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Abstract

Over the past two decades the growth odtenethaneéhas shown large variability on muitear
timescales, the reasons for which are not well understood. The JULES land surface model,
TOMCAT 3-D chemical trangort model and observations have been used to investigate causes
for these variations, with a specific focus on wetland emissions and atmospheric loss.

The role of atmospheric variability in the recent methane trends was investigated using
TOMCAT, driven by variations in global mean hydroxgbncentrations derived from methyl
chloroformobservationsResults show that between 1999 and 2@08all in the atmospheric
methane growthatewas, in part, caused by changes in the atmospheridluissvas de largely

to relatively small changes in global mean hydroxyl concentrations over time, with minor

contributions from variations in atmospheric transport and temperature.

Methane emissions frommarious wetland inventories were evaluated using TOMCAT and
observations, and recent trends in emissions were investigatessions calculated by JULES

were spatially and temporally similar to a toown emission inventory and producgdod
agreement with satellite observations when used in TOMCAT (R = E843sions derived for

the period 1993 2012 show a statistically significant (98&vel) positive trenaf 0.43 Tg/yr.

This suggests a loAgrm positive trend in wetland emissions that may contiDueng the stall

in methane growth (1992006) mod#edwetland emissionsvere0.4 Tg/yrlower than average

This suggests that a decrease in wetland emissions contributed to the observed stall in methane
growth.

The wetlandmethaneprocesses within JULES were developed to include transport, oxidation,
sulphate suppression, unsaturated production and methane storage pools. The parameters required
for the additionaprocessesverederivedusing a perturbed parameter ensemble to opirthie

fit with observed fluxesThis slightly increased model performaratdlux sites from R = 0.3i&

the standard mod& R = 034in the updated modeThe new version of JULESas tested using
TOMCAT and satellite observations, and model agreemeamtoved from R = 0.84 to R = 0.87,
additionally the roemeansquareeerror reduced from 17.17 ppb to 15.09 pphis suggests the

optimised additional model processes slightly improved model performance.
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Introduction 1

1 Il ntroductil on

1.1 Motivation

Global surface temperatures over the last three decades have been successively warmer than any
decade since 1850. A linear trend applied to observations shows a warming°af 6@% 1880

to 2012, which is expected to conte in the future (Hartmanet al, 2013). Longived
greenhouse gases, such as carbon dioxide)(&@ methane (CH have contributed to the
increasein temperature by producing a warmieffect on theE a r tclmate system(e.g.
Hartmannet al, 2013. This occurs becausgreenhouse gases absorb aneémét longwave

infra-red radiation, which ultimately leads to a positive total radiative for¢itugnan activities,

such as the burning of fossil fuels, changes in agricultural practices andwearstge ment have
contributed to the observed increase in atmospheric greenhouse gasels #wowgease in

emi ssions. The Earthodés climate systggdacades | i k
in response t@hanges in atmospheric compositiovhich could lead to a greater increase in

temperaturesThis will have an impact on natural and human systems globally.

To be able t@omprehenghast trendsndto predict futurechanges n t he Eart hds cl
understanding of the system is reqdir&Computer models areeeded whichdescribe the
physical, chemical and biological processes controlling part or all of the system. For example,
land surface models can providgtimates obiogenic emissions of greenhouse gases, which can
then be used bwtmospheric models to investigate changes in compositiomever, he
accuracy of all models is limited by the process description within the nzodklby the
information used to drive the modeélindcasting can be used to test models against obseryations

this identifies potential weaknesses in the modelsleadis toimproved understanding of gst

events. Overall the development and use of these models, alongside observations, is essential for

understanding the Earthoés. cli mate system bot

For greenhouse gases, and ,GH particular, emission estimates have large uncertainties.

Wetlands are the largest single sourceCtfs globally and lbth their distribution and the
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processes controllingheir emissions remain poorly understoqe.g. Melton et al. 2013)
Additionally, there remains uncertainty in the variability of the major atmosphericreadtjon
with atmosphericOH (Holmeset al, 2013). These uncertaintidsad not only to gaps in
knowledge about recent trends in atmospheria i alsolimit predictions of future climate
change

1.2 The Role of Methane in Climate Change

CHa,, like CO,, is a greenhouse gas because it absorbs and emits radiation in thedmhage

of the spectrum, thus producing a warming effect onBleer tsurfacs. It is the secondost
important anthrpogenic greenhouse gas afterC@rectly contributing 0.48+0.05 W#of the

2.63 Wm? of total radiative forcing by lontived greenhouse gases (Myleteal, 2013).Figure

1.1 comparesCH, to other radiatie forcing agents. Radiative forcing is a measure of an &gent
influence on t he Ear tehad 2013). dleietfettiveaadiatibeafdrcing c e
displayed represents the change in radiative flux after considering changes in temperatirres, wa
vapour and clouds. The relative abundance of GH.775parts per million by voluméppm))
compared to C®(~400 ppm) is small; hogwer on a per molecule basis @g®bal warming
potential (GWP)is approximately 26 times largeThis is because it abdbs atmospheric
radiationmore efficiently than C@ meaning thasmall changes in atmospheric £¢duld play

a large role in changes to the total radiative forcing. Once emitted into the atmosphées @H
relatively shoratmospheridifetime 0f9.1+09 years€.g.Pratheret al, 2012)in contrasto CG,,

which does not have an atmospheric sink. The lifetime of atmospheridsCdetermined by
surface removal with different rates of uptakenmyltiple removal processesdis somewhere
between 50 and 200 years (Arcle¢rl., 2009)

In addition to the direct effects already mentioned, €&h lead to indirect radiative forcing
effects of approximately 0.2 W#rfollowing its oxidation in the atmosphe¢elansen and Sato,
2007). Approximately half of this indirect radiative forcing is a result ofs@kidationcausing
an increase in troposphic ozone The other half is througkhe production ofHO in the
stratosphere (Hansen al., 2000)

Recent variations in the concentoatiof atmospheric CHhave highlighted uncertainties its
emissions and/or sinks, which mustreducedso thatmore accuratéuture predictions can be
made regarding changes in concentraf@iigokenckyet al, 2011) The assessment of changes
in emis$ons and/or sinksan bemade using two different approachtsgp-down and bottorup.

The topdown approach uses atmospheric measurements 0inGt inversiorof atmospheric

( My hr e
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transporto calculate emissions. This method providesstimate for the glob&Hs emissions
assuming the atmospheric loss is well understood (Kirsetéde 2013). The bottorap approach
generates emissions based on modelled process descriptions, wéicteadls to a large range
in estimates because of a lack of understanckggrding emission processes (Lamargqual,
2013). This thesigses topdown emission estimates to scale botigorinventories and compares
those with observations usinglaemical transport modeC{M). This is to investigate the time
period between 1999 and 2006 when the atmospheric growth gb&Lided, described in more

detail in Chapter 2.

Anthropogenic

Natural

Radiative forcing of climate between 1750 and 2011

Forcing agent

Well Mixed
Greenhouse Gases

Ozone

Stratospheric water
vapour from CH,

Surface Albedo

Contrails

Aerosol-Radiation Interac.

Aerosol-Cloud Interac.

T . £, I
co,

Other WMGHG

Stratospheric | +{<’§>s - - | Tropospheric
-
tel
[

Land Use} -+ | M Bl%cnk :r?;‘k}von

F—{ Contrail induced cirrus

Solar irradiance

Radiative Forcing (W m?)

Figure 1.1 The radiative forcing (hatched) and effective radiative forcirgid} for various
processefor the period 1752011 Note effective radiative forcing represents the forcing change
after accounting for changes in atmospheric temperature, water vapour and cloudsVighoen

et al.(2013)

Wetlands are the largest single source of, @the atmsphere andre the main drivers of the
global interannual variabilityn CH, emissions €.g. Ciais et al, 2014). Processes governing
wetland emissionsra poorly understood andH, fluxes are not well constrained. A possible
feedback between climathang and wetlandCH4 emissions has been hypothesised but the sign
and amplitude of this feedback remain unknown (Ringevall, 2011). This suggests that a

detailed understanding gdrocesses controllingvetland emissions is required far better

understanding dfkely future changes in atmospheric £H
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1.3 Thesis Aims

An overall aim of thighesisis to improveour understanding of atmospheric Ghhcluding the
sinks, transport and sources. More specifically, the study uses models andtgiseto analyse
recent trends in atmospheric @gtowth ratesand developa more detailediescriptionof the
wetland emission processestire JULES(Joint UK Land Environment Simulatomodel. The
specific thesis aims are

A Assess theole of atmospheic processesn the pause in CH growth between 1999
and 2006.

1. What is the role of meteorology on the globthosphericCHs growthpaus@
2. How much of a role did vatiians in OH playCHs growthpausé

The pause in the CHgrowth rate between 1999 and 2006 has been well documented in
observationgDIlugokenckyet al.,, 2003) however there exists no clear consensus regarding the
cause. Previous studies have investigated possible changes in emissions but not changes in the
atmospheric sinkBousquetet al,, 2006; Kaiet al, 2011) This study aims to use GBCls-

derived OH to investigate the atmospheric contribution to the pause in growté.imhpact of

OH variability is observable in the Gittend therit highlights the nee for possible variations in

OH to be considered when investigating the global @dwth rate.

A Usea dobal atmospheric chemistry transport model, TOMCAT, and observations

to investigate limitations of current wetland CH; emissionsmodels.

1. How much o the wetland CH model uncertainty originates from parameter

uncertainty and how much is from process uncertainty?

2. When various bottomp emission inventories are compared with each other, which
regions show the largesingein CH, emissionsand do the inventas provide accurate

regional emission estimatas deduced from atmospheric observattons

3. Can a longerm trend in wetland emissions be detected in bettprand topdown

emissions inventoriés

Wetland CHs emissios from bnd surfa@ models haveaincertainties inboth the structural
processes described by the maledthe parametevalues use@Veltonet al, 2013). This study
usesan existing wetlandemission inventgr and generates a further twail of which follow a

similar procas description but have different driving parametersusiggthese inventories
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TOMCAT and comparing the output with observatioti® inventories can be evaluatdthis
analysis is performed on a spatial and temporal scale.

A Improve understanding of processes which drive wetland Ckiemissionsand use

this in the development of the JULES land surface model.

1. Canthe representation ofiodelled wetland emissions be improved by adding in more

complex processes?

2. Does model tuning usirigcal flux measurements improve the global representation

of modelled emissions?

3. Can the new wetland model and tiragying OH fields capture thebservedCHa
growth rate variability?

It is hypothesised that differences in TOMCAimulationsand observationswill be largely
because olincertainties in the process description of the modelled weBaridsions The
development of a more complex process description in the wetland model aims to improve the
representation of wetland emissions. Flux measuremestdirat used to tune the model
processes, which are then-sgaled to the globalomainfor usein TOMCAT. By incorporating
multiple versions of the wetland model in TOMCAand comparing them with observatipkay

structural componentsuch as Cltrangort and oxidationgan be analysed.

1.4 Thesis Layout

This thesis has seven chapténstotal. Chapter 2 reviews key literature relevant to this work,
providing background information about the sources, sinks and recent trends in atm@iheric
Chapter2 also provides information on the observation techniques used wdhisand how
they have been used in previous studies. Chapter 3 provides a description of the land surface and
atmospheric modellingpols used in this thesihetwo main modelsTOMCAT and WLES,

are discussedncluding ther history and formulationChapter 4 uses TOMCAT to investigate
the role of OH variability on the pause in the Qilowth rate between 1999 and 2006 using
CHsCCls-derivedOH. Chapter 5 investigates the limitats of existing wetland CHmnodels by
using multiple emissions inventories to drive TOMCAWith a particular focus oparameter
uncertainties. Chapter 6 develops the wetland @kponent of JULES thrgi the use of flux
measurements. These developmeats then evaluated using MCAT and observations.

Chapter Bummarises the results of the thesihin the context othe original aims.
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2 At mospheri c Met ha

2.1 Introduction

This chapter reviews key literature relevant to ibsearch questions outlined Ghapter 1. A
clear understanding of wetlai@H, processes and atmospheric chemistry is required to develop

further knowledge of the recent and future trends in atmosphetic CH

Section 2.2 summarises the physical and chainstructure of the atmosphere, both in the
troposphere and stratospheaad givesin overviewof theCH, distribution. Section 2.8escribes

the sinks of atmospheric GHncluding the chemical loss pathways. Section 2.4 summarises the
major sources aitmospheric Cld The sectioralsodescribathe significance of wetlands in the
global CH: budget, outlining the key driving processes. Section 2.5 provides an overview of
observation technigues from multiple instruments, exploring the recent historgasidgment

of CHs measuements. Section 2.6 outlines amurrent understanding of the recent variation in
CH, growth, exploring the possible explanations. This section also discusses the significance of

these recent trends in relationpi@dictions ofuture CH, levels

2.2 Structure of the Atmosphere

2.2.1Physical Structure of the Atmosphere

This section provides a brielverview of atmospheric physiceore detds can be found in
varioustextbods (e.g.Wallace and Hobbs, 2008ginfeld and Pandis, 201d)he amosphere is

defined as the layer of gases which surround the Earth. An understanding of the physical and
chemical structure of the atmosphere is required to help understand the role of greenhouse gases

within the Earth system
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Theverticalstructure ofthie atmosphere is controlled by the balance of the gravitational force of

the Earth and the pressure gradient force. The balance between these two opposing forces, known

as hydrostatic equilibrium, is shown in equatih, wherep is pressurezisheight) i s densi ty
andg is the acceleration due to gravity. Atmospheric pressure decreases almost exponentially

with height though variations in atmospheric temperature prevent this from being a truly
exponential relationship, because of the influence of ¢eatpre on pressure.
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Figure 21 Typical vertical profils of temperature (lefgnd CH, (right) from a TOMCAT
simulationat the equatar

The vertical structure of ¢hlowerand middleatmosphere is shown irigare 2.1. Tis domain

can be broken down in to three regions, defined by a change in temperature gradient. A planetary
boundary layer (PBL) exists at the base of the lowest region, the troposphere. The PBL can extend
up to a few kilometres and is defined as a region of tunibulexing governed by interactions

with the surface. The troposphere extends from the relatively warm surface up to ~17 km at the
equator and ~9 km at the poles. It is typically considered tonmdl-amixedregion and contains
around three quarters of thmass of the atmosphere. The tropopause is at the top of the
tropospherewhere there is a temperature minimum. Abovedtiigideis the stratosphere, vdh

is defined by arincreasing vertical temperatuckie to the presence of the ozone layer. The
straosphereextends up to around 50 km and/éstically stable because warm air is found above

cold air, which slows vertical mixing of chemical species. The troposphere and stratosphere
collectively contain 99.9% of the mass of the atmosphere and a majbthg key processes

which determineclimate. The stratopause is theundaryat the top of the stratosphere where
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there is aemperaturanaximum after which the tempatures once again decrease throtigh
mesospherel-urther atmospheridayers, includig the thermosphere and exosphere, continue
above the mesosphere.

2.2.2Composition and Chemistryof the Atmosphere

Summaries of the composition of the atmosplarebe found itextbookssuch aWWayne(1993
andSeinfeld and Pand{2012).Briefly, the atmospére ismainly composed of nitrogen (78% by
volume) and oxygen (21% by volumekxcluding water vapour, trace gases make up the
remaining 1% of the atmospheric compositiorAlthough these trace gases are low in
concentration, they can have large impactaiomuality, climate change and ozedepletion.
CHa is the fifth most abundant trace gas in the atmosphere, making up less than Q-:0D8296
ppb). In the lower atmosphere Gi$ ubiquitous with relatively small variations in the horizontal
plane. An exeption to this is in source regions, where @#Vvels can belevatedo over 2000
ppb. Longlived trace gases in the troposphametypically well mixed vertically; this is also the
case for CH In the stratosphere GHoncentrationglecrease wittheightdue to slow vertical

mixing and stratospheric chemical lpasshown in kgure 2.1.

2.3 Methane Sinks

After being emittedCH, is transported throughout the lower atmosphere by advection, boundary
layer mixing and convection. Gldan be removeftom the atmosphere either thugh chemical

loss pathways opxidationby methanotrophic bacteria in soils. The largest of these sinks is the
oxidation of CH by the hydroxyl radical (OH) in the atmosphere, which is governed by a
temperaturelependenteaction with loss rate kow, shownin reaction 21 (e.g. Pratheret al,
2012).

60 U0y 60 00 (R2.1)

OH is highly reactive in the atmosphere and as a result has a relatively small atmospheric
concentration of approximately 1X¥1@olecules cm and a lifetime of about 1 s. The main loss
pathwaysfor OH are through reactions with carbon monoxide (CO) &htl. The primary
formation of OH is controlled by ozone {Gand involves photolysis by UV radiatioa form a

single oxygen, which can reaestth a water molecule to produce OBH can also be recycled
through reactions with nitrogen oxides (@o form @&, which subsequently produces OH

Figure 2.2 shows the primary and recycled pathways for the formation of OH in the atmosphere
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highlighting two regimes which alter the recycling process,xN@richeddepleted The OH
concentratior([OH]) is controlled by production, through changes ga@dUV radiation and

loss through reactions witatmospheric species including GHCO, sulphur dioxid¢SOy) and
nitrogen dioxide (NQ.

Primary OH formation: OH recycling, O; formation (NO, enriched):

R1: Oz +hv(A<330nm) - O('D)+ 0O, R5: CO+OH = CO;+H

Rz  O(D)+M - OCP)+M (97%) R6: H+0,+M - HO, + M

R3:  OCP)+0,+M - O3+M R7:  NO +HO; - NO, + OH

R4: 0O('D)+H,0 - 20H (3%) R8:  NO;+ hv(L<420nm) - NO + O(’P)
R3:  OCP)+0O,+M > 0;+M

Cycle 1: CO + 20, - CO,;+ 0

Cycle 1 NO,

OH recycling, O; loss (NO, depleted):

o R5: CO + OH - CO,+H
HO Cycle 2 ".\3 4 hv R6: H+0O;+M - HO,+M
S o H,O Os R9: O3 +HO, > 20,+OH
| co
HOzi 2 NO, Cycle 2: CO + 03 > CO,+0,
|
f o,
H>20> ole) HNO3
A
$OH
RH

Figure 2.2Reaction cycles of OH as determined by reactions with CO andR¥Drepresents
hydrocarbons, mainly CH M represents an air molecule which collides with the species and
dissipates excessergy. Fronielieweld et al.(2002)

Around90% of all surfaceemited CH is lost through reactions with OH, despite OH only having

an atmospheric lifetime of a few seconds. This equates to an annual loss through OH of 9% of the
total burden (4700 to 4900 Tg) (Voulgarakisal, 2013). The amospherid OH] is influenced

by seveal factors discussed previousbne factor is the atmospheric concentration of idlf.

An increase iratmospheric Chlcauses a decrease in {l@H], which in turn affects the CH
lifetime. This is an indirect effect &@H, changesAdditionally, the reaction of CkHwith OH can
eventually lead to the formation of CO via the formation of formaldehyde@THrollowing

reaction 2.1 the formation @H,O is summarised by reactions 2.2, 2.3 antl(Seinfeld and
Pandis, 2006).

60 6 00°8QW O (R2.2)
6°Q) G006 GO (R2.3

60 0 °8'®W 0 (R2.4)
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CH.0 then undergoes photolysis reactions to form CO (reaction 2.5) or HCO (reaction 2.6), which
further reacts with @to form CO (reaction 2.7) (Seinfeld and Pandis, 2006).

6% WO O 8§ (R25)
60 WO O8G0 (R2.6)
066 6 ©00 66 (R27)

On a severamonth timescale CO further depletes atmospheric OH and reacts to formivn
by reaction 2.8 (Sefeld and Pandis, 2006).

60 00 00 @ (R2.9)

In high-NOy conditions theoxidationof CHs has a theoretical maximum yield of 3 @olecules,
given by reaction 2.9; however, due to competing reactions this is alevasachieved (Seinfeld
and Pandis, 2006).

80 pti ©O60 'O6 c0’O ub (R2.9)

In low-NOx conditions as a contrast to the production of ozone via the oxidation pathways shown
above, ozone can be consumed to producg 6D and H (Cicerone and Orental, 1988).

Two example net reaction®.(0and2.11) show how ozone can be consumed in these conditions
(McElroy, 2002).

80 o 0860 O COG U (R2.10)
80 6 ¢6 0980 OO cOU (R2.11)

Several smaller sinks of Gldontribute to the remaining 10% of ¢ldss. Approximately 5% of
atmospheric loss occurs through reactions with tropospheric and stratospheric chlorine (Cl) and
oxygen radicals (&D) (Pratheret al, 2012).

80 0 $ w60 00O(R21)

60 6a 00 06 & (R2.13

CHs-oxidising bacteria, known as methanotrophs make up the remaining sink for atmospheric

CHa (-5%). The chemical pcesses by which this occurs discussed imletail in Section 2.4.2.

Any netpositivedifference between emissions and sinks regukin increase in the atmospheric
burden, and therefore positive growth rates. Conversely, if the loss processes are larger than the

sources, the atmospheric burden will falhe combined sinks, discussedis section, lead to
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CHa having a relatively shoratmospheridifetime, 9.1+0.9 years (Prathet al, 2012), compared

to CO. CO; removal includes extremely long tirseale processesf 5-200 yearswhich means

a single, characteristic atmospheriefime value is not applicable (Cias al, 2014). Climate

change effects caused by a reduction in emissiorGHafwould be observed on a decadal
timescale, due to a large decrease in the atmospheric burden. This would lead to a decrease in
radiative focing and an improvement in global air quality through the role afi€topospheric

ozone production.

2.4 Methane Emissions

Emissions of Chloriginate from a combination of natural (~218CHy/yr) and anthropogenic

(~335 Tglyr)sourceg(Ciais et al, 2014). The most recengstimates oturrent CH emission
sources are given inable 2.1. The processes that lead to the emission p€&tbe placed into

three categories, biogenic, pyrogenic and thermogeniz Neef et al, 2010). CH emissions

from animds, rice agriculture, waste and wetlands are all driven by biogenic processes, which
occur in anaerobic conditions and involve the conversion of organic matter int&@i$sions

from biofuel and biomass burning occur as a result of incomplete combwstitare known as
pyrogenic processes. Emissions from coal, natural gas and oil are typically associated with
thermogenic processes, which occur under high temperature and/or pressure over geological

timescales.

Since thébeginningof theindustrialera the total sources and sinks of Ciihve been imbalanced,

with the source term being larger, resulting inabservedatmospherigrowth. Ths imbalance

has been estimated to be as much as 30 Tg/yr between 1980 and 198& @li2914), with

the sum of the sources at 541 Tg/yr and the sinks 511 Tyigrestimated that the imbalance
wasreduced to 3 Tg/yr between 2000 and 2(K®schkeet al, 2013 Ciaiset al, 2014). The

ranges of uncertaintiesor source and sink tersrvary greatly, as shown imable 2.1. For this
reason, certain individual sources and sinks should be targeted to reduce the overall emission

uncertainties.

By examining thedataprovided inTable 2.1 it is clear that source and sink estimates vary
considerably beveen topdown and bottorup estimatesboth of which have their individual
merits. Bottoraup estimate tend to follow a more procebased approach, which provides
details of individual sources. A poor understanding of the processesngw emissionsard
challenges associated with upscaliegds to the rargof emissions being much largebottom

up estimates. Ciaist al.(2014) compared bottorup global source inventories (678 Tg/yr) with
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sink inventories (632 Tg/yr) (Lamargeeal, 2013) to shovan imbalance of 45 Tgryrom 2000
to 2009. This igreaer than the observed growth off8/yr even allowing for atmospheric lass

Top-down estimatebased on observations and invargelelsare constrained by OH fieldsor

this reason tojlown estimates angsedin this studywhen assessing the global (#didget.The

emission inventories used in this study described in more detail @hapters 4, 5 and @nd

are scaled to the tegiown emission estimates providediiable 2.1. The remainder of this section

focuses on individual sources of GHletailing their size, processes, interannual variability,

uncertainty and, spatial and temporal distribution.

Top-Down Estimate

BottomUp Estimate

Source
Natural
Wetlands
Other
Freshwater
Wild Animals
Wildfires
Termites
Geological(includingoceans)
Hydrates
Permafrost
Anthropogenic
Biomass Burning
Fossil Fuels
Agriculture and Waste
Rice
Ruminants
Landfills and Waste
Sink
Saoll
Atmospheric Chemical Loss
Tropospheric OH
Stratospheric Loss
Tropospheric ClI
Total
Sum of Sources
Sum of Sinks
Imbalance

Annual CH4 Source from 20002009 (Tg/yr)

218 (179273)
175 (142208)
43 (3765)

335 (273409)
30 (2445)
96 (77123)

209 (186241)

347 (238484)
217 (177284)
130 (61200)
40 (873)
15
3 (1-5)
11(2-22)
54 (3375)
6 (2-9)

1 (0-1)
331 (304368)
35 (3239)
96 (85105)
200 (187224)
36 (3340)
89 (87.94)
75 (6790)

Annual CH, Sink from 2000-2009 (Tg/yr)

32 (2642)
518 (510538)

553 (526569)
550 (514560)
3 (-4-19)

28 (947)
604 (483738)
528 (454617)

51 (1684)

25 (1337)

678 (542852)
632 (592785)
45

Table 21 Estimated sources and sinks for global @6t 20062009, based on tegown and
bottomup inventories.Adapted from Ciais et al. (20}4using esimates from various
contributors(Sanderson, 1996; Sugimoto et &4B98; Andreae and Merlet, 2001; Dickens, 2003;
Bastviken et aJ 2004; Hoelzemann et .al2004; Ito and Penner 2004; van der Werf, 2004;
Dentener et a) 2005; Allan et al, 2007; Curry, 2007; Denman et.a007; Walter et a| 2007;
Etiope et al, 2008; Bergamaschi et al 2009; EDGAR4database, 2009; Pison et #2009; Rhee
et al, 2009; Andersoret al, 2010 Mieville et al, 2010; Neef et a]2010; Shakhova et .ak010;
van der Werf et al 2010; Bastviken et gl2011; Bousquet et al2011; EPA2012 Hodson et
al., 2011; Ringeval et al2011; Spahni et al2011; Wiedinmyer et gl2011; Spahni et al2011;

Ito and Inatomi, 2012; Williams et.aR012; Voulgarakis et al2013).Note that emission ranges

are shown in brackets.
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2.4.1Anthropogenic Emissions

Fossil Fuels

Anthropogenic consumption of fossil fuels, predominantly natural gas, leads tee(@lg emitted
into the atmosphere. Fugitive emissions make up the bulkioédhrcevia leaks in either the
extraction method or in the transporttbé fuel. Incomplete combustion of fossil fuels leads to
an additional source of emissions. Fossil fuel operatiankiding extractionare generally well
documented and therefore the estimates of f@h this sectoare well constrained at around 96
Talyr (77123 Tglyr) (Ciaiset al, 2014). Fossil fuel emissionlaveonly a small interannual
variation, as shown ifrigure 23 based orthe Emission Database for Global Atmospheric
ResearchEDGAR) version 4.0 inventory (). Emissions from fossil fuelbave remained
relatively constant from 1975 to 2000ith a small positive trend. The EDGAR 4.0 inventory
shows that betweer®R0 and 2005 global fossil fustlatedCH. emissions increased by 20 Tg/yr
relative to pre2000values

i Other anthropogenic sources (7)
W Waste (6)

i Land use change and forestry (5)
W Agriculture (4)

| Product use (3)

M Industrial processes (2)

# Internatienal navigation |1C)

B International aviation (1)

B Fugitive emissions from fuel (18]

® Energy fuel combustion [14)

nm 1975 HRio) LEES 150 1995 i i

Figure 2.3 Annual global anthropogenic CHemissiongTg/yr) for 19762005 (EDGAR 4.0,
2009).

Ruminants

The term ruminant is given to mammals that ferment food in their rumen, a large section of their
stomach. Large livestock, such as sheep, goats and cows are rumidagenarate ClHas a
waste product within their fermentation system. Methanogens within the fermentation system
produce the Ckthrough anaerobic respiration; this process is discussed indatai€in Section
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2.4.2. Severafactors control the CHemissims from ruminantsgncluding the quantity (Shibata

et al, 1993) and the type of feed (Blaxter and Clapperton, 188Bission prediction modetzan

be created by using feeding characterigtiobinson and Johnson, 1995inission estimates from
ruminantsare well constrained in thé"$PCC report because livestock data is well documented
(Ciaiset al, 2014). These range from 834 Tg/yr, making them comparable wé&missions from
fossil fuels.

Rice Agriculture

Emissions of CH from rice cultivation occur from the same biogenic processes that are
responsible for ClHemissions from wetlands, discussed in more detail in Section. ZHe2
majority of global rice emissions originate from East and S&att Asia as highlighted in
Figure 2.4 Regional and gloeal emissions are well constrained with estimates ranging frem 33
40 Tgl/yr. The small range in valullely originates from the varietgf models used to derive
the estimates and the techniques used to upscale the emissions to a global valuet(Bliyang
2006). Previously riceultivationemissions have been modelled as wetland emissions (Bibom
al., 2012);althoughagricultural treatments could cause a change ilCthegproducingbiogenic
processesKai et al. (2010) suggestedh possible decliningrend in CH emissons from rice
agriculture between 1982 @&2007 This is thought to be due to changes in@gtiral practices,
increasednorganic fertilser use improved crop yields and decreases in the rice production area.
Global CHs emissions frm rice agriculture exhibit a strong seasonal cycle due to the growing

seasons in rice production.

| I [ Eee—
0 500 1000 2000 5000 10000 20000 30000Kkg CH, km2

Figure 24 Estimated annual CHemissions in kigm? from rice agriculture (Yan et al. 2009).
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Biomass Burning

Pyrogenic CHemission fronbiomassurning can be a result of both anthropogenic and naturally
occurringevents andare the result of incomplete combustion. The temperature, composition of
matter and rate of temperature change all contribute to the amouni efrtte¢d from a biomass
buming event (Koppmanat al, 2005). The range of emission estimates are well constrained at
24-35 Tglyr for biomass burning events, based ordimpn studies, and-2 Tg/yr for wildfires,
based on bottorap studies. The interannual variability lméth thefrequency and magnitude of
biomass brning events can be largeiring intensive fire periods (Simpsenal., 2006). This is
particularly evident dung strong El Nifio events whémpical emissions are observed to increase
(van der Werkt al, 2004). Thee is a strong spatial pattern to biomass burning €Hhissions,

with around 85% originating from tropical regions (Hao and Ward, 1993). Of these regions
tropical Asia and Africa are the most dominant, as showigure 2.4 Bottomup processhased
modelsfor predicing CHs emissions from biomass burning are not yet at a stage where they can
accurately reproduce the timing of emissions (Thonétkad,, 2010) More accurate estimates

past emissions are available usiagcombination of a biogeochemicalodel andsatellite
observations of burned area, plant productivity and active étection(van der Werfet al.,
2010). This approach relies on emission factors being applied to codmennatterto CHs
emissions, for example peat fires are estimated to emit approximai@ly@a, for every Kg of

dry matter, whereas Savanna fires only emit around 1.94 g&HKg (Akagiet al, 2011).CO

is also emitted from biomass burning events and influences tresgheric lifetime of Chl
through reactions with OH. Based on Akagil.(2011) the relative emission factors for CO are

around 10 to 30 times larger thidnosefor CHs, depending on the fire type.
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Figure 2.4Relative ontribution of CH biomass brning emissions from different regiofts the
period1997to 2009 Adapted from van der Werf et al. (2010).




Atmospheric Methane 17

Landfills and Waste

Emissions of ChHfrom landfills and waste follow a similar biogenic pathway te renissions
discussed abovand wetland emissions discussed in Section 2.4.2. Buried degradable carbon at
landfill sites undergoes a series of microbial transformagjomhich first lead to the production

of species such as acetic acid,Gd hydrogen (k). Then, through acetat@m@sumption or
reduction of CQwith H,, microorganisms, known as methanogens, produce This is then

either emitted to the atmosphere or oxidised, as discussed in more detail in Section 2.4.2. Landfill
and waste emissions are estimated to be betweand¥0 Tg/yr. These emission estimates are
typically based on measured or estimated waste generation, fraction of waste that is anaerobically
biodegradable, the organic carbon content of the waste and an estimate of the amount of oxidation
of CHa. that occus (Bogner and Matthews, 2003). The range in emission estimates provided in
the IPCC repor{67 to 90 Tg/yr)is in part due to the lack of waste data available from many
countrieCiaiset al, 2014) Landfill and waste emissions have increased since (5@e0Figure

2.3).

2.4.2Natural Emissions

Wetlands

Wetlandsare the largest single source of fiblthe atmosphere, with tafown estimates of 175

Talyr (~30%o0f global tota). Wetlands, such as bogs, fens, marshes and swamps, are defined as
areas where the 3@ saturated, either permanently or seasonally. Nearly half of all wetlands can
be found in high northern latitudes (OECD, 1996), most of which are seasonal due to winter time
freezing. The remaining wetlands in tropical and-8Bopical regions are moaten permanent.

The largest wetland regions can be found in the Amazon Basin, The Congo, The Pantanal

and the West Siberian Plaifthe didribution of wetlands is dependieon several factors,
including the topography, soil properties and predigita Wetland distribution alone does not
dictate the global biogenic emission of £kbm wetlands, and several other parameters play a
key role in CH production and transport to the atmosphere. Tisesidarge uncertainty in global
CHasemissionstanging from 142 to 208 Tg/yr based on-tigpvn estimates and 177 to Z8g/yr

based on bottorap estimatesThe range in existing estimateemes from uncertainty in the
processes that lead to emissions from wetlands. There is also a large interanabiityvar

wetland emissions. This is discussed in more detail in Chapters 5 and 6.
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CH, emission fromwetlands can be broken down into three pgsteduction, transport and
oxidation The CHis first produced in the soils, then either transportedraatthe atmosphere
or oxidised within the soil or water column. ¢€hs produced via a process known as
methanogenesis by methanogensthe anaerobicwetland environments. Methanogens are
microorganisms that use two different metabolic pathways to pr&fidgas a byproduct. Prior

to the production of CH biological polymers are broken down into simpler chemicals, such as
H., CO,, acetate and formate (Le Met al, 2001). Hydrolysis of biological polymers into
monomers (fatty acids, amino acids) is fald by acidogenesis to form orgarscids, alcohols,
H, andCQO,. At this point the Hand the C@can be consumed by methanogens to form @H
can undergo acetogenesis to form acetakéch is then consumed by methanogens (Le dler
al., 2001). The twanost common final steps in the formation of wetland, &d from acetic acid

and CQ reduction by H, summarisedby reaction2.14 and2.15.

806 0 6 V8O 60 (R2.14)
86 10O©0 &0 ¢O0 (R2.19

The formation of Cllby methanogens is dependent on several biological, chemical and physical
factors. The biological dependence originates from the micrabi@munity structure of the
wetland. Methanogens require other members of the microbial community to first break down
more complex carbosubstates whichare known as compieentaryinteractions in the microbial

food web (Cicerone and Oremland, 1988). A separate chemical and biological dependence comes
from the nitrate and sulphate composition of the wetland. Nitratsw@ptate reducing bacteria
typically outcompete methanogens for acetate anavhich reduces the total GHroduction A
separate chemical dependence comes from the soil carlatiand/ CH emissionsare not only
affected by the quantity of soil carbbut also by itgjuality. Easily degradable carbon can quickly

be converted and emitted as £&@d CH. Methanogens are sensitive to soil pH, with an optimum
range between 5.5 and 7.0 (Dunfietdal,, 1993). Temperature is the major physical factor in the
control of CH: production by methanogens. Below 0 °C gmeund is frozen and there is very

low production. As the temperature increases above 0 °C the rate of methanogenesis also
increasesThe optimum temperature for methanoggs varies depending on thpeoduction
processacetateconsuming methanogens were found to have an optimum temperature at 20 °C,
whilst hydrogen oxidisers had an optimum at 28 °C (Svensisalh 1984). The optimum values

will vary between wetlandbut are almost nevereached. Methanogerand even more so the
microorganisms involved in the comepientary reactionsare responsible for the observed
decrease in Ckemissions with a decreasing temperature (Coatad, 1987) The strong links

to temperature suggest tlagpositive climate change feedback loop might be present with wetland

CHas emissions (Gednest al, 2004). The change in precipitation under a changing climate might
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have a positive or negative feedback on wetland emissions (Treebat2011) Methanogens
similarto the ones describédubrecan also be found in ruminants and landfill sites.

CHa present in thesoil and water column can be oxidised by methantrophic microorganism
These bacteria requif® to consumeCH, in the oxidised soil layer. ACH, escapes the anaerobic

soil layer up to 90 % can lexidised in these aerobic zones (Oremlandl, 1992).Atmospheric

CH, can also be oxidisednd as a sink term this accounts for around 32 Tg/yr. As with
methanogens, methanotrophs are dependent on a range of biological, chemical and physical
factors.

Methanogenesis in wetlands typically occurs in the soils below the water column. Faur IGzH
emitted into the atmosphere it must first be transported through both the soil and water column.
The three most common transport pathways are ebullition, diffusion anehpaalted transport
(seeFigure 26). The ebullition pathway involves the release ofs@htough gas bubbles. An
increase in methanogen activity within a wetland leads to a-bpilof CH, in the water column,

when the concentratn is largeenough bubbles formvhich ascend in the water columeleasing

the CH into the atmosphere. A recestudy suggests that sudden ebullition events triggered by
changes in atmospheric pressure can contribute as much as 64% of tpogmhi€sions from
peatlands (Tokidat al, 2007). Ebullition fluxes typically occur as putse response to changes

in atmopheric pressure, temperature or water table depth (Tekialg 2007).

The diffusion of CHfrom wetland soils and water occurs as a result of a concentration gradient
between the surface and atmosphere. The proportion ofld@3H via the diffusion patliay
depends on the wetland type because the diffusion process is quicker through porous soils than
through compact soils. Diffusion of;@om the atmosphere into the soil column enhances the
oxidation rate of Ch suppressing the amount emitted into timeasphere. Diffusion through the

water column is slower than through soil, therefore a high water table can limit the diffusion of

CHa into the atmosphere.

Plantmediatedemissionof CHsrelies ontransporthrough aiffilled cavitiesin plants known as
aerenchymawhich allow for the transport of gases around the plant; iG@lthe soils can enter in
through the roots of the plants and be transported up into the stem via diffDslorer, 2003)
The CH can then be releadénto the atmospheradm the plantAs with the previous two
transport pathways, the proportion of total emissittied occur as a result of plamediated
transport varies depending on the wetlétddies showplantmediated transpodan contribute
up to 90% of the total eissions (Cicerone and Shetter, 1981; Nowthal, 1990). As with the
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diffusion pathway, @in the plant can cause oxidation of the (Qi¢fore it is emitted into the
atmosphere.

‘ Aerenchyma Diffusion

Carbon
Substrate

Figure 26 Simple schematic showing tipeoduction, transport and oxidatio pathways of
wetland CH.

Termites

Termites account for a relatively small fraction of biogenics @rhissions (2 to 22 Tglyr). As

with ruminants the emissions originate in the gut of the termite and vary depend several

factors. There are three main dietary types of termitefaseiing, woodeeding and fungus

growing (Sandersoet al, 1996). Each type emits Gt different rates and there are uncertainties

in the spatial distribution of each (Sugimetal., 1998). Termite ClHemissions have been found

to have a strong seasonal cycle, with emissions 3.5 times higher in the wet season compared to
the dry season (Jamaii al, 2011) This is mostly due to a large increase in biomass during the

wet season

Hydrates and Oceans

Both hydrate and ocean emissions are emitted from the surface of the ocean. Bitdiate
trappedin crystalline water molecules found in the deep ocean formed under conditions of low
temperature and high pressure. Changes ispregnd temperature can trigger the release of the
CH, from the gas hydrate. Hydrates are most commonly found in coastal regions, with high
concentrations in the northern hifgttitudes. There is a large uncertaintyte total CH trapped
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in hydrate andseveral factors play a role in emissions firstly, the formation, and secondly, the
release of Chl from hydrates. Wherconsidering the formation of GHhydrates a clear
understanding of the accumulation of organic carbon on the seafloor, the seaflodmahicro
community, the thickness of the hydrate stability zone, thesGldbility, sediment compaction

and transport is required (Wallmaenal, 2012). The process complexityhich includes carbon
accumulation and microbial kineticand the lack of measement data restrict the accuracy of
CHas hydrate emissions (Wallmanet al, 2012). Future changes in sea temperatures and
circulation might lead to changes in hydrate emissions and possibly lead to a positive climate
change feedback (Archet al, 2007). Currently hydrate emissions are estimated to be between
2 and 9 Tglyr.

Newly formed CH from the oceartan be emitted from the ocean surfdecethis study these

ocean emissions are considered sepgrétem hydrate emission#s in wetland ecosystems,

some aquatic environments consisinethanogenand methanotrophs. G typically produced

in anoxic zones of the ocean, such as the deep ocean or in the sediment layers. Most of this CH
is then consumed in the oxygenated regiofithe ocean (Conrad, 2009). If surface waters become
supersaturated then ¢kan outgas into the atmosphere. Without analysis of isotopic signatures

it is difficult to distinguish between emissions that originate from hydrates and more newly
formed CH emissions However total marine emissions are estimated to be around 20 Tg/yr
(Ciaiset al,, 2014).

Geological

Geological sourcesf CH,4, which includes geothermal activity and mud volcandese been
estimated at 53 Tg/yr using a combination ofdimpvn estimates based on radiocarbdd@)( and

bottomup estimates of CHn the lithosphere (Etiopet al, 2008) This value includes the marine
emissions previously mentioned (20 Tg/yr). Thes,GHr apped i n the Earth©d
through thermogenic and biogenic processes. ThastHen transported up into the atmosphere

by mud volcanoes, faults, fractures and volcanic activity (Kvenvolden and Rogers, 2005). The
spatial distribution of geobical emission sites is poorly constrained and the total emission
estimates vary from 13 to 80 Tg/yr (Etiopeal., 2008).

2.5 Atmospheric CHs Observations

Atmospheric measurements of Céte beingncreasingly used to gainsights into the change

in emissons, sinks and growth of GHThe three main methods for the measurement of
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atmospheric CH concentrations arein-situ flasks, grouneébased Fourier Transform
Spectrometers and satellites. All three are used in this study, with the basic retrieval methods
discussed in this section and further model comparison details provided in Chapters 3 and 5.

2.5.1Surface Observations

Ground basedn-situ measurements provide the longest record of recent atmosphesic CH
concentrations. The National Oceanic and AtmospherimiAdtration (NOAA) has provided
surface CHmeasurements since 1983 (Mauna Loa, Hawaii) through the cooperative air sampling
network. The network has continuously expanded from just a few stations and now provides
monthly mean flask CHdata from 92 sitesThe monthly mean data are averaged from
approximately weekly measurements (Dlugokenetigt., 2015).Thedata have a relatively good
global coverage, although there are only a few tropical sites. As a result the horizontal distribution
of surface CHlin the tropics is poorly captured in the observation network. It is important to note
that although the relative length, accuracy (0.2%), spatial coverage and temporal coverage of the
flask based measurements are good, they are restricted by only being pigeide surface
measurementd he samples taken are sent to Boulder, Colorado, where the measurements are
made.This is doneby first injecting standard air samples into a gas chromatograph. Packed
columns are used to separate the, Gt from the sample before flame ionisation is used for
detection (Dlugokenckegt al, 2015).

The Advanced Global Atmospheric Gases Experiment (AGAtByorkalsomeasuresurface

CH, butin-situ usingreattime flame ionisation detecter The data praded by AGAGE offers

a coarser spatial resolution because there are only 5 sampling sites used. In addition to the CH
measurements made by both NOAA and AGAGE, the two sampling networks also provide
meaurements o€H;CCls. Thesedatacan be used to degvatmospheric OH concentrations and

thisis furtherdiscussed in more detail in Chapter 4.

2.5.2Ground-basedColumn Observations

The Total Carbon Column 83erving Network (TCCON) measurasmospheric Ck using
groundbased Fourier Transform Spectrometers (et al, 2011). First established in 200
the TCCON network contains 2@es, of whict24 are operational. The spatial coverage isdias
to the northern hemisphere with noticeable gaps in Africa, Asia and Bmgtica, as shown in

Figure 2.7 The TC®N dataset therefore lacks the spatial coverage and, with the time series only
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commencing in 2004, the duration of thefacan-situmeasurements. The advantage of TCCON
is that itmeasure predominantly tropospheric column profilesopviding a verticacolumn of
CHs, with an accuracy of <0.25%4.CCON instruments use the shortwave infrared spectral
region, with central wavenumbers at 5938, 6002, 607§ tmrecord direct solar spectra (Wunch
et al, 201). The shortwave infrareflequency ranges seleted because it includes temperature
independent absorption bands of £Mith high sensitivity in the lower troposphere. Further
details of TCCON vertical sensitivities are provided in Chapter 5.

The accuracy of measurements is expected to improve ifuttme with the increasing use of
proxy species, such as hydrogen fluoride, to remove the contribution of stratospheric variability
of CH, (Saadet al, 2014). To compare TCCON measurements with other datasets requires the
application of an averaging keslnthese are discussed in more detail in Chapter 5.

In addition to TCCON, the Network for the Detection of Atmospheric Composition Change
(NDACC) also provides atmospheric Chieasurements from growfhsed Fourier Transform
Spectrometer§Sepulvedat d., 2014) NDACC has a similar global coverage to TCCON, with

15 stations located at a large range of latitudes. The time series length of NDACC stations is
typically longer than the TCCON stations, with some extending back to 1989. The majority of
data fom NDACC sites are not continuous and contain gaps in their record. In addition to these
gaps, several sites are no longer operational, resulting in missing data for the past few years. For
these reasons NDACC data are not used in this study.
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2.5.3Satellite Observation

Satellite remote sensing of lower tropospheric4G¥hs pioneered with the launch of the
SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) in
2002(Bovensmantet al, 1999) Previous upper atmosphere obstore are available from The

HAL ogen Occultation Experiment (HALOERussellet al, 1993) whichretrieved limb viewing
profiles howeverpbservations only extended down to the tropopause, making the data unsuitable

for use with surface flux estimates.

Early missions capable of globabverageCH, retrievals, such as IBM/ADEOS operated in the

thermal infrared (3 8 € m) (Kobayashi et al ., 1999) . Ther mal
maximum sensitivity in the mittoposphere, with low sensitivity in the lower troposphere

(Buchwitz et al., 2005). This makes thermal infrarettievalsless suitd to the detection of

surface methane fluxes.

Tropospheric Chlretrievals from nadir viewing shewave infrared (1.8 & m) i nstrument s
began with SCIAMACHY The shorwave infrared measurements talkem SCIAMACHY are

sensitive tdow altitude levels, including the lower troposphere and boundary layer, making them

better suited for estimatingurface fluxes (Buchwitz et al., 2005)hese retrievals required

validation from ground stations but provided global coverage at a higtalspat temporal

resolution for the first timeThe passive specimeter orboard SCIAMACHY measured

backscattered, reflected, transmitted or emitted radiation from the surface and atmaspiiere.

April 2012 SCIAMACHY provided global measurements of trgeeses, including CHrom the

1.66 em band (Schneising et al., 2009) .

Following on from the success of SCIAMACHY, the Infrared Atmospheric Sounding
Interferometer (IASI) and the Greenhowggsses Observing A ellite (GOSAT) were launched.
The main differace between IASI and the other twatellites(GOSAT and SCIAMACHY) is

the wavelength of operation. IASI operates in the-imichred, which allows for day and night
coverage, land and ocean coverage and sensiiviBH; in the mid to upper tropospheigoth
GOSAT and SCIAMACHY operate in the shortwave infrared, allowing for lower troposphere
retrievals. 1ASI operates using a Michelson interferometer in theinfriared to provide total

columnintegrated Chlcontent with a horizontal resolution of 1R and an accuracy of 10%.
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Figure 28 (Left) Schematidllustrating GOSAT observational metho(Right) The threeday
GOSAT footprint (gsat.nies.go.jp, 2015)

GOSAT is the first satellite dedicated purely to greenhouse gas retrievals; this is done using the
Thermal And Neainfrared Sensor for carbon Observation (TANSO). Hoarier Transform
Spectrometeis part of TANSO and operates in a similar way to therfatometer on IASI.
Incoming radiation is split into two optical paths, which creates an optical path difference. A
Fourier transform is applied to the measured interference, which provides a spectrum. The
absorption of radiation by surface waters makesapheric Chldifficult to measure over lakes

and oceans. Two of the four TANSO bands are used to target the retrieval, dfa@H 2 and

band 4, with spectral coverages at 11562 and 554 4 . 3 & m, rMeisssfudy awites vel y
GOSAT data because ofetlmear surface sensitivity, which is explored in more detail in Chapter

5.

2.6 Trendsin Atmospheric CHs

2.6.1Long-term Trends

From 1000 to 175@lobally-averagedatmosphericCHs had no clear trend with concentrations
varying by about 40 ppb from a mean of 695 ppb (Etheredgk, 1998).Since the prandustrial
eraglobal mean CH concentrations hav@creased by a factor of 2.5, from approximately 722
ppb in 1750 to 1803 ppimi2011 (Etheridget al, 1998; Dlugokenckyet al, 2005).Figure 29
shows tlis notable increase in GHtoncentratiorover this time periodThis longterm increase
has been attributed to a rise in anthropogenic emissions from fossil fuel exploégtionlture,
waste management and biomass burnEgissions more than doubled from a-praustrial
value of approximately 250 Tg/yr to a 2000 to 2010 value of 553 TBf}reridgeet al., 1998;
Dlugokenckyet al., 2011, Ciaiset al, 2014).
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Figure 29 Atmospheric Ckiconcentration®ver the last @00 yearsbased orvarious ice core
samples (Etheridge et.al998).

2.6.2Recent trends

The relatively short atmospheric lifane of CH, compared to C§® means that interannual
changes in sources and sinks are easily detectable in observEtiemslatively smooth increase
in globally-averaged atmospheric Gln an interdecadal timescale since the qmdustrial era

is less apparent on a more recereliannual(0 i 10 year)timescale Since continuous flask
measurements became available in the-18i80s, the rate of increase of atmospheria Gas
been observed to slow down (Dlugokenakyal, 2011). Figure 20 showsdeviations from a
steady growthusing observations from University of California, Irvine (UCI), AGAGE and

NOAA surface sampling sites.
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Figure 210 (a) Averaged global surface GHrom the University of California, Irvine (green),
AGAGE (red) and NOAA (blueetworks (b) 12-month snoahing of growth ratein ppb/yrfor
averaged global ClHusing same colosras (a) (Hartmann et al. 2013).

The atmospheri€Hs growthrate, shown in Figure 20, can be split into several phases. Firstly;

from the mid1980s until 1991 the rate of growtteadily decreased from 12 ppbito
approximately 8 pplyf. This steady decline has been attributed to a-teng gradual decrease

in anthropogenic emissions, with large interannual variability in wetland emissions during this
period (Bousqueet al, 2006). During this period the AGAGE observation network observed a
large growth anomaly, which has been attributed to a sharp decrease in destruction by OH in the
tropics (Bousquegt al., 2006).This anomaly is likely less apparent in other networks dukd

spatial distribution of the measurement sites.

The second noticeable deviation occurred between 1991 and 1993 when there was a sharp
increase followed by a drop in the atmospheric groath, reaching a rate of O ppb/observed

by all networks. Thse were likely caused by two major events, the eruption of Mount Pinatubo

in June 1991 and the collapse of the Soviet Union (Dlugokeatlal, 1994). Following the
Pinatubo eruption volcanic aerosols caused a reduction in ultraviolet radiation retehing
troposphere. This lowered the concentration of species, like OH, which lead to a decrease in the

photochemical loss of CHDIlugokenckyet al, 1996) explairing the initial growth in CH after
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mid-1991. In the months after the eruption a reductiatirect solar radiatioalsocaused a drop

in global temperaturedor example yist over a year after the eruption northern hemisphere
temperatures had decreased by 0.7°C (Dutton and Christy, 1992). As wetlaethiS§lons are
temperature dependetfitis caised a decrease in emissions which is partly responsible for the
decrease in the growth rate in 1992. Prior to the collapse of the Soviet Union there existed large
scale inefficiency in the extraction and transport of natural gas, resulting in emissk®n® &0

Tglyr (Reshetnikowet al, 2000). A majority (>80%) of extracteghsoriginated in the West
Siberian gas fields and had to be transported long distance through ageing pipelines, which led to
a large loss of CH Following the collapse, new investnt allowed for the construction of
pipelines, which were maintained with more generous funding (Reshettikady 2000). This
resulted in a decrease in emissions of 10 Tg/yr, helping to explain some of the observed decrease
in growth in 1992 and 199®(ugokenckyet al., 2003).

From 1993 ChHgrowth resumed at a steady rate until 1997 when a strongiBleMent caused

a large increase in the growth rate. BlnNifio event is characterised as tRacificwarmphase

of theEl Nifio Southern Oscillation (ENSO), the cause of which is poorly understood (Trenberth,
1997 Guilyardiet al, 20129. ENSOevents lead to a shift in the atmospheric Walker circulation
due to changes in ocean circulation. This causes changes in temperatuasfaligatterns
globally, which influences both wetland and biomass burningedtissions (van der Weet al.,,

2006; Hodsoret al, 2011). The overall global shift in wetland €émissions during an ENSO
eventis poorly understood, with a recent studyggesting an overall decrease during the warm
phase and an increase during the cool phase (fia@) KtHodsoret al, 2011). During the warm
phase, like the Bllifioevent in 1997 and 1998, drought in equatorial Asia and Central and South
America caused andnease in fire activity (van der Weet al, 2006). It has been suggested that
the large increase in atmospheric &Jrowth in 1997/1998 is due to the increased biomass
burning emissions (Bousquet al, 2006). In addition taCHs emissions, ltangesin other
chemical species, such as CO, during ENSO events are likely to influence OH concentration and

therefore the loss rate of GH

After the sharp increase in the Cgtowth rate in 1997/1998 there followed a stagnation period
of nearly zero growth from 1999 to 2006. The cause of this stagnation period is not well
understood and it is investited in this thesi@hapter 4. Several hypotheses have besppsed

to exgain the stagnatioimcluding a drop in anthropogenic emissions, a drop in wetland emissions
and a change in atmospheric conditih&rwick et al, 2002; Bousquegt al, 2006;Chen and
Prinn, 2006).There remains a lack a@obnsisteng between studies witsome suggesting that
anthropogenic emissions continuediriorease (Olivieret al, 2005) and others showing much

more uncertainty in the role of wetland emissions (P&@h, 2013) Kai et al.(2011) used trends
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isotopic measurements from Niwot Ridgepimvide an alternative hypothesisat a change in
agricultural practices caused a reductionnmssions from rice paddies. Lewvi al. (2012) used

a more comprehensive dataset and found a much smaller tréredigotopic signature; results
that were not consistent with Kat al. (2011). The role of changes in atmospheric conditions
over this period has not been studied in detailsamdes as motivation for Chapter

It had been previously suggested thatdhserved stagnation between 1999 and 2006 might be a
trend towards a steady state, especially considering the slowdown in growth in the preceding years
(Dlugokenckyet al, 2003). Since 2007 there has been renewed growth observed globally,
suggesting eitlrean increase in emissions or a reduction in the sinks that had been responsible
for the observed temporary steady state. The renewed growth was particularly evident in tropical
regions, with studies suggesting an increase in wetland emissions in 200(DR@kenckyet

al., 2009; Bousqueet al, 2011). In a similar way to the stagnation period most studies have
focused on the potential changes in emissions, with less investigation into the potential changes
in sinks. By investigating the causes of rédeands in CH growth a better understanding and

prediction can be made for future changes in.CH

2.7 Summary

The overallglobalatmospheric Ckbudget is well constrained by t@mwn emission inventories
(Kirschkeet al, 2013). There ishowever consideable uncertainty in the spatial and temporal
distribution of emissions from individual sources, most notably wetlands. To improve predictions

of future changes in emissions these uncertainties need to be addressed. Wetlands account for the
largest single@urce of CHto the atmosphere, the largest interannual variability and the largest
uncertainty in emissions. This highlights the orance of developing a bett@nderstanding of

the distribution of wetlands and the processes controlling emissionsHeom t

There isconsistencyin the observed highly variable growth rate between observation networks
over the past three decades, which is poorly understood (Hateetr&ln2013). Previous studies
suggest that the interannual variability in wetland inchass burning emissions play a large part

in the observed variability in Cigrowth (Dlugokenckyet al, 2009; Bousquett al, 2011). Part

of this hypothesis can be tested using detailed betipnvetland CH inventories, atmospheric
models and observans. Variations in atmospheric conditions are also a possible reason for the
observed variability in CiHgrowth.
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3 Model loionhg T

3.1 Introduction

This chapter details the modeljinpproacheased in Chapters 4, 5 andathematical computer

models which describe both chemical and physical processesa numerical represatibn of

our understanding of system. Thewreessential toolsisedin conjunction with observatioris
improveand tesbur understanding dheEarth systemThey are also used to provide predictions

of the future based on predicted scenarios, for example to estimate future changes in temperature

in response to variations in atmospheric gas concentrations.

Section 3.2 summases the developmentf avetland CH emissionsmodels, with a focus on
JULES(Clarket al, 2011) which is used to simulate land surface processeso8&c8 describes

the TOMCAT CTM which is used to simulate chemical and physical interactions within the
atmosphere. This includes a brief overview of the history of TOMCAT and examples of studies
where it has been used. Section 8idcusses the findings of previous studies, which have
compared modelled Chlvith observationsThis includes flux measurements which are typically
compared directly with wetland GHhhodels and atmospheric observations which are compared
with CTMs. Section3.5 provides an overall conclusion to the presesiiesof land surface and

atmospheric modelling.

3.2 Land Surface Models

Land surface modeld.SMs) are used to describe the complex interactioeisveen theearth
surfaceand atmosphereél'he land surface igypically split into grid cells, which can then be
further divided into subgrid scale surface typ#ant functional types (PFTs) and soil layers, as
shown inFigure3.1 LSMstypically include equations describing the energy balance, hydrology,

carbon cycle and vegetation. Each of thg@socesses interactvith each other to provide a
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detailed framework of the whole ecosystem. For instance, changes in the hydrology might
influence vegetation growth, which in turn would affect the surface energy budget.

The complexity of LSMs can bearied to suit the prdbm being studied and our understanding
of any particular procesBisabling certain processeanalsoinfluenceboththe computing time
and model uncertaintiesFor example if the model fails to estimate vegetation accurttely
model can be forced lprescribed vegetatio@ften additionamodelmodules, like wetland CH
processes, can lgeupledo a LSM to simulate processes that are not usually requistdndard
simulations(e.g. Waniaet al., 2010;Riley et al, 2011). Section 2.3.1 describegtland CH
models, some okhich are inbuilt to LSMssome that arased as attachments and some that are

stand alone.

LSMs are often coupled with atmosphere and ocean mddegbroduce &th system models
(ESMs) which can then be used to provide cliemehange projection¥hey can also be used in
fist-alhdn e ¢whictorehaires the use of meteorologi¢atcing data to drive the model.
The LSM output can then bimputinto an atmosiperic modelin a subsequent experimeiithis
thesisadopts this appach andisesLSMs and CTMsimi s t-alndne 06 mode

Glacier Wetland Vegetated Lake Urban

Figure 3.1 Subgrid hierarchy within the Community L&wutface model, showing the surface
types, soil layers and plant functional types (PHGigson et al 2010).
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3.2.1Wetland CH4 EmissionModels

Globalscale modelling of wetland GHmissions began withlatthews and Fung (1987). That
model relied on prescribed vegetation, soil properties and fractional iedndiagadatasets to
generate globaCHs emission datasetswith an estimate of ~110 Tg/yMatthews and Fung,
1987). These emission estimates were based on upscalindofrahilux measurements to the
global scale. Without the uséland surface models or timarying wetland fractions, these early
attempts to quantify wetland emissions dat capture the temporal variation in emissions.

Processhased modelling of wetland Glhtroduced timevarying emissions (Funet al, 1991).
These were initially depeedt on theime-invariantinundation product from Matthews and Fung
(1987) but introdced a basic representatiorsafface CHoxidation and soil layers (Christensen

and Cox, 1995). Studies also began to include vegetation models to estimageniSsions

which allowed for a soil carbon representati@hristensen and Cox, 1995). Follogion from
earlier studiessubstrate availability, wetland fraction and soil temperature emerged as the
dominant controls of wetland GHmission and were used as prescribed parameters to generate

emissions (Caet al., 1996).

All methods mentioned abowvelied ona prescribed inundatioareaand were not coupled to

LSMs. As a result the hydrology in the models was fixed and they could not be tested for climate
sensitivity. After theeinitial models, wetland CHmodelling development began to split into

two directions. The first is disissed in more detail in Chapteand involved a detailed process
description at a local scale (Waltdral, 1996; Zhuangt al, 2004).The second involved simpler
process descriptions with timarying hydrology at a gbal scale (Gednest al, 2004; Wania

et al, 2010; Rileyet al, 2011). By using topographic indices and soil property information land
surface models began to develop more advanced hydrology schemes which aimed to better
capture the seasonal and intenaal variability in wetland fraction. GlobaSMs typically use a
semiempirical fit of parameters, such as soil temperattoesimulate wetland CHemissions

which arethen scaled to a global value basedrwersion estimate@Gedneyet al, 2004) An
alternative method involascaling up fronsite flux measurements (Wareaal, 2010; Rileyet

al., 2011).As a result the total emissi®aver a defined period are fixed by the scaling factor, but

this can be used to perform a transient climate simualatigredict future changes in wetland
emissions (Gednest al, 2004). There are large uncertainties in the future emissions of wetland
CHa, but studies suggest that emissions are likely to increase (Getaky, 2004 ;et O6Cor

al., 2010). These undrinties are a result of unknown temperature feedbacks, changes in wetland



Modelling Tools 34

distribution and permabst carbon storage. Figure ZRows a modetimulated future wetland
CH, emission scenario, which suggests an almost doubling of wetlapen@ssions by 100.

The major challenges facing current wetland, @tédelling have beeoutlined in a recent mubti

model intercomparison study (Meltcgt al, 2013. That study highlighted ta differences
between current LSMstimategsstatingthat they were a result afcombination oparameter and
structural uncertainty. This suggests that the problem can be split into two subsections, the
difference in the parameters that control wetland emissfergs soil temperaturednd the
complexity of the wetland process witithe models. Chapter 5 investigates how multiple models
with similar processes perform using different parameter sets, with wetland fraction being the
largest control on emission differences. Mel&nal, (2013) showed large differencestire
wetland faction of differentland surface modelséeFigure 3.3). Chapter 6 focuses on how
adding in more complex processes affects the accuracy of wetland models. Current assessments
of LSMstypically involve comparisons witburface flux measurementsie aim d this thesisis

to upscale the comparisons to a global scale by incorpotatrtuxes ina CTM.

b) Wetland methane flux

Global total (Tg CH, yr™")

2000 2020 2040 2060 2080 2100

Figure 3.2 Simulated future wetland ¢ldmissionsin Tg/yr based on a suite of different
temperature sensitivities as given by JULES (Gedney, 0814).
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Figure 3.3Zonal sum of mean annual maximal wetland area from 1993 to 2004 from different
land surface models. KO7 and GIEMS lines are based on observations (stedip2013).
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3.2.2JULES Model Description

JULES, the primary.SM used in this studyyvas developed as ammonunity land surface model

from the Met Office Surface Exchange Scheme (MOSES), which was originally designed as the
land surface component for Earth system and weather forecasting modelst (&190x1999).

JULES contains multiple fal surface modules that interact with each qtimetuding surface
radiation, vegetation, hydrology and soil processes. Each process can be simulated with various
different complexities, dependent on the user requirements. For this study JULES is allg glob

at 0.5 by 0.5° with daily output. Teimulate CHs emissionghe curent version of JULES uses

modelled soil carbon, soil temperature and wetland fraction (Gextredy 2004).

For soil carbon, vegetation information is first requir@d. simulations in this thesis use the
dynamicvegetation model Tedown Reresentation of Interactive Fatie and Flora Including
Dynamics (TRIFFID), which includes simulated plant growth for 5 plant functional types (PFTs):
broadleaf treespeedle leatrees, G grasses, £grasses and shrubs. The vegetation dynamics
allow for litterfall which enters the soil carbon model, RothC (Coleman and Jenkinson, 1999).
Soil carbon in the RothC model is split into four pools: decomposable plant material (DPM),
regstant plant material (RPM), biomass (BIO) and humus (HUM). Total soil carbon is increased
by litterfall and decreased by soil respiration. The respiration rate varies for each pool and the

pool allocation is dependent on the type of litterfall and intenag between the pools.

JULES uses soil temperature in the calculation of soil respiration and the production, blyCH
methanogenesis. Soil thermodynamics in JULES simulates both surface and subsurface soil
temperature. Surface soil temperatures, uséuk simulation of Clj are calculated in the surface
exchange module. This module requires various datudimg incoming longwave and
shortvave radiation surfacegrid cell type and soil thermal conductivity properties. Thermal
diffusion, which isdependent on soil moisture and various soil properiiesULES is usedto

produce subsurface soil temperatures.

Within the surface hydrology module of JULE&el TOPographpased hydrological MODEL
(TOPMODEL) (Bevaret al, 1984)is used to represent soydrology, which determines wetland
fraction TOPMODEL isrequiredto simulate surface fluxes and runoff in each grid cell and is
dependent on a topographic indexhich is an amalgamation of various elements which can
define the hydrological surface dynasi By providing a representation for drainage and runoff

the topographic index controls the tendency for a grid cell to become saturated. This study uses a
recently developediopographic index to drive TOPMODEL within JULES (Martheetsal,

2015). Previas versions of JULES failed to capture the spatial distribution of wetland fraction
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when compared to observations (Haynedral, 2014). The new topographic index is used in
Chapters 4, 5 and 6.

3.3 Atmospheric Models

Atmospheric bservationgrovide essentiahformation abouCH, concentrations in the present

day and recent pastiowever to develop a better understanding of the distribution of sources and
sinksnumericalmodels are required 3-D modelsimulates the physical and chemicalqasses
controlling one or more chemical species in the atmosphere. This is done by solving the continuity
equations for mass consation of the species. These at®wn in equation 3Mhich describs

the transport of apecies in 3limensional spacavhereF is the flux vectorn is the number
density of the species,is time, x, y andz are the directions, and J0is the flux divergence

measuring net flow
— _ = — n 00 (3.1)

Grid cell concentrations ¢Cof chemical species within a model are providigdbalancing the
concentration at the previous time st€p], a grid cell flux(F) and chemical lossr production

which is often dependent on other spe¢¥sand temperatur€l’), shown in equation 3.2.
0 0 O QwhYo (3.2

By comparing the results of CTM simulations with observatiomslerlying processes can be
better understood. CTMs require meteorological inputs because they do not simulate atmospheric
dynamicsunlike geneal circulation models (GCM)he advantages of using CTMs over GCMs

are that they are less computationally expensive, easier to run and can be easily compared with
observationsAn off-line CTM does not include chemical feedbacks into the driviageorology

In the past few decades CTMs have been increasingly used to create glpbati§éts (Funet

al., 1991; Dlugokencket al, 2011; Kirschkeet al, 2013). Two methods are commonly used in

most atmospheric modelling studies, forward and irevers

3.3.1Forward Chemical Transport Models

Forward CTM, like thatused in this thesjsequire emission estimates and loss fiefdshemical

speciesEmissions come from a wide range of soudessribedn Chapter 2including national



Modelling Tools 37

inventories, land steice models and satellite proxy metho@IMs can be split into two
categories;Lagrargian models use a localir-parcetfollowing frame of reference, whereas
Eulerian models contain gridboxes with fluxes in and ®his make Eulerian models more
suitabke for understanding global budgetulerian nodels typically comprise of multiple
horizontal and vertical levels, the emissions are input at the surface level and are transported
around the model gridboxes via advection, catieea and boundary layer ming. Once in the
atmosphergloss fields are applied tthe speciesthese can either be calculated or specified
Calculatedoss fields are defined by fully interactive chemistry where equations are solved for
each speciesSpecifiedloss fields use presbed data from elsewhere, the advantages and
disadvantages of both methods are discussed further in Chaptartide soil sink, the lossan
beapplied as a negative emission fiélitie spatial variation in emissions, loss fields and transport
plays akey role in the removal of CHIf, for example, large quantities of Giwere emitted and
remained in poorly sunlit regions due to no mixing or transport beingasied, then the lifetime

of CH, would increase due to the limited availability of CResuls in Patraet al. (2011) show

how forward models can be used to investigate emissions, transport and loss fields by comparing
models not only with each other but also with observatidhsir results show that differences

exist within forward modepredictonsbut they generally agree well with observations.

3.3.2Inverse Chemical Transport Models

Inverse modelling techniquese observations of atmospheric concentrations aft€estimate

a surface emissidiux, e.g.Wilsonet al.(2014) This topdown approeh provides a good spatial
coverage for emission estimatdsjt like forward modellingrequires accurate modelling of
transpot. Previous studies suggeke lack of spatial coverage of observations and inaccuracy in
model transport hinder the accuracyirgérred emission estimates from inversions (Denteher
al., 2003; Mikaloff Fletcheet al, 2004; Chen and Prinn, 2008)dditionally, inverse modelling

requires a prior estimate of emissi@msl an estimate of the error

3.3.3TOMCAT Model Description

TOMCAT is an off-line Eulerian CTM, which was originally created to study the polar
stratosphere in the early 1990s at the Centre National de Recherches Météorologiques (CNRM)
in Toulouse (Chipperfieleéet al, 1993). Arelatedmodel, SLIMCAT, was later createdom
TOMCAT to improve simulations of the stratosphere using a different vertical level system

(Chipperfieldet al, 1996). The two models were later combined to create a newer version of
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TOMCAT, described by Chipperfield (200@hat has been used in mamgpospheric studies
(e.g.Dhomseet al.2011; Hossainet al, 2015). The version of TOBIAT used in this study has
ahorizontal resolutiof 2.8° by 2.8with 60 vertical levels from surface +60km. The model
levels use &ybrid vertical coordinatelp), with terrainfollowing levels near the surfacé)@nd
pressure levels in the upper atmosphgne The pressure of a model hédfvel (pri12), Or
interface, is given by equation 3.&@herepo is a reference pressure of 100,000 Pansl the
surfa@ pressurésee Chipperfielet al, 2006)

n y on on (33

Transport in the TOMCAT model used in this study is controlled by separate advection,
convection and planetary boundary layer schemdsection in the model is represented by
equation 3.1. Convection within the modeb&sed on a scheme developed by Tiedtke (1289)
described by Stockwell and Chipperfield (199anetary boundary layer mixinghasedon a
scheme developed by Holgl and Boville (1993and described by Wangt al, (1999)
TOMCAT can be used in full chemistry mode, which includes multiple chemical species;
however for the purpose of this study a simplified chemistry is used whichl&@redgin more

detail in Chaptr 4. The TOMCAT simulations used in this thesis are forced by winds and
temperatures from the-tourly European Centre for MediuRange Weather Forecasts
(ECMWEF) ERAcInterim reanalyses (Dee et al., 2011). These are transformed onto the model grid
prior touse in the model simulatioasd the model is updated on-B0nute time steps

TOMCAT hasbeenpreviouslyused tanvestigate the impact of meteorology on the interannual
growth rate ofCH.in the atmosphere using an offline Gield (Warwick et al, 2009. A similar
simplified chemistry scheme used in this thesis has also been previously used in TOMCAT to
show good model agreement with observed atmospheric@itt¢entrations (Patet al, 2011).

3.4 Comparisons with Observations

Previous studies have compared land surface and atmospheric model outputsofvitBH
observations to aid in model development emorove process understanding. Fengl, (1991)
combined a wetland CHnodel, a CTM and observations to generate geographicakasdrsl
emission distributions. This study highlighted uncertainties because of the unknown magnitude
of individual sources and tHienited measurement dat@ihe study concluded that, based on the
data available, a global methane budgmild not beestimded On a sitespecific scale wetland

models were developed to have good agreement with observations (&Valted996). At the
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same time global wetland models were developed but not tested against observatiehskCao
1996) Walteret al.(2000) ntroduced additional surface processes to an earlier study by Walter
et al (1996) and generated a model that could be, but had not yetuseeon the global scale.
Waniaet al.(2010) and Rileyet al.(2011)carried out model comparisons, whsowed good
agreement with surface flux measurements; however they did not compare their results with
atmospheric measurements using a forward CMeniaet al.(2010) showed that the model can

be tuned at individual sites to capture the seasonality obserftad observationsThe model is

then tunedto one single parameter set that is used across all sites. Some sites show a large

reduction in model performance whilst others appear almost unchangédgises.4).
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Figure 3.4 Modelled CH emissions compared with flux observations for sewerthern
hemispheresites. Results are plotted with the RMSE value relative to the observation for the
model tuned for the individual site (red line) and model tuned for all sites (black line) (Wania et
al., 2010)
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Atmospheric observations can be compared with Cdddlts to assess the madék estimated
sources and sinks, and the aweodlogical fields.Chen and Prinn (2005) compared modelled and
flask measurements of atmospheric,@dtween 1996 and RQto show that the model captures
some, but not all, of the seasonaiitytheobservations. The interannual variability was not tested
because repdag yeaty emission and loss fields were us@atraet al. (2011) used multiple
emission inventories in multiple CTMs and compatetloutput with data & surface sites. They
found that the seasonal cycle was well captured at most sitesotait high latitudes. These
initial comparisons suggest that surfackl, is well captured by the models in most regions;

however the spatial distributiaf thesurface observati@usedis poor.

Initial comparison studies with satellitetrieved data showed a model agreement witHi0%

of SCIAMACHY CH. columng(Buchwitz et al, 2005). The errors in the SCIAMACHY retrieval,
although relatively small, are on a similar scale to predicted spatial variation ftuges. It can
therefore be reasoned that in order to accurately detect spatial variations cor@intration
these errors must be reducddhis thesis aims to shothat by ughg more recent satellite data
from GOSAT and IAS] both of which have more accurate instrumetitese errors will be
reduced to a suitable level. Investigations into the spatial variatiemission inventories using
SCIAMACHY show tropical emissions are generally underestimated in the inventories,
highlighting wetlands as a key area of cond®ergamaschét al, 2007).Haymanet al, (2014)
used an ESM with three different bottarp wetand emission inventories and compared the
results with SCIAMACHY and surface observationstween 1999 and 200Dne wetland
datasetised annudy repeating emissions from Fumegal, (1991) The second used the JULES
process description with prescribsdil carbon. The third used the JULES process description
with prescribed soil carbon and wetland fractibhey found a total offset of 50 ppb between the
model andSCIAMACHY and found large spatial differences between the model simulations.

Parkeretal. (2011) found goodgreementbetweerCTM predictionsand GOSAT measurements
Thatstudy not only showkigh hemispheric gradiemiorrelation valueéR = 0.93- 0.99)between

model and satellite data but also good regional correlatien= 0.711 0.97) Results shown
elsewhere suggest that the regional correlation between GOSAIaBEOSChemCTM is

lower (R = 0.17 0.90) (Fraseet al, 2013). Both these studies use tdpwn emission estimates

of wetland CH and do not test the accuracy of bottamwetland inventories (Bloorat al,
2012).From thetwo studies shown iRigure3.5, Parkeret al.(2011) and Fraseat al.(2013), it

can be concluded that although variation in comparison methods remain, satellite data can provide

an accurate assessmehntnodel results.
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Figure 3.5Top- TimeZeries of the GOSAT and GELZ&emcolumnraverage CHdry-air mixing

ratios XCH.) between August 2009 and July 2010 globally and for the 7 regions outlined on the

map. (Parker et a)2011). Bottoni Timeseries of the GOSAT and GE@&em XCH between

June 2009 and December 2010. The inset numbers are the correlation coefficients between the

two GOSAT proxies (green), the Carbbracker proxy and GEGShem XCH (blue), and the
GeosChem proxy and GEO&hem XCH (red) (Fraser et al 2013).
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3.5 Summary

Recent developments of LSMsvegprovided simulated global wetland fraction, soil temperature
and carbon substrate for the first time. These are the three key parameters that drive wetland CH
emissionsand,as a resultbottomup emission inventories can now be compared against top
down estimates and observations. Studies have shown that, oszesifec scat, tuned bottom

up modelpredictions agree wellith flux measurements (Waltetal., 1996; Wanizt al, 2010;

Riley et al, 2011) CTMs and SCIAMACHY have been used to test bottgmmodelsof CHs

on a global scale (Buchwitt al, 2005; Haymaet al, 2014). More recent observations (GOSAT
and IASI) provide more accurate measuretadhat can be compared with the latest version of
the bottoraup wetland models. Analysis of multiple wetland Jh/entories can be made using
CTMs to aid in the development of both the process and parameter description within the bottom
up models. Theseomparisons can be made seasonally, interannually, regionally and globally

using a suite of observation techniques.
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4 At mospheri c Contr
Recent Traends 1 n CF

4.1 Introduction

This chapter evaluates the role of atmospheric variabilithénrecent trends in GHyrowth.
Nisbetet al. (2014)used NOAA flask data to show that between 1984 and 1992 atmospheric CH
increased at ~12 ppb/yr, after which the growth rate slowed to ~3 ppb/yr. Ina183&%od of
nearzero growth began which contied until 2007. In 2007 this stagnation period ended and
since then average growth has increased again to ~6 ppb/yr (Rigby et al., 2008). These trend
variations areliscussed in more detail in Chapter 2.

Most previous attempts to explain the pause in @bwth between 1999 dr2006 have focused
onchanges in emissions.f.Bousquett al, 2006; Chen and Prinn, 2006; Kial, 2011). Here,

it is hypothesised that variations in atmospheric chemmisg played a role in the recent
variability in growth Variations inOH, the major atmospheric sink of atmospheric.Qright

have contributed to the decreased growth rate. Additionally, it is hypothesised that reaction rate
changes due to changes in atmospheric temperature or changes in atmospherit jiradsicer

a noticeable effeckor exampleNarwick et al. (2002) investigated the impact of meteorology

on atmospheric CHgrowth rates from 1980 to 1998, i.e. well before the observed recent pause.
They concluded that atmospheric conditiomsg. transparand temperaturecould be an

important driver intie interannual variabilitpf atmospheric CH

Some pevious studies have suggested that an increase in atmodgiidfimay have been at
least partly responsible for a decrease in the @bwth rateat certain timegqLelieveld et al,
2004; Fioreet al, 2006). Atmospheric OH production rates are determineddigitensityof UV
radiation andhe abundancef Os;, which is controlled by ©@producing species, such as NO
The destructioof atmospheric OHs dependent on the abundance of species, such 2<CH

and SQ. Several suggestions have been made as to why atmogidfieas elevated during
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the CH, stagnation period. Fioret al. (2006) attributed a possible change to an inereas
lightning NO.. Prinnet al. (2005) suggested major global wildfires and ENSO events could
influence[OH] variability through changes to CO. This would imply a reduction in these events
during the CH stagnation. A third theory, not yétsted,is therole of volcanic activity on
downward UV rdiation limiting OH productionA period of low volcanic activity would lead to

a decrease in stratospheric aerosol, which would increase the amount of UV radiation reaching
the troposphere. This would increase thhotolysis rate, whit would increase [OH]This
hypothesis is dependent on a reduction in volcanic activity in the period prior to and during the
stagnation. Figure 4.1 shows that reduced volcanic activity caused an increase in incoming
shortwave radidn during theCH,4 stagnationin agreement with previous work (Caen al,

2015; Millset al, under review)
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Figure 4.1The top panel shows the modehulated global mean net radiative effect (black line)
and shortwave radiative effect (blue lindue to volcanic eruptions (red triangles) between 1990
and 2014. The simulations are described in Mills et al. (2016) and the bottom panel saows t
latitude and amount of sulph dioxide (SGQ emitted for each eruption. VEI = Volcanic
Explosivity Indexwhich is an estimate of the magnitude of an eruption (Newhall & Self, 1982).
Figure courtesy of Anja Schmidt.
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Section 4.2 describes theH:CClz and CHs observationsused here Section 4.3 provides
information about asimple onebox modelused to devie atmospheric[OH] and investigate
variations inCHs emissionsSection 4.4 gives a background to the TOMCAT modeupef his

includes a description of the emission inventories, the various tracers and the loss fields used.
Section 4.5 shows comparisons @fe-box modeland TOMCAT simulations with previous
studies and observations. Section 4.6 summarises the results, highlighting the role of atmospheric
variability in the recent trends in Gigrowth, particularly between 1999 and 2006.

4.2 CH3CClsand CH4 Observations

NOAA and AGAGE surfacebsevations ofboth CHCCl; and CH hawe been used to constrain
and evaluaté5 TOMCAT simulationdetween 1993 and 200Bhe data are taken from 22 sites
shown in Tablet.1 and Figure 4,2a majority of which(19) arepart of the NOAA Earth System
Research Laboratory (ESRL) Global Monitoring DivisigBlugokenckyet al, 2015. The
AGAGE CH, data araneasuredn-situ at 4 sites, whicthave limited global coverag@®rinnet

al., 2000; Cunnolett al, 2002; Prinret al, 2006). Vardagetal. (2014) showdgood agreement
between the X2004 scale (NOAA) and the Tohoku University scale (AGAGE) used for CH
measurements, and the GLOBALVIEGH4 multiplier factor betweemetworks is less than
0.05%(Masarieet al, 2001) Global CH, concentration estimates for both networks are derived
by interpolating theneasurements across 180 latitude bimisich arethenweighted by surface

area.

CHsCCl; emission sources include refrigeration and air conditioning. #n obnedepleting
substance that iregulatedunderthe Montreal ProtocolThis hasresulted in a large decrease in
emissions of CECCl; from 1997 onwards. Montzlet al (2000) showed that since the reduction
in emissions the distribution of atmospheric ££8; is primarily controlled by atmospheric
removal whichis mainly through reaction with OHT herefore [OH] variability can be derived
by analysinganomalies in CKCCl; decay.For example, assuming zero emissions, constant
transport and temperature, a smooth decay curve g€Cklconcentrations wodl suggest that
OH concentrationsre constantMeasurements of GE&Cls taken between 1997 and 2009 are
used to deriv¢OH] anomales which are then applied to th@H] field used in TOMCAT and
alsoto evaluate CECCl; in TOMCAT. Further details of the methods used to create a time
varying [OH] field for use in TOMCAT are discussed $ectiors 4.3 andt.42. Measurements
are taken fom 7 NOAA and 5 AGAGE sitelsetween 1997 and 2009, where availahte] used

to create two global C#€Cl; recordsby averagng across all sites (Montzlet al, 2011; Rigby

et al, 2013)
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Site Altitude
Code | Site Name Latitude | Longitude | (km) CH4 CHsCCl; | StartDate
ABP | Arembepe, Brazil -12.77 -38.17 0| NOAA 27/10/2006
ALT | Alert, Canada 82.45 -62.51 0.2| NOAA 10/06/1985
Ascension Island NOAA
ASC | UK 7.97 -14.4 0.09 11/05/1983
BRW | Barrow, USA 71.32 -156.61 0.01| NOAA NOAA | 06/04/1983
Cape Grim, NOAA/ | AGAGE
CGO | Australia -40.68 144.69 0.09 | AGAGE 19/04/1984
HBA | Halley Station, UK| -75.61 -26.21 0.03| NOAA 17/01/1983
ICE Storhofdi, Iceland 63.4 -20.29 0.12| NOAA 02/10/1992
Cape Kumukabhi - NOAA
KUM | USA 19.5 -154.8 0.02 -
LEF Park Falls, USA 45.9 -90.3 0.47 - NOAA -
Mace Head, NOAA/ | AGAGE
MHD | Ireland 53.33 -9.9 0.01 | AGAGE 03/06/1991
MLO | Mauna Loa, USA 19.54 -155.58 3.4 NOAA NOAA | 06/05/1983
NWR | Niwot Ridge, USA 40.05 -105.59 3.52| NOAA NOAA | 21/06/1983
Pallas NOAA
Sammaltunturi,
PAL | Finland 67.97 24.12 0.56 21/12/2001
Palmer Station NOAA
PSA | USA -64.92 -64 0.01 01/01/1983
Ragged Point NOAA/ | AGAGE
RPB | Barbados 13.17 -59.43 0.02 | AGAGE 14/11/1987
Mahe Island, NOAA
SEY | Seychelles -4.68 55.53 0 12/05/1983
Tutuila, American NOAA NOAA/
SMO | Samoa -14.25 -170.56 0.04 AGAGE | 23/04/1983
SPO | South Pole, USA -89.98 -24.8 2.81| NOAA NOAA | 20/02/1983
Ocean Station M NOAA
STM | Norway 66 2 0 29/04/1983
Summit, NOAA
SUM | Greenland 72.6 -38.42 3.21 23/06/1997
Trinidad Head, AGAGE | AGAGE
THD | USA 41.1 -124.1 0.1 09/1995
ZEP Ny-Alesund, NOAA
Norway & Sweden| 78.91 11.89 0.47 11/02/1994

Table4.1 List of NOAA and AGAGE stations which provide;@ktd CHCCI; observationsvith
their site code, latitude, Igitude, altitude and start dat&lote the CkHand CHCCl; columns
show which network provides the data.
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: g L
Figure 4.2Map showing distributiomf the 22 surface stations which provide data used in this
study. These are marked in rffdlOAA CH), yellow NOAA CHand CHCCI), purple (NOAA

and AGAGE Ch), purple (AGAGE CHCCIls), black NOAA CHCCIs), blue(AGAGE CH and
CHsCCl) andgreen NOAA CHand NOAA and AGAGE).

4.3 One-box model

A simple onebox model has been developed to investigate emissions af a@H derive
anomalies in glohl atmospheric [OHlising CHCCI; observations. This model permits a first
order understanding of the factors which govern the variatiglobalgrowthrateand the relative
contribution of emissions and loss to that graw#udditionally, this model is much less
computationally expensive to run than a fulD3simulation The model integrats the global
mean burden of either Gldr CH;CCl; (X) based on annuamissiongE, g/yr) and chemical loss
(L, glyr) through the reactioaf X with OH. The modelled atmospherburden of X X;, g) can
be integrated over arhonthperiod ¢p} (equation4.3), wherek (cn® molecule! month?) is the
rate constant for the reaction ¥fvith OH (e.g. Sandest al, 20L1). The reaction rate constants
for CHs and CHCCls lossare given by equations 4.1 and 4.2, whie¢K) is temperaturéSander
et al, 2011)

50DQ ca @pm T (4.1)
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Global[OH] is calculated from CECCl; measurements by rearranging equation 4.3. This requires

global atmospheric temperatgrglobal CHCCl; concentratioa andemission estimate

To estimatehetemperature valuappropriate for Cbland CHCCl; loss two methodsvere used
based orfields from ECMWFERA-interim (Dee et al., 2011)The firstuseda time varying
annual temperature medor each grid box in TOMCAT, described in Chapter These
temperaturesvere averaged into a global temperature that is weighted byOiHEin the grd
box. The OH concentrationsere taken from a prescribed OH field, described in more ldatai
Section 4.4.The second used theame method, except tkemperature waalso averaged over

time, giving a global mean valug 272.9 K.

NOAA and AGAGE obsent#ons of CH;CCl; were used to create a time series of gldkxt]
concentrationsNOAA observations (Table 4.1yere aggregated into three boxes, one in the
southern hemisphere and two in the northern (Morgtled, 2011). These wengsed to produce

a global average concentration for use in equation 4.3. The AGAGE network cdietairs
CHsCCl; sites, so these were directly averaged to givesdimatedjlobal concentration (Rigby
et al, 2013).Global observations we smoothed across a-fridnth period.

Two sets ofCH;CCl; emissionswere used in equation 4.3he first, taken from Montzkat

al. (2011), provides annual emissions up until 2000 after which 20% /gecagssumedThese
emission estimates were originally takdrom global and regional dustry data and
measurements of polluted air in industrial regions (Penal, 2005).The second, taken from
Rigby et al. (2013), provides annual emissions from 1997 to 2009 and is an updated version of
those used by Prinat al. (2005) based on Unitedations Environment Programme (UNEP)
consumption estimateBoth anissiondatasetsvere assumed to kra no seasonal variability and
were equally divided into monthly time stegscomparisorof [OH] anomalies derived from the

onebox modelwith previous sidies is made in section 4.5.2

For CH, emission estimates, equation 4.3 is used lati annually repeatinand derivedOH]
anomalies, the same two temperature fielddegsribechboveand surface NOAA observatie.
To calculate the global averageH., concentrationsdata fromthe 19 surfacesites were
interpolated across 180 latitude bins, which were then weighted by surfaceAaredth
CHsCCl;, OH is the major sink o€Ha in the atmosphereBy estimating or assuming constant
emissions ofCH, (553 Tg/yr) and using concentration measuremeatequired[OH] anomaly

can be calculated using equation 4.3.
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4.4 TOMCAT Model Setup

Simulatiors of CHs and CHCCl; were performed using TOMCABetweeri993and2009. The
model waspunrrup from 198Qusinginitialisationfieldstakenfrom Patraet al.(2011). The global
concentrationsn January $11993were scaledo that theglobalaverage concentration equalled
that of theCH;and CHCCIs concentratioaderived from NOAA surface observations.

TOMCAT simulations were performedsing 3 different meteorological fiedd 1 with varying
winds and temperaturesifnulations labelled*VTVW), 1 with varying winds and fixed
temperature (*FTVW) andl with fixed winds and temperatue=TFW) (Table 4.2). Fixed wind
runs usedepeating 1996 wirgl Fixed temperaturainsused a 2D (latitude-heigh) zonalmean
temperaturé&om 1993to 2009. EaciTOMCAT run includedb tracers fobothCHsand CHCCls,
which used adifferent[OH] field (labelledRE*, AP*, AL*, NP* and NL*). These[OH] fields
are describedurtherin Section 4.4.2The nodel resolution andorcing data aredescribedn
Chapter 3. 1hourly output has bearsed for surface C+Hand CHCCI; comparisons.

Run [OH] Time Variation Meteorology
Winds Temperature
RE_FTFW | Repeating Fixed Fixed
RE_FTVW | Repeating Varying Fixed
RE_VTVW | Repeating Varying Varying
AP_FTFW | AGAGE (Rigby et al., 2013) | Fixed Fixed
AP_FTVW | AGAGE (Rigby et al., 2013) | Varying Fixed
AP_VTVW | AGAGE (Rigby et al., 2013) | Varying Varying
AL_FTFW | AGAGE (onebox mode) Fixed Fixed
AL_FTVW | AGAGE (onebox mode) Varying Fixed
AL_VTVW | AGAGE (onebox mode) Varying Varying
NP_FTFW | NOAA (Montzka et al., 2011)| Fixed Fixed
NP_FTVW | NOAA (Monztka et al., 2011)| Varying Fixed
NP_VTVW | NOAA (Montzka et al., 2011)| Varying Varying
NL_FTFW | NOAA (onebox mode) Fixed Fixed
NL_FTVW | NOAA (onebox mode) Varying Fixed
NL_VTVW | NOAA (onebox mode) Varying Varying

Table 4.2 Summary of tieH, and CHCCls tracers in theTOMCAT 3D CTM simulations(a)
Annually repeating OH taken from Patra et al. (2011). (b) Varying winds and temperatures are
from ERAInterim. Fixed winds using repeating ERAterim winds from 1996. Fixed
temperatures use zonal mean ERferim temperatures averaged over 195H09.
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4.4.1CH4 Emissionlnventories

The TOMCAT simulationsin this dapterare intended to investigate the atmosphéogs
contribution to recent CHrendsand not the influence ofwiation in emission®Repeategeaty

CH, emissions artherefore usedvhichare scaled to IPCC estimates outlined in Chapter 2 (553
Taglyr). Annually-repeating anthropogenic emissions, excluding biomass burning, were calculated
from averaging the EDGAR v3.2 (200inventory from 1993 to 2009. Biomass burning
emissions were averagjrom theGlobal Fire Emissions Databas&RED) v3.1 inventory, which
extends from 1997 to 2009 (van der Wetral, 2010). JULES was used to calculate interannual
variations in wetland emissions between 1993 and 2009 (see Chapter 5), which was then used
produce a scaled mean annual cycle. Annualheating rice (Yan et al., 2009), hydrate, mud
volcano, termite, wild @imal and ocean (Matthews and Fut§87) emissions were taken from

the TransCom Clstudy (Patra et al., 20114ll emissions are inpguinto TOMCAT at al® by 1°

resolution and are then averaged onto the larger model gricb{288).

To evaluate the performance of annf@H] anomalies described in section 4.4.2quivalent
CHsCCls tracerswere included which used the saoomfiguration as the CHracergTable 4.2)
Thesecanthenbe compared to the observations described in section 4.2. Although this method
appears somewhat cyclic, the overall aim is to assess whether a global annual OH anomaly that
is derived from CHCCIl; observations can be applied to a CTM to replicate the spatial and
temporal distribution of CECCl; observationsThe CH;CCl; emissions used in TOMCAT
between 1988 and 199%Fe taken from EDGAR v3.2 and linearly adjusted using methods
described $» McCulloch and Midgley (2001). From 1999 onwards emissions are taken from Patra
et al.(2011), which assumes a 2@#%ponential decay after 2002.

4.4.2Hydroxyl and Other Loss Fields

A simplified description of atmospherahemistry is used ithe TOMCAT simulationgdisaussed
here,and is based on specifidmbss fields. lossesof CHs and CHCCls, through reactions with
OH, are calculated using prescribj€dH] values and the rate constant derived from equations 4.1
and 4.2. This loss is then directly applied to the comagan of both species within the grid cell
as given by equation 4.where L is loss in molecules. Five different prescribed global latitude
height[OH] fields are used (RE AP*, AL*, NP* and NL*), all originally based on the annually
repeating OH used in Paggaal.(2011). This was a development of a previous field derived from
a combination of sem@mpirically calculated tropospheric distributions (Spivakosekyal.,
2000; Huijneret al, 2010).
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0 Q00& (4.4)

The first[OH] field, RE, isfor a control tracethat use the annually repeating OH field from
Patraet al. (2011). Any interannual anomalies in the bt CH;CCl; concentrations in these
simulationscannot be due tohangedn [OH]. The second field, AP, us@ublishedAGAGE

annual global OH anomalies from Rigbtyal. (2013) which areapplied to RE between 1997 and
2009. These anomalies were derived frafNEP emission estimates arabservations of
CHsCClI; from the 5 AGAGE sites using a 1ox model. The third field, AL, use¢he same
CH3:CCl; observationsindemission estimatedut with the onebox modeldescribed in section

4.3 to produce monthly global anomali€hese were then averatjato global anomalies, vith

were applied to RE between 1997 and 2009. The fourth field, N®pubkshedNOAA annual
global[OH] anomalies from Montzkat al. (2011) which are applied tRE between 1997na

2007. These were derived usistightly older emission estimates, whiestimate a 20%
exponentiadecay after 200@bservations of CECCls from 7 NOAA sitesanda simpleone-box

model| similar to the one used here (Rigiyal, 2008; Montzkaet al, 2011).The fifth field, NL,
repeatghe method used for AL excepsingNOAA observationbetween 1997 and 200Both

AL- and NL- derived[OH] anomalies using varying temperatuiesthe onebox model For
consistency between the model experiments, all yearly anomalies were scaled so that the mean
[OH] between 1997 and 2007 (the overlap period where NOAA and AGAGE anomalies are both
available) equalled thRE [OH] value.

Two otherCHs lossfields areannually repeatingvith seasonal cycleand the same for all 15
model simulations. CHoss through reactions with Cl a@{'D) radicals in the stratosphere are
based on the Cambridgel@model (Velders, 1995), previously used by Patral.(2011).The
surface soil sink, previously described in Chapter 2, is applied as a negative surface flux in
TOMCAT. Thesoil sinkfield provided by Patrat al. (2011), was originally derived using an
atmospheric Ckinversion model (Bousquet al, 2006). Interannualariability in the CI, @'D)

and soil sinks are not accounted for in this study.

4.5 TOMCAT -Observation Comparisons

4.5.1Correlation of ObservedCH4 with OH and temperature

The loss rate of CHoy reaction with OHs temperaturegependentgquation 4.1 and sacchanges

in atmospheric temperatucanaffect CH: concentrationdrigure 4.3 shows the zonally averaged
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ERA-Interim temperature between 30°N and 30°S at 700 hPa forA®ER This pressure level

and latitude range was selectiedrepresent mean condit®of the atmospheric region where

most CH removaloccurs based on analysis of TOMCAT ruriBhe temperature fltigations in
1997/1998and 2010 can be explained by EfbtliSouthern Qsllation (ENSO) events. For CH

it is important to considghat ENSO egnts affect nobnly atmospheric removal, but also sources

via variations in wetland and biomass burning emissions through changssgarature and
precipitation (Hodsoret al, 201). These variations will not be captured tmee TOMCAT
simulations whichuse annually repeating emissioits.relation to the Chlstagnation period,
between 2001 and 2006 the temperature is an average of 0.3 K warmer than the temperature

between 1993 and 1997, and 0.1 K warmer than the average temperature between 2007 and 2011
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Figure 4.3 (Top)Latitudetime plot of zonal mean temperature (K) between 30°N and 30°S at
700 hPa from ERAnterim reanalyses between 1993 and 2011. This altitude and latitude
region is the location of the largest @htbss in the 3D model. (Bottorh Temperature
anomalies (K) for the same time and regiontag panel. The dashed box indicates the
anomalously warm period of 202D06.

Figure 4.4 shows a comparisons of the global @bwth rate and the average temperature in the

main loss region (losweighted mean over all TOMCAT grid boxes). Over the entire siengs

temperature shows only a slight negatoerelation withCHs growth rate with Pearsonods
correlation coefficient (R) values ed.24for NOAA -0.07for AGAGE. This islikely, in part,

due to changes in wetland and biomass burning emissions in ENSO years balancing out the

change in atmospheric loss. The sensitivity of@h& loss rate due to the temperature variation
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of the CH, + OH reaction can be estimated from equationwihich asumegOH] is independent

of temperature. This relationship, shown in Figure 4.4, shows a variakaf &bout 2%/K feeds
through into similar relative changes in t#i, loss rate. The 0.3 K observed temperature
increase during the stagnation period @ equivalent of a 3.9 Tg/yr emissions decrease,
equating to a 0.72 ppb/yr decrease in growth. The effect of temperature is already accounted for
in the derivation of the OH anomalbased on atmospheric datheefore the main analysis of

these result®cuses on simulaiins with fixed temperaturds FTVW).
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Figure 4.4(a) Annual global CH growth rate (ppb/yr) derived from NOAA (filled black circles)
and AGAGE (open black circlesata (left hand yaxis), and annual mean temperature (K)
weighted by CHlloss rate in TOMCAT (red circles) (right hanehyis). ©) Relative growth rate
change with respect to temperature for representative OH (0.99mbleculescm®) and CH
(1770 ppb) wlues.

Figure 4.5 shows the published NOAi&rived and AGAGHilerived global[OH] anomalies

along with the annual CHyrowth rate estimated from the NOAA and AGAGE measurements.
The two[OH] series show the similar behaviour of negative anomalies aroudat@92006/7,

and an extended period of more positive anomalies in between. For the time periods covered by
the NOAA (19972007) and AGAGE (19B2009) CHCCI; observations, the two derived [OH]

time series show negative correlations with the @idwth from NOAA (R =0.32) and AGAGE

(R =-0.64). Only the AGAGHOH] correlation, from the longer timseries, is statistically

significant at the 90% level.
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Figure 4.5Annual global CHgrowth rate (ppb/yr) derived from NOAA (filled black circleaiia
AGAGE (open black circles) data (left handxis), and published annual glo&®H] anomalies
derived from NOAA (filled blue circles, 192007) and AGAGE (open blue circles, 198309)
CHsCCl; measurements (right haneayis).

4.5.2CH3CClz and Hydroxyl Comparisons

Theglobalonebox modelwasused to estimate tH®H)] variations required to fit the observed
global CH4 growth rate variations, assuming constant emissions and tempeTfdtisrallows a
simple assessment of the potential for variations in [OH] to affe@lthgrowth rateFigure4.6
shows the model output compared to the published derived OH concentrations from NOAA and
AGAGE CHCCI; observations. The derived contarion percentage anomalies have been
converted to global mean concentrations using thebowanodel average concentration. The
results are consistent wighprevious study whicherformed a similar analysi$ the NOAA CH,
data (Montzka et al, 2011) The regired OH changerarely exceeds the GBCl-derived
interannual variability ranget2.3%) presented by Montzle al. (2011).Moreover the relative
interannual variations ifOH] required to fit the Cklobservations match the GEICl;-derived
[OH] variations in many years, for example from 12982 (see Montzka et al., 2011). Some of
the derived variations [fOH] exceed that required to match the &frbwth, with larger negative

anomalies in the early and later years and some slightly largéivpasiomaliesn between
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Figure 4.6 Annual meapOH] (molecules crf) required for global box model to fit variations in
NOAA CH observations assuming constant emissions and temperature, based on Montzka et al.
(2011) (solidblack line). $aded regiordenoted OH] deviaion of +2.3% from thenean. Also

shown are the NOAA(filled) and AGAGE (open) derived OH] anomalies applied to an
assumed mean Otdken from the box mod@lue circles).
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The onebox modelwasused to deriv¢OH] based on CECCl; observations from NOAA (NL)

and AGAGE (AL). These are based on two emission scenarios and vaoyimgpeating
temperature. UNEP emission estimates and aegtisrderived from an assumed®@@éxponential
decay in emissions since 2002 are both uBkdse a& then comparedith the published NOAA

and AGAGE anomalies (Montzlet al, 2011; Rigbyet al, 2013). The resultéseeFigure 4.7
demonstrate the small impact of using different observations and emission assumptions. In later
years the choice of obseti@ns has a bigger impact than the choice of emissions on the derived
[OH]. For AGAGEderived values, thenebox modelestimates agree well with the published
values of Rigbyet al. (2013) despite the simplicity of tleemebox modelcompared to their more
sophisticated 1-Box model.In contrast,the onebox modelshows pooragreement with the
NOAA-derived[OH] variability pubished by Montzkaet al (2011) despite both studies using
box models. Inparticular, around 2002003 theonebox modelused hereoverestimate the
positive anomaly in [OH]The onebox modelestimate a much more negative OH anomaly in
1997 compared to Montzlkeat al (2011). This suggests a large uncertainty in the inferred low
1997 OH value, when emission$ CH;CCl; were decreasing rapidly, although reasons why
atmospheri¢OH] might have beetow were discussed by Prirat al. (2005).The treatment of
emissions anthe method by which the observations and emissions are smoegudts in the
observed difference imanomalies.Figure 4.7 also demonstrates the influence of temperature
changes on the loss anomaly is negligible.
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Figure 4.7 Estimates of OH derived fronfa) NOAA and (b) AGAGECHsCCl
observationgalculated using an oAeox model using repeating (blue) and varying (red)
annual mean temperatureCHsCCl emission scenarioare takenfrom UNEP (2015)
(filled circles) and Montzka et a2011) (open circles) based on (Prinn et al. 208830
shown areg(a) publishedNOAA-derived values (Montzka et.a2011)and (b) AGAGE

derived values (Rigby et.a2013)(black).

The TOMCAT simulations have been compared to globak:@El; observations from both
NOAA and AGAGE networkslf the model reproduces the observed magnitude andbitty
of CH;CCl; decay accurately then thggves confidence ithe approach of using a glolj&H]
field, scaled by derived anomalies. Figdr8 shows that the model, with the impof@d] field,
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simulates the global decay of @ELCl; better than the model using a repeafi®d] field. This

supports the use f

interannual variability However, theyshow a large uncertainily the absolute glob&DH], which
theninfluences the lifetimes of gases such as@Els. For example, Voulgarakist al, (2013)

an

godl)ffiéld in faveud ofa coupledd o n | [OH] & &
fields calculatedwvith an interactivetropospheric chemistry schensan in principle capture

[ d.

analysed the global me&@H] predicted byariousmodels and found range of 0.55 x Qo
1.34 x 16 molecules cm.
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Figure 4.8(a) Global mean surface GBCl; (ppt) from NOAA (black dashed) and AGAGE

(black solid) observations from 1993 to 2012. Also shown are resultsSeeenTOMCAT

simuations (see Table 4.2(b) Global surface CH3CCI3 decay rate anomalies from NOAA and
AGAGE along with model rulRE_FTFW, RE_VTVWRE_FTVW, AL_FTVW and AP_FTVW
(solid lines) Results from runs RE_FTF8hd RE VTVWare shown as equivalent dotted lines

and dashed lines, respectiveybservation and model anomalies are smoothed withradrith

running average. Values given represent correlation coefficient when compared to AGAGE
observations and variance. (c) As panel (b) but for model mREsFTFW, RE_VTVW,
RE_FTVW, NL_FTVW and NP_T/W with correlatiorcoefficientsor comparison with NOAA

observations.
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Figure 4.8a shows that the global meansCEls from the NOAA and AGAGE networks differ

by ~2.5 ppt around 1998996, since then the difference has become smaller both in absolute and
relative terms.The observed and modelled &IClz decay rates show a faster decay (more
positive anomaly) in the middle period, with slower decay at the start andestelgures 4.8b

and 4.8c) The comparisons show a phase difference of 3 months betikeéno observation
networks previously noted by Holmest al. (2013).The reason for this is unknowalthough

when the model is sampled at the site locations the lag is not observed, which suggests it is not
an issue with the spatial distribution of N@Aand AGAGE sitesThe model runs with varying
winds generally capture these periodic variations with correlation coefficients ranging &@m 0.

T 0.86. The correlation coefficienfor the runs using varyif@H)] are all higher than the runs
using repeating OH (RE_FTVW = 0.62 0.67, AL_FTVW = 0.86, AP_FTVW = 0.90,
NL_FTVW =0.82, NP_FTVW = 0.71). As previously noted by Montekal.(2011), there are

only small differences between the simulations which usengtgimperature (*FTVW) and the
corresponding runs which use fixed temperature (*VTVWWhis shows that the largest
contribution from the CECCl; decay rate anomaly comes from variations in atmospf©fit,

rather than atmospheric temperature. The sinmrativith repeating winds show less variability

in the CHCCI; decay rate, particularly in the period 192@04

The CHCCls-derived[OH] fields used a global annual decay anomaly. This means that anomalies
derived might no longer represent the obsemedthly anomalies at individual sitesuggesting

the approach might be too simplTo test this the simulations are compared withs@El;
observations at individual sites in Figure 4.9. Tasuits show comparisons frdiour selected
stations, two from th&JOAA network and two from the AGAGE networkhe agreement at
individual sites is improved by the inclusion of interannually vanfiod] fields. Although
varying[OH] fields derived from CkCCl; decay anomalies provide a better agreement than the
repeat M fields, they still fail to capture some of the anomaly events observed at certain sites.
For example, the AGAGE site at Cape Grim observed a large negative anomaly in 2008, this is
not replicated in any of the TOMCAT simulations.

In summary, results fra CH;CCl; comparisons show that the glop@H] fields that are derived
from CH:CCl; decay anomalies perform wedlpplied to TOMCAT, both globally and at
individual sitesAlthough, the interannual variability in global mg&H] has been derived from
these CHCCI; observations, theesultsshow that the reconstructed mo@@H] fields perform
well in simulating CHCCI; within TOMCAT. These results suggest that {liH] fields used
here are suitable for testing the impacf©H] variability on the CH growth rate, as discussed

in the following section.
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Figure 4.9 (Left) Observed mean surface Cl; (ppt) (black line) from (a) Mace Head
(AGAGE), (c)Cape Grim (AGAGE), (e) Mauna Loa (NOAA) and (g) South.Pdé® shown are

resuts romTOMCAT simulations, using the same colour scheme as Figur@Rig8t) Surface
CHsCCl; decay rate anomalies at the same sites as the corresponding left column plot for
observations (black), TOMCAT simulations with varying winds and fixed tempsagolid
coloured lines), varying winds and temperatures (dashed coloured lines) and fixed winds and
temperatures (dotted coloured lines), using the same colour scheme as Figure 4.8. Note that
observations at NOAA (AGAGE) sites show only comparisonswighusing NOAA (AGAGE)
derived OH, along with repeating OH.

4.5.3CH4 Comparisons

Theonebox modeldescribed irBection 4.3 has been used to estinggdbal CHs emissionaising

various temperature and OH conditiohsesimple onebox model shows reasonable comparison

with CH. observationson an interdecadal timescalewhen assuming constant emissions,
temperature and logsee Figure 4.10a)The model was initialised with the -deasonalised
January 1993 global mean ¢talue from the NOAA sampling sites (1730 ppb; domparison

the AGAGE mean was 1728 ppb). The integrations used a temperature (272.9 K) based on the
mean ERAInterim data and a constanean [OH] of 0.99x10moleculesnT®. The modelesults

show a goodit with NOAA and AGAGE observations (R = 0.96 for both andt mean square
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error RMSE) = 6.8 and 5.6 ppb, respectively). This shows that in the absence of any changes in
sources or sinks, CHs tending towards a steagiate with zero growth rate atvalue of1806

ppb. Indeed,Dlugokenckyet al, (2003 suggested that GHvas approaching a steady state
through 2002. The additional years of data in Figui®ashow significant perturbations to the
balance of sources anchks since that time. Eithahere was an abrupt change to the,Gidady

state at the end of the statjoa period around 2006, @H. continued to approach a steastgte
through 2012 with periods of deviation from that curve around 1999 artd 2B6 shaded region

in Figure 4.1@shows the effect of a constant £2.3% change in [OH], indieafithe mean 1998

2007 interannual variability (Montzkat al, 2011) This illustrates the large leverage that
relatively small variations in global mean [OH], which are difficult to diagneise CHs;CCls,

have on Chigrowth rates.

The onebox modelhas been used to estimate #mnual CHemissiongequired to match the
observed concentratiofmsed on several atmospheric conditions shown in Figures 4.10b and
4.10c.For the calculation thatses a mean temperature (272.9 K) and a mean [OH]}0099
molecules cn) the required emissions during the stagnation perio®48e2 Tg/yr, 5.5 Tg/yr

less than the 1998997 mean of 551.7 Tg/yr. The simulation with varying temperature and mean
[OH] recuires average emissions of 548.4 Tg/yr during the stagnation period, this is 2.2 Tglyr
larger than the simulation with mean temperature and [OhH. $agnation period shows a 4.1
Tglyr decrease from 552.5 Tg/yr before the stagnation. For the same stageaitbd, using the
mean the temperature and varying [OH] requires average annual emissions o8887Tg/yr

This corresponds to a change in emission220- +5.0 Tg/yr when compared to the 198998
averages. After 2006 ersisns do not alwayseed to increase to capture theserved increase

in growth ratgsee Table 4)3 Thesimpleonebox modekthereforesuggests that [OH] vatians

alone can account for soroéthe observed decrease in Qiowth.

[OH] | Temperature | Mean Required Annual Bissions (Tgyr)

19931998* | 19992006 | 2007201
RE Varying 552.5 548.4 567.7
RE Fixed 551.7 546.2 565.6
AP Fixed 531.5 553.5 541.6
AL Fixed 540.9 551.6 540.2
NP Fixed 554.7 549.7 544.2
NL Fixed 541.2 553.8 538.7

Table 4.3 Required CHemissions to fit observations derived using a singolebox model
between 1993 and 1998, 1999 and 2006, and 2007 and 2012 based on various atmospheric
conditions detailed in Table 4.2. *Where [OH] data are available.
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Figure4.10 (a)CH4 mixing ratiocalculated by a global box model (mean emissitrsb3

Tolyr, temperature T=272.9 K and [OH] = 0.99x4Moleculexnt®) initialised in 1993

with global average CkHobservationdbetween 1993 and 201black line). The shaded
region illustrates the range of calculated €br mean [OH] variations of +2.3%.
Monthly global average Ckbbservations for the NOAA (blue circles) and AGAGE (red
circles) networks, with lines showing -b#onth smoothing. (b) Dimed annual CH
emissions (Tg/yr) required for global box model to fit yearly variations in NOAA CH
observations for annually varying temperature and repeating [OH] (black), annually
repeating temperaturdor repeating [OH] (pink), varying [OH] based on NAA
CHsCCls observations and thenebox model(green), and varying [OH] based on
AGAGE CHCCIs observations and thenebox model(blue) between 1993 and 2012
where data are available. (c) Same as (b) except using published [OH] anomaly data
from Montzkaet al. (2011) (orange) and Rigby et al. (2013) (red) between 1993 and 2012
where data are available. Note the dashed lines on (b) and (c) indicate the average
emissions required before (199998), during(19992006) and after (2002011 the

CH, stagnation period, where data are available.

For a moredetailed and realistievaluation of the role of [OHAnd transporbn the growth rate

of CH:; the results of theTOMCAT model simulationshave beencompared within-situ
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observations.Figure 4.11 shows deseasonalised modelled surface sCirtbom TOMCAT
simulations compared with observations from a Hagliude station (Alert), two tropical stations
(Mauna Loa and Tutuilag southern higthatitude station (South Pole) and the global average of
NOAA and AGAGE stationsln 1993, at the end of the model spio, the simulations capture

the global mean CHlevel well, along with the observed values at a range of latitudes. The
exception is at high northern latitudes. However, these differences are ratantpwhen
investigating the change in the global growth rate. The global change in atmosphgincti@H
simulations with varying winds for 1993 to the end of 2009 is between 75 and 104 ppb, compared
to 56 and 66 ppb in the observations.

Model run RE_FFW does not include interannual variations in atmospheric transport or CH
loss. Therefore, the modelled ¢€hradually approaches a steady state value of ~1830spgb (
Figure 411f). The rate of Ckgrowth decreases from 7.9 ppb/yr (199308) to 1.4 pplyt (2007
2009). Compared to run RE_FTFW, the other simulations introduce variability on this CH

evolution.

Run RE_FTVW includes interannual variability in wind fields which alter the transport of CH
from the sourcéo the sink regions. The largetditference between RE_FTFW and RE_FTVW
occurs after 2000séeFigure 411f). During the stagnation period run RE_FTVW has a smaller
growth rate of 3.5 ppb/yr compared to 4.1 ppb/yr in run RE_FTFW, showing that variations in
atmospheric transport made a #§mantribution to the slowdown in global mean £gtowth.

Compared to run RE_FTVW, runs AP_FTVW, AL_FTVW, NP_FTVW and NL_FTVW include
CHsCClz-derived interannual variations in [OH] which introduce large changes in modelled CH
which are more in line witthe observationsgeFigure 411e). These runs produce turnarounds

in the CH growth in 2001/2 (becomes negative) and 2005/6 (returns to being positive). For
AGAGE-derived [OH] (runs AP_FTVW, AL_FTVW) the large negative anomaly in OH in 1997
produces aignificant increase in CHprior to the turnaround in 2001.

Table 4.4summarises the change in global mean G¥¢r different time periods defined by the

key dates in the observed recobeéfore during and after the growth stagnatiéomparison of
Figure4.11 and Table 4.4hows, however, that the timing of the largest modelled change in
growth rate do not necessarily coincide with those dates. That is understandable if other factors
not considered here, e.g. emission changes, are contributing to thge dhaglobal CH
concentration. It does mean that the summary values in &bt not capture the full impact

of the changes in [OH] and winds within the stagnation period.
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Figure 4.11 Deseasonalised surface CH4 (ppb) from 4 NOAA sites (black sodddetween

1993 and 2009. Also shown are results from five TOMCAT GTM simulations with fixed
temperatures and varying windSd€e Table 4)Xa-d). Deseasonalised global mean surface CH4
from NOAA (black solid) and AGAGE (black dashed) observatiamgatith the five TOMCAT

3-D CTM simulations used in the previous panels (e). (f) Sarffed ast for TOMCAT simulations
using repeating OH (RE) and different treatments of wind and temperature. All panels use
observation and model values which are smabthigh a 12month running average. The shaded
region marks the stagnation period in the observed CH4 growth rate.

Model or Gl obal meppb @CH
observation (ppb/yr)

19932009 | 199B-1998* | 19992006 2007-2009*
RE_FTFW 85.0(5.0) 47.2(7.9) 32.9(4.1) 4.3(1.4)
RE _FTVW 82.2(4.8) 48.2(8.0) 27.8(3.5) 5.4 (18)
RE VTVW 74.6(4.4) 45.6(7.6) 23.1(2.9) 5.3(1.8)
AP_FTVW 97.7(5.7) 62.3(104) 8.2(1.0) 26.4(8.8)
AL_FTVW 104.2(6.1) 58.4(9.7) 17.3(2.2) 27.5(9.2)
NP_FTVW 86.2(5.1) 49.7(8.3) 24.8(3.1) 106(3.8)
NL_FTVW 91.4(5.4) 58.8(9.8) 20.1(2.5) 113(38)
NOAA 56.1 (3.3) 36.0 (6.0) 4.8 (0.6) 14.7 (4.9)
AGAGE 66.3 (3.9) 42.6 (7.1) 5.6 (0.7) 17.4 (5.8)

Table 4.4 Calculated CH changes over different time periods from selected TOMCAT

experiments and, NOAA and AGAGE networks. *Where [OH] data are available.
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Table4.4 shows that runs NP_FTVW and NL_FTVW (NOAderived [OH]) produce a small
modelled CH growth of 2.53.1 ppb/yr dung the stagnation period 192906, compared to 1.0
ppb/yr for run AP_FTVW (AGAGEderived [OH]). The AGAGE results are slightly larger than
the observed growth rate of €067 ppb/yr. Runs AL_FTVW, AP_FTVW, NL_FTVW and
NP_FTVW capture the observed strotgcrease in the GHyrowth rate. Clearly, these runs
demonstrate the significant potential for relatively small variations in mean [OH] to affact CH
growth. Excluding the stagnation period the mean modelledifékime in run NP_FTVW is 9.4
years, buthis decreases slightly by 0.01 years during the stagnation period. For run AP_FTVW
there is a decrease of 0.18 years from 9.6 years between the same intervals. The results from all
the CTM simulations during 1998006 indicate that the accuracy of model{&d, growth is
improved by accounting for interannual variability in [OH] as derived from;QH

observations, and interannual variability in meteorology.

The variation of [OH] after 2007 cannot be determined from the available NOAA datasso run
NP_FTVWand NL_FTVWused the mean [OH] field for all subsequent years. The modelled CH
increase of & ppb/yr underestimates tidOAA observations (4.9 ppb/yr). Should the lower

[OH] of 2007 have persisted then the model would have produced a larger increasg im CH
better agreement with the observations. The AGAIBEved [OH] for 20072009 (rurs
AP_FTVW and AL_FTVW) produces a larger GHyrowth relative to the previous years (8.8
ppb/yrand 9.2 ppb/yYr Runs RE_FTFW (1.4 ppb/yr) and RE_FTVW (1.8 ppb/yr) lsttbw a
decreased rate of growth during the final 5 years, consistent with a system approaching steady

State.

Figure 4.12shows the global CHgrowth rate derived from the AGAGE and NOAA networks
together with selected model simulations. Figurdsh and4.12c show the differences between

the model simulations and the NOAA and AGAGE observations, respectively. The runs which
include variations in [OH] agree better with the observed changes, i.e. larger R values in panel (a)
and the model lines are closerth@ y=0 line in panels (b) and (c), especially in the first 5 years

of the stagnation period. It is interesting to note that the relative impacts of wind and temperature
variations are larger for CHhan for CHCCI; (compare simulations RE_FTFW, RE_FT\aNd
RE_VTVW in Figures4.8 and 4.1 The temperature dependences of the OH loss reactions are
similar for the two specigsee equations 4.1 and #12ut the impact of transport from ernii@s

regions to chemical loss regions is more variable fok. His needs to be considered when

applying results derived from GHCI; to CH..
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Figure 4.12(a) The smoothed variation in the global annual Ziowth rate (ppb/yr)
derived from NOAA (black solid) and AGAGE (black dashed) observations. Also shown
are the smothed growth rates from five TOMCATBCTM simulations with fixed
temperatures and varying winds (See Table 4.2). Values in legend give correlation
coefficient between model run and NOAA observations. Also shown are results from runs
RE_FTFW and RE_VTVWs a purple dotted line and dashed line, respectivelyhi)
difference in smoothed growth rate between TOMCAT simulations and NOAA
observations shown in panel (a). (c) Same as (b) except using differences compared to
AGAGE observations. The vertical daghimes mark the start and end of the stagnation
period in the observed GHyrowth rate (1999 2006).

4.6 Summary

This chapter has investigated the atmospheric contribution to recent trends in the glpbal CH

growth rate with the following key results

1 A simpleonebox model has been used to create global annual anomaliesGCEH
derived [OH], which igound to benegatively correlated with observed giowth (R =
-0.32 (NOAA) and-0.64 (AGAGE)).
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1 When used in a-B CTM the boxmodel derived [OH] anomiges provide improved
correlation of CHCCls with observations (R = 0.710.90) compared with using annually
repeating [OH] (R = 0.62 0.67).

1 Box-model drived global [OH] anomalies used in @D3CTM accuratelypredictthe

CHsCCl; decay rate anomaly atdividual stations.

1 Onebox modelimulationsshow that when considering variations in atmospheric [OH],
the CH emissions required during the stagnation period (Z88¥5) are higher (54917
553.8 Tg/yr) than when [OH] anomalies are not consideredZ548.4 Tg/yr).

1 The CH growth anomaly agreement between thB £TM model simulationsand
observationsncreasesvhen theannually repeating [OH] (R = 0.38 replacedy the
box-modelderived global [OH] anomaly (R = 0.580.65).

1 Ananomaloushhigh [OH] duringthe CH,stagnation periothayexplain a large fraction
of the observed decrease in Giiowth.

TOMCAT model results suggest that variability in atmospheric [OH] and tramapgrivell have

played key roles in the observed recent variationSH. growth, particularly during the CH
stagnation period between 1999 and 2006. THe GTM calculations show that during the
stagnation period, variations [@H], temperature and transpart the tropical lower to mid
troposphere could potentially account for an important component of the observed decrease in
global CH, growth. Within this, small increases in [OH] were the largestributingfactor, while
variations in transport madesanaller contribution. Notehowever, that the ultimate loss of £H

is still due to chemistry. The role of atmospheric temperature variations is factored into the
observationally derived OH, but model experiments show that changes in the OH concentration
itsdf is most important. The remainder of tliél, variation can be ascribed to other processes
not considered irthe modelruns such as emission changes. There are also measurement
uncertainties to consider and the possible underrepresentation of the glabhaCHCCl; which

will affect the derived OH concentration. Thessults are consistent with an earlier budget study
which analysed 1991 to 2004 and found that variations in [OH] were the main control of variations
in atmospheric Chllifetime (65%), withtemperature accounting forsmaller fraction (35%)
(Fioreet al, 2006). As noted here the CHifetime can also be affected by emissions distributions

which affects transport to the main loss regions.
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Prior to the stagnation period thEOMCAT simulation using AGAGEderived [OH]
overestimates CHgrowth compared to observations which degrades the agreement with the
observed CHl variations. There areinaccuracies irbox-model derived [OH] in 1997 when
emissions played a large role in the observedGTH; and the efold decay had not stabilised
(Montzkaet al, 2011).

Variationsin CHs emissionsare not accounted for isimulations used in thishapter, but are
investigated in Chapter S he resultsfrom this Chaptersuggest that ldnough global CH
emissions do vary yedo-year, the observed trend in €growth between 1999 and 2006 was
impacted by changing atmospheric processes that affectedldSkl When variations in
atmospheric conditions are considered, the required decrease in emissiafshtolmservations

is reducedChanges in emissions asgll important and likely talominate CH variations over
other time periods. The observed changes in growth rates during ENSO events in e.g. 1998 are
poorly captured by the meteorological changesidaned here and can be attributed to changes
in emissions through changing precipitation and enhanced biomass burning (Eicals@11).

The renewed growth of CHn 2007 is also poorly captured by all model simulations without
varying [OH]. The obseed decrease in AGAGE and NOAderived [OH] coincides with the
increase in Ckigrowth in 2007, although the currently available data do not allow for a more

detailed investigation of the possible contribution of [OH] changes in this recent increase.

Improved quantification of the role of OH variability will require efforts to reduceertainties
associated with estimating [OH]. Estimates of global mean [OH] in recent years fre@CGH
observations is becoming increasingly difficult becauseGTH; levels are currently <5 ppt;

hence this may limit the accuracy of derived [OH] and its variability in future years (Leligtveld

al., 2006). Wennbergt al. (2004) also noted that there can be time variations in the small uptake

of CH;CCl; by the oceans, which naalso affect the derived [OH] concentrations anel not
considered here Ukure atmospheric trends in Gate likely to be strongly influenced by not only
emissions but also changes in processes that affect atmospheric loss. The accuracy of predictions

would therefore be improved by including variations in [OH] and meteorology.
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5 Evaluawebhawti CH
Model s

5.1 Introduction

This chapter compares and evaluates; @hhissionpredictionsfrom threewetland models.
Wetlands are the largest single sourceCel; to the atmospheré-30%) and have the largest
uncertainty surrounding their emissions (Cieisal, 2014). Model development can improve
current and futurewvetland emission estimatesas well as predictianof possible climate
feedbacks associatedttviheseemissionsA second key area of model developmeancerns
the improvement of the spatial andasenal distributiorof CHs emissionswhich can beested
againstatmospheric observationsdentification of weaknessesf existing wetland models

highlightsareas that require development

This chapteaimsto separate thencertainty in the model forcingarametergwetland fraction,
temperature and carbofipm thestructuraluncertaintyof wetland CH emissionmodels using
similar process descriptions for three different modElse recently completed WETland and
Wetland CH Inter-comparison of Models Project (WETCHIMP) highlighted challenges facing
the wetland Cklmodelling community (Meltoret al, 2013). Thattudyinvolved ten wetland
CH, emissionmodels which used a variety of processes @gkrveddriving parameterge.g.
temperaturg and showed both structural and parameter uringrtan the modelsStructural
uncertainty includes missing processes (e.g pram)sand uncertainty in the representation of
some processe§he modelsanalysedhere were not part of the WETCHIMP study aimd
addition to comparing them with each othtiris chapter tests their accuray performing
comparisonaising aCTM and obsevatiors. The spatial and temporal differences between the
models used here highlight parameter uncertainties anceleantobservation comparisons
permit some assessmaiitthe process descripti@tcuracylt is assumedhat the uncertainty in
wetland CHs emissions outweighs the uncertainties in other emissions and sinks in wetland

regions and that any inaccuracies in all three models are aoEmissing wetland processes.
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Section5.2 givesa background othe analysis frameworkThis includes a deription of the
wetland emissiodataset,a comparison of the driving parameterfrief overview of othe€CH,
emission sources and tepecifications of th@ OMCAT simulations Section5.3 compares all
three wetlandemission datasetgenerated by theretland CH emission modelgprior to them
being used to forc@ OMCAT. Section5.4 shows comparisons of TOMCATCH, simulations
with flask, TCCON and GOSAT observations. Sectdhsummarises the agreement between
the wetland emissiodatasetind the TOMCA simulationscomparedvith observations.

5.2 TOMCAT model simulation specifications

The period 1992012 has been simulated using 3 TOMCAT «Qkdcers all of which were
identical except for the wetland emissiohs.evaluate the wetlarthtaset modelledatmospheric
CH, predictions were compared with observatiohlse nonwetland emissionand loss fields
were the same as those used in Chapteexteptthatsomewere allowed tovary interannually.
Modd resolution and forcingatawasthe same as descrihan Chapter 312-hourly surface CH
output has beensed for flask comparisons and-déily profile output is used for GOSAT and
TCCON comparisons. A2-year spinup was performedising time varying emissions where
available from 19801991. The global CH4 value was resetin 1992 using the global CH
observations from the NOAA flask netwoakd spurup for a further year using climatologies

for each inventory

Anthropogenic emissionsgere taken from the EDGAR version 3.2 database 1pb6tween 1993

and 2008, with 2002012 emissions set as a repeat of 20D@ese are based dmear
interpolation and extrapolation of estimates for 1990, 1995 and 2000 ¢Pakr2009).Biomass

burning emissions were taken from the GFED v3.1 inventory (van derété;f2010) between

1997 and 2010. A climatologyasused for emissions between 1993 and 1996 yeacs2011-

2012 used a repeat of 2010 emissions. Emissions from rice, hydrates, volcanoes, termites, wild
animals and oceawere annually repeating and idesdl to those described in ChapterAdl.
emissionsvere scaled to IPCCsimates descréa in Chapter 2 and griddedldtby 1° resolution.

5.2.1Wetland CHa

Three wetland emissiomodelswereused each withsimilar process descriptisand allwere
scaledo averagegield annual emissions of 177 Tg/fiiwomodels formulated and parameterised

as part of this thesisye based on the JULE@ocess description shown in equation 5.1 (Gedney
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et al, 2004) whereFcnais the CH flux in kg m?s?, kocra is a global scaling constaint s?, fu is
wetland fractionin m?/m?, Cs is carbon substraten kg m?, Qo describs the temperature
dependence of the methanogenesis reactignis the soil temperature aid = 273.15 Kis a
reference temperatur€he thirdmodel| taken from Bloonet al.(2012),uses equation 5.2, where
Focha is the CH flux in mg m2day?, n is a decay constaint day?, t is the equivalenwater
height,O is the equivalent depth of wetland saildC; is the carbon substrate in nmg?. All

three modelsire solely dependent e@mperaturewetland and carbon substrate
O Q Q60 Y 7 (5.1)
"0 nt 060 Y 7 (5.2)

The following sections outline thehtee wetland emission datasegenerated by the models
hereaftereferred taas JU, JP and BIBoth JULES emissiodataset were created as part of this
work, the third, the tolown datasetwas taken from Bloorat al.(2012).

JULES Driven by JULES Parameters(JU)

The first wetlandemissiondatasetJU, wasdriven by JULES version 3.4.1 wetland fraction, soil
temperature and soil carbdrhis section describes the JULES configuration used, a more general
model overview is dcussed in Chapter 3. The three driving parameters for wetland CH
emissions in JULES are soil carbon, temperature and wetland fraction (see equation 5.1).
WATCH-forcing-dataERA-interim (WFDEI) wasused toforce JULES from 1993 to 2012
(Weedonet al, 2014), thismeteorological inputs provided at shourly time steps and at a
horizontal resolution 00.5° by 0.5°. The forcing data includes 67,209 land points outside
Antarctica and provides JULES with lomgave and shonvave downward surface radiatidhm

air temperature, 10 m wind speed, surface pressure, 2 m specific humidity, rainfall rate and
snowfall rate Monthly JULES output is =l

TRIFFID wasenabledin the model, which simulategegetation and soil carborymamicsto
provide carbon substefor methanogenesf€ox et al, 2001) The soil carbon model uses the
RothC soil carbon scheanColeman and Jenkinson, 1996), whHewd litter from vegetation is
first split into two carbon pools, DPM andPRI (Decomposable/Resistant Plant Materitip
ratio of which is dependa on the PFTPlant Functional Type)rhen the carbon can be released

through respiration or further broken down into the BBimass)and HUM (Humus)pools.
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Figure 5.1Spinup of JULES soil carboat 4 locationsusingthe acceleratednethodfor humus
(purple), microbial biomass (bluedndresistant(green)and decomposablgant material (red).
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Figure 5.2Spinup of JULES soil carboat the same 4 locatiorss Figure 5.1 butising the
standard method for humus (purplehicrobial biomass (blue), and resistant (green) and
decomposable plant material (red).
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The use of the four soil carbon pools requires a long-gpiperiod typically >1000 years)
because of the slow turnoveate of the humus pool. This can beoided byapplying an
accelerated decomposition method described by Kevah(2013). Once the soil carbon input,

from vegetation, is in equilibrium, the size of the soil carbon pool is determined by the
decomposition rates. The linear relationship between #eeodithe pool and the decomposition
rate is exploited by accelerating the decomp
U. To assess the acc uupaethodsovére dorhpared. Thefipst, shava h  t
in Figure 5.1, used aeferated decomposition by spinning the vegetation for 30 years,
followed by rescaling and accelerating the decomposition rates for 70 years. The second, shown
in Figure 5.2, used a standard TRIFFID setup which is-spufor 900 years. The standard
verdgon of the model had not reached equilibrium after 900 years, in particular the HUM pool. It

is assumed that with a longer spip the standard version would eventually tend toward the
values calculated using the accelerated decomposition mthedigues 5.1 and 5.2)
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Figure 5.3 Comparison at all land points of the four JULES soil carbon pools, aftetyaarO
spinup using accelerated decomposition and a-968r spinup using standard JULEShe four

points in Figures 5.1 and 5.2 are represented by the purple (Boreal Canada), green (Siberia), red
(Sahara) and blue (Amazon) diamonds.
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Figure 5.3 shows that bofipinup approachegield similar sizepools for each substrate type at

all model lar points; as a result the accelerated method is used for the rest of this thesis to reduce
computational demand. To ensure the model is-spuior the correct timperiod, 1993 to 2013,

the JULESsimulation starts in 1979. This results in the soil carbotjust being in near
equilibrium but also provides the model representation of the global soil carbon state from 1993.

The respiration rate is different for each pool in the RothC schi@®e Table 5.1andfurther
details of thisare discussed int@pter 3For methane production itdthe samenethanogenesis
rates are applied to each pool, using an overall methane productigiveatén equation 5.3,
where Cgpm.rpm bionumr€presents the substrate availability of each of the four pools im%g
Rapm,rpm bio,nuf€presents the methanogensis rate of each pabbimsdis tige methane production
rate. A modifiedflux equation shown by equation 5.4 is then used, wheamd a new time
independent scaling factdra, replaceCs andkochs of equation 5.1.

¥ 6 Y 6 'Y 6 'Y 6 'Y (5.3)
O  Q "ox0 Y 7 (5.4)
Carbon Pool DPM RPM BIO HUM
Respiration Rate {9 3.22x 10 9.65 x 1@ 2.12 x 1¢° 6.43 x101°

Table 5.1 JULES default respiration rates for each soil carbon pool based on values from Clark
et al. (2011). The methanogesis rates are assumed to eqtia respiration rates.

The soil temperateris calculated fofour different layers in JULESror this experimentlia
methane production is assumed to occur in the topm,0which isthe top soil layem JULES

The baseline temperature dependefke(To), wasset at 1.65. This value anges dependingn

the soil temperaturas inequation 5.5taken from Gednegt al.2004).This is required because

the Arrhenius equation, which describes the temperature dependence of methanogenesis, is only
valid over a limited temperature range (Gedaegl, 2004) Where the soil temperature is lower

than 273.15 K, emissions are set to zero because the ground is consideresifnazemicrobial

activity.
o Y 0 Y 7 (5.5)

Wetland fractionfor each model grid celk given as the fraction dhe grid cell that is fully
inundated estimatedrom the topographic indexwhich takes into account slope gradient and
catchment aredroductionand instantaneous emission of Bl restricted tsaturated regions

within the modelwhere saturated soils aerfaces which can no longer absorb wdtereality
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some emissions asoobserved at unsaturated sites (Wickl@hal, 1999),but these are not
accounted for in the model. The €ptoduced is immediately emitted into the atmosphere in the
model, netecting transport pathways and oxidat JULES only simulates natural wetlands and
does not account for agriculturpfactices such as fertilisationaltering the biogeochemical
processesSomerice paddies are found in aseaf natural wetlandsthusa rice field mask is
placed over the JULES wetland and the rice emissions are takel &oet al.(2009). The mask
used is an annually repeating monthly mean rice fraction map taken from MICRAZQ00 is
aglobal monthly irrigated and rainfed crop adsdabas¢Portmanret al, 2010).

JULES Driven by Prescribed ParametergJP)

The second wetlandmissiondatasetJP, used equation 5.4nda prescribed wetland fraction,
soil temperature and soil carbon. This is an identical process descriptldibtt With different
driving parameters. UnlikdJ] the soil carbon does not vary with tirfidne prescribed parameters
used to generate JP dna@sed on observations.

JP used a singlearbonpool that has beespatiallyregridded from the Harmonisé&tlorld Sal
Database (HWSD) (Fischet al, 2008). HWSD combines regional and national soil information
maps to generate a gloldta sebf multiple parametersvhich do not varyn time and which
have a~1km resolution The database includes topsoil organic carlraction and density.
Carbon is given as a percentage of the total mass in the top 30 cm of the soil column and is
multiplied with soil density toobtain an estimate ofubstrate kg C/fmavailable for
methanogenesifigure 5.4 shows how the HWSD databawith a single carbon pool, compares
to the four carbon pools generatestimated withJULES, taken from . High values over
Greenland can be ignored because there is no respiration or methanogenesis in th@btagion.
carbon idowerin JULESpredctionscompared to HWSD, especially in boreal regions. Carbon
substrate is also more uniformly distributed in JULdi8ulations Based on soil carbon alone,
JU would produce more evenly distributed wetlaDis emissiors, than JP. U also exhibis a

more ponounced seasonality becaitsearies intime.



Evaluation of Wetland CH4 Models 74

N y};j/
Cabon (ka/m2)

(——

Carbon (kg/m2)

0.10 0.20 030 0.40 0.50

HUM Carbon (kg/m2)
4 4
0

5 10 15 20

Figure 5.4Global substrate carbon used in the wetland emissiatasets)U and JP. (a) Global
fixed topsoil organic carbon taken from HWSD-ejbGlobal substrate from the four JULES
carbon poolsafter acceleratedlecompositionfor September 2@ Note that the scale varies
betweemlots. Large carbon pools over Greenland are a result of no respiration from the initial
state.

The soil temperature for JP is takkeom the NCEP Climate ForecastyStem Reanalysi€Saha

et al, 2010).The 310 cm soil temperature is provided ab@urly time steps anata 0.5 by 0.5°
resolution. This has beaveragednto monthly means to provide data from 1993 to 2(&sl
temperature values from 2009 were ued010to 2012.Figure 5.5 shows how the NCEB®ils
temperature comparegth thetop-layer JULES soil temperature taken frobh. Jhere is good
overall agreement between the two temperature datasets botHls@aith temporally. This
suggests that, bateon temperature alone, there shouldgbed agreement between the two
dataset or equivalentlyany differences are unlikely to be caused by differences in soil
temperature. The exclusion of Antarctica from JULES will not affect the wetland methane

producton because of a lack of soil carbon and wetland fraction in that region.
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Figure 5.5Global 0-10 cm soil temperaturéK) used in the wetland emissidatases (a) JP,
taken from NCEP Climate Forecast Reanalysisl (b) JU, taken from JULESor September
2005

The wetland fraction used equation 5.1 for JP is taken from the Global Inundation Extent from
Multi-Satellites (GIEMS) dataset (Prigegttal, 2019. The data combines passive microwave
land surface emissivities frorfhe Special Sensor Microwavenager GSM/l) and the
International Satellite Cloud Climatology Projed8CCPB observations,European Remote
Sensing ERS scatterometer responses, aAdvanced Very High Resolution Radiometer
(AVHRR) visible and neainfrared reflectances to provide 822by 0.25 global inundated
fractions. The data, whicarefrom 19932007, arebinned into 0.5° by.5° gridboxeswith a
climatology used for 2062012.The same ricpaddydistributionmaskas for JU is applied to
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JP. Figure 5.6 shows comparisorbetween the JULES wetland fraction used thahd the
GIEMS wetland fraction used in JBr March andSeptember 2005 patially, JUIES shows a
more uniformdistribution than GIEMS, with higher fraction in the tropics and lower in boreal

regions.

Wetland Fraction

‘-: \ 4 " ' ‘:-
u U U

0.0 0.1 0.2 0.4 0.5 0.6

Figure 5.6Global wetland fraction froMGIEMS (a and c)and JULESb and d)for March (a and
b) andSeptembefc and d)2005.Note that the wetland fractioshownis before a rice mask is
applied.

Annually the total wetlad area is much largen JULES compaed to the GIEMS estimate;
however because the emissions are scaled to a global value the fractional distribution regionally
compared to the global value is more important than the total wetlandbai@€gl, emissions

Figure 5.1 shows thatup to approximately 40% of global wetlands can be found in Boreal
regions during summer according to the GIEMS dataléasehis larger than in JULES (~30%).
JULES exhibits higher seasonal peak in wetland fraction in the tropics of up to ~75% compared
to GIEMS (~60%)see Figure 5.7d5IEMS shows a larger seasowatiability in both the Boreal

and Tropical regions as a fraction of the total global amount; however in absolute terms the

variability islargerin JULES in the boreal regions. Overall the main different€d, emissions
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between U and JP are likely to occur as a result of differences between the two wetland fractions,
both spatially and temporally. Based on wetland fraction, JP is likely to have a more pronounced
seasonal cycle thatudwith comparably mee emissions from thBoreal regionsBoth wetland
dataset®xhibit interannual variability in wetland fraction, which is further investigated in the
analysis of the wetland emissidataset in Section 5.3.
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Figure 5.7 Time series of (a) wetland areand (b) wetland area as a fraction of total global
wetland area, for JULES (black) and GIEMS (blue) between 1993 and 2012 in the northern
Boreal region (>458N). (c, d) The same as (a,, Ir the Tropical region between 23% and
23.5°N. (e) The same as, ©) globally. (f) Global wetland area as a fraction of the maximum
global value Note the wetland fraction is after rice mask has been applied.

Top-Down Wetland CH4 Dataset(BL)

The third set of wetland CHemissions, BL, werestimatedising equatio®.2together withtop-
down observationsThe datasetdescribed in this section, was nog¢ated as part of this thesis,
but was taken directly from Bloonet al. (2012). The method isolates wetland and rice
contributions to SCIAMACHY CH observationsbased onwatertable depth and surface
temperature (Bloomst al, 2010). Thedatasetorrelates the variability in atmospheric £Sher
wetland regions with changes in watable depth and soil temperature to produce the flux
equation 5.between 2003 an2011 For 19932002 and2012a climatology isused.
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A dynamic methanogeavailable carbon pool is used limit the methane production and the
decay constant provides astimated methanogenegisnover ratdor the available carbon. The
carbon pool isipdated daily and is fitted to the SCIAMACHY &bbservationsThe carbon flux
into the pool is assumed to be constantime and balances the net Hux on an annual

timescale.

Skin temperature is taken from the NCEP/National Centre for Atmosphesearch (NCAR)
reanalysis project (Kalnagt al, 1996) and used as a proxy for soil temperatlifes is
aggregated from a global .8y 1.88 resolution onto a daily°3yy 3° resolution.

The equivalent water table used in equation 5.2 is derived Woradatellites flown as part of The
Gravity Recovery and Climate Experi ment
measured by GRACE, which providdataat a £ x 1° resolution(Lemoineet al, 2007) An
advantage of usg GRACE is that it providesvater table height both above and below the

( GRACE) .

surface which could be advantageous when developing transport processes within the process

model

5.3 Wetland CH4 Flux Comparisons

This section compares spatial and temporal differendés @©H, fluxesof thethreedataset$JU,
JP and BL) Figure 58 shows the totalannualemissionf the three datasstor the period 1993
to 2012. Ithighlights the relative conbution of each emission souraad shows that tHargest
deviation from thaneanannual emissioof 553 Tg/yr is in 198, for all dataset (JU: 565.4 JP:

570.3, BL: 561.8 Tg/yr). This wasmainly causedoy an increase in biomass burning emissions

during the 199/1998 El Nifio event(van der Werfet al, 2004).JU has a positivetrend in
emissions over the 2@ear period of 0.49 Tg/yr, BL shows a smaller increase of 0.11, Wgfjch

is influenced by earlier years having repeat wetland emissaiods]P shows a decreasing trend
of -0.16Tglyr.
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Figure 5.8(a-c) Annual emissionsf CHa, in Tg/yr, from three differentdatasetsbetween 1993
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Figure 5.9 Monthlyemissions of CH in Tg/yr,from three differentlatases between 1993 and
2012 dividedinto individual source types. Dataseltave identical nowetland emissions and
different wetlanddrom (a) JU (b) JP and (c)BL (Bloom et al, 2012) Note rice, wild animal,
ocean, hydrate, volcanic and termite emissions are all anntefigating.
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Mirroring the strong seasonality in wetland arfégure 5.9 showhatthe relative variations in
emissions are much larger on a seasonal timescale than on an intertgmeaable with peak
emissions irAugust (JU55.7, JP: 62.4, BL: 5%.Tg/nmonth) and low emissioni& February (JU

37.4, JP: 34.9, BL: 37.3 Tgbnth). Most of the variability is aassedby seasonal changes in
emissiondrom rice paddiesind both, seasonal and interannual, changes in biomass burning and
wetland emissionsslobal rice emissions range fradr7 Tg/monthin Augustto 1.0 Tg/monthin
January Biomass burning ranges fromwveragevalues of3.5 Tg/month in August to 0.74

Tg/monthin NovemberWetland variability is discussed in more detail later.

DeFries and Towrend (1994) defined regions to reflect geographical and mechanistic elements,
these have been adapted to theoreguse here (se€igure 5.10 andareused for both Chapters

5 and 6 The annual varianda biomass burning emissions is 13.9 Tg, this is smtdkrfor JU
(1993i 2012), 23.3 Tg, and JP (1992007), 46.6Tg, but larger than BI(20037 2011), 2.2Tg.
Globally, wetland emissions range frob69.5Tg/yr (198) to 183.6 Tg/yr (2011) inU, 164.1
Tglyr (2000) to 187.7Tglyr (1993) in JP and 173:Bg/yr (2004) to 180.37g/yr (2007) in BL.

The variation in interannual emissionsJiRis caused by changes irethand fraction, which is
less prominent idU and BL JP shows the largest interannual variability in Boreal North America
and Tropical Asia, with variances of 3.7 Tg/yr and 6.4 Tg/yr, respectiset/Figure 5.11For

BL and JU the interannual variaibjlin regiorsis typically smallerthe largest being North Africa
for BL, 0.57 Tg/yr and Tropical Asia for JU, 2.4 Tg/yr. Figlré1showsdatasetagree on the
annualemissionsn some regions, Temperate North America and Europe, but disgeséere

Boreal North America and Tropical Asia.

Figure 5.10 Map showing the regions used in the thesisBdtkeal North America (1), Europe
(2), BorealNorth Asia 3), Temperate North Americd)( North Africa 6), Temperate Asigb},
Tropical South America?), Africa South(8), Tropical Asia 9), Temperate South Americi0j
and Australia 11).
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Figure 5.11 Annual ClHwetland emissionsn Tg/yr,from JU(green), P (blue) andBL (Bloom
et al, 2012) (red) between 1993 and 20I#lividual panels show regns defined in Figure 5.10
and the bottom right panel shows the global emissions.
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Wetland Annual Average Emissions (Tg/yr) Region
CHs

Dataset

19931998 | 19992006 | 20072012

JU 1735 176.6 181.1 Global
JP 181.0 173.6 178.1 Global
BL - 175.0 178.6 Global
JuU 9.2 9.4 10.2 Boreal North America
JP 31.3 31.2 30.8 Boreal North America
BL - 8.2 8.3 Boreal North America
JuU 16.4 18.1 18.3 Europe
JP 12.0 12.2 12.6 Europe
BL - 14.1 14.5 Europe
JU 6.5 7.1 7.7 Boreal Asia
JP 7.8 7.2 7.8 Boreal Asia
BL - 11.2 11.9 Boreal Asia
JuU 13.9 12.7 12.8 Temperate North Americi
JP 11.9 10.7 10.7 Temperate North Americi
BL - 10.5 10.7 Temperate North Americi
JuU 19.8 19.6 19.6 North Africa
JP 9.0 9.1 9.5 North Africa
BL - 21.2 22.1 North Africa
Ju 16.6 16.2 16.3 Temperate Asia
JP 29.4 27.6 28.0 Temperate Asia
BL - 19.8 19.8 Temperate Asia
JU 31.5 31.4 31.8 Tropical South America
JP 21.5 19.8 20.3 Tropical South America
BL - 21.8 21.7 Tropical South America
JuU 16.7 17.4 18.4 Africa South
JP 6.2 6.7 7.0 Africa South
BL - 24.3 25.2 Africa South
JuU 20.4 21.9 23.1 Tropical Asia
JP 40.4 39.1 40.3 Tropical Asia
BL - 11.8 12.1 Tropical Asia
JuU 18.9 18.7 18.2 Temperate South Americ
JP 8.8 7.9 8.6 Temperate South Americ
BL - 23.6 23.6 Temperate&South America
JU 4.7 5.5 6.2 Australia
JP 2.7 2.1 24 Australia
BL - 9.5 9.7 Australia

Table 5.2Global and regional wetland emissions between 1993 and 1998, 1999 and 2006, and
2007 and 2012, from JULES, JULES driven by prescriggdmeters and a tedown estimate
(Bloom et al, 2012)

* Where data are available from JU (192312), JP (1992009) and BL (2002011).
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Figure 5.12 Regional wetland emissions between 1993 and 1998, 1999 and 2006, and 2007 and
2012 where data are avable, from (a) JU, (b) B and (c)BL (Bloom et al, 2012).
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Table 5.2and Figure 5.1Z2how how average wetland emissions change over time, bracketing
intervals beforeduring and aftethe pause in CkHyrowthdiscussed in Chapter U (19932012)

and BL(20032011) show an overall positive trend in global wetland emissions of 0.43 Tg/yr and
0.56 Tglyr, respectiveljpoth of which are statistically significant at the 95% level (p<0.0B).
(19932009) shows a negative trend-0£35 Tg/yr which is not stistically significant This
highlights the uncertainty in trengrediction using wetland CkH modelling. JU emissions
decreased by 0.4 Tg/yr during the stagnation pgdl®®32006) with the largest decrease in
Temperate North America (0.4 Tg/yr). JP esivoss decreased by 3.4 Tg/yr during the same
period, with the largest decreases in Temperate Asia (0.7 Tglyr), Tropical South America (0.7
Tglyr) and Tropical Asia (0.7 Tg/yr). BL emissions decreased by 2 Tg/yr during the same period,
with noticeable deceses in Boreal Asia (0.4 Tg/yr), North Africa (0.5 Tg/yr) @lfdca South
(0.5Tglyr). This shows that atlataset predicta decrease in emissions lolatnot agreeon the
magnitude or the spatial distribution of the decreSsee2007 all threadataset estimatehat

global wetland emissions are above 18832012average of 177 Tg/yr by 1.1 Tg/¢dP) to 4.1

Talyr (JU). JU predid increases iAfrica South Australia and all boad and tropical regions.

JP predid increases in Europe, Boreal andpical Asia, North ané\frica South andTemperate

South America. BL predistincreases in Temperate North America, North Afrifaica South
Tropical Asia, Australia andall boreal regionsAll datased agree that African andoteal
emissions have incread since 2007.

Changsin modelledwetlandCH, emissions ardependent othree parameters/etland fraction,

soil temperature and soil carboantent Figure5.13shows how each of these parametery var
with time and the relative coefficient anomalgghchangs have on globalwetland emissions.
Wetland fraction is the largest driver of the reduced emissions during the stagnation period with
a mean coefficient anomaly in JU-®4% and in JP 0f3.3% between 1 and 2006. Rainfall

over the mean wetlaratea iscomparablyhigh in 1999 and 2000 but reduces below the average
for the remainder of the stagnatiperiod. Temperaturecauses less thaa0.1% reduction in
emissions in both JU and JP, and soil carbon produces an above average coefficiertteluring t
stagnation of 0.1%. Regression analygigealsa statistically significant (95% level) positive
trend in the wetland coefficient anomaly of 0.5%/yr for JU and a negative tre@d%s/yr for

JP. Both, JU and JP, show a statically significant tretideinemperature coefficient anomaly of
0.5% and 0.4% respectiye JU does not predict statistically significant trend in emissions due

to changes in soil carb@ontent

The global seasonatangesn wetland emissiondiffer between each datagsee Figure 5.14)
Globally, JU has an average seasanakimumin August (18.6 Tg/monthand minimum in
February (11.3 Tg/month). BL has an almost identizaximumin August (18.6 Tg/month) and



Evaluation of Wetland CH4 Models 85

minimum in February (11.3 Tg/month). JP has a much larges@nal range with an average
maximumin August(26.5 Tg/month) anchinimumin December (8.8 Tg/month). The large peak

in JP emissions in the Northern Hemisphere summer mostly originates from increased emissions
over Boreal North America. Traataset showsimilar seasonal cycles over Europe, Boreal North
Asia and Temperate North America.
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Figure 5.13 The parameters required to generate the different @etland fluxdatases. (a)

Total global mean wetland aréa n?, (c) soil temperature K and(e) tenperature independent
unscaled soil carbon flux ikg m?s® from JU (geen) and JP (blue)The relativeglobal
anamalies in the coefficients for (b) wetland area, (d) soil temperature and (f) soil carbon. (g)
The global average rainfall over the climatgloal wetland area in kg ¥s* and (h) the relative
anomalies in rainfall. All data is for 1993 to 2011 for JU and 1993 to 2007 for JP.

Temporal and spatial differences in all three wetldat@set shown here mainly arise because of
differences in thevetland fraction. Firstly, the overall lorigrm trend in emissions is positive in

JU and BL but negative in JP. Secondly, JP interannual variations in emesdasyethanfor

JU and BL. Thirdly, JBredicts a mor@ronounced seasonal cycle than dtieer twodataset,

which is most evident in Boreal North America. Finally, there are clear differences in the spatial
distribution of emissiongredicted bylP compared to JU and BL, which have similar distributions

to each other. Based dmesecomparisons there are noticeatitiferences betweetiataset even

when the samenethanogenesis mode applied, highlighting the parameter uncertainty in
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wetland models The parameter information is assessedSection 5.4 bycomparing CTM

simulations dwven by the wetlandataset with atmospheric CHobservations.

Figure 5.14 Seasonal cycle of GHvetland emissions, in Tg/month, from JU (gredR)(blue)

and BL (Bloom et al, 2012) (red). Monthly averages are taken from years where data are
available, JU (1992012), JP (19922009) and BL (2002011).Individual panels show regions
defined in Figure 5.10 and the bottom right panel shows the global emissions.



























































































































































































