Portland State University

PDXScholar

Dissertations and Theses Dissertations and Theses
2010

Investigation of the sources and sinks of
atmospheric methane

Christopher Lee Butenhoff
Portland State University

Follow this and additional works at: https://pdxscholar.library.pdx.edu/open_access_etds

b Part of the Chemistry Commons, and the Physics Commons

Let us know how access to this document benefits you.

Recommended Citation

Butenhoff, Christopher Leeg, "Investigation of the sources and sinks of atmospheric methane" (2010).
Dissertations and Theses. Paper 2813.

https://doi.org/10.15760/etd.2807

This Dissertation is brought to you for free and open access. It has been accepted for inclusion in Dissertations
and Theses by an authorized administrator of PDXScholar. Please contact us if we can make this document more
accessible: pdxscholar@pdx.edu.


https://pdxscholar.library.pdx.edu/
https://pdxscholar.library.pdx.edu/open_access_etds
https://pdxscholar.library.pdx.edu/etds
https://pdxscholar.library.pdx.edu/open_access_etds?utm_source=pdxscholar.library.pdx.edu%2Fopen_access_etds%2F2813&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=pdxscholar.library.pdx.edu%2Fopen_access_etds%2F2813&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/193?utm_source=pdxscholar.library.pdx.edu%2Fopen_access_etds%2F2813&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.pdx.edu/services/pdxscholar-services/pdxscholar-feedback/?ref=https://pdxscholar.library.pdx.edu/open_access_etds/2813
https://doi.org/10.15760/etd.2807
mailto:pdxscholar@pdx.edu

ABSTRACT

An abstract of the dissertation of Christopher Lee Butenhoff for the Doctor of Philosophy

in Applied Physics presented June 11, 2010.
Title: Investigation of the Sources and Sinks of Atmospheric Methane

Methane (CHy,) is a potent greenhouse gas and its atmospheric abundance has nearly
tripled since pre-industrial times. With a radiative forcing of 0.48 W m™ it is second only
to carbon dioxide in changing the radiative balance of the atmosphere. The behavior of
CH, has been interesting in recent years. After nearly a century of rapid growth fueled by
anthropogenic emissions from sources such as agricultural production and energy, in the
past two to three decades the trend of CH, has declined to nearly zero, and its growth
today is stalled. There is much intere;st in understanding why and how CH,4 changes on
- decadal time scales, not only to explain past behavior but more importantly to predict
where CH, is heading in the future. This has implications not only for future climate
;l;ange, but also for mitigatio-n policies that airh to reduce)‘ emissions of greenhouse gases.
The work presented here represents a number of independent studies that
investigated various components of the CH, budget, namely the sources anci sinks. We
used a chemical-tracer model and created unique long-term time series of atmospheric
CHy, carbon monoxide (CO), molecular hydro_gen (Hy), and methylchlvoroform

(CH3CCl3) measurements at marine background air to derive histories of atmospheric

hydroxyl radical (OH) — the main chemical oxidant of CHy4, biomass burning — an



important source of CH, in the tropics, and emjs"s:;ions of CH4 from rice paddies — one of
the largest anthropogenic sources of CHy, over decadal scales. Globally gridded
inventories of CH4‘ emissions fro'm rice paddies and terrestrial vegetation were created by
syntheéizing greenhouée and field CHj4 fluxes, satellite-derived bioi)hysical data, and
terrestrial geospatial information.

Our main finding is that although global sources and sinks of CH,4 appear to be in
| balance now, as evidenced by stable levels of atmospheric CHa, this is likely due to
competing trends in individual sources and sinks. In particular we find good evidence that
atmospheﬁé OH levels have declined by 10-15% over the past few deéades, with most of
this change happening in the northern hemisphgre. If so, this implies that global CH,4
emissions have fallen by about 50 Tg y'l in the northern hemisphere. We find that this
decrease is due in part to declinihg emissions of CHy4 from rice production in China
driven by changes in agricultural practices there: In the southern tropics we find that
Biomass burning emissions have risen perhaps as much as 20%, though no significant
change is observed in the northern tropics. Finally, if terrestriai vegetation is a source of
CH4, which recent réports indicate to be so, our work shows that it is poter;tially
significant globally, up to 30 Tg y'' as constrained by the ice core record. Emissions from
this source could vary significantly on decadal scales due to pressures frpm climate and.
human activities such as land clearing and deforestation, and may balance the increase in
emissisons from biomass burning. A dynax.nic picture of CH, emerges from this work.
The near-constant global burden of CH, seen todéy hides the changing behavior of the
sources and sinks beneath. Our findings will help us understand whether CH,4 levels will

remain stable in the future.A
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Chapter 1— A Changing World: The Importance of Atmospheric Methane

1.1 Introduction
We have reached an important marker in the course of human development.

Throughout our history, human impact on earth’s biota and its supporting systems has
been minimal in scope and scale and limited to local disruptions and disturbance.
Though forests have been felled, fish stocks depleted, and waters and air polluted, these
activities have had little global impact despite hardship to local biota and inhabitants.
But population and»indusfrial growth has led us into a new era. The waste products of
our technological society now perturb global ,sy'stemS and affect regions far removed
from pollution sources. For the past one hundred years or so our agricultural and
industrial activities have dramatically altered the atmosphere’s chemical composition
and have disrupted the eaﬁh’s radiative balance. The impacts of climate change are now
widespread. Policy makers, planners, and indeed common citizens require a complete
and accurate understanding of the life cycles of greenhouse gases (GHGs) to effectively
and efficiently allot scant resources to climate change mitigation and adaptation.

The work presented here strives to better understand the behavior of a principal
GHG, methane (CHy), which has increased nearly threefold since pre-industrial times

(Ferretti et al., 2005). The singular fact that CHy is over 20 times more potent on a per-



molecule basis than CO, (over a time horizon of 100 years) makes CH, an important
gas to study (Table 1.1). The direct radiative forcing from CH4 (calculated from 1750)
is 0.48 W m, which is 18% of the total long-lived greenhouse-gas forcing, and 49% of
the non-CO; greenhousé—gas forcing (Forster et al., 2007). If we include CHy’s
contribution to tropospheric ozone and stratospheric water vapor, its radiative forcing is
closer to 0.7 W m (Hansen et al., 2000). By some accounts, CHy4 contributes more to
climate change than fbssil fuel burning, since the negative forcing of the combustion
aerosols offsets some of CO,’s positive forcing (Hansen et al., 2000). Regardless, CHy
plays an important role in Earth’s radiative budget today and will continue to do so in
the future.

Beyond its radiative properties, methane’s impact on atmospheric chemistry is
signiﬁcant. It decreases the abundance of the hydroxyl radical (OH) through oxidation,
which in turn increases the lifetime of hydrocarbons an(i other oxidized gas species,
including the hydrofluorocarbons (HFCs) and hydrocholorofluorocarbons (HCFCs), the
replacement compounds for the stratospheric ozone-destroying compounds, potent
greenhouse gases themselves. In addition, transport of methane to the stratosphere and
its subsequent oxidation there contributes 20-25% of the total water vapor flux to the

stratosphere where it participates in the ozone-destroying HOx cycle (Warneck, 1999).

Table 1.1. Radiative properties of long-lived greenhouse gases.

Gas Radiative Global Warming Potential®
forcing® Time Horizon
W m?> 20 yr 100 yr 500 yr
Carbon dioxide CO, 1.6 1 1 1
Methane CH, 0.48 62 23 7
Nitrous oxide N»0O 0.16 275 296 156

2 Data from IPCC 2007 (Forster et al., 2007)



Our awareness of the problem is recent. In the 1950s methane was identified as
a “non-variable component of atmospheric air” (Glueckauf, 1951). Recognition of its
increasing atmospheric burden dates back less than thirty years (Rasmussen and Khalil,
1981). Since then we’ve extended the evidentiary record backwards thousands of years
using ice corés drilled from Greenland and Antarctica. For methane, the ice core record
indicates that preindustrial Holocene background CH4 was ~660 ppbv (parts per billion
by volume, or nmol mol-1) (Feretti et al., 2005) and rose rapidly starting around the
year 1750 to present-day global mean levels of about 1760 ppbv (Dlugokencky et al.,
2009).

The behavior of atmospheric CH, is complex due to thé diversity of its sources
and sinks ;Nhich individually respond to different pressures; Though the recent history
of CH4 can be reconstructed from ice cores and direct atmospheric measurements, if we
wish to go beyond explaining the past and project forward the path to the future, we
must understand how current CH4 sources and sinks are changing today. This will
allow us to predict future responses to a changed physical and human climate and chart
a possible path to the mitigation of emissions.

Like any budget, the balance of methane in the atmosphere represents the net
sum of its receipts and ouﬂéys. The receipts of atmospﬁeric methane are source
emissions released entirely at the surface and typically quantified as a flux in units of

Tg CH,4 per year (1 Tg=1012 g). The sources of methane are many and varied, both



natural and anthropogenic (Table 1.2), but are dominated by anaerobic bacterial

production in soils and ruminants. In total, annual emissions of methane are estimated

Table 1.2. Sources and sinks of atmospheric CH,. All values are Tg CH, y'. Adapted from Lowe (2006).

Sources Estimates Range of estimates
Wetlands 145 ' 92-237
Rice agriculture 60 40-100
Ruminants 93 80-115
Termites 20 2-22
Biomass burning 52 23-55
Energy generation 95 75-100
Landfills ) 50 35-73
Ocean 10 10-15
Hydrates 5 5-10
Vegetation 35 0-60
Total sources 565 500-600
Sinks Estimates Range of estimates
Tropospheric oxidation 507 450-510
Stratospheric loss 40 40-46
Soils 30 10-44
Total sinks 577 460-580

between 500-600 Tg CH, per year (Denman et al. 2007). Emissions from natural
wetl.;a.nds are widely believed to be the 'largest of all sources, though a recent study
reported the controversial finding that aerobic emissions from plants may be larger
(Keppler et al. 2006). An assessment of the inventory for this source is part of the
current work. Emissions from anthropogenic sources such as ruminants and rice
agriculture have grown rapidly during the twentieth century (Khalil and Shearer, 2000).
The outlays of methane are its sinks, how it is removed from the atmosphere.
CH, is removed primarily by gas phase oxidation through its reaction with OH iﬁ the

troposphere. Smaller sinks include microbial uptake in soils, and an unknown but



presumably minor removal from ocean-produced chlorine atoms (Gupta et al., 1997;

Tyler et al., 2000; Platt et al., 2004; Allan et al., 2005).

1.2 Mitigation Potential
CH,4 has properties that make it an attractive gas to trade under future climate

mitigation policies. Most importantly, its large global warming potential allows
economic actors to offset roughly 20 tons of CO; for every ton of CHy4 mitigated. CHy’s
relatively short lifetime of 8-10 years means its mitigation todawy*will. i;;l\;e a real impact
on climate in less than a decade. Compared to the relatively long lifetime of carbon
dioxide, CH4 becomes an attractive gas to target for rapid climate mitigation. Actors
with the ability to reduce CH4 emissions hold valuable assets that will significantly
impact the overall trading price of carbon credits.

There is significant potential for GHG mitigation in agriculture as mitigation
costs are typically cheaper for agriculture than for non-agricultural sources (Smith et al.,
2007). Caldeira et al (2004) estimated that dgricultural emissions of up to 5 Gt CO,-eq
y! (1 Gt =1 gigaton = 10”° g, CO,-eq is equivalent CO, emissions calculated using the
GWP of GHGs) could be mitigated by 2030. For CH,4, mitigation potential is primarily
via rice management and livestock. Smith et al. (2007) calculated that up to 500 Mt
CO,-eqy" could be mitigated through improvements in these practices by 2030.

The purpose of the work here is simple, to better understand the sources, sinks,
and trends of atmospheric CH, in hopes of providing a firmer base on which we can

predict its future behavior. Of course the future of CHy is not left to fate. We can alter

its future through our decisions and policies. In this light, the proposed work also helps



to inform the debate on how best to manage methane emissions, and what sources are

the best targets for mitigation.

1.3 Structure of dissertation
The logic of the following chapters is as follows. We start by using the global

CH, record as a constraint to understand how emissions of CHy4 have changed over the
past few decades. Whatever trends we find in individual sources and sinks should be
consistent with this record. We find that the inversion permits no unique solution, as
sources and sinks may be changing simultaneously. In Chapter 3 we investigate the
main sink of CHy, oxidation by OH, using a composite set of methylchloroform.
(CH3CCl3) measurements as a proxy. Molecular hydrogen (H;) and carbon monoxide
(CO) are two other chemically important trace gases that are removed by OH. These
gases are emitted from biomass burning and in Chapter 4 we use them to infer trends in
the biomass burning strength. From this we can assess potential trends in CH4 emissions
from biomass burning.

Our focus next turns to one the largest sources of CHy, rice production. Globali
inventories of rice emissions are ultimately based upon field studies of CH4 flux from
paddies using small static chambers. The low spatial and temporal frequency of
measurement introduce uncertainty in seasonal averages. In Chaptér 5 we perform
Mon;e Carlo-style experiments to quantify how sampling uncertainty propagates into
the seasonally-averaged CH, flux. This effort has practical implications. Not only can
we retroactively assess uncertainty on past field studies, but our results are also useful

in future work to strategically plan sampling campaigns. In Chapter 6 we outline one



such sampling campaign that was conducted simultaneously in greenhouses at Portland
State University and in the field at Nanjing, China. We use the functional relations that
were derived to connect CHj flux to its driving factors and construct globally-gridded

| maps of CH4 emissions from rice paddies. This important study helps us to understand
not only current emissions from rice agriculture, but in Chapter 7 we estimate trends of
paddy emissions due to changes in agricultural management practices and climate. In
Chapter 8, we investigate the potential of terrestrial vegetation as a globally significant
source of CHy. This work is based on a novel report (Keppler et al., 2006) that suggests
CH, 1s emitted from plants in aerobic conditions. This finding is not consistent with the
known mechanisms of CH, production. Finally we present our conclusions in Chapter

9.

1.4 Closing thoughts
In a somewhat more philosophical bent, perhaps we also study CHy not just out

of concern for our future, but out of curiosity for our past as well. A snapshot of the
CH, in the atmosphere records the natural and anthropogenic CHy activities of roughly
the past ten years. From this view, we see the current CHy4 component of the atmosphere
to be an echo of the very recent past. But though the present CH; may have a short
history, the processes responsible for its emission and destruction are the chemical,
physical,. and biological products of hundreds, thousands, millions, even billions of
years of evolutionary history. Microbial evolution, continental drift, mountain building,

carbonaceous rock building, ancient plant decomposition, not to mention human



evolution, are all recorded today iﬁ this CH4 snapshot. Thus the patterns of CH, in the
atmosphere today, reflect not only the past ten years, but more importantly our ancestral
past in all its varied meanings. Measuring the atmosphere in its current state is akin to
receiving the ending to a story but not knowing the plotline that brought it there.
Fortunately we are aided in this quest by an entire flipbook of snapshdts that animates
the record of CH, over thousands of years.

The seven studies reported in the following pages were each designed to
impro\le our understanding of the CH,4 budget. The complexity of the methane cycle as
mentioned makes these individual stories inherently disparate. Running throughout
however, is a single thread, that binds the stories tightly, providing continuity. This

thread is part of the larger fabric of a changing world and our changing role within it.



Chapter 2 — Inverse Modeling of Atmospheric Methane Mixing Ratios

21 Introduction
Atmospheric methane rose rapidly throughout much of the past century but its

rate of increase has slowed in recent years (Khalil and Rasmussen, 1990; Khalil and
Rasmussen, 1993; Dlugokencky et al., 1998; karlsdottir and Isaksen, 2000;
Dlugokencky et al., 2003). A number of reasons for this decrease have been postulated
including declining emissions from the former Soviet Union (Olivier and Berdowski,
2001), a reduction in wetland emissions due to climate variability (Bousquet et al.,
2006), and increasing OH Vconcentrations (Karlsdottir and Isaksen, 2000).

The behavior of CH,4 in the atmosphere is determined by changes in its sources
and sinks. As the budget of methane in the previous chapter shows (Table 1.2), the
sources of CH,4 are diverse, making it difficult to construct a temporal history of global
CH,4 emissions. An alternative approach is to invert the atmospheric measurements with
a chemical-transport model that can simulate the mas’s balance and transport of CHy in
the atmosphere.

Here we investigate what scenarios of sources and sinks are consistent with the
current behavior of methane. In particular, we look to understand the likelihood that the
declining rate of methane increase is driven by decreasing emissions. We extended this

analysis as far back as possible with available measurements. We created a unique time
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Figure 2.1. NOAA-GMD measurements of CH4 at northern mid-latitude sites. Here we see the record at
Mace Head is in better agreement with the earlier record from Cape Meares. We chose Mace Head to

extend the Cape Meares after sampling at Cape Meares finished.

series of methane measurements by joining together the data sets of two independent
trace gas monitoring networks. We used a chemical transport model to invert the
measurements and study the trend in the deconvoluted sources. As this is the first time
the some of these measurements have been used in this way, our study will make
valuable contributions to this question.
2.2 Composite CH4 record

We used atmospheric CH4 data from two trace gas monitoring networks to create
a composite time series of measurements that span over twenty years, from 1981 to
2004. Data from the Oregon Graduate Institute (OGI) are available from eight sites
worldwide (Barrow, Alaska 71.16N, 156.5W; Cape Meares, Oregon 45.5N, 124W;

Mauna Loa 21.08N, 157.2W and Cape Kumukahi 19.3N, 154.5W, Hawaii; Samoa
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14.1S,170.6W; Cape Grim, Tasmania 42S, 145E, Palmer Station, Antarctica, 64.46S,
64W and the South Pole 90S) between 1979 and 1997. These sites were chosen to
sample clean background air from the major global air masses. Triplicate samples were
taken weekly and analyzed using standard laboratory methods (gas
chromatography/flame ionization detection). All samples were calibrated against a
single standard. Details on the analvtical method can be found in Rasmussen and Khalil
(1980, 1981).

Methane measurements are also available from the National Oceanic and
Atmospheric Administration’s Global Monitoring Division (Dlugokencky et al., 2009).
Air was sampled at all of the same stations used by the OGI network. Sampling at most
sites began in 1983 and continues today. The Cape Meares station was discontinued in
1997 with the ending of the OGI program and replaced with Niwot Ridge, Colorado
(40.05N, 105.58W) and Mace Head, Ireland (53.33N, 9.90W). To extend the northern
mid-latitude record past the record available from Cape Meares we used CH4 measured
at Mace Head, as this record is most consistent with Cape Meares in terms of absolute
levels (Fig. 2.1). During times of overlap between the two stations (1991-1997), we
took a latitudinally-weighted average of both station’s CHjy.

To fill in short gaps (less than six months) in the data record, artificial data were
constructed by adding an average seasonal cycle onto a linear interpolation across the
time space of missing data. For longer gaps, we constructed data using the latitudinal
gradients of neighboring sites. For this method we calculated the average latitudinal

gradients between sites. The calculated gradients were BRW/CMO=1.011,
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CMO/MLO=1.034, MLO/KUM=0.988, KUM/SMO=1.042, SMO/CGO=1.004,

CGO/PSA=1.007, and PSA/SPO=1.003, where BRW=Barrow, AK, CMO=Cape

Meares, OR, MLO=Mauna Loa, HI, KUM=Cape Kumukahi, HI, SMO=Samoa,

CGO=Cape Grim, Tasmania, PSA=Palmer Station, Antarctica, and SPO=South Pole.

With these gradients, the missing values were interpolated. If both neighboring sites had

measurements, a simple average was taken of the two interpolated values.
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Figure 2.2. Ratio of CH, measurements taken by the OGI and NOAA-GMD networks. Ratios are

calculated as OGI:NOAA and are shown for sites common to both networks.

Our next goal was to create a composite data set by combining the records from

the OGI and NOAA networks. As both networks measured CH, from the same sites,

this process is straightforward. The only concern was correction for possible calibration

differences in the standards used by each network. To determine the calibration ratio
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In forming the composite time series, we reduced all OGI data before 2/1998 by

the factor of 1.008 and by 1.024 after this date. The composite time series was

constructed by taking the weighted average of the scaled OGI data and the NOAA data.

The weights were (1/G)%, where o is the standard deviation of the monthly average. The

d[CH4)/dt, ppbv y'

1980 1985 1990 1995 2000 2005

Figure 2.4. The moving trend of the composite CH, record. For each 13-month window, the result of the
linear regression is plotted. The value is plotted in the middle date of the window. NH=northern

hemisphere, SH=southern hemisphere.

composite time series is on the NOAA calibration scale and covers the period Jan 1981
to Dec. 20003. The 23-year time series for each site is shown in Fig. 2.3.

Some notable features stand out. After a rapid increase in the late 1970s and early
1980s, atmospheric CH, began to level off around 1990. This has created much
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speculation about what the responsible agent may have been and we offer our own
thoughts on this below when we invert the measurements. Secondly, there was a strong
hemispheric gradient as well as latitudinally varying mixing ratios in the northern
hemisphere (NH). As the major sink of CHy4 is OH, and OH levels are observed here to
have been broadly symmetric about the equator, the gradient was established by
hemispheric differences in sources. Mixing ratios at all three stations in the SH were
nearly constant, indicating that the hemispheric air mass was well mixed and that larger
sources were absent. Starting from high northern latitudes extending southward to the
equator, CHy levels fell precipitously. Mixing ratios at Barrow, Alaska were slightly
higher than at mid-latitudes. The lifetime of CHy is relatively long in the arctic due to
the oblique angle of insolation throughout much of the year, which inhibits the
production of OH. Oﬁly small emissions are required here to maintain this gradient.

A strong seasonal cycle in CHy was observed at most stations. This likely was
produced mainly by the CH4+OH oxidation sink, since OH peaks in the summer months
of each hemisphere. Wetland emissions in the mid to high northern latitudes also are
strongly seasonal and add to the cycle at these locations. There is only weak seasonality
at Samoa which is a tropical location where OH levels vary only slightly throughout the ‘
year. Emissions from biomass burning, an important source of CHy in the tropics, peak
during the dry season and also contribute to the seasonal cycle of CHy in the tropics.
Atmospheric levels of CHy are nearly identical at Cape Grim and Antarctica. The large
fraction of area here is ocean or ice-covered lands so emissions of CH4 are minimal.

The air mass from latitude 30S southward is well-mixed.
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2.3 Trend of the composite record
The rate at which atmospheric CH, is changing from year to year provides

valuable insight into the behavior of its sources and sinks. We examined how the trend
of CHy has changed over the 23-year span by calculating a moving linear regression of
the time series. Here we used a 13-month moving window over which to calculate the
regression (dCH /d¢) to filter out signals from seasonality and preserve interannual
variability. The global and hemispheric trends are shown in Fig. 2.4.

The trend sharply declined from the beginning of the record when methane rose
by 25 ppbv per year. From 1993 onwards, the trend was near zero except for some brief
positive excursions that may be related to specific events such as volcanic eruptions and

wildfires (e.g. Dlugokencky et al., 1996, Diugokencky et al., 2001).
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At first glance it appears that emissions must be declining over this period to

explain this behavior. If we use the conversion that 1 ppb equals 2.75 Tg of methane

(Feretti et al., 2005) and assume the total methane sink is constant, the decline implies

that CH, emissions have dropped by about 70 Tg CH4 per year, or about 13% of the
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Figure 2.5. The global inverted CH, emissions modeled from the composite data record. The solid black

line are results assuming that OH is constant throughout. The dashed line gives results based on changing

OH time series from Prinn et al. (2001 ). The gray line shows emissions using an OH history derived in

Chapter 3.

annual total. Some authors have suggested that CH, emissions have declined due to the

economic collapse of the former Soviet Union (fSU) (Olivier and Berdowski, 2001;
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Olivier , 2002). Dlugokencky et al. (2003) found that CH4 emissions from the natural

gas industry in the fSU decreased by 20 Tg CH4 y‘1 from 1991 to 1997.

To investigate this question, we used a two dimensional global chemical-transport

box model to invert our composite CHy record. This model is described in detail in

Butenhoff (2002), and we provide additional description in Chapters 3 and 4. For now a
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Figure 2.6. Same as in Fig. 2.5 except here emissions are for the northern hemisphere only.

brief overview suffices.

The model was developed to simulate the atmospheric behavior of long-lived

Var. OH - CH4 source rate, Tgly:

greenhouse gases (lifetimes on the order of months or longer) and consists of four major

environmental compartments, each simulated as a number of two-dimensional well-

mixed boxes: the deep ocean (four boxes), the ocean mixed-layer (six boxes), the
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troposphere (twelve boxes), and the stratosphere (eleven boxes). The boxes span the
latitudes 65-90N, 30-65N, 0-30N, 0-308S, 30-65S, and 65-90S. Gas in the troposphere is
transported into the ocean through the thin film model of Liss and Slater (1974).
Tropical convection brings gas from the troposphere into the stratosphere where it
spreads to higher latitudes. Above 100 hPa, the stratosphere is modeled as a series of six
1D layers. Though largely unimportant for CHa, the model ocean contains a mixed layer
and deep ocean components. Transport between atmospheric boxes occurs via both
advection and turbulent processes (sub-grid scales). Chemical lifetimes of gases are
added as inputs to the model in each box allowing for the chemical destruction of gases.
The model can be run either in forward mode, where atmospheric mixing ratios are
calculated based on input emissions, or inverse mode, where surface fluxes are derived
from atmospheric measurements. We used this mode for the following work.
2.4 Inverted sources

Chemical lifetimes of methane due to the CH4+OH reaction were calculated for
each box in the troposphere using the monthly averaged OH fields of Spivakovsky et al.
(2000). In the stratosphere, OH{proﬁles from Bruehl et al (1996) were used. We derived
climatological temperatures from the National Center for Environmental Prediction
Reanalysis Project (Kalnay et al., 1996) to determine the CH4+OH rate coefficient
according to Sander et al. (2000). Results of the inversion are shown in Figs. 2.5, 2.6,
and 2.7, for the global, northern hemisphere, and southern hemisphere emissions,
respeétively. We focus attention first on the source record we derived using a constant

OH field.
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Figure 2.7. Same as in Fig. 2.5 except here the emissions are only for the southern hemisphere.

The inversion produces global emissions of CH, that are about 550 Tg y"'. This in
good agreement with the CHy budgets listed in the latest Intergovernmental Panel on .
Climate Change (IPCC) working report on climate change (Denman et al., 2007). Our
estimate is in the middle of the reported budgets. Perhaps more importantly, our
inverted emissions remain constant over the entire 23-year period of the simulation.
That is, we find that the declining trend of atmosphere methane can be explained by a
non-changing source over this time, without a need to find deceasing sources. It implies
that atmospheric levels of CH, are reaching steady state conditions, meaning that the

sinks of CH, are coming into balance with the sources. This behavior is seen in both the
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northern and southern hemispheres (Figs. 2.6 and 2.7). This is a somewhat surprising
aﬁd non-intuitive result. We can use a simple one-box model to understand this
behavior.

If we model the atmosphere as a single box, the time rate of change of CHy in that
box is

a_s ¢ 2.1)
dt 7

where C is the mixing ratio of CH, in ppbv (nmol mol™), S is the global emission rate

(ppbv v, and 7 is the lifetime in years. The solution to this equation is
C(t)=S7+(C, - S7)-exp(- 1), 2.2)

where C, is the mixing ratio at time zero. If we take the derivative of this we find

iC _(S7-C,) |
— = e ). @3

With Egs. 2.2 and 2.3 we can explore what the behavior of CH, would be if the lifetime
and emissions were constant. In Fig. 2.8 we plot Eq. 2.2 along with the global mean
CH,4 mixing ratio and Eq. 2.3 with the time series of CH, trend from Fig. 2.4. In both
equations we assume constant emissions at 550 Tg y as derived from our inversion.
We kept the lifetime T constant ata value that optimized the fits between the one box
model and the data records. We found the fit is best when 1=8.9 years. We used this

value in both equations.
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Figure 2.8. Predictions of a one-box model assuming constant emissions of 550 Tg y™! and a lifetime of

8.9 yr. The model predictions are in gray and data from the measurement record are plotted in black.

The match between the fitted steady state model and the actual data is excellent.
The decline in the trend follows a smooth exponential with a decay constant equal to the

lifetime of CHa. An exponential function also provides a good fit to the increase in
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mixing ratio observed since the early 1980s. The global burden of CHy at steady state is
found by setting dC/dt equal to zero in Eq. 2.1 At this point, C=S7z With $=550 Tg y!
(or 200 ppbv y'l) and 7=8.9, C (at steady state) would be 1780 ppbv. In 2004, the global

mean mixing ratio was 1760 ppbv.
2.5 Discussion

While the recent behavior of methane can reasonably be explained by an
approach to steady state, this explanation requires that the lifetime of CH4 remains
constant throughout this period. For reasons discussed in the next chapter this may not
be so. In Figs. 2.8a & 2.8b we also plot results from our inversion study based upon a
non-constant OH history. Two different OH histories are used. One is from Prinn et al.
(2001) where the authors estimated that OH has decreased by 0.64% y'I over this
period, and the second one is based on our own evaluation of OH using methyl
chloroform measurements. By allowing OH to vary, we are also effectively chaﬁging
the lifetime of CHs4. Doing so affects the emissions derived from the inversion.

There are two important points to take away from these simulations. Allowing
OH to decline, increases the lifetime of CHy. As the lifetime increases, the emissions
required for mass balance also decrease. The model results show that global emissions
drop by about 50 Tg y™* if the CHy lifetime increases by 10%. Thus there is an
alternative scenario to consider when explaining current methane trends. Emissions may
not be constant after all, rather they could be declining if the lifetime of CHy, as
governed here by the decreasing OH abundance, is incréasing. Thus we can’t assume a

priori that methane has reached steady state.
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The second point is seen by comparing the simulated emissions in the northern
hemisphere with thosc in thé southern hemisphere. We see that the non-constant OH
» does not affect the simulated emissions in the SH. That is, here the emissions remain
constant throughout the entire interval. The global drop of 50 Tg y™ occurs in the
northern hemisphere. This is an important result:in understanding how the sources of
methane may be changing. If OH is behaving as modeled, global CH, emissions are not
constant, but declining, and they are declining only in the northern hemisphere. Thus it
is here where we should be looking for decreasing emissions. What we will discover
later in this work, is that we have identified one source that is changing in the NH, that

is emissions from rice production. We will explore this topic further.
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Chapter 3 — Is The Chemical Oxidation Sink Of Methane Changing?

3.1 Introduction
The most important sink of atmospheric methane is chemical oxidation by the

hydroxyl radical OH, which is responsible for about 90% of the total destruction of
methane in the troposphere (Denman et al., 2007). Smaller sink processes include
reaction with OH, chlorine (Cl), and O('D) in the stratosphere, as well as a small soil
sink (~30 Tg CHy y'l, Denman et al., 2007) and reaction with chlorine in the marine
boundary layer (~20 Tg CH, y'', Tyler et al., 2000).

The hydroxyl radical plays a vital role in the chemistry of the troposphere (e.g.
Warneck, 2000; Finlayson-Pitts, Criitzen and Lelieveld, 2001). 1t is the major oxidant of
gas species with bonds to hydrogen, including hydrocarbons (carbon monoxide CO,
CH,, and non-CH4 hydrocarbons) and the hydrochlorofluorocarbons (HCFCs), which
have replaced the banned chlorofluorcarbons. Reactions with OH are responsible for
90%, 80%, 80%, and 25% of the removal of CO, methyl chloride (CH3CI), and
hydrogen (Hz) from the atmosphere, respectively. If oxidation of hydrocarbons takes
place in the presence of nitrogen oxides, photochemical production of ozone ensues.
Thus any change in global OH levels will directly affect the abundances of these

chemicals and their impacts on the atmospheric environment.
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The production of OH is initiated by the photolysis of ozone (Os) by ultraviolet
radiation (< 320 nm) in the troposphere which produces O('D), an excited oxygen
species. This in turn reacts with water vapc;r to form OH. Since the production of OH
requires short-wave sunlight and water vapor, concentrations of OH are highly seasonal,
peaking in the tropics during the summer months of each hemisphere. Its seasonally-
averaged global concentration is estimated to be ~1x10° molecules cm™ (WMO, 1999).

There is concern that OH is decreasing since concentrations of its major sinks,
including CH4 and CO, have increased from pre-industrial levels. There are however
competing processes that may offset these changes. Over this same period stratospheric
Os has decreased, increasing the UV radiation reaching the troposphere. Tropospheric
water vapor h‘as likely increased in recent decades due to global warming. Both of these
changes would enhance OH production. The net effect of these changes is uncertain as
modeling studies produce estimates of the OH trend ranging from —0.06 % y™ (Wang
and Jacob, 1998) to 0.43 % y'\(Karlsdottir and Isaksen, 2000) indicating that OH may
be either increasing or decreasing.

In situ measurements of tropospheric OH héve been made for many years (Wang
dnd Davis, 1974; Davis et al., 1976; Campbell et al., 1986; Hard et al., 1992). Due to
its short lifetime (~1-2 s) however, it is not possible to construct a global record of OH
since it is highly variable in both space and time, and in situ measurements are
representative only of local conditiéns (Ehhalt, 1999).

Despite the lack of direct measurements, global OH levels can be inferred from

the atmospheric abundances of proxy gases that are primarily removed by OH. If
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emissions of the proxy gas are well defined, OH levels can be determined through mass
balance and the atmospheric record.

The most important gas used to date for this purpose is methylchloroform
(CH3CCls). Methylchloroform (MCEF) is an industrial solvent that has been used by
manufacturers and the dry cleaning industry since the 1950s. Despite efforts to recycle
and recover it during use, some fraction of it evaporates and reaches the atmosphere,
where it is destroyed primarily by OH. The production of MCF is almost entirely
anthropogenic and emissions rose rapidly throughout the 1960s and 1970s (McCulloch
and Midgley, 2001 ). Due to its long lifetime, MCF reaches the stratosphere and releases
chlorine where it is photolyzed. Because of this, MCF production was banned under the
Montreal Protocol and its amendments; Since the early 1990s production has nearly
stopped and atmospheric levels have dropped precipitously. Industry groups have good
records of its production making annual emission estimates possible (e.g. McCulloch
and Midgley, 2001). This, combined with its relatively long lifetime of 5 to 6 years,
makes MCF a good tracer of global OH.

Atmospheric MCF was first measured in 1972 by Lovelock (Lovelock, 1974) but
systematic measurements only began in the late 1970s and early 1980s by the Oregon
Graduate Institute (Rasmussen et al., 1981 ;‘Khalil and Rasmussen, 1981; Rasmussen
and Khalil, 1986) and the Atmospheric Lifetime Experiment (Prinn et al., 1983).
Measurements continue today by the National Oceanic and Atmosphere. Association’s

Global Monitoring Division (Montzka et al., 2000) and the Advanced Global
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Atmospheric Gas Experiment (Prinn et al., 2000, 2001). These programs measure MCF
at latitudinally-distributed clean air background sites.

These measurements have been used to estimate the global OH burden
(Lovelock, 1977; Neely and Plonka, 1978; Prinn et al., 1987; Prinn et al., 1992; Prinn
etal., 1995; Krol et al., 1998;Montzka et al, 2000; Prinn et al., 2001).
Methylchloroform is also commonly used to test simulations of OH fields from
atmospheric chemistry models (Spivakovsky et al., 2000; Kanakidou et al., 1995).

A number of studies have used MCF to diagnose the OH trend, but much debate
remains about its long-term trend and interannual variability (Prinn et al., 1995; Krol et
al., 1998; Prinn et al., 2001, Prinn and Huang, 2001; Krol and van Leeuwen, 2001;
Krol and Lelieveld, 2003; Prinn et al., 2005). The AGAGE group releases MCF

‘ measurements every few years and from fhese they estimate the OH trend from the
beginning of the AGAGE measurements (1978) to the most recent measurements. The
calculated long-term trend tends to change with each new release of data.

The first estimate of the OH trend using ALE/GAGE/AGAGE by Prinn et al.
(1992) suggested that that OH was increasing over the period 1978 to 1990 with a trend
of 1 % y which was surprising considering the increasing levels of OH sinks. The
trend was later revised downwards to 0.0 + 0.2 % y' when extended to 1994 (Prinn et
al.,1995). Over the same time period and using the same measurement data set Krol et
al. (1998) found that OH trend was still positive, with an estimate of 0.46 + 0.6 % y .
The reasons offered for the differences varied. Prinn-and Huang (2001) attributed the

disagreement to different emissions, a different representation of the MCF
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measurements, and an incorrect initialization scheme used by Krol et al. (1998).
Though both studies used ALE/GAGE/AGAGE methylchloroform measurements, Krol
et al (1998) fit these measurements with Legendre polynomials, which Prinn et al.
(2001 ) claimed were invalid. According to their modeling, these differences were
sufficient to bring the trend estimates in line. Krol et al. (2001 ) concluded that the
discrepancy between trends was due to different models and optimization methods used.
Updating their earlier work, Prinn et al. (2001) estimated the OH trend from
1978 to 2000 to be —0.64 *+ 0.60 % y™'. Thus the trend went from zero to negative. The

sign of the estimated trend again changed when Prinn et al. (2005) used

ALE/GAGE/AGAGE measurements from 1978 to 2003 to calculate a trend of 0.270% %

yl.
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Figure 3.1. The effect of an OH trend over the years 1978 to 2000 on trace gas emissions estimated using
inversion techniques. The offsets are relative to emissions calculated for the case with no OH trend. The
impact of two trends from the literature are shown. The Prinn et al (2001) trend would cause estimates of

current CO emissions to be about 400 Tg y'1 smaller relative to zero OH trend. The notation O(x) means

that emissions are on the order of source x.

Though there is some qualitative agreement in the behavior of OH during the
past couple decades, there is still considerable uncertainty to the decadal trends. This
uncertaint)-r is propagated to source inversions of trace gases such as methane. In Fig.
3.1 we show the impact that a trend in OH has on inverted emissions of CH4, CO, and
H,. For example; an OH trend of -0.61 % y'1 over 1978 to 2000 (Prinn et al., 2001)
would lower top-down estimates of current CO emission by 400 Tg y'1 relative to a zero
OH trend. Estimates of CH,4 emissions would decrease by about 50 Tg y'l. A trend of

0.46 % y ' would increase emissions relative to a zero trend.
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There’s concern that the OH trend has been calculated for the most part with one
network of measurements, one atmospheric model, and one inversion scheme. It is
unclear how robust the reported OH trend is, and whether it is subject to artifacts from
the measurements or modeling.

In this work we investigated the global OH trend using novel modeling and
inversion scheme. In addition, we used a set of atmospheric MCF measuréments that
until now has not been used to infer OH concentrations. In particular, we pose the
following questions to investigate:

1. How sensitive is the MCF-derived OH irend to measurements of MCF from different
trace gas monitoring networks? There exists three independent time series of
atmospheric MCF covering three different periods. We used all three to infer the OH
record and assess the robustness of the OH time series across measurement networks,
the first time a comparison across data sets has been performed. This helped us identify
which features of the OH time series are likely real and not artifacts of the modeling
process.

2. How sensitive is the modeled OH trend to emissions of MCF from biomass burning?
The release of methylchloroform from biomass burning has been measured from both
field and laboratory studies (Rudolph et al. 1995; Rudolph et al., 2000). Due to the
small number of measurements the global source strength is highly uncertain, but
estimates range from 2 to 16 Gg CHsCCls y' (Lobert et al., 1999; Rudolph et al.,
2000). Until its ban, industrial production of MCF far exceeded the small contribution

from biomass burning. However, in recent years as industrial production has declined,
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the contribution of biomass burning has increased in importance, and now may be the
largest source of MCF. Here we assess the sensitivity of the inferred OH trend to the
biomass burning source. Ni o-study to date has assessed this impact carefully.

3. How does the timing of the MCF emissions affect the calculate OH trend?

We’ve seen from past efforts that modeled OH rises until 1990 then falls thereafter (e.g.
Prinn et al. 2001, 2005). Curiously, this is also the temporal pattern of MCF emissions,
raising suspicion thét changes in the modeled OH are related to artifacts of the

~ emissions record. We investigate whether the major features of the derived OH time
series are robust relative to shifts in the industrial emissions of MCF within their
estimated uncertainties.

Oné uncertainty that has not been considered to date is the intra-annual timing of
the industrial emissions. The production and emissions of industrial MCF are reported
on an annual basis providing no basis to establish the exact monthly timing of the
emissions. As input emissions to the mass balance model are specified as rates and not
burdens, there is an unrealistic discontinuity in emissic;ns rate between the end of one
year and the beginning of the next. One solution is to interpolate rates from one year to
the next across months. But this forces us to assign the reported rate to a particular
month of the year. With no a priori reason to choose one month over another, there is a
range of permitted emission time series. Though this uncertainty seems minor, it can
significantly influence the magnitude of the OH concentrations calculated around the
time of the emissions peak, which as previously mentioned is the same time that

reported OH time series peak. .
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Figure 3.2. Emissions of methylchloroform from industrial production (McCulloch and Midgley, 2001).

Gray lines show one standard deviation and errors bars are two standard deviations.

3.2 Emissions
Emissions of industrial methyl chloroform are relatively well known from 1951 to

2000. Over the bulk of this period (1970 — 1995), MCF producers in countries
bélongihg to the Organization for Economic Cooperation and Development (OECD)
reported and categorized préduction and sales according to the delay between
production and emissions; rapid release (less than one year between production and
emission), medium release (between one and two years), and slow release (delay about
t§vo years). These data were independently audited and verified for internal consistency.

From 1992 onwards parties to the Montreal Protocol were required to report production
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figures for compliance providing another source of information over the latter years of
production.

Emissions from production and sales were estimated by McCulloch and Midgley
(2001 ) using an emissions function based upon the release delay ca.tegories. Seventy-
five percent of rapid release production is assumed emitted during the year of
production and the remainder in the following year. The fractions are reversed for the |
medium release category, aﬂd 25 %.of slow release production is emitted one year after
production and the remainder is emitted two years fdllowing production. The resulting
time series of emissions rise from about 500 Gg y"! in 1978 to a peak of 700 Gg ylin
1990 and fall rapidly thereafter (Fig. 3.2). The uncertainty of emissions (15) over the
period of highest production is about 5 %.

The geographical distribution of MCEF sales is known from industry data at the
regional level (USA+Canada, Europe, Far East, other north mid-latitudes (30-90 N),
northern hemisphere tropics, and the SH). Further refinement was performed by
Midgley and McCulloch (1995) on the basis of gross domestic product and population
which when used in an earlier study, were shown to be good proxies for the distribution
of chlorofluorocarbons (McCulloch et al., 1994). Keene et al. (1999) created a 1x1°
gridded inventory based on this distribution for the year 1990. We integrated emissions
from this invéntory over the boundaries of our atmoépheric transport model’s regions
(0-30°N,S, 30-65°N.,S, 65-90°N,S). The percentage of the total source in each region
15 0.1%, 91.2%, 5.6%, 1.5%, and 1.5%, for 65 — 90N, 30 - 65N, 0 — 30N, 30S -0, and

65 — 308, respectively. We transformed the emissions to a monthly time scale using a
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Figure 3.3. Gaps in the measurement record of OGI methylchloroform. The figure shows the percentage

of months in a given year when no data are available.

cubic spline interpolation (Press et al., 1986). The interpolated emissions were
smoother and reduced the variability of the derived OH. We consider this time series
the base emissions scenario. We extended these emissions to 2008 below using UNEP-

reported production and also consider the contribution of biomass burning.

3.3 Atmospheric methylchloroform measurements

3.3.1 Oregon Graduate Institute
Some of the first measurements of CH3CCl; were made by Rasmussen et al

(1981) at the South Pole, and Cape Meares, Oregon (45.5N, 124W). These early
measurements showed that global MCF was increasing as expected with reported
emissions (Khalil and Rasmussen, 1981). Sampling continued until 1997 and MCF

measurements are available over the time span 1981 — 1996 at the following stations:
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Barrow, Alaska (71.3 N, 156.7 W), Mauna Loa and Cape Kumukahi, Hawaii (19.3N,
154.5W); American Samoa (14.1S, 179.6E), Cape Grim, Tasmania (42S, 145E), Palmer
Station, Antarctica (-64.5, 64.3W), South Pole (-90). (Rasmussen et al., 1981; Khalil
and Rasmussen, 1981), though there are significant gaps in the record for some stations
throughout the period (Fig. 3.3). We filled in small gaps (< 4 months) by linear
interpolation and use neighboring stations to reconstruct longer periods of missing data.
We used Cape Kumukahi as our north tropical site over Mauna Loa since the latter is at
altitude (~3300 m), and Kumukabhi is near sea level, compatible with the other sites. We
combined measurements from Palmer Station and South Pole into a single Antarctica
record. The average ratio between Palmer Station and the South Pole is 0.98 + 0.04.
Over the period of measurements the average gradient between the northern and
southern hemispheres is 1.19 Ai 0.07.

3.3.2 ALE/GAGE/AGAGE'

Beginning in 1978 atmospheric levels of CH3CCl; have been measured
continuously at four semi-hemispheric sites as part of a series of experiments to
measure atmospheric trace gases, the Atmospheric Lifetime Experimenf (ALE), the
Global Atmospheric Gas Experiment (GAGE), and the Advanced Global Atmospheric
Gas Experiment (AGAGE) (Prinn et al., 1983; Prinn et al., 1987; Prinn et al., 1992;
Prinn et al., 2000; Prinn et al., 2001). Measurements from the north mid-latitudes (30-
65°N) come from Adrigole, Ireland ( 52°N, 10°W; 7/1978 — 12/1983); Cape Meares,
OR (45.5°N, 124°W; 1/1980 — 6/1989), Mace Head, Ireland (53°N, 10°W; 1/1987 —

present), and Trinidad Head, CA (41°N, 124°W; 10/1995--present). A single northern
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mid-latitude monthly average time series was constructed from these four stations.
During those times when only one station was operating, that station's record was used
uniquely; during all other times, a weighted mean was calculated based upon each
station's latitude and each month's standard deviation. CH3CCl; was measured from a
single station throughout the duration of the three experiments from each of the other
three semi-hemispherical regions; Ragged Point, Barbados (13°N, 59°W), Point
Matatula, American Samoa (14°S, 171°W), and Cape Grim, Tasmania (41°S, 145°E).
During times when the ALE, GAGE, and AGAGE experiments overlap, we calculated

weighted means based on standard deviations of monthly averages.
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mid-latitude stations (Fig. 3.4). By visual inspection we concluded that there were no

meaningful systematic differences in MCF concentrations between sites.
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Figure 3.5. Ratio of AGAGE and OGI CH,CCl; mixing ratios measured at common sites.

3.3.4 Comparison of MCF networks
We place the OGI MCF measurements on the ALE/GAGE/AGAGE absolute

calibration scale due to concerns about the absolute scale of OGI measurements (Aslam
Khalil, personal communication). This in essence puts the OGI MCF on the Scripps
Institution of Oceanograéhy (SIO)-2005 calibration scale as this is the standard used by
the AGAGE program (Prinn et al., 2000). A direct comparison of monthly average
CH;CCl; mixing ratios at common sites of the AGAGE and OGI_ programs (Fig. 3.5)

revealed a mean scaling factor of 0.82 + 0.02, i.e. MCF(AGAGE) = 0.82 X MCF(OG]I).
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Fig. 3.6 shows the scaled OGI, ALE/GAGE/AGAGE, and ESRL-GMD measurements
of MCF in the mid-latitudes and tropics. In general, there is good agreement of
measured MCF between the networks. The exception is the measurements from the
northern tropics. Plotted are the mixing ratios measured at Cape Kumukahi, HI for the
OGI énd ESRL-GMD networks, and at Ragged Point, Barbados for the
ALE/GAGE/AGAGE network. The station at Ragged Point is closer to the equator
(13°N) than Cape Kumukahi (19°N) and we expect mixing ratios at Ragged Point to be
lower since OH levels are higher there, and the site is farther from major MCF
emissions. However this alone can not explain the differences. The OGI Cape
Kumukahi MCF begins lower than the Ragged Point series, then crosses and remains
above it past 1985. Since it is difficult to envision a realistic scenario that would
produce this behavior, the anomaly is likely due to calibration problems. We kept the
OGI Cape Kumukahi record as it is, but we used caution interpreting the OH record

derived from OGI measurements before 1985.

3.4 Modeling

3.4.1 Description of transport model
We estimated OH from the methyl chloroform measurements and emissions

with a two-dimensional transport box model. The model contains twelve boxes in the
troposphere and eleven boxes in the stratosphere. The latitudinal resolution of the model
is consistent with long term measurements of MCF which are available only at a few
locations globally. The troposphere is divided into six latitudinal sections (90-65°N,S;

65-30°N,S; 30-0°N,S) and two atmospheric layers (surface — 500 hPa; 500 hPa —
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tropopause, where the tropopause height varies with both latitude and season). The
lower stratosphere is divided into six boxes extending latitudinally between the
tropopause and 100 hPa. The remainder of the stratosphere (u;; to 1 hPa) is one-
dimensional with increments of 20 hPa. The meridional partitioning of the lower
stratosphere allows gas to be transported from the troposphere to the stratosphere in the
tropical Hadley cell. Return flow occurs at mid-latitudes.

Transport across box interfaces is described both in terms of advection and
turbulence. Additional tropospheric-stratospheric exchange occurs through the changing
level of the tropopause. Transport coefficients were derived from empirical
meteorological data (Newell, 1972, Prinn, 1984) on a seasonal basis. The model
transport was calibrated using trichlorofluoromethane (CFC-11) as a tracer and was
further validated through the use of trichlorodifluoromethane (CFC-12) (Butenhaff,
2002). The latitudinal gradients and stratospheric profiles of these gases were well
simulated by the model.

For each model box, a differential equation is written of the form

@

i =S, —-Nx —Ztransportij , @3.1)

ij

where ¥ is the mixing ratio of box i, S; is the emission into box i in units of mixing ratio
per time, M; = 1/1;, where 7; is the lifetime of the gas in box i, and the last term is the

summation of the transport between box i and all adjacent boxes j. For the current

study, all emissions are confined to the lower tropospheric boxes. A unique feature of
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the model is the capability of producing an analytical solution of the system of
differential equations using matrix techniques (Khalil and Rasmussen, 1984). Solving
the equations exactly rather than numerically permits us;, to set the model temporal
resolution (one month) to be equal to the transport resolution without encountering
errors that would arise using a finite time step in a numerical scheme. The lower
resolution requires fewer computational resources with no concurrent loss of
information.

The lifetime is determined by the aggregate sinks of the CH3CCl3; molecule. The

dominant sink for methyl chloroform is the reaction
CH;CCl; + OH — CH,CCls + H0, (3.2)

Additional sinks inclﬁde losses in the stratosphere through photolysis and hydrolysis in
the ocean. Since the solubility of CH;CCl; in seawater is low, little gas is transported
from the atmosphere to the ocean. Butler et al. (1991) estimates that only 5% of MCF is
removed by the ocean. In addition, few MCF molecules reach the stratosphere due to
slow troposphere-stratosphere exchange and the strength of the tropospheric OH sink.
Those that do are removed in the lower layers either through reaction wifh OH or
through photolysis by shortwave radiation (A < 240 nm; DeMore etal, 1997).

In the troposphere the lifetime is given as %y or 1/k[OH]. In the lower six

tropospheric boxes this lifetime is augmented to account for the loss of methyl

chloroform to the mixed layer ocean. We used an estimate of 85 yr for the lifetime of
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CH;CCl3 with respect to the ocean (Kurylo and Rodriguez, 1998). Using other
published lifetimes of 89 yr (Butler et al., 1991) and 83 yr (Krol et al., 1998) had little
impact on our results.

We calculated photolysis rates in the stratosphere using the Tropospheric
Ultraviolet (TUV) model developed by the National Oceanic and Atmospheric
Administration (Madronich, 1993). The photolytic coefficients estimated by TUV were
integrated and averaged over the dimensions of each of the stratospheric boxes. We
calculated a weighted monthly mean OH field in the stratosphere from the data set of
Bruhl (2000). Measured OH values were weighted by CH3CCl; density. Stratospheric
OH coﬁcentrations are fixed in the model and are not allowed to vary with time. The

total lifetime in the stratosphere is

Tstrat = (Thv_I + TOH B )71 . (3'3)
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and B;. The simulated MCF concentrations are compared to the measurements and the

fit between the two time series is assessed by a weighted xz parameter given by
Katovat = 2 7s » 3.4)

where y?is the fit for site s and is calculated as

> wxlcr-crlice:
2 __ i

/’Zs Z W,-

i

(3.5)

C"and C; are the modeled and observed MCF concentrations, respectively, during
month i and the weight w; is set equal to 1/0i2, where ciz is the monthly standard
deviation of the MCF measurements. Over each simulated time period, the Bs are
optimized simultaneously and independently, so as to minimize z:,m, .The B parémeter
space is sampled using a standard gradient search (Bevington, 1969). The reference OH

values are scaled by the Bs that produced the minimized ;(:,oba, . In this manner the

optimized OH field is constructed annually and from the resulting time series of global
OH averages, the trend is derived.
The measurement record of MCF is influenced by processes and instrumental

variability not reproducible by model calculations. Both Krol et al. (1998) and Prinn et
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al. (2001 ) used functional fits as replacements of the MCF measurements to better
reflect the capabilities of their models. Though our model suffers from similar
weaknesses as these, we do not smooth the measurements but instead use the raw data
directly in our experiments. This preserves the intra-annual variation in the MCF
concentrations due to the seasonal cycles of OH and global transport. In practice we
find smoothing the measurements had little impact on our results. The difference in the
calculated OH average and trend using unprocessed or highly processed (12 month
running average) measurements was slight.

3.4.3 Temperature
The rate coefficient for the reaction between CH3zCCl; and OH is

k =1.8%10"? exp(—1500/T) (Talukdar et al., 1992). (3.6)

Reference temperatures are calculated for each model box seasonally to
determine the appropriate reaction rate coefficient. The coefficient is sensitive to
temperature (a 5 % increase in temperature at a typical temperature of 293 K increases

the reaction rate by 26 %) and directly influences the derived OH values.
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Table 3.1. Effective Atmospheric Temperatures (K) For Model Regions

Region® Winter Spring Summer Fall Annual
NP (L) 241 253 267 256 254
NP (U) 223 227 240 229 235
NM (L) 233 238 249 240 271
NM (U) 233 238 249 240 240
NT L) 282 284 284 284 284
NT (U) 252 253 255 254 253
STQL) 283 283 282 282 282
ST (U) 254 253 250 252 252
SM@L) 270 268 264 266 267
SM (U) 242 239 234 237 238
SP (L) 256 247 243 250 249
SP (U) 231 226 222 220 225

a NP=north polar, NM=north midlatitude, NT=north tropics, ST=south tropics, SM=south midlatitude, SP=south polar; L=lower
troposphere, U=upper troposphere.

We constructed our temperature field from the NCEP/NCAR Reanalysis Project
(Kalnay et al., 1996) and the 1986 COSPAR International Reference Atmosphere
(Fleming et al., 1988). The NCEP/NCAR data are compiled from various sources,
including the Microwave Sounding Unit (MSU) data (Christy et al., 2000), radiosonde
networks, and general circulation model meteorological fields. Both data sets provide
temperatures on an altitude-latitude grid, and we calculated the reaction rate coefficient
at each grid point. Since the MCEF loss rate is highest where methyl chloroform and
hydroxyl radical concentrations are high, we weighted the reaction rate coefficient by
these concentrations. As measurements of MCF at altitude are sparse, we assumed the

MCEF concentrations falls off with the atmospheric density. We calculated the
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appropriate k for each model box through

j k(r,0)0H (r,0)n(r,0)dA
k=22 . (3.7)
j OH (r,0)n(r,0)dA

1.6,

The rate coefficient k is calculated on an altitude (r) — latitude (6) grid and weighted by
the OH and air density (n). The coefficients are integrated over the boundaries (r,0) of
the model boxes and the weighted mean is determined. A representative temperature is
derived for each model box i by inverting Eq. 3.6 for T using the rate coefficient
calculated from Eq. 3.7 . We find that the temperatures derived from the NCEP and
COSPAR data sets agree to within 1 %. We averaged the two and used these results as
our reference temperature field (Table 3.1).

3.44 Initialization scheme _

The computational efficiency of our transport model allowed us to initialize all
concentrations to zero and begin the model calculations in 1951, when MCF emissions
are first reported. During the years when no MCF measurements exist, OH
concentrations were taken to be constant and are optimized with respect to the first
twelve months of the measurement series. For the AGAGE measurements, this means
OH levels are constant during 1951-1979. Hence the OH calculated for 1979 is not
strictly representative of that year, rather it is an OH average over 1951-1979.

An alternative is to initialize the model to conditions immediately precedir}g the

measurement time series to avoid the necessity of calculation over 1951-1979. For
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are identical. We tested the appropriateness and validity of each scheme By conducting
a series of shortened model runs. For the test runs we restricted the
ALE/GAGE/AGAGE tirhes series to the period 1990-2000. We made separate model
runs using each of the two initialization schemes in turn and compared the derived OH
values to those calculated using the full ALE/GAGE/AGAGE time series. Using the full
time series, by the year 1990 the model is fully initialized and the OH values in 1990
and beyond are completely independent of the initialization scheme. We found that
using the non-zero initialization scheme produced derived OH values nearly identical
with the base run, while the OH values derived from the zero scheme varied
significantly over the three year initialization period. On the basis of this experiment,

we utilized the non-zero scheme to initialize the model.
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Table 3.2. Inferred OH Trend From Different Measuring Networks

Sampling network
ALE/GAGE/AGAGE ESRL-GMD OGI

(1978 - 2008) 043 £0.21

(1986 — 1997) —0.81+0.85 -082%1.1
(1992 - 2007) -0.27 +£0.53 —0.150.61

(1979 — 2000) —0.54£0.36

(1979 —2000) —0.64 £ 0.60°

(1979 - 2000) ' -0.27£0.26°

(1979 - 2000) —0.16 £0.29°

(1979 - 2000) -0.07 £0.29¢

2 Prinn et al. (2001); °derived from an emissions scenario that includes 5 Gg y” from biomass burning; © biomass burning emissions of
10Ggy " %15Ggy™.

3.5 Results

Simulated CH3CCl; mixing ratios using the optimized OH concentrations are
presented in Fig. 3.7 with the ALE/GAGE/AGAGE measurements. Overall the match
between the simulations and measurements is quite good and demonstrates the model
ably reproduces the time series of MCF at various latitudes. The model tends to
overestimate the magnitude of the seasonal CH3CClj3 cycle in the northern tropics. The
model cycle results from the movement of the Intertropical Convergence Zone (ITCZ)
into the northern tropics during the northern hemisphere summer. As it does so, it
allows once isolated air in the north to mix rapidly into the southern tropics where
levels of CH3CClj; are lower. This lowers the concentration in the north. The AGAGE
station in the north tropics, Raggea Point, Barbados, lies above the northernmost extent

of the ITCZ and is less sensitive to the annual ITCZ cycle.
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Fig 3.8 shows the derived OH time series for each measurement network, and the
calculations of OH from Prinn et al. (2001) for comparison. The trends of OH over
different time periods were estimated using a linear regression method. The results are
listed in Table 3.2 alon;.g with the formal errors on the trend specified at the 95%
confidence level. For a specified data set trends are calculated over a range of time
periods to permit direct comparison with the other data sets.

We derived an average trend of —~0.43 +0.21 % y™* over the time period 1979-
2008 using the ALE/GAGE/AGAGE data set and a global mass-weighted OH average
of 1.15 + 0.08 x 10° mol cm™. This corresponds to a decrease in OH of about 14% over
this period, though this fall-off is not constant with time, and a single trend does not
capture the behavior of OH. As the ALE/GAGE/AGAGE data set is the longest running
record (;f CH3CCl,, this is our best estimate of the OH trend over the past three decades
using industrial emissions alone, and in later discussions, we refer to this result as the
“base run”. If we restrict tHe time interval to 1979 — 2000, the estimated trend is —0.54 + .
0.36 % y™', which is similar to the Prinn et al. (2001) estimate of —0.64 + 0.60 % y over

the same interval.
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Figure 3.8. Derived OH using (a) ALE/GAGE/AGAGE (upper panel), (b) ESRL-GMD (middie panel),
and (c) OGI methylchloroform measurements (lower panel). The OH record of Prinn et al. (2001) and the
7-pt. moving average of our AGAGE-derived OH are also displayed in (a).
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The non-linear nature of the derived OH is apparent when the record is smoothed
by applying a 7-point moving average (Fig. 3.8a). There appears to be three distinct
periods, pre-1991, 1991 — 2000, and 2000 to present. Pre-1991, OH levels are roughly
constant or even increasing slightly from 1982 onwards. The large interannual
variability at the beginning of the record confuses the behavior of OH during this
period. This large variability in part can be attributed to the relatively low precisiqn of
tﬁe ALE measurements, which have relative uncertainties four to five times larger than
the ensuing years of GAGE measurements. Starting in 1984, the relative uncertainty of
the ALE/GAGE/AGAGE measurements improves to about 1-2%. We estimated the
trend of OH from 1984 t0 1991 is0.75+1.4 % y'l. From 1991 to 2000, the trend is —1.4
+1.2 %y, and is =0.53 1.5 % yfrom 2000 onwards. In isolation the only trend that
is formally significant is during 1991 — 2000, when OH decreases by about 10% over a
ten year period. Thus the overall trend of —-0.43+£0.21 % y'1 from 1978 to 2008 is better
understood as a sharp drop in OH in the middle of the time period. We return to this
point later in our discussion.

In Figs. 3.8b and 3.8c we plot the OH record derived from the ESRL—GMD and
OGI measurements. Each of these records is only roughly half the length of the
ALE/GAGE/AGAGE series, but both cover the critical period when the AGAGE-OH
rapidly decreases. The ESRL-GMD derived OH agrees well with the AGAGE-OH
except during 1998 — 2002, when the interannual variability is anti-correlated. The two

records agree remarkably well from 1992 — 1997, which suggests that the dip during
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this time is a robust feature of the derived OH record. On average ESRL-OH levels after
1997 are smaller than those before, in agreement with the AGAGE-OH.

After 1997, ESRL-OH is on average 1.5% higher than AGAGE-OH. This is in
part due to a relative change iﬂ the calibration scale between the ESRL and AGAGE
MCF measurements. Fig. 3.9 shows the ratio of ESRL to AGAGE MCF measurements
at Samoa and Cape Grim from 1992 to 2007. Over this time ESRL-MCF decreases
relative to AGAGE-MCEF by about 3%. Mass balance requires the derived OH for
ESRL to increase relative to AGAGE-OH by an equal amount. The offset in derived
OH is small and doesn’t affect our major conclusions, but illustrates the importance of
absolute calibration to the modeled OH series.

Except for a three year period (1991 — 1993), the OGI-OH is also in good
agreement with the AGAGE-OH. In particular OH anomalies are positive from 1986 to
1990, and the global OH concentration drops rapidly from 1995 to 1997. The global OH
concentration from 1991 to 1994 is lower than the AGAGE-OH during this time. This is
likely attributable to the disagreement between the MCF measured at Cape Kumukahi
and Ragged Pt., Barbados, during this time. The derived OH is sensitive to MCF
concentrations in the tropics. For the same emissions, OH levels need to be smaller in
order to explain the elevatéd MCF measured at Cape Kumukahi. We have some
reservations about whether these higher MCF measurements are real or reflect a drift in
the calibration. If they are real, they may indicate the presence of a local source of

MCEF, and if so, the concentrations measured here would not represent the larger
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Figure 3.9. The ratio of ESRL and AGAGE MCF at Samoa and Cape Grim, Tasmania. The downward
trend in ratio indicates that the ESRL measurements are increasing relative to AGAGE, which in turn

elevates the derived ESRL-OH relative to the AGAGE-OH. -

northern tropics region. In either case we place lower weight on the OGI-derived OH
during this period.
3.5.1 Atmospheric lifetimes

Using the results from the ALE/GAGE/AGAGE analysis we computed lifetimes
of MCF with respect to tropospheric OH oxidation Tyop and stratospheric destruction
Tsrat ON @ monthly basis. The total atmospheric lifetime is calculated as (1/Tiop + 1/Totrar +
lltocean)'l, where Tocean 1S fixed at 85 yr.

The MCEF lifetime is not constant but varies with OH and T.a. We found that
Tswrat decreases by 25% over 1979-2000 as MCF is transported to the stratosphere. The

average total MCF lifetime over this period is 4.7+ 0.8 y (Trop =354 £0.8y, Tstra 65 6
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Figure 3.10. Stratospheric profiles of methylchloroform. Modeled concentrations have been averaged
across all latitudes and over the time period 1986 to 1991.

y). Our total lifetime is consistent with other estimates by Prinn et al. (2001)
(4.90%0% y), Montzka et al. (2000) (5.2%2y), Kanakidou et al.(1995) (5.3 y), Krol et al.
| (1998) (4.6 1 0.1 y), and Spivakovsky et al. (2000) (4.6 y). Our calculated Ty is higher
than other estimates: Prinn et al. (2001) (38.9°0% y); Krol et al. (1998) (50 y);
Kanakidou et al. (1995) (54 y); and Spivakovsky et al. (2000) (43 y).

The stratospheric lifetime is determined by the in situ photolytic and oxidation
rates and transport both within the stratosphere and across the tropopause. The

stratospheric profile of MCF is largely determined by these processes and we compared

our simulated profile to observations by Schmidt et al. (1991) and Borchers et al. (1989)

57



in Fig. 3.10 over the time-averaged period 1985-1990 to verify the validity of our model
processes. The modeled concentrations were increased by 20% to adjust for offsets in
the calibration scales. By visual inspection we confirmed that the model reproduces the
measurements correctly. The simulated data fall between the mid-to-high and low
latitude measurements, consistent with the one-dimensionality of the model
stratosphere. In addition, the vertical concentration gradienté of the balloon and model
data are similar.

We next assessed the sensitivity of the stratospheric CH3CClj; profile to Tgyar. We
scaled the stratospheric transport by appropriate factors to reduce the MCF stratospheric
lifetime to 45 yr, consistent with the above estimates. Doing so increased the MCF
concentrations at altitude to an extent that the profile was inconsistent with the balloon
measurements. Thus we rule out this possibility.

Another method to reduce Ty is to decrease the photolysis lifetimes. We scaled
the lifetimes by 0.60 to reduce T to 45 y to be consistent with the above estimates.
Doing so, we found the new stratospheric profile was still consistent with the balloon
observations and had similar concentration gradients as the base run. The change in Tgya:
had only a small effect on the OH trend. Our ﬁndings show that the OH trend is
insensitive to the stratospheric lifetime, and supports the notion that a range of
stratospheric lifetimes are consistent with the observed stratospheric CH;CCl; profile,

while largely preéerving the tropospheric OH trend.
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3.6 Sensitivity of the OH record
A consistent history of OH emerges from the three studies above. OH increases

slowly from the early 1980s to a peak around 1995, then falls rapidly and reaches a
minimum near 1998. It then rebounds slightly and remains generally constant, though at
a lower level than at the beginning part of the time series. The most significant event is
the 1996 to 1998 drop. This feature shows up in all three analyses. This is an important
result and proves that the feature is robust and not an artifact of the measurement
record. This derived history of OH however could be the artifact of other factors, such
as the model and inversion method, an atmospheric temperature trend, and most
importantly the emissions record. We examined these possibilities in turn, and assessed
how sensitive our OH history is to these factors.
3.6.1 Model and inversion method

The best evidence that supports our view that the simulated OH history is not an
artifact of our model or inversion method is the direct comparison of our OH with that
derived OH from Prinn et al. (2001 ). The authors used the same ALE/GAGE/AGAGE-
MCF measurements and emissions (with minor modification in distribution), but a
different chemical-transport model and inversion scheme. In particular, the authors used
a recursive weighted-least squares Kalman filter and a twelve-region box model to
invert the methylchloroform measurements. Their OH anomalies (difference from
mean) are shown in Fig. 3.8a, alongside our AGAGE-OH estimates. The match is
remarkably good considering the two independent niethods used to deduce the OH. The
magnitude and cycle of the interannual variability is nearly the same for both records.

The only significant difference between the two OH histories is the mean global OH.
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‘While we calculated a global mean [OH] of (1.17  0.08) x 10° mol cm =, Prinn et al.

(2001 ) estimated the mean [OH] is (9.4 £ 1.3) X 10° mol cm —. One important reason
for this difference is the reference temperatures used to calculate the reaction rates
constants. The CH3CCls+OH reaction rate is very sensitive to temperature. A 5%
increase in temperature at temperatures appropriate to the lower troposphere produces a
30% increase in the rate coefficient k. For unknown reasons Prinn et al.’s reference
temperatures are about 4% higher than ours. This would increase k by about 25% and in
turn reduce the amount of OH needed for the appropriate CH3CCls lifetime. This is
. consistent with the percent difference between our global OH means (24%). We
conclude then that the derived OH history is not an artifact of the inverse modeling
method.

3.6.2 Temperature trends

As previously discussed, simulated OH values are sensitive to model reference
temperatures via the rate coefficient. Temperatures were held constant throughout the
experiments we reported above. Here we consider the possibility that by neglecting to
include the true atmospheric vaﬂaﬁons in temperature, we artificially inflict upon the
simulated OH a trend that rightly belongs to the temperature record. A positive
temperature trend would increase simulated OH with time, since the only recourse of
the model is to boost OH in response to the decreasing lifetime of CH3CCl; due to
temperature.
We derived tropospheric temperature trends from three different networks; the

Microwave Sounding Unit (MSU) satellite data (Christy et al., 2000), the Angell
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radiosonde balloon network (Angell, 2000), and the National Center for Environmental
Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data
(Kalnay et al. 1996). The MSU products include integrated soundings between the
surface and 300 hPa (2LT) and soundings between 300 and 100 hPa (LT). We used
these as representative of the lower and upper troposphere in our model respectively,
though we recognize that the LT soﬁnding includes the lowermost layer of the
stratosphere, which responds differently to forcings than the troposphere. Temperature
anomalies were zonally averaged and latitudinally weighted by surface area to form
seasonal trends. Annual temperature trends for all three datasets are shown in Fig. 3.11.
Trends from the MSU data set were taken over the time period 1979-2001. The 2LT
trends range from 0.28 K decade™ in the north polar region (65 — 90°N) to —0.25 K
decade™ in the south polar region (65 — 90°S). The model-calculated OH trend are most
sensitive to temperature trends in the tropics where OH levels are at their highest. Here
the 2L T trends are near zero, —0.025 K decade™ in the northern tropics (0 — 30°N) and
—0.013 K decade™ in the southern tropics (30-0°S). The trc;pical trends are consistentv
with the 2LT trends calculated by Christy et al. (2001 ) for the region 20°N — 20°S,
—0.06 + 0.16 K decade™. Trends in the LT layer range from 0.15 K decade™ in the
northern mid-latitudes (30 — 65°N) to —0.33 K decade™ in the southern polar region.

Trends in the LT tropics are slightly positive at 0.05 K decade’.
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Figure 3.11. Tropospheric temperature trends over 1979-2000 from radiosonde (Angell), satellite (MSU)
and reanalysis data (NCEP). IjT=upper troposphere which is roughly 300 to 100 hpa. LT=lower
troposphere which is 850 to 300 hPa. ‘

Unlike the MSU campaign that has global coverage, the An geli network
includes only 63 stations globally. The network measured temperature anomalies since
1951. We calculated trends over the time period 1979-1999. The temperature
deviations were averaged over the north and south polar regions (60—90°N,S); north and
south mid-latitudes (30—-60°N,S); north and south sub-tropics (10-30°N,S); equatorial
region (10°S;10°N), and tropics (30°S—30°N). The first two intervals correspond Qell
to our model polar and mid-latitude boxes and we made no changes to these deviations.
To calculate appropriate trends for our tropical boxes (0°-30°S,N) we took a weighted
average of the sub-tropical and equatorial boxes (e.g. NT = 0.35xtropics +

0.65xequatorial). We used the integrated temperature anomalies over 850—300 hPa and
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300-100 hPa for our lower and upper tropospheric ﬁodel boxes respectively. As above,
measurements were averaged over the latitudinal boundaries of the model. The
weighted temperature trends in the lower troposphere ranged from 0.25 K decade™ in
the northern mid-latitudes to —0.29 K decade™ in the southern mid-latitudes. The trends
in tﬁe tropics were 0.11 K decade™ in the north and 0.00 K decade in the south.

In the upper troposphere (300—-100 ﬂPa), the trends were lower, as the 100 hPa
layer includes the bottom of the stratosphere, where the temperature is decreasing over
the past two decades due to the decrease in tropospheric longwave radiation. The trends
ranged from 0.012 K decade™ in the northern tropics, to —1.2 K decade™ in the southern
polar region. The average trend for the upper troposphere was —0.50 K decade™, which
is larger than the trend of —0.14 K decade in the lower troposphere. Again, this
difference reflects the inclusion of the lower stratosphere into the upper layer.

Trends computed from the NCEP/NCAR reanalysis were in agreement with
those computed from the MSU data as seen in Fig. 3.11. The latitudinal profiles of the
NCEP/NCAR trends in the lo§ver _troposphere (1000-500 hPa) ar.ld the MSU 2LT layer
are in good agreement, except for an anomalous NCEP/NCAR trend in the southern
polar region. The latitudinal profiles in the upper troposphere are also similar. The
NCEP/NCAR trends in the lower tropospheric tropics are small, 0.017 and 0.015 K
decade™ in the north and south, respectively. In the upper troposphere the respective
trends are —0.087 and —0.021 K decade™. |

We re-ran the MCF inversions separately using the temperature trends from the

three networks using AGAGE-MCF. We found that the temperature trends only
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marginally influenced the derived OH histories. Including the MSU, Angell; and
NCEP/NCAR temperature series into the simulations changed the 1979-2000 trend by
—3.4%, 6.9%, and 0.0%, respectively. These results point to the fact that global patterns
of OH are predominately influenced by conditions in the tropics, and despite
temperature trends being large at high latitudes, their impact on the OH budget is small.
We conclude that any change in the tropospheric lapse rate dﬁe to global warming has
little impact on model simulations of the OH record.
3.6.3 Absolute calibration

Calibration standards are difficult to prepare at the required parts per trillion
level. As a result CH3CCl; measurements may differ from true values by some scaling
factor. For example, when the CH3CCl; standard was improved for the AGAGE phase
of the ALE/GAGE/AGAGE experiments, the previous ALE/GAGE measurements had
to be lowered by a factor of 0.818 (Prinn et al., 2005). Differences in absolute
calibration also exist between the AGAGE and ESRL-GMD measurements before 2002
as we showed above. Errors in calibration, both drifts and constant scaling, can produce
false trends in OH derived from inversion techniques like. The effect of a constant
calibration error ¢ron the derived OH trend is complicated and depends on the source
(dS/dt) and concentration trends (dC/dt) at the time of interest. For example, if dC/dt is
constant and negative, OH trends would be overestimated if o<1, and underestimated if
o>1. During a time when concentrations of CH3CCl; are turning over rapidly (i.e.

FCrdf << 1) the reverse would be true. Since CH3CCl; concentrations and source
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Figure 3.12. Changes in simulated OH due to differences in MCF calibration. The solid symbols are the
changes in OH when the ALE/GAGE/AGAGE-MCF was scaled by a factor of 0.97. The open symbols

show the case when the scale factor is 1.03.

trends are variable over-the time period considered, it is unclear a priori what influence
o has on our derived OH.

We used the 3% difference between the ESRL-GMD and AGAGE
measurements as a reasonable estimate for the calibration error and simply scaled all
AGAGE measurements by 1.03. Doing so reduced the overall trend (1979-2008) to
—0.3340.23 % y™', a decrease of 23%. When we decreased the measurements by 3%, the
trend increased by 44% to ~0.62 + 0.25 % y’'. Fig. 3.12 illustrates the changes in
simulated OH due to the application of different calibration factors. We see the OH
offsets (relative to OH calculated from the base MCF) are large (~3—4%) early in the
record but decay to near zero towards the end. If we solve the one box model version of
the mass balance equation (dC/dt = S — k OH C, where C is the MCF concentration, S is
MCF emissions, and k is the rate coefficient) for OH, OH is proportional to
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Figure 3.13. Comparison of OH anomalies from the base run and a model run where CH3CCl;

measurements were scaled upwards by 1.10.

where « again is the calibration factor. When o is close to unity, it will only affect OH
when § >> dC/dt. This condition is met early on when MCF emissions are high, but
after the ban on emissions, S falls rapidly and OH is no longer affected by a. Thus
because emissions are changing over this period a constant calibration factor can
influence the derived OH trend. Within the 3% calibration uncertainty band, the OH
trend is still statistically significant. If o is increased to 1.10, the trend disappears (0.02
+0.28 '% y'h), as seen in Fig. 3.13. Scaling the measurements by this factor pulls down |

the OH values before 1997 but preserves them thereafter. The net effect is to remove the
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trend. The implication of this is, if the SIO-2005 standard on which the
ALE/GAGE/AGAGE measurements are based is 10% too low, our results suggest the
derived OH trend disappears. Prinn et al. (1995) estimate that the uncertainty on the

~ SIO-1998 standard, which preceded the current SIO-2005 standard, was * 5%. Since the
SIO-2005/SI0-1998 ratio for CH;CCl; is 0.9957 (Prinn et al., 2000) this equally
applies to recent calibration as well. If this accurately represents the maximum error on
the calibration, we estimate the smallest allowable OH trend is —30 £ 0.25 % y'l, which
is still significant. However, intercomparisons of laboratory standards suggest the error
may be larger. Montzka et al. (2000) reported that intercomparisons of CH3CCl3
standards between different laboratories revealed differences of 20 to 35%, suggesting
that errors of this magnitude are possible.

In conclusion, the history of OH before the downturn in emissions around 1991
is sensitive to the absolute calibration of CH3CCl; measurements. Even though the
derived OH trend persists if measurements are increased to the upper bounds of their
reported error range, we ﬁote that the drop in OH observed in the derived record, is
consistent with an artifact produced by an incorrect calibration.

3.6.4 Emissions

We next determined the optimal MCF emissions consistent with the
ALE/GAGE/AGAGE measurements and an OH trend of zero. We then compared these;
zero-trend emissions with the industrial MCF emissions to see if the two data sets agree
within error. To do so, we ran our model in inverse mode and used a constant OH field

throughout the simulation period. Though the constant value chosen for OH is not
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Figure 3.14. Comparison of model-inverted emissions and estimates of MCF industrial emissions The
simulated emissions are inverted from ALE/GAGE/AGAGE measurements with the assumption of no

trend in the OH fields over the period of study.

important, we used a global mean OH that optimally fit the MCF concentrations over
the period 1979-1990. These inverted emissions are plotted against the industrial
emissions and their 26 error bars in Fig. 3.14.

- There is very good agreement between the two emissions series up until 1992,
when the industrial emissions begin to fall short of the inverted emissions. The
divergence is 50 Gg y' in 1997 and about 20 Gg y™' in 2000. These differences show
that the optimal emissions needed for mass balance, assuming a zero trend, are not
consistent with known industrial emissions. We are left to conclude that either there is a
trend in the OH record, or the current estimates of MCF emissions are in error.

Considering the latter, we note that the three largest sources of error in the emissions are
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1) non-reported industrial production, 2) delays betweeﬂ sales and emissions, and 3)
non-industrial sources of MCF. We first examine sources of possible errors in the
industrial emissions, and then consider natural emissions of CH;CCl; from biomass
burning. These latter source;,s are thought to be small but may now be relevant as
industrial emissions go to zero.

As mentioned, there are two main sources of érror in the industrial CH3CCl3
record, uncertainties in the production and uncertainties in the release history following
production. Midgley (1989) estimated that the average uncertainty for industry-reported
net production is £2.1%. Before manufacturers reported production, the uncertainty is
much higher, but this doesn’t affect our results since our simulation begins after
industries began reporting. Tﬁe uncertainty in the release history is bounded by practical
considerations. First nearly all MCF that is produced is eventually emitted (McCulloch
and Midgley, 2001) and the only uncertainty is when the MCF is released. According to
manufacturers, the quickest release cycle is 75% emission ti1e year of production and
25% the year after. The minimum rate of release is 50% emission the year of
production. Overall the 16 uncertainties to the emissions range from 2-3% When during
the 1970s and 1980s when manufacturers reported emissions, to 30% in the 1990s. We
used these error estimates to conduct Monte Carlo simulations by varying the emission
histories and recalculatiqg the OH histories. For all years of emissions, we created a
normal distribution defined by the mean emissions for that year and the 16 errors. Thus
there is a unique distribution for every year of simulation. We constructed new emission

histories by randomly sampling each distribution for each year. For each new emission
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history we re-ran the simulation and calculated the trend of the simulated OH history.
The simulations produced OH trends (1979—2008) that varied over a range of + 20% (1
o) of the mean. All trends from the Monte Carlo runs remained negative, whichA
suggests that the reported errors in the industrial emissions are not large enough to
negate the trend. We further investigated the possibility of errors in the emissions
function used by McCulloch and Midgley ( 2001 ) to estimate emissions from production.
Conceptually the differences between the inverted and industrial emissions can be
resolved by increasing the delay between sales and emission. Increasing the delay
would lower emissions at the beginning of the time interval and raise them at the end.
The resulting time series of emissions could potentially be in agreement then with the
inverted emissions, as this change would force the model to lower fhe constant OH field
throughout the simulation, and in so doing the emissions required for mass balance
would decrease.

We constructed an alternative emissions time series using production data from
McCulloch and Midgley (2001) (though production is not explicitly provided, it can be
calculated from the emissions and bank data; production equals emissions plus the
change in bank from the previous year). We assumed that emissions follow an
exponential function with lifetime T, such that the remaining MCF sold in year y after ¢

years is MCF(#) = MCF(y) exp(-#/7). This model produced emissions nearly identical to

estimates of McCulloch and Midgley (2001 ) if ©=0.7 y. A lifetime T of 0.7 yr means
76% of the product will be released within the first year of purchase, consistent with the

modeling of the short-term release category by McCulloch and Midgley (2001) who
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assumed that 75% of the product is released the first year. Our goal is to determine if it
is possible to optimize T to produce emissions consistent with the zero-trend inverted
emissions. If it is possible, it suggests the reported OH trend could be an artifact of

errors in the emissions history.

We found it is not possible to produce emissions that simultaneously match both
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Figure 3.15. Addition of the biomass burning CH3CCl; source to industrial emissions. Plotted are the
ratios between total emissions (industrial plus biomass burning) to industrial emissions (open symbols),
and the ratio of the OH derived from enhanced emissions to the OH derived from industrial emissions
only (closed symbols). The figure indicates the impact of biomass burning emissions is seen only later in

the period.

the beginning and end of the inverted emissions time series. Using 1=1.9 y, the
industrial emissions are in good agreement with the inverted emissions over 1980-1992,
but exceed the inverted emissions by up to 37 Gg y! from 1992-2000. If we optimize
the industrial emissions to the inverted emissions over this latter period, the industrial
emissions are too large over the earlier. We conclude that the OH trend is not an artifact
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of the release model used to calculate industrial emissions. In this regard and with
consideration of the above discussion, we consider the trend robust to uncertainties in
the industrial emissions, without recourse to more drastic changes in our understanding
of MCF production and emission.

We consider lastly the role of non—industriﬂ CH5CCl; emissions. Rudolph et al.,
(1995) reported emission of methylchloroform from biomass burning on the savannas .
of West Afﬁca. Lobert et al. (1999) extrapolated the'ﬂuxes to estimate global emissions
at 12 Gg y'. Follow-up laboratory studies verified emission from tropical wood
burning, though the measured flux was considerably lower than that reported from the
field studies (Rudolph et al., 2000). The authors lowered the global emission rate to
2.5-5.3 Gg y™. Ice core measurements place an upper limit of ~1.5 ppt on preindustrial
levels of CH3CCl; (Butler et al., 1999). If we assume a MCF lifetime of 5 yr and steady
state concentrations during the preindustrial period, this constrains natural CH3CCl3
emissions to be less than ~6 Gg y.

We added a constant 6 Gg y'l to our base industrial emissions and reran the
ALE/GAGE/AGAGE simulation. Enﬁssioné were distributed by geographic region
based on the 1x1° gridded inventory of CH3;CCl; emissions from biomass burning by
Lobert et al. (1999). The authors used biomass burning carbon emissions as a guide to
their distribution. The inclusion of biomass burning CH3CCl; makes little différence in
the emissions history for most of the study period. At peak industrial emissions, the
biomass burning coﬁtributes less than 1% of the total budget. However, in recent years,

6 Gg y"' exceeds estimated emissions from industrial production.
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Figure 3.16. Anomalies of the derived OH from industrial emissions only (open symbols) and OH
derived from total emissions (industrial plus biomass burning, closed symbols). The addition of biomass

burning emissions causes the OH to return to earlier levels.

In Fig. 3.15 we plot the ratio of total to industrial erhissions alongside the ratio
of simulated OH derived from industrial emissions alone to the OH derived from the
inclusion of biomass burning emissions. The additional emissions have little influence
on the derived OH record before the year 2000. After this time, the OH derived from
adjusted emissions rises rapidly relative to the OH calculated from the base emissions,
and is about 10% higher than the base OH by year 2008. Thé adjusted OH trend from
1979 to 2008 is —0.27 +0.26 % y.

Fig. 3.16 shows the OH anomalies derived from the. base emissions (industrial
only) and the enhanced emissions (industrial + biomass burning). Again we see that the
OH doesn’t respond to the added emissions until after 1996. The effect of the added

biomass burning emissions is to force OH upwards to levels approaching those of 1993.
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Importantly, however the emissions are not large enough to erase the large dip in OH..
This is consistent with our results from the inversion, which showed a deficit in
emissions of about 40-50 Gg y' during this time.

We are now in a period where the potential biomass burning source dominates
the record. We see the degree to which this source determines current OH levels based
upon the methylchloroform record. As CH3CCl; emissions from biomass burning are
highly uncertain, the utility of CH3CCl; as a tracer of atmosphere OH ié waning. This
work shows that if we want to continue using CH3CCl; as a tracer of future OH, we
need more measurements of the biomass burning source over a wide range of burning
conditions and ecosystems.

To summarize this section, within the kno§vn uncertainties of methylchloroform
emissions, both industrial and non-industrial, the OH trend remains. The large drop in
OH observed in the simulated record after 1990 requires additional emissions of 40-50
Gg y to resolve. It is unlikely the estimates of industrial emissions are in error by this -
amount, and ice core measurements of CH3CCl; prevent non-industrial emissions from
being this large. Biomass burning emissions, if real, now dominate MCF emissions, and
will control the future history of atmospheric CH3CCl;.

3.7 HCFC-22

We investigated the possibility of using other halocarbons to infer the OH trend.
The hydrochlorofluorocarbon CHCIF, (HCFC-22) is a refrigerant in use since the early
1950s. Unlike the chlorofluorocarbons it reacts with OH in the troposphere, and has a

lifetime of about 9-10 years (Miller et al., 1998). As a result, only a small fraction
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reaches the stratosphere. In consideration of this, HCFC-22 was not banned by the
Montreal Protocol and its production continues today.

HCFC-22 is purely anthropogenic. Manufacturers report sales and production data
to the Alternative Fluorocarbons Environmental Acceptability Study (AFEAS), an
industry group that compiles and maintains a production and emissions database
(AFEAS, 2001). While most western companies report production, manufacturers in
China, India, Korea, and Russia do not, creating an information gap in production. To
some extent these gaps can be filled using production and consumption data reported by
nations to the United Nations Environment Program in compliance with the Montreal
Protocol (UNEP, 2002). McCulloch et al. (2003) synthesized data from AFEAS, UNEP,
and various country-based reports production, and estimated emissions of HCFC-22
from 1948 to 2000 using an emissions function that accounts for loss of HCFC-22 from
the separate use categories of refrigeration, open and closed-cell foams, and aerosols.
Emissions range from 100 Mg y™ in 1948 to a high of 267.6 Gg y ' in 2000. The
production of HCFC-22 has fallen in recent years, as use switches to other
hydrochlorofluorocarbons such as HCFC-141b (CH3CCl,F) and HCFC-142b
(CH3CCIF,). As a result, the percentage of HCFC-22 produced by AFEAS-reporting
countries has fallen to less than half of total production (AFEAS, 2008). Because of this
AFEAS no longer compiles industry data and current emissions are largely uncertain.

We used the emissions history (1942-2000) of McCulloch et al. (2003) for our
OH simulation and added two additional years to it from an updated AFEAS database.

We increased emissions in these additional years by 10% to account for production
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Figure 3.18. Atmospheric OH derived from HCFC-22 and methylchloroform records.

Atmospheric levels of HCFC-22 were about 100 ppt in 1992 and increased to 155 ppt in
2002. This period of time, though short, covers a crucial span of the OH time series
where the trend is most negative. Independent verification of the trend during this time
through a second proxy gas will strengthen the decreasing OH argument. The
ALE/GAGE/AGAGE group also measures HCFC-22, but this record doesn’t begin
until 1998 and is only available at two sites, so here we restrict our modeling to the
NOAA data set.

We again used NCAR’s Tropospheric Ultraviolet Radiation model (Madronich,

1993) to calculate stratospheric photolytic lifetimes for HCFC-22. The rate coefficient
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for the HCFC-22 + OH reaction was taken from Sander et al. (2000) (A=1 0x10712,
B=-1600). We ignore loss to the ocean since thé lifetime of HCFC-22 with respect to
the ocean is 986 yr (Kanakidou et al, 1995).

We plot observed atmospheric HCFC-22 concentrations against our simulated
results after optimizing OH levels (Fig. 3.17). The agreement is quite good which gives
us confidence that our optimized OH values are appropriate. The OH time series is
highly variable from year to year and no significant trend can be derived from it (Fig.
3.18.). In general the OH derived from HCFC-22 is about 10% higher than that
calculated from MCF. The result that HCFC-22 produces higher OH than MCF is
consistent withA findings from Miller et al. (1998) who used ALE/GAGE measurements
of HCFC-22 and MCF. This result could be explained by overestimated HCFC-22
emissions, or alt_ernativcly, by absolute calibration standards that are too low for both

the NOAA and ALE/GAGE measurements.
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Figure 3.19. Emissions of HCFC-22. The black line shows inverted HCFC-22 emissions assuming a zero
trend OH field. The constant OH was optimized so inverted emissions were in agreement with estimated

emissions during the first half of the simulation period. Estimated HCFC-22 emissions from industrial

production are shown in red along with their 26 uncertainties.

Though no significant trend can be assigned to the HCFC-22 OH time series, the
simulated OH does decrease throughout the 1990s, which is consistent with the MCF
work. For a second test, we inverted the atmospheric HCFC-22 record for the HCFC-22
emissions under the assumption of a zero OH trend. In particular we adjusted the
constant OH levels such that the inverted emissions would be on average equal to the
estimated HCFC-22 industrial emissions (i.e. emissions from McCulloch et al., 2003)
over the first half of the time period. If OH were constant, we’d éxpect the inverted
emissions over the second half the time period to also match the industry estimates. The

results are shown in Fig. 3.19. The plot shows that the inverted emissions are consistent
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with the emission estimates up until 1998 then diverge upwards thereafter. On average
thé inverted emissions are about 30 Gg y', or about 11% higher than the estimated
emissions during this time. These emissions lie outside the 26 uncertainty window

" calculated by McCulloch et al. (2003). The reported uncertainties include contributions
from the uncertainty in production, distribution between different end-use categories,
timing of emissions from refrigeration, aerosols, and foams.

We conclude that the HCFC-22 record provides some, but not strong, evidence
for a negative trend in OH levels over the short period of study that is consistent with
OH record deduced from the MCF record. If HCFC-22 emissions are underestimated by
about 10%, the suspected trend would disappear. Unlike methylchloroform, HCFC-22
emissions are still high (> 250 Gg y'), meaning an underreport of 30 Gg y'1 -‘would be
easier to accommodate than if emissions were near zero.

As a final note, we also tried to use the replacement compounds HCFC-141b,
HCFC-142b, and HFC-134a (CH,FCF3), as proxies for the OH record. These gases are
found at miniscule levels in the atmosphere (< 20 pptv) (Prinn et al., 2000). Our
experiments revealed that the simulated atmospheric records of these gases are very
insensitive to OH levels. As one example, when we scaled the model OH field by
factors of 0.5 and 2.5, our modeled HFC-134a varied by only ~5%. As the sink term is
proportional to the atmospheric burden, the behaviors of these gases are currently

dominated by emissions.
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3.8 Discussion
The general pattern of OH deduced from these studies suggests that OH increases

by about 10% from the early 1980s to 1991, then falls 15% to a minimum in 1997,
before rebounding back in recent years. This behavior is difficult to reconcile with the
observational .methane record unless methane eﬁxissions are correlated with changes in
OH, which is unlikely (Lelieveld et al., 2006), though there are features of the CO and
CH, that support this behavior. Large fires occurred both in 1994-95 and 1997-98
(Novelli et al., 2003; Langenfelds et al., 2002). We see dips in the OH record near each
of these periods. The dip in 1997-1998 coincides with large fires in Indonesia during
this time and is consistent with estimates by Duncan et al. (2003) that the increased CO
and aerosol emissions from fires would decrease OH levels by 6%. Additional
emissions of non-methane hydrocarbons from the fires would also add to the decrease
of OH (Prinn et al., 2005). A decrease in OH would increase the lifetime of CHy,
creating positive anomalies in the CH,4 record. One large anomaly occurs from 1996 to
2000, when the atmospheric CH, growth rate increased from 3.9 ppb y™ during 1995-
41997 to 12.7 ppb y''in 1998 (Dlugokencky et al., 2001; Khalil et al., 2007). The reverse
is also true, large emissions of methane would lower OH levels. These two processes
taken together may explain this low period of OH.

Karlsdottir and Isaksen (2000) calculated that OH levels should have increased
by 7% from 1980 to 1996 based on increasing emissions of CO, non-methane
hydrocarbons, and NOy (NO and NO,). This is similar to the rate we observed before
the drop in mid 1990s. If this drop is due to fire events, our results are consistent with

this modeling, which did not consider enhanced biomass burning emissions. However
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our modeled OH remains low past this time and only siowly begins to recover in 2004,
well past the observed peak in CO concentrations, suggesting that this event alone may
not explain this feature. If real, these decadal trends are significant and should show up
in the atmospheric record of gases removed by OH.

These trends are supported by other studies Using a three-dimensional chemical-
tracer model and ALE/GAGE/AGAGE data, K;-ol et al. (2003) found that OH rose by
12% from 1978 to 1990 and fell by about an equal amount from 1991 to 2000. Bousquet
et al. (2005) also found positive and negative trends of OH respectively in the 1980s
and 1990s respectively as above, but were again smaller. Also using AGAGE
methylchloroform, the authors deduced an OH trend of only 0.1 % y'! during the 1980s
or a total OH increase of about 1% for the decade. This smaller trend is supported by |
chemical modeling of OH by Dentener et al. (2002) who considered changes .in
tropospheric water vapor, photolysis rates, and surface emissions of CO and CHys, and
estimated OH increased by 0.28 % y™ from 1979 to 1993. During the 1990s, the
decrease in OH inferred by Bousquet et al. (2005) is about 30% smaller than that from
Prinn et al (2001) and Krol et al. (2003).

Recently, measurements of radiocarbon carbon monoxide (14CO) have been
used to assess the trend of OH (Manny et al., 2005). Though 2CO itself has many
sources of unknown strength and variability making it unfit to constrain OH, **CO is
produced primarily in the atmosphere by cosmic radiation at rates that are relatively

well quantified, though sensitive to factors such as solar activity. The short lifetime of
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carbon monoxide makes this method sensitive to regional and monthly variations of
OH.

Manny et al. (2005) measured 1CO0 in New Zealand and Antarctic over a
thirteen-year period from 1989 to 2003. From these measurements, no significant long-
term trend of OH was deduced, though recurring variations of 10 % were observed
every few months, consistent with the variability found in previous work.

There is good evidence that OH has varied by 10-15% over the past few
decades. This conclusion is supporfed by independent modeling and atmospheric
records of methylchloroform and to a lesser degree, HCFC-22. The major impediments
to the use of halocarbons in deriving the OH record are uncertainties in their industrial
production and the absolute calibration standards used to monitor their atmospheric
abundance. We have shown that errors in both, and especially in calibration, can

significantly alter the inferred OH trend.
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Chapter 4 — Assessment Of Biomass Burning On Decadal Scales Using
Atmospheric Measurements of Carbon Monoxide and Hydrogen

4.1 Introduction
One of the major agents of global change today is the burning of the world’s

living and dead vegetation. Though fires have occurred naturally since the dawn of
plants, most fires today are anthropogenic and a strong correlation exists between
human settlement and fire frequency throughout history (Schule, 1990). Biomass
burning is most pronounced in the tropics, where fire is used as a tool in deforestation,
removal of crop residues; clearing of grasslands for agriculture, pest control, and energy
production, releasing a wide range of trace gases and particulate matter, including
methane (CHy), carbon monoxide (CO), hydrogen (H,), non-methane hydrocarbons,
volatile organic compounds, halides, and nitrogenous species. Roughly 40% of all
anthropogenic CO,, CO, and H;, comes from biomass burning (Levine, 1996). Methane
is released in large quantities but estimates vary considerably. In its latest report on
climate change, the UN’s Intergovernmental Panel on Climate Change include source
strengths for biomass burning ranging from 14 to 88 Tg CH, y, which represent
anywhere from 5 to 25% of the total anthropogenic source (Denman et al., 2007).
These collective emissions have significant consequences on the local and global
environment. The emissions contribute to climate change, stratospheric ozone depletion,

acid rain, and perturb the oxidation capacity of the atmosphere. In addition biomass
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burning alters the nitrogen and carbon biogeochemical cycles, éhanges the radiative
properties of surfaces, and impacts water run-off and evaporation (Levine, 1996).

Since biomass burning is primarily anthropogenic in origin, the extent and
frequency of burning vary with socioeconomic, political, and agricultural factors, as
well as temperature and precipitation. As population and demand for forest and
agricultural products grow, there is increaséd pressure for greater burning. Though there
is speculation that biomass burning has increased over the past couple decadés (e.g.
Crutzen and Andreae, 1990; Hao and Liu, 1994) few studies have investigated whether
this is so.

Current assessments of biomass burning and its impacts are typically either for
mean conditions or short time periods (Seiler and Crutzen, 1980; Logan, 1983; Crutzen
and Andreae, 1990; Andreae, 1991, Hao and Liu, 1994). Few studies have produced
biomass burning emissions spanning the past couple.decades. In this étudy we used
atmospheric records of CO and H; over a 20-year period to investigate the trend,
interannual variability, and seasonal cycles of biomass burning. In particular the goals
of our project were to 1) investigate the use of atmospheric CO and H; as traceré of
biomass burning, 2) assess the trend and interannual variability of biomass burning in
the tropics since the early 1980s, 3) compute the time series of methane emissions ffom

biomass burning over decadal scales.

4.2 Methods of biomass burning assessment
Most biomass burning occurs in developing countries with few resources to

compile statistical data on fire frequency and extent. Where data do exist, they are often
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inconsistent, inaccurate, or lack the necessary temporal resolution (Hoelzmann et al.,
2004). The sparseness of available data challenges efforts to quaﬁtify trace gés
emissions and chart trends and interannual variability of biomass burning. In lieu of
direct records indirect means have been used to quantify the impact and variability of
this source.‘ These options include bibgeochemical modeling of biomass fuel load (e.g.
van der Werf et al., 2003), satellite remote sensing of burn scar area and fire frequency
(e.g. Levine, 1999; Hoelzmann et al., 2004; Ito and Penner, 2004), and inversion of
atmospheric measurements of trace gases released by biomass burning (e.g.
Bergamaschi et al., 2000a; Bergamaschi et al., 2000b; Petron et al., 2004, Arellano et
al., 2006). Some studies ha\;e also pieced together the existing sparse fire activity data
and created global estimates but these are prone to larger uncertainties (e.g. Hao and
Liu, 1994, Kasischke et al., 2002, Stocks et al., 2002). '
4.2.1 Bottom-up metﬁods

In general these methods fall within two broad categories, bottom-up and top-
down approaches as we introduced above. To calculate emissions from biomass burning
using the bottom-up approach requires the use of an equation typically of the form (e.g.

Hao and Liu, 1994)

E,.,J.=A].xBjxﬂxﬁJ, 4.1)
where Ej; is the emissions of gas species i from vegetation type j, A is the area burned,
B; is the biomass per area for vegetation type j, f is the burning efficiency (i.e. fraction

of biomass burned), and f'is the emission factor for gas species i and vegetation type j

(i.e. mass of gas released for mass of biomass burned).
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Burned area is perhaps the most difficult of these factors to estimate. Until
recently, global maps of area burned were mainly based on annual country reports that
were of questionable quality aﬁd available for only some countries (e.g. the UN’s Food
and Agriculture Organization databases). In recent years satellite-borne instruments
have been used to detect both active fires and global burnt area (Simon et al., 2004;
Tansey et al., 2004). Arrino and Rosaz (1999) used data from the Along Track Scanning
Radiometer 2 (ATSR-2) on the European Remote-Sensing-2 Satellite (ERS-2) to
estimate fire counts for the World Fire Atlas. Pixels of surface reflectance maps were
considered fire detections if the pixel’s nighttime brightness temperature a;t the
wavelength 3.7 ium exceeded 308 K. °

Active fire counts however often yield false detections due to the single criterion
used to identify them. For example, fire counts may falsely include oil gas flares or city
hot spots (Hoelzemann et al., 2004). Fire counts may miss daytime fires as the detection
algorithm is typically applied only to nighttime imagery to avoid false detections of sun
glare. The detection algorithm may also miss low intensity fires like peat fires (Arino
and Plummer, 2001) or fires below thick canopies. Even when a fire is correctly .
detected the real spatial extent of the fire is still required to calculate emissions.

An improvement to fire counts is the mapping of burned areas. Burned area can
be determined from characteristic properties of burned vegetation such as low surface
reflectance and warm temperatures (Hoelzemann e; al., 2004, Simoh et al., 2004). Since

fires alter vegetated landscapes and change surface reflectance properties, burned areas

87



can be identified with algorithms that compare surface feﬂections for the same region
over a period of time (e.g. Roy et al., 2002; Gregoire et al., 2003; Simon et al., 2004).

The Global Burnt SCAR (GLOBSCAR) was derived from the daytime ATSR-2
data using an algorithm that searched for pixels with enhanced brightness temperature
and low surface reflectance (Simon et al., 2004). A comparison between GLOBSCAR
and another burned area product, the Global Burnt Area Initiative (GBA-2000) from the
Joint Research Center of the European Commission (Gregoire et al., 2003) however
reveals considerable uncertainty in this method. These products, which are the two
major fire products in use today, currently disagree by nearly 70% in their estimations
of global burned areas (Kasischke and Penner, 2004). The disagreement between
estimates of global bu;-ned forest areas was ovef 250%.

There are a number of reasons for thesve differences that highlight the challenges
of detecting burned areas. Cloud cover, which is especially prominent in the tropics
where most fires occur, obscures fires and burn scars. Surfaces that have naturally low
albedos may be falsely detected as burned areas. In both fire count and burned area
studies, fire activity may be under detected in the case of sub-pixel fires and fires that
are obscured by vegetation canopies. Rapid regrowth of vegetation over bﬁmed areas
may also cover recent burns. Further, burn scars may persist for many years, producing
false detections years after the original fire. And finally some algorithms are unable to
detect large areas of woodland or shrub fires (Simon et al. 2004).

In addition, temporal records of biomass burning inferred from satellite records

are typically of short duration and cover only a few years. Schultz (2002) and Generoso
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et al (2003) used ATSR fire counts to estimate seasonal and interannual variability of
biomass burning over the five year period 1996 — 2000. Cooke et al. (1996) used fire
counts from the Advanced Very High Resolution Radiometer (AVHRR) to estimate
seésonality of biomass burning from 1984 to 1989. Herman et al. (1997) used ozone
measurements from the Total Ozone Mapping Spectrometer (TOMS) to infer aerosol
loading from biomass burning over the same time period. Dwyer et al. (2000) also used
AVHRR fire counts to analyze the spatial and temporal distribution of fires during
1992-1993. The study period is typically short due to the time span of the satellite data,
and the computational expense of processing and analyzing the spatially and temporally
high-resolution data sets.

There are additional challenges to using Eq. 4.1. (i.e. bottom-up methods) to
investigate biomass burning impact. Once the area of burn is known, the vegetation type
or cover is needed to estimate the available fuel load of the burn. Land cover maps may
be determined from regional reports (Lavoue et al., 2000), satellite products such as
normalized difference vegetation or leaf area index (e.g. Barbosa et al., 1999), or
biogeochemistry models that compute net primary production and standing biomass,
such as the Carnegie- Ames-Stanford-Approach (CASA) model (e.g. van der Werf et al.,
2006). As a wide range of biomes undergo burning, fuel loads per area can vary by
nearly two orders of magnitude (van der Werf et al., 2003). The quantification of fuel
loads remains one of the chief obstacles to accurate biomass burning emissions

" (Kasischke and Penner, 2004).
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In addition, the calculation of trace gas emissions using the bottom-up method
of Eq. 4.1 requires knowledge about the burning efficiency B and emissic;n factor f. The
burning efficiency, which is the fraction of the fuel load that is consumed, is a function
of a number of variables including fuel type, fuel moisture, and fire stage, i.e.
smoldering, flaming, etc., which makes it difficult to model across large spatial and
temporal extents. It ranges for example from 0.2 for tropical forests and 0.5 for peat
(Levine and Cofer, 1999). The emission factor also depends on these same variables and
is gas specific and is sensitive to fire phase. For example, carbon is primarily converted
to CO, during the flaming stage of fire, but CO, CH4 and other hydrocarbons dominate
emissions when the fire is smoldering (Criitzen an;l Andreae, 1990).

4.2.2 Top-down method

The preceding discussion reviewed the current literature on using bottom-up
methods to estimate emissions from biomass burning and delineated some of the
~ challenges faced in using this method. Because of the scarcity of the relevant data,
bottom-up methods are typically used to produce either mean climatological biomass
burning emissions, or emissions specific to a region or sﬁort span of time, for example
the Indonesian fires of 1997-98 (Levine, 1999). Our goal in this study is to assess the
decadal trends of biomass burning, so we looked to other techniques.

Atmospheric CO and H; can serve as tracers of biomass bul;ning. As mentioned
above, about 40% of the total anthropogenic source of.CO and H; is from biomass
burning, making these gases well suited to this purpose. In fact, both gases share similar

sources in general. Both are products of combustion processes and are intermediate

90



steps in the oxidation of methane and other hydrocarbons. Out of an annual global
source strength of about 2600 Tg CO, approximately 1200 Tg CO is emitted due to the

combined activities of anthropogenic combustion and biomass burning, and another

1200 Tg CO is emitted due to the oxidation of methane and non-methane hydrocarbons

(Khalil and Rasmussen, 1990). For H, the breakdown in the budget is similar.
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Combustion, oxidation processes, and biomass burning are responsible for nearly 90%

of the global source strength of 80 Tg H, y'l (Warneck, 2000).

Since biomass burning is responsible for much of the temporal variability of
atmospheric CO (Novelli et al., 2003; van der Werf et al., 2004), inversion of

atmospheric CO has been effective in constraining emissions from biomass burning
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using measurements from global surface networks (e.g. NOAA’s Global Monitoring
Division), regional airborne programs (e.g. Transport and Atmospheric Chemistry Near
_the Equator - Atlantic, TRACE-A, Southern African Fire-Atmosphere Research
Initiative, SAFARI) and space-borne instruments (e.g. Measurements Of Pollution In The
Troposphere sensor onboard NASA’s Terra satellite) (Arellano et al., 2004, 2006, Pe ‘tron et
al., 2002; Muller and Stavrakou, 2005; Heald et al., 2004; Palmer et al., 2003; Pfister
et al., 2004). Most of these studies focused on constraining the seasonal cycle or annual
source strength of biomass burning emissions. Bergmaschi et al. (2000a) estimated the
annual source strength of CO from tropical biomass burmng to be 653 - 740 Tg CO
from three years of surface NOAA-GMD CO measurements. Petron et al. (2002) used
eight years of NOAA-GMD data to estimate the mean seasonal cycle of biomass
burning. Petron et al. (2004) and Arellano et al. (2006) used CO column retrievals from
the MOPITT instrument to constrain the seasonal timing of fire emissions in the
Southern Hemisphere. Targeted campaigns such as SAFARI and TRACE-A flew air-
borne instruments over regions of interest and measured CO concentration profiles.
These are helpful to constrain regional emissions from biomass burning but are limited
in both time and spz.ice (e.g. McMillan et al., 2003)..

Carbon monoxide and hydrogen compose a unique pair of gases, for while they
share similar sources (Fig. 4.1) their means of destruction differ. Carbon monoxide is
removed primarily by oxidation with the hydroxyl radical OH (90% of its total sink;
Khalil et al., 1999), while H; is oxidized in the soil by extra-cellular enzymes (~90% of

its total sink; Warneck, 2000). This means that if emissions of these gases can be
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inverted from their atmospheric records, we have confidence that any coincident
patterns will reflect changes in their sources and not their sinks, since it is unlikely their

disparate sink processes

Table 4.1. Sites and dates of CO measurements

Latitudinal Region 0GI NOAA-GMD CSIRO
North Polar 8/1980 — 12/1997 12/1989 ~ 6/2002 2/1992 - 12/2001
(Barrow) (Barrow) (Alert)
North Mid-latitudes 10/1984 ~ 12/1997
(Cape Meares)
North Tropics 11/1979 — 12/1997 12/1989 — 6/2002 1/1992 — 12/2001
(Cape Kumukahi) (Cape Kumukahi) (Mauna Loa)
South Tropics 12/1979 — 12/1997 2/1989 — 6/2002 2/1992 — 12/2001
: (Samoa) (Samoa) (Cape Fergusen)
South Mid-latitudes 8/1984 - 5/1996 11/1992 — 6/2002 3/1985 - 12/2001
(Cape Grim) (Cape Grim) (Cape Grim)
South Polar 8/1984 — 5/1996 9/1993 - 6/2002 1/1992 — 12/2001
(South Pole*) (South Pole) (South Pole)

should behave similarly. Biomass burning is the largest source of CO in the tropics
(Crutzen and Carmichael, 1993), where contamination from other anthropogenic
sources such as combustion is minimal. Overall, CO is more sensitive to the variation of
biomass burning emissions in the southern hemisphere than in the northern hemisphere
~as CO emission from fossil fuels and biofuels is relatively low in the SH (Bien et al.,
2007).

To summarize, inverse or top-down techniques are valuable methods to
constrain emissions and lend insight into biomass burning. To date, most studies have
focused on quantifying annual budgets and investigating the seasonal cycle of emissions
over short time spans. In this study we use long-term measurements of both CO and H,
in tandem to investigate the temporal variability of biomass burning in the tropics where

most fire activity occurs. From these measurements, we constructed unique records of
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atmospheric CO and H, using global surface measurements that have not previously

been used for this purpose. Using a low resolution chemical-transport model we

inverted the time series and constructed a history of CO and H; emissions. We used this

paired emissions history to investigate the patterns of biomass burning activity on

decadal scales.

Table 4.2. Sites and dates of H, measurements

Latitudinal Region 0GI NOAA-GMD CSIRO
North Polar 10/1985 — 3/1997 1/1989-12/2003 2/1992 — 12/2001
(Barrow) (Barrow) (Alert)
North Mid-latitudes 4/1985 - 3/1997 1/1992-12/2003
(Cape Meares) Cape Meares et al.
North Tropics 10/1985 — 3/1997 7/1989—-12/2003 1/1992 — 12/2001
(Cape Kumukahi) (Cape Kumukahi) (Mauna Loa) -
South Tropics 4/1985 — 3/1997 6/1989-12/2003 2/1992 - 12/2001
(Samoa) (Samoa) (Cape Fergusen)
South Mid-latitudes 3/1985 - 3/1997 6/1991-12/2003 2/1992 — 12/2001
(Cape Grim) (Cape Grim) (Cape Grim)
South Polar 2/1985 - 3/1997 4.1993-12/2003 1/1992 - 12/2001
(South Pole) (South Pole) (South Pole)

4.3 Time series of atmospheric CO and H;
The foundation of this work is the long-term time series of atmospheric

measurements 'of CO and H; concentrations. We used measurement data from three
sources, the Oregon Graduate Institute (OGI) (Khalil and Rasmussen, 1984, Khalil and
Rasmussen, 1988, Khalil and Rasmussen, 1994), the National Oceanic and Atmospheric
Administration Global Monitoring Division NOAA-GMD) (Novelli and Masarie,
2009), and the Global Atmospheric Sampling Laboratory of Australia’s Commonwealth
Science and Industrial Research Organization (CSIRO-GASLAB) (Steele et al., 2007).

Specific sites and dates of measurements used for this are shown in Table 4.1. Though
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some measurements began in the late 1970s no single continuous record exists over this
period, and part of our effort here was to construct such a record by conjoining
measurements from the networks. The sites chosen were those that predominately
experience well-mixed background marine air. This is important to ensure that the co
and H, mixing ratios are representative of large air masses and free from local sources.
43.1 OGI

Carbon monoxide and hydrogen were monitored at clean air sites between the
early 1980s and 1998 as part of the Oregon Graduate Institute trace gas sampling
program. Triplicate air samples were collected at each site in 0.8 1 flasks and analyzed
at OGI by gas chromatography (GC) with flame ionization (FID) and mercury oxide
(HgO) detectors. Absolute calibration was maintained with National Institute of
Standards and Technolog;r SRM 1677B standards (Khalil and Rasmussen, 1994).
Specific start dates of available data varied with location and are provided in Table 4.1.
Sites were strategically selected worldwide to monitor the major semi-hemispherical air
masses. Long term measurements were made at Pt. Barrow, Alaska (71.3°N, 156.6°W),
Cape Meares, Oregon (45.5°N, 124°W), Mauna Loa, Hawaii (19.5°N, 155°W), Cape
Kumukahi, Hawaii (19.5°N, 155°W), Tutuila, American Samoa (14.2°S, 170.8°W),
Cape Grim, Tasmania (40.7°S, 144.7°E), and the South Pole (90°S). These stations
were chosen to reflect concentrations of trace gases in air masses representing north
polar latitudes, north mid-latitudes, north tropics, south tropics, south mid-latitudes, and
south polar latitudes, respectively. Short term records exist at other sites but these were

not used in this work. At most locations samples were taken several times per month
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Figure 4.2. CO volume mixing ratios for Mauna Loa and Cape Kumukahi. Data from the OGI network.

and monthly averages were constructed from these. We filled in gaps in the data record
by linear interpolation if only one month of data was missing, or by an interpolation
method based on seasonal éradicnts between sites.

All sites are located at or near sea level with the exception of the Mauna Loa
Observatory (elevation 3397 m). To cover gaps in the measurement record, we created a
single data record at Hawaii by cpmbining the Mauna Loa measurements with those at
Cape Kumukahi, which is a sea level site receiving air from the marine boundary layer.
Mauna Loa nominally samples air from the free troposphere, though on occasion
upslope wind conditions may transport air from the marine boundary layer (Karl et al.,
2002). Typically away from landmasses and sources, vertical gradients of CO are small

(Bergamaschi et al., 2000).
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The CO records at both sites are shown in Fig. 4.2 along with their seasonal
cycles in Fig. 4.3. The seasonal cycles are well matched with maxima and minima
occurring on the same month throughout the time series. Carbon monoxide levels at
Cape Kumukahi are about 10% higher on average than at Mauna Loa. The higher CO at
Cape Kumukahi may be due to local sources, though this is unlikely, since the station
receives predominétely marine air brought in by consistent northeasterly trade winds.
The offset between the sites tends to increase during the fall and early winter, and

reaches a peak during the early spring, which follows the cycle of biomass burning
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Figure 4.3. Seasonal cycles of CO (upper) and H, (lower) mixing ratios at Cape Kumukahi and Mauna
Loa. Measurements from both the OGI (right) and NOAA-GMD (left) are shown.
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emissions in the northern tropics (Hao and Liu, 1994). The measurements are better
matched at the CO minima during the late summer months when the sink term
dominates the CO trend. Long range mixing and some chemical destruction likely leads
to the small vertical gradient between the sites. For consistency with the other surface
sites, we scaled the Mauna Loa data by a single factor (1.10) and found the average of
the modified time series with the Cape Kumukahi data to create a single time series for
the northern tropics (Fig. 4.2).

For H,, the direction of the difference is reversgd, with higher mixing ratios
observed at Mauna Léa than at Cape Kumukahi (Fig. 4.4). The lower surface levels are
maintained by microbial consumption in the soils, which is the largest sink for
hydrogen. Seasonal cycles observed at the two sites are again similar (Fig. 4.3). There is
a small seasonal cycle observed in the ratio of mixing ratios, varying from 1.02 to 1.04
(MLO/CKU). We again scaled the Mauna Loa data and averaged the two sites to create
a single H, time series at Hawaii. We note that the H, data from the NOAA-GMD
network showed similar behavior at Mauna Loa and Cape Kumukahi and have nearly

the identical vertical gradient.

4.3.2 NOAA-GMD
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Measurements from NOAA-GMD begin in the early 1990s and continue today
(Table 4.1). NOAA-GMD samples air at the same six sites as the OGI network and we
principally use measurements from these six sites throughout this work. However
sampling was discontinued at Cape Meares in 1998 and an alternate site was necessary
to continue the record. NOAA-GMD measures H, and CO at numerous north mid-
latitude sites (30-65°N) as part of its Cooperative Air Sampling Network. We narrowed
the list of candidates to include only marine éites receiving predominantly clean
background air, which are located at or near sea level. These sites would measure air
masses most similar to those sampled at Cape Meares. We also excluded any sites that

had considerable spans of data missing for any reason. This left us with five possible
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replacement sites, Terceira Island, Azores (38.8°N, 27.4°W), Cold Bay, Alaska
(55.2°N, 162.7°W), Storhofdi, Iceland (63.3°N, 20.3°W), Mace Head, Ireland (53.3°N,
10.0°W), and Shemya Island, Alaska (52.7°N, 174°E).

The degree of similarity between each of these sites and Cape Meares was
investigated by taking ratios between the seasonal CO cycle of each site and Cape
Meares (Fig. 4.5). There is a clear grouping of four of the sites (all but Azores) with
seasonalities that are most similar to Cape Meares, though there is a departure during
October and November when CO levels at Cape Meares are noticeably higher than at
these sites. The seasonality at Azores shows departures from Cape Meares and the other
four sites in all months except June-August. This is due to overall lower CO levels at
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Azores (by about 10%) and also due to its smaller seasonal cycle amplitudes. We
computed the latitudinally-weighted average of these four sites and added the record to
the Cape Meares data to complete the NOAA-GMD northern mid-latitude CO record.
We used a similar scheme to construct the NOAA-GMD northern mid-latitude H,
record, but in this case the Azores data were not obvious outliers (Fig. 4.5), and we
included measurements from this station in the composite record.
433 CSIRO

Australia’s CSIRO began measurements of CO and H; in the early 1980s at the
Cape Grim Baseline Station (Cape Grim, Tasmania) as part of the World
Meteorological Organization’s Global Atmospheric Watch program (Cooper et al.,
1999). The program grew into the Global Atmospheric Sampling Laboratory (CSIRO-
GASLAB) and trace gas sampling was expanded globally to nine other stations in 1992
(Francey et al., 1996). Both CO and H, were analyzed by GC/HgO instruments.
Calibration was based on the NOAA-GMD (then Climate Monitoring and Diagnostics
Laboratory) standard.

The extended network has three sites in common with the OGI program (Mauna
Loa, Cape Grim, and the South Pole) and four with the NOAA-GMD network — the
above sites plus Alert, Nunavut, Canada (82.5°N, 62.5°W). In addition, CSIRO
measured CO and H, at Shetland Islands, Scotland (60.2°N, 1.2°W), Estevan Point,
B.C., Canada (49.4°N, 126.5°W), and Cape Ferguson, Australia (19.3°S, 147.1°E). The
first two sites represent northern mid-latitude air masses and the latter samples the

southern mid-latitude air mass.
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We analyzed the data sets at Shetland Islands and Estevan Point to determine if

the air sampled at these locations is drawn from similar air masses. To do so, we

deconstructed each time series and compared the various components. The
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Figure 4.6. CSIRO-CO measurements at northern mid-latitudes. (a) Seasonal cycle at Estevan Pt., B.C.,

and Shetland Is., Scotland. Errorbars show one standard deviation of the mean. 1=Jan, ..., 12=Dec. (b)
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data.

measurement time series at any site can be written as
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C(t) = C(t)+ A, (m®) +£(t), 4.2)
where E(t) is the slowly varying baseline component, A represents the

seasonal anomaly from the baseline which is specified monthly, m(?) is the current
month, and € is a random fluctuation. The baseline component can be approximated by

taking a running average of the time series of length 2At,

t+At

IC(t)dt
C(t)=+4 ——. (4.3)

Ta

t—At
Typically At is 6 mo.

The CO seasonal cycles at Shetland Is. and Estevan Pt. are in close agreement

(Fig. 4.6a). The maximum and minimum occur at the same month for both records and
the peak-to-peak amplitude is nearly identical for both. We also took the running ratio
of the baseline CO (e.g. Eq. 4.2) at Shetland I. to Estevan Pt. (Fig. 4.6b). The
distribution is roughly normal indicating that the trends at both sites are similar, and that
there is no systematic difference in the behavior of CO at each site. The mean ratio of
the CO baselines is 1.02 = 0.01 (95% CI) in the sense that CO levels at Shetland Is. are
about 2% higher than at Estevan Point. This is a small difference and we conclude that
each site is measuring the similar northern mid-latitude air masses. We chose the
Estevan Pt. series to represent CO and H, concentrations in the mid-latitudes since it is

closer to the middle of the region (i.e. 49.4°N).

We plot the deseasonalized H, and CO in Figs. 4.7 and 4.8 respectively, along

with the moving averages of each series. In the notation of Eq. 4.2 the deseasonalized
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data are found according to C(z)—A,(m(t)) , and the moving averages are E(t) with At

=12 mo.

* The general features of the CO measurements include a pronounced latitudinal
gradient. CO levels at north mid-latitudes are about three times higher than at equivalent
latitudes in the southern hemisphere. The gradient is maintained by large northern

hemisphere CO emission as we discuss further below. Polar CO is nearly equivalent to
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mid-latitude CO in both hemispheres indicating that CO emissions at high latitudes are
negligible. A strong OH “trap” exists in the tropics, which destroys CO as it moves
across the ITCZ. This produces a ratio of nearly two to one between CO levels af the
northern tropical site (Hawaii) and its partner station in the south at Samoa and also at
Cape Ferguson.

Also evident in Fig. 4.8 are strong positive CO anomalies during 1997-99.
Though we discuss these features in more detail below when we deconvolute the
measurement record, here we note that in the north the anomaly appears first at the
tropical site and occurs at mid- and polar latitudes a few months later. Likewise in the
southern hemisphere. Also the signal appears in the southern hemisphere before it
shows up in the north. This suggests a signal that starts in the tropics and spreads to
higher latitudes. These features are thought to be the result of wildfires brought on by El-
Nino drought conditions. The émissions required to produce these features are estimated

below using inverse modeling.
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There is also a secular downward trend in CO levels at northern hemisphere
sites observed in all three networks. The trend is largest at polar and mid-latitudes
where CO levels drop about 15% over 1981 to 1998 in the OGI data. This trend
continues in later years as observed in the NOAA and CSIRO time series. Despite these
long term changes in the north, there is little evidence for a similar trend in the south.
CO levels overall are quite steady over the past few decades. The existence of the
tropical OH trap largely isolates the CO in each hemisphere, so the hemispheric

behavior of OH need not be the same in the north and south, as observed here.
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Though there is large interannual variability observed in all records, in part due
to this variability, there are no significant trends. OGI is the only network with pre-1990
measurements, and here we see a large peak in H; levels, at all sites, centered about
1988-1999. Another peak occurs around 1998-99 and this is observed in all networks.
The peaks are modest in magnitude, though exaggerated in the figure due to scale. The
1988-89 peak is about 2-3% higher than the. average during this period and the 1998-99
peak is similar. We investigate below the emission anomalies required to produce these

peaks.

4.3.4 Comparison of data sets

4.3.4.1 Carbon monoxide ‘
Significant differences in the absolute calibration of the H, and CO

measurements are evident in Figs. 4.7 and 4.8. Differences in the absolute calibration
scale of the three networks were determined through direct monthly comparison of the
gas concentrations at the common sites (Fig. 4.10). We excluded the OGI South Pole
data from the anal'ysis due to problems with the site’s absolute calibration. The
calibration scale of this site was set with respect to Cape Grim based upon the Cape

Grim:South Pole ratio célculated from the NOAA-GMD data.
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Figure 4.10. Ratios of (a) H; and (b) CO mixing ratios measured by different networks. The diagonally
striped column gives the ratio of CSIRO to NOAA-GMD, gray columns are ratios of OGI to NOAA-
GMD, and black columns are ratios of OGI to CSIRO. Error bars show one standard deviation of the
mean. Station abbreviations are Alt=Alert, Brw=Barrow, Cmo=Cape Meares, Mlo=Mauna Loa,

Cku=Cape Kumukahi, Smo=Samoa, Cgo=Cape Grim, and Spo=South Pole.

Based on the other common sites tﬁe average ratio between the CO calibration
scales is 0.801+0.01 (OGI/NOAA-GMD) with a range of 0.74 (Samoa) to 0.81 (Barrow).
Performir;g a similar analysis on the OGI and CSIRO data sets, the avc;,rage ratio is
0.79140.04 (OGI/CSIRO) with a range of 0.78 (Cape Grim) to 0.79 (Mauna Loa).
Finally, using common sites of the NOAA-GMD and CSIRO networks we calculate the

average ratio to be 0.9610.01 (NOAA/CSIRO).with a range of 0.94 (South Pole) to 1.03

(Mauna Loa).
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The close agreement between the NOAA and CSIRO networks is not surprising
as CSIRO uses a NOAA standard for their meaéuremeqts. As the OGI calibration is
considerably lower, we scaled all OGI measurements by 1.25 to put them on the

NOAA-GMD scale. We also applied a modest correction of 0.96 to the CSIRO data.

112



e O—— Bartvow, Ogi
§ ol BarTOW, Cdl
40 — ——ue— Alent, Csiro
> -
o
P 20 o
: S
- L =4
0 -~ -
o E e K
« ©20 - P -
- N / a7
JRS— )
cd 0 /
J . A'/Q
——
e T T T T T T T T T T T T
0 1 2 3 4 5 L] 7 8 1] 10 Tt t2 1
30 —
20 -
10 f
2 .
9
e [
g8 4
< 10
20 =
-30 -
-40 T T T ¥ T T T T T T T T
1 2 3 <4 5 8 ? 8 ¢ 10 11 12
20 o
E ——O—— C.Grim, Ogi
w e C.GriM, Crndll -
15 o d .
—~—a%—— C.Brim, Csiro — ',‘.A\‘"\
o ’-/ -l \u‘
- P \
- e A A
[ -3 S, Y,
3 4 5 N
=3 5 - J/ ..
a / A/ \.
8 1 el \
& 0 — s :
4 r“/
6 o o /
" .M}\\u o
1 ®
16 T T T T T T T T T T T T
1 2 3 4 6 [ ? 8 $ 1o 1 12
Month
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After makihg the calibration adjustments, we constructed the seasonal cycles

(these are the A, (m(?)) from Eq. 4.2) for all sites and networks (Fig. 4.11) as well as the

12-month moving averages (E(t) ), which are plotted in Fig. 4.12. With the exception of

the South Pole, there is good agreement between the OGI and NOAA-GMD cycles at
all sites. The May peak in CO observed in the OGI South Pole data is not a permanent
feature of the seasonal cycle, rather it can be attributed to high concentrations during
this month in 1986 and 1991. These years have a disproportionate weight to the
seasonal average as there are significant gaps in the OGI South Pole record, and the
interpolated data covering these periods are not used to derive the seasonal cycle.

The seasonal cycle measured at Alert, Canada, by the CSIRO network has a
smaller amplitude than observed at Baﬁow from the other networks. As Alert
(1at=82.5°N) is considerably more north than Barrow (71.3°N), the summertime trough
is shallower since OH levels decline with higher latitudes and reduce the oxidation sink
of CO at Alert. At the other two common sites, Cape Grim and the South Pole, we see
good correspondence in the phase of the CSIRO cycles, though the peak-to-peak
amplitude is larger. This occurs because the global scaling factor used to calibrate the
CSIRO data underestimates the true difference here, producing a residual calibration
difference of about 2% (in the direction that CSIRO-CO is higher than NOAA). As this
is a polar site, the small discrepancies here will not significantly impact our findings in

the tropics.
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Figure 4.12. Adjusted CO records at different sites and by different sampling networks. The data plotted

are 12-month moving averages that have been scaled by the appropriated calibration factor to place
measurements on the NOAA-GMD standard. (a) north polar, (b) north mid-latitudes, (c) north tropics.
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Figure 4.12 (cont). (d) south tropics, (e) south mid-latitudes, and (f) south polar region.
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We next compared the calibmted rhoving averages at each site from all networks
(Fig. 4.12) to assess whether it is feasible to composite records from different networks
into a single long term time series. It is evident from this figure that the latitudinal
gradient measiued by the OGI network is in excellent agreement with NOAA-GMD
measurements. Though overall the moving average records for all sites show few
features, the “hump” observed from 1993-1997 in the northern mid-latitudes is seen in
both records. In addition, the slight interannual variability over the same time period at
Hawaii is also evident in both records. There is also good correlation between the small
features in the South Pole records. We conclude thai the OGI and NOAA records are in
close enough agreement to create a composite CO time series that spans from 1981 to
2004. To our knowledge this is the longest CO time series that has been constructed.
We inverted this composite time series below to estimate the CO emissions over this
time period.
4.34.2 Hydrogeq

As we mentioned above, the hydrogen record shows some interesting behavior
over the time span of measurement (Fig. 4.7). Broadly, this behavior is seen across all
networks. During the period of measurement overlap between the OGI and CSIRO data
sets, Hj levels rise from a minimum in 1994. This rise is captured in both data sets. The
OGI data set finishes just after H, peaks in 1996-97. The CSIRO measurements, which
extend past this time, reveal that this peak sits on the shoulder of a broadcr‘ feature that
peaks a couple years later in 1998-99. After this CSIRO-H, levels fall rapidly by 4-5

ppbv y until the record ends in 2002.
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However unlike the OGI record, H2 levels do not rebound back to 1989 levels after the
1993-94 minimum. The OGI record indicates that H; levels are comparable in 1988-89
and 1996-97. Even past this 1996-97 peak, NOAA H, never returns to the levels at the
beginning of the time series in 1989. Because of this, there is an overall downward
trend in the NOAA H,, which is not present in the records from the other two networks.

In part this is due to a drift in the calibration seen in the NOAA-GMD and
CSIRO H,. This drift can be seen in the inter-network comparisons of H, shown in Fig.
4.13. Here we plot the time series of CSIRO/NOAA, OGI/NOAA, and OGI/CSIRO
ratios of H; for all sites in common between networks. The largest drift in calibration
exists from 1992 to 1997 between the OGI and NOAA measurements. Over this
interval, the calibration ratio increases from 0.94 to 0.99 for a trend of 1.23% y'. A
trend also exists, though smaller, in the ratios from the other two network
intercomparisons. We calculated a trend of 0.67% y™* and 0.60% y™ for the OGI/CSIRO
and CSIRO/NOAA ratios. Since all intercomparisons reveal a trend in the calibration,
there must be a drift in the calibration for at least two networks. Since the CSIRO scale
is based on NOAA standards, it seems reasonable that the calibration standard for both
networks is drifting. If so, and if the OGI standard was stable, then from 1992 to 1997
the NOAA calibration drifted downwards at a rate of —1.23 % y™', and the calibration
for the CSIRO data declined by —0.6% y.

After 1997 the calibration stabilizes and the CSIRO/NOAA ratio is close to
unity during this time. We adjusted the OGI measurements to the NOAA scale

correcting for this drift. We use caution when interpreting the emissions inverted from
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Figure 4.14. Seasonal cycles of H, at different sites and measured by different networks. The sites for
each region are (a) Barrow (OGI, NOAA), Alert (CSIRO); (b) Cape Meares (OGI, NOAA), Est. Pt.
(CSIRO); (c) Mauna Loa for ail three, plus Cape Kumukahi (OGI, NOAA, avg. with M.Loa); (d) Samoa
(OGI, NOAA), Cape Ferguson (CSIRO); (e) Cape Grim (all); and (f) South Pole (all).

the measurement record from 1992 to 1997 from the NOAA and CSIRO networks. We

note that the OGI measurements span this period of concern, and we generally base our

conclusions on the OGI record during this time.

Despite absolute calibration differences, there is good agreement of the seasonal

cycles of H; measured at each station (Fig. 4.14). The timing of the peaks and the

troughs is consistent between networks at all sites except at the north polar sites where
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the miﬁimurn of the seasonal cycle for each network occurs at a different month. The
minimum at Alert occurs a month earlier than at the NOAA Barrow station, which in
turn occurs a month earlier than at the OGI Barrow location. Since the minimum is
largely determined by the soil sink, it is reasonable that the shorter growing season at
Alert would produce an earlier minimum than Barrow is southward. It is uhclear why
the timing is different for the other two networks as both are sampling air from the same
station. The cycles indicate the H, maximum is reached during April and May
throughout the northern hemisphere, and during December and January in the southern.
The minimum in the northern hemisphere occurs at later dates in the year for southérn
sites showing the dominance of the destruction term. We also observe that the
amplitude of the seasonal cycle is largest at the higher latitudes in the northern
hemisphere, again consistent with the strong seasonality of the climate there and large
land mass area, both which determine the strength of soil uptake. In general the
amplitude of the cycle is largest for the NOAA-GMD measurements. This is consistent
with our finding that the NOAA-GMD absolute calibration is higher than the others
during the period of overlap.
4.3.5 Composite record

We show the composite record of CO in Fig. 4.15. This was created by joining
together the scaled OGI and unscaled NOAA-GMD measurements. During the period
of overlap, monthly averages from each site were weighted by their respective standard

deviations and the weighted average was determined. The monthly data are decomposed
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predominately changes in local sources and sinks owing to the relatively short lifetime
of CO (~ 2 months).

Trends can be produced in the atmospheric record by changing sources and/or
sinks, or perhaps a mixture of the two. More information about the nature of the trend
can be obtained by looking at the pattern of the seasonal cycle strength over these years.
We calculated the cycle strength in the following manner. For each site we selected a
three-month window centered on the cycle maximum and a window centered on the
cycle minimum. For each year we found the maximum and minimum concentrations
that fall within the windows. We defined the cycle strength to be the difference between

these two values.
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Figure 4.16. Analysis of CO seasonal >cycles in the northern hemisphere. As described in the text,
minimum and maximum values of the seasonal CO cycle were determined from the composite record.

Peak-to-peak values is the difference between the two. (a) Barrow, (b) Cape Meares, (c) Hawaii.

Fig. 4.16 shows the trend of the cycle strengths for the sites in the northern
hemisphere. At these sites the cycle strength decreases faster than the decrease in
concentration (-2.1, -2.3, and -1.7 % y* vs. —1.0, -0.86, and —0.14 % y*, respectively
from north to south). Furthermore we see that it is the fall in the cycle maxima that

causes
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Table 4.3. Trends of the CO composite time series

Location  Deseasonalized Cycle Cycle Cycle D trend
Strength maxima minima (maxima — minima)
% yr! % yr! % yr’ % yr! % yr!
Barrow -1.01 -2.08 -1.50 -0.79 -0.70
0.14)° 0.32) (0.36) (0.49)
Cape 0.86 -2.34 -1.29 -0.15 -1.14
Meares et 0.17) (0.39) (0.45) (0.60)
al.
Hawaii -0.14 -1.66 -0.62 -0.38 -1.01
0.10) (0.39) (0.50) (0.64)
Samoa -0.07 0.99 0.00 -0.68 0.38
(0.07) (0.53) (0.75) (0.73)
Cape Grim -0.22 -0.45 -0.59 -0.68 0.10
0.06) (0.48) (0.75) (0.89)
South Pole -0.31 -1.68 -0.98 -0.30 -0.68
(0.15) 0 (0.70) (1.149) (1.34)

*Values in parenthesis are 90% confidence limits

the strength to decrease with time as the cycle minima remain constant or nearly so. For

these three sites the trends in the maxima are negative and are significantly different

than the respective trends in the minima at the 90% confidence level (Table 4.3). This is

not the case for the three southern hemisphere sites. From this fact we conclude that the

reason for the drop in CO concentrations is due to a fall in its sources rather than an

increase in its sinks. An increase in CO’s sink, i.e. in the concentration of the hydroxyl

radical, would not only decrease the cycle’s maxima but also its minima. Though a
decrease in CO source would decrease the cycle’s minima, it would have a greater

impact on the cycle’s maxima, since the maxima represents an integrated sum of CO

emissions over the months when the lifetime of CO is long, namely the winter season,

whereas in the summer the concentration of CO is more a reflection of acute emissions

due to the short lifetime of CO during these months. Thus the observed decrease in CO
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cycle strength must be in response to diminishing CO emissions in the northern

hemisphere.

Table 4.4. Trends of the H; composite time series

Location Deseasonalized Cycle Cycle Cycle A Trend
% yr! Strength Maxima Minima (maxima — minima)
% yr % yr’! % yr’ % yr’!
Barrow -0.94 -1.2(14) -034 -0.21 -0.12
(0.14) (0.10) 0.21) 0.24)
Cape Meares  -0.45 -14(1.9) -0.27 -0.15 -0.11
et al. (0.12) (0.10) (0.19) 0.21)
Hawaii -0.20 1.3 -0.08 -0.15 0.07
(0.10) (2.8) (0.10) (0.13) (0.17)
Samoa 0.28 - -0.02 0.01 (0.10) 0.01 (0.09) 0.00
(0.08) 2.9) (0.14)
Cape Grim 0.37 (0.08) -0.15 -0.01 0.01 (0.09) -0.01(0.14)
2.8) (0.10)
South Pole 0.24 (0.08) -1.5 -0.03 0.04 (0.08) -0.07 (0.13)
(1.8) (0.10)

There is somewhat different behavior in the hydrogen composite time series
than observed in the CO data. There are again significant negative trends in the
deseasonalized data in the northern hemisphere, but in the southern hemisphere where
CO was also decreasing, we observe hydrogen to be increasing slightly but statistically
significant (Table 4.4). Whereas the average CO trend in the NH is -0.51 + 0.07 and —
0.18 +0.04 % vy in the SH, for hydrogen we find the average NH trend is —0.44 + 0.07
and the average SH trend is 0.30 £ 0.05 % y™.

In addition, we find different behaviors in the cycles. There is no significant
decrease in ﬁydrogen cycle strength, nor is there any significant difference between the
trends in the minima and maxima in either hemisphere (Table 4.4). Rather we find the

average minima and maxima trends in the NH are both negative and are both positive in
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the SH, thereby producing a nearly constant cycle strength throughout this period in
both hemispheres. Also the average NH maxima trend is significantly different than the
SH maxima trend and likewise for the minima trends.

We found abové that the observed behavior of CO can be explained by a
decrease in its sources. Sin’ce the sources of CO and H; are similar, it follows that H,
sources are also decreasing. Though the behavior of H; is different than CO, decreasing
emissions are consistent with the observed trends considering the lifetime of H; is more

than ten times greater than the lifetime of CO.

44 Modeling
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S = (a-n)[%-k‘% } 4.5)

In practice 7 will be a function of time since removal processes are rarely spatially or
temporally homogeneous. Nonetheless the above equation gives a good first order
approximation of global emissions. Here we wish to estimate emissions over specific
geographical regions where biomass burning is most prevalent so the one box model
approach is not appropriate.

In principie we can apply the above equations to any homogeneous volume of
atmosphere, within which the mixing ratio and lifetime are spatially constant. This
volume element or “box” is considered well-mixed, which requires that transport times
are short enough to overcome small spatial differences in sources and sinks. The major
complication that arises when adding spatial resolution to the one-box model of Eq. 4.4
is the transport of the gas into and out of the volume element. This transport can be
roughly categorized as either turbulence or advection. Adding transport processes, the

one box model above becomes

% _r_5. x4
5 =TV ((;{Xv>+K a})' (4.6)

Here T represents both the sources and sinks of the gas and the second term on the right
hand side is the transport processes. Advection is characterized by the mean flow v, thus
the first term in the brackets is the flux of the gas across the boundary of the volume
element. The second term in the brackets specifies turbulent flow characterized by the
eddy diffusivity coefficient K. Since our model has two spatial dimensions K is a two-

dimensional matrix. Turbulent transport is then the product of K with the mixing ratio
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gradient 8}(/ 9x. Mean winds and eddy coefficients were derived from meteorological
data (Butenhoff, 2002).
By integrating Eq. 4.6 over well-mixed volume elements and using matrix

methods Eq. 4.6 can be written as

i12(-=S+Qg(. 4.7
dt

Here the bold style denotes a one or two-dimensional matrix and  is a two-
dimensional matrix that contains all the transport and lifetime terms. The solution to Eq.
4.7 is |
x(t) = %, exp(Q1) + Q'S[exp(Qr) - 1], 4.8)

where I is the identity matrix. The equation can be inverted to find the emissions S,

S = (exp Qe —X)" Qy' — (exp Qs — I Q(exp )y’ . (4.9)
Here y' and y° are the current and initial mixing ratios, respectively. As written, S
includes sources from all model boxes. For our purposes we are only interested in
emissions into the surface model boxes since this is where biomass burning occurs.
Both H; and CO have non-surface sources due to oxidation processes. Emissions from
these sources will not be part of the model inversion, rather we include them into the
simulation. To accommodate this, we split Eq. 4.8 into two equations, one equation for
surface emissions, and the other for non-surface emissions. To simplify notation we

define
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G=(expQt-I)7,

X =expQ2t,

S = surface boxes, ) (4.10)
N =non - surface boxes,

and T = all boxes.
In the following equations, the subscripts refer to the dimensions of the matrix. We also
drop the bold style for convenience as the subscripts clearly denote matrices. With this

notation the emissions from the surface boxes are found by
Ss =G Qmdr — G QX i Xr 4.11)
and the emissions from the non-surface boxes are
Sy =G Qe s + G 23 — Gt X 2 - 4.12)
Since we do not know ) (the current mixing ratios in the non-surface boxes) a priori,

but do know the emissions here, we rearrange Eq. 4.12 to solve for ¥, :
2h =G Q" Sy = G Qs 1t + G Qe X 0. (4.13)
All terms on the right hand side are known. S, is the emissions from oxidation of
methane and other hydrocarbons in the upper troposphere, and y; is the surface mixing
ratios of CO and H; known from measurements. By calculating ¥} and supplementing

with ;gé , We can construct ;{} , which then allows us to calculate the surface sources Ss

in Eq. 4.11. Note that the inverted surface emissions will still include the oxidation
products in the lower troposphere. These we remove a posteriori. In the next two
sections we discuss the modeling of the removal process of both gases, and emissions of

H; and CO from oxidation of hydrocarbons.
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4.4.1 Sink processes
Reaction with OH is about 90% of the total CO sink but is responsible for only

about 5% of hydrogen’s total removal. To model the OH sink, monthly OH fields were
taken from Spivakovsky et al. (2000) and averaged over the mass balance model
latitudinal and altitudinal boundaries The reaction rate coefficient between OH and CO

is pressure-dependent and specified as k., oy =1.5%1072(1+0.6 p[atm]), (DeMore et

al., 1997). We also include the loss of CO and H, by stratospheric oxidation using the
stratospheric OH fields of Bruhl et al. (1990).

Soil uptake by biological processes is the dominant removal mechanism for
hydrogen, representing some 90-95% of its total sink (Warneck, 2000). Soil uptake is
less important for carbon monoxide, but still accounts for about 5-17% of its total sink
(Coﬁrad and Seiler, 1985). The removal of atmospheric CO and H; by soils is due to
the oxidation of these gases by soil bacteria (CO) and extra-cellular enzymes (H;)
(Yonemura et al., 2000). Field studies indicate that deposition rates vary little with
temperature (R2=O.171, 0.150, 0.05, from a field study in Japan; Yonemura et al, 2000),
but fluctuate strongly with soil moisture, being lower in moist éoil conditions
(Yonemura et al., 1999, Yonemura et al., 2000; Conrad and Séiler, 1985). Yonemura et
al. (2000) reported R? values of 0.861 (CO) and 0.676 (H,) between deposition
velocities and soil moisture over a limited range of soil moisture levels (soil moisture
content, ratio in volume, =0.2 to 0.4). This observation isl likely a result of a reduction in
the exchange of air between the atmosphere and soil when soil pores are clogged with

water (Conrad and Seiler, 1985). Soil moisture levels may also affect rates of microbial
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activity (Shuler and Conrad, 1991). Conrad and Seiler (1985 ) estimated global
deposition values of 7 x10™ m s for H, and 3 x10* m s for CO.

There is little information about the seasonal or regional patterns of either H, or
CO deposition. Previous studies have used net primary production (NPP) as a proxy to
allocate deposition velocities spatially (Hauglustaine and Ehhalt, 2002; Miiller and
Brasseur, 1995). Though primary production is influenced by soil moisture, it also
depends on sunlight, nutrient level, and temperature, variables that are not expected to
influence deposition.

Instead of NPP, we used soil moisture to model the variability of deposition. We
used 0.5x0.5° maps of soil moisture from the Uﬁiversity of Delaware Climate Resource
Center (data downloaded from
http://gcmd.nasa.gov/records/GCMD_UDEL_CSD.html) Soil moisture is quantified as
an index between —1 (dry) and 1 (saturated) on a monthly cycle from 1950 to 1999. For
simulation years outside this range, we used a mean seasonal climatology.

We transformed the soil moisture indices (SMI) to deposition velocities (V)

using a logistics equation of the form

V= AV, 4.14
BV +(A~BV, exp(-A-SMI)’ (4.14)

where A and B are constants and related by B=A/V,4y, and V., and V, are the maximum
and minimum deposition velocities, respectively. The use of the logistics equation
ensures that the deposition velocity stays within a specified range which was

determined from the literature, and that the relationship between soil moisture and
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deposition is nearly linear over much of the range of soil moisture which is consistent
with the field studies of Yonemura et al. (2000). Vpax = 0.14 and 0.07 cm s
respe;ctively for H, and CO, and V, =0.01 and 0.05 cm st respectively for CO (Conrad
and Seiler, 1985; Yonemura et al., 2000). The constant A was adjusted until the global
median was equal to 0.07 cm s™! for Hy, which was reported by Conrad and Seiler
(1985). The same value of A (2.2) was used to compute the CO deposition velocities.
The mean seasonal cycle of H, deposiﬁ;)n velocities based on soil moisture only are
plotted in Fig. 4.18 for each model region. Deposition velocities are highest during the

summer months of the northern polar and mid-latitudes.
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Figure 4.18. Average seasonality of H, soil deposition velocities for the six latitudinal regions of our

simulation. n=north, s=south, p=polar, m=mid-latitudes, t=tropics. Month 1=Jan, 12=Dec.

Past work has found that deposition velocities go to zero when soils freeze
(Bergamaschi et al., 2000) and when the temperature exceeds 40°C, which is too high
to support relevant microbial activity (Liebl and Seiler, 1976). Globally gridded 1x1°
maps of monthly average surface temperatures were used to filter out dates and pixels
meeting these conditions. Non-soil land types such as permanent wetlands, snow and
ice, and water bodies were removed from area estimates using the 1x1° MODIS Land
Cover Product which includes 17 different land cover categories (Strahler et al., 1999).
We also excluded deserts and barren lands as soil moisture needs to be at least 5-10%
for deposition to occur (Conrad and Seiler, 1 985). From the filtered data set, a time

series of frost-free land areas was derived for use in calculating soil uptake over the
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model regions. We assumed the areas of the land cover types were not seaéonally
dependent.
4.4.2 Oxidation of methane .

Methane and non-methane hydrocarbons (NMHCs) react with atmospheric OH
and produce a number of oxidation products, including both CO and H,. Oxidation
occurs throughout the atmosphere meaning some CO and H, will be produced in both
the lower and upper tropospheric layers of our model atmosphere. Before inverting the
CO and H; records, we need to include these emissions of CO and H, from oxidation
into the model, otherwise simulated surface fluxes would be forced in error to account
for this atmospheric production. According to the above notation, emissions of CO and
H, in non-surface boxes are labeled Sy.

The first stable product from the CH4+OH reaction is formaldehyde (CH;O).
The photodissociation of CH,0 has two branches, one that produces both CO and H,
directly,

CH;O +hv — H; + CO, (R1a)
and a second branch that produces HCO by
CHZO +hv - HCO + H, (R1b)
which is then oxidized to CO:
HCO +0O, OH —» HOZ + CO. (R2)
The oxidation of formaldehyde by OH also leads to CO through the intermediary

product of HCO

CH;0 +OH — HCO + H,0. (R3)
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The fraction of CH,O that is oxidized decreases with altitude due to decreasing OH
levels. Warneck (2000) estimated that about 40% of the CH,O produced from CH4+OH

reaction is oxidized. Of the fraction that is photolyzed, branch 1a occurs about 68% of

the time.
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Figure 4.19. CO production from CH, oxidation. (a) 12-mo moving avg. of CO production from CHy
oxidation. (b) Seasonal cycle of CO production averaged over time series. n=north, s=south, p=polar,

m=mid-latitude, t=tropics.

Formaldehyde is water soluble and can be scavenged by rain before conversion
to CO. From inverse modeling studies, Bergamaschi et él. (2000) estimated an average
CO yield of 86% from methane oxidation, and we adopted that figure here. We
calculated a time series of CO production from the CH4+OH reaction using the
composite OGI-NOAA methane record and the monthly OH fields from Spivakovsky et
al. (2000) For the upper troposphere where no systematic measurements exist, we

scaled surface concentrations by 0.9 to account for the slight vertical gradient. Over the
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entire time interval (1981 — 2004), the average loss rate of CH, due to OH oxidation
was 473 Tg y™. |

This compares well with the range of global loss rate cited in the 2007 IPCC report
(425-511 Tg y'') (Denman et al. 2007). We computed CO production by scaling these
emissions by the 0.86 factor above and multiplying by the ratio of molecular weights
(28.01 g mol'/16.0 g mol™!). We found on average annual CO production from
CH,+OH oxidation was 826 Tg y''. This is quite close to the value of 830 Tg y!
estimated by Bergamaschi et al. (2000). The CO production for all surface model

* regions is plotted in Fig. 4.19 along with the average seasonal cycle. Consistent with the
atmospheric methane trend, the CO produced from the CH, oxidation has been nearly
constant in ﬁast years. We estimated that 75% of the total CO production occurs in the
tropics, and only 1% in the polar regions.

The H; production was found by
Sy, () =0.68-0.60- 150, () (My /I Mcy,), ' (4.15)
where 7 is the fraction of CH,O not removed by scavenging, 0.6 is the fraction of CH,O
photolyzed, 0.68 is the quantum yield of branch a, and S,(?)is the time serieé of CHy

oxidized as calculated above. From this we calculated an average production of 25.4 Tg

y™*. This is comparable to the estimate of Warneck (2000) of 20 Tg y..

44.3 Inversion
Due to latitudinal gradients, H, and CO levels are not constant through the

volume elements represented by boxes in our model. To account for the small mixing
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ratio gradients we integrated the latitudinal profile y(6)over the latitudes (@) of each

model box i,

_ [ x©as

xi=" 4.15)
" do

In practice we do not know the mixing ratios at the boundaries of each model box (i.e.

6;and ). Instead we interpolate values using the mixing ratios at neighboring sites. In
this manner the modified mixing ratio ;i reflects the true abundance of the gas in each

model box. This adjustment has the greatest impact in the tropics boxes where the
interhemispherical gradient lowers the effective mixing ratio in the north and increases
it inthe south. In the vertical direction, observations indicate that the mixing ratios of
CO and H; remain nearly constant in clean air where there are few surface sources
(Emmons et al., 2004; GTE aircraft,). The vertical profile is maintained by production
of both gases at altitude by oxidation processes. |

The mathematics of our mass-balance transport model allowed us to invert the
time series of atmospheric concentrations directly without recourse to an optimization
scheme. To do so, we needed to describe the state of the atmosphere with regards to the
CO and H; mixing ratios at the date of initialization. We did this using an a priori set of
emissions that are optimized so that model-simulated mixing ratios are consistent with
the observed mixing ratios at the beginning of our time interval in the surface boxes. If
we run this simulation for a number of years, mixing ratios in the upper troposphere and
stratosphere come into steady state with the mixing ratios in the lower box. This steady-

- state field of mixing ratios was then used to initialize consequent model runs.
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The output of the model inversions was monthly surface emissions of CO and
H, distributed by latitude. Our focus here was primarily on the tropical boxes spanning
the region from 30S to 30N. The reason for this was twofold. About 90%. of global
biomass burning occurs in the tr.opics dominated by savanna, grassland, and biofuel
burning. And secondly, biomass burning is the dominant surface source of CO and H,
in the tropics. Thus the record of CO and H; emissions that we inverted from the

atmospheric record should largely reflect the variability and trend of biomass burning.

4.5 Source deconvolution
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There is an evident downward trend to the global CO source strength that begins
in 1988 and continues to the end of record. Though there is a small trend in the SH
emissions from 1988 to 1993, the emissions past this point remain nearly constant. The
global trend is for the most part caused by the behavior of CO in the NH. If we remove
the positive anomaly in the NH CO around 1997, the CO trend from 1998 to 2003 is —
0.7 % y™. Over the course of this period, this is a decline of 11% or about 270 Tg CO y’
!. The most probable reason for this is the reduction of CO emissions from vehicles.
The U.S. Environmental Protection Agency estimates that CO emissions from on-road
vehicles (i.e. cars, light and heavy trucks, etc.) have declined by 40% since 1970 (EPA,
2010).

The coincidence of the seasonality of CO and H, emissions is evident in Fig. 4.21.
This is further evidence that CO and H, share similar sources. In the ST region, the
cyclical nature of emissions is driven primarily by biomass burning and oxidation of
hydrocarbons. We expect the contribution from the oxidation cycle to be modest in the
tropics, since the production of OH is not as seasonally variable as it is at higher
latitudes. We see clear interannual variability of the cycle amplitudes over this twenty
year period. Both the H, and CO emissions show similar variability. This is evidence
that the cycles are being driven by changes in sources and not sinks due to the diverse
nature of the major sink processes for the two gases.

We expect emissions from biomass burning to be located primarily in the tropics.
Before we analyzed the emissions from the northern and southern tropical regions, we

removed other non-biomass burning emissions based on known information. We review
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these other sources next, and discuss the methods we used to estinﬁate their contribution
to these regions. After we remove this contribution, the emissions left behind should be
dominated by the biomass burning source. This is the record we will analyze to assess
the interannual variability of biomass burning. Our discussion here will focus primarily
on the south tropical region, but the methods applied here are similar to those we used

to remove the non-biomass burning emissions from the northern tropical region.

4.5.1 Sources of CO and H; in the tropics

4.5.1.1 Direct natural sources
Oceans and land-based vegetation are the only natural sources that directly emit

CO. Natural wildfires would also be included, but here we treat natural and
anthropogenic fire emissions as a single group as it is impossible to distinguish them in
our treatment. The total emissions from these two sources fall within the range 40-100
Tg y! and 75-130 Tg y' (Logan et al., 1981; Seiler and Conrad, 1987; Khalil and
Rasmussen, 1990; Pacyna and Graedel, 1995) respectively with likely values near 50
Tgy" and 75 Tg y. The oceans are supersaturated in CO with respect to the
atmosphere with. production thought to be from photoactive organic compounds in the
seawater (Warneck 2000). As the supersaturation is reported to be independent of
latitude (Lamontagne, 1974; Seiler 1974; Seiler and Schmidt, 1974; Conrad et al.,
1982), we apporﬁoﬁed the global ocean emissions into model boxes based on ocean

area fractions. This put ocean emissions of CO from 0-30°S at 14 Tg y'".

The mechanisms for CO production and emission in land-based vegetation are

unclear but have been observed for numerous plant species (Seiler et al., 1978; Bauer et
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.ocean area. This produced 1.1 Tg y'l in the ST regior}. H; emission from biological
fixation is assumed to follow vegetation distributions. We used vegetation land cover
map to distribute this small source.

None of these direct natural sources contributes significantly to the total source
and most likely can be safely ignored. Since the precise mechanisms for these natural
sources are not well known, it is difficult to comment on trends in these sources over
the past twenty years. The deforestation and desertification of the ST region may
produce a negative trend in the vegetation source.
4.5.1.2 Direct anthropogenic sources

CO and H; are directly emitted from biomass burning, industry, and the
trarisportation sector, among others. A GEIA (Global Emissions Inventory Activity)
inventory of gridded CO emissions provides the latitudinal distribution of these sources
(Olivier et al., 1999) which allowed us to assess the importance of these sources in the
ST region (Fig. 4.22). Overwhelmingly biomass burning is the largest direct
anthropogenic source of CO (and Hy) in this region, contributing 67 out 94 Tg CO ylor
72% of the total anthropogenic emissions. We distributed the remainder of the
emissions over the year, as there is no evidence for any seasonality, and subtract these
emissions from the inverted ST emission record, assunﬁng there is no trend to
emissions. Since these emissions are small relative to biomass burning, any real tre;nd
would likely have little influence on the total emissions in this region.

About 30-45% of all H, emissions are emitted directly from anthropogenic sources

(Seiler and Conrad, 1987; Novelli et al., 1999). Studies indicate that the Hy/CO volume
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ratio resulting from anthropogenic emissions is close to unity. This permits us to use the
GEIA gridded inventory of anthropogenic CO sources as a proxy for hydrogen
emissions as no such inventory exists for hydrogen. Of the total direct CO
anthropogenic emissions (not including biomass burning), about 9% are emitted in the
ST region. Warneck (2000) reports 20 Tg y™! of total hydrogen emissions from non-
biomass burning anthropogenic sources. Assuming a similar distribution of hydrogen as
CO, about 2 Tg of H; are emitted per year in the ST,
4.5.1.3 Ocxidation of natural NMHCs

We discussed the production of CO and H; from CH4 oxidation above. Here we
focus on the production of these gases from non-methane hydrocarbons (NMHCs).
Natural NMHCs come primarily from biogenic processes in vegetation foliage.
Isoprene and terpenes are the main hydrocarbons emitted from vegetation. The former
is emitted primarily by deciduous vegetation, while the major source for the latter is
conifers. Field studies reveal that isoprene emissions are related to photosynthesis
(Warneck, 2000) and net primary production has been used as a proxy for isoprene
emissions. Estimates of global isoprene emissions range widely, from 175 to 500 Tg y!
(Muller et al., 1992; Guenther et al., 1995). Guenther et al. (1995) modeled natural
volatile organic compound emissions from vegetation based on such ecological factors
as plant foliage biomass, light intensities, and temperature. Emissions of isoprene and
monoterpenes were gridded on a 1x1° map on a monthly basis. Global isoprene and

terpene emissions were estimated to be 502 and 127 Tg C y™', but emission estimates
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may be in error by a factor of 3 (Guenther et al., 1995). These source strengths are
about twice those estimated by Mueller et al. (1992).

Terpenes and isoprenes are rapidly oxidized within a few hours of production
(Bergamaschi et al, 2000) by OH and ozone which initiates an oxidation pathway that
converts a fraction of the original gas to H, and CO. The yield of CO from isoprene has
been estimated at 0.2 to 0.8 (Crutzen et al., 1985; Jacob and Wofsy, 1990; Kanakidou
and Crtuzen, 1999). Myoshi et al. (1994) found that CO yields under NOx —rich
conditions was 74%, but only 35% when NOy levels were low. Since NOx levels are
higher over land masses where isoprenes are emitted, we used a yield of 0.74 for our
calculations. Using the isoprene distribution of Guenther et al. (1995) we estimated
global CO production from isoprene oxidation at 865 Tg C y™. Of this, about 427 Tg y™!
is produced in the south tropics and 324 Tg y™' in the north tropics. The yield factor
from terpenes is thought to be smaller since some fraction of terpenes is converted to
aerosols after oxidation. Based on experiments by Hanst et al. (1980), Warneck (2000)
estimates that 20% of carbon in terpenes is converted to CO and we adopt that figure
here. From this, we calculated that 59 Tg y ! of CO is produced from terpenes, and 78%
of this is emitted in the tropics. Together we estimated CO emissions from the oxidation

of natural NMHCs to be 924 Tg y™.
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Like CO, not all oxidation processes lead to the production of H,. Formaldehyde

is a necessary intermediary compound for the production H,. The oxidation of terpenes

produces little formaldehyde . Novelli et al. (1999) estimate total H, production from

terpenes at 0.2-5 Tg/yr. This is a negligible amount and we can safely ignore it. For
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Figure 4.23. Emissions of (a) CO and (b) H, from the oxidation of terpenes and isoprene. The seasonal

cycles are based on the inventory of Guenther et al. (1995).
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every carbon molecule in isoprene, between one and three formaldehyde molecules are
produced. The exact number depends on NOx concentrations. Novelli et al. (1999)
estimate total H, production from isoprene to be 2-7 Tg y'l. This is significantly
different from the 18 Tg y'1 estimated by Warneck (2000). We took the former estimate
as more reliable as it accounts for the sensitivity of formaldehyde to NO,. As isoprene
emissions are highest in the ST region, we took 5 Tg y™! to be a reasonable estimate for
H, production here. Novelli et al. (1999) estimated H, production from the other
biogenic NMHCs at 0.4-12 Tg y™'. With no further information about its distribution,
we partitioned this amount based on vegetation distribution and arrived at 2 Tg y™' in
the ST region. The total of all these sources is then about 7 Tg y'1 from oxidation of
natural NHMCs. Seasonal cycles of CO and H; emissions in the tropics are plotted in
Fig. 4.23. In the north tropics emissions from both isoprene and terpenes peak in NH
late summer/early fall, which is about 6 months out of phase with emissions in the SH.
This pattern reflects the seasonality of the wet season in each hemisphere. Importantly
as we discuss below, these emissions are out of phase with emissions from biomass
burning peak during the dry season. This means that uncertainties in our estimates of
isoprene and terpene emissions will not fully propagate into our estimates of biomass

burning emissions.

4.5.1.4 Oxidation of anthropogenic NMHCs

150



3.0E+04
W 0-30S J0-30N

2.0E+04 -

1.0E+04 -

Emissions (Gg/yr)

0.0E+00 -

ssewoig
Oo0d
a1seM
peoy
IO
JUeAI0S
Yo

Figure 4.24. Emissions of hydrocarbons from anthropogenic sources. Data come from the EDGAR
inventory (Olivier et al., 1996).

The indirect anthropogenic sources of CO and Hj are largely the same as the
direct sources, namely technological sources and biomass burning. The former includes
hydrocarbon emissions from such sources as automobiles, the dry cleaning industry,
and organic solvents, but it is a smaller percentage of the total (48%) than what is
~ estimated for the direct CO sources. Unlike the natural NMHC:s, there are no single
hydrocarbons that dominate this group (alkenes, alkanes, aromatics, and aldehydes),
thus it is difficult to assign a single yield factor. Heterogeneous processes will remove
many of the reactive oxidative intermediates (Novelli et al., 1999). Bergamaschi et al.
(2000) assumed that 30% of the carbon 'in this group is converted into CO. From this,
they estimated that.SO Tg CO y'! are emitted. Novelli ez al. (1999) estimated the H,

source from this category at less than 2 Tg H, y™. Since the main source of
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Figure 4.25. Inverted emissions with contributions from the oxidation of natural NMHCs removed.
Shown are the adjusted emissions using two different global inventories of isoprene and terpene

emissions.

anthropogenic NMHC:s in the tropics is biomass burning (Olivier et al., 1996) (Fig.
4.24), we argue that emissions from technological hydrocarbons are unimportant; one,
because emission is small, and two, there is likely no seasonality to these sources. Any
trend would not contribute significantly to the overall CO trend.
4.5.2 Emissions from biomass burning

After correcting for the above sources, the inverted emissions decrease
significantly. We show the corrected CO emissions from the ST region in Fig. 4.25. We
see that during the first two or three months of each year, the emissions are nearly zero.
This is reasonable if we have successfully removed ail sources except those from
biomass burning and some small technological sources. As we show below, biomass

burning happens in the second half of the year in the southern tropics, and so we would
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expect a peak here, and near-zero eﬁﬁssions before. We also plot emissions based on the
Mueller et al. (1992) iéoprene and terpene inventory. Since the Mueller emissions are
lower than those estimated by Guenther et al. (1 995), the corrected CO emissions are
higher. It makes a small difference to the overall record, but importantly it does not

affect the amplitudes of the seasonal cycle. The seasonal cycle is what we use below to

estimate biomass burning emissions.
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Figure 4.26. Deseasonalized inverted emissions of CO and H; in the (a) northern tropics (NT) model

region, and the (b) southern tropics (ST) regions. Tlie mean of each deseasonalized record was

subtractedand the residuals of this calculation are plotted.

We analyzed the time series of emissions by decomposing the inverted emissions

for both gases into a deseasonalized component and the seasonal cycle. Fig. 4.26 shows

the deseasonalized records for both gases in the NT and ST regions. The deseasonalized

record is derived as follows. From the original emissions data we calculated the 12-

month moving average record. We subtracted the moving averages from the original

emissions to construct the detrended emissions record. We then averaged the monthly

record over the entire time series of the detrended data. This we call the seasonality of
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the sources. The seasonal cycle is then removed from the original record. In addition,
we removed the mean of the deseasonalized record for both gases for ease of
comparison. The axis scales are also adjusted to aid comparison. The residuals produced
tell us how the amplitude seasonal cycle in any given year compares with the temporal
average. For years of strong biomass burning, we would expect to see positive
anomalies.

If our inverted tropical emissions are predominately driven by biomass burning,
we expect there to be a correlation between the CO and H; records In general the
pattern of emissions seen in both gases is well matched throughout much of this record.
For example, in the ST region from 1990 to 2004, the ups and downs of the
deseasonalized data correspond closely between the gases. Both gases have large peaks
during the 1997-99 period and fall to a dip in 2001. They then rise again to the end of
the record. The pattern of peaks and valleys during the early 1990s is also consistent
between H, and CO. However before this period, the agreement is less good. From
1985 to 1990, H, lies below the CO record. The absolute offset is not a concern since
the records could simply be shifted to match during this time. However the trends of H,
and CO are different during this time, with CO on a downward track whilev H; slightly
rise. It is unclear what could physically cause this divergence in behavior and this could

be evidence of a calibration problem during this time.
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During this period an unusually strong El Nino event occurred and produced severe
droughts across much of the western Pacific, including the countries of Indonesia,
Malaysia, Singapore, and Papua New Guinea. Normal biomass burning events to clear
fields and crop residues spread rapidly due to dry conditions and set off uncontrolled
wildfires in forests, peatlands, and bush areas. An estimated land area of 45,600 km?
burned (Levine, 1999). The peak of the fires is thought to be late 1997/early 1998 which
is when we see the positive anomalies. The anomaly is greater in the NH. During NH
winter, the ITCZ is located below these island nations so emissions would be largely
contained to the NH. We see from this comparison, that emissions of CO and H; are
well correlated. Again, we expect this behavior due to what we know about the nature
of their sources. We next use the seasonal pattern of biomass burning to help us

understand how the strength of this source has varied during the past two decades.
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Figure 4.28. The seasonality of CO emissions from biomass burning from various studies. Emissions by
Hoelzemann et al., Duncan et al., and the ATSR fire counts are derived from satellite imagery. Month
1=Jan., 12=Dec. '

We plot the seasonal cycles of tropical CO and H; emission in Fig. 4.27. In the

SH emissions of both gases begin to rise in July and reach a peak during September to
October. The minima occur during March/April. The NH cycle is anti-correlated with
the cycle in the SH. In the NH the peak occurs during early NH spring, around March
and April, with a broad minimum extending from August to November. This behavior
is seen for both gases. If CO and H; are good indicators of biomass burning, the
seasonal cycle of emissions should peak at the end of the dry season in each hemisphere
when most fires occur, roughly February-March .in the northern hemisphere, and

September-October in the southern hemisphere. This is consistent with our results.
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In Fig. 4.28 we show estimates of the seasonal cycle of CO emissions from
biomass burning, along with satellite-derived fire counts. A number of methods have
been used to estimate the seasonality of biomass burning emissions. Noting that surface
ozone (O3) concentrations peaked during the dry season in the Congo, Angola, and
Brazil, which would coincide with the burning season, Hao and Liu (1994) used O3 to
distribute annual biomass burning emissions. Galanter et al. (2000) used regional
cultural information, local climate, and satellite information to derive the timing of CO,
NOy, and.O; emissions from a range of burning types. Petron et al. (2002) optimized
the distribution of biomass burning CO emissions to NOAA-GMD CO surface
measurements. van der Werf et al. (2003 ) modeled emissions using the Carnegie-Ames-
Standford Approach biogeochemical model. In other cases, satellite-derived burn scars
(Hoelzemann et al., 2004) and fire counts (Duncan et al., 2003) were used for this
purpose. The peak of emissions from most of these studies occurs in September * 1
month. This is in good agreement with our derived cycle and supports our view that our
residual inverted source record is largely dominated by biomass burning emissions.

There is less information about biomass burning emissions in the northern tropics.
Fig. 4.29 shows seasonality of emissions derived by Galanter et al. (2000). Here, CO
emissions peak during Februrary/March then flatten from June through September. This
is the same pattern of emissions we saw in the simulated cycle from the model NT
- region. Again this supports our view that our simulated emissions provide information

about biomass burning in the tropics.
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The only other large source of CO in this region is fossil fuel-use, which
shouldn’t exhibit strong seasonality (e.g. the EDGAR inventory, Olivier et al., 1996).
Also, although there is considerable uncertainty to the source strength of CO and H,
from the oxidation of methane and non-methane hydrocarbons, this source peaks
seasonally out of phase with biomass burning, occurring at the end of the wet season
(e.g. Petron et al., 2004). Thus any errors in our estimate of the oxidation source
strength should not affect our conclusions about the variability pf biomass burning.
4.5.3 Fire counts

To further validate that our inverted emissions track biomass burning emissions,
we compared oﬁr emission record with seasonal and interannual variations of fire count
data derived from satellite imagery. Fire counts provide a useful proxy for the seasonal
vax;iation of biomass burning as they have global coverage and high temporal frequency.
Fire counts used here were measured from the Along Track Scanning Radiometer
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Figure 4.29. Seasonality of CO emissions from biomass burning in the northern tropics (0-30 N). Month
1=Jan, 12=Dec. The cycles shown here are similar to the cycles of our inverted emissions in the NT

model region.
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Figure 4.30. Comparison of satellite-derived fire count data with our inverted emissions. CO emissions
are shown in (a) and (c), and H; is plotted in (b) and (d). The fire count data are derived from the
European Space Agency's Along Track Scanning Radiometer aboard the ERS-2 satellite.

(ATSR) aboard the European Remote Sensing-2 satellite (Arirno and Rosaz, 1999). As
we discussed earlier, fire counts were determined from nighttime satellite images using
the 3.7 pum channel on the radiometer. A pixel was counted as containing a fire event if
the brightness temperature of the pixel exceeded 308 K. Data are available from 1996
to 2004 on a 1x1° grid. We integrated the grid over the latitudes of our tropical model
boxes and created a monthly time series of fire counts.

We compare the time series of fire counts against our CO and H; emissions in
Fig. 4.30 for both the NT and ST model regions. There is excellent agreement in timing
in all four plots, with the fire count data peaking on the same month as our emissions
for nearly all cycles. There is considerable interannual variability in the peak height of
the fire count data during this interval. The CO data track this variability well;
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Figure 4.31. Integrated emission peaks of CO in the (a) NT region, and emission peaks of CO and H; in
the (b) ST region. The solid straight lines in (b) are linear fits to the emissions up to 1998.

especially in the southern tropics where we think our emissions record best reflects
biomass burning. We also note that we do not expect one-to-one agreement between fire
and emissions peaks. Since fire counts do not provide information regarding fire size or
type (e.g. smoldering or flaming), emissions from the same fire count may vary
considerably.

Overall there is small variability to the H, peaks in the ST region, and a bit more

in the NT. The H; data do not track the fire count data as well as the CO data. H,
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emissions are considerably smaller than CO emissions from biomass burning, as we
expect the sensitivity of H, to be smaller for fire events. The lack of variability in the H,
record may also indicate that our H; sink, soil deposition, dominates the inversion. This
may indicate that our source sink here is too strong. This possibility is supported by the
larger global H, emissions estimated by the inversion compared to hydrogen budgets
form other sources. In the ST, where the soil sink is smaller, we see greater sensitivity
of H, to fire events, which again is consistent with our interpretation. This comparison
increases our confidence that our seasonal peak in emissions captures biomass burning.
We conclude that CO serves as an excellent tracer of biomass burning, while the utility
of H, is limited to the ST region. |
4.5.4 Integration of source peaks

The above discussion shows that the fall/spring peaks in the CO and H, source
record reflects biomass burning. The source strength of a biomass burning season will
be the integrated emission over the season. To integrate the cycle we summed emissions
above a baseline over the months when the cycle is positive, June to December for the
SH, December to June for the NH and for each year. We took this to be an estimate of
the biomass burning strength for that year. The time series of integrated peaks is shown
in Fig. 4.31. In the ST, biomass burning emissions for both CO and H; rise from the
beginning of the record to a peak in 1997/98. We estimated that the CO emissions
increase by 2.7 % y’', and the H, emissions rise by 1.2% y'. This suggests that biomass

burning emissions have increased by about 20% over this period.
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The integrated CO emissions for the NT region are plotted in Fig. 4.31a. A
much different behavior is seen here. The exceptional feature is the large peak in
1997/98. These emissions come from the El Nino-related fires mentioned earlier. We
estimate that emissions during this event were elevated by 20 Tg CO relative to normal
biomass burning seasons. Levine (1999) estimated CO emissions from the 1997
Indonesian fires to be between 16 and 49 Tg CO.

We conclude that there is evidence from the H, and CO measurement records
that biomass burning emissions have increased in the southern tropics, though likely not
in the northern tropics. Our conclusion is supported by the unique nature of H, and CO,
a pair of gases that share sources, but whose primary sink processes are different. This
gives us confidence that the errors in our removal processes are not responsible for the
simulated positive trend, since it is unlikely errors would be of similar magnitude and in
the same direqtion. Also the fact that CO emissions do not increase in the NT, shows
that the positive trend is not due to a systematic problem with our CO modeling, since if

it were, we would expect this modeling artifact to produce similar behavior in the NT.
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Chapter 5 — Variability Of Methane Flux From Rice Paddies

)

5.1 Introduction
Rice is grown in paddy fields under a wide variety of climates, soil conditions,

and agricultural practices, perhaps more so than any other crop (Neue and Roger, 2000).
The aggregate of all paddy variables, both human and natural, is called the paddy
treatment. Not only does the paddy treatment vary from field to field, it may also vary
from season to season within a given paddy field, as factors such as water and crop
residue inputs may change from one rotation to the next. Héw the paddy field is
rnanaged before planting commences also influences yield and greenhouse gas
emissions, and therefore also contributes to the paddy treatment. This is often the case
in tropical' fields where triple-cropping is commonly practiced.

It is well known that methane fluxes vary widely by paddy treatment responding
to differences in factors such as inundation, soil organic carbon content,. rice cultivar,
and temperature (Khalil and Shearer, 1991; Khalil et al., 1998; Neue and Roger, 2000;
Shearer and Khalil, 2000, Wassmann et al., 2000; Yan et al., 2005). One recent survey
of published field studies reported fluxes that ranged from 0.1 to 56 mg CHy4 m™ hr!
over a number of paddy systems in monsoon Asia (Yan et al., 2005). To account for this
variability, researchers typically organize rice-growing regions into treatments and

apply canonical fluxes to the harvested areas over which the treatment is practiced
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(Matthews et al., 1991; EDGAR, 2008). Alternatively, emissions are estimated using
process-level models, which include both physical and biogeochemical processes
important to methane production and release, and which compute fluxes directly from
factors that characterize a paddy system (Matthews et al., 2000; van Bodegom et al.,
2001; Zhang et al., 2002; Yao et al., 2006) Though the heterogeneity and complexity of
rice agriculture across systems hinders attempts to estimate emissions at large scales,
much effort has been spent in understanding it.

Not so for the type of variability we introduce here. Unlike the above variability
that is characterized by differences in methane fluxes between paddy systems, little
work has been performed trying to characterize and quantify the variability of methane
~ fluxes within a paddy system, that is the intra-system variability.

Intra-system variability results from heterogeneous conditions within a field such
as microclimates, uneven distribution of fertilizers, and pooling of water. Fluxes from
paddy fields are typically measured using static chambers, which are placed over small
areas typically no larger than one square meter (Wassmann et al., 2000a). This area is
smaller than the scale of variability so measured fluxes can vary from plot to plot,
sometimes substantially. A common practice to sample this spatial variability is to
measure methane fluxes from three replicates or plots within a field (Khalil et al.,
2008); though in some campaigns six (Khalil et al., 1998) or more plots (Wassmann et
al., 2000a) have been used. The time series of fluxes from all plots are then pooled to
estimate the seasonally averaged flux for the paddy treatment under investigation. In

many cases the seasonally averaged flux (SAF) is used to estirriate national and global
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emissions inventories; hence, uncertainties in SAFs propagate into our understanding of
larger issues such as budgets and emissions mitigation policy.

Though standard statistical tools can be used to evaluate the accuracy of
seasonally averaged fluxes retrospectively, to date no statistical modeling of paddy
variability exists that could be used to plan field sampling strategies that would ensufe
the seasonally averaged flux reaches desired levels of accuracy. The statistical modeling
developed here can also be used to retrospectively evaluate past studies to discern if the
accuracy of the estimated SAF is captured by the reported sample standard deviation,
which is the most commonly reported statistic of variability. As we show below, three
plots in many cases are not enough to capture the full spatial variability of the field, and
consequently the accuracy of the reported SAF will be overestimated.

This study is motivated by over fifteen years measuring methane flux
measurements from rice paddies in China (Khalil and Rasmussen, ] 991; Khalil et al.,
1998a; Khalil et él., 1998b, Khalil et al., 1998c¢, Khalil et al., 2008a; Khalil et al,
2008b). During this time 8853 fluxes were sampled from fields under various
conditions. From this data set we have come to realize that intra-field variability can
lead to large uncertainties when plot-sized fluxes are extrapolated to larger scales.
Having such a large data set of fluxes gives us a unique ability to study this variability
and assess its importance on larger scales. To our knowledge this is the only study of
its kind to investiéate this variability. In partic;ular the questions we explore in this study

are:
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(1) For a sampling strategy that uses P number of plots and D sampling days, how
close will the measured flux be to the true field flux? This perhaps is the main question
to be addressed. If a field study includes P plots and D sampling days, how close can
the researcher expect the measured seasonally averaged flux be to the true ﬁelci flux?

(2) Given a standard sampling schedule (e.g. weekly, bi-weekly, and once every two
weeks) what is the minimum number of plots required for the measured flux to be

within a specified percentage of the true field flux?
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Figure 5.2 The histogram shows the differences between seasonally averaged fluxes from single plots
and the mean flux from all plots in the same system. The differences for a given system were normalized
according to the mean and standard deviation of plot fluxes within the same system. The figure shows

that the distribution of spatial anomalies within paddy systems is near normal.

(4). What are the diminishing returns if the intensity of the sampling strategy is
increased? At some point increasing the number of plots or the sampling frequency will
no longer significantly increase the accuracy of the experimentally measured SAF.
Knowing where this threshold occurs will prevent wasting resources by oversampling
the field.

(5). What is the probability that the measured flux will be within 10% of the true
field flux if the most practically intensive sampling strategy is adopted? There is a
practicai limit to the intensity of sampling, perhaps twenty plots sampled every other

day. Given this threshold, how likely is it that the measured flux will be within 10% of
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the true flux? This is an interesting question as it addresses how well we can
realistically know the true flux from a paddy field. This has greater implications when
extrapolating to regional and global scales.

Together, the answers to these questions will aid in retroactively evaluating past
field studies to better understand the uncertainties of the extrapolations, and the answers
will help future researchers design field studies efficiently.

5.2 Empirical functions of spatial and temporal variability

Methane fluxes from rice paddies were measured from 1988 to 2004 at several
sites in Sichuan Province and Guangdong Province, China (Khalil et al., 1998b, Khalil
et al., 1998¢c, Khalil et al., 2008a; Khalil et al, 2008b). bver this time fluxes from 230
plots in 63 fields were measured for the total of 8853 values The number of plots
sampled per field ranged from three to twenty-four, which provides a rich data set to
discern the relationship between sampling strategy and variability. In total, fluxes were
measured from seventeen unique paddy systems over this period (Fig 5.1).

In addition to the spatial variability discussed above due to the hetérogeneity of
field factors such as inundation levels and fertilizer concentrations, the measured flux
from a single plot also varies in time. This temporal variability has both high and low
frequency components. Flux varies slowly through the season due to factors suqh as
changes in solar insolation, plant growth, and onset of senescence. These changes are
regular and can be modeled with a smooth function. The high frequency variability has

a timescale of hours or days, and presumably is random. The exact cause of the
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variability is unknown but is likely driven by factors such as ebullition (bubbling), wind
and pressure disturbances, or acute changes in microbial populations and rates.

With this understanding, we can consider the daily flux Fj(¢) measured from
plot j in paddy system % to be the sum of three distinct components (Khalil and

Butenhoff, 2008),

F)'lk(t)=Fk(t)+ﬂjk(t)+Ajk(t)° (5.1

The first component F(t) is the smoothly varying function for paddy system %, i.e. the
function which describes how the space-averaged flux from system k would vary
throughout the season in the absence of temporal variability. From our data set we find
that nearly all growing seasons can be adequately described by one of three canonical
functions (Khalil and Butenhoff, 2008). The functions describe the rise and fall of flux
throughout the season. For a single season, a normal function is used to describe the
single hump of the flux time-series (function type I). For a double rice crop, two offset
Gaussians are added to create a double-humped function, with the dip corresponding to
the beginning fo the second rice crop (function type II). The third canonical function is
positively skewed and single humped, which describes the case where flux initially
rapidly increases, then gradually declines (function type III).

The second component in Eq. 5.1 captures the plot to plot spatial variability of
system k. The smoothly varying function describing the flux from any plot j within

system k, Fj(t), is the system function Fi(?) plus a time varying offset Bi(t). From the
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observational data set described above, it was found that the Sy()’s are normally
distributed (see Fig 5.2) with a mean of zero and a standard deviation given by (Khalil
and Butenhoff, 2008):

)0.55 , 52)

b

where the overbar on Fy(?) indicates the seasonal average. This relation, derived from
the seasonally averaged fluxes from the 63 plots, indicates that spatial variability
increases with flux. Any 'plot Jj will have an.offset from the system SAF drawn from this
distribution. Figure 5.3 shows simulated spatial variability in four fields using this
relation.

The final component, A , (¢), in Eq. 5.1 represents the high frequency temporal

variability of day to day measurements. It is a random offset added to function Fj(?).

The distribution of the A ; (#)s is determined by the field data above and can be

described by the Laplace function with a flux-dependent standard deviation given by

(Khalil and Butenhoff, 2008)
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Figure 5.3. Simulated temporal variability for a "type I" canonical function for a paddy system with (a) 3
plots and (b) 10 plots. The solid line shows the underlying function, the triangles show the day to day
flux, and the red dots are the daily means. The seasonal averaged is calculated from the mean of the daily

fluxes.

o= ( [21¢( F;t)) , © (5.3)
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where

b(F;) =0.53(F, ). (5.4)

Here the flux is not the seasonally-averaged flux as in Eq. 5.2, rather it is the value of
the smoothly varying function for plot j and system k at time ¢. Since this is a function

of time (e.g. number of days from beginning of season), the distribution from which the

A ; () s are drawn changes from day to day, and must be calculated every simulation

day for the flux modeling we describe below. We show simulated temporal variability
in Fig. 5.3. The figure shows that variability of the simulated flux increases with
increasing daily flux, as borne out by the observations.

With this description of the flux, we simulated flux from a single plot, with
spatial and temporal variability representative of field conditions. To summarize, the
underlying base function captures the slowly varying component of the flux due to
changes in temperature, plant maturity, etc. The spatial variability captures the
heterogeneity in field conditions. The flux from each plot in the field Fji(z), has the
~ same base function Fi(t), as other plots, but there is some offset Bj(t) due to spatial
heterogeneity. Finally, the temporal variability 4;(¢) captures the random day to day
variability due to short term changes in temperature, inundation, soil conditions, and

measurement uncertainty.
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Figure 5.4. Simulated seasonally averaged fluxes (yellow circles) with their measured counterparts (blue
symbols) for four sites in China. For the most paﬁ the spread of the simulated data matches the observed
range quite well. At high fluxes, there is a tendency for the statistical model to underestimate the

variability.

To test how well our statistical model captured the observed variability, we
simulated all 230 seasonally averaged fluxes shown in Fig. 5.1. The model was run for
all seventeen paddy systems over the eighteen year period of meésurements. The
number of plots used for each system and the number of days that fluxes were sampled
in each case were treated as inputs to the model. Simulated SAFs are overlaid on top of
the measured fluxes in Fig. 5.4 and the distributions of both simulated and measured
fluxes are showh in Fig. 5.5. From these plots we see that oﬁr statistical model captures
the variability observed in the real data set of fluxes. In particular it reproduces

reasonably well the bimodal distribution of field fluxes seen in Fig. 5.5. In Fig. 5.6 we
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plot the simulated and measured fluxes against one aqother. The linear fit of the plot is
described by Simulated SAF = ;0.7 (£ 5.8) + 1.025 (£ 0.3) x Measured SAF, with a
correlation coefficient of 0.92. Within the uncertainty, the slope is one, again showing
that the statistical model is performing well. It does tend to underestimate variability at
higher flux (Fig. 5.4). Thus the model does a reasonable job reproducing field
variability and can be used to answer the proposed questions above.
5.3 Modeling Approach

To answer the questions posed above with this statistical flux model, requires a
priori knowledge of the canonical base function appropriate for the paddy system under
investigation, and the system seasonally averaged flux. The base function is dictated
primarily by the crop cycle, i.e. single-rice, double-rice, so is known to the experimenter
beforehand. The seasonally averaged flux is not known in advance, rather is one of the
primary statistics to be determined by the study. However, réported fluxes from similar
systems can be used to provide a reasonable estimate. For this work, we simulated
paddy systems with seasonally averaged fluxes that span 10 to 70 mg CH, m™ h'}, at
intervals of 10 mg CH,;m™ h™. This range covered most reported fluxes (Yan et al.,

2005).
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Figure 5.5. Distribution of simulated (filled black circles) and measured (filled bars) SAFs from the
‘eighteen-year record of rice paddy studies. Fluxes have units of mg CH, m™ h’. Both data sets are
bimodally distributed with a tail extending to high fluxes. The lower mode peaks around 5 mg CH, m> h’
!, while the upper mode is centered about 30 mg CH; m” h™’. The comparison shows the distribution of

measured fluxes is well simulated by the model.

We started with the three canonical functions for the underlying function that
describes the shape of the methane flux function during the rice-growing season. We
added the random variations in flux from day-to-day (temporal variability) and across
fields from plot-to-plot (spatial variability). These forms of variability add “noise” to

our measurements and reduce the accuracy of our estimate of the seasonally averaged
field flux m , which for simplicity of notation we henceforth call F,. Again the k
denotes the paddy system and the prime here signifies that this is an estimate of the true
seasonally averaged flux F, . To quantify the impact of the variability on F, k we

designed a series of computational experiments that simulated the measurement of

methane fluxes during the growing season. The experiments simulated paddy systems
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where the flux is described by one of the three canonical functions with F,’s from 10 to

70 mg CH4 mZ h!. We can sample these simulated fields using any number of plots we
choose at any sampling rate. For this work we set the maximum number of plots per
field at forty and allow the sampling rate to be as high as daily. It is unlikely any real

sampling strategy would be more intense than this.
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variability as specified by the power law relations derived from the field measurements.
We “measured” flux from these simulated fields using different sampling strategies. We
defined a sampling strategy by the number of plots we sampled per field (P, range is 1
to 40) and the sampling rate (D, 1 to 100% of the total number of days in the growing
season, evenly distributed in time). The number of samples that are measured per
season (P*D) then ranged from one (one plot sampled once per season) to 4000 (40
plots sampled every day) for a 100-day growing season. We thus performed a total of
84,000 different experiments using all permutations of field conditions (21) and
sampling strategies (4000).

Due to tﬁe random nature of the prescribed spatial and temporal variability, a
Monte Carlo style analysis was performed and each experiment was conducted 500
times to gather the required statistics to assess the mean and standard deviation of the '
underlying distribution which is nearly normal. The number of simulations is a
compromise between computational efficiency and the robustness of the statistical
parameters.

In Figure 5.6 we show the simulated spatial variability (scale factors of the
average field flux) in 50 m x 50 m fields on spatial scales of 1 m x 1 m. The latter
dimensions are typical of the field area sampled by standard flux chambers. Though
these graphs are for visualization only, we chose field and chamber dimensions to be
representative of typical conditions. Simulated fields with average seasonal fluxes of

10, 30, 50, and 70 mg CH4 m? h! are shown.
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These plots reflect the relationship observed in the real field measurements
described above, namely fields with lower emissions have higher relative spatial
variability. Due to their higher spatial variability, low emission fields require more
intensive sampling to reduce uncertainties in the seasonally averaged flux, though it is
important to remember that the absolute uncertainties are still lower than in the high
emission fields. It is the spatial not the temporal variability that primarily determines the
relationship between sampling strategy and the true field flux.

We also simulated the eighteen-year record of field experiments using the same
number of plots and sampling frequency as used in the original experiments. Each
simulation was run once per field campaign. At the end of the simulated season, the
seasonally-averaged flux vsl/as computed. We then compared the simulated fluxes with
the real fluxes in Fig. 5.7. Within the uncertainty of the slope, there is a one to one
correspondence between the simulated and measured results. This shows the model
| captures the range and variability of the actual field experiments.

5.4 Results

Results from our experiments are shown in Figs. 5.8-5.11. Each figure is a
response to a question posed while evaluating or designing an effective sampling
strategy to measure methane flux in the field. The figures quantify the relationship
between the number of measured flux samples and the accuracy of the estimated field
flux. They are meant to help the researcher achieve the accuracy required in their
~ research plan with the minimal number of samples, or alternatively to evaluate

measurements already completed.
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Figure 5.7. The plot shows the results of a test of our statistical model to simulate our eighteen-year flux

data set. Different symbols are used to represent data for different field sites. The equation for the linear

regression is y=-0.7 (£5.8) + 1.03 (£0.3)x, with a correlation coefficient of 0.92.

For concision, we only show results for a single canonical function or averages

over all three functions. There are only small differences in the results using different

underlying functions, so the data displayed here are representative of all three functions.

This also gives us confidence that our conclusions are valid for other functions not

considered in this work. We also remind the reader that our results are probability-

based. For each experiment involving field condition and sampling strategy, we
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determined the normal distribution of the simulated flux. The flux for any one run, that
is, a single growing season of field measurements, will vary over a range of values
defined by the distribution. We do not know how close the flux from any one run will
be to the true flux, but can only state the probability that it will be within some
percentage of the true flux. For the remainder of the chapter we adopt the criterion of
90% probability. Thus question 1 is more accurately stated as: given P plots and D
sampling days, there is a 90% chance that the measured flux will be within a specified
percentage of the true flux. To aid readability we omit the reference to the 90% criterion

in the remainder of this chapter.
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simulated field over the entire growing season using the specified sampling strategy.
After the run, we calculated the average flux over the season and compared it to the true
flux. We repeated the experiment 500 times to build the distribution of fluxes. From the
distribution we then calculated how close the flux is to the true flux. We call this the
offset percentage. The figure illustrates how the accuracy of the measured flux is
expected to change with sampling strategy. For the low emission conditions (10 mg
CH, m> h'l), if we want our measurements to lie Within 30% of the true flux F,, we
need to sample 15 plots at a rate of 15% of the growing season. As expected, the
accuracy improves as we increase the number of plots and sampling rate. We see also
that relative accuracy imp~roves as field emissions increase. This is due to the nature of

the spatial variability as discussed previously.
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Figure 5.9. The minimum number of plots required to ensure the measured field flux is within 10%
(diamonds), 20% (squares), 30% (solid triangles), 40% (plusses), and 50% (open triangles) of the true
flux for three typical sampling rates, (a) 5%, (b) 15%, and (c) 30%. The rates were chosen to represent
biweekly , weekly, and semiweekly sampling for a 120-day season. A dotted line indicates that the
minimum number of plots required exceeds our simulated maximum of 40. Data are for the “type I”
canonical function but are similar for the other function types. In the top panel, neither the 10% nor the
20% threshold is achievable with 40 plots or less.
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5.4.2 Question (2)
Question 2 is addressed in Fig. 5.9 where we give the minimum number of plots

required to ensure that the measured flux is within 10, 20, 30, 40, and 50% of the true
flux for three typical sampling rates (5, 15, 30%). These rates roughly correspond to
sampling intervals of biweekly, weekly, and semiweekly, respectively, for a 120-day
growing season. The dotted line indicates levels that are not achievable within our 90%

probability criterion.
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Figure 5.10. Minimum number of samples required to attain the specified accuracy limits. The sample
-size is the number of plots times the sampling rate assuming a 100-day field season. For other season

lengths the number of samples needs to be scaled by the ratio (new season length: 100).

These experiments show the difficulty in reaching the highest accuracy levels at

these modest sampling rates. In fact, the highest accuracy expected using a small
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number of plots (P<3) is typically 30-40%. Only for those fields with large methane
emissions do we expect the measured flux to be within 20% of the true flux if three or
fewer plots are used.

5.4.3 Question (3)

To answer question 3, we considered the total number of measurements required
over the course of the growing season to meet our accuracy standards (Fig. 5.10). The
numbers given in the figure are based on a 100-day field season but are easily modified
to accommodate any season length.

The nurpber of samples required range from 1400 per season to ensure the
measured flux is within 10% of the true flux for the lowest emission fields to only five
samples to meet the 50% mark in the highest emission fields. In general we never need
more than about 20 samples per season to reach the 50% mark for any field flux.
However if we wish to reach the 10% standard, we have to sample more than 200 times.
5.4.4 Question (4)

From our results in Fig. 5.11 we see that improvements in the accuracy of the
measured flux decreases rapidly with increasing plot number and sampling rate and in
fact become negligible past a certain sampling intensity. Clearly there is no need to
increase the level of sampling past this point. We quantify the diminishing returns of
increasing the sampling intensity by defining an offset gradient relative to both the
number of plots and safnpling rate. The offset gradient (dC/dD) is simply the change in
the offset percentage (C) divided by the change in sampling rate (D) or number of plots

(P), in which case the offset gradient is dC/dP. 1t tells us how fast the offset is changing

189



as we increase our sampling. We chose D and P to be three and calculated the
gradients over all grid points for the data in Fig. 5.8. We divided the gradients by two so
that the resultant is the change in the offset percentage per unit increase (either plot

number or sampling rate). These are plotted in Fig. 5.11.
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Figure 5.11. The figures quantify the impact of increase the intensity of the sampling strategy by one unit
(i.e. either by one plot or by one sampling rate percentage point) on the accuracy of the measured field
flux. In effect the figures help us determine the point of diminishing returns when increases.in the
accuracy of our field flux estimate become negligible. dC/dN is the rate at which the percent offset fro the
_ true flux changes with an increase of one rate percentage point (i.e., one sampling day for a 100-day field
season). dC/dP is similar but with an increase of one plot. In the upper panel (a) we show how dC/dN
changes with the sampling rate, and in the lower panel (b), we show how dC/dP changes with the number
of plots. For example, if we increase the number of plots from three to four, we expect the accuracy

(expressed as percent offset from the true flux) to increase by 4%.

We see that rapid improvements in accuracy diminish past about ten units in
each plot. Further gains in accuracy past this point can only be achieved by significantly
intensifying the sampling strategy. Unfortunately this may be required. If we locate the

(N=10, D=10) sampling strategy in the offset percentage graphs in Fig. 5.8, we see that
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this strategy only takes us to within 30-40% of the true flux. In many cases we would

like to achieve a higher standard than this, which will require more flux measurements.

5.4.5 Question (5) :
Finally for question 5, there is a practical limit to the intensity of sampling. A

reasonable limit may be set at twenty plots sampled every other day. This would require
1200 flux measurements over a 120-day growing season. Doing so we find we can get
to within 7 to 14% of the true flux depending on the average field flux.
5.5 Discussion and Conclusions

We have examined the observed variability of methane emissions from rice fields
and delineated its components. The nature of this variability affects the accuracy of
regional and global extrapolations and the reliability of field experiments. Tﬁe
prevailing sampling practices tend to have fairly frequent measurements of about once a
week and more. Because of that, the temporal variability is not likely to be a major
source of uncertainty in the calculated seasonally averaged flux. The spatial variability
however is large, and is not as well handled in the usual sampling strategy by triplicate
plots. A minimum of three plots is convenient and permits statistical comparisons, but
according to our results, it leads to large uncertainty in the calculated flux of 40%-60%.
When the flux is low, our calculations show that it takes an unrealistically large number
of replicates to overcome the effects of spatial variability. This is partly because we
have defined accuracy as a relative measure. Therefore if the true flux is 1 mg m™> h'l, to
be within 20% we must have a sensitivity of measurement that can distinguish 1 mg

CH, m™h™ from 1.2 mg CH, m™h, which is nearly impossible. But for a large flux,
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say 20 mg CH4 m™2h’, to be within 20% requires us to distinguish between 20 and 24
mg CH, m™2h™, which is possibl'e. On the other hand, a great deal of accuracy for low
emitting fields is not needed since such fields do not make a large contribution to the
regional or global emissions. While these statements are true for rice fields, for other
sources such as wetlands, the problem is not so easily dismissed. There are cases where
the flux is low over most of an extensive area. Then the low fluxes are the major
contributors to the regional and global emissions. In such cases chamber methods

looking at small areas are unreliable.
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Chapter 6— Application of an Empirical Rice Flux Model to National and Global
Spatial Scales

6.1 Introduction
Rice agriculture is an important source of atmospheric methane but its global

source strength remains uncertain (Denman et al., 2007). In large part this is due to the
many different ways that rice is grown. Neue and Roger (2000) claim ﬁat rice is
“cultivated under a wider variety of climatic, soil, and hydrological conditions than any
other crop”, and as a result, methane fluxes range broadly (Wassman et al., 200b; Yan et
al., 2005). Far from being static, these conditions will respond to pressures brought
about by increasing human population, climate change, water shortages, and changing
agricultural practices. Evaluating how emissions respond to these changes is necessary
to predict future forcings of climate and consequent changes.

Emissions from paddy fields are influenced by both natural and anthropogenic
factors, such as climate and the agricultural practices used by the farmer to manage the
field. The practice of intermittently draining paddy fields for example is known to
reduce methane emissions, as is the use of synthetic fertilizers over organic fertilizers.
Considering this, and the fact that methane is twenty times more potent than carbon
dioxide on a per molecule basis, rice agriculture is an attractive soufce to target for
emissions reduction. This increases the importance of evaluating its source strength

both at the national and global levels. Currently, all countries that are signatories to the
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United Nations Framework Convention on Climate Change (UNFCCC) are required to
periodically report national inventories of greenhouse gas emissions from all sources,
including rice agriculture. The Intergovernmental Panel on Climate Change has
developed “good practice” guidelines (IPCC, 1997, 2000) for countries to estimate
emissions from these sources based on default seasonal CH4 emiésion factors and

~ scaling factors. These IPCC methods will likely be the methods used by countries to
assess reductions in emissions.

Generally, emissions are estimated over-large scales either by upscaling field
measurements or using process-based modeling. As we discussed in the previous
chapter, methane flux from rice agriculture is typically measured using static chambers,
both in the field and in greenhouse studies. Early estimates of global methane emissions
were often based on flux measurements from a single site and tended to be large. For
example, Holzapfel-Pschorn and Seiler (1986) used flux measurements from Italy to
derive global emissions of 120 Tg y.. Using fluxes from multiple sites Khalil and |
Shearer (1993) revised this down to 66 Tg y . Other studies used a number of proxies
to scale emissions including crop biomass, grain yields, and net primary production.
(Taylor et al., 1990; Neue et al., 1990; Anastasi et al., 1992, Kern et al., 1997).
| More recently mechanistic or process-based models have been used to simulate
the dynamics of methane production, oxidation, and emission. Because details of these
processes are iargely unknown, in many cases the dynamics of these processes are
linked to other more easily measured variables. Fbr example, Cao et al. (1998) related

methane production to soil Eh, and Huang et dl. (1998) linked the rate of root exudation
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to the daily aboveground biomass. Others calculated these mechanisms directly. The
Decomposition-Denitrification (DNDC) biogeochemical model captures soil redox
dynamics by simulating soil Eh and the activity of microbial reducers (Li et al., 2002).
Matthews et al. (2000) presented a model (MERES) that simulates soil organic matter
decomposition and predicts the amount of carbon substrate av#lable for
methanogenesis. It simulates nitrogen transformations in the soil and calculates the
uptake of water and nitrogen by the rice crop.

These mechanistic models are useful in simulating the dynamics and variability
of daily emissions over the duration of the rice growing season for a single site, but both
the data needs and computational expense to apply the models at multiple sites become
prohibitive when applied to global scales. For example, the DNDC model requires
information on soil texture, pH, bulk density, and organic carbon content, besides crop
management properties. Though available at local scales, these det;':tils are not known
over wide areas.

Recognizing this difficulty some process models keep the number of input
variables low at the expense of increasing the number of fixed model parameters. A
model described by van Bodegom et al. (2001 ) requires only eight input variables but
includes about twenty fixed parameters such as root decomposition rate, oxidation rate,
and rice growth rates. Though they are kept constant, there is little knowledge about
how these parameters vary from site to site or during the growing season.

Also some variables that control paddy emissions can change on yearly

timescales, such as fertilization and water management. To investigate the changes
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these factors make on global emissions requires a model that is deft enough to permit
multi-year simulations. The flux model we used and describe below, allowed us to do
just this and study how known decadal changes to paddy management in China and
elsewhere would translate into changes in the global source strength of methane. We
used this flux model to develop a new global inventory and to investigate possible
changes to the paddy methane budget.

Besides assessments, spatially gridded inventories are useful in other
applications. Spatially resolved inventories provide insight to high emission source
areas at sub-national scales. These regions may be targeted for future study or
mitigation and help focus research efforts. Spatially distributed emissions are necessary
as inputs to regional and global climate models as well as chemical-tracer models.
Patterns of atmospheric concentrations produced by these latter models can themselves
be inputs to various regional climate and chemistry models. This work is becoming
increasingly important as the need for planning mitigation and adaptation strategies
around regional climate and impacts increases. Furthermore the patterns of
concentrations predicted by chemical-tracer models can be compared with surface and
remotely-sensed measurements of concentrations to both verify and improve inventories
based on bottom-up techniques. In addition, this forward modeling of surface emissions
helps us to identify the best sites to place instruments in order to monitor emissions and
constrain estimates. Finally, and perhaps most importantly, spatially resolved emission
estimates help us predict the future trend of gas emissions. For example, since paddy

emissions are sensitive to soil inundation which is often achieved through irrigation, we
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can predict that methane emissions from rice-growing regions of the world that face
future water scarcity, will decrease.

At present few gridded inventories of paddy emissions exist at either national or
global scales. Process models have been applied primarily to country-level emissions,
for example China (Huang et al. 2006; Li et al. 2004) and India (Pathak et al., 2005),
and the few global inventories that exist are based on proxy or statistical methods.
Matthews et al. (1991) produced a global 1x1° inventory of methane from rice
production, but lacking information on how flux varied from site to site, chose instead a
constant flux, such that global emissions were 100 Tg y'. Bachelet and Neue (1994)
updated this work by scaling methane fluxes to soil fype and estimated methane
emissions from Asia are 63 Tg y . The most used global inventory is part of the
Emission Database for Global Atmospheric Research (EDGAR) project. For this
Olivares et al. (2005) used rice ecosystem-based fluxes from Neue (1997) and scaled
them by national harvested rice areas froin FAO (2000). Thc;ugh an improvement over
single flux methods, only four different flux values were used with no consideration of
the influence of climate or fertilizer among other factors that control methane flux.
Perhaps the most detailed inventory to date is by Yan et al. (2009). Here the authors
used the United Nations Framework on Climate Change Convention (UNFCCC) Tier 2
method to estimate fluxes. The Tier 2 method specifies a base methane flux appropriate
for continuously-flooded fields with no fertilizer inputs. The base flux is then scaled by
designated factors for fields under different management. This inventory estimated

global emissions at 25.6 Tg y.
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Emissions from these inventories have not yet converged at either national or global
levels, indicating a need for continued study and refinement. Our effort sought to move
us closer to this goal by using novel methods and data sets, including the following
innovations.

First, the new inventory is based on a model that is empirically derived from
controlled experiments in a greenhouse and confirmed by measurements in the field.
Though the model is simple in structure, it is complete in the sense it inciudes the major
variables that control methane from the paddy environment, namely organic carbon and
nitrogen inputs, water management of the paddy, and climate factors. Though more
detailed models exist that adequately predict paddy fluxes they require input that is
difficult to gather at the appropriate spatial and temporal scales. The current model
determines flux based on variables that can reasonably be acquired.

Secondly, we used orbital remote-sensing of vegetation to estimate application rates
of crop biomass to paddy fields, a major source of organic-carbon mat’erial and driver of
methane flux. This method provides global coverage of this factor at high spatial
resolution.

Finally, our model includes the impact of nitrogen fertilizer on methane emissions.
Our experimental results indicate that increased rates of nitrogen application increased
methane emissions in paddies continuously flooded but decreased methane emissions
otherwisé. To our knowledge, the sensitivity of methane to N-fertilization has not been

included in any other methane inventory.
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6.2 PSU-Rice Emissions Model
Our model is based on a three-year study of methane flux from rice paddies in

Nanjing, China, and experimental pots in the PSU greenhouse during the years 2005 —
2007 (Khalil et al., unpublished). At both sites, the major factors that determine flux
were controlled at various levels and the response of the methane flux measured. The
factors investigated included soil type (sandy loam and silt loam), water management
(continuously flooded, intermittently flooded, and drainage interval), organic carbon
application rate (crop residues), nitrogen fertilizer application rate (urea), and soil
temperature. In China, rice was grown in adjacent plots that measured 4 m X 4 m, while
in the PSU greenhouse, rice was grown in microcosms that had footprints of 45 cm X 63
cm. At both sites, methane and nitrous oxide fluxes were measured by the rate of
accumulation in static chambers placed over the rice plants. A summary of results from
both the greenhouse and field site is shown in Fig. 6.1 for seventeen experimental
conditions.

The figure shows that there is good agreement between the fluxes measured from
the greenhouse and the Nanjing plots, which gives us confidence that the relations
between flux and factor developed from all these data are robust and may be applied to
other sites. All rélations are based on evaluation of the seasonally averaged flux. We

summarize these relations as follows.
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Figure 6.1. Methane fluxes from greenhouse (red) and field (green) studies. Fluxes are plotted against

different factors and levels of factors. Key to numbers: The experiments are classified by water
management (W),'organic carbon inputs (S=straw), and nitrogen fertilization (N). WO=continuous
flooding, W2=intermittent flooding, Sx = Straw added, where x=0,1,2,3 and depends on application rate
(0, 3, 6, and 9 Gt dry matter ha™, respectively). Nx= nitrogen fertilizer where x=0,1,2,3 depending on
level (0, 100, 220, and 300 kg N ha™, respectively). The last three experiments are for midseason drainage
conditions Dx, where x=1,2,3 showing increasing drainage (5, 10, and 15 days, respectively).
1=WOSONO, 2=W2S0N0, 3=WO0S1NO0, 4=W0S2N0, 5=W0S3N0, 6=W2S1NO0, 7=W2S3N0, 9=W2SO0N]1,
10=WOSON1, 11=WOSON3, 12=W2S0N2, 13=W2S0N3, 15=W0S2N1, 16=W2S2N1, 17=W0S1N2S1,
18=WOS1N2S0, 19=WO0S1N2 (no plant), 20=W2SIN2D1, 21=W2S1N2D2, 22=W2S1N2D3. From
Khalil et al. (unpublished).

Methane flux increased when increasing supplies of organic carbon was added to
 the soil (experiments 3-5 in Fig. 6.1). At both sites, the organic carbon was supplied by
the addition of rice straw. Methane flux decreased when sites were managed under an

intermittent flooding regime, i.e. fields were drained at least once during the season
(experiments 6-7). The addition of synthetic urea decreased the methane flux
(experiments 15-19), while methane flux also decreased as the drainage period
increased (experiments 20-22). From these measurements the following relation was

developed (Khalil et al., unpublished)
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F =F "N, (6.1)
Here F is the methane flux in units of mg CHy m™2 h'l, F, is the base flux with no
organic carbon or nitrogen fertilizer application, C and N are the amounts of added
organic carbon and nitrogen fertilizer with units of g (dry biomass) m™ and g N m?,
respectively, a is the sensitivity of the flux to the added organic carbon, and S is the
sensitivity to nitrogen fertilizers. F, = 7.3+2.7 and 2.4 0.8 mg CH, h'! m_z, and f
=0.016 and -0.036, for continuously and intermittently flooded fields respectively. The

experiments showed that a is temperature dependent according to
a=o,+pI+p,T, (6.2)

where ap = 0.021, p; =-0.0021, p, = 0.0000551, and 7T is the average soil temperature
(at 10 cm depth) in degrees Celsius over the first 60 days of the season (described
below).

The rates of nitrogen fertilizer and organic carbon application varied by a factor
of three in the study, while temperatures spanned the range over which most rice is
grown, ensuring the model will have wide. The next step was to apply the model to
national and global rice agriculture and create a spatially gridded inventory of methane

emissions.
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6.3 Model inputs
Regional and global extrapolation of the empirical flux model developed from the

field and greenhouse studies required spatially resolved climate and agriculture data.
While some of these data are readily available, others such as organic carbon and
synthetic fertilizer application rates are available only over lirilited areas and spatial
resolutions. Data such as water management and cr§p residues, which are often
incorporated back into the paddy, do not exist in any official form. Properly
representing the field conditions and paddy management over national and global scales

remains one of the primary sources of uncertainty in estimates.
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6.3.1 Location and extent of rice growing areas
Rice growing locations and areas are taken from Monfreda et al. (2008) and

shown for monsoon Asian countries in Fig. 6.2. The authors distributed statistical

national and subnational rice cropping areas on a 5 arcmin X 5 arcmin (~10 km X 10 km
at the equator) grid based on a global cropland base map (Ramankutty et al., 2008). The
base cropland product provided fraction of pixel area that is determined by two sources
of satellite land cover data. The data provided are harvested areas, which may be larger
than actual land area if more than a single crop is harvested seasonally on a single
parcel of Aland. The total area of harvested rice from this product is 152 million ha.

6.3.2 Crop phenology

The timing and duration of rice seasons is needed not just to calculate annual
emissions from a flux, but as we describe beléw this information is also used to estimate
appropriate soil temperatures and straw inputs to the paddy field. Crop phenology is
complicated by the practice of multiple cropping seasons in a single year. Though some
rice growing regions may only have a single rice crop due to climate limitations or
economic preferences fqr alternate non-rice crops, other areas practice double or triple
rice crops in a single year. A typical rice season in the tropics rﬁay be 100 days but 130
days in temperate regions.

We used rice crop calendars developed by Matthews et al. (1991 ) for this study.
Matthews et al. (1991) compiled rice crop calendars from the United Nation’s Food and
- Agriculture Organization (F"AO, 1 978), the International Rice Research Institute’s
World Rice Statistics (IRRI, 1985), and other national and subnational agricultural

statistical handbooks and atlases (see Appendix of Matthews et al., 1991 for complete
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list) and distributed them across a 1x1° global grid. A total 40f 36 different crop cycles
were included in the data base including single, double, and triple cropped rice. The

- number of months per year rice is grown ranged from 4 to 12. Crop calendérs were
available at the national level for most countries, but for China and India, calendars
were provided at the provincial and state levels. Since the resolution of our inventory (5
arcmin) is higher than thé crop calendar grid (1 deg.), we took the calendar to be
constant throughout the one deg. grid cell. Also, in those rice-growing regions where no
cropping information was provided by the Matthews et al. map, we use a nearest
neighbor algorithm fo assign appropriate cropping data.

As rice-cropping management is based on climatic, ecological, and cultural
factors, as well as individual decisions made by the farmer, large differences in planting
and harvest dates, crop duration, and number of crops per year, exist. In addition,
multiple cropping may occur on a regional scale but not necessarily at the individual
field level. While there may be early, intermediate, and late season rice crops within a
region, a single field may only be planted for one of these seasons, while others in the
same region may be planted for two or all of the seasons. The agricultural statistical
data needed to delineate these differences in rice cropping were unavailable at this level

and we recognize this as a source of uncertainty in the final inventories.

6.3.3 Soil temperature
From our flux measurements we determined the sensitivity of both methane and

nitrous oxide flux to soil temperatures. The data indicate that temperature is an

important driver of methane flux, but less so for nitrous oxide. In our empirical flux
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Figure 6.3. Surface and soil temperature at Tuzu, Sichuan Province, China (2005-2006). Soil

temperatures were measured at a depth of 5 cm.

model, the parameters a and f are the sensitivity factors that relate both CH; and N,O
fluxes to organic carbon and nitrog;an inputs respectively. Our experiments revealed that
a is a strong function of soil temperature, while 8 shows no significant dependence'on
soil temperature.

Soil temperatures were derived from reanalysis surface air temperature from the
National Weather Service’s National Center for Environmental Prediction. Surface air
temperature data are distributed globally on a 2.5%2.5° grid at a daily time scale. Daily
temperatures from the years 1948 to 2006 were averaged to produce a climatological
record for use in deriving the soil temperature data.

From the greenhouse and field measurements of méthane flux, the functional

relationship between o and T was statistically stronger using the average soil
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6.3.4 Organic carbon inputs
Both greenhouse and field experiments clearly show the strong dependence of

CH;, fluxes on organic carbon inputs. In these experiments organic carbon was added to
paddy soils in the form of straw. In practice, organic carbon can be added in myriad
ways.

To simulate the addition of organic carbon to paddy fields in our model we
considered the largest sources of organic carbon, including straw, crop roots, stubble,
and farm manure. It is common practice to add rice straw and other residues back to the
field after harvest (Neue et al., 1 996,' Wassman et al., 1996). These organic amendments
are an important source of fermentable carbon for soil methanogens (Wassman et al.,
1996) and increase methane emissions. Methanogens utilize the labile carbon
preferentially leaving the cellulosic materials behind (Yagi and Minami, 1990, Cao et
al., 1995, van Bodegom et al., 2001). As this labile carbon has a short residence time in
the soil, perhaps one to two months under the right soil and environmental conditions
(van Bodegom et al., 2001), only the organic matter received by the paddy soils within a
couple nionths of rice planting will stimulate methane emissions.

The application rate of crop residues depends on the crop standing biomass and
the fraction of residue returned. In some cases the residue is burned, used for energy, or
used in straw pi‘oducts (Wassman et al., 2000). The crop biomass production is variable
and depends on factors such as rice cultivar, length of growing season, water stress, and
CO, levels (Summers et al., 2003; Cheng et al., 2008). This variability adds uncertainty
to estimates of methane emissions across large areas. Though some survey data exist

from Chinese farmers quantifying this input (Huang et al., 2006) in general there is very
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little information about the amount of straw and residues added to paddy fields. To our
knowledge none exists on a gridded basis.

Remote sensing data can help fill in these gaps. Surface reflectance
measurements from space have been used over the past decades to construct land use
and land cover maps, and to estimate biophysical parameters from vegetation (cf.
Mather, 1993; Alexander and Millington, 2001; Liang, 2004). Of particular interest for
this study is the use of satellite products to infgr biophysical parameters from crop
agriculture (Tan et al., 2005, Zhang et al., 2005; Zhang et al., 2006). Remote sensing
has been shown to provide accurate assessments of crop growth, production, and area,
and yield (Tucker et al., 1980, Sharman et al., 1992; Moulin et al., 1998). For example,
crop monitoring by space provided‘better estimates of U.S. Corn Belt crop yields during

the 2005 droughts than standard methods (Zhang et al., 2006).
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Figure 6.5. Distribution of leaf area index (LLAI) for (a) modeled rice agriculture lands, and (b) other
vegetation types. Solid line in (b) is from the MODIS Collection 4 product, while dotted line is from
Collection 3. LAISs in plot (a) range up to about 3 with a median value of 0.92. This is similar to the
general distribution of LAI observed for all broadleaf crops seen in (b) confirming that MOD15 LAI is
correctly picking out croplands. Figure (b) from Shabonov et al. (2004).

We used crop leaf area index to estimate standing biomass in rice gro@ing
regions. The leaf area index (LAI) is the ratio of the total one-sided leaf area to the area
of the footprint the plant projects. It can be as high as seven for dense forest canopies
(e.g. Shabonov et al., 2005), but is typically 1 to 1.5 for croplands and rarely exceeds
three (Shabonov et al., 2005; Tan et al., 2005) (Fig. 6.5). Leaf area index products are
calculated from satellite observations by optimizing the match between measured and

modeled surface reflectances. Simulated reflectances are calculated using a radiative
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transfer model that considers variables such as soil reﬁectance, leaf reflectance, and
canopy transmittance for a number of vegetation categories (Myneni et al., 1997; Liang
2004). The vegetation categories are supplied by a land cover map.

We used the Collection 5 MOD15 LAI products at 1 km resolution (Myneni et
al., 1997, Myneni et al., 2002) for the year 2001. This product has been validated
against ground measurements and compared against other satellite derived LAI
retrievals (Garrigues et al., 2008). In general it reproduées the seasonal variability of
cropland vegetation well, and among the four LAI products tested in Garrigues et al.
(2008), it most accurately reproduced the ground measurements. However, the MOD15
LAI tends to underestimate cropland LAI (Garrigues et al., 2008) and we scale all
MOD15 LAI by a factor of 1.4 to correct for this.

Though the MOD15 product is available every eight days, we used monthly
averages since our crop phenology is specified at monthly timescales. For each grid cell
with harvested paddy area, we determined the beginning month of each rice season
based on the crop calendar described above. For the two months preceding this date we
determined maximum LAI for the grid cell using the MOD15 product. Again our
assumption is that residues from the crop preceding rice planting will be added to the
paddy field the following season. We used a time frame of two months to account for a
possible transition month between crops. We used the maximum LAI over this period,

rather than the mean since LAI may go to zero after harvest and perturb the mean.
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Figure 6.6. Simulated organic amendement application rates from all model grid cells with harvested rice
areas. Contributions from crop residues (PlantC) and farm manure (ManureC) is shown along with the
combined rate (TotalC). Values are in the range, but on the low end, of rates reported from actual farm

practice.

Though there is variability between vegetation types, overall there is a good
relation Between LAI and aboveground biomass (e.g. Baccini et al., 2008; Xioasong et
al, 2008). For rice and related crops at maximum height, the ratio between aboveground
mass and LAT is about 310 * 20 (Xiaosong et al., 2008) and we scaled all LAIs by this
ratio to determine biomass production.

After grain harvest, the aboveground biomass is the sum of straw and stubble.
The mass of crop stubble is about 13% the mass of the straw (Huang et al., 2006), so
the aboveground biomass is 1.13xstraw. The mass of crop roots is about 10% the mass
of the aboveground biomass (Huang et al., 2006). If the roots and stubble are

incorporated back into the field as standard practice shows (Huang et al., 2006) and
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where AGB is the aboveground biomass (g m™2). For China, the fraction of straw added
to the paddy field varies between 5 and 30% by province according to farmer (Huang et
al., 2006). Outside China the average fraction is 15%.

Animal manure is sometimes added to rice paddies and increases carbon
substrates in rice paddies. Farm animal manure remains the primary fertilizer in. some
rice producing countries, but is being replaced by mineral N fertilizers elsewhere. The
amount of manure applied to paddy fields is uncertain globally, but good estimates exist
for China from agricultural surveys. Reported inputs are available by province and
range from 6 to 100 g C m™2. Elsewhere we estimate application rates based on farm
animal populations (FAO, 2005) and country-based manure production per head of
animal (Mosier et al., 1998). Dry manure values were éonverted to carbon using carbon
fractions from Bustamante et al. (2008).

Our estimated total organic matter application rates are shown in Fig. 6.7. Rates
ranged from 15 to 1020 g (dry matter) m™, with a median of 253 g (dry matter) m™ Our
simulated rates peak around 120 g C m™. If we assume a carbon fraction 0.4 for dry
biomass, this rate translates into an application rate of 3 t ha'l. This value is consistent
with actual farm practices, though on the low end of reported values (Neue et al., 1996;

Khalil et al., 1998).

6.3.5 Nitrogen inputs
Nitrogen fertilizer inputs affect not only nitrous oxide emissions but methane

emissions as well, though the relation is more complex for methane. Our measurements

indicated that under continuously flooded conditions, methane paddy flux increased
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with increasing nitrogen additions; however, under intermittently flooded conditiqns the
relation is reversed as the methane flux decreased with increasing nitrogen inputs.

Nitrogen application' rates are determined from two sources. The FertiStat
database of FAO includes rates of N fertilizer applied to rice paddies (kg N ha™) for all
countries over the years 1995 — 2003 (http://faostat.fao.org). In addition, the FAO
Fe;'tiStat data includes the percentage of rice paddy area fertilized in each country. Only
for this fraction of paddy area do we apply the specified fertilizer rate. For the
remaining area set the application rate to zero.

For China, we used total N fertilizer application rates (for all crops) at the
county level (EOS_Webster, http://eos-webster.sr.unh.edu/home.jsp). We scaled these
totals by the fraction of total cropland that is rice paddy area at the county level and grid
appropriately.

6.3.6 Inundation

Our flux model differentiates paddy fields that are managed under continuously
flooded fegimes versus those that are intermittently flooded throughout the rice season
since fluxes are significantly different between the two. For example, CHs flux was
approximately three times higher in the continuously flooded control plots (no organic
carbon or N—fertilizer' additions) than in the intermittently flooded plots (7.312.7 vs.
2.4+0.8 mg CHy; m™>h™).

Yan et al. (2009) used statistical databases from the FAO (http://faostat.fao.org)

and the International Rice Research Institute

(http://www.irri.org/science/ricestat/pdfs/Table%2030.pdf) and rice maps from Huke
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and Huke (1997) to compile proportions of paddy areas in each country that were -
managed under continuously flooded, intermittently flooded with single drainage, and
intermittently flooded with multiple drainages. Outside of Vietnam where nearly all
paddies are continuously flooded, the typical proportion of paddies that are
continuously flooded is 20-30%. In China, roughly 80% of paddy fields are
intermittently flooded with multiple drainages. A greater proportion of paddy area in
India is continuously flooded (30% vs. 20%), and the remainder area is roughly evenly
split between sir;gle and multiple drainages. These country i)ro'portions are implemented
in our gridded inventories by calculating averages of fluxes for each water regime

weighted by the country-si)eciﬁc area proportions.
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6.4 Methane fluxes and emissions
We created gridded maps at 5 min x 5 min resolutlon for each of the above input

variables. Using the functional relations in our model that were derived from the field
and greenhouse work, we calculated the séasonally averaged flux for each grid cell and
crop season (Fig. 6.8). As some fields have three crops per year, the fluxes shown are
averages over all seasons if the crop calendar for the grid cell indicated that fields
within the cell were multiply cropped. Over the course; of the simu]ated year, over
719,000 fluxes are calculated for all grid cells and seasons. Simulated fluxes ranged
from 3.1 to 170 mg CH, m™2 h'’, though as Fig. 6.8 shows, most fluxes are within the
lower part of this range. This is consiétent with the range of 3000 fluxes from measured
from paddy fields in China (1 — 180 mg CH, m™ h'") reported by Khalil and Rasmussen
(1991). van Bodegom et al. (2000) also estimated that seasonally averaged fluxes across
China, the Philippines, and Indonesia vary by two orders of magnitude using a process-
based model for rice paddy emissions.

Our area-weighted mean flux over all countries and seasons is 6.6 + 2.3 mg CH,
m™ h’. This compares v;'ell With the base emission factor of 5.4 mg CH; m™ h’!
recommended in the 2006 IPCC Guidelines for National Greenhouse Gas Inventories
(Yan et al., 2005; IPCC, 2007). The baseline factor is for continuously flooded fields
with no organic amendments. Our average flux includes contributions from fields that
are both intermittently flooded and those that receive organic amendments. Since these
two factors drive fluxes in opposite directions, we can expect our average flux to be
close to the baseline emission factor. Our mean flux is also typical of values measured

from European and American rice fields. Published fluxes from Spanish, Italian, and

219



Californian rice fields range from 4-16 mg CHy m2h! (Cicerone and Shetter, 1981;
Seiler et al., 1984, Holzapfel-Pschorn and Seiler, 1986; Schutz et al., 1989). This
suggests that our model is simulating fluxes reasonably well worldwide.

The spatial distribution of fluxes in Fig. 6.8 shows some new and interesting
results. Fluxes in China are generally lower than in other monsoon Asian countries. In
particular we see “hot spots” of flux along the India/Pakistan border, near the coastal
regions of southeastern India, and in Vietnam. Fluxes are lower in China mainly for two
reasons. First, average soil temperatures here are lower than in lower latitude countries,
but secondly, much of the paddy fields in China are drained at least once throughout the
season. It is estimated that only 20% of paddy fields in China are continuously flooded
(Li et al., 2002). The fraction of fields that are continuously flooded is higher in most
other Asian countries. In Vietnam, nearly all paddies are continuousiy flooded and this
leads to an average flux in Vietnam of 19 mg CH; m™ h™!, which is about 3.5 times

higher than China’s average flux.
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from which early estimates were calculated. Fluxes were seldom measured over an
entire growing season, or if they were, they were measured only from a single field
under one set of conditions. For example, the first published global estimate of 190 Tg
y'! (Koyama, 1963) was based on laborgfory incubation of paddy soils. Schutz et al.
(1989) extrapolated the flux from a single Italian rice field to estimate global emissions
of 100 Tg y™'. Early studies also used a rice-growing season length of 140 — 150 days,
based upon growing seasons in California where many of the early measurements were
made (Cicerone and Shetter, 1981; Seiler et al., 1983). Growing season length is quite

variable worldwide, and in the tropics may be only 77 days (Matthews et al., 1991).
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Figure 6.10. Annual emissions from rice agriculture for select countries of monsoon Asia.

. With more studies, it became apparent that CH, fluxes varied widely over fields
where rice was grown under different ecosystems and conditions. This led to a revision
downward of estimates. Recognizing this, Neue et al. (1990) reduced the estimated
range of emissions to 25 — 60 Tg y. More recently Yan et al. (2009) estimated global
emissions to be 26 Tg CH,y" using the 2006 IPCC Guidelines (IPCC, 2007). This is
somewhat lower than our estimate. Though it is difficult to determine the exact cause
for the difference, it likely has to do with temperature effects. There are no temperature
scaling factors in the IPCC Guidelines, meaning there is no variation of flux with
temperature throughout the rice-growing regions, despite an abundance of observational

and experimental evidence that shows temperature is important (e.g. Seiler et al., 1984;
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Holzapfel-Pschorn and Seiler, 1986, Khalil and Rasmussen, 1991; Khalil et al., 1 998).
Fluxes in our model are sensitive to temperature (Qjo = 3.7) and are significantly higher

than the IPCC baseline emission in regions where the seasonally averaged temperature

is higher than about 25°C. This causes the integrated emissions over these regions to be
much higher than the estimates of Yan et al. (2009). We discuss the temperature effect
further below.

Though rice is grown globally as seen in Fig. 6.8, most emissions are from south
and southeast Asia where rice is a staple crop and provides a large percentage of the
daily calories. We estimate that this region is responsible for about 90% of the world’s
emissions, with major contributions from India, China, Vietnam, and Bangladesh along

major rivers and deltas (Fig. 6.10).
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Figure 6.11. Published estimates of global CH, emissions from rice agriculture.

Noteworthy is the distribution of emissions between countries within this region.
We estirﬁate emissions from China to be 5.1 1.8 Tg y'. This is considerably smaller
than an early estimate of 30 Tg y" (Khalil and Rasmussen, 1991 ), but is consistent with
more recent work. Yan et al. (2009) and Huang et al. (2006) estimated emissi.ons from

China to be 7.4 Tg y! and 6.0 Tgy?, respectively. National emissions reported by the
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Chinese government to the UN Framework Convention on Climate Change were 6.1 Tg
y'1 in 1994 (UNFCCC, 2000). Chinese paddy emissions in the popular
EDGAR3.0FT2000 data set (Emission Database for Global Atmospheric Research,
Olivier et al., 2005) are over twice as large (13.7 Tg y'"). The EDGAR inventory uses
an emission factor of 340 kg CH, ha™ for China based upon a report by Neue (1997). If
we assume a season length of 120 days, this translates into a flux of about 12 mg CH4
m™ h'!, which is about double our value. The discrepancy arises because the reported
emission factor in Neue (1997) is for irrigated fields only, which in general have higher
fluxes that rainfed or deepwater rice (Neue, 1997; Wassman et al., 2000). With full
accounting of all rice ecosystems, national emissions of 5 -7 Tg y' are more
reasonable.

While China is commonly considered the world’s largest source of paddy CHy,
we estimate that India has significantly higher emissions than China (Fig. 6.10). In part,
the misconception stems from a report by Mitra (1992), wherein the author reported that
total paddy emissions in India totaled only 3 Tg y . This surprisingly low total was due
to a nearly zero emission rate measured from India’s irrigated rice fields, which make
up about 45% of India’s total harvested area. It was later revealed that the low fluxes
were measured from fields that had high percolation rates, and were flooded for perhaps
only 1-2 days per week (Neue, 1997).

Our estimate of emission for India is 15 +5 Tg y™. This is higher than the
estimate of 6 Tg y” and 9 Tg y' by Yan et al. (2009) and Olivier et al. (2005),

respectively. National emission of 4.1 Tg y” was reported by India to the UNFCCC in
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1994 (UNFCCC, 2000). These however were based on measurements by Mitra (1992)
and are presumably underestimated for reasons given above. Olivier et al. (2005) used a
global default emission factor for India’s irrigated rice fields, due to confusion with the
Mitra (1 992 ) daté set. The default value is lower than all other national emission factors
in monsoon Asian countries, except the Philippines. For reasons related to temperature
described below, this is unlikely. Therefore the EDGAR value is likely underestimated.

Our findings are consistent with known changes to rice management that have
occurred in China over the past couple decades In the early 1980s Chinese farmers
realized that intermittent draining of their rice fields midway through the rice season
increased grain yields (Neue, 1997; Li et al., 2002). As a result, only about 20% of
paddy fields are now left flooded throughout the season (Yan et al., 2009), which
dramatically lowers methane fluxes. Li et al. (2002) estimated that CH4 emissions from
Chinese paddies decreased by about 5 Tg y'L. since the early 1980s. Our results support
this reduction in emissions as we discuss in the next chapter.

Besides these differences, Chinese emissions are also smaller due to lower
seasonally averaged temperatures. Our experimental results showed that methane
emissions respond strongly to temperature, anci this is reflected in the flux model. The
area-weighted seasonally-averaged soil temperature is 21.3°C, and 24.5°C for India.
The baseline emission factor used by Yan et al. (2009) does not account for
temperature, and produces low emissions. China also has a largel;-fraction (~30%) of its
total harvested rice area planted in the early spring when temperatures are cooler than

India (<5 %) (Matthews et al. 1991).
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One final consideration is the use of mineral N-fertilizer. Our experimental work
showed that the addition of N-fertilizer enhanced CHj flux in continuously flooded
fields but reduced the flux in intermittently flooded paddies. Globally, N-fertilization
haé little impact on emissions; however, at the country level it does. In China, N- '
fertilization decreased emissions by 0.6 Tg CHy y'l, while in Vietnam it increased
emissions by 1 Tg CHy y'l. The difference is due to the larger fraction of continuously
flooded paddy area in Vietnam.

One final noteworthy result is the relatively large emissions from Vietnam (6.3 Tg
y'), which puts it on par with China, despite China having over four times more
harvested area than Vietnam. Again this result is due to water management. It is
believed that all of Vietném’s paddies are managed as continuously flooded, making it
unique among Asian countries (Yan et al., 2009). If we set the water management of
Vietnam equal to that of CMﬁa, Vietnam’s emissions would be halved. We again see the
importance of water management on rice paddies, and quantifying this factor accurately
across all rice growing countries woula be a major contribution to the methane budget.
We are investigating the use of backscattering data from space-borne instruments to
map inundation at high resolution spatial scales.

If methane emissions are about 50 Tg y' as we suggest, rice agriculture is one of
the most important anthropogenic sources of methane. The large range of emissions
reported for other sources makes it impossible to rank rice agriculture unequivocally.
The only anthropogenic source that consistently has emissions ranked higher than 50 Tg

y™! is ruminants (80 — 100 Tg y')). This means that rice agriculture makes a significant
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contribution to atmospheric levels of methane. It is believed that the increase in rice
cultivation 5000 years ago led to the reversal of a natural decline in atmospheﬁc CfL«,
(Ruddiman et al., 2008). Growth in rice production during the twentieth century added
to the increasing methane burden. Future scenarios of methane emissions must take into
account rice agriculture apd how emissions from it may respond to changing drivers.

We take up this challenge in the next chapter.
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Chapter 7—Trends of Methane Emissions From Rice Fields and Mitigation
Potential

7.1 Introduction
Rice agriculture is one of the largest sources of anthropogenic methane and may

be an important source to target for mitigation (Neue et al., 1997; Ding et al., 1999). Its
production has nearly tripled over the past fifty yea;.rs with a nearly constant 3% annual
growth rate (IRRI, 2010). In parts of the world where rice is grown, changing paddy
management practices have likely led to reduced methane emissions. Quantifying these
changes is difficult however, as the production and release of methane from paddy
fields depénds on a large number of spatially and temporally heterogeneous variables
which are poorly quantified over large areas.

In this study we used a novel empirical model derived from multiple years of
greenhouse and field studies to assess the trends in rice agriculture emissions. We
considered mainly the impact of changes in the use of organic carbon and nitrogen
fertilizers, water management, and temperature to paddy emissions. Our time frame of .
interest was from 1980 to the present when management practices changed
dramatically. Our results indicated significant decreases in methane emissions over this
time. We also considered the future trend of emissions based on expected scenarios, and
assess how much further decrease in methane emissions we could expect under

mitigation strategies.
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Figure 7.1. Harvested hectares of rice in China. Data from the Food and Agriculture Organization (FAO,
2009).

We limited our analysis to China, for which we have reasonable information
regarding changes in water management and fertilizer usage. We explored global
mitigation possibilities by developing scenarios of drivers.

7.2 Changes in drivers

We can generically express emissions E{(z) (g y'!) from any source by

E(@t)=EF()x A(@), (7.1)
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where EF(z) is the effective emission factor (g ha™ y') across all regions of emissions,
and A(t) represents the activity data. Here, the activity is the harvested area of rice (ha).
Since the emission factor varies with paddy system, we can think of the effective
emission factor as an area-weighted average of all emission factors for all paddy
systems. In general all three quantities in the equation are functions of time. The
effective emission factor can change for many reasons; for example, changes in
fertilizer type, application rates water management practices, temperature, or ecosystem
types. Changes in rice harvested area will directly affect emissions.

We consider below changes in both emission factor and area. There is limited
information available about how the underlying drivers have changed over the past
decades. Fortunately we have reasonable data on how the major drivers have changed,
namely water management, fertilizer, temperature, and harvested area. We describe
briefly the information available for each and then force our flux model with these
changes. We also consider what impact predicted temperature changes have on
emissions from China and globally. Finally we discuss the potential of mitigating
emissions from rice agriculture.

7.2.1 Harvested area

There is good data on the rice harvested area in China through the years as these
data are collected, compiled, and released by the Food and Agriculture Organization of
the United Nations (FAQ, 2010). Fig. 7.1 shows that the harvested area of rice
production in China increased at a near constant rate of about 2% y' from 1960 — 1975,

but has been decreasing by 1% y ever since. There has been a slight increase in recent
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years. The post-World War II growth followed the Great Famine of 1959-1961, which
was brought about by the social and economic policies of the Great Leap Forward
tTyler, 1995). After this period, Chinese leaders heavily promoted the use of chemical
fertilizers to farmers through increased production and price subsidies. Rice agriculture
followed population growth which increased by 3% annually from 19611975 (FAO,
2010).

The multi-decadal decline starting in 1975 was caused by a number of reasons.
First population growth began decreasing during this largely due to China’s one-child
policy. Cultural reforms by the Chinese government in 1978 abolished the commune
system and led to partial privatization of farmlands. This encouraged farmers to pursue
more profitable crops such as fruit and vegetables after grain quotas were met
(Hamburger, 2002; Khélil and Shearer, 2006). Higher yielding rice cultivars allowed
grain quotas to be satisfied with fewer hectares of harvested area (Peng, 2007).
Migration of labor out of agricultural lands to urban centers may have contributed as
well, along with lost land due to heat and water stresses (Peng, 2007).
7.2.2 Water management

Since the early 1980s there has been an increased adoption of midseason
drainage of paddy fields in China (Neue, 1997; Shen et al., 1998; Loefe et al., 2004,
Khalil and Shearer, 2006; Peng, 2007). There are at least three reasons for this. For
one, water shortages limit the amount Qater available for irrigation. This trend is likely
to continue in the future as demand for rice increases by 70% over the next thirty years

(IRRI, 2002). The second reason is due to the deterioration of China’s irrigation
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infrastructure. Much of this was built in the 1970s and maintenance and improvement
since then has been limited (Peng, 2007). Thifd, midseason drainages improve crop
yields.

The transition from continﬁously flooded fields to midseason drainage started
around 1980 in northern Chiﬁa in order to reduce water use, but later the practice spread
to. the Yangtze River valley and to the southern provinces in 1990s (Shen et al., 1998; Li
et al., 2006). By 2000, 80% of rice paddies were drained at least once throughout the
season (Li et al., 2006). The timeline of this transition as quantified by the percentage of
paddy fields drained was reconstructed by Li et al. (2006). They estimate the percentage
to be 1%, 5%, 33%, 60%, and 80%, in 1980, 1985, 1990, 1995, and 2000, respectively.
We adopted these values for our trend analysis and interpolated fractions in between the

given years.
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Figure 7.2. Fertilizer usage in China from 1961 to 2000. The blue line with cross symbols is the share of
organic fertilizer usage as a percentage of total fertilizer use. Data for 1994-200 are projections based on
linear trends in the preceding periods. Data are from Wang et al. (1996). The rates of organic fertilizer use

are expressed in chemical fertilizer equivalent nutrient weight.

7.2.3 Fertilization
Chinese farmers have traditionally used organic fertilizers from a variety of

sources including animal and human manures, crop cover green manures, and oil cakes,
which are made from the residues remaining when grains and other solids are pressed to
extract oils and liquids. Chemical fertilizer use in China has rapidly increased over the
past fifty years (Fig. 7.2) and China is now the world’s largest consumer of chemical
fertilizers (FAO, 2010). Over a twenty year period, China’s application of chemical
fertilizers increased from 63 kg ha™ in 1973 to 331 kg ha™ in 1993, a fivefold increase.

Globally, application rates only doubled over the same period. The use of chemical
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fertilizers in China has largely replaced the traditional use of organic fertilizers such as
farm and human manure and green manure. The switch from organic to synthetic
fertilizers began in earnest in the 1960s with changes in technological and land reform
policies brought about the recognition by Chinese leaders that crop yields needed to
grow to feed the increasing population, and paddy fields were depleted in nutrients due
to thousands of years of use (Wang et al., 1996). Increasing demand of ;:hemical

_ fertilizers by farmers has also driven these trends, as farmers attempt to maximize crop
yields to take advantage of the liberalization of land policy brought about the
“household responsibility contract system”, which allows farmers to decide how much
and what kind of crop to grow.

Fertilization has increased so much there are now concerns of overfertilization
(Wang et al., 1996; Peng, 2007). Chinese fertilization rates were about 75% higher than
the globai average. Excessive use of N-fertilizers may actually reduce crop yields and
make plants susceptible to pests and disease (Peng, 2007). Nutrient run-off from fields
has contaminated water supplies and caused other environmental problems.

These trends in fertilizer usage will impact methane emissions from rice
agriculture. As discussed in the previous chapter, application of organic manure to
paddy fields strongly increased methane fluxes. The effect of chemical N-fertilizers on
the methane flux is more complicated. Methane fluxes increased in fields under
continuous flooding management, but decreased when fields were drained. As fertilizer

data are only available to 1993, we projected these trends forward to 2000 using a
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simple linear trend calculated over 1977-1993 for the chemical fertilizer rate, and 1965-
1993 for organic fertilizer.

The fertilizer data of Wang et al. (1996) and similar data from Kueh (1984)
indicate that the use of organic fertilizer has not declined in China as chemical fertilizer
has incregsed, rather organic fertilizer application rates continue to increase through this
period, though not nearly as rapidly as chemical fertilizer. According to these data,
which are based on information from the State Statistical Bureau of China (SSB, 1994),
organic fertilizer use has increased by 50% since 1980 and doubled since 1960. Thus
organic fertilizer is still a major source of nutrients for crops.

This conclusion is corroborated by a survey conducted by Huang et al. (2006),
in which the authors asked more than 300 rice farmers across all provinces of China
about the type and amount of fertilizer they applied to their fields. The application rates
of farm manure ranged from 60 to 1000 kg C ha™’, with a mean rate of 520 kg C ha'.
This translates roughly into 1.3 t (dry weight organic material) ha™.

Is this value consistent with the rates estimated by Wang et al. (1996)? In Wang
et al. (1996) organic fertilizer rates are reported in units of equivalent chemical fertilizer
weight, i.e. the weight of chemical fertilizer required to achieve the same level of
nutrient usage as the organic fertilizer. The details of this conversion, which include
data on nutrient absorbtivity for different types of mz;nures and nutrients, are not
include& in the paper, but we can make a reasonable estimate. We assume the

following: moisture content of manure is 80%, the manure weighted-average total

nutrient coefficient (N + P,Os + K,O) for is 1.3% (Kueh, 1984), the nutrient and
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manure-weighted ratio of the plant absorption rate for natural fertilizer to chemical
fertilizer is 0.5 (Wang et al., 2006), and farm manure is 86% of the total organic
fertilizer weight (Wang et al., 1996). With these assumptions the organic fertilizer rate
estimated by Wang et al. (1996) for the year 1993 is 3.2 t (dry farm manure) ha™. This
compares reasonably well with the average rate from farm surveys, but is two and a half
times larger.

Some insight into these differences perhaps comes from a paper by Khalil and
Shearer (2006). Here, the authors state that organic fertilizers were applied at their
highest rate in China during the late 1970s and then declined as chemical fertilizers
became popular and affordable. This conclusion comes from work by the International
Rice Research Institute in the Philippines (Wen, 1984; Yuan, 1984). Based on
interviews with farmers by Khalil and Shearer (2006), organic fertilizers would not be
used on rice paddies if chemical fertilizers were available.

There is no doﬁbt that animal populations have increased continuously in China
(FAO, 2009) and therewith, animal manure. The large amount of manure produced per
animal requires frequent removal to avoid accumulation, which generally means
dispersal over agricultural fields. It is possible that the use of organic fertilizer has
increased for some crops but not others. Unlike upland crops, laborers in flooded paddy
fields are in constant contact with the slurry of manure and paddy water, and likely the
use of manure in paddy fields would be avoided if possible due to sanitation. Also the
rate of degradation of organic matter is much higher in upland aerobic conditions,

versus the flooded anaerobic conditions frequently found in paddies. Therefore the
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application rate of organic fertilizer could be higher on upland fields than in rice
paddies. It is now common in China to grow one or two upland crops such as wheat,
rape, or vegetables, in rotation with rice. It is possible manure would preferentially be
used on these fields. If so, organic fertilizer usage overall could be increasing, while
usage in rice fields is on the decline. Even if this were true, there is still the possibility
that tﬁe application of manure during non-rice seasons could increase soil organic
carbon during the rice season.

Because of these competing storylines we considered two different scenarios for
organic fertilizer usage. Sceﬁario one followed the trend shown in Fig. 7.3 as described
above, but scenario two is consistent with the experiences related by Khalil and Shearer
(2006). In the second scenario we separated farm manure from other types of organic
fertilizers such as crop residues. We allowed farm manure appiication rates to increase
until 1975 as in Wang et al. (1996), where according to their data the farm manure
application rate was 2.3 t (dry matter) ha *, but then we decreased rates linearly to 1.2 t
(dry matter) ha™ by 2000, which is the current rate determined by the farmers’
interviews above. This linear decrease is consistent with the increase of chemical
fertilizer use during the same period. In all years, we assumed the crop residue
application rate is constant.

In both scenariog, the organic fertilizer rate in 2000 is set to the rate calculated
previously using crop residues and manure rates set by survey data. For scenario one,
the total rate increased from 1961 to its current value. Thus for all dates, the usage of

organic fertilizer is lower than it is currently. For scenario two, we kept the crop residue
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Figure 7.3. Average seasonally-averaged soil temperatures for paddy fields in China. Temperature

corresponds to 0-10 cm below ground level.

rate constant, but allowed the farm manure rate to vary. In this scenario, we assumed
that the farm manure rate has been higher in the paSt, so the usage of total organic
fertilizer was higher in the past. |
7.3 Temperature

Laboratory and field studies show that methane fluxés respond to temperature.
The overall effect is a combination of temperature-dependent processes connected to
the production, oxidation, and transport of methane within the rice ecosystem.
Temperatures are likely to affect microbial processes, decomposition of organic
materials, diffusion and transport of methane through the soils and into the rice plants,
as well as other possible effects. The temperature dependency of flux is typically

quantified through a Qo value defined by

240



25

Emissions, Tg y-1

0 — T T T T — r T T
1955 1960 1965 1870 1975 1980 1985 1990 1995 2000 2005

Figure 7.4. Estimated methane emissions from rice agriculture in China. The black line with triangles
shows emissions calculated using the first organic fertilizer application rate scenario, which assumes the
rate has increased since 1961. The gray line with diamonds shows emissions calculated using the second

scenario where the use of farm manure decreases after 1975.

_ F(T, +10)
Oy = FT)

(7.2)
Here F(T) is the methane flux at temperature T, and T, is a reference temperature. Thus
Qo tells us how much we can expect the flux to change for an increase of temperature
of 10°C. From our field and greenhouse studies, we find Qo to be 3.7 for temperatures
typical of regions where rice is grown.

Daily average temperatures are available for China at 2.5-degree spatial resolution
from the National Center for Environmental Prediction and Dept. of Energy Reanalysis

project (http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html) (NCEP-

DOE Reanalysis 2) over the years 1979 — 2002. These were used to calculate average
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soil temperatures over the growing season of each rice crop. Area-weighted annual
averages of these temperatures over all seasons and crops are shown in Fig. 7.3.

Though the trend is not statistically significant, there is a slight increase of 0.2°C
in the average soil temperature. We extrapolated this trend backwards, in 1961 the

average soil temperature would be about 2% lower than in 2002, or about 0.4°C. We

- included this trend in our simulation.
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Increasing use of organic fertilizer throughout the model period as described by
scenario one would tend to increase emissions continuously, while the decreasing use of
farm manure since 1975 would cause emissions to decrease from that time onwards.

The results are shown in Fig. 7.4. Emissions in both scenarios increased from
1961, peaked some time later, then decreased rapidly in the late 1980s and 1990s. For
scenario two, emissions peaked around 1975 when the use of farm manure was highest,
while the emissions peaked about ten years later for scenario one, since manure rates
continued to increase. Over a twenty year period emissions fell by 10-15 Tg yl.
Emissions in China may have been three to four times higher in the past than they are
today.

According to our model results, the most important driver of this decrease is the
transition to midseason drainage. If we fix all drivers except the water management of
paddy fields, the model emissions fall by 10 Tg y* over the twenty-year period from
1980- to 2000 (Fig. 7.5). The impact of temperature is minor. The 0.4°C over this
interval increased emissions by 0.2 Tg y. Temperature is expected to have a larger
impact in the future and we discuss this possjbility below.

The increase in chemical N-fertilizer decreased emissions by 0.4 Tg y'. Though
not discussed in detail here, emissions of nitrous oxide increase with N-fertilizer use.
We have also developed functional relations between drivers and N,O fluxes based
upon our field and greenhouse work. These functions are not as robust as those for CHy4
due to highly transient nature of N,O release from rice paddies. When we applied these

functions to worldwide rice production, we estimated that the global N,O emission is
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0.05Tg y'l. Unlike £nethane, we found China is the largest emitter of paddy N,O. We ‘
estimated the increase in the use of chemical N-fertilizer has increased N>O emissions
by a factor five. Considering N,O is ~15 ﬁmes more potent than CH, as a greenhouse
gas (using GWPcps = 20, GWPnz0 = 310), tﬁe increasing use of N-fertilizer in rice
agriculture could be an important contributor to global warming.

As discussed above, total rice harvested area increased from 1961 to 1975. We
estimated this increased CH, emissions by 4.8 Tg y™' over this period, which is about
half the total estimated increase in emissions during this time. The increase in harvested
area happened by the spreading of rice agriculture into new lands, and a transition into
doﬁble or triple cropped rice systems on existing lands. Both were in response to
demands by Chinese leaders to increase crop yields. Following 1975, the total harvested
area decreased for reasons given above. This caused emissions to drop by about 4 Tg y!
from 1975 to 2000.

7.5 Future trends and mitigation possibilities

Future emission of CH, from rice agriculture will be the product of a complex
array of factors and driving forces such as population, socio-economic development,
technology, and natural variables. For example, rising prices or environmental
consequences of chemical fertilizers may reduce N-fertilizer application rates in some
countries, while application rates in other countries increase due to economic growth.
The water available for paddy irrigation will likely decrease in many countries due to
competing demands of population and hydroelectric production. There is little

information available about how emission drivers will change in the future. In this
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point emissions would decrease. Currently we do not know how rice plants behave at
abnormally high temperatures. For this reason, we do not calculate future emissions for
India, though the large temperature increases predicted here likely will lead to a Qqo
response even greater than China’s. Fortunately predicted temperature increases in
southeastern China, where most rice is grown, are relatively small, and these deviationé
do not push absolute temperatures above 30°C for the most part.

We discuss one perspective of this increase. Though 2.5 Tg y”! is only a small
fraction of the total methane budget and will not contribute significantly to climate
change in the future, it may have significance with regards to mitigation and carbon
trading policies. As we have argued elsewhere, rice agriculture is an attractive target for
mitigation, since reductions in emissions are possible without added expense or damage
to crop yields. For example, midseason drainage is known to decrease emissions at the
same time increasing yields. Methane emission of 2.5 Tg is equivalent to 50 million
tons of carbon dioxide. Currently, one ton of carbon dioxide sells for 22 $US on the
European Union’s Emission Trading System. In current dollars this climate-triggered
CH, would potentially mean one billion dollars of lost revenue for China. Though small
for an economy the size of China’s, globally the economic impact would be significant.
7.6 Mitigation potential of rice agriculture

In this last section we estimate the potential emissions that could be mitigated
from rice agriculture. Here we expand our scope to global rice production. These
estimates are not predictions of future events, rather they simply provide upper limits to

possible reductions.
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Rice fields are generally grouped into four different ecosystems, irrigated rice
where complete control over water and inundation levels is possible, rainfed rice which
may be subject to either drought or flood conditions, deepwater rice grown under deep
water conditions (i.e. > 1 m inundation), and upland rice which is never flooded and
produces little methane emission.

When irrigated rice fields are continuously flooded, CH, emission is the highest
of the four ecosystems (e.g. in units of kg CH4 m?) (Wassmanﬁ et al., 2000). On
average, seasonal emission from permanently flooded irrigated rice is about double the
emission from rainfed rice, and 20% higher than deepwater rice (Wassmann et al.,
2000). When irrigated fields are managed under mid-season drainage, emission is
comparable to rainfed rice. Since 1980 China has largely eliminated the practice of
permanently flooding rice fields, and now only 20% of rice fields are managed in this
manner (Li et al., 2006). As we discussed above, this change in water management has
reduced emissions drastically.

Irrigated ﬁce is an attractive target for mitigating methane emissions. Though
only 55% of global rice is irrigated, irrigated rice emits 97% of all paddy CH, from East
Asia (e.g. China, Japan, Korea, etc.), 60% of CH, from South and Southeast Asia, and
70-80% of Asian paddy CH, overall (Wassmann et al., 2000). China shows that a large
scale conversion to midseason drainage is possible.

We estimated the reduction of global methane emissions if all irrigated rice were
converted to intermittent flooding practice. We assumed that all deepwater rice and

some fraction of rainfed rice remain permanently flooded since in those systems water
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is controlled by precipitation. Rainfed and deepwater rice make up 32% and 6% of total
harvested rice area, respectively. Rainfed rice is prone to both drought and flood
conditions. There is little information about the fraction of rainfed rice that remains
flooded through the entire season, though it is likely small. We estimated this fraction
using a summary of published fluxes by Yar et al. (2005). The authors reported fluxes
(RF) from rainfed rice during both the wet season (RF=0.28) and the dry season
(RF=0.25) relative to fluxes from continuously flooded fields. We assumed that the
slight increase in relative flux during the wet season is due to some fraction of paddies
during the wet season that remained flooded and thus have a higher flux value. If we
use the factor of two difference reported by Wassmann et al. (2000) between
intermittently drained and continuously flooded rainfed rice, we calculated that about
12% of all rainfed rice remains flooded. For our mitigation calculation, we assumed that
12% of rainfed rice area remains flooded, and it is assigned the flux for continuously

flooded fields.
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has already largely transitioned to midseason drainage, mitigation benefits are modest
there.

There is sparse literature on the mitigation potential of rice agriculture to which
we can compare our value. In the 2007 IPCC report, Smith et al. (2007) estimated the
mitigation potential of rice management is 250 Mt COz-eq y'. This is equivalent to 12.5
Tg CHy y'l, or about Half our estimate. However, this estimate also includes
contributions from N,O and CO, emissions, and mitigation options in addition to water
management. Yan et al. (2009) estimated that if continuously flooded fields were
drained, emissions would decrease by 4.1 Tg CH, y™'. Though this estimate is much
smaller, it is not surprising since the authors estimated global emissions to be only 25.6
Tg CHy y'l, thus any reductions_ will be correspondingly smaller as. well. The difference
in global estimates is believed to be a result of temperature effects (see previous
chapter).

Our estimate is uncertain due to a number of factors, not least of which is the
rather poor information évailable about current water management and the breakdown
of rice production by ecosystem. Also, intermittently draining fields is known to
increase N>O emissions (Cai et al, 1997; Akiyama et al., 2005; Khalil et al., 2008). We
estimated that mitigating CH, emissions would increase global N,O emission by 12 Gg
N,O y'l, which is consistent with Yan et al. (2009) who estimated an increase of 9.5 Gg
N,O y™. Since 12 Gg N,O y' is equivalent to 0.2 Tg CH, y™, the net effect is still to

reduce GHG emissions.
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One of the flexibility mechanisms built into the Kyoto Protocol to reduce costs of
mitigation for emitters is the option to invest in clean technologies in developing
countries. These Clean Development Mechanisms (CDMs) allow parties to offset their
own emissions by paying to reduce emissions elsewhere where costs are lower. At
current exchange rates and carbon market prices, our estimated mitigation potential of
23 Tg CH4 y'l is worth ten billion US dollars. Therefore Asian rice agriculture could

potentially be an important target for CDMs.
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Chapter 8 — Global Modeling Of Aerobic Methane Emissions From Terrestrial
Plants

8.1 Introduction
Recent reports have challenged the conventional view that methane is produced

primarily from decaying material under anaerobic conditions and not from living plants
(Frankenberg et al. 2005, Carmo et al. 2006, Criitzen et al. 2006, Keppler et al. 2006,
Miller et al. 2007; Cao et al. 2008, McLeod et al. 2008; Vigano et al. 2008, Vigano et
al. 2009, Wang et al. 2009, Wang et al. 2009). These studies include findings that
methane concentrations are elevated over upland vegetation (Frankenberg et al. 2005,
Carmo et al. 2006, Miller et al. 2007, Sinha et al. 2007), and that methane is directly
emitted from intact plants and leaves under aerobic conditions (Keppler et al. 2006;
Cao et al. 2008; McLeod et al. 2008; Vigano et al. 2008; Vigano et al. 2009,lWang et
al. 2009, Wang et al. 2009).

Methane has been found to accumulate in the nighttime boundary layer of
tropical forests (Carmo et al 2006, Crutzen et al. 2006), boreal forests (Sinha et al.
2007), and savannas (Crutzen et al. 2006) which, in the absence of soil or other
emissions (e.g. Scharffe et ai. 1990), suggests that vegetation is the source of emissions
(Crutzen et al., 2006). Direct sampling of air from aircraft flights over eastern
Amazonia has also revealed an enhancement of methane over forested lands (Miller et

al, 2007). In addition to in situ measurements, global methane concentrations retrieved
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- from space-borne instruments are elevated over tropical forests and suggest that current
methane inventories underestimate the emissions from these regions by about 70 Tg
CH4 per year (Frankenberg et al. 2008). 1t is possible honever, this imbalance is from
underestimation of known sources such as tropical wetlands, biomass burning, or
termites, as the measurements cannot distinguish sources.

More surprising was the Keppler et al. (2006) report that both C3 and C4 plants
emitted and produced methane in situ under aerobic conditions, which increased with
sunlight and temperature. The standard view holds that Archeaen bacteria produce
methane biotically as a respiratory end-product of either H, oxidation and CO,
reduction, or acetate fermentation in anaerobic zones of soils (Schlesinger, 1997).
Plants, if they emit methane at all, provide only a means for the methane to escape to
the atmosphere, either through aerenchymal tissues or possibly by transpiration (Nouchi
et al., 1990; McGonigal and Guenther, 2008). Keppler et al. (2006) ruled out the
possibility that their plant CHy v&;as produced from microbial activity by isotopically
labeling acetate substrate and stérilizing plant tissues wi@ v-radiation. Under these
conditions methane release was still observed with no enrichment of *CH,.

Keppler et al (2006) measured plant fluxes with closed cuvettes, the use of
which may stress plants since throughout the measurement . CO, concentrations decrease
while humidity and temperature increase. This concern motivated Dueck et al (2007) to
use a ﬂow-throﬁgh chamber along with >C-labeled plants. Methane produced directly
from the labeled plants should be isotopically distinct from the background, improving

' measurement sensitivity, which is important due to presumed low emission rates. With
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this set-up Dueck et al (2007) found no detectable emiséions from the six plant species
tested.

This null result could be explained if the proposed mechanism is sensitive to B¢
(Hopkin, 2007). To avoid this possible artifact, Beerling et al. (2008) tested normal
maize and tobacco plants for emissions, and to improve sensitivity, used a large flow-
through cuvette. When the plants were exposed to photosynthetically active radiation
(A=400-700 nm) no methane emissions were detected. The authors cautioned that no
emissions would be expected if the action spectrum of the potential reaction fell outside
the PAR range (Beerling et al., 2008). In fact, later experiments showed that when plant
matter is exposed to ultraviolet light, plants do produce methane (McLeod et al., 2008;
Vigano et al., 2008; Vigano et al., 2009). Emissions were found to increase linearly
with the amount of plant material, light intensity, and temperature when plants were
irradiated with UVb (Vigano et al. 2008) but were not detected with no UV irridation.
Like Keppler et al. (2006) emissions roughly doubled for every 10°C increase over the
range 0-50°C, suggesting a non-enzymic process (Keppler et al., 2006, Vigano et al.,
2008). Under UVb intensities similar to ambient surfacg values in the tropics (5 W m?),
CH, emissions from detached grass leaves were 10 to 100 times larger than measured
by Keppler et al (2006), who themselves used solar radiation (mid-day, Heidelberg,
Germany) as the light source. For twenty other plant species tested by Vigano et al.
(2008), emission strengths varied with UVb strength and temperature and ranged from 4
— 393 ng CH, per gDW h™, which is consistent with, but on the low end of the flux

range reported by Keppler et al. (2000).

256



Finally, in addition to the boundary layer accumulation studies discussed above,
methane flux has also been measured from vegetation in the field using standard static
chamber techniques. Cao et al. (2008) measured emissions from an upland alpine plant
community on the Qinghai-Tibetan Platean over three years (2003-2006). Average
methane fluxes from grasses here rangéd from 23 to 68 ng CH, per gDW h and peaked
during the growing season. Wang et al. (2008) also reported methane flux from several
species of shrub from the Inner Mongolia steppe

The growing body of evidence strongly suggests that some plants can produce
and emit methane under aerobic conditions. The responsible mechanism has yet been
identified but it appears connected fo plant pectins (Keppler et al., 2006; Keppler et al.,
2008, Messinger et al., 2009; Vigano et al., 2009), which are important polysaccharide
components of cell walls. Some of the methane enhancement over vegetated regions
may also be due to an underappreciated role of transpiration i;l moving methane from
soil to atmosphere by woody and non-woody plants (Rusch and Rennenberg, 1998;
Terazawa et al., 2007; Megonigal and Guenther, 2008; Nisbet et al., 2009; Rice et al.,
2010

Since emissions have been observed from a wide variety of plant species, global
aerobic plant source strength is potentially large. If worldwide emissions are as high as
236 Tg y! as first reported (Keppler et al., 2006), the global budget of methane needs to
be reconsidered. The main goal in this study was to assess this possibility. In this work,
we developed a global vegetation emissions model to assess the magnitude and

distribution of emissions and used ice core records of atmospheric methane and 13CH4
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to place additional constraints on emissions. We also examined the possibility that some
fraction of global aerobic emissions may already be captured in wetland inventories. To
our knowledge, the model developed here is the most comprehensive to date in
estimating plant methéne emissions. We note that although measured flux values may
change in the future, the modeling framework can be adapted and modified as new
information about the processes and magnitudes becomes known. The model described
here will continue to prpvide a useful framework to assess emissions in the future. We
begin by critically analyzing previous attempts to model these emissions.

8.2 Previous emission estimates :

As a first attempt to estimate the global flux, Keppler et al. (2006) extrapolated
the laboratory results using annual net primary production as their scaling proxy and
estimated global CH4 emissions to 62 — 236‘Tg y™. However, this is not an appropriate
method to use for a number of reasons. First, net primary production (NPP) is the rate of
organic carbon accumulation in plant tissues, i.e. the balance of the carbon fixed
(photosynthesis) and that metabolized by the plant (respiration). Since the reported flux
is based on biomass of leaf matter, the relevant parameter is the standing foliage
biomass. Net primary production however, includes the accumulated carbon content in
all compartments of the plant -- roots, woody tissues, foliage, etc. The fraction of NPP
in the below-ground compartments can be as high as 70% in grasslands and typically
around 40% in forestlands (Saugier et al., 2001). The standing foliage biomass also
depends on the rate of loss to litterfall and herbivores. Based on these considerations,

methane emissions would be overestimated based on NPP.
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Secondly, plants may have significant standing foliage at the same time their net
primary production is small or zero. Such is thé case during the dormant season of
evergreen species when cold or arid conditions limit photosynthesis. Emissions based
on NPP during these times would be underestimated.

Third, even if NPP represented foliage biomass, the use of annual NPP by
Keppler et al. (2006) overestimates the emissions, since their calculation assumes that
tﬁe entire annual production of biomass is available during all hours of thé growing
season as a source of emissions, when actually the biomass slowly builds up over the
growing season and the biomass available for most hours of the growing season will be
much less than the annual sum. That ié, if f is the factor that converts NPP to methane

flux, the method of Keppler et al. finds the annual emissions by:

S=At,  X(fxNPP, )= fxAt

grow

graw_‘.Atgmw NPP(t)dt, (8.1) .

where 4t is the length of the growing season, and NPP(t) describes how NPP
changes throughout the growing season. More appropriately, if we assume no loss of

biomass throughout the season the annual source should be found by:

U=ty t=t'
S'=fx | [NPP@)dtar, (8.2)

t'=t, t=t,
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where ¢, and t,,4are the beginning and end times of the growing season. We estimated
the difference between S and S’ by using as an example the average seasonal cycle of
NPP from Brasilia, Brazil, as the function NPP(t) in the equations above. This site is
chosen as representative of the region that dominates the global NPP. We found that
emissions calculated using equation 10 are nearly 1.75 times larger than those using the
correct procedure in equation 11. Clearly the large methane source predicted Keppler et
al (2006) is suspect and is partly due to this miscalculation.

Other efforts to model global emissions used leaf biomass to scale fluxes
(Kirschbaum et al.; 2006, Par;ons et al. 2006), which is a correct method, but
categorized the world’s vegetation into eight biomes which grossly simplifies the inter-
and intra-heterogeneity of biome leaf area indices. In the current WOI;k, we spatially
resolved the vegetated lands into half-degree gﬁd cells and determined leaf biomass in
each, providing greater sensitivity to local and regional differences both spatially and
throughout the year.

8.3 Vegetation emissions model

The experimental results from plant emissions studies relevant to the current work
are the following. First, emissions were detected from both detached and intact leaves,
though emissions from the former appeared to be insignificant compared to the latter
(8.7 vs. 374 ng CH,4 per g (dry leaf matter) h, mean values reported here). Since
emissions from detached leaves were marginal, we ignored emissions from the leaf
litter in our calculation below. Second, emissions were sensitive to daylight. When

intact leaves were exposed to sunlight they released on average three times more
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methane than when kept in the dark (Keppler et al.‘ 2006). Finally, emissions from the
detachedAleaves were strongly temperature dependent, roughly doubling for every 10°C
increase in temperature (Keppler et al., 2006; Vigano et al., 2008). 1t is speculative tol
extend this conclusion to intact leaves since all experiments performed on live plants
were at ambient temperatures near 21°C. Nonetheless, the detached leaf measurements
suggest that methane emissions diminish with decreasing temperature and we assumed
a threshold temperature of 20°C, consistent with the original study. In the work below,
we found that global emissions are sensitive to the threshold temperature over a

moderate range of values.
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biomass maps. In the first method we used the leaf area index (LAI) to estimate leaf
biomass. The leaf area index is the ratio between the one-sided area of the leaf and the
area it projects on the ground. It can be measured manually, by a hand-held instrument,
or most recently by space-borne instruments. The latter is not a direct measurement of
LALI, rather it is determined through the application of biophysical models of vegetatioﬁ
to the multi-spectral surface reflectance data measured by the space-borne instrument.
In practice the leaf area index of the modeled vegetation is optimized such that the
modeled reflectance is in good agreement with the observed reflectance (Liang 2004).
Leaf area index maps have been created using surface reflectance data taken by
the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard NASA’s Terra |
satellite (Myeni et al., 2002; Yang et al., 2006). These globally-gridded, quarter-degree -
resolutiqn maps are constructed from the 1 km, sine projection MODIS TERRA
MOD15A2 product and available every eight days from the year 2000 to the present .

For this work we converted them to maps of foliagé biomass (FM) through the identity

FM, =LAl x A, xSLA,, (8.3)
where A;is the grid cell area and SLA; is the specific leaf area given by
0.0001(6.24xLAI +19.86), with foliage biomass expressed in grams and cell area in
square ﬁcters (Pierce et al., 1994). With this method, we calculated an annually-
averaged (over years 2000 to 2006) global biomass of 49 Pg C. Our estimated global

foliar biomass is plotted in Fig. 8.1.
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8.4.2 Method 2: Aboveground net primary production
In our second method, we used monthly gridded maps of global net primary

production (NPP). Though a plant’s total NPP is a poor proxy for its foliage biomass for
reasons discussed above, its aboveground net primary production (ANPP) correlates
well with the plant’s annual peak foliage (Webb et al., 1983). The ratio of ANPP to NPP
varies with vegetation type but on average is close to 0.5 (Saugier et al., 2001). We
created global maps of ANPP by scaling each grid cell in the NPP maps by the
appropriate ANPP:NPP ratio determined by the vegetation type of the grid cell (Defries
and Townshend, 1994).

For a wide range of vegetation types, thg annual aboveground NPP is correlated
with the annual peak foliage mass. To determine the peak foliage mass of each grid cell
we annually integrated the ANPP over each cell and apply the relation (Webb et al.,

1983)

)1 /0.93

PFM, = A, exp(-0.76/0.93)x (2x ANPP™! (8.4)

where the peak foliage mass (PFM) has units of g y. Though this calculation gives
only the peak amount of foliage mass, we created a seasonal time series of foliage mass
by assuming that foliage mass scales with LAI. We averaged the seasonality of LAI
over all years of data and scaled it by the factor PFM;:LAl.x, Which is the ratio
between a cell’s peak foliage mass and the maximum value of LAI through the average
seasonal cycle. This is based on the assumption that the peak leaf mass coincides with
the peak leaf area. This is reasonable since when plant leaf area is large, so in general
will be the leaf biomass. We averaged the seasonality of LAI over all years of data and

scale it by the factor PEM;:L.AlLax, Which is the ratio between the peak foliage mass and
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the maximum value of LAI through the average seasonal cycle. This is based on the
assumption that the peak leaf mass coincides with the peak leaf area.

The global foliage biomass calculated using this method is sensitive to the input
NPP. Though NPP can be measured directly in field studies on small scales, global NPP
is routinely estimated in carbon cycle and terrestrial ecosystem models. Annual global
NPP from such models typically ranges from 40 to 70 Pg C y'! (Cramer et al., 1999).
For the current work we used a model that produced an annual NPP of 60 Pg C y?
(Foley et al., 1996). This is at the upper end of the global NPP range and is chosen to
produce the highest reasonable emissions of methane usiﬂg this method. According to
Eq. 8.3 we estimate that global foliage mass is 26 Pg C y.
8.5 Methane emissions from foliage biomass

We transformed the leaf biomass into methane emissions using the emission
rates measured by Keppler et al. (2006). There are two important results of their work
that we conside;ed in our simulation. First, the authors found that emissions nearly
tripled when plant leaves were exposed to direct sunlight, and second there appeared to
be a threshold temperature below which the plants did not produce emissions. To take
into account the first observation we separated each 24-hr da)} into nighttime and
daylight hours and additionally separa;ed daylight hours into overcast (i.e. indirect
sunlight) and cloud—freé (direct sunlight) hours. We also differentiated the fraction of
the leaf canopy that is in direct sunlight from the fraction that is shaded during daylight
hours using a time-dependent vegetation canopy model and applied the apprbpriate

methane emission rate to each fraction.
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emission rates of 374 and 119 ng CH4 per g (dry weight) h ! reported in Keppler et al.,
(2006). Our annual emissions are considerably lower than those found by the original
study (149 Tg y'l). If we include the reported uncertainties in the emission rates, theA
respective emission ranges are 14-60 Tg y'and 8-34 Tg y'. These ranges are similar to
the range of 10-60 Tg y' reported by a recent study (Kirschbaum et al., 2006).

The spatial and temporal patterns of emigsions are shown for Method 1 in Figs.
8.2 and 8.3. The pattern of emissions estimated using Method 2 is similar differing only

quantitatively.
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We see immediately from Fig. 8.2 that the bulk of the emissions occurs in the
tropics, with concentrations in the Amazonian Basin, equatorial Africa, and the
Indonesian archipelago. We estimate that nearly 90% of all emissions occur between
latitudes of +30°. Global emissions peak during the northern hemisphere summer

months due to the greater landmass. During the months of June, July, and August, the
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Figure 8.3. Latitudinal distribution of monthly methane emissions from vegetation based on leaf biomass

distributions from Method 1.

northern hemisphere’s continental landmasses (>30°N) contribute nearly 40% of the
global emissions, but they contribute less than 15% of the world’s annual emissions.
During the winter months in each hemisphere, emissions are restricted to latitudes lower

than 30°, while in the summer, emissions in the northern hemisphere extend northwards
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of 60°. The latitudinal cut-off in emissions is largely a consequence of our choice to
define a minimum temperature, below which we assume plant emissions do not occur.
The smaller leaf biomass during the winter months also limits the latitudinal extent of
the emissions, but this plays only a secondary role since the evergreen coniferous forest
prevalent at high latitudes still contributes leaf matter during the winter months. Thus
the choice of the minimum temperature is important and significantly impacts the global
emissions. If we lower the threshold temperature to 15, 10, and 5°C, the global
emissions are 52, 60, and 66 Tg y ™, respectively. If we further reduce the temperature
to 0°C --- perhaps a less controversial minimum temperature, global emissions increase
only slightly more to 69 Tg y™. Using our extrapolation scheme, this then appears to be
the maximum emissions we can expect from this source. When we used 0°C as the
minimum temperature in Method 2, emissions increased from 20 Tg y'1 to 36 Tgy™.
Whether such a minimum temperature exists and what its value may be is one of the
largest sources of unceﬁﬁnty in our extrapolation process. The sensitivity of the
emissions to this temperature indicates that this needs to be a major focus ofl
forthcoming work in this field. In the remainder of the chapter we took the minimum
temperature to be 20°C.

If we categorize the emissions based on land cover type (Fig. 8.4), 41% of the
total are from grasslands and wooded grasslands, while another 32% are from broadleaf
evergreen forests. The only other land type of major significance is croplands, which
contributes 10% of the global emissions. There are small differences between these

values and those calculated using Method 2; 31%, 42%, and 12%, respectively. These
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Figuare 8.4. Distribution of oxic methane emissions according to vegetation type. BEF=broadleaf
evergreen forest; CEF=coniferous evergreen forest; HDF=high-latitude deciduous forest;
CFW=coniferous evergreen forest and woodland; WGR=wooded grassland; GRA=grassland; BAG=bare

ground; SHG=shrubs and bare ground; CRP=cultivated crops; BDF=broadleaf deciduous forest and
woodland.

distributions are comparable to Keppler et al. (2006), who estimated tropical forests
(roughly equal to our broadleaf evergreen forests) and grasslands respectively

contribute about 50% and 26% to the total.

8.7 Emissions from non-wetlands .
The possibility exists that if this plant source is real, it may already be partly

counted as a component of the flux measured from wetlands and rice paddies.
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According to this thought, only a fraction of the aerobic plant emissions would be
considered new, with the remaining fraction folded into the previously known wetland
emissions. We estimated what the upper limit to this latter fraction is by tallying the
plant emissions that occur on land areas designated as either wetlands or rice paddies.
For this purpose we used the global distribution of wetlands by Matthews and Fung,
(1987) and a distribution of rice paddy areas by Matthews et al. (1991), both mapped on
a one-degree grid. Using the emissions from Method 1 we found that 8.8 Tg out of the
annual 36 Tg are from these land areas, which leaves a minimum of 27 Tg or 76% of
the total oxic source that would be construed as a new source to be added to the global
budget. This percentage increased to 78% when we used the set of oxic emissions
estimated using a minimum temperature of 0°C as only 15 Tg out of 69 Tg lie within
these regions. Thﬁs even if the measured methane release from rice fields and wetlands
already includes flux from the oxic source, the majority of this source is still
unaccounted for in the present methane budge_t as it is released from non-flooded
regions.
8.8 Top-down constraints on‘plant emissions

We also investigated whether our estimates of plant emissions were consistent
with the known global methane and isotopic budget. Global fluxes from individual
methane sources are widely uncertain due to the spatial and temporal variations of the
sources. Collective emissions from all sources vary according to budget but typically lie
between 500 and 600 Tg y™ (Denman et al., 2007). Better constraints on the global rate

are found through inverse techniques that deconvolve the source from the record of
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atmospheric methane. From these techniques the global emission rate is found to be

around 550 Tg y’1 (Dlugokencky et al., 1998; Khalil and Butenhoff, 2007).
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Figure 8.5. Distribution of amended-methane budget against sources derived from an inversion of the
atmospheric methane record. To the base methane budget (global source =487 Tg CH, y") estimates of
the oxic source were added. Solid black = inverted sources; diagonal pattern = base budget plus mean
Keppler et al. (2006) vegetation estimates; no pattern=base budget plus method 1 estimates; dappled

pattern=base budget plus method 2 estimates.

The geographical distribution of the source can be found by inverting the
twenty-year record of methane (see Chapter 2). Results from such an inversion using a
low-resolution model are shown in Fig. 8.5 for the major atmospheric compartments.
Alongside the inverted emissions we piace bottom-up estimates of the methane
distribution using the emissions calculated in this work and those from Keppler et al
(2006). As the oxic source is just one of many sources, we added the oxic emissions to a
gridded global methane budget (Fung et al., 1991) which included contributions from

nearly all other methane sources and totals 487 Tg y™. Total emissions using the
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respective estimates from Methods 1, 2, and Keppler et al (2006), are 507, 523, and 639
Tg y", while the total inverted source is 554 Tg y". Although the geographical
distribution of each data set is similar, the sources computed from Methods 1 and 2 are
arguably in better agreement with the inverted sources, though all three data sets
overestimate the tropical source and underestimate the middle latitude source.
8.8.1 Historical constraints from ice-core record

A more rigid constraint on plant emissions comes from the methane budget
during the pre-industrial era when emissions from anthropogenic sources were minimal.
Measurements of 8'>CHj in the Law Dome ice-core of Antarctica have recently been
used to constrain the pyrogenic and biogenic sources of methane duriﬁg the late
preindustrial Holocene (0 to 1700 A.D) (Ferretti et al., 2005). Based on these isotope
measurements and the cotémporam;,ous atmospheric methane record, pyrogenic and
biogenic emissions were estimated to be 25 and 195 Tg y, respectively, during the
period 0 to 1000 A.D. The strength of the pyrogenic emissions was somewhat
surprising as it is nearly twice the size of previous estimates (Chappellaz et al., 1993;

Houweling et al., 2000 ) but falls to 10 Tg y”' by the year 1700 A.D.

-
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Figure 8.6. Sensitivity of the historic pyrogenic source (S,) to the strength of the oxic source flux (S.).
Pyrogenic sources are calculated for the time period 1700-1800 A.D. from the ice-core isotope record and
assuming difference source strengths for the oxic source. If oxic emissions exceed 64 Tg CH, y-1,
pyrogenic emissions are forced below zero. Likely, pyrogenic emissions are near 10 Tg CH, y-1 during
this time, which constrains the oxic source to be no greater than 25 Tg CH, y-1. This agrees with our

bottom-up estimates from Methods 1 and 2.

How do these emissions change if we now consider the terrestrial vegetation
source and include it in the source reconstruction during this time? Following Ferretti et
al. (2005) we use a one-box non-equilibrium atmosphere model (Lassey et al., 2000) to
estimate §"°C of the global methane source from the ice-core measurements. The model
includes isotopic fractionation due to differences between the reaction rates of OH with

2CH, and ®CH,. To ensure that differences between the pyrogenic and biogenic
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emissions computed here and those reported above are due only to the inclusion of the
oxic methane source, we adoptéd model parameter values from Ferretti et al. (2005):
k13/k12=0.9926, T=7.6 y, S;=20 Tg y" , 8" Chiogenic= -60%o, 8"*Cpyrogenic= -20%o, and
i Crossii= ~40%o0, where k, is the rate coefficient between OH and isotope "CHy , T is the
methane atmospheric lifetime, Sgis the late pre-industrial Holocene rate of methane
emissions from fossil fuels, and 8'>Cy is the 8'>C value for source x. We added to this
mix &3 Cregetation=-50%0, which is the reported weighted 8'3C value for oxic vegetation
emissions assuming a C3:C4 plant ratio of 60:40 (Keppler et al., 2006). We
parameterized the isotope and atmospheric methane ice-core records with fits that
produce correlation coefficients better than 0.99 and use these as inputs to the model.
Over the period 0 to 1000 A.D., the fit to the isotope record is near constant at §>C=-
47.3%eo.

When we set the plant emissions to zero and ran the model, the respective
pyrogenic and biogenic emi.ssions were 24 and 192 Tg y'1 (during 0 to 1000 A.D.),
nearly identical to the above emissions as required. As we increased the plant emissions
from zero, the pyrogenic and biogenic emissions decreased as necessary to balance the
source and isotope budget. In fact, as we continued to increase plant emissions, the
isotope budget was only satisfied if the pyrogenic emissions fell to below zero. This is
so since plant emissions are enriched relative to the §'°C value of the global source,
which requires a reduced contribution from the even more enriched pyrogenic source.
We found that if the pyrogenic emissions are to remain positive throughout the length of

the isotope ice core record, the plant emissions cannot exceed 64 Tg y! to
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accommodate the dip in 8'3C that occurs around 1800 (Fig. 8.6). Furthermore, it is more
reasonable to constrain plant emissions to rates that produce pyrogenic emissions of at
least 10 Tg y' and not zero, since pre-industrial biomass burning and wildfires are
thought to contribute at least this amount (Chapellaz et al., 1993; Houweling et al.,
2000). With this new constraint, we calculated that annual plant emissions can not
exceed 25 Tg y'1 and certainly must be much lower than the original estimate of 149 Tg
y"!. When we assigned this latter value to the plant source we found that the predicted
pyrogeni; flux is -21 Tg y™!, which turned the pyrogenic source to a sink, which is
clearly unphysical. Our limit is somewhat lower than a recent estimate by Ferretti et al.
(2006) who estimated an upper limit of 46 Tg y'1

The results of our ice core analysis also corroborates the bottom-up estimates
(36 and 20 Tg y™*, Method 1 and 2) from above, as the mean of these two estimates (28
Tg y) is very close to the threshold estimate of 25 Tg y. In addition, a methane
budget that includes plant emissions of this order is in better agreement with the
expected pyrogenic source than a budget without. When we ran the atmospheric model
with our mean estimate of 28 Tg y™' over the steady-state years of 0 to 1000 A.D., the
predicted pyrogenic flux during this time is 16 Tg y™'. This agrees better with the
expected value of 15 Tg y! (Hou;veling et al., 2000) relative to the predicted flux from
a model run with no plant source (24 Tg y™*). The magnitude of the plant source is not
only consistent then with the known methane budget, but it brings the budget into better
agreement with expectations. The predicted biogenic emissions, which include

contributions from wetlands, termites, ruminants, and rice agriculture, are 170 Tg y™',
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which is consistent with estimates of this source, (Chappellaz et al., 1993; Houweling et
al., 2000). Thus these results combined with those from our extrapolations support the
view that emissions from terrestrial plants are modest and can be readily accommodated

within the methane budget.
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Chapter 9 — Conclusion

9.1 Summary _
The work presented in these chapters represents an attempt to better understand the

changing source and sink strengths of atmospheric methane. To do so we used -
measurements of trace gases at remote background stations from four different
sampling networks. These networks include the Oregon Graduate Institute (OGI), the
National Oceanic and Atmospheric Administration’s Global Monitoring Division
(NOAA-GMD), the Atmospheric Lifetime Experiment/Global Atmospheric Gas
Experiment/Advanced Global Atmospheric Gas Experiment (ALE/GAGE/AGAGE),
and the Gas .... of the Commonwealth Scientific Institute of Research Organization
(CSIRO-GASLAB). In most cases the measurement time series extended back to the
early 1980’s. In many cases we joined measurements from different networks. In this
way not only were we able to create longer time series than exists for a single network,
we were also able to test how differences between networks influenced the results of
our modeling simulations. In this manner we could assess the robustness of the modeled
features.

As a starting point for our investigation we inverted the recent atmospheric
history of CHy. For this we created a time series of measurements that stretched back to

1981 and continued to recent years. The composite record was produced by joining the
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OGI and NOAA data sets at the monitoring sites common to both networks. The trend
of CH, drops rapidly over this period. To explain this behavior we used a chemical-
transport model and ran if in inverse mode. In this configuration, the model uses as
inputs the time series of CH; measurements in each of the six major latitudinal air
masses (i.e. north and south polar latitudes (65-90 N,S), north and south mid-latitudes
(30-65 N,S), and north and south tropics(0-30 N,S). We found that with OH levels
constant, the declining trend of CHy is consistent with stable emissions over the 23-year
period of study. Emissions were constant at ~ 550 Tg y™. This behavior of CH, can be
explained by the approach of atmospheric CHy to steady state. That is the sink of CHa,
primarily the CH4+OH reaction, is coming into balance with emissions. We showed
using the global average methane record and a simple one-box model, that the recent
history of atmospheric CHy is consistent with a constant global CH, source strength of
550 Tg y!' and a total lifetime of 8.9 yr.

However, an alternate scenario is that both CHy sburces and lifetime are
changing simultaneously. Under this scenario, if the lifetime of CHy were increasing
over this time period, the global source strength of CH4 would be decreasing to
maintain the trends observed in the atmospheric record. Thus an inde;;endent analysis of
the trends of CHy’s sources and sinks is required to assess whether atmospheric CHy is
indeed in steady state. This was the task of the remainder of the dissertation.

We first examined the possibility that the main sink of atmospheric CHy, its
reaction with the hydroxyl radical OH, is changing. Since the atmospheric lifetime of

OH is so short, direct measurements of OH provide only local information about its
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atmospheric abundance. Furthermore, no long-term systematic record of atmospheric
OH is available globally. And while it is possible to model the long-term trends of
atmospheric OH based on its chemical production and removal pathways, this requires
additional information about the trends and abundances of any number of chemical
species over large spatial and temporal scales. Thus any such effort suffers from large
uncertainties.

In this work we inferred the history of OH using a proxy gas, the chlorinated
solvent, methylchloroform (CH3CCls). The useful properties of this gas include, it is
nearly entirely anthropogenically produced through industrial processes, which has the
advantage that good records exist on its production history. Secondly, it is removed
almost entirely by OH. And finally, it has a relatively short lifetime (~5 yr) so its
atmospheric abundance should reflect changes in OH levels. We again used our
chemical-transport model. We used as inputs, the emissions record of CH3CCl; based
on a release history of the solvent, and the long-term ALE/GAGE/AGAGE CH3CCl3
measurements. Over the time period 1978 — 2008, we found that OH was not constant
but had strong interannual variability. We estimated the average trend of OH over this
period to be —0.43 pm 0.21 % y'!. The history of OH we derived however is more
complex than this single trend suggests. OH levels were mainly flat 6r even slightly
rising from the beginning of the model period to 1990. From 1990 to 1999, OH levels
drop by about 10%. This drop is simulated using not just the ALE/AGAGE/AGAGE

measurements, but also the OGI and NOAA-GMD records, though trends estimated
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from the latter records were not significant due to the shorter time series of MCF
measurements available.

We tested to see how sensitive the OH trend is to factors such as
modeling/inversion scheme, temperature, calibration, and emissions history. Within
known trends and uncertainties in these drivers, the negative OH trend remains. We
found that the OH trend disappears if the MCF calibration scales was in error by 10% or
more. Quoted uncertainty in the AGAGE calibration is 3%, and within this range, the
trend is still statistically significant. Besides the calibration, the largest uncertainty that
would affect our calculation is the timing of MCEF release from production. To the
extent that the uncertainty of this timing was factored into the error estimates of the
McCulloch and Midgley (2001 ) emission record, the OH trend remains within this
uncertainty. We also conducted additional experiments on the sensitivity of emission
release by constructing alternative release histories using an ¢xponentia1 release
function. In these scenerios the delay between production and release is determined by a
decay constant. We increasing the decay constant for example, we can increase the lag
between production and release. Our experiments showed that no single decay constant
was able to simulate emissions that were consistent with inverted emissions from a
zero-OH trend modeling run. However this does not rule out the possibility that the
decay constant changes over the years. Future work needs to investigate this possibility.

If the lifetime of atmospheric CH, is changing due to a trend in atmospheric

OH, then individual CHy sources must change to compensate. In particular, some
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sources must be decreasing in time. The next chapters of the dissertation investigated
individual sour'ces.

We used a novel technique to study emissions from biomass burning. Biomass
burning is a major source of atmospheric carbon monoxide and hydrogen. In fact this
pair of gases share common sources, and yet are principally removed by different
mechanisms, oxidation by OH for CO, and soil deposition for H,. We found that when
we inverted the long-term time series of atmospheric measurements for both gases, the
simulated emission history of each coincided to a high degree, both peaking and falling
at the same time. We limited our aﬁalysis to the tropics where biomass burning is
strongest and the dominant source of both ‘gases. Here we found that our simulated CO
and H; emissions had seasonal cycles that peaked in the dry seasons of both
hemispheres, consistent when emissions from biomass burning occur. Also, a
comparison between our inverted emissions and satellite-derived fire counts, showed
that the seasonal cycles and cycle strength were consistent with fire activity. We
integrated.emissions from both the CO and H; record over the seasonal peaks of each
year. This wé took as the estimate of annual biomass burning emissions. The time series
of annual emissions shows that in the southern tropics biomass burning emissions have
increased by roughly 10% over the years 1981 to 1999. This is increase is evident in
both the CO and H, émission histories. There is no emission trend seen in the northern
tropics. The biggest feature here is a large positive anomaly in 1997/98. This coincides
with an especially strong El Nino event that produced droughts and wildfires in western

Pacific countries such as Indonesia and Malaysia.
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One of the largest uncertainties in our biomass burning emission estimates is,
that they rely upon consideration of other CO and H; emissions in the tropics. These we
must account for. The source with the largest uncertainty is the production of CO and
H, from the oxidation of isoprene and terpenes. Both of these gases are emitted by
vegetation. The literature includes estimates of global source strengths that vary by a
factor of two. In the tropics, isoprene and terpenes are emitted throughout the year but
emissions peak during the wet season of each hemisphere, which is anti-correlated with
the cycle of biomass burﬁing. Because the impact of uncertainty on our conclusions is
mitigated. However, we recognize that reducing the uncertainty in isoprene and terpene
emissions is an area that needs considerable effort in the future.

We next investigated the global source strength of methane emission from rice
agriculture. Recent estimates of this source vary widely, by nearly a factor of five in the
latest IPCC report. We used experimental results from our greenhouse and field studies
on factors controlling paddy flux, to create global gridded inventories of CH4 emissions.
Using a wide variety of geospatial agricultural, environmental, and vegetation data, we
constructed gridded input maps and from these estimated methane flux for all areas of
global rice production. Based on harvested area and crop phenology we estimated
annual emissions from these fluxes. Our global estimate of 50 Tg y™ is consistent with
past work and continues the trend of decreasing estimates of methane from rice
agriculture. One notable result is that emissions_in India are more than twice as high as
those in China. This is due to a number of reasons including higher seasonal

temperature averages in India, a larger fraction of rice production managed under
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continuously flooded conditions, and smaller rate of synthetic fertilizer usage, which we
found in our field studies to retard methane flux.

We next used China as a test case to study how emissions from rice agriculture
have changed over the past few decades. In China, a number of important changes have
occurr;ad that influenced paddy emissions. Starting in the 1970s, synthetic fertilizers
became favored over org.ani‘c fertilizes which would reduce CH, emissions (though
increase N,O emissions). To improve crop yields and conserve water, the practice of
mid-season drainage was started in the early 1980s and spread widely throughout China
to the present. We considered these changes and others on paddy emissions. We found
that methane emissions decreased by about 15 Tg y™ from 1980 to the present. This
would contribute to the general reduction in methane emissions required if OH levels
decreased as predicted here.

Finally we considered the potential of vegetation as a source of methane. Direct
measurements of CH, flux from plants are limited. Here we used the reported fluxes
from Keppler et al. (2006) to assess whether global vegetation could be an important
component of the global CH4 budget. We found through bottom-up methods that global
emissions ranged from 20 to 36 Tg y'. We tested these estimates using the pre-
industrial atmospheric record of CH, and 8'*CH,4 measured from ice cores. The ice core
records constrain the natural source strength of CH4. We estimate an upper limit on
vegetation emissions of 25 Tg y™' assuming that natural biomass burning emissions
were 10 Tg y™'. This upper limit is consistent with our bottom-up estimates. We

conclude that terrestrial plants may be a significant source of methane, though not as
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large as previous studies indicate. We note that recent studies found a strong correlation
between UV radiation and methane flux. This will be an important connection to model
iﬁ future work.

9.2 Closing thoughts

The picture that emerges from this work dispels the notion that the sources and
sinks of atmospheric methane have been constant over the past coupl.e decades despite
the fact that the recent behavior of atmospheric CH, is consistent with steady state
conditions. There appears to be changes on the order of 10% that have occurred in the
major sink of CH4 and some of its important anthropogenic sources. In the south
tropics, where we estimate emissions from biomasé burning are increasing, there must
be some offsetting decreasing emissions there as well , as our invefse modeling of CHy
shows that emissions must be constant in the southern hemisphere. If vegetation does
- emit CHy at rates suggested by this work, then the reduction in CH4 emissions due to
the deforestation of tropical forests could produce the required balance.

In closing, we offer the following perspective. Oftentimes, we miss the proverbial
.forest for the trees. We miss the bigger picture while seeing only the smaller
components that compose it. Here the reverse may be true. The bigger story is that
atmospheric methane is stabilizing. We may erroneously take this to mean that the
component sources and sinks are doing the same. In so doing, not only might we miss a
rich undeflying story of sources and sinks that are bubbling underﬁeath a smooth
surface, but in the future these sources (or sinks) may break through and again push

atmospheric levels of methane upv's)ards. Here, the details are important, it is important
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to see the trees for the forest. This investigation of the sources and sinks of atmospheric
methane hopefully will remind us of the complexity of Earth’s atmosphere and the

relations that bind it to our own activities.
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