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Abstract. We present decadal trend estimates of surface carl Introduction
bon monoxide (CO) simulated using the atmospheric chem-
istry general circulation model ECHAMS5/MESSy (EMAC; Atmospheric carbon monoxide (CO) is a key tracer in atmo-
ECHAM5 and MESSy stand for fifth-generation Euro- spheric chemistry and climate change (Novelli et al., 1992;
pean Centre Hamburg general circulation model and ModForster etal., 2007; Duncan and Logan, 2008; Gomez-Pelaez
ular Earth Submodel System, respectively) based on th&tal., 2013). Major sources of atmospheric CO are fossil fuel
emission scenarios Representative Concentration Pathwayg®mbustion and biomass burning on the earth’s surface (Wal-
(RCP) 8.5 for anthropogenic activity and Global Fire Emis- lace and Hobbs, 2006). CO leads to the formation of tropo-
sions Database (GFED) v3.1 for biomass burning from 2001spheric ozone (¢) and carbon dioxide (C£) through photo-
through 2010. The spatial distribution of the modeled sur-chemical and oxidation reactions (Crutzen and Gidel, 1983;
face CO is evaluated with monthly data from the Measure-Fishman and Crutzen, 1978; Burrows et al., 1995). The main
ments Of Pollution In The Troposphere (MOPITT) thermal Sink of CO is oxidation by hydroxyl radical (OH) and re-
infrared product. The global means of correlation coefficientsults in a moderately long lifetime (i.e., weeks to months)
and relative bias for the decade 2001-2010 are 0.95 an@Wallace and Hobbs, 2006). Because of this relatively short
—4.29 %, respectively. We also find a reasonable correlatiorlifetime, CO is not well-mixed in the troposphere. It also
(R =0.78) between the trends of EMAC surface CO andcontrols the OH concentration and distribution (Levy, 1971;
full 10-year monthly records from ground-based observationThompson, 1992; Crutzen, 1974; Logan et al., 1981), which
(World Data Centre for Greenhouse Gases, WDCGG). Oveinfluences the oxidation of most trace gases on the earth
western Europe, eastern USA, and northern Australia, théKhalil and Rasmussen, 1990), such as methane,(@Hd
significant decreases in EMAC surface CO are estimated a®ther pollutants (Lelieveld et al., 2004; Novelli et al., 1992;
—35.5+5.8, —59.6+ 9.1, and—13.7+ 9.5 ppbv decade', Thompson and Cicerone, 1986). Therefore it contributes to
respectively. In contrast, the surface CO increases bytlimate change with direct and indirect radiative forcings
+8.9+ 4.8 ppbv decade over southern Asia. A high corre- around 0.024 and 0.2WT4, respectively (Forster et al.,
lation (R =0.92) between the changes in EMAC-simulated 2007). Monitoring long-term series of surface CO is there-
surface CO and total emission flux shows that the signifi-fore important for understanding the influence of the direct
cant regional trends are attributed to the changes in primargcO emissions on atmospheric chemistry and, indirectly, on
and direct emissions from both anthropogenic activity andclimate. Previous studies have shown that CO exhibited an
biomass burning. increasing trend (worldwide) before the 1990s (Khalil and
Rasmussen, 1988) and a decreasing trend (Novelli et al.,
1994; Law, 1999), due to the primary decreases in anthro-
pogenic emissions, thereafter (Duncan et al., 2007; Novelli
et al., 2003). Duncan et al. (2007) and Duncan and Logan
(2008) reported comprehensive results of the global/regional
budget of CO and leading causes of its trends and interannual
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variability from 1988 to 1997. Liu et al. (2010) looked into 2 Maodel, emission scenarios, and observational data
the internal variation of CO in the tropical troposphere using

Aqua satellite data and the GEOS-Chem model in 2005 an@.1 ECHAMS5/MESSy Atmospheric Chemistry

2006. There are no studies based on the model simulations  (EMAC) model

that estimate recent changes (since 2000) in global CO.

The Measurements Of Pollution In The Troposphere (MO-The EMAC model is a numerical atmospheric chemistry gen-
PITT) instrument is a nadir-viewing gas filter correlation eral circulation model (ACGCM) developed for investigat-
spectrometer that has been measuring CO mixing ratios ifng atmospheric processes and their interaction with ocean,
the troposphere from the Terra satellite. It provides the longdand, and human influences (see Jockel et al. (2010) and
term accumulated data of global CO that are the most suitpublications ahttp://www.messy-interface.ofg/lt consists
able for the trend analysis because of their rigorous evalof ECHAMS5 version 5.3.02 (Roeckner et al., 2006) and
uation/validation (average errors for individual total col- MESSy2 version 2.42 (Jockel et al., 2010). The simulation
umn CO estimatest-5-6 %) and 13-year continuous records results have been extensively evaluated with surface, air-
since 2000 (University of Toronto and NCAR MOPITT craft, and satellite observations in many publications, such as
Team, 1996; Pan et al., 1995, 1998; Worden et al., 2013)J0dckel et al. (2006) and Pozzer et al. (2007, 2009, 20124, b).
However, since the MOPITT-retrieved CO is based on clima-In this study, a T63L31 resolution was used, corresponding
tology, its trend estimates can be significantly biased (Yoonto a horizontal resolution of approximately 1.875 by 1.875
et al., 2013). The ground-based observations can providén latitude and longitude and a vertical resolution of 31 lev-
decades-long and highly accurate records using in situ meeels from the surface to 10 hPa (i.e., vertical resolution: about
surement methods, but only for the available ground sta-500m in the lower troposphere, 750 m in the middle tropo-
tions. Therefore, there is a significant limitation to estimatesphere, and 1 km around the tropopause) (Roeckner et al.,
a reliable trend of global and regional surface CO from 2006).
the study solely based on satellite-retrieved or ground-based
data. In order to overcome this limitation, this study uses the2.2 Emission scenarios, RCP 8.5 and GFED v3.1
ECHAM5/MESSy Atmospheric Chemistry (EMAC) model
(Jockel et al., 2010; ECHAMS is the fifth-generation Euro- Several emission scenarios, e.g., the 1992 IPCC Scenarios
pean Centre Hamburg general circulation model, and MESSYIS92) (Leggett et al., 1992) and Special Report on Emis-
is the second version of the Modular Earth Submodel Syssion Scenarios (SRES) (Nakicenovic et al., 2000), have been
tem), which can provide useful simulations to analyze chem-broadly used for the research on greenhouse gases, air pollu-
ical processes in the atmosphere and its interaction with théants, and future climate (e.g., Hogrefe et al., 2004; Jacobson
ocean and land surfaces. and Streets, 2009). However, since they are the no-climate-

In this study, the EMAC model is used to simulate sur- policy scenarios, they fail to explore the impact of different
face CO trends from 2001 to 2010. The anthropogenic emise€limate policies (van Vuuren et al., 2011). The Fifth Inter-
sions are based on the Representative Concentration Patgevernmental Panel for Climate Change Assessment Report
ways (RCP) 8.5 (Rihai et al., 2007) and the biomass burningIPCC ARS5) gives an account of the concentration of green-
emissions from the Global Fire Emissions Database (GFEDhouse gases with respect to atmospheric radiation affected
v3.1 (Giglio et al., 2010; van der Werf et al., 2010). The by anthropogenic activities (van Vuuren et al., 2011). The
main objectives of this study are to analyze the long-termRCPs were developed by four individual modeling groups
trend of global and regional surface CO, simulated using(i.e., NIES, IIASA, JGCRI, and PBL) (Riahi et al., 2007,
EMAC model, and to compare them to observationally de-van Vuuren et al., 2006, 2007, 2011). They consist of four
rived trends. This paper is organized as follows: in Sect. 2,emission scenarios also called RCP 2.6, 4.5, 6.0, and 8.5
we describe the EMAC model and emission scenarios usedepresenting the radiative forcing of anthropogenic activity
for the global surface CO simulations from 2001 to 2010, andfrom 2.6 to 8.5 W 12 in 2100, which depend on the mitiga-
the MOPITT and WDCGG (World Data Centre for Green- tion or emission scenarios (van Vuuren et al., 2011). Among
house Gases) observations for the evaluations of spatial dighem, emission RCP 8.5 is used in this study to investigate
tribution and temporal change in the simulated surface COthe influence of anthropogenic activity on the change in sur-
In Sect. 3, the model results are spatially and temporally evalface CO from 2001 to 2010. It assumes that the emissions in
uated through comparison with the observational data sets. Igreenhouse gases continue to increases post-2100 and their
Sect. 4, we estimate the regional and global trends in EMAC-concentrations are stabilized post-2200 (Riahi et al., 2007;
simulated surface CO and explore the major causes for thgan Vuuren et al., 2011; Meinshausen et al., 2011). RCP 8.5
trends by comparing changes in CO direct emissions. Sechas been tested in Granier et al. (2011), which showed that
tion 5 summarizes and presents our results and conclusionst is a “reasonable” choice for anthropogenic emissions after

the year 2000. Figure 1la shows the total mean of monthly
emission flux of RCP 8.5 from 2001 and 2010. It illustrates
that the high CO emissions due to anthropogenic activities
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i Figure 2. Time series of the global mean of monthly CO emissions:
(a) constant emission of RCP 8.5 and GFED v3.1 after 2000 and

(b) the combination of RCP 8.5 and GFED v3.1.

from anthropogenic activity and biomass burning represent
around 50 % of the total CO budget (Granier et al., 1999;
Duncan et al., 2007; Bergamaschi et al., 2000).

Total Mean};}' ','\',l;)mhf;““é aion Fl'llxw['éco m?| A simulation with constant emission (hereafter called CE
B scenario) is performed to assess only the possible influence
0.0 05 10 15 20 of the meteorological transports on the surface CO trend as

shown in Fig. 2a. Emissions in the model simulation CE are
Fig_ure_ 1. Global distributions of the total mean of monthly CO kept equal to the year 2000 from RCP 8.5 and GFED v3.1
emission fluxes ofa) RCP 8.5 andb) GFED v3.1 from 2001 t0 {4y 5| 10 years of the simulation (2001—-2010). In addition to
2010. the simulation CE, the combination of RCP 8.5 and GFED

v3.1 (hereafter called RG scenario) in Fig. 2b is used for

simulating a realistic surface CO concentration. It should be
are located in highly populated regions or the largest urbamoted that, in RCP 8.5, CO emission does slightly decrease
megacities. (globally) from the beginning of the 21st century (Butler

Fire is a significant emission source of several trace gasegt al., 2012). Chemistry and transport are fully decoupled,

and aerosols, including atmospheric CO (Andreae and Mersg hoth simulations have binary identical meteorology (i.e.,
let, 2001; Giglio et al., 2010). To consider the influence transport). Additionally, the model has been weakly nudged
of CO emission from biomass burning, the GFED V3.1 towards analysis data of the European Centre for Medium-
is used in this study. It is based on global fire emissionsRange Weather Forecasts (ECMWF) (Jeuken et al., 1996) up
from deforestation and savanna, forest, agricultural, and peab 100 hPa to obtain realistic model dynamics.
fires (van der Werf et al., 2010). Version 3 is updated us-
ing the combination of the long-term time series of im- 2.3 MOPITT Version 5 Level 3 thermal infrared CO
proved satellite-derived data (e.g., burned area, fire activity,
and plant productivity from the Moderate Resolution Imag- The Measurements of Pollution in the Troposphere (MO-
ing Spectroradiometer (MODIS), Tropical Rainfall Measur- PITT) instrument, on board the EOS (Earth Observing
ing Mission (TRMM), Visible and Infrared Scanner (VIRS), System)-Terra spacecraft in 1999, has been providing con-
Along Track Scanning Radiometer (ATSR), and Advancedtinuous global products of CO total column values as well
Very High Resolution Radiometer (AVHRR)) and model- as vertical profiles of CO volume mixing ratio from 1000
estimated data (fuel loads and combustion completeness ugs 100 hPa with a 100 hPa interval (Deeter et al., 2003).
ing the Carnegie—Ames—Stanford approach (CASA) biogeo-The global MOPITT-retrieved CO data with high accuracy
chemical model) from 1997 to 2009 (van der Werf et al., (expected precisions: 10%) have been applied to various
2010). Figure 1b shows the global mean distribution ofstudies on its sources, transports, and sinks (e.g., publica-
monthly GFED v3.1 surface CO emissions from 2001 totions athttp://www.acd.ucar.edu/mopitt/publications.shtml
2010 and shows that fire activity infaround tropical rain- In this study, the MOPITT Version 5 (V5) Level 3 (L3) ther-
forests leads to large CO emissions. Direct CO emissionsnal infrared (TIR) surface CO products in daytime are used
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3 Evaluation of EMAC-simulated surface CO

3.1 Evaluation of spatial distribution using MOPITT
V5 L3 TIR surface CO

It is quite challenging to retrieve tropospheric CO profiles
based on mostly passive remote-sensing instruments (includ-
ing MOPITT) because of a significant dependence on at-
mospheric temperature profile, surface pressure, and surface
temperature in the retrieval algorithms (Deeter et al., 2003).
In particular, without proper additional information, it is dif-
Figure 3. Research region domains and geolocations of wDCGGficult to avoid the systematic error in the retrieved profiles
stations listed in Tables 1 and 2, respectively. from the algorithm that is developed based on climatology
(i.e., a priori CO profiles) (Eskes and Boersma, 2003). This
is why the averaging kernels, reflecting the relation between
since they have been improved in the retrieval sensitivitythe retrieved and true profiles (Pan et al., 1998; Rodgers,
and accuracy for the lower-tropospheric CO (Clerbaux et al. 2000; Deeter et al., 2003), are important for a proper com-
2009; Worden et al., 2010, 2013; Deeter et al., 2013). MO-parison between satellite-retrieved and model-simulated pro-
PITT TIR products are based on thermal-infrared radiationfiles (Rodgers, 2000; Rodger and Connor, 2003; Eskes and
at 4.7 um. Even though a new joint (multispectral) TIR-NIR Boersma, 2003). The EMAC-simulated CO can be trans-
(near-infrared) product features the maximum sensitivity toformed into a quantity (so-called pseudo-retrievigl,com-
near-surface CO, the TIR-based MOPITT can avoid signif-parable to the MOPITT-retrieved CO as follows (Deeter et
icant random errors in NIR-based MOPITT products (near-al., 2003, 2010):
infrared radiation at 2.3 um). The grey hatched regions de-_
picted in Fig. 3 and listed in Table 1, including the globe * =X0+ A (x —x0) = Ax + (I — A)xo @)
and the Northern and Southern Hemisphere, are selected f%herexo, A, I, andx represent the MOPITT a priori CO,

the spatial evaluation and trend estimates. These regions atg. MoOPITT averaging kernels, the identity matrices, and
important to monitor the surface CO released from anthro, o enmAC-simulated CO profiles from surface to 100 hPa
pogenic and fire activities (see Fig. 1). respectively. In this study, we transformed the EMAC-
simulated surface CO into the surface pseudo-retrieval using
2.4 WDCGG surface CO the surface MOPITT a priori CO and averaging kernels ma-

The WDCGG under the World Meteorological Organiza- X (Yoon etal., 2013).

tion — Global Atmosphere Watch (WMO—GAWtp://www. The Taylor diagrams (Taylor, 2001; Forster et al., 2007,
wmo.int/pages/prog/arep/gaw/gaw_home_enhtwis es- Meehl et al., 2007) in Fig. 4 show the spatial correlation coef-
tablished in 1990 by the Japan_Meteo_roIogicaI Agencyficient (R), normalized standard deviation (SD), and normal-
(JMA) to assist in more reliable monitoring and ana- ized centered root-mean-square (RMS) difference for the dif-
lyzing of greenhouse (C£ CHs, CFCs, NO, surface ferent regions (see Fig. 3 and Table 1) and for the globe. This
ozone, etc.) and related gases (CO, NGO, VOCs type of diagram can provide a concise statistical summary of
(volatile organic compounds), etchttp://ds.data.jma.go.jp/ spatial pattern correlation between satellite observation and
gmd/wdcgg/introduction.htl The WDCGG-archived CO modgl simulation (Taylor,.2001). The statistical quant.ities
data are categorized according to the observation platformgre listed in Table 3. In Fig. 4, the”more closely the simu-
or analytical methods (see more details in GAW Reportlated pattem is located to the "Obs.” on thexis, the more
No. 188, WMO, 2009). The full 10-year monthly records of Closely it matches up with the observed spatial pattern. Ad-
air sampling observations at the stationary platforms (showrflitionally, the relative biasg) is included in Fig. 4, allowing

as green dots in Fig. 3) were used to evaluate the tempord} more effective comparison between the spatial patterns of
trend of EMAC-simulated surface CO. Detailed information the monthly EMAC-simulated and MOPITT-observed CO.

about the station’s geolocations, measurement methods, arf$ Shown again in Fig. 4b, the RG simulation results are
contributors is listed in Table 2. more consistent with the MOPITT observations (i.e., in most

regions,R is greater than about 0.9, less than abt0t25

of normalized SD, less than about 0.5 of normalized cen-
tered RMS difference, and less than ab#d0 % of B) than

the one based on the CE scenario in Fig. 4a. Therefore,
we can conclude that the simulation RG agrees well with
the MOPITT-observed surface CO in the spatial distribution.
Rather poor agreement in the Pacific Region (PAR) can be

9
Research Regions
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Table 1. Geolocation and abbreviation of the regions considered in the evaluation of the spatial distribution and estimation of the regional
and global trend of EMAC-simulated surface CO.

Region Abbreviation Latitude range  Longitude range
a. Pacific Region PAR 10-8MN 165-1458 W

b. Eastern USA EUSA 25-2%3 90-70 W

c. Central South America CSA 1825 80-35W

d. Western Europe WE 35-60I 1°W-15E
e. Central Africa CAF 3-15N 18° W-53 E

f. Southern Africa SAF 20-3S 8E-42 E

g. Southern Asia SA 5-3N 65-92 E

h. Eastern China EC 22-28| 95-124 E

i. Southeastern Asia SEA 13-20 N 95-120 E

j- Northern Australia NA 20-11S 120-150E

k. Northern Hemisphere NH 0-90! 180° W-18C E
|. Southern Hemisphere SH 98-C N 180° W-18C E
m. Globe GL 90S-9C N 180° W-18C E

explained by the biases in the MOPITT CO surface retrievals3.2 Evaluation of temporal change using WDCGG

at cleaner locations, such as over the Pacific Ocean (Emmons  surface CO

etal., 2004), and the failure to consider significant influences

of natural sources (e.g., large-scale transport of tropospherit this section, the WDCGG surface CO observations at the

CO caused by the enhanced biomass burning due to El Nificstationary sites (see Fig. 3 and Table 2) are used to evalu-

Chandra et al., 2009) in the EMAC model. ate the temporal changes of EMAC simulations. We applied
Figure 5 presents the global distributions of the seasonathe monthly time series of EMAC-simulated and WDCGG-

MOPITT surface CO and pseudo-retrievals based on therchived data;) to a linear trend model. The following

EMAC-RG results from 2001 to 2010. The pseudo-retrievalform of a typical linear model has been adopted in vari-

is similar to the distribution of the remote-sensed MOPITT ous studies (Zhao et al., 2008; Hsu et al., 2012; de Meij et

surface CO: the high concentration of surface CO emanating-,» 2012; Yoon et al., 2014) for estimating climatological

from the source regions over the eastern USA, western Euchanges in the atmospheric system (Weatherhead et al., 1998,

rope, central Africa, and southern and eastern Asia is due t¢002):

the combustion of fossil fuels and biomass burning (WallaceY _ X, +S 4N 5

and Hobbs, 2006; Worden et al., 2013), while the CO trans-* — Ht X+ 5+ N, )

ported by the atmospheric circulation can be detected ovefyhere s, w, and X, denote the constant, the magnitude of

neighboring areas. To further analyze a spatial difference bethe trend per year, and the yeads & ¢ /12), respectively.
tween the global distributions of seasonal MOPITT-retrieved, js a seasonal component fitted using Fourier analysis as

and EMAC-simulated surface CO, we show the spatial differ-fg|jows:
ence in the third horizontal panel (Fig. 5¢). In spring (MAM),
the EMAC simulations over the eastern USA and western
Europe dominantly influenced by anthropogenic emission
are underestimated by 13.6 and 10.9 %, respectively, when
compared to MOPITT. In contrast, the relative difference N; is the unexplained noise term, which is often assumed
over southern Asia in autumn (SON) showd6.5%. The to be autocorrelated with one time lag (Weatherhead et al.,
simulations over central Africa and southeastern Asia duringl998, 2002) as follows:

the biomass burning seasons (i.e., summer (JJA) to autumn

(SON)) are from+11.7 to+16.8 %. Generally the simula- Ni=¢Ni-1+ei, (4)
tions are within+10% of the MOPITT obsgrvations, and where is the autocorrelation coefficient-(L < ¢ < 1) and
therefore we can conclude that the EMAC-simulated surface is an independent random variableaitlenotes the trend

I . . I3
CO based on.tfr:ehreahsuc RG sc?nano obviously shows goo@stimate in Eq. (2), determined by minimizing the chi-square
agreement with the MOPITT surface CO. error statistic, the standard deviatian,{ of the trend esti-
mate can be quite accurately approximated as follows:

A~ O¢ 1 __ ON l+¢ 5
% gy = 2| 1= ¢ ©

www.atmos-chem-phys.net/14/10465/2014/ Atmos. Chem. Phys., 14, 10464382 2014

4
S, = Z [B1)sin(27jt /12) + o jcos(2mjt /12)].  (3)

j=1
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Table 2. WDCGG stations providing full 10-year monthly records of surface CO from 2001 to 2010. The WDCGG-archived data are used
for the evaluation of trend estimates in this study.

Station Latitude  Longitude Country/ Contributor Instrument or analyses
name territory measurement method
Alert 82.5N 62.5W Canada CSIRO GC-HgO
Ascension Island 795 14.84W UK NOAA/ESRL GC-HgO
Assekrem 23.3N 5.6°E Algeria NOAA/ESRL GC-HgO
Barrow 71.3N 156.6 W USA NOAA/ESRL GC-HgO
Cape Ferguson 193 147.2E Australia CSIRO GC- HgO
Cape Grim 40.9S 1447 E Australia CSIRO GC-HgO
Cape Grim 40.9S 1447 E Australia NOAA/ESRL GC-HgO
Cape Point 344Ss 18.5E South Africa SAWS GC-other
Casey Station 66°3 110.5E Australia CSIRO GC- HgO
Halley Bay 75.8S 26.5 W UK NOAA/ESRL GC-HgOo
Hegyhatsal 470N 16.7 E Hungary NOAA/ESRL GC-HgO
Heimaey 63.4N 20.3 W Iceland NOAA/ESRL GC-HgO
Izafia (Tenerife) 283N 16.5 W Spain NOAA/ESRL GC-HgO
Key Biscayne 257N 80.2W USA NOAA/ESRL GC-HgO
Mace Head 533N 9. W Ireland AGAGE GC-MD
Mace Head 533N 9. W Ireland NOAA/ESRL GC-HgO
Macquarie Island 54%S 159.0 E Australia CSIRO GC-HgO
Mabhe Island 49S 55.2E Seychelles NOAA/ESRL GC-HgO
Mauna Loa 19.5N 155.6 W USA NOAA/ESRL GC-HgO
Mt. Waliguan 36.23N 100.9E China NOAA/ESRL, CMA  GC-HgO
Niwot Ridge (T-van) 40.1N 105.6 W USA NOAA/ESRL GC-HgO
Park Falls 45.9N 90.3 W USA NOAA/ESRL GC-HgO
Palmer Station 6495 64.0 W USA NOAA/ESRL GC-HgO
Payerne 468N 7.0°E Switzerland Empa NDIR
Point Arena 39.0N 123.7W USA NOAA/ESRL GC-HgO
Ragged Point 13°N 59.# W Barbados NOAA/ESRL GC-HgO
Rigi 46.1°N 8.5°E Switzerland Empa NDIR
Ryori 39.CN 141.8 E Japan JMA GC-HgO
Sand Island 282N 177.8' W USA NOAA/ESRL GC-HgO
Sede Boker 31°%N 349 E Israel NOAA/ESRL GC-HgO
South Pole 90.9S 24.8 W USA CSIRO GC-HgO
South Pole 90.9S 24.8 W USA NOAA/ESRL GC-HgO
Syowa Station 69.0S 39.6 E Japan NOAA/ESRL GC-HgO
Tae-ahn Peninsula 36.K 126.°E Republic of Korea NOAA/ESRL GC-HgO
Tudor Hill 32.3¥N 64.9 W UK NOAA/ESRL GC-HgO
Tutuila (Cape Matatula) 145 170.6 W USA NOAA/ESRL GC-HgO
Ulaan Uul 445N 111.°E Mongolia NOAA/ESRL GC-HgO
Wendover 39.9N —113.7W USA NOAA/ESRL GC-HgO
Yonagunijima 248N 123.0E Japan JMA GC-HgO
Zeppelinfiellet (Ny-Alesund) 790N 11.9E Norway NOAA/ESRL GC-HgO

CSIRO: Commonwealth Scientific and Industrial Research Organisdtigm/(www.csiro.aW/
NOAA/ESRL: National Oceanic and Atmospheric Administration/Earth System Research Labohdtiprvww.esrl.noaa.goy/
SAWS: South African Weather Servicet{p://www.weathersa.co.za/web/index.php

AGAGE: Advanced Global Atmospheric Gases Experimétip(//agage.eas.gatech.edu/
CMA: China Meteorological Administratiorhftp://www.cma.gov.cn/ejp/

JMA: Japan Meteorological Agenchttp://www.jma.go.jp/jma/indexe.html

Empa: Swiss Federal Laboratories for Materials Science and Technology (German acronym for Eidgendssische Materialpriifungs- und Forschungsanstalt)

(http://www.empa.ch/

GC-HgO: gas chromatography — mercuric oxide reduction detection
GC-MD: gas chromatography — multiple detectors

GC-other: gas chromatography (other)

NDIR: non-dispersive infrared gas analyzer

Atmos. Chem. Phys., 14, 10463:0482 2014
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Table 3. Means CO) and corresponding statistic quantities* used in the comparison of spatial patterns (i.e., Taylor diagram in Fig. 4) in
MOPITT-retrieved surface CO and pseudo-retrievals of EMAC-simulated surface CO.

Region MOPITT-retrieved surface CO\ Pseudo-retrieval of EMAC-simulated surface CO based on CE scenario \ Pseudo-retrieval of EMAC-simulated surface CO based on RG scenario
CO [ppbv] o [ppbv] | CO [ppbv] o [ppbv] R [unitless] RMS [ppbv] B [%] | €O [ppbv] o [ppbv] R [unitless] RMS [ppbv] B [%]
PAR 91.78+ 33.49 7.32£5.28 78.05+15.88 3.28+2.82 0.45-0.63 6.53+5.86 —14.97+15.72 | 86.66+25.64 4.68t4.47 0.69-0.56 5.28+-3.23 —5.58+10.06

EUSA  212.59£83.20 68.62:20.38 | 156.62+24.81 56.16:23.11  0.83:0.23 37.8130.95 —26.33+23.90 | 197.96+48.06 66.63:16.25  0.96:0.04 19.97412.95 -6.88+17.85
CSA 113.29-78.23 38.85:66.01 | 111.38£56.94 35.7H50.32  0.92:0.12 15.59%-23.14 -1.68+16.39 | 121.76+82.84 4599:-74.00 0.91H0.13 19.14:-2580 +7.48+1293
WE 159.28£47.53 30.35:18.35 | 127.78£25.46 27.74:22.21  0.6740.42 2356:£16.71 -19.78+12.39 | 146.77+36.01  28.22:17.63  0.90:0.12 13.15:6.85 —7.85+£7.67
CAF 144.80+89.62 48.61-66.40 | 145.30+88.66 63.5A4102.14 0.8%£0.15 30.55:£41.63 +0.35+1807 | 154.74+89.55 63.99:96.87 0.93:0.09 26.33:32.73 +6.86+1810
SAF 131.09£83.03 45.83:49.46 | 129.09+61.08 44.95-46.05 0.7A40.36 30.86:34.40 —1.53+23.09 | 127.93+67.17  47.06:53.73  0.89£0.12 21.34:-24.41 -2.41+17.74
SA 148.30£97.91 47.01:30.33 | 125.09+63.00 37.44:25.01 0.870.12 23.52£20.34 -15.65+19.05| 164.62+-107.02 64.56:46.64  0.94:0.05 25.36:21.47 +11.00+16.06
EC 251.16-97.49 105.3%&51.19 | 176.03-49.78 77.18:39.77  0.74£0.14 70.42:39.08 —29.91+14.74 | 244.31+83.70 107.22:57.33 0.910.06 45.32:21.73 —2.73+14.23
SEA 132.01:52.60 61.5H-50.05 | 133.78£33.34 57.43:44.83 0.89:0.12 27.85:29.05 +1.3441927 | 144.45£47.70 72.66:76.01 0.94£0.06 25.68:46.89 +9.424+1539
NA 90.60+ 38.02 17.15:14.18 | 89.12+15.11 13.32:7.23 0.82£0.19 9.84-11.35 —1.64426.81 | 91.07+31.94 16.06:13.43  0.84£0.22 9.43£6.72 +0.51+17.14

NH 131.86+40.93 48.95:22.27 | 111.97+24.17 39.46t23.05 0.810.13 28.90:16.72 —15.08+10.53 | 125.14+ 33.00 48.63 27.50 0.93:0.03 18.43:8.82 —-510+7.94
SH 67.89£21.01 22.62£19.06 | 73.08+13.31 23.83:13.33 0.86:0.10 12.45£6.67 +7.64+£1367 | 66.16+19.04 25.44£21.77 0.94:0.06 9.03:9.26 —2.54+5.23
GL 99.80+13.54 50.98:22.70 | 92.30+6.52 38.52+16.30 0.87:0.06 25.99:13.24 —7.51+7.05 95.52+8.53 49.72:20.84  0.95:0.03 1549517 —4.29+5.58

* The statistic quantities are the mean values of monthly me@®s, Gtandard deviations (, spatial correlation coefficient®(, centered root-mean-square (RMS) differences,
and relative biases3) from 2001 to 2010 with a 95 % confidence intervalg ).
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Figure 4. Spatial pattern analyses of the pseudo-retrievals of EMAC simulations bage)l ©& and(b) RG scenarios against MOPITT-

retrieved surface CO for selected region domains listed in Table 1. The diagrams show the spatial correlation coefficients, normalized standarc
deviations, and normalized centered root-mean-square differences between the EMAC simulations and MOPITT observations. The standarc
deviation and centered root-mean-square difference are normalized to the variances of the observations. Detailed statistical quantities ar:
summarized in Table 3.

whereo,, oy, andn denote the standard deviation ofind Biscayne, Niwot Ridge, Park Falls, Point Arena, Rigi, Sede
N, and the number of years, respectively. In this study, we deBoker, and Tae-ahn Peninsula in Fig. 6b) influenced by lo-
fine & as a statistically significant trend at a 95 % confidencecal pollution or its transports, the trends of EMAC-simulated
level when|c?)/%| is larger than 2 (Tiao et al., 1990; Weath- surface CO based on the RG scenario are considerably dif-
erhead et al., 1998). This method is strictly applied to the fullferent to the WDCGG trends. It is attributed to the WD-
10-year monthly records to minimize statistical biases fromCGG flask sampling method, intended to minimize con-
data inconsistencies in the trend estimates. In the same matamination from local pollution (Haas-Laursea and Hartley,
ner, the trends are derived from the EMAC-simulated surfacel997), and the rather low resolution of the EMAC model
CO data based on CE and RG scenarios at the grid closest grid, which cannot discriminate between the local sources
the WDCGG stations (see Table 2). (Pozzer et al., 2007). Therefore, for such stations, we have
The trends of EMAC-simulated surface CO based on thenot used the grid of EMAC-simulated surface CO closest to
RG scenario show better agreement and higher correlatiothe WDCGG stations, but a model grid box oriented towards
(i.e., the correlation coefficientR) and the slope of linear the upwind direction as suggested in Pozzer et al. (2007).
best-fit line (A) are 0.60 and 0.9& 0.40 in Fig. 6b) with  Again, Fig. 7 presents the comparison between the trends of
the WDCGG trend than the ones based on the CE scenarieBMAC-simulated surface CO based on the RG scenario and
(R =-0.32 andA = —0.06+0.06 in Fig. 6a). The specific WDCGG-archived surface CO. A better correlation coeffi-
values of trend estimates and statistical quantities are sumzient and slope of linear best-fit line are obtain&i=£0.78
marized in Table 4. At some stations (i.e., Cape Point, Keyand A =0.944 0.25). Therefore, we can conclude that the
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Figure 5. Global distributions of season@d) MOPITT-retrieved surface Cb) pseudo-retrievals of EMAC-simulated surface CO based
on RG scenarios, an@) their relative difference between 2001 to 2010.

long-term simulations based on the RG scenario provide stainant, in particular over Europe and the eastern USA as
tistically reliable trend estimates of global surface CO. a result of strict environmental regulation (Streets et al.,
2003; Yoon et al., 2011, 2014; Hilboll et al., 2013) and
. ) over southeastern Asia due to less fire activity (Giglio et
4 Global and regional trend estimates of al., 2010). They are consistent with the WDCGG-archived
EMAC-simulated surface CO trends (see Sect. 3.2) as well as the decreasing trends in to-
tal CO columns retrieved from MOPITT and AIRS satel-
lite instruments (MOPITT:—1.4440.44%yr! for Eu-

1 . .
Novelli et al. (2003) reported that the global surface CO rope and_l":’)Zi 01.40%yr for the e::sterr; USA’ AIRS:
decreased by-0.52 ppbyr? from 1991 to 2001. They ex- —1-00£0.66%yr" and —0.96:£0.36 %yr~, with +20
plained the decline by the sharp decrease in CO (Dlugo£TOrs: respectively) (Worden et al., 2013). In contrast, up-
kencky et al., 1996) and the increase in surface atmospheri¢/@’d trends are estimated over quickly developing coun-
OH (Bekki et al., 1994) that followed the eruption of Mt. tries and forested regions (i.e., around southern Asia, eastern

Pinatubo in June 1991. They also found that the decrease ¢fnina central South America, central and southern Africa).
CO (=1.4 ppbvyr?) in the northern extratropics was caused They c_an.be attributed to the increase in anthropogenic and
by the decrease in anthropogenic emissions in the Northerf]€ activities (Burrows etal., 1995; Bovensmann etal., 1999;

Hemisphere from 1991 to 2001, but there was no significantXIchter etal., 2005; Giglio et al., 2010). Novelli et al. (2003)
and Duncan and Logan (2008) also reported a similar trend

trend in the Southern Hemisphere. Similarly, Duncan and Lo- I X
gan (2008) found that the decrease in European emissions 1dg northern extratropics influenced by the decrease in anthro-

to a decreasing trene-0.85 % yr-1) in northern extratropics pogenic emissions in the Northern Hemisphere in the decade
from 1988 to 1997. Worden et al. (2013) showed that the en-1988_2001'

tire CO column still had a small negative trend in recent year
(below 1% yr 1), from 2000 through 2011, with a strong de-

crease of CO over the US, Europe, and China, although itisthe sources of tropospheric CO are in situ oxidations and
not clear what is behind such trends. , direct emissions: primarily oxidation of GH(~800Tg
Figure 8 presents the global trend of EMAC-simulated coyrl), emissions from biomass burning~{00Tg
surface CO based on the CE and RG scenarios. The trenqsg yr-1y and fossil and domestic fuet(650 Tg COyrY),
estimated in simulation CE could be attributed purely t0 5304 oxidation of NMHC (non-methane hydrocarbons)
dynamical changes as emissions and long-lived specie§V 203 Tg COyrY) (Bergamaschi al., 2000; WMO, 1999:
are constant throughout the entire simulation. These trendf>cc. 1996: Ehhalt et al., 2001; Duncan et al., 2007). In par-
(Fig. 8a) are statistically significant in the Southern Hemi- jjc|ar, the direct emissions alone account for around 50 % of
sphere and their magnitudes are relatively small. They areyne total CO budget (Ehhalt et al., 2001). In this section, we

however, not significant when changing emissions are in-ggtimate the surface CO trends by region and compare them
cluded (simulation RG, Fig. 8b). In the realistic simula- \ith the changes in direct emissions.

tion RG (Fig. 8b), decreasing trends are generally predom-

4.1 Global scale

4.2 Regional scale
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Table 4. Trend estimated) and corresponding significance vallllé,(% ) of the WDCGG-archived and EMAC-simulated surface CO at a
95% confidence level. In this study, we defibes a statistically significant trend at a 95 % confidence level v%ﬁgé% is larger than 2
(Tiao et al., 1990; Weatherhead et al., 1998).

Station Contributor WDCGG-archived surface qc’EMAC-simuIated surface CO based on CE scenériEMAC-simulated surface CO based on RG scenario
@ =+ 205 |@/og| @ =+ 205 |&/og)| & + 20, |@/og|
[ppbvdecadel]  [unitless] | [ppbvdecadel] [unitless] [ppbv decadel] [unitless]
Alert CSIRO —26.29+ 19.85 2.65 —1.40+ 2.01 1.40 —15.75+ 12.37 2.55
Ascension Island NOAA/ESRL +7.68+5.99 2.56 —0.74+ 2.19 0.68 +1.03+4.29 0.48
Assekrem NOAA/ESRL —6.79+ 6.89 1.97 —1.23+ 3.30 0.75 —7.39+ 4.64 3.19
Barrow NOAA/ESRL —15.01+ 21.03 1.43 —1.32+ 2.65 1.00 —14.22+ 12.18 2.34
Cape Ferguson CSIRO —12.64+ 10.26 2.47 —3.61+ 3.58 2.01 —7.32+5.71 2.56
Cape Grim CSIRO —6.02+ 4.04 2.98 —1.40+ 2.2 1.27 —2.79+ 8.23 0.68
Cape Grim NOAA/ESRL +1.52+5.06 0.60 —1.40+ 2.2 1.27 —2.79+ 8.23 0.68
Cape Point SAWS —10.23+ 3.84 5.33 —3.35+ 3.56 1.88 +6.62+5.77 2.30
Casey Station CSIRO —6.26+ 5.28 2.37 —2.25+ 1.83 2.45 —0.98+ 5.63 0.35
Halley Bay NOAA/ESRL —1.10+ 4.61 0.47 —1.98+ 1.76 2.26 —0.68+ 5.34 0.25
Hegyhatsal NOAA/ESRL —52.26+ 31.63 3.30 +2.12+6.46 0.66 —52.73+ 6.90 15.28
Heimaey NOAA/ESRL —13.54+ 16.28 1.66 —1.51+ 2.45 1.23 —17.68+ 10.17 3.48
I1zafia (Tenerife) NOAA/ESRL —4.89+ 10.04 0.97 +0.02+3.29 0.01 —13.02+ 5.20 5.01
Key Biscayne NOAA/ESRL +5.03+16.49 0.61 +3.40+6.94 0.98 —15.14+ 6.50 4.66
Mace Head AGAGE —9.059+ 15.53 1.17 —2.51+ 541 0.93 —22.39+ 8.26 5.42
Mace Head NOAA/ESRL —18.81+ 14.63 2.57 —2.51+ 5.41 0.93 —22.39+ 8.26 5.42
Macquarie Island CSIRO —5.35+ 3.55 3.01 —2.38+ 1.50 3.18 —1.15+ 5.50 0.42
Mahe Island NOAA/ESRL +5.89+10.85 1.08 —3.40+ 3.43 1.98 —1.83+ 4.96 0.74
Mauna Loa NOAA/ESRL —8.11+ 11.40 1.42 —1.40+ 2.45 1.14 —5.49+ 4.89 2.25
Mt. Waliguan NOAA/ESRL, CMA  —3.18+ 24.61 0.26 —4.64+ 11.22 0.83 —1.68+ 12.61 0.27
Niwot Ridge (T-van) NOAA/ESRL —11.42+ 11.89 1.92 —8.85+ 8.33 2.12 —67.85+ 9.97 13.61
Park Falls NOAA/ESRL —17.68+ 15.16 2.33 —0.03+ 8.77 0.01 —58.70+ 11.67 10.06
Palmer Station NOAA/ESRL —0.05+ 5.30 0.02 —2.21+ 1.76 251 —0.94+ 5.59 0.34
Payerne Empa —52.76+ 22.21 4.75 +6.73+9.53 141 —55.53+ 7.60 14.61
Point Arena NOAA/ESRL —11.30+ 14.28 1.58 —0.84+ 13.39 0.13 —36.40+ 19.73 3.69
Ragged Point NOAA/ESRL —0.84+ 6.08 0.28 —0.35+ 1.87 0.37 —3.24+ 2.19 2.96
Rigi Empa —16.06+ 19.39 1.66 —0.54+ 11.34 0.10 —77.92+ 9.02 17.27
Ryori JMA —8.26+ 9.40 1.76 —3.54+ 5.85 1.21 —17.47+ 11.15 3.13
Sand Island NOAA/ESRL —8.65+ 15.33 1.13 —2.21+ 3.46 1.28 —7.31+ 6.60 222
Sede Boker NOAA/ESRL —16.49+ 15.68 2.10 +0.23+6.14 0.08 +291+7.11 0.82
South Pole CSIRO —6.65+ 3.77 3.53 —2.04+ 1.73 2.36 —0.74+ 5.28 0.28
South Pole NOAA/ESRL +0.96+5.38 0.36 —2.04+ 1.73 2.36 —0.74+ 5.28 0.28
Syowa Station NOAA/ESRL +0.08+4.88 0.03 —2.21+ 1.67 2.65 —0.91+ 5.20 0.35
Tae-ahn Peninsula NOAA/ESRL +1832+36.25 1.01 +2.18+16.26 0.27 —1.37+ 20.77 0.13
Tudor Hill NOAA/ESRL —9.45+ 12.53 151 +3.36+4.34 1.55 —13.51+ 5.81 4.65
Tutuila (Cape Matatula) NOAA/ESRL +2.39+4.57 1.04 —3.15+ 1.29 4.89 —2.93+ 2.60 2.25
Ulaan Uul NOAA/ESRL —22.21+ 32.76 1.36 —0.55+ 6.57 0.17 —15.30+ 22.40 1.37
Wendover NOAA/ESRL —11.05+ 12.24 1.81 —5.43+ 4.83 2.25 —27.26+ 7.27 7.51
Yonagunijima JMA —8.50+ 13.84 1.23 —4.97+ 6.52 1.52 —6.73+ 8.61 1.56
Zeppelinfiellet (Ny-Alesund)  NOAA/ESRL —15.61+ 19.50 1.60 —0.21+ 2.33 0.18 —15.90+ 10.49 3.03

Figure 9 shows the regional trends of EMAC-simulated of environmental regulations over these regions in past
surface CO for the selected regions (see Table 1 and Fig. 3jJecades (Streets et al.,, 2003; Yoon et al., 2011, 2012,
and Fig. 10 shows the corresponding changes in the emis2014), the decreasing trends of atmospheric aerosol and
sions from anthropogenic activity and the biomass burningshort-lived trace gases have been reported in many studies
data set (i.e., RCP 8.5 and GFED v3.1). (e.g., Smith et al., 2001; Streets et al., 2006; Richter et al.,

The Pacific Region (PAR) is a remote area over open2005; Hilboll et al., 2013). The dramatic decrease in EMAC
oceans and is the focus of many studies on climate changsurface CO is estimated to be59.6+ 9.1 ppbv decade*
(e.g., Trenberth et al., 2002; Latif and Keenlyside, 2009;for EUSA and —35.5+ 5.8 ppbvdecade' for WE and
Rieder et al., 2013) since it is sensitive to El Nifio andis compatible (see Fig. 10) with the significant change
La Nifia—Southern Oscillation (Rasmusson and Carpentefin monthly emissions £2.1014+ 0.328 Mt CO decade
1982). Although PAR is almost not influenced by human ac-for EUSA and —0.856+0.036 Mt CO decade* for
tivity, shipping transport in this region still plays a role in WE). These results are comparable to Worden et
the CO concentration. The significant trend of EMAC sur- al. (2013) and Angelbratt et al. (2011), who derived
face CO is estimated to be5.8+ 5.5 ppbvdecadet andis  the downward trends in MOPITT total-CO column
consistent with a significant trend of monthly anthropogenic ((—3.144+ 0.88)x 1018 moleculescm?yr~1 for eastern
emission (0.007+ 0.003 Mt CO decade'). USA and (3.03+0.92)x 10 moleculescm?yr—1 for

The eastern USA (EUSA) and western Europe (WE)Europe) and solar FTIR (Fourier Transform InfraRed)
are highly industrialized regions (Zhang et al., 2012; partial-CO column (i.e.,~ 0-15km) 0.45+0.16 % yr 1,
Yoon et al., 2011), where anthropogenic CO emissions—1.00+0.24 %yr 1, —0.62+0.19%yr 1, and
are predominant (see Fig. 1a). Occasional influence from-0.61+0.16%yr ! at the ground-based European stations
biomass burning is found, as shown in Fig. 10. As a resultJungfraujoch, Zugspitze, Harestua, and Kiruna).
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Figure 9. Regional and global trend estimates of monthly EMAC- Year
simulated surface CO based on RG scenario wida errors from . - -
2001 10 2010 Figure 10.As in Fig. 9 but for ones of monthly RG CO emissions.

(—13.7+ 9.5 ppbv decade!) because of the strong interan-
nual variability of biomass burning emissions as shown in

]

Fig. 10. ‘c§ +80—Y'=(7%.21'4_r2zi.47')x-i4.1'9¢6'.17') R=0.89, N=13 4
China and India are highly populated and developing £8 | Y=(10267:43.07)X-(5.12:10.56). R=0.92, N=6 1
countries home to about 36.5% of the world population Eg i ]
in 2013 fttp://en.wikipedia.org/wiki/List_of countries_by_ &= +40[ <> ]
population and generating 14.1 % of world GDP in 2012 %E i ; 1
(World Bank Data,http://data.worldbank.oryy/ As a con- §§ L [ e“@f”"i -
sequence, large amounts of anthropogenic pollutants (e.g.2¢ *°[ | _gn{ ‘ J
aerosols, nitrogen dioxide, sulfur dioxide, and surface ozone)§8 g io‘f?:;}"'q 3 BB (Pacionogon) ]
that lead to environmental and health problems are emit-2§ ¢ LTy &0 diesem e
ted into the atmosphere (Ohara et al., 2007; Pozzer et al.f—fg “or ey a
2012a, b; Lelieveld et al., 2013). The long-term change in § [ %’ e ]
these pollutants has been a key issue in many studies (€.9=8 gl . . . . | . . . | . . hedGasestensnes
Yoon et al., 2014; Richter et al., 2005; Lu et al., 2010; Xu & -1.0 -0.5 +0.0 +0.5 +1.0

et al., 2008). The increase in EMAC surface CO is esti- e e ol S65ace, G2 Eission flux
mated in both regions to be8.9+ 4.8 ppbv decade" for

SA and+9.1+ 9.7 ppbvdecade for eastern China (EC). Figure 11. Comparisons of the trends of monthly RG CO emission

In the case of EC, since the trend is not statistically Signifi—ﬂux against the trend of monthly EMAC-simulated surface CO with

cant and is the opposite of the decreasing trend in the emisj-tzg errors for the selected regions listed oin Table 1. Black and

. oL red fonts indicate the results of the comparison between all avail-
sion (_0'116:!: 0.094 Mt CO decadel), Itis mﬂl_Jenced by ._able trends and of the comparison between significant trends only,
the changes in transport or secondary chemical productlerspectively'

(Tohjima et al., 2014; Angelbratt et al., 2011).
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Figure 12. Long-term time series of surface CO emissions and relevant trace gases normalized to seasonal component over eastern Chin:
from 2001 to 2010.

On a global scale, the simulation RG shows a signif- Thompson, 1992). Figure 12 shows long-term time series of
icant trend only in the NH £13.54+11.1 ppbvdecadé surface CO emissions and trace gases from the simulation
for the NH, —0.8+6.7 ppbvdecade* for the SH, and RG relevant to the chemical production of CO and OH over
—7.2+ 7.8 ppbv decade for the globe (GL)). Notably, the eastern China from 2001 to 2010. As mentioned, the direct
evident change in NH CO is attributed to the significant emissions from biomass burning and fossil and domestic fuel
change in emissions<6.940+ 3.805 MtCO decade!). Fig- generally have the most influence on surface CO change and
ure 11 clearly shows a high correlation between the trendshow a significantly negative trend in the eastern China re-
in EMAC-simulated surface CO and total emission flux gion (—7.2545.00 % decade!). Oxidation of CH, is the
(R =0.88 between all trends arkl=0.92 between signif- primary chemical source for CO, and the surface,Git
icant trends). Since the trends of WDCGG-archived surfacecreases significantly2.00+ 0.44 % decadet). In contrast,

CO are highly correlated with the EMAC-simulated trends asisoprene (GHg), an oxidation products that is another im-
shown in Fig. 8, we can confirm that the changes in surfaceportant source of CO (Holloway et al., 2000), changes by
CO over the past decade are mostly due to changes in the9.95+ 7.30 % decade!. These trends show that both di-
emissions. rect emissions and chemical formation of CO over the EC

Notwithstanding a significant decrease in the CO emis-region generally decreased during the decade 2001-2010.
sions over eastern China, the simulated trend in surface CO However, surface NQ drastically increased dur-
shows an insignificant increase. This is the opposite of thereing the same decade +62.41+5.04 % decadel),
sults from Worden et al. (2013) that showed a negative trendvhich contributed to the decrease in the HO
in MOPITT tropospheric column CO over eastern China.level (—26.99+5.94%decade! for HO, and
This inconsistency can be explained, as CO is not only con—0.26+ 4.42 % decade! for OH) via the formation of
trolled by emissions but also by its chemistry (oxidation andHNO3 (+47.934 9.84 % decade') (see also Lelieveld et
chemical formation). For example, OH is the main oxidantal., 2002, 2004). The decrease in OH concentration yields
of many trace gases and therefore one of the most impora reduced oxidation of CO and, therefore, the presence
tant species in atmospheric chemistry (Lawrence et al., 2001gver the EC region of a slightly positive trend of CO. It
Wallace and Hobbs, 2006). CO removal from the tropospheranust be underlined that this trend is not significant, and it
occurs almost exclusively by reaction with OH (Hauglustaineis calculated only for the surface. The total tropospheric
et al., 1998; IPCC, 1996), and, on the other hand, CO procolumn of CO is strongly influenced by the long-range
vides the most important sink for OH (Lelieveld et al., 2002; transport of CO, which has a lifetime of around 1 month.
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The results of simulation CE, where the pure CO transport ground-based solar FTIR measurements at six European stations,
induces a slight negative trend in the CO concentration over comparison and sensitivity analysis with the EMEP model, At-
EC, are therefore in agreement with the results of Worden et mos. Chem. Phys., 11, 9253-9269, #0i5194/acp-11-9253-
al. (2013). 2011 2011. _
Bekki, S., Law, K. S., and Pyle, J. A.: Effect of ozone depletion on
atmospheric methane and CO concentrations, Nature, 371, 595—
5 Summary and conclusion 597, do0i10.1038/371595a0994.
Bergamaschi, P., Hein, R., Heimann, M., and Crutzen, P. J.:
The global and regional changes in surface CO have been es- Inverse modeling of the global CO cycle: 1. Inversion of
timated using the EMAC model for 2001 to 2010. The spatial GO MiXing ratios, J. Geophys. Res.-Atmos., 105, 1909-1927,
distributions and temporal changes in the EMAC-simulated doi:10.1029/1999.JD900818000. . .
. Bovensmann, H., Burrows, J. P., Buchwitz, M., Frerick, J.,
s_urface CO based_on CE and R_G scenarios have beep exten—NoéL S. Rozanov, V. V. Chance, K. V. and Goede A.
sively evaluated Wlt.h results derived from MOPITT—retneveq P. H.. SCIAMACHY — Mission Objectives and Measure-
and WDCGG-archived data. We have shown that the spatial ment Modes. J. Atmos. Sci., 56, 127150, 6i1175/1520-
distribution and temporal change of EMAC-simulated sur-  0469(1999)056<0127:SMOAMM>2.0.CQ;2999.
face CO based on the RG scenario are consistent with thBuchwitz, M., de Beek, R., Bramstedt, K., Noél, S., Bovensmann,
observational data sets. Significant trends in EMAC surface H., and Burrows, J. P.: Global carbon monoxide as retrieved from
CO have been found in the Northern Hemisphere (confirming SCIAMACHY by WFM-DOAS, Atmos. Chem. Phys., 4, 1945
the decreasing trends already reported in the northern extra- 1960, doi10.5194/acp-4-1945-2002004.
tropics in the decade 1988-2001), in particular, a decreasin§uchwitz, M., de Beek, R., Noél, S., Burrows, J. P., Bovensmann,
trend over the eastern USA, western Europe, and an increas- gérsgimnign"c'& ig:rgri':tiﬁ;" :ﬁ'dK(?;?sg'nSaigzgeH‘z:)”l"'uamng's ere
g‘ﬁ;;iggg‘;ﬁ; zcr)rl]‘it;eigr‘] 'A}i'ac'or:t?;g%’ gseert%;hfegmgﬁf trieved from SCIAMACHY by WFM-DOAS: year 2003 initial
} o ' . data set, Atmos. Chem. Phys., 5, 3313-3329,1605194/acp-5-
enced by biomass burning (i.e., central South America, cen- 3313-20052005.
tral Africa, southern Africa, and southeastern Asia), no sig-gychwitz, M., Khlystova, 1., Bovensmann, H., and Burrows, J. P.:
nificant trend has been detected because of a hlgh interannual Three years of g|oba| carbon monoxide from SCIAMACHY:
variability of fire activity. comparison with MOPITT and first results related to the detec-
tion of enhanced CO over cities, Atmos. Chem. Phys., 7, 2399—
2411, doi10.5194/acp-7-2399-2002007.
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