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Abstract. The atmospheric methyl bromide (GBIr) bur- 1 Introduction
den has declined in recent years, in response to the phaseout

of agricultural and structural fumigation consumptioq underCH3Br is a stratospheric ozone depleting substance that, un-
the ar_nendment_s to the Montreal Protocol. The timing andj o many other ozone-depleting compounds, has both natu-
ma_gmtude of this decrease re_presents an opp_ortumty t0 X and anthropogenic sources. The use ogBiHas an agri-
amine our current understanding of atmosphenQ;B:rl-lanq cultural fumigant has been reduced according to the amend-
its budget, response to the phaseout, and response to intergi, i< to the Montreal Protocol (UNEP, 1995), and phaseout
nual variability in biomass burning and global OH. In this began in 1998. Although many sources and sinks of&H
study, simulations qbtalned fr_om, a time-dependent gIObaIhave been identified and quantified, the global budget of at-
model of atmospheric CiBr emissions and uptake are com- ,soheric CHBr for the pre-phaseout atmosphere is not bal-
pared to observations from the NOAA flask network. The j,.od (vontzka and Fraser et al., 2003). The best estimate of
r_nodel includes a detailed g_ndded ocean model coupled to #e annual global budget for 1996 had an imbalance of nearly
tlme-dependan_t at;nosph_erli: 2—t:ox model. The phaseout 037 Gg between sources and sinks (Table 1). This imbalance
CH3Br prqductlon oragricu tural uses b.egan n 1998’ con-is clearly a result of our incomplete knowledge, rather than
current with the pulse in biomass burning associated withy o) gifference between sources and sinks, because the at-

the 1998 El Nio. The combined effects of three factors ., qhhere was not rapidly changing at that time (Yokouchi et
(biomass burning, global OH, and anthropogenic phaseout) "5005: Montzka et al., 2003). The imbalance may reflect
appear to explain most of the observed atmospheric methy

; o bili h , he al Iuncertainty in both natural and anthropogenic components
bromide var|§b| |_ty over the 1997_2008 perllod.. The g Ob"?‘ of the budget. Knowledge of the emissions from terrestrial
budget remains imbalanced, with a large missing source ing,, 1 554 ecosystems is quite limited (Montzka and Fraser

dicated. The missing source does not exhibit a systemati tal.. 2003: Gan et al.. 1998 Dimmer et al.. 2001: Redecker
decline during the phaseout period, and therefore, is not the; 41" 2000: Rhew et al. 2001 Varner et al 19'99) Even

rct:asult of S|.gn!f|cantl¥]undeéeTtlmatlmg non—QPﬁ ag;:cultural the anthropogenic emissions of Bt from agricultural fu-
HaBr emissions. The model results suggest that the ocean igation are not easily quantified, since soil uptake during

should be less undersaturated than before the phaseout bﬁfmigation can be significant, and may vary with soil condi-
gan. tions and application technique (MBTOC, 2006).

The decline in atmospheric GBr burden resulting from
the phaseout of agricultural emissions presents an oppor-
tunity to test our understanding of global eBt cycling.
Yokouchi et al. (2002) and Montzka et al. (2003) detected
the atmospheric decline using measurements from flask air

Correspondence tdS. A. Yvon-Lewis networks. Those authors, as well as Reeves (2003), noted
BY

(syvon-lewis@ocean.tamu.edu) that the initial decline during 1998—2002 was roughly twice

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

5964 S. A. Yvon-Lewis et al.: Trends in atmospheric methyl bromide: analysis of post-Montreal Protocol variability

70 -— variable. For the oceans, monthly1°, average ocean pa-

] ] rameters from the NOAA/GFDL Global Oceanographic Data
60| . Set Atlas (available atttp://dss.ucar.eduwatasets/ds279.0)

1 1 were used to characterize oceanic temperatures, salinities,
504 T mixed layer depths, and 10 m wind speeds. OceanigBtH

production rates are specified based on the observed satura-
tion state of the pre-phaseout ocean extrapolated on the basis
of the saturation anomaly vs. SST relationship identified in
King et al. (2002). Each surface ocean cell maintains a mass
balance for CHBr and interacts independently with the at-
mosphere. Land surface sources and sinks are distributed
using the International Satellite Land Surface Climatology
Project (ISLSCP) (Meeson et al., 1995; Sellers et al., 1995)
and Matthews (1983) databases as described in Saltzman et
al. (2004).

The pre-phaseout source and sink fluxes incorporated
Fig. 1. The trend in biomass burning emissions of 4B for here are shoyvn in Table 1 and reflect a revision in the
the southern hemisphere (red line), the northern hemisphere (bluBUdget described by Montzka and Fraser (2003). The
line), and the globe (purple line). Prior to 1997 and after 2006, SiNks and corresponding oceanic emission terms were ad-
the biomass burning emissions are shown as the monthly averusted for the revised tropospheric burden of 125 Gg (atmo-
ages of the 1997—2006 data excluding the highest and lowest valspheric burden 132 Gg) observed in 1996 (Montzka et al.,
ues for a given month (van der Werf et al., 2005 and updates fror2003 with updates from NOAA/GMDitp://ftp.cmdl.noaa.
http://ess1.ess.uci.edis$msjranders/data/GFED2/ gov/hats/methylhalides/ch3br/flasksbeparate peatland and

rice paddy emissions are not shown as the databases do
not distinguish them from wetlands (Saltzman et al., 2004).
as large as expected. They suggested that the observatioBsofuel emissions were added, and seasonal variations in
could be explained if the anthropogenic component of thebjomass burning were included. This budget is not balanced,
total emissions was larger than previously thought. Thisand the missing source implied from this imbalance is dis-
assertion also required an atmospheric lifetin#et% longer  cussed below. The details of the sources and sinks used in
than the best estimate of 0.7 yr based on the knowgBIH  this model are described in Saltzman et al. (2004). Changes
sinks (reaction with OH, photolysis, uptake by the ocean,made since then are discussed below.
and uptake by soils) (Yvon-Lewis and Butler, 1997). In  Monthly fire distributions for 1997—2006 were determined
this study, we revisit the atmospheric decline during phasefrom satellite observations by van der Werf et al. (2006) with
out using a slightly longer data set, covering 1995-2008subsequent updatest(p://ess1.ess.uci.edu/+-jranders/data/
(Montzka et al., 2003 — with updates from NOAA/GMD GFED2). CHsBr emissions from these fires are scaled to
urlftp://ftp.cmdl.noaa.gov/hats/methylhalides/ch3br/flasks/), the CO fluxes calculated for the fires using emissions factors
and an updated, time-dependent global model obBH  from Andreae and Merlet (2001). The resulting annual aver-
emissions and uptake. age CHBr emissions from biomass burning for 1997-2006
range from 11 to 16 Ggy®. This range is lower than the
previous best estimate of 20 Gg for biomass burning emis-
2 Global model, budget and data sources sions in the Montzka and Fraser (2003) budget. There is an
initial increase in biomass burning emission in 1998 with a
This study of the seasonal and interannual variations in atmosubsequent decline in emissions through 2004 (Fig. 1, Ta-
spheric CHBr was carried out using a numerical model that ble 2). For the model simulations prior to 1997 and after
simulates the major processes involved in the global biogeo2006, the biomass burning emissions used are the monthly
chemical cycle of CHBr, including oceanic production and averages of the 1997-2006 data excluding the highest and
consumption, soil uptake, terrestrial plant emissions, fumi-lowest values for a given month.
gation, gasoline combustion, biomass burning, biofuel emis- The pseudo first order loss rate constant forsBHby
sions, atmospheric loss via reaction with OH and photoly-reaction with OH was computed using the temperature-
sis in the stratosphere. The model is described in detail bydependent rate constant from Sander et al. (2006) and the OH
Saltzman et al. (2004). It consists of two well-mixed at- and temperature fields from Spivakovsky et al. (2000). The
mospheric boxes representing northern and southern hempseudo first order rate constants are averaged for each hemi-
spheres. Transport between the hemispheres is governed Ispheric troposphere for each month to generate a seasonal
an interhemispheric exchange time constant of 1 year. Surhemispheric OH sink for CgBr. Interannual variability in
face fluxes of methyl bromide are seasonally and spatiallyglobal OH is simulated (Fig. 2, Table 2) by scaling OH in the

40 4

304

204

10

Biomass Burning CH_Br Emisions (Ggly)

T T T T T T T
1996 1998 2000 2002 2004 2006 2008
Year
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Table 1. Global CH;Br budgets for 1996 and 2007. The 1996 budget is modified from Montzka and Fraser et al. (2003) and Clerbaux and
Cunnold et al. (2007). The italicized numbers highlight budget terms that changed between 1996 and 2007. Superscripts indicate references

Best Estimate (Ggly)

Pre-Phaseout Pre-Phaseout Recent

1996 1996 (60% Ag) 2007 (60% Ag¥
Sources
Ocean 42.91 42,061 42.0*
Fumigation-Quarantine and Preshipment  #2.3 12.% 13.83
Fumigation-Soils and Other 380 36.63 5.28
Gasoline 5% 57 57
Biomass Burning 1136 11.36 11.36
Biofuel 6.18.7 6.16.7 6.16.7
Wetlands 4.8 4.68 4.68
Salt marshes 14% 14.6 14.6
Shrublands 30 110 110
Rapeseed 616 6.611 6.6°
Fungus 1.3 1.742 1.72
Subtotal Sources 137 143 113
Sinks
Ocean 561314 561314 —48.61314
OHand hv —774415 —774415 —63.6141516
Soils —411417 —411417 —34.0t417
Plants - - -
Subtotal Sinks —-174 —-174 —146
Total (Sources+Sinks) —37F* — 31 —32Fk

8 The 60% Ag refers to the change from 50% emission during fumigation to 60% emission (scenario 8).
IKing et al. (2002)2Buffin (2004),3MBTOC (2006),*Thomas et al. (1997fvan der Werf et al. (2006)
6Andreae and Merlet (2001fYevich and Logan (20038Varner et al. (1999°Rhew et al. (2000)

10Rhew et al. (2001)t1Gan et al. (1998)L2Lee-Taylor and Holland (200033Yvon-Lewis and Butler (2002)
14s5altzman et al. (20043°Spivakovsky et al. (2000§-8Prinn et al. (2005)}/Shorter et al. (1995)

*Net ocean flux=14.0 Ggly

**Net ocean flux=6.6 Ggly

*** Assumed to be a natural missing source

model to the variations inferred by Prinn et al. (2005) throughcalculations, equal approximately 6.1 Gghand are primar-
2003 from the ALE-GAGE network measurements of methylily in the northern hemisphere (Andreae and Merlet, 2001;
chloroform. According to those estimates, global OH de- Yevich and Logan, 2003). The biofuel emissions were de-
creased by approximately 13% during 1997/1998 comparedermined for each country with a 20% increase for develop-
to other years, though such large changes are not consisag countries to bring the emissions to a value appropriate
tent with observations of other trace gases during this periodfor 1995 according to Yevich and Logan (2003) and those
such as CH (Lelieveld et al., 2006). After 2003, the model emissions were then sorted into their respective hemispheres
retains the 2003 OH levels and seasonality. resulting in emissions of 5.2 GgytCHzBr in the north-
) . . i o ern hemisphere (NH) and 0.9 Ggyrin the southern hemi-
Previous modeling studies do not include emissions fromsphere (SH). Yevich and Logan (2003) caution that their bio-

combustion of biofuels. However, they were included in the f,o| emission estimates could have an uncertaint50%.
most recent budget estimate (Clerbaux and Cunnold, 2007)pis uncertainty directly applies to the GBr emissions

While some of these emissions can be accounted for throughom biofuels, as we used emission factors from Andrea and

the satellite fire database described for the biomass bumi”ﬂ/lerlet (2001) to convert the Yevich and Logan (2003) bio-
emission distributions, the emissions associated with burnfue| emissions to CBr emissions.

ing of biofuels inside houses and structures cannot be ob-
served from satellites. Emissions from biofuels, minus the
outdoor burning that would be a part of the biomass burning

www.atmos-chem-phys.net/9/5963/2009/ Atmos. Chem. Phys., 9, 59832009
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Table 2. Annual global biomass burning emissions, consumption 70 e
for non-QPS fumigation, and the pseudo first order rate constantfor _ 1
reaction with OH. S: 604 b
e
Year Biomass Burnin Non-QPS Fumigatioh K[OH]34 é 501 T
(Go) (Go) orh E
40
1995 11.3 61.0 0.56 &
1996 11.3 61.0 0.56 5 4l
1997 15.9 61.0 0.49 s
1998 17.0 58.2 0.52 2
1999 11.2 47.4 0.52 3 204
2000 9.7 40.8 0.53 £ 1
2001 10.5 34.3 0.55 10
2002 12.0 25.6 0.55 1
2003 114 21.4 0.54 ANAYAYAIAV AN A AV AVAVAVE UL
2004 11.6 26.1 0.54 1996 1998 2000 2002 2004 2006 2008
2005 11.8 16.7 0.54 Year
2006 11.2 13.8 0.54
2007 11.3 8.7 0.54 ; ; : o
2008 113 8.7 0.54 Fig. 3. The trend in non-QPS agricultural emissions of 4B as

suming 50% of consumption is emitted, from 1995 through 2008 for
the southern hemisphere (red line), the northern hemisphere (blue
Lvan der Werf et al. (2006) line), and the globe (purple line).

2MBTOC (2006) in years after 1997; assumed constant at 61 Gg/yr

from 1995-1997
3spivakovsky et al. (2000)

4prinn et al. (2005) trend of the non-quarantine and preshipment (non-QPS) fu-

migation source are based on government and industry statis-
tics on consumption (MBTOC, 2006) (Fig. 3, Table 2) with
agricultural soil emissions maintained at 2005 values after
that time. The quarantine and preshipment (QPS) emis-
sions remained constant at 12.3 Ggyfrom 1995 through
1998 (Buffin, 2004). The trend in QPS emissions from
1999 through 2005 is based on the QPS trends reported in
MBTOC (2006). These data suggest an increase in QPS
emissions in 2005 that reflected the increased use to meet
new guidelines for regulating wood products in international
trade (IPPC, 2002; Federal Register, 2004). The elevated
2005 values were maintained for the remainder of the simu-
lation time (e.g. 2007, Table 1).

1996 1998 2000 2002 2004 2006 2008 3 Results and discussion
Year
3.1 Modelinitialization and scenarios

Fig. 2. The trend in the pseudo first order loss rate constant for loss o o )
of CHgBr to reaction with OH for the southern hemisphere (red The model is initialized by running it for several years with
line), the northern hemisphere (blue line), and the globe (purplethe 1996 CHBr budget and Spivakovsky et al. (2000) OH
line). For model years 19972003, OH is scaled by the interannualevels, until a repeatable annual cycle in atmospherigEH
variations given by Prinn et al. (2005). For the remainder of theis obtained. As noted earlier, there is a significant imbalance
simulation, the 2003 OH scaling factor was used. in the “best estimate” CkBr budget (Table 1), with atmo-

spheric losses exceeding the known sources 8y Ggyr*

after adjusting to the 125 Gg tropospheric burden. With the

The total industrially-derived emissions from fumiga- inter tropical convergence zone (ITCZ) located at the equa-

tion of soils, durables, perishables, and structures wagor, the magnitude and seasonality of the unknown source(s)
43.3Ggyr! (~25% of total emissions including the miss- were adjusted in the model by trial and error to achieve agree-
ing source) in 1996 (Table 1). For this study, it is assumedment with the mean 1995-1998 tropospheric hemispheric
that consumption equal use and stockpiling is not consid-mixing ratios (NH=10.2 ppt, SH=8.0 ppt) and seasonalities
ered. The hemispheric distribution, seasonality, and annualMontzka et al., 2003) (Fig. 4a). This resulted in annually

Atmos. Chem. Phys., 9, 5963974 2009 www.atmos-chem-phys.net/9/5963/2009/
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Table 3. Model scenarios used in this study. If not explicitly stated, sources and sinks are maintained as in the 1996 model year.

Scenarios to examine interannual variations in sources/sinks:

1 Interannual variability in biomass burning only

2 Interannual variability in OH only. After 2004, no interannual variations are
included.

3 Interannual variability in non-QPS anthropogenic emissions only due to phaseout.

4 Interannual variability in biomass burning, OH and non-QPS anthropogenic
emissions.

Scenarios to examine missing source and atmospheric lifetime:

5 Missing source term treated as agricultural emissions and allowed to decrease with
phaseout. Interannual variability in biomass burning, OH and non-QPS
anthropogenic emissions included.

6 Missing source reduced by 50%, and atmospheric lifetime ofBTlihcreased to
0.84 yr. Remaining missing source adjusted to match the observed pre-phaseout
seasonality and treated as agricultural. Interannual variability in biomass burning,
OH and non-QPS anthropogenic emissions included.

7  Missing source reduced by 50%, and atmospheric lifetime offClhcreased to
0.84 yr. Remaining missing source adjusted to match the observed pre-phaseout
seasonality and treated as natural with no interannual variability. Interannual
variability in biomass burning, OH and non-QPS anthropogenic emissions
included.

8 Agricultural emissions increased to 60%, and atmospheric lifetime kept as it was
in scenarios 1-5. Missing source reduced by the amount of the agricultural
increase. Interannual variability in biomass burning, OH and non-QPS
anthropogenic emissions included.

averaged emissions for the unknown source-2® Ggyr?! This model reproduces pre-phaseout atmospheric ob-
in the northern hemisphere andl7 Ggyr ! in the south-  served seasonal variations quite well, considering the crude
ern hemisphere. This approach is the same as that used Beasonal parameterizations for the terrestrial sources and soll
Saltzman et al. (2004), with only slightly different emissions sink, and the fact that interhemispheric exchange is based on
being derived for this unknown source. mean hemispheric levels. While the lack of atmospheric dy-
Simulations were run to examine the sensitivity of the lo- namics in this model precludes investigation of the spatial

cation of the “missing source” to the position of the model distribution of the missing source, the model can be used to
ITCZ. Moving the ITCZ in the model northward from the examine the nature of the missing source through interannual
equator to 5N shifts the missing source almost entirely tovariations in sources and sinks and the impact of a change in
the southern hemisphere. This is a consequence of shiftinfifetime on the seasonal variations and interannual trends.
a significant fraction £20%) of the OH sink in the NH to Eight model scenarios are discussed here (Table 3). The
the SH. In the 5N ITCZ case, it is not possible to simulate first four cases are used to examine the impact of interan-
the observed amplitude of NH seasonal variations inBH  nual variations in selected sources and sinks. The calcu-
because there is no missing source with which to adjust NHated hemispheric missing source strengths and seasonalities
seasonality. Further studies of this type should be carried outvere fixed for the duration of Scenarios 1-4. Scenarios 5—
using 3-D transport models that are capable of more realisti@ are used to examine the nature of the missing source and
simulation of interhemispheric mixing. the possibility of a longer atmospheric lifetime for gBt.

The model is also used to investigate the impact of the atmo-

spheric variability on the saturation state of the ocean.

www.atmos-chem-phys.net/9/5963/2009/ Atmos. Chem. Phys., 9, 59832009
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Fig. 4. Seasonal cycle in the missing source for the southern hemi-
sphere (red line), the northern hemisphere (blue line), and the globe
(purple line) for(a) scenarios 1-4p) scenario 7 an(c) scenario 8.
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3.2 Interannual Variabity in biomass burning, atmo-
spheric OH, and anthropogenic CH; Br emissions

The first scenario examines the impact of interannual vari-
ability in biomass burning CgBr emissions on the atmo-
spheric CHBr burden (Table 3, Fig. 5). During the 1997—
1998 period, the emissions from biomass burning increased
by 3.0Ggy?! (NH) and 5.6Ggy! (SH) over the mean
values used for the pre-phaseout conditions (Fig. 1, Ta-
ble 2). This case yields an increase in the annually averaged
atmospheric CgBr of 0.27 ppt (NH) and 0.26 ppt (SH) over
the mid-1997 to mid-1998 period that is consistent with the
observations. The effect of increased biomass burning was
much larger (on a relative basis) in the southern hemisphere,
both because the increase in emissions was larger than in
the northern hemisphere, and because biomass burning is a
larger fraction of the total emissions in the southern hemi-
sphere. Given the mean lifetime of about 0.7 years, roughly
one third of the emissions in each hemisphere are transported
to the other hemisphere. As noted by Saltzman et al. (2004)
the approach of using hemispherically averaged atmospheric
boxes may underestimate the interhemispheric mixing of low
latitude sources, like biomass burning. Hemispheric averag-
ing also undoubtedly slightly overestimates the atmospheric
lifetime of low latitude emissions which are released in the
region of highest OH and atmospheric reactivity.

The second scenario examines the effect of interannual
variability in global OH (Table 3, Fig. 5). Model OH levels
are fixed at the Spivakovsky et al. (2000) values from 1995—
1996. For model years 1997—2003, OH loss is scaled by the
interannual variations given by Prinn et al. (2005) (Fig. 2,
Table 2). For the remainder of the simulation, the 2004 OH
scaling factor was used. The decline in OH concentrations
during 1998 results in a noticeable increase in the atmo-
spheric burden of CgBr. The subsequent increase in OH
back to pre-1998 values results in a decrease and subsequent
leveling off of the atmospheric C4Br.

The third scenario examines the effect of anthropogenic
phaseout (Table 3, Fig. 5). The phaseout imposed by the
Montreal Protocol and its amendments resulted in a nearly
86% reduction in emissions from regulated non-QPS agricul-
tural fumigation applications from the 1996 budget to 2007.
Critical Use Exemptions (CUES) in non-QPS applications
have allowed the emissions to decrease at a slower rate than
originally specified by the amendments to Montreal Proto-
col (Fig. 3, Table 2). For this model case, biomass burning
was fixed at the 1996 values for the entire run, and OH loss
was maintained at the 1995-1996 values. The model results
show that the decline in anthropogenic emissions results in
a significant decline in atmospheric @Bt levels from 1996
to 2007. The phaseout alone appears to account for most of
the overall change in atmospheric burden from 1996 to 2007.
However, this scenario does not accurately capture the initial
increase in CHBr in 1997/1998, and it does not result in low
enough atmospheric values in 2007.

www.atmos-chem-phys.net/9/5963/2009/
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Fig. 5. Modeled and measured trends in atmospheriggBHconcentrations for 1995-2008. In all plots, the data points for South-
ern HemisphereX), the Northern Hemispherg), and the globe({) are observations from NOAA/GMDftp://ftp.cmdl.noaa.gov/hats/
methylhalides/ch3br/flasks/Model results are shown for the southern hemisphere (red line), the northern hemisphere (blue line), and the
globe (purple line) for the scenarios described in Table 3.
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The fourth scenario examines the combined effect of in-global budget including an unknown seasonally varying nat-
terannual variability in biomass burning, OH, and anthro- ural source that exhibits no interannual variability (Fig. 5).
pogenic phaseout (Table 3, Fig. 5). This case does a good joHowever, there are still biases in the model results.
of simulating northern hemisphere variability, capturing both  The cause of the imbalance between sources and sinks is
the 1998 increase and subsequent decline ofBEHIn the  one of the most puzzling aspects of the globak8Hbudget.
southern hemisphere, the simulation overestimates the initial' his imbalance has persisted for more than a decade in all
increase in CHBr during late 1997 and early 1998. After global budgets, despite continued research on both sources
the peak, southern hemispheric levels in the model run deand sinks. It is generally suspected that the missing source is
creased rapidly, bringing the simulation back into agreementelated to emissions from terrestrial vegetation. The model-
with the atmospheric measurements for several years. Froring results of Warwick et al. (2006) suggest that the missing
2004 through 2007, the model shows a leveling off of south-source could be from a combination of tropical and subtrop-
ern hemisphere C#Br levels, while the atmospheric mea- ical plants and biomass burning. To date, only limited emis-
surements show a continued decline until 2007. The overessions surveys from terrestrial plants and ecosystems have
timates in the SH in 1997/8 and after 2004 could both be aeen carried out, and it can be argued that the seasonality of
result of the distributions of biomass burning near the equatothese sources is not well documented (Montzka and Fraser et

and the location of the ITCZ in the model calculation. al., 2003; Gan et al., 1998; Dimmer et al., 2001; Redecker et
One of the limitations of this study is the inability to eval- al., 2000; Rhew et al., 2001; Varner et al., 1999).
uate other biogeochemical impacts of the 1998 EidNor In model scenarios 5-8, the magnitude and nature of the

other natural variations on other GBI sources and sinks. missing source is examined beginning with the thesis of Yok-
In particular, the droughts associated with the EidNcould ~ ouchi et al. (2002) and Montzka et al. (2003). After they de-
have significantly affected both terrestrial emissions and thdected the rapid decline in atmospheric £8 from 1998 to
soil sink. Widespread changes in carbon cycling occurred a002, they suggested that the rapid decline could indicate that
a result of the 1998 El Niio, as evidenced by the subsequent the anthropogenic component of the budget was larger than
increase in atmospheric GOIncreased C@at thattime was  previously thought. This required either an upward revision
caused, at least in part, by a decrease in vegetative growth araf the anthropogenic emissions (as part or all of the missing
an increase in soil respiration (Cramer et al., 2001; Nemaniource) or an upward revision of the atmospheric lifetime to
et al., 2003; Erbrecht and Lucht, 2006). However, there is>0.8 yr (Montzka et al., 2003) from the current best estimate
insufficient information at present with which to assess howof 0.7 yr (Yvon-Lewis and Butler, 1997).
such changes affected GBr cycling. Model scenario 5 examines this possibility by augment-
The results discussed above suggest that the initial phaséng non-QPS anthropogenic emissions to account entirely for
out began right after elevated backgroundsBHmixing ra-  the missing source (Table 3, Fig. 5). The missing source
tios were observed as a result of the combined increase ialong with its seasonality is added to the agricultural emis-
biomass burning associated with the 1998 HidN{van der ~ sions in each hemisphere. No additional missing source is
Werf et al., 2004) and the decrease in OH associated with théncluded. This results in a larger decline in absolute emis-
increased biomass burning emissions. This caused the initisdions during the phase-out of anthropogenic methyl bromide.
decrease in CkBr associated with the phaseout to appear The biomass burning trend, OH trend, and phaseout rate are
larger than expected from the change in agricultural emis-maintained as in scenario 4. Including the missing source
sions. By accounting here for these non-anthropogenic inin the non-QPS anthropogenic emissions results in a model-
fluences, having additional years of data to analyze duringdoredicted decline during phaseout more rapid than observed,
which such perturbations were diminished, and incorporat-and lower concentrations than observed at the end of the
ing a revised calibration for the NOAA GiBr data a more  record (Fig. 5e). This result suggests it is not likely that the
robust accounting of industrially-derived GBF in the atmo- ~ missing source can be accounted for entirely by an under-
sphere is possible. This analysis is consistent with a ratio ofstimation of the mean release fraction of industriakBH
anthropogenic to total emissions 825%, or fairly close to  in non-QPS fumigation applications. For the missing source

the updated estimate of 30 (20-40)% in Clerbaux and Cunto be entirely anthropogenic, and for the model to reproduce
nold (2007). the atmospheric trend, this source must consist of QPS emis-

sions which are not subject to the phaseout. It is unlikely that

3.3 The “Missing CHszBr Source” and atmospheric  QPS emissions were underestimated by nearly 100%.
CH3Br lifetime Model scenario 6 examines the effect of increasing

the lifetime of CHBr to reduce the “missing source” to
The model results discussed above demonstrate that the mhalf of the amount required to balance the 1996 budget
jor features of the recent variability in atmospheric 4B (18.5Ggyr?!) (Table 3, Fig. 5). This is done by reducing
can be reasonably well simulated by simultaneously im-both the missing source and the soil uptake in each hemi-
posing interannual variability in biomass burning, global sphere relative to the best estimate 1996 budget. This results
OH, and anthropogenic emissions on the 1996 best-estimat@ an increase in the atmospheric lifetime to 0.84y08%
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increase over the best estimate). With the longer lifetime,Southern hemispheric concentrations are elevated compared
the model also underestimates the seasonal amplitude of ate observations, as in scenario 4. The predicted concentra-
mospheric CHBr, particularly in the northern hemisphere. tions from 2002—2007 are in better agreement with the ob-
Increasing the atmospheric lifetime still further to account servations than in any other scenario. The budget for 2007
for the entire missing source would lead to an even largerfrom this scenario is shown in Table 1 as 2007 (60% AQ),
discrepancy in terms of the amplitude of the seasonal cycleand the anthropogenic to total emission fraction decreased to
The phaseout of anthropogenic emissions results in an under-13%.

estimate of atmospheric GBr levels after 2002 due to the

loss of the remaining missing source, as it was included a$-4 Ocean saturation state

an anthropogenic non-QPS emission in this scenario.

Scenario 7 assumes that the reduced global missing sourd8 this study, oceanic CgBr production (magnitude, geo-
described in scenario 6 is natural and does not decline witfraphic distribution, and seasonality) was calculated for 1996

the anthropogenic phaseout (Table 3, Fig. 5). The lifetime iscondition_s. This oceanic production was held_ constant for
kept at 0.84 yr as in scenario 6. The seasonality of this misstN€ duration of all model runs, as were the kinetic parameters
ing source was optimized to try to achieve the pre-phaseouffecting oceanic CgBr cycling (wind speeds, mixed layer
observed seasonal amplitude in theBrburden (Fig. 4b). erths, surface ocean temperature, gnd blologlcal degrada-
Other conditions are as in scenario 6. The model results extion rate constants). Although oceanic production was held
hibit fairly good agreement with the observations. However, coNnstant, the saturation state of the oceans with respect to
as in scenario 4, the model overpredicts the atmospheric vat'€ 0verlying atmosphere varies in the model runs as a func-
ues after 2004 slightly. As in scenario 6, seasonal amplitude&On Of the atmospheric C4Br levels, and the internal cy-
pre-phaseout and post 2004 are underestimated. The long&Hng of CHsBr within the oceans. Figure 6a shows the time
atmospheric lifetime makes it impossible for the model to Series of oceanic Cir saturation state calculated in sce-
achieve the seasonal amplitude observed in the NH. Achieyari0 8. The decrease in the calculated saturation anomaly
ing the observed amplitude requires imposing a negativécor 1997 and 1998_results from the increase in atr_no_spherlc
missing source at certain times of the year. That would ef.burden caused by increased biomass burning emissions and

fectively shorten the atmospheric lifetime back to the original 9€creased OH concentrations in the model. The saturation
value. state of the oceans increased substantially during the phase-

While the interannual variations in OH introduced in ©ut period in the model, shifting from a saturation anomaly
case 2 have an effect on the atmospherigBHifetime, this ~ (deéviation from equilibrium) of-11.7% in 1996 t0-6.0%
effect is very small and is largest for 1997/1998 with an ap-N 2007 (Fig. 6a). The saturation anomaly decreased slightly
proximately 0.04 yr £6%) increase in the lifetime for those during 2005 due to the increase in modeled atmospheric
two years (Fig. 5). After 1998, the GRBr lifetime in the CH3Br concentrations resulting from increased QPS emis-
model gradually returns to the initial 0.75yr value. An in- SIONS, most notably in the southern hemisphere. Before
crease in the lifetime large enough to account for only halfPhaseout, the northern hemisphere was more undersaturated
of the missing source results in a seasonal amplitude thaf'@n the southern hemisphere. This reversed during the first
is smaller than observed pre-phaseout (Fig. 5f and g). Th¢/®ar of phaseoutin the model, likely as a result of the much
missing source is not likely the result of overestimated sinks 9réater decline in emissions from the northern hemisphere.

Scenario 8 involves increasing the escape rate of agri- The model results indicate that the oceans in both hemi-
cultural CHBr to 60% of the amount applied rather than spheres, should now be closer to equilibrium than before the

the 50% assumed in scenarios 1-4 (Table 3, Fig. 5). ThiPhaseout began. In fact, the model results indicate that the

increases the anthropogenic to total emission fraction td'®t flux is now positive (from sea to air) in the summer in
~28% which is closer to the estimate of 30 (20-40)% each hemisphere. The global average net flux in 2007 is pre-

given by Clerbaux and Cunnold (2007). The lifetime is dicted to be—6.6 Gg yr, Iesls than half the pre-phaseout
the same as in scenarios 1-50(75yr). The missing 9lobal average ot-14.0 Ggyr= (Fig. 6b). Most of the pub-
source in each hemisphere is reduced by the amount thdshed saturation anomaly measurements foBHn the
the agricultural emission increased and seasonality was ad2Pen ocean were conducted during pre-phaseout conditions
justed to match the 1995-1998 tropospheric mixing ratios(King et al.,, 2002), and there are insufficient data from the
(NH=10.2 ppt, SH=8.0 ppt) and seasonalities (Montzka et a|_'phaseout period for comparison. Satl.Jratlon.ano.maIy mea-
2003) (Fig. 4c). This revised pre-phaseout budget is given ipsurements across the major ocean b_asms d_ur_lng dlﬁerent sea-
Table 1 as the 1996 (60% Ag) budget. The prescribed in-SONS should be carried o_ut to t_est this prediction and validate
terannual variations in biomass burning emissions, reactiorfUr"ent models of oceanic cycling.

with OH, and anthropogenic emissions are the same as in

scenario 4. By maintaining the original lifetime, the sea-

sonal amplitude of the atmospheric gBt is closer to the

observed seasonality for the entire simulation. The 1997
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creasing atmospheric levels imply a substantial increase in
the saturation state of the oceans. The resulting change in
] air/sea flux represents an additional 7.4 Gg in net flux to the
] atmosphere from the ocean in 2007, relative to pre-phaseout
conditions.

We conclude from this study that the behavior of the at-
i mospheric CHBr burden over the phaseout period is reason-
ably consistent with our current understanding of the global
budget which includes a substantial unidentified source. In-
- terannual variations in the atmospheric burden are sensitive
not only to the anthropogenic phaseout but also to variations
in biomass burning emissions and OH radical concentrations.
- The anthropogenic contribution to the global budget, approx-
l imately 28% of total emissions in the best case scenario, is
consistent with the latest assessment (Clerbaux and Cunnold,

Saturation Anomaly (%)

8 (b)' T T T - T - 2007). The lifetime of 0.7-0.8yr is also consistent with the
ol ] best estimate (Yvon-Lewis and Butler, 1997). There remains
] b N\ \J\ \J\ MN\N\ a significant imbalance in the global budget, which is likely

A

0T due to unknown or underestimated natural sources that ex-
4_11 hibit little interannual variability, as shown by the model.
] Additional field and modeling studies are needed in order
to better constrain the G3Br source from terrestrial ecosys-
2 tems, particularly in the tropics. The detailed nature of the
J ] ocean model coupled to the simple atmospheric model along
16 . with the results from this study also highlight the need for
T new measurements of oceanic §B4 saturation anomalies,
to provide a comparison of pre-phaseout and current condi-
tions to validate current models of oceanic cycling.
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