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Abstract. We used a 3-D model of chemistry and trans- oxidant. In this study we explore the causes of trends (or
port to investigate trends and variability in tropospheric car-lack thereof) of CO for 1988-1997. There were relatively
bon monoxide (CO) for 1988—-1997 caused by changes in théarge trends in fossil fuel emissions of CO in Asia and Eu-
overhead ozone column, fossil fuel emissions, biomass burnrope during this period, as well as several large biomass burn-
ing emissions, methane, and transport. We found that the deng events that contributed to regional trends and interannual
creasing CO burden in the northern extra-tropie8.85%/y)  variability (IAV) in CO. The eruption of Mt. Pinatubo in 1991
was more heavily influenced by the decrease in Europeaicaused variations in tropospheric OH and subsequently CO
emissions during our study period than by the similar in- for a few years. We deconvolve the impacts on CO of trends
crease in Asian emissions, as transport pathways from Euin fossil fuel emissions, biomass burning, methane concen-
rope favored accumulation at higher latitudes in winter andtrations, and the ozone column with a series of sensitivity
spring. However, the opposite trends in the CO burdens fromsimulations using the tropospheric 3-D chemistry and trans-
these two source regions counterbalanced at lower latitudegort model (CTM) described in Duncan et al. (2007).
Elsewhere, the factors influencing CO often compete, dimin- During the 1980s and 1990s there was an expansion of the
ishing their cumulative impact, and trends in model CO wereroutine measurements of CO, especially surface observations
small or insignificant for our study period, except in the trop- from the flask sampling program of the National Oceanic
ics in boreal fall (1.1%/y), a result of emissions from major and Atmospheric Administration (NOAA) Earth System
fires in Indonesia late in 1997. There was a decrease in th®esearch Laboratory, Global Monitoring Division (GMD)
ozone column during the study period as a result of the phaséNovelli et al., 1992). The total column of CO is also mea-
of the solar cycle and the eruption of Pinatubo in 1991. Thissured at several locations around the world, with data col-
decrease contributed negatively to the trend in model CO byected at a few sites since the 1970s (Zander et al., 1989;
increasing the hydroxyl radical (OH). The impact of this neg- Yurganov et al., 1997; Mahieu et al., 1997; Zhao et al., 2000;
ative contribution was diminished by a positive contribution Rinsland et al., 1998, 1999, 2000). This database provides
of similar magnitude from increasing methane. However, thethe means with which to derive trends in observed CO and to
trends in these two factors did not cancel for troposphericevaluate model performance.

OH, which responded primarily to changes in the ozone col- There were few systematic measurements of CO before
umn. the late 1980s. The data suggest that CO was increasing
at about 1%l/y in the Northern Hemisphere (NH) (Khalil
and Rasmussen, 1988; Zander et al., 1989; Yurganov et al.,
1999), probably because of increasing anthropogenic emis-
sions (Novelli et al., 1998). By the end of the 1980s, this

The oxidizing capacity of the troposphere depends on trendPward trend was replaced by a downward trend (Khalil and
and variability in carbon monoxide (CO), the main sink for Rasmussen, 1994; Novelli et al., 1994). There were sparse
the hydroxyl radical (OH) which is the primary tropospheric Measurements in the Southern Hemisphere (SH) before the

1990s. Surface data from Cape Point, South Africa, suggest
Correspondence tdB. N. Duncan
BY (bryan.n.duncan@nasa.gov)

no trend for 1979-1987 (Brunke et al., 1990).
Published by Copernicus Publications on behalf of the European Geosciences Union.
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Table 1. Direct emissions (Tg CO) from fossil fuel fources by region.

Year Europé North  East Rest Globe
Americg  Asia®>  of World
Emissions 88 148 111 102 50 411
92 120 96 125 58 399
97 90 93 155 66 404
AEmissions 97—88 —58 —18 +53 +16 -7
Ratio 97/88 0.61 0.84 1.52 1.32 0.98

138° N-70° N; 15° W-78 E and 52 N-7C° N; 75° E-180 E. 2 28° N-70° N; 170° W-50° W. 3 8° N-44° N; 75° E-150 E.

Novelli et al. (2003) reported that global surface CO de- The sources of CO include direct emissions from biomass
creased by 0.52 ppbv/y between 1991 and 2001, wBA% burning, fossil fuel and biofuel combustion, and chemical
of that decline being attributed to the aftermath of the erup-production from the oxidation of methane and biogenic and
tion of Mt. Pinatubo (June 1991), and the subsequent in-anthropogenic non-methane hydrocarbons (NMHC). These
crease in tropospheric OH (Bekki et al., 1994; Novelli et al., sources are discussed in detail Sect. 3 of Duncan et al. (2007)
1994; Dlugokencky et al., 1996, 1998). The remainder of theand are summarized in Table 1 of that paper. The annual vari-
decline was caused by the decrease in anthropogenic emigtions in emissions from fossil fuel combustion are based on
sions in the NH, where CO decreased by 1.4 ppbvl/y in thenational inventories where available and on statistics for lig-
northern extra-tropics. Novelli et al. (2003) found no signif- uid fuel use (Bey et al., 2001a; Duncan et al., 2007). The
icant trend in the SH, though there was IAV associated withtotal annual biomass burned inventory used in this study is
variations in biomass burning emissions. described in Lobert et al. (1999), with CO emissions sum-

We describe briefly the formulation and evaluation of the marized in Duncan et al. (2003a); the 1AV in biomass burn-
model in Sect. 2; further details are given in Duncan eting is estimated using the TOMS Aerosol Index as a surro-
al. (2007). In Sect. 3, we discuss the trends in the dominangate. Emissions from biofuels are described by Yevich et
factors with the potential to influence trends in CO and OH al. (2003). We account for the production of CO from the ox-
(i.e., overhead ozone column, fossil fuel emissions, biomasédation of methane assuming ayield of 1 CO per methane ox-
burning emissions, transport and methane). In Sect. 4, wédized as discussed in Duncan et al. (2007). The production
present the trends in model CO. In Sect. 5, we analyze th@f CO from NMHC is estimated by converting the emissions
causes of CO trends and variability. A summary of our re-of NMHC to CO by applying a yield of CO per NMHC ox-

sults is given in Sect. 6. idized as recommended by Altshuller (1991). Uncertainties
in the budget of CO for 1988-1997 are discussed in Duncan
et al. (2007).

2 Model and simulation description We used version 5.02 of the GEOS-Chem model for trans-
port (http://www-as.harvard.edu/chemistry/tjod he trans-

21 Model framework port is driven by assimilated meteorology from the Goddard

Earth Observing System Global Modeling and Assimilation
0Of‘fice (GEOS GMAO) (Schubert et al., 1993; Takacs et al.,

In our earlier paper (Duncan et al., 2007) we described an )
994). We use GEOS-1 fields from January 1988 to Novem-

evaluated the version of the GEOS-Chem CTM that we us 1905 d GEOS-S fields 1 D ber 1995
here, so we only provide a brief description. The model is er » an -Sfrat fields from December 10

driven by assimilated meteorological data, capturing varia-D€cember 1997. The sigma vertical levels of the model are

tions in CO caused by IAV in transport. The model capturesgi\_’en in Bey etal. (ZOQla). Al meteorplogical data were re-
feedbacks between CO and OH by using a chemical parameg”dcfjed from a resolution 0f°X2.5° (latitude by longitude)
terization scheme that allows OH to respond to changes in th&® 4
concentrations of trace gases, meteorology, and the overhead
ozone column (Duncan et al., 2000). We use the merged datd-2 Model simulations

set of Stolarski and Firth (2006) to account for 1AV in the

ozone column. It is derived from measurements by the TotaM/e discuss seven simulations. The first is our Standard run
Ozone Mapping Spectrometer/Solar Backscatter Ultravioletand the second tracks CO tracers tagged as a function of
(TOMS/SBUYV) instruments. their source: both are described in Duncan et al. (2007). We

x5°.

Atmos. Chem. Phys., 8, 7388403 2008 www.atmos-chem-phys.net/8/7389/2008/


http://www-as.harvard.edu/chemistry/trop

B. Duncan and J. Logan: Analysis of trends and variability of carbon monoxide 7391

use the other simulations to quantify the contributions frommerged data set of Stolarski and Frith (2006). During our
trends in the ozone column, fossil fuel emissions, biomassstudy period, 1988-1997, the ozone column was strongly im-
burning emissions, transport, and methane to trends in CQacted by the eruption of Mt. Pinatubo in June 1991 (WMO,
and in OH in the Standard simulation. In each, we fix one 0f2007). Substantial ozone loss occurred after the eruption of
these factors to its values for 1988 for the entire simulation,Mt. Pinatubo, especially in the NH mid-latitudes. Hydrolysis

while allowing the others to vary. of N2Os on sulfate aerosols in the lower stratosphere effec-
_ tively sequestered NO allowing enhanced catalytic destruc-
2.3 Model evaluation tion of ozone by chlorine (Mickley et al., 1997). The ozone

) ] ] ] ) column also depends on natural sources of variability, includ-
A detailed evaluation of model CO with observations is pre-inq the solar cycle and quasi-biennial oscillation (QBO).

sented in Duncan et al. (2007). We compared model CO t0 e calculate trends in ozone with the multivariate linear
observations from the NOAA/GMD flask sampling program, e4ression model of Ziemke et al. (1997), except that we do
CO column observations, and profiles from various aircraft,, + include terms to remove the dependence of ozone on the

campaigns. The evaluation shows that the main features aly|5r cycle and the QBO. Such regression models usually in-
the spatial and seasonal variations of CO are reproduced welly, e these terms to remove the effects of natural variabil-

by the model implying that the magnitude and timing of the i, oy column ozone, in order to compute trends attributable
emissions are reasonable. The model reproduces the 20% dgj changes in chlorine and bromine. Our purpose is differ-

crease in CO observed at high NH latitudes 1988-1997 and\+ however. We are interested in the trend in ozone for
the 10% decrease in the North Pacific, caused primarily by; ggg_1997, whatever the cause, as this is what impacts tro-
a decrease in European emissions as discussed below. Thggoheric OH and, subsequently, CO. There are significant
model is too low at the seasonal maximum in spring in the yoynward trends in all seasons for all four zonal bands for
southern tropics, except for locations in the Atlantic Ocean.1ggg_1997 as shown in Fig. 1. Our study period begins near
This problem may be caused by an overestimate of the freg, peak of a solar cycle and ends near a minimum (e.g.,
quency of tropical deep convection, as discussed in Duncagunspot activity in Fig. 1 as a proxy), and much of the trend
etal. (2007). in the tropics is caused by the dependence of ozone on the
solar cycle.

3 Trends in causal factors . . .
3.3 Biomass burning emissions

3.1 Fossil fuel emissions
Duncan et al. (2003a) found that there were no large-scale

There were strong regional trends in fossil fuel emissions fortrends in biomass burning in the tropics/subtropics for the
1988-1997 as shown in Fig. 2 of Duncan et al. (2007). Ta-1980s and 1990s, but there was significant IAV. Wotawa et
ble 1 presents the emissions for fossil fuels by region for seval. (2001) found that 63% of the IAV of summertime CO
eral years. European emissions decreased 39% from 198&0ve 30N can be explained by IAV in boreal forest fires in

to 1997, from 148 Tg to 90 Tg CO. Emissions in Western the high, NH latitudes. Biomass burning is highly seasonal,
Europe decreased by 33% (61 Tg to 41 Tg), mostly throughwith some episodic and sometimes extreme events that oc-
regulatory controls, while in Eastern Europe22° E) they ~ Cur in regions with high biomass loads (i.e., boreal forests
decreased by 45% (87 Tg to 48 Tg) because of the ecoand Indonesian forests underlain by peat). The boreal forests
nomic contraction following the breakup of the former So- of North America experienced unusually large fires in 1994
viet Union. At the same time, the countries of East Asia, and 1995, and Indonesia eXperienced firesin 1991, 1994, and
especially China, underwent an unprecedented economic ext997; those in 1997 were particularly severe, releasing an es-
pansion, increasing emissions by 52% (102 Tg to 155 Tg)timated 130 Tg CO (Duncan et al., 2003a, 2003b).

The decrease in emissions from North America was smaller,

16% (111 Tg to 93 Tg). The decrease of emissions in Europe3-4 Methane

—58 Tg, was approximately counterbalanced by the increase

in emissions from East Asia, +53 Tg. Relatively small in- The source of CO from methane oxidation is about one-third
creases (16 Tg) occurred elsewhere, primarily in Latin Amer-Of the total source of CO (e.g., Holloway et al., 2000; Dun-
ica (7 Tg) and Africa (6 Tg). Overall total fossil fuel emis- can et al., 2007). Dlugokencky et al. (1998) derived an av-
sions from the NH decreased only by 4%, or 14 Tg CO, forerage trend in the global methane burden otf19ppbv/y

1988-1997, despite the strong regional trends. for 1984-1996 from GMD surface observations growth, with
a decrease in the growth rate of &#@.1ppbv/y. We use the
3.2 Overhead ozone column GMD measurements to give annually and zonally-averaged

mixing ratios for four zonal bands of equal area in the model.
Figure 1 shows the deviation (%) of the monthly mean ozoneThe trends in methane are similar in each band for 1988—
column from the monthly means for 1979-2006 using the1997, about +0.4%/y.

www.atmos-chem-phys.net/8/7389/2008/ Atmos. Chem. Phys., 8, 78832008
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Trend (%/y)
1988 - 1997
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Fig. 1. The top four panels show the change in the observgddlumn (%) for 1979—-2006 relative to the monthly mean column for 1979—

2006 for four zonal bands. The time period of our study, 1988-1997, is shown between red vertical lines; the annual and seasonal observec
trends (%/y) are shown at right. The trends have the effects of the seasonal cycle removed. DJF=December—February; MAM=March—May;
JJA=June—August; SON=September—November; ANN=January—December. The bottom panel shows the monthly number of sunspots/montt
for 1979-2006, a proxy for the solar cycle.
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3.5 Transport

Changes in atmospheric circulation caused by the EIl
Nifio/Southern Oscillation (ENSO) can be substantial, im-
pacting many regions of the world (Lau and Yang, 2002).
Our study period includes the most extreme ENSO event of
the century that occurred in 1997-1998 (Bell and Halpert,
1998; Glantz, 2001) and the weaker, prolonged ENSO event
of 1990-1995 (Allan and D’Arrigo, 1999). Only two peri-
ods, 1988-early 1989 and early 1996, experienced L& Ni
conditions, with the 1996 event being weak. By chance, our
study period began with an unusually strong Ldi&liand
ended with an unusually strong Eli\.

In the extra-tropics of the NH, the North Atlantic Oscil- ©
lation (NAO) is one of the dominant influences on climate g_,
variability from eastern North America to Siberia, especially
during winter (Hurrell et al., 2002). Duncan and Bey (2004)
showed that IAV of the NAO caused variations in surface CO
over Europe, effectively masking the influence of the down-
ward trend in European fossil fuel emissions for 1987-1997.

— e e e e -

NNANNN

_——m = e = e ==

3.6 Other factors /\,/\/\//\/\

Trends and variability in emissions of N@nd NMHC, and

in tropospheric ozone may impact OH and hence CO. As dis-
cussed in Duncan et al. (2007), we use the monthly-averaged
distributions (1988-1997) from the GEOS-Chem simulation

with the kinetic solver presented in Duncan and Bey (2004) 0 ‘ ! ‘ ! ‘ ‘ ‘ ‘ ! !
as input to this simulation which uses the parameterization 88 89 90 91 92 93 94 95 96 97 98
method to calculate OH. These fields, and subsequently their Year

impact on OH, already account for variations of transport,

emissions, the overhead ozone columns, etc. Fig. 2. Monthly tropospheric burden of CO (Tg) by source.

We use a linear scaling of the direct emissions of CO to
account for CO from the oxidation of anthropogenic NMHC
(Duncan et al., 2007), so this source of CO is not anindepens4 Trends in Model CO
dent cause of variability in our simulation. We estimate the

production of CO from biogenic NMHC oxidation, which is e discuss the burden and trends in model CO for four lat-
a function of temperature, sunlight, and/or N&s described  ji,de pands: 30-9N (HNH, high NH), 0=30° N (TNH,

in Duncan et al. (2007); this source of CO varies annually bytropical and subtropical NH),°830° S (TSH), and 30-9%
6% during the study period (or by less than 1% of the total (ysH). Although there is heterogeneity within each band, the
CO source). S _ factors that influence the distributions and trends are different
The use of the two meteorological fields may contribute gnoygh to warrant this artificial demarcation. Except in the
a spurious component to any calculated trend even thougRyira-tropics in winter, the lifetime of CO is typically short
the model versions are similar (except for the number of lev-j, rejation to meridional mixing so that a trend in one of our
els in the stratosphere). Therefore, we show trends for both ona) hands may not necessarily affect the trend in another
1988-1997 and 1988-1995 in Sect. 5, but our conclusiongpalil and Rasmussen, 1994). Unless otherwise specified,

are not dependent on the ending year of our analysis. Anyye compute trends using the method presented in Ziemke et
spurious components are dwarfed because of real variationg (1997).

in the causal factors described in Sect. 3.1-3.5, which explain
the majority &80%) of variation in the total CO trends (see
Sect. 5).

Figure 2 shows the tropospheric burden of CO by source
(i.e., methane oxidation, fossil fuels and biofuels, biomass
burning, and biogenic NMHC oxidation) for 1988-1997.
The production of CO from methane oxidation85% of

the total tropospheric source and contributes a similar frac-
tion, about 100-120 Tg CO, to the total burden. The global
burden from biomass burning shows two peaks each year

www.atmos-chem-phys.net/8/7389/2008/ Atmos. Chem. Phys., 8, 78832008
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Fig. 4. The seasonal and annual trends for the CO burden (%ly,
Tgly) in the Standard simulation for 1988-1997; two standard de-
viations are shown by the vertical lines.

Fig. 3. Trends in surface CO (ppbv/y) for 1988—-1997 (top). Down-
ward trends are shown as blue lines, upward trends as red lines, and Figure 3 shows the spatial trends in the distribution of

rlolgefg a_s6gr_e§n (:'ngs 6W';h Egnt%ur 1s§a§||1ndg;‘ifl, J_aiilar_lt?(’en 4 the model surface CO (ppbvy) for 1988-1997 for the NH.
(midale) With contour s,pa'cin’g 6650 —40. —30. —20. —10 y_5 (Annual trends were calculated for each surface grid box us-
0, 5, 10, 20, 30, 40, and 50. July trends (bottom) with the sameing monthly means, using y=A+Bx and minimizing the Chi-

contour spacing as the top panel. square error statistic.) There are strong downward annual

trends that maximize over Russia{10 ppbv/y) and strong

upward trends in East Asia (2—10 ppbv/y). The annual trends
associated with the timing of the burning in the tropics of the are more heavily weighted to the trends in winter than sum-
NH and SH. The contribution of biomass burning to the bur- mer because of wintertime accumulation of CO. There are
den in the HNH reflects transport from the tropics and sub-positive trends in surface CO in January over Western Eu-
tropics, as the extratropical source peaks in summer. The burope despite the strong decrease in emissions there (Table 1);
den from fossil fuels peaks in late boreal winter/early springthis trend occurs because the last two winters of our study
in this region, and is similar in magnitude to the burden from period were predominately in the negative phase of the NAO
biomass burning at that time. The burden from the oxidationas discussed by Duncan and Bey (2004). Over most of the
of biogenic NMHC is the smallest contributor overall in the tropics and SH (not shown) there are no significant trends
HNH, but is~60% of the fossil fuel burden in boreal sum- in surface CO greater thahl ppbv/y, except there is an up-
mer. ward trend in Southeast Asia, over the Bay of Bengal, and

Atmos. Chem. Phys., 8, 7388403 2008 www.atmos-chem-phys.net/8/7389/2008/



B. Duncan and J. Logan: Analysis of trends and variability of carbon monoxide 7395
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Fig. 5. The deviation of the monthly CO burdeanCO; Tg) for Fig. 6. The same as Fig. 5, except for the Standard simulation
each sensitivity simulation defined as the monthly CO burden for(black). The red line represents the sum of the deviations of the
the Standard simulation minus the monthly burden of the sensitivityfour sensitivity simulations in Fig. 5.

simulation.

5 Analysis of causes of CO trends and variability
over northern Africa near the equator. The trends at 500 hPa

are mostly not significant (not shown). Figure 5 shows the effect on the CO burden of the four
Figure 4 shows the trends in the tropospheric CO burdemmain factors influencing trends and IAV: biomass burning,
of the Standard simulation. The seasonal and annual trendsethane, fossil fuels, and the ozone column. For each sim-
in the HNH are all negative<0.5 to —1.1%/y); the largest ulation we fix one of these factors to its values for 1988 for
negative trend occurs in March—May. Overall, the HNH hasthe entire simulation, while allowing the others to vary. The
the largest seasonal and annual trends. The seasonal trenfiigure shows the monthly deviation of the CO burd&€Q)
in the tropical bands show considerable variabiliy0(7 to in each sensitivity simulation, defined as the monthly bur-
1.4%ly) though the annual trends are not significant in theden in the Standard simulation minus the monthly burden in
TNH and are only 0.3%l/y in the TSH. The largest positive the sensitivity simulation. Interannual variation in biomass
trends occur in the tropics in September—November. Theburning is the main driver of large-scale, episodic variabil-
smallest trends occur in the HSH. ity in the tropics, especially related to major burning events

www.atmos-chem-phys.net/8/7389/2008/ Atmos. Chem. Phys., 8, 78832008
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Fig. 9. Monthly tropospheric burden of CO (Tg) in the NH from
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Fig. 7. The seasonal and annual trends for the CO burden (Tgly)
in the standard and fossil fuel sensitivity simulations; two standardOH, so that the components of the total trend caused by the

deviations are shown by the vertical lines.
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Fig. 8. Total columns of CO %108 molec/cn?) from fossil fuel
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causal factors will not necessarily sum to the total CO trend
in the Standard case. Nevertheless, the figure shows that
these four causal factors explain the majority of CO variabil-
ity globally (R%=0.84) for 1988—1997 and in the HNH, TNH,
and TSH (0.78-0.83). However, only about half is explained
in the HSH (R2=0.52). Our sensitivity simulation where we

fix the transport for each year to that in 1988 shows that trans-
port explains much of the remaining variability in the HSH.
This result is not surprising for the HSH as most of the CO
there is imported from the tropics.

5.1 Impact of regional trends in Fossil fuel emissions

The net change in NH fossil emissions is small (Table 1), al-
though there are large regional changes in emissions and in
trends in surface CO (Fig. 3). Figure 7 shows the trends in
the CO burden for the Standard run and for the simulation
with fossil fuel emissions fixed to 1988 levels. The nega-
tive trends in the Standard simulation in the HNH become
insignificant or less negative in the sensitivity run. However,
the trends in the TNH are similar for both simulations. The
decrease in European emissions is the primary cause of the
decrease in the CO burden at higher latitudes, but the effect

emissions from Europe and East Asia in January in 1988 and 1997sf the decrease in CO from Europe on CO at lower latitudes

is offset by the increase in CO from Asia as illustrated in
Fig. 8, which shows the total columns of CO from Asian and

in Indonesia in 1991, 1994, and 1997. In contrast, the upEuropean sources in January of 1988 and 1997.

ward trend in global methane contributed a monotonic in-

The CO burden in the NH, especially in the HNH, is more

crease in CO. The downward trend in fossil fuels emissionsinfluenced by the decrease in European emissions than by the
contributed a steady, but seasonally-varying, decrease in théimilar increase in Asian emissions for two reasons (Fig. 9).
HNH. The changes in the ozone column caused an overalfirst, pollution from Europe is emitted at higher latitudes
decrease, though with variability.
Figure 6 showsACO in the Standard simulation and the from East Asia (20-40° N, but mainly 30—40° N). The av-
sum of ACO from the four sensitivity simulations in Fig. 5. erage lifetime of CO increases with latitude, particularly in
There are nonlinear feedbacks between CO, methane, andinter when CO behaves like an inert tracer at high latitudes.

Atmos. Chem. Phys., 8, 7388403 2008
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300 71N 36W Barrow, Alaska, USA _Trend (ppbv/y)
250 Observations —3.2
200 Model -2.8
150 Europe -3.4
100 N. America  —0.1
50 E. Asia 0.7
0 FF Sum -2.8
300 [ 45N 123W Cape Meares, Oregon, USA
250 - Observations NS
200 Model -1.9
150 F Furope -1
100 N. America NS
50 E. Asia 0.7
0 FF Sum -1.5
2 500
g_ 400 Observations —4.3
3 Model 5.6
o 300 Europe 2.2
O 200 N. America  —0.1
100 E. Asia 8.9
0 FF Sum 6.5
200
150 Observations —2.9
Model -0.8
100 Furope -0.9
N. America NS
50 E. Asia 0.4
0 FF Sum NS
200
150 Observations NS
Model -1.0
100 Furope -1
N. America —0.1
50 E. Asia 0.7
0] FF Sum -0.6
88

Year

Fig. 10. Surface CO (black line with dots) observed at several NOAA/GMD stations. The red line represents total model CO in the Standard
run. CO from fossil fuel emissions from Europe, East Asia, and North America are shown as green, magenta, and blue lines, respectively.
The sum of all three fossil fuel tracers is shown in pale blue.

Second, in winter, much of the export of pollution from Eu- We used tagged tracer simulations to examine the contri-
rope occurs near the surface towards Russia and the Arctibutions of regional trends in fossil fuel emissions at GMD
(Duncan and Bey, 2004), while some CO from East Asia isstations that are downwind of major source regions (Fig. 10).
transported to the southwest over Indochina and the Bay ofrhe decrease in model CO at Barrow, Alask&(8 ppbv/y),
Bengal (Newell and Evans, 2000; Bey et al., 2001b; Stohl etis mostly due to CO from European fossil fuel emissions
al., 2002; Liu et al., 2003) into a region where its lifetime is (—3.4 ppbvly), and agrees well with the observed trend
less than a month. These transport pathways are evident i3.2 ppbv/y). The burdens from East Asian and North
Fig. 8. The annual emissions of CO from Europe and AsiaAmerican sources are much smaller than that from Europe
are similarin 1992 (Table 1), but the greater hemispheric burin 1988, but by 1997 all three are of more similar magni-
den of European CO is clear (Fig. 9). As a result, the de-tude. The model captures the seasonality of the trend, largest
crease in the CO burden from European souredsg Tgly) in winter and spring, with the greatest effect of European
is larger in magnitude than the increase in the burden fronsources during these seasons (Fig. 11). European pollu-
Asian sources (+1.1 Tg/y) as shown in Fig. 9. tion plays less of a role in determining the overall trend at
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Fig. 11. (top) Trends (ppbv/y) for the model and observed CO at the -1.0L ‘
NOAA/GMD station in Barrow, Alaska. (bottom) Trends for tagged
tracers from three industrialized regions; two standard deviations 0.8T7
are shown by the vertical lines. 0.6+ HSH
0.4
0‘2 [ + + ¢
lower latitudes, but the decrease in European CO is evident, 0.0 + ﬁg ¢ N ¢
including at Tae-ahn, Korea—Q.2 ppbvly), Cape Meares —0.2 1 NS Ns "
(—1.1ppbvly), and Midway-{1.1 ppbv/y) in Fig. 10. The -0.4
effect of the decrease in European sources for 1988-1997 DJF MAM  JJA SON  ANN
is offset by the increase in East Asian fossil fuel emissions Season

at most of the midlatitude sites (e.g., Bermuda, Midway).
Fig. 12. The seasonal and annual trends for the CO burden (Tgly)

Slightly negative or insignificant trends in CO from North for the standard and two sensitivity simulations: two standard devi
American sources occur at the stations, even at Bermudg, ¢ standard a 0 sensitivity simuliations, two standard devi-

L . . . ations are shown by the vertical lines.
which is typically impacted by the outflow of North America, y
reflecting the relatively weaker decrease in emissions (Ta-
ble 1).

a regular cyclic component to the trend in OH and hence in
5.2 Methane and overhead ozone columns CO. Consequently, the trend in methane (should it increase
. ) . again) and the cycle in the overhead ozone column may al-
The trends in the simulation where the overhead 0zongernate from canceling each other to reinforcing each other
columns were fixed to 1988 levels are less negative than thosg, their effects on CO trends.
in the Standard simulation, as shown in Fig. 12. The ob- The opserved trends in column ozone and methane did not
s_erved decreas_e in the ozone columns for 198_8—1997 COave a compensating effect on OH (Fig. 13). Clearly, model
tributed a negative component to the CO trend in the Stanpy is sensitive to changes in the overhead ozone column in
dard case by enhancing CO loss through reaction with OH¢pe tropics year-round{4%) and in the middle and high lat-
On the other hand, the observed increase in methane coly,des in local summer5%). In the HNH and HSH, there
tributed a positive component as it led to an increase in thgs significant 1AV in OH which will prejudice any trend; two
source of CO from methane oxidation (Fig. 12). deviations in OH in the HNH in 1993 and 1995 are associ-
The compensating nature of the observed trends in colated with strong negative deviations in the overhead ozone
umn ozone and methane on CO trends (Fig. 5) is fortuitousolumn (Fig. 1). In contrast, the trend in methane has little

for our study period. The trends in the ozone column de-impact on OH (Fig. 13) as reaction with methane is not the
pend, in part, on the solar cycle, leading to an increase irprimary sink for OH.

OH in 1988-1997, but the 11-y solar cycle should contribute
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Biomass BurningMethane 0, Column 1988-1995 1988-1997

1.0 [ HNH 2.0 HNH
0.5 150

0.0 1.0 .

-0.5 0.5 ++ + + ++

-1.0 0.0 + NS
_05 H + NS

1.0 TNH —-1.0p "

0‘5 = —15 L

0.0 2.0 TNH
~05 1.5

-1.0 1.0 ++ ++ + ¢

ool d
-0.5F "

-1.0r
-1.5L

&1

2.0 TSH
1.5

(1):2: t 4 $ ¢
_82+ A B B

-1.0r
-1.5L

AOH (x10° molec/cm?)

Trend (%/y)

2.0 HSH
1.51

+ bt

88 89 90 91 92 93 94 95 96 97 98 NS
Year =051 |

-1.0r )
Fig. 13. Same as Fig. 5, except for tropospheric mean OH. -1.5L N‘SNJ = : :
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The trends in OH in the Standard run are positive in the
tropical bands in all seasons for 1988-1995, but are nofig. 14. Trends (%/y) for model OH in the Standard simulation;
significant for 1988-1997 for the TSH and for September—two standard deviations are shown by the vertical lines.
February in the TNH (Fig. 4). As will be discussed in
Sect. 5.5, the component of the upward trend in OH from

the decreasing ozone columns is partially offset by the loss o .
of OH through reaction with CO from the Indonesian fires. 998 from wildfires in Indonesia (late 1997, early 1998), the
boreal forests (in 1998), and Mexico (in 1998), perturbing

5.3 Episodic high-impact events the tropospheric CO burden by 16% on average for almost
3 years.
Trends are particularly sensitive to extreme events near the Itis apparent from Fig. 5 that including or excluding 1997
start or end of the time series being considered. Novelliin our analysis will impact the calculated trends, especially
et al. (2003) estimated that the global trend in surface COn the tropics. Figure 15 shows the seasonal and annual
for 1991-2001 £0.52 ppbv/y) would be-1.5 ppbv/y if data  trends in the Standard simulation and the sensitivity simula-
from mid-1997 to mid-1999 were removed from the calcula- tion with the biomass burning emissions fixed to 1988 levels.
tion; abnormally large emissions of CO occurred in 1997 andThe seasonal trends are similar in both runs for all seasons,
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Standard Biomass Burning methane was damped as the largest changes in the column
- occurred outside of the tropics and in winter (Fig. 1). Model
L TNH calculations in the literature indicate that OH initially de-
- creased during the first year following the eruption because
+ of the scattering effects of sulfate aerosols, which reduced the
o ¢ amount of UV radiation in the troposphere (Dlugokencky et
S ++ % ¢ d al., 1996), and began to increase in 1992 and 1993 as the
‘ ‘ ‘ ‘ ‘ ozone column decreased in 1992/1993 (Fig. 1; Bekki et al.,
1994). We do not include the scattering effects of strato-
TSH spheric sulfate aerosols on photolysis rates. Dlugokencky et
B al. (1996) estimated that tropical OH decreased by about 10%
because of the stratospheric aerosols which would cause CO
’+ ¢ to increase by about 8 ppbv. This estimated increase would
LS A A ¢ b cause a minor change in the trend in tropical CO (Fig. 5) in
B NS our model, which would not affect any of our conclusions.

e RN
oo U o U
[ I

Trend (Tg/y)

SO0 0= =N

our © O O UIo

DJF MAM JUA SON ANN

Season 5.4 Transport

Fig. 15. The seasonal and annual trends for the CO burden (Tg/y)The sensitivity simulation, where we fix transport fields
in the standard and biomass burning sensitivity simulations; twothroughout the simulation to those of 1988, does not provide
standard deviations are shown by the vertical lines. useful information on the causes of CO trends as 1988 be-
gan in a weak El Nio and ended in a strong Laii. Thus

the natural transition between the ENSO phases is broken by
repeating 1988 meteorology, possibly introducing a spurious
forcing to this sensitivity simulation.

5.5 Contributions of causal factors to trends in Model OH

The hydroxyl radical is sensitive to a number of factors (e.g.,
Spivakovsky et al, 2000), especially to changes in the ozone
column (see Fig. 13) and to changes in CO itself, as about
60% of the sink of OH is through reaction with CO. Global
mean OH in our simulation is0.9x 10° molec/cn? (Duncan

et al., 2007). Figure 16 shows the monthly-average OH with
the monthly mean (1988-1997) removed. Globally, model
OH varies+10% about the mean for 1988-1997. Interan-
nual variability in OH of this magnitude was derived also
from analysis of data for methyl chloroform for different time
periods (Bousquet et al., 2005; Prinn et al., 2005).

Figure 14 shows that the seasonal OH trends in the Stan-
dard run for 1988-1997 in all four zonal bands are not sig-
88 89 90 o1 92 935 o4 95 9% 97 98 nificant, except in NH spring and summetd.5%/y) and

e the HSH in September—November@.5%/y). The compo-

Fig. 16. Tropospheric mean, monthly OH with the mean for 1988— Nent of the trend in OH associated with trends in the ozone
1997 removed. column is important in the tropics year-round and in the high
latitudes in local spring and summer, as shown in Fig. 13.

The component of the OH trend in the tropics due to biomass

except September—-November when the Indonesia fires odurning is approximately counter-balanced by that due to the

curred. The positive trends in the TNH and TSH in the Stan-overhead ozone column in September—November. Biomass

dard run are negative or not significant in the sensitivity sim-burning caused decreases in OH as high as 10% during the
ulation. 1997 Indonesian fires in the tropics. The influence of fos-
There is not a major response of the model CO burdersil fuels is comparatively weak, except in the HNH; the de-
to the aftermath of the Mt. Pinatubo eruption in June 1991crease in CO from fossil fuels impacts OH predominately
(Fig. 5). Fuglestvedt et al. (1994) found the response ofin spring, when CO is seasonally high, and early summer

AOH (x10° molec/cm?)
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(£2%; Fig. 13), when OH is seasonally high. The impact of ity, £10% about the mean, for 1988—-1997. These findings
the trend in methane is small as noted above. are in general agreement with other studies, which inferred
trends in OH from observations of methyl chloroform and
14CO (Bousquet et al., 2005; Manning et al., 2005; Prinn et
6 Summary al., 2005).
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