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Abstract. We present the results of airborne measurementdhe Basin at altitudes of 1-3 km. TReCN/ACO ratios were
of carbon monoxide (CO) and aerosol particle number con-diagnostic for biomass burning emissions, and were lower in
centration (CN) made during the Balanco Atntrsfo Re-  aged than in fresh smoke. Fresh emissions indicated C®/CO
gional de Carbono na Améania (BARCA) program. The and CN/CO emission ratios in good agreement with previous
primary goal of BARCA is to address the question of basin-work, but our results also highlight the need to consider the
scale sources and sinks of g@nd other atmospheric car- residual smoldering combustion that takes place after the ac-
bon species, a central issue of the Large-scale Biospherdive flaming phase of deforestation fires.
Atmosphere (LBA) program. The experiment consisted of During the late wet season, in contrast, there was little
two aircraft campaigns during November—December 2008evidence for a significant presence of biomass smoke. Low
(BARCA-A) and May—June 2009 (BARCA-B), which cov- CN concentrations (300-500 ct#) prevailed basinwide, and
ered the altitude range from the surface up to about 4500 mCO mixing ratios were enhanced by onlyl0 ppb above
and spanned most of the Amazon Basin. the mixing line between Northern and Southern Hemisphere
Based on meteorological analysis and measurements ddir. There was no detectable trend in CO with distance from
the tracer, S§, we found that airmasses over the Amazon the coast, but there was a small enhancement of CO in
Basin during the late dry season (BARCA-A, November the boundary layer suggesting diffuse biogenic sources from
2008) originated predominantly from the Southern Hemi- photochemical degradation of biogenic volatile organic com-
sphere, while during the late wet season (BARCA-B, May pounds or direct biological emission.
2009) low-level airmasses were dominated by northern- Simulations of CO distributions during BARCA-A using a
hemispheric inflow and mid-tropospheric airmasses were ofange of models yielded general agreement in spatial distri-
mixed origin. In BARCA-A we found strong influence of bution and confirm the important contribution from biomass
biomass burning emissions on the composition of the atmoburning emissions, but the models evidence some systematic
sphere over much of the Amazon Basin, with CO enhancequantitative differences compared to observed CO concen-
ments up to 300ppb and CN concentrations approachingrations. These mismatches appear to be related to problems
10000 cnt3; the highest values were in the southern part of with the accuracy of the global background fields, the role
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of vertical transport and biomass smoke injection height, thetribution, results in an almost uniform CO background of
choice of model resolution, and reliability and temporal res-about 25 ppb worldwide, whereas fossil fuel derived emis-
olution of the emissions data base. sions dominate in the northern mid-latitudes (Holloway et al.,
2000; Duncan and Logan, 2008). On a seasonal time scale,
fossil fuel emissions dominate CO sources in winter in North
1 Introduction America, while oxidation of Chl (35 %) and biogenic non-
methane VOCs (21 %), among which isoprene makes by far
On 14 November 1981 — just over 30 yr ago — the first globalthe largest contribution, are the largest sources of CO in sum-
image of the tropospheric distribution of carbon monoxide mer (Miller et al., 2008).
(CO) was obtained by the NASA Measurement of Air Pol-  Over the tropical continents, biomass burning and VOC
lution from Space (MAPS) experiment during the STS-2 oxidation make the most prominent contributions to atmo-
space shuttle mission (Reichle et al., 1986). Only a few or-spheric CO, especially in the lower troposphere (Duncan et
bits yielded useful data, but one feature stood out clearly:al., 2007). VOC oxidation shows relatively little seasonal and
strongly elevated CO concentrations both east and west a$patial variability over the tropical continents, and thus pro-
the Amazon Basin. The authors wrote: “Whether this COvides a relatively smooth background, which may account
results from photochemical processes, from biomass burnfor a considerable fraction of the CO burden in the lower
ing, or from some other source is not clear.” The hypoth-troposphere there (Holloway et al., 2000; Duncan and Lo-
esis that the Amazonian CO plume was largely the resuligan, 2008). In contrast, biomass burning occurs mainly dur-
of the photooxidation of isoprene and other volatile organicing the dry season and along the margins of the rain forest.
compounds (VOCs) was the basis of the experimental deThis feature, in combination with the fact that CO is read-
sign of the NASA Amazon Boundary Layer Experiments ily detected by remote sensing, makes the gas an excellent
(ABLE-2A and -2B), conducted in 1985 and 1987 (Harriss et tracer for emissions from biomass burning (Edwards et al.,
al., 1988, 1990a). Extensive CO measurements during thes2006; Gatti et al., 2010; Yurganov et al., 2010).
campaigns did show evidence of significant contributions of Aerosol particles are emitted from vegetation fires by the
VOC photooxidation to the atmospheric CO burden; how-same processes that produce CO, in particular the pyrolysis
ever, biomass burning was identified as the dominant sourcand smoldering phases of combustion (Andreae and Merlet,
of the CO plume (Andreae et al., 1988; Jacob and Wofsy,2001). Since, like CO, they are easily measured both in-situ
1988; Sachse et al., 1988; Harriss et al., 1990b; Kirchhoffand by remote sensing, they are also well suited as tracers for
and Marinho, 1990). Since these early investigations, interbiomass burning emissions, especially in regions where other
est in the distribution and sources of CO over Amazonia, andaerosol sources are relatively weak (Kaufman et al., 1990,
over the tropics in general, has persisted, with remote sensing002; Edwards et al., 2006). The utility of CO and aerosols
playing an increasingly important role (Kirchhoff and Ras- as biomass burning tracers is enhanced when both are used
mussen, 1990; Reichle et al., 1990, 1999; Alvala and Kirch-in combination, as they are emitted at a strikingly consistent
hoff, 1998; Pougatchev et al., 1999; Edwards et al., 2006ratio from a wide variety of fires. The ratio of excess parti-
Yurganov et al., 2008, 2010). These studies confirmed the exele number concentration (CN) to excess CECN/ACO)
istence of a persistent CO maximum over the Amazon Basirfrom biomass burning is about 3015 cnt 2 ppb~1 (Guyon
and its periphery, which is particularly prominent during the et al., 2005; Andreae and Rosenfeld, 2008; adnét al.,
fire season that occurs in the period from August to Decem22010; Kuhn et al., 2010). Urban emissions, in contrast, have
ber. much higherACN/ACO ratios owing to the more efficient
Interest in the atmospheric cycle of CO is motivated by combustion and thus lower CO emissions from vehicles and
its central role in atmospheric chemistry as a product ofpower plants (Nicks et al., 2003; Kuhn et al., 2010).
the photooxidation of methane (GHand other VOCs, as Aerosol studies over Amazonia started during the 1980s
the dominant sink for the OH radical, and as a precursoras parts of the ABLE campaigns (Andreae et al., 1988, 1990;
of tropospheric ozone () (Logan et al., 1981). The main Artaxo et al., 1988, 1990; Talbot et al., 1988, 1990) and nu-
sources of CO globally are fossil fuel combustion, biofuel merous papers have been published since (for a review, see
use, and industrial emissions (500-900 T&)a CH, oxi- Martin et al., 2010). These studies show that the Amazo-
dation (700-900 Tga), oxidation of non-methane VOCs nian aerosol comes from a mixture of internal and external
(500-700 Tgal), and biomass burning (400-800 Tg'3, sources: The rainforest biota provide the dominant source
based on bottom-up emission inventories and on inverse anabf coarse mode particles (diametedl um) in the form of
yses of atmospheric data (Holloway et al., 2000; Duncan eprimary biogenic aerosols (fungal spores, leaf detritus, mi-
al., 2007). While at the global and annual scale the four maircrobes, etc.), while the oxidation of biogenic VOCs to sec-
CO sources are of comparable magnitude, their spatial andndary organic aerosol (SOA) is the most important contribu-
temporal variations result in distinctive spatio-temporal pat-tion to fine mode €1 pum) aerosols outside the burning sea-
terns of the atmospheric distribution of CO. The oxidation son (Chen et al., 2009;08chl et al., 2010; Gilardoni et al.,
of CHy4, a long-lived trace gas with fairly even global dis- 2011). Pyrogenic (biomass burning) aerosols from fires in
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the periphery of the Amazon forest dominate the fine modeand spanned across the Amazon Basin. We conducted mea-
in the dry season, but given that Amazonia is downwind of surements of CO and aerosol particle concentrations on the
Africa with its huge vegetation fires, smaller amounts of py- BARCA flights to address the following questions: What are
rogenic aerosols from long-range transport are almost ubigthe distributions of CO and aerosol particles in time and
uitous and ever-present. Finally, advection in the northeastspace over the Amazon Basin? What are the sources of CO
ern trade winds, especially in the early part of the year,and aerosol particles in the Amazon region? How can CO be
brings in substantial amounts of dust from Africa and ma-used as a source-specific tracer for£ZQOH,, and aerosols
rine aerosol from the Atlantic Ocean (Andreae et al., 1990;over the region? In this paper, we will present the results
Talbot et al., 1990; Swap et al., 1992; Formenti et al., 2001;0f our measurements and discuss them in the context of the
Ben-Ami et al., 2009, 2010; Baars et al., 2011). ChangingBARCA scientific objectives.
aerosol burdens over Amazonia as a result of human activ-
ities are thought to have significant consequences for ecol-
ogy and climate, e.g., by perturbing the flux of photosynthet—2
ically active radiation (Schafer et al., 2002; Oliveira et al., 21 Aircraft sampling
2007), reducing the amount of convective clouds (Koren et™
al., 2004), and affecting the intensity and distribution of pre-
cipitation (Rosenfeld, 1999; Andreae et al., 2004; Lin et al., g\g 110 Bandeirante aircraft of the Brazilian Instituto Na-
2006; Jiang et al., 2008; Martins et al., 2009). cional de Pesquisas Espaciais (INPE) (Kirchhoff and Al-
The results presented here were obtained as part of thg,s 1996), carrying a payload that comprised instruments
Balanco Atr_noﬁrlco Regional de Carbono na_AmDsma for real-time measurements of GOCHs, CO, O3, H»0,
(BARCA) aircraft measurement program, which has as,ero50l number concentration and optical properties. In ad-
its primary goal to address the question of basin-scalgjition, 4 flask sampling system allowed the collection of dis-
sources and sinks of GQa central issue of the Large-scale crete samples for the determination of £@Ha, SFs, CO,
Biosphere-Atmosphere Experiment in Amazonia (LBA) pro- N,O, Ho, and G/N,. In order to minimize the influences of

gram. BARCA addresses the “missing scale” for measureying tin vortices and the distorted flow that may be created
ments of CQ and other fluxes, those intermediate betweenby the nose and windshield areas on the fuselage, the sam-

local and global. Process- and ecosystem-level studies, suglling inlets were located on the lower aircraft fuselage for-
as continuous eddy correlation fluxes or allometry, have supy,arq of the propellers. The inlet lines were made from stain-
plied detailed information about carbon exchange by indi-|o55 steel tubing of 11.5mm inner diameter with a bend ra-
vidual patches of forest (e.g., Fan et al., 1990; Grace et al.4i;s of 100 mm. The intakes for CO and CN measurements
1995a, b; Andreae et al., 2002; Carswell et al., 2002; Saleskgare 185 and 70 mm from the fuselage, respectively. Sample
etal., 2003; Chambers et al., 2004; von Randow et al., 2004)j; for the particle number and CO measurements were taken
A somewhat larger scale (tens to hundreds of kilometers) hagom forward facing inlets, and large pressure differentials

peen addressed by sequentie}l vertical profiles at fixed "?C"”Were avoided by sub-sampling from a pipe that was vented
tions (Lloyd et al., 2007; Gatti et al., 2010). Inverse studies, ;isige. Apart from the internal heat of the instruments, no
couple marine boundary-layer observations and atmospherlarying was applied to the particles.

transport models to yield carbon fluxes at global or hemi- 1565 were taken during each vertical profile with an al-
spheric scales (Schimel et al., 2001), but have not succeedgg, e spacing of about 1 km using a manual sampling sys-
at regional to continental scales due to lack of data over cong i, After flowing through a rearward facing inlet tube (Dek-
tinents and uncertainties in transport modeling (Gloor et al.,;p,0n 0.62 mm outer diameter, 4m length), the sample air
1999). The strategy of the BARCA campaigns was based Ohassed through a dryer (MgGifollowed by a Teflon filter
Lagrangian airborne measurements ofCOO, CHy, and (1 ,m). a membrane pump (KNF PJ 16623-86), a back strike
H20 within and above the planetary boundary layer (PBL) ya)ve, and entered the flask (volume 1L, borosilicate glass
to provide constraints on regional fluxes, and large-scale SUr3 3 Kel-F® (PCTFE) valve seals, manufacturer NORMAG,
veys of the trace gas distributions along the synoptic flow pat'Germany). Downstream of the flask the air passed through a
tern to give basin-scale flux constraints. These concepts havgy of valves allowing for flushing of the flask (to remove the
been previously applied in Amazonia during the ABLE-2A jna,,ence from the conditioning air contained in the flasks)
and ABLE-2B campaigns (Wofsy et al., 1988; Chou et al., 4 for pressurization to 150 kPa above cabin pressure (60—
2002), and over North America in the GBudget and Rec- 100kPa). At a sample flow of about 4 L mih the typical
tification Airborne (COBRA) study (Gerbig et al., 2003a, b; f,shing time was 2 min, and pressurization was achieved

Lin etal., 2004). . _ , typically after another 30s.
The BARCA experiment consisted of two aircraft cam-

paigns during November—December 2008 (BARCA-A) and
May—June 2009 (BARCA-B). The measurements covered
the altitude range from the surface up to about 4500 m,

Methods

The research flights were conducted using the twin-engine
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2.2 Airborne real-time measurements normalized to standard air pressure (1000 hPa) and tempera-
ture (273.15K)
Carbon monoxide (CO) was measured at 2-s time resolu- Concentrations of COwere measured using the airborne
tion by UV resonance fluorescence, using a Fast-CO-Monitomnalyzer described by Daube et al. (2002), a repackaging of
(Model AL 5002, Aerolaser GmbH, Germany). Prior to mea- a LiCor 6251 non-dispersive infrared gas analyzer originally
surement, the air was dried using a Nafion drier. The pre-developed for the NASA ER-2 aircraft in the 1990s and flown
cision of the 0.5Hz data was 0.6 %, based on the vari-for thousands of hours in both the troposphere and strato-
ability of the 2-s measurements of the standard gas withirsphere. All samples were dried using a Nafion drier followed
each 30-s calibration period. In flight, zero and span cal-by a dryice trap, and referenced in flight at 20 min intervals to
ibrations were made every 10min to account for instru-low-, mid- and high-span standards traceable to WMO stan-
mental drift associated with varying pressure and temperaeard gases.
ture. The instrument was zeroed and the span adjusted fol-
lowing each calibration. At the end of the 10-min inter- 2.3 Flask measurements
val, the mixing ratio in the calibration gas was determined
relative to the nominal value set at the beginning of the The flask samples were analyzed at the MPI Jena Gaslab 120
calibration period. This measurement reflects the drift overto 300 days after sampling, with most of the delay due to
the 10-min measurement cycle and gives an upper limit ofcustoms. Laboratory tests have shown that the PCTFE valve
the error of the measurements relative to the nominal mix-seals result on average in an increase in CO of 1.3 ppb over a
ing ratio in the calibration gas. The standard deviation oftwo month period, which would correspond to a 2.6-6.5 ppb
these measurements was 1.9 % for BARCA-A and 1.2 % forincrease for the BARCA samples, and can account for the
BARCA-B. The nominal value of the calibration gas mix- offset between real-time and flask CO measurements. Other
ing ratio (1005.7 ppb) had been obtained at the Max Planckspecies show virtually no drift in the flasks, which is a signif-
Institute for Biogeochemistry by measurements relative toicant improvement compared to traditional valve seals made
a calibration gas traceable to the WMO 2004 CO moleof PFA. Samples were analyzed for CO using a Trace An-
fraction scale (Novelli et al., 2003). To verify the accuracy alytical Reduction Gas Analyzer (RGA), referenced to CO
of the real-time versus the flask measurements (see belovwgtandards traceable to the WMO 2004 CO mole fraction scale
we regressed the in-situ values against the simultaneouslyNovelli et al., 2003) with a precision of 0.5 ppb, and adjusted
obtained flask data. For BARCA-A we obtained CO(real- for the offset against the real-time data using the equations
time) =—(6.34+2.1) + (0.995+0.014)-CO(flask) ®R>=0.99).  given above. SEanalysis was performed using a GC-ECD
For BARCA-B there was a relatively poor fit; CO(real- and referenced to the NOAA-2006 S§cale with a precision
time) =—(2.243.6) + (0.924+0.040)-CO(flask) ®2=0.75).  of 0.03 ppt.
The intercept of-2.2 + 3.6 ppb is within the standard error
the same as on BARCA-A, and if an intercept -65.8 is 2.4 Ground-based measurements
forced, the slope becomes 0.96. A similar intercept had been
obtained for the flask and in-situ data obtained at the ZOTTOCO and CQ mixing ratios were measured at Maxaranguape
station in Siberia, where the same type of flasks and instru{designated MXR; 29 S, 3516 W), a coastal site north of
mentation is used (Vasileva et al., 2011), and is most likelyNatal operated by INPE-CRN (Kirchhoff et al., 2003), and
due to CO production in the flasks during storage (see beat the LBA-ECO SAN (km67) flux-tower site in the Flona
low). To bring the airborne real-time and flask data onto theTapajos Nacional near Santarem (designated SAN]' 3,
same scale, the regression equations above were used to &4 58 W) (Saleska et al., 2003) (Fig. 1). Observations at
just the flask values to the in-situ scale. MXR are dominated by onshore winds and represent air in
Total particle number concentration (CN) was measured athe tropical marine boundary layer. SAN is 775 km from the
1s time resolution using a TSI 3010 Condensation Particlecoast, and air samples from this site during predominantly
Counter (CPC 3010, TSI Inc., USA). The instrument is effi- easterly winds are affected by emissions from forest and agri-
cient for particles with diameters between about 10 nm anccultural lands in the eastern Amazon basin.
1um. Data were corrected for coincidence using the manu- At both sites CO was measured using a Thermo

facturer’s suggested equation: Environmental Instruments infra-red absorption analyzer
(TEI 48 CTL). The sample air and calibration are brought
Na= NjeNa 21 to a dewpoint of 2C to minimize water vapor interferences.

The analyzer is zeroed every 15 min by passing the ambient
where N, is the actual concentration (cr#), Nj is the in-  sample air over a Sofnocat catalyst to remove CO. The ana-
dicated concentration (cmi), Q the sample air flow rate lyzer is calibrated 4 times per day with 100 and 500 ppb stan-
(16.67 cnis™1), r the effective time each particle resides in dard gases. Additionally, COmixing ratios are measured at
the viewing volume (0.4 ms), anll; in the exponent is ap- both sites using a LICOR (6262) infrared gas analyzer that
proximated byN;. Particle number concentrations have beenis calibrated 2—4 times a day with G@tandards traceable
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Fig. 1. Flight tracks of the BARCA aircraft campaigns (red: BARCA-A, black: BARCA-B). The ground measurement sites SAN and MXR
are indicated by blue stars.

to CMDL primary standards. The sample air at SAN was ECMWF (00:00 and 12:00 analysis fields combined with
not dried, and C@mixing ratios are corrected for simultane- short term forecast fields) with 3 hourly time resolution and
ously measured water vapor. At MXR, sample air was drieda spatial resolution of 1/4 by 1/4 degrees for a domain cover-
using a Nafion dryer in order to reduce problems with con-ing most of South America (South-West corner? 385 W,
densation in the sample lines and minimize the water vapoNorth-East corner: 9N 30° W). For each receptor location,
correction terms. an ensemble of 100 particles was released and the back tra-
Measurements began at SAN in April 2001, and werejectories were followed for 15 days. Footprints (sensitivity
nearly continuous save for occasional down periods for mal-of mixing ratios at the receptor to upstream surface fluxes,
function and delays in obtaining calibration gas, until the in units of ppm per umol m?s~1) at the horizontal resolu-
tower was destroyed by a falling tree in January 2006. Thetion of 1/4 by 1/4 degrees were derived from the trajectories
tower was restored and CO and g£@struments resumed of ensembles containing 100 particles, following Gerbig et
operation in November 2008 for the BARCA flight cam- al. (2003b).
paign period and were in operation during the interval be- For CO tracer simulations with STILT for the BARCA-
tween flight campaigns A and B. Measurements of CO atA period we used fossil fuel emissions based on the Emis-
MXR began in December 2002 and those of .G@® July sion Database for Global Atmospheric Research (EDGAR),
2004. Sporadic outages induced by power problems and oaelease version 4.1 (European Commission, Joint Research
casional instrument failures introduced data gaps in the longCentre/Netherlands Environmental Assessment Agency;

term record prior to the BARCA campaigns. http://edgar.jrc.ec.europa.g¢u/and biomass burning emis-
sions calculated based on the Brazilian Biomass Burn-

2.5 Transport modeling ing Emission Model (3BEM) (Longo et al., 2010), which
is included in the PREP-CHEM-SRC preprocessor using

2.5.1 STILT GOES (Geostationary Operational Environmental Satellite),

AVHRR (Advanced Very High Resolution Radiometer) and
To assess trace gas source regions, time reversed LagrangigfoDIS (Moderate-Resolution Imaging Spectroradiometer)
particle dispersion model simulations were made usingdata (Freitas etal., 2011). This preprocessor has been adapted
STILT (Stochastic Time Inverted Lagrangian Transport, Lin to provide daily biomass burning emissions on the Carte-
et al., 2003) for different receptor locations along the flight gjgn grid used by STILT. A diurnal cycle modulating the
track. STILT has been applied to a number of airborne studyjomass burning emissions, peaking around 14:00 local time,
ies (Gerbig et al., 2003b; Lin et al., 2003, 2004; Xueref etyyas adapted from Longo et al. (2010). Lateral boundary
al., 2004; Matross et al., 2006; Kort et al., 2008; Macatangayconditions for CO were taken from the GEMS re-analysis
et al., 2008; Miller et al., 2008; Pillai et al., 2011). Details (downloaded fromhttp://data-portal.ecmwf.int/data/d/gems
of the model can be found in Gerbig et al. (2003b); here Wereanalysig/ The STILT simulations treat CO as an inert

only provide a short description of the setup. For the BARCA tracer, in accordance with previous studies (Longo et al.,
campaigns, STILT was driven by meteorological data from
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2010); no photochemical loss (through reaction with OH)2.5.3 WRF-Chem and CCATT-BRAMS

or production (from oxidation of biogenic VOCs) was taken

into account during the time of transport from the domain In addition, simulations with full chemistry were conducted
boundary to the measurement locations. The missing photowith the CCATT-BRAMS (Longo et al., 2010) and WRF-
chemical sink partially compensates for the missing sourceChem chemistry/transport models. Both models were run
but as the source from biogenic VOCs contributes more ton @ two-way nested grid configuration, with a 140-km
the lower atmosphere, we expected to see a small bias in th@fid covering Africa and South America (South-West cor-
vertical gradient. However, the expected signature from phoher: 60 S, 100 W, North-East corner: 2N, 50° W) and
tochemistry was small compared to the strong biomass burna 35km grid covering most of South America (South-West
ing contribution during BARCA-A. In addition to the STILT corner: 33 S 85 W, North-East corner: TN, 30> W). The

CO simulation using ECMWF meteorological fields, we al- outer WRF-Chem grid was expanded to include the cross-
ternatively used the fields generated by the WRF-GHG runAtlantic transport of biomass burning emissions from south-
at 30 km and at hourly output to drive STILT (Nehrkorn et €rn Africa, and the inner grid had a 35km resolution cov-

al., 2010). ering South America, while WRF-GHG used a 30 km grid
covering South America and a 10 km domain over the Ama-
2.5.2 WRF-GHG zon region. CCATT-BRAMS and WRF-Chem were initial-

_ _ _ _ ized on 1 October 2008 00:00 UTC and driven by the NCEP
Further simulations of CO were performed with different GFS analysis (downloaded fronttp://dss.ucar.edu/datasets/
weather prediction, chemistry, and transport models, usingjs083.2y with a 6 hourly time resolution and® by 1° spa-
identical biomass burning emissions and nearly identical fostjal resolution. Chemistry initial and boundary conditions
sil fuel emissions. These results are intended to provide inwere provided by MOCAGE 6 hourly forecasts (Peuch et al.,
sight into our current understanding of atmospheric trans-1999) with a T42 {-0.2°) spatial resolution. Emissions were
port in the Amazon region. WRF-GHG, a combination of generated with PREP-CHEM-SRC, using the same 3BEM
the Weather Research and Forecasting model with Chen’biomass burning emissions as for STILT and WRF-GHG,
istry (WRF-Chem) (Grell et al., 2005) with the GreenHouse while anthropogenic emissions were estimated from the
Gas module (Beck et al., 2011) that allows for passive traceRETRO, GOCART and EDGARV4.0 global databases up-
transport of CQ, CHs, and CO, was used in tagged tracer dated with South American inventories (Alonso et al., 2010),
mode for CO to simulate the contributions from different and biogenic emissions were provided by the MEGAN 2000
source components. In this model also, CO was treated as @imatology. This climatology does not include diurnal vari-
passive tracer, ignoring photochemical production and 10ssation in emissions. In WRF-Chem, biogenic emissions were
Lateral and surface boundary conditions for meteorologicalcombined with the anthropogenic emissions and a Gaussian
fields and CO were |.dent|C3.| to thqse used in STILT. WRF- diurnal cycle with peak at 15:00 UTC (11LT) is applied. In
GHG was run at horizontal resolutions of 30km and 10km CCATT the diurnal cycle of biogenic emissions follows ex-
to assess the potential impact of the model resolution. Thexctly the same shape as the solar radiation cycle. In the full
30km horizontal resolution model domain was chosen tochemistry simulations (WRF-Chem and CCATT-BRAMS),

match the one used for STILT, and the 10 km horizontal resthe RACM chemical mechanism was used (Stockwe” etal.,
olution domain covered the BARCA flight area. WRF-GHG 1997).

simulations were carried out for a one month period (Novem-

ber 2008) with daily re-initialization of the ECMWF meteo- 2.5.4 HYSPLIT4

rological fields. Similar to the WRF-Chem simulations, more

up-to-date data for several land-surface variables (albedol© assess transport across the Atlantic, backward trajectories
greenness fraction, and Vegetation Coverage) rep|aced thaere calculated using the vertical motion model in the HY S-
standard WRF-Chem data, and ECMWF soil moisture wasPLIT4 (HYbrid Single-Particle Lagrangian Integrated Tra-
substituted with the GPNR soil moisture product (Gevaerdiectory) program with the GDAS meteorological database at
and Freitas, 2006). Fossil fuel and biomass burning emisthe NOAA Air Resources Laboratory web server (Draxler
sions were identical for both WRF simulations (WRF-GHG and Rolph, 2003). Back trajectory calculations were started
and WRF-Chem) and similar to those used in STILT. Differ- at 500 and 4000 m above ground level. For statistical analy-
ences in the two WRF simulations are rooted in the differ-sis of the data, the SPSS 13.0 (SPSS Inc., Chicago, IL, USA)
ent horizontal resolutions, the selection of different physicsPackage was used.

schemes, and the initialization of the meteorological fields.

For WRF-GHG simulations, the Grell-Devenyi convection

option, the Mellor-Yamada-Janjic (MYJ) planetary boundary

layer scheme, and the WRF Single Moment (WSM) 5-class

microphysics scheme were selected.
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3 Results and discussion campaign) were dominant both for trace gas exchange with
the biosphere and for pollutant (smoke) emissions.
3.1 Samp“ng period and region In Contrast, during BARCA-B in late May 2009 (Flg 2,

right half), the study area straddled the ITCZ. Surface tra-
jectories came mostly from the NH, particularly the tropical
North Atlantic, and may have brought in some of the pyro-
genic emissions from some moderately active fire areas in

tracks (Fig. 1) spanned much of the Brazilian Amazon, fromwe.St Afr!ca. Smce the I.TCZ lies well north of the equa-
tor in Africa during this time of year, the trajectory cluster

Sao Gabriel da Cachoeira in the northwest to the Atlant|cthat reaches into Central Africa (Fig. 2d) likely brought in

off of Belem in the east, and from Boa Vista in the north to ™. th SH ch teristics. The traiectories in the FT
Sinop in the south. Aircraft limitations constrained the alti- airwi characteristics. The frajectories In Ine =1 covera

tude range to a ceiling of ca. 4500 m. The flights were typ-Iarge area on both sﬁes %f the dITCZ.kF(;re gctnt/;]ty inthe Qm_l_&;]'
ically conducted as a sequence of alternating climbing an on region was scatierec and weax guring this period. the

descending profiles, with brief (5—30 min) horizontal legs at .T”‘T footprint mostly f.OHOWS aregionin eastern Amazp-

the ceiling altitude, or just above the tree tops, in between ' along the Amazon River and does notinclude any regions
) o . ’ ._with strong fire activity.

rofiles. The objective of these flight patterns was to obtain . . .

b ) gntp Sulfur hexafluoride, S& in the atmosphere is a trace gas

2-dimensional east-west and north-south sections across th0 almost exclusively anthropogenic origin (Levin et al
Amazon Basin. XClusively pogeni o]l Vi .

2010). Since its sources are mostly in the NH, there is a

distinct concentration gradient between the hemispheres. For
3.2 Meteorological background and campaign setting  reference, the SFmixing ratios at the NOAA ESRL moni-

toring stations Ragged Point, Barbados (RPB,N.5 W),
The Intertropical Convergence Zone (ITCZ) undergoes largeArembepe, Brazil (ABP, 12S, 38 W), and Ascension Is-
seasonal shifts in the Amazon Basin. During boreal sum-4and (ASC, 7 S, 14 W) during the BARCA campaigns are
mer it moves to the north, such that in July almost the en-plotted in Fig. 3. The S§Fmixing ratios from the BARCA-
tire Basin is south of the ITCZ, and thus lies in the SouthernA flights show only a slight latitudinal gradient, and are all
Hemisphere (SH) both meteorologically and geographically.fairly close to the SH values represented by ABP and ASC.
In contrast, during austral summer the ITCZ can move asWe calculated the fraction of NH air in the samples from
far south as 20S, so that a large part of the Basin is in the BARCA-A using the Sg mixing ratios at ABP and ASC (av-
meteorologically Northern Hemisphere (NH). This shift has erage 6.45 ppt) and RPB (6.68 ppt) as representative of SH
important consequences for both the prevailing weather anénd NH air, respectively, and found the median NH air con-
the atmospheric composition in the study region. tribution to be 18 % during BARCA-A. The few higher val-

During late November 2008, when BARCA-A took place, ues seen near® are from the FT on the flight to Tefand

the ITCZ was north of the study region, which therefore re- may represent intrusions of NH air in the more western part
ceived predominantly SH airmasses. (Below, we will show of the Basin. No systematic difference is seen between PBL
evidence for this, based on the chemical tracer sulfur hexand FT mixing ratios. This provides strong evidence that dur-
afluoride, Sk.) Figure 2 (left half) shows (a) the distribution ing BARCA-A the entire study region was dominated by air
of vegetation fires, (c, e) 10-day trajectory ensembles for thdrom the SH.
two campaign periods ending at a location near Manaus at The Sk results from BARCA-B, on the other hand, sup-
500 and 4000 m height (calculated with HYSPLIT), and (g) port the conclusions already drawn from the trajectory analy-
surface flux footprints (calculated with the STILT model). sis, i.e., that the study region straddled the ITCZ and that air
The fire distribution is represented by the mean fire radiativefrom both hemispheres was sampled during this campaign.
power (FRP), a proxy for the amount of biomass burned, ovefThe average Sqmixing ratio from BARCA-B (6.67 ppt) in-
the BARCA-A period, using data from the Monitoring At- dicates approximately equal contributions of NH and SH air
mospheric Composition and Change (MACC) Fire Intensity (6.80 and 6.58 ppt, respectively). In contrast to the trajectory
Product (Kaiser et al., 2012). The trajectory ensembles shovanalysis, which suggested a stronger contribution of NH air
that the airmass transport during BARCA-A in both in the in the PBL, the Sk data show no significant difference be-
planetary boundary layer (PBL) and in the free troposphergween the PBL and FT. The southernmost flights of BARCA-
(FT) was almost exclusively from the SH. While there is a B gave Sk values nearly identical to those measured at the
very high density of fires in West Africa during this period, same time on Ascension Island, while many samples taken
no PBL and few FT trajectories cross the fire locations, sug-horth of ca. 4 S approached SFvalues typical of NH air. In
gesting that this source is not of major importance for pollu-the following, we will use the observed §Eoncentrations
tant levels in the study area. The STILT footprint analysis andas a metric for the contributions of NH and SH air in a given
the PBL trajectories show that source locations in the eastersample.
part of Amazonia (where fires were widespread during the

The BARCA measurement flights took place during two air-
craft campaigns, BARCA-A from 16 November to 2 Decem-
ber 2008 and BARCA-B from 15 to 28 May 2009. The flight
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Fig. 2. The distribution of vegetation fires and atmospheric transport during BARCA-A (left) and BARCA-B (right). Rahalsd(B) show
the mean Fire Radiative Power (FRP), a proxy for the amount of biomass burned, over the campaign periods in unitséf it oolors
in panels(C—F) indicate the frequency of trajectories passing through the corresponding areas. The colors i(Q)aaradgH) represent
the influence of surface emissions on the concentrations at the receptor site in ppm prhsl

3.3 BARCA-A: late dry season ing into the Amazon Basin with the trade winds. In Novem-
ber 2008, the CO mixing ratios were almost identical in the
The CO mixing ratios measured in the flask samples fromSH and NH tropics over the Atlantihitp://www.esrl.noaa.
BARCA-A are plotted against $Fn Fig. 4, together with  gov/gmd/ccgg/iady/ On both sides of the equator, the con-
the simultaneous data from the NOAA ESRL stations. Thesecentrations of CO are near the mid-level of their seasonal
stations are located in the remote tropical Atlantic and carcycles, and the average mixing ratios at ASC (72 ppb) and
be considered to represent the composition of the air flow-ABP (85 ppb) are elevated by about 10-30ppb above the
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Latitude, degrees N . . ..
oride (Skg), which serves as a tracer of NH vs. SH airmass origin,

Fig. 3. Mixing ratios of sulfur hexafluoride (S versus lati-  for BARCA-A (A) and BARCA-B(B). The values measured simul-
tude, measured in flask samples taken during BARCAAM and taneously at the NOAA monitoring sites Ragged Point, Barbados
BARCA-B (B). The values obtained simultaneously at the NOAA (RPB), Arembepe, Brazil (ABP), and Ascension Island (ASC) are
monitoring sites Ragged Point, Barbados (RPB), Arembepe, Brazifhown for reference. The red circle in paiB) indicates a sam-

(ABP), and Ascension Island (ASC) are indicated for reference. ~ Ple of PBL inflow off the Brazilian coast, the blue circles indicate
samples of FT inflow.

global background (e.g., Seychelles ca. 75ppb and Samoa
ca. 57 ppb), as a result of biomass burning emissions irthen gradually rise to about 120 ppb ne&iS2 followed by
Africa. The SH air masses entering the Amazon Basin dur-a sharp increase to values in the range 150-400 ppb south of
ing BARCA-A therefore already carry a modest input from 3° S. As we have shown above, this increase cannot be related
biomass burning, originating in Africa. If there were no ad- to a boundary between NH and SH air, since the entire region
ditional input in the Basin, our measurements would fall into is dominated by SH air and there is no correlation between
the range of mixing lines between ASC/ABP and RPB in elevated CO and SFThe elevated CO thus represents the
Fig. 4a. This is, however, only the case for a relatively smalleffect of biomass burning emissions in the eastern and south-
number of points from the FT, while all the PBL values and ern parts of the Basin, as supported by the fire locations and
most of the FT data are above the mixing line, by as much agrajectories shown in Fig. 2. The highest values were encoun-
200 ppb, indicating large inputs of CO during airmass traveltered on Flights 10-12 (25-27 November), when the aircraft
across the Basin. flew through a region affected both by long-range transport
The latitudinal distribution of CO in the PBL is shown in of smoke from eastern Brazil and by emissions from some
Fig. 5a, using the continuous data (1 min averages) from theegional burning. The ground-level measurements at SAN
airborne instrument. The low-level inflow into the Basin is (red circle, Fig. 5a) are in good agreement with PBL air-
represented by the large red circles for ABP, ASC, and MXR.craft measurements in the Sartiar region. In Fig. 5b we
The CO levels at these sites are almost identical, and also dshow a plot of CO against an estimate of the longitudinal
not differ significantly from those at Barbados in the NH. At distance from the coast (idealized by a line connecting the
the northern end of the profile, the concentrations measuretXR site with Paramaribo, Suriname). The data show a large
on the aircraft in the PBL are similar to those in the inflow, amount of variability, but suggest an increasing trend going
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Fig. 5. Latitudinal (A) and longitudina(B) distribution of CO dur-  Fig. 6. Vertical profiles of CO mixing ratiogA) and CN number

ing the BARCA campaigns, based on 1-min averages of the in-concentration¢B) during BARCA-A. The data from the smoky re-
situ measurements. Simultaneous measurements taken at the NOAdjon in the southern basin are shown separately. The center line in
ESRL stations (RPB, ABP, and RPB) and the ground stations MXRthe bar-and-whisker plots represents the medians, the boxes show
and SAN are also shown. (i), the longitudinal distance from the  the upper and lower quartiles, the whiskers show the expected
coast is calculated as the difference in longitude between the samyange, and the symbols represent outliers and extreme values (as
pling location and a line connecting the MXR site with Paramaribo, defined by SPSS).

Suriname, which approximates the position of the coastline.

inland, consistent with an accumulation of pyrogenic CO asmore northerly flights (AO7—A09, A13-A15) and the flights
airmasses travel across the Basin. to the south (A10 and Al1; Flight A12 gave no valid CN
The vertical distributions of CO and aerosol particle (CN) data). The lowest values for both CO and CN were mea-
concentrations are shown in Fig. 6, where the data from thesured on A08 and AQ09, near Boa Vista in the northern-
smoky region in the southern Basin and the other data arenost Amazon. For the flights south to Mato Grosso State
plotted separately. Both CO and CN are elevated in the lowe(A10 and Al1l) two different trends can be identified in
parts of the profile, with the highest concentrations found atthe data: individual plumes from nearby fires, and a gener-
altitudes between 1 and 3 km, typical injection heights forally smoke-polluted background in the PBL. These trends
biomass burning in the Amazon Basin (Guyon et al., 2005;are illustrated by the black (smoke plume sampled around
Freitas et al., 2009; Longo et al., 2009). The bar charts in13:15UTC on Flight A10) and blue symbols (background
Fig. 6 show a substantial number of points that lie far aboveoutside the smoke plumes on A10) in Fig. 7 (the red sym-
the 75th percentile range; these points represent measuréols mark the remaining data from Flight A10 and A11). The
ments in fire plumes from nearby sources or in elevatedsmoke plume data (black) show the typical high correlation
smoke layers. between CN and CO that has been observed in fire plumes
Further insight into the role of biomass burning as a sourceon many campaigns (e.g., Le Canut et al., 1996; Hobbs et
of CO and CN can be obtained from a scatter plot of theseal., 2003; Guyon et al., 2005; Andreae and Rosenfeld, 2008;
variables (Fig. 7). There is a clear separation between thdantall et al., 2010; Kuhn et al., 2010). The regression slope
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10000 Fight 08t ACNACO =27 3504 near the e_quato_r. Spme of the air entering the Basin in the
1 - Fight 7 ?=000 N=404 o FT (plue circles in Fig. 4b), on the other hand, showed more
8000 1| - Flight 889 . ) SH influence. The sample with 6.69 ppbeSkas taken at
|| + Flight 13-15 . 0.3 S, and the airmass back-trajectory follows closely along
1 F"Umke (FIt 10) the equator for the preceding 9 days. In contrast, the sample
. 6000 |-Background (Fit 10) with 6.62 ppb SE, which was collected only 135 km away at
5 1.3 S, has a back-trajectory that moves rapidly to the south-
g 2000 1 egst and e.m_js up near°2p after 9 days. This example pro-
] vides a striking illustration of how highly diverse airmasses
. may be encountered in close proximity in the ITCZ region,
2000 1 3 LONACO=172:03 and how well they can be distinguished both by the B&cer
] and by trajectory analysis.
] As is expected during the wet season, there were few de-
0 o 10 '2(’)0' T '3(’)0' T '4(’)0' T eo tectable fires in the Amazon Basin during the BARCA-B pe-

riod (Fig. 2b). Consequently, the CO levels during this period
were much lower than during BARCA-A (Fig. 4). The FT air
Fig. 7. Plot of aerosol particle number concentration (CN) vs. CO samples all fall within the mixing band between the NH and
mixing ratio (2-s data) from BARCA-A. SH Atlantic NOAA stations, while some of the PBL samples
are elevated above the mixing band. We quantify this “ex-
cess CO” as the difference between the measured value and
between CN and CO corresponds tsA&N/ACO ratio of  the mixing line connecting ASC, ABP and RPB. For the FT
27.3+0.4cm 3 ppb 1 (2 = 0.90,N = 404), close tothe av- data, the mean excess CO is not significantly different from
erage value for forest fires (3015 cn 3 ppb 1) given by  zero (0.7 ppb), suggesting the absence of a measurement bias
Jantall et al. (2010). Given the large geographic extent of between our data and the NOAA ESRL measurements. The
the sampling during the BARCA flights, clear CN-CO re- median excess CO in the PBL is 8.8 ppb (quartile range 3.2—
lationships for the smoky background are more difficult to 14.8 ppb), reflecting the influence of a small, but significant
extract. As an illustrative example we show the backgroundnet input of CO into the Amazon PBL, on the order of 10 %
data from Flight A10 (blue squares). Regression analysiof the background value. This net input is the sum of the pho-
of the data from altitudes:2 km gives aACN/ACO ratio  tochemical loss of CO during its travel from the reference
of 17.2+0.3cm3ppb 1 (2= 0.73, N = 1135), similarto  sites and the inputs from biomass and fossil fuel burning,
previous results in aged smoke, and consistent with som@hotochemical production from GHand VOCs, and possi-
loss of particles by coagulation and other processes duringdple biological metabolic emissions. We will examine the lat-
aging (Andreae et al., 1994; Browell et al., 1996). It is diffi- eral and vertical gradients as well as the relationship of CO to
cult to derive regression slopes from the regional data fromCN for indications about the role of these sources and sinks.
the northerly flights, but an overall trend similar to the one The latitudinal distribution of CO in the PBL during
indicated for the background on A10 may also apply for BARCA-B displays only a very slight increasing gradient
these data (blue, green and yellow circles on Fig. 7). Thefrom south to north (Fig. 5a), in close agreement with the
ACN/ACO and ACO/ACO;, emission ratios measured on ground-level measurements at the NOAA monitoring sites
individual fire plumes will be discussed in more detail be- (large green circles in Fig. 5a and b), which show only a small

CO, ppb

low. difference between RPB and ABP or ASC. At MXR, signifi-
cantly lower concentrations were measured during BARCA-
3.4 BARCA-B: late wet season B than at the other SH sites and on the aircraft; this difference

is yet unexplained. The plot of CO vs. the distance from the
The great seasonal contrast in the behavior of CO over Amaeoast (Fig. 5b) shows no clearly detectable increase with the
zonia s clearly seen in Figs. 4 and 5. While during BARCA- distance traveled across the Amazon Forest. The difference
A the Basin atmosphere was dominated by SH air that wadbetween the measurements from interior points in BARCA-
receiving large inputs of CO from sources within the Basin, B versus coastal and marine sites suggests an increase from
during BARCA-B roughly equal amounts of NH and SH air ~70 ppb offshore te~80 ppb inshore. There is a suggestion
were present, with only small within-basin inputs showing asof a further increase to values around 90-100 ppb by around
deviations from the mixing line (Fig. 4b). The aircraft sam- 15° longitudinal distance from the coast, but no evidence of
pled the inflow into the Basin only in one instance, on 22 May a further growth in CO concentrations further into the Basin.
at a point off the coast east of Beh (see Fig. 1). This point  Given the variability of the data during this campaign, we do
(indicated by a red circle in Fig. 4b) falls right on the RPB- not find clear evidence that the net effect of biological and
ASC mixing line, and both composition and trajectory calcu- photochemical sources and sinks of CO produces a distinct
lations indicate a dominant NH origin of air within the PBL gradient during airmass transport.
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Fig. 8. Vertical profiles of CO mixing ratiogA) and CN number  from the data. White dashed lines show flight tracks.
concentration$B) during BARCA-A (excluding the smoky region)
and BARCA-B. The center line in the bar-and-whisker plots repre-
sents the medians, the boxes show the upper and lower quartilegjgnificantly contribute to CO levels. The CO vertical gra-
the _whiskers show the expected range, and the symbols represegjant (enhancement in the PBL) is thus most likely related
outliers and extreme values (as defined by SPSS). to inputs from VOC oxidation or from biological emissions,
which are too small to show up as a longitudinal gradient.
During the ABLE-2B mission (April-May 1987), en-

In contrast to the observations from the late dry seasonpanced concentrations of CO had also been observed in the
there is only a slight vertical gradientin CO and no detectablepg|_ during the wet season (Harriss et al., 1990b), and in
vertical structure in CN concentrations during the wet sea-ne canopy space of the Amazon rainforest (Kirchhoff and
son (Fig. 8). The mean CO mixing ratio of 8% 7.6 ppbin  Marinho, 1990). Similar enhancements were seen during the
the layer below 1 km is significantly higher than that above | ga-CLAIRE-98 aircraft campaign over the northern Ama-
1km, 775+ 6.6 ppb. Differential advection of SH and NH 70n rainforest in Suriname (Williams et al., 2001). Most of
air at different altitudes can be ruled out as a cause for thighis excess CO is likely the product of the photo-oxidation of
gradient, because the CO mixing ratio gradient between PBlisoprene and other VOCs, but a metabolic contribution from
and FT has no associated gradient fog §Hg. 4b). Biomass  ne ecosystem, especially decaying plant matter, is suggested
burning is also not a likely cause of the PBL CO enhance-py the observed enrichment near the ground (Kirchhoff and
ment during BARCA-B, as there is no overall statistically Marinho, 1990) and by laboratory experiments showing CO
significant relationship between CN and CO in the PBL dur- production by thermal and photochemical degradation of
ing BARCA-B. There are a few (6) data points with both pjant matter and soil organic matter (Conrad and Seiler,
elevated CO and CN that may be related to local burning acq9g5: Schade and Crutzen, 1999; Schade et al., 1999). The

CN=>800 cn13) are removed, the:1-km mean only drops to etal., 1978; Bauer et al., 1979; Tarr et al., 1995).

889+ 7.5, indicating that biomass burning or other anthro-
pogenic sources such as urban emissions in the Basin did not
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E Region S Region NH airmasses and around 80 ppb in SH air. Advection of NH
5 o roeam | airmasses into the central Amazon Basin thus led to the in-
| * BARCAB| | creased CO levels in the central and western Basin during

ABLE-2B (Harriss et al., 1990b). These observations un-
derscore the point that atmospheric composition and pro-
- - cesses in the Amazon Basin cannot be understood without
14 _ the consideration of pollutant inputs by long-range trans-
port. Gaseous pollutants are present in the atmosphere of
L B B R L B B R Amazonia in the wet season, even when wet processes ef-

Alt, km

60 70 80 90 100 110 60 70 80 S0 100 110 ficiently scrub out aerosol components. The Amazon atmo-
N Region Manaus Region sphere cannot be considered “pristine” (unaffected by human
5 . activity) even in the wet season when regional biomass fires

are largely absent.

The two campaigns, ABLE-2B and BARCA-B, show
striking similarity in the vertical gradient of the CO mixing
ratios, with an increase of 10-20 ppb in the lowest 1-2 km of
the profile in all regions (Fig. 10). This consistency for wet
season missions more than 20yr apart reinforces the view
L L that natural processes yield diffuse photochemical/biogenic
60 70 80 90 100 110 60 70 80 90 100 110 sources of CO during the wet season. It also implies that the

CO, ppb CO, ppb enhancements in the dry seaspal(0—20 ppb) cannot be ex-

Fig. 10. Comparisons of median vertical profiles for the Equatorial p'a'”e‘?' by biogenic sou_rces and m_ust be relat(_ad to anthro-
Transect east of Manaus (“E. Region”), N and S transects alond?@9enic processes, particularly to biomass burning.

60° W longitude, and near Manaus (excluding local pollution). Note

the strong similarities between ABLE-2B and BARCA-B datataken 3.5 Emission characteristics of CQ, CO, and CN from

more than 20 years apart. (Source of ABLE data: Harriss et al., biomass and fossil fuel combustion

1990b).

Alt, km
w
1
1
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Since the BARCA campaigns rarely sampled fresh emissions
from biomass and fossil fuel combustion, only a few mea-

Comparison of E-W cross-sections (Fig. 9) and verticalsurements can be used to derive emission factors or emission
profiles (Fig. 10) from BARCA-B (May 2009) and ABLE- ratios. On the other hand, valid estimates of the emission ra-
2B (April-May 1987) reveal interesting similarities and dif- tios, ACO/ACO,, from biomass and fossil fuel combustion
ferences. The CO mixing ratios from ABLE-2B are notably are essential for separating the biospheric from the combus-
higher, by about 10 ppb, everywhere except the southern retion sources of C@in the Basin, which is a central objective
gion. This difference is consistent with the long term trendsof the BARCA project. In the following, we will combine the
in CO. Global CO concentrations peaked in the late 1980sdata obtained during BARCA with literature information to
followed by a decline through the 1990s and relatively sta-derive a reasonable range of estimates that can be used for
ble levels through the 2000s. The most pronounced declindurther analysis of the Amazonian carbon and aerosol bud-
was in the NH, apparently related to emission reductions ingets.

N. America and Europe (Novelli et al., 2003; Duncan and Deriving accurateA CO/ACO, emission ratios (and emis-
Logan, 2008). The observed 2009-1987 difference of abousion ratios to CQ@ in general) is a very difficult task for
10ppb in northerly tropical regions, and the near-identicalseveral reasons. First, GQevels in combustion plumes
values in the southerly region, closely match the trends obiypically show relatively small enhancements compared to
served by the global monitoring networks in the NH and SH background concentrations, requiring measurements in close
tropics, respectively (Duncan and Logan, 2008). proximity (typically up to a fewkm) to fires in order to de-

In contrast to the BARCA-B data, the ABLE-2B measure- termine CO/CQ emission ratios. Second, CO/@@&mission
ments show a pronounced east-west gradient (Fig. 9). Thisatios can vary strongly and systematically within a given
difference appears to reflect notably stronger NH influencefire, with smoldering combustion having ratios up to several-
in the Central Amazon during the 1987 flights. Trajectory fold higher than flaming combustion. Flaming and smolder-
analyses show that the region around ®0(western end of ing phases can be widely separated in time, especially in
the section in Fig. 9) received NH airmasses during all ofthe case of large tree trunks which can continue smoldering
ABLE-2B, while the area around 48V was under SH air- for days after the main fire. Smoldering and flaming emis-
masses during all of April and most of May 1987. At the sion products are also separated spatially, as flaming emis-
time of ABLE-2B, there was a pronounced difference in the sions may be lofted hundreds or thousands of meters above
hemispheric CO background, with values around 110 ppb irthe surface, while smoldering emissions can be trapped near
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Table 1. Emission ratiosACO/ACO, measured during the BARCA campaign flights.

Sample Date Time UTC  Altitude, m ACO/ACO, x103 +2 N
Fire Plumes

A03-A 18 Nov 08 15:45 900 85+7.3 0.76 21
A04-A 18 Nov 08 20:18 2300-2600 HB+1.8 0.94 59
A04-B 18 Nov 08 20:26 1000 64+3.2 0.92 32
A04-C 18 Nov 08 20:33 250 668+111 057 9
A05-A 19 Nov08 13:34 1700-2600 1@3+3.9 0.85 129
B0O5-A 19Nov08 18:21 1100 42+ 3.8 094 9
Average 656+ 22.6

Urban Plumes

B08-B (Belem) 22May 09 16:17 270 5+04 094 79
B12-A (Manaus) 26 May09 21:05 380 5t+0.4 0.84 39
B15-A (Manaus) 28 May09 20:01 650 .5+0.2 0.85 117
Average ND+54

the ground, especially at night. Hence CO from flaming fires84x 103 to 126x10-3. Those studies that tried to account
is more readily sampled by aircraft than CO from smolder- for the smoldering-derived CO-rich smoke that spreads along
ing. Finally, the fact that fire emissions entrain air from the the ground gave emission ratios of-800~3 and 106<103
lower boundary layer, but are sampled in the FT or the uppe(Guyon et al., 2005; Yokelson et al., 2008), and the meta-
boundary layer, can lead to strong bias in thk€ O/ACO, analyses by Akagi et al. (2011) and Andreae and Mer-
ratio (Guyon et al., 2005). Early in the day, the concentra-let (2001; updated 2011) recommended emission ratios of
tions of CQ in the lower few 100 m are strongly elevated (924 26)x10-3 and (99+17) x 103, respectively, for trop-
because of accumulated emissions from biological respiraical forest burning.
tion overnight. Smoke that comes from a fire during thistime  To use these CO emission ratios for estimating the pyro-
of day thus contains excess CO mainly from the fire, bup CO genic contribution to atmospheric G@neasurements, one
is elevated both from the fire and from respiration. When thisalso needs to consider the sequence of events following emis-
smoke is lofted as a plume into the FT, and the FT concentrasion. If one wants to estimate the pyrogenic Cgresent
tions of CO and C@are used to calculatd CO andACOy, in an identifiable smoke plume based on the CO measured
the pyrogenic CQin the plume is overestimated (because of in this plume by aircraft, the most appropriateCO/ACO,
the presence of an unknown amount of respiratorg)C@nd  ratio would be the average of the aircraft-based data, i.e.,
thus ACO/ACO, is underestimated. Simple calculations us- (794 14) x10-3. On the other hand, tha CO/ACO» ratios
ing realistic values of C®for the morning-time PBL show at the ground during and immediately following the fires are
that this underestimate can easily produce a bias of a facso variable that a meaningful estimate is not possible, but the
tor of three in the enhancement ratio. Consequently, onlyratio certainly would be well in excess of 1200-3. Within
fire plumes sampled around mid-day, when the atmosphera day after the fire, however, convection will mix both near-
is well-mixed up to the sampling altitude, and with strong ground and lofted emissions through the lower few km of the
pyrogenic CQ anomalies, are suitable for emission ratio troposphere, and therefore a value of aboutd 002 would
measurements. Only six plumes sampled during BARCAIikely be the best estimate for the ratio of CO to £tat
met these criteria, yieldinghCO/ACQO; ratios for biomass has been contributed by fires to the regional enhancements
fires (Table 1) averaging (65+ 22.6) x10~3 mole mole'1, of both gases.
in good agreement with our previous measurements in Ama- BARCA flights also provided an opportunity to deter-
zonia and with literature data (see Table 2). mine ACN/ACO emission ratios from a number of fires,
Given the importance of tropical deforestation fires for mostly during the flights A10 and All to Mato Grosso
the global and regional emissions from biomass burning,State. A total of 9 plumes yielded useful data, for an over-
there are surprisingly few studies of emission ratios fromall average of 5322 cnm3ppb~! (Table 3). This value is
such fires that cover all phases of the fire. We summarizesomewhat higher than the global average for forest fires
these results in Table 2. Th&CO/ACO; ratios from air- (3015 cn 3 ppb1) given by Jankll et al. (2010), but falls
craft studies on tropical forest burns range fronx@0 3 to within the range we have previously observed in Amazonia,
103x 103, while the ground-based studies yield a range ofe.g., 50+ 9 cm 3 ppb~1 in the Manaus region (Kuhn et al.,
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Table 2. Comparison of emission ratiasCO/ACO, measured during BARCA with literature data.

Region Vegetation Platform ACO/ACO, x 103 Reference

Eastern & Central Amazon  Mostly rainforest Aircraft £623 This study

Southern Amazon Rainforest and some pasture  Aircraft + 61 Guyon et al. (2005)
Manaus region Unknown Aircraft 40 Kuhn et al. (2010)

Central Amazon Mostly rainforest Aircraft 864 Andreae et al. (1988)
Amazon Rainforest Aircraft 10& 8 Ferek et al. (1998)
Southern Amazon Rainforest Aircraft 8529 Ward et al. (1991)

Yucatan Rainforest Aircraft 7& 13 Yokelson et al. (2009)
Southern Amazon Rainforest and some pasture  Aircraft, RSC correctedt 290 Guyon et al. (2005)
Southern Amazon Rainforest Aircraft and ground 106 Yokelson et al. (2008)
Southern Amazon Pasture maintenance Aircraft and ground 159 Yokelson et al. (2008)
Amazon Forest Aircraft and ground 82 Babbitt et al. (1996)
Amazon Rainforest Ground 119 Greenberg et al. (1984)
Southern Amazon Rainforest Ground HB1 Soares Neto et al. (2009)
Eastern Amazon Rainforest Ground 126 Ward et al. (1992)
Eastern Amazon Secondary forest Ground 84 Ward et al. (1992)
India Dry Tropical Forest Ground 124 Prasad et al. (2000)
Literature survey Tropical Forest 9226 Akagi et al. (2011)
Literature survey Tropical Forest 917 Andreae and Merlet (2001),

updated 2011

2010). The somewhat higher values in our recent studies ar8.6 Model simulations of CO distribution

also due in part to a choice in regression algorithm. In this

study and in Kuhn et al. (2010), we used the bivariate regres- . .
sion technique (Cantrell, 2008), which is more appropriateMOSt of the models we have used to simulate CO during

for data in which both predictor and response variables hangRCA'A capture at |east some of the features of the ob-

unattributed variance, whereas most previous work used Simgerved mixing ratios, including the general levels of CO

ple linear regression. Had we used the latter approach, Wgnhancement and regional varlat!ons (Fig. 11.)' The .do_m|-
would have obtained a mean slope of-421 cnt3 ppb-? nant source regions related to biomass burning emissions
instead of 53k 22 cnt3 ppb-t in the eastern and southern part of the Amazon appear to

be reflected in the source inventories, as indicated by the
urban plumes, some of the aircraft's arrivals and deloar_computed CO enhancements in the southern and eastern re-

tures from the tropical cities of the Amazon Basin (Manaus,gions' Qn average the_h_igh—regolution simulation; slightly
Belem, and Santarem) penetrated the urban pollution plumegverestlmate the CO mixing ratios by 13 ppb, ranging from

The enhancement ratios§CO/ACO, and ACN/ACO that —11ppb to 27ppb. T'he Iovy-resolution GEMS reanalysis
could be obtained from these plume transits are given in TaprOOIUCt (1.125 resolution) fails to capture most of the CO

bles 1 and 3. They are clearly different from those found inenhancement in the eastern part, and strongly underestimates

the biomass burning plumes. THECO/ACO; ratio in the the enhancement in the southern part, leading to an overall
urban plumes is much lower, .(®+ 5.4) x 103, consistent ungeresglmanonr(])f co byd17 ppb. ina th STILT
with the much more efficient combustion in power plants and dcaor Ingvt\;)RtFtha%ge' tr?cgr runs' using tbe tV.VO .
automobile engines. This average is in close agreement witf" the twq ) simulations, 'omass burning emis-
the value of (113+10.9) x 10-3 obtained in 2001 from ade- S°"S contribute about 31 % of the CO signal, advection of

tailed investigation of the Manaus plume (Kuhn et al., 2010)the lateral boundary condition (LBC’. €., thellarge—scale
and with studies on North American urban plumes (Poto_background from the G.EMS re_anaIyS|s, averaging 11(.) ppb)
shak et al., 1999), and probably reflects mixtures of vary-amoun.ts. to 61%, while fossil fuel emissions contrlpute
ing proportions of power plant, vehicular and wood burn- a negligible amount of less than 1%. At the same time,

: ) L . o
ing emissions. The mean particle number enhancement rati(?'omaSS burning emissions contribute more than 959% to the

ACN/ACO, measured on four urban plume transects duringvanablhty of simulated CO (measured as standard deviations

BARCA (325 115; Table 3), is also similar to our previous of the tagged tracers), indicating that biomass burning clearly
results from Manal'Js (338 2é5) These high ratios are the dominates the spatio-temporal distribution over the Amazon.

result of high rates of particle production from urban precur- Simulated CO during the northern and western transects

sors, especially S© combined with low CO emissions from from all models shows higher than observed mixing ratios,
relat,ively efficient combustion of fossil fuels indicating an overestimation of the CO background concen-

tration. The tagged tracer simulations allow a closer look

While the BARCA campaign was not designed to study
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Fig. 11.Measured and modeled CO from various models along the flight track in units of ppb during BARCA-A. Shown are mixing ratios as
function of altitude and cumulative distance flown by the aircraft, interpolated from the various vertical profile measurements using inverse
distance weighting. From top to bottom: Observed CO, and modeled CO from CCATT-BRAMS, WRF-Chem, WRF-GHG (30 km), WRF-
GHG (10 km), STILT-WRF, STILT-ECMWF, and from the GEMS-reanalysis. The different geographical parts (E, N, S, W) of the campaign
are indicated at the top of each color plot; unmarked periods are within 200 km of Manaus. Also shown to the right of the color legend are
the averaged mixing ratios and the squared correlation coefficients between modeled and observed CO.

at the contribution from advection of the LBC during peri- tative also for periods with a larger biomass burning contribu-
ods with low (<15 ppb) simulated contribution from biomass tion, we can correct for it and obtain a remaining model/data
burning, which reveals a model/observation difference ofmismatch ranging from 10 ppb underestimation for STILT-
19 ppb. A possible reason for this bias in WRF-GHG andECMWF to 7 ppb overestimation for WRF-GHG at 10 km
STILT simulations is the missing photochemical loss (CO resolution, with an average over the STILT and WRF-GHG
was treated as a conserved tracer), but it is also possible thaimulations of less than 1 ppb. Given an average contribu-
there is a slight bias in the GEMS reanalysis CO fields usedion of 50 ppb CO from biomass burning, this is an excel-
as the outer boundary. If we assume that this bias is represetent agreement. It clearly shows that the 3BEM emissions are

Atmos. Chem. Phys., 12, 6045065 2012 www.atmos-chem-phys.net/12/6041/2012/



M. O. Andreae et al.: Carbon monoxide and related trace gases and aerosols 6057

E Region N Region S Region W Region

=== Obs
WRF
4+ b B \ CATT|
N - .
\
2 ! ] N

0- ] i i

120 140 160 180 90 110 = 130 100 160 220 100 = 120
=@= STILT-EC3 L

== STILT-SWH3
4 B B WRF-GHG

ﬁ

Altitude, km

.5 37 7 7 \

ﬂ; A

3

£ 2] 1 1

<
1 . . . \

\ [ g

0_ T T T T T i T T T T T i T T T T i T T T T
120 160 200 920 110 130 150 200 250 300 100 110 120 130

CO, ppb CO, ppb CO, ppb CO, ppb

Fig. 12.Vertical profiles (regional medians, 1000 m blocks) for CO for high resolution models, compared to observations. Data are disaggre-
gated by region (E and W of Manaus, withih df the Equator, and N and S of Manaus, roughly on tHe\@0neridian; the region influenced

by Manaus was excluded.) The upper panel shows the INPE model results (CATT-BRAMS and WRF-Chem). The lower panel shows the
Jena models (the STILT Lagrangian framework with two different assimilated meteorological fields, and one Eulerian WRF model), all
with CO treated as a passive tracer. Data acquired in areas influenced by local pollution (e.g., near airports and in localized smoke plumes)
were excluded, comprising15 % of data points. Differences in observed values between upper and lower panels are the result of different
averaging procedures required to match the observations to the model grids.

fully consistent with the BARCA-A observations, and that analysis, this result would imply important deficiencies that
the observed model/observation mismatch in regional meameed to be addressed in order to use this type of model for
concentrations is mostly due to a bias in the lateral boundanstudying atmospheric chemistry and climate.
condition. A complicating factor is the elevated injection height of
Figures 12 and 13 suggest that there may be major issuebe biomass burning emissions, which leads to an addition
with simulations of vertical transport of CO from biomass of fire-emitted CO at higher altitudes. Injection altitude is
burning source regions into the core of the Amazon Basinbelieved to depend on the sensible and latent heat provided
The models generally fail to simulate the observed verticalby the fire. A plume rise mechanism is incorporated in the
gradients (see Fig. 12), an important feature of the CO disEulerian simulations (CCATT-BRAMS, WRF-GHG, WRF-
tribution and of photochemical chemistry-transport modelsChem), but not in STILT simulations. Sensitivity analysis us-
for key pollutants (e.g., NQ. Our data show that signifi- ing WRF-GHG at 10 km resolution with a disabled plume
cant elevations of CO persist near the surface, even at a faise mechanism (not shown) indicates a lowering of the
distance from the main burning regions, but models almosiCO contribution from biomass burning along the BARCA-
never show this trend. The models in general do reasonablA flight path by 41 %. A similar experiment using “exces-
well at simulating the width and shape of the probability den- sive” plume rise in STILT-ECMWF (not shown) by adding
sity of CO in the boundary layer (Fig. 13), hence overall hor- all fire related CO at an altitude of 2km above ground (the
izontal dispersion rates may be well simulated. The modelgypical altitude of plume rise in the WRF-GHG simulation)
appear to be overly diffusive in the vertical and/or to haveindicated an increase of 19% in CO from biomass burning.
too much convective redistribution. If confirmed by detailed As total emissions are unaffected by plume rise, the increase
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Table 3. Emission ratiosACN/ACO measured during the BARCA campaign flights. The error values given for the individual plumes
represent standard errors, while for the averages standard deviations are given.

Sample Date Time UTC  Altitude, m ACN/ACO, cnt3ppb~1 2 N
Fire Plumes
A10-A 25 Nov 08 13:15 1450 23+0.4 0.90 404
Al10-C 25 Nov 08 13:37 1000 585+ 2.0 0.87 111
A10-D 25 Nov 08 15:14 950 28+1.2 0.79 110
Al1-A 26 Nov 08 11:53 1900 38+21 0.84 57
Al1-B 26 Nov 08 13:02 1800 58+ 3.0 0.78 87
All-C 26 Nov 08 13:57 450 19+27 0.93 56
Al11-D 26 Nov 08 14:01 1000 55+ 1.6 0.95 58
All-E 26 Nov 08 15:05 530 96+5.1 0.87 54
B05-A 19 May 09 18:21 1100 58+29 0.95 22
Average 531+ 226
Regional Haze
A10-B 25Nov 08 13:20-14:40 142D.3 0.73 1135
Urban Plumes
BO7-A (Santarem) 21 May 09 17:37 250 1¥® 0.95 28
B08-A (Belem) 22 May 09 12:32 470 30530 0.83 24
B08-B (Belem) 22 May 09 16:17 270 38028 0.70 80
B12-A (Manaus) 26 May 09 21:05 380 44123 0.91 39
Average 325: 115
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Fig. 13. Probability density distributions for CO concentrations in
BARCA-A, by altitude (excluding Manaus vicinity), for the CATT-
BRAMS and WRF-Chem models, compared to observations.
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Fig. 14.Biomass burning CO emissions integrated over the STILT
model domain covering most of South America (see bottom of
Fig. 2) from different emission models in Tg monthduring 2008.
GFEDv2: black line, GFEDv3: blue line, 3BEM: red line, 3BEM
daily fluxes: red dashed line.

in simulated CO along the flight path when taking plume rise
into account is related to the specific distribution of biomass
burning areas upstream of the observations. Taking this im-
pact of plume rise and the associated uncertainty into ac-
count, the constraint of BARCA-A observations on the mag-
nitude of the biomass burning emissions is weakened. Over-
all, accounting for transport model differences and plume rise
uncertainty, we estimate the 3BEM emissions to be accurate
within about 20 %. It is possible that treatments of plume rise
may affect conclusions about the cause of discrepancies in
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the vertical distribution, although the manipulations we car-sition of the Amazonian atmosphere and consequently on
ried out did not show improved vertical profiles overall. biosphere-atmosphere interactions in this region.

The fact that the regional models show much better agree- Biomass burning, especially along the eastern and south-
ment with the observations than the global GEMS reanal-ern margins of the Basin, dominated the variability of CO
ysis might indicate a low bias in the underlying fire emis- and CN concentrations in the study region during BARCA-
sions of CO, which are based on the global fire emissionA. The CO mixing ratios were enhanced up to 300 ppb over
database GFEDv2 (Randerson et al., 2006). A comparisobackground levels of ca. 100 ppb, and CN concentrations ap-
of GFEDv2 monthly emissions for South America (STILT proached 10000cn?. The highest values were observed
model domain, 35S 85 W to 15 N 30° W) during 2008 in the southern part of the Basin, where both advection of
with those from 3BEM (Fig. 14) indicates a strong drop in smoke from widespread and intense fires in the region near
CO emissions from August (15.5 Tgmonth to Novem-  the coast and local burning in Mato Grosso andaP3tates
ber (2.8 Tgmonth'). The monthly CO fluxes from 3BEM contributed to air pollution. Aerosols and gaseous smoke
for November 2008 are 11.9 Tg month more than four components were most abundant in the PBL up to ca. 2km,
times higher. Given the consistency of the 3BEM emissionswith peak concentrations in plumes and smoke layers that
with the BARCA-A observations, we conclude that GFEDv2 occasionally reached almost 3 km altitude.
biomass burning emissions for CO have a low bias on the In fresh smoke plumes, we observed average CQ/CO
order of a factor of four. This is also consistent with an ear-emission ratios of (72 14) x10~3. Including reasonable es-
lier comparison, which showed a factor three lower emis-timates of the contribution of residual smoldering combus-
sions in GFEDvV2 relative to 3BEM during September andtion (RSC), especially during nighttime following deforesta-
October 2002 (Longo et al., 2010). The recent update of theion fires we propose a value of about 30002 as a best es-
GFED database to GFEDv3 (van der Werf et al., 2010) showdimate for the ratio of CO to Cgxthat has been contributed by
even lower CO emissions of 1.6 Tg monthduring Novem-  fires to the regional enhancements of both gases. Given the
ber 2008, corresponding to a low bias of roughly a factor ofimportance of accurate CO/G@mission ratios for the eval-
seven during the BARCA-A period. The strong day-to-day uation of CQ fluxes from biomass burning and biospheric
variations in emissions (dashed red line in Fig. 14) clearlyexchange, future measurement campaigns should focus on
indicate the importance of using daily fluxes when compar-better characterization of the role of residual smoldering
ing to campaign data such as those collected during BARCAemissions on the overall trace gas budget from forest burning.

The ACN/ACO ratios in the smoke polluted regions during

BARCA-A showed values around 20 crhppb 1, typical for

aged biomass burning emissions. Fresh plumes yielded an
4 Summary and conclusions overall average emission ratio of 22 cnt 23 ppb1, within

the range previously observed in Amazonia.
We conducted two aircraft campaigns over the Amazon In strong contrast to BARCA-A, there was little evidence
Basin, one during the late dry season (November—Decembedbr a significant presence of biomass smoke pollution in the
2008, BARCA-A), the other during the late wet season late wet season during BARCA-B. We found low CN con-
(May—June 2009, BARCA-B). The primary goal of these centrations (300-500 crd) basinwide, confirming other lo-
campaigns was to address the question of basin scale sourceal CN measurements in clean parts of Amazonia during pre-
and sinks of CQ@ and other atmospheric carbon species. Invious campaigns (Roberts et al., 2001; Guyon et al., 2003;
this paper, we present the results of measurements of C@ndreae et al., 2004; Rissler et al., 2004; Andreae, 2009).
mixing ratios and aerosol particle humber concentrationsThe CO mixing ratios in the PBL were elevated by only
(CN) made during BARCA, and analyze them as tracers of~10 ppb above the values in air entering the Basin from the
biogenic and combustion emissions and atmospheric transAtlantic, and no CO enhancement was evident in the FT. The
port processes. small enhancement of CO in the PBL relative to the FT (ca.

The seasonal shift in the position of the ITCZ was re- 10 ppb) agreed with a similar gradient observed 22 years ear-
flected in the airmass origins that prevailed during the twolier during ABLE-2B, supporting the view that CO produc-
campaigns. During BARCA-A, trajectory analysis and mea-tion from diffuse biogenic sources (photochemical degrada-
surements of the tracer, §Fndicated that airmasses over tion of biogenic volatile organic compounds or direct biolog-
the Amazon Basin originated predominantly from the South-ical emission) is significant, leading to the observelD ppb
ern Hemisphere. During BARCA-B low-level airmasses ar- excess CO in the PBL. The relatively small contribution of
rived mostly from the Northern Hemisphere, while mid- biogenic sources to the Amazonian CO budget is in strong
tropospheric airmasses came from both hemispheres. Thes®ntrast to the situation for methane, where emissions from
observations highlight the fact, which was already observedvetlands play a dominant role (Beck et al., 2012). Notable
during the ABLE campaigns some 20 years earlier, that longinfluence of CO from the Northern Hemisphere and from
range transport, convergence into the Central Basin, and thAfrica during BARCA-B, although not as prevalent as in
location of the ITCZ are important controls on the compo- ABLE-2B, remind us that insoluble gas phase pollutants are
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imported into Amazonia year round, even when aerosol lev-References
els are very low due to efficient scavenging.
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