. From Keppler et al. (2006) it is expected that such a source

is driven by UV radiation and therefore climatic feedbacks associated with surface UV

irradiance and atmospheric chemistry (e.g. Paul, 2010) may significantly contribute

to the overall radiative forcing of CH4. In contrast, Niemi et al. (2002) find that an

increase in UV-B irradiance correlates negatively with CH4 emissions in the peatland

microcosms, hence suggesting more complex feedbacks associated with future changes

in global UV irradiance.

While sources and sinks of CH4 can be identified by their isotopic weight, (e.g. Fung
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Figure 6.1: The overlapping CH4 fluxes in a seasonally flooded ecosystem: wetland emissions, aerobic
CH4 emissions, transport of anaerobically produced CH4 and the CH4 soil sink.

et al., 1991; Keppler et al., 2006; Kai et al., 2011) the large volume of satellite ob-

servations of atmospheric CH4 VMR cannot be isotopically deciphered, Process-based

parameter optimisation, through which Bloom et al. (2010b) determined the magnitude

and distribution of CH4 emissions from wetlands, is an essential step in deciphering

the mechanisms and ultimately the individual components of the global CH4 cycle at a

global scale. Global wetland CH4 emission estimates are often characterised as either

“top-down” or “bottom-up” estimates (see chapter 1). Nonetheless, the work carried

out in chapters 3, 4 and 5 does not conceptually fit either category. The Bloom et al.

(2010b) method is based on a process-based model, such as those used by bottom-

up CH4 estimates, but optimises the model parameters using a top-down optimisation

approach. Examples of such approaches include global wetland CH4 emission esti-

mates by Gedney et al. (2004) and CO2 uptake estimates by Nakatsuka and Maksyutov

(2009). In contrast to top-down flux estimation (e.g Bousquet et al., 2006; Bergamaschi

et al., 2009), the approach in Bloom et al. (2010b) is a top-down parameter optimiza-

tion approach. Top-down parameter optimisation methods can be used to determine

the wetland CH4 emissions sensitivity to environmental variables at a global scale, and

can be seen as complementary to the overall framework of global wetland CH4 esti-

75



Figure 6.2: A comparison between global wetland CH4 estimates by Riley et al. (2011), Bloom et al.
(2010b), Bergamaschi et al. (2009) and Bousquet et al. (2006). Figure adapted from Riley et al. (2011).

mates. Hence, top-down parameter optimisation CH4 emission estimates can inform

top-down and bottom-up estimation process. Top-down flux estimation approaches

often rely on a-priori estimates of CH4 emissions (e.g. Bousquet et al., 2006; Berga-

maschi et al., 2009), and the results from Bloom et al. (2010b) can be used as a-priori

emission estimates in top-down approaches. Bottom-up emission estimates rely on

global parameters relating to CH4 emissions from wetlands, such as Q10 temperature

dependence factor (e.g. Riley et al., 2011). Top-down parameter optimisation methods

such as Bloom et al. (2010b) can provide globally optimised parameters to bottom-up

emission estimates. Hence the work carried out in chapters 3, 4 and 5 can be seen

as complementary to the global CH4 wetland emission estimation effort. Figure 6.2

shows a comparison between global wetland and rice paddy CH4 emission estimates

by Riley et al. (2011), Bloom et al. (2010b), Bergamaschi et al. (2009) and Bousquet

et al. (2006).
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6.2 The Upcoming Challenges

The ever increasing volume of global atmospheric CH4 observations data will in-

evitably result in uncertainty reduction of the estimates from Bloom et al. (2010b), and

will help to constrain the global significance of the aerobic foliar CH4 emissions (e.g.

Bloom et al., 2010a). Nonetheless, some major challenges in quantifying CH4 sources

and sinks will persist regardless of the data volume. In this section I will discuss some

of the most challenging aspects.

6.2.1 The Boreal Blind-Spot

Greenhouse gas observations from space rely on measurements of the reflected sunlight

from the Earth’s surface (e.g. Frankenberg et al., 2006). As a result, in the absence

of reflected solar radiation, observations of CH4 are impossible to achieve. When

satellites are in nadir mode view (straight down) the poles are a continuous blind spot

for all near polar orbiting satellites. A much greater seasonal “blind-spot” results from

the lack of observations during boreal winter. Figure 6.3 shows the number of months

during 2003-2004 throughout which no single value of SCIAMACHY CH4 has been

retrieved. While southern hemisphere near-polar CH4 sources are less prominent in the

global CH4 cycle, a similar blind-spot will occur over the southern hemisphere.

While boreal summer-time CH4 observations can be used to determine the tempera-

ture sensitivity of wetland CH4 emissions, the absence of a year-round CH4 cycle is a

restricting factor for the Bloom et al. (2010b) method when determining (i) the onset

of CH4 emissions in spring; (ii) the decline in methanogenesis rates in autumn; and

(iii) the overall atmospheric chemistry of boreal winter. Although the seasonal gap is

incorporated in the uncertainty of the Bloom et al. (2010b) method, non-predictable bi-

ases may arise: for example, Mastepanov et al. (2008) have shown that increased CH4

emissions from boreal ecosystems occur at the end of boreal summer due to the freez-

ing of the ground. Although atmospheric chemistry and transport inversion estimates

do not necessarily depend on overlying CH4 observations, the complete lack of CH4
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Figure 6.3: The satellite blind spot: maximum number of months without SCIAMACHY CH4 obser-
vations at a 3◦ x 3◦ resolution.

observations during more than half a year will undoubtedly result in large uncertainties

associated with boreal CH4 emission estimates.

6.2.2 Gravity versus Innundated Fraction

While the Bloom et al. (2010b) method relied on global observations of gravity derived

equivalent water height (Γ) from GRACE, other recent studies such as Ringeval et al.

(2010) and Hodson et al. (2011) determine global wetland CH4 emissions using multi-

satellite-derived surface inundated fraction data by Prigent et al. (2007). In comparison

to the GRACE Γ wetland volumetric constraint, the inundated fraction data provides a

wetland area constraint. Papa et al. (2008) find that the GRACE and inundated fraction

data co-vary over major river basins.

While the seasonal variability of temperate and tropical wetland areas can be observed

with GRACE Γ, Bloom et al. (2010b) show that boreal CH4 emissions from wetlands

are driven by temperature. Nonetheless, GRACE gravity observations cannot distin-

guish between water and snow (Tapley et al., 2004). Therefore the observed Γ season-
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ality does not reflect the seasonality of wetland depth and wetland extent.

Optimised values of D
α

in boreal regions imply a temperature dependent wetland emis-

sions (FCH4) seasonality (see chapter 3). Nonetheless, the presence of snow at high

boreal latitudes throughout a significant part of the year implies a dual snow-water ef-

fect on the seasonality of Γ. Hence GRACE observations of Γ do not only represent

saturated soil volume changes throughout the year, and the overall effect of wetland

volume changes may be a significant factor in the seasonality of boreal wetland emis-

sions.

6.2.3 The Tropical Carbon Cycle

Wetlands in the tropics are characterised by more rapid decomposition rates due to their

distinct climatic setting. Moreover, as opposed to boreal ecosystems, temperature, net

primary productivity and flooding do not seasonally coincide. The work from chapter

5 implies that the carbon cycle in tropical wetlands is a prominent factor in the season-

ality of CH4 emissions. Nonetheless, the process-based model devised in chapter 5 has

assumed a constant influx of labile carbon in wetland ecosystems.

Plant litter is a significant contributor to the tropical wetland carbon stock. Litterfall

varies significantly over seasonal timescales over the Amazon (Chave et al., 2010),

and due to the high decay constants found for tropical wetlands any further approaches

to the tropical CH4 cycle need to address the significance of leaf litter seasonality on

tropical wetland carbon stocks. The method in chapter 5 is a first order approximation

of CH4 bound carbon, and it is assumed that plant litter input is constant throughout

the year. In order to determine the effects of plant litter seasonality on wetland CH4

emissions, additional knowledge of plant litter seasonality must be incorporated into

future estimates of seasonal CH4 emission estimates from tropical wetlands. In addi-

tion to year-round observations of CH4 fluxes in tropical wetlands, a combination of

year-round tropical plant-litter rates (e.g. Chave et al., 2010), bottom-up CH4 emission

estimates from a dynamical vegetation model (e.g. Spahni et al., 2011), top-down de-

termination of leaf litter seasonality (e.g. Caldararu et al., in review) is needed in order
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to determine the overall effect of plant litter seasonality on wetland CH4 emissions.

Moreover, satellite observations of CH4 are inherently biased to daytime cloud-free

conditions. Therefore complementary CH4 observations are essential in the effort to

better constrain tropical wetland CH4 fluxes.

6.2.4 Global Distinction between Wetlands and Rice Paddies

Wetland and rice paddy CH4 emissions respond similarly to water availability and

temperature on seasonal timescales. Although the sensitivity of these CH4 emissions

to environmental parameters is expected to be similar, major differences have to be

considered when their emissions are extrapolated on a global scale. Rice paddy emis-

sions will vary according to the type of agriculture implemented on a local and regional

scale, and the drainage timing will affect the seasonality of CH4 emissions (e.g. Zhang

et al., 2011). Moreover, as rice paddy flooding is controlled, global changes in wet-

land water volume (GRACE) will not necessarily reflect the changes in rice paddy

CH4 emissions. Nonetheless, other datasets may be brought into the localisation and

quantification CH4 emissions from rice paddies, such as national inventories of rice

agriculture and satellite observations of the growth cycle (e.g. Chen et al., 2011). The

isotopic signatures of agricultural CH4 (105-215h) and wetland CH4 (38-75h) are

distinct (Kai et al., 2011). Therefore by developing a method to incorporate isotope

CH4 surface measurements, the uncertainty in the distinction between wetlands and

rice paddies can be reduced.

6.3 Future Prospects of Process-Based Wetland CH4 Emis-
sions Modelling

There is an increasing amount of global scale datasets relating to wetland and the sub-

sequent CH4 emissions. The ESA Gravity field and steady-state Ocean Circulation

Explorer (GOCE) satellite retrieves the Earth’s gravitational field at a spatial resolu-

tion of spherical harmonic degree and order 200 (approximately 200km resolution)

and in conjunction with other datasets the observation accuracy of the Earth’s geoid is
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expected to be 1-3 cm (Rummel and Gruber, 2010). Atmospheric CH4 VMR retrievals

from the Greenhouse gases Observing SATellite (GOSAT) date from April 2009, and

bear an unprecedented accuracy of 0.4-0.8% (Parker et al., 2011). These datasets can

be used in conjunction with GRACE and SCIAMACHY observations in order to re-

duce the overall uncertainty of parameter optimisation using the Bloom et al. (2010b)

method.

The top-down approach by Bloom et al. (2010b) can be developed and implemented

(i) on other sources and sinks at a local, regional and global scale; and (ii) using a

transport model to determine transport and loss of CH4 in the atmosphere. Tall towers

and aircraft CH4 observations, eddy-covariance flux measurements (e.g. Dengel et al.,

2011) and global flask networks (Dlugokencky et al., 2009) in conjunction with satel-

lite CH4 VMR can be used to optimise wetland model parameters. A transport model

can be used to link the process-based model to the atmospheric CH4 observations. For

example, by combining an atmospheric transport model and a process-based model,

Nakatsuka and Maksyutov (2009) have optimised maximum light-use efficiency and

Q10 coefficients for 11 biomes on a global scale by minimising the differences be-

tween modelled and observed atmospheric CO2. Finally, the parameters derived from

top-down parameter optimisation wetland CH4 emission estimates can be used to de-

termine CH4 emissions in future and past climates. For example, Bloom et al. (2010b)

water-temperature dependence relationships can be used to determine future CH4 wet-

land emissions if the process-based model is adapted to incorporate future climate

scenarios, such as HadCM3 temperature and precipitation outputs for 2000-2100.
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